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Iron induces insulin resistance in 
cardiomyocytes via regulation of 
oxidative stress
Hye Kyoung sung1, erfei song  1, James Won suk Jahng1, Kostas pantopoulos  2 & 
Gary sweeney1

Iron overload is associated with various pathological changes which contribute to heart failure. 
Here, we examined mechanisms via which iron alters cardiomyocyte insulin sensitivity. treatment of 
primary adult and neonatal cardiomyocytes as well as H9c2 cells with iron decreased insulin sensitivity 
determined via Western blotting or immunofluorescent detection of Akt and p70S6K phosphorylation 
and glucose uptake. Using CellROX deep red or DCF-DA probes we also observed that iron increased 
generation of reactive oxygen species (Ros), and that pretreatment with the superoxide dismutase 
mimetic MnTBAP reduced ROS production and attenuated iron-induced insulin resistance. SKQ1 and 
allopurinol but not apocynin reduced iron-induced Ros suggesting mitochondria and xanthine oxidase 
contribute to cellular ROS in response to iron. Western blotting for LC3-I, LC3-II and P62 levels as well 
as immunofluorescent co-detection of autophagosomes with Cyto-ID and lysosomal cathepsin activity 
indicated that iron attenuated autophagic flux without altering total expression of Atg7 or beclin-1 
and phosphorylation of mTORC1 and ULK1. This conclusion was reinforced via protein accumulation 
detected using Click-iT HPG labelling after iron treatment. The adiponectin receptor agonist AdipoRon 
increased autophagic flux and improved insulin sensitivity both alone and in the presence of iron. We 
created an autophagy-deficient cell model by overexpressing a dominant-negative Atg5 mutant in 
H9c2 cells and this confirmed that reduced autophagy flux correlated with less insulin sensitivity. In 
conclusion, our study showed that iron promoted a cascade of Ros production, reduced autophagy and 
insulin resistance in cardiomyocytes.

Iron is an essential micronutrient and its crucial role in many physiological functions is often underestimated1. 
Altered iron metabolism is implicated in a vast array of diseases, including type 2 diabetes1, neurodegenerative 
diseases2, cardiovascular diseases3, cancer4, osteoporosis5 and many more. In particular, both iron deficiency 
(ID) and iron overload (IO) have been associated with cardiomyopathy3. Recently, iron overload cardiomyopathy 
(IOC) has been described as a secondary form of cardiomyopathy resulting from the accumulation of iron in the 
myocardium mainly because of genetically determined disorders of iron metabolism or multiple transfusions6. 
Iron is a vital structural component of hemoglobin, myoglobin, oxidative enzymes and respiratory chain proteins 
that are collectively responsible for oxygen transport, storage, and energy metabolism7. Iron-overload cardiomy-
opathy is the most common reason for mortality in patients with secondary iron overload or patients with early 
onset forms of genetic hemochromatosis8.

In essence, altered iron homeostasis leads to uncontrolled iron deposition in different organs, including the 
heart, leading to progressive tissue damage8. Iron-induced oxidative stress plays an important role in the patho-
genesis of iron-overload mediated heart disease9,10. The formation of labile NTBI alters the pro-oxidant/antiox-
idant balance, leading to a pro-oxidant state with increased free radical production, oxidative stress and cellular 
damage11. Previous studies indicated that oxidative stress can lead to mitochondrial dysfunction and accumula-
tion of lipotoxic metabolites which have been shown to contribute to insulin resistance12,13.

Autophagy is a cellular degradation process capable of clearing damaged mitochondria and protein aggre-
gates14,15. Autophagy has been called a double-edged sword as it can have either beneficial or detrimental effects 
on the heart16. Recent evidence indicated that dysregulation of autophagy resulted in ER stress, insulin resistance 
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and glucose intolerance17. Our own research also has shown that induction of autophagy can be beneficial to 
the myocardium in terms of its insulin-sensitizing effect and reduce apoptosis18. In various tissue types, it has 
been found that ROS production results in increased autophagy19. In the heart, elevated autophagy is activated 
post-ischemia in association with ROS upregulation and this is thought to be an endogenous self-protective 
mechanism20. ROS also play an early role in the development of insulin resistance21. Evidence suggested that 
downstream of the PI3K/Akt insulin signaling pathway may be the target of exogenous inducers of autophagy22.

The precise molecular mechanisms of iron-overload cardiomyopathy have not been elucidated yet. In this 
study, we hypothesized that iron induces insulin resistance in cardiomyocytes and that this involves regulation 
of autophagy and/or oxidative stress and crosstalk between them. To do so, we used primary adult or neonatal 
cardiomyocytes and H9c2 cells as cellular models and treated with iron for up to 24 h and tested ROS production, 
autophagic flux, and insulin sensitivity.

Results
systemic administration of iron induced insulin resistance in mice. We first generated an ani-
mal model in which injection of iron caused a reduction in myocardial insulin sensitivity after 24 hr. Mice were 
injected with iron dextran at 15 mg per kg via tail vein three times, with two hours intervals, to induce iron over-
load. As expected, the ferritin content of plasma was significantly greater in the iron overload (IO) group, than 
wild type (wt) group (Fig. 1A). Using a ferrozine-based assay to detect intracellular iron in heart homogenates 
(Fig. 1B) and Perl’s Prussian blue staining of cardiac tissue sections (Fig. 1C), we found that there was a small but 
significant increase in iron accumulation in IO mice. We then injected insulin via tail vein to determine cardiac 
sensitivity to insulin. Our data indicated reduced insulin-stimulated phosphorylation of insulin receptor (Y972), 
insulin receptor substrate-1 (Y612) and Akt (T308) after iron overload (Fig. 1D–F).

Intracellular iron accumulation induced insulin resistance in H9c2 cells. We next used an in vitro 
model of iron overload in the H9c2 cardiomyoblast cell line derived from rat ventricle. After treatment with iron 

Figure 1. Iron overload significantly induced insulin resistance. Characterizing intracellular iron by serum 
ferritin (A), Colorimetric assay (B) and Perl’s Prussian blue staining (C) from wt and IO mice. Western blots 
showing phosphorylation of IR Tyr 972, (D) IRS-1 Tyr 612 (E) and AKT T308 (F) and the reference protein, 
GAPDH and total AKT, in heart tissue lysates from wt and IO mice. The images were collected from two gels 
with same loading amounts. The blot gels shown are representatives of three different experiments (n = 3). 
*Indicates significant difference from wt without insulin *p < 0.05, #indicates significant difference from wt 
with insulin #p < 0.05, Scale bar PB = 100 μm.
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for 1, 4 and 24 hr a colorimetric intracellular iron assay was conducted by adding ferrozine to H9c2 cell lysates 
(Fig. 2A). In addition, the fluorescent dye PGSK which is quenched by iron was preloaded into cells 30 minutes 
before iron treatment and compared to cells cultured for the same time period without iron treatment (Fig. 2B,C). 
Both assays showed a time-dependent increase in intracellular iron accumulation from 1 to 24 hr. We next exam-
ined the effects of iron on insulin sensitivity in these cells via Western blotting detection of Akt phosphorylation 
and the data indicated that the response to insulin was significantly attenuated after 4 or 24 hr iron overload 
(Fig. 2D,E). We further confirmed that iron blunted insulin signalling by detection of p70S6K phosphorylation 
(Fig. 2F,G).

Iron overload induced insulin resistance in primary adult and neonatal rat cardiomyocytes.  
After our initial observation that iron induced insulin resistance in H9c2 cells, we examined whether the same 
phenomenon was observed in primary cardiomyocytes. First, we isolated primary neonatal rat cardiomyocytes 
and observed that after 4 and 24 hr iron treatment there was a decrease in Akt phosphorylation detected by 
immunofluorescence (Fig. 3A,B) and Western blotting (Fig. 3C,D). In addition, the metabolic significance of 
these effects was examined by measuring glucose uptake in primary neonatal rat cardiomyocytes. We observed 
that iron significantly attenuated insulin-stimulated glucose uptake (Fig. 3E). Furthermore, we then isolated pri-
mary adult rat cardiomyocytes and used immunofluorescent detection of Akt phosphorylation to show that insu-
lin signaling was significantly attenuated by iron treatment in these cells (Fig. 3F,G).

Figure 2. Intracellular iron accumulation induced insulin resistance in cardiomyocyte. H9c2 cells were 
treated with FeSO4 (100 μM) or without (con) for 1, 4 and 24 hrs. Colorimetric assay (A) and PGSK assay (B) 
showing intracellular iron, followed by its quantification (C). H9c2 cells without (con) or with FeSO4 (100 μM) 
were treated with insulin (100 nM) for 10 minutes before experimental endpoint. Western blots showing 
phosphorylation of AKT T308 and the reference protein, total AKT (D), phosphorylation of p70S6K T389 and 
the reference protein, GAPDH (F), and their quantifications (E,G). The images were collected from different 
parts of the same gel with same loading amounts. The blot gels shown are representatives of five different 
experiments (n = 5) *indicates significant difference from control *p < 0.05, Scale bar = 20 μm.
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Iron induced ROS production in H9c2 cells. We next investigated the effect of iron on intracellular ROS 
production. This was first performed using the ROS indicator dye CellROX® red, and the representative 2- and 
3-dimensional fluorescent images in Fig. 4A and quantitation in B showed that appearance of ROS was increased 
upon iron treatment at 4 hr. A detailed quantitative and temporal study using live cell imaging is shown in Fig. 4D 
(also see Supplementary Video File) and this clearly indicated that ROS production reached a maximum after 3 hr 
and plateaued thereafter. The significant increase in intracellular ROS at 4 hr was further confirmed by detecting 
CellROX® red signal via flow cytometry (Fig. 4C). As expected, we found using fluorescent confocal imaging or flow 
cytometry that pretreatment of cardiomyocytes with MnTBAP, a superoxide dismutase (SOD) mimetic23, attenuated 
the overall increase in ROS after 4 hr iron exposure (Fig. 4E,F). To further investigate the source of ROS which was 
stimulated by iron, we pretreated in H9c2 cells with SkQ1, a specific inhibitor of mitochondrial ROS production24; 

Figure 3. Insulin signaling in cardiomyocyte indicated by increased phosphorylation of AKT T308 was all 
decreased by iron. Primary adult and neonatal cardiomyocytes with FeSO4 (100 μM) or without (con) were 
treated with insulin (100 nM) for 10 minutes before experimental endpoint. Representative confocal images 
of phosphorylation of AKT T308 in neonatal (A) and adult cardiomyocyte cells (F) and their quantifications 
(B,G). Western blots showing phosphorylation of AKT T308 and the reference protein, total AKT, in neonatal 
cardiomyocyte cells (C) its quantification (D). The images were collected from different parts of the same 
gel with same loading amounts. The blot gels shown are representatives of five different experiments (n = 5). 
Representative graph of the examined effect of FeSO4 (100 uM) for 1, 4, and 24hrs on glucose uptake (E). 
*Indicates significant difference from control without insulin; #Indicates significant difference from control 
respective to insulin 100 nM. *p < 0.05, Scale bar = 20 μm, (A,D n = 3, E n = 5, F,G n = 3).
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allopurinol, a specific xanthine oxidase inhibitor25,26 and apocynin, a specific NADPH oxidase inhibitor27. Both 
immunofluroscent images using CellROX® red and quantitative analysis of ROS production detected using DCFDA 
showed that iron induced ROS production was attenuated by SKQ1 and allopurinol but not apocynin (Fig. 4G,H).

Figure 4. Iron increased generation of reactive oxygen species (ROS) and enhanced by antioxidant (MnTBAP, 
100 μM). H9c2 cells with FeSO4 (100 μM) or without (con) were treated at 1 and 4hrs by CellROX Red assay and 
imaged by confocal microscope (A,E). Total red fluoresce of the confocal image was quantified and graphed (B) 
and shown in a time-lapse graph in live cells (D & Supplementary Video). The reactive oxygen species (ROS) 
production was examined by CellROX Red assay using flow cytometry (C,F) the high content system (G) and 
DCF-DA assay (H). *Indicates significant difference from control *p < 0.05, #Indicates significant difference 
from iron #p < 0.05, Scale bar = 20 μm, n = 4.
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Iron inhibited autophagy and reduced protein clearance in H9c2 cells. We next examined the 
potential mechanistic role of autophagy in regulating the effects of iron and first confirmed that at 4 hr of iron 
treatment, an increased amount of LC3-II and P62 was observed (Fig. 5A,B). When autophagic flux pathway 
is complete, autophagosomes will fuse with lysosome to get degraded. Interestingly, iron had no direct effect 
on expression of autophagy related proteins Atg7 and beclin-1 (Fig. 5C,D), or on phosphorylation of mTORC1 
S2448, ULK1 S757 and AMPK T172 (Fig. 5E,F). We next employed a non-radioactive, metabolic Click-iT 
HPG Alexa Fluor 488 labelling assay to quantify protein synthesis or degradation28 and examined effect of 4 hr 
iron in the presence or absence of chloroquine. Chloroquine-mediated blockade of the autophagy causes an 

Figure 5. Regulation of protein clearance by inhibition of autophagy and effect of iron. H9c2 cells were 
treated ± FeSO4 (100 μM) and ± chloroquine (60 nM) for 4 hrs. Representative western blotting for autophagy-
related genes (LC3II, P62, ATG7, Beclin-1, pmTORC1 S2448, pULK1 S757 and pAMPK T172) and the 
reference protein, GAPDH is shown (A,C,E). Corresponding quantifications of western blots are shown 
(B,D,F). Detection of protein synthesis/clearance was measured using Click-iT HPG Alexa Fluor 488 kit, and 
imaged by CX7 high content analysis microscopy from which representative images (G) and quantification are 
shown (H). Autophagosome detection using Cyto ID fluorescent probe and confocal microscopy is shown (I) 
and quantified (J). *Indicates significant difference from control *p < 0.05, #Indicates significant difference from 
iron #p < 0.05, Scale bar = 50 (G) and 20 (I) μm, n = 4.
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accumulation of protein which is also observed after 4 hr iron treatment, and their effects were not additive 
(Fig. 5G,H). To further determine the direct effect of iron on autophagy, we then used Cyto ID (green) to detect 
autophagosomes and found a significantly increased autophagosome accumulation at 4 hr iron treatment or, as 
expected, in the presence of chloroquine (Fig. 5I,J).

the mechanism via which iron reduced insulin signaling is via inhibition of autophagy. We 
examined the potential mechanistic role of autophagy in regulating effects of iron on insulin sensitivity. 
Autophagy flux was first analyzed via Western blotting for LC3 and p62 ± chloroquine and data indicated that 
iron inhibited autophagy flux (Fig. 6A–C). We also used AdiopoRON, an adiponectin receptor agonist, as a means 
to stimulate autophagy and indeed observed increased LC3-II levels without an increase in p62 (Fig. 6A–C). 
To further determine the effect of iron on autophagic flux, we then used Cyto ID (green) to detect autophago-
somes together with Magic Red (red) co-localization. Magic Red fluorescence indicates activity of the lysosomal 
cysteine protease cathepsin B29. Figure 6D,E shows that AdipoRon promoted co-localization of these signals 
which appear as yellow puncta, indicating increased autophagic flux, whereas distinct red and green signals were 
evident after iron treatment. Iron decreased Cyto ID with Magic Red co-localization yellow puncta in cardio-
myocytes. Addition of AdipoRon together with iron restored autophagic flux. Taken together, data indicate that 
iron inhibited overall autolysosomal activity and hindered autophagic flux. Figure 6F,G shows that, as expected, 
AdipoRon significantly increased the basal and insulin-stimulated phosphorylation of Akt and more interest-
ingly could significantly recover the inhibitory effect of iron on insulin signaling. These data suggest that insulin 
resistance caused by iron could be restored by rescuing the inhibition of autophagy. Based on these observations 
we generated a stable cell line with autophagy deficiency induced by overexpression of a dominant-negative Atg5 
mutant ATG5K130R30. With the use of autophagy deficient cells, there was an attenuation of dose dependent 
insulin-stimulated phosphorylation of Akt Thr308 compared to cells transfected with empty vector (Fig. 6H,I), 
indicating the requirement for adequate autophagic flux in maintaining insulin sensitivity. The ability of iron to 
induce insulin resistance was maintained in autophagy deficient cells, and a slightly enhanced effect was observed 
in response to 100 nM insulin (Fig. 6H,I).

Iron induced insulin resistance and reduction in autophagy flux occurred downstream of 
increased Ros production. We next evaluated whether iron-induced oxidative stress preceded reduced 
autophagy and Fig. 7A–C shows that iron-induced increases in the amount of p62 was significantly prevented by 
MnTBAP. Moreover, the ability of iron to induce insulin resistance was attenuated by using MnTBAP to reduce 
ROS production (Fig. 7D,E). Finally, we confirmed in primary adult rat cardiomyocytes that the amount of iron 
induced ROS production detected by CellROX® red was attenuated by MnTBAP (Fig. 7F,G). This correlated with 
the ability of MnTBAP to significantly reduce the ability of iron to induce insulin resistance in primary adult rat 
cardiomyocytes (Fig. 7H,I).

Discussion
Iron may play an underappreciated role in the development of insulin resistance and insulin resistance-induced 
heart failure. Insulin resistance and associated defective myocardial insulin signalling is an early and major factor 
in the development of heart failure31. Previous studies have suggested adverse cardiac remodeling in response to 
both iron or insulin overload and deficiency32. Numerous studies have demonstrated that increased serum ferritin 
is associated with insulin resistance and increased risk for diabetes33. We first investigated whether iron altered 
insulin sensitivity in IO and wt mice and we observed that the accumulation of serum and intracellular iron 
altered insulin resistance. To investigate mechanisms via which intercellular iron may induce insulin resistance in 
cardiomyocyte, we focused on oxidative stress. In the present study, we found that iron reduced insulin sensitivity 
via increased oxidative stress. Iron accumulation in H9c2 cells was done by treating them with iron. Using a col-
orimetric intracellular iron and PGSK assay, it was shown that there was significantly increased intracellular iron 
after treatment with iron for 1 4 and 24 hr. To assess the effect of iron overload on insulin resistance, pAKT T308 
was examined in H9c2 cells after treatment to induce iron overload conditions by Western blotting. We observed 
the same effect of iron in neonatal and adult cardiomyocyte cells and the data showed that reduced phosphoryla-
tion of AKT T308 at 1,4 and 24 hr by Western blotting and immunofluorescence.

Previous work has included evidence that iron-induced oxidative stress is a critical driver in the pathogen-
esis of myocardial tissue injury and progressive development of iron overload cardiomyopathy34. Excess iron 
promotes oxidative stress via the Fenton reaction, which plays a key pathogenic role in myocardial injury and 
heart failure35,36. Although many studies have described positive relationships between modulation of adipokines 
and insulin resistance, much importance has been placed on iron-mediated oxidant stress and the role it plays 
in the development of insulin resistance37. Our study suggested that using CellROX Deep Red assay we also 
observed that iron increased generation of ROS and that using anti-oxidant (MnTBAP) to attenuate ROS produc-
tion reduced the iron effect.

To investigate another novel mechanism via which iron may induce insulin resistance we focused on auto-
phagy. This important intracellular degradation machinery captures cytoplasmic components for lysosomal deg-
radation and recycling38 and previous evidence suggests that reduced autophagy occurs in the failing heart and is 
directly stimulated as a self-protective response in response to ischemia/reperfusion39,40. Autophagy is typically 
upregulated in times of stress, for example during ischemia/reperfusion, pressure overload and cardiac toxicity 
induced by chemicals such as the anthracycline doxorubicin41. Previous in vivo studies also have shown that the 
expression of multiple autophagy-related genes was altered in iron overload cardiomyopathy, possibly contrib-
uting to cardiac diastolic dysfunction42. Therefore, we used various assays designed to observe dynamic process 
of autophagic flux in order to carefully characterize the effect of iron. We observed that iron caused a significant 
upregulation of phosphorylation of ULK1 at Ser757 and LC3II. We also examined autophagic flux by testing 
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Figure 6. Regulation of insulin signaling by alterations in autophagy and effect of iron. H9c2 cells were treated 
with FeSO4 (100 μM) ± adipoRON (35 μM) and ± chloroquine (60 nM) for 4 hrs. Western blots showing 
protein expression of LC3II, P62 and the reference protein GAPDH, and their quantifications (B,C). Increase 
in autophagy by iron was validated by co localization of Cyto ID with Capthepsin D magic red assay (D) 
using confocal microscope and quantified (E). Insulin sensitivity was decreased in H9c2 cells as indicated by 
decreased phosphorylation of Akt T308. Western blots show phosphorylation of AKT T308 and the reference 
protein, total Akt (F), followed by their quantifications (G). Phosphorylation of AKT (T308) in autophagy-
impaired Atg5K cells is shown as representative western blot (H) and quantification (I). The images shown were 
collected from different regions of the same gel and are representatives of n = 5. *Indicates significant difference 
from control *p < 0.05, #Indicates significant difference from iron #p < 0.05, Scale bar = 20 μm, and in A–G 
n = 4.
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Figure 7. Iron induced insulin resistance via increased generation of reactive oxygen species (ROS), and 
enhanced by antioxidant (MnTBAP, 100 μM). H9c2 cells were treated at 4hrs with FeSO4 (100 μM) and 
antioxidant (MnTBAP, 100 μM). Western blots showing protein expression of LC3II, P62 and the reference 
protein GAPDH (A), followed by their quantifications (B,C). Insulin sensitivity was decreased in H9c2 cells 
as indicated by decreased phosphorylation of Akt T308; Western blots show phosphorylation of AKT T308 
and reference protein, total AKT (D), followed by its quantification (E). The images were collected from two 
gels with same loading amounts. The blot gels shown are representatives of four different experiments (n = 4). 
Representative confocal images of CellROX Red assay (F) and phosphorylation of AKT T308 (H) in adult 
cardiomyocyte cells and their quantifications (G,I). *Indicates significant difference from control *p < 0.05, 
#Indicates significant difference from iron #p < 0.05, Scale bar = 20 μm.
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p62 expression and found this was elevated by iron and chloroquine. LC3-II and p62 data collectively suggest 
iron attenuates flux. Cyto-ID is a fluorescent marker of autophagosomal puncta43 and both iron or chloroquine 
increased total amount of autophagosomes. We used the Click-iT® HPG Protein Synthesis Assay kit to gauge 
protein synthesis and it can also be used to monitor protein degradation28. Based on our data, we concluded 
that iron inhibited protein degradation, as did chloroquine, which is again in keeping with the phenomenon of 
reduced autophagy.

We have further examined the mechanistic role of autophagy in cardiac insulin sensitivity. To do so we used 
autophagy-deficient cell model by overexpressing a dominant-negative Atg5 mutant30. Our data suggested that 
iron overload and autophagy deficiency both induced insulin resistance and autophagy is a very important role of 
regulation insulin resistance in cardiomyocyte. Numerous studies suggested that dysregulation of autophagy leads 
to increases in oxidative stress44,45. For example, inhibition of autophagy by lysosome inhibitor chloroquine or the 
cathepsin D inhibitor pepstatin A increased ROS46,47. Additionally, the disorder of initiation of autophagy leads 
to accumulation of ubiquitinated proteins, induced ROS and elicited mitochondrial dysfunction48. Reduction 
of Atg5 and Atg10 expression exacerbated starvation-induced ROS44. Importantly, since our data indicated that 
inhibition of autophagic flux induced insulin resistance, we used AdipoRon, an adiponectin receptor agonist as an 
activator of autophagy49 and found that improved autophagy correlated with increased insulin signalling as well 
as attenuation of ROS production. The precise molecular mechanisms responsible for the connection between 
reduced autophagy and insulin resistance must be further explored and may include indirect effects via altering 
levels of oxidative or endoplasmic reticulum stress or a direct effect via autophagosomes playing a scaffolding 
role in formation of specific signaling complexes49. Overall, our study provides important new knowledge on a 
molecular mechanism contributing to insulin resistance. As a consequence, we propose that iron overload, as 
commonly found in type 2 diabetes, obesity and inflammatory conditions, leads to heart failure by attenuating 
levels of autophagy, inducing ROS and consequently insulin resistance.

Conclusions
In conclusion, our study indicated that iron induced insulin resistance in cardiomyocytes and this involved reg-
ulation of the crosstalk between autophagy and oxidative stress. Further studies will investigate mechanisms via 
which iron regulates cardiac remodeling and their physiological significance. We anticipate that our findings will 
provide new knowledge relevant to current diagnostics and therapeutics related to altered iron status in clinical 
settings.

Materials and Methods
Cell culture. The detailed method of growing H9c2 cells was based exactly as in a previous publication18. For 
assays specific to this project, cells were grown on cover slips where required and treated with or without FeSO4 
(100 μM) in DMEM with 0% FBS at approximately 60% confluency for 1, 4 and 24 hr. This dosage of iron is the 
range that is typically used by researchers in the field to modulate the activity of iron regulatory proteins (IRP1 
and IRP2) and trigger homeostatic responses to iron loading31.

Reagents. Apocynin (73536), FeSO4 (Ferrous Sulfate Heptahydrate, SIGMA-310077), MnTBAP (Mn 
(III) tetrakis (4-benzoic acid) porphyrin, 475870), Allopurinol (A8003) DCF-DA (D6883) were all from 
Sigma Aldrich. AdipoRON hydrochloride (5096) was from Tocris a biotechne brand and CellROX Deep Red 
Reagent (C10422) and Click-iT HPG Alexa Fluor 488 kit (C10428) were from Thermo Fisher Scientific. SkQ1 
[10-(6′-plastoquinonyl) decyltriphenylphosphonium] provided by Mitotech. Cyto-ID® autophagy detection kit 
(ENZ-51031) was from Enzo Life Sciences Inc and Magic Red Cathepsin-B Assay (938) from ImmunoChemistry 
Technologies LLC.

Isolation and culture of primary adult and neonatal rat cardiomyocytes. Adult Wistar male rats 
(age 6 to 10 wk) were used according to protocols approved by the Animal Care Committee at York University. 
Adult50 and neonatal51 primary cardiomyocytes were isolated and cultured exactly as previously described by us.

Generation of H9c2-ATG5K130R cells. To generate H9c2 cells stably over-expressing mutant ATG5 pro-
teins (ATG5K130R), H9c2 cells were transduced with retroviral vector carrying pmCherry-ATG5K130R as we 
previously described30.

Generation of a mouse model of acute iron overload. In house bred C57BL/6 (wild type, WT) mice 
(originally from Jackson Laboratory) were fed ad libitum on regular chow diet until 6–8 weeks of age and ran-
domly separated into treatment groups. Animals were injected with iron dextran (Sigma) at 15 mg per kg via tail 
vein, three times, with two hour intervals (ie. 0, 2 and 4 h). The amounts of iron we used here are close to pharma-
cological doses of intravenous iron used for the treatment of iron deficiency anemia52,53 and less than that used in 
models of pharmacological iron overload that have been used in the past and provided important pathophysio-
logical insights10,54. Tissues were harvested at 24 hour after initial injection. All animals were kept in temperature 
and humidity-control rooms (21 ± 2 °C, 35–40%) with a daily 12:12 h light-dark cycle in the animal care facility 
of York University in accordance to the guidelines of the Canadian Council on Animal Care. All study protocols 
were approved by the Animal Care Committee of York University.

serum iron measurement. Blood was collected via cardiac puncture. Serum was prepared by using micro 
Z-gel tubes with clotting activator (Sarstedt) and was snap-frozen at −80 °C. Serum iron was determined at 
the Biochemistry Department of the Jewish General Hospital (Montreal, Quebec) using a Roche Hitachi 917 
Chemistry Analyzer as previously described55.
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Histological analysis of myocardial iron deposition. Heart tissue samples were fixed in neutral- 
buffered 10% formalin for 18 h and subjected to routine histological processing. Tissue sections were then stained 
with Perl’s Prussian Blue and counterstained with hematoxylin. Iron detection using this approach was determined  
by light microscopy.

Analysis of iron content in heart homogenates and in H9c2 cells. Heart tissue homogenate sam-
ples were prepared as we described before30 H9C2 cells were lysed with 200ul of iron releasing agent (a freshly 
mixed solution of equal volumes of 1.4 M HCl and 4.5% (w/v) KMnO4 in H2O). The 24 well plates were sealed 
in aluminum foil and incubated at 60 °C for a duration of 2 hr. Afterward, 60ul of iron detecting reagent (2.5 M 
ammonium acetate +1 M ascorbic acid +6.5 mM ferrozine +6.5 mM Neocuproine: Sigma) was added to each 
well and left to incubate for 30 min at room temperature (RT). 280 ul of each reaction mixture was transferred to a 
96 well plate and the absorbance of each well was measured at a wavelength of 550 nm using a spectrophotometer. 
Data was normalized by the control treatment without iron.

Analysis of intracellular iron with the PG-SK fluorescent probe. H9C2 cells were treated with 
100 uM of FeSO4 for 1, 4 and 24 hour durations 30 minutes after loading with 3uM of PG-SK diacetate (Sigma). 
Coverslips were washed 4 times with 0.5 ml PBS++, fixed by covering coverslips with 10% formalin solution for 
30 min, washed again 3 times in PBS++, quenched by covering coverslips in 1% glycine solution for 15 minutes, 
washed once more 3 times in PBS++ and transferred onto slides using DAPI Mounting Media for fluorescence 
nuclear staining and ProLong antifade gold standard reagent (in a 1:2 ratio respectively). Prepared slides were 
viewed via laser scanning microscopy. PG-SK fluorescence was viewed using FITC and quantified by average 
fluorescent intensity per cell by dividing the total green fluorescence by cell number using ImageJ software.

Western blotting. Heart tissue was snap frozen and pulverized with mortar and pestle in liquid nitrogen. 
The powdered tissue was then suspended in lysis buffer exactly as we previously described56. H9c2 cells were 
grown to 90% confluency in 6 well plates. The detailed method was based on a previous publication18. The follow-
ing primary antibodies were used in this study: pAkt T308 (4026), Total Akt1 (9272), LC3B (2775), P62 (23214), 
Beclin-1 (3738), pmTORC1 S2448 (2971), pULK1 S757 (14202), pAMPK T172 (2535), p70S6K T389 (9234) and 
GAPDH (2118) were purchased from Cell Signalling Technology. pIR beta Y972 and pIRS-1 Y612 (44816) were 
purchased from Life Technology. Atg7 (376212) was purchased from Santa Cruz Biotechnology. The following 
secondary antibodies were used; anti-rabbit IgG HRP-linked antibody and anti-mouse IgG HRP-linked antibody 
from Cell Signalling Technology.

Analysis of glucose uptake. To determine glucose uptake, H9c2 cells were seeded in 24-well plates and 
treated with or without FeSO4 (100 μM) for periods of 1, 4 and 24 hr. Where indicated insulin was used at 100 nM 
for 10 min. Subsequently, glucose transport was assayed essentially as we previously described57 and results were 
calculated as pmol of glucose uptake per min per mg protein.

Detection of Ros using CellRoX® deep red or DCF-DA. CellROX® deep red oxidative stress rea-
gent (Life Technologies) which is non-fluorescent while in a reduced state and upon oxidation exhibits strong 
fluorogenic signal was used. H9c2 cells were seeded in 6-well plates, and treated 100 uM of FeSO4 for up to 4 hr. 
CellROX® deep Red was added in each well at 10ug/mL and incubated for 15 min. Cells were harvested and fixed 
with 4% PFA prior to analysis with confocal microscopy taken using 40 or 60X objective (LSM 700), or run in 
flow cytometer (Gallios ™, Beckman Coulter Inc.) to analyze red fluorescent signal intensity in each cell within 
a population of 100,000. Where indicated, H9C2 cells were treated 100 uM of FeSO4 and with various concentra-
tions of ROS inhibitors. Iron (Ferrous Sulfate Heptahydrate, FeSO4), MnTBAP (Mn (III) tetrakis (4-benzoic acid) 
porphyrin), Apocynin, and Allopurinol were all from Sigma Aldrich. SkQ1 [10-(6′-plastoquinonyl) decyltriphe-
nylphosphonium] provided by Mitotech. In using DCF-DA, cells were incubated for 4 hr with 20 μM DCF-DA 
(Sigma Aldrich) which is activated by ROS to generate a highly fluorescent 2′7′-dichlorofluorescein (DCF) mole-
cule. DCF fluorescence was measured at 490/530 nm using a Synergy H4 multimode plate reader (BioTek).

Cyto-ID® Green and Magic Red lysosomal cathepsin B activity for autophagy detection. The 
Cyto-ID® Green autophagy dye was prepared following the protocol from the manufacturer (Enzo Life Sciences 
Inc.). Magic Red assay was performed exactly as we have described before18. Confocal images were taken using 
40 or 60X objective (LSM 700).

Generation of 3D confocal images and time-lapse image acquisition. Images of the whole field 
were captured in 2D as well as in 3D (>100 z- stacks). These datasets were then loaded into IMARIS software 
(Bitplane Inc.) and 3D images generated. Video acquisitions were performed using a Nikon A1R confocal laser 
scanning microscope system (Nikon Corp., Tokyo, Japan). Video acquisition at a speed of 30 frames per sec-
ond was performed for the indicated times, followed by time-lapse imaging every 2 minute up to 4 hr after Iron 
treatment.

Metabolic Labeling of proteins synthesis assay. Click-iT® HPG Protein Synthesis Assay kit 
(Invitrogen) according to manufacturer’s instructions. Briefly, H9C2 cells were treated with 100 uM of FeSO4 
for 4 hr durations 30 minutes after loading with 50 μM Click-iT® HPG. Cell were washed 1 time then proceed to 
15 min fixation with 10% formalin solution and 20 min permeabilization with 0.5% Triton X. Remove the perme-
abilization buffer and wash cells twice 3% BSA in PBS. Remove the wash solution and add cocktail to each well 
and mix well and incubate for 30 min at room temperature, protected from light. Remove the reaction cocktail 
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and wash once with Click-iT® reaction rinse buffer. Remove the Click-iT® reaction rinse buffer and staining with 
DNA Staining. Scan plate using automated imaging platform with filters appropriate for DAPI/ Hoechst and FITC 
for Alexa Fluor® 488.

statistical analyses. Data was presented as mean ± SEM. Statistical significance between treatment groups 
were calculated using the unpaired Student t test when comparing 2 groups. For comparisons of more than 2 
groups, One Way ANOVA followed by Dunnett’s post-test and Two Way ANOVA with Bonferroni post-test were 
performed to adjust multiple comparisons. P value < 0.05 was considered statistically significant.

References
 1. Abbaspour, N., Hurrell, R. & Kelishadi, R. Review on iron and its importance for human health. J Res Med Sci 19, 164–174 (2014).
 2. Rouault, T. A. Iron metabolism in the CNS: implications for neurodegenerative diseases. Nat Rev Neurosci 14, 551–564, https://doi.

org/10.1038/nrn3453 (2013).
 3. Lapice, E., Masulli, M. & Vaccaro, O. Iron deficiency and cardiovascular disease: an updated review of the evidence. Curr Atheroscler 

Rep 15, 358, https://doi.org/10.1007/s11883-013-0358-0 (2013).
 4. Torti, S. V. & Torti, F. M. Iron and cancer: more ore to be mined. Nat Rev Cancer 13, 342–355, https://doi.org/10.1038/nrc3495 

(2013).
 5. Ebner, N. & von Haehling, S. Iron deficiency in heart failure: a practical guide. Nutrients 5, 3730–3739, https://doi.org/10.3390/

nu5093730 (2013).
 6. Murphy, C. J. & Oudit, G. Y. Iron-overload cardiomyopathy: pathophysiology, diagnosis, and treatment. J Card Fail 16, 888–900, 

https://doi.org/10.1016/j.cardfail.2010.05.009 (2010).
 7. Jankowska, E. A., von Haehling, S., Anker, S. D., Macdougall, I. C. & Ponikowski, P. Iron deficiency and heart failure: diagnostic 

dilemmas and therapeutic perspectives. Eur Heart J 34, 816–829, https://doi.org/10.1093/eurheartj/ehs224 (2013).
 8. Wood, J. C. History and current impact of cardiac magnetic resonance imaging on the management of iron overload. Circulation 

120, 1937–1939, https://doi.org/10.1161/CIRCULATIONAHA.109.907196 (2009).
 9. Ghoti, H., Amer, J., Winder, A., Rachmilewitz, E. & Fibach, E. Oxidative stress in red blood cells, platelets and polymorphonuclear 

leukocytes from patients with myelodysplastic syndrome. Eur J Haematol 79, 463–467, https://doi.org/10.1111/j.1600-0609.2007.00972.x 
(2007).

 10. Oudit, G. Y. et al. L-type Ca2+ channels provide a major pathway for iron entry into cardiomyocytes in iron-overload 
cardiomyopathy. Nat Med 9, 1187–1194, https://doi.org/10.1038/nm920 (2003).

 11. Carpenter, J. P. et al. On T2* magnetic resonance and cardiac iron. Circulation 123, 1519–1528, https://doi.org/10.1161/
CIRCULATIONAHA.110.007641 (2011).

 12. Aon, M. A., Bhatt, N. & Cortassa, S. C. Mitochondrial and cellular mechanisms for managing lipid excess. Front Physiol 5, 282, 
https://doi.org/10.3389/fphys.2014.00282 (2014).

 13. Kim, J. A., Wei, Y. & Sowers, J. R. Role of mitochondrial dysfunction in insulin resistance. Circ Res 102, 401–414, https://doi.
org/10.1161/CIRCRESAHA.107.165472 (2008).

 14. Jia, G. & Sowers, J. R. Autophagy: a housekeeper in cardiorenal metabolic health and disease. Biochim Biophys Acta 1852, 219–224, 
https://doi.org/10.1016/j.bbadis.2014.06.025 (2015).

 15. Lavandero, S. et al. Cardiovascular autophagy: concepts, controversies, and perspectives. Autophagy 9, 1455–1466, https://doi.
org/10.4161/auto.25969 (2013).

 16. Gurusamy, N. & Das, D. K. Is autophagy a double-edged sword for the heart? Acta Physiol Hung 96, 267–276, https://doi.
org/10.1556/APhysiol.96.2009.3.2 (2009).

 17. Hotamisligil, G. S. Endoplasmic reticulum stress and the inflammatory basis of metabolic disease. Cell 140, 900–917, https://doi.
org/10.1016/j.cell.2010.02.034 (2010).

 18. Chan, Y. K. et al. Lipocalin-2 inhibits autophagy and induces insulin resistance in H9c2 cells. Mol Cell Endocrinol 430, 68–76, https://
doi.org/10.1016/j.mce.2016.04.006 (2016).

 19. Scherz-Shouval, R. & Elazar, Z. Regulation of autophagy by ROS: physiology and pathology. Trends Biochem Sci 36, 30–38, https://
doi.org/10.1016/j.tibs.2010.07.007 (2011).

 20. Gustafsson, A. B. & Gottlieb, R. A. Autophagy in ischemic heart disease. Circ Res 104, 150–158, https://doi.org/10.1161/
CIRCRESAHA.108.187427 (2009).

 21. Tiganis, T. Reactive oxygen species and insulin resistance: the good, the bad and the ugly. Trends Pharmacol Sci 32, 82–89, https://
doi.org/10.1016/j.tips.2010.11.006 (2011).

 22. Jung, C. H., Ro, S. H., Cao, J., Otto, N. M. & Kim, D. H. mTOR regulation of autophagy. FEBS Lett 584, 1287–1295, https://doi.
org/10.1016/j.febslet.2010.01.017 (2010).

 23. Hildeman, D. A. et al. Control of Bcl-2 expression by reactive oxygen species. Proc Natl Acad Sci USA 100, 15035–15040, https://doi.
org/10.1073/pnas.1936213100 (2003).

 24. Anisimov, V. N. et al. Effects of the mitochondria-targeted antioxidant SkQ1 on lifespan of rodents. Aging (Albany NY) 3, 1110–1119, 
https://doi.org/10.18632/aging.100404 (2011).

 25. Li, J., Zhang, Z. & Huang, X. l-Arginine and allopurinol supplementation attenuates inflammatory mediators in human osteoblasts-
osteoarthritis cells. Int J Biol Macromol 118, 716–721, https://doi.org/10.1016/j.ijbiomac.2018.06.047 (2018).

 26. Broekman, M. M. et al. Allopurinol and 5-aminosalicylic acid influence thiopurine-induced hepatotoxicity in vitro. Cell Biol Toxicol 
31, 161–171, https://doi.org/10.1007/s10565-015-9301-1 (2015).

 27. El-Sawalhi, M. M. & Ahmed, L. A. Exploring the protective role of apocynin, a specific NADPH oxidase inhibitor, in cisplatin-
induced cardiotoxicity in rats. Chem Biol Interact 207, 58–66, https://doi.org/10.1016/j.cbi.2013.11.008 (2014).

 28. Dieterich, D. C. et al. In situ visualization and dynamics of newly synthesized proteins in rat hippocampal neurons. Nat Neurosci 13, 
897–905, https://doi.org/10.1038/nn.2580 (2010).

 29. Mort, J. S., Buttle, D. J. & Cathepsin, B. The international journal of biochemistry & cell biology 29, 715–720 (1997).
 30. Sung, H. K. et al. Lipocalin-2 (NGAL) Attenuates Autophagy to Exacerbate Cardiac Apoptosis Induced by Myocardial Ischemia. J 

Cell Physiol 232, 2125–2134, https://doi.org/10.1002/jcp.25672 (2017).
 31. Wang, C. C., Goalstone, M. L. & Draznin, B. Molecular mechanisms of insulin resistance that impact cardiovascular biology. 

Diabetes 53, 2735–2740 (2004).
 32. Mangiagli, A., Italia, S. & Campisi, S. Glucose tolerance and beta-cell secretion in patients with thalassaemia major. J Pediatr 

Endocrinol Metab 11(Suppl 3), 985–986 (1998).
 33. Fernandez-Real, J. M., Lopez-Bermejo, A. & Ricart, W. Cross-talk between iron metabolism and diabetes. Diabetes 51, 2348–2354 

(2002).
 34. Pennell, D. J. et al. Cardiovascular function and treatment in beta-thalassemia major: a consensus statement from the American 

Heart Association. Circulation 128, 281–308, https://doi.org/10.1161/CIR.0b013e31829b2be6 (2013).
 35. Sawicki, K. T. et al. Increased Heme Levels in the Heart Lead to Exacerbated Ischemic Injury. J Am Heart Assoc 4, e002272, https://

doi.org/10.1161/JAHA.115.002272 (2015).

https://doi.org/10.1038/s41598-019-41111-6
https://doi.org/10.1038/nrn3453
https://doi.org/10.1038/nrn3453
https://doi.org/10.1007/s11883-013-0358-0
https://doi.org/10.1038/nrc3495
https://doi.org/10.3390/nu5093730
https://doi.org/10.3390/nu5093730
https://doi.org/10.1016/j.cardfail.2010.05.009
https://doi.org/10.1093/eurheartj/ehs224
https://doi.org/10.1161/CIRCULATIONAHA.109.907196
https://doi.org/10.1111/j.1600-0609.2007.00972.x
https://doi.org/10.1038/nm920
https://doi.org/10.1161/CIRCULATIONAHA.110.007641
https://doi.org/10.1161/CIRCULATIONAHA.110.007641
https://doi.org/10.3389/fphys.2014.00282
https://doi.org/10.1161/CIRCRESAHA.107.165472
https://doi.org/10.1161/CIRCRESAHA.107.165472
https://doi.org/10.1016/j.bbadis.2014.06.025
https://doi.org/10.4161/auto.25969
https://doi.org/10.4161/auto.25969
https://doi.org/10.1556/APhysiol.96.2009.3.2
https://doi.org/10.1556/APhysiol.96.2009.3.2
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1016/j.cell.2010.02.034
https://doi.org/10.1016/j.mce.2016.04.006
https://doi.org/10.1016/j.mce.2016.04.006
https://doi.org/10.1016/j.tibs.2010.07.007
https://doi.org/10.1016/j.tibs.2010.07.007
https://doi.org/10.1161/CIRCRESAHA.108.187427
https://doi.org/10.1161/CIRCRESAHA.108.187427
https://doi.org/10.1016/j.tips.2010.11.006
https://doi.org/10.1016/j.tips.2010.11.006
https://doi.org/10.1016/j.febslet.2010.01.017
https://doi.org/10.1016/j.febslet.2010.01.017
https://doi.org/10.1073/pnas.1936213100
https://doi.org/10.1073/pnas.1936213100
https://doi.org/10.18632/aging.100404
https://doi.org/10.1016/j.ijbiomac.2018.06.047
https://doi.org/10.1007/s10565-015-9301-1
https://doi.org/10.1016/j.cbi.2013.11.008
https://doi.org/10.1038/nn.2580
https://doi.org/10.1002/jcp.25672
https://doi.org/10.1161/CIR.0b013e31829b2be6
https://doi.org/10.1161/JAHA.115.002272
https://doi.org/10.1161/JAHA.115.002272


13Scientific RepoRts | (2019) 9:4668 | https://doi.org/10.1038/s41598-019-41111-6

www.nature.com/scientificreportswww.nature.com/scientificreports/

 36. Munzel, T., Gori, T., Keaney, J. F. Jr., Maack, C. & Daiber, A. Pathophysiological role of oxidative stress in systolic and diastolic heart 
failure and its therapeutic implications. Eur Heart J 36, 2555–2564, https://doi.org/10.1093/eurheartj/ehv305 (2015).

 37. Simcox, J. A. & McClain, D. A. Iron and diabetes risk. Cell Metab 17, 329–341, https://doi.org/10.1016/j.cmet.2013.02.007 (2013).
 38. Dong, Y., Undyala, V. V., Gottlieb, R. A., Mentzer, R. M. Jr. & Przyklenk, K. Autophagy: definition, molecular machinery, and 

potential role in myocardial ischemia-reperfusion injury. J Cardiovasc Pharmacol Ther 15, 220–230, https://doi.
org/10.1177/1074248410370327 (2010).

 39. Freude, B., Masters, T. N., Kostin, S., Robicsek, F. & Schaper, J. Cardiomyocyte apoptosis in acute and chronic conditions. Basic Res 
Cardiol 93, 85–89 (1998).

 40. Takemura, G. & Fujiwara, H. Morphological aspects of apoptosis in heart diseases. J Cell Mol Med 10, 56–75 (2006).
 41. Jimenez, R. E., Kubli, D. A. & Gustafsson, A. B. Autophagy and mitophagy in the myocardium: therapeutic potential and concerns. 

Br J Pharmacol 171, 1907–1916, https://doi.org/10.1111/bph.12477 (2014).
 42. Scherz-Shouval, R. et al. Reactive oxygen species are essential for autophagy and specifically regulate the activity of Atg4. EMBO J 

26, 1749–1760, https://doi.org/10.1038/sj.emboj.7601623 (2007).
 43. Chen, Y. M. et al. Association between autophagy and inflammation in patients with rheumatoid arthritis receiving biologic therapy. 

Arthritis Res Ther 20, 268, https://doi.org/10.1186/s13075-018-1763-0 (2018).
 44. Bensaad, K., Cheung, E. C. & Vousden, K. H. Modulation of intracellular ROS levels by TIGAR controls autophagy. EMBO J 28, 

3015–3026, https://doi.org/10.1038/emboj.2009.242 (2009).
 45. Wu, J. J. et al. Mitochondrial dysfunction and oxidative stress mediate the physiological impairment induced by the disruption of 

autophagy. Aging (Albany NY) 1, 425–437, https://doi.org/10.18632/aging.100038 (2009).
 46. Geng, Y., Kohli, L., Klocke, B. J. & Roth, K. A. Chloroquine-induced autophagic vacuole accumulation and cell death in glioma cells 

is p53 independent. Neuro Oncol 12, 473–481, https://doi.org/10.1093/neuonc/nop048 (2010).
 47. Farombi, E. O. Genotoxicity of chloroquine in rat liver cells: protective role of free radical scavengers. Cell Biol Toxicol 22, 159–167, 

https://doi.org/10.1007/s10565-006-0173-2 (2006).
 48. Egan, D. F. et al. Phosphorylation of ULK1 (hATG1) by AMP-activated protein kinase connects energy sensing to mitophagy. 

Science 331, 456–461, https://doi.org/10.1126/science.1196371 (2011).
 49. Xu, A. & Sweeney, G. Emerging role of autophagy in mediating widespread actions of ADIPOQ/adiponectin. Autophagy 11, 

723–724, https://doi.org/10.1080/15548627.2015.1034418 (2015).
 50. Song, E. et al. Holo-lipocalin-2-derived siderophores increase mitochondrial ROS and impair oxidative phosphorylation in rat 

cardiomyocytes. Proc Natl Acad Sci USA 115, 1576–1581, https://doi.org/10.1073/pnas.1720570115 (2018).
 51. Liu, Y. et al. Adiponectin stimulates autophagy and reduces oxidative stress to enhance insulin sensitivity during high-fat diet 

feeding in mice. Diabetes 64, 36–48, https://doi.org/10.2337/db14-0267 (2015).
 52. Auerbach, M. & Macdougall, I. C. Safety of intravenous iron formulations: facts and folklore. Blood Transfus 12, 296–300, https://

doi.org/10.2450/2014.0094-14 (2014).
 53. Hussain, I. et al. Direct Comparison of the Safety and Efficacy of Ferric Carboxymaltose versus Iron Dextran in Patients with Iron 

Deficiency Anemia. Anemia 2013, 169107, https://doi.org/10.1155/2013/169107 (2013).
 54. Tsay, J. et al. Bone loss caused by iron overload in a murine model: importance of oxidative stress. Blood 116, 2582–2589, https://doi.

org/10.1182/blood-2009-12-260083 (2010).
 55. Kent, P. et al. Hfe and Hjv exhibit overlapping functions for iron signaling to hepcidin. J Mol Med (Berl) 93, 489–498, https://doi.

org/10.1007/s00109-015-1253-7 (2015).
 56. Liu, Y. et al. Adiponectin corrects high-fat diet-induced disturbances in muscle metabolomic profile and whole-body glucose 

homeostasis. Diabetes 62, 743–752, https://doi.org/10.2337/db12-0687 (2013).
 57. Fang, X. et al. Hyperglycemia- and hyperinsulinemia-induced alteration of adiponectin receptor expression and adiponectin effects 

in L6 myoblasts. J Mol Endocrinol 35, 465–476, https://doi.org/10.1677/jme.1.01877 (2005).

Acknowledgements
This work was supported by a grant-in-aid and personnel support from the Heart & Stroke Foundation of Canada. 
This work was supported by a grant from Canadian Institutes of Health Research and a Career Investigator Award 
to GS from the Heart & Stroke Foundation of Canada.

Author Contributions
H.K.S. performed all experiments with contributions form co-authors mentioned below and drafted the text. 
E.S. isolated primary cardiomyocyte cells and generated iron overload mouse model for experiment in Figures 
1 and 3. J.W.S.J. also generated iron overload mice model for experiment in Figure 1. K.P. analyzed serum iron 
status ferritin in Figure 1 and edited text. G.S. provided funding for project, designed experimental outline and 
finalized text.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-41111-6.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-41111-6
https://doi.org/10.1093/eurheartj/ehv305
https://doi.org/10.1016/j.cmet.2013.02.007
https://doi.org/10.1177/1074248410370327
https://doi.org/10.1177/1074248410370327
https://doi.org/10.1111/bph.12477
https://doi.org/10.1038/sj.emboj.7601623
https://doi.org/10.1186/s13075-018-1763-0
https://doi.org/10.1038/emboj.2009.242
https://doi.org/10.18632/aging.100038
https://doi.org/10.1093/neuonc/nop048
https://doi.org/10.1007/s10565-006-0173-2
https://doi.org/10.1126/science.1196371
https://doi.org/10.1080/15548627.2015.1034418
https://doi.org/10.1073/pnas.1720570115
https://doi.org/10.2337/db14-0267
https://doi.org/10.2450/2014.0094-14
https://doi.org/10.2450/2014.0094-14
https://doi.org/10.1155/2013/169107
https://doi.org/10.1182/blood-2009-12-260083
https://doi.org/10.1182/blood-2009-12-260083
https://doi.org/10.1007/s00109-015-1253-7
https://doi.org/10.1007/s00109-015-1253-7
https://doi.org/10.2337/db12-0687
https://doi.org/10.1677/jme.1.01877
https://doi.org/10.1038/s41598-019-41111-6
http://creativecommons.org/licenses/by/4.0/

	Iron induces insulin resistance in cardiomyocytes via regulation of oxidative stress
	Results
	Systemic administration of iron induced insulin resistance in mice. 
	Intracellular iron accumulation induced insulin resistance in H9c2 cells. 
	Iron overload induced insulin resistance in primary adult and neonatal rat cardiomyocytes. 
	Iron induced ROS production in H9c2 cells. 
	Iron inhibited autophagy and reduced protein clearance in H9c2 cells. 
	The mechanism via which iron reduced insulin signaling is via inhibition of autophagy. 
	Iron induced insulin resistance and reduction in autophagy flux occurred downstream of increased ROS production. 

	Discussion
	Conclusions
	Materials and Methods
	Cell culture. 
	Reagents. 
	Isolation and culture of primary adult and neonatal rat cardiomyocytes. 
	Generation of H9c2-ATG5K130R cells. 
	Generation of a mouse model of acute iron overload. 
	Serum iron measurement. 
	Histological analysis of myocardial iron deposition. 
	Analysis of iron content in heart homogenates and in H9c2 cells. 
	Analysis of intracellular iron with the PG-SK fluorescent probe. 
	Western blotting. 
	Analysis of glucose uptake. 
	Detection of ROS using CellROX® deep red or DCF-DA. 
	Cyto-ID® Green and Magic Red lysosomal cathepsin B activity for autophagy detection. 
	Generation of 3D confocal images and time-lapse image acquisition. 
	Metabolic Labeling of Proteins Synthesis assay. 
	Statistical analyses. 

	Acknowledgements
	Figure 1 Iron overload significantly induced insulin resistance.
	Figure 2 Intracellular iron accumulation induced insulin resistance in cardiomyocyte.
	Figure 3 Insulin signaling in cardiomyocyte indicated by increased phosphorylation of AKT T308 was all decreased by iron.
	Figure 4 Iron increased generation of reactive oxygen species (ROS) and enhanced by antioxidant (MnTBAP, 100 μM).
	Figure 5 Regulation of protein clearance by inhibition of autophagy and effect of iron.
	Figure 6 Regulation of insulin signaling by alterations in autophagy and effect of iron.
	Figure 7 Iron induced insulin resistance via increased generation of reactive oxygen species (ROS), and enhanced by antioxidant (MnTBAP, 100 μM).


