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Caloric restriction reverses left 
ventricular hypertrophy through 
the regulation of cardiac iron 
homeostasis in impaired leptin 
signaling mice
Hyeong Seok An1,2, Jong Youl Lee1,2, Eun Bee Choi1,2, Eun Ae Jeong1,2, Hyun Joo Shin1,2, 
Kyung Eun Kim1,2, Kyung-Ah Park1,2, Zhen Jin  1,2, Jung Eun Lee3, Jin Sin Koh4, Woori Kwak5, 
Won-Ho Kim6 & Gu Seob Roh  1,2 ✉

Leptin-deficient and leptin-resistant mice manifest obesity, insulin resistance, and left ventricular 
hypertrophy (LVH); however, LVH’s mechanisms are not fully understood. Cardiac iron dysregulation 
has been recently implicated in cardiomyopathy. Here we investigated the protective effects of 
caloric restriction on cardiac remodeling in impaired leptin signaling obese mice. RNA-seq analysis 
was performed to assess the differential gene expressions in the heart of wild-type and ob/ob mice. In 
particular, to investigate the roles of caloric restriction on iron homeostasis-related gene expressions, 
10-week-old ob/ob and db/db mice were assigned to ad libitum or calorie-restricted diets for 12 weeks. 
Male ob/ob mice exhibited LVH, cardiac inflammation, and oxidative stress. Using RNA-seq analysis, 
we identified that an iron uptake-associated gene, transferrin receptor, was upregulated in obese ob/ob 
mice with LVH. Caloric restriction attenuated myocyte hypertrophy, cardiac inflammation, fibrosis, and 
oxidative stress in ob/ob and db/db mice. Furthermore, we found that caloric restriction reversed iron 
homeostasis-related lipocalin 2, divalent metal transporter 1, transferrin receptor, ferritin, ferroportin, 
and hepcidin expressions in the heart of ob/ob and db/db mice. These findings demonstrate that the 
cardioprotective effects of caloric restriction result from the cellular regulation of iron homeostasis, 
thereby decreasing oxidative stress, inflammation, and cardiac remodeling. We suggest that decreasing 
iron-mediated oxidative stress and inflammation offers new therapeutic approaches for obesity-
induced cardiomyopathy.

Disruption of leptin signaling leads to obesity-induced cardiac remodeling1,2, and this progression of cardiac 
hypertrophy to heart failure is a major contributor to morbidity and mortality in obese patients3. Although the 
pathophysiology of cardiac remodeling in obesity is complex, leptin-de�cient (ob/ob) and leptin-resistant (db/
db) signaling serve an important role in obesity-associated le� ventricular hypertrophy (LVH)1,2,4. �e cardiomy-
opathy that stems from disruption of leptin signaling is due to several factors including insulin resistance, myo-
cardial steatosis, in�ammation, oxidative stress, and direct e�ects of de�ciencies in leptin or leptin receptors1,5,6. 
However, the precise role of leptin on obesity-induced cardiomyopathy is not completely understood.
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Cardiac iron homeostasis is important to cardiac function7. In�ammation and oxidative stress are two major 
pathophysiological processes that occur in heart with iron overload8 and lipocalin 2 (LCN2) has emerged as a 
particularly important iron-transporting protein in obesity- or diabetes-associated in�ammatory conditions9. 
Indeed, LCN2 is currently used as a biomarker of cardiovascular disease in obesity10. In particular, cellular iron 
homeostasis is controlled by iron storage protein ferritin and iron uptake proteins such as LCN2, transferrin 
receptor (Tfrc), divalent metal transporter1 (DMT1)11. Iron export protein ferroportin (FPN) and its regulator, 
hepcidin, are central to cardiac iron homeostasis12. However, their roles in iron uptake, storage, and export are 
unclear in obese impaired leptin signaling mice with LVH.

In metabolic diseases, caloric restriction (CR) is a drug-free treatment that ameliorates some of the cardiac 
hypertrophy associated with sirtuin 1 and peroxisome proliferator-activated receptor gamma coativator-1α 
(PGC-1α) signaling in db/db mice13. Although CR provides documented cardioprotective e�ects by suppressing 
the oxidative stress induced by hypertension14, little is known about its e�ects on cardiac iron homeostasis in 
obesity-induced LVH.

In this study, we demonstrated the Tfrc upregulation in the hearts of ob/ob mice using RNA-seq analysis. 
We explored whether iron-regulating proteins are involved in cardiac hypertrophy, in�ammation, and oxidative 
stress and whether CR confers bene�ts in leptin-de�cient ob/ob and leptin-resistant db/db mice via regulation of 
iron homeostasis. Here, we report that CR reverses obesity-induced LVH through the regulation of iron uptake, 
storage, and export.

Results
Leptin-deficient ob/ob mice are characterized by cardiac hypertrophy induced by inflam-
mation and oxidative stress. Although heart weight did not di�er between wild type (WT) and ob/ob 
mice, the weights of body, liver, and epididymal fat pads in ob/ob mice were signi�cantly higher than WT mice 
(Fig. 1a,b; Fig. S1). Echocardiography showed that ob/ob mice had signi�cantly thicker posterior walls of the 
le� ventricle (Fig. 1c,d), and histology indicated that cardiomyocyte width was also signi�cantly greater in ob/
ob than in WT mice (Fig. 1e,f). Serum soluble suppression of tumorigenicity 2 (ST2) levels were higher ob/ob 
than WT mice (Fig. 1g). Several biomarkers of �brosis [dysferlin, transforming growth factor- β1 (TGF-β1), and 
vascular endothelial growth factor (VEGF)], in�ammation [interleukin-6 (IL-6) and nuclear factor-kappaBp65 
(NF-κBp65)], and oxidative stress [NAD(P)H dehydrogenase, quinone 1 (NQO1) and phosphorylated endothe-
lial nitric oxide synthase (eNOS)] were greater in ob/ob than WT mice (Fig. 1h–n).

Differential gene expression in the hearts of WT and ob/ob mice. Numerous di�erences in gene 
expression related to leptin de�ciency and obesity existed between WT and ob/ob mice (Fig. 2a,b; Fig. S2a–c; 
Tables S3 and S4). Among the many biological processes, cellular components, and molecular functions a�ected 
by this di�erential expression were genes with potential to cause cardiac hypertrophy, such as those involved in 
muscle structural development, mitogen-activated protein kinase phosphatase activity, and growth factor binding 
(Fig. S3). Notably, di�erences in expression levels among genes a�ecting in�ammation and �brosis were observed 
(Fig. 2a,b). A nearly threefold increase in transcription levels of PGC-1α and �vefold increase in activating tran-
scription factor 3 (ATF3) was observed in ob/ob relative to WT mice, signi�cant di�erences that were con�rmed 
by qRT-PCR (Fig. 2c,d; Table S3). Furthermore, Tfrc mRNA was signi�cantly greater in ob/ob than WT mice as 
assessed by RNA-seq and qRT-PCR (Fig. 2e; Table S3). An iron assay revealed a signi�cant increase in cardiac 
ferrous iron in ob/ob mice relative to WT mice (Fig. 2f). Moreover, ferritin expression was signi�cantly lower in 
the hearts of ob/ob than WT mice (Fig. 2g). LCN2 expression was signi�cantly higher in ob/ob than WT mice 
(Fig. 2h).

Effect of CR on cardiac hypertrophy by ameliorating fibrosis, inflammation, and oxidative 
stress in ob/ob and db/db mice. Although there was signi�cant increase of body weight in ob/ob and db/
db mice relative to WT and db/m mice, there was no change of heart weight (Fig. 3a,b; Fig. S4a,b). However, CR 
signi�cantly attenuated body and heart weights in ob/ob and db/db mice. In particular, cardiomyocyte diameter 
of CR mice was signi�cantly decreased in both ob/ob and db/db lineages (Fig. 3c,d; Fig. S4c,d). Although CR 
reduced body and heart weights of WT and db/m mice, there was no reduction of cardiomyocyte diameter by CR 
in WT and db/m mice. Similarly, cardiac expression of �brosis-related factors including connective tissue growth 
factor (CTGF), TGF-β1, VEGF, and matrix metalloproteinase9 (MMP9) were signi�cantly downregulated a�er 
CR in ob/ob mice (Fig. 3e–h), reversing the patterns seen in ad libitum-fed counterparts. CR also signi�cantly 
attenuated cardiac dysferlin and VEGF expression in db/db mice (Fig. S4e,f).

Western blotting indicated that CR signi�cantly decreased expression of IL-6 in ob/ob mice (Fig. 4a) and 
tended to decrease IL-6 expression in db/db mice, but this did not rise to the level of statistical signi�cance (Fig, 
S5a). CR signi�cantly attenuated upregulation of cardiac Toll like receptor-4 (TLR4) expression in the hearts of 
ob/ob mice (Fig. 4b), and NF-κBp65 expression was also signi�cantly decreased in ob/ob and db/db mice a�er 
CR (Fig. 4c; Fig. S5b).

Total ATF3 expression levels were signi�cantly higher in ob/ob mice compared to WT mice, but CR reversed 
its expression (Fig. 4d). Analysis of the nuclear fraction showed that ob/ob mice had high levels of ATF3 and 
NF-κBp65, but their expression levels were reversed by CR (Fig. 4e). Immuno�uorescence staining showed that 
ATF3-positive cells were present in the hearts of ob/ob mice fed ad libitum but not in ob/ob+CR mice (Fig. 4f). 
CR also impacted the expression of anti-oxidant enzymes, as illustrated by western blot. In mice fed ad libitum, 
heme oxygenase-1 (HO-1) and NQO-1 levels were signi�cantly higher in ob/ob and db/db relative to WT mice, 
but CR decreased their expression (Fig. 4g,h; Fig. S5c,d). CR also reversed the ratio of p-eNOS/eNOS in ob/ob 
mice (Fig. 4i). Furthermore, there was no change of IL-6 and HO-1 expressions in CR-treated WT and db/m mice 
(Fig. 4a,g, and Fig. S5a,c).
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Effect of CR on cardiac iron uptake in ob/ob and db/db mice. Due to our observation of elevated car-
diac ferrous iron levels in ob/ob mice (Fig. 2f), we examined regulation of iron uptake-related genes via qRT-PCR. 
LCN2, DMT1, Tfrc, and L-ferritin mRNA levels were signi�cantly lower in ob/ob+CR mice relative to ob/ob 
and db/db mice fed ad libitum (Figs. S6 and S8). Although the level of 24p3R mRNA in the hearts of ob/ob mice 
was signi�cantly reduced by CR, we did not observe the same pattern in db/db mice (Figs. S6b and S8b). In 
addition, CR did not cause the change of iron uptake-related genes in WT and db/m mice (Figs. S6 and 8). As 

Figure 1. E�ect of obesity on le� ventricular hypertrophy and cardiac �brosis in ob/ob mice. (a) Body 
weight, (b) Heart weight, (c) Representative images of echocardiography showing le� ventricular wall, (d) Le� 
ventricular posterior wall thickness at end-diastole (LVPWd) of heart as assessed by echocardiography, (e) 
Representative images of H&E staining in heart sections showing cardiomyocytes (scale bar = 1,000 µm [top], 
10 µm [bottom]), (f) Cardiomyocyte width as measured from histological sections, (g) serum ST2 levels in 
wild-type (WT) and obese (ob/ob) mice (n = 10 per group). Western blots and quantitative analysis showing 
expression of cardiac �brotic markers dysferlin (h), TGF-β1 (i), and VEGF (j) (band intensity normalized to 
α-tubulin; n = 3–5 mice per group). Western blots and quantitative analysis showing expression of cardiac 
in�ammatory markers IL-6 (k) and NF-κBp65 (l). Western blots and quantitative analysis showing expression 
of cardiac oxidative stress markers NQO1 (m) and p-eNOS and eNOS (n) (n = 3–5 mice per group). Cropped 
blots are displayed here and full-length blots are included in the Supplementary Information. Data are shown as 
mean ± SEM. *P < 0.05 vs. WT. Statistical analysis was carried out by a Student’s t-test. Arrows denote borders 
of cardiomyocytes.
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assessed by western blotting, CR reduced increased cardiac expression levels of LCN2 protein in ob/ob and db/
db mice (Fig. 5a; Fig. S7a). Consistent with these �ndings, the numbers of immunostained LCN2-positive cells 
in heart sections of ob/ob mice were reduced by CR (Fig. 5b). Consistent with qRT-PCR �ndings (Figs. S6b and 
S8b), Western blotting indicated that high 24p3R expression levels were diminished in ob/ob+CR but not db/
db+CR mice (Fig. 5c; Fig. S7b). CR inhibited DMT1 and Tfrc expression in the hearts of ob/ob and db/db mice 
(Fig. 5d,e; Fig. S7c,d), particularly decreasing cardiac ferrous iron (Fe2+) and total iron concentrations in ob/ob 
and db/db mice (Fig. 5f,g; Fig. S7e,f). As evident from DAB-enhanced Perls’ staining of the heart, CR reduced 
ferric iron (Fe3+) depositions in le� ventricle sections of ob/ob and db/db mice (Fig. 5h; Fig. S7g). Furthermore, 
low expression of ferritin in ob/ob and db/db mice were signi�cantly reversed by CR (Fig. 5i; Fig. S4e, S7h, and 
S8e). Tfrc and ferritin expressions are orchestrated in response to intracellular iron levels by two iron-regulatory 
proteins IRP1 and IRP215. We found that that increased cardiac IRPs mRNA and protein levels in ob/ob and db/
db mice were signi�cantly attenuated by CR (Figs. S9 and 10). Consistent with these �ndings, the immunostained 
IRP1-positive cells in heart sections of ob/ob and db/db mice were reduced by CR (Figs. S9c and 10c).

Figure 2. E�ect of obesity on di�erential gene expression in the hearts of WT and ob/ob mice. Heatmap of 
di�erential gene expression showing genes (a) up- and (b) downregulated in ob/ob relative to WT mice (n = 3 
mice per group). Genes were selected based on FDR value smaller than 0.001. Quantitative RT-PCR analysis of 
iron transport proteins PGC-1α (c), ATF3 (d), and Tfrc in the heart (e) (normalized to GAPDH; n = 3 mice per 
group). (f) Iron assay and quantitative analysis showing cardiac ferrous iron (n = 4–5 mice per group). Western 
blots and quantitative analysis showing expression of cardiac ferritin (g) and LCN2 (h) (n = 4–5 mice per 
group). Cropped blots are displayed here and full-length blots are included in the Supplementary Information. 
Data are shown as mean ± SEM. *P < 0.05 vs. WT. Statistical analysis was carried out by a Student’s t-test.
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Effect of CR on cardiac iron export in ob/ob and db/db mice. FPN is an iron-exporting transporter 
and is regulated by hepcidin, a hormone produced by the liver16. CR signi�cantly decreased FPN expression in 
the hearts of ob/ob and db/db mice (Fig. 6a; Fig. S11a). In particular, increased hepcidin mRNA in ob/ob mice 
was attenuated by CR (Fig. 6b). Immunostained FPN and hepcidin-positive cells were observed in the con-
secutive heart sections (Fig. 6c). �e numbers of immunostained FPN- or hepcidin-positive cells in the heart 
sections of ob/ob mice were reduced by CR (Fig. 6d,e). Immunohistochemistry also showed that hepcidin was 

Figure 3. E�ect of CR on cardiac hypertrophy and �brosis in ob/ob mice. (a) Body weight and (b) heart 
weight in wild-type (WT), obese (ob/ob), obese calorie-restricted (ob/ob+CR), and calorie-restricted WT 
(WT + CR) mice (n = 8–10 per group). (c) Representative images of H&E staining in heart sections showing 
cardiomyocytes. White bar is cardiomyocyte width (scale bar = 1,000 µm [top], 10 µm [bottom]). (d) 
Cardiomyocyte width, as measured from histological sections. Western blots and quantitative analysis showing 
expression of cardiac �brotic markers CTGF (e), TGF-β1 (f), VEGF (g), and MMP9 (h) (n = 4–5 per group). 
Cropped blots are displayed here and full-length blots are included in the Supplementary Information. Data are 
shown as mean ± SEM. *P < 0.05 vs. WT mice. †P < 0.05 vs. ob/ob mice. Statistical analysis was carried out by 
one-way ANOVA followed by Bonferroni post hoc analysis.
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more prevalent in the hearts of ad libitum-fed than db/db+CR mice (Fig. S11b). �ese �ndings indicate that 
CR could regulate cardiac iron concentrations by modulating expression of iron uptake, storage, and export 
proteins.

Discussion
�is study demonstrated that the cardiac hypertrophy, in�ammation, and oxidative stress that characterize the 
hearts of ob/ob and db/db mice are reversed by CR. Furthermore, we demonstrated that cardiac iron imbalance of 
iron regulatory proteins results in cardiac iron overload-induced in�ammation and oxidative stress, but these iron 
dynamics in the heart are reversibly controlled by CR. Speci�cally, we report that CR reverses aberrant cellular 
iron in�ux, storage, and export-associated proteins in obesity-induced LVH (Fig. 7). �ese �ndings have ther-
apeutic potential given that CR can normalize iron overload in mice with disrupted leptin signaling to improve 
cardiac function.

Obesity is associated with cardiomyopathy and reduced longevity17. �e majority of human obesity is due to 
leptin resistance rather than leptin de�ciency, and the elevated plasma leptin that stem from these resistance cor-
relates positively with cardiac hypertrophy18. However, leptin-de�cient ob/ob mice also exhibit LVH, which can 
be reduced by treatment with leptin2, and similar morphological changes have been described in db/db mice19. 

Figure 4. E�ect of CR on cardiac in�ammation and oxidative stress in ob/ob mice. Western blots and 
quantitative analysis showing expression of cardiac in�ammation markers IL-6 (a), TLR4 (b), NF-κBp65 (c), 
and ATF3 (d) in wild-type (WT), obese (ob/ob), obese calorie-restricted (ob/ob+CR), and calorie– restricted 
WT (WT + CR) mice. (e) Western blots and quantitative analysis showing expression of cardiac nuclear NF-
κBp65 and ATF3 (band intensity normalized to p84). (f) Representative images of immuno�uorescence staining 
with ATF3 and DAPI from heart sections (scale bar = 25 µm; arrows: ATF3-positive cardiomyocytes). Western 
blots and quantitative analysis showing expression of cardiac antioxidants HO-1 (g), NQO-1 (h), and p-eNOS 
& eNOS (i). n = 3–5 per group for all assays. Cropped blots are displayed here and full-length blots are included 
in the Supplementary Information. Data are shown as mean ± SEM. *P < 0.05 vs. WT mice. †P < 0.05 vs. ob/ob 
mice. Statistical analysis was carried out by one-way ANOVA followed by Bonferroni post hoc analysis.
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On the other hand, two earlier studies reported that CR for 4 weeks does not signi�cantly a�ect le� ventricular 
mass in ob/ob mice2,4. �e reasons for our di�erent results are not clear, but may be due to three di�erent factors 
including the amount of daily diet, duration of CR, and age-related changes of genetically obese mice. Taken 
together, these �ndings suggest that, regardless of leptin de�ciency or resistance, obesity-induced other mediators 
will contribute to LVH.

In the present study, we found that 25-week-old ob/ob mice manifested NF-κBp65-mediated in�ammation, 
oxidative stress, and LVH. �ese �ndings are consistent with evidence that progressive obesity develops in ob/
ob and db/db mice at 6 months of age, but none of ob/ob mice have LVH at 2 months2. LVH is associated with 
�brosis, which results in elevated dysferlin that functions in cardiac extracellular membrane repair, and TGF-β1 is 

Figure 5. E�ect of CR on iron transporter-related proteins in the hearts of ob/ob mice. (a) Western blots and 
quantitative analysis showing expression of cardiac LCN2 in wild-type (WT), obese (ob/ob), and obese calorie-
restricted (ob/ob+CR) mice. (b) Representative images of immunohistochemistry for LCN2 in heart sections. 
�e numbers of LCN2-positive cells were measured in LCN2-immunostained heart sections (Scale bar = 50 
µm). Western blots and quantitative analysis showing expression of cardiac 24p3R (c), DMT1 (d), and Tfrc (e). 
Iron assay and quantitative analysis showing cardiac ferrous Fe2+ (f) and total iron (g) levels. (h) Representative 
images of DAB-enhanced Perls’ staining for ferric iron (Fe3+). �e numbers of ferric iron-positvie cells were 
measured in Perls’ staining of hear sections. Arrows indicate iron deposits (scale bar = 50 µm). (i) Western 
blots and quantitative analysis showing cardiac ferritin expression in the hearts. n = 3–5 per group for all assays. 
Cropped blots are displayed here and full-length blots are included in the Supplementary Information. Data are 
shown as mean ± SEM. *P < 0.05 vs. WT mice. †P < 0.05 vs. ob/ob mice. Statistical analysis was carried out by 
one-way ANOVA followed by Bonferroni post hoc analysis.
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increased in hyperglycemia in diabetic models20,21. Indeed, we found that soluble ST2, a �brosis biomarker, is ele-
vated in ob/ob mice at 25 weeks of age, which is consistent with �ndings reported from obese rats, in which serum 
ST2, collagen type 1, and pro�brotic factors were elevated22. In stretch-induced cardiac hypertrophy, NF-κB acti-
vation is closely associated with VEGF secretion23, and these �brogenic factors usually increase in wound healing 
a�er injury24. Here, a signi�cant increase in ATF3 mRNA levels was observed using RNA-seq analysis. It has been 
supported that high-fat diet (HFD) causes increased ATF3 expression in cardiomyocytes and cardiac-speci�c 
ATF3 deletion increases severe cardiac �brosis in HFD-fed mice25. Conversely, others have demonstrated that 

Figure 6. E�ect of CR on cardiac ferroportin and hepcidin expressions in ob/ob mice. (a) Western blots and 
quantitative analysis showing cardiac ferroportin (FPN) expression in wild-type (WT), obese (ob/ob), and obese 
calorie-restricted (ob/ob+CR) mice. (b) Quantitative RT-PCR analysis of cardiac hepcidin. (c) Representative 
images of immunostained FPN and hepcidin from consecutive heart sections (Scale bar = 50 µm). �e numbers 
of FPN (d)- and hepcidin (e)-positive cells were measured in FPN and hepcidin-immunostained heart sections. 
Arrows indicate the same FPN and hepcidin-positive cells in successive heart sections of ob/ob mice. Cropped 
blots are displayed here and full-length blots are included in the Supplementary Information. Data are shown as 
mean ± SEM. *P < 0.05 vs. WT mice. †P < 0.05 vs. ob/ob mice. Statistical analysis was carried out by one-way 
ANOVA followed by Bonferroni post hoc analysis.
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ATF3 de�ciency reduces cardiac hypertrophy and protects the heart against pressure overload26. In this study, we 
found that CR inhibits increased cardiac ATF3 expression in ob/ob mice with LVH. �erefore, we demonstrate 
that CR may a�ect ATF3-mediated cardiac remodeling process in ob/ob mice.

Figure 7. Schematic overview of e�ects of CR on cardiac iron homeostasis in ob/ob and db/db mice with le� 
ventricular hypertrophy (LVH). (a) Obese LVH model compared with control mice. (b) Caloric restricted 
obese mice compared with obese mice. We propose a mechanism for LVH in which iron imbalance in�uences 
cardiomyocytes in ob/ob and db/db mice through elevated DMT1, Tfrc, and LCN2, which mediate the iron 
uptake in obesity. Furthermore, the balance of FPN and hepcidin determines a cardiac phenotype associated 
with iron overload because FPN is blocked by hepcidin. As ferritin expression decreases, ferrous iron is not 
stored as ferric iron, resulting in an increased labile iron pool and, ultimately, increased oxidative stress and 
NF-κBp65. Increased NF-κBp65 in turn upregulates expression of IL-6, HO-1, and VEGF, leading to LVH. 
However, CR reverses the obesity-induced cardiac iron overload, in�ammation, and oxidative stress-related 
proteins in mice with disrupted leptin signaling. Increased proteins are shown in red and decreased in blue.
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In additional to its potential role as a regulator of �brotic mediators, ATF3 is a target gene of NF-κB and is 
induced in when NF-κB is activated. In addition, ATF3 has been known as a negative regulator of cytokines 
such IL-6 and TNF-α in lipopolysaccharide-induced TLR4 signaling27,28. In this study, we demonstrated that CR 
attenuates the elevated cardiac IL-6 and NF-κBp65 expression in ob/ob and db/db mice. Indeed, we showed that 
cardiac NF-κBp65 expression increased in ob/ob mice, and that NF-κBp65 and ATF3 coexist in the nucleus of 
ob/ob mice, potentially due to the induction of ATF3 by oxidative stress or in�ammation followed by localization 
to the nucleus to suppress NF-κBp6529. �erefore, our �ndings indicate that CR reverses NF-κBp65–mediated 
in�ammation in obese-induced cardiac hypertrophy.

In addition to in�ammation, obesity results in oxidative stress produced by excessive lipid peroxidation in 
mitochondria due to elevated glucose and lipid levels30. �e accumulation of oxidative damage may contribute to 
cardiac in�ammation and remodeling31 but the induction of antioxidants HO-1 and NQO1 exert anti-oxidative 
and anti-in�ammatory functions32. HO-1 confers protection against cardiac injury, and its catalytic by-products 
(biliverdin and carbon monoxide) have anti-hypertrophic e�ects33. In the present study, we found that HO-1 and 
NQO1 were increased in ob/ob and db/db mice in response to oxidative stress, but CR attenuated these responses. 
�ese �ndings are supported by a previous study demonstrating that cilostazol attenuates doxorubicin-induced 
HO-1 and NQO-1 expression in cardiac �brosis20 and that NQO1 and eNOS are activated in obesity in response 
to reactive oxygen species (ROS) to protect against oxidative stress34. Collectively, positioning our �ndings within 
existing research indicates that LVH is deeply associated with �brosis, in�ammation, and oxidative stress in 
obese mice with disrupted leptin signaling and that CR may be a potential anti-�brotic, anti-in�ammatory, and 
anti-oxidative treatment for cardiac remodeling.

Among the di�erential gene expressions using RNA-seq analysis, we found that iron-transporting Tfrc is 
signi�cantly greater in the hearts of ob/ob mice compared to controls. Several iron transport mechanisms includ-
ing Tfrc, DMT1, iron-siderophore-LCN2 complex, and iron exporter FPN involve in cardiomyocyte iron load-
ing35–38. By reducing intracellular iron levels, cardiomyocytes protect from iron overload-induced oxidative stress. 
In patients with hereditary hemochromatosis and patients with β-thalassemia, iron overload exacerbated cardiac 
hypertrophy8,39. Intracellular ferrous iron—also called labile iron—is readily oxidized by the Haber-Weiss reac-
tion, resulting in cellular ROS formation40; in the hearts of older rats, ferritin levels are increased, possibly as a 
protective response to oxidative stress from ROS accumulation36,41. In atherogenesis, increased ferritin expression 
following HO-1 induction is a major factor in protection against complement activation42. �us, our data indicate 
that decreased ferritin expression can cause severe damage to cardiomyocytes in the heart of ob/ob and db/db 
mice.

Indeed, cardiac FPN expression is essential to intracellular iron homeostasis and to normal cardiac function7. 
Cardiac-speci�c deletion of FPN leads to fatal cardiac iron overload. However, we demonstrate that cardiac FPN 
expression is regulated in response to iron overload via iron uptake proteins including DMT1, Tfrc, and LCN2. 
Hepcidin, which inhibits the activity of FPN12, is involved in in�ammation and its expression is increased by 
signaling transducer and activator of transcription3 (STAT3) signaling through cytokines such as IL-643. �e 
increase in hepcidin we observed is consistent with previous studies in models with chronic in�ammation such 
as obese mice44. �is �nding is supported by previous research indicating that in morbidity obese women with 
non-alcoholic fatty liver disease, the hepatic mRNA expressions of hepcidin and FPN were signi�cantly greater 
than in obese women with normal liver45. Although FPN inactivation by hepcidin results in displacement from 
the cellular membrane into the cytosol46, the activity of FPN may not coincide with the amount of FPN. Our 
�ndings indicate that there may be increased levels of inhibitory hepcidin expression in ob/ob mice as a com-
pensatory reaction against increasing levels of cardiac FPN. Taken together, these �ndings indicate that disrup-
tions to cardiac iron homeostasis via iron imbalance of iron uptake and export proteins result in cardiac iron 
overload-induced in�ammation and oxidative stress but these iron dynamics in the heart are reversibly regulated 
by CR.

On the other hand, LCN2 is a well-documented component of the innate immune system that inhibits the 
growth of pathogenic bacteria by binding iron, and it has recently been implicated in iron homeostasis within 
hosts47. Levels of LCN2 in serum, liver, brain, and adipose tissue are elevated in several murine models of obe-
sity9,48–50. In previous studies, we demonstrated that CR attenuates serum, liver, and hippocampus LCN2 levels in 
db/db and ob/ob mice48,49. As circulating LCN2 increases in patients with heart failure, the production of LCN2 in 
the heart increases51, and in vitro treatment of cardiomyocytes with LCN2 causes iron accumulation and oxidative 
stress through increased 24p3R expression52,53. LCN2 may also be related to LVH and heart failure54, serving as a 
risk marker for the progression of atherosclerosis due to LCN2-MMP9 complex formation55. Our �ndings show 
that elevated LCN2 and MMP9 expression in ob/ob mice was signi�cantly reduced by CR. �us, we suggest that 
LCN2 may be an emerging target for elucidating iron homeostasis and in�ammation in obese mice with LVH.

In conclusion, multiple mechanisms result in cardiomyopathy in obesity including �brosis, in�ammation, 
and oxidative stress (Fig. 7). �ese pathologies can be duplicated in the hearts of ob/ob and db/db mice not only 
through disruption of leptin signaling, but also through interference with cardiac iron homeostasis via dysregu-
lated iron uptake, storage, and export. However, CR prevents cardiac remodeling by preventing cardiac in�amma-
tion, �brosis, and oxidative stress, and might be useful for the treatment of LVH, intervening in various pathways 
involved in the progression of obesity-induced cardiac remodeling.

Materials and Methods
Animals, caloric restriction, and study design. Male WT mice, ob/ob, db/m, and db/db mice from the 
C57BL/6 J background were purchased from Central Laboratory Animal Inc. (Seoul, South Korea) at 5 weeks 
of age and maintained in the animal facility at Gyeongsang National University (GNU). Animal experiments 
were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory 
Animals. �e University Animal Care Committee for Animal Research of GNU approved the study protocol 
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(GNU-150116-M0002). Mice were housed on a 12 h light/12 h dark cycle. In Experiment 1, 5 weeks old male 
WT and ob/ob mice were raised on a normal diet for 20 weeks for RNA-seq analysis (n = 10 mice per group). In 
Experiment 2, WT and ob/ob mice were fed ad libitum until 10 weeks of age, when they were randomly divided 
into four groups (n = 10 mice per group). Mice in both the WT and ob/ob groups continued to receive free access 
to food, but calorie-restricted ob/ob (ob/ob+CR) and WT (WT + CR) mice were transferred to individual cages 
and received a restricted amount of food (2 g food/day) for 12 weeks as previously described48. Although alter-
nate feeding in rodents is as e�ective as CR in reducing obesity-induced body weight and glucose levels, extreme 
hunger while fasting indicate that this may not be a feasible regimen in orexigenic ob/ob mice56. �is feeding 
restricted amounts in ob/ob mice maintained the body weight of ob/ob mice and further extended almost 50% of 
longevity comparable to that of mice fed ad libitum57. In Experiment 3, db/m and db/db mice were also randomly 
divided into four groups at 10 weeks of age; db/m and db/db mice were given free access to food and db/db+CR 
and db/m+CR mice were transferred to individual cages with restricted food (2 g/day) for 12 weeks, as previously 
described49.

Transthoracic echocardiography. Heart functions of WT and ob/ob mice (n = 10 mice per group) were 
evaluated by transthoracic echocardiography at 25 weeks. Before echocardiography, mice were anesthetized with 
tiletamine hydrochloride/zolazepam hydrochloride (Zoletil, 0.25 mg/kg; Virbac Laboratories, Carros, France) 
by intramuscular injection. Two-dimensional and M-mode (one-dimensional) echocardiograms were assessed 
using a 12-MHz linear array transducer with a VIVID Q system (GE Healthcare, Wauwatosa, WI, USA). �e le� 
ventricle posterior wall thickness at end-diastole (LVPWd) were measured in the M-mode.

Histological analysis. After an intraperitoneal injection of Zoletil (0.5 mg/kg; Virbac Laboratories, 
Carros, France), mice (n = 4 mice per group) were perfused with 4% paraformaldehyde in ice-cold 0.1 M 
phosphate-bu�ered saline (PBS) for tissue analysis. �e hearts were �xed in 4% paraformaldehyde for 12 h at 
4 °C. �e samples were embedded in para�n and cut into 5-µm sections. Section slides were then depara�nized 
and stained with hematoxylin and eosin (H&E). �e sections were visualized under a light microscope (BX51 
Olympus, Tokyo, Japan), and digital images were captured and documented. Cardiomyocyte width was measured 
in longitudinal sections in myocardial regions with parallel myocyte fascicles. Five 200 × 200 µm2 �elds were 
randomly selected on each section of LV wall (n = 4 mice per group) for evaluation. For detection of ferric iron, 
diaminobenzidine (DAB, Vector Laboratories, Burlingame, CA, USA)-enhanced Perls’ iron stain (Iron Stain Kit, 
ab150674, Abcam, Cambridge, MA, USA) was performed. Brie�y, heart sections were incubated in Perls’ solution 
(Abcam) for 30 min, followed by incubation in 0.05% DAB (Vector Laboratories) for 20 min. �en, 1% hydrogen 
peroxide was added, and samples were incubated for 30 min. Sections were then washed with mounting medium 
and were visualized under a microscope (BX51, Olympus). DAB-enhanced Perls’ iron-positive cells were manu-
ally countered in LV region (200 × 200 µm2) in �ve sections using 40x objectives.

Enzyme-linked immunosorbent assay (ELISA). Cardiac hypertrophy is a type of cardiac remodeling 
driven by various �brosis factors58. Concentration of serum ST2, a �brosis biomarker, was measured using mouse 
ST2 (R&D Systems, MN, USA) ELISA kits according to the manufacturers’ protocols in 25-week-old WT and ob/
ob mice (n = 10 mice per group).

Iron assay. Cardiac ferrous and total iron levels from frozen heart were determined using the Iron Assay kit 
(MAK025, Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s protocol.

Next generation sequencing (NGS)-based RNA-seq analysis. C&K Genomics (Seoul, South Korea) 
performed RNA-seq analysis from the hearts of WT and ob/ob mice at 25 weeks of age (n = 3 mice per group). 
�e sequencing library was constructed using Illumina’s TruSeq RNA Prep kit, and data generation was per-
formed following the manufacturer’s protocol with NextSeq. 500 platform. Raw data generated by this study 
is available in the NCBI database (Project Accession: PRJNA553625). �e quality of generated data was ver-
i�ed using FastQC and Trimmomatic (v0.36), removing low-quality bases and adaptor contamination, and 
quality-�ltered reads were mapped to the Mus musculus genome (GRCm38) from the Ensembl database using 
Hisat2 (Johns Hopkins University, v2.0.5). Mapped reads of expression for each gene were counted using Feature 
Count in R (R Foundation, v1.5.0) and EdgeR and DESeq. 2 were used for statistical analysis to identify genes 
expressed di�erentially between the two groups; the false discovery rate (FDR) was set to < 0.001. To identify the 
related functions of di�erentially expressed genes, an enrichment analysis of Gene Ontology (biological process, 
cellular component, and molecular function) was conducted using the Clue GO add-on module included in 
Cytoscape (Cytoscape Consortium, v3.7.1.).

Quantitative reverse-transcription PCR (qRT-PCR). Total mRNA from hearts was isolated using 
TRIzol (Invitrogen, Carlsbad, CA, USA) and reverse-transcribed using the RevertAid First-Strand cDNA 
Synthesis Kit (Fermentas, Inc., Hanover, MD, USA). Real-time RT-PCR was performed using the ABI Prism 7000 
Sequence Detection System (Applied Biosystems, Foster City, CA, USA). PCR ampli�cations were performed 
using the SYBR Green I qPCR kit (TaKaRa, Shiga, Japan) with speci�c primers (Table S1) that targeted genes 
related to in�ammation, oxidative stress, and iron transport, such as PGC-1α, associated with mitochondria 
biosynthesis and oxidative stresses59, activating transcription factor3 (ATF3), associated with stress response and 
glucose tolerance25, and Tfrc, an iron ion transporter35.

Western blot analysis. For protein isolation, frozen heart tissues were homogenized in T-PER lysis 
bu�er (25 mM bicine, 150 mM sodium chloride; pH 7.6, Pierce, Rockford, IL, USA). Homogenized tissues were 
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incubated on ice for 20 min and sonicated three times. Samples were centrifuged for 30 min at 12,000 rpm at 4 °C, 
and supernatants were transferred to clean vials. For cytosolic and nuclear fraction preparations, trimmed hearts 
were lysed using ice-cold NE-PER bu�er kit (Pierce) according to the manufacturers’ protocols. Samples were 
probed with primary antibodies (Table S2) for factors known to be associated with �brosis and cardiac remode-
ling, such as dysferlin, CTGF, TGF-β1, and VEGF, and those associated with in�ammation and oxidative stress, 
such as IL-6, NF-κBp65, TLR4, HO-1, NQO1, and eNOS. �e membranes were visualized using an enhanced 
chemiluminescence substrate (Pierce). �e Multi-Gauge image analysis program (Fuji�lm, Tokyo, Japan, v3.0) 
was used to measure band densitometry. p84 or α-tubulin was used as an internal control to normalize protein 
levels.

Immunofluorescence staining. Depara�nized sections of heart were incubated with primary antibod-
ies (Table S2) for double immunostaining. A�er washing three times with 0.1 M PBS, Alexa Fluor 488- and 
594-conjugated donkey anti-rabbit or -mouse secondary antibodies (Invitrogen Life Technologies) were applied 
for 1 h at room temperature. Nuclei were stained with DAPI (1:10,000; Invitrogen). Fluorescence was visualized 
with a BX51-DSU microscope (Olympus), and digital images were captured.

Immunohistochemical staining. Depara�nized sections of heart were placed in 0.3% H2O2 for 20 min, 
washed, and incubated in blocking serum for 1 h at room temperature. Sections were incubated in primary anti-
bodies (Table S2) at 4 °C overnight and with a secondary biotinylated antibody for 1 h at room temperature. A�er 
washing, sections were incubated in an avidin-biotin-peroxidase complex solution (Vector Laboratories,) and 
developed with 0.05% DAB substrate kit (Vector Laboratories). �e sections were then dehydrated in graded 
alcohols, cleared in xylene, and mounted under a coverslip with Permount (Sigma-Aldrich). Sections were visu-
alized under a BX51 light microscope (Olympus). Immunostained LCN2-, FPN-, and hepcidin-positive cells were 
manually countered in LV region (200 × 200 µm2) in �ve sections using 40x objectives.

Statistical analysis. Statistical analyses were performed using PRISM (GraphPad So�ware Inc., San Diego, 
CA, USA). Group di�erences were determined by Student’s t-tests followed by unpaired-test analysis in WT and 
ob/ob mice and were determined by one-way ANOVA followed by Bonferroni post hoc analysis in ob/ob+CR 
and db/db+CR mice. All values are expressed as mean ± SEM. A P-value of less than 0.05 was considered statis-
tically signi�cant.

Ethics approval and consent to participate. Animal experiments were performed in accordance with 
the National Institutes of Health Guide for the Care and Use of Laboratory Animals. �e University Animal Care 
Committee for Animal Research of GNU approved the study protocol (GNU-150116-M0002).

Data availability
�e datasets used and/or analyzed during the current study are available from the corresponding author on 
reasonable request.

Received: 5 November 2019; Accepted: 13 April 2020;

Published: xx xx xxxx

References
 1. Abel, E. D., Litwin, S. E. & Sweeney, G. Cardiac remodeling in obesity. Physiol Rev 88, 389–419, https://doi.org/10.1152/

physrev.00017.2007 (2008).
 2. Barouch, L. A., Berkowitz, D. E., Harrison, R. W., O’Donnell, C. P. & Hare, J. M. Disruption of leptin signaling contributes to cardiac 

hypertrophy independently of body weight in mice. Circulation 108, 754–759, https://doi.org/10.1161/01.Cir.0000083716.82622.Fd 
(2003).

 3. Eckel, R. H., Barouch, W. W. & Ershow, A. G. Report of the National Heart, Lung, and Blood Institute-National Institute of Diabetes 
and Digestive and Kidney Diseases Working Group on the pathophysiology of obesity-associated cardiovascular disease. Circulation 
105, 2923–2928, https://doi.org/10.1161/01.cir.0000017823.53114.4c (2002).

 4. Raju, S. V. et al. Activation of the cardiac ciliary neurotrophic factor receptor reverses le� ventricular hypertrophy in leptin-de�cient 
and leptin-resistant obesity. Proc Natl Acad Sci USA 103, 4222–4227, https://doi.org/10.1073/pnas.0510460103 (2006).

 5. Christoffersen, C. et al. Cardiac lipid accumulation associated with diastolic dysfunction in obese mice. Endocrinology 144, 
3483–3490, https://doi.org/10.1210/en.2003-0242 (2003).

 6. AlGhatrif, M. et al. Bene�cial cardiac e�ects of caloric restriction are lost with age in a murine model of obesity. J Cardiovasc Transl 
Res 6, 436–445, https://doi.org/10.1007/s12265-013-9453-4 (2013).

 7. Lakhal-Littleton, S. et al. Cardiac ferroportin regulates cellular iron homeostasis and is important for cardiac function. Proc Natl 
Acad Sci USA 112, 3164–3169, https://doi.org/10.1073/pnas.1422373112 (2015).

 8. Lekawanvijit, S. & Chattipakorn, N. Iron overload thalassemic cardiomyopathy: iron status assessment and mechanisms of 
mechanical and electrical disturbance due to iron toxicity. Can J Cardiol 25, 213–218, https://doi.org/10.1016/s0828-
282x(09)70064-9 (2009).

 9. Yan, Q. W. et al. �e adipokine lipocalin 2 is regulated by obesity and promotes insulin resistance. Diabetes 56, 2533–2540, https://
doi.org/10.2337/db07-0007 (2007).

 10. Sivalingam, Z. et al. Neutrophil gelatinase-associated lipocalin as a risk marker in cardiovascular disease. Clin Chem Lab Med 56, 
5–18, https://doi.org/10.1515/cclm-2017-0120 (2017).

 11. Chan, Y. K., Sung, H. K. & Sweeney, G. Iron metabolism and regulation by neutrophil gelatinase-associated lipocalin in 
cardiomyopathy. Clin Sci (Lond) 129, 851–862, https://doi.org/10.1042/cs20150075 (2015).

 12. Ganz, T. Cellular iron: ferroportin is the only way out. Cell Metab 1, 155–157, https://doi.org/10.1016/j.cmet.2005.02.005 (2005).
 13. Waldman, M. et al. Regulation of diabetic cardiomyopathy by caloric restriction is mediated by intracellular signaling pathways 

involving ‘SIRT1 and PGC-1alpha’. Cardiovasc Diabetol 17, 111, https://doi.org/10.1186/s12933-018-0754-4 (2018).
 14. Kobara, M. et al. Short-Term Caloric Restriction Suppresses Cardiac Oxidative Stress and Hypertrophy Caused by Chronic Pressure 

Overload. J Card Fail 21, 656–666, https://doi.org/10.1016/j.cardfail.2015.04.016 (2015).

https://doi.org/10.1038/s41598-020-64201-2
https://doi.org/10.1152/physrev.00017.2007
https://doi.org/10.1152/physrev.00017.2007
https://doi.org/10.1161/01.Cir.0000083716.82622.Fd
https://doi.org/10.1161/01.cir.0000017823.53114.4c
https://doi.org/10.1073/pnas.0510460103
https://doi.org/10.1210/en.2003-0242
https://doi.org/10.1007/s12265-013-9453-4
https://doi.org/10.1073/pnas.1422373112
https://doi.org/10.1016/s0828-282x(09)70064-9
https://doi.org/10.1016/s0828-282x(09)70064-9
https://doi.org/10.2337/db07-0007
https://doi.org/10.2337/db07-0007
https://doi.org/10.1515/cclm-2017-0120
https://doi.org/10.1042/cs20150075
https://doi.org/10.1016/j.cmet.2005.02.005
https://doi.org/10.1186/s12933-018-0754-4
https://doi.org/10.1016/j.cardfail.2015.04.016


13SCIENTIFIC REPORTS |         (2020) 10:7176  | https://doi.org/10.1038/s41598-020-64201-2

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

 15. Rouault, T. A. �e role of iron regulatory proteins in mammalian iron homeostasis and disease. Nat Chem Biol 2, 406–414, https://
doi.org/10.1038/nchembio807 (2006).

 16. Ward, D. M. & Kaplan, J. Ferroportin-mediated iron transport: expression and regulation. Biochim Biophys Acta 1823, 1426–1433, 
https://doi.org/10.1016/j.bbamcr.2012.03.004 (2012).

 17. Abdelaal, M., le Roux, C. W. & Docherty, N. G. Morbidity and mortality associated with obesity. Ann Transl Med 5, 161, https://doi.
org/10.21037/atm.2017.03.107 (2017).

 18. Paolisso, G. et al. Plasma leptin level is associated with myocardial wall thickness in hypertensive insulin-resistant men. Hypertension 
34, 1047–1052, https://doi.org/10.1161/01.hyp.34.5.1047 (1999).

 19. Buchanan, J. et al. Reduced cardiac e�ciency and altered substrate metabolism precedes the onset of hyperglycemia and contractile 
dysfunction in two mouse models of insulin resistance and obesity. Endocrinology 146, 5341–5349, https://doi.org/10.1210/en.2005-
0938 (2005).

 20. Koh, J. S. et al. Protective e�ect of cilostazol against doxorubicin-induced cardiomyopathy in mice. Free Radic Biol Med 89, 54–61, 
https://doi.org/10.1016/j.freeradbiomed.2015.07.016 (2015).

 21. Yue, Y., Meng, K., Pu, Y. & Zhang, X. Transforming growth factor beta (TGF-beta) mediates cardiac �brosis and induces diabetic 
cardiomyopathy. Diabetes Res Clin Pract 133, 124–130, https://doi.org/10.1016/j.diabres.2017.08.018 (2017).

 22. Martinez-Martinez, E. et al. A role for soluble ST2 in vascular remodeling associated with obesity in rats. PLoS One 8, e79176, 
https://doi.org/10.1371/journal.pone.0079176 (2013).

 23. Leychenko, A., Konorev, E., Jijiwa, M. & Matter, M. L. Stretch-induced hypertrophy activates NFkB-mediated VEGF secretion in 
adult cardiomyocytes. PLoS One 6, e29055, https://doi.org/10.1371/journal.pone.0029055 (2011).

 24. Vannella, K. M. & Wynn, T. A. Mechanisms of Organ Injury and Repair by Macrophages. Annu Rev Physiol 79, 593–617, https://doi.
org/10.1146/annurev-physiol-022516-034356 (2017).

 25. Kalfon, R. et al. ATF3 expression in cardiomyocytes preserves homeostasis in the heart and controls peripheral glucose tolerance. 
Cardiovasc Res 113, 134–146, https://doi.org/10.1093/cvr/cvw228 (2017).

 26. Koren, L., Elhanani, O., Kehat, I., Hai, T. & Aronheim, A. Adult cardiac expression of the activating transcription factor 3, ATF3, 
promotes ventricular hypertrophy. PLoS One 8, e68396, https://doi.org/10.1371/journal.pone.0068396 (2013).

 27. Whitmore, M. M. et al. Negative regulation of TLR-signaling pathways by activating transcription factor-3. J Immunol 179, 
3622–3630, https://doi.org/10.4049/jimmunol.179.6.3622 (2007).

 28. Gilchrist, M. et al. Systems biology approaches identify ATF3 as a negative regulator of Toll-like receptor 4. Nature 441, 173–178, 
https://doi.org/10.1038/nature04768 (2006).

 29. Kwon, J. W. et al. Activating transcription factor 3 represses in�ammatory responses by binding to the p65 subunit of NF-kappaB. 
Sci Rep 5, 14470, https://doi.org/10.1038/srep14470 (2015).

 30. Newsholme, P., Cruzat, V. F., Keane, K. N., Carlessi, R. & de Bittencourt, P. I. Jr. Molecular mechanisms of ROS production and 
oxidative stress in diabetes. Biochem J 473, 4527–4550, https://doi.org/10.1042/bcj20160503c (2016).

 31. Rababa’h, A. M., Guillory, A. N., Mustafa, R. & Hijjawi, T. Oxidative Stress and Cardiac Remodeling: An Updated Edge. Curr Cardiol 
Rev 14, 53–59, https://doi.org/10.2174/1573403x14666180111145207 (2018).

 32. Wu, T. Y. et al. Anti-in�ammatory/Anti-oxidative stress activities and di�erential regulation of Nrf2-mediated genes by non-polar 
fractions of tea Chrysanthemum zawadskii and licorice Glycyrrhiza uralensis. Aaps j 13, 1–13, https://doi.org/10.1208/s12248-010-
9239-4 (2011).

 33. Tongers, J. et al. Heme oxygenase-1 inhibition of MAP kinases, calcineurin/NFAT signaling, and hypertrophy in cardiac myocytes. 
Cardiovasc Res 63, 545–552, https://doi.org/10.1016/j.cardiores.2004.04.015 (2004).

 34. Suvorava, T. et al. Impact of eNOS-Dependent Oxidative Stress on Endothelial Function and Neointima Formation. Antioxid Redox 
Signal 23, 711–723, https://doi.org/10.1089/ars.2014.6059 (2015).

 35. Oudit, G. Y., Trivieri, M. G., Khaper, N., Liu, P. P. & Backx, P. H. Role of L-type Ca2+ channels in iron transport and iron-overload 
cardiomyopathy. J Mol Med (Berl) 84, 349–364, https://doi.org/10.1007/s00109-005-0029-x (2006).

 36. Arosio, P. & Levi, S. Cytosolic and mitochondrial ferritins in the regulation of cellular iron homeostasis and oxidative damage. 
Biochim Biophys Acta 1800, 783–792, https://doi.org/10.1016/j.bbagen.2010.02.005 (2010).

 37. Kumfu, S., Chattipakorn, S., Chinda, K., Fucharoen, S. & Chattipakorn, N. T-type calcium channel blockade improves survival and 
cardiovascular function in thalassemic mice. Eur J Haematol 88, 535–548, https://doi.org/10.1111/j.1600-0609.2012.01779.x (2012).

 38. Siri-Angkul, N., Chattipakorn, S. C. & Chattipakorn, N. Roles of lipocalin 2 and adiponectin in iron overload cardiomyopathy. J Cell 
Physiol 233, 5104–5111, https://doi.org/10.1002/jcp.26318 (2018).

 39. Sukumaran, A. et al. Iron overload exacerbates age-associated cardiac hypertrophy in a mouse model of hemochromatosis. Sci Rep 
7, 5756, https://doi.org/10.1038/s41598-017-05810-2 (2017).

 40. Kehrer, J. P. �e Haber-Weiss reaction and mechanisms of toxicity. Toxicology 149, 43–50 (2000).
 41. Bulvik, B., Grinberg, L., Eliashar, R., Berenshtein, E. & Chevion, M. M. Iron, ferritin and proteins of the methionine-centered redox 

cycle in young and old rat hearts. Mech Ageing Dev 130, 139–144, https://doi.org/10.1016/j.mad.2008.10.002 (2009).
 42. Kinderlerer, A. R. et al. Heme oxygenase-1 expression enhances vascular endothelial resistance to complement-mediated injury 

through induction of decay-accelerating factor: a role for increased bilirubin and ferritin. Blood 113, 1598–1607, https://doi.
org/10.1182/blood-2008-04-152934 (2009).

 43. Schmidt, P. J. Regulation of Iron Metabolism by Hepcidin under Conditions of In�ammation. J Biol Chem 290, 18975–18983, 
https://doi.org/10.1074/jbc.R115.650150 (2015).

 44. Ross, A. C. Impact of chronic and acute in�ammation on extra- and intracellular iron homeostasis. Am J Clin Nutr 106, 1581s–1587s, 
https://doi.org/10.3945/ajcn.117.155838 (2017).

 45. Auguet, T. et al. Hepcidin in morbidly obese women with non-alcoholic fatty liver disease. PLoS One 12, e0187065, https://doi.
org/10.1371/journal.pone.0187065 (2017).

 46. De Domenico, I. et al. �e role of ubiquitination in hepcidin-independent and hepcidin-dependent degradation of ferroportin. Cell 
Metab 14, 635–646, https://doi.org/10.1016/j.cmet.2011.09.008 (2011).

 47. Xiao, X., Yeoh, B. S. & Vijay-Kumar, M. Lipocalin 2: An Emerging Player in Iron Homeostasis and In�ammation. Annu Rev Nutr 37, 
103–130, https://doi.org/10.1146/annurev-nutr-071816-064559 (2017).

 48. Jeon, B. T. et al. E�ects of caloric restriction on O-GlcNAcylation, Ca(2+) signaling, and learning impairment in the hippocampus 
of ob/ob mice. Neurobiol Aging 44, 127–137, https://doi.org/10.1016/j.neurobiolaging.2016.05.002 (2016).

 49. Kim, K. E. et al. Caloric restriction of db/db mice reverts hepatic steatosis and body weight with divergent hepatic metabolism. Sci 
Rep 6, 30111, https://doi.org/10.1038/srep30111 (2016).

 50. Zhang, J. et al. The role of lipocalin 2 in the regulation of inflammation in adipocytes and macrophages. Mol Endocrinol 22, 
1416–1426, https://doi.org/10.1210/me.2007-0420 (2008).

 51. Yndestad, A. et al. Increased systemic and myocardial expression of neutrophil gelatinase-associated lipocalin in clinical and 
experimental heart failure. Eur Heart J 30, 1229–1236, https://doi.org/10.1093/eurheartj/ehp088 (2009).

 52. 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).

 53. Xu, G. et al. Lipocalin-2 induces cardiomyocyte apoptosis by increasing intracellular iron accumulation. J Biol Chem 287, 
4808–4817, https://doi.org/10.1074/jbc.M111.275719 (2012).

https://doi.org/10.1038/s41598-020-64201-2
https://doi.org/10.1038/nchembio807
https://doi.org/10.1038/nchembio807
https://doi.org/10.1016/j.bbamcr.2012.03.004
https://doi.org/10.21037/atm.2017.03.107
https://doi.org/10.21037/atm.2017.03.107
https://doi.org/10.1161/01.hyp.34.5.1047
https://doi.org/10.1210/en.2005-0938
https://doi.org/10.1210/en.2005-0938
https://doi.org/10.1016/j.freeradbiomed.2015.07.016
https://doi.org/10.1016/j.diabres.2017.08.018
https://doi.org/10.1371/journal.pone.0079176
https://doi.org/10.1371/journal.pone.0029055
https://doi.org/10.1146/annurev-physiol-022516-034356
https://doi.org/10.1146/annurev-physiol-022516-034356
https://doi.org/10.1093/cvr/cvw228
https://doi.org/10.1371/journal.pone.0068396
https://doi.org/10.4049/jimmunol.179.6.3622
https://doi.org/10.1038/nature04768
https://doi.org/10.1038/srep14470
https://doi.org/10.1042/bcj20160503c
https://doi.org/10.2174/1573403x14666180111145207
https://doi.org/10.1208/s12248-010-9239-4
https://doi.org/10.1208/s12248-010-9239-4
https://doi.org/10.1016/j.cardiores.2004.04.015
https://doi.org/10.1089/ars.2014.6059
https://doi.org/10.1007/s00109-005-0029-x
https://doi.org/10.1016/j.bbagen.2010.02.005
https://doi.org/10.1111/j.1600-0609.2012.01779.x
https://doi.org/10.1002/jcp.26318
https://doi.org/10.1038/s41598-017-05810-2
https://doi.org/10.1016/j.mad.2008.10.002
https://doi.org/10.1182/blood-2008-04-152934
https://doi.org/10.1182/blood-2008-04-152934
https://doi.org/10.1074/jbc.R115.650150
https://doi.org/10.3945/ajcn.117.155838
https://doi.org/10.1371/journal.pone.0187065
https://doi.org/10.1371/journal.pone.0187065
https://doi.org/10.1016/j.cmet.2011.09.008
https://doi.org/10.1146/annurev-nutr-071816-064559
https://doi.org/10.1016/j.neurobiolaging.2016.05.002
https://doi.org/10.1038/srep30111
https://doi.org/10.1210/me.2007-0420
https://doi.org/10.1093/eurheartj/ehp088
https://doi.org/10.1073/pnas.1720570115
https://doi.org/10.1074/jbc.M111.275719


1 4SCIENTIFIC REPORTS |         (2020) 10:7176  | https://doi.org/10.1038/s41598-020-64201-2

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

 54. Marques, F. Z. et al. Experimental and Human Evidence for Lipocalin-2 (Neutrophil Gelatinase-Associated Lipocalin [NGAL]) in 
the Development of Cardiac Hypertrophy and heart failure. J Am Heart Assoc 6, https://doi.org/10.1161/jaha.117.005971 (2017).

 55. Sivalingam, Z. et al. Neutrophil gelatinase-associated lipocalin (NGAL) and cardiovascular events in patients with stable coronary 
artery disease. Scand J Clin Lab Invest 78, 470–476, https://doi.org/10.1080/00365513.2018.1499956 (2018).

 56. Patterson, R. E. & Sears, D. D. Metabolic E�ects of Intermittent Fasting. Annu Rev Nutr 37, 371–393, https://doi.org/10.1146/
annurev-nutr-071816-064634 (2017).

 57. Harrison, D. E., Archer, J. R. & Astle, C. M. E�ects of food restriction on aging: separation of food intake and adiposity. Proc Natl 
Acad Sci USA 81, 1835–1838, https://doi.org/10.1073/pnas.81.6.1835 (1984).

 58. Rai, V., Sharma, P., Agrawal, S. & Agrawal, D. K. Relevance of mouse models of cardiac �brosis and hypertrophy in cardiac research. 
Mol Cell Biochem 424, 123–145, https://doi.org/10.1007/s11010-016-2849-0 (2017).

 59. Santos, J. M., Tewari, S., Goldberg, A. F. & Kowluru, R. A. Mitochondrial biogenesis and the development of diabetic retinopathy. 
Free Radic Biol Med 51, 1849–1860, https://doi.org/10.1016/j.freeradbiomed.2011.08.017 (2011).

Acknowledgements
We are grateful to Rok Won Heo for technical support during the experimental work. �e authors would like to 
acknowledge C&K genomics for the provided RNA-seq analysis. �is work was supported by a grant of the Basic 
Science Research Program through the National Research Foundation of Korea (2015R1A5A2008833).

Author contributions
Experimental design: H.S.A. and G.S.R.; Experiments and data collection: H.S.A., J.Y.L., E.B.C., E.A.J., H.J.S., 
K.E.K., K.P., Z.J., and J.S.K.; Data analysis: H.S.A., J.S.K., W.K., and G.S.R.; Dra� of manuscript: H.S.A. and G.S.R.; 
Critical revision of manuscript; J.E.L. and W.H.K.; Project supervision: G.S.R.

Competing interests
�e authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-64201-2.

Correspondence and requests for materials should be addressed to G.S.R.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

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. �e 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/.
 
© �e Author(s) 2020

https://doi.org/10.1038/s41598-020-64201-2
https://doi.org/10.1161/jaha.117.005971
https://doi.org/10.1080/00365513.2018.1499956
https://doi.org/10.1146/annurev-nutr-071816-064634
https://doi.org/10.1146/annurev-nutr-071816-064634
https://doi.org/10.1073/pnas.81.6.1835
https://doi.org/10.1007/s11010-016-2849-0
https://doi.org/10.1016/j.freeradbiomed.2011.08.017
https://doi.org/10.1038/s41598-020-64201-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Caloric restriction reverses left ventricular hypertrophy through the regulation of cardiac iron homeostasis in impaired le ...
	Results
	Leptin-deficient ob/ob mice are characterized by cardiac hypertrophy induced by inflammation and oxidative stress. 
	Differential gene expression in the hearts of WT and ob/ob mice. 
	Effect of CR on cardiac hypertrophy by ameliorating fibrosis, inflammation, and oxidative stress in ob/ob and db/db mice. 
	Effect of CR on cardiac iron uptake in ob/ob and db/db mice. 
	Effect of CR on cardiac iron export in ob/ob and db/db mice. 

	Discussion
	Materials and Methods
	Animals, caloric restriction, and study design. 
	Transthoracic echocardiography. 
	Histological analysis. 
	Enzyme-linked immunosorbent assay (ELISA). 
	Iron assay. 
	Next generation sequencing (NGS)-based RNA-seq analysis. 
	Quantitative reverse-transcription PCR (qRT-PCR). 
	Western blot analysis. 
	Immunofluorescence staining. 
	Immunohistochemical staining. 
	Statistical analysis. 
	Ethics approval and consent to participate. 

	Acknowledgements
	Figure 1 Effect of obesity on left ventricular hypertrophy and cardiac fibrosis in ob/ob mice.
	Figure 2 Effect of obesity on differential gene expression in the hearts of WT and ob/ob mice.
	Figure 3 Effect of CR on cardiac hypertrophy and fibrosis in ob/ob mice.
	Figure 4 Effect of CR on cardiac inflammation and oxidative stress in ob/ob mice.
	Figure 5 Effect of CR on iron transporter-related proteins in the hearts of ob/ob mice.
	Figure 6 Effect of CR on cardiac ferroportin and hepcidin expressions in ob/ob mice.
	Figure 7 Schematic overview of effects of CR on cardiac iron homeostasis in ob/ob and db/db mice with left ventricular hypertrophy (LVH).


