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A bidirectional relationship exists between adipose tissue metabolism and iron regulation. Total body fat, fat distribution and
exercise influence iron status and components of the iron-regulatory pathway, including hepcidin and erythroferrone. Conversely,
whole body and tissue iron stores associate with fat mass and distribution and glucose and lipid metabolism in adipose tissue, liver,
and muscle. Manipulation of the iron-regulatory proteins erythroferrone and erythropoietin affects glucose and lipid metabolism.
Several lines of evidence suggest that iron accumulation and metabolism may play a role in the development of metabolic diseases
including obesity, type 2 diabetes, hyperlipidaemia and non-alcoholic fatty liver disease. In this review we summarise the current
understanding of the relationship between iron homoeostasis and metabolic disease.
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THE INTERTWINED CIRCUITS OF IRON AND METABOLIC
HOMOEOSTASIS
Given the enormous range of cellular proteins requiring iron for
correct energy transformation it is perhaps not surprising that iron
availability would affect nutrient energy transport and storage,
such as for glucose and lipid homoeostasis [1]. In this review we
will examine the evidence to suggest that the roots of iron
homoeostasis and energy metabolism have evolved to be closely
knitted together. It can be hypothesised that energy substrate
metabolism and iron sensing are co-regulated to ensure that iron
is available for efficient energy use and, in times of excess,
adequate storage of energy. We will see how components of the
iron and erythropoietic pathways are also expressed in AT [2] and
the endocrine pancreas [3] and how they modulate body fat
accumulation [4, 5] and glucose and lipid homoeostasis [6], and
also how obesity, glucose and lipids can modulate iron homo-
eostasis [7, 8]. This co-regulation may provide a safety net to
provide iron for tissues during periods of starvation, but in the
context of metabolic derangement this relationship can break
down and be counterproductive. Equally, diseases characterised
by iron-loading lead to metabolic disease [9].

REGULATION OF IRON ABSORPTION AND TRANSPORT
In humans, iron is essential for erythropoiesis, for formation of
myoglobin for oxygen transfer to muscle, host defence, DNA
replication and repair, for numerous metabolic enzymes and for
mitochondrial energy production. Conversely, excess iron is toxic:
ferrous iron forms highly reactive hydroxyl free radicals via the

Fenton reaction that cause damage to cellular components
including lipids, DNA and proteins, ultimately leading to tissue
damage. Appropriate iron balance is crucial for optimum cell
function. Both iron depletion [10] and iron overload [11]
negatively affect mitochondrial oxidative phosphorylation.
The mechanisms regulating iron absorption, storage and release

are summarised in Fig. 1. Full discussion of the complex pathways
controlling iron homoeostasis is beyond the scope of this review
and is outlined in detail elsewhere [12]. Because humans do not
have a regulated mechanism to excrete iron, uptake from dietary
sources must be carefully regulated to balance losses. Macro-
phages and hepatocytes have an enhanced ability to store iron
and act as a buffer of iron stores. Iron can be liberated from stores
and exported from cells via the ferroportin transporter.
Hepcidin is an iron-regulating peptide hormone that is

produced chiefly by hepatocytes and considered the master
regulator of iron homoeostasis [12]. It is expressed to a lesser
extent by other tissues including pancreatic β-cells [3] and adipose
tissue (AT) [2]. It is released in response to rising iron saturation of
plasma transferrin, increased hepatic iron stores, or inflammation,
and negatively feeds back to reduce iron availability by causing
degradation of the ferroportin transporter, thereby reducing iron
uptake by enterocytes and inhibiting release of iron from
macrophage and splenic stores. Hepcidin is mainly regulated via
the BMP/SMAD signalling pathway [13]. Bone morphogenic
proteins (BMPs) phosphorylate SMAD1/5/8 that, on binding to
SMAD4, translocate to the nucleus to activate target genes,
including hepcidin [13, 14]. The inflammatory cytokine interleukin
(IL)-6 induces hepcidin [15] through the phosphorylation of
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STAT3 [15]. In response to infection or inflammation hepcidin rises,
causing iron to be sequestered as a defence against siderophilic
bacteria [16]. In response to acute haemorrhage or erythropoietic
stress erythroferrone (ERFE) is produced and released by bone
marrow erythroid progenitor cells. ERFE inhibits hepcidin release
via actions on the BMP pathway [17], taking the brakes off iron
absorption and releasing and supplying more iron for synthesis of
haemoglobin [18].

IRON STATUS IN OBESITY AND FAT DISTRIBUTION
Since the 1960’s it has been recognised that people with obesity
have lower serum iron [19]. Children and adolescents with
overweight and obesity are twice as likely to be iron deficient,
with prevalence of iron deficiency increasing with body mass
index (BMI) [20]. Pregnant women with obesity have impaired iron
absorption in late pregnancy, and their offspring have reduced
iron stores aged six months [21]. Adults with obesity are also at
higher risk for iron deficiency [22, 23] which is common in patients
referred for bariatric surgery [24]. This may be partly explained by
dietary patterns. The ‘double burden’ of overweight and obesity
with concurrent undernutrition and micronutrient deficiencies is
well-recognised as a public health problem [25]. However, people
with obesity have higher hepcidin levels which rise with BMI [22],
implying that the lower serum iron parameters are not purely
dilutional or nutritional.
Beyond absolute obesity, body fat distribution also associates

with iron parameters. Cross-sectional studies have shown that
transferrin saturation negatively correlates with BMI [23] and is
lower in men and women with obesity and an expanded waist
circumference than in those with obesity but with a smaller
waist circumference [23]. Serum iron negatively correlated with
waist circumference in Hispanic women (but not men) [26] and
ferritin positively associated with waist-to-hip ratio (WHR)
independent of BMI [27] and with visceral fat area [28] and
with waist-to-thigh ratio in healthy men [4]. In another study,
women with overweight or obesity and central adiposity had
higher hepcidin, lower transferrin saturation and impaired

absorption of supplemental (but not dietary) iron [29].
Gynoid fat mass does not have an association with iron
metabolism [29]. A possible mechanism by which central
obesity has this effect on iron status could be its association
with systemic low-grade inflammation [30]. IL-6 upregulates
hepcidin directly via hepatic STAT3 signalling in the liver
[15, 31]. Interestingly, hepcidin expression in AT also increases
with obesity [2]. The sex hormone oestrogen is strongly
associated with body fat distribution and directly suppresses
hepcidin [32], possibly to upregulate iron absorption to
compensate for that lost through menstruation.
Obesity is an inflammatory state characterised by low-grade

chronic activation of the non-specific immune system [30, 33].
Overnutrition and obesity cause a switch in the resident immune
cells to an inflammatory phenotype with increased secretion of
pro-inflammatory cytokines such as tumour necrosis factor alpha
(TNFα), IL-1, and IL-6 [30]. The low-grade systemic inflammation
associated with obesity contributes to the development of
obesity-related metabolic disease [34].
Bariatric surgery is a model for rapid weight loss and several

studies have examined the temporal effect on iron regulation
following surgery. In a cohort of 20 postmenopausal women,
bariatric surgery led to an average reduction of BMI from 48 kg/m2

to 40 kg/m2 accompanied by a fall in c-reactive protein (CRP) from
11mg/l to 6 mg/l at 6 months. Serum hepcidin fell to less than a
third of original levels [22]. This was associated with a fall in serum
transferrin receptor levels and a rise in haemoglobin concentra-
tion. Weight loss induced by bariatric surgery leads to improved
iron absorption in iron deplete individuals, but does not seem to
alter iron absorption in those with adequate iron stores [35].
Within AT, bariatric surgery-induced weight loss led to increased
expression of transferrin and decreased expression of the
transferrin receptor, ferritin, and ferroportin [36].
Animal models allow us to examine the temporal relationship

between iron and the development of insulin resistance in a more
controlled manner. In mice fed a high fat diet, the development of
insulin resistance preceded the development of disrupted iron
metabolism in liver and visceral AT (VAT) [8].

Fig. 1 A summary of human iron regulation. Hepcidin, produced primarily by hepatocytes, reduces iron efflux from cells and duodenal iron
absorption by reducing the stability of the ferroportin transporter (green). Hepcidin is mainly regulated via the bone morphogenic protein
(BMP)/SMAD signalling pathway. The inflammatory cytokine interleukin-6 (IL-6) induces hepcidin. In response to cellular hypoxia the kidneys
release erythropoietin (EPO), which stimulates erythropoiesis and the production of erythroferrone from erythroblasts. Erythroferrone inhibits
hepcidin release, thereby increasing iron absorption and release of iron from stores. Image created in Biorender.com.
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Iron status in adipose tissue development and function
In mice, an iron-rich diet led to smaller adipocyte size and reduced
mass of epididymal AT (the murine equivalent of VAT), with no
change in subcutaneous AT mass [5], with subsequent effects on
insulin resistance and triglycerides. However, conversely, restric-
tion specifically in epididymal fat was seen in mice treated with an
iron chelator [37], accompanied by reduced AT inflammation and
macrophage infiltration.
The metabolic effect of dietary iron-loading might depend on

whether concurrent obesity is present. In ob/ob obese mice, a low
iron diet or iron chelation therapy protected against β-cell failure
and insulin resistance and lowered triglycerides, but these effects
were not replicated in healthy weight mice [38]. This phenotype
was the opposite of that seen in human haemochromatosis, an
iron-loading disease (discussed below).
Iron load has local effects in AT. In acute iron overload, AT

seems to be more sensitive to iron accumulation than liver [39]. In
a mouse model where adipocytes were selectively rendered iron
deficient by adipocyte-specific deletion of transferrin receptor-1,
inguinal and brown AT reduced in mass via apoptosis [40]. Mice
were subsequently protected from high fat diet induced obesity
and metabolic deterioration, as indicated by improved insulin
sensitivity and protection from hepatic steatosis. Adipocytes
differentiate from mesenchymal stem cell precursors. Iron over-
load affects balance of differentiation of osteoblasts vs osteoclasts
(derived from the same progenitors as preadipocytes), although it
is not clear yet how this relates to adipogenesis [41]. In an in vitro
study using rat adipocytes, incubation with transferrin or iron
increased lipolysis and decreased insulin stimulated glucose
uptake [42].

Iron and adipokines
Adipokine release is influenced by iron homoeostasis. Acute iron
overload in vitro and in vivo in mice leads to decreased expression of
adiponectin and leptin [39, 43, 44]. Conversely, phlebotomy of
humans with hyperferritinaemia and impaired glucose tolerance
caused an increase in adiponectin [43]. Adiponectin is known to
associate with lipid profile [45], although it remains unclear whether
this is a causal relationship. Acute iron overload led to increased
serum triglycerides and low‐density lipoprotein (LDL) cholesterol
levels and reduced high‐density lipoprotein (HDL) cholesterol, which
was partially mitigated by treatment with adiponectin and leptin,
suggesting other mechanisms are also relevant.
Equally, as well as iron influencing adipokine release, leptin also

stimulates hepatic hepcidin release through the JAK2/
STAT3 signalling pathway [46].

Iron status and adipose tissue macrophage function
Within murine AT, Prussian blue staining has revealed iron stores
to be concentrated within macrophages, with a subpopulation
having increased iron content and enhanced expression of genes
involved in iron-cycling [47, 48]. AT macrophages are important
for determining AT homoeostasis and the metabolic conse-
quences of obesity [30]. Splenic macrophages are known to be
major contributors to systemic iron levels by phagocytosing and
releasing iron [12]. Within AT, a subpopulation of M2 (anti-
inflammatory) macrophages exist that are iron-rich and can take
up excess iron and release it in response to local deficiency [47].
These protect AT from iron overload [48]. There is a hypothesis
with accumulating evidence that these can help control iron levels
in the microenvironment. In obesity there is a shift in macrophage
polarity towards the more inflammatory M1 phenotype [30]. There
are also fewer iron-cycling M2 macrophages, and those present
have impaired iron-handling abilities [47]. The impaired iron-
handling ability of AT macrophages in obesity leads to accumula-
tion of AT iron and deficiency of hepatic iron, along with elevated
ferritin and transferrin [47]. Iron-handling genes in macrophages
are also impaired by saturated fatty acid treatment in vitro [47].

Iron and adipose tissue mitochondrial function
Finally, iron is vital for mitochondrial function. Mitochondria are
intracellular organelles which are essential for energy metabolism,
but also have diverse roles in cellular apoptosis, autophagy, cell
growth and immunity [49, 50]. Different tissues have different
densities of mitochondria; white AT has few mitochondria,
reflecting its role as a reservoir for energy storage. Both iron
deficiency and iron excess can cause mitochondrial damage and
dysfunction [51]. Mitochondrial dysfunction in white AT has been
implicated in the biogenesis of metabolic disease [52].
MitoNEET is a mitochondrial protein located in the outer

mitochondrial membrane. It regulates iron transfer into the
mitochondria, acting as a rate limiting step for the electron
transport chain [53]. Mice with adipose tissue-specific over-
expression of mitoNEET exhibited massive expansion of adipose
tissue, but with preserved insulin sensitivity [53].
In contrast to white adipocytes, brown and beige adipocytes are

important for non-shivering thermogenesis [54] and in line with
this have high mitochondrial density [55]. Brown AT depots have
been identified in humans as well as animals [56]. The iron
requirements of brown AT are higher than for white AT and
increase when brown AT is stimulated, and iron availability is
crucial for the differentiation of brown/beige adipocytes [55].

EFFECTS OF IRON STATUS ON METABOLIC RATE AND SATIETY
Iron intake and stores might influence body weight by altering
basal metabolic rate; iron deficient people and animals have
impaired glucose turnover and impaired thermoregulation [57].
The hypothalamus plays a crucial role in appetite and regulation
of food intake. Interestingly, people with obesity have more iron
deposition in the hypothalamus than healthy weight controls, and
this correlates with hepatic iron [58]. Iron deficiency is associated
with reduced appetite, whilst iron supplementation is associated
with increased appetite in children [59].
Iron overload or depletion also regulates leptin, with subse-

quent effect in appetite and food intake [44]. Iron deficiency is
associated with reduced thyroid function [60]. Iron deficiency
anaemia is also associated with reduced release of insulin-like
growth factor-1 (IGF-1) [61], although it is less clear if this is due to
anaemia or to iron deficiency per se.

IRON-REGULATORY PATHWAYS AND ADIPOSE TISSUE
FUNCTION
Erythroferrone
Studies in mice have shown that Erfe is released from muscle in
response to exercise and feeding [62]. In humans, ERFE
increases in response to exercise training [63] and acute
exercise [64] and following weight loss due to laparoscopic
sleeve gastrectomy [65]. Conflicting associations have been
reported with obesity and WHR [65, 66]. Work from our group
has shown that BMP2 is a differentiation factor for subcuta-
neous abdominal, but not gluteal, adipocytes. In in vitro
experiments ERFE inhibited BMP2 signalling in subcutaneous
abdominal preadipocytes [67]. In mice, recombinant Erfe lowers
circulating free fatty acids by increasing uptake into adipocytes
and hepatocytes [63].

Erythropoietin
Erythropoietin (EPO) is a hormone secreted by the kidneys in
response to relative hypoxia. It acts on the bone marrow to
stimulate production of red cells and drives production of ERFE,
and therefore iron absorption. In mouse models, treatment with
EPO or constitutive overexpression of EPO led to reduced blood
glucose levels, lower glycated haemoglobin (HbA1c) [68]
and reduced triglycerides by enhancing lipid catabolism within
AT [69]. EPO treatment of humans led to improvements in lipid
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profile [69] and improved glucose tolerance [70, 71], with a
rebound in fasting glucose when EPO was discontinued [71].
EPO is known primarily as a stimulator of erythropoiesis,

but interestingly the EPO receptor is found in many other
tissues and is highly expressed in white AT (WAT) and in the
hypothalamus [72]. Knock out of the EPO receptor in non-
hematopoietic tissues in animal models results in increased fat
mass without affecting lean mass [72] and treatment of mice with
EPO, or forced EPO overexpression, protects against obesity and
improves glucose tolerance [68, 70]. Hypothalamic expression of
EPO suggests that it may regulate energy balance centrally, but
this has not been explored.
Some experimental evidence points towards a local role in AT.

In vitro, treatment of the 3T3-L1 pre-adipocyte cell line with EPO
suppressed adipogenesis [73]. EPO treatment is associated with
reduced AT inflammation [73], and EPO reduces activation of
cultured macrophages [73]. The fact that EPO has such marked
metabolic effects is fascinating and suggests an evolutionary
advantage to regulating energy homoeostasis in times of
haemopoietic stress or according to iron availability.

IRON OVERLOAD SYNDROMES AND METABOLIC
DYSFUNCTION
One of the first descriptions of insulin resistance was in 1929 in the
context of ‘bronze diabetes’ [74], a disorder of iron loading now
known as haemochromatosis. Since then, it has repeatedly been
observed that diseases characterised by disordered iron metabo-
lism tend to have a metabolic phenotype.
The thalassaemias are inherited haemolytic anaemias caused by

deficient synthesis of either the α-chain (as in α-thalassaemia) or
β-globulin chains (in β-thalassaemia) that make up the adult
haemoglobin tetramer [75]. The unpaired globulin chains
precipitate, leading to shortened red cell life span. Immature
erythrocytes accumulate in the bone marrow and anaemia causes
them to release ERFE, which inhibits hepcidin production, leading
to increased iron absorption and ultimately iron overload. Both of
the heterozygous α-thalassaemia [76] and β-thalassaemia [77]
carrier states are associated with increased risk of insulin
resistance and type 2 diabetes (T2DM). Indeed, 20–30% of
β-thalassaemia major patients have diabetes, which is charac-
terised by both insulin resistance and relative insulin deficiency
due to beta cell failure [78]. Postulated mechanisms for this are
discussed below.
Haemochromatosis is an inherited disease primarily caused by a

mutation in the HFE gene [79], leading to constitutive activation of
iron absorption. Haemochromatosis is characterised by iron
overload in tissues, leading to liver cirrhosis. Haemochromatosis
is associated with reduced BMI [9]. Paradoxically, people
with haemochromatosis also have an increased risk of diabetes
[9, 80], caused both by insulin resistance and decreased β-cell
function [81], and increased rates of primary hypertriglyceridemia
[82]. In one retrospective study, 31% of a cohort of patients with
haemochromatosis had concurrent hypertriglyceridaemia, and
therapeutic phlebotomy more than halved triglycerides in
affected individuals [83], suggesting a direct effect of iron
overload on the development of hypertriglyceridaemia. However,
in another study of individuals without haemochromatosis but
with hypertriglyceridaemia and hyperferritinaemia, therapeutic
venesection to deplete iron stores had no effect above standard
lipid lowering therapy [84].
Ferroportin disease is caused by mutations in ferroportin-1

gene. The classical phenotype is characterised by raised ferritin,
normal transferrin and iron overload in macrophages, and in the
non-classical phenotype ferritin and transferrin are both raised
and iron overload affects the liver as well as macrophages [85].
Interestingly, ferroportin disease has not been reported to
associate with an increased risk of diabetes or lipid disorders.

The influence of iron status on metabolic health is demonstrated
in dysmetabolic iron overload syndrome (DIOS). DIOS refers to mild
iron overload associated with features of the metabolic syndrome
(T2DM, essential hypertension, non-alcoholic fatty liver disease
(NAFLD) or polycystic ovary syndrome) in the absence of an
identifiable cause for iron excess. Beyond the cardiovascular risk
this confers, iron overload also independently predisposes to
atherosclerosis by causing endothelial dysfunction [86].
Alcohol excess is commonly associated with iron overload and

with abnormalities in iron metabolism [87] and individuals with
alcoholic liver disease often have increased hepatic iron stores [88].
The increase in hepatic iron associated with alcohol excess leads to
free radical mediated cellular damage and exacerbates the direct
hepatotoxicity from alcohol. Both acute and chronic alcohol excess
cause downregulation of hepcidin, leading to increased duodenal
iron absorption. Hepcidin is downregulated both by direct action
on the BMP/SMAD pathway [89] and hepcidin gene (HAMP)
promotor binding [90].

IRON STORES, IRON STATUS AND TYPE 2 DIABETES
Beyond the metabolic dysfunction seen in iron-loading
diseases, there is an association between iron stores within
the physiological range and risk of T2DM. Diabetes can be
caused by a relative insulin deficiency, often in the face of
insulin resistance. In an observational study of more than 6,000
men and women, higher fasting ferritin levels were associated
with both impaired pancreatic β-cell function and decreased
insulin sensitivity [91]. Similarly, diabetes associated with the
thalassaemias [78] and haemochromatosis [81] is caused by
both insulin deficiency and insulin resistance.
In a meta-analysis of eleven studies carried out in the USA

and Europe containing 620 participants, individuals with T2DM
had lower haemoglobin despite elevated iron stores, as
indicated by elevated ferritin. Individuals with T2DM had
elevated hepcidin, which was further elevated with concurrent
obesity, and also had elevated hepcidin:ferritin ratio [92].
In agreement with this, one group recruited cohorts of
individuals without diabetes, with prediabetes or with T2DM
on insulin [93]. The group with T2DM on insulin had higher
hepcidin than controls, whilst paradoxically the group with
prediabetes had lower hepcidin levels than the control group.
In another study recruiting matched cohorts, hepcidin and
hepcidin: ferritin ratios were lower in people with T2DM and
with polycystic ovary syndrome when compared with controls,
but not in type 1 diabetes (T1DM), implying a role for iron
overload in insulin resistance rather than insulin deficiency [94].
In a study of Chinese non-anaemic pregnant women, higher
iron stores within the physiological range were associated with
a higher risk of developing gestational diabetes [95]. Whilst
some of the results from observational studies are mixed, broadly
the data suggest that higher iron stores are associated with insulin
resistance and T2DM. To date most of these studies have been
carried out in Europe and the USA using predominantly Caucasian
populations, and further work is needed to clarify whether the
same patterns are seen in other ethnic groups.
A Mendelian randomisation study used three single nucleotide

polymorphisms (SNPs) which are associated with iron status and
investigated phenotypic associations. Although T2DM was not
associated with any of the SNPs, hypercholesterolaemia was,
suggesting a causal effect of iron status on lipid metabolism [96].
Prospective studies have gone a step further and shown a

temporal association between iron status and insulin resistance,
suggesting a causal relationship. In a meta-analysis of twelve
prospective studies, ferritin and dietary haem intake were both
associated with an increased risk of developing T2DM [97]. In
another study of 509 individuals with a 7 year follow up period,
ferritin and transferrin were prospectively positively associated with
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insulin resistance (as estimated by HOMA2-IR), adipocyte and
hepatic insulin resistance and development of T2DM [98]. The EPIC-
InterAct study contained 12,403 incident T2DM cases and 16,143
controls. Levels of ferritin and transferrin were prospectively
associated with the development of T2DM [99]. Levels of ferritin
were more predictive of T2DM occurrence in lean individuals.
Counterintuitively, individuals with a high transferrin saturation
were less likely to develop T2DM, suggesting that the relationship
between iron stores and risk of diabetes is complex. One possible
explanation is that people who are less able to transport iron bound
to transferrin experience more tissue toxicity from free iron.
Ferritin rises in response to inflammation, and whilst studies

adjusted for this, the measures used were crude and it is difficult
to fully account for low-level systemic inflammation. However, the
associations with other iron indices do suggest a true association
between iron storage and obesity and T2DM.
Animal studies agree with the overall concept that iron is

involved in the pathophysiology of metabolic disease. Mice fed an
iron-rich diet developed increased insulin resistance leading to a
40% increase in fasting glucose, as well as three-fold higher
triglycerides [5]. Conversely, obese (but not healthy weight) mice
fed a low iron diet or treated with iron chelation had lower
triglycerides and were protected against β-cell failure and insulin
resistance [38].
It seems counterintuitive that obesity is associated with a risk

for iron deficiency and is obviously a risk factor for metabolic
disease, while iron excess appears to be associated with metabolic
risk. The distribution of iron may partly explain this paradox; AT
and liver are sensitive to iron deposition and serum iron deficiency
does not necessarily reflect tissue iron status. Metabolic derange-
ment seems often to be associated with a redistribution in iron
stores characterised by a decrease in liver iron and an increase in
iron stored in AT tissue [8]. Further research into this area is
warranted, and studies using magnetic resonance imaging (MRI)
techniques currently used to estimate cardiac and hepatic iron
content [100] would be informative. New techniques in imaging
analysis are being developed, such as the use of deep learning
models to enhance characterisation of fat and iron content of
multiple organs on MRI [101].

IRON DEPLETION AND METABOLIC CONSEQUENCES OF
OBESITY IN HUMANS
Beyond disorders of pathological iron loading, the clinical
evidence regarding iron depletion as a strategy to reduce
metabolic risk is mixed, and overall there is insufficient evidence
to support iron depletion as a therapeutic strategy.
NAFLD describes excess fat deposition in hepatocytes in the

absence of non-metabolic causes of liver disease. Hepatic iron
content is a predictor of progression to cirrhosis and hepatocel-
lular carcinoma [102]. Therapeutic phlebotomy to cause iron
depletion counteracts insulin resistance and improves lipid
profiles in patients with hyperferritinaemia and NAFLD [6, 103].
In humans, metabolomics has suggested common pathways that

differed between individuals with metabolic syndrome with and
without hyperferritinaemia, which were also regulated by therapeutic
phlebotomy [104]. In a randomised controlled trial, participants with
metabolic syndrome who underwent phlebotomy had improve-
ments in blood pressure, HbA1c and low-density lipoprotein (LDL)/
high-density lipoprotein (LDL) ratio, but not in HOMA-IR [105].
If iron stores within the physiological range are associated with

the pathophysiology of T2DM, one might expect the risk of T2DM
to drop in those who regularly donate blood. A large study [106]
which included more than 33,000 men who had given blood and
which detected 1,168 new cases of T2DM over a 12 year follow up
period found no protective effect of blood donation. However,
men were classed as blood donors if they had given blood in the
last 30 years at the time of recruitment, and despite the size of the

study only a small number of participants were regular donors.
Ferritin levels were only validated in a small subpopulation of
donors. Nevertheless, these findings are echoed by a systematic
review and meta-analysis of patients with DIOS and non-alcoholic
fatty liver disease, which found no effect of iron depletion on
HOMA-IR, insulin level, alanine aminotransferase (ALT), aspartate
aminotransferase (AST) or liver fibrosis, even in those with high
ferritin [107]. Similarly, treatment with an iron chelator does not
appear to improve glycaemia in T2DM [108].

GLUCOSE AND INSULIN MODULATE IRON-REGULATORY
PATHWAYS
As well as evidence that iron loading and aspects of the iron-
regulatory pathway influence glucose and lipid metabolism, there
is also data to suggest that glucose and insulin directly affect iron
metabolism. Humans experience rapid changes in iron homo-
eostasis in response to an oral glucose ingestion; hepcidin levels
increase and serum iron levels fall within 180 min [7]. Hypergly-
caemia has been shown to decrease hepcidin release from a
mouse insulinoma cell line [109]. Metabolomics studies have
shown that iron overload affects multiple metabolic pathways. In a
mouse model, dietary iron overload altered several metabolic
pathways in peripheral blood and liver related to glucose
homoeostasis and the Krebs cycle, hypothesised to be a
compensatory response against increased oxidative stress [110].
Insulin itself has been shown to cause induction of hepcidin in

the pancreatic β-cell [7] and in hepatocytes [7, 111]. Conversely,
streptozotocin-induced β-cell failure in rats caused a decrease in
hepatic hepcidin release, accompanied by enhanced intestinal
iron absorption and increased hepatic iron deposition [111], which
may be a mechanism for the pattern of iron deposition often seen
in diabetes. Insulin may play a role in the distribution of iron stores
between tissues; insulin encourages iron uptake into adipocytes
by causing the redistribution of transferrin receptors to the cell
surface [112].
Beyond insulin, other medications given for diabetes can also

influence iron metabolism. Dapagliflozin, a sodium-glucose
cotransporter-2 (SGLT2) inhibitor, caused an increase in EPO and
ERFE and a fall in hepcidin when given to obese patients with
T2DM for 12 weeks [113]. Treatment of mice with metformin led to
decreased hepcidin and increased serum iron and transferrin
saturation [114], although an observational and a double-blind
study in humans did not replicate this [115].
Immuno-electron microscopy has revealed that hepcidin is

contained exclusively within the insulin-containing secretory
granule in the β-cell and is regulated by iron concentration [3].
In haemochromatosis, iron deposition in the endocrine pancreas is
confined to β-cells and correlates with reduced secretory granule
density [116], increased β-cell oxidative stress and apoptosis [117].
Forced expression of hepcidin partially rescued cells from
glucotoxicity-related impaired insulin synthesis [109]. It may be
that the local release of hepcidin ensures adequate iron supply
and protects the β-cell from iron overload and thus toxicity in the
context of hyperglycaemia.

IRON AND INSULIN RESISTANCE
The primary sites of insulin resistance are liver, skeletal muscle and
white AT. The effects of iron status on AT insulin resistance have
been discussed above.

Iron and insulin resistance in liver
Between 30% and 60% of postprandial glucose uptake is by the
liver [118]. Hepatic iron load, as determined by cross-sectional
imaging, explains part of the variation between liver fat and
insulin sensitivity [119]. Interestingly, in mice, a high fat diet led to
alterations in tissue iron distribution, with a decrease in liver iron
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and an increase in iron stored in AT tissue [8]. In patients with
NAFLD, insulin sensitivity improves after dietary iron restriction or
phlebotomy [120]. In vitro experiments on a hepatocyte cell line
suggest that iron depletion improves insulin sensitivity by
increasing insulin receptor binding and upregulating pathways
associated with glucose uptake [120].

Iron and insulin resistance in muscle
Muscle contains 10–15% of the body’s iron stores, predomi-
nantly in the form of haem within myoglobin. Muscle is also a
major site for glucose utilisation. As with all tissues, skeletal
muscle has an absolute requirement for iron for normal
function. Mice with skeletal-muscle specific deletion of the
transferrin receptor, and thus iron deficiency in muscle, had
impaired skeletal muscle metabolism but also developed a
severe and lethal systemic metabolic phenotype with
disappearance of fat pads and development of hepatic
steatosis [121]. However, within the physiological range there
is some evidence that low-normal iron stores might be
metabolically beneficial. Glucose enters the muscle via the
Glucose transporter type (GLUT)4 glucose transporter. Dietary
iron restriction of rats led to upregulation of GLUT4 in skeletal
muscle, associated with decreased fasting blood glucose levels
[122]. In vitro, treatment of cultured myotubes with iron
chelators (mirroring iron restriction) increased glucose uptake
and utilisation via upregulation of GLUT1, but without changes
in GLUT4 [123]. Iron overload in muscle leads to an autophagy
defect, leading to accumulation of dysfunctional autolysosomes
and to insulin resistance [124]. Mammalian target of rapamycin
(mTOR) regulates cellular iron flux by affecting transferrin
receptor-1 stability [125]. In mice, iron overload has been shown
to lead to mTOR suppression mediated autophagy defect in
skeletal muscle, causing insulin resistance [124].
Exercise leads to metabolically beneficial adaptations in

skeletal muscle. Acutely, exercise improves insulin sensitivity
and upregulates fat oxidation and lipolysis, and chronically,
regular exercise reduces the risk of metabolic diseases including
T2DM and NAFLD [126]. Iron deficiency is common in athletes, in
particular in pre-menopausal women [127]. Exercise, indepen-
dent of diet, affects iron metabolism. Circulating soluble
transferrin receptor concentration decreased in people with
obesity who lost weight through following a programme
combining dietary modifications with resistance training, but
not in those who lost weight through diet alone [128].
Within skeletal muscle, transcription of ERFE is increased

after an hour of exercise by people with obesity, with or without
T2DM [64]. A meta-analysis of sixteen studies showed that
hepcidin increased with both aerobic and resistance exercise
[129]. In adults with obesity, a 12 week exercise intervention
consisting of either high-intensity or moderate-intensity interval
training led to a decrease in whole body iron stores (as indicated
by decreased ferritin) and reduced skeletal muscle iron stores,
with a non-significant reduction in hepatic iron [130].
Exercise rapidly induces IL-6 release from skeletal muscle [131]

which in turn stimulates transcription and release of hepcidin [31].
The degree of IL-6 rise during exercise is to some degree predictive
of the degree of hepcidin rise, but the predominant factor dictating
the degree of hepcidin rise with exercise is baseline iron status [132].
Leptin stimulates hepcidin release [46] and leptin levels and
sensitivity are modulated by exercise [133, 134], but in vivo
correlations between hepcidin and leptin in humans undergoing
exercise programmes are inconsistent [135].

DIET AND IRON REGULATION
Macronutrient composition and iron regulation
An obvious mechanism that could link metabolic health and iron
homoeostasis is diet. Dietary composition and energy intake are

major determinants of metabolic health. As we have seen, glucose
and lipid homoeostasis can be affected by the iron content of the
diet. The composition of the diet, beyond simply the intake and
bioavailability of iron consumed, can also impact iron regulation.
High dietary fat intake may change hepatic iron metabolism. Rats
fed a high fat diet had increased hepatic activity of iron-regulatory
protein 1 (IRP1), increased transferrin receptor-1 expression and
downregulated ferritin and ferroportin, which preceded hepatic
iron deposition [136].
At least in the context of exercise related hepcidin release,

macronutrient intake does not appear to be as important for
determining hepcidin response as overall energy intake [137].
Hepcidin is upregulated in response to a negative energy balance.
Greater increases in hepcidin occur if exercise is combined with a
low energy diet compared with adequate energy intake [137, 138].
AT iron status might affect dietary fat absorption. A recent study

showed that, unexpectedly, mice with adipocyte-specific deletion of
transferrin receptor-1 leading to local iron deficiency had impaired
absorption of lipids from the intestine [40]. These findings were
replicated in mice receiving transplanted iron deficient AT [40].

Iron supplementation and the microbiome
Dietary iron can affect the microbiome, and conversely the
microbiome can affect dietary iron absorption [139]. Iron is
essential for the survival of the majority of bacteria colonising the
human intestinal tract, although some are iron independent [140].
Several studies have demonstrated short term changes of the
microbiome with iron supplementation with a general move
towards a more pathogenic and inflammatory profile [141, 142].
Whilst the majority of iron absorption takes place in the
duodenum, rodents lacking a microbiome exhibit alterations in
iron-regulatory genes in the colon [143] and have a reduced
capacity to absorb dietary iron [144]. The intestinal microbiome is
recognised to be an important regulator of metabolic health [145],
but the extent to which microbiome shifts due to oral iron impact
on whole body glucose and lipid metabolism is not yet clear.

Vitamin D and iron metabolism
Vitamin D deficiency is commonly associated with obesity [24]
and may worsen insulin resistance [146]. Volunteers given a
single dose of vitamin D downregulated hepcidin within 24 h
[147]. Mechanistically, treatment of cultured hepatocytes with
25 or 1, 25 vitamin D caused upregulation of ferroportin and
downregulation of hepcidin mRNA and protein by direct
transcriptional suppression [147].

Iron and gluconeogenesis
Hepatic gluconeogenesis acts to maintain glucose supply during
starvation. In diabetes, hepatic gluconeogenesis is inappropriately
active and contributes to hyperglycaemia [148]. In response to
starvation in mice, hepcidin was upregulated directly by
the gluconeogenic signals PPARGC1A and CREB3L3 (both
glucagon responsive), leading to an increase in hepatic iron
deposition [149]. Gluconeogenesis is entrained to circadian
rhythm according to feeding patterns [150]. Iron intake also
modulates gluconeogenesis; in mice, dietary iron intake was
shown to affect the circadian rhythm of gluconeogenesis, such
that a high iron diet suppressed gluconeogenesis via altering
haem synthesis that then acted on Rev-Erbα, a haem-binding
transcription factor and a key regulator of the circadian clock
[151].

AREAS FOR FUTURE RESEARCH
Much remains to be discovered in this fascinating area. Validation
and use of non-invasive techniques for estimating iron content in AT
and other tissues will allow us to explore the impact of iron
distribution on lipid and glucose metabolism, and to explore how
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tissue iron distribution is related to other factors such as body fat
distribution. Pharmacological agents targeting aspects of the iron
pathway, such as hepcidin and ferroportin, have been developed
and are being assessed as therapeutic agents for iron-related
diseases. Future studies should assess the effect of these on glucose
and lipid metabolism.

CONCLUSIONS
In this review we have summarised the complex bidirectional
relationship between iron metabolism on the one hand and body
fat, glucose and lipid metabolism on the other. Alterations in iron
status and metabolism, both pathologically and within the normal
physiological range, affect fat deposition and distribution and
metabolic risk. Equally, systemic glucose, lipid and insulin affect
iron-regulatory pathways. It is possible that these pathways
intertwined during evolution to support maintenance of adequate
iron stores during periods of nutritional scarcity, and vice versa. A
detailed understanding of mechanisms linking iron metabolism
and metabolic risk may provide the foundation for future
therapeutic interventions.
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