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Abstract

Background: Iron is a critical component of metabolic homeostasis, but consumption of dietary iron has increased
dramatically in the last 30 years, corresponding with the rise of metabolic disease. While the link between iron
metabolism and metabolic health is well established, the extent to which dietary iron contributes to metabolic
disease risk is unexplored. Further, it is unknown how dietary iron interacts with genetic background to modify
metabolic disease risk.

Methods: LG/J and SM/J inbred mouse strains were used to investigate the relationship between genetic
background and metabolic function during an 8-week high iron diet. Glucose tolerance and adiposity were
assessed, colorimetric assays determined levels of circulating metabolic markers, and hepatic iron content was
measured. RNA sequencing was performed on white adipose tissue to identify genes differentially expressed
across strain, diet, and strain X diet cohorts. Hepatic Hamp expression and circulating hepcidin was measured,
and small nucleotide variants were identified in the Hamp genic region.

Results: LG/J mice experienced elevated fasting glucose and glucose intolerance during the high iron diet,
corresponding with increased hepatic iron load, increased circulating ferritin, and signs of liver injury. Adipose
function was also altered in high iron-fed LG/J mice, including decreased adiposity and leptin production and
differential expression of genes involved in iron and glucose homeostasis. LG/J mice failed to upregulate
hepatic Hamp expression during the high iron diet, resulting in low circulating hepcidin levels compared to
SM/J mice.

Conclusions: This study highlights the importance of accounting for genetic variation when assessing the
effects of diet on metabolic health, and suggests dietary iron’s impact on liver and adipose tissue is an
underappreciated component of metabolic disease risk.

Introduction
Iron deficiency is the most common nutritional defi-
ciency in the world, affecting about 2 billion people [1].
Western countries have low levels of iron deficiency due
to iron fortification of commonly consumed grains in-
cluding wheat flour, corn meal, and rice [2]. Fortification
effectively reduces iron deficiency, but the effects of ex-
cess dietary iron have not been considered. Consump-
tion of dietary iron has increased in the last 30 years,

trending with the rise of metabolic disease [3]. The con-
sequences of chronic dietary iron overload are not well
understood, and its contribution to metabolic disease
warrants further study [4–6].
When the liver senses high levels of circulating iron,

the HAMP gene (Hepcidin) is upregulated and secreted
into the blood stream, which prevents absorption of
dietary iron by inhibiting the iron transporter ferroportin
on duodenal enterocytes. The genetic disease hereditary
hemochromatosis (HH) is characterized by loss of func-
tion mutations in the HAMP pathway, leading to sys-
temic iron overload. HH individuals have a 60% chance
of developing type-II diabetes in their lifetime, compared
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to 35% in the general population [7]. Mouse models of
HH reveal that chronic iron overload decreases insulin
secretion capacity and insulin sensitivity due to oxidative
stress and inflammatory signaling (5).
Previous work examining the metabolic consequences

of dietary iron found that C57BL/6J mice fed a high iron
diet had increased basal glucose levels, decreased insulin
signaling, and impaired glucose tolerance [8]. C57BL/6J
mice are a common model of diet-induced metabolic
dysregulation, and when they are fed a combination high
iron/ high fat diet they experience greater dysregulation
of insulin signaling than high fat-fed mice alone, suggest-
ing dietary iron and fat work synergistically to alter insu-
lin signaling [9]. Additionally, dietary iron restriction
and iron chelation protect genetically obese ob/ob mice
from insulin resistance and β-cell failure [10]. These
studies indicate that dietary iron influences glucose and
insulin homeostasis, but do not consider genetic back-
ground as a contributing factor.
Previously, we examined genes involved in iron

homeostasis in quantitative trait loci (QTL) for meta-
bolic traits in an advanced intercross between the LG/J
and SM/J inbred mouse strains (F16 generation) [11–13].
We associated a candidate iron gene, Hpx (hemopexin),
with variation in triglycerides [14]. Analysis of these
QTL reveals significant enrichment of iron homeostasis
genes, suggesting genetic background mediates the rela-
tionship between iron metabolism and metabolic traits
(Additional file 1). Here, we examine metabolic response
to dietary iron in the LG/J and SM/J inbred mouse
strains, homing in on two tissues critical to iron homeo-
stasis and systemic metabolism: liver and adipose. We
find that genetic background is a key factor in the rela-
tionship between dietary iron and metabolism, and sug-
gest standing genetic variation in hepatic Hepcidin is an
important mediator of diabetes risk.

Research design and methods
Iron genes and enrichment analysis
We identified 588 genes involved in iron homeostasis
using the Kegg Pathway database and the Iron-Chip
microarray (Additional file 2) [15, 16]. Start and stop po-
sitions for the iron genes were intersected with 59
unique metabolic QTL identified in an F16 generation of
an advanced intercross between the LG/J and SM/J in-
bred mouse strains (Additional file 3) [12–14]. A permu-
tation analysis (1000 permutations) compared the
number of iron genes to random non-QTL regions of
similar size (Additional file 1).

Mouse model and phenotyping
Male and female LG/J and SM/J mice were obtained
from Jackson Laboratories and bred at the WUSM ani-
mal facilities. Pups from each strain were weaned at

three weeks of age and separated into sex-specific cages
of no more than five animals per cage. At 6 weeks of
age, one half of the animals from each litter were fed a
0.5% carbonyl high iron diet (Teklad TD.160249) and
one half were fed an isocaloric control iron diet (Teklad
TD.80394) (Table 1). Both male and female inbred off-
spring were used in this study, with strain X diet cohorts
balanced for sex (n = 8–11 animals per strain X diet X
sex cohort; results from both sexes pooled).
Feeding was ad libitum and a 7-day food intake study

shows neither strain differed in consumption of the two
diets, although the SM/J mice consumed slightly more
food overall (Additional file 4). Animals were weighed
weekly and subject to an intraperitoneal glucose toler-
ance test after a 4 h fast at 13 weeks of age. Briefly, after
glucose levels are recorded at baseline, each animal was
injected with 0.01 ml of 10% glucose solution per gram
of body weight, and glucose levels were recorded at 15,
30, 60, and 120min post-injection. After 7 days of recov-
ery, at 14 weeks of age, animals underwent magnetic res-
onance imaging (MRI) using an EchoMRI 3-in-1
instrument (Echo Medical Systems) to record fat and
lean mass. After the MRI, animals were fasted for 4 h
and anesthetized with an overdose of sodium pentobar-
bital (1 μl/g body weight). Blood was collected via car-
diac puncture on fully anesthetized animals and
euthanasia was achieved by cardiac perfusion with room
temperature PBS. Blood was separated by spinning at
6000 rpm for 20 min, and hematocrit was measured by
dividing the volume of red blood cells to total blood vol-
ume. Serum was collected and frozen at − 80 °C until
assayed. Reproductive fat pad and liver tissues were flash
frozen and stored at − 80 °C.

Table 1 Control and high iron diet constituents

Control Iron High Iron

Energy from fat (kcal) 11.8% 11.8%

Energy from carbohydrate (kcal) 70.4% 70.2%

Energy from protein (kcal) 11.8% 17.9%

Casein (g/Kg) 200.0 200.0

Sucrose (g/Kg) 549.7 544.99

Corn starch (g/Kg) 150.0 150.0

Corn oil (g/Kg) 50.0 50.0

DL-methionine (g/Kg) 3.0 3.0

Mineral mix; iron deficient (g/Kg) 35.0 50.0

Iron (g/Kg) 0.287* 5.0#

Vitamin mix (g/Kg) 10.0 10.0

Choline bitartrate (g/Kg) 2.0 2.0

Ethoxyquin (g/Kg) 0.01 0.01

* ferric citrate; # carbonyl iron
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Assays and histology
Fasting blood glucose was measured using a GLUCO-
CARD Vital glucometer (Arkay, MN USA). ELISAs
measuring serum levels of Leptin (Crystal Chem 90,030),
Adiponectin (Abcam ab108785), Insulin (ALPCO
80-INSMR-CH01), Transferrin (Abcam ab157724), Fer-
ritin (Abcam, ab157713), Albumin (Abcam ab108791),
and Hepcidin (Intrinsic LifeScience SKU# HMC-001)
were quantified according to manufacturer’s protocol.
Colorimetric assays measuring hepatic ALT activity (Sig-
ma-Aldrich MAK052), serum triglycerides (Thermo-
Fisher Scientific TR22421), and serum free fatty acids
(Wako NEFA-HR (2)) were quantified according to man-
ufacturer’s protocol. Hepatic iron content was quantified
using an iron assay kit (Abcam ab83366), and hepatic
triglycerides were quantified using the Non-Esterified
Fatty Acid detection kit (Wako NEFA-HR (2)). All assays
were performed in duplicate, and measured on a BioTek
SYNERGY H1 microplate reader. A portion of liver was
fixed in 10% formalin, embedded in paraffin, cut into
5 μm sections, and stained with Perls’ Prussian blue. Im-
ages were taken on a Zeiss Axioplan 2 light microscope.

RNA sequencing and analysis
Total RNA was isolated from the reproductive fat pads
(white adipose) of 4 animals from each cohort (n = 32)
using the RNeasy Lipid Tissue Kit (QIAgen). RNA con-
centration was recorded using a NanoDrop and quality/
integrity was assessed using an Agilent BioAnalyzer.
RNA-Seq libraries were constructed from total RNA
using the RiboZero kit (Illumina). Libraries were
checked for quality and concentration using the DNA
1000LabChip assay (Agilent) and quantitative PCR
according to manufacturer’s protocol. Libraries were
sequenced at 2 × 100 paired end reads on an Illumina
HiSeq 4000. After sequencing, reads were
de-multiplexed and assigned to individual samples.
The resulting FASTQ files were filtered to remove low

quality reads and aligned to the LG/J and SM/J genomes
using STAR. Gene-level expression was estimated from
the aligned reads [17, 18]. Gene counts were normalized
using a negative binomial distribution as implemented in
edgeR [19]. Two samples were removed from analysis
after multidimensional clustering of expression profiles
identified them as outliers and further examination of
canonical adipose genes suggested they were contami-
nated with muscle tissue. A covariate screen was per-
formed to remove any variation due to sexual
dimorphism. Next, the residuals were used to fit a gener-
alized linear model to identify genes differentially
expressed by diet, strain, and strain X diet. A multiple
test correction was applied via false discovery rate (FDR)
estimation. The full list and summary statistics of the
differentially expressed genes in each context is provided

(Additional file 5). Gene Ontology enrichment analysis
was performed in DAVID with all expressed genes as the
background [20].

Quantitative Real-time PCR
Total RNA was isolated from mouse liver using the TRI-
zol method. iSCRIPT cDNA Synthesis kit (Bio-Rad) was
used for reverse transcription. Quantitative PCR was
performed to assess Hepcidin (Hamp) expression levels
with an Applied Biosystems (USA) QuantStudio 6 Flex
instrument using SYBR Green reagent. Assays were per-
formed in duplicate. Hamp primer sequences: Forward
– CAATGTCTGCCCTGCTTTCT and Reverse – TCTC
CTGCTTCTCCTCCTTG [21]. Results were normalized
to Atp5b expression, which was experimentally deter-
mined to not be differentially expressed across strain,
diet, and sex cohorts (not shown). Atp5b primer se-
quences: Forward – GGTCAGTCAGGTCATCAGCA
and Reverse – CCTTATTGGGCAGAA [22]. Relative
Hamp expression across cohorts was determined using
the ΔΔCT method.

Hamp small nucleotide variants
Small nucleotide variants (SNVs) between the LG/J and
SM/J mouse strains were previously characterized rela-
tive to the GRC38.72-mm10 reference and are publicly
available [17]. Custom genomes for each strain were cre-
ated by replacing reference bases with alternative LG/J |
SM/J bases using custom Python scripts. The gene
model used was Ensembl R72 and annotations were ad-
justed for indels by shifting the indexing for the LG/J
and SM/J genomes accordingly. JBrowse was installed lo-
cally and used to visualize SNVs between LG/J and SM/J
in the Hamp gene as well as 1000 bp upstream of the
coding start position [23].

Hamp allele-specific expression
Allele-specific expression was determined from RNAseq
reads generated from white adipose in F1 LG/J x SM/J
and SM/J x LG/J hybrids (n = 32 animals representing
equal numbers of males and females). Reads were first
mapped to the LG/J and SM/J custom genomes using
the STAR aligner with multimapping disallowed [18].
Read counts intersecting strain-specific annotations were
extracted with BEDtools [24]. Counts were normalized
via upper quartile normalization and reads mapping to
Hamp were extracted. Allele-specific bias was calculated
by determining the proportion of total reads with the
LG/J haplotype relative to the total number of reads
mapping to the gene.

Statistical analyses
For the phenotypes, serum and tissue assays, and qPCR,
all non-normally distributed parameters were log10
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transformed for analysis. Outliers were detected using a
Grubbs test and removed. Descriptive statistics in the
text and figures are expressed as mean ± SD. Compari-
sons between two groups were performed using an un-
paired two-tailed Student’s t-test. ANOVA with post-hoc
Tukey’s HSD was used to test for strain X diet interac-
tions. All analysis were performed using the R statistical
software. All p-values ≤0.05 were considered significant.

Results
Genetic background modifies metabolic effects of a high-
Iron diet
We compared the effects of high dietary iron on
diabetes-related phenotypes in LG/J and SM/J mice. LG/J
mice are more adversely affected by dietary iron than SM/
J mice, losing weight and a significant amount of fat mass
over time (Fig. 1a, b). Adipose tissue loss was not accom-
panied by changes in serum free fatty acids, serum triglyc-
erides, or hepatic triglycerides levels (Additional file 6).
High iron-fed LG/J mice have reduced capacity to clear
excess glucose from circulation, whereas the high iron-fed
SM/J strain’s response to glucose is no different from the
controls (Fig. 1c). Metabolically healthy animals clear ex-
cess circulating glucose efficiently, which is reflected by
lower area under the curve values (Fig. 1d). The decreased
glucose tolerance in the LG/J strain is reflected in in-
creased basal glucose levels and decreased serum insulin
levels relative to controls (Fig. 1e, f ).

Hepatic Iron overload is dependent on genetic
background
We tested the hypothesis that hepatic iron loading in re-
sponse to a high iron diet is dependent on genetic back-
ground. We find that, while both LG/J and SM/J livers
accumulate hepatic iron on a high iron diet, the LG/J
liver is overwhelmed with iron (Fig. 2a-d). Hepatic iron
content is directly quantified in Fig. 2e as the ratio of ug
iron per ug protein in the liver. Elevated hepatic iron is
reflected in serum ferritin levels, such that the high
iron-fed LG/J mice show a 15-fold increase in serum fer-
ritin, while SM/J is no different from controls (Fig. 2f ).
High iron-fed LG/J mice also have increased serum
transferrin (Additional file 6). LG/J mice show evidence
of liver injury including elevated (but not statistically sig-
nificant) serum alanine transaminase (ALT) activity, de-
creased serum albumin, and decreased hematocrit
(Additional file 7). High iron-fed SM/J mice experience
decreased albumin levels, but no change in ALT activity
or hematocrit levels.

Dietary Iron’s impact on adipose tissue is dependent on
genetic background
In addition to losing adipose tissue mass (Fig. 1b), LG/J
mice experience significant changes in adipose gene

expression. Whole transcriptome RNA sequencing in
white adipose tissue from high iron and control diet-fed
LG/J and SM/J mice reveals adipose gene expression is
strongly influenced by genetic background, shown by the
partitioning of the strains in a multidimensional scaling
plot (Fig. 3a). High iron-fed LG/J adipose shows a
2.5-fold reduction in Lep expression, translating to
4-fold reduction in circulating leptin levels (Fig. 3b, c).
While high iron-fed SM/J mice do not have decreased
adipose Lep expression, they do experience a 2-fold de-
crease in circulating leptin levels. Adiponectin does not
differ between dietary cohorts of either strain
(Additional file 6). Other important adipose genes that
experience changes in expression in a genetic
background-specific context include: Rab3d, a RAS
oncogene involved in insulin-induced translocation of
glut4 in adipocytes; Sfxn5, a potential iron transporter;
Paqr7, a cell-surface receptor for adiponectin, and Ptpre,
a negative regulator of insulin-receptor signaling (Fig.
3d). Gene Ontology analysis shows genes differentially
expressed by diet are enriched in extracellular matrix
and space processes, genes differentially expressed by
strain are involved in mitochondrial activity, and genes
differentially expressed in a diet X strain manner are in-
volved in the cell membrane and the endoplasmic
reticulum (Table 2). A full list of differentially expressed
genes in strain, diet, and strain X diet contexts can be
found in Additional file 5.

Hepcidin production coincides with susceptibility to
dietary Iron-induced metabolic change
Hepcidin is a master regulator of systemic iron homeo-
stasis. Examination of hepatic Hamp expression reveals
no significant change in LG/J mice between diets, while
SM/J mice fed a high iron diet experience a 3.6-fold in-
crease (Fig. 4a). This corresponds with a 10-fold increase
in circulating Hepcidin in high iron-fed SM/J mice, but
not LG/J mice (Fig. 4b). Interestingly, gene expression
analysis of liver from an LG/J X SM/J F1 intercross
population reveals nearly 75% of Hamp reads map back
to the SM/J strain (Fig. 4c). Examination of the genetic
differences between the LG/J and SM/J strains identifies
58 SNVs in the coding region and 1000 bp proximal pro-
moter region (Fig. 4d), revealing a number of genetic
variants that could influence Hamp expression.

Discussion
Iron is an understudied essential nutrient, despite the
known connection between iron stores and disease risk,
and increased iron fortification correlating with meta-
bolic disease. In this study, we examined the metabolic
consequences of high dietary iron in two inbred mouse
strains frequently used to explore the relationships
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among genetic background, diet, and metabolic traits:
LG/J and SM/J.
On a systemic level, metabolic response to high dietary

iron varies considerably between strains. LG/J mice fed a
high iron diet have reduced body weight (Fig. 1a), which
can be attributed to loss of adipose tissue (Fig. 1b). Iron
is known to induce lipolysis [25], but this is not reflected
in changes in lipid mobilization metrics including serum

free fatty acid and triglyceride levels or hepatic triglycer-
ides in these strains (Additional file 6). High iron-fed
LG/J mice have altered glucose metabolism, including el-
evated fasting glucose (Fig. 1e) and diminished capacity
to clear excess glucose (Figs. 1c, d). While these are
likely consequences of decreased adipose tissue mass,
the decreased circulating insulin levels (Fig. 1f ) suggest
β-cell insulin secretion capacity may also be inhibited,

Fig. 1 Iron-induced metabolic dysregulation is dependent on genetic background. High iron-fed LG/J mice have decreased body weight (a),
caused in part by decreased adiposity (b), which is not seen in high iron-fed SM/J mice. Loss of adipose tissue is associated with altered glucose
metabolism, assessed by intraperitoneal glucose tolerance test (c), summarized by increased area under the curve (d). Decreased glucose
clearance in LG/J mice is associated with increased blood glucose (e) and decreased serum insulin (f). Panels a, b: n = 16–19 mice per strain X
diet cohort. Panels c, d, e: n = 15–18 mice per strain X diet cohort. Panel f: n = 12–17 mice per strain X diet cohort. Panel A - *p-value < 0.05
assessed by students t-test. Panels B, D, E, F - *p-value < 0.05, **p-value < 0.01, assessed by ANOVA with Tukey’s Post Hoc Correction. N.S. – Not
significant. Error bars represent standard deviation
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consistent with other studies of iron overload [26, 27].
Interestingly, high iron-fed SM/J mice have increased
fasting glucose relative to controls, but no change in glu-
cose tolerance, body weight, adiposity, or insulin secre-
tion. These results show genetic background not only
influences the severity of iron-induced metabolic dysreg-
ulation, but also dictates which tissues are affected by
dietary iron overload. This is consistent with previous
findings suggesting mouse strains differ in iron absorp-
tion and organ iron loading [28].
The liver is the primary iron storing and sensing

organ. Both strains experience hepatic iron accumula-
tion, however the LG/J liver becomes overwhelmed with
iron to a striking extent. Qualitative and quantitative as-
sessment of iron deposition in LG/J mice reveals

substantial increase in iron content (Fig. 2a-f ), which is
further validated by a 15-fold increase in serum ferritin
levels (Fig. 2f ). The connection between hepatic iron
overload and altered glucose homeostasis in LG/J mice
is likely multifactorial: the LG/J liver is unable to seques-
ter excess dietary iron, leaving it to circulate in the
bloodstream. Further, the liver shows signs of injury in-
cluding decreased serum albumin and hematocrit, sug-
gesting hepatic glucose regulation is also compromised.
Together, excessive circulating iron and hepatic iron
overload likely work synergistically to alter systemic glu-
cose homeostasis, as reflected in elevated fasting glucose
and diminished ability to clear excess glucose.
Previous studies examining the relationship between

iron and adipose tissue function reveal that excess iron

Fig. 2 Hepatic iron overload is dependent on genetic background. Representative images of liver stained with Perls’ Prussian Blue from LG/J mice fed
the control iron diet (a) and high iron diet (b), and SM/J mice fed control iron diet (c) and high iron diet (d). High iron-fed LG/J mice experience
dramatic increase in total hepatic iron deposition (e), which coincides with increased serum ferritin (f). Panel E: n = 9–15 mice per strain X diet cohort.
Panel F: n = 12–15 mice per strain X diet cohort. Panels E, F – *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001 assessed by ANOVA with Tukey’s Post
Hoc Correction. N.S. – Not significant. Error bars represent standard deviation
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Fig. 3 Dietary iron influences adipose tissue function in a genetic background-dependent manner. A multidimensional scaling (MDS) plot based
on the expression profiles of 8021 genes in white adipose tissue reveals context-specific clustering of control- and high iron-fed LG/J and SM/J
mice (a). High iron-fed LG/J mice experience a 2.5-fold decrease in white adipose Lep expression (b), which coincides with a 4.5-fold decrease in
serum leptin levels (c). High iron-fed SM/J mice do not experience a change in leptin expression, but have a 2-fold decrease in circulating leptin
levels. Several key genes involved in adipose tissue function show gene X environment expression patterns in response to increased dietary iron
(d). Panels a, b, d: n = 6–8 mice per strain X diet cohort. Fig. C: n = 13–17 mice per strain X diet cohort. Panels b, c, d – *p-value < 0.05, **p-value
< 0.01, ***p-value < 0.001, assessed by ANOVA with Tukey’s Post Hoc Correction. N.S. – Not significant. Error bars represent +/− standard deviation
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Table 2 Top five Gene Ontology term categories for diet, strain, and strain X diet contexts, ranked by Benjamini-corrected p-values

Context GO Term Benjamini p-value Fold Enrichment

Diet Extracellular Space (GO:0005615) 7.4E-05 1.94

Extracellular Region (GO:0005576) 1.1E-04 1.96

External Side Of Plasma Membrane (GO:0009897) 4.1E-04 3.05

Extracellular Exosome (GO:0070062) 4.5E-04 1.37

Cell Surface (GO:0009986) 5.1E-03 1.96

Strain Mitochondrion (GO:0005739) 7.5E-12 1.15

Mitochondrial Inner Membrane (GO:0005743) 1.1E-04 1.21

Respiratory Chain (GO:0070469) 1.3E-02 1.43

Mitochondrial Respiratory Chain Complex I (GO:0005747) 1.3E-01 1.42

Nuclear Pore (GO:0005643) 1.9E-01 1.34

Strain X Diet Endoplasmic Reticulum (GO:0005783) 8.9E-01 1.59

Neuron Projection Terminus (GO:0044306) 9.2E-01 25.23

Perinuclear Region Of Cytoplasm (GO:0048471) 9.2E-01 1.92

Plasma Membrane (GO:0005886) 9.4E-01 1.42

Membrane (GO:0016020) 9.6E-01 1.22

Fig. 4 Differences in Hamp gene (Hepcidin) expression may underlie dietary iron-induced metabolic changes. LG/J mice do not increase hepatic Hamp
expression in response to dietary iron, compared to SM/J mice that increase Hamp expression 3.6-fold (a). The lack of increased Hamp expression coincides
with no change in circulating Hepcidin in LG/J mice and a 10-fold increase in Hepcidin levels in SM/J mice, normalized to control-fed mice (b). Hepatic
gene expression analysis of an LG/J-SM/J F1 intercross population reveals preferential expression of the SM/J Hamp allele (c). Screen shot of strain-specific
variants in the Hamp locus between the LG/J and SM/J strains. Dashes denote location of genetic differences between strains, with LG/J variant listed first
and SM/J variant second (d). Panel a: n= 14–17 mice per strain X diet cohort. Panel b: n = 6–7 mice per strain X diet cohort. Panel c: n= 32 LG/J-SM/J F1
intercross mice. Panels A and B - *p-value < 0.05, **p-value < 0.01, ***p-value < 0.001 assessed by ANOVA with Tukey’s Post Hoc Correction. Panel c – ***p-
value < 0.001 assessed by students t-test. N.S. – Not significant. Error bars represent +/− standard deviation
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promotes adipose insulin resistance by directly interfer-
ing with insulin-insulin receptor binding and promoting
the expression of genes that inhibit insulin receptor/ ef-
fector function [29, 30]. Whole transcriptome analysis of
adipose tissue reveals that genetic background is a strong
modifier of dietary iron’s effects on expression profile (Fig.
3a), that expression of glucose and iron homeostasis genes
are differentially affected by diet, and that this is
dependent on genetic background (Fig. 3d). This result
underscores the importance of including genetic back-
ground in studies of diet and metabolism; there is no
one-size-fits-all diet. Pathway analysis (Table 2) reveals en-
richment of extracellular matrix proteins differentially
expressed by diet, which have been shown to negatively
regulate Hepcidin in breast cancer cells [31]. Further,
genes differentially expressed by strain are enriched for
mitochondrial function, which is a limiting factor in adi-
pogenesis and an iron-sensitive process. In vitro analysis
of mouse 3 T3-L1 adipocytes shows both iron-free media
and knock-down of transferrin receptor inhibits adipocyte
differentiation [32]. These iron-depleted adipocytes have
decreased expression of Tfam, a transcription factor ne-
cessary for mitochondria biogenesis [33]. Lastly, genes dif-
ferentially expressed in a strain X diet context are
enriched for membrane and endoplasmic reticulum func-
tion. Iron plays a crucial role in the plasma membrane
redox system, and excess iron has been shown to modu-
late endoplasmic reticulum stress [34, 35].
Adiponectin and leptin are inversely correlated with

ferritin in diabetic humans, suggesting adipose iron over-
load also interferes with systemic insulin sensitivity via
altered adipokine secretion. C57BL/6J mice fed a high
iron diet have decreased leptin expression in adipose tis-
sue and lower circulating leptin levels. In vitro addition
of iron to adipocytes reduces Lep and Adipoq expression,
correlating with a decrease in secretion [36–38]. The de-
creased serum leptin levels seen in high iron-fed LG/J
mice likely stems from adipose tissue loss and decreased
Lep expression, while the decrease in serum leptin levels
in SM/J mice is likely due to adipose tissue loss alone
(Fig. 3b, c). Interestingly, we find no difference in adipo-
nectin levels in either of our strains. This differs from
other studies of iron’s effects on adipose function in
C57BL/6J mice that found significant decreases in serum
adiponectin when mice were fed high iron [37], again il-
lustrating the importance of genetic background.
Hepcidin is a central regulator of iron homeostasis.

We found that, while both strains of mice produce hep-
cidin, the LG/J mice fail to upregulate Hepcidin produc-
tion in response to high dietary iron (Fig. 4a, b). Control
LG/J mice do not develop iron overload, revealing diet-
ary context-specific risk that is likely due to standing
genetic variation at this locus. When Hamp expression
in liver from LG/J-SM/J F1 intercross mice was mapped

to parental strains, 75% of Hamp reads mapped to SM/J
(Fig. 4c), suggesting underlying genetic variants cause
differential expression. We infer that LG/J mice have less
efficient Hamp upregulation, which becomes physiolo-
gically relevant during a high iron diet. Examination of
genetic differences between Hamp alleles in SM/J and
LG/J mice reveals 25 SNVs in the proximal promoter re-
gion (Fig. 4d). Bayele et al. examined promoter haplo-
types from 8 inbred mouse strains on Hamp expression
and found polymorphisms in transcription factor bind-
ing sites caused a 3-fold difference in expression [39]. In
humans, SNVs in the Hamp promoter region are associ-
ated with severe iron overload [40–42]. It is possible
more variants influence Hamp expression, but their ef-
fects may be context dependent. Future work character-
izing Hamp variants as context-specific risk factors for
iron overload in non-hemochromatosis individuals
promises to improve our understanding of the connec-
tion between dietary iron and metabolic dysregulation.
This would be a step towards precision medicine and
personalized nutrition.

Conclusions
Our study shows genetic background strongly modifies
response to dietary iron. Our findings highlight the im-
portance of including multiple genetic backgrounds in
nutrition studies, and suggests the metabolic conse-
quences of dietary iron-overload are far from universal.
We recently highlighted the role of genetic background
in response to dietary iron, and how it may confer dis-
ease risk in humans [43]. Our current study shows in-
bred mouse models likewise display a wide range of
responses to dietary iron and are useful for understand-
ing the relationship between genetic background and
metabolic disease. In a permissive genetic background,
high dietary iron alters liver and adipose behavior
through iron overload, which synergistically contribute
to dysregulation of glucose homeostasis. Further, the
control hepcidin exerts over dietary iron absorption
makes it an attractive candidate for examining genetic
risk factors associated with dietary iron overload. Future
work focused on identifying genetic variants associated
with metabolic dysfunction within the context of a high
iron diet will identify novel candidates that may be rele-
vant to iron-induced metabolic disease in humans. This
can provide individuals with information about optimal
dietary iron range, and prevent overstepping healthy iron
intake to levels that confer disease risk.
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