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Abstract

This dissertation investigates the effects of the ketogenic diet (KD) on adipose tissue (AT)
metabolism and renin-angiotensin system (RAS) function and potential implications for other
tissues, including lung, heart and skeletal muscle. In the first study, it was demonstrated that
despite increasing fat mass, a KD enhanced energy-dissipating mechanisms in white AT (WAT)
and brown AT (BAT) by upregulating the machinery for triacylglycerol recycling in white
adipocytes and uncoupled fatty acid (FA) oxidation and UCP1 protein levels in the BAT. These
effects could potentially be attributed to the shift to the counterregulatory RAS arm in WAT
observed in study 2, which has been shown to produce beneficial metabolic effects. In study 3, the
effect of the KD on RAS components was investigated in the context of the lung and heart, where
an obesity-induced elevation in pulmonary inflammation could underlie an increase in angiotensin
converting enzyme 2 (ACEZ2), the receptor for SARS-CoV-2 cellular infection. We observed that
the obesogenic, high-fat sucrose-enriched (HFS) diet elevated the pulmonary content of this
receptor, whereas the KD did not alter ACE2 levels. Moreover, the KD significantly suppressed
inflammation, relative to the HFS group, in the lung. Because AT releases energy substrate for
utilization in peripheral tissues, the KD also affects substrate preference and metabolism in skeletal
muscle. To our knowledge, little has been done with respect the metabolic effects of a KD on
muscles with distinct fiber-type compositions. Therefore, we assessed the effects of the KD on
glucose, fat, and ketone metabolism in skeletal muscles. We observed that the KD increased fat
oxidation and ketolytic capacity, when compared to the HFS group, in a fiber-type specific manner.
However, irrespective of oxidative capacity, the KD preserved insulin-stimulated glucose
metabolism, whereas the HFS diet suppressed this parameter. In our final study, we used a

pharmacological intervention (the adiponectin mimetic ALY688) to alter AT glucose and fat



metabolism. Despite not altering glucose uptake in Epid or Sc Ing adipocytes, ALY688
significantly enhanced glucose oxidation. Together, these projects explore dietary and
pharmacological interventions that alter the metabolic and endocrine roles of AT and investigate

non-adipose tissues under KD conditions.
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Chapter 1: Introduction

Obesity is a global issue, with increasing rates in developed and developing nations?. In the United
States and Canada, specifically, obesity has risen significantly over the past decade, reaching over
40 and 27% of adults, respectively?3. The onset of obesity has classically been attributed to
positive energy balance, which is driven by inadequate physical activity and the overconsumption
of energy-dense foods*. The result of these lifestyle behaviours is the expansion of adipose tissue
(AT) mass that is characteristic of the obese phenotype®. However, it has become increasingly
apparent that obesity-related metabolic disorders, including insulin resistance, are not just
triggered by the volume of the AT®. Instead, it appears that adipocyte dysfunction is a crucial
determinant for metabolic dysregulation and the development of systemic insulin resistance®.

AT is classically recognized for its energy-storing properties®. However, the types of
adipose tissue, their metabolic plasticities*” and their endocrine capabilities highlight the robust
physiological importance of this organ that extends beyond substrate storage and mobilization®.
AT function is largely implicated by the type of AT, the depot and the conditions the AT is placed
under’®. In fact, two main forms of AT exist; white and brown (WAT and BAT)®. Each has its
own distinct function and displays a plasticity to convert, to some extent, to the other*®.
Regardless, the preservation of WAT and BAT function appears to be crucial for the prevention
of disease at the tissue and whole-body level®®. In fact, the expansion of AT beyond its capacity
to grow underlies impairment in its function®, and is accompanied by inflammation®® and ectopic
lipid accumulation''2, This leads to dysfunctional metabolic alterations in liver and skeletal
muscle!*? and may contribute to the development of insulin resistance and Type 2 diabetes

(T2D)°. In this context, researchers have attempted to identify interventions to preserve, and



potentially enhance AT function to prevent metabolic dysregulation and maintain proper whole-
body glycaemic control.

One diet that has been proposed for its effectiveness in weight loss, compliance and
induction of beneficial health outcomes has been the low-carbohydrate, high-fat ketogenic diet
(KD)®, The consumption of a diet with an elevated fat content is controversial, particularly due
to the general conception that it could cause dyslipidemial*. However, the KD has been
consistently shown to improve blood lipid profile, as well as improve glycaemia and cause weight
loss in obese subjects*!®. These effects highlight the importance and potential of this diet in
reversing metabolic disorders and serving as a therapeutic intervention for obesity and T2D**°,
However, the impact of this diet on metabolic adaptations and the endocrine role of the AT is
poorly understood. In this context, the focus of this dissertation was to investigate the effects of
dietary interventions on glucose and fat metabolism in distinct adipose tissue depots, and the
influence of dietary intervention on AT endocrine function. In addition to a dietary approach, this
dissertation also contains studies regarding the effects of an adiponectin mimetic on AT
metabolism. Adiponectin is an adipose-derived hormone that exerts beneficial metabolic effects
in several tissues and has been proposed as a target for the management of obesity and T2D%'.
Moreover, FA released from AT are oxidized by numerous tissues, including skeletal muscles*?8,
prompting our investigation into the effects of dietary intervention on substrate metabolism in
muscles with distinct fiber-type compositions. Collectively, these works will further our
understanding of dietary and pharmacological interventions designed to manipulate AT
metabolism. The main goal is to prevent obesity-induced dysfunctional alterations in adipose and

non-adipose tissues and improve whole-body glycaemic control.



Chapter 2: Literature Review

2.1. Adipose Tissue (AT)

Two main forms of AT exist, white and brown (WAT and BAT, respectively)*®’. These distinct
types of fat exhibit unique physiological roles; WAT stores and releases energy in response to
varying stimuli, whereas BAT burns energy!®. Moreover, several different depots of WAT and
BAT exist in the body, varying slightly in their function and adaptive responses to different
stimuli’?°. To better understand these differences, this dissertation will first review the structure
and physiology of distinct AT depots and will summarize some key findings with respect to

metabolic plasticity in these tissues.

2.1.1. Structure of White Adipose Tissue (WAT)

WAT is generally classified based on its localization in the body*®. There are two main depots:
visceral and subcutaneous (Sc) WAT, where the former is stored around organs and the latter is
stored superficially, beneath the skin'®. In humans, the Sc WAT depot makes up the majority of
the total body fat* and is distributed widely across several anatomical regions (Figure 1), including
the chest, axillary and gluteo-femoral regions®:??, as well as in the lower trunk. Conversely, in
rodents, Sc WAT contributes relatively less to the total WAT mass and is mainly localized in the
inguinal, axillary, interscapular, cervical and subscapular regions®. Visceral fat is similarly
distributed in humans and rodents, localized mainly to the omental, mesenteric, perirenal and
gonadal regions?2. However, visceral adipose tissue also exists surrounding major arteries in the

trunk®.
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Figure 1: Subcutaneous white adipose tissue (Sc WAT) is widely distributed in the human, not
specific to select anatomical regions. Conversely, in the rodent, Sc WAT is mainly found in the
inguinal, interscapular and subscapular regions.

WAT is composed of a number of cells, including fibroblasts, vascular cells, and immune cells, as
well as collagen, which contributes to the extracellular matrix®. However, the WAT cell, or white
adipocyte, occupies the majority of the tissue’s volume?3. White adipocytes are derived from
myogenic factor 5-negative precursor cells?*. Differentiation of preadipocytes to mature
adipocytes, or adipogenesis, is primarily mediated by peroxisome proliferator-activated receptors
(PPARs), particularly PPARy, which is the predominant PPAR in AT?, as well as
CCAAT/enhancer-binding protein (C/EBP)??%. The PPARy2 isoform has been extensively
studied and shown to be highly expressed in differentiating adipocytes®®. Remarkably, the induced
expression of PPARy in 3T3-NIH fibroblasts incubated with a PPAR-inducing agent upregulated
the appearance of lipid-containing cells that were similar to adipocytes®. It also enhanced the

expression of other adipogenic genes, including adipocyte P2 (aP2), lipoprotein lipase (LPL) and



PPARY?. These effects were not observed in PPARa-expressing NIH 3T3 cells, reinforcing the
importance of PPARY for adipocytic differentiation?.

Adipogenesis is one possible underlying mechanism for AT expansion, the other being
hypertrophy?’. Adipocyte hypertrophy most commonly explains the growth in fat mass in adults,
and is linked to obesity-induced metabolic disorders®’. Adipocyte growth is driven by the
accumulation of fat in the lipid droplet (LD)?’ that composes ~90% of its intracellular volume®.
This confers a spherical and unilocular appearance to the adipocyte*'°. Consequently, other
intracellular components, including the nucleus and mitochondria are displaced to the periphery
of the cell*®. White adipocyte mitochondria are elongated in shape and contain randomly-oriented
cristae*. The relatively low abundance of mitochondria in WAT underlies its inherently low
oxidative capacity*. Instead, WAT is classically recognized as an energy reservoir®, where it stores
energy under post-prandial conditions and releases this energy under conditions of energy-

demand®.

2.1.2. Lipid Synthesis in Adipocytes

Lipid storage in adipocytes is largely regulated by insulin?®2°. Upon binding to its receptor,
insulin triggers the translocation of glucose transporter 4 (GLUT4) to the adipocyte’s plasma
membrane®. Briefly, this begins with the activation of receptor-associated tyrosine kinase, that
autophosphorylates the receptor as well as its receptor substrates (insulin receptor substrate;
IRS)®L.  Subsequently, phosphatidylinositol 3-kinase (PI3K) is activated to form
phosphatidylinositol triphosphate (PIP3) from phosphatidylinositol diphosphate (PIP2)%L. PIP3
consequently recruits phosphoinositide-dependent kinase-1 (PDK1), which phosphorylates and
activates Akt*-%2, In turn, Akt phosphorylates AS160, which prompts the translocation of the

intracellular GLUT4 vesicle to the plasma membrane3-:32, This supports an influx of glucose into



the cell, whereby it can be processed, via glycolysis, into glycerol-3-phosphate (G3P), which
serves as the backbone for triacylglycerol (TAG) synthesis?>®. In fact, almost half of the glucose
that is imported into the cell under insulin-stimulated conditions is diverted to TAG synthesis®
(Figure 1). G3P can also be derived from free glycerol that is phosphorylated by glycerol kinase
(GyK)"*. However, the content and activity of this enzyme is relatively low in WAT"33-35,
Conversely, the formation of new glycerol, or glyceroneogenesis, mediated by the enzyme
phosphoenolpyruvate carboxykinase (PCK), may also provide G3P for fatty acid (FA)
esterification’.

The supply of FA for TAG synthesis is also promoted by insulin?®. In fact, insulin
stimulation enhances the expression and activity of LPL, a crucial enzyme for the hydrolysis of
lipoprotein derived TAG?. These TAG are broken down into their glycerol backbone and free
FAs (FFAs)®. Subsequently, the FFAs are imported into the cell via fatty acid transporter
(FAT/CD36) and esterified to the glycerol backbone?. Moreover, the synthesis of new FAs, also
known as de novo lipogenesis (DNL) also contributes to this FA pool*®°. Specifically, the influx of
carbohydrate into the cell increases the expression of genes that upregulate DNL¥®. In adipocytes,
this is mainly mediated by carbohydrate response element binding protein (CREBP)%. Thus,
insulin supports lipid synthesis by increasing fat storage in adipocytes?®=°. However, this insulin-
mediated lipogenic effect is further propagated by insulin’s suppression on TAG breakdown, also

known as lipolysis®.
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Figure 2: Schematic illustration of insulin-stimulated TAG synthesis. Insulin binds to its receptor,
inducing autophosphorylation and the subsequent phosphorylation of insulin receptor substrates
(IRS) by tyrosine kinase (Tyr. K). Subsequently, phosphatidylinositol 3-kinase is activated and
phosphorylates phosphatidylinositol diphosphate (PIP2) to phosphatidylinositol triphosphate
(PIPs3). PIP3 then activates phosphoinositide-dependent kinase-1 (PDK1) to phosphorylate AKT.
The phosphorylation of AKT activates it, allowing it to phosphorylate and inhibit the action of
AS160. This promotes GLUT4 vesicle translocation to the membrane, allowing glucose uptake to
take place. This glucose is converted, through glycolysis, to glycerol-3-phosphate (G3P), which
serves as the backbone for fatty acid (FA) esterification and triglyceride (TG) synthesis. FAs are
imported into the cell by lipoprotein lipase (LPL)-mediated hydrolysis of circulating TG and FA
transporter (CD36).

2.1.3. Lipolysis in Adipocytes

Unlike lipogenesis, lipolysis is the breakdown of the TAG molecule to glycerol and unesterified
FAZ. The release of these substrates occurs under conditions of energy demand and provides an
energy source for other tissues®. Lipolysis is stimulated by catecholamines?®®3’, namely
norepinephrine (NE)%. Binding of catecholamines to the B3-adrenergic receptor (B3Adr), the most

abundant of the B-adrenergic receptor isoforms in rodents®, triggers a signaling cascade that



begins with the activation of adenylyl cyclase by a G-protein coupled receptor®’. Subsequently,
adenylyl cyclase increases the formation of cAMP, which, in turn, activates protein kinase A
(PKA)?837 PKA then phosphorylates LD-surrounding perilipin®4°, which suppresses perilipin’s
protective function on the LD, exposing it to lipolytic enzymes*®4l, Upon phosphorylation,
perilipin also releases comparative gene identification-58 (CGI-58)?%. CGI-58 binds to and
activates adipose triglyceride lipase (ATGL), an enzyme that initiates TAG hydrolysis and gives
rise to diacylglycerol (DAG)?® and a single unesterified FA"*%, DAG is then broken down into
monoacylglycerol (MAG) by hormone sensitive lipase (HSL), which is also activated by PKA
phosphorylation?®, HSL-mediated hydrolysis is highly dependent on perilipin-mediated
translocation to the LD, where deficiency of perilipin significantly inhibits catecholamine-induced
lipolysis*'. The final hydrolysis step is catalyzed by MAG lipase (MAGL), releasing the remaining

FA and the glycerol molecule?® (Figure 3).
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Figure 3: Schematic illustration of lipolytic signaling cascade. Binding of catecholamines to the
B3-adrenergic receptor (B3Adr), triggers a signaling cascade that begins with the activation of
adenylyl cyclase by a G-protein coupled receptor®’. Subsequently, adenylyl cyclase increases the
formation of CAMP, which, in turn, activates protein kinase A (PKA). PKA then phosphorylates
lipid droplet (LD)-surrounding perilipin, which exposes the LD to lipolytic enzymes. Upon
phosphorylation, perilipin also releases comparative gene identification-58 (CGI-58), which binds
to and activates adipose triglyceride lipase (ATGL), the enzyme that initiates TAG hydrolysis and
gives rise to diacylglycerol (DAG)?, and a single unesterified FA"4°. DAG is then broken down
into monoacylglycerol (MAG) by hormone sensitive lipase (HSL), which is also activated by PKA
phosphorylation. The final hydrolysis step is catalyzed by MAG lipase (MAGL), whereby MAG
is broken down into a remaining FA and glycerol molecule.
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This lipolytic signaling cascade is inhibited by insulin, consequently favouring TAG
synthesis over hydrolysis?®. Specifically, insulin inhibits several components of the lipolytic
signaling pathway to suppress TAG breakdown. For instance, activated AKT (pAKT)
phosphorylates phosphodiesterase, which decreases cCAMP and its ability to activate PKAZ,
Moreover, mammalian target of rapamycin complex (nMTORCL1), a factor that is activated with

insulin stimulation, significantly suppresses ATGL expression?®. Insulin signaling also inhibits



adenylyl cyclase®®. Thus, insulin plays a prominent role in TAG synthesis by promoting
lipogenesis and inhibiting lipolysis?.

The intact regulation of lipolysis and lipogenesis are crucial WAT-mediated functions that
become compromised under conditions of obesity®>#2, In terms of lipolytic function, chronic HF-
feeding increases basal lipolysis, but blunts the lipolytic response to catecholamines in visceral
and subcutaneous adipocytes*®. Additionally, insulin-stimulated FA import into the adipocyte, as
well as lipogenesis are also significantly suppressed under conditions of DIO*3. The underlying
physiopathology for adipocyte dysfunction has been suggested to be the expansion in fat mass
(adipocyte hypertrophy), as mentioned earlier in the review. Adipocytes possess an inherent ability
to undergo hypertrophy under conditions of energy excess?’. However, when the capacity of the
adipocyte to grow is exceeded by chronic overfeeding, mechanical stress to the cell membrane and
hypoxia take place and induce inflammation in the AT®. Inflammation, specifically, is one
mechanism whereby adipocytes can become insulin resistance>**. In this context, the expansion
of fat mass by increasing adipocyte number, rather than cell size, is of interest for the mitigation
of diet-induced AT dysfunction?’. In line with this, attenuated PPARY transcriptional activity has
been demonstrated to exacerbate high-fat diet (HFD)- induced hypertrophy in white adipocytes,
leading to an increase in circulating TAG and an enhancement in hepatic lipid storage®.
Conversely, the application of a PPARy-activating drug, such as thiazolidinediones, significantly
reduces adipocyte size, and improves fasting glucose and TAG levels in the circulation®.
Together, these findings point to an apparent link between adipocyte hypertrophy and dysfunction
and support the notion that functional AT, rather than AT mass, is a critical determinant of whole-
body metabolic health®. In addition to WAT, BAT also contributes to metabolic function and

energy expenditure?®4’,
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2.2. BAT and Uncoupled Oxidation

BAT differs from WAT in several morphological and functional features*’. First, brown
adipocytes are multilocular, rather than unilocular, in appearance and have a relatively higher
abundance of mitochondria®®. Additionally, brown adipocytes are highly vascularized and
innervated®. In rodents, BAT is present mainly in the interscapular, aortic, perirenal regions,
among others® (Figure 6). Functionally, BAT differs from WAT in that it is not naturally a storage-
centric depot*’8, Rather, brown adipocytes burn energy and release it as heat®®. This process is
known as thermogenesis and it is driven by the elevated content of uncoupling protein-1 (UCP1)
in BAT®8, UCP1 uncouples substrate oxidation from adenosine triphosphate (ATP) synthesis’®,
This is achieved by UCP1-mediated proton leak and the dissipation of proton motive force (PMF)

in the inter-mitochondrial membrane?®.

2.2.1. FA Oxidation and Oxidative Phosphorylation

Under normal conditions, FAs are brought into the mitochondria via the carnitine
palmitoyltransferase (CPT) proteins*. Briefly, CPT1 replaces the coenzyme A (CoA) that is bound
to the FA with L-carnitine®®. Subsequently, carnitine acylcarnitine translocase (CACT) imports the
acyl-carnitine into the mitochondrial matrix while simultaneously exporting carnitine*®. The final
step is catalyzed by CPTII, which exchanges the carnitine esterified to the FA with a CoA
molecule, to regenerate acyl-CoA*.

Once in the mitochondrial matrix, acyl-CoA is subjected to B-oxidation, which is the
sequential cleavage of the long chain FA into two-carbon units (acetyl-CoA) and a progressively
shorter FA chain. The formation of acetyl-CoA from acyl-CoA involves the step-wise action of
four enzymes: Acyl-CoA dehydrogenase, Enoyl-CoA hydratase, 3-L-hydroxyacyl-CoA and B-

ketothiolase*. Acetyl-CoA enters the Krebs cycle and is combined with oxaloacetate to form citric
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acid®. This reaction is catalyzed by citrate synthetase’. Aconitase converts citrate to cis-aconitate,
then isocitrate®. Following this, a-ketoglutarate is formed from isocitrate via the enzyme isocitrate
dehydrogenase, causing the release of a CO, molecule and nicotinaminde adenine dinucleotide
(NADH.)*. o-ketoglutarate is, in turn, decarboxylated by a-ketoglutarate dehydrogenase to form
succinyl CoA%® which is then converted to succinate by succinic thiokinase®. This reaction
produces GTP from GDP*°. The conversion of succinate to fumaric acid is catalyzed by succinate
dehydrogenase and produces FADH,*. From this point, fumaric acid is converted to malate, and
then malate to oxaloacetate by fumarase and malate dehydrogenase, respectively®. The latter step
forms an additional NADH> and an oxaloacetate that can recommence the Krebs Cycle with
another acetyl-CoA®,

The NADH2 and FADH: produced in the Krebs cycle then donate electrons to the electron
transport chain to drive oxidative phosphorylation®2. This begins with NADH; and FADH;
donating electrons to electron transport chain (ETC) complexes 1 and 2, respectively®?. These
electrons are sequentially transported to ubiquinone, Complex Ill, cytochrome C and Complex
I\V52, Electron transport ends with the transfer of electrons from Complex IV to O, forming H-O.
At complexes I, Il and IV, electron transport is accompanied by the pumping of protons into the
space between the outer and inner mitochondrial membranes, known as the intermembrane
space®?. The accumulation of protons in the intermembrane space generates a PMF that is
dissipated through ATP Synthase (Complex V)®2. Proton re-entry through Complex V into the
mitochondrial matrix drives ATP synthesis, whereby adenosine diphosphate (ADP) is

phosphorylated to form ATP®? (Figure 4).
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2.2.2. Glycolysis and Glucose Oxidation
Similar to FAs, glucose is processed in the Krebs cycle to generate intermediates for the ETC and,
ultimately, ATP synthesis®3. Upon entry into the cell, glucose is phosphorylated by hexokinase to
form glucose-6-phospate (G6P), consuming ATP in the process®*>*. Glucose phosphate isomerase
then converts G6P to fructose-6-phosophate, which is phosphorylated by phosphofructokinase to
fructose-1,6-biphosphate (F-1,6-BP), consuming a second ATP®. F-1,6-BP is, in turn, cleaved by
aldolase into two, 3-carbon molecules: dihydroxyacetone phosphate (DHAP) and glyceraldehyde-
3-phosphate®*. DHAP can be converted to glyceraldehyde-3-phosphate by phosphotriose
isomerase®®. Consequently, two glyceraldehyde-3-phosphate molecules may by processed by
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) into 1,3-biphosphoglycerate, yielding two
NADH: molecules. Phosphoglycerate then catalyzes the conversion of 1,3-biphosphoglycerate to
3-phosphoglycerate, making one ATP molecule from ADP for each of the 1,3-biphosphoglycerate
molecules®*>*.  3-phosphoglycerate is converted to 2-phosphoglycerate, and then
phosphoenolpyruvate by phosphoglycerate and enolase, respectively®**. Two additional ATP are
generated from phosphoenolpyruvate being converted to pyruvate by pyruvate kinase®**. To
summarize, the consumption of two ATP in the early stages of glycolysis and the production of
two ATP by each of the two trioses yields two net ATP produced in the glycolytic pathway®°.
Glucose metabolism proceeds past the glycolytic pathway with pyruvate®. Under
anaerobic conditions®, pyruvate is converted into lactate by the enzyme lactate dehydrogenase®®.
In contrast, aerobic conditions support pyruvate oxidation and the additional production of ATP
in the ETC®*®, This is initiated by the import of pyruvate from the cytosol to the mitochondrial
matrix where, subsequently, the pyruvate is decarboxylated by pyruvate dehydrogenase (PDH) to

form acetyl-CoA, releasing a CO2, molecule in the process®®®. Thereafter, the processing of

13



pyruvate-derived Acetyl-CoA in the Krebs Cycle occurs identical to FA-derived Acetyl-CoA®,
and allows for further ATP production from the original glucose molecule that was committed to

glycolysis®.
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Figure 4: Schematic illustration of the electron transport chain (ETC). NADH and FADH> donate
electrons to ETC complexes 1 and 2, respectively®?. These electrons are sequentially transported
to ubiquinone, Complex 111, cytochrome C and Complex IV. Electron transport ends with the
transfer of electrons from Complex 1V to O, forming H.O. At complexes I, 11l and IV, electron
transport is accompanied by the pumping of protons into the intermembrane space®. The
accumulation of protons in the intermembrane space generates a PMF that is dissipated through
ATP Synthase (Complex V). Proton re-entry through Complex V into the mitochondrial matrix
drives ATP synthesis, whereby adenosine diphosphate (ADP) is phosphorylated to form adenosine
triphosphate (ATP).

2.2.3. Substrate Competition for Oxidation and the Randle Cycle

It is important to note that substrate preference for fuel production is a competitive dynamic
between FA and glucose®®. Under high-fat dietary conditions, metabolic substrate preference shifts
to FAs®. In fact, FA infusion was shown to significantly attenuate glucose uptake in the legs of
healthy males and shifted metabolism to fat®”. The fat-induced attenuation in glucose metabolism

can be attributed to impairments in the activities of several glycolytic enzymes, including PFK®8,
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as well as PDH®®. For instance, the increases in the concentrations of NADH and Acetyl-CoA
relative to NAD* and CoA, respectively, suppress PDH activity®®, limiting the conversion of
glucose-derived pyruvate to Acetyl-CoA®>5, Moreover, the consumption of a HFD has been
shown to increase the gene expression of pyruvate dehydrogenase kinase 4 (PDHK4) in mouse
skeletal muscle®®, which is also known to deactive PDH through phosphorylation®®°°, The HFD-
induced impairment in glucose metabolism was also observed in exercise-trained humans, who
demonstrated glucose intolerance as well as attenuated contents of GLUT4 and IRS in skeletal
muscle®®. However, this metabolic shift may serve to spare glucose under conditions of lower
dietary availability®%L,

Fat oxidation is also impaired under conditions of elevated glucose metabolism®2, With
glycolysis and oxidation, the elevation in citrate levels leads to some citrate escape from the
mitochondria®. This citrate can be converted back into its precursor molecules, oxaloacetate and
acetyl-CoA®2. The latter serves as a substrate for malonyl-CoA synthesis®®®2, This conversion is
catalyzed by acetyl-CoA carboxylase (ACC), and supplies malonyl-CoA for DNL®283, Malony!I-
CoA also has an inhibitory effect on CPT, significantly attenuating FA oxidation®2. Importantly,
the activation of AMP-activated protein kinase (AMPK), which is enhanced with FA availability®
increases the phosphorylation and inhibition of ACC, disinhibiting CPT1 and enhancing FA
oxidation®. Irrespective of the substrate preference for energy production, glucose and FA
oxidation similarly contribute to the production of ATP through oxidative phosphorylation®. In

BAT, thermogenesis is facilitated by the UCP1-mediated inhibition of oxidative phosphorylation®.

2.2.4. UCP1-Dependent Thermogenesis
BAT-mediated thermogenesis is dependent on sympathetic nervous system activation®®. In fact,

denervation of the interscapular BAT (iBAT) depot, significantly impaired the diet-induced
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elevation in BAT UCP1 in mice®®. NE-mediated activation of the lipolytic signaling cascade
culminates in the release of unesterified FA, which interact with UCP1 to activate it®. The
mechanism underlying the FA-induced activation of UCP1 appears to be that FAs interfere with
the inhibitory actions of purine nucleotides (including ATP, ADP, GTP and GDP) on UCP138¢7,
Beyond UCP1 activation, several theories surrounding how FAs support proton leak exist®. As
previously mentioned FAs and pyruvate are oxidized to produce intermediates in the ETC, where
proton pumping into the intermembrane space generates a proton motive force that is essential for
driving ATP synthesis®®%. UCP1 allows these protons to leak from the intermembrane space back
into the mitochondrial matrix, dissipating the proton motive force and rendering the previous
oxidation of energy substrates futile* (Figure 5). How FAs facilitate proton leak is still not fully
understood, however distinct models exist to explain this mechanism, including FAs serving as
allosteric activators, co-factors or shuttling machinery in UCP1%. Besides activating lipolysis,
catecholaminergic stimulation also enhances the gene expression of UCP1 by activating
transcription factors, including cAMP response element-binding protein (CREB)®%, BAT
thermogenesis plays distinct physiological roles, depending on the condition that mediates its

activation.
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Figure 5: Schematic illustration of UCP1-mediated uncoupling. UCP1 allows protons to leak
from the intermembrane space back into the mitochondrial matrix, dissipating the proton motive
force and rendering the previous oxidation of energy substrates futile.

2.2.5. Cold-induced thermogenesis

With cold exposure, thermoregulatory mechanisms become activated to maintain core
body temperature®. Acutely, heat production is achieved through shivering, whereas for non-
shivering thermogenesis BAT is the major contributor and facilitates thermoregulation under
conditions of chronic cold exposure®. In fact, rats housed at 4°C for one week displayed a
significant elevation in BAT UCP1 content as well as the uncoupled oxidation of FAs in BAT
adipocytes’. Consequently, despite increasing their food intake, cold-acclimated rats exhibited a
significant attenuation in WAT mass’. In line with this, Wang et al. reported that cold-exposed
mice displayed significantly enhanced glucose oxidation in BAT®. These effects could be
attributed to cold-induced activation of the sympathetic nervous system (SNS)°. In fact, this group

incubated differentiated primary brown adipocytes with a B3AdR agonist and observed an increase
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in the activity of mitochondrial pyruvate carrier (MPC), which mediates the transport of pyruvate
from the cytosol into the mitochondrion, whereby it can be processed in the Tricarboxylic acid
(TCA) cycle®. This was reinforced with data showing that MPC inhibition significantly
suppressed brown adipocyte oxygen consumption rate, body temperature in cold acclimated rats
and glucose-mediated TCA cycle flux®. The propensity of BAT to metabolize glucose is
promising from the perspective of whole-body glycaemic control. This is because activation of
BAT can promote the oxidation of glucose®®, and, potentially increase clearance of this metabolite
from the circulation. In fact, both glucose and FAs may be used as energy substrates in BAT. This
is supported by observations that cold-induced metabolic adaptations in BAT can reverse
deleterious effects caused by an obesogenic diet™. In fact, housing obese, cafeteria-fed rats at 4 °C
significantly attenuated the diet-induced increase in body weight, reduced insulinemia and
improved glucose tolerance™. Interestingly, this occurred despite the increased food intake
observed in the cold-exposed, cafeteria diet-fed rats, when compared to the cafeteria diet-fed rats
housed at 25 °C’°. These effects were linked to the increase in brown adipocyte number, BAT
mass and cytochrome oxidase activity’®. It has recently been reported that the localization of
mitochondria within the brown adipocyte also influences the functional outcome of the tissue’.
Specifically, lipid-droplet associated mitochondria possess a lower FA-oxidizing capacity than
cytoplasmic mitochondria in brown adipocytes. It appears that cold exposure induces a
dissociation of mitochondria from the lipid droplet to the cytoplasm to support FA oxidation and
thermogenesis. The role of the mitochondria, when bound to the lipid droplet, is instead to provide
energy for TAG synthesis, which is supported by the enhanced ATP synthesizing capacity of these
mitochondria in the brown adipocytes’®. Thus, when assessing mitochondria in the brown fat as

an indication of fat-burning capacity, it is crucial to first consider its localization.
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Importantly, many rodent studies use temperatures for the control group that deviate from
thermoneutrality”#8%°, This may be to accommodate more comfortable working conditions for
laboratory and vivaria personnel*®. Nevertheless, these temperatures typically fell below what is
considered thermoneutral for mice and rats and may activate thermogenic responses in these
animals*. Thus, the interpretation of cold-induced adaptations are relative to animals that, to some
degree, are also subject to cold stress, which poses a limitation*®. This was demonstrated by McKie
et al. by housing mice at thermoneutrality and room temperature. They observed that room
temperature conditions upregulated BAT UCP1 content and BAT mass, relative to the mice housed
at thermoneutrality*®. Nevertheless, acclimation at 4°C in murine models has shown promising
metabolic effects that could be applied to human health and disease prevention’°.

BAT activation has also been studied in humans under acute and chronic cold-exposure
conditions’>73, It was initially considered that BAT-mediated thermogenesis was only observed in
newborns without developed thermoregulatory mechanisms, and that BAT activity would
gradually dissipate and be negligible in adults® . However, it is now understood that adults
possess BAT and it becomes more active when the individual is subjected to cold stress’.
Anatomically, BAT depots in humans differ from those of murine models, where human BAT
activity is predominantly found in the supraclavicular, chest and abdominal regions’?, including
BAT localized to the vertebral column, aorta, axillary and neck regions’" (Figure 6). To study
the activity of these thermogenic fat depots in humans, [®F]-fluorodeoxyglucose (**FDG) is
injected into the subject and its uptake is monitored using positron emission tomography
(PET)"?73, Using this method, van Marken et al. were able to demonstrate that an acute 2h bout of
cold exposure in male adults was sufficient to activate BAT'2. These experiments were conducted

in a climate chamber set to 16 °C"2. Alternatively, cold exposure can be achieved through the use
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of a suit”. In fact, Blondin et al. used a liquid-conditioned-suit to expose their subjects to 10°C,
2h per day for 4 weeks’®. They observed that this significantly increased the volume of active BAT
in subjects and significantly enhanced the oxidative capacity of the brown fat”®. Together, murine
and human studies suggest that cold-acclimation can enhance substrate oxidation””® and
potentially serve as a therapeutic tool for the management of obesity and insulin resistance’. In
addition to cold, diet can also activate BAT in a phenomenon known as diet-induced thermogenesis

(DIT)%,
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Figure 6: Schematic illustration of anatomical distributions of BAT in human and murine models.
Human BAT activity is predominantly viewed in the supraclavicular, chest and abdominal regions,
including BAT localized to the vertebral column, aorta, axillary and neck regions, whereas in
rodents, BAT is present mainly in the interscapular, aortic, perirenal regions, among others.

2.2.6. Diet-induced thermogenesis (DIT)

Thermogenesis is activated following a single meal”®. This was demonstrated in humans,
where BAT oxygen consumption was significantly elevated post-prandially®®. Interestingly, the
diet-induced increase in BAT oxygen consumption was comparable to oxygen consumption under

conditions of cold stress*. The macronutrient composition of a diet also appears to influence post-
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prandial BAT activity*®477¢, In fact, it has been shown that the consumption of a carbohydrate-
rich meal significantly increases respiratory exchange ratio and attenuates BAT FA uptake, when
compared to cold exposed individuals*®®. The post-prandial preference of the BAT for
carbohydrates was also supported by data showing that individuals with relatively higher BAT
activity displayed enhanced energy expenditure and DIT following a high-carbohydrate meal,
whereas a high-protein meal did not appear to be associated with DIT and did not elicit differences
in energy expenditures between individuals with high and low BAT activity levels’®. Noteworthy,
the high-fat meal did enhance DIT in individuals with high BAT activity for the first hour
following the meal, suggesting a possible role for fat in the post-prandial activation of BAT
thermogenesis’®. However, this increase was not sustained past this interval of time’®. Despite the
apparent post-prandial preference of the BAT for carbohydrates, respiratory quotient is lower in
individuals with high BAT activity, when compared to individuals with low BAT activity after a
meal®’. Moreover, high BAT activity over 24h was correlated with a lower respiratory quotient?’.
Thus, there is evidence to suggest that fat is still used as a substrate for post-prandial
thermogenesis, although carbohydrate consumption exhibits a greater capacity to activate
BAT46'76.

The activating mechanism for post-prandial DIT is distinct from that of cold exposure®.
With cold stress, NE activates BAT thermogenesis®®, which is supported by the acute elevation in
the levels of this hormone®. Conversely, circulating NE levels are not altered immediately
following a meal®. The post-prandial activator of BAT is poorly understood®, however it has been
proposed that adrenaline is correlated to BAT activity following a meal (Fig. 5)*. With diet-
induced obesity (DIO), BAT DIT is also transiently activated, albeit through distinct

mechanisms®®"7,
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DIT with chronic overfeeding is mediated primarily by leptin®""78 The expansion in
adiposity observed with a surplus of energy intake is accompanied by an enhanced secretion of
AT-derived leptin®7". Leptin deficiency, classically demonstrated in the ob/ob mouse model,
causes obesity that can be reversed with leptin administration’®. This suggests leptin treatment may
help in the treatment of obesity®®. However, obesity causes an elevation in circulating leptin
levels’®% pointing to leptin resistance as the potential physiopathology underlying the
development of obesity’"#%, Leptin has been shown to signal through the hypothalamus to enhance
SNS stimulation to the BAT and enhance thermogenesis’®. This was demonstrated in an Sh2b1
knockout in mice’®. Sh2bl is a protein that is implicated in leptin receptor signaling in the
hypothalamus’®. When this protein was knocked-out, mice exhibited a significant increase in body
weight and fat mass, and an attenuation in core body temperature during dark cycle hours’®. This
occurred in the absence of an alteration in food intake or activity levels’®. Sh2bl ablation also
significantly attenuated Ucpl gene expression and content in BAT, as well as sympathetic nerve
activity to this tissue’®. Interestingly, Sh2b1 overexpression increased BAT UCP1 content in mice
and sensitized the neurons to leptin signaling’®. This was effective in reversing DIO and insulin
resistance in these mice’®.

The importance of BAT UCP1 content for DIT was also highlighted by Feldmann et al. in
UCP1-ablated mice®. UCP1 ablation significantly increased WAT mass in control and HFD-fed
mice®’. Moreover, NE-induced oxygen consumption was significantly attenuated in mice lacking
UCP18. In another study using 129S mice, an obesity-resistant strain, UCP1-knockout
significantly elevated Sc Ing mass, whether the mice were consuming a chow or HFD®2, In mice
fed a HFD, the knockout of UCP1 also caused a significant increase in total fat mass and an

attenuation in energy expenditure®2. These findings suggest BAT-mediated DIT plays an important

22



role in enhancing energy expenditure and preventing DIO. This then begs the question as to why
individuals still become obese. Leitner et al. demonstrated that obese individuals have a higher
volume of BAT than lean individuals™. Moreover, other studies show that a HFS diet significantly
elevates BAT UCP1 content® and BAT homogenate FA oxidative capacity’’. Logically, these
metabolic adaptations would enhance DIT and serve to counteract obesity. However, despite
having a higher BAT mass, obesity significantly attenuates BAT activity’. This was supported by
recent findings showing that HFS feeding attenuates the uncoupled oxidative capacity of the brown
adipocyte and instead diverts fat for storage (Figure 7)8. This attenuation in uncoupled oxidative
capacity can be attributed to suppressed SNS activity®, which may originate from leptin resistance
in the brain’®. These diet-induced metabolic adaptations lead to a shift in the morphology of the
BAT from multilocular to unilocular®. Collectively, these modifications make the BAT more
morphologically and functionally similar to the WAT?. This obesity-induced conversion is known
as whitening of the BAT®8, Whitening of BAT was also induced in mice deficient in B-adrenergic
receptors, leptin receptors and ATGL, which reinforce the importance of SNS and leptin-mediated
activation of the BAT®. Moreover, this conversion of the BAT to WAT is accompanied by
significant inflammation and the formation of crown-like structures (CLS)®. CLS are composed
of macrophages that surround and remove dead adipocytes®. In this context, DIO causes
hypertrophy and inflammation in WAT and BAT, whereby both may contribute to the systemic
inflammation that is observed in obesity®. The interconversion between BAT and WAT may also
happen in the opposite direction whereby WAT appears and functions more similarly to BAT.

This conversion is known as “browning” of the WAT and yields beige adipocytes®.
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Figure 7: Schematic illustration of dietary effects on BAT DIT. Following an acute meal,
thermogenesis is enhanced in BAT. Conversely, under conditions of chronic overfeeding and DIO,
thermogenesis becomes impaired in this tissue.

2.2.7. Browning of WAT and Beige Adipocytes

Browning is classically induced with cold exposure*”* and is characterized by WAT depots that
appear darker in colour®®. It is considered that the appearance of these adipocytes occurs through
conversion of existing white adipocytes, rather than the emergence of new adipocytes from fat cell
precursors'®. Depot-specific differences in browning capacity exist, whereby subcutaneous WAT
exhibits a greater propensity for browning than visceral WAT’. The induction of browning is
dependent on SNS stimulation in the WAT84. In fact, B3AdR knockout in mice has been shown to
significantly suppress UCP1 expression in WAT and maintains a unilocular appearance of the
adipocytes under conditions of cold exposure®*. The importance of the SNS in WAT browning

was further reinforced with the administration of Withaferin A, a compound that has been shown
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to support leptin signaling through the hypothalamus®. In a recent study, Guo et al showed that
Withaferin A significantly enhanced tyrosine hydroxylase (TH) content in WAT, an enzyme that
is crucial for the synthesis of catecholamines, as well as UCP1 content and the multilocular
appearance of the white adipocytes®. These effects were ablated with WAT denervation in these
mice, suggesting that Withaferin A does indeed induce browning through the SNS®. These effects
can be attributed to the SNS-induced activation of pr-domain-containing protein 16 (PRDM16),
given that the knockdown of this gene significantly reduced markers of browning and uncoupled
oxidation in Sc adipocytes, in the absence or presence of catecholaminergic stimulation®.
Conversely, the overexpression of PRDM16 in WAT upregulated Ucpl gene expression and
browning. PRDM16 enhances peroxisome proliferator-activated receptor gamma co-activator la
(PGC-1a) transcriptional regulation, which upregulates the browning program in white
adipocytes®®’. Thus, besides UCP1, PGCla is also a major indicator of browning and
thermogenesis®. Despite an elevation in UCP1, browning does not always suggest an
enhancement in UCP1-mediated thermogenesis’ and has prompted investigations into UCP1-

independent mechanisms of thermogenesis.

2.2.8. UCP1-Independent Futile Energy Cycles

In WAT, cold exposure increases UCP1 but lowers the uncoupled oxidation of FA in white
adipocytes’. This suggests that an alternative, UCP1-independent mechanism is mediating
thermogenesis in white fat and underlying the conversion from a unilocular to a multilocular
appearance’. Sepa-Kishi et al. determined that this mechanism was TAG recycling’. In cold-
acclimated Sc inguinal (Ing) adipocytes, lipolysis and lipogenesis were both significantly
enhanced, suggesting that a futile cycle of hydrolysis and re-esterification could contribute to

thermogenesis in this tissue under conditions of cold stress’. In fact, to support lipogenesis cold-
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acclimated adipocytes displayed increased GyK content and the incorporation of glycerol into
TAG, both of which are normally low in WAT334 Together, the increased cycling of fat
breakdown and storage could explain the formation of smaller LDs and a multilocular appearance
of the AT depot, and proposes a UCP1-independent mechanism of thermogenesis in beige
adipocytes’.

Another thermogenic futile cycle in beige adipocytes that has been described is the creatine
(Cr) cycle®. This model proposes that mitochondrial creatine kinase regenerates ATP from ADP,
driving oxidative phosphorylation®®. The generated PCr is then hydrolyzed back to Cr,
replenishing this substrate for ATP/ADP, PCr/Cr futile cycling®. The importance of creatine for
thermogenesis was supported by the observation that oxygen consumption in beige adipocytes was
significantly reduced with a creatine inhibitor®. This futile cycle is amplified in UCP-deficient
mice, where its contribution to thermogenesis is enhanced to compensate for the lack of UCP1-
mediated heat production®. In conclusion, despite acquiring features of BAT, beige adipocytes
develop distinct metabolic adaptations to drive thermogenesis’.

Besides cold stress, browning is also induced by endurance exericse®. Similar to cold
exposure, exercise elevates UCP1 and PGC-1la contents in Sc Ing fat, increases FA oxidative
capacity and makes the adipocytes appear more mulitlocular®®. Under conditions of exercise,
browning has been attributed to the elevation in Sc Ing content of fibronectin domain-containing
protein 5, which is believed to exert an autocrine effect to promote thermogenic adaptations in this
tissue®. Interestingly, exercise has an opposite effect on BAT, whereby it attenuates PGC-1a,
UCP1 and FA oxidation, and increases LD size®. Because exercise is inherently thermogenic,
BAT activity is not required for thermoregulation. Thus, exercise-induced metabolic adaptations

shift thermogenic activity away from central regions by attenuating BAT thermogenesis, and likely
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increase heat dissipation in peripheral tissues, such as the Sc AT®. Regardless of stimulus,
browning of WAT and the conversion of this storage-centric depot to a thermogenic, energy-
burning tissue poses a promising strategy to reverse obesity*.

In conclusion, WAT and BAT play important physiological roles, including controlled
storage and mobilization of energy and energy dissipation in the former and latter, respectively®.
Importantly, white adipocytes possess metabolic flexibility, whereby they can undergo browning
to enhance their energy-dissipating properties®. Besides their metabolic functions, ATs are also a
prominent endocrine organ that secretes multiple factors (adipokines) that play crucial roles in

several tissues and organs®?.

2.3. Endocrine Function of Adipose Tissue

2.3.1 Leptin

Leptin is an AT-derived hormone with a molecular weight of approximately 16 kilo Daltons
(kDa)®°. The level of secretion of this adipokine is directly proportional to the volume of AT8%9,
In this context, it is considered that leptin functions in a negative feedback mechanism to maintain
energy homeostasis through several leptin-mediated circuits®?. Leptin acts mainly in the
hypothalamus, where it binds to its receptor (LepR), of which there are six isoforms: a, b, ¢, d, e
and . However, isoform e is not membrane bound and binds leptin in the circulation to inhibit
its activity®. The other leptin isoforms contain a transmembrane domain, however only isoform b
possesses all necessary signaling proteins on its intracellular domain, making it the predominant
receptor isoform through which leptin acts in the brain®°2, In order to access the hypothalamus,
circulating leptin must be transported across the blood brain barrier®®®2, Upon binding to its
receptor, it activates a downstream signaling cascade that is initiated by janus kinase 2 (JAK2)

binding and activation®. Once activated, JAK2 phosphorylates the LepR on three residues, each
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of which triggers a distinct physiological circuit®. The phosphorylation of signal-transducer-and-
activator-of-transcription 3 (STAT3) is what modulates hypothalamic energy balance mechanisms
that reduce food intake and increase energy expenditure®. In fact, the effects of leptin on energy
dissipating pathways are mediated largely through BAT®. Thus, by attenuating energy intake and
promoting thermogenesis, leptin leads to a reduction in adiposity®®. Conversely, under
conditions of energy deficiency, AT leptin secretion is significantly reduced, enhancing food
intake and suppressing energy expenditure to reverse weight 10ss8%%,

With obesity, circulating leptin is characteristically elevated’’. Under these conditions,
however, leptin signaling is abrogated in the hypothalamus, a condition which is known as leptin
resistance®®. The impairment in leptin signaling can be attributed to an increase in suppressor of
cytokine signaling 3 (SOCS3), which inhibits JAK-STAT signaling®®®. In fact, in SOCS3-
deficient mice, leptin-induced STAT3 phosphorylation was significantly enhanced®. Moreover,
SOCS3-deficient mice fed a HFD did not gain more weight than SOCS3-deficient mice fed a chow
diet and did not display hyperleptinemia or hyperinsulinemia®. Together, these findings highlight
the impact of SOCS3 on leptin sensitivity and its importance for whole-body energy homeostasis.

Another major adipokine is adiponectin.

2.3.2. Adiponectin

Adiponectin is another major adipokine expressed exclusively in WAT and BAT®*. Contrary to
leptin, the secretion of this hormone is inversely proportional to WAT mass and has been shown
to be reduced under conditions of obesity-related metabolic disorders®. Adiponectin naturally
exists in several multimeric forms, of which there are three major complexes: a trimer, a hexamer
and a 12-18-mer®*. Adiponectin circulates mainly in its full length form but may also be cleaved

into its globular form, both of which act on adiponectin receptor 1 and adiponectin receptor 2
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(AdipoR1 and AdipoR2, respectively)®. Globular and full-length adiponectin activate AMPK,
which increases glucose uptake and FA oxidation®. In muscle cells, both globular and full-length
adiponectin mediate these effects, whereas in hepatocytes only full-length adiponectin activates
AMPK®, Regardless of cell-type, AMPK inhibition impaired adiponectin-induced increases in FA
oxidation and glucose uptake®, suggesting a critical role for AMPK in adiponectin action. The
beneficial metabolic effects of adiponectin and its potential for management of obesity and insulin
resistance have sparked research in the development of mimetics for this adipokine.

The AdipoR agonist, AdipoRon has been used as a reliable agonist for adiponectin-induced
responses in several tissues'®. AdipoRon binds to both AdipoR1 and AdipoR2 and has been shown
to significantly improve insulin sensitivity, increase markers of mitochondrial biogenesis in
skeletal muscle, attenuate inflammatory gene expression in WAT, exert an anti-steatotic effect in
liver, and upregulate the activation of AMPK in muscle and liver®®. Importantly, the ablation of
both AdipoRs reversed the AdipoRon-induced effects'®, reinforcing the effect of adiponectin
stimulation on the above metabolic effects™®.

Another adiponectin mimetic that has been studied is ALY688%, which was shown by
Sung et al. to significantly enhance AMPK and ACC phosphorylation, insulin-signaling and
insulin-stimulated glucose uptake in L6 muscle cells®. In fact, ALY688-induced AMPK
phosphorylation was not different from that of globular adiponectin. This compound also enhanced
signaling through an alternative AdipoR pathway, p38 mitogen-activated protein Kinase
(MAPK)®, which likely mediated the dose-dependent increases in glucose uptake observed in the
muscle cells treated with this drug”°®.

More recently, there has been the development of a novel AdipoR agonist that suppresses

inflammation as potently as AdipoRon®’. This compound is an AdipoRon analogue known as anti-
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inflammation adiponectin (AdipoAl)®’. Qiu et al designed and tested AdipoAl in bone marrow-
derived macrophages treated with LPS, where co-treatment with AdipoAl or AdipoRon drastically
reduced inflammatory cytokines interleukin-6 (IL-6) and interleukin-1p (IL-1B)%". In vivo results
exhibited similar anti-inflammatory effects, where oral administration of AdipoAl lowered AT and
spleen gene expression levels of IL-6 and IL-1p, as well as serum levels of these cytokines in obese
mice®”. Interestingly, IL6 and IL-1B expression levels were unaffected by AdipoRon
administration, suggesting a superior effect of AdipoAl on inflammation under conditions of
DIOY. In this context, the metabolic and anti-inflammatory effects induced by adiponectin and
adiponectin mimetics!®%97 under conditions of DIO% point to this adipokine as a promising
therapeutic agent for the management of obesity and insulin resistance.

With regards to adiponectin and leptin, the relative ratio of these two adipokines is an
important determinant of metabolic health®. In older adults, the adiponectin:leptin ratio was
negatively correlated with adiposity and body mass index (BMI)®. Moreover, in female
participants this ratio was also positively correlated to high density lipoprotein (HDL) cholesterol
and inversely related to insulinemia and inflammatory factors such as C-reactive protein and IL-
6%. This highlights the integrative nature of adipokines and proposes the ratio of adiponectin:leptin
as a biomarker for AT functional status and overall metabolic health®. In addition to these

adipokines, the AT expresses markers of inflammation*4°.

2.3.3. Adipose-derived Inflammatory Cytokines

Chronic obesity is accompanied by systemic, low-grade inflammation which is attributable to AT-
mediated secretion of inflammatory cytokines'®. These cytokines are produced by resident
immune cellst®83190.101 Kyt gre also expressed by adipocytes!®. For instance, tumour necrosis

factor alpha (TNFa) expression in white adipocytes is positively associated with obesity and body
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fat percentage!®®. In fact, weight loss attenuates the expression of this cytokine in WAT!, TNFa
stimulates lipolysis, propagates inflammatory cytokine production and downregulates the
expression of adipogenic genes such as PPARy in white adipocytes'®>. TNFa also inhibits
lipogenesis in adipocytes by impairing glucose uptake and the insulin signaling pathway**.
Specifically, incubation of 3T3-F442A adipocytes with TNFa demonstrated a time-dependent
inhibition of this cytokine on insulin-stimulated phosphorylation of IRS1%*, Similarly, BAT TNFa
expression was increased under conditions of obesity and significantly impaired the function of
this AT depot'®. In fact, Nisoli et al. demonstrated that the incubation of brown adipocytes with
TNFua elicited a dose-dependent suppression of B3AdR expression, and significantly blunted BAT
UCP1 gene expression!®. In line with this, the inhibition of TNFo signaling preserved the
expression of these two thermogenic genes and supported thermoregulation under conditions of
cold exposurel®®, Together, existing reports indicate that obesity mediates an increase in WAT and
BAT TNFa expression, which may exert an autocrine and paracrine effect on the adipocytes that
disrupts normal energy metabolism**1%, In addition to TNFa, DIO also increases circulating levels
of 1L-6%2, which can be attributed to AT-mediated expression of inflammatory markers®°.

IL-6 expression in AT is derived from both the adipocytes and resident inflammatory
cells®®. This was demonstrated by Han et al. in I1L-6 deficient mice in which reduced expression of
adipocyte-derived 1L-6 significantly decreased BAT and gonadal WAT IL-6 levels®.
Interestingly, 1L-6 deficiency improved insulin-signaling in the WAT of HFD-fed mice®, but not
in the liver or skeletal muscle®. This may be attributed to DIO-induced inflammation in AT
temporally preceding inflammation in non-adipose tissues'®. Moreover, reduced IL-6 expression
reversed HFD-induced immune cell infiltration in the AT, which likely promoted the formation of

CLS around dysfunctional adipocytes®®%. In this context, obesity-related AT inflammation is
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crucial in the pathogenesis of adipocyte dysfunction**, adipocyte removal following cell death®
and contributes to systemic inflammation'®. These pro-inflammatory effects in AT could, in part,

be attributed to diet-induced alterations in components of the Renin-Angiotensin System (RAS)*%4,

2.4. Renin-angiotensin system (RAS)

Recently, the Renin-Angiotensin-Aldosterone System (RAAS) has been identified as an important
factor associated with metabolic alterations in AT and obesity-related metabolic disorders!®410°,
Briefly, the RAAS s triggered initially by the synthesis of renin from the kidney and
angiotensinogen from the liver. Renin is released into the circulation in a rate-limiting, controlled
manner'®, whereas angiotensinogen often circulates in excess relative to reninl®, Under
hypotensive conditions, both renin and angiotensinogen are secreted in larger quantities from their
respective tissues'%. In the circulation, renin converts angiotensinogen into angiotensin-1 (Ang-
1)1%. Ang-I is then processed, mainly in the pulmonary circulation®’, by endothelial cell-derived
angiotensin converting enzyme (ACE1) into angiotensin-11 (Ang-11)1%. Ang-11 exerts its effects by
binding to the G-protein coupled receptor'®® angiotensin type 1 receptor (AT1R)*%. There are two
isoforms of the AT1R: AT1ar and AT1,R%. The former is expressed in a variety of tissues, whereas
the latter is expressed mostly in the central nervous system; however, they play similar
physiological roles'®®1%, Activation of AT1R exerts the classical effects of the RAAS, including
vasoconstriction, water retention, SNS stimulation, and aldosterone release from the adrenal
gland®®. Aldosterone further enhances mineral and water retention in the kidney by stimulating
mineralocorticoid receptors!®. Together, these AT:R-mediated functions allow for the regulation
of systemic blood pressure!®®1%® However, excess Ang-1l and aldosterone seen in RAAS
hyperactivation and obesity!!® causes several detrimental effects, including fibrosis, oxidative

damage, and inflammation in the kidney and heart, as well as vascular dysfunction®%, In this
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context, the counterregulatory arm of the RAAS system has drawn great attention as a therapeutic
intervention for RAAS dysregulation. These effects are mediated by angiotensin type 2 receptor
(AT2R)'%, which is not abundant in adult tissues, although its expression is increased under
conditions of ATiR hyperactivation!'!. Besides Ang-Il, Ang-(1-9) can also directly bind to
AT,R®. Ang-(1-9) is derived from Ang-I in a reaction catalyzed by ACE2, a second angiotensin
converting enzyme!®®. Ang-(1-9) and Ang-ll then act on AT2R to promote flux through the
counterregulatory RAS arm, anti-inflammatory effects and vasodilation®. Furthermore, ACE2-

mediated conversion of Ang-1l to Ang-(1-7) also exerts protective effects via the Mas receptor

(MasR)% (Figure 8).
aces o9
Ang- AT,R R Anti-inflammgtory
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Figure 8: Schematic illustration of RAS. Angiotensin I (Ang-1) is converted to angiotensin Il (Ang
I1) by angiotensin converting enzyme (ACEL). Ang-1l binds to angiotensin Il, type | receptor
(AT1R) and causes inflammation and insulin resistance in adipocytes, vasculature, etc.
Alternatively, Ang-Il can bind directly to angiotensin Il, type 2 receptor (AT2R), or it can be
converted to Ang-(1-9) or Ang-(1-7), which then bind to AT2R and the Mas receptor (MasR),
respectively. Signaling through these receptors promotes anti-inflammatory effects and
vasodilation.
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2.4.1. RAS in Adipose Tissue

Despite being predominantly studied in the context of cardiovascular function, adipose
tissue also expresses components of the renin-angiotensin system (RAS)!%>1%7. The RAS is highly
influential in WAT and BAT metabolism by regulating the functions of these two fat
compartments. In fact, in high fat (HF)-fed mice, Giori et al. showed an increase in the flux through
the ACE1/Ang-11/AT1R arm of the RAS in WAT!®, which is known to promote inflammation and
insulin resistance in fat cells'®. Interestingly, injecting HF-fed mice with ACE2 increased BAT
mass, UCP1 expression and thermogenesis'®. This significantly improved whole-body glucose
homeostasis and insulin sensitivity in animals fed an obesogenic diet'®*. Furthermore, ACE2
injection has been shown to promote lipolysis in subcutaneous WAT and increase UCP1
expression in this tissue!®. This causes white adipocytes to take on a more “brown” appearance®®,
and is commonly observed with increased flux through the ACE2/Ang(1,7)/Mas arm of the
RAS'®, Morimoto et al. also observed an enhancement in BAT thermogenesis with the
administration of Ang-(1,7) in HF-fed mice!2. However, they did not observe increased UCP1
content in the WAT of these animals, despite reducing lipid accumulation in the white
adipocytes'*?, This is in contrast to what was found with ACE2 injection; however, they attributed
this lack of browning to a low MasR content in WAT*2, Thus, it is plausible that supplementing
Ang-(1,7) did not have the same effect on browning as administering an enzyme that can convert
endogenous Ang-Il to Ang-(1,7). Regardless, both studies indicated that the activation of the
counterregulatory arm of the RAAS system improved whole-body glucose homeostasis and

reduced body weight, which is of great importance for the treatment of obesity and insulin

resistance®!12, Besides manipulating a single arm to produce beneficial effects, the effects of the
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RAS on AT appear to be regulated by a balance between the ACE1/Ang-II/AT1R arm and the
ACE2/Ang-(1,7)/AT2R arm. This has been demonstrated with aerobic exercise!®.

It has been reported that the WAT ACE1:ACE?2 ratio, AT{R expression, and Ang-1l:Ang-
(1,7) levels increased in mice fed a high-fat (HF) diet’®. Interestingly, these parameters were
completely reversed with aerobic training and could underlie the observed increase in markers of
WAT browning!®. In order to compare exercise to the effects of a pharmacological agent, an
additional group of mice fed a HF diet was also treated with enalapril, a widely used ACE1
inhibitor'®. Similar to the endurance-trained group, HF-fed enalapril mice had reduced
ACE1:ACE2 and Ang-11:Ang-(1-7) ratios'®. Furthermore, in both the trained and the enalapril-
treated groups, Sc and visceral adipose tissue masses were reduced!%, Despite similarities in these
phenotypic adaptations, the mechanism by which these alterations took place differed between the
two groups. The enalapril group experienced an expected reduction in ACE1 activity®.
Conversely, ACE2 activity increased significantly in the WAT of these animalsi®. This
mechanism attenuated the HF diet-induced elevations in Ang-1l and increased Ang-(1-7)%.
Interestingly, exercise did not significantly alter ACE1 or ACE2 activity, when compared to the
HF-fed micel®. There was also no change in Ang-11 levels, however, Ang-(1,7) was significantly
elevated in the trained mice!®. This indicates that the exercise-induced alteration in ACE1:ACE2
content was sufficient to drive the conversion of the present Ang-Il to Ang-(1,7), regardless of the
activity of these enzymes'®. Moreover, despite the sustained Ang-I1 levels, the reduction in AT:iR
levels likely diverted Ang-ll to existing AT2R in exercised mice'®. In this context, Ang-1I may
have signalled through AT2R and contributed to browning in the WAT of the trained animals®.
This, however, remains speculative as AT2R was not measured in the study. It is important to note

that unlike exercise, enalapril treatment did not induce browning in the WAT®. Thus, it is likely
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that the reduction in fat mass in the enalapril group may have occurred as a result of the activity
of an alternative thermogenic tissue'®. In this case, the authors hypothesized that this tissue was
BAT, and that enalapril was enhancing thermogenesis in this fat pad®. Taken together, these
studies indicate that the RAS regulates several metabolic mechanisms in adipose tissue and can be
greatly influenced by diet. Interestingly, diet-induced alterations in the RAS also has implications
for other tissues and body systems, including the cardiovascular and cardiorespiratory systems. In

fact, this has emerged as a major field of research in the midst of the COVID-19 pandemic®*2,

2.4.2. The RAS in lung, heart and vascular tissue: Implications for COVID-19 disease
severity

The novel severe acute respiratory syndrome (SARS) coronavirus, also know as SARS-
CoV-2 provokes respiratory disease and can be fatal}*11°, SARS-CoV-2 enters the system via the
respiratory tract''® and is able to infect the host cells via ACE2, which acts as a cellular receptor
for this pathogen®®. This interaction occurs between ACE2 and a specific protein on the virus
known as the spike (S) protein!®. In brief, the S protein is cleaved into 2 subunits by the cell
surface protein transmembrane protease, serine 2 (TMPRSS2), which primes the S1 subunit to
bind to ACE2*®. Subsequently, the virus enters the host cell through endocytosis and can
thereafter transcribe its viral ribonucleic acid (RNA) by using the host’s ribosomes*’. This enables
the transcription and translation of viral proteins and eventually leads to replication of the virust?’.
As the virus replicates, it is able to spillover into the circulation and thereafter access other ACE2-
expressing tissues, including the heart, gastrointestinal tract and vasculature, among others, where

it can continue to exert its viral effects (Figure 9)*7.
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Figure 9: Schematic illustration of cellular infection with COVID-19. SARS-CoV-2 reaches the
host cell where its spike (S) protein is cleaved by transmembrane protease serine 2 (TMPRSS2).
This primes the S protein (in yellow) for binding with ACE2, which facilitates entry into the host
cell. From there, the virus uses the cell’s ribosomes to translate its RNA and promote viral
replication. Eventually, replication of the novel coronavirus leads to spillover into the circulation,
where it can then migrate to other tissues and repeat this cycle.

Consequently, SARS-Cov-2 causes cellular damage and apoptosis which recruits immune cells to
the site of injury*®. In addition to this, the novel coronavirus is able to induce lymphocytic
apoptosis, which triggers a robust immune response that activates and recruits more immune
cells!®®, These immune cells then release a number of cytokines, including interleukin-6 (IL-6),
IL-1B, and TNFo among several others''®'° which further potentiate the recruitment of other
immune cells and promotes a positive feedback cycle of cytokine release and immune cell
recruitment®*®. The aberrant activation of the immune system and the corresponding release of pro-
inflammatory cytokines is called a “cytokine storm” and leads to oxidative stress and organ
damage in COVID patients®. In parallel to this, the binding of SARS-CoV-2 to the ACE2 receptor
on lung cells reduces ACE2 availability for the conversion of Ang-11 to Ang-(1,9)!*°. As a result,
there is a shift to the ACE1-Ang-11-AT1R arm of the RAS system which facilitates inflammation

in the lung'®. In this context, patients with compromised immune function are more susceptible
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to the severe outcomes of COVID-19 infection''®, Another group of patients that are at an elevated
risk for severe symptoms are obese individuals!é,

As previously mentioned, obesity is characterized by an elevation in WAT mass caused by
the hyperplasia and hypertrophy of white adipocytes'®. Once adipocytes reach a critical size, they
experience hypoxia and become dysfunctional*®®, As a result, the adipocytes release cytokines
and recruit macrophages to their periphery, which promotes hypercytokinemia and dysfunction of
the innate immune system®!, Additionally, cells of the adaptive immunity have been shown to
be reduced in obese individuals''®. This inflammatory profile is characteristic of the low-grade,
systemic inflammation seen in obese patients, and has an impact on several aspects of physiology,
including respirationt*®2°, In fact, obesity has been linked to asthma and airway inflammation'%.
Umetsu et al. demonstrated this in obese mice'?°, which had an increased number of inflammatory
macrophages, nucleotide-binding domain, leucine-rich repeat, and pyrin domain-containing
protein 3 (NLRP3) inflammasome activation and IL-1p expression in lung tissues'?°. As a result,
IL-1B enhanced the recruitment of innate lymphoid cells (ILCs)!%. ILCs produce interleukin-17
(IL-17), which is implicated in airway hyperreactivity and lung resistance in HF-fed animals*?.
Evidently, obesity creates a dysregulated inflammatory condition in the airway**>*8, In addition
to this, obesity has also been linked to increased susceptibility to viral infection®*2,

As previously mentioned, obesity induces changes in RAS components in adipose tissue
that leads to detrimental metabolic and inflammatory profilesi®. However, obesity has also been
linked to alterations in ACEZ2 in the respiratory tract, which is associated with the more severe
outcomes observed in this cohort*'®. Sarver and Wong examined the effect of the HF diet on ACE2
and TMPRSS2 in mouse lungs and trachea*3. These authors found that ACE2 expression was

increased by the HF diet in both tissues in male mice'®. In contrast, HF-feeding did not alter
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TMPRSS2 expression in either the lungs or trachea!3. This indicates that ACE2 plays a more
important role in the susceptibility of obese individuals to more severe COVID-related outcomes
or that there are other proteins that facilitate the fusion of SARS-CoV-2 that are impacted to a
greater extent by the HF diet''®. For instance, furin is a protease that can also cleave the spike
protein to facilitate viral entry into the cell*?. However, existing work shows that inhibition of
proteases cathepsin B and L, and TMPRSS2, significantly attenuates viral entry of SARS-CoV
and SARS-CoV-2 into Vero cells'??, Nevertheless, the consistent, diet-induced enhancements in
ACE?2 expression in the lungs and tracheas of male mice provides a plausible mechanism whereby
obesity facilitates a higher viral load and more severe outcomes®3. It is important to note that
female mice on a chow-diet exhibited similar lung ACE2 expression levels as male obese mice,
and significantly more ACE2 than chow-fed male mice!'®. However, this is not consistent with
human sequencing data that shows there is no difference in ACE2 expression in lungs based on
sex!?*124 Similarly, Batchu et al. observed no change in ACE2 or TMPRSS2 gene expression in
the lungs of diabetic, HF-fed mice; however, the content of these two proteins increased
significantly in this tissue?. In this context, this discrepancy can be consolidated by the fact that
ACE2 protein availability is likely enhanced by post-transcriptional modifications, which is not
accounted for in gene expression data'?. Thus, although Sarver and Wong reported higher levels
of ACE2 in chow-fed females when compared to chow-fed males, it is still unclear whether this
translates to differences in protein content'*3. Nevertheless, an important finding from their study
is that HF feeding does not change ACE2 gene expression in females, whereas in males, as
previously stated, it causes an upregulation in lung ACE2 levels!®. This sexual dimorphism in
response to a HF diet could explain why males are more susceptible to severe COVID-19

outcomes*?*. Furthermore, the identification of obesity as a major risk factor has generated great
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interest in the identification of therapeutic tools that could potentially treat obesity, its related

metabolic disorders, and more recently, the risk for COVID-19-related disease.

2.5. The Ketogenic Diet (KD), Ketosis and Ketone Body Metabolism

The KD is rich in fat and drastically limited in carbohydrates?®. Under these dietary conditions,
hepatic ketone body synthesis is enhanced in a process known as ketogenesis'? that leads to a state
of nutritional ketosis. Human ketonemia is normally <0.1mM?*?’, whereas the KD elevates this to
>0.5 mM™127 A restriction in dietary carbohydrate intake leads to reduced blood insulin levels
and enhanced WAT lipolysis?®. Consequently, NEFAs travel to the liver and undergo B-oxidation
and conversion into acetyl-CoA molecules'?®. In individuals consuming a KD, FA supply to the
liver overwhelms the oxidative capacity of hepatocytes, leading to a buildup of acetyl-CoA

molecules, which are eventually diverted to ketone body synthesis (Figure 10)*2°.
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Figure 10: Schematic illustration of dietary-induced activation of ketogenesis.
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First, acetyl-CoA is combined with another to form acetoacetyl-CoA, a reaction that is catalyzed
by acetyl-CoA acetyltransferase (ACAT1)*?’. Next, acetoacetyl-CoA is processed by 3-hydroxy-
3-methylglutaryl-CoA synthase 2 and (HMGCS2) and HMG-CoA lyase (HMGCL), in sequence,
to produce HMG-CoA and acetoacetate (AcAc), respectively'?’. AcAc can then exit the
mitochondrion, or it can further be processed into B-hydroxybutyrate (BHB) by BHB
dehydrogenase 1 (BDH1) before leaving the organelle’?”. AcAc and BHB can then enter the
circulation and access extrahepatic tissues where they may be metabolized?®. Ketogenesis is
suppressed by insulin and enhanced by glucagon?. Thus, fasting and diabetes also significantly
increase ketogenesis?’. Importantly, ketone bodies themselves trigger a negative feedback
mechanism to attenuate further FA release from the AT and ketosis'?*!%, In fact, incubation of
adipocytes with ketones significantly enhances the suppressive effect of insulin on lipolysis and
increases glucose uptake with submaximal insulin stimulation'®. Nevertheless, KD-induced
ketogenesis has sparked interest in the diet for several beneficial health effects, including as an
energy substrate for ketolytic tissues®™271%8, Cardiac and cerebral tissues, as well as skeletal
muscle, oxidize ketones to produce energy*?”12:13! To perform ketone oxidation, these tissues
must import ketone bodies using monocarboxylic acid transporter (MCT)'?712, In the
mitochondria, BHB is converted to AcAc by BDH1 and AcAc is then converted to acetoacetyl-
CoA by 3-oxoacid-CoA transferase 1 (OXCT1)*’. OXCT1 is a rate-limiting enzyme for ketone
body catabolism and is highly expressed in tissues such as the heart, brain and kidney'®. In
contrast, the liver, which is ketogenic!?’, has a low expression of Oxct1 and exhibits low enzymatic
activity of this protein!®?, OXCT1-formed acetoacetyl-CoA is modified into acetyl-CoA by
ACAT1 (Figure 11)*?", whereby this substrate can enter the Krebs cycle to produce intermediates

for the ETC and ATP production®°.
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Figure 11: Schematic illustration of ketogenic and ketolytic pathways. Acetyl-CoA is combined
with another to form acetoacetyl-CoA, a reaction that is catalyzed by acetyl-CoA acetyltransferase
(ACATL1). Next, acetoacetyl-CoA is processed by 3-hydroxy-3-methylglutaryl-CoA synthase 2
and (HMGCS2) and HMG-CoA lyase (HMGCL), in sequence, to produce HMG-CoA and
acetoacetate, respectively. Acetoacetate can exit the mitochondrion, or it can further be processed
into B-hydroxybutyrate (BHB) by PBHB dehydrogenase 1 (BDH1) before leaving the
mitochondrion. AcAc and BHB can then enter the circulation and access extrahepatic tissues
where they may be metabolized. In extra-hepatic tissues BHB is converted to AcAc by BDH1 and
AcAc is then converted to acetoacetyl-CoA by 3-oxoacid-CoA transferase 1 (OXCT1). OXCT1-
formed acetoacetyl-CoA is finally modified into acetyl-CoA by ACATL.

2.5.1. The Origins of the KD and Initial Clinical Applications

Ketones were first identified in diabetic patients and were considered deleterious due to
accumulation of circulating ketones under conditions of diabetic ketoacidosis**. Interestingly,
before insulin was discovered, low-carbohydrate diets were recommended to individuals with T1D
134 This was one of the few limited options for the management of glycaemia in this population**.
However, in the 1920’s, the clinical understanding of ketones shifted significantly with its

application to treat epileptic seizures'®. This was led by Peterman who devised a ketogenic diet
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that was 4 parts fat and 1 part carbohydrate and protein (in grams)!3**, This diet is known as the
4:1 KD, or the Peterman KD, and it became the standard intervention for the reduction of epileptic
seizures in patients!331*°, Several decades later, the beneficial neurological effects of the high-fat,

133

low carbohydrate diet was attributed to ketones** and the stabilizing effect of this metabolite on

brain function!3-133,

2.5.2. The KD in Obesity and Metabolic Disorders

In the last few decades, the KD has re-emerged as an intervention for several conditions.
One of the most common applications is obesity and T2D, where the KD has demonstrated success
in controlling glycaemia and reversing these conditions®®. In fact, Walton et al. reported an
attenuation in BMI, body weight and blood pressure, and an improvement in glycaemic control in
obese women fed a KD for 90 days®. In the study by Walton et al., these changes were expressed
relative to baseline in obese subjects'®. However, evidence exists to highlight the superior effect
of the KD relative to the more commonly prescribed low-fat diet. This was highlighted in a study
by Yancy et al. where healthy subjects on a KD lost significantly more weight, and exhibited a
decrease in blood TG, when compared to the low-fat diet group!* In addition to improving the
aforementioned physiological parameters, the KD was more effective than the recommended low-
glycemic index diet at reducing the required medications in diabetic subjects. Rodent studies
exhibit similar effects of the KD on metabolic health and outcomes. In fact, a recent study from
our lab found that the KD exerted an anti-steatotic effect in rat livers by reducing intra-hepatic
lipid accumulation and preserving insulin sensitivity, when compared to the HF-sucrose-enriched
(HFS) rats'!. Moreover, Roberts et al. highlighted the longevity-promoting effect of the KD in
mice, and show a preservation in whole-body insulin responsiveness with this diet*3. Interestingly,

several studies, including human and rodent studies, report that the KD impairs glucose
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tolerance®® %613 In mice, this has been attributed to an apparent reduction in pancreatic B-cell
mass*¥’, which could hinder the insulin-mediated clearance of circulating glucose following the
absorption of a bolus of this substrate. These effects, however, are not indicative of disease®’.
Instead, KD-induced glucose intolerance is reflective of a low systemic demand for glucose
clearance and a corresponding adaptation that reflects this®®%1, Another notorious feature of the
KD is that, relative to the obesogenic diet, it attenuates the expression of inflammatory

markerst1138,

2.5.3. KD and Inflammation

In a rat model of osteoarthritis, the KD significantly reduced NLRP3 inflammasome
content, as well as its activating proteins in the knee-joint*3. This is significant, given that
activation of the NLRP3 inflammasome triggers an inflammatory response and the recruitment of
inflammatory cytokines'3. Indeed the authors of this study also observed a significant attenuation
in knee joint levels of the inflammatory cytokines IL-1B and IL-18'%, This anti-inflammatory
effect can be attributed to the ketone body PHB¥®. In fact, in mouse bone marrow-derived
macrophages (BMDM), the activation of the NLRP3 inflammasome was attenuated by pHB
treatment in a dose-dependent manner®®. Importantly, inactivation of this inflammasome was not
achieved with AcAc treatment, which points to PHB as the specific ketone body underlying
inflammatory regulation%®. KD-mediated anti-inflammatory effects were also reported in the brain
and have significant implications for neurodegenerative disorders'*.

The use of the KD for the preservation of cognitive function and brain health originated in
its effective treatment of epilepsy*3*1%° and has prompted investigations into its application for
neurodegenerative disorders, including dementia. Alzheimer’s disease (AD) is the most common

form of dementia and is characterized by neuronal instability, cognitive impairment and memory
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loss'*0, These effects are commonly attributed to plaque accumulation in the brain but are also
implicated by neuroinflammation®*®. Recently, the KD has emerged as a potential preventative
treatment for this condition due to its anti-inflammatory effect in the brain'“°. This was highlighted
in a mouse model of AD fed a KD, where the contents of inflammatory cytokines were
significantly attenuated in the cortex and hippocampus of the brain!*’. These mechanistic
adaptations were linked to improvements in learning and memory in KD-fed mice with AD,
Because these beneficial anti-inflammatory effects have been attributed to BHB*!, this has sparked

interest in exogenous ketone ingestion in place of a KD.

2.5.4. Ketone esters

Ketone esters (KE) are compounds that can be injected or ingested orally'#? and provide a
rapid increase in ketonemial*?'4%, This method of increasing blood ketone levels provides an
alternative solution for individuals struggling to adhere to a KD*3, Similar to the KD, KE also
induce a potent anti-inflammatory effect'#3. In a recent study, Soni et al. tested this using three
groups of mice: a control group and two lipopolysaccharide (LPS) injected groups to induce
sepsis'*®. In one of the two LPS groups, mice were fed ketone esters for three days prior to the
LPS injection!*. Remarkably, KE treatment significantly attenuated circulating levels of
inflammatory cytokines and decreased inflammatory gene expression in cardiac and hepatic
tissues'*®. These data suggest that KE effectively suppress systemic inflammation and exert a
protective effect in various organs'“3. With respect to glucose homeostasis, KE ingestion has been
reported to not cause any adverse effects and was effective in reducing glycaemia and glycated

hemoglobin (HbA1C) levels in T2D patients**.

45



2.5.5. Effects of the KD in AT

The consumption of a KD has been shown to attenuate visceral AT mass in humans and
has produced promising metabolic and anti-inflammatory effects in this tissue!4>4¢, This was
demonstrated by Asrih et al. who fed mice either a control or KD for 4 weeks and observed that
KD-fed rats exhibited significantly lower expressions of IL-6, TNFa and NLRP34¢. Moreover,
the KD attenuated the expressions of Lpl and Cd36, which are involved in lipid storage, and
increased the gene expression of Ucpl®. In this context, KD-feeding appears to enhance
browning and attenuates inflammation in visceral AT. The anti-inflammatory effects of the KD
were further investigated by Ryu et al. in the context of SARS-Cov-2 infection severity*. In this
study, mice were fed either a control diet or a KD for 5 days prior to being inoculated with a
mouse-compatible CoV**. Remarkably, the KD enhanced the probability of survival in younger
mice inoculated with a fatal dose of the virus, although this measure was not significantly different
between the two dietary groups in old mice!*. Moreover, a lower dose of the virus was used to
assess CoV-induced inflammation 7 days following inoculation in older mice'#. Consistent with
previous findings, the authors reported an attenuation in inflammation in lung, visceral AT and
hypothalamus samples from KD-fed rats!°. Together, these results support the effectiveness of
the KD in suppressing inflammation and enhancing browning in visceral fat depots.

The KD also appears to induce browning in the Sc Ing WAT. Douris et al. performed a
comprehensive analysis of markers of browning in this depot and found that Ucpl, Cptlb and
other genes were upregulated with a KD, Interestingly, merely supplementing animals fed a HF,
high sugar (HFHS) diet with ketones significantly decreased Ing and epididymal (Epid) WAT
masses'“®, the latter being a model for visceral AT*3. Thus, KD-induced browning*¢4’ could

potentially be enhancing energy-expending pathways in AT, leading to a reduction in its mass.
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In BAT, the KD has been demonstrated to enhance UCP1'%’ content and proteins of the
ETC. These effects are largely attributable to the increased sympathetic nerve output to the BAT
under conditions of KD-feeding'#"%°. In fact, BAdR deficiency significantly attenuated BAT
UCP1 protein content in KD-fed mice and impaired KD-induced weight loss**’. Thus, the KD
plays a prominent role in SNS-mediated activation of the BAT and may also enhance whole-body
energy expenditure through the activation of this tissue. In line with this, KE upregulated contents
of UCP1, proteins of the ETC and PPARy and PGC-1a in BAT®®, Importantly, PGC-1a is the
inducing factor for mitochondrial biogenesis, even commonly being referred to as the master-
regulator of mitochondrial biogenesis™®!. PGC-1a enhances the expression of nuclear respiratory
factor 1 (NRF1), which, in turn increases the expression of mitochondrial transcription factor A
(TFAM)!L, TFAM then acts on the mitochondrial DNA (mtDNA) to upregulate the expression of
mitochondrial proteins and promote mitochondrial biogenesist®. This likely underlies the KE-
mediated enhancement in mitochondrial biogenesis in BAT®. Moreover, these effects were likely
driven by SNA to the brown fat®, and suggest that both KE and KD-feeding promote similar
effects in BAT that are mediated by similar mechanisms.

Importantly, AT does not exist in isolation and is one component of a larger integrative
system. As mentioned earlier in the review, one physiological role of AT is to function as an energy
reservoir, storing energy under conditions of energy surplus and releasing it as FA under conditions
of energy demand*. One major fate for these FAs is oxidation by skeletal muscle, making it an

important focus in the context of whole-body substrate partitioning and energy homeostasis*®.

2.6. Skeletal muscle

Skeletal muscle comprises approximately 40% of body mass in humans and houses the

majority of the body’s proteins®2, Muscles differ significantly from one another based on fiber-
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type compositions'?®. Several systems of characterization exist, including the colour of the muscle
(red or white), speed of twitch, fatigability, oxidative or glycolytic capacity, among others*®?, For
the purpose of this dissertation, muscle-fibers will be named based on their staining appearance
and their classification type: Type | and Type Il fibers'?®153, Type | fibers are oxidative, slow-
twitch fibers that are resistant to fatigue'?>*>2, Type Il fibers can be further characterized based on
subtypes Type 1A and Type 1B, which are fast oxidative and fast glycolytic, respectively!?®152,

129 and an intermediate between 1A and 11B¥*,

as well as fiber type I1x, which are fast glycolytic
In this context, muscles with a higher oxidative capacity would be composed predominantly of
Type | and I1A fibers, whereas more glycolytic muscles would contain more Type 11B and 11X
fibers'?1%51%6 n rats, the soleus (Sol), extensor digitorum longus (EDL) and epitrochlearis (Epit)
muscles can be used as models of oxidative, mixed-fiber type and glycolytic muscles,

respectively21571%8  Regardless of fiber-type composition, skeletal muscles develop insulin

resistance under conditions of DIO,

2.6.1. Insulin resistance in skeletal muscles

Skeletal muscles account for 85% of insulin-stimulated glucose uptake following a meal*®.
This makes muscle a crucial tissue for whole-body glycaemic control*2. Insulin-stimulation
induces a similar signaling cascade as in adipocytes that culminates with the translocation of the
GLUT4 vesicle to facilitate glucose entry into the muscle cell®!. Glucose taken up by muscles goes
through glycolysis and oxidation®8, but the majority of it is diverted to the synthesis of
glycogen?®®16! Glycogen synthesis is enhanced by insulin-stimulation, whereby the activation of
AKT leads to the phosphorylation and inhibition of glycogen synthase kinase (GSK)!*°. GSK,

when active, inhibits glycogen synthase (GS), which drives glycogen synthesis'®®. Thus, the
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inhibition of GSK disinhibits GS and promotes the storage of the incoming glucose as glycogen

(Figure 12)*6°,
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Figure 12: Schematic illustration of insulin signaling pathways in skeletal muscles. Insulin-
stimulation induces a similar signaling cascade as in adipocytes that culminates with the
translocation of the GLUTA4 vesicle to facilitate glucose entry into the muscle cell. The majority of
the glucose taken up by the muscle cell is diverted to the synthesis of glycogen®®16l, Glycogen
synthesis is enhanced by insulin-stimulation, whereby the activation of AKT leads to the
phosphorylation and inhibition of glycogen synthesis kinase (GSK). GSK, when active, inhibits
glycogen synthase (GS), which drives glycogen synthesis. Thus, the inhibition of GSK disinhibits
GS and promotes the storage of the imported glucose as glycogen.

Under conditions of obesity, insulin-stimulated glycogen synthesis, glucose oxidation and lactate
production are suppressed'>!®. The underlying mechanisms of DIO-mediated insulin resistance
in skeletal muscles have been extensively studied. One proposed mechanism is reactive oxygen
species (ROS) production in the skeletal muscles of obesogenic diet-fed rats, which can be
generated by NADPH oxidase 2 (Nox2), the major isoform of this protein in muscle!®?. This was
supported by evidence showing that Nox2 deficiency rescued insulin-stimulated AKT

phosphorylation and GLUT4 translocation in the gastrocnemius muscles of mice fed a HFD*2, In
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line with this, C2C12 myotube treatment with the ROS H20, or FA significantly attenuated

insulin-stimulated glucose uptake and AKT phosphorylation, whereas treatment with the

157 162

antioxidant catalase™’ preserved these functions™<. Other mechanisms underlying insulin
resistance in muscle include inflammation and the accumulation of lipid intermediates'2. However,
recent studies show that distinct mechanisms mediate these effects in muscles with different fiber-
type compositions!?1%8,

The accumulation of lipid intermediates, including DAGs, have been linked to protein
kinase C (PKC) mediated insulin resistance in skeletal muscle>'?1%3, DAG, namely the 1,2-DAG
isoform®, accumulates in muscle under conditions of DIO>2, This occurs despite the elevation in
FA oxidation in skeletal muscles fed a high-fat, sucrose-enriched diet (HFS), indicating that the
elevated lipid content of the diet exceeds the muscles’ capacities to oxidize fat'?. DAG
accumulation activates PKC, translocating it to the membrane2. Thereafter, PKC interferes with
the insulin signaling pathway, causing insulin resistance®. In line with this, PKC activation was
enhanced in the Sol and EDL muscles of rats fed a HFS diet and was linked to the impairment in
insulin-stimulated glycogen synthesis?. Conversely, in the Epit muscle, PKC activation was not
increased by the HFS diet and insulin resistance was instead associated to the upregulation in
inflammatory markers in this tissue!2. This provides evidence that mechanisms of insulin
resistance are not uniformly expressed in all muscles and instead are displayed in a fiber-type
specific manner?. Nevertheless, limiting ectopic lipid accumulation and inflammation appears to

be crucial to prevent insulin resistance in skeletal muscle and carries implications for whole-body

glucose homeostasis. These beneficial effects could be achieved through the KD.
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2.6.2. KD in skeletal muscles

KD-feeding elevates mitochondrial mass*®*

, mitochondrial proteins and PGCla levels,
and AMPK activation in gastrocnemius muscle'®. These adaptations could support the shift from
glucose to fat metabolism in this muscle®. In addition to mitochondrial biogenesis, the KD also
enhances the efficiency of mitochondria to generate ATP from fat'®’. KD-induced metabolic
adaptations in skeletal muscle mitochondria are promising in the context of combating insulin
resistance®’. However, more recently, researchers have proposed a beneficial role for these
metabolic alterations in the context of exercise®’. In exercising individuals, substrate utilization for
energy production is determined by the intensity of the exercise'®. At rest and with lower exercise
intensities, fat is considered to be the primary source of fuel for skeletal muscles'®®. As intensity
increases, the utilization of carbohydrates for energy production is enhanced, decreasing the
reliance on fat. At approximately 60-65% maximum intensity, carbohydrates surpass fat in their
relative contribution to energy production®. This alteration in substrate preference is enhanced
progressively with increasing intensity, and at approximately 85-90% maximum exercise intensity
energy production is almost exclusively derived from carbohydrates'®,

The crossover point, however, is not fixed and can be altered using a number of
interventions, including dietary macronutrient manipulation'®®. As mentioned earlier in this
review, metabolic substrate preference in tissues is determined by the relative availability of the
specific macronutrients, where glucose or FA oxidation will suppress oxidation of one
another®®81% |n individuals consuming a high carbohydrate, low fat diet, energy is derived
predominantly from carbohydrates, even at lower intensities, and at no point is fat equal to or
above carbohydrates in its contribution to energy production'®. Conversely, the consumption of a

HF, low carbohydrate diet increases peak fat oxidizing capacity and shifts the crossover point to
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approximately 85% of maximal exercise intensity'®®, delaying the reliance on carbohydrates to

168 and could serve

higher intensities. This could be attributed to improved mitochondrial function
to spare muscle glycogen®?.

It is important to consider that ketones are also metabolic substrates and substitute glucose
in many tissues for energy production, including muscle2%, The shift of metabolism to fat and
ketones preserves carbohydrate and muscle glycogen and may potentially enhance endurance
exercise performance through sparing this energy reserve®l. In line with this, Cox et al.
demonstrated that ingestion of a KE drink suppressed carbohydrate utilization during exercise and
shifted metabolism to ketones'®®. Remarkably, this shift occurred even under anaerobic exercise
conditions where glycolytic drive is typically enhanced®. This metabolic effect can be at least
partially attributed to an oxidative shift in fiber-type composition under KD conditionst’.
Interestingly, to some extent, the KD-induced shift in metabolic substrate preference renders
individuals glucose intolerant®®. This was exhibited in cyclists on a KD who did not clear glucose
as efficiently following the ingestion of a bolus of glucose®®, which was attributed to the
attenuation in GLUT4 and IRS protein contents in the vastus lateralis muscle®®. Although this may
be suggestive of whole-body metabolic dysregulation and metabolic inflexibility towards
carbohydrates, it is likely an adaptation to the low dietary availability of this substrate rather than
disease®.

When assessing the existing literature surrounding KD-induced metabolic adaptations in
skeletal muscle, it is important to consider that the observed effects are dependent on the specific
muscles being studied. For instance, studies showing that PGC-1a content was unaltered by the
KD in Sol*®, EDL", or quadriceps®® muscles, are contrasted by findings of elevated PGC-1a in

the gastrocnemius of KD-fed animals®®®. Similarly, Fukazawa et al. reported an increase in OXCT
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protein content in Epit with a KD, whereas Shimizu et al. demonstrated that the expression of
this ketolytic enzyme was attenuated with KD-feeding in the gastrocnemius'®®. Therefore, fiber-
type specific differences exist in the metabolic adaptations in skeletal muscles under KD
conditions and may mediate different effects in metabolic flexibility accordingly. This warrants an
investigation comparing the effects of the KD on muscles with distinct fiber-type compositions
and is the focus of one of the chapters in this dissertation.

An additional potential limitation in several existing studies using the KD is the
macronutrient composition of the diet. Specifically, protein contents are considerably lower in the
KD group than in the control group, including KDs with protein contents ranging from 4.8-10%
137.164.172 The differences in protein content significantly impact muscle mass and metabolism*’?,
affecting the interpretation of the effects of the KD in this tissue. In line with this, Huang et al.
used a higher protein content for their KD (16.1% kcal), which they posited was a more
representative protein content for a rodent diet, and observed that protein matching a KD with a
control diet elicited an increase in body weight, fat mass and lean mass in the KD group, relative
to control®®. Conversely, Asrih et al. used a KD that was lower in protein than the control diet and
observed a decrease in body weight, an increase in fat mass, and a significant decrease in lean
mass*®. These observed differences with the KD may not necessarily be attributable to the high-
fat, low carbohydrate profile that is typical of the diet, but rather likely due to differences in protein
content. This highlights the important of macronutrient composition for the interpretation of KD-
induced effects.

Reducing protein in the KD, however, is beneficial for inducing a more robust ketogenic
responsel’3. Bielohuby et al. demonstrated this by feeding rats three KDs with varying amounts of

protein, while maintaining carbohydrates constant!’®. Protein content in the diet was inversely
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proportional to ketonemia, as well as liver expression of HMGCL and PGC-1a""°. The attenuated

ketogenic response with elevated protein levels can be attributed to the gluconeogenic and

insulinotropic effect of amino acids'’174,

2.6.3. KD and Gluconeogenesis

Under conditions of starvation or limited dietary carbohydrates, ketogenesis is initiated in
the liver to produce ketones as an alternative metabolic substrate to glucose!?”1®, However,
ketones do not substitute glucose in all cells and tissues, and therefore, the maintenance of
glycaemia within a homeostatic physiological range is crucial'™®. This is achieved through a
process known as gluconeogenesis, where the liver synthesizes glucose from extrahepatic sources
of glycerol, lactate, pyruvate and select amino acids'™*. Carbohydrate restriction enhances the
release of these substrates, driving hepatic gluconeogenesis*?®12%174 Gluconeogenesis begins with
the conversion of lactate and amino acids to form oxaloacetate, which is converted to PEP by
PCK!™. Reversal of the glycolytic pathway then yields glucose from these precursors!’. Glycerol-
derived glucose production occurs upstream in the glycolytic pathway, where this substrate is
phosphorylated to G3P by GyK, followed by a conversion to DHAP by GAPDH*?°. The DHAP is
thereafter subject to ‘reverse glycolysis’ to produce glucose!’*. This mechanism serves to maintain
glycaemia under conditions of KD or starvation?.

Importantly, a KD with a higher protein content could elevate amino acid-mediated
gluconeogenesis, provoking a higher secretion of insulin from the pancreas®!, which could act to
inhibit ketosis*?®. Accordingly, animals fed a KD with a lower protein content significantly
decreased insulinemia relative to chow-fed rats, whereas higher protein KDs did not reduce this
parameter relative to control*”®. Again, this highlights the importance of macronutrient

composition in the determination of metabolic outcome.
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In consideration of the literature and existing gaps, it is apparent that further research is
required into the effects of the KD on substrate partitioning in skeletal muscles with varying fiber-
type compositions. This would enhance our understanding of dietary macronutrient manipulation
on glucose, fat, and ketone metabolism in oxidative and glycolytic muscles. Moreover, it is
warranted that the investigation of these effects be conducted using a normal protein KD to

eliminate protein content as a confounding variable and influence on muscle metabolism.
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Chapter 3: Objectives and Hypotheses

This dissertation includes five projects that collectively aim to address the research
objectives. They include:
Study 1 (Chapter 4): In rodents, BAT mass is significantly elevated with a HFS diet'’®. Despite
the diet-induced increase in this thermogenic tissue, HFS-fed animals develop obesity!’®. This can
be attributed to the suppressed activity of BAT under conditions of obesity’. However, little is
known regarding the underlying mechanisms for the diet-induced decrease in thermogenic
capacity as well as substrate partitioning in brown adipocytes with HFS feeding. Therefore, the

objectives of the first study were:

1) To investigate the effects of HFS-feeding on glucose and fat oxidation in isolated brown
adipocytes.

2) To determine alternative metabolic fates for glucose and fat in the BAT of HFS-fed rats.

3) To study underlying mechanisms mediating the suppression in BAT DIT under conditions
of obesity.

Hypotheses:

1) The HFS diet will increase the protein contents of proteins involved in oxidative capacity,
including CPT1B, PGC-1a and UCP1. Despite this, uncoupled oxidative capacity will be
suppressed in the brown adipocytes of HFS-fed rats.

2) Glucose and FA will be diverted to lipogenesis, underlying an increase in adipocyte size.
This will be supported by an upregulation in the gene expression of FA uptake machinery

Lpl and Cd36, as well as an elevation in glycerol and palmitate incorporation into lipids.
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3) The suppressed thermogenic activity of the BAT will be linked to an attenuation in lipolytic
capacity, including decreased protein contents of TH, B3AdR, ATGL and HSL
phosphorylation.

Study 2 (Chapter 5): The KD has previously been reported to enhance browning in visceral'4°
and Sc WAT and to increase UCP1 and thermogenic capacity in BAT7149, These effects are
promising for the therapeutic intervention of obesity. However, it is unclear whether these KD-
induced adaptations translate to functional outcomes in these tissues. This includes BAT
thermogenic capacity, as well as UCP1-independent mechanisms of energy expenditure in WAT,

such as TAG recycling. Thus, the objectives of the first study were:

1) To determine whether the KD would enhance uncoupled FA oxidation and thermogenic
machinery in BAT.
2) To examine the effects of the KD on UCP1 content and TAG recycling machinery in WAT.

Hypotheses:

1) Despite both diets inducing an increase in BAT UCP1 content, the HFS and KD will
attenuate and enhance uncoupled fat oxidation, respectively in BAT. This will be
accompanied by KD-induced elevations in other thermogenic proteins, including PGC-1a.,
B3AdR, GyK and ATGL.

2) The KD will enhance UCP1 content in Sc Ing WAT, and upregulate TAG recycling
machinery, which will contribute to reduce fat mass in KD-fed rats. The upregulation in
TAG recycling will be driven by the KD-mediated preservation of lipolysis and lipogenesis
in visceral and Sc WAT, as well as the enhanced content of GyK protein, which will

support this energy-dissipating pathway.
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Study 3 (Chapter 6): The KD is known to promote beneficial metabolic and anti-inflammatory
effects in AT, however, the effects of the KD on RAS components in WAT and BAT has not

been fully elucidated. In this context, the objective of the first study was:

1) To compare the abundance of individual RAS proteins in WAT and BAT and to investigate
AT depot-specific effects of the HFS and KD on RAS components in these tissues.

Hypothesis:

1) The HFS diet will enhance the classical arm of the RAS in WAT and BAT, whereas the
KD will upregulate the counterregulatory arm. In HFS-fed rats, this will include an
attenuation in ACE2 protein content and MasR expression, and an upregulation in ACE1
and AT:R in WAT and BAT, whereas the opposite would be observed with KD-feeding.

Study 4 (Chapter 7): Diet-induced alterations in inflammation, and shifts in the RAS profiles of
lung and heart tissues could impact susceptibility to ACE2-mediated SARS-Cov-2 infection. This

has not been investigated in the context of the KD. Thus, the objectives of this study were:

1) To investigate the effects of the HFS and KD on viral entry proteins ACE2 and TMPRSS2
in lung and heart, as well as other RAS proteins

2) To determine the effects of the HFS and KD on the expression of inflammatory markers in
pulmonary and cardiac tissues.

Hypotheses:

1) The HFS diet would increase ACE1, AT:R as well as ACE2 in the heart and lung tissues,
whereas the KD would decrease the contents of these proteins and confer a protective effect

against potential viral infection.
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2) HFS-induced alterations in lung and heart RAS components would shift the RAS to the
classical inflammatory arm in these tissues, causing an upregulation in the expression of
inflammatory markers. Conversely, the KD would attenuate the contents of classical RAS
components and attenuate inflammation in pulmonary and cardiac tissues.

Study 5 (Chapter 8): The reported effects of the KD on skeletal muscle glucose, fat and ketone
metabolism vary from study to study, due primarily to differences in muscles being examined.
This points to an apparent fiber-type specific response to the KD. Thus, the objectives of this study

Were:

1) To compare the effect of the HFS and KDs on FA oxidative capacity in oxidative and
glycolytic muscles.

2) To determine whether the KD could enhance ketolytic capacity in muscles with distinct
fiber-type compositions.

3) To investigate the effects of the HFS and KD on insulin-stimulated glucose metabolism in
oxidative and glycolytic muscles.

Hypotheses:

1) The KD would enhance FA oxidation, PGC-1a and TFAM in oxidative and glycolytic
muscles, relative to the HFS diet.

2) KD-feeding would also upregulate ketolytic machinery, including OXCT and ACATL1 in
muscles with distinct fiber-type compositions.

3) Despite the shift to ketones and FAs, the KD would preserve insulin-stimulated glycogen

synthesis, lactate production and glucose oxidation in Sol, EDL and Epit muscles.
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Study 6 (Chapter 9): In AT, the effects of adiponectin on metabolic function are poorly studied
and warrant further investigation into its potential application for AT-mediated regulation of FA

and glucose metabolism. In this context, the objective of the final study was:

1) To determine whether treatment with ALY 688, an adiponectin mimetic, would increase
AMPK signaling by enhancing the phosphorylation of AMPK, ACC and p38 in adipocytes
incubated with ALY 688.

2) To assess the effects of ALY688 on glucose and FA metabolism in visceral and Sc WAT,
including the effects of this compound on glucose uptake, lipogenesis, lipolysis, glucose
oxidation and FA oxidation.

Hypotheses:

1) ALY688 would increase AMPK, ACC and p38 phosphorylation in Sc Ing and Epid fat
depots through activation of the AdipoRs.
2) ALY688 treatment would enhance insulin-stimulated glucose uptake, lipogenesis and

glucose oxidation, as well as FA oxidation in adipocytes from visceral and Sc WATS.
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4.1. Abstract

Brown adipose tissue (BAT) is rich in mitochondria containing uncoupling protein 1 (UCP1) and
dissipates energy through thermogenesis. However, even though BAT mass and its UCP1 content
increase in rodents chronically fed a high-fat sucrose-enriched diet (HFS), marked expansion of
adiposity still occurs in these animals, suggesting insufficient BAT-mediated HFS diet-induced
thermogenesis. Thus, the objective of this study was to investigate the metabolic and molecular
mechanisms that regulate BAT thermogenesis in HFS-induced obesity. To accomplish this, rats
were fed either a standard chow or HFS for 8 weeks. Subsequently, glucose and fatty
acid metabolism and the molecular mechanisms underlying these processes were assessed in
freshly isolated primary BAT adipocytes. Despite increasing BAT mass and its UCP1 content,
HFS diet reduced uncoupled glucose and palmitate oxidation in BAT adipocytes. It also markedly
diminished tyrosine hydroxylase content and lipolysis in these cells. Conversely, glucose uptake,
lactate production, glycerol incorporation into lipids, palmitate incorporation into triacylglycerol
(TAG), phosphoenolpyruvate carboxykinase and glycerol kinase levels, and lipoprotein lipase and
cluster of differentiation 36 gene expression were increased. In summary, a HFS diet enhanced
glyceroneogenesis and shifted BAT metabolism toward TAG synthesis by impairing UCP1-
mediated substrate oxidation and by enhancing fatty acid esterification in intact brown adipocytes.
These adaptive metabolic responses to chronic HFS feeding attenuated BAT thermogenic capacity

and favored the development of obesity.
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4.2. Introduction

Despite variations in the availability of food/energy, body weight can be maintained relatively

constant over long periods of time!’

. This is possible because under conditions of food abundance
and overeating, the organism activates mechanisms that promote energy dissipation and attenuate
weight gain. Conversely, under conditions of food scarcity and reduced intake, energy-sparing
mechanisms are activated and oppose weight loss'’”1’8, These adaptive metabolic responses are
referred to as diet-induced thermogenesis (DIT), and play an important role in regulating body
weight and whole-body energy homeostasis’’. The ability to dissipate energy under conditions of
overeating has been, at least partially, attributed to sympathetic nervous system (SNS)-mediated
activation of brown adipose tissue (BAT)Y’. This is because UCP1 uncouples oxidative
phosphorylation from ATP synthesis, resulting in the production of heat in a process known as
non-shivering thermogenesis (NST)®*¥77"179  This process is triggered by the release of
norepinephrine (NE) that binds to B-adrenergic receptors on brown adipocytes and promotes
lipolysis within the cells. The release of fatty acids (FA) then leads to the activation of UCP1 that
ultimately promotes mitochondrial uncoupling and NST in BAT adipocytes®1¢°,

A role for BAT in DIT is supported by studies demonstrating that the mass of this tissue
expands and its UCP1 content increases under diet-induced obesity (DI1O) conditions in rats®%17,
and also by the fact that UCP1 ablation causes obesity in mice living at thermoneutrality®!,
However, despite evidence of tissue enlargement and increased UCP1 content in BAT, great
expansion of adiposity still occurs in animals subject to DIO817, This suggests that NST is either
insufficient to offset the energy surplus or that it might even be suppressed under conditions of

chronic overeating. In both cases the magnitude of energy dissipation through NST in BAT would

be limited, allowing for extensive growth of the white adipose tissue (WAT) to occur. In this
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context, we have found that in the first and second weeks of feeding rats ad libitum a HFS diet,
whole-body energy expenditure increased by ~14 and 11%, respectively, in comparison to
standard laboratory chow (SC) diet-fed controls'’®. However, as HFS feeding continued through
six additional weeks, whole-body energy expenditure no longer differed from that of SC diet fed

rats’

, suggesting that an initial thermogenic response was mounted, but it was not sustained in
rats chronically exposed to a HFS diet. Thus, it could be that NST in BAT was suppressed in a
time-dependent manner, even though expansion of tissue mass and its UCP1 content persisted with
continued overfeeding. This is consistent with recent human studies using ®F-labeled
fluorodeoxyglucose positron emission tomography-computed tomography (PET/CT) to measure
BAT volume and its activity in lean and obese subjects’. In fact, it has been reported that after 5h
of tolerable cold exposure (16°C), activated BAT in obese men corresponded to only ~39% of that
of lean counterparts, even though the total volume of BAT-containing depots was almost two-fold
higher in the former than the latter group of subjects™. Thus, it was clear that BAT mass was
increased in obese subjects, whereas its recruitment for thermogenesis was not™. We have
previously reported that the HFS diet-induced increase in BAT UCP1 levels was accompanied by
increased rates of fatty acid oxidation in homogenized BAT samples’”, This was consistent with
an enhanced machinery that consumes substrate under conditions of activated NST. However, any
regulatory mechanisms that could potentially regulate substrate consumption in BAT adipocytes
was lost in tissue homogenates. It could be that, in intact BAT adipocytes, cellular regulatory
mechanisms shift the flux of substrate toward pathways that promote storage as opposed to energy
dissipation. This could help explain why increased BAT tissue mass and UCP1 levels do not

prevent adipose tissue expansion in rodents and humans under conditions of DIO. In this context,

the objective of this study was to investigate the molecular and metabolic mechanisms that regulate
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DIT in BAT under conditions of DIO and identify alterations in substrate flux that could lead to
fat accumulation instead of energy dissipation. To this end, rats were fed either a SC or HFS diet
for eight weeks. Subsequently, glucose and fat metabolism and the molecular mechanisms
underlying these processes were assessed in freshly isolated intact BAT adipocytes. A detailed
assessment of the metabolic pathways that regulate energy storage and dissipation in BAT
adipocytes was performed. We found that despite increased tissue mass and UCP1 content in BAT,
chronic exposure to HFS reduced UCP1-mediated glucose and fat oxidation, attenuated lipolysis,
and shifted metabolism towards TAG synthesis/storage in intact brown adipocytes. Altogether,
these molecular and metabolic changes induced by chronic exposure to an obesogenic HFS diet
contributed to lower uncoupled substrate oxidation in BAT and favored the development of

obesity.
4.3. Materials and Methods

Ethical approval — The investigators understand the ethical principles under which the journal
operates and that their work complies with this animal ethics checklist. The protocol containing
all animal procedures described in this study was specifically approved by the Committee on the
Ethics of Animal Experiments of York University (York University Animal Care Committee,
YUACC, permit number: 2021-03) and was performed strictly in accordance with the YUACC
guidelines. All tissue extraction procedures were performed under ketamine/xylazine anesthesia
(90 mg and 10 mg/100 g body weight, respectively), and all efforts were made to minimize
suffering. Upon completion of tissue extraction, all animals were decapitated. All experiments in
this study were carried out in compliance with the ARRIVE guidelines.

Reagents — Type Il collagenase, isoproterenol, FA-free bovine serum albumin (BSA), palmitic

acid, and the free glycerol determination kit were purchased from Sigma (St. Louis, MO, USA).
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Oligomycin was purchased from Cayman Chemical (Ann Arbor, MI, USA). [1-14C] palmitic acid
and [U-!C] glycerol and D-[U-}*C] glucose were purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA). The lactate assay kit was from BioVision (Milpitas, CA, USA).
Protease (cOmplete Ultra Tablets) and phosphatase (PhosSTOP) inhibitors were obtained from
Roche Diagnostics GmbH (Mannheim, Germany). B-actin (Cat # 4967), tyrosine hydroxylase (TH;
Cat # 2792), adipose triglyceride lipase (ATGL; Cat # 2138), hormone-sensitive lipase (HSL; Cat
# 4107), and pHSLserse0 (Cat # 4126) antibodies were purchased from Cell Signaling (Danvers,
MA, USA). Bs-adrenergic receptor (B3-AdR, Cat # sc-50436) and glucose transporter 4 (GLUTA4,
Cat # sc-7938) antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Carnitine palmitoyltransferase 1B (CPT1B, Cat # PB9491) antibody was purchased from
BosterBio (Pleasanton, CA, USA). Glucose transporter 1 (GLUT1, Cat # ab115730), glycerol
kinase (GYK) (Cat # ab180525), phosphoenolpyruvate carboxykinase cytoplasmic (PEPCK-C,
Cat # ab28455), and uncoupling protein 1 (UCP1, Cat # ab23841) were purchased from Abcam
(Toronto, ON, Canada). Peroxisome proliferator-activated receptor gamma coactivator-1o (PGC-
la, Cat # AB3242) antibody was purchased from Millipore (Temecula, CA, USA).

Animals and diet — Male albino rats (Wistar strain) at approximately 250g were group-housed at
22°C on a 12/12-h light/dark cycle. These rats were assigned to either a standard laboratory chow
(SC) diet (27% protein, 13% fat and 60% carbohydrates from Test Diet Cat #5012, Richmond, IN,
USA) group or a high-fat sucrose-enriched (HFS) diet (20% protein, 60% fat (laird/soybean oil),
20% carbohydrates (sucrose) from Research Diets, Cat # D12492, New Brunswick, NJ, USA)
group and were fed ad libitum for 8 weeks. After 8 weeks of feeding, animals were anesthetized

and tissues were harvested for experiments.
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Body weight and fat mass — Changes in body weight were measured by comparing weekly weight
recordings to a baseline measurement. Interscapular brown adipose tissue (iBAT), aortic BAT
(aBAT), subcutaneous inguinal (Sc Ing), and epididymal (Epid) fat pads were extracted, trimmed
of any non-fat tissue, and individually weighed.

Brown adipose tissue extraction and brown adipocyte isolation — iBAT and aBAT were
extracted and carefully trimmed of any muscle, connective tissue, and white fat and used for
adipocyte isolation as previously described!®, iBAT and aBAT were combined to maximize the
yield of brown adipocytes. The tissues were initially incubated in Krebs-Ringer bicarbonate
HEPES buffer prepared fresh on the day of each experiment from stock solutions of salts and
buffers (stored at 4°C) to give the following final concentrations: 120 mM NacCl, 4.8 mM KClI, 2.5
mM CaCly, 1.2 mM KH2POg4, 1.2 mM MgSOg4, 15 mM NaHCOs3, and 30 mM HEPES. The solution
was gassed for 45 min with carbogen (95% Oz, 5% CO>) and then bovine serum albumin (4%) and
glucose (5.5 mM) were added. The pH of the buffer was adjusted to 7.4 with NaOH before use.
Subsequently, the combined tissues were vortexed for 5s and filtered, with the filtrate being
discarded. The remaining tissues were finely minced and incubated in fresh KRBH-4% BSA
containing collagenase (0.83 mg/ml) at 37°C under orbital agitation (120 orbital strokes/min) for
about 20 — 30 min. The digested tissue was then strained using a nylon mesh and isolated cells
were transferred to plastic tubes, washed three times, and resuspended in KRBH containing 3.5%
FA-free BSA (KRBH-3.5% BSA). In order to distribute an equal number of adipocytes in each
treatment condition, cell diameters were measured and total cell counts were determined?82,
Glucose and palmitate oxidation — Glucose and palmitate oxidation as a measure of oxidative
capacity were assessed by *CO; release in isolated BAT adipocytes (5x10° cells) as previously

described!®. Adipocytes were incubated in KRBH-3.5% BSA containing either 0.2 pCi/ml of [1-
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14C] palmitic acid and 200 pM non-labelled palmitate, or 0.2 nCi/ml of D-[U-1*C] glucose and 5.5
mM non-labeled D-glucose for 1h. To examine the effect of lipolysis on substrate oxidation, the
B-agonist isoproterenol (Iso, 100 nM) was added to the media. To distinguish substrate oxidation
for ATP production (coupled respiration) from UCP1-mediated proton leak (uncoupled
respiration), the ATP Synthase inhibitor oligomycin (Oligo, 100 uM) was added to cells 15 min
prior to the incubation in the absence or presence of Iso. Following the 1h incubation period, the
media were acidified using 0.2 ml of H.SO4 (5N) and kept sealed for one additional hour for the
release and collection of 1*CO, from the cells and media. The incubation vials were prepared with
a centered well containing a filter paper that was moistened with 0.2 ml of 2-
phenylethylamine/methanol (1:1, v:v) for the capture of *CO,. At the end of the incubation, the
filter paper was removed from the well and placed in scintillation fluid for radioactive
counting*>184,

Lipolysis — Lipolysis was measured in isolated BAT adipocytes (7.5x10° cells) either under basal
or Iso-stimulated (100 nM) conditions. Each assay was conducted in triplicates and samples were
incubated for 75 min at 37°C with gentle shaking (50 orbital strokes/min). Following the
incubation, a 200 pl aliquot of the incubation medium was extracted from each vial for the
determination of glycerol concentration.

Glycerol incorporation into lipids and palmitate incorporation into TAG — Glycerol
incorporation into lipids and palmitate incorporation into TAG were measured using isolated BAT
adipocytes (5x10° cells). Adipocytes were incubated in KRBH-3.5% BSA containing 0.2 uCi/ml
of [U-1C] glycerol for 1h. Subsequently, lipid extraction took place according to the method of
Dole and Meinertz*®® and counted for radioactivity'®*. Palmitate incorporation into TAG was

measured in isolated BAT adipocytes (5x10° cells) incubated in KRBH-3.5% BSA containing 0.2
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uCi/ml of [1-1*C] palmitic acid and 200 uM non-labelled palmitate for 1h. Lipids were extracted
from these adipocytes using the Folch’s method®®, dried under nitrogen, and resuspended in 50 pl
of chloroform:methanol (2:1, v:v). Four ul of sample and TG standard (triolein, Nu-chek Prep Inc.,
Elysian, MN, USA) were spotted 2 cm above the lower edge of silica coated flexible polyester thin
layer chromatography plates (20 cm x 20 cm) (Whatman, Maidstone, United Kingdom). Lipids
were separated using a hexane—diethyl ether—acetic acid (70:30:1, v:v:v) solvent and then exposed
to iodine vapor for visualization. After the evaporation of iodine, the spots adjacent to the standard,
corresponding to TG, were scraped off the plate and counted for radioactivity.

Glucose Uptake — Isolated adipocytes were used to determine glucose uptake as described
previously®®’. Briefly, adipocytes were resuspended in glucose-free KRB containing HEPES (30
mM; KRB-HEPES) and 1% BSA, pH 7.4. Subsequently, 1x10° cells were transferred to plastic
tubes and incubated at 37°C for 1h. Insulin (100 nM) was added for the final 20 min of the
incubation period. Subsequently, KRB-HEPES containing 0.5 mM 2-deoxy-D-glucose and 0.5
nCi of 2-[1,2-*H]deoxy-D-glucose was added to the cells for 3 min, and the incubations were
terminated by the addition of cytochalasin B (1.5 mM stock solution). Aliquots of cell suspension
(240 pl) were quickly placed in plastic microtubes containing 100 pl of di-“isononyl” phthalate.
The tubes were centrifuged for 30s (6000 x g) to separate cells from the radioactive incubation
medium. Subsequently, fat cells were collected by cutting the tubes through the oil phase and
transferred to scintillation vials to be counted for radioactivity. Radioactivity of the cells unrelated
to glucose transport (nonspecific transport) was determined in the same conditions by adding
cytochalasin B (50 uM final concentration) to the medium before the addition of cells®’,

Nonspecific values were subtracted from all conditions.
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Measurement of Lactate Production — Lactate production was measured using a commercially-
available kit (BioVision, Milpitas, CA, USA) as per the manufacturer’s instructions. Briefly, cells
were isolated as described above and incubated in KRBH-3.5% BSA for 75 min. Following
incubation, an aliquot of media was extracted and stored at -80°C until analysis.

RNA isolation and quantitative PCR — BAT samples were flash frozen in liquid nitrogen and
stored at -80°C until RNA isolation. RNA was isolated using TRI1zol™ (ThermoFisher Scientific,
Waltham, MA, USA) and complimentary DNA (cDNA) was made with 2 pg of RNA using ABM
EasyScript™ Reverse Transcriptase cDNA Synthesis kit (Diamed, Mississauga, ON, Canada) as
per the manufacturer’s instructions. Primers were designed using the software PrimerQuest (IDT)
based on probe sequences available at the Affymetrix database (NetAffx™ Analysis Centre,
http://www.affymetrix.com/ analysis) for each given gene. Samples were run in duplicates on a
96-well plate. Each 20 pl reaction contained 4 pl of cDNA, 0.4 pul of primer, 10 pl of Brightgreen
2x qPCR Mastermix (Diamed) and 5.6 pl of RNase-free water. qPCR analysis was performed
using a Bio-Rad CFX96 Real Time PCR Detection System (Bio-Rad, Mississauga, ON, Canada)
using the following amplification conditions: 95°C (10 min); 40 cycles of 95°C (15 s), 60°C (1
min). All genes were normalized to the housekeeping-gene B-actin, and relative differences in gene
expression between treatment groups were determined using the AACt method!®. Values are
presented as fold increases relative to the SC group. The primers used were as follows: Cluster of
differentiation  (Cd36) forward (ACGACTGCAGGTCAACATACTGGT), reverse
(TGGTCCCAGTCTCATTTAGCCACA); lipoprotein lipase (Lpl) forward
(TTGAGAAAGGGCTCTGCCTGAGTT), reverse (TGCTTCTCTTGGCTCTGACCTTGT).
Western blotting — BAT samples were extracted from each rat, snap frozen in liquid nitrogen,

and frozen at -80°C for later use. Tissues were homogenized in buffer containing 25 mM Tris-HCI,
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25 mM NaCl (pH 7.4), 1 mM MgCl,, 2.7 mM KCI, 1% Triton X-100 and protease and phosphatase
inhibitors (Roche Diagnostics). Following centrifugation of the homogenates, the infranatant was
collected. An aliquot of each sample was used in a Bradford assay to determine protein
concentration. The samples were then diluted 1:1 with 2x Laemmli sample buffer and incubated
at 95°C for 5 min. Twenty-five ug of protein from each sample was loaded onto gels and subject
to SDS-PAGE, transferred to a PVDF membrane, and probed with the antibody of interest. The
antibody dilutions were 1:1000 and the loading control was B-actin. Densitometry analysis was
conducted using the Scion Image program.

Adipose tissue morphology — Morphological analysis of iBAT was performed using light
microscopy as described previously®1, Briefly, a sample (~50-100 mg) of each fat tissue was
collected and fixed in 4% paraformaldehyde, 0.1 M phosphate-buffered saline (PBS), pH 7.4, for
24h at room temperature. Following fixation, adipose tissue samples were washed three times in
PBS and stored at 4°C in 70% ethanol. Samples were then embedded in paraffin blocks, sectioned,
and stained with hematoxylin and eosin (H & E). Digital images of tissue sections were captured
with a Nikon Eclipse Ti (Nikon Canada, Mississauga, ON, Canada) under x20 and x40
magnification.

Statistical Analysis — Statistical analyses were conducted by using either Student’s unpaired t-test
or ANOVA with the Bonferroni post-hoc comparison using the GraphPad Prism statistical analysis
program (GraphPad Software Inc., San Diego, CA, USA). Tests for normality distribution were
performed using the D'Agostino & Pearson test, Anderson-Darling test, Shapiro-Wilk test, and
Kolmogorov-Smirnov test. All statistical analyses were conducted using the GraphPad Prism

statistical analysis program. Data are expressed as mean £ SD.

4.4. Results
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Effects of HFS-feeding on body weight, fat mass, and BAT adipocyte morphology — To
confirm that obesity was induced by a HFS diet, we measured weight gain relative to baseline
and adipose tissue mass throughout the feeding period. The weight gained in weeks 1-3 was not
statistically significantly different between the two groups, although the average weight gained
in the HFS group was higher in each of these weeks. After week 4, the weight gained in the HFS
group was significantly higher than in the SC animals (188.6 g = 25.8 vs. 127.8 + 44.3) (Table
1). This difference in weight gain persisted until the end of the study, culminating with HFS rats
gaining ~50% more weight than SC controls after eight weeks of feeding. Differences in weight
gain were essentially due to enhanced growth of the WAT in the HFS animals because the
masses of the Sc Ing and Epid fat pads in HFS rats were 2.6- and 3-fold larger, respectively, than
those of SC controls (Fig. 13A). Similarly, iBAT and aBAT masses both increased 1.6-fold in
the HFS animals (Fig. 13B). Furthermore, H&E staining revealed that iBAT from SC rats
contained adipocytes that were essentially multilocular, whereas iBAT from HFS rats contained

many cells of unilocular appearance (Fig. 13C).

Table 1: Cumulative weight gain of rats fed either standard chow (SC) or a high-fat sucrose-
enriched diet (HFS) for 8 weeks.

Weeks of feeding

Groups 1 2 3 4 5 6 7 8

31.2 68.5 103.1 127.8 151.0 167.8 187.6 210.0

SC + 3.8¢ +18.69g +31.99 +443g +5479g 6199 +62.1g +69.0g

41.5 101.8 149.6 188.6* 223.2* 254.3* 283.2* 314.2*

HFS +1449 +1749 +199g +258g +3389 +383g9g +413g *44.09

*p<0.05 vs. SC. Repeated measures two-way ANOVA was used to compare groups/weeks. n =
10-13 rats.
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Effects of HFS-feeding on PGC-1a, CPT1B, and UCP1 contents — After observing an increase
in BAT mass, it was important to determine whether this was accompanied by an increase in
thermogenic proteins. Indeed, animals in the HFS group exhibited 1.65-, 17-, and 2.2-fold
increases in protein contents of PGC-1a (Fig. 13D), CPT1B (Fig. 13E), and UCP1 (Fig. 13F),
respectively, relative to the control group. Taken together, these results indicate that the molecular
machinery necessary for oxidation and thermogenesis was enhanced in BAT under conditions of
DIO.

Effects of isoproterenol and oligomycin on glucose and palmitate oxidation in BAT
adipocytes — To test whether the increased content of thermogenic proteins was accompanied by
enhanced substrate oxidation in BAT adipocytes, we measured glucose and palmitate oxidation in
these cells. Measurements were conducted under basal conditions as well as in the presence of the
B-adrenergic stimulator isoproterenol (Iso) and of the ATP synthase inhibitor oligomycin (Oligo).
We found that rates of glucose oxidation in BAT adipocytes from SC and HFS rats were not
affected by incubation with either Iso or Oligo or by a combination of both agents (Fig. 14A).
However, the rates of glucose oxidation in adipocytes from HFS trended to decrease under all
conditions investigated, and reached statistical significance under Oligo conditions. In fact,
glucose oxidation under basal conditions was 48% lower in BAT adipocytes from HFS- than from
SC-fed rats (Fig. 14A). Similarly, rates of glucose oxidation in the presence of either Iso or Oligo
or 1so+0ligo were 49%, 62%, and 57% lower in HFS than SC BAT adipocytes, respectively (Fig.
14A). The incubation of BAT adipocytes with Oligo did not reduce glucose oxidation relative to
basal conditions, which is consistent with mitochondrial uncoupling accounting for most of the
glucose being oxidized in both SC and HFS cells. We then assessed the oxidation rates of fatty

acids, which are major thermogenic substrates in brown adipocytes®®. Under basal conditions,
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palmitate oxidation did not differ between the SC and HFS groups (Fig. 14B). However, in the
presence of Oligo, palmitate oxidation significantly increased by 2.7-fold in BAT adipocytes from
SC-fed animals, whereas in BAT adipocytes from HFS animals, Oligo did not cause any alteration
in this parameter (Fig. 14B) in comparison to basal values. Therefore, when comparing rates of
palmitate oxidation between SC BAT and HFS BAT adipocytes incubated with Oligo, we found
it to be 57% lower in the latter than the former cells (Fig. 14B). Furthermore, when incubated with
both Iso and Oligo, palmitate oxidation was reduced by 45% in the brown adipocytes of the HFS
group (Fig. 14B), although this was not statistically significant. These findings demonstrated that

UCP1-mediated palmitate oxidation was impaired under conditions of chronic HFS-feeding.
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Figure 13: HFS diet increases the masses of white (A) and brown (B) adipose tissues, the
unilocular appearance of brown adipocytes (C), and the contents of PGC-1a (D), CPT1B (E), and
UCP1 (F) in brown adipose tissue. *p<0.05 vs. SC. T-tests were used to compare differences

between groups in panels A-B and D-F. Data are means + SD. n=3-15 rats.
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Figure 14: Isolated brown adipocytes from rats fed a HFS diet displayed reduced rates of Oligo-
induced glucose (A) and palmitate oxidation (B) in isolated brown adipocytes. Two-way ANOVA
was used to compare groups/conditions. *p<0.05 vs. SC. #p<0.05 vs. all conditions except SC Iso
+ Oligo. Data are means * SD. n=7-13 rats.

Effects of HFS-feeding on glucose uptake, lactate production, and GLUT1 and GLUT4
protein contents in isolated brown adipocytes — Given that rates of glucose oxidation were
reduced in HFS BAT adipocytes, we conducted additional experiments to assess whether the
uptake of glucose was also affected in these cells. It could be that low rates of glucose oxidation
were driven by reduced intake of this substrate. However, we found that basal glucose uptake in
HFS BAT adipocytes was 4-fold higher than in SC BAT adipocytes. In the presence of insulin, SC
BAT adipocytes displayed a 4-fold increase in glucose uptake, whereas HFS BAT adipocytes

increased glucose uptake 1.83-fold when stimulated with insulin (Fig. 15A). Nevertheless, insulin-
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stimulated glucose uptake was higher in the brown adipocytes of HFS-fed animals than in the SC
animals (Fig. 15A). To further investigate the metabolic fate of glucose, we measured lactate
production in isolated BAT adipocytes and found that, under basal conditions, cells from HFS
animals produced 2.7-fold more lactate than adipocytes from SC-fed animals (Fig. 15B). These
effects of HFS adipocytes were accompanied by a significant increase of ~24-fold in GLUTL1 (Fig.
15C) and no alteration in GLUT4 protein contents in iBAT (Fig. 15D). Taken together, these
findings provide evidence that a HFS diet enhances glucose uptake and shifts glucose metabolism
toward lactate production in BAT adipocytes.

Glycerol incorporation into lipids and palmitate incorporation into TAG in brown
adipocytes — Because an increased number of unilocular adipocytes was found within BAT from
HFD rats, we then measured pathways involved in TAG synthesis. We found that a HFS diet
enhanced glycerol incorporation into lipids (Fig. 16A) and palmitate incorporation into TAG (Fig.
16B) by 1.8- and 1.7-fold, respectively in BAT adipocytes. This indicated that fatty acids and
glycerol were indeed diverted by chronic HFS feeding towards esterification in isolated BAT
adipocytes.

PEPCK and GyK protein levels and Lpl and CD36 gene expression in BAT — PEPCK (Fig.
16C) and GyK (Fig. 16D) increased 1.8- and 2.1-fold, respectively, which was accompanied by
increases of 3.6-fold in Lpl and 3.7-fold in Cd36 (Fig. 16E) mRNA expression in BAT. Therefore,
our findings provide evidence that the molecular machinery that supports TAG storage was

enhanced in BAT by chronic HFS.
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Figure 15: HFS feeding increased basal and insulin-stimulated glucose uptake (A), and lactate
production (B) in isolated BAT adipocytes. HFS also had higher GLUT1 content (C) than standard
chow (SC) BAT, whereas GLUT4 content (D) did not differ between SC and HFS BAT. #p<0.05
vs. HFS Basal and SC Ins in A. *p<0.05 vs. SC Basal in A. *p<0.05 vs. SC in B-D. T-test was
used to compare groups except for glucose uptake (A) where a Two-way ANOVA was used to

compare groups/conditions. Data are means + SD. n=3-9 rats.
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Figure 16: HFS feeding enhanced the incorporation of glycerol into lipids (A) and palmitate into
triacylglycerol (TAG) (B) in isolated brown adipocytes, and increased phosphoenolpyruvate-
carboxy kinase (PEPCK) (C) and glycerol kinase (Gyk) (D) contents, as well as the gene
expression of lipoprotein lipase (Lpl) and cluster of differentiation 36 (Cd36) (E) in BAT. t test
was used to compare groups. *p<0.05 vs. SC. Data are means + SD. n=6-12 rats.
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Lipolysis, p3-AdR, TH, ATGL, and pHSL contents in BAT — Basal lipolysis was reduced by
65% in BAT adipocytes from HFS rats in comparison to the SC group (Fig. 17A). Western blot
analysis of the molecular machinery involved in lipolysis revealed that ATGL content was
significantly reduced by 28% (Fig. 17B), whereas HSLeso phosphorylation was increased under
conditions of HFS-feeding, although not statistically significant (Fig. 17C). Furthermore, the
contents of TH (Fig. 17D) and B3AdR (Fig. 17E) were reduced and increased by 84% and 6-fold,
respectively, in BAT of HFS rats in comparison to SC controls. Based on these findings, it was
evident that the observed downregulation of lipolysis in HFS BAT adipocytes derived from distinct

alterations in the lipolytic machinery.

81



(B)

kDa

SC

75 %

AL 50 . - —-——— —

B-actin

T

1

(A) .
30 0.8
R= .
& i =}
g & = 0.6
5 2 20- :
° 3 E=Nen
= 85 44
5e R
x .
é’ 9 10+ §
% 1 < 0.2
E .
£
0 . 0.0
SC HFS
(D) SC HES
751
TH e e e = o -
50 =
S0=
f-actin 1y - - - ——
1.0
0.8
2
E T
o 06_
=D
N
A= 04 | N
y
[ .
0.2
00 i

B3AdR:B-actin ratio
(A.U)

©

HFS kDa Ne HFS
plSL -'!nb"'
. 100 = =~ 7
s . -
40—
* S 304
s
-
o]
T 20
e
z
S 10
0_
HFS SC HFS
(E) kDa___SC HFS

58
B3AdR o e — oD OO

45 T — —— ——

-actin
35=

2.0

[9)
|

o
1

(=
o))
|

o
o
|

HFS

Figure 17: HFS diet reduced basal lipolysis (A) in isolated BAT adipocytes and the content of
adipose triglyceride lipase (ATGL) (B), but did not significantly affect hormone sensitive lipase
(HSL) phosphorylation (C). HFS diet also reduced tyrosine hydroxylase (TH) (D) and increased
B3-adrenergic receptor (B3-AdR) (E) contents in BAT. *p<0.05 vs. SC. T-tests were used to

compare differences between groups. Data are means + SD. n=3-6 rats.
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4.5. Discussion

Here, we provide evidence that UCP1-mediated glucose and fatty acid oxidation in intact and
freshly isolated rat brown adipocytes is reduced under conditions of chronic HFS feeding, even
though BAT mass and its UCP1 content increased. These findings are consistent with an adaptive
response of the organism to the HFS diet that led to attenuation of DIT and expansion of WAT
mass. Moreover, BAT itself developed functional and morphological characteristics that resemble
WAT, which was characterized by brown adipocytes enhancing their ability to store TAG and by
increasing the number of cells displaying a unilocular appearance within BAT. The mechanisms
underlying these adaptive responses of BAT to HFS-induced obesity involved a major shift in
brown adipocyte metabolism. Lipolysis was suppressed and glucose and FA were essentially
diverted away from oxidation and toward pathways that culminated in TAG synthesis and
enlargement of the lipid droplet in HFS BAT adipocytes (Fig. 18). Thus, our data provide evidence
that there are regulatory mechanisms in intact brown adipocytes cells that shift substrate
partitioning in response to alterations in dietary macronutrient composition. In this context, we
demonstrated that UCP1-mediated mitochondrial uncoupling was impaired under conditions of
DIO, confirming our original hypothesis.

It is well established that when BAT is in its activated state (e.g. cold exposure and [33-
adrenergic stimulation), the uptake and utilization of glucose by brown adipocytes is enhanced
38189190 Thys, we expected that DIT in response to the HFS diet would elicit a similar effect in
BAT adipocytes. However, given that previous studies had reported reduced in vivo glucose
utilization in BAT of rodent models of obesity 1°*1% and humans > it was also possible that
the uptake and oxidation of glucose would be impaired in these cells. Instead, our measurements

of glucose uptake in isolated HFS BAT adipocytes revealed that it was significantly increased
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under both basal and insulin-stimulated conditions. This likely supported the elevated lactate
production, indicating that glucose was being processed through the glycolytic pathway in these
cells. Therefore, the a-glycerophosphate moiety necessary for enhanced FA esterification could
be supplied in two ways: 1) by the formation of glycerol 3-phosphate as an intermediary step of
glycolysis, and/or 2) through glyceroneogenesis. Because lactate is a major substrate for the latter

pathway!%

, its abundance also allowed for increased TAG synthesis. This was supported by
elevated PEPCK content and confirmed by the enhanced incorporation of palmitate into TAG
found in HFS BAT adipocytes. Additionally, because the content of GyK was increased in these
cells, TAG synthesis from exogenous FA and glycerol was facilitated, which was also confirmed
by significantly higher rates of glycerol incorporation into lipids in HFS than in SC BAT
adipocytes. Lastly, with increased expression of Lpl and Cd36, the TAG content of BAT
adipocytes could be enriched through the esterification of the abundant dietary fat carried by
lipoproteins. In this context, less UCP1-mediated oxidation of glucose and fatty acids could be
explained by a diversion of these substrates towards pathways of TAG synthesis as opposed to
uncoupled oxidation. Altogether, these effects led to a reduction in the number of small lipid
droplets and conferred a more unilocular appearance to adipocytes within BAT.

Interestingly, some adaptive responses of BAT adipocytes to the HFS diet (e.g. increased
contents of PGC-1a, B3-AdR, and CPT1B) were compatible with activation of a thermogenic
response by these cells to overfeeding. This then begged the question why didn’t this translate into
increased UCP1-mediated substrate oxidation to support DIT? Importantly, we also found that TH
content, the rate-limiting enzyme for catecholamine biosynthesis, was markedly reduced in HFS

BAT, indicating lower SNS-mediated recruitment of BAT activity. This is in line with our findings

of reduced basal lipolysis in HFS BAT adipocytes, which could consequently lead to less UCP1
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activation, even though the content of this protein and of others that support thermogenesis was
increased. In this context, the increased content of B3-AdR we found in HFS BAT was likely a
compensatory mechanism employed by the cell to maximize adrenergic activation, although, in
vivo, it is futile given the drastic reduction in TH content and impaired catecholamine production
in BAT of HFS rats. Thus, maintaining the ability of the SNS to promote UCP1 activation during
prolonged HFS feeding seems to be crucial to sustain DIT and counteract weight gain. This is
supported by previous studies reporting that basal sympathetic activation of BAT is reduced in rats
chronically maintained on a HF diet'®®!%" and that diet-induced recruitment of BAT in mice
depends essentially on sustained SNS-mediated activation®. Reduced SNS-mediated recruitment
of BAT activity in HFS-induced obesity could originate from the development of leptin resistance.
Indeed, rodent models of obesity lacking either functional leptin or a functional isoform of the
leptin receptor display reduced SNS-mediated activation of BAT and DIT!’®1%, Additionally,
altered SNS activity*®® and reduced central leptin sensitivity?® have been demonstrated in rats with
diet-induced obesity. Therefore, it is likely that the molecular adaptations to the HFS diet we found
in BAT originated from the diminished sympathetic output from the hypothalamus as a result of
diet-induced leptin resistance’. In fact, we have previously reported that plasma leptin levels of
rats fed a HFS diet for 8 weeks were almost 2-fold higher than SC diet-fed controls!’®, indicating
that these animals indeed had reduced sensitivity to this adipokine. However, because the
production and release of leptin is proportional to WAT mass'’8, a gap exists between the
beginning of HFS feeding and the time for adipose tissue to expand and leptin resistance to occur.
This might be the reason why rats displayed increased whole-body energy expenditure in the first
2 weeks of HF feeding, and then lost this response afterwards!” as leptin resistance developed.

Thus, it could be that the increased UCP1 content in BAT we found after 8 weeks of a HFS diet
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was reminiscent of this initial DIT response mounted by the animal. Future studies are necessary
to investigate this possibility.

It is important to note that animals were housed at room temperature and not at
thermoneutrality, which has been shown to have a significant impact on BAT UCP1 protein
content and the contents of other mitochondrial proteins*. This poses a potential limitation to our
study as both groups of animals may have experienced BAT activation to some extent, which could
have masked the effects of the diets. Moreover, the experiments in this study were conducted on
male rats. Future studies assessing these parameters are warranted in female rats to identify sex-
based differences, if any, in the adaptive responses of BAT to an obesogenic diet.

In summary, our findings provide novel evidence that increased BAT mass and its UCP1
content under chronic HFS feeding does not translate into elevated consumption of glucose or fatty
acids through UCP1-mediated mitochondrial uncoupling. In fact, uncoupled glucose and fatty acid
oxidation were even lower in HFS BAT adipocytes than in SC-fed controls after coupled
respiration was inhibited in these cells by Oligo. Therefore, our findings are contrary to the idea
that DIT is induced in brown adipocytes under conditions of diet-induced obesity. Rather, when
an obesogenic high fat sucrose-enriched diet was supplied for extended periods of time, brown
adipocytes enhanced their ability to uptake and store glucose and FA, and did so by diverting
substrate away from oxidation (Fig. 18). Collectively, these effects may impair BAT-induced DIT

and likely contribute to the development of obesity and its related metabolic disorders.
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Brown adipocytes

SC-fed (Lean) HFS-fed (Obese)

Figure 18: In brown adipocytes from lean rats fed a SC diet, glucose and fatty acids (FA) were
diverted essentially toward UCP1-mediated substrate oxidation. These substrates were also used
to sustain a high rate of triacylglycerol (TAG) breakdown/resynthesis. This was supported by a
highly responsive molecular machinery that involved the activation of 3-adrenergic receptors
(B3-AdR) via sympathetic nervous system (SNS)-mediated release of norepinephrine and
activation of the major lipolytic enzymes adipose triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL). Conversely, in BAT of rats fed a HFS obesogenic diet, despite increases in
UCPI1 and B3-AdR contents, substrate metabolism in BAT adipocytes was shifted toward TAG
synthesis/storage. This was characterized by reduced UCP1-mediated glucose and fatty acid
oxidation, impairment of lipolysis, and reduction in tyrosine hydroxylase content in BAT. These
adaptive responses to chronic HFS were supported by increased glucose uptake, contents of
phosphoenolpyruvate carboxykinase (PEPCK) and glycerol kinase (GyK), elevated rates of
glycerol incorporation into lipids and palmitate incorporation into TAG, and by enhanced gene
expression of lipoprotein lipase (Lpl) and cluster of differentiation 36 (Cd36) in BAT. B-ox = -
oxidation; DAG = diacylglycerol; Glut = glucose transporter; G6P = glucose-6-phospate; Gly =
glycerol; Gly-P = glycerol phosphate; LD = lipid droplet; MAG = monoacylglycerol; Mito =
mitochondria; OA = oxaloacetate; Pyr = pyruvate. 11 = increase; U = reduction. Thicker arrows
indicate higher flow through the pathway.
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5.1. Abstract

The purpose of this study was to determine whether the weight-reducing and fat burning effects of
the ketogenic diet (KD) could be attributed to alterations in the energy dissipating pathways of
brown adipose tissue (BAT) uncoupled oxidation, and white adipose tissue (WAT) browning and
triacylglycerol (TAG) recycling. To investigate this, male Wistar rats were fed one of the following
three diets for either 8 or 16 weeks: a standard chow (SC), a high-fat, sucrose-enriched (HFS)
obesogenic diet, or a KD. At the end of the intervention, subcutaneous inguinal (Sc Ing) and
epididymal (Epid) fat, and interscapular and aortic BAT (iBAT and aBAT, respectively) were
extracted. These tissues were used for the analysis of proteins involved in WAT browning and
thermogenesis. Isolated adipocytes from WAT were assayed for basal and isoproterenol (Iso)-
stimulated lipolysis and basal and insulin-stimulated lipogenesis, and BAT adipocytes were
assayed for the determination of coupled and uncoupled glucose and palmitate oxidation.
Adiposity similarly increased in HFS- and KD-fed rats at weeks 8 and 16. However, in HFS-fed
animals insulin-stimulated lipogenesis and Iso-stimulated lipolysis were impaired in WAT
adipocytes, whereas in KD-fed animals these pathways remained intact. The KD also significantly
elevated WAT glycerol kinase levels, and favored TAG recycling under conditions of enhanced
lipolysis. In BAT, the KD significantly increased uncoupling protein-1 levels and uncoupled fat
oxidation. In summary, the KD preserved insulin sensitivity and lipolytic capacity in WAT and
also upregulated energy-dissipating pathways in BAT, but it was not sufficient to prevent an

increase in adiposity.
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5.2. Introduction

Functional adipose tissue (AT) is crucial for the prevention of insulin resistance and Type 2
diabetes®. There are generally two main forms of AT with distinct physiological roles: white and
brown. White adipose tissue (WAT) stores energy substrate under conditions of energy surplus,
and releases fatty acids and glycerol under conditions of energy deficit”’"°. On the other hand,
brown adipose tissue (BAT) burns glucose and fatty acids and releases the energy as heat’%.
Thermogenesis in BAT mainly occurs through uncoupling protein-1 (UCP1), which uncouples
oxidative phosphorylation from ATP production’. Under conditions of obesity, WAT and BAT
functions are altered differently. Diet-induced obesity enhances the thermogenic capacity by
increasing UCP1 content and fatty acid oxidation in BAT'"8, This serves to counteract energy
storage through a mechanism known as diet-induced thermogenesis’’®. However, this is not
sufficient to prevent the excess storage of fat in white adipocytes and the development of insulin
resistance in the WAT>2! In fact, chronically elevated caloric intake overwhelms the
hypertrophic capacity of the adipocyte, leading to cellular hypoxia and immune cell
infiltration>?%%, At the level of the WAT, inflammation inhibits insulin signaling, which ends up
enhancing basal lipolysis®, although catecholamine-stimulated lipolysis becomes severely limited
under conditions of obesity*>2%2, The dysregulation in lipid storage and breakdown redirects lipids
to ectopic tissues such as liver® and muscle®'2. This is detrimental to insulin sensitivity and
metabolism in these tissues, and negatively impacts whole-body glucose homeostasis®>*?. In this
context, interventions that combat adiposity and restore AT function are of great interest for the
prevention and treatment of obesity and insulin resistance.

A dietary intervention that exerts anti-obesity and insulin-sensitizing effects is the ketogenic

diet (KD). The KD is typically low in carbohydrates and high in fat'?6. Despite being abundant in
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fat, recent evidence shows that 3 months of KD-feeding significantly attenuated body weight (BW)
and blood pressure, and improved glycaemia in diabetic women®®. Furthermore, as little as 6 days
of KD significantly reduced intra-hepatic triglycerides in overweight and obese subjects?®®. These
promising health effects have prompted investigations into the effects of the KD on cellular
metabolism. In BAT and WAT, the KD increases UCP1 content and UCP1 gene expression,
respectively®*’. This elevation in WAT UCP1 is characteristic of a process known as browning,
whereby WAT acquires structural and functional features that resemble BAT*"#°, Additionally,
by lowering circulating insulin levels, the KD favors WAT lipolysis and the release of non-
esterified fatty acids (NEFAS) into the bloodstream?®*. NEFAs not undergoing oxidation return to
the WAT where they are recycled back to triacylglycerol (TAG). This latter process creates an
energy-consuming “futile cycle” that can also contribute to whole-body energy expenditure’. Thus,
the combined effects of the KD on BAT uncoupled oxidation, WAT browning, and TAG cycling
could potentially support the diet-induced shift from energy storage to dissipation in WAT and
reduce adiposity. However, the effects of the KD on WAT TAG recycling and BAT uncoupled
oxidative capacity, and whether these two mechanisms lead to reduced adiposity, is yet to be
confirmed. Therefore, the purpose of our study was to assess KD-induced alterations in these
energy-consuming pathways in brown and white adipocytes. We hypothesized that the KD would
increase UCP1 content and enhance fat consumption in BAT, whereas in WAT the machinery for
TAG recycling would be up-regulated, ultimately contributing to a reduction in adiposity. To test
this hypothesis, rats were fed for up to 16 weeks either a high-fat, sucrose enriched (HFS)
obesogenic diet or a KD to compare the effects of these diets on WAT and BAT metabolism. To
test potential time-dependent effects of the KD on metabolic pathways involved in energy

dissipation, we assessed, in BAT and WAT, the thermogenic and TAG recycling machineries at 8
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and 16 weeks of the dietary interventions. Here, we show that KD-feeding promoted distinct TAG
recycling effects in subcutaneous and visceral WAT and enhanced the capacity of BAT to consume
fatty acids. However, the induction of these energy consuming pathways by the KD did not lead

to a reduction in adiposity.
5.3. Materials and Methods

Reagents — Type Il collagenase, isoproterenol (Iso), fatty acid-free bovine serum albumin (BSA),
palmitic acid, and the free glycerol determination kit were obtained from Sigma (St. Louis, MO,
USA). Oligomycin (Oligo) was purchased from Cayman Chemical (Ann Arbor, MI, USA). [1-
14C] palmitic acid and p-[U-1*C] glucose were purchased from American Radiolabeled Chemicals
(St. Louis, MO, USA). Protease (cOmplete Ultra Tablets) and phosphatase (PhosSTOP) inhibitors
were obtained from Roche Diagnostics GmbH (Mannheim, Germany). The B-hydroxybutyrate
(BHB; cat. no. ab83390) assay kit, and the UCP1 (ab23841) and glycerol kinase (GyK; cat. no.
ab180525) antibodies were purchased from Abcam (Toronto, ON, Canada). 3-actin (cat. no. 4967)
and adipose triglyceride lipase (ATGL; cat. no. 2138) antibodies were purchased from Cell
Signaling (Danvers, MA, USA). The peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGCla; cat. no. ab3242) was purchased from Millipore (Burlington, MA,
USA). The B3-adrenergic receptor (B3AdR; sc-50436) antibody was purchased from Santa Cruz
Biotechnology, Inc (Dallas, TX, USA).

Animals — Male albino rats from the Wistar strain (Envigo, Indianapolis, IN, USA) weighing 200
— 250 g (initial weight) were maintained in a constant-temperature (23 °C), with a fixed 12-h
light/12-h dark cycle and fed for either 8 or 16 weeks ad libitum either a standard chow diet (SC,
27.0 %, 13.0 %, and 60.0 % of calories provided by protein, fat, and carbohydrates, respectively),

a HF, sucrose-enriched (HFS) diet (20.0%, 60.0%, and 20.0% of calories provided by protein, fat,
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and carbohydrates [sucrose], respectively) or a KD (20%, 80% and 0% of calories provided by
protein, fat and carbohydrates, respectively). Caloric densities of the diets were 3.43-, 5.24- and
6.14 kcal/g for the SC, HFS and KD, respectively. The saturated, monounsaturated and
polyunsaturated fatty acid % contribution to the total fatty acids in each of the diets was 20.8, 26.7
and 52.5% for the SC, 32.2, 35.9 and 31.9% for the HFS diet and 32.6, 36.2 and 31.1 for the KD
(Table 2). The SC (standard rat chow, catalog # 5012) was purchased from LabDiet (Richmond,
IN, USA). The HFS and ketogenic diets (catalog # D12492 and D03022101, respectively) were
purchased from Research Diets Inc. (New Brunswick, NJ, USA). At the end of the feeding period,
animals were anesthetized under ketamine/xylazine anesthesia (90 mg and 10 mg/100 g B.W.,
respectively) and the subcutaneous inguinal (Sc Ing), Epid, interscapular BAT (iBAT) and aortic
BAT (aBAT) fat pads were extracted and weighed. A sample of each fat depot was immediately
frozen in liquid nitrogen for subsequent experiments.

Table 2: Fatty acid (FA) profile of the SC, HFS and KD expressed as % of the total fatty acids.

SC HFS KD

Saturated FA 20.8 32.2 32.6
Monounsaturated FA 26.7 35.9 36.2
Polyunsaturated FA 52.5 31.9 31.1

Ethics approval — The protocol containing all animal procedures described in this study was
specifically approved by the Committee on the Ethics of Animal Experiments of York University
(York University Animal Care Committee, YUACC, permit number: 2021-03) and performed
strictly in accordance with the YUACC guidelines. All tissue extraction procedures were
performed under ketamine/xylazine anesthesia, and all efforts were made to minimize suffering?®.
All experiments in this study were carried out in compliance with the ARRIVE guidelines®%,

Measurement of blood glucose levels — Blood from all animals in the fed state was collected

between 15:00 and 16:00 h by saphenous vein bleeding and used to determine plasma glucose
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using the Contour Next one meter blood glucose monitoring system by Ascensia Diabetes Care
US (Parsippany, NJ, USA).

Adipocyte isolation from Epid and Sc Ing fat depots — Adipocyte isolation from the Epid and Sc
Ing fat pads was performed as previously described’. Briefly, the adipose tissue was minced in
Krebs-Ringer bicarbonate HEPES buffer (KRBH) prepared fresh on the day of each experiment
from stock solutions of salts and buffers (stored at 4°C) to give the following final concentrations:
120 mM NacCl, 4.8 mM KCl, 2.5 mM CaCly, 1.2 mM KH2POys, 1.2 mM MgSOg4, 15 mM NaHCOs,
30 mM HEPES, and type 1l collagenase (0.5 mg/ml). Before use, KRBH was gassed for 45 min
with carbogen (95% Oz, 5% CO.) and then BSA (3.5%) and glucose (5.5 mM) were added. pH of
the buffer was adjusted to 7.4 with NaOH. Minced tissues were incubated at 37°C with gentle
agitation (120 orbital strokes/ min) for ~25-30 min. The digested tissue was then strained using a
nylon mesh, and cells were transferred to 50 ml tubes, washed three times, and resuspended in
KRBH containing 3.5% fatty acid-free BSA (KRBH-3.5% BSA). To distribute an equal number
of adipocytes in each treatment condition, cell diameters were measured and total cell numbers
were determined?®,

Isolation of BAT adipocytes — iBAT and aBAT were extracted and carefully trimmed of any
muscle, connective tissue, and white fat. The tissues were then used for adipocyte isolation as
previously described'®. To increase the yielding of brown adipocytes, iBAT and aBAT were
combined. The tissues were initially incubated in KRBH-4% BSA supplemented with collagenase
(0.83 mg/ml) at 37°C under orbital agitation (120 orbital strokes/min) for 5 min. Subsequently, the
combined tissues were vortexed for 5 s, the contents of the vial were filtered, and the filtrate was
discarded. The remaining tissues were finely minced and incubated in fresh KRBH-4% BSA

containing collagenase (0.83 mg/ml) at 37°C under orbital agitation (120 orbital strokes/min) until
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complete digestion. The procedure then continued as described above for WAT adipocyte
isolation.

Measurement of glucose and palmitate oxidation - Glucose and palmitate oxidation as measures
of oxidative capacity were assessed by production of 1*CO; in BAT adipocytes (5 x 10° cells), as
previously described’. Briefly, cells were incubated in KRBH-3.5% BSA containing either 0.2
uCi/ml of [1-'*C]palmitic acid and 200 puM nonlabeled palmitate or 0.2 pCi/ml of D-[U-
14C]glucose and 5.5 mM nonlabeled p-glucose for 1h. To distinguish substrate utilization used for
ATP synthesis (coupled oxidation) from proton leak (uncoupled oxidation), 15 min before
incubation, adipocytes were treated with the ATP synthase inhibitor oligomyocin (Oligo)’.
Following 1h of incubation, either in the absence or continuous presence of Oligo (100 uM), the
media were acidified with 0.2 ml of H2SO4 (5 N), and the vials were maintained sealed at 37°C
for an additional 1h for the collection of **CO; released from the cells and the media. The vials
used for incubation had a centered isolated well containing a loosely folded piece of filter paper
that was moistened with 0.2 ml of 2-phenylethylamine/methanol (1:1, vol:vol) for the capture of
14C0O,. At the end of the incubation, the filter paper was removed and transferred to a scintillation
vial for radioactivity counting”#>!84All oxidation values are expressed as fold change of Oligo-
induced oxidation over basal oxidation.

Measurement of glucose incorporation into lipids — Glucose incorporation into lipids was
measured in isolated adipocytes (5 x 10° cells) from the Epid and Sc Ing fat depots as previously
described®*. Briefly, cells were incubated in KRBH-3.5% BSA containing 0.2 uCi/ml of p-[U-
14C] glucose and 5.5 mM non-labelled p-glucose for 1h in the absence or presence of insulin (100

nM). Lipids were then extracted according to the method of Dole and Meinertz?%” and assessed for
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radioactivity®*. Data are expressed as the fold change of insulin-stimulated glucose incorporation
into lipids, relative to basal glucose incorporation into lipids.

Measurement of glycerol release — Lipolysis was measured in isolated Epid and Sc Ing adipocytes
(6 x 10° cells). Adipocytes were incubated in the absence or presence of 100 nM Iso (B-non-
specific agonist)?%. Each condition was assayed in triplicates and the samples were incubated for
75 min at 37°C with gentle agitation (80 orbital strokes/min). After incubation, a 200 ul aliquot of
medium was taken from each vial for the determination of glycerol concentration. Data are
expressed as Iso-stimulated glycerol release, over basal glycerol release.

Western blotting analysis of UCP1, PGCla, f3AdR, ATGL and GyK in WAT and BAT — Sc Ing,
Epid and iBAT samples were homogenized in a buffer containing 25 mM Tris-HCI, 25 mM NaCl
(pH 7.4), 1 mM MgCly, 2.7 mM KCI, 1% Triton X-100 and protease and phosphatase inhibitors
(Roche Diagnostics GmbH, Mannheim, Germany). Homogenates were centrifuged, the infranatant
was collected, and an aliquot was used to measure protein by the Bradford method. Samples were
diluted 1:1 (vol:vol) with 2x Laemmli sample buffer and heated to 95°C for 5 min. 25 pg of protein
were loaded in each well. Samples were then subjected to SDS-PAGE, transferred to PVDF
membrane, and probed for the proteins of interest. All primary antibodies were used at a dilution
of 1:1,000. All densitometry analyses were performed using the ImageJ program.

Statistical Analyses — Data were expressed as Mean + SEM. Statistical analyses were performed
by using mixed-model analyses and one-way ANOV As with Bonferroni multiple comparison post-
hoc tests, as indicated in the figure legends. The GraphPad Prism software version 9.1.12 was used
for all statistical analyses and for the preparation of all graphs. The level of significance was set to

p<0.05.
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5.4. Results

Effect of diet on body weight (BW), plasma BHB levels, and blood glucose concentration — As
expected, all groups of animals displayed a progressive increase in BW throughout the 16-week
feeding period. At the end of the study, BW was slightly higher in HFS- and KD-fed rats than the
SC-fed counterparts, however these differences were not statistically significant (Table 3). When
expressed as percent increase in weight gain relative to baseline, the HFS and KD induced 1.2-
fold increases in this parameter (Table 3). Plasma BHB was significantly elevated by the KD at
weeks 4, 8 and 16 when compared to both the SC and HFS groups (Table 3). At week 8, BHB
levels were significantly higher in HFS-fed rats than the SC-fed group; however, at week 16, BHB
levels did not differ between these two groups (Table 3). Fed-state blood glucose levels were
significantly higher in HFS- than SC-fed animals at weeks 4 and 16, whereas in KD-fed rats
glycaemia was not significantly increased (Table 3).

Table 3: The effects of a standard chow (SC), high-fat, sucrose-enriched (HFS) diet or a
ketogenic diet (KD) on body weight, % increase in body weight relative to baseline, plasma [3-

hydroxybutyrate (BHB) levels and blood glucose concentration after 0, 4, 8 and 16 weeks of
feeding.

Duration of study (weeks)

0 4 8 16
SC 2472 +47 403.8+159 486.3+17.8 553.9+20.0
Body weight
(9) HFS 232.7+42 407 £ 14.7 504.7 +16.2 590.3+24.3
KD 2453 +5.1 409.3+9.2 5114+130 6079+19.1
Body weight SC - 64.2+4.9 96.7+5.9 1241 + 6.6
increase
relative to HFS - 76.3+3.7 116.8+54 153.2+8.1*
week 0
(%0) KD - 70.3+45 108.9+5.7 148.1+7.5*
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SC 0.12+0.01 0.13+0.01 014+0.01 0.15%0.01

Plasma BHB
(mM) HFS 0.16£0.02 0.19+0.03 0.24+0.03* 0.15%£0.02
KD 0.13+0.02 0.30+0.03* 0.38+0.03* 0.29 +0.02*
SC 7.4+0.2 6.8+£0.3 6.8+0.2 59+0.3
Blood glucose
(mM) HFS 7.31£0.1 7.3+£0.2* 7.2+£0.1 6.7 £0.3*
KD 7.3+£0.1 7.2+0.1 7.0+£0.1 6.6 +£0.2

*p<0.05 vs. SC in the respective week; #p<0.05 vs. all other groups. Data are expressed as mean
+ SEM. Mixed-effects model analysis. n=6-9 for body weight and % increase in weight gain. n=6-
7 for BHB. n=6-15 for blood glucose.

Energy intake and energy efficiency in SC, HFS and KD-fed animals — Total energy intake
during the 16-week feeding period was similar between the three groups (Table 4). However,
energy efficiency at week 16 was significantly elevated in KD-fed animals when compared to the

SC group (Table 4).

Table 4: Effect of diet on total energy intake for the 16-week intervention and energy efficiency

SC HFS KD
Total energy intake
9554 +478.1 8814 + 318.3 9010 £ 517.7
(kcal)
Energy efficiency
0.033 + 7.4x10* 0.035 +9.7x10* 0.039 + 0.002*
(g/kcal)

*p<0.05 vs. SC. Data are expressed as mean £ SEM. One-way ANOVA. n=4.

Effect of diet on WAT and BAT masses — At week 8 of the intervention, Sc Ing fat mass was 2.6-
and 2.1-fold higher in HFS and KD-fed animals than SC-fed rats, respectively (Fig. 19). At week
16, Sc Ing mass increased significantly in all three groups in comparison to week 8, but HFS and
KD-fed animals continued to display significantly higher Sc Ing fat masses than SC-fed rats (Fig.

19). Similarly, at week 8, Epid fat mass was significantly elevated in HFS- (~2.7-fold) and KD-
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fed (~2-fold) rats when compared to SC-fed counterparts (Fig. 19B). At week 16, Epid fat masses
of HFS- and KD-fed animals were 2- and 1.9-fold higher than the SC group, respectively (Fig.
19B). With respect to BAT, the HFS diet and the KD increased week 8 iBAT mass by 1.6- and
1.4-fold, respectively, relative to the SC animals (Fig. 19C). At week 16, the HFS diet and KD-
induced elevation in iIBAT mass was maintained (Fig. 19C). The aBAT was also found to be
elevated by the HFS diet at weeks 8 and 16, and by the KD at week 16 (Fig. 19D), relative to the
SC group. Therefore, despite possessing different macronutrient compositions, the HFS diet and

KD induced similar alterations in WAT and BAT mass (Fig. 19).
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Figure 19: HFS and KD-feeding significantly elevated subcutaneous inguinal (Sc Ing) (A) and
epididymal (Epid) (B) fat masses. Sc Ing mass increased from week 8 to week 16 with all diets
(A); however, only the HFS and KDs significantly enhanced Epid mass over this time (B).
Interscapular BAT (iBAT) (C) and aortic BAT (aBAT) (D) masses were elevated in both the HFS
and KD-fed animals at week 16 of the intervention. However, at week 8, only the HFS diet caused
aBAT growth (D). *p<0.05 vs. SC, within the respective week; #p<0.05 vs. week 8, within the
respective group, and week 16 SC; 1p<0.05 vs. week 8, within group; {p<0.05 vs. week 8 SC and
week 8 KD. Bars represent mean + SEM. Two-way ANOVA. n=5-12.

Effects of diet on browning, lipolytic proteins, and f-adrenergic-stimulated lipolysis in Sc Ing
fat — Given these diet-induced differences in fat mass, it was important to investigate how the
interventions were influencing metabolism at the tissue and cellular levels. Firstly, Sc Ing UCP1

levels were measured to determine whether the KD induced browning in this tissue. We found that
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Sc Ing UCP1 was undetectable after either 8 or 16 weeks of any of the three dietary interventions
(Fig. 20A). At week 8 of the intervention, Sc Ing B3AdR and ATGL levels were elevated 4.5- (Fig.
20B) and 4-fold (Fig. 20C), respectively, in KD-fed animals. Sc Ing ATGL was also increased by
the HFS diet at week 8 (Fig. 20C). However, at week 16, no differences were detected in B3AdR
levels among the three groups (Fig. 20D), although ATGL was 2.1-fold higher in HFS- than SC-
fed rats (Fig. 20E). In line with these findings, B-adrenergic stimulated glycerol release was not
significantly different between the three diet groups (Fig. 20F). Thus, the KD did not induce
browning and although it promoted a transient increase in lipolytic capacity, these effects were not
sustained at week 16.

Effects of diet on browning, lipolytic proteins and f-adrenergic-stimulated lipolysis in Epid fat
—Similar to the Sc Ing fat, UCP1 was not detectable in the Epid fat depot with any of the three
diets (Fig. 21A). At week 8, Epid B3AdR (Fig. 21B) and ATGL (Fig. 21C) levels were not
significantly different between the three groups, although much lower levels of ATGL (p=0.06 vs.
SC) were found in the Epid fat of HFS-fed rats. At week 16, Epid B3AdR levels were significantly
elevated 3.6- and 4.7-fold by the HFS diet and KD, respectively (Fig. 21D), whereas ATGL content
was not altered (Fig. 21E). Despite elevations in Epid B3AdR content, the HFS diet attenuated
(~49%) Iso-stimulated lipolysis in comparison to the SC group (Fig. 21F). Conversely, in Epid
adipocytes from KD-fed rats, Iso-stimulated lipolysis was maintained at the same levels as those

of SC-fed counterparts (Fig. 21F).
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Figure 20: Uncoupling protein-1 (UCP1) levels were undetectable in Sc Ing fat either at week 8
or 16 (A). At week 8 of the intervention, B3-adrenergic receptor (B3AdR) levels were increased
by the KD (B), and adipose triglyceride lipase (ATGL) was significantly elevated by HFS and
KD (C). At week 16, B3AdR (D) and ATGL (E) protein levels diminished, where B3AdR was
not altered by any of the diets and ATGL was only increased by the HFS diet (D and E,
respectively). Isoproterenol (Iso)-stimulated lipolysis was not significantly different between the
three groups (F). *p<0.05 vs. SC. Bars represent mean + SEM. One-way ANOVA. n=3-12.
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Figure 21: In Epid fat, UCP1 levels (A) were undetectable and B3AdR (B) and ATGL (C) levels
were not altered at week 8, although, Epid ATGL did show a trend to decrease with the HFS diet
(C). At week 16, B3AdR levels were increased in the Epid fat of HFS and KD-fed animals (D).
ATGL did not differ among the groups (E). The HFS diet significantly attenuated isoproterenol
(Iso)-stimulated lipolysis in Epid adipocytes (F). *p<0.05 vs. SC. Bars represent mean + SEM.
One-way ANOVA. n=4-10.
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Effect of diet on glucose incorporation into lipids and GyK content in Sc Ing and Epid fat — In
Sc Ing adipocytes from HFS-fed rats, insulin-stimulated lipogenesis was 82.6% lower than the SC
group (Fig. 22A), whereas in adipocytes from KD-fed rats this variable did not differ from the SC
group (Fig. 22A). This indicates that the KD preserved insulin sensitivity and lipid deposition in
Sc Ing adipocytes. In Epid adipocytes, insulin-stimulated lipogenesis was not altered by diet (Fig.
22B), showing fat-depot specific differences in response to dietary intervention. Furthermore, in
Sc Ing and Epid adipocytes, the KD increased GyK levels by 7- and 5.5-fold, respectively (Fig.
22C and D). Thus, the KD preserved the ability of adipocytes to promote lipogenesis in response
to insulin and to also recycle TAG by increasing GyK levels.

Effects of diet on BAT uncoupled oxidation — At week 16, uncoupled palmitate oxidation was
elevated 1.9-fold in brown adipocytes from KD-fed animals when compared to HFS-fed animals
(Fig. 23A), whereas glucose oxidation was not altered by diet (Fig. 23B). UCP1 levels did not
significantly increase in BAT of HFS-fed animals (Fig. 23C); however, in BAT adipocytes from
KD-fed rats UCP1 levels increased 4.9- and 2.1-fold, when compared to the SC and HFS groups,
respectively (Fig. 23C). Other thermogenic proteins such as PGCla (Fig. 23D), B3AdR (Fig. 23E),
and ATGL (Fig. 23F) were not changed by any of the diets, but GyK levels increased 4.2- and 6.5-

fold in BAT of HFS and KD-fed animals, respectively (Fig. 23G).
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Figure 22: HFS-feeding significantly impaired insulin-stimulated glucose incorporation into
lipids (A) in Sc Ing adipocytes, but not in Epid adipocytes (B). The KD significantly elevated
glycerol kinase (GyK) levels in Sc Ing (C) and Epid (D) fat pads. *p<0.05 vs. SC; #p<0.05 vs. all
other groups. Bars represent mean £ SEM. One-way ANOVA. n=3-9.
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Figure 23: The KD increased uncoupled oxidation of palmitate (A) but not glucose oxidation (B)
in brown adipocytes. The KD also increased UCPL1 levels in BAT (C), whereas peroxisome
proliferator-activated receptor gamma coactivator 1-alpha (PGCla) (D), B3AdR (E), and ATGL
(F) did not change with dietary intervention. However, GyK (G) was significantly elevated by
HFS and KD, reaching higher levels in the latter. *p<0.05 vs. SC; #p<0.05 vs. all other groups;
+p<0.05 vs. HFS. Bars represent mean = SEM. One-way ANOVA. n=4-11.
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5.5. Discussion

In this study, we show that a high-fat KD, devoid of carbohydrate, increased BAT uncoupled
FA oxidative capacity and the machinery involved in lipolysis and TAG recycling in WAT. This
was characterized by elevated UCP1 levels and uncoupled fatty acid oxidation in BAT, and
increased GyK levels in WAT. Despite these adaptive responses being typically associated with
dissipation as opposed to energy storage?®*, the WAT mass of KD-fed animals increased to a level
similar to the HFS diet. However, a major difference between the KD and the HFS diet was that
the former sustained insulin-stimulated lipogenesis, whereas the latter impaired it. Thus, contrary
to the obesogenic HFS diet, the KD-induced increase in adiposity did not impair the classical
physiological functions of the WAT. Besides maintaining insulin-stimulated lipogenesis and Iso-
stimulated lipolysis, the KD also upregulated a pathway by which white adipocytes can recycle
TAG via GyK-mediated glycerol phosphorylation. These adaptive responses in WAT are
compatible with an enhanced ability of this tissue to handle an abundant supply of food-derived
fat and of NEFAs that escape oxidation in peripheral tissues and return to the WAT.

Neither the Sc Ing nor the Epid fat depots had detectable levels of UCP1, which indicates
that the KD did not induce browning of the WAT. Previous studies have proposed that the KD
causes browning in Sc Ing'*” and Epid**® WAT. However, these studies measured the gene
expression of UCP1%46147 and other markers of browning'#’. Evidently, this does not necessarily
translate to KD-induced alterations in protein levels, indicating that UCP1-mediated
thermogenesis was not enhanced by KD in WAT. However, the WAT of KD-fed rats displayed
time-dependent and depot-specific responses to different diets with regards to levels of lipolytic

proteins and how each fat depot responded to -adrenergic-induced lipolysis. This was evident for

B3-AdR and ATGL levels that increased in the Sc Ing fat depot at week 8 of KD and HFS feeding,
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whereas at week 16 only ATGL was elevated in HFS-fed rats. Conversely, the Epid fat of KD-
and HFS-fed rats had unchanged levels of f3-AdR and ATGL at week 8, but at week 16 both diets
elevated 33-AdR levels in the tissue. Furthermore, rates of Iso-stimulated lipolysis were not
affected by the dietary interventions in Sc Ing adipocytes, whereas in Epid fat adipocytes the HFS
diet markedly reduced it. This impairment in lipolytic capacity is supported by existing literature
reporting that obesity causes catecholamine resistance and blunts [-adrenergic-stimulated
lipolysis?®. Along the same lines, the HFS diet-induced elevation in Epid B3AdR was not
sufficient to reverse the attenuation in B-adrenergic signaling. These fat-depot specific patterns of
adaptations in WAT indicate that fat accumulation was favoured in visceral over Sc WAT, which
is metabolically detrimental®. Additionally, because adiposity similarly increased in HFS- and KD-
fed rats at weeks 8 and 16, time and fat depot-specific effects of the KD do not seem to dictate
accrual of fat mass. However, by preserving the lipolytic and lipogenic responses of the WAT, the
KD likely exerted a protective effect against the potentially harmful effects of diet-induced obesity.

In addition to the WAT-specific effects, the KD also altered metabolism in BAT. Similar to
previous studies, we found that the KD increased BAT UCP1 content**"4%, However, to our
knowledge, the effects of the KD on palmitate and glucose oxidation in brown adipocytes have
not been investigated. We measured Oligo-induced versus basal oxidation as a measure of
uncoupled oxidation, where the ratio between Oligo-induced and basal oxidation represents the
capacity for proton leak and, thus, uncoupling capacity in brown adipocytes’. Here, we show that
the KD enhanced the Oligo-induced oxidation of fatty acids in BAT, relative to basal, when
compared to the HFS diet group. In line with these findings, the KD also significantly elevated
BAT GyK content. In BAT, GyK mediates the replenishment of the TAG supply for

thermogenesis®®. In fact, it has been shown that cold exposure significantly increased BAT GyK
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activity and expression in rats?®. Thus, the observed elevations in UCP1, GyK and palmitate
oxidation suggest that KD-feeding could potentially enhance BAT thermogenesis. These effects
were consistent with the enhancement in BAT mass in the KD-fed animals. On the other hand, the
HFS-induced elevation in iBAT mass could be attributed to the increased GyK content that was
not met with an increase in fat consumption, leading to lipid accumulation and BAT growth.

The KD-induced increase in body weight and adiposity was contrary to our original
hypothesis and contradicts what has been reported in studies that show that KD attenuates body
weight, body mass index®, and fat mass?®®. However, in these studies, energy intake was either
not reported®® or the KD was hypocaloric®®®. This is relevant because it did not discriminate
whether the observed effects were caused by reduced energy intake or due to altered macronutrient
composition of the diet. In fact, studies that use a KD that is isocaloric to the control diet generally
show that fat mass is not significantly reduced*?° and may even be elevated under KD
conditions**8. Similarly, we also observed a KD-induced increase in fat mass under isocaloric
conditions, which was likely supported by the enhanced energy efficiency observed in these
animals, and a reduction in energy expenditure?®*. In this context, the KD-induced elevation in
BAT thermogenic capacity was likely not sufficient to account for the increased dietary fat intake
under chronic KD conditions. Furthermore, TAG recycling may not have increased energy
expenditure enough to induce fat loss?!. This limited capacity to oxidize fat could have led to the
diversion of fatty acids for storage in the WAT, driving the increase in adiposity. Nevertheless,
TAG recycling remains a crucial mechanism under KD conditions because it allowed the WAT to
cope with the abundance of dietary fat?*2, which likely facilitated the preservation of
catecholamine and insulin sensitivity in the white adipocytes®*2. In turn, it is plausible that the

maintenance of insulin-stimulated lipogenesis and B-adrenergic stimulated lipolysis prevented
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hyperglycaemia in these animals, despite the robust increase in fat mass®. Altogether, our data
support the notion that adiposity is not necessarily the cause of disease®. Rather, it is the
dysfunctional storage and breakdown of fat that triggers the onset of metabolic disorders®.
It is important to consider that the protein contents of the HFS and KDs differed from that
of the SC diet, where the two former diets had 20% kcal from protein and the latter was 27%.
Because total energy intake was not different, this means that kcal from protein was lower in the
HFS and KDs. Importantly, a low protein diet has been shown to increase sympathetic flux to BAT
and induce thermogenesis in this tissue?*. Therefore, we cannot discard the possibility that lower
dietary protein content in KD- and HFS-fed rats could have induced BAT activation and
potentially impacted BAT uncoupled oxidation, when compared to the SC group. However,
despite equal protein contents in the HFS and KD groups, we observed an elevation in uncoupled
oxidative capacity in the BAT of KD-fed animals, relative to HFS. Additionally, GyK was
measured as an indication of fat-storing capacity and was proposed to enhance the supply for
uncoupled FA oxidation in BAT from KD-fed animals. However, glycerol 3-phosphate may also
be used by mitochondrial glycerol 3-phosphate dehydrogenase (mMGPDH) to provide reducing
equivalents for the electron transport chain?4. This points to an alternative fate for glycerol 3-
phosphate that contributes to thermogenesis in BAT?**. However, mGPDH activity was not
assessed in the present study and warrants future investigations into the potential effects of the KD
on the glycerol 3-phosphate shuttle and mGPDH-mediated thermogenesis.
In conclusion, the KD enhanced uncoupled FA oxidation in BAT, increased the machinery
for TAG recycling in white adipocytes, and preserved insulin sensitivity and lipolytic capacity in
visceral and Sc WAT (Fig. 24). Despite upregulating these energy-dissipating pathways, this was

not sufficient to overcome the abundance of dietary fat, leading to increased storage in the white
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fat depots. However, the induction of these pathways was crucial to prevent metabolic
dysregulation and preserve insulin-stimulated lipogenesis*? in a condition of increased adiposity
in KD-fed rats. Together, these effects maintained WAT function and could prevent ectopic lipid
accumulation, which is of great importance to counteract obesity-induced dysfunctional metabolic

alterations in WAT>12,
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Figure 24: The HFS diet impaired insulin-stimulated glucose incorporation into lipids and Iso-
stimulated lipolysis in WAT. The HFS diet also decreased uncoupled FA oxidation and
upregulated GyK in BAT. These metabolic adaptations likely enhanced the lipid storage in BAT
as lipogenesis in WAT was impaired. In contrast, the KD preserved lipolysis and lipogenesis in
the white adipocytes and increased GyK levels. These KD effects enabled the WAT to recycle
glycerol and resynthesize lipids under conditions of enhanced lipolysis. Furthermore, the BAT of
KD-fed animals had increased levels of UCP1 and enhanced uncoupled fat oxidation. The fat
supply for uncoupled oxidation in BAT was maintained by the elevation in GyK. These energy-
dissipating mechanisms allowed the WAT and BAT from KD-fed rats to better cope with the
abundance of fat in the diet.
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6.1. Abstract

The ketogenic diet (KD) has been reported to reverse metabolic dysfunction in obesity. However,
it remains unknown how the KD affects the balance between the classical and counterregulatory
renin-angiotensin system (RAS) arms in adipose tissue, which carries important implications for
metabolic function in adipocytes. The aim of this study was to compare the effects of the
obesogenic and ketogenic diets on RAS balance in white and brown fat. To investigate this, male
Wistar rats were fed a standard chow (SC; n=9), high-fat sucrose-enriched (HFS) obesogenic diet
(n=11), or a KD (n=12). At the end of the 8-week feeding period, subcutaneous inguinal (Sc Ing),
epididymal (Epid) and interscapular brown adipose tissue (iBAT) fat depots were extracted and
subsequently used for the measurement of RAS proteins and MasR gene expression. Results: In
SC-fed rats, the Sc Ing fat displayed the highest levels of Angiotensin converting enzyme 1
(ACEL), but very low levels of Angiotensin-II type 1 and 2 receptors (AT:R and AT2R) and ACE2.
Conversely, the highest levels of ACE2, AT:R, and AT2R were found in iBAT. The HFS diet
increased AT1R protein in Sc Ing fat and iBAT, while the KD maintained low AT1R levels in these
fat depots. However, in Sc Ing and Epid fat depots, KD elevated AT2R levels and significantly
reduced Epid ACEZ1 levels. Therefore, despite fat depot-specific differences in RAS components,
the obesogenic diet promoted the classical RAS arm, whereas the KD attenuated it and enhanced

the counterregulatory arm.
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6.2. Introduction

The RAS is well-known for its role in regulating blood pressure and fluid balance?'>. Under
conditions of low blood pressure, renin is released in a rate-controlled manner from the kidney.
Renin cleaves liver-derived angiotensinogen (Agt) to produce Angiotensin-1 (Ang-1)1%. Ang-1 is
then converted to angiotensin-11 (Ang-I1) by angiotensin converting enzyme 1 (ACE1)%. Finally,
Ang-Il interacts with the Ang-I1 type 1 receptor (AT:R) to promote, through the classical RAS
arm, vasoconstriction and fluid retention, thereby regulating blood pressure and fluid balance to
homeostatic conditions'%215, However, hyperactivation of this pathway often leads to deleterious
effects such as hypertension, fibrosis, and inflammation°®2'°, In opposition to the classical arm of
the RAS is the counterregulatory arm. The latter is mediated by angiotensin converting enzyme 2
(ACE2)1%:216 that converts Ang-11 to angiotensin-(1,7) (Ang-(1,7)). Through the Mas receptor
(MasR), Ang-(1,7) elicits several physiological effects that oppose the ACE1/Ang-11/AT1R arm of
the RAS, including vasodilation, insulin sensitization, and anti-inflammatory effects0112.216.217,

One condition that promotes RAS hyperactivation is obesity*%>2!8 which is characterized
by the expansion of adipose tissue!®?'°, Of the two major types of adipose tissue, the white adipose
tissue (WAT) is specialized in energy storage, whereas the brown adipose tissue (BAT) burns
energy and releases heat in a process known as thermogenesis*’*°. Besides their role in energy
storage and thermogenesis, both WAT and BAT act as endocrine organs and express components
of the RAS®0220.221 ' 31though RAS regulation has been mostly attributed to alterations in WAT,
particularly under conditions of obesity?*":??1, In fact, hyperactivation of the classical ACE1/Ang-
I1/AT1R arm of the RAS lead to insulin resistance and WAT inflammation in mice overexpressing
Agt??. These mice exhibited an elevated expression of the pro-inflammatory cytokine monocyte

chemotactic protein-1 (MCP-1) in their epididymal (Epid) fat??2. Consistent with these findings,
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Lee et al. observed an elevation in the expression of MCP-1 in the Epid fat of Otsuka Long-Evans
Tokushima Fatty (OLETF) rats that was significantly reduced with the administration of an
angiotensin receptor blocker??!. Furthermore, incubation of 3T3-L1 adipocytes with Ang-I1 caused
a reduction in insulin-stimulated glucose uptake in these cells, an effect that was reversed by
angiotensin receptor blockade??!. At the whole-body level, treatment with an angiotensin receptor
blocker also improved glucose tolerance in OLETF rats??!. These findings suggest that RAS
activation in WAT has a major effect on insulin sensitivity and inflammation, and plays a crucial
role in the development of obesity-related metabolic disorders??. Conversely, the administration
of Ang-(1,7) to high-fat (HF)-fed mice increased BAT Akt phosphorylation, and improved
homeostatic model assessment-insulin resistance (HOMA-IR)'*2. It has also been reported that an
elevation in WAT MasR expression, induced by the ACE-inhibitor enalapril, caused
morphological and functional conversion of WAT adipocytes into brown adipocytes (WAT
browning), which carries great potential for the management of obesity and its related metabolic
disorders*1%. In addition to the ACE2/Ang-(1,7)/MasR axis, another angiotensin receptor type,
known as Ang-11 type 2 receptor (AT2R), exerts effects that are counterregulatory to the classical

223

arm of the RAS, including improvements to insulin sensitivity?? and inflammatory profile?'’, as

well as WAT browning?%°

. Therefore, interventions that alter the balance between the classical and
counterregulatory arms of the RAS appear to be effective at reversing obesity-related metabolic
disorders. One dietary intervention that has been successful at reducing adiposity, improving
insulin resistance, and attenuating inflammation has been the ketogenic diet (KD)'*46. However,
to the best of our knowledge, it remains to be determined whether major differences exist in RAS

regulation in WAT and BAT under obesogenic and ketogenic dietary conditions. In this context,

we tested the hypothesis that, due to its anti-obesogenic effect'#'6, a KD would enhance the
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counterregulatory arm of the RAS in WAT and BAT, whereas under obesogenic dietary
conditions, the classical RAS arm would be heightened in both fat depots. Here, we show that the
KD shifted the WAT RAS profile to the counterregulatory arm and that the obesogenic diet

elevated the ACE1/Ang-1I/AT1R arm in both WAT and BAT.

6.3. Materials and Methods

Reagents — Protease (cOmplete Ultra Tablets) and phosphatase (PhosSTOP) inhibitors were
obtained from Roche Diagnostics GmbH (Mannheim, Germany). The ACE1 (ab254222), ACE2
(ab108252), ATiR (ab124734), and AT2R (ab92445) antibodies were purchased from Abcam
(Toronto, ON, Canada), and the B-actin (cat. no. 4967), p44/42 Mitogen-activated protein kinase
(MAPK) (ERK1/2) (cat. no. 4695) and phosphorylated p44/42 MAPKT202Tyr204 (\ERK 1/2) (cat.
no. 9101) antibodies were purchased from Cell Signaling (Danvers, MA, USA).

Animals — Male albino rats from the Wistar strain (Envigo, Indianapolis, IN, USA) weighing 200
— 250g (initial weight) were maintained in a constant-temperature (23°C), with a fixed 12-h
light/12-h dark cycle and fed for 8 weeks ad libitum either a standard chow diet (n=9) (SC, 27.0%,
13.0%, and 60.0% of calories provided by protein, fat, and carbohydrates, respectively) a HF,
sucrose-enriched (HFS) diet (n=11) (20.0%, 60.0%, and 20.0% of calories provided by protein,
fat, and carbohydrates [sucrose], respectively) or a KD (n=12) (20%, 80% and 0% of calories
provided by protein, fat and carbohydrates, respectively). The SC (standard rat chow, catalog #
5012) was purchased from TestDiet (Richmond, IN, USA). The HFS and ketogenic diets (catalog
# D12492 and DO03022101, respectively) were purchased from Research Diets Inc. (New
Brunswick, NJ, USA). At the end of the feeding period, animals were anesthetized (0.4 mg

ketamine and 8 mg xylazine per 100g of body weight) and the Sc Ing, Epid, and iBAT fat pads
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were extracted and weighed. A sample of each fat depot was immediately frozen in liquid nitrogen
for subsequent experiments.

Ethics approval — The protocol containing all animal procedures described in this study was
specifically approved by the Committee on the Ethics of Animal Experiments of York University
(York University Animal Care Committee, YUACC, permit number: 2021-03) and performed
strictly in accordance with the YUACC guidelines. All tissue extraction procedures were
performed under ketamine/xylazine anesthesia, and all efforts were made to minimize suffering®®.
All experiments in this study were carried out in compliance with the ARRIVE guidelines?®,
Western blotting analysis of ERK phosphorylation and ACE1, ACE2, ATR, and AT2R protein
levels in the Sc Ing, Epid and iBAT fat depots — Sc Ing, Epid and iBAT samples were
homogenized in a buffer containing 25 mM Tris-HCI, 25 mM NaCl (pH 7.4), 1 mM MgCly, 2.7
mM KCI, 1% Triton X-100 and protease and phosphatase inhibitors (Roche Diagnostics GmbH,
Mannheim, Germany). Homogenates were centrifuged, the infranatant was collected, and an
aliquot was used to measure protein by the Bradford method. Samples were diluted 1:1 (vol:vol)
with 2x Laemmli sample buffer and heated to 95°C for 5 min. Twenty five pg of protein were
loaded in each well. Samples were then subjected to SDS-PAGE, transferred to PVDF membrane,
and probed for the proteins of interest. All primary antibodies were used at a dilution of 1:1,000.
All densitometry analyses were performed using the ImageJ program. The comparative analysis
of Sc Ing, Epid and iBAT RAS components (Fig. 25) was performed using samples from animals
fed a SC diet for 8 weeks. The remaining blots contained samples from SC-, HFS- and KD-fed
animals.

RNA isolation and quantitative PCR — Primers were designed using the software PrimerQuest

(IDT) based on probe sequences available at the Affymetrix database (NetAffx™ Analysis Centre,
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http://lwww.affymetrix.com/analysis) for each given gene. RNA was isolated from Sc Ing, Epid
and iBAT tissues using Trizol™ (ThermoFisher Scientific, Waltham, MA, USA). Complimentary
DNA (cDNA) was made from 2ug of extracted RNA using the ABM OneScript cDNA Synthesis
kit (Diamed, Mississauga, ON, Canada), according to the manufacturer’s instructions. Samples
were run in duplicates on 96-well plates, and each 20ul reaction contained 4ul of cDNA, 0.4ul of
primer, 10ul of Brightgreen 2x qPCR Mastermix (Diamed, Mississauga, ON, Canada) and 5.6ul
of RNase-free water. Real-time PCR analysis was performed using a Bio-Rad CFX96 Real Time
PCR Detection System (Bio-Rad, Mississauga, ON, Canada) using the following amplification
conditions: 95°C (10 min); 40 cycles of 95°C (15s), 60°C (60s). All genes were normalized to the
control gene B-actin, and differences in gene expression between groups were determined using
the AACt method'®. Values are expressed as fold increase relative to the SC group. Primer
sequences utilized were as follows: Mas1 forward (CGCCAACCCTTTCATCTACT) and reverse
(CCTAGGTTGCATCTCGTCTTT); and B-actin forward (GTGAAAAGATGACCCAGATC)
and reverse (CACCGCCTGGATGGCTACGT).

Statistical Analyses — Data were expressed as Mean + SEM. Statistical analyses were performed
by using mixed-model analyses and one-way ANOV As with Bonferroni multiple comparison post-
hoc tests, as indicated in the figure legends. The GraphPad Prism software version 9.1.12 was used
for all statistical analyses and for the preparation of all graphs. The level of significance was set to

p<0.05.

6.4. Results

Body weight (BW) of SC, HFS and KD-fed animals at weeks 0, 4 and, 8 of the feeding period —
All three diet groups experienced progressive weight gain from weeks 0 to 8 (Table 5). As

expected, BW was significantly higher in the HFS than the SC animals at weeks 4 and 8 (Table
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5). However, BW was not significantly different between the HFS and KD-fed animals at any
point during the feeding period. Moreover, when compared to the SC animals, the KD elevated

BW by 10 and 13.9%, at weeks 4 and 8, respectively (Table 5).

Table 5: Body weights of SC, HFS and KD-fed animals at weeks 0, 4 and 8 of the feeding
period.

Duration (weeks)

0 4 8
#
Body weight e 2135+ 3.8 344.8 + 11.2* 416.7 + 15.3
(9) HF 219.2+4.8 385.7 + 8.7*" 480.0 + 14.0%
KD 225.0 + 3.9 379.3 + 5.8*" 474.7 +9.171

*p<0.05 vs. week 0 in respective group. *p<0.05 vs. weeks 0 and 4 in respective group. 'p<0.05 vs. SC in
respective week. Data are expressed as mean + SEM. Mixed-effects model analysis. n=5 in the SC group,
n=7 in the HFS group and n=8 in the KD group.

Tissue comparison of RAS proteins in Sc Ing, Epid, and iBAT fat depots —To assess the potential
physiological importance of individual RAS components in the distinct fat depots, we measured
RAS protein levels in the WAT and BAT of rats fed a SC diet for 8 weeks. ACE1 was 4.9- and
9.6-fold higher in Sc Ing fat than in Epid fat and iBAT, respectively (Fig. 25A), whereas ACE2
was most abundant in iBAT (Fig. 25B). In fact, ACE2 levels in iBAT were 11.6-fold higher than
in Sc Ing fat (Fig. 25B). Although the difference between Sc Ing and Epid ACE2 contents did not
reach statistical significance, Epid fat had the lowest ACE2 levels of all three fat depots (Fig 25B).
With respect to ATiR and AT2R, iBAT displayed significantly higher contents of these two
receptors than Sc Ing and Epid fat pads (Fig. 25C and D).

Effects of diet on Sc Ing, Epid and iBAT ACE1 and ACE2 protein contents — HFS-feeding
significantly suppressed ACEL content by ~82% in Sc Ing fat, relative to the SC animals (Fig.
26A), but did not alter Epid ACEL1 levels (Fig. 26C). KD-feeding, on the other hand, attenuated
both Sc Ing and Epid ACE1 by ~75 and 87%, respectively (Fig. 26A and 26C). ACE2 was also

significantly decreased by both the HFS and KDs in Sc Ing fat (Fig. 26B). However, neither diet
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altered Epid ACE2 content (Fig. 26D). In this context, the KD did not influence Epid ACE2 and
decreased ACE1, indicating a shift toward the counterregulatory arm of the RAS in this tissue.
With regards to iBAT, HFS- and KD-feeding attenuated ACE1 content (Fig. 26E) and the HFS

diet suppressed ACE2 (Fig. 26F); however, these effects were not statistically significant.
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Figure 25: Angiotensin converting enzyme 1 (ACE1) content was highest in the subcutaneous
inguinal (Sc Ing) fat (A). However, angiotensin converting enzyme 2 (ACE2), angiotensin Il type
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1 receptor (AT1R) and angiotensin Il type 2 receptor (AT2R) (B, C and D, respectively) were more
abundant in interscapular brown adipose tissue (iBAT) than in Sc Ing or epididymal (Epid) fat
depots. ACE2 levels were elevated in Sc Ing fat, relative to Epid fat, however this difference did
not reach statistical significance (B). Statistically significant differences denoted by different
letters. p<0.05. Bars represent mean + SEM. One-way ANOVA. n=4 rats.
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Figure 26: The high-fat sucrose-enriched (HFS) diet and the ketogenic diet (KD) significantly
reduced Sc Ing ACE1 and ACE2 protein contents (A and B, respectively). In Epid fat, only the
KD significantly attenuated ACEL1 levels, relative to the SC group (C). However, diet did not
affect ACE2 levels in this tissue (D). Finally, ACE1 and ACEZ2 levels were not significantly
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altered by dietary intervention in iBAT (E and F, respectively). Statistically significant
differences denoted by different letters. p<0.05. Bars represent mean = SEM. One-way ANOVA.
n=4-7 rats.

Effects of diet on Sc Ing, Epid and iBAT AT:R and AT2R protein contents — Sc Ing and iBAT
AT1R levels increased ~4.6- and 3-fold, respectively, in the HFS group, relative to the SC group
(Fig. 27A and E, respectively). In the Epid fat, AT1R levels were neither altered by the HFS diet
nor the KD (Fig. 27C). However, the KD increased AT:2R protein levels by 23.4- and 5.2-fold in
Sc Ing and Epid fat, respectively (Fig. 27B and D, respectively). In iBAT, no significant alteration
in AT2R protein levels was detected with any of the diets (Fig. 27F). Altogether, these findings
demonstrate that the HFS and KD exerted tissue-specific effects with respect to ATiR and AT2R
levels in Sc Ing, Epid, and iBAT fat depots.

Effect of diet on Sc Ing, Epid, and iBAT MasR gene expression — Sc Ing expression of Mas1, the
gene that encodes the MasR, was downregulated by ~82 and 80% in HFS- and KD-fed animals,
respectively (Fig. 28A), whereas in Epid and iBAT the expression of the MasR was not altered by
diet (Fig. 28B and C). These Mas1-related findings indicate that both the HFS and KD exerted a
potential reduction of the counterregulatory ACE2/Ang-(1,7)/MasR/AT2R arm of RAS, although
this effect was restricted to the Sc Ing WAT.

Phosphorylation of ERK1/2 in WAT and BAT following the dietary interventions — To assess
whether diet-induced changes in RAS receptors were influencing Ang signalling in WAT and
BAT, we measured phosphorylation of the downstream protein ERK1/2220224  ERK1/2
phosphorylation in Sc Ing, Epid, and iBAT did not differ among diets (Fig. 29A, B and C).
However, the pERK1/2/ERK1/2 ratio tended to increase with KD-feeding in all three tissues,

relative to the HFS group (Fig. 29).
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Figure 27: AT(R content was significantly increased in Sc Ing fat with the HFS, but not KD (A).
In contrast, the KD, but not the HFS diet, elevated Sc Ing AT2R (B). In Epid fat, AT1R was not
altered with diet (C), however AT2R content was increased in animals fed the KD (D). Similar to
the Sc Ing fat, iIBAT AT:R content was elevated in the HFS-fed animals (E). Conversely, AT2R
was not influenced by diet (F). Statistically significant differences denoted by different letters.
p<0.05. Bars represent mean + SEM. One-way ANOVA. n=4-7 rats.
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Figure 28: Mas receptor (MasR) expression was significantly attenuated in Sc Ing fat by both
the HFS diet and KD (A). However, gene expression of the MasR was not altered by diet in Epid
fat or BAT (B and C, respectively). Statistically significant differences denoted by different
letters. p<0.05. One-way ANOVA. n=4-7 rats.
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Figure 29: p44/42 mitogen activated protein kinase (ERK1/2) phosphorylation was not influenced
by diet in the Sc Ing, Epid or iBAT fat depots (A, B and C, respectively). Statistically significant
differences denoted by different letters. p<0.05. One-way ANOVA. n=4-7 rats.
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6.5. Discussion

Here, we demonstrate that levels of RAS components differ significantly between WAT
and BAT, and that the HFS and KD regulated ACE1 and ACEZ2, as well as AT{R, AT2R protein
contents and Masl gene expression in a fat depot-specific manner. In line with our original
hypothesis, overall, the HFS obesogenic diet enhanced the classical arm of the RAS, whereas the
KD enhanced the protective, counterregulatory RAS arm. This was supported by our findings that,
despite major fat depot differences with respect to their contents in RAS proteins, the KD
significantly increased AT.R and attenuated ACEL levels in both WAT depots. Importantly,
because the Sc Ing fat exhibited the highest levels of ACE1, the marked reduction of ACE1 by the
KD is consistent with attenuated activity of the classical RAS arm in this tissue. This is in line with
previous observations that elevations in Sc Ing WAT Ang-I1 levels under conditions of HF diet-
induced obesity are dependent on ACE1 in mice'®.

In Sc Ing fat, ACE1 levels were also reduced by the HFS diet, which is apparently at odds
with our initial hypothesis because it suggests that the obesogenic diet attenuated the classical arm
of the RAS. However, in both HFS- and KD-fed animals, the decrease in ACE1 content was
accompanied by a reduction in ACE2 in the SC Ing fat depot. Thus, although lower ACE1 levels
could potentially lead to suppressed Ang-1l formation in this tissue, the concomitant reduction of
ACE2 favored impairment in the conversion of Ang-Il to Ang-(1,7), likely leaving the Ang-lI
levels unaffected and Ang-(1,7) levels potentially reduced. In line with this, Giori et al. observed
unchanged levels of Ang-Il, and a trend to decrease Ang-(1,7) in the Sc WAT of HF-fed mice
compared to controls®®. In this context, the diet-induced shift of the Sc Ing RAS does not appear
to be influenced by alterations to ACE1 or ACE2 contents and is instead mediated by changes in

the expressions of the Ang receptors.
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Analysis of ATiR and AT2R protein levels revealed that these receptors were not very
prominent in the WAT fat depots from SC-fed rats. However, in the Sc Ing fat and iBAT of HFS-
fed rats, AT<R levels were significantly increased, whereas the KD did not affect the levels of this
receptor in any of the tissues. In white adipocytes, stimulation of AT1R has been shown to increase
inflammatory markers, such as MCP-1 mRNA expression and NFkB transcription??!. Furthermore,
in a rat model of metabolic dysfunction, administration of the AT:R antagonist L158809 improved
glucose tolerance??!. Thus, the HFS diet-induced elevation in the content of this receptor is
consistent with activation of the classical RAS arm and induction of detrimental metabolic effects
observed in adipose tissue in obesity'+1%5221 |n addition to the enhanced AT:R content, Sc Ing
MasR expression was significantly reduced in HFS-fed animals. Indeed, other studies have
reported that an obesogenic diet attenuates MasR expression in subcutaneous fat and reduces the
activity of the counterregulatory RAS arm'%®. Importantly, KD-feeding did not alter AT:R levels
in any of the fat depots studied but induced a robust increase in Sc Ing and Epid AT2R levels, an
effect that likely compensated for the KD-induced attenuation in MasR expression in Sc Ing fat.
This is compatible with our finding that the KD caused a reduction in Sc Ing ACE2 (Fig. 26B),
which potentially decreased Ang-(1,7)/MasR signaling and, consequently, the expression of the
MasR??*. Therefore, the KD-induced elevation of AT2R could potentially counteract the classical,
pro-inflammatory arm of the RAS'® in WAT. In iBAT, however, neither the HFS nor the KD
altered AT2R levels, despite this tissue displaying the highest relative abundance of this receptor.
The lack of an effect of dietary intervention on BAT AT2R can be explained by the reduced
physiological importance of this receptor for thermogenesis in mature adipocytes. This is
compatible with reports that the differentiation of brown adipocytes depends on AT2R signaling®®°,

whereas fully differentiated cells rely on MasR signaling for BAT activation®. As previously
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mentioned, the gene expression of MasR was unchanged by any of the dietary interventions, and
this likely sufficed to maintain iBAT activity. Nevertheless, the elevated abundance of the Ang
receptors and ACE2 in BAT indicates a higher capacity for Ang signaling in this tissue.

A complex network involving several factors determines the downstream signaling of Ang
receptors®t’-220, One protein that is particularly relevant for Ang signaling in the adipose tissue is
ERK1/2?%%, In adipocytes, ERK1/2 phosphorylation is enhanced by AT:R stimulation, whereas
stimulation of the MasR or AT2R attenuates ERK1/2 phosphorylation??%224, In the present study,
ERK1/2 phosphorylation was not significantly altered by diet in any of the three fat depots studied,
although tissue-specific trends in ERK1/2 phosphorylation appear to exist. It is noteworthy that
studies demonstrating Ang-ll-mediated ERK phosphorylation were performed in isolated
adipocytes, incubated in the absence or presence of Ang-I1, Ang-(1,7)??* and angiotensin receptor

antagonists??

. Although this experimental model is valuable for the observation of isolated effects
induced by individual factors on cellular signaling pathways, it does not account for other
circulating hormones that also act on the same downstream targets. For instance, fibroblast growth
factor 21 (FGF21), which is known to be altered with KD-feeding**®, promotes ERK1/2
phosphorylation?’. In this study, freshly isolated whole WAT was used to assess ERK1/2
phosphorylation, and the presence of cells other than adipocytes in the stromal vascular fraction
(fibroblasts, blood and blood vessels, immune cells, and nerve tissue) also likely affected the
results. Thus, we cannot discard the possibility that the dietary interventions meaningfully affected
the ability of the classical and counterregulatory arms of the RAS to signal through ERK1/2
phosphorylation in adipocytes.

The KD has been demonstrated to cause significant reductions in adiposity and body

weight (BW) in humans'*®°. In this study, we found that KD-fed rats displayed lower BW than
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HFS-fed rats, although this difference was not statistically significantly, which is inconsistent with
the typical effects of KD on adiposity in humans. However, this apparent discrepancy can be
explained by species differences with respect to BW responses to feeding. This is also evident
when comparing mice vs. rats and even among distinct rat strains utilized in studies reporting the
effects of KD on BW#6:218 |n fact, in a previous study conducted in Sprague-Dawley (SD) rats?8,
we observed that animals fed for 8 weeks with the same KD reached lower BW than their
counterparts fed a HFS diet. In this study, we used Wistar rats, which display a very distinct pattern
of food intake and fat and BW gain when compared to SD rats fed similar diets. Nevertheless, the
elevation in BW did not prevent the KD-induced shift of WAT RAS components toward the
counterregulatory arm.

In conclusion, major depot-specific differences in RAS components were detected between
WAT and BAT. This was evidenced by the Sc Ing fat displaying the highest levels of ACE1, but
very low levels of AT1R, AT2R, and ACE2. Conversely, the highest levels of ACE2, AT:R, and
AT2R were found in iBAT. Despite these differences, the HFS diet increased the ACE1/Ang-
II/AT:R arm of the RAS, whereas the KD enhanced the ACE2/Ang-(1,7)/MasR/AT2R
counterregulatory arm of the RAS in WAT. These findings provide evidence that the KD can be a
valuable dietary intervention for the management of the adipose tissue RAS, and can thereby serve
to potentially counteract the dysfunctional metabolism and inflammation'®* that are observed in

adipose tissue with obesity.
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7.1. Abstract

Obesity increases the severity of SARS-CoV-2 outcomes. Thus, this study tested whether
obesogenic and ketogenic diets distinctly affect SARS-CoV-2 entry proteins and the renin-
angiotensin system (RAS) in rat pulmonary and cardiac tissues. To investigate this, male Sprague-
Dawley rats were fed either standard chow (SC), a high-fat sucrose-enriched diet (HFS), or a
ketogenic diet (KD) for 16 weeks. Afterwards, levels of angiotensin converting enzyme 2 (ACE2),
transmembrane protease serine 2 (TMPRSS2), RAS components, and inflammatory genes were
measured in the lungs and hearts of these animals. In the lungs, HFS elevated ACE2 and TMPRSS2
levels relative to SC diet, whereas the KD lowered the levels of these proteins and the gene
expressions of toll-like receptor 4 and interleukin-6 receptor relative to HFS. The diets did not
alter ACE2 and TMPRSS?2 in the heart, although ACE2 was more abundant in heart than lung
tissues. Thus, diet-induced obesity increased the levels of viral entry proteins in the lungs,
providing a mechanism whereby SARS-CoV-2 infectivity can be enhanced in obese individuals.
Conversely, by maintaining low levels of ACE2 and TMPRSS2 and by exerting an anti-
inflammatory effect, the KD can potentially attenuate the severity of infection and migration of

SARS-CoV-2 to other ACE2-expressing tissues.
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7.2. Introduction

Obesity is characterized by an expansion in white adipose tissue (WAT) mass and is linked

to a number of comorbidities, including hypertension and diabetes??®

. More recently, obesity has
emerged as a major risk factor for severe illness related to COVID-19 infection??%227, Infection
with the severe acute respiratory syndrome-coronavirus-2 (SARS-CoV-2) occurs mainly through
the airway''®. At the cellular level, the virus binds to its receptor, ACE23122, The interaction
between ACE2 and SARS-CoV-2 occurs via the virus’s spike (S) protein; however, an additional
crucial step catalyzed by transmembrane protease serine 2 (TMPRSS2) leads to cleavage of the S
protein'!3122 This latter step allows for fusion of the virus and host cell membranes so endocytosis
of the virus can occur. Once inside the cell, the virus can utilize the cell’s ribosomes to transcribe
its own RNA and undergo replication!!”. The enhanced susceptibility of obese individuals to
severe COVID-19 outcomes has been linked to elevations in ACE2 and TMPRSS2 in lung
tissues'*31%5, In fact, Sarver and Wong showed that ACE2 expression was elevated in the lungs
and tracheas of male, obese mice!*3. Similarly, Batchu et al. reported elevations in ACE2 and
TMPRSS2 protein contents in the lungs of HF-fed, diabetic mice?®. In this context, the diet-
induced elevations in SARS-CoV-2 entry proteins provide a plausible mechanism that explains
the increased susceptibility of obese individuals to severe outcomes. It is important to note that
ACE?2 is also a component of the renin-angiotensin aldosterone system (RAS) which has emerged
as another possible mechanism mediating COVID-19-related illness?%,

The RAS is classically responsible for the regulation of fluid balance and blood pressure??,
In short, the kidney releases renin, which converts liver-derived angiotensinogen into angiotensin

I (Ang-1)!%. Ang-I is then processed into angiotensin-1l (Ang-11), mainly in the pulmonary

circulation!®’, by angiotensin converting enzyme (ACE1)%. Ang-11 can then bind to the G-protein
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coupled receptor angiotensin-11, type 1 receptor (AT:R)% where it induces vasoconstriction, water
retention and sympathetic nervous system activation'. Under conditions of hypertension and
obesity, hyperactivation of the RAS leads to inflammation, fibrosis and oxidative damage®?. In
this context, therapies aimed at increasing flux through the counterregulatory arm of the RAS have
gained attention as a potential treatment for hypertension and obesity??%2?¢, These effects are
mainly mediated by ACE2, which converts Ang-II into Ang(1,7)%?. Ang(1,7) binds to the Mas

receptor (MasR) which exerts protective, anti-inflammatory effects%

. Moreover, Ang-11 can also
bind to angiotensin 11, type 2 receptor (AT2R)??%. ATR exerts similar effects to MasR, however it
is mainly expressed under conditions of AT1R hyperactivation and injury to suppress inflammation
and oxidative stress'*t??6  Following COVID infection, ACE2 becomes downregulated??®.
Consequently, the obesity-induced elevation in Ang-I1 increases signaling through AT1R, which
promotes inflammation and tissue damage??®. Thus, the role of ACE2 in COVID-19-related illness
extends beyond serving as a viral entry protein. Rather, it is also implicated in the inflammatory
response that ensues, which carries a profound impact for tissue damage and organ failure??. In
this context, shifting obese individuals from the ACE1/Ang-II/AT:R arm to the
ACE2/Ang(1,7)/MasR and AT2R arm is of great importance to reduce the susceptibility of obese
individuals to severe COVID-19 outcomes.

Recently, the ketogenic diet (KD) has sparked interest as a potential therapeutic tool for
the management of obesity. In fact, it has been shown that the KD improved blood pressure,
glycemia and body weight in Type 2 diabetic patients®® and carries potential as a anti-inflammatory
diet'*®, However, to our knowledge, little is known regarding the effect of the KD on the RAS

components in lung and heart tissues. Moreover, despite there being evidence that obesity

enhances the expression of ACE2 and TMPRSS2 in lung tissue, to the best of our knowledge no
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studies have evaluated whether a KD can affect molecular steps involved in SARS-CoV-2
infection. In this context, our study aims to compare the effects of different dietary interventions
on the contents of viral entry proteins and RAS components in lung and heart tissues. Here we
provide a detailed analysis of how an obesogenic diet regulates ACE2 and TMPRSS2 contents, as
well as AT:1R and AT2R levels in lung and cardiac tissues. Additionally, we test whether a KD can

alter the levels of these proteins and reduce the expression of inflammatory genes in the lungs.

7.3. Materials and Methods

Reagents — Protease (cOmplete Ultra Tablets) and phosphatase (PhosSTOP) inhibitors were
obtained from Roche Diagnostics GmbH (Mannheim, Germany). The Insulin ELISA kit was be
purchased from Millipore-Sigma (Burlington, MA, USA). The ACEl (ab254222), ACE2
(ab239924), ATiR (ab124734), AT2R (ab92445) and TMPRSS2 (ab92323) antibodies were
purchased from Abcam (Toronto, ON, Canada) and the B-actin (cat. no. 4967) antibody was
purchased from Cell Signaling (MA, USA).

Animals — Male albino rats from the Sprague-Dawley strain (Envigo, IN, USA) weighing 200 —
250 g (initial weight) were maintained in a constant-temperature (23 °C), with a fixed 12-h
light/12-h dark cycle and fed for 16 weeks ad libitum either a standard chow diet (SC, 27.0 %,
13.0 %, and 60.0 % of calories provided by protein, fat, and carbohydrates, respectively) a HF,
sucrose-enriched (HFS) diet (20.0%, 60.0%, and 20.0% of calories provided by protein, fat, and
carbohydrates [sucrose], respectively) or a KD (20%, 80% and 0% of calories provided by protein,
fat and carbohydrates, respectively). The energy densities for the SC, HFS and ketogenic diets
were 3.43, 5.24 and 6.14 kcal/g, respectively. The SC diet (standard rat chow, catalog # 5012) was
purchased from TestDiet (Richmond, IN, USA). The HFS and ketogenic diets (catalog # D12492

and D03022101, respectively) were purchased from Research Diets Inc. (New Jersey, NJ, USA).
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Energy intake was not significantly different between the three groups at weeks 0, 4 and 8 (Table
6). At week 16, the KD-fed animals had 17.9 and and 18.1% lower energy intake than the SC and

HFS-fed animals, respectively (Table 6).

Table 6: Energy intake at weeks 0, 4, 8, and 16 in the SC-, HFS-, and KD-fed animals.

Week SC HFS KD
0 69.23 + 3.8 66.49 £ 2.3 66.49 £ 2.9
Energy intake 4 72.60+4.2 68.37 £ 4.0 63.83 £ 0.76
(kcal/rat/day) 8 65.83+2.9 66.94 + 3.2 59.82+1.1
16 69.65 + 2.1 69.75 £ 6.0 57.15+50*

*p < 0.05 vs. SC and HFS within the respective week. Data are expressed as mean £ SEM.
Two-way ANOVA. n = 3-7.

Ethics approval — The protocol containing all animal procedures described in this study was
specifically approved by the Committee on the Ethics of Animal Experiments of York University
(York University Animal Care Committee, YUACC, permit number: 2021-03) and performed
strictly in accordance with the YUACC guidelines. All tissue extraction procedures were
performed under ketamine/xylazine anesthesia, and all efforts were made to minimize suffering®®.
All experiments in this study were carried out in compliance with the ARRIVE guidelines?°®.
Glucose monitoring and determination of plasma insulin concentrations — Blood from all
animals was collected in the fed state between 15:00 and 16:00 h by saphenous vein bleeding and
used to determine plasma glucose using the OneTouch UltraMini blood glucose monitoring system
from LifeScan Canada Ltd (Vancouver, BC, Canada). Insulin was measured using a commercially
available kit listed in the reagents section. All procedures were performed according to instructions
provided by the manufacturer of the Kit.

Western blotting analysis of ACE1, ACE2, AT:R, AT2R, and TMPRSS2 protein levels in lung
and cardiac tissues — Lung and heart tissues were homogenized in a buffer containing 25 mM

Tris-HCI, 25 mM NaCl (pH 7.4), 1 mM MgCly, 2.7 mM KCI, 1% Triton X-100 and protease and
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phosphatase inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). Homogenates were
centrifuged, the supernatant was collected, and an aliquot was used to measure protein by the
Bradford method. Samples were diluted 1:1 (vol:vol) with 2x Laemmli sample buffer and heated
to 95°C for 5 min. 25 pg of protein were loaded in each well. Samples were then subjected to SDS-
PAGE, transferred to PVDF membrane, and probed for the proteins of interest. All primary
antibodies were used at a dilution of 1:1,000. All densitometry analyses were performed using the
ImageJ program.

RNA isolation and quantitative PCR — Primers were designed using the software PrimerQuest
(IDT) based on probe sequences available at the Affymetrix database (NetAffx™ Analysis Centre,
http://www.affymetrix.com/analysis) for each given gene. RNA was isolated from lung and heart
tissues using Trizol™ (Fisher Scientific, MA, USA). Complimentary DNA (cDNA) was made
from 2 pg of extracted RNA using the ABM OneScript cDNA Synthesis kit (Diamed, Mississauga,
ON, Canada), according to the manufacturer’s instructions. Samples were run in duplicates on 96-
well plates, and each 20 pl reaction contained 4 pl of cDNA, 0.4 pl of primer, 10 pl of Brightgreen
2x qPCR Mastermix (Diamed, Mississauga, ON, Canada) and 5.6 pl of RNase-free water. Real-
time PCR analysis was performed using a Bio-Rad CFX96 Real Time PCR Detection System
(Bio-Rad, Mississauga, ON, Canada) using the following amplification conditions: 95°C (10 min);
40 cycles of 95°C (15 s), 60°C (60 s). All genes were normalized to the control gene B-actin, and
values are expressed as fold increases relative to control*®, Primer sequences utilized are shown

in Table 7.
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Table 7: Primer sequences for gPCR.

Forward Reverse
masl 5'-CGCCAACCCTTTCATCTACT-3’ 5-CCTAGGTTGCATCTCGTCTTT-3'
tird  5-ACCTAAGGAGAGGAGGCTAAG-3' 5'-GGTAACTGCAGCACACTACA-3'
ilér 5'-TGGAGCAGACAGAGAGACTT-3’ 5'-AGCTTACAGGTAACAGAGCATAAA-3'
tnfrl 5'-CCCTGTGAACCTCCTCTTTG-3' 5'-CTATGTACACCAAGTCGGTAGC-3'
B-actin  5-GTGAAAAGATGACCCAGATC-3’ 5'-CACCGCCTGGATGGCTACGT-3'

Statistical Analyses — Data were expressed as Mean + SE. Statistical analyses were performed by
using mixed-model analyses and one-way ANOVAs with Bonferroni multiple comparison post-
hoc tests, as indicated in the figure legends. The GraphPad Prism software version 9.1.12 was used
for all statistical analyses and for the preparation of all graphs. The level of significance was set to

p<0.05.
7.4. Results

Body weight (BW), glycemia, and insulinemia — HFS-fed animals gained significantly more
weight than the SC and KD-fed animals (Table 8). This difference in BW was statistically
significant at weeks 8 (409.77 + 14.6 grams in the HFS group vs. 370.21 + 14.3 and 374.24 + 6.6
g in the SC and KD groups, respectively), 12 (452.3 + 15.7 g in the HFS group vs. 400.47 + 15
and 404.69 £ 6.5 g in the SC and KD groups, respectively), and 16 (470.81 £ 17.1 g in the HFS
group vs. 421.29 £ 15.7 and 425.54 + 4.7 g in the SC and KD groups, respectively).

Table 8: Body weight of SC-, HFS-, and KD-fed rats at the beginning of the study (week 0) and
after 4, 8, 12, and 16 weeks of dietary intervention.

Duration of Study (Weeks)

Groups 0 4 8 12 16

SC 23197+71 317.21+104  370.21+143 400.47 £15.0 42129 +15.7

Body mass(9) HFS  236.18+5.4 345.97+10.7 409.77 +14.6* 4523+157* 470.81+17.1*

KD 230.12+3.6 321.21+45 374.24 +6.6 404.69 £ 6.5 425.54 £ 4.7

*p < 0.05 vs. SC and KD within the respective weeks. Data are expressed as mean £ SEM.
Mixed-effects model analysis. n = 7-9.

With respect to blood glucose levels, there was no significant difference among the three groups
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at weeks 0 and 16 (Table 9). Insulinemia increased in both the HFS (1.90 £ 0.33 to 7.68 + 1.54
ng/ml) and KD groups (2.18 + 0.34 to 5.85 + 0.66 ng/ml) from week 0 to week 16 (Table 9).
However, at week 16, only the HFS had significantly higher blood insulin levels than the SC group
(Table 9). In fact, the HFS diet-induced elevation in blood insulin concentration was of 79%,
relative to the SC animals (Table 9), which is an indication of insulin-resistance in these animals.
In contrast, the SC and KD groups did not have statistically significant blood insulin levels at week
16 (Table 9).

Table 9: Glycemia and insulinemia levels at the beginning (week 0) and at the end of the dietary
intervention (week 16) in SC-, HFS-, and KD-fed rats.

Duration of Study (Weeks)

Blood Parameters Groups 0 16
SC 6.85+0.12 5.72+0.18*
Glucose (mmol/I) HFS 6.77 £0.21 591+0.10%
KD 6.59 £ 0.12 5.71+0.07*
SC 2.16 £0.50 4.30+0.43
Insulin (ng/mL) HFS 1.90+0.33 7.68 £ 1.54 *#
KD 2.18+0.34 5.85+0.66 *

*p < 0.05 vs. SC within the respective week; # p < 0.05 vs. week 0 measurement. Data are
expressed as mean = SEM. Mixed-effects model analysis, n = 6-7.

ACE2 and TMPRSS2 levels in lung and heart tissues — We extracted lung and heart tissues from
the animals for measurement of SARS-CoV-2 cellular entry proteins ACE2 and TMPRSS2. The
HFS diet increased lung ACE2 content 3.8- and 6-fold, when compared to the SC and KD groups,
respectively (Fig. 30A). A similar pattern was observed for TMPRSS2 where, for the HFS diet,
the levels of this protein increased by 5.1- and 3.4-fold, relative to the SC and KD groups,
respectively (Fig. 30B). However, in cardiac tissue, no significant differences were detected for
ACE2 or TMPRSS2 levels when comparing the different dietary interventions (Fig. 30C and D,
respectively). These data indicate that the HFS diet increased SARS-CoV-2 entry proteins in lung

tissue, but not in the heart.
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Figure 30: Lung contents of angiotensin converting enzyme 2 (ACE2) (A) and transmembrane
protease serine 2 (TMPRSS2) (B) were significantly elevated by the HFS, but not by the KD. In
contrast, diet did not alter the contents of these proteins in heart tissue (C,D). Statistical significance is
denoted by different letters p < 0.05. Bars represent mean = SEM. One-way ANOVA, n =5-6.
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ACEL1L, AT1R, and AT2R levels in lung and heart tissues — In pulmonary tissue, the KD attenuated
ACEL1 protein content by 56%, relative to the SC group (Fig. 31A). Furthermore, KD also reduced
AT1R protein content in this tissue; however, it was not statistically significant (Fig. 31C).
Pulmonary AT2R levels were not altered by diet either (Fig. 31E). In cardiac tissue, ACE1 was not
significantly different among the groups (Fig. 31B). However, the HFS diet induced 2.6 and 4.9-
fold increases in AT(R (Fig. 31D) and AT2R (Fig. 31F) levels, respectively, when compared to the
SC group. The contents of these proteins were not significantly different between the SC- and KD-
fed animals.

Comparison of ACE1, ACE2, AT:R, and AT2R in lung and heart tissues — Upon observing the
diet-induced changes in RAS proteins and the tissue-specific nature of these changes, we then
decided to compare the contents of ACE1, ACE2, AT:R, and ATzR in the lung and heart.
Pulmonary tissue displayed higher levels of ACE1 than cardiac tissue (Fig. 32), whereas more
ACE2, ATiR, and AT2R was found in the heart than in the lungs (Fig. 32).

Gene expressions of Masl, tlr4, il6r, and tnfrl in lung and heart tissues — The gene expression
of mas1 was not significantly different among any of the three dietary interventions in either lung
(Fig. 33A) or heart tissue (Fig. 33E). However, the gene expressions of tlr4 and il6r were
significantly reduced by 74 and 79%, respectively, in the lungs of KD-fed animals, when compared
to the HFS animals (Fig. 33B and 33C, respectively). KD also suppressed tnfrl gene expression
in this tissue by ~73% (Fig. 33D), although this was not statistically significant (p=0.059). In the
heart, no significant differences were found for tir4, il6r, and tnfrl gene expressions among the
three diet groups (Fig. 33F, 33G and 33H, respectively). Altogether, these results indicate that the

KD exerted an anti-inflammatory effect in the lungs, but not in the heart.
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Figure 31: The KD attenuated angiotensin converting enzyme 1 (ACE1) and angiotensin Il, type
I receptor (AT1R) contents in pulmonary tissue (A,C, respectively), however only the former was
found to be statistically significant. Angiotensin I, type 2 receptor (AT2R) was unaltered in the
lungs, regardless of diet (E). On the other hand, dietary intervention did not influence heart ACE1
content (B), however AT1R and AT2R were significantly elevated in the cardiac tissues of HFS-
fed rats (D,F, respectively). Significant differences are denoted by different letters p < 0.05. Bars

represent mean £ SEM. One-way ANOVA, n = 5-6.
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Figure 32: AT1R, AT2R and ACE2 are more abundant in heart tissue than in lung tissue. In
contrast, lung tissue contains more ACE1. n = 3.
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Figure 33: The KD does not affect masl gene expression in lung (A) or heart (E) tissues.
Interestingly, KD-feeding significantly reduces toll-like receptor 4 (tlr4) and interleukin-6 receptor
(ilér) gene expression in pulmonary tissues (B,C, respectively), when compared to the HFS diet.
The KD also reduced tumour necrosis factor receptor 1 (tnfrl) gene expression in lungs (D), though
this was not statistically significant. Tlr4, il6r and tnfrl were not significantly altered by diet in
cardiac tissues (F—H, respectively). Statistical significance is denoted by different letters p < 0.05.
Bars represent mean £ SEM. One-way ANOVA, n =5-8.
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7.5. Discussion

Here, we show that obesogenic and ketogenic diets regulate in a distinct and tissue-specific
manner proteins of the RAS, as well as major components of the molecular machinery involved in
cellular infection by SARS-CoV-2. In fact, rats fed the HFS obesogenic diet displayed elevated
insulinemia and much higher levels of ACE2 and TMPRSS2 in the lung than animals fed either
SC or a KD. This is consistent with previous findings of increased lung levels of ACE2 and
TMPRSS2 in diabetic mice!?, and with reports linking insulin resistance and Type 2 diabetes to
severe COVID outcomes!®226, However, to our knowledge, this is the first study to show that
besides attenuating weight gain and insulinemia, a KD maintained lower ACE2 and TMPRSS2
protein levels in the lungs in comparison to a HFS diet. This is relevant for the prevention of severe
COVID-19-related illness, given that ACE2 and TMPRSS2 have been identified as crucial
components of the molecular machinery used by SARS-CoV-2 to infects cells'??. In fact, the use
of a specific TMPRSS2 inhibitor, camostat mesylate, has been shown to inhibit SARS-CoV-2
entry in Caco-2 cells and anti-ACE2 antibody incubation with Vero cells blocked SARS-Cov-1
and SARS-CoV-2 entry*??, Thus, the observed elevation in these two proteins in the lungs of HFS-
fed rats provides a plausible mechanism whereby obese individuals are more susceptible to severe
infection with SARS-CoV-2. The underlying mechanisms that explain this diet-induced elevation
in ACE2 have not been fully elucidated??®. However, under conditions of obesity, adipose tissue
secretes angiotensinogen, which can eventually be converted to Ang-11, leading to hyperactivation
of the ACE1/Ang-11/AT1R arm of the RAS and subsequent tissue damage??6228, Hyperinsulinemia
may also cause RAS dysregulation®?. In this context, the observed elevation in ACE2 is likely a
counterregulatory mechanism to attenuate the detrimental effects induced by obesity-mediated

RAS hyperactivation®?®. Furthermore, non-alcoholic fatty liver disease (NAFLD) is a major
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comorbidity of obesity, and it has been linked to increased hepatic expression of ACE2 and
TMPRSS22%, which could contribute to the aggravate morbidity in SARS-CoV-2 patients.
Importantly, ketogenic diets have been shown to be very effective in combating NAFLD?-2% and
attenuate the potential deleterious effects of SARS-CoV-2 in the liver. However, we did not assess
any variable associated with NAFLD in our studies; therefore, we could not make any inferences
about hepatic expression of SARS-CoV-2 critical entry points.

Although there were no significant alterations in ACE2 and TMPRSS2 in the heart with
any of the dietary interventions, ACE2 was found to be more abundant in cardiac than in lung
tissue. Thus, because the obesogenic diet significantly increased ACE2 in the lung, COVID-19
infection still poses a significant risk for the cardiac health in obese individuals since it is one of
the primary points of infection. This could potentially enhance the severity of the infection in
pulmonary tissues, leading to viral spillover, whereby the virus can access other tissues, including
the heart which is already abundant in ACE2 and, as a result, predisposed to infection and
damage!'’?%. The roles of ACE2 in SARS-CoV-2 infection, as well as the RAS are not
independent. Thus, the other RAS components are also emerging as therapeutic targets to treat
illness related to COVID-19. In fact, the use of angiotensin receptor blockers (ARB) or ACE

226 This serves to increase

inhibitors have been proposed as treatments for SARS-CoV-2 patients
flux through the ACE2/Ang(1,7)/MasR and AT.R arm of the RAS and to promote anti-
inflammatory mechanisms that counteract the COVID-induced cytokine storm'"-?26228 |n the
present study, we observed no alteration in AT:R or AT2R in lung tissues with any of the three
dietary interventions. However, the KD did significantly reduce ACEL levels. This indicates that

the RAS system was shifted away from the ACELl/Ang-1I/AT:R arm and towards the

counterregulatory, anti-inflammatory RAS arm, given that we also observed reductions in tlr4, and
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il6r gene expressions as well as a trend to decrease tnfrl gene expression. The observed reduction
in the expression of these inflammatory genes is relevant, as IL-6 and TNFa are two major
cytokines that facilitate the coronavirus-induced cytokine storm??. Furthermore, Zhao et al.
demonstrated that TLR4 inhibition suppressed interleukin-1p release in cells treated with the
SARS-CoV-2 S protein?®,

Our findings are in line with other studies that report the anti-inflammatory nature of the
KD4623 and suggest that this diet could reduce the risk of severe infection and inflammatory
response related to COVID-19. We have not investigated the mechanism by which the KD led to
lower levels of expression of inflammatory genes in comparison to the obesogenic diet. However,
the KD is characterized by increased liver production of ketones?3. Thus, the anti-inflammatory
effect of the KD could be at least partially attributed to increased levels of circulating ketones,
particularly p-hydroxybutyrate (B-HB), upon KD feeding?®’. In fact, B-HB has been demonstrated
to block the nucleotide-binding domain leucine-rich-containing family pyrin domain-containing-
3 (NLRP3) inflammasome and NLRP3 inflammasome-mediated interleukin (IL)-1B and 1L-18
production by monocytes!*. Additionally, the KD has been shown to exert its anti-inflammatory
effects by inhibiting nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB)
activation, suppressing the activity of histone deacetylases (HDACS), reducing the production of
reactive oxygen species (ROS), and by improving mitochondrial respiration?3®. Thus, all these KD
effects can ameliorate chronic low-grade inflammation and its associated diseases. It is important
to mention that the KD used in this study was completely devoid of carbohydrates, which differs
from the commonly used KD that recommends low carbohydrate content (less than 50 g/day) and
not the complete elimination of this macronutrient from the diet?®®. Thus, caution should be taken

when extrapolating our findings to human subjects. However, the absence of carbohydrates in the
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diet allowed us to identify that it is the combination of HF with sucrose, as opposed to HF alone,
that promotes the deleterious metabolic effects associated with increased levels of SARS-CoV-2
entry proteins and inflammation in lung and heart tissues in obesity.

We did not find any significant difference in the cardiac gene expressions of Masl or the
aforementioned inflammatory genes, although a trend to increase the latter in the HFS-fed rats was
detected. However, the HFS diet did increase ATiR content, which was also met by a similar
increase in AT2R. This likely served to offset the proinflammatory response mediated by AT:R.
Indeed, it has been reported that AT2R increases in response to AT:R hyperactivation and injury
111.226 Interestingly, ATiR and AT;R are more abundant in the heart than in the lung. In this
context, it is possible that the elevated expression of these receptors allows for an enhanced
flexibility of this tissue to regulate its inflammatory status. It is important to note that AT:R and
AT2R levels did not change in the hearts of KD-fed animals, relative to the SC animals, suggesting
that this diet did not provoke RAS activation. Unlike the lung, heart ACE1 content was not altered
by diet. This could be attributed to the lower ACEL content in the heart, compared to the lung,
suggesting that the reliance of the former on ACE1 for RAS regulation is lower than the latter,
where there was a diet-induced alteration in the content of this protein. This is consistent with the
notion that the ACE1-dependent conversion of Ang-l to Ang-Il takes place predominantly in
pulmonary circulation’.

In conclusion, these data indicate that the HFS diet increases body weight, insulinemia
RAS hyperactivation and lung ACE2 and TMPRSS2, which could explain the predisposition of
obese individuals to severe COVID-19 outcomes. In contrast, the KD did not elicit the same
elevations in weight gain and insulinemia as the HFS diet did. Our data also suggest that there is

not a hyperactivation of the RAS in KD-fed animals, as indicated by the reductions in pulmonary
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ACEL and the expressions of inflammatory genes as well as unaltered cardiac AT1R and AT2R
contents. Thus, a counterregulatory elevation in lung ACE2 was not observed in KD animals.
Unlike the lung, the heart does not experience a diet-induced alteration in ACE2, however the
abundance of this protein, relative to the lung, makes it a susceptible organ to SARS-CoV-2
damage following viral spillover from pulmonary tissues. In this context, despite altering RAS
proteins in a tissue-specific manner, it is clear that the KD offers a promising potential therapeutic
tool for its reduction in SARS-CoV-2 entry proteins and its induction of an anti-inflammatory

profile.
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8.1. Abstract

Skeletal muscle substrate preference for fuel is largely influenced by dietary macronutrient
availability. The abundance of dietary carbohydrates promotes the utilization of glucose as a
substrate for energy production, whereas an abundant dietary fat supply elevates rates of fatty acid
(FA) oxidation. The objective of this study was to determine whether an obesogenic, high-fat,
sucrose-enriched (HFS) diet or a carbohydrate-free ketogenic diet (KD) exert distinct effects on
fat, glucose, and ketone metabolism in oxidative and glycolytic skeletal muscles. Male Wistar rats
were fed either a HFS diet or a KD for 16 weeks. Subsequently, the soleus (Sol), extensor
digitorum longus (EDL), and epitrochlearis (Epit) muscles were extracted to measure palmitate
oxidation, insulin-stimulated glucose metabolism, and markers of mitochondrial biogenesis,
ketolytic capacity, and cataplerotic and anaplerotic machinery. Sol, EDL, and Epit muscles from
KD-fed rats preserved their ability to elevate glycogen synthesis and lactate production in response
to insulin, whereas all muscles from rats fed with the HFS diet displayed blunted responses to
insulin. The maintenance of metabolic flexibility with the KD was accompanied by muscle-fiber-
type-specific adaptive responses. This was characterized by the Sol muscle in KD-fed rats
enhancing mitochondrial biogenesis and ketolytic capacity without elevating its rates of FA
oxidation in comparison with that in HFS feeding. Conversely, in the Epit muscle, rates of FA
oxidation were increased, whereas the ketolytic capacity was markedly reduced by the KD in
comparison with that by HFS feeding. In the EDL muscle, the KD also increased rates of FA
oxidation, although it did so without altering its ketolytic capacity when compared to HFS feeding.
In conclusion, even though obesogenic and ketogenic diets have elevated contents of fat and alter
whole-body substrate partitioning, these two dietary interventions are associated with opposite

outcomes with respect to skeletal muscle metabolic flexibility.
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8.2. Introduction

The suppression of glucose metabolism under conditions of an abundant dietary fat supply
can be partially attributed to changes in cellular substrate partitioning. The metabolic shift that
coincides with the elevation of whole-body FA oxidation and glucose intolerance has been of

concern in diabetic and insulin-resistant patients?*°

. Conversely, from the perspective of endurance
performance, a higher rate of skeletal muscle FA oxidation could be advantageous due to its
potential glycogen-sparing effect®’. Thus, the utilization of high-fat low-carbohydrate diets in
endurance athletes has recently gained attention, particularly the ketogenic diet (KD)?° that
provides an abundance of fat and ketones as alternative sources of fuel for skeletal muscles®:24,
In fact, the skeletal muscle gene expression of Cpt1b!®®, fat oxidation?*!, and markers of the
mitochondrial biogenesis'®® and fractional areas®* were elevated, whereas glucose oxidation?*,
GLUT4 and IRS1 contents, and glucose tolerance were reduced by the KD in exercise-trained
individuals®. The KD has also been shown to significantly enhance ketone-mediated ATP
production relative to glucose- or fat-mediated ATP production?. Thus, the abundance of fat and
relatively lower content of dietary carbohydrates shift the metabolic substrate preference away
from glucose and toward FAs.

Skeletal muscles display distinct oxidative and glycogenolytic capacities?*? and activities
of enzymes involved in ketone oxidation?*. Thus, the ability of oxidative and glycolytic muscles
to adjust substrate partitioning according to fat and glucose dietary abundance may also
significantly differ. Indeed, Fukazawa et al. showed that a KD increased the protein content of the
ketolytic enzyme 3-oxoacid CoA transferase (OXCT) in the epitrochlearis (Epit) muscle!’?,
whereas Shimizu et al. reported a significant attenuation of OXCT gene expression in the

gastrocnemius muscle!®®. Moreover, there is evidence that the KD increases mitochondrial mass
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in the red gastrocnemius muscle!®*, which was contrasted by reports that the KD did not alter PGC-
la levels in the extensor digitorum longus (EDL)*" or soleus (Sol) muscles!®. Taken together,
these data point to an apparent gap in the literature where KD-induced metabolic adaptations in
substrate preference in muscles of varying oxidative and glycolytic capacities are yet to be fully
elucidated. In this context, this study aimed to investigate whether the obesogenic, high-fat
sucrose-enriched (HFS) diet and the KD would differ in their effects on metabolic substrate
selection in muscles with varying fiber-type compositions. To achieve this, we compared the
metabolic responses of Sol, EDL, and Epit rat muscles to either a KD (80% fat, lard; 0%
carbohydrate; 20% protein) or typical obesogenic HFS diet (60% fat, lard; 20% sucrose; 20%
protein). Furthermore, previous studies comparing the KD to a control diet had significantly
different protein contents®®64171 Importantly, skeletal muscle atrophy has been found in studies
that reduce the protein content of a KD, whereas studies that use a normal protein diet report the
maintenance of lean mass®®. Varying protein contents also elicit distinct metabolic adaptations.
For instance, Nakao et al. used a KD that was 4.8% kcal protein, compared to the control diet that
was ~14% kcal protein, and observed a decrease in gastrocnemius pyruvate dehydrogenase (PDH)
activity'’2. Huang et al., on the other hand, used a KD with a similar protein level to the control
diet (16%) and reported no alteration in PDH activity®®. Therefore, it is possible that the muscle
metabolic adaptations do not derive from the low-carb high-fat content of the KD itself, but rather
from its low protein content. To eliminate this as a confounding variable, we equalized the protein
contents in both diets. Additionally, despite the high fat content in both the obesogenic HFS diet
and the KD, the latter diet has been shown to improve metabolic health?*!, whereas the former is
detrimental to metabolic health. This suggests that the high fat content may not by itself be the

main disruptor of normal metabolic function in skeletal muscles. Finally, because the KD was
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devoid of carbohydrates and hepatic ketone production is enhanced by the KD?%, besides rates of
FA oxidation, we also assessed markers of mitochondrial biogenesis and the content of specific
enzymes involved in the ketolytic, anaplerotic, and cataplerotic machineries in skeletal muscles
with distinct fiber-type compositions. Here, we provide evidence that, contrary to the HFS diet,
the carbohydrate-free KD enhances rates of FA oxidation and ketolytic capacity without impairing

insulin-stimulated glucose metabolism in oxidative and glycolytic skeletal muscles.

8.3. Materials and Methods

Reagents—Fatty-acid (FA)-free bovine serum albumin (BSA), glycogen, and palmitic acid were
obtained from Sigma (St. Louis, MO, USA). Human insulin (Humulin R) was purchased from Eli
Lilly Inc. (Toronto, ON, Canada). D-[U-C]glucose and [1-}*C]palmitic acid were acquired from
GE Healthcare  Radiochemicals (Quebec City, QC, Canada). The Lactate
Colorimetric/Fluorometric Assay Kit was purchased from BioVision (Milpitas, CA, USA).
Protease (cOmplete Ultra Tablets) and phosphatase (PhosSTOP) inhibitors were obtained from
Roche Diagnostics GmbH (Mannheim, Germany). The peroxisome proliferator-activated receptor
y coactivator-1la (PGC-1a, cat. no. AB3242) antibody was purchased from Millipore (Temecula,
CA, USA). The B-hydroxybutyrate (BHB; cat. No. ab83390) assay kit and the mitochondrial
transcription factor A (TFAM; Cat. # ab131607), 3-oxoacid CoA-transferase 1 (OXCT; Cat. #
ab224250), and acetoacetyl-CoA acetyltransferase 1 (ACATL; Cat # ab168342) antibodies were
purchased from Abcam (Toronto, ON, Canada). Pyruvate carboxylase (PC; Cat # 49381),
phosphoenolpyruvate carboxykinase 1 (PCK1; Cat. # 12940), and phosphoenolpyruvate
carboxykinase 2 (PCK2; 6924) antibodies were purchased from Cell Signaling (Danvers, MA,

USA).
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Animals and diet—Male albino rats (Wistar strain) at approximately 250 g were individually
housed at 22 °C on a 12/12-h light—dark cycle. These rats were assigned either a high-fat sucrose-
enriched (HFS) diet (20% kcal protein; 60% kcal fat (lard/soybean oil); 20% kcal carbohydrate
(sucrose)) or KD (20% kcal protein; 80% kcal fat (lard/soybean oil); 0% kcal carbohydrate) and
fed for 16 weeks ad libitum. Both diets were purchased from Research Diets (New Brunswick, NJ,
USA).

Ethics approval—The protocol containing all animal procedures described in this study was
specifically approved by the Committee on the Ethics of Animal Experiments of York University
(York University Animal Care Committee, YUACC, permit number: 2021-03) and performed
strictly in accordance with the YUACC guidelines. Date of approval: 18 July 2023. All tissue
extraction procedures were performed under ketamine/xylazine anesthesia, and all efforts were
made to minimize suffering'2. All experiments in this study were carried out in compliance with
the ARRIVE guidelines?®,

Measurement of blood glucose levels—Blood from all animals in the fed state was collected
between 15:00 and 16:00 h with saphenous vein bleeding. Plasma glucose was measured using a
Contour Next one meter blood glucose monitoring system by Ascensia Diabetes Care US
(Parsippany, NJ, USA).

Muscle isolation and incubation—All animals were anesthetized with a single intraperitoneal
injection of ketamine (90 mg/100 g BW) and xylazine (10 mg/100 g BW). Subsequently, Sol,
EDL, and Epit muscles were quickly extracted. The percentages of type I, type lla, and type I1b in
Sol, EDL, and Epit muscles are 84/16/0, 3/57/40'%, and 15/20/65'%, respectively. From these
muscles, strips were cut (18-22 mg) and pinned onto thin stainless steel wire clips to maintain

muscle length. Thereafter, muscle strips were immediately placed in plastic scintillation vials
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containing 2 ml of pre-gassed (30 min with O2:C0,-95:5% (vol/vol)) Krebs—Ringer bicarbonate
(KRB) buffer containing 3.5% FA-free BSA and 5.5 mM glucose. Vials were sealed and subjected
to continuous gasification for the entirety of the 1 h pre-incubation period.

Measurement of glucose oxidation, glycogen synthesis, and lactate production—Following
the pre-incubation period, one set of muscles was then transferred to vials containing 2 mL of the
same KRB buffer plus D-[U-*C]glucose (0.2 pCi/mL) and incubated under continuous
gasification for one additional hour, either in the absence (basal) or presence of insulin (100 nM)
for the determination of glycogen synthesis and glucose oxidation, as previously described?**. For
lactate production, media aliquots were first deproteinated using 10 kDa filters (centrifuged at
13,000 rpm for 15 min at 4 °C) and then assayed using a colorimetric assay Kit, according to the
manufacturer’s instructions.

Measurement of palmitate oxidation in isolated muscles—Palmitate oxidation was measured
by assessing the production of 4CO, from [1-*C]palmitic acid. Muscles were pre-incubated as
previously described and then transferred to vials containing 2 mL of KRB buffer plus 0.2 mM of
cold palmitic acid, previously complexed with FA-free BSA and [1-'*C] palmitic acid (0.2
pCi/mL). The muscles were incubated under continuous gasification for 1 h, and the vials had a
centered isolated well containing a loosely folded piece of filter paper moistened with 0.2 mL of
2-phenylethylamine/methanol (1:1, vol/vol). Following the incubation and acidification of the
media, the filter papers were carefully removed and transferred to scintillation vials for
radioactivity counting®?.

Western blotting analysis of PGCla, TFAM, OXCT, ACAT1, PC, PCK1, and PCK2 contents
in Sol, EDL and Epit muscles—Muscle samples that were not subject to incubation were flash

frozen in liquid nitrogen and stored at —80 °C until the Western blotting analysis. Muscle tissues
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from the Sol, EDL and Epit muscles were homogenized in a buffer containing 25 mM Tris-HClI,
25 mM NaCl (pH 7.4), 1 mM MgClz, 2.7 mM KCI, 1% Triton X-100, and protease and
phosphatase inhibitors (Roche Diagnostics GmbH, Mannheim, Germany). The homogenates were
centrifuged, the supernatant was collected, and an aliquot was used for protein determination with
the Bradford method. Samples were diluted 1:1 vol:vol with a 2x Laemmli sample buffer and
heated to 95 °C for 5 min. Subsequently, 25 pug of protein was loaded into each well. Samples were
thereafter subjected to SDS-PAGE, transferred to a PVDF membrane, and probed for the proteins
of interest. All primary antibodies were used at a dilution of 1:1000. Ponceau staining was used as
a loading control. All densitometry analyses were performed using the ImageJ program, version
1.46r.

Statistical Analyses—Data were expressed as mean + SD. Statistical analyses were performed
using two-way ANOV As with Bonferroni post hoc and Student’s t-tests, as indicated in the figure
legends. If data were not normally distributed, or if data had an inequality of variance, Mann—
Whitney and Welch’s tests were used, respectively. GraphPad Prism software version 9.1.12 was

used for all statistical analyses. The level of significance was set to p < 0.05.
8.4. Results

Effects of diet on glycaemia and plasma BHB levels—Blood glucose levels did not differ
between the HFS and KD groups at weeks 8 and 16 (Table 10). However, the KD significantly
elevated plasma BHB levels 1.6- and 1.9-fold at weeks 8 and 16, respectively, relative to the HFS
diet (Table 10). The concentration of BHB in the circulation changed in a time-dependent manner
in KD-fed animals, being highest at week 8 (Table 10). Despite a 24% reduction in plasma PHB
from weeks 8 to 16 in the KD group, week 16 levels were elevated 2.2-fold, relative to week O

(Table 10).
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Table 10: Blood glucose and plasma beta-hydroxybutyrate (BHB) levels at weeks 0, 8, and 16 of
dietary intervention. Blood glucose levels were not different between the two dietary groups;
however, BHB was elevated in the KD group at weeks 8 and 16, relative to that in the HFS

group.

Week
0 8 16
Glycaemia HFS 7.31+0.54 7.19 +0.47 6.77 £ 0.72
(mM) KD 7.29+0.35 6.99 + 0.34 6.57 = 0.43*
BHB HFS 0.16 + 0.06 0.24 +0.08 0.15 + 0.04
(mM) KD 0.13 £ 0.04 0.38 + 0.08* 0.29 + 0.05'

*n < 0.05 vs. week 0 KD and week 8 HFS; Tp < 0.05 vs. week 0 KD, week 8 KD, and week 16
HFS. *p < 0.05 vs. week 0. Data are expressed as mean + SD. Mixed-effect model analysis. N =
7-15 for glycaemia. N = 6-7 for BHB.

Effects of diet on palmitate and glucose oxidation in skeletal muscle—Sol palmitate oxidation
did not significantly differ between the HFS- and KD-fed rats (Figure 34A); however, in both the
EDL and Epit muscles, the KD increased palmitate oxidation ~1.7-fold in comparison with the
HFS diet (Figure 34B and C, respectively). These muscle-specific adaptive responses were also
observed with respect to glucose oxidation. In the Sol, EDL, and Epit muscles in HFS-fed animals,
insulin-stimulated glucose oxidation was blunted (Figure 34D—F). In the KD-fed rats, the rates of
insulin-stimulated glucose oxidation in the Sol, EDL, and Epit muscles were higher than the basal
values, but did not reach statistical significance (Figure 34D—F). Only the EDL muscles in the KD-
fed rats displayed rates of insulin-stimulated glucose oxidation that were significantly higher than

those in the HFS-fed rats (Figure 34E). Thus, whereas the KD enhanced FA oxidation in a muscle-

specific manner, insulin-stimulated glucose oxidation was similarly impaired in all muscles.
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Figure 34: Palmitate oxidation was not significantly altered by diet in the soleus muscle (Sol, (A));
however, it was significantly elevated by the ketogenic diet (KD) in the extensor digitorum longus
(EDL, (B)) and epitrochlearis (Epit, (C)) muscles. Conversely, glucose oxidation was not
significantly enhanced in either of the two groups in any of the muscles with insulin (Ins)
stimulation (D-F). Despite this, the fold increase in insulin-stimulated glucose oxidation in the
EDL muscle, relative to basal (Bas) values, was enhanced by the KD (E). Data are expressed as
mean = SD. n = 5-6 rats. Student’s t-test was used to compare groups for (A—C), whereas a two-
way ANOVA with Bonferroni post hoc comparisons was used for (D—F). *p < 0.05, **p < 0.01.

Effects of diet on insulin-stimulated glycogen synthesis and lactate production—Insulin-
stimulated rates of glycogen synthesis were blunted in the Sol, EDL, and Epit muscles in rats fed
with the HFS diet (Figure 35A, C and E, respectively), whereas in the Sol and EDL muscles of
KD-fed rats, insulin increased this variable 1.8-fold (Figure 35A) and 1.5-fold (Figure 35C),
respectively, in comparison with basal values. In Epit muscles from KD-fed rats, insulin
stimulation did not significantly elevate glycogen synthesis in comparison to basal values;

however, the glycogen synthesis response to insulin was significantly higher than that of the HFS-
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fed rats (Figure 35E). Insulin-stimulated lactate production, an indication of glycolytic capacity*®,

was also blunted in the Sol, EDL, and Epit muscles from HFS-fed rats; whereas in the KD-fed rats,
the Sol, EDL, and Epit muscles incubated with insulin displayed 2.1-, 2.1-, and 1.9-fold increases
in lactate production in comparison to basal values (Figure 35B, D and F, respectively). Therefore,
the KD preserved the capacity of oxidative and glycolytic muscles to store glycogen and perform

glycolysis when stimulated with insulin.

Effects of the KD on the contents of ketolytic enzymes OXCT and ACATL1 in Sol, EDL, and
Epit muscles—Because the circulating BHB levels were elevated in KD-fed rats compared with
those of the HFS-fed rats, it was possible that the effects of ketones on substrate partitioning in
skeletal muscles would also be different between the dietary interventions and fiber-type
compositions. To assess that possibility, we measured the ketolytic enzymes OXCT and ACAT1
in Sol, EDL, and Epit muscles from rats fed either with the HFS diet or KD. We found that the
OXCT content increased 1.6-fold in the Sol muscles of KD-fed animals (Figure 36A), whereas
ACATL levels were unaltered by either of the two diets in this highly oxidative muscle (Figure
36B). In the EDL, OXCT and ACAT1 contents did not differ between the HFS- and KD-fed rats
(Figure 36C and D, respectively). In contrast, the Epit OXCT and ACAT1 contents were 63% and
77% lower, respectively, in KD-fed animals when compared to those in the HFS group (Figure
36E and F, respectively). Therefore, in comparison to the HFS diet, the KD enhanced and
suppressed the ketolytic capacity of the Sol and Epit muscles, respectively, whereas in the EDL

muscle, the ketolytic capacity was unaffected by either the HFS diet or KD.
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Figure 35: Ins stimulation increased glycogen synthesis in the Sol and EDL muscles of KD-fed
rats (A and C, respectively). Epit glycogen synthesis did not increase relative to Bas values in
either of the two groups; however, the fold increase in Ins-stimulated glycogen synthesis was
greater with KD (E). Similarly, Ins significantly enhanced lactate production in all three muscles
of KD-fed rats (B, D and F). Data are expressed as mean + SD. n = 3-6. A two-way ANOVA
with Bonferroni post hoc tests was used to compare the groups. *p < 0.05; #p < 0.05 vs. all other
groups; p < 0.05 vs. HFS Ins and KD Bas.
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Figure 36: Sol OXCT content was significantly elevated by the KD (A), whereas Sol ACAT1
was unaffected by diet (B). Neither diet altered EDL muscle contents of OXCT or ACAT1 (C
and D, respectively). Conversely, OXCT and ACAT1 contents were attenuated in the Epit
muscle of KD-fed animals (E and F, respectively). Data are expressed as mean + SD. n = 5-9.
Student’s t-test was used to compare groups, except for (B) and (F), where the Mann—-Whitney

test was used. *p < 0.05, **p < 0.01.
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Effects of diet on PGC-1a and TFAM protein levels in Sol, EDL, and Epit muscles — The
muscle-specific differences in substrate preference could be attributed to distinct dietary effects on
mitochondrial biogenesis. Thus, we measured the contents of PGC-1a and TFAM, which are
markers of mitochondrial biogenesis and content?®®, In Sol muscles, despite not increasing
palmitate oxidation, the KD significantly elevated PGC-1a and TFAM contents 1.9- and 6-fold,
respectively (Figure 37A and B, respectively). However, in the EDL (Figure 37C and D) and Epit
(Figure 37E and F) muscles, PGC-1a or TFAM levels did not differ between the HFS diet and KD.
Effects of the KD on PC, PCK1, and PCK2 levels in Sol, EDL, and Epit muscles — Substrate
oxidation is dependent on the availability of tricarboxylic acid (TCA) cycle intermediates, which
is largely controlled by cataplerotic and anaplerotic enzymes®. To investigate whether the shift
toward FA oxidation induced by both diets, and particularly the carbohydrate-free KD, could be
attributed to this, we assessed the contents of the anaplerotic protein PC, and the cataplerotic PCK1
and PCK2°1:247 Despite differences in oxidative and glycolytic capacities among the three
muscles, no differences were found in the protein levels of PC, PCK1, and PCK2 in the Sol (Figure
38A-C), EDL (Figure 38D-F), or Epit (Figure 38G—I) muscles when comparing the HFS diet and
KD. Thus, the contents of anaplerotic and cataplerotic enzymes in oxidative and glycolytic muscles

did not contribute to the muscle-specific diet effects on substrate oxidation.
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Figure 37: The Sol muscle demonstrated KD-induced elevations in PGCla and TFAM (A and B,
respectively), whereas diet did not alter the contents of either of these proteins in either the EDL
(C and D) or Epit (E and F) muscles. Data are expressed as mean + SD. n = 5-9. Student’s t-test
was used to compare groups, except for (B) and (D), where the Mann—Whitney test and Welch’s

t-test were used, respectively. *p < 0.05, **p < 0.01.
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8.5. Discussion

The main finding of this study was that despite inducing a higher rate of FA oxidation than
the HFS diet, the KD preserved the ability of oxidative and glycolytic muscles to elevate glucose
metabolism in response to insulin. Thus, our data provided compelling evidence that it is the
chronic exposure to a combination of high fat and sugar, rather than solely to the elevated fat
content of the diet, that disrupts the ability of skeletal muscles to process glucose in response to
insulin. This was supported by elevated rates of insulin-stimulated glycogen synthesis and lactate
production in the Sol, EDL, and Epit muscles in the KD-fed rats, which contrasted with the blunted
responses displayed by these muscles in rats fed with the HFS diet. The analysis of insulin-
stimulated glucose oxidation also revealed a similar trend when comparing both diets, although
with KD eliciting a much less pronounced and fiber-type-specific effect on this variable than on
rates of insulin-stimulated glycogen synthesis and lactate production. Because Sol muscles are rich
in Type | fibers™® and normally display higher capacities for FA oxidation when exposed to an
HFS diet'2%%24 the ability of these muscles to further elevate glucose oxidation when exposed to
the KD may have been limited. Also, KD-fed Sol muscles were the only ones eliciting higher
levels of the ketolytic enzyme OXCT than the HFS-fed counterparts, which likely enhanced the
capacity of the Sol muscles to oxidize ketones. Thus, in Sol muscles, more glucose was diverted
towards other pathways of glucose metabolism when stimulated with insulin as compared to the
EDL and Epit muscles. Indeed, the rates of insulin-stimulated glycogen synthesis and lactate
production in the Sol muscle were the highest among the muscles studied.

In well-trained cyclists habituated to a KD, GLUT4 and IRS1 protein contents were
decreased in vastus lateralis muscles, which is consistent with the whole-body glucose intolerance

found in these athletes®®. KD-induced glucose intolerance has previously been attributed to
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attenuated p-cell mass in the pancreas'®. In the present study, we found that both glycogen
synthesis and lactate production were preserved in the EDL of KD-fed rats, as indicated by the
sensitivity of this muscle to insulin. Moreover, the elevation of glucose oxidation in the EDL
muscle in response to insulin was significantly higher in the KD-fed rats than that in the HFS-fed
rats. Together, these findings indicated that the KD leads to a disuse-mediated adaptation in
pancreatic cell function that renders the organism less tolerant to a bolus of glucose. However, in
line with the preserved response to insulin in the EDL, this mechanism is not indicative of disease
and does not impact the capacity of skeletal muscles to metabolize glucose. In fact, despite the
muscle-specific shift in substrate partitioning toward fatty acid oxidation and enhanced ketolytic
capacity, all three skeletal muscles in the KD group demonstrated an enhanced ability to store
glycogen and use glucose when exposed to insulin. Conversely, muscles from the HFS group
displayed the classical impairment in insulin-stimulated glucose handling.

As expected, the KD significantly enhanced blood ketone levels, albeit not to the same
extent as reported in other rodent KD studies**"1"%172_ This could be explained by the difference
in the macronutrient composition of the KD used. In the present study, the protein content of the
diet was 20% calories, whereas in studies showing a higher induction of ketosis, the protein
contents ranged from 4.8-10% calories®®"17%72_ This is an important distinction, given that
decreasing the protein content of a KD has been shown to significantly increase HB levels in
rats'”. Furthermore, the apparent attenuation in BHB from weeks 8 to 16 points to a KD-induced
adaptation, whereby ketolytic tissues, including those in the Sol muscle, enhanced their metabolic
capacities for ketones, which likely led to an attenuation in the circulating levels of this substrate®®.

It was surprising to find that despite increasing PGC-1a and TFAM, the KD did not

increase palmitate oxidation in Sol muscles, when compared to the HFS diet. Conversely, in EDL
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and Epit muscles, PGC-1a and TFAM protein levels did not differ between the KD- and HFS-fed
rats, yet the rates of FA oxidation in the former diet were significantly higher than those in the
latter. In this context, despite increasing the proteins involved in mitochondrial biogenesis, the
20% additional fat content of the KD in comparison to that of the HFS diet did not further elevate
the FA oxidative capacity of Sol muscles. Instead, the induction of mitochondrial biogenesis in the
Sol muscle could also have served to increase the utilization of circulating ketone bodies as a fuel
source, which is consistent with the KD-induced elevation in Sol muscles of OXCT protein levels,
a major rate-limiting ketolytic enzyme?’. In line with this, the administration of a ketone ester
drink prior to exercise to endurance-trained athletes suppressed glycolysis and increased reliance
on ketones for energy in the vastus lateralis muscle!®®. Thus, it is plausible that in the current study,
ketones displaced glucose as an oxidative substrate in the Sol muscles of KD-fed rats, which could
further attenuate the reliance on glucose and explain the modest insulin-stimulated glucose
oxidation response in all three muscles from KD-fed rats. Conversely, the KD-induced
enhancement in glycolytic capacity likely served to replenish oxaloacetate to support fat and
ketone oxidation in the absence of dietary carbohydrate intake®. However, oxaloacetate
availability for complete oxidation of acetyl-CoA produced from ketone bodies may also have
been provided by acetoacetate activation via the conversion of succinyl-CoA to succinate in the
TCA cycle, with the latter being converted to oxaloacetate through the subsequent reactions of the
TCA cycle!?. This likely facilitated the entry of more acetyl-CoA into the cycle without causing
alterations to the levels of anaplerotic or cataplerotic enzymes.

Even though the Epit is a highly glycolytic muscle®®, its rates of FA oxidation were
significantly higher in the KD rats than in the HFS-fed animals. This was surprising given that

both diets were high in fat. In fact, the HFS diet had already been show to enhance Epit FA
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oxidation in comparison to standard chow*?2%8, Thus, this study provided evidence that the absence
of carbohydrates in the KD potentiated the reliance of the Epit muscle on fat as an oxidative
substrate. Interestingly, this occurred independently of alterations in mitochondrial biogenesis
proteins and, also, by marked reductions in the levels of the ketolytic enzymes OXCT and ACATL,
suggesting that Epit muscles enhanced their capacities to oxidize fat at the expense of ketones.

The EDL muscle displayed an intermediate effect relative to the Sol and Epit muscles. Like
in the Epit muscle, palmitate oxidation was enhanced, whereas markers of mitochondrial
biogenesis were unaltered. In line with this, KD feeding enhanced the aerobic capacity of the EDL
muscle, despite not altering PGClo content'’®, Moreover, other muscles with mixed-fiber-type
compositions™>, including the gastrocnemius®®%® and vastus lateralis?*' muscles, showed a KD-
induced upregulation of fat oxidative capacity. However, unlike the Epit muscle, ketolytic capacity
in the EDL muscle did not differ between the two dietary interventions. The preserved ketolytic
capacity in the EDL versus Epit muscles, despite the similar enhancement in fat oxidation, could
be attributed to the relatively higher oxidative capacity of the former'®, and therefore, the ability
to perform FA oxidation without altering ketolytic capacity. Nevertheless, in the present study, we
observed that only fat oxidation was increased in the EDL muscle, suggesting that the upregulation
of mitochondrial biogenesis may be required to enhance the ketone-oxidizing capacity of the EDL
muscle when under conditions of abundant dietary FA availability.

In conclusion, despite eliciting a higher rate of FA oxidation than the obesogenic HFS diet,
the carbohydrate-free KD preserved the ability of oxidative and glycolytic muscles to elevate
glucose metabolism in response to insulin. Thus, it is the chronic exposure to a combination of
high fat and sugar, rather than solely to the elevated fat content of the diet, that disrupts the ability

of skeletal muscles to process glucose in response to insulin. This was characterized by the KD-
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induced elevation in mitochondrial biogenesis and ketolytic capacity in the Sol muscle, despite the
lack of alteration in FA oxidation relative to that in the HFS group. In contrast, Epit FA oxidation
was significantly elevated with KD feeding, whereas proteins involved in ketolysis were markedly
reduced. Similarly, FA oxidation was increased in the EDL muscle of KD-fed rats, although the
ketolytic capacity was unaltered in this muscle with the KD, relative to that in the HFS-fed rats.
Lastly, the levels of anaplerotic and cataplerotic enzymes in all muscles studied did not differ, even
though the KD was devoid of carbohydrates. Collectively, these findings indicated that, contrary
to the obesogenic HFS diet, the carbohydrate-free KD maintained skeletal muscle metabolic
flexibility while also enhancing, in a muscle-specific manner, rates of FA oxidation and ketolytic

capacity.
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9.1. Abstract

Adiponectin regulates white adipose tissue (WAT) metabolism and promotes insulin-sensitizing
and anti-atherosclerotic effects in vivo. In this context, small molecule adiponectin receptor
agonists have become of great therapeutic value for the treatment of metabolic diseases. Here, we
investigated the effects of the adiponectin mimetic compound ALY 688 on WAT metabolism. To
accomplish this, rat epididymal (Epid) and subcutaneous inguinal (Sc Ing) adipocytes were
isolated and incubated with ALY688. Subsequently, several parameters of glucose and fat
metabolism were assessed. ALY 688 promoted AMP-activated protein kinase (AMPK) and acetyl-
CoA carboxylase (ACC) phosphorylation, enhanced glucose oxidation, and suppressed fat
oxidation in adipocytes from both fat depots. ALY688 did not affect basal and insulin-stimulated
rates of glucose uptake, glucose incorporation into lipids and AKTsers73 and p38 mitogen-activated
protein kinase (MAPK) phosphorylations in Epid or Sc Ing adipocytes. ALY 688 did not alter basal
lipolysis in Epid or Sc Ing adipocytes, but it enhanced isoproterenol-induced lipolysis in Epid
adipocytes. Adiponectin receptor 2 (AdipoR2) mRNA was the prevalent isoform expressed in all
adipocytes, and Epid adipocytes displayed significantly higher AdipoR2 mRNA expression than
Sc Ing adipocytes. In conclusion, ALY688 can regulate adiposity and affect glycemic control by

altering substrate portioning in the WAT in a fat depot-specific manner.
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9.2. Introduction

Maintenance of whole-body glucose homeostasis depends on the coordinated action of multiple
hormones that allow the organism to respond to daily oscillations in the availability of dietary
carbohydrate and other macronutrients®. In this context, the adipose tissue plays an important role
in maintaining whole-body glucose homeostasis. It does so by serving as a compartment where
energy can be stored or mobilized and also by secreting hormones that regulate glucose and fat
metabolism in multiple organs and tissues?*®. To date, many bioactive adipose-derived factors
(adipokines) have been identified?*°. Among them is adiponectin, a secreted protein abundantly
present in plasma, that has been demonstrated to exert potent insulin sensitizing, glucose lowering,
and lipid catabolizing functions in peripheral tissues?>°. Two adiponectin receptors (AdipoRs) have
been cloned (AdipoR1 and AdipoR2), which are expressed in various tissues including liver,
skeletal muscle, white adipose tissue (WAT), hypothalamus, and vasculature®®*. The metabolic
effects of adiponectin vary in a tissue-specific manner, depending in part on tissue-specific
expression of AdipoR1 and AdipoR2, as well as cell-specific, intracellular signaling pathways?*.
For instance, AdipoR1 is abundant in skeletal muscles and macrophages, whereas WAT and the
vasculature are rich in AdipoR2. The liver abundantly expresses both AdipoRs?.

Once bound to its receptors, adiponectin has been shown to promote the activation of AMP-
activated protein kinase (AMPK) and peroxisome proliferator-activated receptor o. (PPAR)?*1252,
In liver and skeletal muscles, activated AMPK phosphorylates acetyl-CoA carboxylase (ACC) and
leads to enhanced mitochondrial import and oxidation of long-chain fatty acids?%2%*, Adiponectin
has also been shown to exert anti-lipotoxic effects through the induction of the transcriptional
effects of PPARa, culminating in the downregulation of lipid synthesis enzymes, the elevation

in carnitine palmitoyltransferase 1 (CPT1) levels, and the enhanced production and secretion of
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HDL by the liver?®®. In the WAT, adiponectin has been demonstrated to elevate the fat-storing

257 258

capacity of adipocytes by promoting glucose uptake=>’ and lipogenesis=°® and by decreasing

259

lipolysis=>”, although the enhancement of fat oxidation has also been cited as an effect of

adiponectin in fat cells?>®

. The opposing lipogenic and fatty acid oxidative effects of adiponectin
on adipocytes have been proposed to confer metabolic flexibility to the WAT, which contributes
to minimizing ectopic lipid deposition in non-adipose tissues, preventing adipose inflammation
and fibrosis, and maintaining healthy WAT expansion®%2%°, However, the findings that support
an elevation in fatty acid oxidation induced by adiponectin originate from studies conducted in
C2Ci12 muscle cells?42%5:261 jspolated mouse skeletal muscles?>3255261.262 ' mouyse hepatocytes??,
and hepa-1-6 hepatocytes in culture?’. To the best of our knowledge, no direct evidence exists
that adiponectin indeed promotes fatty acid oxidation in adipocytes. Disruption of both AdipoR1
and AdipoR2 has been reported to significantly decrease the expression of genes encoding for Cat
and Sod and increase oxidative stress in WAT, but there were no reports of alterations in the
capacity of the WAT to oxidize fat in mice lacking AdipoR1 and AdipoR2%%. Thus, it is likely
that the metabolic responses of WAT to adiponectin differ from those of skeletal muscles and liver
with respect to fatty acid oxidation.

Reduced circulating levels of adiponectin and impaired AdipoR action are found in obesity,
insulin resistance, type 2 diabetes, and atherosclerosis?®?. Therefore, increasing adiponectin
production and/or adiponectin signaling are attractive targets for therapeutic interventions for the
prevention or treatment of obesity-related derangements in metabolism. In fact, a small-molecule,
AdipoR-activating compound named AdipoRon (AR) has been reported to improve insulin

resistance and lifespan in mice consuming a high-fat diet'®. These findings in rodents have

provided support for the development of other adiponectin mimetic compounds to target substrate
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metabolism in organs that play major roles in regulating whole-body glucose and lipid homeostasis
in humans. In this context, a peptide-based adiponectin mimetic named ALY 688 (also referred to
as ADP355) has been developed?®*. The compound has been shown to bind to both AdipoR1 and

AdipoR2 and induce adiponectin-specific signaling in several cell types®®®

. A potential advantage
of peptide mimetics is that they can provide great potency and specificity compared with small
molecule mimetics.

Because the WAT plays an important role in the regulation of glucose and lipid homeostasis®
and only a few studies have focused on the effects of adiponectin on this tissue, we assessed the
effects of ALY 688 as an adiponectin mimetic on glucose uptake and fatty acid oxidation in isolated
white adipocytes. Also, due to metabolic differences between visceral (\Vc) and subcutaneous (Sc)

fat depots and their implications to obesity-related metabolic diseases®®®

, adipocytes isolated from
epididymal (Epid) and Sc inguinal (Sc Ing) fat depots were used. We assessed the potential direct
effects of ALY688 on glucose uptake, incorporation of glucose into lipids, fatty acid oxidation,
and lipolysis, which are major pathways by which adipocytes handle glucose and fatty acids. We
also measured the phosphorylation of AMPK, ACC, AKT, and p38 mitogen-
activated protein kinase (p38MAPK), which are signaling pathways by which this adiponectin
mimetic compound could potentially regulate metabolism in the WAT. Here, we provide evidence
that despite enhancing AMPK phosphorylation in Epid and Sc Ing adipocytes, ALY 688 reduced
fat oxidation and did not affect basal or insulin-stimulated glucose uptake. However, it shifted

glucose metabolism towards oxidation and enhanced adrenergic-stimulated lipolysis in a depot-

specific manner.

9.3. Material and Methods
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Reagents — Type 1l collagenase, isoproterenol, fatty acid (FA)-free bovine serum albumin (BSA),
palmitic acid, and the free glycerol determination kit were purchased from Sigma (St. Louis, MO,
USA). [1-1*C] palmitic acid and D-[U-'*C] glucose were purchased from American Radiolabeled
Chemicals (St. Louis, MO, USA). Protease (cOmplete Ultra Tablets) and phosphatase
(PhosSTOP) inhibitors were obtained from Roche Diagnostics GmbH (Mannheim, Germany). The
B-actin (Cat # 4067), AMPK (Cat # 2532), pAMPKrhu72 (Cat # 2535), AKT (Cat # 9272),
PAKTsers73 (Cat # 9271), p38 (Cat # 9212), pp38 (Cat # 9211), hormone-sensitive lipase (HSL;
Cat #4107), and pHSLserss0 (Cat # 4126) antibodies were purchased from Cell Signaling (Danvers,
MA, USA). The ACC (Cat # ab45174) and pACCserro (Cat # ab68191) antibodies were purchased
from Abcam (Toronto, ON, Canada). ALY688 was provided by Allysta Pharmaceuticals,
Belmont, CA, USA.

Animals — Adipose tissue from the subcutaneous inguinal (Sc Ing) and epidydimal (Epid) fat pads
were extracted from male albino rats (Wistar strain weighing ~250 g, 50-60 days old), under
anaesthesia, and subsequently processed for cell isolation (Fig. 39). All experiments were
approved by the Animal Care Committee at York University (York University Animal Care
Committee, YUACC, permit number 2016-5) and performed strictly in accordance with the
YUACC guidelines. All surgery was performed under ketamine/xylazine anaesthesia, and all

efforts were made to minimize suffering.
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Figure 39: Schematic representation of experimental design.

Adipocyte isolation — Adipocyte isolation from the Epid and Sc Ing fat pads was performed as
previously described’. Briefly, the adipose tissue was minced in Krebs-Ringer bicarbonate HEPES
buffer (KRBH), containing type Il collagenase (0.5 mg/ml), prepared fresh on the day of each
experiment from stock solutions of salts and buffers (stored at 4°C) to give the following final
concentrations: 120 mM NaCl, 4.8 mM KCI, 2.5 mM CaCl, 1.2 mM KH2PQOg4, 1.2 mM MgSOs,
15 mM NaHCOs, and 30 mM HEPES. Before use, KRBH was gassed for 45 min with carbogen
(95% 02, 5% CO2) and then bovine serum albumin (3.5%) and glucose (5.5 mM) were added.
Following this, the pH of the buffer was adjusted to 7.4 with NaOH. Minced tissues were incubated
at 37°C with gentle agitation (120 orbital strokes/min) for approximately 25-30 min. The digested
tissue was then strained using a nylon mesh (500 um pore size) and cells were transferred to 50
ml plastic tubes, where the stromal vascular fraction (SVF) and mature adipocytes separated into
two distinct phases. The SVF sitting at the bottom of the tube was discarded by aspiration and the
floating adipocytes were washed 3 times prior to being resuspended in KRBH containing 3.5%

fatty acid-free BSA (KRBH-3.5% BSA). In order to distribute an equal number of adipocytes in
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each treatment condition, cell diameters were measured and total cell numbers determined as
previously described*®?.

Measurement of glucose uptake — Glucose uptake was measured either under basal or insulin-
stimulated (10 and 100 nM) conditions following the treatment of adipocytes either without
(control) or with ALY®688. Our initial choice of doses was based on experiments conducted with
ALY688 in other cell types (renal fibroblasts, breast cancer cells, etc.) in which concentrations
around 100 nM of the compound caused significant effects. Therefore, we decided to start with a
similar dose of 100 nM and increase the concentrations to 300 and 500 nM to assess whether higher
doses would be required for broader metabolic responses from Epid and Sc Ing adipocytes. We
also used AR (10 uM) to test whether another AdipoR agonist would elicit similar effects. Isolated
adipocytes (4x10° cells) were transferred to plastic tubes either with or without ALY688 and
incubated at 37°C for 1h. Insulin was added to the medium for the final 20 min of the incubation
period. Subsequently, KRB-HEPES containing 0.5 mM 2-deoxy-D-glucose and 0.5 pCi of 2-[1,2-
H]deoxy-D-glucose was added to the cells for 3 min, and the incubations were terminated by the
addition of cytochalasin B (1.5 mM stock solution). Aliquots of cell suspension (240 pl) were
quickly placed in plastic microtubes containing 100 pl of di-“isononyl” phthalate. The tubes were
centrifuged for 30s (6000 x g) to separate cells from the radioactive incubation medium.
Subsequently, fat cells were collected by cutting the tubes through the oil phase and transferring
the portion containing the cells to scintillation vials to be counted for radioactivity. Radioactivity
of the cells unrelated to glucose transport (nonspecific transport) was determined in the same
conditions by adding cytochalasin B (50 uM final concentration) to the medium before the addition

of 2-[1,2-*H]deoxy-D-glucose'®’. Nonspecific values were subtracted from all conditions.
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Measurement of glucose incorporation into lipids — Glucose incorporation into lipids was
measured in isolated adipocytes (5 x 10° cells) from the Epid and Sc Ing fat depots as previously
described!®. Briefly, cells were incubated in KRBH-3.5% BSA containing 0.2 pCi/ml of D-[U-
14C] glucose and 5.5 mM non-labeled D-glucose for 1h either in the absence or presence of

ALY688 (100 and 300 nM) and in the absence or presence of insulin (100 nM). Lipids were then

207 184

extracted according to the method of Dole and Meinertz="’ and assessed for radioactivity
Measurement of glucose and palmitate oxidation — Glucose and palmitate oxidation as measures
of oxidative capacity were assessed by production of **CO> in Epid and Sc Ing isolated adipocytes
(5 x 10° cells) as previously described*. In order to measure palmitate oxidation, cells were
incubated in KRBH-3.5% BSA containing 0.2 pCi/ml of [1-**C] palmitic acid and 200 uM non-
labelled palmitate. For glucose oxidation, cells were incubated with 0.2 puCi/ml of D-[U-4C]
glucose and 5.5 mM non-labeled D-glucose. Glucose and palmitate oxidation were measured
during 1h either in the absence or presence of ALY688 (100 nM and 300 nM). For glucose
oxidation only, cells were also incubated in the absence or presence of insulin (100 nM). Following
1 h of incubation, the media were acidified with 0.2 ml of H,SO4 (5 N), and the vials were
maintained sealed at 37°C for an additional 1h for the collection of *CO, released from the cells
and the media. Each vial used for incubation had a centered isolated well containing a loosely
folded piece of filter paper that was moistened with 0.2 ml of 2-phenyl- ethylamine/methanol (1:1,
vol:vol) to capture 4CO,. At the end of the incubation, the filter paper was removed and transferred
to a scintillation vial for radioactivity counting®?.

Determination of lipolysis — Lipolysis was measured in isolated Epid and Sc Ing adipocytes (6 x

10° cells). Adipocytes were incubated in the absence or presence of ALY688 and with or without

100 nM isoproterenol (B-non-specific agonist)?’. Each condition was assayed in triplicates and
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the samples were incubated for 75 min at 37°C with gentle agitation (80 orbital strokes/min). After
incubation, a 200 pl aliquot of medium was taken from each vial for the determination of glycerol
concentration.

RNA isolation and quantitative PCR — Primers were designed using the software PrimerQuest
(IDT) based on probe sequences available at the Affymetrix database (NetAffx™ Analysis Centre,
http://www.affymetrix.com/ analysis) for each given gene. RNA was isolated from adipose tissue
and isolated adipocytes using the RNeasy Lipid Tissue Kit (Germantown, MD, USA) and
complimentary DNA (cDNA) was made from 2 pg of extracted RNA using the ABM EasyScript™
cDNA Synthesis kit (Diamed, Mississauga, ON, Canada), according to the manufacturer’s
instructions. Samples were run in duplicate on 96-well plates, and each 20 pl reaction contained 4
ul of cDNA, 0.4 pl of primer, 10 pl of Brightgreen 2x qPCR Mastermix (Diamed, Mississauga,
ON, Canada) and 5.6 pl of RNA-free water. Real-time PCR analysis was performed using a Bio-
Rad CFX96 Real Time PCR Detection System (Bio-Rad, Mississauga, ON, Canada) using the
following amplification conditions: 95°C (10 min); 40 cycles of 95°C (15 s), 60°C (60 s). Values
are presented as fold increases relative to GAPDH gene expression®. The primers used to probe

for rat AdipoR1 and AdipoR2 mRNA levels using gPCR were as follows:

AdipoR1: Forward: 5’-ACTTTGTAACCTGGCGGATGACAG-3’
Reverse: 5’-ATCAAGGCGTGGCTTTGTTTGTCC-3”

AdipoR2: Forward: 5’-AATGATGGCGTTTCTCTCTGGTGC-3’
Reverse: 5’-CACACTTCTTGCGAACGGCATTCA-3’

GAPDH: Forward: 5’-TGACTCTACCCACGGCAAGTTCAA-3’
Reverse: 5’-ACGACATACTCAGCACCAGCATCA-3’

Western blotting analysis of content and phosphorylation of proteins — Isolated adipocytes from

the Epid and Sc Ing fat depots were incubated in the absence or presence of ALY688 for 30 min
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and then immediately homogenized in a buffer containing 25 mM Tris-HCI, 25 mM NaCl (pH
7.4), 1 mM MgClz, 2.7 mM KCI, 1% Triton X-100 and protease and phosphatase inhibitors (Roche
Diagnostics GmbH, Mannheim, Germany). Homogenates were centrifuged, the infranatant
collected, and an aliquot was used to measure protein by the Bradford method. Samples were
diluted 1:1 (vol:vol) with 2x Laemmli sample buffer and heated to 95°C for 5 min. 25 pg of protein
were loaded in each well. Samples were then subjected to SDS-PAGE, transferred to PVDF
membrane, and probed for the proteins of interest. All primary antibodies were used at a dilution
of 1:1,000 and B-actin was used as a loading control. All densitometry analyses were performed
using the Scion Image program.

Statistical analyses — Statistical analyses were performed by either unpaired two-tailed t-tests or
one and two-way analysis of variance (ANOVA) with Bonferroni post-hoc tests using the
GraphPad Prism statistical software program. Bars represent mean £ SEM. Statistical significance

was set at p<0.05.

9.4. Results

AMPK and ACC phosphorylation — We detected an increase in AMPK phosphorylation when
adipocytes were incubated with 100, 300, and 500 nM of ALY688. In Epid adipocytes, 100 and
300 nM of ALY 688 significantly increased AMPK phosphorylation by 2.37- and 2.7-fold, relative
to 0 nM, respectively, whereas AR (10uM) increased this variable by 1.57-fold (Fig. 40A). In Sc
Ing adipocytes, 300 nM of ALY 688 increased AMPK phosphorylation by 3.81-fold relative to 0
nM, which was of similar magnitude to the AR effect in these cells (Fig. 40B). However, an
increase in AMPK phosphorylation was not observed in this depot with 100 nM of the drug (Fig.
40B). To confirm that phosphorylation of AMPK was accompanied by an increase in its activity,

we also assessed the phosphorylation of ACC, a downstream target of AMPK. In the presence of
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500 nM of ALY688, AMPK phosphorylation increased 6.2-fold (Fig. 40C), and this was
accompanied by a 2.13-fold increase in ACC phosphorylation (Fig. 40D). The generation of cell
lysates from primary adipocytes requires a large amount of adipose tissue; thus, in order to
optimize the preparation, we used the Sc Ing fat depot where the amount of tissue available and
the yield of cells were the highest. Also, in order to have three replicates for control and the

compound, we used only one dose of ALY688 (500 nM) as shown in Fig. 40C and D.
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Figure 40: ALY688 (100 and 300 nM) induced AMPK phosphorylation in epididymal (Epid, A)
and subcutaneous inguinal (Sc Ing, B) adipocytes. AdipoRon (AR) was used as a positive
control. In Sc Ing adipocytes, a higher dose of ALY 688 also increased the phosphorylation of
AMPK (C) and ACC (D). Different letters denote statistical significance (p<0.05). One-way
ANOVA for AB and t-test for C-D, n=3.

Glucose uptake — As expected, glucose uptake was increased upon insulin stimulation in both Sc

Ing and Epid adipocytes. However, no significant effects of any concentration of either ALY 688
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or AR (10 puM) on basal and insulin-stimulated glucose uptake were detected (Fig. 41A and B).
Because supraphysiological insulin concentrations (100 nM) were used in the initial experiments,
it could be that glucose uptake was maximized, masking a potential effect of ALY688 on this
variable. To explore this, we conducted additional experiments using a lower (more within the
physiological range, 10 nM) insulin concentration. Also, we used a higher concentration of the
compound (500 nM) to test whether this would be more effective in adipocytes than the previous
doses used (Fig. 41C). Despite this, we found that even under lower doses of insulin, glucose
uptake was not significantly affected by 500 nM of ALY688 in Epid adipocytes (Fig. 41C), and
similar results were also found for Sc Ing adipocytes.

AKT and p38 MAPK phosphorylation — To test whether major steps of the insulin signaling
pathway were affected by ALY688, we measured AKTsera73 phosphorylation in both Epid and Sc
Ing adipocytes exposed to 0, 100, 300, and 500 nM of the compound. No effect of ALY688 was
detected on AKTsera73 phosphorylation in Epid (Fig. 42A) and Sc Ing (Fig. 42B) adipocytes, which
is consistent with the lack of effect on glucose uptake in these cells. As a positive control, cells
isolated from both fat depots were also treated with insulin (100 nM), and it caused a robust
AKTsera7z phosphorylation response to the hormone (Fig. 42A and B). Additionally, because
adiponectin initiates a series of tissue-dependent signal transduction events through distinct
signaling pathways, including p38 MAPK?%*, we also tested whether this would be the case in Epid
and Sc Ing adipocytes. As shown in Fig. 42C and D, p38 phosphorylation was not affected by 100
and 300 nM of ALY688 in Epid and Sc Ing adipocytes. However, a robust induction of p38 MAPK
phosphorylation was detected when adipocytes from both fat depots were incubated with 10 uM

of AR (Fig. 42C and D).
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Figure 41: No effect of ALY 688 (100, 300, and 500 nM) on basal (Bas) and insulin (Ins, 100 nM)-
stimulated glucose uptake in epididymal (Epid, A) and subcutaneous inguinal (Sc Ing, B)
adipocytes. Glucose uptake was also assessed in Epid adipocytes exposed to 500 nM of ALY 688
for 60 min (C) and then stimulated with 10 and 100 nM of insulin. Different letters denote
statistical significance (p<0.05). Two-way ANOVA, n=3-5.
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Figure 42: ALY688 did not affect AKTsera73 and p38 MAPK phosphorylation in Epid (A and C)
and Sc Ing adipocytes (B and D), whereas AdipoRon (AR) and insulin induced robust increases in
AKTSer473 and p38 MAPK phosphorylations in adipocytes from both fat depots. Different letters
denote statistical significance (p<0.05). One-way ANOVA, n=3.
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Glucose incorporation into lipids and glucose oxidation — ALY 688 did not affect glucose uptake
in Epid and Sc Ing adipocytes; however, it could still affect metabolism of this substrate inside the
cells. To evaluate this, we measured the incorporation of glucose into lipids and also glucose
oxidation in Epid and Sc Ing adipocytes under basal and insulin-stimulated conditions. We found
that neither Epid nor Sc Ing rates of glucose incorporation into lipids (lipogenesis) were affected
by the compound (Fig. 43A and B). However, ALY 688 caused dose and tissue-specific effects on
glucose oxidation in Epid and Sc Ing adipocytes. This was characterized by significantly enhanced
basal glucose oxidation by 49% and 39% in Epid adipocytes in the presence of 100 and 300 nM
of ALY 688, respectively, when compared to cells incubated in the absence of insulin and ALY 688
(Fig. 43C). In Sc Ing adipocytes, 100 and 300 nM of ALY688 increased basal glucose oxidation
by 37% and 64%, respectively, with only the latter concentration reaching statistical significance
when compared to 0 nM ALY688 (Fig. 43D). Insulin-stimulated glucose oxidation was also
enhanced by the compound, although only in Epid adipocytes treated with 300 nM of ALY 688 or

AR (Fig. 43C).
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Figure 43: ALY688 (100 and 300 nM) did not affect glucose incorporation into lipids (A and B),
but it enhanced in a dose-dependent and tissue-specific manner basal (Bas) and insulin (Ins)-
stimulated rates of glucose oxidation in Epid (C) and Sc Ing (D) adipocytes. Different letters denote

statistical significance (p < 0.05). Two-way ANOVA, n = 3-7.

Palmitate oxidation — Because ALY688 induced a consistent increase in AMPK and ACC
phosphorylation in isolated adipocytes from both fat depots, we tested whether such effect was
also accompanied by a functional metabolic alteration in these cells. The initial expectation was
that increased AMPK phosphorylation would increase rates of fatty acid oxidation, as it is
frequently reported in skeletal muscle cells?*>?, However, to our surprise, 300 and 500 nM of

ALY688 suppressed basal palmitate oxidation by ~55% and ~35% in both the Epid and Sc Ing
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adipocytes, respectively, relative to the 0 nM group (Fig. 44A and B). No effect on palmitate

oxidation was observed in either depot with 100 nM of ALY 688 (Fig. 44A and B).
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Figure 44: As the concentration of ALY 688 increased beyond 100 nM, rates of palmitate oxidation
were reduced in both epididymal (Epid, A) and subcutaneous inguinal (Sc Ing, B) adipocytes.
Different letters denote statistical significance (p < 0.05). One-way ANOVA, n =5.

Lipolysis — In order to assess whether ALY 688 could affect the ability of adipocytes to export fatty
acids, we also measured lipolysis in these cells. We found that basal lipolysis was not affected by
treating cells with ALY688; however, when Epid adipocytes were stimulated with 100 and 300
nM of ALY688 and 100 nM of isoproterenol, glycerol release increased by 45% and 70%,
respectively, when compared to cells incubated with isoproterenol only (Fig. 45A). In Sc Ing
adipocytes, ALY 688 had no significant effect on rates of glycerol release either under basal or
isoproterenol (Iso)-stimulated conditions (Fig. 45B). In order to assess potential mechanisms by
which ALY688 enhanced Iso-stimulated glycerol release in Epid adipocytes, we measured
phosphorylation of hormone sensitive lipase (HSLsers60) in both Epid and Sc Ing adipocytes. As
depicted in Fig. 45C and D, ALY688 increased phosphorylation of HSLsers60 in Epid, but not in
Sc Ing adipocytes. This suggests that ALY688-induced HSL phosphorylation could be linked to

the increase in glycerol release seen in Epid adipocytes. However, we could not perform a
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statistical analysis because we had only 2 samples probed for HSL phosphorylation. Furthermore,
even though HSL plays a very important role in adipose tissue lipolysis, adipose triglyceride lipase
(ATGL) activity could also be affected by ALY688. However, the activity of this latter lipase was

not measured in this study.
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Figure 45: Lipolysis was affected in tissue-specific manner by ALY688. In Epididymal (Epid)
adipocytes, isoproterenol (Iso)-stimulated lipolysis increased (A), whereas no effect of ALY688
(100 and 300 nM) was detected in Sc Ing (B) adipocytes either under basal (Bas) or Iso-stimulated
conditions. Similarly, HSL phosphorylation was elevated in Epid (C), but not in Sc Ing (D)
adipocytes. Different letters denote statistical significance (p < 0.05). Two-way ANOVA, n = 4
for glycerol release and n = 2 for HSL content and phosphorylation.

Adiponectin receptor gene expression in isolated adipocytes and whole WAT — In isolated
adipocytes, we found that the mRNA expression of AdipoR2 was 1.85-fold and 1.75-fold higher
than AdipoR1 in Epid and Sc Ing cells, respectively (Fig. 46A). Furthermore, the mRNA

expression of both receptors was significantly lower in Sc Ing than Epid cells. In fact, AdipoR1
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and AdipoR2 mRNA expressions were ~45% lower in Sc Ing than in Epid adipocytes (Fig. 46A).
In whole Epid fat tissue, AdipoR2 mMRNA expression was 2.5-fold higher than AdipoR1, which
was similar to what we found in isolated cells. However, in the Sc Ing fat pad the reverse was
found, with AdipoR1 mRNA expression being 1.3-fold higher than AdipoR2 (Fig. 46B). All our
experiments were conducted in isolated cells; therefore, it is possible that the higher expression of
AdipoR2 in Epid adipocytes dictated the distinct metabolic responses that ALY688 treatment

elicited in isolated cells from visceral and subcutaneous fat depots.
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Figure 46: Distinct profile of AdipoR1 and AdipoR2 mRNA expression between epididymal
(Epid) and subcutaneous inguinal (Sc Ing) adipocytes (A) and fat depots (B). Different letters
denote statistical significance (p < 0.05). Two-way ANOVA, n = 5.

9.5. Discussion

Our findings provide evidence that acute exposure of isolated Epid and Sc Ing rat adipocytes to
ALY688 did not alter AKT and p38 MAPK phosphorylation, basal and insulin-stimulated glucose
uptake, and glucose incorporation into lipids (lipogenesis) in these cells. However, ALY688
treatment increased AMPK and ACC phosphorylation, although this was accompanied by
suppression instead of stimulation of palmitate oxidation in Epid and Sc Ing adipocytes. This latter

finding is contrary to what has been demonstrated in skeletal muscle cells under adiponectin-
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stimulated AMPK activation®®>%!, suggesting a distinct regulatory role for adiponectin-mediated
AMPK activation in WAT glucose and fat metabolism in comparison to liver and skeletal muscle.
In fact, ALY688 enhanced rates of glucose oxidation in a concentration-dependent and tissue-
specific manner in Epid and Sc Ing adipocytes. Basal rates of glucose oxidation consistently
increased in cells from both fat depots, whereas under insulin-stimulated conditions only higher
concentrations (300 nM) of the compound elicited an effect in Epid adipocytes. The data indicate
that acute ALY688 treatment diverts glucose towards oxidation in adipocytes, which could
positively contribute to whole-body glycemic control. We have also found that both AR and
ALY688 enhanced AMPK phosphorylation in Epid and Sc Ing adipocytes, whereas only AR
increased p38 MAPK phosphorylation in these cells. However, because neither ALY688 nor AR
affected either basal or insulin-stimulated uptake of glucose and its incorporation into lipids, the
ability of AR to induce p38 MAPK phosphorylation did not seem to have any direct impact on
glucose metabolism in adipocytes from both fat depots.

There are at least three potential explanations for the reduction in fatty acid oxidation despite
ALY688 inducing AMPK phosphorylation in isolated adipocytes: 1) it could be that enhanced
glucose oxidation provided energy for the cells and caused a shift in fatty acid metabolism away
from oxidation, even though AMPK phosphorylation was increased by ALY688. This could be
possible because there is a relatively small number of mitochondria in white adipocytes, which
normally limits the ability of these cells to elicit an elevated rate of fat oxidation”?%8. However,
because ALY688 consistently increased basal glucose oxidation in Epid and Sc Ing adipocytes,
this must have led to a condition in which even fewer fatty acids were required and used for -
oxidation and energy production in these cells. Therefore, a shift in substrate utilization seems a

plausible mechanism by which ALY688 led to the suppression of palmitate oxidation, despite

196



increased AMPK phosphorylation in adipocytes; 2) enhancement of fatty acid oxidation by
adiponectin in skeletal muscle cells has been shown to depend on the sequential activation of
AMPK and p38 MAPK, leading to induction of PPARa transcriptional activity and of its target
oxidative genes (e.g. ACO and CPT1)%. In our studies, even though ALY688 caused AMPK
activation in Epid and Sc Ing adipocytes, p38 MAPK phosphorylation was not affected by the
compound. Thus, it could be that ALY688 promoted only partial activation of signaling events
required for the enhancement of fatty acid oxidation in adipocytes. Under these conditions, glucose
was clearly the preferred substrate for oxidation in these cells, which, as previously described,
likely led to fewer fatty acids being diverted for oxidation; and finally, 3) it is also possible that
fatty acid uptake was impaired under concentrations of ALY 688 above 100 nM. This could be an
AMPK-independent dose-dependent effect of the compound that suppressed specific adipocyte
functions.

ALY688 did not affect basal rates of lipolysis either in Epid or Sc Ing adipocytes; however,
isoproterenol-stimulated lipolysis increased in Epid adipocytes treated with ALY688. The
mechanism underlying this depot-specific enhancement of beta-adrenergic-stimulated lipolysis by
ALY688 seems to involve an increase in HSL phosphorylation. These findings differ from
previous reports in which adiponectin suppressed lipolysis via inhibition of HSL phosphorylation
in mouse adipocytes®®, and that a collagen domain-derived short adiponectin peptide promoted
adipogenesis in 3T3L1 adipocytes®®. These discrepancies could be attributed to methodological
differences between studies. For instance, a lower lipolytic response was previously reported in
Epid adipocytes from Adipog” mice exposed to BRL37344 (a selective p3-adrenergic agonist ),
as well as in 3T3L1 adipocytes maintained in co-culture with FAO cells overexpressing full-length

mouse adiponectin®®. In this study, we performed acute (1h) incubations of primary rat adipocytes
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in the presence of a peptide-based adiponectin mimetic and then stimulated the cells with
isoproterenol, a non-specific B-adrenergic agent.

From our metabolic studies, it was clear that ALY688 caused tissue-specific and dose-
dependent effects on glucose and fat metabolism in adipocytes. In general, Epid adipocytes elicited
more pronounced responses to ALY 688 than Sc Ing cells, particularly with respect to enhancing
glucose oxidation and lipolysis while suppressing palmitate oxidation. Under these conditions,
ALY 688 could confer metabolic flexibility to the WAT and control WAT expansion, an effect that
has been previously attributed to adiponectin®%2® This would allow for depot-specific
exportation of fatty acids for utilization in peripheral tissues under adrenergic-stimulated
conditions, while also enhancing glucose oxidation within the WAT. It could be that the tissue-
specific responses resulted from distinct expressions of adiponectin receptors (AdipoR1 and
AdipoR2) between Epid and Sc Ing cells. Therefore, we determined the expression profile of
AdpoR1 and AdipoR2 in Epid and Sc Ing adipocytes, as well as in intact adipose tissue. It has
been reported that it is AdipoR2 that carries out the effects of adiponectin in WAT?!, Indeed, we
found that in isolated Epid and Sc Ing adipocytes, AdipoR2 mRNA expression was approximately
two-fold higher than AdipoR1. Also, Epid adipocytes displayed significantly higher AdipoR2
MRNA expression than Sc Ing adipocytes. Similarly, when analyzing whole fat tissue, we also
detected much higher AdipoR2 mRNA expression in the Epid than in the Sc Ing fat depot.
However, in the Sc Ing fat depot AdipoR1 mRNA expression was slightly higher than AdipoR2
MRNA expression, which could be attributed to the presence of a higher population of non-
adipocyte cells in the Sc Ing than in the Epid fat depot. Because our experiments were conducted

in isolated adipocytes, it is plausible that the more pronounced responses of Epid than Sc Inc
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adipocytes to ALY688 resulted from a much lower expression of AdipoR2 in the latter than the
former adipocytes.

In summary, we found that acute treatment with ALY 688 increased AMPK phosphorylation in
Epid and Sc Ing rat adipocytes; however, this was accompanied by suppression of fat oxidation
and no alteration in basal and insulin-stimulated glucose uptake in these cells. Furthermore,
ALYG688 increased rates of glucose oxidation in Epid and Sc Ing adipocytes and enhanced
adrenergic-stimulated lipolysis, although the latter effect was only detected in Epid adipocytes.
These findings provide evidence that the AdipoR agonist ALY688 can regulate adiposity and
affect glycemic control by altering substrate portioning in adipocytes in a fat depot-specific

manner.
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Chapter 10: Integrative Summary

The focus of this dissertation was to examine the effects of dietary macronutrient
manipulation on WAT and BAT function, including its metabolic and endocrine roles.
Importantly, AT does not act in isolation and induces metabolic and inflammatory effects in other
tissues, including skeletal muscle and cardiac and pulmonary tissues, which was the focus of the
second part of the thesis. To conclude, an alternative approach to modifying AT function was taken
using an adiponectin mimetic. Together, these 5 studies provide insight into the effect of dietary
and drug-mediated metabolic and RAS-related adaptations in AT, and potential effects in non-

adipose tissues.

The objective of the second study was to assess the effect of dietary intervention on
substrate metabolism and energy-expending mechanisms in WAT and BAT. Previous studies have
shown the KD elevates whole-body energy expenditure!’, which has been linked to WAT
browning#®14” and elevated BAT sympathetic stimulation and UCP1 content'*’. However, to my
knowledge, Project 1 is the first to investigate distinct functional mechanisms of energy
expenditure in WAT and BAT. It was surprising to find that the KD elevated Sc Ing and Epid fat
mass similar to the HFS diet. Earlier studies show that under isocaloric conditions, fat mass is
unaltered or even increased in animals fed a KD, but this is typically compared to a chow-fed
group®®146, Here, | show that the growth in fat mass is comparable to that of the obesogenic diet.
Importantly, the HFS and KD diverged with respect to functional physiological mechanisms.
Specifically, HFS-feeding impaired Iso-stimulated lipolysis and lipogenesis in the Epid and Sc Ing
adipocytes, respectively. Conversely, KD-feeding preserved these functions and upregulated GyK
content in both visceral and Sc WAT depots, providing the necessary machinery for TAG

recycling. It is important to note that the KD did not promote browning of the WAT, which has
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been proposed to be upregulated under these dietary conditions in previous studies*®'4’. However,
the elevation in TAG recycling likely enhanced the ability of the WAT to handle the excess dietary
FAs from the KD and preserved the ability of the visceral and Sc fat depots to respond to Iso and
insulin-stimulation. Nevertheless, it is clear from our findings that WAT mass may not necessarily
be the determinant for health. Rather, preservation of WAT function may be crucial for the

prevention of disease®.

Excess FAs may have travelled through the circulation and been oxidized by the BAT,
which would have been supported by the KD-induced increase in uncoupled FA oxidative
capacity, relative to the HFS diet. In line with this, GyK and BAT were significantly elevated in
the BAT from KD-fed animals. Alternatively, EDL and Epit muscles from KD-fed animals
displayed an elevation in palmitate oxidizing capacity, which may have been an alternative fate

for AT or diet-derived FA.

The KD-mediated preservation of WAT and BAT function, as well as the activation of
TAG recycling, could potentially be explained by the upregulation of the classical RAS arm in
these tissue depots. It is understood that inflammation may exacerbate adipocyte dysfunction under
conditions of obesity>*4, and that the pro-inflammatory state of the AT could be mediated by an
upregulation in the classical arm of the RAS!®. In this context, a shift towards the
counterregulatory ACE2/Ang(1,7)/MasR may suppress inflammation and support energy
metabolism in brown and white fat®. As shown in study 3, KD-feeding significantly attenuated
ACEL protein content in Sc Ing and Epid fat depots, shifting the RAS profile away from the
classical arm. Interestingly, the HFS diet also suppressed ACE1 content and both the HFS and KD
lowered ACE2 protein levels in the Sc Ing fat, suggesting that RAS effects in this depot may be

more attributable to the Ang receptors. Indeed, in the Sc Ing fat depot, the HFS diet elevated AT:R
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content and did not alter the counterregulatory Ang receptors AT2R and MasR, whereas AT:R did
not increase and AT2R was robustly upregulated with a KD in this fat pad. Similarly, KD-feeding
also elevated AT2R in the Epid fat. In BAT, only AT:R levels were altered with dietary
intervention, where the HFS, but not the KD, significantly increased the content of this protein.
The importance of AT:R in the brown fat is relatively higher, given its elevated abundance in this
tissue compared to the subcutaneous and visceral fat. Similar to Sc Ing and Epid fat, the KD also
did not increase AT:R levels in BAT. Thus, the HFS diet promoted a shift to the ACE1/Ang-
[1/AT.R arm of the RAS, whereas the KD did not influence RAS profile in the BAT. Regardless
of depot-specific differences in the alterations of RAS proteins with diet, the HFS diet consistently
shifts the RAS profile of WAT and BAT towards the classical arm of the RAS and the KD
upregulates the counterregulatory arm of the RAS. The KD-mediated alteration in AT RAS could
have driven the upregulation of the energy-dissipating machinery in WAT and BAT assessed in
Study 2. Existing work has shown that exercise and pharmacological agents effect RAS protein
expression in WAT%, However, to my knowledge, this is the first study to show KD-mediated
alterations in RAS protein profile in visceral and subcutaneous WAT and BAT, highlighting the

importance and novelty of this work in the context of AT metabolism and endocrine functions.

AT dysfunction underlies systemic, low-grade inflammation, which could induce a
compensatory RAS shift in non-adipose tissues to mitigate these effects. In the lungs, this is
characterized by an elevation in ACE2!. However, this protein acts as the receptor for SARS-
CoV-2, which could enhance the susceptibility of obese individuals to infection. Moreover, the
existing inflammatory environment could prime the organism for an exacerbated inflammatory
response that could induce severe organ damage!!®. Thus, the application of an intervention that

suppresses the activation of the classical RAS arm poses a potential protective effect against
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infectivity and severity of infection. | conducted this research at the height of the pandemic where
not much was known regarding COVID-19. However, what was well established was that obesity
and diabetes increase pulmonary ACE2 levels and may underlie the increased risk of infection in
these clinical populations'?>??°, Given the distinct impacts of the HFS and KD in AT RAS, we
asked a question that had not been previously investigated: how does the KD influence RAS
proteins in the lungs and heart? The findings from this study could provide novel information into
how manipulation of dietary macronutrient composition could potentially influence disease
susceptibility and severity. In our study, we observed that the KD significantly reduced ACE1
content in the lung, which is a major contributor to systemic Ang-11 levels'%’. This likely led to an
attenuation in ACE2, where the demand for a counterregulatory mechanism to ACE1 was
decreased. As expected, the obesogenic diet increased ACE2 and TMPRSS2 contents in the lungs,
which could potentially increase the susceptibility to infection with SARS-CoV-2. ACEL is far
more abundant in the lung than the heart. Thus, the KD-induced attenuation in protein likely had
a major impact on the RAS profile of this tissue, supporting the decrease in inflammatory markers
tlrd and il6r. Conversely, although the HFS diet did not increase ACE2 levels in the heart, this
organ is abundant in this RAS protein. In this context, the increase in viral entry potential in the
lung could support viral load and spillover into the circulation, eventually leading to SARS-CoV-
2 reaching the heart and entering through the highly available ACE2. Instead of altering ACEs,
the HFS diet, but not the KD, upregulated protein levels of AT{R and AT2R. The upregulation of
AT2R may have served as a compensatory mechanism for the enhanced levels of AT:R and could

explain the lack of inflammation in cardiac tissue.

In addition to the lungs and heart, the AT is also crucial for skeletal muscle function due

to its role in energy mobilization. As previously mentioned, the FA released from the AT could
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potentially be oxidized by EDL and Epit muscles, particularly under conditions of KD-feeding
where the capacities of these muscles to burn fat were enhanced. Additionally, the FFA released
from the WAT supported ketone body production in the liver, which provided energy substrate for
the Sol muscle that demonstrated an enhanced capacity to oxidize ketones. Regardless of these
fiber-type specific differences in metabolic adaptations to the KD, all muscles displayed an ability
to metabolize glucose in response to insulin. This was supported by the increased in glycogen
synthesis and lactate production, indicating two major pathways whereby glucose could be
diverted in skeletal muscle. This was strongly contrasted by the lack of response to insulin in the
muscles of HFS rats. Glucose oxidation was not different between the HFS and KD, which can be
explained in the KD group by the shift toward fat and ketones as metabolic substrates. Previous
studies have assessed the effects of the KD on mitochondrial mass'®* and markers of mitochondrial
biogenesis*® in muscle. Moreover, recent works have investigated KD-induced alterations in the
gene expression of proteins involved in fat and ketone metabolism*®®, or substrate partitioning in
individual skeletal muscles®®”. To my knowledge, this was the first study to conduct a
comprehensive analysis of substrate metabolism in muscles with distinct fiber-type compositions
under conditions of KD-feeding, including functional measurements of glucose and fat
metabolism. The findings from my study contribute to our current understanding of skeletal muscle
metabolism and show that the KD shifts substrate preference to FA and ketones in a fiber-type
specific manner but preserved the abilities of all muscles to metabolize glucose. Importantly, the
study highlights the distinct responses induced by alterations in dietary macronutrient composition,
where two diets that are high in fat, but differ in carbohydrate content differently impact metabolic

flexibility and their potential regulation of whole-body glycemic control.
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In addition to dietary intervention, we applied a pharmacological approach to enhance AT
function. Specifically, we used ALY688, an adiponectin mimetic and observed its effects on
glucose and fat metabolism in visceral and Sc WAT. This was the first study to assess the effects
of this compound on fat and glucose metabolism in adipocytes, and even the effect of an
adiponectin mimetic, in general, on fat oxidation in adipocytes. In this context, the findings from
this study could contribute to the existing body of knowledge on the potential effects of adiponectin
in AT. As expected, treatment with ALY 688 activated AMPK and increased ACC phosphorylation
in adipocytes. However, ALY 688 did not significantly alter basal or Ins-stimulated glucose uptake
or glucose incorporation into lipids. Instead, it increased glucose oxidation in Epid and Sc Ing
adipocytes and enhanced lipolytic capacity in the former. The shift to glucose oxidation likely
attenuated the reliance on fat for energy production in these cells, driving the decrease in palmitate
oxidation with ALY688 in cells from both fat depots. Nevertheless, this adaptation could enhance
the capacity for glucose disposal in the WAT, supporting whole-body glycemic control in the

organism.

Together, these works demonstrate the potential of the KD in the regulation of AT function
and implications this has for non-adipose tissues, including skeletal muscle, lung and cardiac
tissues. Moreover, treatment with an adiponectin mimetic can also have potential for the regulation
of AT function. These interventions carry great potential for the management of obesity and its
related metabolic disorders and suggest that KD could potentially be protective against infection

and/or the ensuing inflammatory response.
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Figure 47: Schematic illustration of integrated summary. The consumption of a KD significantly
enhances the TAG recycling capacity of the WAT. Excess FA from the diet, or FA that escape
recycling, are oxidized in the BAT via the KD-induced elevation in uncoupled oxidative capacity,
driven by the increase in UCP1 and GyK contents in this tissue. Together, the elevation in TAG
recycling and uncoupled oxidation potentially contribute to energy expenditure in KD-fed rats.
Alternatively, FA are oxidized in the liver, where they are diverted to ketone body synthesis, or
they are oxidized in the skeletal muscles. Interestingly, EDL and Epit muscles demonstrated an
elevation in palmitate oxidation, relative to the HFS animals, whereas the Sol muscle did not,
despite PGC-1a and TFAM being elevated in this muscle, exclusively. Instead, KD-feeding
elevated the ketolytic capacity of this tissue, suggesting this substrate was preferred in the Sol for
energy production. Regardless of fiber-type composition, all muscles displayed an ability to
metabolize glucose in response to insulin, which could potentially promote whole-body glycemic
control. KD-feeding also caused a shift to the counterregulatory RAS arm in the WAT, which
likely underlies the suppression in AT-derived systemic inflammation, potentially leading to an
attenuation in pulmonary ACE2, a counterregulatory RAS protein that is also the receptor for
SARS-CoV-2. In line with this, an attenuation in inflammatory gene expression was observed in
this tissue. Moreover, TMPRSS2 content was decreased. Together, these effects could lower the
severity of infection in this tissue and, given that the lungs are the primary entry point of SARS-
CoV-2 in the body, may also contribute to lower viral infectivity in the heart. Finally, treating
white adipocytes with the adiponectin mimetic ALY 688 promoted glucose oxidation, which also
has potential for the regulation of whole-body glucose homeostasis.
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Chapter 11: Limitations

It is important to acknowledge that some limitations do exist in our studies. In Studies 1
and 2, the housing temperature was approximately 23 °C, which is below thermoneutrality for rats.
This could have inherently activated thermogenic mechanisms in the animals and masked the
effects of the diets. This is supported by Weber et al., who demonstrated that KD-feeding at
thermoneutrality yielded a reduction in energy expenditure relative to KD mice at room
temperature?®®. Although the relative difference in energy expenditure and weight reduction
between the HFS and KD-fed mice was maintained regardless of housing temperature, it is
apparent that energy expenditure decreased significantly with temperature within diet groups?°.
This indicates housing temperature could be impacting energy dissipating mechanisms in AT and
is a potential limitation in our first two studies.

In study 3, RAS proteins were measured in AT depots under different dietary conditions.
As mentioned in the manuscript, one potential limitation is that we were not able to observe
alterations in ERK phosphorylation, an indicator of Ang signaling. This limitation could be
attributed to the model we used, where in vivo assessments of the effect of a single factor are
complicated by the complex hormonal milieu that exists in an organism. Moreover, we are
assuming that the KD-induced shift in RAS proteins may contribute to the anti-inflammatory
effects of the diet in AT. However, under the present study conditions, this is merely an association,
and a causal link cannot be established without the performance of additional experiments.

Study 4 highlights the effects of dietary intervention on SARS-CoV-2 entry proteins in
lung and cardiac tissue. Importantly, despite suggesting the KD as a potential intervention for the

prevention against severe infection with COVID-19, this was never directly measured.
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Additionally, it is proposed that the elevation in cardiac AT2R levels exerted a protective effect
against inflammation in the cardiac tissue. This is speculative and warrants further investigation.
Study 5 demonstrates fiber-type specific differences in the effects of the KD on glucose,
fat and ketone metabolism in skeletal muscles. This study, however, was conducted in male rats.
In this context, extending the findings to females is limited, especially since it is known sexual

dimorphisms exist in muscle physiology?™

. An additional limitation was that fiber-type
compositions were not assessed following the feeding of the diets. A previous study demonstrated
that KD feeding caused a shift in EDL muscle fibers to make the muscle more oxidative!’. This
could potentially underlie the enhanced FA oxidative capacity in EDL, as well as the Epit muscle
in our study.

Finally, study 6 was one of the first investigations into the effects of ALY688. To our
knowledge, we were the first group to study ALY688 treatment in primary adipocytes. The results
of our paper are promising, but limitations exist. First, the observed effects were under acute
treatment with the compound. It is plausible that chronic exposure to ALY 688 could impact gene
expression and alter glucose and fat metabolism, accordingly. Secondly, the adipocytes used in
our experiments were isolated from the fat pads of younger animals, which could mask the
beneficial effects of this drug. In this context, it is important to test the effects of this drug on the
AT from diabetic or obese animals to determine whether ALY 688 treatment could enhance glucose
and fat metabolism in an organism with metabolic dysfunction.

In conclusion, these limitations give rise to several future directions that will serve to

strengthen our understanding of AT metabolism and RAS function, as well as muscle and lung

physiology under conditions of KD.
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Chapter 12: Future Directions

In consideration of the outlined limitations, as well as existing gaps in the literature, future
directions in each of the studies exist. In our first study, we observed a diet-induced suppression
in uncoupled oxidative capacity in the brown adipocytes of HFS-fed rats. However, given the
importance of the localization of mitochondria in brown adipocytes for the determination of
functional outcome’ (see Chapter 2), it would be of interest to analyze subfractions of brown
adipocyte mitochondria to determine the effect of diet on the relative distributions of lipid-droplet

bound and cytoplasmic mitochondria.

In Study 2 (Chapter 5), the demonstrated elevation in TAG recycling in WAT is a
thermogenic mechanism that is also induced by cold exposure’. To our knowledge, however, the
combined effects of the KD with cold exposure have not been studied. In this context, a future area
of research could be to house animals at 4 °C and feed them a KD, to determine whether this
combined approach would additively enhance energy expenditure in this tissue, and potentially
support a loss in fat mass. Moreover, recent work shows that KE supplementation in animals fed
an obesogenic diet attenuates WAT mass!*8. This begs the question whether KE activates energy
expending mechanisms in WAT and BAT, similar to the KD. To investigate this, animals could
receive KE in drinking water or the KE could be administered by gavage over a time course, to
account for potential time-dependent effects of this treatment. Following the KE supplementation
period, AT would be extracted for adipocyte isolation, and thermogenic mechanisms within WAT

and BAT could be assessed.

In study 3, the effects of dietary intervention on WAT and BAT RAS components provides
novel evidence of a KD-induced shift towards the counterregulatory arm in these tissues. However,

whether this shift underlies the anti-inflammatory effects of the diet in WAT#, as well as the
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enhanced uncoupled oxidative capacity of BAT remains to be elucidated. Future work can assess
these effects be isolating adipocytes from the same HFS and KD fed animals, treating the
adipocytes with Ang-1l and measuring the expression of inflammatory cytokines. Moreover,
insulin-stimulated lipogenesis as well as BAT activation can be assessed by treating WAT and
BAT adipocytes from HFS and KD-fed animals with Ang-Il to assess whether the diet-induced
shifts in RAS profiles could underlie alterations in metabolic function. These approaches will assist
in the isolation of the RAS-mediated effects on the observed outcomes with the KD.

When study 4 was submitted for publication, the application of a KD for the assessment of
its effects on COVID-19 infection severity had not yet been investigated. In the same year this
study was published, Ryu et al. published their article detailing the anti-inflammatory and
preventative effects of the KD in mice inoculated with CoV#. To follow up on these studies, it is
of interest to confirm whether these effects could be attributed to the alteration in RAS proteins in
the lung. In this context, extracting and isolating the pulmonary cells and incubating them with
CoV, in the absence or presence of an ACE2 antibody could help identify whether the reduced
severity of infection is due to the anti-inflammatory effect of the diet or whether it can also limit
viral entry through altering the contents of this protein. In this context, the findings from this study
could establish a stronger link between KD-feeding and prevention against severe COVID-19
infection.

As mentioned in Chapter 11 (Limitations) the analysis of the effects of dietary intervention
on glucose, fat and ketone metabolism in oxidative and glycolytic muscles was performed only in
males. Our lab has previously published studies on skeletal muscle insulin resistance in both males
and females. In this context, the effects of the KD on substrate metabolism in muscles with distinct

fiber-type compositions is something that is yet to be studied in female rats and is a future direction

210



to follow up our existing work. To study this, we could similarly feed female rats a KD for 16
weeks, extract Sol, EDL and Epit muscles and assess fat, ketone and glucose metabolism in these
tissues. Furthermore, it would strengthen our study to simultaneously feed male rats and have four
groups: HFS-male, HFS-female, KD-male, KD-female. This approach would allow for a direct
comparison of diet and sex effects on muscle metabolism. Also, our KD studies use a relatively
strict diet in terms of carbohydrate restriction. In future studies, we plan on titrating increasing
amount of carbohydrate into the KD, bringing down the protein content, albeit still within a normal
range for protein intake in rodents. For instance, having a KD with 5, 15 and 80% kcal from
carbohydrate, protein, and fat, respectively. This will further our understanding of the effects of
macronutrient composition on metabolic outcomes in AT.

Finally, future directions for the ALY®688 studies include treating rodents with the drug,
extracting the adipocytes and assessing glucose uptake, lipogenic capacity, fat oxidation and
AMPK signaling. This would provide information of the in vivo effects of this diet on AT
metabolism and would also assess the effects of this compound with longer term treatment.
Moreover, it would be valuable to perform in vivo tests of whole-body glycemic control and insulin
resistance, including glucose and insulin tolerance tests. This will help link the effects of the drug
on AT to its potential applications in the regulation of systemic glucose homeostasis. In addition,
the effectiveness of ALY688 as an adiponectin mimetic could be assessed by treating HFS-fed
animals with this drug and assessing adipocyte responsiveness to insulin, inflammation, as well as

other measures of metabolic function.
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Appendix A — Methods

A. Adipocytes Isolation

White Adipose Tissue

1. Surgically excise the Sc Ing or Epid fat depots and trim away all connective tissue.

1. Finely mince AT depot using a pair of sharp, surgical scissors until AT reaches a
uniform consistency.

2. Add minced AT into urine vial containing Krebs Ringer bicarbonate HEPES (KRBH) buffer
(120 mM NacCl, 4.8 mM KClI, 2.5 mM CaClz, 1.2 mM KH2POg4, 1.2 mM MgSO4, 15 mM
NaHCO3z, 30 mM HEPES, 5.5 mM glucose) supplemented with Type Il collagenase (0.5
mg/ml).

3. Incubate the AT at 37 °C with orbital shaking. Swirl gently by hand at approximately 5 min
intervals. Isolation will be complete within approximately 30 minutes.

4. Strain cells through nylon mesh with a pore size of 500 um. Transfer liquid into a falcon tube
and spin the falcon tube at 1000 rpm for 30 seconds. The cells will have settled at the top of
the liquid.

5. Slowly aspirate liquid beneath the cells. Once the aspiration is complete, replace the liquid
with fresh KRBH. Pipette KRBH down the side of the tube and wait for cells to settle back at
the top before proceeding.

6. Repeat step 6 two more times, replacing the liquid with KRBH or KRBH-3.5% BSA the final
time.

8. Count the adipocytes in the preparation.
a) Lipocrit height is determined by swirling the falcon tube to mix the cells in the
buffer and extracting a 300 ul aliquot. Transfer this aliquot into a centrifuge tube
and centrifuge at 1000 rpm for 30 seconds. The adipocytes will settle at the top;
measure the height of the adipocytes with a ruler.
b) Average cell diameter is determined by extracting a 20-50 ul aliquot of cell-
buffer preparation, pipetting onto a slide and measuring the diameters under a
microscope.
¢) Using the above measurements, calculate the number of cells in the preparation
tube using the cell volume, lipocrit height and total volume of preparation.

9. Proceed to add pre-determined number of cells into reaction tubes.
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Brown adipose tissue

1. Surgically excise interscapular and aortic BAT.

2. Trim any WAT, muscle or connective tissue from the BAT.

3. Addwhole BAT into 50 mL falcon tube containing KRBH-4% BSA, supplemented with Type
Il collagenase (0.83 mg/ml). Combine both BAT depots to enhance cell yield.

4. Incubate BAT-media mixture at 37 °C, with orbital shaking, for 5 minutes.

5. Remove falcon tube from incubation and vortex for 5 secs.

6. Strain tissues through a filter and discard the filtrate.

7. Finely mince tissues with surgical scissors. Avoid crushing the tissue.

7. Add minced BAT to urine vial containing KRBH-4% BSA, supplemented with Type I
collagenase.

oo

. Proceed with steps 4-9 in Appendix A-A.
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B. Glycerol Release as an Indication of Lipolysis — Protocol for Sigma Free

Glycerol Determination Kit (Cat. # FG0100-1KT).

1. Adipocytes are incubated in the absence or presence of isoproterenol.

2. Add 6 x 10° cells to plastic vials. Allow adipocytes to settle at the surface of the media and
slowly extract an aliquot of the media for time 0 glycerol determination.

3. Add 100 nM isoproterenol to Iso-stimulated vials.
4. Incubate vials at 37 °C for 75 minutes with gentle orbital shaking.

5. At the end of the incubation period, remove vials from incubation and allow the adipocytes to
settle at the surface of the media.

6. Extract a second aliquot from all vials for time 75 measurements.

7. Immediately freeze or proceed to experimental determination of glycerol in the media using
the Free Glycerol Determination Kit (FG0100-1KT).

8. Dissolve glycerol reagent in one vial in 40 mL of water.

9. Add 10 pL of water, glycerol standard (Sigma, Cat. # G7793) and sample to labelled cuvettes.
10. Add 800 pL of free glycerol reagent to each of the cuvettes.

11. Mix contents of each reaction cuvette.

12. Incubate cuvettes for 5 minutes at 37 °C.

13. Read absorbance (A) at 540 nm

14. Calculate concentrations of the samples using the following equation:

(ASampIe'ABIank)/(AStandard'ABIank) X Concentl‘ation Of Standal‘d
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C. Glucose/Glycerol Incorporation into Lipids

1.

Add desired number of cells to buffer containing KRBH-3.5% BSA with:
a. 0.2 uCi/mL D-[U-**C] glucose for glucose incorporation into lipids assay or
b. 0.2 uCi/mL [U-*C] glycerol for glycerol incorporation into lipids assay

Incubate for 1 h at 37 °C with orbital shaking (80 rotations/min).

Following the 1 h incubation period, extract lipids according to the method of Dole and
Meinertz?%’,

Add 5 mL of Dole’s reagent (isopropanol:heptane:H2SO4 (0.5 M), 40:10:1 vol:vol:vol) to the
vials, cap and vortex vigorously for 1 min.

Remove cap and add 3 mL of ddH20 and 3 mL of heptane.
Seal and vortex for another minute.

Allow vials to sit for a minimum of 20 minutes.
a. Solution in vials will separate into an upper and lower phase.

Carefully extract 1 mL of the upper phase and transfer to an empty, pre-weighed vial.

Leave vial open in fume hood overnight to dry.

10. The following day, weigh vials again.

11. Add 5 mL of scintillation fluid to each vial, cap the vial and vortex for 15 seconds.

12. Count for radioactivity.
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D. Palmitate Incorporation into Lipids

Incorporation of [1-14C] palmitate in isolated adipocytes

1.

In a scintillation vial, add desired number of adipocytes to KRBH-3.5% BSA containing
0.2 uCi/mL [1-!*C] palmitate and 200 uM non-labelled palmitate.

Seal vial and incubate for 1 h at 37 °C with orbital shaking (80 rotations/min).

Carefully transfer the adipocyte and incubation media to 2 mL Eppendorf tubes and
centrifuge at 3000 x g for 1 min.

Discard the media, wash adipocytes with PBS (1 mL) and centrifuge again at 3000 x ¢
for 1 min,

Repeat step 4 two more times.

Discard the PBS and freeze the adipocytes at -80 °C.

Folch’s Method of Lipid Extraction

1.

2.

5.

Remove samples from freezer.

Add 600 uL of chloroform:methanol (2:1, vol:vol) to the adipocytes and vortex for 30s.

Centrifuge the samples at 3000 x g for 5 min at 4 °C.

Extract the upper chloroform phase into an empty tube and dry with nitrogen gas
overnight.

The next morning, resuspend in 50 uL of chloroform:methanol (2:1, vol:vol).

Thin Layer Chromatography (TLC)

1.

2.

Draw a line on a Whatman TLC plate 2 cm from the bottom of the plate.

On the reference line, load 4 puL of TAG standard (triolein) and samples.

To a TLC experiment unit add 200 mL of mobile phase (hexane:diethyl ether:acetic acid,
70:30:1, vol:vol:vol).

Place TLC plate in experiment unit.
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. Once the mobile phase runs up 80% of the plate, remove the plate from the experiment
unit and allow both to air dry for 10 min.

. Put TLC plate back into the experiment unit and add iodine for the visualization of TAG.

. Once spots become visible, scrape spots that are in line with the TAG standard.

. Transfer the scraping-derived debris into scintillation vials pre-filled with 5 mL of
scintillation fluid.

. Count for radioactivity.
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E. Glucose and Palmitate Oxidation

For adipocytes:

1. Add desired number of adipocytes to buffer containing 1.5 mL of
a. Glucose oxidation buffer: KRBH-3.5% BSA with 0.2 uCi/mL D-[U-**C] glucose
b. Palmitate oxidation buffer: KRBH-3.5% BSA with 0.2 uCi/mL 1-[**C] palmitate and
200 uM non-labelled palmitate
- To assess the effect of B-adrenergic stimulation on oxidation, 100 nM of
isoproterenol (Iso) was added to the appropriate vials.
- To measure uncoupled oxidation, 100 pM oligomycin (Oligo) was added to the
appropriate vials 15 minutes prior to incubation with or without Iso.
2. Insert tube containing loosely folded piece of filter paper into reaction vial and seal with a
rubber stopper.
3. Incubate for 1 h at 37 °C with orbital shaking (80 rotations/min).
4. Following the incubation period, use a syringe to wet the filter paper inside the reaction vial
with 0.2 mL of 2-phenylethylamine/methanol (1:1, vol/vol) for the collection of 1*COs..
5. With a separate syringe, acidify the media with 0.2 mL of H,SO4 (5N) for the release of 1*CO,.
6. Incubate vials for another hour at 37 °C with orbital shaking.
7. Subsequently, remove the rubber stopper from the vials, carefully extract filter paper and add
to a separate set of scintillation vial containing scintillation fluid.
8. Proceed to count for radioactivity.
For muscle:
1. Extract muscle and attach each end of a carefully sliced muscle strip to a stainless-steel pin.
2. Add pinned muscle to vial containing KRBH-3.5% BSA. Seal vial and incubate at 37 °C, for
one hour, with gentle shaking and continuous gasification.
3. Remove muscle from pre-incubation vial and add to 2 mL of glucose or palmitate oxidation
buffers described in D-1a and 1b.
4. Add Eppendorf tube with loosely folded piece of filter paper pre-moistened with 0.2 mL of 2-

phenylethylamine/methanol (1:1, vol/vol) for the collection of 1*CO..
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Incubate for 1 h at 37 °C with orbital shaking (80 rotations/min). Maintain continuous
gasification.

Following the 1 h reaction incubation, remove muscle, wash in PBS and detach from pin.
Immediately freeze the muscle strip in liquid nitrogen and use this muscle strip to proceed with
the Glycogen Synthesis Assay (Appendix A-F).

. Re-seal vial with rubber stopper, acidify media with 0.2 mL of H2SO4 (5N) for release of 1*CO;
and incubate again for 1 h at 37 °C with orbital shaking.

. Subsequently, remove the rubber stopper from the vials, carefully extract filter paper and add
to a separate set of scintillation vial containing scintillation fluid.

. Proceed to count for radioactivity.
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10.

11.

. Glucose Uptake in Adipocytes

Add desired number of cells to flat bottom tubes.

Add varying concentrations of ALY 688 to vials.
Incubate for 1 h at 37 °C with orbital shaking (80 rotations/min).

In the final 20 mins of the incubation period, add insulin (10 or 100 nM) to the appropriate
tubes.

At the end of the hour, add KRBH-1% BSA containing 0.5 mM 2-deoxy-p-glucose and 0.5
UCi/mL of 2-[1,2-*H]deoxy-p-glucose to all vials and incubate for 3 min at 37 °C with orbital
shaking.

Add 1.5 mM cytochalasin B to stop glucose uptake in the cells.
a. For the measurement of non-specific transport, have two tubes with adipocytes and add
cytochalasin B prior to the radioactive medium.

Extract 240 pL aliquots of adipocyte suspension and transfer to centrifuge tubes containing
125 pL of di-‘isononyl’ phthalate.

Centrifuge the tubes for 30 seconds at 6000 x g to separate the cells from the radioactive media.
Cut through the oil phase using a sharp box-cutter.

Transfer the part of the tube containing the adipocytes into a scintillation vial containing 5 ml
of scintillation fluid.

Seal and shake the scintillation vials, and count for radioactivity.
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G. Glycogen Synthesis
1. Take the muscle strip used in the Glucose Oxidation Assay (Appendix A-D), wash in ice cold
PBS, blot dry and freeze immediately in liquid nitrogen.

2. Place the muscle strip in 500 pL of 1IN KOH at 65° C for 30 min or until completed digested.
Vortex samples following digestion.

3. Remove a 100 pL aliquot for other experiments and use the remaining 400 pL for the
determination of glycogen synthesis.

4. To the 400 pL sample add:

- 100 pL of glycogen carrier (25 mg/mL)

- 80 pL of saturated NazSO4

- 1.2 mL of 100%, ice cold ethanol
5. Gently vortex each sample (30 s) and incubate overnight at -20° C. A precipitate will form.
6. The next day, remove the samples from the freezer and centrifuge at 3000 rpm for 20 min.

7. Decant the supernatant by dabbing on Kimwipes and resuspend the remaining precipitate in 500
pL ddH20.

8. From this solution, transfer a 400 pL aliquot into a scintillation vial containing 5 mL of
scintillation fluid.

9. Count for radioactivity.
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H. Lactate determination by the Colorimetric/Fluorimetric Lactate Assay Kit

(Biovision, Cat. #: K607)

1. Using 10-kDa molecular weight spin columns, filter samples prior to running the assay.

2. Prepare lactate standards using the kit. Mix 990 pL of Assay Buffer with 10 pL of the included
standard.

3.Load 0, 2, 4, 6, 8 and 10 L of the prepared standard into a 96-well plate. This will correspond
to 0, 2, 4, 6, 8 and 10 nmol/well for the standards. Bring volume to 50 puL with Assay Buffer.

4. Load up to 50 pL of sample per well. If sample is less than 50 pL, adjust volume to 50 pL with
Assay Buffer.

5. To each well, add 46 pL of Assay buffer, 2 uL of Lactate Enzyme (resuspended in Assay Buffer)
and 2 pL of Lactate Probe. Mix well.

6. Incubate plate for 30 mins at room temperature. Protect the plate from light.

7. Using a plate reader, read absorbance at 570 nm.
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I. Western Blotting

Protein extraction

1.

Add 50 mg of lung, heart and skeletal muscle tissue to 200 pL of lysis buffer (25 mM Tris-
HCI, 25 mM NaCl (pH 7.4), 1 mM MgCly, 2.7 mM KCI, 10% glycerol and 1% Triton X-100).
For adipose tissue samples, add 200 mg of tissue to the same volume of lysis buffer.

Homogenize tissues using a homogenizer.
Sonicate lysates for 9 seconds and then centrifuge at 13, 200 RPM for 10 mins at 4 °C.

For the lung, heart, and skeletal muscle samples, extract the supernatant and transfer to an
empty tube. Adipose tissue samples will yield a layer of fat at the top. Extract the infranatant
and transfer to a new tube.

Determine the protein concentration of the lysates using the Bradford method.

Aliquot lysates and store at -80 °C until electrophoresis.

Western blotting

1.

Buffers

1.1. 2x Laemmli sample buffer (Bio-Rad Laboratories, Cat. #:161-0737)
1.  Prepare sample buffer by adding 50 uL of B-mercaptoethanol to 950
puL of Laemmli buffer.
2. Dilute samples 1:1 with prepared sample buffer, boil for 5 mins at 95
°C and allow samples to cool. Quickly centrifuge prior to loading.

1.2. 1.5 M Tris-HCI (pH 8.8)
1. Add 27.3 g of Tris base to 80 mL of ddH20 and mix.
2. Use 6N HCI to adjust pH to 8.8.
3. Bring volume to 150 mL with ddH20.

1.3. 0.5 M Tris-HCI (pH 6.8)

1. Add 6 g of Tris base to 60 mL of ddH.O and mix.
2. Adjust pH to 6.8 with 6 N HCI.
3. Bring volume to 100 mL with ddH20.

1.4.10x Electrode (Running) Buffer
Dissolve 30.3 g of Tris base, 144 g of glycine and 10 g of SDS in
ddHO. Bring total volumeto 1 L.
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2. Gel formulation
2.1.Prepare resolving layer of gel using the following recipe:

30% .
% Gel | ddH;0 (mL) Acrylamide/Bis | S2M Tris-HCI(PH 1000 sps mLy
(mL) 8.8) (mL)
2 Gels 4 Gels 2 Gels 4 Gels 2 Gels 4 Gels 2 Gels 4 Gels
8 8.05 16.1 4,53 9.06 4.25 8.5 0.17 0.34
10 6.91 13.82 5.67 11.34 4.25 8.5 0.17 0.34
12 5.78 11.56 6.8 13.6 4.25 8.5 0.17 0.34

2.2. Add 10% APS (100 pL for 2 gels and 200 L for 4 gels) and TEMED (20 pL for 2
gels and 40 pL for 4 gels) to polymerize gels and add to glass gel casting plates
immediately.

2.3.0nce the resolving gel has polymerized, make a stacking layer using the following

formulation:
30% .
ddH.0 (ML) Acrylamide/gis | 92, M THs-HCH 500 obs (m)
(mL) (pH 6.8) (ML)
2 Gels 4 Gels 2 Gels 4 Gels 2 Gels 4 Gels 2 Gels 4 Gels
3.94 7.88 0.87 1.73 1.63 3.25 0.065 0.13

2.4.Add 10% APS (50 pL and 100 pL for 2 and 4 gels, respectively) and TEMED (10 pL
and 20 pL for 2 and 4 gels, respectively). Mix and immediately add on top of resolving
layer. Insert combs to form wells.

2.4.1. Following approximately 20 minutes, insert gels into running apparatus and
fill with 1x running buffer.

3. Loading and running the gels
Load samples in wells and run the gels for approximately 2 h at 110 V. Prepare transfer
buffer in the meanwhile.

3.1. 10x Transfer buffer
Dissolve 30.3 g of Tris base and 144 g of glycine in ddH20 and bring total
volumeto1L.

3.2. 1x Transfer buffer
7 parts ddH20: 2 parts methanol: 1 part 10x transfer buffer. Leave in -20 °C
freezer to cool
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4. Wet transfer
4.1. Activate PVDF membranes by soaking in methanol for 30 sec. Rinse membranes with
ddH20 and soak again in 1x Transfer buffer.

4.2. Add enough 1x transfer buffer to a casserole dish to cover the bottom. Assemble a
transfer “sandwich”.

4.3. Assemble the transfer “sandwich” starting with a transfer cassette, black side down,
on the casserole dish.

4.4. Add a foam pad and two sheets of pre-cut filter paper that had been pre-soaked in the
1x transfer buffer.

4.5. Remove one of the gels from the running apparatus. Using a pick, open the glass plates
carefully and soak the gel in the transfer buffer in the casserole dish to prevent drying.

4.6. Gentle remove the gel from the large glass casting plate and place it on the filter paper
in the sandwich.

4.7. Add a membrane onto the gel and roll out any bubbles that exist between the membrane
and gel using a roller.

4.8. Add two pieces of pre-soaked filter paper on top of the membrane, rolling out bubbles
between each.

4.9. Add a foam pad and seal the transfer cassette.

4.10. Place in transfer apparatus. Fill with 1x transfer buffer and add ice pack to the
transfer apparatus.

4.11. Place lid on the apparatus and transfer under the following conditions: 120V for 2
h.

4.12. Following the transfer, prepare for blocking and probing the membrane.
5. Washing and blocking buffers
5.1.10x Wash buffer (1 L)
To make 1 L of 10x wash buffer dissolve 60.57 g of Tris base and 87.66
g of NaCl in ddH.0.

5.2.1x Wash buffer (1 L)

245



1. Dilute 10x wash buffer to 1x using ddH20.
2. While the magnetic stirrer is spinning, add 0.5 mL of Tween and 0.5 mL
of Nonidet P40.

5.3.Blocking buffer (3%)
Add 1.5 g of BSA to 50 mL of 1x wash buffer.

6. Blocking the membrane
6.1. Move membranes into containers.

6.2. Add 5 mL of blocking buffer to each membrane and incubate, with gentle shaking, for
1 h at room temperature.

7. Probing with antibodies
7.1. Discard the blocking buffer and add primary antibody of interest in blocking buffer.

7.2. Incubate membrane with primary antibody overnight at 4°C or for 2 h at room
temperature.

7.3.Following the incubation period, discard the antibody from the membrane container
and wash with 1x wash buffer 3 times, 15 minutes each wash.

7.4.Dilute secondary antibody in blocking buffer and add to membrane. Incubate for 1 h at
room temperature.

7.5. Discard secondary antibody and wash membrane again using 1x wash buffer. Wash 3
times, 15 minutes each wash.

8. Developing the membrane
8.1. Discard the wash buffer after the final wash.

8.2. Add 2.5 mL of Immobilon Forte Western HRP Substrate (Millipore, Cat. #:
WBLUF0500) and shake by hand for 2 minutes.

8.3. Discard the Immobilon and place the membrane in the developing cassette.

8.4. In the dark room, Cut a piece of x-ray film and carefully place over the membrane on
the plastic cover.

8.5. Following the desired exposure time, extract the film using a pair of tongs and dip in
developer solution until signal begins to appear.
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8.6. Rinse film in water and place film in fixer solution.

8.7. Once the film has been adequately fixed, rinse excess fixer solution under running
water.
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J.gPCR

RNA extraction using Trizol reagent (Invitrogen)

1. Add 50-100 mg of tissue to 1 mL of Trizol reagent.

2. Homogenize tissues rapidly and incubate at room temperature for 5 mins.

3. Add 0.2 mL of chloroform to each sample, shake vigorously for 15 seconds and incubate at
room temperature for 2-3 mins.

4. Centrifuge samples at 13, 200 RPM for 15 mins at 4 °C. The sample will separate into three
phases.

5. Remove the upper aqueous phase into a separate empty tube.

6. Add 0.5 mL of isopropanol and invert the tube several times to mix.
7. Incubate again at room temperature for 10 mins.

8. Centrifuge at 13, 200 RPM for 10 mins at 4 °C.

9. The RNA pellet will become visible following centrifugation. Discard isopropanol
surrounding the pellet and resuspend the pellet in 1 mL of 75% ethanol.

10. Centrifuge the sample at 13, 200 RPM for 10 min at 4° C.

11. Discard the existing ethanol and re-suspend the pellet once more in 75% ethanol.
12. Centrifuge again, this time for 5 mins.

13. Discard the ethanol and allow the pellet to air dry for 5-10 minutes.

14. Re-suspend the pellet in 20-50 puL of RNase-free water.

RNA extraction using the RNeasy Lipid Tissue Mini Kit (Qiagen, cat. #:74804)

1. Homogenize tissues or cells in 1 mL of QIAzol Lysis Reagent.
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10.

11.

12.

13.

14.

Incubate for 5 mins at room temperature.

Add 0.2 mL of chloroform and shake for 15 s.

Allow the samples to sit at room temperature for 2-3 minutes.

Centrifuge the samples at 12, 000 x g for 15 mins at 4 °C.

Transfer the upper phase of the centrifuged homogenate to a new tube.

Add 70% ethanol (one volume) to each sample and vortex.

The kit includes spin columns inserted into 2 mL collection tubes. Transfer 700 pL of sample
to a spin column.

Centrifuge at room temperature for 15s at minimum 8000 x g. Discard flow through liquid.

Repeat steps 8 and 9 for the remaining sample.

Add 700 pL of Buffer RW1 to the column and centrifuge at room temperature for 15 s at a
minimum speed of 8000 x g. Discard the flow through liquid.

Prepare Buffer RPE by adding 4 parts of 100% ethanol. Add 500 pL of Buffer RPE to the
column and spin at a minimum of 8000 x g for 15 s at room temperature. Discard flow through
liquid.

Add 500 pL of Buffer RPE to each column and spin for 2 mins at a minimum of 8000 x g.

Transfer the spin column to a new tube, add 30-50 pL of RNase-free water and spin for 1 min
at a minimum of 8000 x g.

cDNA Synthesis

1.

2.

3.

Synthesize cDNA from 2 pug of RNA using the ABM OneScript cDNA Synthesis kit (Diamed).

Into microtubes, add volume of RNA corresponding to 2 pug.

Bring total volume to 12.5 pL with RNase-free water.
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10.

11.

Add 1 pL of random primers and 1 uL of dNTP to each sample.

Gently mix, centrifuge briefly and incubate for 5 mins at 65 °C.

Leave samples on ice for 1 min and centrifuge briefly, thereafter.

To each sample, add 4 pL of 5x RT buffer, 1 pL of OneScript and 0.5 pL of RNase OFF
Ribonuclease inhibitor.

Mix gently, centrifuge briefly and heat samples to 25 °C for 10 mins.

For cDNA synthesis, heat samples to 42 °C for 50 mins.

To terminate the reaction, heat samples to 85 °C for 5 mins.

Allow samples to cool on ice. They are ready for downstream applications or can be stored at
-20 °C until use.

gPCR

1.

In a 96-well PCR plate, load 10 ng of sample per well.

Add master mix of primer of interest to each well. Master mix will consist of 5.6 pL of RNase-
free water, 0.4 pL of forward and reverse primers and 10 pL of ABM Brightgreen 2x gPCR
Master mix.

Seal plate and centrifuge for 5 mins at 2500 RPM (4 °C).

Using a BioRad Thermal Cycler, set amplification conditions to 40 cycles of 95 °C (15s), 60
°C (1 min).

Results are normalized to the housekeeping gene and values are calculated using the AACt
method*e&.
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K. Insulin ELISA (Millipore, Cat. #: EZRMI-13K)

1. Dilute 10x wash buffer in ddH20O.

2. Wash the wells of the Assay plate with 300 pL of 1x wash buffer 3 times. Discard wash
buffer between washes by tapping the plate against clean filter paper.

3. Load 10 pL of Assay buffer in Blank and Sample wells.
4. Load 10 pL of Matrix solution to Blank, Standard and Control wells.
5. Load 10 pL of Standards, Samples and Controls to the appropriate wells.

6. Add 80 pL of Detection Antibody to all wells, seal plate and incubate with orbital shaking
for 2 h at room temperature.

7. Remove plate sealer and decant liquid from wells.
8. Wash plate 3 times with 300 pL of wash buffer. Decant liquid between washes.

9. Add 100 pL of Enzyme Solution to all wells. Seal the plate and incubate for 30 mins at
room temperature with orbital shaking.

10. Remove plate sealer, decant liquid from wells and wash plate 6 times with 300 pL of wash
buffer.

11. Add 100 pL of Substrate Solution to all wells. Seal and incubate for 5-20 minutes at room
temperature with orbital shaking. Blue colour should form in Standard wells with
intensities corresponding to concentrations.

12. Add 100 pL of Stop Solution. Shake by hand and read absorbance at 450 nm and 590 nm.
Be sure there are no air bubbles in the wells.

13. Determine sample concentrations from standard curve.
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L. B-hydroxybutyrate determination using the Abcam BHB Colorimetric
Assay Kit (Abcam, cat. #: ab83390)

1. Reconstitute BHB standard in 100 pL of ddH20O and dilute this standard preparation by
adding 10 pL to 90 pL of ddH20. The concentration of the prepared standard is 1 mM.
Prepare standard curve by making the following dilutions and loading 50 pL of each standard
per well in a 96-well plate.

Volume of standard (uL) Volume of assay buffer nmol/well
(HL)
0 150 0
6 144 2
12 138 4
18 132 6
24 126 8
30 120 10

2. Load 1-50 pL of sample per well.
3. Bring total volume of sample wells to 50 pL with Assay Buffer.

4. Add 46 pL of Assay Buffer, 2 uL of Enzyme Mix and 2 pL of Substrate Mix to each
standard and sample.

- Substrate and Enzyme mixes must be reconstituted in 220 pL of Assay
Buffer prior to use.

5. Incubate plate at room temperature for 30 mins in the dark.

6. Read OD at 450 nm.
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Abstract Brown adlpose tissue (BAT) is rich in mitochondria containing uncoupling protein 1
(UCP1), and dissipates energy through thermogenesis. However, even though BAT mass and its
UCP1 content increase in rodents chronically fed a high-fat sucrose-enriched (HFS) diet, marked
expansion of adiposity still occurs in these animals, suggesting insufficient BAT-mediated HFS
diet-induced thermogenesis. Thus, the objective of this study was to investigate the metabolic and
molecular mechanisms that regulate BAT thermogenesis in HFS-induced obesity. To accomplish
this, rats were fed either a standard chow or HFS diet for 8 weeks. Subsequently, glucose and
fatty acid metabolism and the molecular mechanisms underlying these processes were assessed in
freshly isolated primary BAT adipocytes. Despite increasing BAT mass and its UCP1 content, the
HFS diet reduced uncoupled glucose and palmitate oxidation in BAT adipocytes. It also markedly
diminished tyrosine hydroxylase content and lipolysis in these cells. Conversely, glucose uptake,
lactate production, glycerol incorporation into lipids, palmitate incorporation into triacylglycerol
(TAG), phosphoenolpyruvate carboxykinase and glycerol kinase levels, and lipoprotein lipase and
cluster of differentiation 36 gene expression were increased. In summary, a HFS diet enhanced
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capacity of brown adipose tissue. As such, he has i igated the mechanisms that regulate fat and glucose metabolism leading
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glyceroneogenesis and shifted BAT metabolism toward TAG synthesis by impairing UCP1-mediated
adaptive metabolic responses to chronic HFS feeding attenuated BAT thermogenic capacity and

favoured the development of obesity.

(Recetwed 10 Augest 2022; accepted after revision % Novembser 2022; first published online 23 November 2022)
Comresponding author B. B. Ceddia: Muscle Health Research Center, School of Kinesiology and Health Sclence, York
University, 4700 Keele 5t, North York, ON M3] 1P3, Canada  Emaik: roceddiagyorku.ca

Absiract fipure legend In brown adipocyies from bean rats fed a standard laboratory chow (SC) diet, ghucose and fatty
ackds (FA) were diverted essentially toward uncoupling protein 1 (UCP1)-mediated substrate oxidation and thermao-
penests. Conversely, In brown adipose Hssue (BAT) of rats fed a high-fat sucrose-enriched (HFS) obesogenic diet,
despite increases in UCP1, carnitine palmitoyitransferase 1B (CPT1R), and percxisome proliferator-activated receptor
¥ ooactivator le (PGC- 1a) contents, substrate metabolism was shifted toward triacylglycerol (TAG) synthesis’storage.
This was characterized by redwced UCP1-mediated glucose and fatty achd oxtdation. These adaptive responses to a
chronic HFS diet were supported by increased contents of phosphoenolpyruvate carboxykinase (FEMCE) and ghycerol
kinase {GyK).

Key points

Deespite increasing brown adipose tissue (BAT) mass and levels of thermogenic proteins such as
peroxisome proliferator-activated receptor 3 coactivator le, carnitine palmitoyltransferase 1B
and uncoupling protein 1 (UCP1), an obesogenic high-fat sucrose-enriched (HFS) diet attenuated
uncoupled glucose and fatty acid oxidation in brown adipocytes.

Brown adipocytes diverted glycerol and fatty acids toward triacylglycerol (TAG) synthesis by
elevating the cellular machinery that promotes fatty acid uptake along with phosphoenolpyruvate
carboxykinase and plycerol kinase levels.

The HFS diet increased glucose uptake that supported lactate production and provided substrate
for glyceroneogenesis and TAG synthesis in brown adipocytes.

Impaired UCP-1-mediated thermogenic capacity and enhanced TAG storage in BAT adipocytes
were consistent with reduced adipose triglyceride lipase and tyrosine hydroxylase levels in HFS

diet-fed animals.

Introduction

Despite variations in the availability of food/energy, body
weight can be maintained relatively constant over long
periods of time (Rosenbaum & Leibel, 1998). This is
possible because under conditions of food abundance
and overeating, the organism activates mechanisms
that promote energy dissipation and attenuate weight
gain. Conversely, under conditions of food scarcity and
reduced intake, energy-sparing mechanisms are activated
and oppose weight loss (Leibel, 2008; Trayhurm, 2017).
These adaptive metabolic responses are referred to as
diet-induced thermogenesis (DT}, and play an important
role in regulating body weight and whole-body energy
homeostasis (Trayhurn, 2017). The ability to dissipate
energy under conditions of overeating has been, at
least partially, attributed to sympathetic nervous system
(5M5)-mediated activation of brown adipose tissue (BAT)
(Trayhurn, 2017). This is because uncoupling protein 1
(UCP1) uncouples oxidative phosphorylation from ATP

synthesis, resulting in the production of heat in a process
known as non-shivering thermogenesis (NST) (Barbara
& Nedergaard, 2004; Kozak, 2010; Trayhurn, 2017). This
process is triggered by the release of noradrenaline that
binds to f-adrenergic receptors on brown adipocytes
and promotes lipolysis within the cells. The release of
fatty acids (FA) then leads to the activation of UCP1
that ultimately promotes mitochondrial uncoupling and
NST in BAT adipocytes (Barbara & Nedergaard, 2004;
Fedorenko et al., 2013).

A role for BAT in DIT is supported by studies
demonstrating that the mass of this tissue expands and its
UCP1 content increases under diet-induced obesity (DIO)
conditions in rats (So etal,, 2011; Wu etal, 2014), and also
by the fact that UCP1 ablation causes obesity in mice living
at thermoneutrality (Feldmann et al, 2009). However,
despite evidence of tissue enlargement and increased
UCP1 content in BAT, great expansion of adiposity still
occurs in animals subject to DIO (So et al., 2001; Wuet al.,
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2014). This suggests that N5T is either insufficient to offset
the energy surplus or that it might even be suppressed
under conditions of chronic overeating. In both cases the
magnitude of energy dissipation through NST in BAT
would be limited, allowing for extensive growth of the
white adipose tissue (WAT) to occur. In this context, we
have found that in the first and second weeks of feeding
rats ad [ibitum a high-fat sucrose-enriched (HFS) diet,
whole-body energy expenditure increased by ~14 and
11%, respectively, in comparison to standard laboratory
chow (5C) diet-fed controls (So et al., 2011). However,
as HFS feeding continued through six additional weeks,
whole-body energy expenditure no longer differed from
that of SC diet fed rats (So et al. 2011), supgesting
that an initial thermogenic response was mounted, but
it was not sustained in rats chronically exposed to a
HFS diet. Thus, it could be that NST in BAT was
suppressed in a time-dependent manner, even though
expansion of tissue mass and its UCP1 content persisted
with continued overfeeding. This is consistent with recent
human studies using '"F-labelled fluorodeoxyglucose
positron emission tomography-computed tomography to
measure BAT volume and its activity in lean and obese
subjects (Leitner et al., 2017). In fact, it has been reported
that after 5 h of tolerable cold exposure (16°C), activated
BAT in obese men corresponded to only ~39% of that
of lean counterparts, even though the total volume of
BAT-containing depots was almost two-fold higher in the
former than the latter group of subjects (Leitner et al.,
2017). Thus, it was clear that BAT mass was increased
in obese subjects, whereas its recruitment for thermo-
genesis was not (Leitner et al, 2017). We have pre-
viously reported that the HFS diet-induced increase in
BAT UCP1 levels was accompanied by increased rates
of fatty acid oxidation in homogenized BAT samples (So
et al, 2011; Wu et al, 2014). This was consistent with
an enhanced machinery that consumes substrate under
conditions of activated NST. However, any regulatory
mechanisms that could potentially regulate substrate
consumption in BAT adipocytes was lost in tissue homo-
genates. It could be that, in intact BAT adipocytes, cellular
regulatory mechanisms shift the flux of substrate toward
pathways that promote storage as opposed to energy
dissipation. This could help explain why increased BAT
tissue mass and UCP1 levels do not prevent adipose
tissue expansion in rodents and humans under conditions
of DIO. In this context, the objective of this study was
to investigate the molecular and metabolic mechanisms
that regulate DIT in BAT under conditions of DIO and
identify alterations in substrate flux that could lead to fat
accumulation instead of energy dissipation. To this end,
rats were fed either a SC or a HFS diet for 8 weeks. Sub-
sequently, glucose and fat metabolism and the molecular
mechanisms underlying these processes were assessed
in freshly isolated intact BAT adipocytes. A detailed

© 2022 The Authors. The Journal of Physology © 2032 The Physiological Societg
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assessment of the metabolic pathways that regulate
energy storage and dissipation in BAT adipocytes was
performed. We found that despite increased tissue mass
and UCP1 content in BAT, chronic exposure to a HFS
diet reduced UCPI1-mediated glucose and fat oxidation,
attenuated lipolysis and shifted metabolism towards TAG
synthesis/storage in intact brown adipocytes. Altogether,
these molecular and metabolic changes induced by
chronic exposure to an obesogenic HFS diet contributed
to lower uncoupled substrate oxidation in BAT and
favoured the development of obesity.

Methods
Ethical approval

The investigators understand the ethical principles under
which The Journal operates and their work complies
with The Journal's animal ethics checklist. The protocol
containing all animal procedures described in this
study was specifically approved by the Committee on
the Ethics of Animal Experiments of York University
(York University Animal Care Committee, YUACC,
permit number: 2021-03) and was performed strictly
in accordance with the YUACC puidelines. All
tissue extraction procedures were performed under
ketamine/xylazine anaesthesia (%0 mg and 10 mg/100 g
body weight, respectively), and all efforts were made to
minimize suffering. Upon completion of tissue extraction,
all animals were decapitated. All experiments in this
study were carried out in compliance with the ARRIVE
guidelines.

Reagents

Type 11 collagenase, isoproterenol, FA-free bovine serum
albumin (BSA), palmitic acid, and the free glycerol
determination kit were purchased from Sigma (5t Louis,
MO, USA). Oligomycin was purchased from Cayman
Chemical (Ann Arbor, MI, USA). [1-**C]Palmitic acid,
[U-YClglycerol and p-[U-'"'C]glucose were purchased
from American Radiolabelled Chemicals (5t Louis,
MO, USA) The lactate assay kit was from BioVision
{ Milpitas, CA, USA). Protease (cOmplete Ultra Tablets)
and phosphatase (PhosSTOP) inhibitors were obtained
from Roche Diagnostics GmbH {Mannheim, Germany).
£-Actin (cat. no. 4967), tyrosine hydroxylase (TH; cat.
no. 2792), adipose triglyceride lipase (ATGL; cat. no.
2138), hormone-sensitive lipase (HSL; cat. no. 4107),
and pHS Lgesen (cat. no. 4126) antibodies were purchased
from Cell Signaling Technology (Danvers, MA, USA).
£s-adrenergic receptor (£:-AdR, cat. no. sc-50 436) and
glucose transporter 4 (GLUT4, cab. no. sc-7938) anti-
bodies were purchased from Santa Cruz Biotechnology
{Dallas, TX, USA). Carnitine palmitoyltransferase 1B
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(CPT1B, cat. no. PB9491) antibody was purchased from
BosterBio (Pleasanton, CA, USA). Glucose transporter |
(GLUT1, cat. no. ab115730), glycerol kinase (GYK) {cat.
no. ab180525), phosphoenolpyruvate carboxykinase cyto-
plasmic (PEPCEK-C, cat. no. ab28455), and uncoupling
protein 1 (UCPL, cat. no. ab23841) were purchased
from Abcam (Toronto, ON, Canada). Peroxisome
proliferator-activated  receptor ) coactivator-lece
(PGC-lee, cat. no. AB3242) antibody was purchased
from Millipore (Temecula, CA, USA).

Animals and diet

Male albino rats {(Wistar strain) at approximately 250 g
were group-housed at 22°C on a 12/12-h light-dark
cycle. These rats were assigned to either a standard
laboratory chow (SC) diet (27% protein, 13% fat and 60%
carbohydrates from Test Diet cat. no.5012, Richmond,
IN, USA) group or a high-fat sucrose-enriched (HFS)
diet (20% protein, 60% fat (laird/soybean oil), 20%
carbohydrates (sucrose); from Research Diets, cat. no.
12492, New Brunswick, NJ, USA) group and were fed
ad [ibitum for 8 weeks. After 8 weeks of feeding,
animals were anaesthetized and tissues were harvested for
experiments.

Body weight and fat mass

Changes in body weight were measured by comparing
weekly weight recordings to a baseline measurement.
Interscapular brown adipose tissue (IBAT), aortic BAT
(aBAT), subcutaneous inguinal (Sc Ing), and epididymal
(Epid) fat pads were extracted, trimmed of any non-fat
tissue and individually weighed.

Brown adipose tissue extraction and brown
adipocyte isolation

iBAT and aBAT were extracted and carefully trimmed
of any muscle, connective tissue and white fat and used
for adipocyte isolation as previously described (Cannon
& Medergaard, 2001). iBAT and aBAT were combined
to maximize the yield of brown adipocytes. The tissues
were initially incubated in Krebs-Ringer bicarbonate
HEPES (KRBH) buffer prepared fresh on the day of
each experiment from stock solutions of salts and buffers
(stored at 4°C) to give the following final concentrations:
120 mm MaCl, 48 mm KCL 2.5 mm CaCl., 1.2 mm
KH;POy, 1.2 msm MgSOy, 15 my NaHCO; and 30 mm
HEPES. The solution was gassed for 45 min with carbogen
(95% O, 3% CO4) and then bovine serum albumin (4%)
and glucose (5.5 mm) were added. The pH of the buffer
was adjusted to 7.4 with NaOH before use. Subsequently,
the combined tissues were vortexed for 5 s and filtered,
with the filtrate being discarded. The remaining tissues
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were finely minced and incubated in fresh KRBH-4%
BSA containing collagenase (0.83 mg ml™') at 37°C
under orbital agitation (120 orbital strokes/min) for about
20-30 min. The digested tissue was then strained using a
nylon mesh and isolated cells were transferred to plastic
tubes, washed three times, and resuspended in KRBH
containing 3.5% FA-free BSA (KRBH-3.5% BSA). In
order to distribute an equal number of adipocytes in each
treatment condition, cell diameters were measured and
total cell counts were determined (Fine & DiGirolamao,
1997).

Glucose and palmitate oxidation

Glucose and palmitate oxidation as a measure of oxidative
capacity were assessed by "*CO; release in isolated BAT
adipocytes (5 = 107 cells) as previously described (Gaidhu
et al, 2011). Adipocytes were incubated in KRBH-3.5%
BSA containing either 0.2 pCi ml™! of [I-“C]pa]mitic
acid and 200 pwm non-labelled palmitate, or 0.2 pCi ml—!
of p-[U-"Clglucose and 5.5 mm non-labelled p-plucose
for 1 h. To examine the effect of lipolysis on sub-
strate coxidation, the S-agonist isoproterenol (Iso, 100 nu)
was added to the medium. To distinguish substrate
oxidation for ATP production {coupled respiration) from
UCP1-mediated proton leak (uncoupled respiration), the
ATP synthase inhibitor oligomycin (Oligo, 100 M) was
added to cells 15 min prior to the incubation in the
absence or presence of Iso. Following the 1 h incubation
period, the media were acidified using 0.2 ml of H2804
(5 m) and kept sealed for one additional hour for the
release and collection of '%CO; from the cells and media
The incubation vials were prepared with a centred well
containing a filter paper that was moistened with 0.2 ml
of 2-phenylethylamine-methanol (1:1, v:v) for the capture
of "'C0;. At the end of the incubation, the filter paper was
removed from the well and placed in scintillation fluid for
radioactive counting (Gaidhu et al., 2009, 2010).

Lipolysis

Lipolysis was measured in isolated BAT adipocytes
(7.5 x 10F cells). Each assay was conducted in triplicate
and samples were incubated for 75 min at 37°C with
gentle shaking (50 orbital strokes/min). Following the
incubation, a 200 ] aliquot of the incubation medium was
extracted from each vial for the determination of glycerol
concentration.

Glycerol incorporation into lipids and palmitate
incorporation into TAG

Glycerol  incorporation  into lipids and  palmitate
incorporation inte TAG were measured using iso-
lated BAT adipocytes (5 = 107 cells). Adipocytes were
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incubated in KRBH-3.5% BSA containing 0.2 puCi ml™
of [U-"*C]glycerol for 1 h. Subsequently, lipid extraction
took place according to the method of Dole 8 8 Meinertz
(1960) and counted for radicactivity (Gaidhu et al.,
2005). Palmitate incorporation into TAG was measured
in isolated BAT adipocytes (5 = 10° cells) incubated
in KRBH-3.5% BSA containing 0.2 pCi ml™' of
[1-"C]palmitic acid and 200 gm non-labelled palmitate
for 1 h. Lipids were extracted from these adipocytes using
Folch's method (Folch et al,, 1957), dried under nitrogen,
and resuspended in 50 pl of chloroform:methanol (2:1,
vav). Four microlitres of sample and TG standard (triclein,
Nu-Chek Prep Inc., Elysian, MN, USA) were spotted 2
cm above the lower edge of silica coated flexible poly-
ester thin layer chromatography plates (20 cm = 20 cm)
{Whatman, Maidstone, UK). Lipids were separated using
a hexane-diethyl ether-acetic acid (70:30:1, v:v:v) solvent
and then exposed to iodine vapour for visualization.
After the evaporation of iodine, the spots adjacent to the
standard, corresponding to TG, were scraped off the plate
and counted for radioactivity:

Glucose uptake

Isolated adipocytes were used to determine glucose
uptake as described previously (Gaidhu et al, 200&).
Briefly, adipocytes were resuspended in glucose-free
KRB containing HEPES (30 mu; KRB-HEPES) and
1% BSA, pH 74. Subsequently, 1 = 10° cells were
transferred to plastic tubes and incubated at 37°C for
1 h. Insulin (100 nm) was added for the final 20 min
of the incubation period Subsequently, KRB-HEPES
containing 0.5 mm 2-deoxy-p-glucose and 0.5 pCi of
2-[1,2-*H]deoxy-p-glucose was added to the cells for
3 min, and the incubations were terminated by the
addition of cytochalasin B (1.5 mm stock solution).
Aliquots of cell suspension (240 pl) were quickly placed
in plastic microtubes containing 100 pl of di-isononyl’
phthalate. The tubes were centrifuged for 30 s (6000 g
to separate cells from the radicactive incubation medium.
Subsequently, fat cells were collected by cutting the tubes
through the oil phase and transferred to scintillation vials
to be counted for radioactivity. Radioactivity of the cells
unrelated to glucose transport (nonspecific transport) was
determined in the same conditions by adding cytochalasin
B (50 pm final concentration) to the medium before the
addition of cells (Gaidhu et al., 2008). Non-specific values
were subtracted from all conditions.

Measurement of lactate production

Lactate production was measured using a commercially
available kit (BioVision; Milpitas, CA, USA) as per the
manufacturer’s instructions. Briefly, cells were isolated as

0 2022 The furthars. The lournal of Physiclogy © 27032 The Fhysiological Society

257

Diet-induced obesity and brown adipose tissue thermogenic capadity i3

described above and incubated in KRBH-3.5% BSA for
75 min. Following incubation, an aliquot of medium was
extracted and stored at —80°C until analysis.

RMNA isolation and quantitative PCR

BAT samples were flash-frozen in liquid nitrogen and
stored at —80°C until ENA isolation. RNA was isolated
using TRIzol™ (Thermo Fisher Scientific, Waltham,
MA, USA) and complimentary DNA (cDNA) was
made with 2 pg of RNA using ABM EasyScript™
Reverse Transcriptase c¢DMNA Synthesis kit (Diamed,
Mississauga, ON, Canada) as per the manufacturer’s
instructions. Primers were designed using the software
Primer(juest (IDT) based on probe sequences available
at the Affymetrix database (NetAffx™ Analysis Center,
http=/fwww.affymetric.com/ analysis) for each given
gene. Samples were run in duplicate on a 96-well plate.
Each 20 pl reaction contained 4 ul of cDNA, 0.4 ul
of primer, 10 pl of Brightgreen 2= qPCR Mastermix
(Diamed) and 5.6 pl of RNase-free water. QPCR analysis
was performed wsing a Bio-Rad CFX96 Real Time
PCR Detection System (Bio-Rad, Mississauga, ON,
Canada) using the following amplification conditions:
95°C {10 min}; 40 cyces of 95°C (15 s, 60°C (1 min). All
genes were normalized to the housekeeping-gene #-actin,
and relative differences in gene expression between
treatment groups were determined using the AACG
method (Livak & Schmittgen, 2001). Values are presented
as fold increases relative to the SC group. The primers
used were as follows: cluster of differentiation 36 (Cd36)
forward (ACGACTGCAGGTCAACATACTGGT),
TEVETsE (TGETCCCAGTCTCATTTAGCCACA)
lipoprotein lipase (Lpl) forward (TTGAGAAAGGG
CTCTGCCTGAGTT), reverse (TGCTTCTCTTGGCTC
TGACCTTGT).

Western blotting

BAT samples were extracted from each rat, snap-frozen
in liquid nitrogen and frozen at —80°C for later use.
Tissues were homogenized in buffer containing 25 mm
Tris—-HCL, 25 ms NaCl (pH 7.4}, 1 ms MgCly, 2.7 mm
KECL 1% Triton X-100 and protease and phosphatase
inhibitors (Roche Diagnostics). Following centrifugation
of the homogenates, the infranatant was collected. An
aliquot of each sample was used in a Bradford assay
to determine protein concentration. The samples were
then diluted 1:1 with 2= Laemmli sample buffer and
incubated at 95°C for 5 min. Twenty-five micrograms of
protein from each sample was loaded onto gels and subject
to SDS-PAGE, transferred to a polyvinylidene difluoride
membrane and probed with the antibody of interest. The
antibody dilutions were 1:1000 and the loading control
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Table 1. Cumulative weight gain of rats fed either standard chow (5C) or a high-fat sucrose-enriched (HFS) diet for 8 weeks

Cumnulative weight gaim (g}
Group 1 week 2 weeks 3 weeks 4 weeks 5 weeks 6 weeks T weeks 8 weaks
5C 31.2 £ 38 685+ 186 1031 319 1278+ 443 1510£547 1B +619 1876 £ 621 2100 £ 69.0

HF5 415 + 144

1018 +£ 174 1496 + 199 1BBbs + 258 2237+ + 338 25d3: + 383 2832+ + 413 314.2: + M40

P 0.05 v, SC. Repeated measures two-way ANOVA was used to compare groupsfseeks. n = 10—13 rats.

was f-actin. Densitometry analysis was conducted using
the Scion Image program.

Adipose tissue morphology

Morphological analysis of IBAT was performed using
light microscopy as described previously (Gaidhu et al,
2011; Wu et al, 2014). Briefly, a sample (~50—100 mg)
of each fat tissue was collected and fixed in 4%
paraformaldehyde, 0.1 s phosphate-buffered saline (PBS),
pH 7.4, for 24 hoat room temperature. Following fixation,
adipose tissue samples were washed three times in PBS
and stored at 4°C in 70% ethanol. Samples were then
embedded in paraffin blocks, sectioned, and stained with
haematoxylin and eosin (H & E). Digital images of
tissue sections were captured with a Nikon Eclipse Ti
(Nikon Canada, Mississauga, ON, Canada) under =20
and =40 magnification.

Statistical analysis

Statistical analyses were conducted by using either
Student’s unpaired f test or ANOVA with the Bonferroni
post hoc comparison using the GraphPad Prism statistical
analysis program (GraphPad Software Inc., San Diego,
CA, USA) Tests for normality of the distribution
were performed wusing the DAgostino-Pearson
test, Anderson-Darling test, Shapiro-Wilk test and
Kolmogorov-Smirnov test. All statistical analyses were
conducted using GraphPad Prism. Data are expressed as
mean =+ 50

Results

Effects of HF5 feeding on body weight, fat mass and
BAT adipocyte morphology

To confirm that obesity was induced by a HFS diet, we
measured weight gain relative to baseline and adipose
tissue mass throughout the feeding period. The weight
gained in weeks 1—3 was not statistically significantly
different from the SC groups, although the average weight
gained in the HFS group was higher in each of these weeks.
After week 4, the weight gained in the HFS group was

significantly higher than in the SC animals (188.6 £ 25.8
vs. 127.8 & 44.3 g) (Table 1). This difference in weight
gain persisted until the end of the study, culminating with
HFS rats gaining ~-50% more weight than SC controls
after 8 weeks of feeding. Differences in weight gain were
essentially due to enhanced growth of the WAT in the
HFS animals because the masses of the Sc¢ Ing and Epid fat
pads in HFS rats were 2.6- and 3-fold larper, respectively,
than those of SC controls (Fig. 1A). Similarly, iBAT and
aBAT masses both increased 1.6-fold in the HFS animals
(Fig. 1B). Furthermore, H&E staining revealed that iBAT
from SC rats contained adipocytes that were essentially
multilocular, whereas iBAT from HFS rats contained
many cells of unilocular appearance (Fig. 1C).

Effects of HFS feeding on PGC-1e, CPTI1B and UCP1
contemnts

After observing an increase in BAT mass, it was
important to determine whether this was accompanied
by an increase in thermogenic proteins. Indeed, animals
in the HFS group exhibited 1.65-, 17- and 2.2-fold
increases in protein content of PGC-1e (Fig. 1), CPT1B
(Fig. 1E), and UCP1 (Fig. 1F), respectively, relative to
the control group. Taken together, these results indicate
that the molecular machinery necessary for cxidation and
thermogenesis was enhanced in BAT under conditions of
DI,

Effects of isoproterenol and oligomycin on glucose
and palmitate oxidation in BAT adipocytes

To test whether the increased content of thermo-
genic proteins was accompanied by enhanced substrate
oxidation in BAT adipocytes, we measured glucose and
palmitate oxidation in these cells. Measurements were
conducted under basal conditions as well as in the
presence of the g-adrenergic stimulator isoproterenol
(Iso) and of the ATP synthase inhibitor oligomycin
(Oligo). We found that rates of glucose oxidation in
BAT adipocytes from SC and HFS rats were not
affected by incubation with either Iso or Oligo or by
a combination of both agents (Fig. 24). However, the
rates of glucose oxidation in adipocytes from HFS rats
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Figure 1. HFS diet increases the masses of white (4) and brown (B) adipose tissues, the unilocular
appearance of brown adipocytes (C), and the contents of PGC-1a (D), CPT1B (E) and UCP1 (F) in brown
adipose tissue :

Data are means = 50; n=3-15rats.*P « 0.05 vs. SC. Studant’s ¢ test was used to compare differences between

groups in A, B and D-F. [Colour figure can be viewed at wileyonlineSbrary com]
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trended to decrease under all conditions investigated, and
reached statistical significance under Oligo conditions.
In fact, glucose oxidation under basal conditions was
48% lower in BAT adipocytes from HFS- than from
SC-fed rats (Fig. 2A). Similarly, rates of glucose oxidation
in the presence of either Iso or Oligo or Iso4-Oligo
were 49%, 62% and 57% lower in HFS than SC BAT
adipocytes, respectively (Fig. 24). The incubation of BAT
adipocytes with Oligo did not reduce glucose oxidation
relative to basal conditions, which is consistent with
mitochondrial uncoupling accounting for most of the
glucose being oxidized in both 3C and HFS cells. We
then assessed the oxidation rates of fatty acids, which
are major thermogenic substrates in brown adipocytes
(Barbara & Medergaard, 2004). Under basal conditions,
palmitate oxidation did not differ between the SC and
HFS groups (Fig. 2B). However, in the presence of Oligo,
palmitate oxidation significantly increased by 2.7-fold in
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Figure 2. lsolated brown adipocytes from rats fed a HFS diet
displayed reduced rates of Oligo-induced glucose (A) and
palmitate oxidation (B) in isolated brown adipocytes

Data are means + 50; m = 7-13 rats. Two-way ANOVA was used to
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conditions except 5C lso+Oligo.
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BAT adipocytes compared with 3C-fed animals, whereas
in BAT adipocytes from HFS animals, Olige did not
cause any alteration in this parameter (Fig. 2B) in
comparison to basal values. Therefore, when comparing
rates of palmitate oxidation between SC BAT and HFS
BAT adipocytes incubated with Oligo, we found it to be
57% lower in the latter than the former cells (Fig. 2B).
Furthermore, when incubated with both Iso and Oligo,
palmitate oxidation was reduced by 45% in the brown
adipocytes of the HFS group (Fig. 2B), although this was
not statistically significant. These findings demonstrated
that UCPl-mediated palmitate oxidation was impaired
under conditions of chronic HFS feeding.

Effects of HFS feeding on glucose uptake, lactate
production, and GLUT1 and GLUT4 protein contents
in isolated brown adipocytes

Given that rates of glucose oxidation were reduced in HFS
BAT adipocytes, we conducted additional experiments to
assess whether the uptake of glucose was also affected in
these cells. It could be that low rates of glucose oxidation
were driven by reduced intake of this substrate. However,
we found that basal glucose uptake in HFS BAT adipocytes
was 4-fold higher than in SC BAT adipocytes. In the pre-
sence of insulin, $C BAT adipocytes displayed a 4-fold
increase in glucose uptake, whereas HFS BAT adipocytes
increased glucose uptake 1.83-fold when stimulated with
insulin (Fig. 34). Nevertheless, insulin-stimulated glucose
uptake was higher in the brown adipocytes of HFS-fed
animals than in the SC animals (Fig. 34). To further
investigate the metabolic fate of glucose, we measured
lactate production in isolated BAT adipocytes and found
that, under basal conditions, cells from HFS animals
produced 2.7-fold more lactate than adipocytes from
SC-fed animals (Fig. 3B). These effects of HFS adipocytes
were accompanied by a significant increase of ~24-fold
in GLUT1 (Fig. 3C) and no alteration in GLUT4 protein
contents in iBAT (Fig. 3. Taken together, these findings
provide evidence that a HFS diet enhances glucose uptake
and shifts glucose metabolism toward lactate production
in BAT adipocytes.

Glycerol incorporation into lipids and palmitate
incorporation into TAG in brown adipocytes

Because an increased number of unilocular adipocytes
was found within BAT from HFS rats, we then measured
pathways involved in TAG synthesis. We found that a
HFS diet enhanced glycerol incorporation into lipids
(Fig. 44) and palmitate incorporation into TAG (Fig. 48)
by 1.8- and 1.7-fold, respectively, in BAT adipocytes. This
indicated that fatty acids and glycerol were indeed diverted
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by chronic HFS feeding towards esterification in isolated
BAT adipocytes.

PEPCK and GyK protein levels and Lpl and Cd36 gene
expression in BAT

PEPCE (Fig. 4C) and GyK (Fig. 4D) increased 1.8-
and 2.1-fold, respectively, which was accompanied by
increases of 3.6-fold in Lpl and 3.7-fold in Cd35 mENA
expression in BAT (Fig. 4E). Therefore, our findings
provide evidemce that the molecular machinery that
supports TAG storage was enhanced in BAT by a chronic
HFS diet.

Lipolysis, §3-AdR, TH, ATGL and pH5L contents in BAT

Basal lipolysis was reduced by 65% in BAT adipocytes
from HFS rats in comparison to the SC group (Fig. 54).
Western blot analysis of the molecular machinery
involved in lipolysis revealed that ATGL content was
significantly reduced by 28% (Fig. 5B), whereas HSLgp
phosphorylation was increased under conditions of HFS

Met-induwced obesity and brown adipose tissue thermogenic capacity
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feeding, although not statistically significant (Fig. 5C).
Furthermore, the contents of TH (Fig. 5D) and g3AdR
(Fig. 5E) were reduced and increased by 84% and 6-fold,
respectively, in BAT of HFS rats in comparison to SC
controls. Based on these findings, it was evident that
the observed downregulation of lipolysis in HFS BAT
adipocytes derived from distinct alterations in the lipolytic

machinery.

Discussion

Here, we provide evidence that UCP1-mediated glucose
and fatty acid oxidation in intact and freshly isolated
rat brown adipocytes is reduced under conditions of
chronic HFS feeding, even though BAT mass and its
UCP] content increasedd These findings are consistent
with an adaptive response of the crganism to the HFS
diet that led to attenuation of DIT and expansion of
WAT mass. Moreover, BAT itself developed functional
and morphological characteristics that resemble WAT,
which was characterized by brown adipocytes enhancing
their ability to store TAG and by increasing the number

A B
100 — # 300
[]sc _ .
= B HFs , = .
E 804 S
i3 . 85 200
ST B0+ . * 28 .
i it
35 40+ &
T3 gxz‘ 100
E -3
£ 204 E
] I I ]. . 0 :
Bas Ins BC HFS
D kDa 50 HF5S
iEs t | 2
GLUTS
50
pactn
i
Figure 3. HFS feeding increased basal 0204
and insulin-stimulated glucose uptake
(4), and lactate preduction (B) in isolated a o g4s .
BAT adipocytes. HFS also had higher = 0.2 E B .
GLUT1 content () than standard chow I= 7 =
{5C) BAT, whereas GLUTA content (D) did 'gﬁ‘ S
not differ between SC and HFS BAT ] 2z 0104
Data are means + 50; n=3-9 rats. g o %f
2p - (.05 vs. HFS Basal and 5C Ins in A 3 ] |
*P 005 us. SC Basalin A *P « 005 5. 5C @ g 00s4
m B-0. Student’s t test was used to compare
groups except for ghucose uptake (A) where oo 000
a two-way ANOVA was used to compare T ; i
- 1 HFS BCG HFS

groups’comditions.

@ 2022 The Authars. The Journal of Physology © 2032 The Physiogicl Society

261



78 D. Da Eira and others

of cells displaying a unilocular appearance within BAT.
The mechanisms underlying these adaptive responses of
BAT to HFS-induced obesity involved a major shift in
brown adipocyte metabolism. Lipolysis was suppressed
and glucose and FA were essentially diverted away
from oxidation and toward pathways that culminated
in TAG synthesis and enlargement of the lipid droplet
in HFS BAT adipocytes (Fig. 6). Thus, our data provide
evidence that there are regulatory mechanisms in intact
brown adipocytes cells that shift substrate partitioning
in response to alterations in dietary macronutrient

1 Physicd 601.1

composition. In this context, we demonstrated that
UCPI-mediated mitochondrial uncoupling was impaired
under conditions of DIO, confirming our original
hypothesis.

It is well established that when BAT is in its activated
state (e.g. cold exposure and #3-adrenergic stimulation),
the uptake and utilization of glucose by brown adipocytes
are enhanced (Barbara & Nedergaard, 2004; Labbe et al,,
2015; Olsen et al,, 2017). Thus, we expected that DIT
in response to the HFS diet would elicit a similar effect
in BAT adipocytes. However, given that previous studies

A
w 257 * o 0
h-] ¢ *
2 =
5 204 g :
E ==
53 o ' g3
b= BS
¥ :
§g 101 8% +
T e
= (=
5™ sd 2=
T
2 it E '
S : = 0 T
SC  HFS SC  HFS

8

R
Ii

e
-
wn

a5
a5
35
0-
*
2 4154 " 154
B g
EES £5
ng 1.0 - gs 10~
g 05 : & 05
o- o % =
0.0 - 0.0
SC  HFS
E
10~ ®
8
e ~ * -
£ &
>
5% 4
3z
Q-
2- l
0 I 1
Lpt  Cd3s
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had reported reduced in vivo glucose utilization in BAT
of rodent models of obesity (Ferré et al., 1986; Ishino
et al, 2017; Lapa et al, 2017) and humans (Leitner
et al, 2017; Orava et al, 2013), it was also possible
that the uwptake and oxidation of pglucose would be
impaired in these cells. Instead, our measurements of
glucose uptake in isolated HES BAT adipocytes revealed
that it was significantly increased under both basal and
insulin-stimulated conditions. This likely supported the
elevated lactate production, indicating that glucose was
being processed through the glycolytic pathway in these
cells. Therefore, the o -glycerophosphate moiety necessary
for enhanced FA esterification could be supplied in two
ways: (1) by the formation of glycerol 3-phosphate as
an intermediary step of glycolysis, and/or (2) through
glyceroneogenesis. Because lactate is a major substrate
for the latter pathway (Nye et al., 2008), its abundance
also allowed for increased TAG synthesis. This was
supported by elevated PEPCK content and confirmed
by the enhanced incorporation of palmitate into TAG
found in HFS BAT adipocytes. Additionally, because
the content of GyK was increased in these cells, TAG
synthesis from exogenous FA and glycerol was facilitated,
which was also confirmed by significantly higher rates

Diet-induced obesity and brown adipose tissue thermiogenic capacity Fi]

of glycerol incorporation into lipids in HFS than in SC
BAT adipocytes. Lastly, with increased expression of Lpl
and Ced36, the TAG content of BAT adipocytes could
be enriched through the esterification of the abundant
dietary fat carried by lipoproteins. In this context, less
UCP1-mediated oxidation of glucose and fatty acids could
be explained by a diversion of these substrates towards
pathways of TAG synthesis as opposed to uncoupled
oxidation. Altogether, these effects led to a reduction in
the number of small lipid droplets and conferred a more
unilocular appearance to adipocytes within BAT.
Interestingly, some adaptive responses of BAT
adipocytes to the HFS diet (eg. increased contents of
PGC-ler, £3-AdR and CPTIB) were compatible with
activation of a thermogenic response by these cells
to overfeeding. This then begged the question why
didn't this translate into increased UCP1-mediated sub-
strate oxidation to support DIT? Importantly, we also
found that content of TH, the rate-limiting enzyme for
catecholamine biosynthesis, was markedly reduced in
HFS BAT, indicating lower SNS-mediated recruitment
of BAT activity. This is in line with our findings of
reduced basal lipolysis in HFS BAT adipocytes, which
could consequently lead to less UCPL activation, even

B
T oo e ———
A s
80 08 -
[= - v
E ®
ge 2 086 * g 304
i £5 a5
B4 i3 0.4 - 23 20 -
82 = @
o £ 024 6 10
E
0.0 - o
EC HFS SC
b g SC__HFS E ww sc__wrs
a = T
™ mm PR g [ e e
o o —— —
Figure 5. HFS dist reduced basal ik 20+ *
Tipolysis {A) in isolated BAT adipocytes i
and the content of adiposa triglyceride o DB 2 sl
lipase (ATGL) (). but did not T = '
signifiantly affect hormone sensitive ey 06 i
lipase (HSL) phosphorylation (C). HFS iz o I3 104
diet also reduced tyrosine hydroxylase ;E"— 1 | = [id
{TH) (D) and increased #3-adrenergic B 5 I 05
receptor (§3-Adr) (E) contents in BAT 0.2+ B
Data are means + 50; n = 3-6 rats.
P 0.05 ws. 5C. Student’ ¢ test wes used 00 ol

X5}
[}
T
M
o
8
I
o

to compare differences bebween groups.

& 2022 The Authars. The lournal of Physology & 3032 The Physiological Society

263



B0 [. Dz Eira and others

though the content of this protein and of others that
support thermogenesis was increased. In this context,
the increased content of A3-AdR we found in HFS BAT
was likely a compensatory mechanism employed by
the cell to maximize adrenergic activation, although,
in vivo, it is futile given the drastic reduction in TH
content and impaired catecholamine production in BAT
of HFS rats. Thus, maintaining the ability of the SNS
to promote UCPL activation during prolonged HFS
feeding seems to be crucial to sustain DIT and counter-
act weight gain. This is supported by previous studies
reporting that basal sympathetic activation of BAT is
reduced in rats chronically maintained on a high-fat
diet (Levin et al, 1985; Madden & Morrison, 2016), and
that diet-induced recruitment of BAT in mice depends
essentially on sustained SNS-mediated activation (Fischer
et al, 2019). Reduced SNS-mediated recruitment of BAT
activity in HFS-induced obesity could originate from
the development of leptin resistance. Indeed, rodent
models of obesity lacking either functional leptin or a
functional isoform of the leptin receptor display reduced
SNS-mediated activation of BAT and DIT (Leibel et al.,
1997; Leibel, 2008). Additionally, altered SNS activity

J Piygsicd 6011

(Levin et al., 1983) and reduced central leptin sensitivity
(Levin & Dunn-Meynell, 2002) have been demonstrated
in rats with diet-induced obesity. Therefore, it is likely
that the molecular adaptations to the HFS diet we found
in BAT originated from the diminished sympathetic
output from the hypothalamus as a result of diet-induced
leptin resistance (So et al, 2011). In fact, we have pre-
viously reported that plasma leptin levels of rats fed a
HFS diet for 8 weeks were almost 2-fold higher than in
SC diet-fed controls (So et al, 2011), indicating that these
animals indeed had reduced sensitivity to this adipokine.
However, because the production and release of leptin
is proportional to WAT mass (Leibel, 2008), a gap exists
between the beginning of HFS feeding and the time for
adipose tissue to expand and leptin resistance to occur.
This might be the reason why rats displayed increased
whole-body energy expenditure in the first 2 weeks of
high-fat feeding, and then lost this response afterwards
(So et al, 2011} as leptin resistance developed. Thus, it
could be that the increased UCP1 content in BAT we
found after 8 weeks of a HFS diet was reminiscent of
this initial DIT response mounted by the animal. Future
studies are necessary to investigate this possibility.

Brown adipocytes

HFS-fed (Obese)

Figure &. In brown adipocytes from lean rats fed a 5C diet, glucose and fatty acids (FA) were diverted
essentially toward UCP1-mediated substrate oxidation. These substrates were also used to sustain a
high rate of triacylghycercl (TAG) breakdown/resynthesis. This was supported by a highly responsive
mdecular machinery that involved the activation of f3-adrenergic receptors (#3-AdR) via sympathetic

release of noradrenaline and activation of the major lipolytic enzymes

system-mediated

adipose triglyceride lipase (ATGL) and hormone sensitive lipase (H5L). Conversely, in BAT of rats
fed a HFS obesogenic diet, despite increases in UCP and g3-AdR comtents, substrate metabolism
in BAT adipocytes was shifted toward TAG synthesis/storage. This was characterized by reduced
UCP1-mediated glucose and fatty acid oxidation, impairment of lipolysis and reduction in tyrosime
hydroxylase content in BAT. These adaptive responses to chronic HFS were supported by increased
glucose uptake, contents of phosphoenolpyruvate carboxykinase (PEPCK) and glycerol kinase (Gyk),
elevated rates of glycerol incorporation into lipids and palmitate incorporation imto TAG, and by
enhanced gene expression of lipoprotein lipase (LPL) and cluster of differentiation 36 (CD36) in BAT

g-on, p-oxidation; DAG, diacylglycerol; GER glucose-6-phospate; Glut, glucose transporter; Gly, giyoerol; Gly-F,
glycerol phosphate; LD, lipid droplet; MAG, monoacyiglycerol; Mito, mitochondria; OA, cxaloacetate; Pyr, pyruvate.
{t. increasa; §, reduction; thicker arrows indicate higher fliow through the pathweay. [Colour figure can be viewed

at wileyonlnalibrany.com]
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It is important to note that animals were housed at room
temperature and not at thermoneutrality, which has been
shown to have a significant impact on BAT UCP1 protein
content and the contents of other mitochondrial proteins
{McKie et al, 2019). This poses a potential limitation to
our study as both groups of animals may have experienced
BAT activation to some extent, which could have masked
the effects of the diets. Moreover, the experiments in
this study were conducted on male rats. Future studies
assessing these parameters are warranted in female rats
to identify sex-based differences, if any, in the adaptive
responses of BAT to an obesogenic diet.

In summary, our findings provide novel evidence
that increased BAT mass and its UCP1 content
under chronic HFS feeding does not translate into
elevated consumption of glucose or fatty acids through
UCPl-mediated mitochondrial uncoupling. In fact,
uncoupled glucose and fatty acid oxidation were even
lower in HFS BAT adipocytes than in SC-fed controls
after coupled respiration was inhibited in these cells by
Oligo. Therefore, our findings are contrary to the idea that
DIT is induced in brown adipocytes under conditions of
diet-induced obesity. Rather, when an obesogenic high
fat—sucrose-enriched diet was supplied for extended peri-
ods of time, brown adipocytes enhanced their ability to
uptake and store glucose and FA, and did so by diverting
substrate away from oxidation (Fig &). Collectively,
these effects may impair BAT-induced DIT and likely
contribute to the development of obesity and its related
metabolic disorders.
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uncoupled fat oxidation in brown adipose tissue, but does not reduce adiposity
in rats

Daniel Da Eira Shailee Jani Mateja Stefanovic, Rolando B. Ceddia*

Musde Health Research Centre - Schoal of Kinesialogy and Health Scence, Yosk Universty Narth York, ON, Canoda

Received 12 December 2022; received in revised form 6 June 2023; accepted 3 July 202

The purpose of this study was to determine whether the weight-reducing and fat burning effects of the ketogenic diet (KD) could be attributed to altes-
ations in the energy dissipating pathways of brown adipose tissue (BAT) uncoupled oxidation, and white adipose tissue (WAT) browning and triacyiglycerol
(TAG) recycling. To investigate this, male Wistar rats were fed one of the following three diets for either 8 or 16 weeks: 3 standard chow (SC). a high-far,
sucrose-enriched (HFS) obesogenic diet, or 3 KD. At the end of the intervention, subcutaneous inguinal (Sc Ing) and epididymal (Epid) fat, and interscapular
and J0Mic BAT (iBAT and aBAT, respeciively) were extracted. These tissues were used for the analysis of proteins involved in WAT browning and thermo-
genesis. Isolated adipocytes from WAT were assayed for basal and isoprocerenol (Iso)-stimulated lipolysis and basal and insulin-stimulated lipogenesis, and
BAT adipocytes were assayed for the determination of coupled and uncoupled glucose and palmitate oxidation. Adiposity similarty increased in HFS- and
KD-fed rats ar weeks 8 and 16. However, in HFS-fed animals insulin-stimulated lipogenesis and Iso-stimulated lipolysis were impaired in WAT adipocytes,
whereas in KD-fed animais these pathways remained intact. The KD aiso significantly elevated WAT giycerol kinase levels, and favored TAG recycling un-
der conditions of enhanced lipolysis. In BAT, the KD significantly increased uncoupling protein-1 levels and uncoupled fat axidation. In summary. the KD
preserved insulin sensitivity and lipolytic capacity in VAT and also upregulated energy-dissipating pathway's in BAT, DUt it Was not SUMICHeNt to prevent an

increase in adiposiy.
© 2023 Elsevier Inc. All rights reserved.

Keywurds: Lipolysis; UCP1; Glycerol kinase; Insulin-stimulated lipogenesis; PGC-1a.

1. Introduction

Functional adipose tissue (AT) is crucial for the prevention of
insulin resistance and Type 2 diabetes [1]. There are generally
two main forms of AT with distinct physiological roles: white and
brown. White adipose tissue (WAT) stores energy substrate under
conditions of energy surplus, and releases fatty acids and glyc-
erol under conditions of energy deficit [2-4]. On the other hand,
brown adipose tissue (BAT) burns glucose and fatty acids and re-
leases the energy as heat [2.4]. Thermogenesis in BAT mainly oc-
curs through uncoupling protein-1 (UCP1), which uncouples oxida-
tive phosphorylation from ATP production [2]. Under conditions
of obesity. WAT and BAT functions are altered differently. Diet-
induced obesity enhances the thermogenic capacity by increasing
UCP1 content and fatty acid axidation in BAT [3.4]. This serves to

* Corresponding author ar: Rolando B. Ceddia, York University, 4700
Keete St, North York, ON, Canada, M3] 1P3, Tel.: (416) 736 2100 ext 77204,
fax (416) 736 5774.

E-mail address: roceddia@yorku.ca (RB. Ceddia).

https: | dot.org/10L1016/j joutbio 2023, 105412
0955-2863/C 2023 Elsevier Inc. All rights reserved.

267

counteract energy storage through a mechanism known as diet-
induced thermogenesis [3.4). However, this is not sufficient to pre-
vent the excess storage of fat in white adipocytes and the devel-
opment of insulin resistance in the WAT [1.5] In fact, chronically
elevated caloric intake overwhelms the hypertrophic capacity of
the adipocyte, leading to cellular hypaxia and immune cell infil-
tration [1.5]. At the level of the WAT, inflammation inhibits in-
sulin signaling which ends up enhancing basal lipolysis [1]. al-
though catecholamine-stimulated lipolysis becomes severely lim-
ited under conditions of obesity [6.7]. The dysregulation in lipid
storage and breakdown redirects lipids to ectopic tissues such as
lver [1] and muscle [1.8]. This is detrimental to insulin sensi-
tivity and metabolism in these tissues, and negatively impacts
whole-body glucose homeostasis [1.8]. In this context, interven-
tions that combat adiposity and restore AT function are of great
interest for the prevention and treatment of obesity and insulin
resistance.

A dietary intervention that exerts anti-obesity and insulin-
sensitizing effects is the ketogenic diet (KD). The KD is typically
low in carbohydrates and high in fat [9]. Despite being abundant
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in fat, recent evidence shows that 3 months of KD-feeding sig-
nificantly attenuated body weight (BW) and blood pressure, and
improved ghycaemia in diabetic women [10]. Furthermore, as little
as 6 days of KD significantly reduced intra-hepatic trighycerides in
overweight and obese subjects |11]. These promising health effects
hawve prompted investigations into the effects of the KIV on cellu-
lar metabolism. In BAT and WAT, the KD increases UCP] conbent
and UCP1 gene expression, respectively [12]. This elevation in WAT
UCP1 is characteristic of a process known as browning, whereby
WAT acquires structural and functional features that resemble BAT
|2.4.13]. Additionally, by lowering circulating insulin levels, the KD
Favors WAT lipolysis and the release of non-esterified fatty acids
(MEFAs) into the bloodstream |[14]. NER\s not undergoing aeida-
tion return to the WAT where they are recycled back to triacylghyc-
erol [TAG). This latter process creates an energy-consuming “futile
cycle” that can also contribute to whole-body energy ecpenditure
|2]. Thus, the combined effects of the KD on BAT uncoupled oxida-
tion, WAT browning, and TAG gycling could potentially support the
diet-induced shift from energy storage to dissipation in WAT and
reduce adiposity. However, the effects of the KI) on WAT TAG re-
cycling and BAT uncoupled meidative capacity, and whether these
twio mechanisms lead to reduced adiposity, is yet to be confirmed.
Therefore, the purpose of our study was to assess KD-induced al-
terations in these energy-consuming pathways in brown and white
adipocytes. We hypothesized that the KD would increase UCP]
content and enhance fat consumption in BAT, whereas in WAT
the machinery for TAG recycling would be up-regulated, ultimately
contributing to a reduction in adiposity. To test this hypothesis,
rats were fed for up to 16 weeks either a high-fat, sucrose enriched
(HFS) obesogenic diet or a KD to compare the effects of these di-
ets on WAT and BAT metabolism. To test potential time-dependent
effects of the KD on metabolic pathways imvolved in energy dissi-
pation, we assessed, in BAT and WAT, the thermogenic and TAG re-
cycling machineries at § and 16 weeks of the dietary interventions.
Here, we show that KD-feeding promated distinct TAG recycling ef-
fects in subcutaneous and visceral WAT and enhanced the capacity
of BAT to consume fatty acids. Hmwever, the induction of these en-
ergy consuming pathways by the KI' did not lead to a reduction in

adiposity.

2. Materials and methods

21. Reagents

Type Il collagenase, isoproterencl (lso), fatty acid-free bovine
serum albumin (B3A), palmitic acid, and the free ghycerol de-
termination kit were obtained from Sigma (5t Louis, MO, USA)L
Oligomycin (Olign) was purchased from Cayman Chemical (Ann
Arbor, ML, USA)L [1-B{] palmitic acid and o[U-™C| glucose
were purchased from American Radiolabeled Chemicals (5t Louis,
MO, USA). Protease (cOmplete Ulira Tablets) and phosphatase
(Phos5TOP) inhibitors were obtained from Roche Diagnostics
GmbH [Mannheim, Germany]. The A-hydregbutyrate (BHE; cat
no. abB3390) assay kit, and the UCP1 (ab23841) and ghycerol ki-
nase (GyK: cat no. ablB0525) antibodies were purchased from
Abcam (Toronto, ON, Canada). f-actin (cat. no. 4967) and adi-
pose trighyceride lipase (ATGL: cat. no. 2138) antibodies were
purchased from Cell Signaling [Darmvers, MA, USA). The perox-
isome proliferatoractivated receptor gamma coactivator 1-alpha
(PGCIae; cat. mo. ab3242) was purchased from Millipore (Burding-
ton, MA, USA) The f3-adrenergic receptor | F3AdR; sc-50436) an-
tibody was purchased from 5anta Cruz Biotechnology, Inc [Dallas,
TX, UBAL

Table 1
Fatty acid (F\) profile of the SC. HFS and KD expressed as % of the
tofal fatty acids.

5C HF5 KD
Saturated FA 208 322 326
Monounsaturated FA 267 358 362
Polyunsaturated B 525 3149 311

22 Animals

Male albino rats from the Wistar strain (Envigo, Indianapaolis,
IM, USA) weighing 200-250 g (initial weight) were maintained
in a constant-temperature (23 °C), with a fixed 12-h light/12-h
dark oycle and fed for either § or 16 weeks ad libinem either a
standard chow diet [5C, Z7.0 % 130 %, and 600 % of calories
provided by protein, fat, and carbohydrates, respectively), a HF,
sucrose-enriched (HFS) diet (2000%, &0.0%, and 2000% of calories
provided by protein, fat, and carbohydrates |sucrose], respectively)
or a KD (20%, BOE, and 0% of calories provided by protein, fat and
carbohydrates, respectively). Caloric densities of the diets were
343-, 524 and 6.4 kcalfg for the S5C, HFS and KD, respectively.
The saturated, monounsaturated and polyunsatured fatty acid
% contribution to the total fatty acids in each of the diets was
208, 26.7, and 525% for the S5C, 322, 359, and 31.9% for the
HF5 diet and 326, 362, and 311 for the KD (Table 1). The SC
(standard rat chow, catalog # 5012} was purchased from LabDiet
(Richmond, IN, USA). The HFS and ketogenic diets (catalog #
012492 and DO3022101, respectively] were purchased from He-
search Diets Inc. (New Brunswick, N]. USA). At the end of the
feeding period, animals were anesthetized under ke-
tamine/xylazine anesthesia (90 mg and 10 mg/100 g BW, respec-
tively] and the subcutaneous inguinal (5c Ing), Epid, interscapular
BAT [iBAT) and aortic BAT (aBAT) fat pads were extracted and
weighed. A sample of each fat depot was immediately frozen in
liquid mitrogen for subsequent experiments,

23. Bhics approval

The protocol containing all animal procedures described in this
study was specifically approved by the Committee on the Ethics
of Animal Experiments of York University (York University Animal
Care Committee, YUACC, permit number: 2021-03) and performed
strictly in accordance with the YUACC guidelines. All tissue extrac-
tion procedures were performed under ketamine/xylazine anesthe-
sia, and all efforts were made to minimize suffering [15]. All -
periments in this study were carried out in compliance with the
ARRIVE guidelines [16].

24, Measurement of blood ghicose levels

Blood from all animals in the fed state was collected between
15:00 and 16:00 h by saphenous vein bleeding and used to deter-
mine plasma glucose; using the Contour Mext one meter blood glo-
cose monitoring system by Ascensia Diabetes Care US (Parsippany,
N]. USA).

2.5, Adipocyte isolation from Epid and 3¢ Ing fat depots

Adipocyte isolation from the Epid and 5c Ing fat pads was per
formed as previously described |2]. Briefly, the adipose tissue was
minced in Krebs-Ringer bicarbonate HEPES buffer ( KREH) prepared
fresh on the day of each experiment from stock solutions of salts
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and buffers (stored at 4°C) to give the follmwing final concentra-
tions: 120 mM MaCl, 48 mM KCL 2.5 mM CaCly, 1.2 mM EH;PO,,
1.2 mi Mgs0,, 15 mM NaHCOy, 30 mM HEPES, and type [ colla-
genase (0.5 mg/mL). Before use, KREH was gassed for 45 min with
carbogen (95% Oy, 5% C0v) and then BSA (3.5%) and glucose (5.5
mbd) were added. pH of the buffer was adjusted to 74 with NaOH.
Minced tissues were incubated at 37°C with gentle agitation (120
orbital strokes| min] for ~-25-30 min. The digested tissue was then
strained using a mylon mesh, and cells were transferred to 50 mL
tubes, washed three times, and resuspended in KREH containing
35% farty acid-free BSA [KRBH-3.5% BSA). To distribute an equal
number of adipocytes in each treatment condition, cell diameters
were measured and total cell numbers were determined [17].

2.6. Isolation of BAT adipocytes

iBAT and aBAT were extracted and carefully trimmed of amy
muscle, connective tissue, and white fat. The tissues were then
used for adipocyte isolation as previously described [13]. To in-
crease the yielding of brown adipocytes, iBAT and aBAT were
combined. The tissues were initially incubated in KREH-4% BSA
supplemented with collagenase (083 mg/ml) at 37°C under or-
bital agitation {120 orbital strokes/min) for 5 min. Subsequenthy,
the combined tissues were vorteced for 5 s, the contents of the vial
were filtered, and the filtrate was discarded. The remaining tissues
were finely minced and incubated in fresh KRBH-4% BSA contain-
ing collagenase (0,83 mg/mL) at 37°C under orbital agitation (120
orbital strokes/min) until complete digestion. The procedure then
continued as described above for WAT adipocyte isolation,

27. Measurement of ghicose md palmitate avidation

Glucose and palmitate oxidation as measures of axidative ca-
pacity were assessed by production of 00, in BAT adipocytes
(5107 cells), as previously described [2]. Briefly, cells were in-
cubated in KRBH-3.5% B5A containing either 0.2 pCifml of [1-
W |palmitic acid and 200 M nonlabeled palmitate or 0.2 =Cijml
of D-JU-"*C]glucose and 5.5 mM nonlabelled o glucose for 1h, To
distinguish substrate wutilization wsed for ATP synthesis (coupled
oxidation] from proton leak [uncoupled aeidation), 15 min be-
fore incubation, adipocytes were treated with the ATP synthase in-
hibitor oligomyocin {Oligo) [2]. Following 1 h of incubation, either
in the absence or continuwous presence of Oligo (100 M), the me-
dia were acidified with 0.2 mL of H;504 {5 W), and the vials were
maintained sealed at 37°C for an additional 1 h for the collection
of M0, released from the cells and the media. The wvials used
for incubation had a centered isolated well containing a loosely
folded piece of filter paper that was moistened with 0.2 mlL of 2-
phenylethylamine/methanol [1:1, vol:vol) for the capture of 005,
At the end of the incubation, the filter paper was removed and
transfermed to a scintillation vial for radicactivity counting [2,6,19].
All cedidation values are expressed as fold change of Oligo-induced
oidation over basal oxidation.

2.8, Measurement of ghucose incorporation into lipids

Glucose incorporation into lipids was measured in isolated
adipocytes (5x10° cells) from the Epid and 5c Ing fat depots as
previously described [19]. Briefly, cells were incubated in KREH-
3.5% BSA containing 0.2 pCiimL of o[U-"C] glucose and 5.5 mM
nonlabelled o-glucose for 1 h in the absence or presence of insulin
(100 nM] Lipids were then extracted according to the method of
Dole and Meineriz [20] and assessed for radioactivity [19]. Data
are expressed as the fold change of insulin-stimulated glucose in-
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corporation into lipids, relatve to basal glucose incorporation into
lipids.

29, Meosurement of glycerol release

Lipolysis was measured in isolated Epid and 5c Ing adipocytes
[6x10% cells). Adipocytes were incubated in the absence or pres-
ence of 100 nM Iso [f-nonspecific agonist] [21]. Each condition
was assayed in triplicates and the samples were incubated for 75
min at 37°C with gentle agitation (B0 orbital strokes/min). After in-
cubation, a 200 pl aliguot of medium was taken from each wvial for
the determination of ghycerol concentration. Data are expressed as
Iso-stimulated glycerol release, over basal ghycerol release.

2.10. Western blotting analysis of UCPL, PGCla, A3AdR, ATGL md
Gk in WAT and BAT

5c Ing, Epid and iBAT samples were homogenized in a buffer
containing 25 mM Tris-HCD, 25 mM Nall (pH 74}, 1 mM MgCl,, 27
mM KCL 1% Triton ¥-100 and protease and phosphatase inhibitors
[Roche Diagnostics GmbH, Mannheim, Germany). Homogenates
were centrifuged, the infranatant was collected, and an aliquot was
used to measure protein by the Bradford method. Samples were
diluted 1:1 (vol:vol) with 2x Laemmli sample buffer and heated to
95°C for 5 min, 25 pg of protein were loaded in each well. 5amples
were then subjected to SD5PAGE, transferred to PVDF membrane,
and probed for the proteins of interest. All primary antibodies were
used at a dilution of 1:1,000. All densitometry analyses were per-
formed using the Image] program.

2.11. Sratistical enolyses

Data were expressed as Mean £+ SEM. Statistical analyses were
performed by using mixed-model analyses and one-way ANOVAS
with Bonferroni multiple comparison post hoc tests, as indicated
in the figure legends. The GraphPad Prism software version 9,112
was used for all statistical analyses and for the preparation of all
graphs. The level of significance was set to P05,

3. Results

3.1 Effect of diet on body weight (BA), plasma BHE levels, and blood
ghicose concentration

As expected, all groups of animals displayed a progressive in-
crease in BW throughout the 16-week feeding period. At the end
of the study, BW was slightly higher in HFS and KD-fed rats than
the 5C-fed counterparts, however these differences were not statis-
tically significant (Table 2. When expressed as percent increase in
weight gain relative to baseline, the HFS and KD induced 1.2-fold
increases in this parameter (Table 2). Plasma BHE was significantly
elevated by the KD at weeks 4, 8, and 16 when compared to both
the 5C and HF5 groups (Table 2). At week B, BHB levels were sig-
nificantly higher in HF5-fed rats than the 5C-fed group: however,
at week 16, BHB levels did not differ between these bwo groups
[Table 2). Fed-state blood glucose levels were significantly higher
in HF5- than 5C-fed animals at weeks 4 and 16, wherneas in KD-fed
rats ghycaemia was not significantly increased (Table 2]

3.2, Energy intake end energy efficiency in 5C, HFS and KD-fed
animals

Total energy intake during the 16-week feeding period was sim-
ilar bebween the three groups (Table 3). However, energy efficiency
at week 16 was significantly elevated in KD-fed animals when
compared to the 5C group (Table 3}
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Table 2

The effects of a standard chow (5C), high-fat, sucrose-enriched [HFS) diet or a ketogenic diet [KD)) on body weight, £ increase in body
weight relative to baseline, plasma 8- hydroxybutyrate (BHE) levels and blood glucose concentration after O, 4, 8, and 16 weeks of feeding.

Duration of study (weeks)

0 4 3 16
SC 2472 4 47 4038 £ 159 4863 + 178 5539 4 200
Body weight () HFS 2327 + 42 407 + 147 5047 + 16.2 5003 + 243
KD 2453 4 51 4093 £ 92 5114 = 13.0 6079 + 191
Body weight increase 5C - 642 £ 49 957 £ 50 1241 + &6
relative to week 0 (%] HFS - TE3 £+ 37 1168 + 54 1532 + 31¢
KD - T03 £ 45 1089 £ 57 1481 & 75¢
Flasma BHE (mbd) 5C 012 = 0.01 013 + 0.1 014 = 001 015 + 001
HFS 0.16 = 0.02 019 + 0.03 0.24 & 0.03* 015 + 0,02
KD¥ 013 = 002 030 + 0.037 0.38 + 0037 029 + 0027
SC T4+02 68+ 03 68202 L9 03
Blood glucose (mM) HFS 73 +01 73+ 02 72 +01 67 +03*
KD 73 +01 T2 +01 70+ 01 66 + 02

¥ Pz l5 vs 5C in the respective week;

T P--.05 vs all other groups. Data are expressed as mean <+ SEM. Mixed-effects model analysis. n=5-9 for body weight and % increase

in weight gain. n=&-7 for BHB. n=6-15 for blood glucose.

Table 3
Effect of diet on total energy intake for the 16-week intervention and energy efficiency.
5C HF5 KD
Total energy intake (kcal) 9554 + 4781 3814 + 3183 9010 £ 5177

Energy efficiency (g kcal)

0.033 = 74 = 104

0035 = 97 = 104 0,039 = 0.002*

¥ P05 ws SC Data are expressed as mean £ SEM. One-way ANOVA. n—4.

3.3. Effect of diet on WAT and BAT masses

Atweek 8 of the intervention, 5c Ing fat mass was 2.6- and 2.1-
fold higher in HF: and KD-fed animals than 5C-fed rats, respec-
tively (Fig. 1AL At week 16, 5c Ing mass increased significantly in
all three groups in comparison to week 8, but HFS and KD-fed an-
imals continued to display significantly higher 5 Ing fat masses
than 5C-fed rats (Fig. 1A). Similarly, at week B, Epid fat mass was
significantly elevated in HFS- (~2.7-fold) and ED-fed (-2-fold) rats
when compared to SC-fed counterparts (Fig. 18). At week 16, Epid
Fat masses of HFS- and KD-fed animals were 2- and 1.9-fold higher
than the 5C group, respectively (Fiz. 18). With respect to BAT, the
HF5 diet and the KD increased week B iBAT mass by 1.6- and 14
fold, respectively, relative to the 5C animals (Fig. 1C). At week 16,
the HFS diet and KD-induced elevation in iBAT mass was main-
tained (Fig. 1C). The aBAT was also found to be elevated by the HFS
diet at weeks 8 and 16, and by the KD at week 16 (Fig. 1D), relative
to the 5C group. Therefore, despite possessing different macronu-
trient compositions, the HFS diet and KD induced similar alter-
ations in WAT and BAT mass (Fig. 1L

3.4. Effects of diet on browning, lipolytic proteins, and
B-adrenergic-stimulated lipolysis in 5c Ing for

Given these diet-induced differences in fat mass, it was im-
portant to imvestigate how the interventions were influencing
metabolism at the tissue and cellular levels. Firstly, 5 Ing UCP]
levels were measured to determine whether the KD induced
browning in this tissue. We found that 5c Ing UCP] was unde-
tectable after either 8 or 16 weeks of any of the three dietary in-
terventions [Fig. 2A). At week 8 of the intervention, 5c Ing §3AdR
and ATGL levels were elevated 4.5- (Fig. ZB) and 4-fold [Fig. 2C),
respectively, in KID-fed animals. 5c Ing ATGL was also increased by
the HFS diet at week B (Fig. 2C). However, at week 16, no dif-

ferences were detected in S3AdR levels among the three groups
[Fig. 2I¥), although ATGL was 2.1-fold higher in HFS- than SC-fed
rats [Fig. 2E). In line with these findings, §-adrenergic stimulated
ghycerol release was not significantly different between the three
diet groups (Fig. 2F). Thus, the KD did not induce browning and al-
though it promoted a transient increase in lipolytic capacity, these
effects were not sustained at week 16.

3.5, Hfects of diet on browning, lipolytic profeins and
f-adrenergic-stimulated lipalysis in Epid faf

Similar to the 5c Ing fat, UCP1 was not detectable in the Epid
fat depot with any of the three diets (Fig. 3A). At week B, Epid
A3AdR (Fig. 3B) and ATGL (Fig. 3C) levels were not significantly
different between the three groups, although much lower levels
of ATGL [P=D6 ws 5C) were found in the Epid fat of HFS-fed
rats. At week 16, Epid #3AdR lewels were significantly elevated
3.6 and 47-fold by the HFS diet and KD, respectively (Fig 30D,
whereas ATGL content was not altered (Fig. 3E). Despite eleva-
tions in Epid S3AdR content, the HFS diet attenuated [--49%)
Iso-stimulated lipolysis in comparison to the 5C group (Fig. 3F).
Conversely, in Epid adipocytes from KD-fed rats, Iso-stimulated
lipolysis was maintained at the same levels as those of SC-fed
counterparts (Fig. 3F).

2.6. Bfect of diet on gucose incorporation into lipids and GvK
content in Sc Ing and Epid fat

In 5c Ing adipocytes from HF5-fed rats, insulin-stimulated -
pogenesis was 32.6% lower than the SC group (Fig. 4A), whereas
in adipocytes from KD-fed rats this variable did not differ from
the SC group (Fig. 4A). This indicates that the KD preserved in-
sulin sensitivity and lipid deposition in 5c Ing adipocytes. In Epid
adipocytes, insulin-stimulated lipogenesis was not altered by diet
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Fig. 1. HFS and KD-feeding significantly elevated subostansous inguinal [5c Ing) (A} and spididymal [Epid) (B) fat masses Sc Ing mass increased from week B to week 16 with
all diets (Al however, only the HFS and KDs significantly enhanced Epid mass ower this time (B} Interscapular BAT (iBAT) (C) and aortic BAT (aBAT] (D) mass=s wers elﬂ:bed.
im both the HFS and KD-fed animals at week 16 of the intervention. However, at week B, only the HFS diet caused aBAT growth D). "P-<.05 vs 50, within the respective week

#P- 05 vs week & within the respective group, and week 16 5C; {P.05 vs week B, within group; [P 05 vs week B 5C and week 8 K[. Bars represent mean + SEM. 'lwu-w\q

ANDVA n=5-12

(Fig. 4B), showing fat-depot specific differences in response two di-
etary intervention. Furthermore, in 5c Ing and Epid adipocytes, the
KD increased GyK levels by 7- and 5.5-fold, respectively (Fig. 4C
and D) Thus, the KD preserved the ability of adipocytes to pro-
mote lipogenesis in response to insulin and to also recycle TAG by
increasing GyK levels.

3.7. Effects of diet on BAT uncoupled oeidation

At week 16, uncoupled palmitate axidation was elevated 19-
fold in brown adipocytes from KD-fed animals when compared to
HF5-fed animals (Fig. 5A), whereas glucose oxidation was not al-
tered by diet (Fig. 5B). UCP1 levels did not significantly increase in
BAT of HF5-fed animals (Fig. 5C); however, in BAT adipocytes from
KD-fed rats UCP1 levels increased 4.9- and 2.1-fold, when com-
pared to the SC and HFS groups, respectively (Fig. 5C). Other ther
mogenic proteins such as PGCle (Fig. 5D), f3AdAR (Fig. 5E), and
ATGL (Fig. 5F) were not changed by any of the diets, but GyK lew-
els increased 4.2- and 6.5-fold in BAT of HFS and KD-fed animals,
respectively (Fig. 5G).

4. Discussion

In this study, we show that a high-fat KD, devoid of carbohy-
drate, increased BAT uncoupled FA oxidative capacity and the ma-
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chinery imvolved in lipolysis and TAG recycling in WAT. This was
characterized by elevated P levels and uncoupled fatty acid ox-
idation in BAT, and increased GyK levels in WAT. Despite these
adaptive responses being typically associated with dissipation as
opposed to energy storage [14], the WAT mass of KD-fed animals
increased to a level similar to the HFS diet. However, a major dif-
ference between the KD and the HFS diet was that the former sus-
tained insulin-stimulated lipogenesis, whereas the latter impaired
it. Thus, contrary to the obesogenic HF: diet, the KD-induced in-
crease in adiposity did not impair the classical physiological func-
tions of the WAT. Besides maintaining insulin-stimulated lipogene-
sis and lso-stimulated lipolysis, the KDV also upregulated a patinway
by which white adipocytes can recycle TAG via GyK-mediated glyc-
erol phosphorylation. These adaptive responses in WAT are com-
patible with an enhanced ability of this tissue to handle an abun-
dant supply of food-derived fat and of NEFAs that escape axidation
in peripheral tissues and return to the WAT.

Neither the 5c Ing nor the Epid fat depots had detectable lew-
els of UCPL, which indicabes that the KD did not induce brown-
ing of the WAT. Previous studies have propased that the KD causes
browning in 5c Ing [12] and Epid [22] WAT. However, these stud-
ies measured the gene expression of UCPT [12,22] and other mark-
ers of browning [12]. Evidently, this does not mecessarily trans-
late to KD-induced alterations in protein levels, indicating that
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Fig. . Uncoupling protein-1 {1XF1) kevels were undetectable in 3¢ Ing fat sither at week B or 16 (A). At week B of the intervention, §3-adrenergic receptor [ §3A4R) levels
were increased by the KD (Bl and adipose trighyceride lipase (ATGL) was sgnificantly elevated by HFS and KD [C). At week 16, S3AdR (D) and ATCL (E) protein levels
diminizhed, where SIAdH was mot altered by amy of the dists and ATGL was only increased by the HFS dist (D and E, respectively]. lsoproterenal (kso)-stimulated lipalysis was
not significantly different between the three groups (F). *P<.05 v5 50 Bars represent mean + 3EM. One-way ANVA. n=3-12.

UCP1-mediated thermogenesis was not enhanced by KD in WAT.
However, the WAT of KD-fed rats displayed time-dependent and
depot-specific responses to different diets with regands to lev-
els of lipolytic proteins and how each fat depot responded to
B-adrenergic-induced lipolysis. This was evident for 83-AdE and
ATGL levels that increased in the 5 Ing fat depot at week 8 of KD

and HFS feeding, whereas at week 16 only ATGL was elevated in
HF5-fied rats. Corversely, the Epid fat of KO- and HF5-fed rats had
unchanged levels of A3-AdR and ATGL at week 8, but at week 16
both diets elevated A3-AdR levels in the tissue. Furthermore, rates
of lso-stimulated lipolysis were not affected by the dietary inter-
ventions in 5c Ing adipocytes, whereas in Epid fat adipocytes the
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HFS diet markedly reduced it. This impairment in lipolytic capac-
ity is supported by existing literature reporting that obesity causes
catecholamine resistance and blunts A-adrenergic-stimulated lipol-
ysis [7]. Along the same lines, the HFS diet-induced elevation in
Epid f3AdR was not sufficient to reverse the attenuation in §-
adrenergic signaling. These fat-depot specific patterns of adapta-
tions in WAT indicate that fat accumulation was favored in visceral
over 5¢ WAT, which is metabolically detrimental [1]. Additionalby,

273

because adiposity similarly increased in HFS- and KD-fed rats at
weeks 3 and 16, time and fat depot-specific effects of the KD do
not seem to dictate accrual of fat mass. However, by preserving
the lipolytic and lipogenic responses of the WAT, the KD likely ex-
erted a protective effect against the potentially harmful effects of
diet-induced ohesity.

In addition to the WAT-specific effects, the KI} also altered
metabolism in BAT. Similar to previous studies, we found that the
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KD increased BAT UCF1 content [12.23]. However, to our knowl-
edge, the effects of the KD} on palmitate and glucose oxidation in
brown adipocytes have not been investigated. We measured Oligo-
induced vs basal axidation as a measure of uncoupled oxidation,
where the ratio between Migo-induced and basal oxidation rep-
resents the capacity for proton leak and, thus, uncoupling capac-
ity in brown adipocytes [2]. Here, we show that the KD enhanced
the Oligo-induced axidation of fatty acids in BAT, relative to basal,
when companed to the HFS diet group. In line with these find-
ings, the KD also significantly elevated BAT GyE content. In BAT,
GyK mediates the replenishment of the TAG supply for thermo-
genesis [24]. In fact, it has been shown that cold exposure signifi-
cantly increased BAT GyK activity and expression in rats [24]. Thus,
the observed elevations in UCP], GyK and palmitate oxidation sug-
gest that KD-feeding could potentially enhance BAT thermogenesis.
These effects were consistent with the enhancement in BAT mass
in the KD-fed animals. On the other hand, the HFS-induced eleva-
tion in iBAT mass could be attributed to the increased Gy¥ content
that was not met with an increase in fat consumption, leading to
lipid accumulation and BAT growth.

The KD-induced increase in body weight and adiposity was
contrary to our original hypothesis and contradicts what has been
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reported in studies that show that KD attenuates body weight,
body mass index [10], and fat mass [11]. Howewver, in these stud-
ies, energy intake was either not reported [10] or the KD was
hypacaloric [11]. This is relevant because it did not discriminate
whether the observed effects were caused by reduced energy in-
take or due to altered macronutrient composition of the diet. In
fact, studies that use a KD that is isocaloric to the control diet gen-
erally show that fat mass is mot significantly reduced [23,25], and
may even be elevated under KD conditions [22]. Similarly, we also
observed a KD-induced increase in fat mass under isocaloric con-
ditions, which was likely supported by the enhanced energy effi-
ciency observed in these animals, and a reduction in energy ex-
penditure [14]. In this context, the KD-induced elevation in BAT
thermogenic capacity was likely not sufficient to account for the
increased dietary fat intake under chronic KD conditions. Further-
mare, TAG recycling may not have increased energy expendibure
enough to induce fat loss [26]. This limited capacity to oxidize fat
could have led to the diversion of fatty acids for storage in the
WAT, driving the increase in adiposity. Nevertheless, TAG recycling
remains a crucial mechanism under KD conditions because it al-
lowed the WAT to cope with the abundance of dietary fat [2,27],
which likely facilitated the preservation of catecholamine and
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insulin sensitivity in the white adipocytes [ 1,6]. In turn, it is plausi-
ble that the maintenance of insulin-stimulated lipogenesis and -
adrenergic stimulated lipolysis prevented hyperglycemia in these
animals, despite the robust increase in fat mass [1]. Altogether, our
data support the notion that adiposity is not necessarily the cause
of disease [1]. Rather, it is the dysfunctional storage and break-
dmwn of fat that triggers the onset of metabolic disorders [1].

It is important to consider that the protein contents of the HFS
and KDs differed from that of the SC diet. where the two for

275

mer diets had 20% kcal from protein and the latter was 27, Be-
cause total energy intake was not different, this means that kcal
from protein was lower in the HFS and KDs. Importantly, a low
protein diet has been shown to increase sympathetic flux to BAT
and induce thermogenesis in this tissue [28]. Therefore, we cannot
discard the possibility that lower dietary protein content in KD-
and HF:-fed rats could hawve induced BAT activation and poten-
tially impacted BAT uncoupled otidation, when compared to the
5C group. However, despite equal protein contents in the HFS and
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Fig. 6. The HFS diet impaired insulin-stimulated glsonse incorperation into Epids and bo-stimulated lipolysis im WAT The HFS diet also dereased umcnupled B oxidation
and upregulated GyK in BAT. These metabolic adaptations likely enhanced the lipid storage in BAT as lipogenesis in WAT was impaired. In contrast, the KD preserved lipolysis
and lipogenesis in the white adipooytes and inoreased GyK levels. These KD effects enabled the WAT to recycle glycerol and resynthesive lipids under conditions of enhanced
lipchy sz Furthermore, the BAT of KDJed animals bad increased levels of CPL and enbanced wncoupled fat acidation. The fat supply for uncoupled axidation in BAT was
maintained by the slevation in GyK. These energe-dissipating mechanisms allowed the WAT and BAT from KDWed rats to better cope with the abundamce of fat in the diet.
Abbraviztion: BAT, brown adipose tissue; KD, ketogenic diet; WAT, white adipose tissse; UCP], Unooupling, protein- 1.

KD groups, we observed an elevation in uncoupled oxidative ca-
pacity in the BAT of KD)-fed animals, relative to HFS. Additionally,
GyK was measured as an indication of fat-storing capacity and
was propased to enhance the supply for uncoupled FA oxidation
in BAT from KD-fed animals. However, glycerol 3-phosphate may
also be used by mitochondrial glycerol 3-phosphate dehydrogenase
(mGPDOH) to provide reducing equivalents for the electron trans-
port chain [X9]. This points to an alternative fate for glycerol 3-
phosphate that contributes to thermogenesis in BAT [29]. However,
mGPDH activity was not assessed in the present study and war-
rants future imeestigations into the potential effects of the KD on
the ghyoerol 3-phosphate shuttle and mGPDH-mediated thermoge-
nesis.

In conclusion, the KD enhanced uncoupled FA oxidation in BAT,
increased the machinery for TAG recycling in white adipacytes,
and preserved insulin sensitivity and lipolytic capacity in visceral
and 5c WAT (Fig. 6). Despite upregulating these energy-dissipating
pathways, this was not sufficient to overcome the abundance of
dietary fat, leading to increased storage in the white fat depots.
Hwever, the induction of these pathways was crucial to prevent
mietabolic dysregulation and preserve insulin-stimulated lipogen-
esis 6] in a condition of increased adiposity in KD-fed rats. To-
gether, these effects- maintained WAT function and could prevent
ectopic lipid accumulation, which is of great importance to coun-
teract obesity-induced dysfunctional metabolic alterations in WAT
[1.3]
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ARTICLE INFO ABSTRACT
Argicle HEmTE Odyjerfve: The ketogenic diet (KD has been reponte] to neverse metabalic d yshundionin obesity. However, it
Reosved 13 March 202 remaing unknown how the KD affscts the baance betwesn the desicd and countermsgul sory renin-angio-
Recehvad in rewieed Sorm 13 June 2O tensin system (RAS) arms in adipose tissue, which crries impaortant implications far metabolic function in
Accepted T6Sepramier 2022 adipocytes. The aim of this study was o compare the effsck of the abesogenic dist and the KD an RAS bal-
Neyword: anee in white and brown Rt
ity Methad = Nine malde Wi tar rats wene fed 2 standard chow (5C) 11 fed a high-ft sucrose-enri ched (HIS) abe-
AED sageni cdist, and 122 KD. At the end of the 8-wk feading period, subaitmeous inguinal (3¢ Ing ), epididymal
ERK (Epid}, and interscpul o brown adipose Gssue (iBAT) Fat depots were suiraded and subssquently used for
TR the measurement of RAS proteins and Misk pene expression.
Maz Reaili: In SC-Ted ras, the 53¢ Ing Bt displayed the highest levels af angiotensin-comerting enzyme (ACEN,
:5::":‘“” bt very bow levels of angiotensin 11 types 1 and 2 recspiors (AT, R and AT R)and ACEL Camver sely. the high-
et levels of ACE2, AT, R, and AT_R were found in iBAT. The HFS diet incresssd AT, R protein in S¢ Ing fat and
iBAT, whereas the KD maintainad low ATiR levels in these Bt depots. However, in 5cIng and Epid Gt depots
the KD elevated AT:R levels and significantly reduced Epid ACE1 levels
Conctu sion: Despite Bt depot-spedfic differenes in RAS components, theobesogenic dist promoted the das-
sical RAS arm, wheneas the KD atenuated it and enhanced the counterregulanny amm.
Q2022 Bsavier Inc All rights neserved.
It ro duct bon conditions [1.2]. However, hyperactivation of this pathway often

The renin-argivtensin system (RAS) s well known for its rolein
re:gul ating blood pressure (BP) and fluid balance |1]. Under condi-
tions of low BP, renin is released in a rate-controlled manmer from
the Mdney. Renin deaves liver-derved anglotensinogen to pro-
duwce angiotensin | (Ang-1) [2]. Ang-1is then converted to angioten-
sim 1l (Ang-l) by angiotensin-comerting enzyme (ACEN 2]
Finally, Arg-11 interacts with the Amg I type 1 receptor (AT, R) to
promete, throwgh the classical RAS army vasooonstrction and fluid
retention, thereby regulating BPF and fluid balance to homeostatic

Thits reseanch was fonded bya Maug ] Soenoe and Engines ring Reseancdh Cooncl
of Canady Diccoweny Crant 2warded o FBC [ LA N- DR 045 T | and inf o sooooe
gEns fram e Canada Reandaton for Inncwaikn and e Onino Ressandh Fond
awamied © EBC DD was supparted by the Maoral Stences and Engnesring
Ressawh Councll of Canada — Alecandsr Gobham Bell Carada Gradoae Scholar-
ship-Dechol DD conducied experiments, analyaed the resuls, pepaned figunes,
and mwibed the mansorips. 5] and M5 conducied expenimens and restsed S
marusoript RBC Sasipnad the expesimantal approac b, conductad experimants, and
rewined e AR SR

"Coresponding sothor: Tel: <1416 36 210; Fae: <1 4167365774

E-muall et s roc eddla @porionc ([RE Caddia )

e oo 10 100 oot 300 111862
oSS SONT i IO Eleeviar Inc. AN righis recareed

278

keads to deleterious effects swch a5 hypertension, fibrosis, and
inflammation |1L.2] In opposition to the classical am of the RASis
the counterregulatory arm The latter is mediated by ACE2 [3.4]),
which comerts Ang-1l to angobensin-|1.7) (Ang-]1.7]1L Through
the Mas receptor (Masi), Ang-[17] elicits several physiologc
effects that oppose the ACE1/Ang-IJAT. R arm of the RAS, incheding
vasodilation, insulin sensitization, and ant-inflammatory effects
[3-&]

One condition that promotes RAS hyperactivation is obesty
[4.7). which & characterized by the expanson of adipse tisase
|85 Of the two major types of adipose tisswe, white adipose tissse
(WAT] is specialized in energy storage, whereas brown adipose tis-
sue (BAT) bums energy and releases heat in a process known as
thermogeness [9-11] In addition to their role in energy storage
and thermogenesis, both WAT and BAT act a5 endocrine organs
and express components of the RAS [12-14], although RAS remula-
tiom has been mosthy attributed to alterations in WAT, particularly
under conditions of abesity [&13] In fact, hyperactivation of the
classical ACE JAng-1[AT, K arm of t e RAS lead to insulin resistance
and WAT inflammation in mice overexpressing Agt [15]. These
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mice exhibited an elevated expression of the prodnflammatony
cytokine maonacyte chemotactic protein (MCP)-1 in their e pididy-
mal (Epid) fat [15) Consistent with these findings, Lee et al
observed an elevation in the expression of MOP-1 in the Epid fat of
Oisula Lorg-Evans Tokushima Fatty (OLETF) rats that was signifi-
cantly redwced with the administration of an angiotensin rece ptor
bidocker (ARE] [13]). Furthermore, incubation of 3T3-11 adipocytes
with Ang-ll caused a reduction in insulin-stimulated gheoose
uptake in these cells, an effect that was reversed by angiotensin
receptor lodade [13] At the whole-body level, tre atment with an
ARE also improved gheoose tolerance in OLETF rats | 13]. These find-
ings sugmest that RAS activation in WAT hasa major effect on insu-
lin sensitivity and inflammation and plays a crucial role in the
development of obesity-related metabolic dsorders [13] Con-
versely, the administration of Ang-[17) to mice fed a high-fat (HF)
diet inareased BAT Akt phosphorylation and i mproved homeostatic
muedel assessme nt-insulin resistance |5). It has also been reported
that an elevation in WAT MR expresion, indwced by the ACE-
im heibit or enalapril cauwsed morphologic and functional corvers on
of WAT adi pocyte s into brown adipocytes (WAT boowning L which
carries great potential for the management of chesty and its
related metabolic disorders [4.10] In addition to the ACE!Ang-
[1.7]Mask axis, another angiotensin receptor ype, known as Ang-
11 type 2 receptor (AT,R) exerts effects that are counterregul atory
to the classical arm of the RAS, including improvements to inswlin
sensitivity [16] and inflammatory profile (6l as well a WAT
bmowning [12]. Therefore, interventions that alter the balamce
between the classical and countemegulatory arms of the RAS
appear to e effedive at revesing obesity-related metabolic disor-
ders. One dietary intervention that has been swocessful at reducing
adiposity, improving insulin resistance, and atte meating inflamma-
thon has been the ketogenic diet (KD) [17.18]. However, to the best
of our knowladge. it remains to be determined whether major dif-
ferences exdst in RAS regulation in WAT and BAT under obesogenic
and ketogenic dietary conditions. In this context, we tested the
hypot hesis that, becawse of its ant-obesogenic effect [17,18), aKD
wanld enhance the counterregmilatory am of the RAS in WAT and
BAT, whereas under obesogenic dietary conditions, the classical
RAS arm would be heightened in both fat depots. Here, we show
that the KD shifted the WAT RAS profile to the counterregul atory
arm and that the chesogenic diet elevated the ACEL/Ang-1JAT K
arm in both WAT and BAT.

Bt ka5 and meth ads

RengEns

Prdeaze [olmplee Ukra Tables) and phosphatace (PhosSTOP) nbobenrs
were dhitained from Foche Diagnostics GmbiH (Mannham, Genmany). The ACE]
(a0 ACET (ab10EFST ], ATR (ab124734) and AT:R (abE445) anthodies
were pur hased from Abam (Tonanio, 0N, Canad a), and the f-armn, pdd 47 mim-
E‘ acvaied proiein konase (ERK12) and phosphorylared pddjdr Mapr ™o

uﬂmp:-aum:mpudu.m from Cell Signaing (Dameers, MA,

Ak

Male aihing Qi from the Wisar o | Erign, mmnmm
ing 200 o Z0 g | nwsal wedght ) were d i 3 ConsEnt tem
C),, with 2 forerd 12-h light12-hd ark opde and Edﬁ:wl:adﬁunmamn
damd chow (50 n = 5 diet (27,12, and 60 of calorkes provided by proten, &2, and
Grtoiydraes, respentraely ) a HE, sucrose-ennched (HF5; 0= 11)diet (20, 60, and
HIE ofcalories prosd ed by prosean, 22, and carbdh pirases| sucress], respecinedy )
or 3 D (n=1%; @, 50, and 0% of c@lones prossded by proein, @5 and csholy-
drahes, mﬂ%h!mwﬂuﬂiﬂﬂhﬂummlulﬂﬁ
The HFS and D wene purchased from Research Diets Inc (MNew Brunseic, N
WSA ) Ar the end of the feeding pericd, anim ais were anesthanmed (04 mg et
mine and Emgxylzme per 1007 of body weight) and the subcu@neous mpuinal
(% Ing), Epid, and imerscapuler brosm adipose meone (BAT) G pads were

ectracted and weghed A sample of each Bt depot was immediately frozen in g
i miresgen for Sulbmaguent expeTImenE.

Eitral approval

The praeced oo ning Al anmal pmecedures desoribed in Sk shudy was spe-
affically approved by the Commetes on the Bfucs of Animal Experiments of York
University (Yiork Uniwersity Animal Care Commines | YUAOC]) and performed
smuctly in acccedamce with the YUADT gusdedines. All Sucue soooson procedures
wep:rﬁrmdmﬂﬂ'mqmm and alll efforts weere made to

|15 Al i s sondy wese carmed ot in comjpli-
ance with the AREVE guidsin s [70).

Western blodting aumbyls of RN phasphoaylation and ACE |, ACEZ, AT K, and AT:R
i bevels ke ghe S bng, Eodd, awd ABAT ot demats

5 Ing. Epsd, and BAT samples were homegenized in 2 buffer contining
5 mbA Trs& 0L 25 mdd Nadl (pH 7.4 1 ms M0, 27 mi KO, 13 Trson X-100,
and protaase and phospharase inbibenrs (Roche Duggncstics Cmibd, Mannheim,
Conmany | Homogen e were oo mifuged, the nfranatant was colieoed, and an
aliquot was used o measure potesn by the Bradfod meshod Sampls wene
difued 1:1 (wodwol) with 2 = Laesmm bizample buffer and heated o 95°C for 5 man
Twenty-five ji7 of poten were loaded in sach well Samples were then subjeched
o socdium dodecylsulfate polyacylamide gel elactraphoesis, transderned to poly-
wirgliceme fiuoride membrane, and probed for the protens of imenest. A pamany
anbodies were unend 2 3 diluson of 1: 1000 All dencrome oy analbyses were per-
fiormed using e Image] program. The oomp aratne analbysis of 50 ing, Epd, and
EBAT RAS componenss [Pz 1) was performed using samples from ansmals fad the
SC diet fior & wit. The remainin g biots oontaned samples fram 5C., HFS., and D=
fedanamals

ENAkssdhathon aud quandiarhe PCR

Primeers wene Gaskgnad usin g the safreare PrimenQuess (I0T) bassd an pmbe
sequences avalable ar the Affymetnx dambace (Methiffc Analbysis Cenme, hop:))
wavesa fymericonm) ana hysis) for each given gene BENA was solated fam Scing,
Epid, and §BAT Sscues using Trizod [ ThenmoFisher Stentific, Waltham, MA, U5A]
Coamplimentany DA (DA} was made fromE Ly of eonoored RNA nong te ABM
OmeScript cIMA. Symthests ot Diamed, 004, Canad a), acconding tothe:
manufacarer’s INSTUCDons. Samples wem nun in duplicates on S6-well plares,
andeach 20 i reaction contaned 4 L of cA, 004 L ofjprimer, 10 i of Bright -
gEen I QuaNTiRTve chain reaonan (QRCR) Mastenmi | Diamed,
Mssiccang, ON, Canada) and 55 plof RMase-free water. Red-ime AR analysis
was perionmed using 2 Bofad (FX96 Real Time AR Dater ton Sysem | Bio-&ad,
Mssiccang, 0N, Canada ) using the following amplifi cation condisons: 95°C(10
minj; 40 oycies of 95°C (155}, and G0°C (6] All gemes were nonmalized to the
ool gane feacmn, and differences in geme SCprecoion befesen gROUM were
detpamined wsin g the AL0r method [21]. Values are exprssed as fobd indease ml-
Frve to the 50 group Primer saquences meed wer s follows: M) fomsard
DOCOCANDDCTITCATCTACT) and  reserse  [(OCTACCTTCCATCTOLECITTE  and
|R-actin forward (CTCARAACATCACOCACATC | and reserss | CACOODC TLCATGLC:
TALT}

Srarihionl auhyses

G wer expessad & mean = M. Saoctcal an dyses were parformed by
g, moeed-mode] anaiyess and one-way anakss of vanane with Bondenmani

multaple com parison post hoc 5, 25 indicated in the figure lagends The Graph-
Pad Prism sdfteane wersion 501,12 was used for all stansocal analysss and for the
jpreparatian of all graphes. The level of significance was setto P - 005,

Results

Body we ighit of 5C. HFS and KD-fed animals at weels 0, 4, and 8
of the feeding period.

All three diet groups experienced progressive weight gain from
weeks to B (Table 1] As expected, body weight (BW) was dmifi-
cantly higher in the HFS than the SC animals at weeks 4 and 8
(Table 1) However, BW did not differ significantly between the
HF%- and KD-fed animals at any point during the feeding period.
Mareover, when compared with the 5C animals, the KD elevated
BW by 10K and 139 at weeks 4 and B, respectively( Table 11
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Tabkel

Htype1l

Body welghts of SC-, H'S-, and KD-fed animak ar weeds 0, 4, and 5 of e feeding
pesods

Dumson (wi)

Bodyweigt (z) o < z
SC(n=5) 2135+33 3448112 L6753
HFS(n=7) 2192+43 3357+37 &W+147
KD(n-% 225+35 3793+58° Lar+o0

HF5, high-fr KD, lemgenic diet; SC sandard chow

Data expressedasmean+ SEM.

Muoced-e oo mode analyss

*P < 056 vsweek 0 in mapective goup.

'P < Q05 vs weeks 0and 4 in mapactive Foup.

P = Q05 vs SC inrespacive wesk
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W ing enzyme; AT, R, angio

eptar; Epid, epididymal; IBAT, interscapular brown adipase tissoe; SCing

Tissue compansonof RAS proteins in Sc Ing Epid, and IBAT fat depots

To assess the potential physiologic importance of individual
RAS components in the distinct fat depots, we measured RAS pro-
tein levels in the WAT and BAT of rats fed a SCdiet for 8 wk ACE1
was 4.9- and 9.6-fold higher in Sc Ing fat than in Epid fat and iBAT,
respectively (Fig. 1A), whereas ACE2 was most abundant in iBAT
(Fig 1B). In fact, ACE2 levels in iBAT were 11.6-fold higher than in
Sc Ing fat (Fig. 1B). Although the difference between Sc Ing and
Epid ACE2 contents did not reach statistical significance, Epid fat
had the lowest ACE2 levels of all three fat depots (Fig 1B} With
respect to AT;Rand AT2R, IBAT displayed significantly higher con-
tents of these two receptors than S Ing and Epid fat pads (Fig 1€
and D).
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Effects of dier an Sc Ing, Epdd, and |BAT ACE T and ACE2 protein
Contents

HF feeding s gnificantly suppressed ACE1 content by ~8% in
5¢ Ineg fat, relative tothe 5C animals (Fig 2A) but did not alter Epid
ACE1 lewels (Fig 2C) KD feeding, on the other hand, attemuated
Isoth Sc Ing and Epid ACE1 by ~75% and 87K respectively (Fig. 2A
and C) ACE? was also significantly decreased by both the HFS and
KD inScIng Gt (Fg 2B). However, neither diet altered Epid ACE2
content (Fiz 20L In this context, the KD did not infleence Epid
ACE! and decreased ACEL, indicating a shift toward the oounterne-
ulatory arm of the RAS in this tissee_ Regarding iIBAT, HFS- and KD
feeding attemuated ACE1 content (Fig. 2E) and the HFS diet sup-
pressed ACE2 (Fig 2F); however, these effects were not statistically
significant.

Effects af dieton Sc Ing Epid, and IBAT AT,R and AT R protein mntents

5 Ing and iBAT AT, R levels increased ~d6- and 3-fold, respec-
tively, in the HFS group, compared with the SC group (Fig. 3A and
E. respectivelyl Inthe Epid Gt AT, R levels wene neither altered by
the HFS diet mor the KD (Fig. 3C). However, the KD increased AT, R
protein levels by 234- and 52-fold in S5c Ing and Epid &1, respec-
tively (Fig. 36 and D, respectively L In iBAT, mo significant alberation
in AT, R protein levels was detected with any of the diets (Fig 3FL
Altogether, these findings demonstrate that the HFS and KD
exerted tsswe-specific e fects with respect to AT, K and AT:R levels

in 5 Ing. Epid, and iBAT fat depaots.
Effects of diet an S¢ Ing, Epid, and |BAT MasR ge ne ex pression

5¢ Ing extpression of Mas1, the gemne that encodes the Mash, was
downregulated by ~B2% and B0% in HFS- and KD-fed amimals,
respectively (Fig. 4A) wheraas in Epid and iBAT the expression of
the Mask was not altered by diet (Fig. 48 and C). These Mas1-
related findings indicate that both the HFS and KD exerted a poten-
tial reduction of the counte megulatory ACE2 [Ang-|1.7]/Mask/AT, R
arm of RAS, although this effect was restricted tothe Sc Ing WAT.

Phosphorylagon of ERKTSZ in WAT and BAT following the dietary
Interventions

T assess whether diet-induced changes in RAS receptors were
infleencing Ang signaling in WAT and BAT, we measured phos-
phorylation of the downstream protein ERK1/2 [12.22) ERK1/2
phosphordation in 5 Ing Epid, and iBAT did not differ among
diets (Fiz. 5A—C). However, the pERK12/ERK 12 ato tended to
increase with KD feeding in all three tisswes, relative to the HFS
group (Fig 51

Discusson

Here, we demonstrate that levels of RAS components differ sig-
mificantly between WAT and BAT, and that the HFS and KD regu-
lated ACEl and ACER, as well as AT, ATy R protein antents, and
Mas1 gene expression in a fat depot-specific manner. In line with
our original hypothesis overall the HFS obesogenic diet enhanced
the classical arm of the RAS, whereas the KD enhanced the protec-
tive, countemegulatory RAS arm. This was supported by our find-
ings that, despite major fat depot differences with respect to their
contents in RAS proteins, the KD significantly increased AT,R and
attemuated ACE1 levels in both WAT depots. Importantly, becawse
the Sc Ing fat exhibited the highest levels of ACE1, the marked
redwction of ACE1 by the KD is consistent with attemusated activity

of the clasical RAS amm in this tssee. This is in Ine with previows
ohservations that e levations in 5¢ Ing WAT Ang-1 levels under con-
ditions of HF diet-induced obesity are dependent on ACE1 in mice
[41

In 5 Ing fat, ACE1 levels were also redwed by the HFS diet,
which is apparently at odds with our initial hypot hesis becawse it
suppests that the obesogenic diet attenuated the classical arm of
the RAS However, in both HFS- and KD-fed animals, the decrease
in ACE1 comtent was acoompanded by a redud o in ACE2 in the 5C
Ing fat depot Thus although lower ACEL levels could potentially
lead to suppressed Ang-1l formation in this tisswee, the concomitan
reduction of ACE2 favored impairment in the comersion of Ang-1I
to Ang-[1.7), likely leaving the Ang-ll levels unaffected and Amg-
[1.7] levels potentially reduced. In line with this Giori et al.
otserved unchanged levels of Ang-IL and atrend to decrease Ang-
[1.7] in the Sc WAT of HF-fed mice compared with controls [4). In
this context, the diet-induced shift of the Sc Ing RAS does not
appear to be infleenced by alterations to ACE1 or ACE! @ntents
and i5 instead mediated by changes in the expresions of the Ang
TeCephors.

Analyss of AT,R and AT,R protein levels revealed that these
receptons were not very prominent in the WAT fat depots from 5C-
fed rats However, in the 5 Ing fat and iBAT of HFS-fed rats, AT,R
levels were significantly increased, whereas the KD did mot affect
the levels of this repitor in any of the tisuwes In white adipocytes,
stimulation of AT,R has been shown to imcrease inflammatory
markers, such as MCP-1 mENA expression and nudear factor-kp
transcription [13). Furthermore, in a rat model of metabolic dys-
function, administration of the AT, R antagoni st L158809 improved
plucose toleramce [ 13 Thus, the HFS diet-induced elevation in the
comtent of this receptor i consl stent with acti vation of the ol assical
RAS arm and induction of detrimental metabolic effects observed
in adipose tisswe in obesity [4.13.23]. In addition to the enhanced
AT, R content, S¢ Ing Mask expresion was sgnificantly reduced in
HF5-fed animals. Indeed, other studies have reported that an ohe-
sogenic diet attenwates Mask expression in subcutaneous fat and
reduces the activity of the counterregulatory RAS arm [4]. Impor-
tantly, KD feeding did not alter AT:R levels im any of the fat depots
studied bast indwced a robust increase inSclng and Epid ATaR lew-
els, an effect that likely compensated for the KD-indwoed attenua-
tion in MasR expression in Sclng G This s compatibde with our
finding that the KD caxsed a redwction in 5c Ing ACE2 (Fig 2B
which potentially decreased Ang-|1.7]/Mask signaling and, conse-
quently, the expression of the MasR [22) Therelore, the KD-
induced elevation of AT,R could potentially counteract the classi-
cal, proinflammatory arm of the RAS [4)] in WAT. In iBAT, however,
neither the HFS nor the KD altered AT R levels, despite this tisase
displaying the highest relat ive abundance of this recepror. The lack
of an effect of dietary intervention on BAT AT,R @n be explained
Iy the reduced physiologic import ance of this receptor for thermo-
genesls in matwre adipocytes. This i compatible with reports that
the differentiation of brown adi pooytes depends on AT:R signaling
[12], whereas fully differentiated @lls rely on Mask signaling for
BAT activation [14]). As previowsly mentioned, the gene expresson
of Mask was unchanged by any of the dietary i nterve ntions, and
this likely sufficed to maintain iBAT activity. Mevertheless, the ele-
vated abundance of the Ang receptors and ACE2 in BAT indi@tes a
higher capadty for Ang signaling in this tssee.

A complex network involving several Gotors determines the
downstream signaling of Ang receptors |5,12]. One protein that is
particulady relevant for Ang signaling in the adipose tissuse is
ERK1j2 [22] In adipocytes, ERK1[2 phosphorylation i enhanced
by AT:R stimulation, whereas stimulation of the Mask or ATaR
attenuates ERK1/2 phosphorylation [1222) In the present study,
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ERK1[2 phosphorylation was not significantly altered by diet in
any of the three fat depots stdied, althowgh tiswe-specific trends
in ERK1[2 phosphorylation appear to exist it i notewaorthy that
shdies demonstrating Ang-ll-mediated ERK phosphorylation
wene performed in solated adipocytes incubated in the absence or
presence of Amg-11, Ang-[1.7] [22] and angiotensin receptor antago-
nmists [12) Although this experimental model &5 valuable for the
ohbservation of isol ated effects indwced by i ndividwal factors on cel-
luelar sigmaling pathways, it does not acoount for other cirolating
homaomnes that ako act on the same downstream targets. For
instance, fibroblast growth Gotor 21, which is mown to e altered
with KD feeding [17]. promotes ERK1/2 phosphoryation [24) In
this study, freshly isolated whole WAT was used to assess ERK1[2
phosphoryation, and the presence of @lls other than adipocytes
in the stromal vasoular fraction | fibroblasts, blood and bleoed ves
sels immune cells, and merve tisswe) dlso likely affected the results.
Thus, we canmot discard the possbiity that the dietary

interventions meaningfislly affectad the ability of the classical and
counterregulatory arms of the RAS to signal through ERK12 phos-
phorylation in adipocytes.

The KD has been demonsirated to cause significant redwctions
in adiposity and BW in humans [18.25) In this stedy, we found
that KD-fed rats displayed lower BW than HF5fed rats althowgh
thits i flerence was not statistically significantly, which s inmonsis-
tent with the typical effects of KD on adiposity in humans. How-
ever, this apparent discrepancy can be explaimed by species
differemces with resped to BW responses to feeding This s akao
evident when companing mice and rats and even among distinct
rat strains utilized in stedies reporting the effects of KD on BW
[77) In fact, im a previows study conducted in 5 prague- Dawley
(5D) rats | 7). we observed that animals fed for 8 wk with the same
KD reached lower BW than their counterparts fed a HFS diet In
this study, we used Wistar rats, whidh display a very distinct pat-
tern of food intake and fat and BW gain when compared with 5D

284



D Do Braef gl fNeridon 105 (2023) 1118627

Sc Ing
[A)
LS —
ﬁ_
a
-
I .
g 47
30T
% 2
== £ a
2 L] & &
- L -
o 1 !
SC  HFS
i)
pERK
ERK
1.5
=
E 1.0
Z5
B o
% 0s-
-

(B)

S
—
E 2.0 )
B a
— 1.5 a .
Eg‘ 1.0 ' T
2 - H |-
= 054 T . .
J_ - o
SEZ' H]I=S KID

Kn

HFS

Fig 5. P44 47 m ingen activaied pentein iinse [ ERK 2] phosphonga Son was not influen ced by die? in e 5¢ Ing, Bnbd, or (AT £2r depos (A, B, and C, respecsvely | Srarisi-
cally significant difieence s denoied by diflerent Egers P < D05 One-way analyss o varance n=5 in te 5C goup in panels A and B, and n =4 in panel Cn =5 in ge HES
gmup in panels Aand C, and 0 =6 in panel B =7 in e KDgroup in all panss. Epid, spididymal; HFS, highdar sucrese; IBAT, interscapalar brovwn adifoss s KD, kem-

genic dies; 5C, SEndand ¢ how; SCIng, Suboutans ous nguina

rats fed similar diets. Mevertheless, the elevation in BW did mot
prevent the KD-indwced shift of WAT RAS components toward the
oouniber e gul abory arm

Conchson

Major depot-specific differences in RAS components werne
detected between WAT and BAT. This was evidenced by the 5c Ing
fat displaying the highest levels of ACE1, but very low levels of
ATy, ATaR, and ACE2. Conversely, the highest levels of ACE2, AT R,
and AT3R were found in iBAT. Despite these differences, the HFS
diet increased the ACEL[Ang-11JAT; K amm of the RAS, whereas the

KD enmhanced the ACE2[Ang-|1.7)/Mask/AT,R counternegulatony
arm of the RAS in WAT. These findings provide evidence that the
KDy can be a valeable dietary intervention for the management of
the adipose tissee RAS and can thereby serve to potentially coun-
teract the dysfunctional metabolism and inflammation [23) that
are observed in adipose tisswe with obe sty
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Abstrack E:chg;n:lm\d.‘ Cb&nl}r increases the severity of SARS-CaV-2 cutcomes. Thus, this study
esied whether obesogenic and ketogenic diets distincthy affect SARS-CoV-2 entry prodeins and
the mrin-angiotensin system (RAS) in mt pulmonary and cardiac tissues. Methods: Male Sprague-
Dawe by rats weene fed sither standard chow (5C), 2 high-Et sucross-enriched dist (HFS), or 2 ketogenic
diet (K1) for 16 weeks, Aftenwands, lev\cl:cnfmg‘i.nl:mh converting ercyme 2 [ACE2), transmem-
brare profease serine 2 (TMPRSEZ), RAS components, and inflammatory genes were measumd in the
lunggs and hearts of thess animals. Results In the lungs, HFS elevated ACE2 and TMPRESSE levels
melative to SC diet, whemeas the KD lowemed the levels of these profeins and the gene expressions
of toll-like receptor 4 and interfeukin-6 moeptor relative to HFS The diets did not alter ACE2 and
TMPRS52 in the heart, although ACE? was mome abundant in heart than lung tissues. Conclusion:
Diet-induced obesity increased the levels of viral entry proteins in the lungs, providing a mechanism
whereby SARS-CoV-2 infectivity can be enhanced in obess individuals. Comersely, by maintaining
low levels of ACE2 and TMPFRSS2 and h}l’ﬂtﬂ'ﬁl‘lﬁ an mﬁ-:ii'lﬂa:m.ﬂbﬂry effect, the mmpntnﬁall}r
attenuaie the severity of infection and migration of SARS-CoV-2 to other ACEIexpressing tissues.

Keywords: obesity; ketones; inflammation; TLEA; ILS; ]'NF—ﬂl'p]\a:MuR

L Introduction

Obresaty s characterzed by an exparnsion in whale adipose hssue (WAT) mass and
18 hinked to a number of comorbadibes, mcduding hypertension and diabetes [1]. More
recently, obesity has emerged as a magor risk factor for severe illness related o COVID-19
wnfection [23]. Infechon with the severe acule espiratory syndrome-coronavirus-2 (SARS-
CoV-2) occurs mamnly through the airway [4]. At the cellular level, the virus binds bo its
seceplon, ACEZ2 [4,5]. The mteraction between ACE2 and SARS-CoV-2 oocurs via the virus's
spike (5) protein; however, an addibonal crucial step, catalysed by transmembrane proteass
serme 2 (TMPRSS2), leads to cleavage of the 5 protean [4,5]. Thes latier step allows for the
fusion ef the vires and host cell membranes, so endocytosis of the vines can occur. Onee
msade the cell, the virws can wtilize the cell’s nbosomes Lo transcribe 165 cwn BMNA and
undengo rephcabion [6]. The enhanced suscephbahty of obese mdivaduals to sevens COVID-
19 cuteomes has been hnked to elevations in ACE2 and TMPRSS2 i lung theswes [4.7]. In
fact, Sarver and Wong showed that ACE2 expression was elevated m the lungs and tracheas
of male, obese muce [4]. Sunulardy, Batdhu et al reporied elevabions in ACE2 and TMPRESS2
protein contents in the lungs of HE-fed, diabetic mice [7]. In this context, the det-mnduced
elevabions m SARSCoV-2 enbry probems provide a planable mechamsm that explams the
increased suseeplibility of obese individuals to sevens cutcomes. I8 is important o nole
that ACE2 15 also a component of the emn-angotensm aldosterone system (RAS), whach
has emerged as another possible mechamsm mediatng COVID-19-related dllness [8].

The RAS1s classacally responsible for the regulabion of fluid balance and bleod pres-
sufe [8] Inshort, the kidney feleases fenun, whech converts bver-derved angiobensimogen

Nutrists 1007, 13, 3357, hetper) f dodorgy M0CS390/ a1 3105357

hetps # Fwwewmndpd comny joemal Smrents

287



Nutrimts M, 13, 335

2of13

into angiotensin 1 (Ang-I} [9]. Ang-1is then processed into angiotensin-11 (Ang-IT), mainly
in the pulmomary corculation [10], by the angotensin conv erting eneyme (ACEL [9]. Ang-11
can then bind to the G-protein coupled meceptor angaotensin-, type 1 receptor (ATyE) [9]
wheere it nduces vasooonstrction, water retention and sy mpathebic nervows system ac-
tivation [9]. Under conditions of hypertension and obesity, hyperactivation of the RAS
kads to miflammabon, fbress and eodative damage [5] In thas context, the rapaes aimed
ab mereasang fux through the countermgulatory arm of the EAS have gamad attention as a
potential treatment for hy pertensaon and obesity [2,5]. These effects are manly mediated
by ACEZ, whech converts Ang-I1 into Ang(1.7] [3]. Ang(l.7) binds to the Mas neceplor
(MasRE), whach exerts protechive, anb-inflammatory effects [9]. Moreover, Ang-II can also
bind to angiotensin IL type 2 receplor (AT:R) [2]. AT;R exerts sinalar effects to Mask,
however it 18 mainly expressed under condibions of ATy R hyperactvation and mjury to
suppess inflammation and cxidative stress [2,11]. Followmg COVID mnfection, ACE2
becomes downnegulated [2]. Consequently, the obesty-induced elevation in Ang-II -
creages signalling through ATHR, which promoetes inflammation and Gssue damage [2].
Thus, the role of ACE2 in COVID-19-pelated dllness extends beyond serving as a viral entry
protein. Rather, it 15 also imphcated in the mflammatory response that ensues, which
carnes a profound impact for baswe damage and organ failure [2]. In thas context, shafting
obese mdividuals from the ACEL/ Ang-11/ ATy R arm to the ACE2/ Ang(1,7)/MasK and
AT:R arm s of greal importance to reduce the susceptibahity of obese indivaduals to sevene
COVIT19 cutcomes,

Recently, the ketogeme duet (KD has sparked intenest as a potential therapeutic bool
for the management of obesity. In fact, it has been shown that the KD improved blood
pressure, glyeenua and body weight m Type 2 daabetic patents [12] and carnes potential as
an antrmflammatory diet [12]. However, to our knowledge, hittke 15 known regarding the
effect of the K[ on the BAS components m lung and heart bssues, Momeover, despube thene
beang evidence that obesity enhances the expression of ACE? and TMPESSE in lung bssue,
to the best of our knowledge, no studses have evaluated whether a KD can affect molecular
steps iwvolved m SARS-CoV-2 mfection. In thas conbext, our study aims o compane the
effects of dufferent dietary mberventions on the contents of viral entry protemns and BAS
components in lung and heart tissues. Here, we provide a detailed analysis of how an
obesogenic det regulates ACE2 and TMPRESS2 contents, as well as AT R and AT;R levels
i Jung and cardiac hesues. Addibonally, we test whether a KD can alter the levels of these
proteins and reduce the expression of inflammatory genes in the lungs.

2 Materals and Methods

21. Rexgenls

Protease (cOmplete Ultra Tablets) and phosphatase (FhosSTOP) inhibitors—were
obtained from Roche Dhagnostics GmbH (Mannheim, Germany). The nsubin ELISA kit
was purchased from Milkpome-Swema {Burbnglon, MA, USA) The ACE] (ab254227), ACE2
(ab239924), AT R (ab124734), AT:R (ab92445) and TMPES52 (ab%2323) antibodies wens
purchased from Abcam (Toronto, ON, Canada) and the f-actn (cat. no. 4967) antibody
was purchased from Cell Signaling (Danvers, MA, USA)

27 Animals

Male albine rats from the Sprague-Dawley stram (Envigo, Induanapolis, IN, USA)
weighing 200-250 g (initial weight}—were maintained in a constant-emperatune (23 “C),
wilth a foeed 12-h Light/ 12-h dark oy cle and fed for 16 weeks ad hibibum eather a standard
choner diet (SC, 27.0%, 13.0%, and 60.0% of calories provided by protein, fat, and carbohy-
drates, respectively] a HE sucrose-enriched (HES) duet (2000%, 60.0%, and 20.0% of calonies
provided by protein, fat, and carbohydrates [sucrese], nespectively ) or a KID (2005, BO%
and 0% of calores provided by protein, fak and carbohydrates, respectively). The energy
densities for the 5C HFS and ketogerae diets weie 3,43, 5.24 and 6.14 keal/ g, respectively.
The SC diet (standard rat chow, catalog # 5012) was purchased from TestDiet (Richmend,
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M, USA). The HFS and ketogenic diets (catalog # D12492 and DO302210, respectively)
were purchased from Research Dhets Inc. (MNew Brunswick, NJ, USA). Energy mtake was
not signehcantly diffesent between the thoee groups at weeks 0, 4 and 8 (Table 1) Al week
16, the KD-fed animals had 17.9% and 18.1% lower energy mtake than the 5C and HFS-fed

ammals, respectively (Table 1).

Table 1. E‘I‘El‘ﬁ}l’ intake at weeks 0, 4 8, and 18 & the SC-, HFS-, and K1 ed animals

Week sC HFS KD
o £9.73 £+ 3.8 Ghds +23 Ghd9 £ 29
Energy intake 1 TLED AT GR37 + 40 6383 £ 076
(kecaly rat/ day) 8 BB+ 29 Gh9d+ 32 ez 11
16 B9.ES + 2.1 5275 + R0 s715+50¢

e 005 ve S0 and HFS within the respoctive wazbe. Data ane ecpmssed as mean = SEM. Tivoway ANOWVA
m= 37 5C standard chow; HFS, high- fat sucrse enrtched diet; KD, ketogenlc diet.

2.3 Ethics Approval

The protocol contamng all anamal procedunes described 1 this study was specifically
approved by the Commubiee on the Ethacs of Animal Expernments of York Universiby Yok
Unaversaty Amimal Care Comanttes, YUACC, permat mumber: 2021-03) and performed
stoctly m accordance with the YUACC gudehines. All hssue extrachon procedunes were
performed under ketamine / xylazine anaesthesia, and all efforts wene made o minimize
suffering [14]. All expeniments 1 this study wese carmed out in comphance with the
ARRIVE guidehnes [15].

24 Glwcese Monitoring and Determination of Flasma Insili Concen frations

Blood from all animals in a fed state was collected bebween 15:00 and 16:00 h by saphe-
nious vean bleeding and used to determune plasma gluoose, wsing the One Towch Ultrabam
blood glecose montoring system from LifeScan Canada Lid. (Vancouver, BC, Canada).
Insuln was measured using a commeraally available kat hsted in the reagents sechon. All
proceduses were performed according to nstructions provided by the manufactuer of
the: kil

25 Westem Blotting Analysis of ACE], ACE2, AT1R, AT 2R, and TMPRS52 Protein Levels in
Lung and Cardiac Tissues

Lung and heart bissees wene homogenized in a buffer contameng 25 mM Tris-HC],
25 mM NaCl (pH 7.4), 1 mM MgCly, 27 mM KCl, 1% Trabon X-100 and protease and
phosphatase inhubitors (Roche Diagnostics GenbH, Mannheim, Germany ). Homogenates
wene @ntnifuged, the supernatant was collected, and an ahquot was weed to Measwre
protein by the Bradford method. Samples wene diluted 1:1 {(volvol) wath 2x Lasmmh
sample buffer and heated 1o 95 °C for 5 oun. Then, 25 ug of protemn wene loaded 1 each
well. Samples wene then subjpected to SDS-PAGE, transferred to FYVDF membrane, and
probed for the protems of intenest. All primary antibodies were used at a dilubon of 1:1000.
All densitometry analyses were performed using the lmage] program.

2 6. RNA Isolation and (huanbiletive PCR

Primers were desgned uang the softwane PrimerCheest (IDT) based on probe se-
quences available at the Affy metrix database (NetAffx™ Analyas Centoe, hitp: /[ Swoaoe
affymebroc com, analysis, accessed on 3 May 2020 for each given gene. KMA was 1so-
lated from lung and heart tssues using Trizol ™ (ThermoFisher Scentific, Waltham, MA,
USA ) Comphmentary DNA (cDNA) was made from 2 pg of extracted RNA using the
ABM OneScript cDNA Synthesis kit (Dhamed, Mississauga, ON, Canada), according to the
martufachuter’ s mstructions. Samples wene run m duphcates on %-well plates, and each
20 pl. peaction contammed 4 ul. of cONA, 0.4 ul. of prmer, 10 ul. of Baghtgmesn 2 gPCR
Mastermm {Chamed, h‘l.iaaissau,ga,, O, Canada) and 5.6 ul. of EMase free waler Haal-tune
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PCR analysis was performed usang a Bio-Rad CFX9% Real Time PCR Detechon System
(Bio-Rad, Mississawga, ON, Canada) wsing the followmg amphficabion condibions: 95 °C
{10 min}; 40 oy cles of 95 “C (15 5), 80 *C (60 5). All penes wene normalized to the control
gene f-achn, and values are expressed as fold increases felative to control [16]. Primer
sedquenes ulihzed ame shown i Table 2

Table 2 Primer sequences for gPCE

Forward Reverse
s SLOGOCAACCCTTICATCTACT-3 8 OCTAGGTIECATC IOGTCTT T
tird SLACCTAA GGAGA GGAGGCTAAG-Y BAGETAACTECAGOA CACTACA- T
ér FIGGAGCAGACAGAGAGACTT-¥ H-AGCTTACAGGTAACAGAGCATAAA Y
mir] BCOCTGTGAACCTOCTCTTTG-¥ SLCTATGTACACCAAGTOGGTAGE 3
Bactin SETEAA AAGATGACOCAGATC- FCACOGOCTGOA TGO TACET-3

2 7. Statistical Analyses

Data were expressed as Mean + SE. Stahstical analyses were performed by using
mixed-model analy ses, and one-way ANOVAs and bwo way ANOVAS with Bonferconi
mulbple comparnson post-hoc tests, as mdicated 1 the hgume legends. The GraphPad
Prism softw ane version 9 112 was used for all stahistical analyses and for the preparation
of all grapha. The kevel of signfcance was set to p < 0L05.

3 Results

Body weight (BW), glycemia, and mswineanis—HFS-fked ammals gamed sigmbficanitly
moie weight than the 5C and KD-fed animals (Table 3). This difference in BW was sta-
tistically sigrificant at weeks 8 (20977 £ 14.6 g in the HFS group va 37021 + 143 and
37424 £ 66 g an the 5C and KD growps, sespectively), 12 (4523 £ 157 g in the HFS
group va. .47 £+ 15 and 44.69 + 4.5 g the SC and KD groups, respectively), and 16
(47061 £ 17.1 gan the HFS group va, 42129 £ 157 and 425.54 £ 4.7 gn the 5C and KD
groups, espechvely). With espect to bBlood glocose levels, there was no sigroficant daffer-
ence among the thoee groups at weeks 0and 16 (Table 4). Insubinemia increased m both the
HES {190 £ 033 10 7.68 = 1.54 ng/ mL) and KID groups (218 £ 0.34 to 5.85 £ 066 ng/ml)
from week [ toweek 16 (Table 4). However, at week 16, only the HFS had sigmficanily
higher blood insulin levels than the SC group (Table 4} In fact, the HFS diet-induced
elevation i blood mesuln concentration was 7%, melabve to the SC anamals (Table 4),
which iz an indication of insulin-resistance in these animals. In contrast, the 5C and KD
groups did not have stahstically sigrabcantly different blood msuhn kevels at week 16
(Table 4).

Table 3. Body weight of SC-, HFS-, and KI-fed rats at the beginning of the study [week 0) and after
4, B, 12, andd 16 weeks of distary intervention.

Duration of Study (Weelks)
Groups o 4 B 1z 1%
5C Bl 7l rH+lad T 43 047150 4208087
Body mass HFS Bale+ 84 MEWTH107 40007 £ 146" 4523+ 157° ATl + 170
® KD I+ RIHN 48 TAM 66 e =08 N8 = 47

o L0Svs. ST and ED within the mspactive weeks. Data ae evpressad a8 reen £ SEM. Mooed- offects mode]
analysis m = 749
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Table 4 Glyoemia and insulinemia kevels at the beginning (week 0) and at the end of the dietany
intervention (wesk 16) in 50, HFS-, and K ed rats.

Duration of Study (Weeks)

Blood Parameters Groups ] 16
SC 685+ 012 571+ 018"
Glucoae {mmolf L) HFS A77 + 021 581 +0l0%
KD A58+ 012 571 £ 0w #
SC 216 + 050 430 + 04z
Iresulin (ng/ mL} HFS 190+ m3s 7.68 + 154+
KD 218+ 034 585 + 066"

*po Sy S0 within the mepoctire week# po (L0Svs. week D measmement. Data are expoc-ssed o e + SEM
Mboed- fevcts wode] analysis, m = 6-7.

31. ACE2 and TMPES52 Levels in Lung and Heart Tissues

We extracted lung and heart tissues from the anumals for measurement of SARS-CoV-2
cellular entry proteins ACE2 and TMPRSS2 The HFS diet increased lung A CE2 content 3.8-
and & fold, when comparned to the 5C and KD groups, respectively (Figuse 1A). A simalar
pattern was observed for TMPRESS2 where, for the HFS diet, the levels of thas protein
increased by 5.1- and 2.4-fold, relabive to the SC and KD groups, respechively (Figue 1B).
However, mn cardiac bssue, no signibeant differences were detected for ACEY or TMPRSS2
kvels when companng the different deetary mterventions (Fgume 10,0, sespechvely).
These data ndicate that the HFS diet mereased SARS-CoV-2 entry protems in lung tissue,
but mot m the heart.

32 ACEL AT)R. and AT;R Levds in Ling and Heart Tissues

In pulmonary bsswe, the KD atbenuated ACE] profemn content by 56%, relative to the
SC group (Figue 2A). Furthermore, KD also reduced ATy E protein content n this Bssue;
howrewer, 1t was not statistically sigmbeant (Figune 2C). Pulmonany AT; R kevels wene not
altered by diet either (Figune ZE). In cardiac tssue, ACE] was not significantly different
among the groups (Fgure 2B). However, the HFS diet induced 2.6 and 4.9-fold mcreases
in ATy R (Figure 20) and AT; R (Figure 2F) levels, sespectively, when compared to the 5C
group. The contents of these protems wene ol significantly different between the 5C- and
KD-fed animals

33 Comparison of ACEI, ACE2, AT R, and AT 3K in hing and Heart Tissues

Upon cbserving the diet-induced changes in RAS proteins and the bsswe-specific
natune of these changes, we then decided to compane the contents of ACEL ACE2, AT1R,
and AT;R m the lu.:ng,s and heart. Pqun.u‘.-' ssue :i:splm.ned h;;ﬁhed' kevels of ACE] than
cardiac bsswe (Frguse 3), wheeas mons ACED, AT{E, and AT;R was found in the heart than
i the: lungs. (Figure 3).
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Figare 1. Lung contents of angiotensin comerting emzyme 2 (ACEZ) (A) and transmembrane proease serine 2 (TMPRSSZ)
(B) were significantly elevated by the HFS, but not by the KI0. In contrast, diet did not alier the contents of thess proteins in
heart tissuwe (C, D). Statistical significance is denoted by different letters p< 0.05. Bars represent mean £ SEM. One-way
ANOVA, n =54 5C, standard chow ; HFS, high-fat sucrese-enriched diet: KD, ketogenic diet.
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Figure 2 The KD attenuated angiotensin converting enzyme 1 (ACE1) and angiotensin II, type |
receptor (AT;R) contents in pulmonary tissue (A,C respectively), however only the former was
found to be statistically significant. Angictensin I, type 2 receptor (AT, R) was unaliered in the
lungs, regardiess of diet (E). On the other hand, dietary intervention did not influence heart ACE1
content (B), however AT R and AT R wen: significantly elevated in the cardiac tissues of HFS-fed
rats (D,F, mspectively) Significant differences are denoted by different letters p< 0.05. Bars epresent
mean £ SEM. One-way ANOVA n=5-6
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Figure 3. AT1R, AT:R and ACE2 are mome abundant in heart tissue than in fung tissue. In contrass,
lung tissue contains more ACEL n=3.
3.4. Gene Expressions of Masl, tir4, il6r, and tnfr1 in Lung and Heart Tissues

The gene expression of mas] was not significantly different among any of the three
dietary interventions in either lung (Figure 4A) or heart tissue (Figure 4E). However, the
gene expressions of Ird and J6r were significantly reduced by 74% and 79%, respectively, in
the lungs of KD-fed animals, when compared to the HFS amumals (Figure 4B,C, respectively).
KD also suppressed fnfr] gene expression in this tissue by -73% (Figure 4D), although
this was not statistically significant (p = (L059). In the heant, no significant differences were
found for tIr4, d6r, and Infr] gene expressions among the three diet groups (Figure 4F-H,
respectively). Altogether, these results indicate that the KD exerted an ant-inflammatory
effect in the lungs, but not in the heart.

294



Nutrimts X2, 13, 338

9of13

Lung
(A) s ®) Hrd o ilor o} farfi
3- 4 3 _ 3 a
= a H a ] a g .
a 2 T a & 3 : = ahb . g8 a
£ - P E 'EE:- . FRBE
i3 : . 2], £
) =& ] =g
2 3 5 3
= = = =
50 HFE KD 5C HFS KD
Heart
(E} el (F) ird G il (H) i1
a a
124 a e a R - 4 a
% a " 5 . 2 g .
Ej 0 : = f = ﬁ 41 Ef 4 .
£z 754 FE L a 58,
L £t A
e o * ) ol * o
EE _-g_a.ﬂ 9 EE a Ee'g
O & 34 u% 0w 14 _,%! 1
= i : = E
= - = g ~ g = p-
iC HFE XD 50 HFS KD 2L HFS ED 5C HFS ED

Figure 4 The K1Y does not atiect m=] gene expression in hing [A) or heart (E) Husues Irllrn:ltirlg}l; m—ﬁnndingnﬁniﬁmrlﬂ}r
reduces toll-like receptor 4 (fird) and intedeukin-f moeptor (16r) gene expression in pulmonary tisses (B, C, respectively),
when compared to the HFS diet. The KID also reduced tumour necresis factor receptor 1 (7] ) gene expression in langs (D,
though this was not statistically significant. TIrd, D6r mnd infr] wene not significantly altered by diet in cardiac tissues (F-H,
respectively ). Statistical significance & dencied by different letters p< 005, Bars represent mean £ SEM. One-way ANOVA,
=548

4 Discussion

Here, we show that chesogenic and ketogenic diels tegulate in a distinet and tsswe-
specihe manner proteins of the BAS, as well as major components of the molecular ma-
chanery mvolved in cellular infechon by SARS-CoV-2 In fact, rats fed the HFS obesogeruc
diet displayed elevated insulinenmia and much higher lewels of ACE2 and TMPRSS2 in
the lungs than arumals fed evther SC or a KDY Thos 18 consstent with previous fndings of
increased hung levels of ACE? and TMPRSSZ in diabetic mice [7], and with reports linking
ingulin resistance and Ty pe 2 diabetes to severe COVID outcones [2.7). However, to our
knowledge, thas is the first study o show that besides allenuatng weight gam and msulme-
e, & KD mambamed lower ACE2 and TMPESSZ protemn levels m the lungs m comparson
to a HFS daet. Thas = melevant for the prevention of sevens COVID-19-related illness, grven
that ACE2 and TMFESSZ have been identified as crucial components of the molecular
machinery used by SARS-CoV-2 to mfects cells [5]. In fact, use of the specific TMPRSS2
infabitor, canostal mesylake, has been shown to inhibit SA ES-CoV-2 entry in Caco-2 cells,
and anti-ACE2 antibody incubation with Vero cells blocked SARS-CoV-1 and SARS-CoV-2
entry [5]. Thus, the cbserved elevation in these bwo proteins in the lungs of HFS-fed rats
provides a plausible mechansm wheneby obese individuals are mone suse-ptible to sevene
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infection with SARS-CoV-2 The underlying mechanisms that explain this diet-induced
elevabion in ACED have not been fully elucdated [17]). However, under condibions of obe-
sity, adipose Bssue secretes angobensnogen, whch can eventually be converted to Ang-I1L
had:mb Eu]wpemchvahm of H‘e.ﬁC’El.-"AﬂglI.-"AﬁR arm of the RAS and s-ubaequeﬂt L=
sue damage |2 8]. Hy permnsubinenia may also cause RAS dysregulabion [B]. In thas conbet,
the observed elevabon in ACE2 15 likely a countersegulatony mechanism to atlenuatbe e
detrimental effects induwoed by obesiby-mediated RAS hy perachivation [17]. Furthe ronone,
none-alooholc Eatt:.-' liwer disease (MAFLIY) = a m.arc:-r currmrhi.dil:.-' of d}e-.nl:.-' and 1t has been
binked to increased hepatic expression of ACE? and TMPRSS2 [15], whach could contbribute
to the aggravate modndity 1n SARS-CoV-2 pabents. Importantly, kelogene dwels have
been shiwwn to be very effechve m combating NAFLD [19-21] and attenuate the polential
deletenouws effects of SAES-CoV-2m the liver. However, we did not assess any vanable
associated with NAFLD in our studies; therefose, we could not make any inferences about
hepatic expressaon of SARS-CoV-2 cribical entry poinis.

Although there wene no sigmbcant alterabons i ACE2 and TMPESS2 m the heart
with any of the deetary inberv enbons, ACE2 was found to be mose abundant i cardiac than
it lurig tissue. Thus, because the obesogenic diet signibcantly meneased ACE2 i the lungs,
COVI-19 indection shill poses a significant sk for cardiac health in obese mdividuals,
sinweee it 18 one of the primary poimits of infection. This could potentally enhance the severity
of the infechion m pulmonary besues, kading to vical spall over, whereby the virus can
access other bssues, mcludmg the heart, whach s already abundant m ACE2 and, as a fesult,
predisposed to infection and damage [2,6] The roles of ACE2 in SARS-CoWV-2 infection, as
well as the BEAS, ane not mde pendent. Thus, the other BAS components ane also emerging
as therapeube largets to beat dllness related bo COVID-19. In fact, the wse of angiotensin

blockers (ARB) or ACE mbabatoss have been proposed as treatiments for SARS-CaV-
2 patients [2]. Thas serves tonceease flux through the ACE2/ Ang(1,7)/MasR and AT;R
arm of the BAS and to promote anb-nflammatory mechamams that counteract the COVID-
wniduced oy tokme storm [2,6 8] In the present study, we observed no allerabon i ATYE
of ATz R mn lung tssues wath any of the three detary interventons. However, the KD did
sigmabcantly reduce ACE] levels. Thas indicates that the BAS syskem ow as shafted away from
the ACEL/ Ang-I1/ ATIR arm and towards the counterregulatory, ant-inflammatory KAS
arm, given that we also observed reductions in tird, and Jer gene expressions, as well as a
trend bo decrease mfr] gene expression. The observed reduchon m the expressaon of these
wiflammatory genes ws elevant, as [L-6 and TRFa are bwo major oy tokanes that faclitate
the: coronavitus-mdueed cytobne storm [2]. Furthermone, Zhao et al. demonstrated that
TLE4 nhibition suppressed interleukin-1 B relesse in cells treated with the SARS-CoV-25
protem [22)].

Chur findings ase i hne with other studes that seport the anb-nflammatory nature
of the KD [13,23], and suggest that thas diet could feduce the risk of severe mdection and
inflammatory fesponse related o COVID-19. We have not mvestigated the mechanism
by whach the KV led to lower kevels of expiession of inflammalory genes i Companson
to the chesopenic diel. However, the KD s charackenzed by increased hver production
of ketones [24]. Thus, the anb-mflammatory effect of the KD could be at least partially
atinbubed to memased lovels of crulating kelones, pacticulacly p-hyd roscybuby rate | B-HBJ,
upon K[ feedmng [25]. In fact, f-HB has been demonstrated to block the nucleotide-bunding,
domain kucne-ndh-contammg fanuly pyon domamecontamng-3 (NLEP3) milammasome
and NLEP3 inflammasome-mediated interdeukmn (ILF1R and [L-18 production by modio-
cytes [26]. Additicnally, the KD has been shown to exert its anb-inflammatory effects by
wnhabting nuckear factor kappa-hght-cham-enhancer of achvated B cells (WNE-KB) activation,
suppressing the activity of histone deacetylases (HDACs), redwcing the production of
reachve oxygen species (ROS), and by improving sutochondral respiration [24]. Thus, all
these KID effects can amehorate chronic low-grade inflammabion and its associated diseases,
It is important to mention that the KD used mn this study was completely devoud of carbe-
hydrates, which differs from the commonly used KD that secommends low carbohydrate
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conbent (less than 50 g/day) and not the complete ehmnabon of thes macronubrent from
the deet [Z7]. Thus, caution should be taken when extrapolating our Endings. o human
mhiecu. Howewer, the absenoe of mrbﬂh}'d:atea m the deet allowwed us o identif_'.-' that b 18
the combinaticn of HF with sucrose, as opposed to HF alone, that promaotes the deletern-
ous metabolhic effects assonated wath mereased levels of SARS-CoWV-2 entry protewns and
inflammnaton i lung and heart bssues mobesity.

We did not fnd any significant difference m the candiac gene expressions of Mas]
or the aforemenbioned mflammatery genes, although a toend o increase the latter in the
HF5-fed rats was detected. However, the HFS diet did mncrease AT1E content, which was
also met by a samular increase 1n AT; R, This hkely served o offset the prounflammatony
response mediated by AT1E Indeed, it has been reported that AT; B memeases i mesponse Lo
ATqR hyperachvabion and wygury [211]. Interestingly, ATy R and AT;R ae moe abundant
it the heart than m e lungs. In thas conbext, itis possible that the devated expression of
these geceptors allows for an enhanced fexabdity of ths heswe to tegulake 168 nflam matody
status. It important o note that ATy R and AT; R levels dud not change m the hearts of
KD-fed anumals, relative to the S5C anomals, sugpesting that thas diet did not provoke RAS
activation. Unlike the lungs, heart ACE] content was not altered by diet This could be
attribubed bo the lonser ACEL combent in the heart, compared to the lungs, suggestng that
the reliance of the former on ACE] for BAS regulation 1 lower than the latter, where there
was a diet-anduced allerabion in the content of this protewn. Thas 1 consmstent wath the
nohon that the ACE]-dependent conversion of Ang-1 to Ang-11 takes place predominantly
uwn pulmonany crculabon [10].

In conclusion, these data indicate that the HFS deet increases body weight, insubnena
EAS h:.-'peﬂ.ctivatiun and lung ACEZ2 and TMPESS2 whach could uplaiﬂ the ]:medispmttiaﬂ
of obess imdhviduals to sevene COVTD-19 outcomes. In contrast, the KD did noteheat the
same elev ations i weight gain and msulmemia as the HES diet did. O data also suggests
that there = nol a hyperactivabon of the RAS in KD-fed ammals, as indicated by the
teductions m pulmenary ACE] and the expressions of mflammatory genes, as well as
unalkered cardiac AT1R and AT;E contents. Thus, a counbersegulatory elevabon m lung
ACEZ was not observed m KD anumals. Unhke the hungs, the heart does notexpernence
a dret-mduced alberabion in ACEZ, however the abundance of this protemn, relative bo the
lungs, makes it a suscephble organ to SARS-CoW-2 damage, followmg viral spall over
from p-ulmmar_',' bsmues. In thas combext, deapitea]xerhg EAS pr-::-lei:'m ol a tisaue-speciﬁc
e, 1k 18 clear that the KD offers a promesang potential therapeute tool for its seducton
in SARSCoV-2 entry proteins and 115 mducton of an anb-inflammatony profile.
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Abstract: Skeletal muscle substrate prefesenoe for fuel is largely influenced by dietary macronutrient
availability. The abundance of dietary carboby drates promotes the utilization of glocoss as a substrabe
for energy production, whereas an abundant dietary fak supply elevates rakes of Fatty acid (FA)
oxidation. The objective of this study was to determine whether an obesopenic, high-fat, sucrose-
entiched (HFS) diet or a carboly drate-free ketogenic diet (KD) exent distinet effects on fat, glocoss,
amd ketone metabolism in oxidative and glycolytic skeletal muscles. Male Wistar rats wene fed
either a HFS diet or a KD for 16 weeks. Subsequently, the soleus (Sol), exbenser digitoduwm longus
(EDL), and epitrochlearis (Epit) musdes wee extracted to measure palmitate cxidation, insulin-
stimulated glucose metabolisom, and markers of mitochondrial biogenesis, ketolytic capacity, and
cataplerotic and anaplerotic machinery. Sol, EDL, and Epit muscles from KD-fed rats presecved
their ability toelevate glycopen synthesis and lactate production in esponse to insulin, whereas all
muscles from rats kd with the HFS diet displayed Bunted ssponses to insulin. The mainenance of
metabolic flexibility with the KD was accompanied by muscle-fibes-ty pe-specific adaptive mesponses.
This was characterized by the Sol muscle in KD-fed rats enhancing mitochondrial bicgenesis and
ketolytic capacity without elevating its rates of BA oxidation in comparison with that in HFS feeding,.
Cenwversely, in the Epil muscle, rafes of BA oxidation wene mcreased, wheneas the kelolytic capacity
was markedly reduced by the KDV in comparison with that by HFS feeding. In the EDL muscle, the
KD also increased rates of FA oxidation, although it did so without altering its ketoly tic capacity
when compared to HFS feeding. In conclusion, even though obesopenic and ketogenic diets have
elevated contents of fat and alker whele-body substrate partilioning, these bw o dietary interventions
afe associaked with epposite ouwleomes with fespect to skeletal muscle metabaolic Aexibility.

rds: POC-1a; TEAM; ketolysis; insulin msistance; anaplenosis; ketogenic diet; OXCT: ACATI
" F " P . b

1. Introduction

The suppmession of glucose metabolism under conditions of an abundant dietary
fat supply can be partially attributed to changes in cellular substrate partitioning. The
metabolic shift that coincides with the elevation of whole-body FA oxidation and glucose in-
tolerance has been of concern in diabetic and insulin-resistant patients [1]. Conversely, from
the perspective of endurance performance, a higher rate of skebetal muscle FA ooddation
could be advantageous due to its potential glycogen-sparing effect [2]. Thus, the utilization
of high-fat low-carbohydrate diets in endurance athletes has recently gained attention,
particularly the ketogenic diet (KI)) [3] that provides an abundance of fat and ketones
as alternative sources of fuel for skeletal muscles [2,4] In fact, the skeletal muscle gene
expression of Cpt1b [5], fat oxidation [4], and markers of the mitochondrial biogenesis [5]
and fractional areas [7] were elevated, whereas glucose oxidation [4], GLUT4 and IR51
contents, and glucose tolerance were educed by the KD in exercise-trained individuals [5].
The KID has also been shown to significantly enhance ketone-mediated ATP production
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relative to glucose- or fat-mediated ATP production [4]. Thus, the abundance of fat and
relative ly lower content of dietary carbohydrates shift the metabolic substrate preference
away from glucose and toward FAs.

Skeletal muscles display distinct oxidative and glycogenclytic capacities [9] and ac-
tivities of enzymes involved in ketone oxidation [10] Thus, the ability of exidative and
glycolytic muscles to adjust substrate partitioning according to fat and glucose dietary
abundance may also significantly differ. Indeed, Fukazawa et al. showed that a KI? in-
creased the protein content of the ketolytic enzyme 3-oxoacid CoA transferase (OXCT)
in the epitrochlearis (Epit) muscle [11], whereas Shimizu et al. reported a significant at-
tenuation of OXCT gene expression in the gastromemius muscle [5]. Moreover, there is
evidence that the KD increases mitochondrial mass in the red gastrocne mius muscle [7],
which was contrasted by reports that the KI? did not alter PGC-1a levels in the extensor
digitorum longus (EDL) [12] or soleus (Sol) muscles [6]. Taken together, these data point
to an apparent gap in the literature where KD-induced metabolic adaptations in substrate
preference in muscles of varying oxidative and glycolytic capacities are yet to be fully
elucidated. In this context, this study aimed to investigate whether the obesogenic, high-fat
sucrose-entiched (HFS) diet and the KD would differ in their effects on metabolic substrate
selection in muscles with varying fiber-type compositions. To achieve this, we compared
the metabolic responses of Sol, EDL, and Epit rat muscles to either a KT (80% fat, lard; 0%
carbohydrate; 20%: protein) or typical obesogenic HFS diet (60% fat, lard; 20% sucrose; 20%
protein). Furthermore, previous studies comparing the KID to a control diet had signifi-
cantly different protein contents [7,11,13]. Importantly, skeletal muscle atrophy has been
found in studies that reduce the protein content of a KID [14], whereas studies that use a
normal protein diet report the maintenance of lean mass [13]. Varying protein contents
also elicit distinct metabolic adaptations. For instance, Nakao et al. used a KID that was
4 8%, keal protein, compared to the control diet that was ~14% keal protein, and observed a
decrease in gastrommemius pyruvate dehydrogenase (PDH) activity [14]. Huang et al, on
the other hand, used a KD with a similar protein level to the control diet (16%.) and reported
no alteration in PDH activity [13]. Therefore, it is possible that the muscle metabolic adap-
tations do not derive from the low-carb high-fat content of the KD itself, but rather from its
low protein content. To eliminate this as a confounding variable, we equalized the protein
contents in both diets. Additionally, despite the high fat content in both the obesogenic HFS
diet and the KD, the latter diet has been shown to improve metabolic health [4], whereas
the former is detrimental to metabolic health. This suggests that the high fat content may
not by itself be the main disruptor of normal metabolic function in skeletal muscles. Finally,
because the KD was devoid of carbohydrates and hepatic ketone production is enhanced
by the KD [3], besides rates of FA oxidation, we also assessed markers of mitochondrial
biogenesis and the content of specific enzymes involved in the ketolytic, anaplerotic, and
cataplerotic machineries in skeletal muscles with distinct fiber-type compositions. Here,
we provide evidence that, contrary to the HFS diet, the carbohy drate-free KD enhances
rates of FA oxidation and ketolytic capacity without impairing insulin-stimulated glucose
metabolism in oxidative and ghycoly tic skeletal muscles.

2. Materials and Methods

Reagents—Fatty-acid (FA }-free bovine serum albumin (B5A), glycogen, and palmitic
acid were obtained from Sigma (5. Louis, MO, USA). Human insulin (Humulin B) was
purchased from Eli Lilly Inc. (Toronto, ON, Canada). D-[U—ul:]glumse and [l-ul:]palmiﬁc
acid were acquired from GE Healthcare Radiochemicals (Quebec City, 1, Canada). The
Lactate Colorimetric/Fluorometric Assay Kit was purchased from BioVision (Milpitas,
CA, USA). Protease (cOmplete Ultra Tablets) and phosphatase (PhosSTOP) inhibitors
wene obtained from Roche Diagnostics GmbH (Mannheim, Germany). The peroxisome
proliferator-activated receptor y coactivator 1o (PGC-1a, cat. no. AB3242) antibody was
purchased from Millipore (Temecula, CA, USA). The B-hydroxybutyrate (BHB; cat. No.
abB3390) assay kit and the mitochondrial transcription factor A (TEAM; Cat. # ab1316(07), 3-
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ooacid CoA-transferase 1 (OXCT; Cat. #ab224250), and aetoacety - CoA acetyltransferase
1 (ACATY; Cat # ab168342) antibodies were purchased from Abcam (Toronto, ON, Canada).
Pyruvate carbowylase (PC; Cat # 49381), phosphoenolpyruvate carboxykinase 1 (PCK1;
Cat. # 12940), and phospheenolpyruvate carbosy kinase 2 (PCKZ; 6924) antibodies wene
purchased from Cell Signaling (Danvers, MA, USA).

Animals and diet—Male albino rats (Wistar strain) at approximately 250 g wemne
individually housed at 22 *C ona 12/12-h light-dark oycle. These rats were assigned either
a high-fat sucrose-enriched (HFS) diet (20%: kcal protein; 60%, kcal fat (lard/ soybean oil);
3% kcal carbohydrate (sucrose)) or KDY (205 keal protein; 0% keal fat (lard/ soybean oil);
(% keal carbohydrate) and fed for 16 weeks ad libitum. Both diets were purchased from
Research Diets (Mew Brunswick, NJ, USA)

Ethics approval—The protocol containing all animal procedures described in this
study was specifically approved by the Committee on the Ethics of Animal Experiments of
York University (York University Animal Care Committee, YUACC, permit number: 2021-
03) and performed strictly in accordance with the YUACC guidelines. Date of approval:
18 July 2023. All tissue extraction procedures were performed under ketamine /oy lazine
anesthesia, and all efforts were made to minimize suffering [15]. All experiments in this
study were carried out in compliance with the ARRIVE guidelines [16].

Measurement of blood glucose levels—Blood from all animals in the fed state was
collected between 15:00 and 16:00 h with saphenous vein bleeding. Plasma glucose was
measured using a Contour Mext one meter blood glucose monitoring system by Ascensia
Diabetes Care US (Parsippamny, NJ, USA).

Muscle isolation and incubation—All animals were anesthetized with a single in-
traperitoneal injection of ketamine (90 mg,/ 100 g BW) and xylazine (10 mg/100 g BW).
Subsequently, 5ol, EDL, and Epit muscles were quickly extracted. The percentages of type
I type lia, and type lib in Sol, EDL, and Epit muscles are 8471670, 3/5 /40 [17], and
15/20/65 [18] respectively. From these muscles, strips were cut (18-22 mg) and pinned
onto thin stainless steel wire dips to maintain muscle length. Thereafter, muscle strips were
immediately placed in plastic scintillation vials containing 2 mL of pre-gassed (30 min with
Oy C0-95:5% (vol fvol)) Krebs-Ringer bicarbonate (KREB) buffer containing 3.5% FA-free
B5A and 5.5 mM glucose. Vials were sealed and subjected to continuous gasification for
the entirety of the 1 h pre-incubation period.

Measurement of glucose oxidation, glycogen synthesis, and lactate production—
Following the pre-incubation period, one set of muscles was then transferred to vials
containing 2 mL of the same KRB buffer plus D-[U-4C]glucose (0.2 pCi/mL) and incu-
bated under continuous gasification for one additional hour, either in the absence (basal)
or presence of insulin (100 nM) for the determination of ghrecogen synthesis and glucose
mxidation, as previously described [19]. For lactate production, media aliquots werne first
deproteinated using 10 kIDa filters (centrifuged at 13,000 rpm for 15 min at 4 "C) and then
assayed using a colorimetric assay kit, according to the manufacturer's instructions,

Measurement of palmitate oxidation in isolated muscles—Palmitate oxidation was
measured by assessing the production of *CC0 from [1-1*C]palmitic acid. Muscles wemne
pre-incubated as previously described and then transferred to vials containing 2 mL of
KEB bufter plus 0.2 mM of cold palmitic acid, previously complexed with FA-free BSA
and [1-19C] palmitic acid (0.2 pCi/mL). The muscles were incubated under continuous
gasification for 1 h, and the vials had a centered isolated well containing a loosely folded
piece of filter paper moistened with 0.2 mL of 2-pheny lethylamine / methanol (1:1, vol/~ol).
Following the incubation and acidification of the media, the filter papers were carefully
removed and transferred to scintillation vials for radicactivity counting [15].

Western blotting analysis of PGCle, TEAM, OXCT, ACATI, PC, PCK], and PCE2
contents in Sol, EDL and Epit muscles—Muscle samples that were not subject to incubation
weme flash frozen in liquid nitrogen and stored at —80 "C until the Western blotting analysis.
Muscle tissues from the Sol, EDL and Epit muscles were homogenized in a buffer containing
25 mM Tris-HCI, 25 mM NaCl (pH 7.4), 1 mM MgCly, 27 M KC1, 1%, Triton X-100, and
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protease and phosphatase inhibitors (Roche Diagnostics GmbH, Mannheim, Germany ).
The homogenates were centrifuged, the supernatant was collected, and an aliquot was used
for protein determination with the Bradford method. Samples were diluted 1:1 volvol with
a 2x Laemmli sample buffer and heated to 95 *C for 5 min. Subsequently, 25 pg of protein
was loaded into each well. Samples were thereafter subjected to SD5-PAGE, transferred to a
F¥DF membrane, and probed for the proteins of interest. All primary antibodies were used
at a dilution of 1:1000. Ponceau staining was used as a loading control. All densitometry
analyses wene performed using the Image] program, version 1461

Statistical Analyses—Data were expressed as mean + 51D, Statistical analyses wene
performed using two-way ANOVAs with Bonferrond post hoc and Student's t-tests, as
indicated in the figure legends. If data were not normally distributed, or if data had an
inequality of variance, Mann-Whitney and Welch's tests were used, respectively. GraphPad
Prism software version ©.1.12 was used for all statistical analyses. The level of significance
was set to p< Q05

3. Results

Effects of diet on ghycaemia and plasma BHE levels—Blood glucose levels did not
differ between the HFS and KD groups at weeks 8 and 16 (Table 1). However, the KD
significantly elevated plasma fHB levels 1.6- and 1.9 fold at weeks 8 and 16, espectively,
mlative to the HFS diet (Table 1). The concentration of fHB in the circulation changed ina
time-dependent manner in KI-fed animals, being highest at week 8 (Table 1). Despite a
24% reduction in plasma BHB from weeks 8 to 16 in the KD group, week 16 levels wene
elevated 2 2-fold, relative to week 0 (Table 1).

Table L Blood glecose and plasma beta-hydoosybuty rate (EHB) kevels at weelks 0, &, and 16 of dietary
intervention. Blood glucose levels werne not different betwean the bv o dietary groups; however BHEB
was elevated in the KD group at weeks B and 14, selative to that in the HFS group.

Week

] ] 16
Clycaemia HFs 731 2054 719 £ 047 677 +o72t
(i) KD 7.2 +0.35 £99 + (L34 657 + 0431
BHE HFs 0.16 =+ 0.06 024 = (s 015 + 0.4
(b} KD 013 40 138 + os* 029 + 005 1

'p:ﬂ.[ﬁumkﬂ]‘ﬂjmdmﬂ HE:Pptﬂ.DﬁumkD}m,kammﬂmk lﬁH:FS.i;r:.IlI}Gu
week [ Diata areex press=d as mean £ S0 Mived-effect mode] anahysis. M = 7-15 for ghroemia. M = 67 for BHE

Effects of diet on palmitate and glucose oxidation in skeletal muscle—5ol palmitate
axidation did not significantly differ between the HFS- and ED-fed rats (Figure 1A); how-
ever, in both the EDL and Epit muscles, the KD increased palmitate cxidation ~1.7-fold
in comparison with the HFS diet (Figure 1B and C, respectively). These muscle-specific
adaptive responses were also observed with respect to glucose oxidation. In the Sol, EDL
and Epit muscles in HFS-fed animals, insulin-stimulated glucose oxidation was blunted
{Figure 11-F). In the K- fed rats, the rates of insulin-stimulated glucose oxidation in the
Sol, EDL, and Epit muscles were higher than the basal values, but did not reach statistical
significance (Figure 10-F). Only the EDL muscles in the K fed rats displayed rates of
insulin-stimulated glucose exidation that were significantly higher than those in the HFS-
ted rats (Figure 1E). Thus, whereas the KD enhanced FA oxidation in a muscle-specific
manner, insulin-stimulated glucose oxidation was similarly impaired in all muscles.
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Figure 1. Palmitate oxidation was not significantly altered by diet in the soleus muscle (Sol, (A));
however, it was significantly elevated by the ketogenic diet (KD in the extensor digitorum longus
(EDL, (B)) and epitrochlearis (Epit, (C)) muscles. Conversely, plucose ocidation was not significantly
enhanced in either of the two groups in any of the muscles with insulin (Ins) shmulation (D-F).
Despite this, the fold increase in insubin-stimulated glucose oxidation in the EDL muscle, pelative
to basal {Bas) values, was enhanced by the KD (E). Data are e pressed as mean = 5D, n= 5-6 rats.
Student’s Hest was wed o compare groups for (A-C), whereas a byo-way ANCVA with Bonderroni
post hoe comparisens was used for (D-F)L *p < 005, " p<0L0L

Effects of diet on insulin-stimulated glycogen synthesis and lactate production—
Insulin-stimulated rates of glycogen synthesis were blunted in the Sol, EDL, and Epit
muscles in rats fed with the HFS diet (Figure 24, C and E, respectively), whereas in the
Sol and EDL muscles of KDHfed rats, insulin increased this varable 1.8-fold {Figure 24)
and 1.5-fold (Figure 2C), respectively, in comparison with basal values. In Epit muscles
from KD-fed rats, insulin stimulation did not significantly elevate ghycogen synthesis
in comparison to basal values; however, the glycogen synthesis response to insulin was
significantly higher than that of the HF5-fed rats (Figure ZE). Insulin-stimulated lactate
production, an indication of ghycolytic capacity [20], was also blunted in the Sol, EDL, and
Epit musdes from HFS-fed rats; whereas in the KD-fed rats, the Sol, EDL, and Epit muscles
incubated with insulin displayed 2.1-, 2.1-, and 1.9-fold increases in lactate production in
comparison to basal values (Figure 2B, D and F, respectively). Therefore, the KD preserved
the capacity of cxidative and ghycolytic muscles to store glycogen and perform glycolysis
when stimulated with insulin.
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Figure 2 Ins stimulation increased plycogen aynthesis in the Sol and EDL muscles of KD-fed rats
(A and C, respectively ). Epit glycogen synthesis did not incoease nelative to Bas values ineither of
the two groups; however, the fold increase in Ins-stimulated glycogen synthesis was greater with
KD (E). Similarly, Ins significantly enhanced lactate production in all theee muscles of KD-fed rats
(B, F). Data ane expriessed as mean = S0 n=3-6. A bwo-way ANCVA with Benferroni post hoe
teats was used o compare the groups. * p < 005; ¥ p= 0.05 va. all other groups; t P =005 ve. HFS Ins
and KD Bas.

Effects of the KI? on the contents of ketolytic encymes OXCT and ACATI in Sol,
EDL, and Epit muscles—Because the circulating PHB levels were elevated in KD-fed rats
compared with those of the HF5-fed rats, it was possible that the effects of ketones on
substrate partitioning in skeletal muscles would also be different between the dietary
interventions and fiber-type compositions. To assess that possibility, we measured the
ketolytic erzymes OXCT and ACAT] in Sol, EDL, and Epit muscles from rats fed either
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with the HFS diet or KD. We found that the OXCT content increased 1.6-fold in the Sol
muscles of KD-fed animals (Figure 3A), whereas ACAT1 levels were unaltered by either of
the two diets in this highly oxidative muscle (Figure 3B). In the EDL, OXCT and ACAT1
contents did not differ between the HFS- and KD-fed rats (Figure 3C and D, respectively).
In contrast, the Epit OXCT and ACAT1 contents were 63% and 77% lower, respectively, in
KD-fed animals when compared to those in the HFS group (Figure 3E and E, respectively).
Therefore, in comparison to the HFS diet, the KD enhanced and suppressed the ketolytic
capacity of the Sol and Epit muscles, respectively, whereas in the EDL muscle, the ketolytic
capacity was unaffected by either the HFS diet or KD.
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Figure 3. Sol OXCT content was significantly elevated by the KD (A), whereas Sol ACAT] was
unaffected by diet (B). Neither diet altered EDL musde contents of OXCT or ACAT1 (C and D,
mespectively). Conversely, OXCT and ACATI contents were attenuated in the Epit muscle of KD-fed
animals (E and F, respectively). Data am expressed as mean + SD. n= 5-9. Student’s {-test was
used to compare groups, except for (B) and (F), when: the Mann-Whitney test was used. *p <0.05,
*p<00L
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Effects of diet on PGC-1ax and TEAM protein levels in Sol, EDL, and Epit muscles—The
muscle-specific differences in substrate preference could be attributed to distinct dietary
effects on mitochondrial biogenesis. Thus, we measured the contents of PGC-1x and
TFAM, which are markers of mitochondrial biogenesis and content [21]. In Sol muscles,
despite not increasing palmitate oxidation, the KD significantly elevated PGC-1o and
TFEAM contents 1.9 and 6-fold, respectively (Figure 4A and B, respectively). However, in
the EDL (Figure 4C and [3) and Epit (Figure 4E and F) muscles, PGC-1a or TEAM levels
did not differ between the HFS diet and KD
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Figure 4. The Sol muscl demonstrated KD-induced elevations in PGC1x and TFAM (A and B,
mespectvely ), whereas diet did not alker the contents of either of these proteins in either the EDL
(C and D or Epit (E and F) muscles, Data are expressed as mean £ 5D, o= 59 Student's est was
used to compare growps, except for (B) and (D), where the Mann-—"Whitney test and Weldh's - test

wene used, pespectively. * p< 0.05, " p< 001
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Effects of the KDY on PC, PCK1, and PCK2 levels in Sol, EDL, and Epit muscles—
Substrate oxidation is dependent on the availability of tricarboxylic acid (TCA) cycle
intermediates, which is largely controlled by cataplerotic and anaplerotic eneymes [22]. To
inwestigate whether the shift toward FA ecidation induced by both diets, and particularly
the carbohydrate-free KD, could be attributed to this, we assessed the contents of the
anaplerotic protein PC, and the cataplerotic PCK1 and PCE2 [22,23]. Despite differences in
axidative and ghyoolytic capacities among the three muscles, no differences were found in
the protein levels of PC, PCK1, and PCEZ in the Sol {Figure 5A-C), EDL (Figure 5D-F), or
Epit (Figure 5C-I) muscles when comparing the HFS diet and KD\ Thus, the contents of
anaplerotic and cataplerotic enzymes in cxidative and glycolytic musdes did not contribute
to the muscle-specific diet effects on substrate oxidation.
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Figure 5 PC, PCK1, and PCKZ were not alkeded by diet in the Sol (A-C, sespectively), EDL (D-E,
respectively) or Epit (G-I, respectively} muscles. Data areexpressed as mean £ SD. n= 4-9. Student’'s
I-best was used to compane groups, except for (E), whene the Mann-Whitney test was used.
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4. Discussion

The main finding of this study was that despite inducing a higher rate of FA oxidation
than the HFS diet, the KD preserved the ability of oxidative and glycolytic muscles to
elevate glucose metabolism in response to insulin. Thus, our data provided compelling
evidence that it is the chronic exposume to a combination of high fat and sugar, rather than
solely to the elevated fat content of the diet, that disrupts the ability of skeletal muscles
to process glucose in response to insulin. This was supported by elevated rates of insulin-
stimulated ghyoogen synthesis and lactate production in the Sol, EDL, and Epit muscles in
the KI-fed rats, which contrasted with the blunted responses displayed by these muscles
in rats fed with the HFS diet. The analysis of insulin-stimulated glucose oxidation also
revealed a similar trend when comparing both diets, although with KD eliciting a much
less pronounced and fiber-type-specific effect on this variable than on rates of insulin-
stimulated glycogen synthesis and lactate production. Because Sol muscles are rich in
Type I fibers [17] and normally display higher capacities for FA oxidation when exposed
to an HFS diet [13,15,24], the ability of these muscles to further elevate glucose oxidation
when exposed to the KD may have been limited. Also, KD fed Sol muscles wene the only
ones eliciting higher kevels of the ketolytic erzyme OXCT than the HFS-fed counterparts,
which likely enhanced the capacity of the Sol muscles to oxidize ketones. Thus, in Sol
musches, more glucose was diverted towards other pathways of glucose metabolism when
stimulated with insulin as compared to the EDL and Epit muscles. Indeed, the rates of
insulin-stimulated ghycogen synthesis and lactate production in the Sol muscle were the
highest among the muscles studied.

Inwell-trained cyclists habituated to a KD, GLUT4 and IRS1 protein contents werne
decreased in vastus lateralis muscles, which is consistent with the whole-body glucose
intolerance found in these athletes [5]. KD-induced glucose intolerance has previously been
attributed to attenuated f-cell mass in the pancreas [25]. In the present study, we found
that both glycogen synthesis and lactate production were preserved in the EDL of KD-fed
rats, as indicated by the sensitivity of this muscle to insulin. Moreover, the elevation of
glucose oxidation in the EDL muscle in response to insulin was significantly higher in the
KID-fed rats than that in the HF5-fed rats. Together, these findings indicated that the KID
leads to a disuse-mediated adaptation in pancreatic cell function that renders the organism
less tolerant to a bolus of glucose. However, in line with the preserved response to insulin
in the ED)L, this mechanism is not indicative of disease and does not impact the capacity of
skeletal muscles to metabolize glucose. In fact, despite the musde-specific shift in substrate
partitioning toward fatty acid coddation and enhanced ketolytic capacity; all three skeletal
muscles in the KD group demonstrated an enhanced ability to store glycogen and use
glucose when exposed to insulin, Conversely, muscles from the HFS group displayed the
classical impairment in insulin-stimulated glucose handling.

As expected, the KID significantly enhanced blood ketone levels, albeit not to the
same extent as reported in other rodent KD studies [12,14,25]. This could be explained
by the difference in the macronutrient composition of the KD used. In the present study,
the protein content of the diet was 20% calories, whereas in studies showing a higher
induction of ketosis, the protein contents ranged from 4.8-10% calories [12,14,25). Thisis
an important distinction, given that decreasing the protein content of a KID has been shown
to significantly increase fHB levels in rats [25]. Furthermore, the apparent attenuation
in BHB from weeks 8 to 16 points to a KIinduced adaptation, whereby ketolytic tissues,
including those in the Sol muscle, enhanced their metabolic capacities for ketones, which
likely led to an attenuation in the circulating levels of this substrate [2].

It was surprising to find that despite increasing PGC-1x and TEAM, the KD did not
increase palmitate oxidation in Sol muscles, when compared to the HFS diet Conversely,
in EDL and Epit muscles, PGC-1ec and TFAM protein levels did not differ between the
KID- and HFS-fed rats, yet the rates of EA oxidation in the former diet were significantly
higher than those in the latter. In this context, despite increasing the proteins imrobeed in
mitochondrial biogenesis, the 20% additional fat content of the KI) in comparison to that
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of the HFS diet did not further elevate the FA oxidative capacity of Sol muscles. Instead,
the induction of mitochondrial biogenesis in the Sol muscle could also have served to
increase the utilization of circulating ketone bodies as a fuel source, which is consistent
with the KD-induced elevation in Sol muscles of OXCT protein levels, a major rate-limiting
ketolytic enzyme [27). In line with this, the administration of a ketone ester drink prior
toexercise to endurance-trained athletes suppressed glycolysis and increased reliance on
ketones forenergy in the vastus lateralis muscle [28]. Thus, it is plausible that in the current
study; ketones displaced glucose as an oxidative substrate in the Sol muscles of KD-fed
rats, which could further attenuate the reliance on glucose and explain the modest insulin-
stimulated glucose oxidation response in all three muscles from KD-fed rats. Conversely;
the K[D-induced enhancement in glycolytic capacity likely served to replenish oxaloacetate
to support fat and ketone oxidation in the absence of dietary carbohydrate intake [22].
Howewver, oxaloacetate availability for complete axidation of acetyl-Cod produced from
ketone bodies may also have been provided by acetoacetate activation via the conversion of
succinyHCoA to succinate in the TCA cycle, with the latter being converted to oxaloacetate
through the subsequent reactions of the TCA cycle [29]. This likely facilitated the entry of
more acetyCoA into the oycle without causing alterations to the levels of anaplerotic or
cataplerotic enzymes.

Even though the Epit is a highly glycolytic muscle [18], its rates of FA oxidation were
significantly higher in the KD rats than in the HFS-fed animals. This was surprising given
that both diets were high in fat In fact, the HFS diet had aleady been show to enhance
Epit FA oxidation in comparison to standard chow [15,24]. Thus, this study provided
evidence that the absence of carbohydrates in the KD potentiated the reliance of the Epit
muscle on fat as an oxidative substrate. Inferestingly, this occurred independently of
alterations in mitochondrial biogenesis proteins and, also, by marked reductions in the
levels of the ketolytic eneymes OXCT and ACATI, suggesting that Epit muscles enhanced
their capacities to oxidize fat at the expense of ketones.

The EDL muscle displayed an intermediate effect relative to the Sol and Epit muscles.
Like in the Epit muscle, palmitate oxidation was enhanced, whereas markers of mitochon-
drial biogenesis were unaltered. In line with this, KID feeding enhanced the aerobic capacity
of the EDL muscle, despite not altering PGC1 e content [12]. Moreover, other muscles
with mixed-fiber-type compositions [17], including the gastrocmemius [5,13] and vastus
lateralis [4] muscles, showed a KD-induced upregulation of fat ceidative capacity. However,
umlike the Epit muscle, ketolytic capacity in the EDL muscle did not differ between the two
dietary interventions. The preserved ketolytic capacity in the EDL wersus Epit muscles,
despite the similar enhancement in fat eidation, could be attributed to the relatively higher
mxidative capacity of the former [17], and therefore, the ability to perform FA oxidation
without altering ketolytic capacity. Nevertheless, in the present study, we observed that
only fat oxidation was increased in the EDL muscle, suggesting that the upregulation of
mitochondrial biogenesis may be required to enhance the ketone-oxidizing capacity of the
EDL muscle when under conditions of abundant dietary FA availability.

5. Conclusions

In conclusion, despite eliciting a higher rate of FA oxidation than the cbesogenic HFS
diet, the carbohydrate-free KID preserved the ability of oxidative and glycolytic muscles
toelevate glucose metabolism in response to insulin. Thus, it is the chronic exposure to a
combination of high fat and sugar, rather than solely to the elevated fat content of the diet,
that disrupts the ability of skeletal muscles to process glucose in response to insulin. This
was characterized by the KM induced elevation in mitoechondrial biogenesis and ketolytic
capacity in the Sol muscle, despite the lack of alteration in FA oxidation relative to that in
the HFS group. In contrast, Epit FA oxidation was significantly elevated with KD feeding,
whemeas proteins involved in ketolysis were markedly reduced. Similarly, FA oxidation
was increased in the EDL muscle of KIMed rats, although the ketolytic capacity was
unaltered in this muscle with the KT, relative to that in the HFS-fed rats. Lastly, the levels

310



Nutrients 2024, 16, 286 127 of 13

of anaplerotic and cataplerotic enzymes in all muscles studied did not differ, even though
the KDY was devoid of carbohydrates. Collectively, these findings indicated that, contrary to
the chesogenic HFS diet, the carbohydrate-free KT maintained skeletal muscle metabolic
flexibility while also enhancing, in a muscle-specific manner, rates of FA oxidation and
ketolytic capacity:
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metabolism in visceral and subcutaneous rat adipocytes
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ABSTRACT

Adiponactin regulates white adipose timee (WAT) metabolism and promotes indulin-se ngitizing
and anti-atheresclerstic efects in wive. In this contet, small molecule adiponectin receplor
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agonists have become of greal therapeutic value for the trestment of metabolic diseases. Here, Acoepied BT August 1000
we imedigated the aiecs of the adiponadiin mimatic compound ALYSEE on WAT metabolism

To accompiish this, rat epididymal Epid) and subcutaneous inguinal (5 Ing) adipocytes were  WERORRS L
wolated and incubated with ALYSEE. Subsequently, several parametars of glecose and 1 mets ld:‘xtfi metabolim:
bolism were asessed. ALYGEE promoted AMP-activated protein kinase (AMPK) and acetyl oA gurme uake Ipogemess;
carbesylase (ACC) phesphorylation, enhanced glucese exidation, and suppressed fat coddation in  lipolysis; irulir AdipoltT;
adipocytes from both fat depots. ALYGBE did mot affect basal and insulin-stimulated rates of  AdipoR2

glucese uptake, glucose inconporation into lipids, and AKT._ ., and p38 mitogen-activated
protein kinase [MAPK) phosphorylations in either Epid or 5¢ Ing adipocytes. ALYSES did not
alter baal lipelysis in Epid and 5S¢ Ing adipocytes, but it enhanced soproterenokinducad lipolysis
in Epid adipocytes. Adiponectin receptor 2 (AdipofZ) mRNA was the prevalent isoform expressed
in all adipocytes, and Epid adipocytes displayed significantly higher AdipoR2 miNA expresion
tham 5S¢ Ing adipocytes. In condlusion, ALYSEE can regulate adiposity and affect ghycaemic control
by altering substrate portioning in the WAT in a Bt depot<specilic manmer.

Introduction

Maintenance of whole-body glucose homoeostasis
depends on the coordinated action of multiple hor-
mones that allow the organism to respond to daily
oscillations in the availability of dietary carbohydrate
and other macronutrients [1]. In this context, the adi-
pose tissue plays an important role in maintaining
whale-body ghicose homoenstasis. It does so by serving
as a compartment where energy can be stored or mobi-
lized and ako by secreting hormones that regulate
glucose and fat metabolism in multiple organs and
tissues [2]. To date, many bicactive adipose-derived
factors (adipokines) have been identified [2]. Among
them & adiponectin, a secreted protein abundanthy
present in plasma, that has been demonstrated to
exert potent insulin sensitizing, ghicose lowering, and
lipid catabolizing fundtions in peripheral tissues [3].
Two adiponectin receptors {AdipoRs) have been doned
(AdipoRl and AdipoR2), which are eqpresed in var-
ious tissues including liver, skeletal musde, white adi-
pose tissue (WAT), hypothalamus, and vasculature [4].
The metabalic effects of adiponectin vary in a tissue-
specitic manner, depending in part on tisue-specific

expression of AdipoRl and AdipoR2 as well as on cell-
specitic, intracellular sigmalling pathways [4]. For
instance, AdipoR1 is abundant in skeletal muscles and
macrophages, whereas WAT and the vasculature are
rich in AdipoR2. The liver abundantly expresses both
AdipoRts [4].

Omnce bound to its receptors, adiponectin has been
shown to promote the activation of AMP-activated
protein kinase (AMPE) and peroxisome proliferator-
activated receptor a (PPARa) [4.5). In liver and skeletal
muscles, activated AMPE phosphorylates acetyl-Cos
carbonylase (ACC) and leads to enhanced mitochon-
drial impaort and oxidation of long-chain fatty acids
[6,7). Adiponectin has also been shown to exert anti-
lipotoxic effects through the induction of the transcrip-
tional effects of PPARa[8], culminating in the down-
regulation of lipid synthesis enzymes, the elevation in
carniting palmitoyltransterase 1 (CPT1) levels, and the
enhanced produdtion and secretion of HDL by the liver
[9]. In the WAT, adiponectin has been demanstrated to
elevate the fat-storing capacity of adipocytes by pm-
maoting glucose uptake [10] and lipogenesis [11] and by
decreasing lipolysi [12), although the enhancement of
fat oxidation has also heen cited as an effect of
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adiponectin in fat cells [3). The opposing lipogenic and
fatty acid oxidative etfects of adiponectin on adipocytes
have been proposed to confer metabolic flexibility to
the WAT, which contributes to minimizing ectopic
lipid deposition in non-adipose tissues, preventing adi-
pose inflammation and fibrosis, and maintaining
healthy WAT expansion [3,13]. However, the findings
that support an eevation in fatty acid oxidation
induced by adiponectin originated from studies con-
ducted in CyCy; muscle celk [7.£14), isolted mouse
skeletal muscles [6,8,14,15], mouse hepatocytes [6], and
hepa-1-6 hepatocytes in culture [14]). To the best of our
knowledge, no direct evidence exists that adiponectin
indeed promotes fatty acd oxidation in adipocytes.
Disruption of both AdipoRl and AdipoR2 has been
reported to significantly decrease the expression of
genes encoding for Car and Sod and increase axidative
stress in WAT, but there were no reparts of alterations
in the capacity of the WAT to oxidize fat in mice
lacking AdipoRl and AdipoR2 [16]. Thus, it is likely
that the metabaolic responses of WAT to adiponectin
differ from those of skeletal muscles and liver with
respect to fatty acid oxidation.

Reduced croulating levels of adiponectin and
impaired AdipoR action are tound in obesity, insulin
resistance, type 2 diabetes, and atherosderosis [5].
Therefore, increasing adiponectin production and/or
adiponectin sgnalling are attractive targets tor thera-
peutic interventions for the prevention or treatment of
ohesity-related derangements in metabaolism. In fact,
a  smallmolele, AdipoR-activating compound
named AdipoRon (AR), has been reported to improve
insulin resistance and prolong lifespan in mice con-
suming a high-fat diet [17]. These findings in rodents
have provided support for the development of other
adiponectin mimetic compounds to target substrate
metaboliam in organs that play major roles in regulat-
ing whaole-body glucose and lipid homoeostasis in
humans In this context, a peptide-based adiponectin
mimetic named ALY&88 (also referred to as ADP355)
has been developed [18]. The compound has been
shown to bind to both AdipoRl and AdipoF2 and
induce adiponectin-specitic signalling in several cell
types [19]. A patential advantage of peptide mimetics
is that they can provide great potency and specificity
compared with small molecule mimetics.

Becanse the WAT play an important role in the
regulation of ghucose and lipid homoeostasis[1] and
anly a few studies have focused on the effects of adi-
ponectin on this tissue, we assessed the effects of
ALY6ES as an adiponectin mimetic on ghicose uptake
and fatty add oxidation in isolated white adipooytes.
Also, due to metabolic differences between visceral (¥c)

ADIFOOTE () 551

and subcutaneous [(5¢) tat depots and their implications
to obesity-related metabolic diseases [20], adipocytes
isolated from epididymal (Epid) and S inguinal (5c
Ing) fat depots were used We assessed the potential
direct effects of ALYEES on ghicose uptake, incorpora-
tion of glucose into lipids, fatty acid oxidation, and
lipolysis, which are major pathways by which adipo-
cytes handle glucose and fatty acids. We also measured
the phosphorylation of AMPE, ACC, AKT, and p38
mitogen-activated protein kinase (p38MAPE), which
are signalling pathways by which this adiponectin
mimetic compound could potentially regulate metabo-
lism in the WAT. Here, we provide evidence that
despite enhancing AMPE phosphorylation in Epid
and 5S¢ Ing adipocytes, ALYEES reduced fat oxidation
and did not affect basal or insulin-stimulated glucose
uptake, However, it shifted glucose metabolism towards
oxidation and enhanced adrenergic-simunlated lipalysis
in a depot-specific manner.

Material and methods

Reagents

Type 11 collagenase, soproterenal, fatty acid (FA)-free
hovine serum albumin (BSA), palmitic acid, and the tree
glycerol determination kit were purchased trom Sigma
(St Louis, MO, USA), [1-*C] palmitic acd and
D-[U-"C] ghicose were purchased from American
Radiolabeled Chemicals (5t. Louis, MO, USA) Protease
[cOmplete Ultra Tablets) and phosphatase (PhosSTOR)
inhibitors were obtained from Roche Diagnostics GmbH
(Mannheim, Germany). The [i-actin (Cat # 4067), AMPE
(Cat # 2532), pAMPKqy, ; (Cat # 255), AKT (Cat #
9272), pAKTeyzs (Cat # 9271), p38 (Cat # 9212), pp38
[Cat# 9211), hormone-sensitive lipase [ HSL; Cat # 4107),
and pHSLeqsq (Cat # 4126) antibodies were purchased
from Cell Signalling (Damvers, MA, USA). The ACC (Cat
# ahi5174) and pACCe_»g (Cat # ab88191) antibodies
were purchased from Abcam (Toromto, ON, Canada).
ALY6BR was provided by Allysa Pharmaceuticals,
Belmont, CA, USA.

Animalks

Adipose tissue from the aibotaneous inguinal (5c Ing)
and epidydimal (Epid) fat pads were extracted from
male albino rats (Wistar strain weighing -250 g,
50-60 days old) under anaesthesia, and subsequently
processed tor cell isolation (Figure 1), All experiments
were approved by the Animal Care Committee at York
University. (York University Animal Care Committee,
YUACC, permit number 2016-5) and performed
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Figure 1. Sdwematic representation of the experimental design

strictly in accordance with the YUACC guidelines. Al
surgery was performed under ketamine/xylazine anaes-
thesia, and all efforts were made to minimize suftering.

Adipocyte isolation

Adipocyte isolation from the Epid and Sc Ing fat pads
(Figure 1) was performed as previously described [21].
Brietly, the adipose tisaie was minced in Krebs-Ringer
bicarbonate HEFES buffer (KREH), containing type 11
collagenase (0.5 mg/ml), prepared tresh on the day of
each experiment from stock solutions of slts and buf-
fers (stored at 4°C) to give the following final concen-
trations: 120 mM MaCl, 48 mM KCl, 2.5 mM CaCl,,
1.2 mM KH,PO, 1.2 mM MgS0,, 15 mM NaHCO,,
and 30 mM HEPES. Before use, KREH was gassed for
45 min with carbogen (95% Oy, 5% C0y) and then
bovine serum albumin (3.5%) and glucose (55 mM)
were added. Following this the pH of the buffer was
adjusted to 7.4 with MaOH. Minced tissues were incu-
hated at 37°C with gentle agitation (120 orhital strokes/
min) for approximately 25-30 min. The digesed tissue
was then strained wsing a nylon mesh (500 pm pore
size) and cells were transterred to 50 ml plagic tmbes,
where the stromal vascular fraction (SVF) and mature
adipocytes separated into two distinet phases. The SVF
sitting at the bottom of the tube was discarded by
aspiration and the tloating adipocytes were washed 3
times prior to being resuspended in KREH containing
3.5% fatty acid-free BSA (KRBH-3 5% BSA). In order to
distribute an equal rumber of adipocytes in each treat-
ment condition, cell diameters were measured and total
cell numbers determined as previously described [22].

Meas urement of glucose uptake

Glucose uptake was measured either under basal or inau-
lin-stimulated (10 and 100 nM) conditions tollowing the
treatrent of adipocytes either without (control) or with
ALY&88. Our initial choice of doses was based on experi-
ments conducted with ALY688 in other cell types (renal
fibrohlasts, breast cancer cells, etc)) in which concentea-
tions around 100 nM of the compound cansed signiticant
etfects. Theretore, we decided to start with a similar dose
of 100 nM and increase the concentrations to 300 and
500 nM toassess whether higher doses would be required
for broader metabaolic responses from Epid and Sc Ing
adipocytes. We also used AR (10 pM) to test whether
another AdipoR agonist would elicit similar effects.
Isolated adipocytes (4x10° cells) were transferred to plas-
tic tubes either with or without ALY 688 and incubated at
37C for 1 h. Insulin was added to the medium tor the
final 200 min of the incubation perind. Subsequently,
KRB-HEPES contasining 05 mM 2-deccy-D-glucose
and 0.5 pCi of 2-[1.2-[3]Hldeoxy D-glucose was added
to the celk for 3 min, and the incubations were termi-
nated by the addition of optochalasin B (1.5 mM stock
solution). Aliquots of cell suspension (240 pl) were
quickly placed in plastic microtubes containing 100 pl
of di-‘isonomyl’ phthalate. The tubes were centrifuged for
3 (6000 = g) to separate cells from the radicactive
incubation medinm Subsequently, fat cells were collected
by cutting the tubes through the oil phase and transter-
ring the portion containing the cells to scintillation vials
to be counted for radicactivity. Radicactivity of the cells
unrelated to guonse transport (non-specific transport)
was determined in the same conditions by adding cyto-
chalasin B (50 pM final concentration) to the medinm
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before the addition of 2-[1,2-[3]H]deoxy-D-ghicose [23).
Mon-Specific values were subtracted from all conditions,

Measurement of glucose incorporation into ipids

Glucose incorporation into lipids was measured in iso-
lated adipocytes (5 x 10° cells) from the Epid and 5c Ing
fat depots as previously described [24]. Briefly, cells
were incubated in KREH-35% BSA containing 02
pCifml of D-[1-%C] ghicose and 5.5 mM non-labelled
D-ghicose tor 1 h either in the absence or presence of
ALYEER (100 and 300 nM) and in the absence or
presence of msulin (100 nM). Lipids were then
extracted according to the method of Dole and
Meinertz [25] and assessed for radicactivity [24).

Measurement of glucose and palmitate oxidation

Glucose and palmitate oxddation a5 measures of ooddative
capacity were assessed by production of [14}C0: in Epid
and 5c Ing isolated adipocytes (5 x 10° cells) as previously
described [36). In order to measure palmitate ooddation,
cells were incubated in KRBEH-15% BSA containing 0.2
pCi/ml ot [1-"%C] palmitic add and 200 pM non-labelled
palmitate. For ghieose oxidation, cells were incubated with
0.2 pCif ml of D-[U-"C] ghicose and 5.5 mM non-labelled
D-ghicose. Glicose and palmitate oxidation were measured
during 1 h either in the ahsence or presence of ALY&ES
(100 nbid and 300 nM). For gucose oxidation anly, cells
were also incubated in the ahsence or presence of insulin
(100 nbd). Following 1 h of incubation, the media were
acidified with 0.2 ml of H,S0, (5 N, and the viak were
maintained sealed at 37C tor an additional 1 h for the
collection of [14]C0, released from the cels and the
media Eachvial used for incubation had a centred olated
well containing aloosely fol ded piece of filter paper that was
moistened with 0.2 ml of Z-phenyl- ethylamine ‘methanaol
(1:1, volvol) to capture [ 1400, At the end of the incuba-
tion, the filter paper was removed and transterred to
a scintillation vial for radioactivity counting [26].

Determination of lipolysis

Lipolysis was measured in Eolated Epid and 5c Ing
adipocytes (6 x 10F cells). Adipocytes were incubated
in the ahsence or presence of ALY68E and with ar
without 100 nM izoproterencl (f-non-specitic agonist)
[27]. Each condition was assayed in triplicates and the
samples were incubated for 75 min at 37°C with gentle
agitation (80 orhital strokes/'min). After incubation,
a 200 pl aliguot of medium was taken from each vial
for the determination of glycerol concentration.
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RMNA isolation and gquantitative PCR

Primer wemre designed msing the software PrimerClues
(IDT) basd on probe sequences available at the
Affymetrix database (MetAffx™ Analysis Centre, http://
www.aftymetrix.com/anahysis) for each given gene
RAMA was isolated from adipose tissue and isolated
adipooytes using the RMeasy Lipid Tissue Kit
(Germamtown, MD, USA) and complimentary DiNA
(cDMA) was made from 2 pg of extracted FNA using
the ABM EasyScript™ cDMA Synthesis kit (Diamed,
Mississanga, OM, Canada), according to the manufac-
turer’s instructions. Samples were run in duplicate on
#6-well plates, and each 20 pl reaction contained 4 pl of
cDMNA, 04 pl of primer, 10 pl of Brightgreen 2x gPCR
Mastermix (Diamed, Mississanga, OMN, Canada) and
5.6 pl of RMA-free water. Real-time PCR analysis was
pertormed wsing a Bio-Rad CFX% Real Time PCR
Dietection Systemn (Bio-Rad, Mississauga, O, Canada)
using the following amplification conditions: 95°C
(10 min);: 40 cycles of 955C (15 s), 60°C (60 ). Values
are presented as fold increases relative to GAPDH gene
expression [28). The primers used to probe for rat
AdipoRl and AdipoF2 mBMWA levek usng gPCR
were as follows:

AdipoR1l: Forward: 5-ACTTTGTAACCTGGOGG
ATGACAG-3

Reverse: S5-ATCAAGGCGTGGCTTTGTTTGTCC
-3

AdipoR2:  Forward:
CTCTGGETGRC-3
Reverse: 5-CACACTTCTTGCGAACGGCATTCA

5-AATCATGGOGTTTCT

-3

GAPDH: Forward: 5-TGACTCTACCCACGGC
AAGTTCAA-S

Beversee  F-ACGACATACTCAGCACCAGCATCA
-3¢

Western blotting analysi of content and
phosphorylation of proteins

- haobiwed adipocytes from the Epid and 5c Ing fat depots
were incubated in the ahsence or presence of ALYSEE for
30 min and then immediaiely homogenized in a bufter
containing 25 mbd Tris-H(, 25 mM Na(l (pH 74), | rmM
ME‘L_'J:L 27 mM KQ, 1% Trton X-100 and protease and
phophatase  inhibitors  (Roche  Disgnosties  GmbH,
Mannheim, Germany). Homogenates were cenfrifuged, the
infranatant collected, and an aliquot was wsed to meassime
protein by the Bradtord method. Samples were dilated 1:1
(volval) with 2x Lasmmli sample hutfer and heated to 95°C
for 5 min. 25 pg of protein were loaded in each well. Samples
were then subjected © SDSPAGE, transtermed to PVDF
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membrane, and probed for the proteins of nterest All
primary antibodies were wsed at a dilution of 1:1,000. All
densitometry analyses were performed using the Sdon
Image program.

Statistical analyses

- Statistical analyses were performed by either unpaired
two-tailed t-tests or one and two-way analyis of variance
[AMOWVA) with Bonferroni post-hoc tests using the
GraphPad Prism statistical software program. Bars repre-
sent mean + SEM. Statistical significance wassetat p< 005,

Results

AMPK and ACC phosphorylation

- We detected an increase in AMPE phosphorylation
when adipocytes were incubated with 100, 300, and
500 nM of ALY68E In Epid adipocytes, 100 and 300 nM
af ALY68E significantly incressed AMPE phosphorylation
by 237 and 2.7-fold, relative to 0 nM, respectively, whereas
AR (10 pM) increased this variable by 1.57-fold (Fignre 2
fa). In Sc Ing adipocytes, 300 nM of ALY68S increased
AMPE phosphorylation by 381-fold relative to @ oM,
which was of similir magnitude to the AR effect in these
cells (Figure 2(b)). However, an increase in AMPE phos-
phordation was not observed in this depot with 100 nb of
the drug (Figure 2(b)). To confirm that phosphorylation of
AMPE was accompanied by an increase in its activity, we
also asessed the phosphordation of ACC a downstream
target of AMPE. In the presence of 500 nM of ALYGSE,
AMPE phogphorylation increased 6.2-fold (Figare 2(c)),
and this was accompanied by a 2.13-fold increase in ACC
phosphordation (Figure 2(d)). The generation of cell
byzates from primary adipooytes requires a large amount
of adipose tisaue thus, in order to optimize the preparation,
we used the 5c Ing fat depot where the amount of tisae
available and the vield of cells were the highest. Also, in
arder to have three replicates for control and the com-
pound, we used only one dose of ALYGER (500 nM) as
shown in Figure 2(c and d).

Glucose uptake

As expected, glucose uptake was increased upon insulin
stimulation in both 5 Ing and Epid adipooytes.
However, no significant effects of any concentration
af either ALY688 or AR (10 pM) on basal and insulin-
stimulated ghicose uptake were detected (Figure 3(a
and b)). Because supraphysiological insulin concentra-
tions (100 nM) were used in the initial experiments, it
conld be that glucose uptake was maximized, masking

a potential etfect of ALYS8E on this variable. To explore
this, we conducted additional experiments using
a lower (mare within the physiological range, 10 nM)
insulin concentration. Also, we used a higher concen-
tration af the compound (500 nM) to test whether this
would be more effective in adipocytes than the previous
doses used (Figure 3(c)). Despite this, we found that
even under lower doses of insulin, ghcose uptake was
not significant by atfected by 500 nb of ALYSE8 in Epid
adipooytes (Figure 3(c)), and similar results were ako
found for 5c Ing adipooytes.

AKT and p38 MAPK phosphorylation

To test whether major steps of the insulin sgnalling path-
way were affected by ALY68E, we measured AKTg y7a
phosphorylation in both Epid and 5S¢ Ing adipocytes
exposed to 0, 100, 300, and 500 oM of the compound.
Mo effect of ALY&RE was detected on AKTaoyra phos-
phordation in Epid (Figures 4(a) and 5 Ing (Figure 4(b))
adipocytes, which is consistent with the lack of effect on
glucose uptake in these cells. As a positive contraol, cells
isolated from both tat depots were also treated with insu-
lin ( 100 nM), and it cansed a robust A KTsaem phosphor-
ylation regponse to the hormone (Figure 4(a and b)),
Additionally, because adiponectin initiates a seres of
tissue-dependent signal transduction events through dis-
tinct signalling pathways, incuding p38 MAFK [7], we
also tested whether this would be the case in Epid and 5c
Ing adipooytes. As shown in Figure 4(c and d), p38
phosphaorylation was not affected by 100 and 300 nM of
ALY&88 in Epid and 5¢ Ing adipocytes. However, a robust
induction of p3& MAPE phosphorylation was detected
when adipooytes from baoth fat depaots were incubated
with 10 pM of AR (Figure 4(c and d)).

Glucose incorporation into lipids and glucose
oxidation

ALY&ER did not affect glucose uptake in Epid and 5c
Ing adipocytes; however, it could still atfect metabo-
lism of thiz substrate inside the cells. To evaluate
this, we measured the incorporation of glucose into
lipids and also glucose oxidation in Epid and Sc Ing
adipocytes under basal and insulin-stimulated condi-
tions. We found that neither Epid nor Sc Ing rates of
ghicose incorporation into lipids (lipogenesis) were
affected by the compound (Figure 5(a and bj).
However, ALY688 caused dose and tissue-specific
effects on glucose oxidation in Epid and 5c Ing
adipocytes. This was characterized by significantly
enhanced basal glucose oxidation by 49% and 39%
in Epid adipocytes in the presence of 100 and
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Figure 2. ALY688 (100 and 300 nM) induced AMPK phosphorylation in epididymal (Epid, A) and subcutaneots inguinal {Sc Ing B)
adipocytes. AdipoRon {AR) vas used as a paositive control. In Sc Ing adipocytes, a higher dose of ALY688 ako Ingeased the
phosphorylation of AMPK () and ACC (d). Different letters denote statistical significance (p < 0.05). One-way ANOVA for A-B and

t-test for C-D, n = 3.

300 nM of ALY688, respectively, when compared to
cells incubated in the absence of insulin and ALY688
(Figure 5(c)). In Sc Ing adipocytes, 100 and 300 nM
of ALY688 increased basal glucose oxidation by 37%
and 64%, respectively, with only the latter concentra-
tion reaching statistical significance when compared
to 0 nM ALY688 (Figure 5(d)).Insulin-stimulated
glucose oxidation was also enhanced by the com-
pound, although only in Epid adipocytes treated
with 300 nM of ALY688 or AR (Figure 5(c)).

Palmitate oxidation

Because ALY688 induced a consistent increase in AMPK
and ACC phosphorylation in isolated adipocytes from
both fat depots, we tested whether such effect was also
accompanied by a functional metabolic alteration in these
cells. The initial expectation was that increased AMPK
phasphorylation would increase rates of fatty acid oxida-
tion, as it is frequently reported in skeletal muscle cells
[8.14]. However, to our surprise, 300 and 500 nM of
ALY688 suppressed basal palmitate oxidation by -55%
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Flgure 3. Mo effect of ALYS84 (100, 300, and 500 nM) on basal {Bas) and insulin (ins, 100 nd)-stimulsted glumse uptake in
epldidymal (Epid, Al and subautaneous inguinal [5¢ Ing, B) adipocytes Glucose uptake was also assessed in Epid adipocytes exposad
to 500 nM of ALY&SS for 60 min k) and then stimulsted with 10 and 100 M of insulin. Different letters denote statistical

significance (p < QO5). Two-way ANOVA, n= 3-5.

and -35% in bath the Epid and Sc Ing adipooytes, regpec-
tively, relative to the O nM group (Figure 6(a and &b) ). Mo
etfect on palmitate oxidation was observed in either depaot
with 100 nM of ALY&ES (Figure 6(a and b))

Lipolysis

In order to assess whether ALY688 could affect the
ability of adipocytes to expaort fatty acids, we also mea-
sured lipolysis in these cells. We found that basal lipo-
lysis was not affected by treating cells with ALY68S;
however, when Epid adipocytes were stimulated with
100 and 300 nM of ALYSES and 100 nM of Eoproter-
enol, glycerol release increased by 45% and T0%,
respectively, when compared to cells incubated with
isopraterenal only (Figure 7ia)). In 5c Ing adipooytes,
ALY688 had no significant effect on rates of ghycerol
release either under basal or soproterencl (Iso)-
stimulated conditions (Figure T(h)). In order to assess

paotential mechanisms by which ALY688 enhanced Iso-
stimulated ghycerol release in Epid adipocytes, we mea-
sured phosphorylation of hormone sensitive lipase
[HSLs ss0) in both Epid and S5c Ing adipocytes. As
depicted in Figure 7(c and d), ALY&E8 increased phos-
phorylation of HSLs_ s in Epid, but not in 5 Ing
adipocytes. This suggests that ALY&ES-induced HSL
phosphorylation could be linked to the increase in
glyceral release seen in Epid adipocytes. However, we
could not perform a statistical analysis because we had
only 2 samples probed for HSL phosphorylation.
Furthermare, even though HSL plays a very important
role in adipose tissue lipolysis, adipose triglyceride
lipase [ATGL) activity could also be affected by
ALY&EE. However, the activity of this latter lipase was
not measured in this study.
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Adiponectin receptor gene expression in isolated
adipocytes and whole WAT

In isolated adipocytes, we found that the mBMA expression
of AdipoR2 was 185-fold and 1.75-fold higher than
AdipoR1 in Epid and 5c Ing cells, respectively (Figure &
(a]). Furthermare, the mBMNA expresgon of both receptors
was significantly lower in S Ing than Epid cells. In fact,
AdipoRl and AdipoR2 mRMA eqpressions were —45%

lower in 5c Ing than in Epid adipocytes (Figure 8(a)). In
whole Epid fat tisue, AdipoR2 mBNA expression was
2.5fold higher than AdipoRl, which was similar to what
wetound inisolated cells. However, in the 5S¢ Ing fat pad the
reverse was found, with AdipoRl mBMA expression being
1.3 fold higher than AdipoR2 (Figure S(b)). All our experi-
ments were conducted in isolated cells; therefore, it is
posshble that the higher expresson of AdipoR2 in Epid
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adipooytes dictated the distinct metabolic responses that
ALYSER treatrnent elicited in isolated cells from visceral
and subcutaneous fit depots.

Discussion

COur findings provide evidence that acute exposure of
isolated Epid and 5S¢ Ing rat adipooytes to ALY&ESE did
not alter AKT and p38 MAPK phosphorylation, basaland
inmlin-simulated ghicose uptake, and glucose incorpaora-
tion into lipids (lipogenesis) in these cells. However,
ALYS8S treatment increased AMPE and ACC phosphor-
ylation, although this was accompanied by suppresson
instead of stimulation of palmitate oxidation in Epid and
S Ing adipocytes. This latter finding i contrary to what
has been demonstrated in skeletal muscle cells under
adiponectin-stimulated A MPE activation [8,14), suggest-
ing a distinct regulatory role for adiponectin-mediated
AMPE activation in WAT glucose and fat metabalizm
in comparizon to liver and skeletal muscle. In fact,

ALY&8E enhanced mtes of ghwoose oxidation in
a concentration-dependent and tisme-specfic manner
in Epid and 5c Ing adipocytes Basal rates of guonse
oxidation consistently increased in celk from both fat
depats, whereas under insulin-gimulated conditions
only higher concentrations (300 M) of the compound
elicited an effect in Epid adipocytes. The data indicate that
acute ALY68E treatment diverts ghionse towards ooida-
tion in adipocytes, which could positively contribute to
whole-body ghycaemic control. W have also found that
both AR and ALY688 enhanced AMPE phosphordation
in Epid and S¢ Ing adipocytes, whereas only AR increased
p38 MAPK phosphordation in these cells. However,
because neither ALY688 nor AR affected either basal or
insulin-stimulated uptake of ghicose and itsincorporation
into lipids, the ability of AR to induce p38 MAPE phos-
phorgation did nat seem to have any direct impact on
glucose metabolism in adipocytes from both fat depots.
There are at least three potential explanations tor the
reduction in fatty acd eoxidation despite ALYSRE
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inducing AMPE phosphorylation in isolated adipo-
cytes: 1) it could be that enhanced glucose oxidation
provided energy for the cells and caused a shift in fatty
acid metabolism away from oxidation, even though
AMPE phosphorylation was increased by ALY6ES.
Thiz could be posdble because there is a relatively
small mumber of mitochondria in white adipocytes,
which normally limits the ability of these cells to elicit
an elevated rate of fat oxidation [21.29) However,
becanse ALY6RE consistently increased hasal ghioose
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oxidation in Epid and 5 Ing adipocytes, this must
have led to a condition in which even fewer fatty
acids were required and used for f-oxidation and
energy production in these cells. Therefore, a shitt in
substrate utilization seems a pludble mechanism by
which ALY&RR led to the suppression of palmitate
oxidation, despite increased AMPE phospharylation
in adipocytes; 2) enhancement of fatty acid oxidation
by adiponectin in skeletal muscle cells has been shown
to depend on the sequential activation of AMPE and
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p38 MAPE, leading to induction of PPARa transcrip-
tional activity and of its target oxidative genes (eg.
ACO and CPT1) [7]. In our studies even though
ALY688 cansed AMPK activation in Epid and 5S¢ Ing
adipocytes, p38 MAPK phosphorylation was naot
affected by the compound. Thus, it could be that
ALY&88 promoted only partial activation of signalling
events required for the enhancement of fatty acid oxi-
dation in adipocytes Under these conditions, ghicose
was dearly the preferred substrate for oxidation in
these cells, which, as previously described, likely led to
fewer fatty acids being diverted for oxidation; and
finally, 3) it is also possible that fatty acid uptake was
impaired under concentrations of ALY688 abowve
100 nM. This could be an AMPE-independent dose-
dependent effect of the compound that suppressed spe-
cific adipocyte functions.

ALY688 did not affect basal rates of lipolysis either
in Epid or 5c Ing adipocytes; however, isoproterenal-
stimulated lipalysis increased in Epid adipocytes treated
with ALY68& The mechanism underlying this depat-
specitic enhancement of beta-adrenergic-stimulated
lipolysis by ALY&8E seems to involve an increase in
HSL phosphaorylation. These findings differ from pre-
vipus reports in which adiponectin suppressed lipalysis
via inhibition of HSL phosphorylation in mouse adipo-
cytes [12], and that a collagen domain-derived short
adiponectin peptide promaoted adipogenesi in 3T3L1
adipocytes [11]. These discrepancies could be attributed
to methodological differences between studies. Faor
instance, a lower lipolytic response was previoushy
reported in Epid adipocytes from  Adipog ™ mice
exposd to BRLIT344 (a selective [i3-adrenergic ago-
nist), as well as in 3T3L1 adipocytes maintained in co-
culture with FAQ cells overexpressing full-length

mouse adiponectin [12]. In this study, we performed
acute (1 h) incubations of primary rat adipocytes in the
presence of a peptide-based adiponectin mimetic and
then stimulated the cells with isoproterenol 2 non-
specific [-adrenergic agent.

From our metabolic studies, it was clear that
ALYSRE caused tissue-specific and dose-dependent
effects on glucose and fat metabolism in adipocytes.
In general, Epid adipooytes elicited more pronounced
responses to ALY&88 than 5c Ing celks, particularly with
respect to enhandng ghioose oxidation and lipalysis
while suppressing palmitate oxidation. Under these
conditions, ALY688 could confer metabolic flexibility
to the WAT and control WAT expansion, an effect that
has been previously attributed to adiponectin [3,13].
This would alow for depot-specific ecportation of
fatty acids for utilization in peripheral tissues under
adrenergic-stimulated conditions, while also enhancing
glucose oxidation within the WAT. It could be that the
tissue-specific responses resulted from distinet expres-
sions of adiponectin receptors (AdipoR1 and AdipoR2)
between Epid and Sc Ing celk. Therefore, we deter-
mined the expression profile of AdpoRl and AdipoR2
in Epid and 5S¢ Ing adipooytes, as well as in intact
adipose tissue. It has been reported that it is AdipoR2
that carries out the effects of adiponectin in WAT [4].
Indeed, we found that in isolated Epid and Sc Ing
adipocytes, AdipoR2 mBMNA expression was approoi-
mately two-fold higher than AdipoRl. Also, Epid adi-
pocytes displayed significantly higher AdipoBF2 mBNA
expression than 5c Ing adipooytes. Simiarly, when
analysing whaole fat tissue, we abo detected much
higher AdipoR2 mRMNA expression in the Epid than
in the 5S¢ Ing tat depot However, in the 5S¢ Ing fat
depot AdipoR]l mRMNA expression was dightly higher
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than AdipoF2 mRMWA expression, which could be
attributed to the presence of a higher population of
non-adipocyte cells in the 5c Ing than in the Epid tat
depat. Becanse our experiments were conducted in
isolated adipooytes, it & plansble that the more pro-
nounced responses of Epid than Sc Inc adipocytes to
ALY6E8 resulted from a much lower expresson of
AdipoR2 in the latter than the former adipocytes.

In summary, we found that acute treatment with
ALY&RR increased AMPE phosphorylation in Epid and
Sc Ing rat adipocytes; however, this was accompanied by
suppresson of fat oxidation and no alteration in basal and
insulin-stimulated  gucose uptake in  these cells.
Furthermore, ALY&88 increased rates of ghicose oxidation
in Epid and 5c Ing adipocytes and enhanced adrenergic-
stimulated lipolysis, although the latter effect was only
detected in Epid adipocytes. These findings provide evi-
dence that the AdipoR agonist ALY&8E can regulate adip-
osity and affect ghycaemic contml by altering substrate
portioning in adipocytes in a fat depot-specific manner.
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