s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
J Nutr Biochem. Author manuscript; available in PMC 2020 July 23.

Published in final edited form as:
J Nutr Biochem. ; : 108441. doi:10.1016/j.jnutbio.2020.108441.

Development of insulin resistance preceded major changes in
iron homeostasis in mice fed a high-fat diet>

Joe Varghese?1™ Jithu V James®!, R Anand?, Muthuraman Narayanasamy?, Grace
RebekahP, Banumathi Ramakrishna®2, Arun Jose Nellickald, Molly Jacob®”

aDepartment of Biochemistry, Christian Medical College, Vellore 632002, Tamil Nadu, India
bDepartment of Biostatistics, Christian Medical College, Vellore 632002, Tamil Nadu, India
¢Department of Pathology, Christian Medical College, Vellore 632002, Tamil Nadu, India

dDepartment of Clinical Biochemistry, Christian Medical College, Vellore 632002, Tamil Nadu,
India3

Abstract

Type 2 diabetes mellitus (T2DM) and insulin resistance (IR) have been associated with
dysregulation of iron metabolism. The basis for this association is not completely understood. To
attempt to investigate this, we studied temporal associations between onset of insulin resistance
(IR) and dysregulated iron homeostasis, in a mouse model of T2DM.

Male C57BI/6 mice (aged 8 weeks) were fed a high-fat diet (HFD; 60% energy from fat) or a
control diet (CD; 10% energy from fat) for 4, 8, 12, 16, 20 and 24 weeks. Development of IR was
documented, and various metabolic, inflammatory and iron-related parameters were studied in
these mice.

HFD-feeding induced weight gain, hepato-steatosis and IR in the mice. Onset of IR occurred from
12 weeks onwards. Hepatic iron stores progressively declined from 16 weeks onwards.
Accompanying changes included a decrease in hepatic hepcidin (HampZ) mRNA expression and
serum hepcidin levels and an increase in iron content in the epididymal white adipose tissue
(eWAT). Iron content in the liver negatively correlated with that in the eWAT. Factors known to
regulate hepatic Hampl expression (such as serum iron levels, systemic inflammation, and bone
marrow-derived erythroid regulators) were not affected by HFD-feeding. In conclusion, the results
show that the onset of IR in HFD-fed mice preceded dysregulation of iron homeostasis, evidence
of which were found both in the liver and visceral adipose tissue.
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1 Introduction

Insulin resistance (IR) is the hallmark of type 2 diabetes mellitus (T2DM). It is characterized
by impaired sensitivity of tissues to the actions of insulin [1]. Several studies have shown a
strong association between high levels of serum ferritin (a marker of body iron stores) and
increased risk of T2DM [2-6]. However, ferritin is an acute phase reactant; its levels in
blood are also increased in response to inflammation [7,8]. Since T2DM is associated with
chronic low-grade inflammation [9], it is possible that the raised serum ferritin levels seen in
T2DM may be secondary to this, rather than to increased iron stores per se. Such a
possibility is supported by the results of the recent EPIC-InterAct study, which showed that
though serum ferritin was associated with increased risk of T2DM, other markers of iron
status (such as transferrin saturation and serum iron) were not [10]. However, there are also
reports that the association between serum ferritin and IR remained significant, even after
adjusting for inflammation [11]. Improvements in insulin sensitivity have been shown to
occur following depletion of iron stores (by phlebotomy), both in patients with T2DM and in
healthy individuals [12,13]. These studies seem to suggest that increased body iron per se,
and not inflammation, may mediate the link between increased serum ferritin levels and
T2DM. These variable observations indicate that the mechanisms that underlie such
associations are complex and not completely understood.

Hepcidin, a peptide synthesized and secreted mainly by the liver, is the chief regulator of
systemic iron homeostasis [14]. A number of factors regulate hepatic hepcidin (HampI)
expression; these include liver iron stores, serum iron levels, inflammation and the
erythropoietic drive [15]. Regulation of HampI expression in response to changes in liver
and serum iron levels is mediated predominantly through signaling via the BMP-SMAD
pathway [16]. BMP6 (secreted by hepatic sinusoidal cells [17]) up-regulates hepatic Hamp1
expression [18], while matriptase-2, a membrane-associated serine protease, has the opposite
effect [19,20]. Hepatic iron stores have been shown to regulate BMP6 [21] and matriptase-2
[22,23].

Hepcidin is known to be robustly down-regulated by factors secreted by the bone marrow, in
response to increased erythropoietic activity [24]. Although the identities of these factors
(collectively known as “erythroid regulators’ of hepcidin) are not clearly known,
erythroferrone (ERFE), growth differentiation factor-15 (GDF-15) and twisted gastrulation
factor 1 (TWSGL) have been proposed to be candidate molecules [24]. Insulin has been
shown to stimulate erythropoiesis /n vitro [25,26]. However, the effect of hyperinsulinemia,
which is a characteristic feature of IR [27], on the expression of the erythroid regulators (and
consequently on hepcidin) /7 vivo is not known. Systemic inflammation has been shown to
induce Hamp1 via interleukin-6 (1L-6) [28]. Whether IR-associated inflammation [9,29] has
a significant effect on hepcidin is not known.
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High-fat feeding in mice is known to be associated with IR and dysregulation of iron
homeostasis [30-32]. However, the temporal association between onset of these 2
conditions, under these circumstances, is not clear. For example, it is not known whether
iron dysregulation precedes or follows IR in this setting. Such knowledge would provide
insights into interactions that occur in the pathogenesis of these 2 conditions, both of which
are of considerable clinical relevance. In addition, the effect of IR on hepcidin and the
various factors that regulate it (as described above) is not known. Such information would
also provide insights into the processes involved in the development of these conditions. In
an attempt to answer these questions, we carried out a time-course study in C57BI/6 mice
fed a high-fat diet, which is a commonly used mouse model of T2DM [33].

2 Methods

2.1 Animals

All experiments were carried out with the approval of the Institutional Animal Ethics
Committee at Christian Medical College, Vellore, India (IAEC No. 14/2013), in accordance
with the regulations of the Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India.

At 7 weeks of age, male C57BL/6J mice were shifted from a “chow” diet (Diet no. #D131,
Scientific Animal Food and Engineering, France) to a control diet (CD) (Research Diets,
Inc., USA, #D12450J, with 10% of total energy derived from fat). At 8 weeks of age, mice
were randomly allocated to receive either a high-fat diet (HFD) (Research Diets, USA,
#D12492, with 60% of total energy derived from fat) or continued on CD for 4, 8, 12, 16, 20
or 24 weeks. The iron content of the chow diet used was 250 mg/kg and that of CD and HFD
were 43 mg/ kg and 58 mg/kg respectively [30,34,35]. Weight gain in each mouse was
monitored at weekly intervals. A subset of HFD-fed and CD-fed mice (/=6 in each group)
were euthanized by cervical dislocation under deep inhalational anesthesia (using isoflurane)
at the end of each of the time points studied. At the time of euthanasia, blood was collected
from the inferior vena cava. The liver and epididymal white adipose tissue (eWAT)
(representative of visceral adipose tissue in rodents [36]) were isolated, and each was
weighed. These were snap-frozen in liquid nitrogen and stored at =70 °C till further analysis.
The tibia and femur from both hind limbs were removed and used for isolation of bone
marrow.

All mice were housed in static cages in a conventional animal facility, were exposed to
standard 12-h light/dark cycle and had access to food and water ad /ibitum. All the cages
contained environment enrichment in the form of plastic or cardboard tunnels. We have used
the ARRIVE checklist when writing our report [37].

2.2 Evaluation of insulin sensitivity in vivo

Intraperitoneal glucose tolerance tests (ipGTT) and insulin tolerance tests (ITT) were carried
out to determine glucose tolerance and insulin sensitivity, as described earlier [38,39]. These
were done at baseline and towards the end of the periods of feeding, 3 and 2 days prior to
euthanasia, respectively.
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2.3 Isolation of erythroid progenitor cells (Ter119* cells) from bone marrow

Single-cell suspensions of bone marrow were prepared as described previously [40]. These
were used for isolation of Ter119* cells (erythroid precursors), by magnetically activated
cell sorting (Octo-MACS) using anti-mouse Ter119 MicroBeads, according to the
manufacturer's instructions (Miltenyi Biotec, Germany).

2.4 Quantitative real-time PCR (qPCR)

RNA was isolated from the liver, adipose tissue and Ter119* cells (isolated from bone
marrow), using Tri-Reagent (Sigma, India), according to the manufacturer's instructions.
RNA isolates were subjected to DNase | treatment (Ambion DNA-free kit). RNA integrity
was confirmed by denaturing agarose gel electrophoresis. One microgram of RNA was used
to synthesize cDNA, using the Reverse Transcriptase Core Kit (Eurogentec, Belgium).
Quantitative PCR reactions were carried out in duplicates, using the Takyon gPCR SYBR
master mix (Eurogentec, Belgium) and a BioRad Chromo4 real-time PCR machine. The
expression levels of genes of interest were normalized to Rp/19, which was used as the
reference gene. Sequences of all primers used, and primer validation data are shown in
Supplementary Table 1.

2.5 Western blotting

Western blotting was carried out as described previously [41]. Briefly, snap-frozen liver and
adipose tissue samples were homogenized in ice-cold RIPA buffer. Processed samples,
containing 50 pg protein, were heat-denatured in Laemmli buffer and separated on 10%
SDS-PAGE gels. Separated proteins were electro-transferred onto P\VDF membrane (0.45
um, Immobilon-P, Millipore, Merck, Germany) at 80 V for 2 h. After completion of the
transfer, the membranes were blocked with 5% BSA (in TBS-T), at room temperature for 2
h, and later probed with the specific primary antibodies, with incubations carried out
overnight at 4 °C. This was followed by incubation with appropriate secondary antibody (2 h
at room temperature). Bands were detected using a chemiluminescence substrate kit
(SuperSignal West Dura, Thermo Fisher Scientific, USA), using a gel documentation system
(Fluorochem SP, Alpha Innotech, USA). The intensities of the bands were quantified using
ImageJ software (NIH, USA), and normalized to that of p-actin, which was used as a
loading control. Sources and dilutions of primary and secondary antibodies used are given in
Supplementary Table 2.

2.6 Tissue iron estimation

For liver iron estimation, acid extracts were prepared and iron content was estimated by a
colorimetric assay based on bathophenanthrolene-dye binding as described earlier [41].
Atomic absorption spectrophotometry (AAS) was used to estimate iron content in adipose
tissue samples. Approximately 100 mg of eWAT was weighed and homogenized in 500 pL
of RIPA buffer. The homogenate was centrifuged at 14,000x g for 10 min; the fat that
accumulated at the top was removed and the centrifugation step was repeated. The
supernatant obtained (100 pL of it) was digested by adding acid reagent (3 M hydrochloric
acid and 10% TCA) (1:2 v/v) and incubating at room temperature for 30 min. It was then
centrifuged at 12,000x g for 10 min. The supernatant obtained was used for estimation of
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iron, using a Perkin-Elmer AA200 atomic absorption spectrometer. A Perkin-Elmer iron
hollow cathode lamp was used as the light source and an atomization temperature of 2300
°C was provided by an air-acetylene flame. Slit width of 0.2 nm and wavelength of 248.3 nm
were used as spectrometer parameters. The iron content in each sample was calculated based
on readings obtained from a set of working standards prepared by serial dilution of a stock
standard solution of iron (1000 pg/mL, cat. no. 02583, Sigma, India). Results were
normalized to the wet weight of tissue processed.

2.7 Visualization of tissue iron by Perls’ perfusion staining

In situ Perls' Prussian blue perfusion staining was done as described previously [32]. Briefly,
mice under terminal anesthesia, were perfused (via cardiac puncture) with 30 mL of
phosphate-buffered saline containing heparin (5 U/mL), at a rate of 6 mL/min. Following
this, perfusion was continued at the same rate with 75 mL of a solution containing 4%
paraformaldehyde, 1% potassium ferrocyanide, and 1% HCI (Prussian blue staining
solution). One hour after the end of perfusion, the liver was removed from the animal for
gross examination; photographs were taken of the organ.

2.8 Liver triglyceride estimation

Liver triglyceride levels were estimated, as previously described [42]. Lipids from liver
tissue were extracted in chloroform/methanol/water (8:4:3 [v/v/v]), by Folch's extraction
procedure. The triglyceride content of the extracted lipid was estimated, using a
commercially available kit (#TR212, Randox, UK).

2.9 Biochemical analyses of serum samples

Serum samples were used for estimation of the following analytes, using commercially
available ELISA Kits: insulin (#10-1247-01, Mercodia, Sweden), hepcidin (#S-1465.0001,
Peninsula Laboratories, USA), ferritin (#Ab157713, Abcam, UK), adiponectin (#MRP300,
R&D Systems, USA), erythropoietin (#MEPQOOB, R&D Systems, USA), C-reactive protein
(#MCRPO00, R&D Systems, USA), GDF-15 (#DT6385, R&D Systems, USA) and
interleukin-6 (#DY406-05, R&D Systems, USA). All assays were carried out as per
manufacturers' instructions. Serum levels of iron were estimated, using a colorimetric assay
based on bathophenanthrolene dye-binding as described earlier [41]. Serum triglyceride was
estimated using a commercially available kit (#10010303, Cayman Chemicals, USA).

2.10 Histological examination of liver

Liver tissue was fixed in 10% buffered formalin, embedded in paraffin and four-micron thick
sections were made for histological examination. Tissue sections were stained with
hematoxylin and eosin (H&E) for light microscopy. Additional sections were stained with
Prussian blue for visualization of iron deposits in the liver (Perls's staining). All slides were
examined by a trained histopathologist. Grading of steatosis was done based on standard
criteria [43]. Accordingly, steatosis was graded as mild (<33%), moderate (33-66%) or
severe (> 66%) depending upon the proportion of hepatocytes that showed steatotic changes.
Photographs were obtained using an Olympus DP21 digital camera attached to an Olympus
BX43 light microscope.
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2.11 Statistical analysis

Statistical Package for Social Scientists (SPSS), version 16.0, was used for all statistical
analyses. Two-way analysis of variance (two-way ANOVA) was used; P values for effects of
the type of diet and duration of feeding, and interactions between the 2 were reported. Post-
hoc pair-wise comparisons were made, using the Bonferroni test. In all cases, A<0.05 was
used to indicate statistical significance. Correlation analyses were done by Spearman's
correlation test. All variables with a Pvalue <0.1 on univariate analyses were included in
multivariate linear regression analyses models.

3 Results

3.1 High-fat feeding increased body weight and induced hepatosteatosis, glucose
intolerance, insulin resistance and hyperinsulinemia in mice

Over the period of the study, HFD-fed mice progressively gained weight, while body
weights in CD-fed mice were not significantly affected. The weight gains in HFD-fed mice
were significantly higher than those seen in CD-fed mice from 8 weeks onwards (Fig. 1A).
Weights of e WAT in HFD-fed mice increased progressively up to 16 weeks, after which it
tended to decline. CD-fed mice did not show significant changes in e WAT weights over the
period of the study (Fig. 1B). Liver weights in HFD-fed mice were significantly higher than
those from CD-fed mice, from 20 weeks onwards. Liver weights in CD-fed mice were
similar at all the time points studied (Fig. 1C). The content of triglycerides in the liver
increased progressively, with increasing duration of feeding in mice fed HFD; this was not
seen in those fed CD. HFD-fed mice showed significantly higher triglyceride content
compared to CD-fed mice, from 12 weeks onwards (Fig. 1D). This was associated with
histologically visible steatosis, which was mild at 12 weeks, moderate at 16 and 20 weeks,
and severe at 24 weeks (Supplementary Fig. 1).

HFD-feeding induced glucose intolerance in the mice (as assessed by ipGTT), from as early
as 4 weeks after initiation of feeding. However, there was no significant worsening of
glucose tolerance with continuing HFD-feeding for up to 24 weeks (Fig. 1E and
Supplementary Fig. 2A). Results of the ITT in HFD-fed mice showed a progressive increase
in IR, which was significantly greater than that in CD-fed mice, from 12 weeks onwards
(Fig. 1F and Supplementary Fig. 2B). CD-fed mice did not show significant changes in
glucose tolerance (Fig. 1E) or IR (Fig. 1F) at the time points studied. Serum insulin levels
increased progressively with duration of feeding in HFD-fed mice, but not in those fed CD.
Levels were significantly higher in HFD-fed mice than in CD-fed mice, at 20 and 24 weeks
(Fig. 1G). Serum adiponectin levels increased initially in response to HFD (up to 12 weeks)
but declined at later time points. Levels were significantly higher in HFD-fed mice than in
CD-fed mice, at 8, 12, and 16 weeks. No significant changes were seen in CD-fed mice (Fig.
1H). Serum triglyceride levels were not affected by CD or HFD at any of the time points
studied (Supplementary Fig. 2C).

3.2 HFD-feeding decreased hepatic hepcidin expression and serum hepcidin levels

Both the type of diet and duration of feeding were found to individually affect hepatic
Hamp1 expression (Fig. 2A) and serum hepcidin levels (Fig. 2B); however, no significant
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interaction was found between the two. Overall, HFD-fed mice had lower hepatic Hamp1
expression and serum hepcidin levels than CD-fed mice (Fig. 2A and B). HamplI mRNA
expression in the liver and serum hepcidin levels correlated positively with each other (Fig.
2C).

3.3 HFD-feeding decreased hepatic iron content and caused changes in expression of
iron-related proteins in the liver

In mice fed CD, there was a progressive increase in hepatic iron content with increasing
duration of feeding; these increases were significant at 20 and 24 weeks compared to
baseline (0 weeks). Mice fed HFD, however, had significantly lower hepatic iron content
compared to those fed CD, from 16 weeks onwards (Fig. 3A). This was associated with
significant decreases in protein levels of ferritin, the iron storage protein (at 20 and 24
weeks) (Fig. 3B). In situ Perls' Prussian blue perfusion staining for iron showed decreased
staining of the liver in mice fed HFD for 24 weeks (Fig. 3D), confirming reduced iron
content in the organ. Perls' staining for iron in tissue sections of liver obtained from CD and
HFD-fed mice did not show stainable iron (data not shown).

Both the type of diet and duration of feeding had individual significant effects on 7frc
MRNA expression, with levels tending to be higher in HFD-fed mice (Fig. 3C). HFD-
feeding did not significantly affect gene expression and protein levels of ferroportin (Fig. 3E
and F). However, there was a negative correlation between 7frc mRNA levels and
ferroportin protein levels in the liver (Spearman'’s correlation coefficient=—0.278, P=0.018).
Expression of mRNA for BMP6 and matriptase-2, and mRNA and protein levels of TfR2 in
the liver were not affected by HFD-feeding (data not shown).

3.4 HFD-feeding did not affect serum iron levels, markers of inflammation or proteins
involved in duodenal iron absorption

HFD-feeding did not significantly affect serum levels of iron at any of the time points
studied (Fig. 4A). Serum ferritin levels increased with increasing durations of feeding and
tended to be higher in HFD-fed mice; however, this effect was not statistically significant
(diet effect £P=0.156) (Fig. 4B). Markers of inflammation (serum C-reactive protein [CRP],
MRNA levels of Saal [serum amyloid Al] and IL-6 in the liver) were also not significantly
affected in response to the HFD (Fig. 4C to E). In addition, in both CD- and HFD-fed mice,
concentrations of I1L-6 in the serum were low and consistently below the detection limit
(15.6 pg/mL) of the assay used, at all the time points studied. In addition, MRNA expression
of proteins involved in duodenal iron absorption (divalent metal transporter-1, ferroportin
and duodenal cytochrome b) was also not affected by HFD-feeding (data not shown).

3.5 Gene expression of erythroid regulators of hepcidin in erythroid precursor cells in the
bone marrow was unaffected by the HFD

Expression of the erythroid regulators of hepcidin (viz. Erfe, Gdfl5and Twsgl) in Ter119*
cells isolated from the bone marrow (Fig. 5A—C), and serum erythropoietin levels (Fig. 5D),
were not significantly affected by HFD-feeding. However, serum levels of GDF-15 were
found to increase with increasing durations of feeding and were higher in HFD-fed mice,
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especially from 16 weeks onwards (Fig. 5E). Hemoglobin levels in HFD- and CD-fed mice
were similar at the various time points studied (data not shown).

3.6 The iron content in eWAT was higher in HFD-fed mice than in CD-fed mice

The type of diet fed had a significant effect on the iron content in the e WAT, with levels
being higher in HFD-fed mice than in CD-fed animals (Fig. 6A). Although there was a
significant interaction between diet and duration of feeding on mRNA levels of T7rc, post-
hoc analyses showed a significant difference between HFD- and CD-fed mice only at 8
weeks (Fig. 6B). Protein levels of ferritin tended to increase and that of ferroportin tended to
decrease over time in the eWAT of both CD- and HFD-fed mice (Fig. 6C and D). Ferritin (L)
protein levels in the eWAT from mice fed HFD were initially lower (significantly so at 12
weeks) than in those fed CD, and then became higher at some of the later time points (16
and 24 weeks) (Fig. 6C). Corresponding with this, ferroportin protein levels were also lower
initially in the eWAT of HFD-fed mice than in CD-fed mice (significantly so at 12 weeks)
and became higher in the HFD-fed mice than in CD-fed mice, by 24 weeks (Fig. 6D). The
total iron content of the eWAT (iron content per gram adipose tissue multiplied by weight of
eWAT) of HFD-fed mice increased with duration of feeding, with the increases being
statistically significant when compared to CD-fed mice at 8 and 16 weeks. No significant
differences were noted among CD-fed mice (Fig. 6E). A significant negative correlation was
seen between the iron content in the liver and total iron content in the eWAT (Fig. 6F).
Hampl mRNA expression in eWAT was found to be very low and could not be reliably
quantitated by gPCR (data not shown).

3.7 Linear regression analyses

Linear regression analysis showed that IR (as assessed by ITT) in HFD-fed mice was
associated positively with liver triglyceride levels (£=0.001) and negatively with liver iron
levels (P=0.068). In CD-fed mice, IR was negatively associated with eWAT iron content
(P=0.007) (Supplementary Table 3). Hepatic HampZ mRNA levels were found to be
positively associated with serum ferritin levels in the CD-fed mice (P=0.001). On the other
hand, in HFD-fed mice, it was associated positively with protein levels of TfR2 (£=0.042)
and mRNA expression of BMP6 (£=0.009) in the liver (Supplementary Table 4). The liver
triglyceride content in HFD-fed mice was positively associated with insulin resistance (AUC
in ITT) (P=0.001) and serum GDF-15 levels (P=0.024) (Supplementary Table 5). Liver iron
levels were positively associated with serum hepcidin in CD-fed mice (£=0.014), but not in
HFD-fed mice (Supplementary Table 6).

A summary of the major findings of this study is provided in Supplementary table 7.

4 Discussion

C57BI/6 mice fed a high-fat diet (HFD) develop many of the features of T2DM that are seen
in humans [44-46]. However, prior to carrying out this study, it was not clear how HFD
feeding affected systemic iron homeostasis. To the best of our knowledge, ours is the first
study that has systematically documented the time-course of changes seen in iron-related
parameters in a mouse model of IR.
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The observed correlations of IR with hepatic steatosis and hepatic iron levels
(Supplementary Table 3) are in agreement with previous literature in this area [47,48]. It has
also been reported previously that mice fed HFD for 16 weeks had decreased liver iron
stores [30,31]. Our results are in keeping with these reports. In the present study, since a
significant increase in IR was seen from 12 weeks onwards and decreases in liver iron
content from 16 weeks onwards, it appears that the onset of IR preceded that of dysregulated
hepatic iron homeostasis in this model.

A decrease in intracellular iron levels, acting via the iron regulatory protein—iron response
element (IRP-IRE) axis, has been shown to increase the stability of TfR1 mRNA [49].
Similarly, the IRP-IRE axis would also be expected to decrease the translation of ferroportin
when intracellular iron decreases, thus decreasing ferroportin protein levels [50]. Consistent
with this, we found a negative correlation between TfR1 mRNA levels and ferroportin
protein levels in the liver. However, protein and mRNA levels of ferroportin were not
significantly affected in HFD-fed mice at any of the time points studied (Fig. 3E and F). In
addition, mRNA expression of duodenal proteins involved in iron absorption was also not
affected. This suggests that iron absorption was unaffected in response to HFD-feeding.
Hence, the mechanism that underlies the decrease in liver iron in mice fed the HFD remains
unclear and requires further investigation.

Previous studies have shown that mice fed HFD for 16 weeks had decreased hepatic Hampl
expression [30,31]. Hamp1 expression in the liver were also found to be decreased in db/db
mice, another mouse model of obesity-induced IR [51]. In the present study, HFD-feeding
had a significant effect on liver HampZ mRNA and serum hepcidin levels with levels tending
to be lower in HFD-fed mice at 16, 20 and 24 weeks (Fig. 2). The liver is the major site for
iron storage in the body and Hamp1 expression in the liver is known to be regulated by
hepatic iron stores [21]. We show that the expected positive correlation between hepatic iron
content and HampZ1 expression was seen in CD-fed mice but not in those fed HFD
(Supplementary Table 4). This suggests that, in the setting of HFD-feeding, this relationship
seems to be lost and that there may be other factors that regulate hepcidin. Such factors
include serum iron, inflammation, and the bone marrow erythroid regulators of hepcidin
[14]. All of these were studied; none of them were significantly affected by HFD (Figs. 4
and 5). Linear regression analyses, however, showed that mMRNA levels of BMP6 and protein
levels of TfR2 were independently associated with hepatic Hamp1 expression in HFD-fed
mice (Supplementary Table 4).

GDF-15 is one of the putative erythroid regulators of hepcidin [52]. Recently, it has been
shown that GDF-15 is produced in the liver and adipose tissue in response to high-fat
feeding, where it has been suggested to play a role in governing energy homeostasis and
signaling nutritional stress [53]. In the present study, although mRNA expression of GDF-15
in the bone marrow was not affected by HFD-feeding (Fig. 5B), serum levels of GDF-15
levels were found to be elevated, especially at 16, 20 and 24 weeks (Fig. 5E). It is possible
that the liver and adipose tissue are the sources of the elevated GDF-15 in the blood, and that
it may play a role in the regulation of hepcidin in this setting.
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In the present study, we did not find evidence of hepatic inflammation (as indicated by lack
of significant elevations in mMRNA levels of liver SaaZ and /L-6 [Fig. 4D and E]) or systemic
inflammation (as shown by absence of significant increases in serum CRP [Fig. 4C] or
serum IL-6). These results are consistent with several reports that have shown that a high-fat
diet alone is often insufficient to induce hepatic inflammation; these studies show that
hepatic inflammation was induced only when mice were fed HFD along with sucrose [54],
cholesterol [55-58] or both [59].

Obesity and insulin resistance have been shown to be associated with hypoadiponectinemia
[60,61]. However, our results from the present study show that serum adiponectin levels
were increased initially in HFD-fed mice, but started declining after 16 weeks of HFD-
feeding to levels seen in CD-fed mice [Fig. 1H]). These findings are consistent with an
earlier report which showed initial increases in adiponectin following HFD-feeding for up to
10 weeks, which was positively correlated with diet-induced expansion of the adipose tissue
[62]. In the same study, HFD-feeding for 18 weeks resulted in serum adiponectin levels
similar to those in CD-fed mice, and this was associated with a reduction in mMRNA
expression of adiponectin in the eWAT of these mice.

Iron is essential for adipocyte differentiation and mitochondrial biogenesis. Expansion of
adipose tissue depots in response to HFD feeding is therefore associated with increased iron
demands [63,64]. An earlier report has shown that HFD feeding in mice altered tissue iron
distribution, resulting in a decrease in liver iron and a concomitant increase in iron levels in
the adipose tissue [32]. Our results are consistent with this report. In addition, protein levels
of ferroportin in the eWAT were significantly lower in HFD-fed mice than in CD-fed mice,
at some of the time points studied (Fig. 6D). This suggests that a decrease in iron efflux may
underlie the increase seen in the iron content of the adipose tissue. The total iron content of
the eWAT was inversely correlated with liver iron content (Fig. 6F). These observations are
in agreement with recent reports that showed that hepatic iron stores were inversely
proportional to body adiposity [31] and were restored to normal by feeding HFD-fed obese
mice with a low-fat diet [65]. It has been shown, both in humans [66] and in mice [32,67],
that dysregulation of adipose tissue iron homeostasis is associated with IR. In addition,
adipocyte iron has been shown to regulate the expression of adipokines, such as adiponectin
[68] and leptin [69], which play critical roles in energy homeostasis. It is therefore possible
the HFD-induced increases in iron in adipose tissue may play a role in exacerbation of IR in
this setting.

Differences in iron metabolism are known to exist in males and females, both in mice and
humans [70,71]. Gender-related differences have also been reported in the response of mice
to high-fat feeding [72]. In view of this, we confined our studies to male mice only, in order
to avoid possible confounding due to gender. The fact that female mice were not studied is a
limitation of the present study.

5 Conclusions

The results of this time-course study show that the onset of IR in HFD-fed mice preceded
reductions in hepatic iron content and other alterations in iron-related parameters. This was
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associated with a decrease in hepcidin levels. HFD did not affect serum iron levels, markers
of inflammation or expression of the erythroid regulators of hepcidin in the bone marrow.
Decreases in liver iron levels in response to HFD-feeding were associated with a coincident
increase in the iron content in the adipose tissue. Whether such increases in adipose tissue
iron play a role in development of IR is, however, unclear. Elucidation of this would require
further investigation.
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Fig. 1. High-fat feeding induced progressive weight gains, hepatosteatosis, glucose intoler ance,
insulin resistance and hyperinsulinemiain mice.

A-C. Body (A), eWAT (B) and liver (C) weights in CD and HFD-fed mice at the end of each
time point of feeding are shown. D: Triglyceride levels in the liver. £ and F. Intraperitoneal
glucose tolerance (E) and insulin tolerance (F) tests. Data are represented as area-under-
curve [AUC] calculated by the linear trapezoidal method. G and H: Serum levels of insulin
(non-fasting) (G) and adiponectin (H) estimated by ELISA. Data are shown as means + SE;
=6 at each time point (for both CD- and HFD-fed mice). Data were analyzed by two-way
ANOVA with post-hoc Bonferroni test. * indicates £<0.05 when HFD-fed mice are
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compared to the respective CD-fed group. Different alphabets indicate groups that are
significantly different from one another; upper-case letters are used specifically only for
mice fed CD for different durations to denote significant differences between these, while
lower-case letters are used specifically only for HFD-fed mice for the same purpose.
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Fig. 2. HFD-feeding resulted in decreased hepatic Hampl expression and serum hepcidin levels.
A Hepatic HampZ mRNA expression, determined by gPCR. B: Serum hepcidin levels,

estimated by ELISA. Data are shown as means + SE; /7=6 (for both CD- and HFD-fed mice)
at each time point. In A and B, data were analyzed by two-way ANOVA with post-hoc
Bonferroni test. Since no significant interaction between diet and duration of feeding was
detected, the main effects (diet and duration of feeding) were considered. * indicates a
statistically significant effect of the type of diet. Time points labeled with different alphabets
are significantly different from one another. C: Scatter plot showing correlation between
serum hepcidin and hepatic Hampl expression (Spearman's correlation analysis).
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Fig. 3. HFD-feeding decreased hepatic iron content.
A: Liver iron levels, as estimated by bathophenanthroline-dye binding method. B. Protein

levels of ferritin (L), as determined by western blotting. Representative blot from mice fed
CD or HFD for 24 weeks is shown. C.: Hepatic 77rc (TfR1) mRNA expression, as
determined by gPCR. D: Representative images of /in situ Perls' perfusion staining for iron in
livers of mice fed CD or HFD for 24 weeks. E. Hepatic S/c40al (ferroportin) expression, as
determined by gPCR. F: Protein levels of ferroportin, as determined by western blotting.
Representative blots from mice fed CD or HFD for 24 weeks are shown. Data are shown as
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meanzS.E.; 7=6 (for both CD- and HFD-fed mice) at each time point. For A, C and E,
statistical analysis was done by two-way ANOVA and post-hoc Bonferroni test (wherever
applicable). In A, * indicates £<0.05 when HFD-fed mice are compared to the respective
CD-fed group. Different alphabets indicate groups that are significantly different from one
another; upper-case letters are used specifically to denote significant differences between
mice fed CD for different durations, while lower-case letters are used specifically for HFD-
fed mice. For B and F, data for HFD-fed mice at each time point studied was normalized to
that from corresponding CD-fed mice; one-way ANOVA and post-hoc Bonferroni test were
used for these analyses. * indicates £<0.05 when compared to the respective CD-fed group.
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Fig. 4. HFD-feeding did not affect serum iron levels and markers of inflammation.
A Serum levels of iron, as estimated by bathophenanthroline-dye binding method. Band C:

Serum levels of ferritin (B) and CRP (C), as estimated by ELISA. Dand £. Hepatic Saal
(D) and //6 (E) mRNA expression, as determined by gPCR. Data are shown as meanzS.E.;
=6 for A and D, n=3 for B, C and E at each time point (for both CD- and HFD-fed mice).
Statistical analysis was done by two-way ANOVA and post-hoc Bonferroni test. In 4B,
where a significant effect of duration of feeding was detected, time points labeled with
different alphabets are significantly different from one another.
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Fig. 5. HFD-feeding increased serum levels of GDF-15 but did not affect gene expression of the
erythroid regulators of hepcidin in the bone marrow.

A-C: Gene expression of Erfe (A), Gdf15(B) and TiwsgI (C) in TER119+ cells isolated
from the bone marrow, as determined by qPCR. Dand E: Serum levels of erythropoietin (D)
and GDF-15 (E), as estimated by ELISA. Data are shown as meanzS.E.. =6 for A, B, and
C, n=3 for D and E (for both CD- and HFD-fed mice) at each time point.. Statistical analysis
was done by two-way ANOVA and post-hoc Bonferroni test. In B, D and E, time points
labeled with different alphabets are significantly different from one another. In E, * indicates
a statistically significant effect of the type of diet.
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Fig. 6. HFD-feeding affected iron homeostasis in eWAT.
A: Iron content in eWAT (ug/g fat), estimated by AAS. B:eWAT T7frc (TfR1) mRNA

expression, as determined by gPCR. C and D: Protein levels of ferritin (C) and ferroportin
(D), as determined by western blotting, in e WAT. Representative blots from mice fed CD or
HFD for 24 weeks are shown. £: Total iron content in eWAT (iron content per gram eWAT
multiplied by eWAT weight). £ Scatter plot showing correlation between iron levels in the
liver and total iron content in eWAT.Data are shown as mean+S.E.; 7=6 for A and E; n=3 for
B, C and D (for both CD- and HFD-fed mice) at each time point. Statistical analysis was
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done by two-way ANOVA and post-hoc Bonferroni test. In panel A, * indicates a significant
effect of the type of diet. In panels B, C, D and E, a significant interaction between diet and
duration of feeding was noted. In these panels, * indicates A<0.05 when HFD-fed mice are
compared to the respective CD-fed group. Different alphabets indicate groups that are
significantly different from one another; upper-case letters are used specifically to denote
significant differences between mice fed CD for different durations, while lower-case letters
are used specifically for HFD-fed mice. In F, Spearman's correlation analysis was done.
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