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Abstract

Over the past five decades, clinical and experimental data have established that iron metabolism, lipid metabolism, and
obesity are intricately linked and differentially influence one another through complex metabolic pathways. Iron dysho-
meostasis is now recognized as a key modulator of lipid metabolism, with profound implications for obesity and related
metabolic disorders. Likewise, lipid metabolism and obesity significantly impact iron absorption and recycling. Although
this interplay between iron metabolism, lipid metabolism, and obesity is complex, modulation of hepcidin synthesis seems
to be the core link between these variables. As the global prevalence of metabolic disorders continues to escalate, under-
standing their multifactorial etiology has become a public health priority. Emerging evidence highlights the dysregulation
of lipid metabolism as a central driver in the onset and progression of these conditions, with iron metabolism playing a
crucial regulatory role. This review explores the relationship between iron metabolism on one hand and lipid metabolism
and obesity on the other with specific emphasis on the molecular mechanisms underlying this relationship. The review also
explores the bi-directional relationship between iron metabolism and mitochondrial functions, mainly energy production.
It concludes by outlining the pathophysiological consequences of disrupted iron metabolism, vis-a-vis lipid metabolism,
obesity, and diabetes. By synthesizing current knowledge, this review aims to provide new insights that could guide the
development of novel therapeutic strategies to manage obesity, diabetes, and related metabolic disorders.
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1 Introduction

Iron is an indispensable trace element required for the
growth and survival of almost all living matters. It has a sig-
nificant redox potential due to its ability to readily alternate
between the reduced ferrous (Fe?*) and oxidized ferric (Fe?")
states. As such, iron serves as a cofactor in numerous pro-
teins and molecules involved in oxygen transport, deoxyri-
bose nucleic acid (DNA) replication, adenosine triphosphate
(ATP) production, and the tricarboxylic acid (TCA) cycle
(citric acid cycle or Krebs cycle), among other metabolic
processes [1]. The diverse and pivotal roles iron plays in
different metabolic processes notwithstanding, excess iron
under aerobic conditions promotes the generation of reac-
tive oxygen species (ROS) via Fenton chemistry, leading to
oxidative stress and cellular damage [2]. The need to main-
tain iron availability while preventing iron overload (iron
homeostasis) in mammalian systems is behind the evolution
of intricate mechanisms that tightly regulate iron metabo-
lism. Several organ systems collaborate to maintain iron
homeostasis at the absorption, utilization, storage, release,
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and recycling levels [3]. The liver synthesizes the iron-reg-
ulatory peptide hormone hepcidin which targets and helps
degrade the iron exporter ferroportin (FPN or SLC40A1),
thereby inhibiting cellular iron release by iron-absorbing
enterocytes, and iron-storing hepatocytes and macrophages
[4]. The intestinal epithelium (mainly enterocytes) regulates
dietary iron absorption, the bone marrow utilizes iron for
heme synthesis, and the reticuloendothelial system (RES)
facilitates the recycling of iron from senescent erythrocytes
[3, 5]. This intricate interplay between these organ systems
ensures that iron availability meets the body’s metabolic
needs while preventing iron overload. Iron dyshomeostasis,
which is frequently observed in metabolic disorders like
non-alcoholic fatty liver disease (NAFLD), obesity, and
insulin resistance [6], is often referred to as dysmetabolic
iron overload syndrome (DIOS) [7]. DIOS is characterized
by steatosis, hepatic iron deposition, and significant altera-
tions in iron regulatory pathways. Specifically, DIOS is
associated with increased hepcidin and ferritin expression
and decreased iron-exporting protein FPN expression on
duodenal cells [8]. These changes lead to impaired intestinal
iron absorption and poor systemic iron distribution.
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Obesity is characterized by excessive adipose tissue
accumulation, hence its potential to pose significant
health risks, particularly in children, where its prevalence
has now reached epidemic proportions [9]. Obesity is
strongly associated with various comorbidities, including
NAFLD, dyslipidemia, type 2 diabetes mellitus (T2DM),
cardiovascular complications, chronic inflammation, and
anemia [10]. It impacts several aspects of iron metabolism,
influencing its regulation and triggering obesity-related
anemia [11]. At the same time, several studies have
elaborated on how disrupted iron metabolism promotes
the development and progression of metabolic diseases
[12-15]. Evidence linking iron metabolism to obesity is
supported by a range of in vitro and animal studies, as well
as clinical research involving people with obesity [13, 14].
Mitochondria, the primary sites for iron utilization, rely on
anadequate supply of iron to maintain their proper function.
Within the mitochondria, iron plays a critical role in heme
synthesis, the formation of iron-sulfur (Fe-S) clusters, and
the production of energy [16]. Iron dyshomeostasis can,
therefore, severely compromise the functional integrity of
the mitochondria, leading to metabolic dysfunction and
potentially contributing to the development of various
pathologies, including cancer, diabetes, and obesity [17,
18]. The link between iron and diabetes was initially
observed in hereditary hemochromatosis and thalassemia,
where iron overload is a hallmark feature [19, 20].
Excessive dietary iron intake and iron overload are now
recognized as significant risk factors in diabetes [21]. Iron
contributes to the pathogenesis of diabetes by promoting
B-cell dysfunction and insulin resistance to pancreatic
B-cells [22]. Furthermore, iron plays a regulatory role
in metabolic processes within tissues critical for energy
homeostasis, such as adipocytes, which act as iron sensors
and modulate metabolic responses [23]. These findings
underscore the importance of maintaining iron balance
to prevent metabolic disorders and highlight the intricate
relationship between iron metabolism and systemic health.

Focusing on obesity as the primary pathological
driver illuminates its central role in dysregulated iron
homeostasis through chronic, low-grade inflammation
and adipose-derived hepcidin elevation [24, 25].
Excess adiposity promotes macrophage infiltration and
secretion of interleukins such as adipokines (leptins),
inlterleukin-6 (IL-6), tumor necrosis factor-a (TNF-a),
which upregulate hepcidin synthesis both systemically
and directly within adipose tissue through morphogenetic
protein (BMP)/SMA and MAD (SMAD)-related protein
signaling cascades [6, 26]. Elevated hepcidin in obesity
restricts iron absorption and release of iron hepatocytes
and macrophages, thereby producing a paradoxical state

of functional iron deficiency despite normal or elevated
ferritin levels [27, 28]. High-fat diet (HFD)-induced
obesity models corroborate this mechanism, showing
increased tissue iron sequestration, suppressed FPN
expression, and impaired iron recycling [6, 15]. Clinically,
obese individuals consistently show higher hepcidin and
ferritin compared to lean controls, independent of dietary
iron intake, underscoring inflammation-driven iron
maldistribution as a defining characteristic of obesity-
related metabolic dysfunction [29].

2 Basics of iron metabolism

In basic terms, heme iron is absorbed via the heme carrier
protein 1 (HCP-1) and non-heme iron is absorbed through
the divalent metal transporter 1 (DMT1), both on the lumi-
nal side of the plasma membrane of duodenal enterocytes
[30]. Increased demand for iron leads to reduced synthe-
sis of hepcidin and the export of cellular iron to circulation
via FPN. The major sources of iron in the circulation are
iron-storing hepatocytes and macrophages; iron-absorbing
enterocytes contribute a minimal (< 5%) amount of iron to
the circulation. Iron in intestinal enterocytes, hepatocytes,
and macrophages are utilized as Fe** form or stored as Fe**
form in ferritin. Cells release Fe? iron, which is quickly oxi-
dized to Fe** form by the action of the membrane-adjacent
ferroxidases ceruloplasmin and/or hephaestin (Fig. 1) [31].
Fe** form of iron in the circulation binds the plasma iron
carrying protein transferrin (apotransferrin; apo-TF) to form
di-ferric transferrin (holo-TF). Circulating holo-TF binds the
transferrin receptor 1 (TfR1) on target cells, and the complex
is internalized via clathrin-coated vesicle-mediated endocy-
tosis [32]. Once inside the cell, the endosome undergoes an
acidification process driven by proton pumps to reduce the
binding affinity of iron to transferrin (TF) and facilitate the
release of Fe** iron [1]. Extracted Fe** form of iron in the
endosome is reduced to ferrous by the six-transmembrane
epithelial antigen of prostate 3 (STEAP3). Endosomal
DMT1 and other pumping proteins then transport ferrous
iron to be part of the labile iron pool (LIP) in the cytoplasm
for utilization. Some of the Fe?" iron in the cytoplasm is
stored in ferritin or released via the iron exporter FPN [33].
TfR1 and apo-TF are recycled back to the surface. Some of
the LIP iron is trafficked into the mitochondria, to serve as a
cofactor in various mitochondrial for heme and Fe-S cluster
synthesis and for the activity of several enzymes involved
in energy production [34]. Fe-S clusters and heme play criti-
cal roles in mitochondrial function, serving as components
in the electron transport chain (ETC) complexes I-II1, cyto-
chrome c, and aconitase (ACO1) within the TCA cycle [35].
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Fig.1 Regulation of iron metabolism (absorption, transport, utilization,
and recycling) by hepcidin. Dietary iron, primarily in the ferric form
(Fe*"), is reduced to the ferrous form (Fe**) by duodenal cytochrome B
(DcytB) prior to absorption by duodenal enterocytes. Iron is taken up
into enterocytes as Fe?" or as heme-bound iron through heme carrier
protein 1 (HCP-1). Within the enterocyte, iron is transiently stored as
ferritin. When required, ferritin-bound iron is oxidized back to Fe** by

2.1 Systemiciron homeostasis

Systemic iron homeostasis is maintained mainly through
the hepcidin-FPN axis, which regulates iron absorption
by enterocytes and recycling by hepatocytes and splenic
macrophages [4]. Hepcidin, a liver-derived peptide hor-
mone, is the principal regulator of iron homeostasis [36]
(Fig. 2). In addition to the liver, other tissues, including
adipocytes, reticular macrophages, pancreatic 3 cells, and
adipose tissue, also produce appreciable amounts of hep-
cidin [37]. Typically, the production of hepcidin increases
in response to elevated hepatic iron levels, high plasma
transferrin saturation, or inflammation. Its synthesis is
modulated by a variety of physiological and pathological
stimulus, including infection, inflammation, hypoxia, ane-
mia, and steroids. To limit iron availability, hepcidin binds
FPN, triggering its internalization, ubiquitination, and

@ Springer

Macophages

Fe">Tf

Bone marrow

/ Erythrocytes
o\

g recycling

hephaestin and subsequently binds to transferrin (Tf), an iron carrier
protein responsible for transporting iron to various cells and tissues for
utilization. Recycled iron, derived from the degradation of senescent
erythrocytes, is taken up by macrophages of the reticuloendothelial
system (RES) in the spleen. This recycled iron is then transported to
the bone marrow for erythropoiesis or used as a cofactor for mitochon-
drial enzymes involved in numerous biochemical reactions

proteasomal degradation. This process restricts the ability
of enterocytes, macrophages, hepatocytes, and other cells
involved in iron absorption and recycling to release iron in
the circulation [38]. Hepcidin expression is tightly regu-
lated through multiple interconnected pathways, includ-
ing the BMP/SMAD-related proteins signaling cascade,
hemojuvelin (HJV), and pro-inflammatory cytokines such
as IL-6. The BMP pathway is activated when BMP ligands
bind to type I and type II BMP receptors, leading to the
phosphorylation of SMAD 1/5/8 proteins. These phos-
phorylated SMADs then form complexes with SMAD4,
which translocate to the nucleus to enhance hepcidin genes
(HAMP) transcription.

HJV serves as a BMP co-receptor, amplifying the
BMP signaling pathway and promoting hepcidin synthe-
sis [39]. Moreover, the interaction between holo-TF and
TfR1 facilitates the association of the homeostatic iron
regulator (HFE) with transferrin receptor 2 (TfR2) and
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Fig. 2 A snippet of the bi-directional interplay between iron metabo-
lism and metabolic disorders. Obesity-related inflammation and glu-
coneogenesis alter iron uptake, utilization, and absorption by dysregu-
lating IL-6/STAT3 and BMP/SMAD signaling. This disrupts hepcidin

BMP receptors, thereby modulating hepcidin expression.
Inflammatory signals, such as IL-6, activate the Janus
kinase 2 (JAK2)-signal transducer and activator of tran-
scription (STAT3) pathway, leading to STAT3 phosphory-
lation and nuclear translocation, which further upregulates
hepcidin transcription [40]. Therapeutic strategies tar-
geting hepcidin, such as the use of hepcidin antagonists
like lexaptepid pegol, have shown promise in mitigating
inflammation-induced hypoferremia in lipopolysaccha-
ride (LPS)-induced models, highlighting the potential of
hepcidin modulation in addressing iron dysregulation dur-
ing inflammation [41]. Hormonal regulation also plays a
role, as elevated levels of 17-B estradiol (estrogen 2; E2)
have also been shown to suppress HAMP gene expres-
sion, mainly through the interaction between E2/estro-
gen receptor complex and estrogen-responsive elements
(EREs) in the HAMP gene promoter [42]. Furthermore,
gluconeogenesis also activates the cereblon-Kruppel-like
(CKL) factor 15 pathway, which promotes HAMP tran-
scription and hepcidin synthesis [28]. Intriguingly, hepci-
din synthesis decreases in mice with obesity particularly
those induced by HFD, suggesting a link between iron
regulation and energy metabolism [43].
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synthesis in hepatocytes, pancreatic B-cells, and adipocytes leading
to perturbed iron homeostasis, that exacerbates the progression and
severity of metabolic disorders

2.2 Cellular iron homeostasis

Simultaneously, iron regulatory proteins (IRPs) dissociate
from the 3’-untranslated region (UTR) of TfR1 messenger
ribonucleic acid (mRNA), leading to its destabilization and
reduced translation. Conversely, when cellular iron lev-
els are low, IRPs bind to the 5’-UTR of ferritin and FPN
mRNAs, inhibiting their translation to minimize iron stor-
age and export, while binding to the 3’-UTR iron response
elements (IREs) of 7fR/ mRNA stabilizes it and promotes
translation to enhance iron uptake (22). The IRP-IRE sys-
tem is a major regulator of cellular iron homeostasis. The
IRP-IRE system exerts post-transcriptional control over
the expression of key iron regulators, including TfR1, fer-
ritin, and FPN, through its ability to modulate the stability
of their mRNAs. The mRNAs of TfR1, ferritin, and FPN
contain IREs within their 5°- or 3’-UTR, which serve as
binding sites for IRPs. Under conditions of high cellular
iron, IRPs dissociate from IREs in the 5’-UTR of ferritin
and FPN mRNAs, allowing for their translation. Simultane-
ously IRPs also dissociate from the 3’-UTR of 7fR/ mRNA,
leading to destabilization and blocking its translation. Con-
versely, when cellular iron levels are low, IRPs bind to the
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5’-UTR of ferritin and FPN mRNAs, blocking their trans-
lation to reduce iron storage and export; binding of IRPs
to the 3’-UTR IREs on 7fR/ mRNA allows for its transla-
tion to promote iron uptake [34]. In addition to the IRP-IRE
system, epigenetic mechanisms such as methylation of the
cytosine-phosphate-guanine (CpG) islands in the promoter
regions of TfR/ and ferritin genes were also shown to dif-
ferentially regulate the expression of these genes depend-
ing on cellular iron levels among other triggers [44]. This
dual-layered regulation combining post-transcriptional and
epigenetic control ensures precise adaptation to fluctuating
iron availability, highlighting the complexity and robustness
of cellular iron homeostasis.

3 Iron and lipid metabolism

Lipid metabolism involves multiple biochemical pathways
regulating its synthesis and degradation. It is primarily gov-
erned by three key processes: (1) the synthesis of fatty acids
and triglycerides (lipogenesis), (2) the breakdown of triglyc-
erides into free fatty acids (lipolysis), and (3) the oxidation
of fatty acids for energy production (beta-oxidation) [45].
Homeostatic lipid metabolism helps to store energy and
maintain the structural and metabolic integrity of body cells
and tissues. The liver plays a central role in lipid metabolism
by producing lipoproteins and facilitating the distribution of
fatty acids throughout the body [46]. However, dysregula-
tion of lipid metabolism, particularly the accumulation of
lipids in non-adipose tissues such as the liver (ectopic fat),
is strongly associated with the development and progression
of metabolic disorders, including obesity and insulin resis-
tance [47].

3.1 The link between iron and lipid metabolism

Numerous studies have shown that iron plays a critical role
in lipid metabolism directly by serving as a cofactor for var-
ious enzymes involved in fatty acid oxidation and lipogen-
esis and indirectly through its effects on mitochondria and
energy production and storage. Excess iron accumulation in
the liver is a hallmark of NAFLD, where iron overload exac-
erbates hepatic inflammation and fibrosis [48]. Iron induces
oxidative stress in hepatocytes, leading to cellular injury
and inflammation [49, 50]. This oxidative stress, coupled
with iron overload-associated lipid peroxidation and steato-
sis, drives the transition from NAFLD to non-alcoholic ste-
atohepatitis (NASH) and liver fibrosis [51]. Consequently,
maintaining liver iron homeostasis through interventions
such as phlebotomy and iron chelation has emerged as
a potential adjunctive treatment for NAFLD and NASH
patients [52]. Animal studies have also demonstrated that
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iron overload significantly increases hepatic steatosis and
the level of free fatty acids and triglycerides in blood plasma
[11]. Iron overload also reported to promote lipogenesis
and very low-density lipoprotein (VLDL) secretion from
liver cells. High-iron diets (HID) were previously reported
to increase hepatic lipid accumulation and disrupt hepatic
insulin sensitivity [53]. In contrast, iron deficiency (ID) was
reported to reduce intestinal absorption of lipids and disrupt
lipid transport and metabolism [54]. Iron is also essential for
the activity of key lipid metabolism-related enzymes, such
as stearoyl-CoA desaturase, which introduces double bonds
into saturated fatty acids, modulating cell membrane com-
position and fluidity [55]. Additionally, iron regulates the
expression of genes involved in lipid metabolism encoding
fatty acid synthase and acyl-CoA oxidase, hence balancing
lipogenesis and lipolysis [56]. Interestingly, several studies
have shown that changes in lipid metabolism influence iron
metabolism. Lipid droplets in the liver and adipose tissues
store both lipids and their composition dynamically change
in response to metabolic states [56]. Increased levels of free
fatty acids trigger inflammation, resulting in increased hep-
cidin synthesis and reduced iron release into the systemic
circulation [28, 57, 58]. Adipose tissue also secretes several
adipokines, including leptin and adiponectin, which play
dual roles in regulating both lipids and iron metabolism. For
example, leptin has been shown to modulate hepcidin syn-
thesis, while adiponectin enhances iron uptake during eryth-
ropoiesis [59]. These interactions underscore the intricate
crosstalk between iron and lipid metabolism, highlighting
their collective impact on metabolic health and disease.

3.2 Iron and the mitochondria

Cellular energy production commences with glycolysis and
the formation of pyruvate, which is transported into the
mitochondrial matrix under aerobic conditions. Pyruvate is
converted to acetyl coenzyme A (acetyl-CoA) to enter the
mitochondrial TCA cycle. Similarly, fatty acids are trans-
ported to mitochondria as acyl-CoA and are broken down via
beta-oxidation to generate acetyl-CoA. The entry of acetyl-
CoA feeding into the TCA cycle facilitates the production
of adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide (NADH) and the reduction of flavin adenine
dinucleotide (FADH2). These molecules serve as electron
donors in the ETC [60]. Within the ETC, NADH and FADH2
transfer electrons to a series of complexes (I-V), coenzyme
Q, and cytochrome c [61], driving redox reactions that create
a proton gradient across the inner mitochondrial membrane to
power ATP production [16] (Fig. 3). Iron serves as a structural
or catalytic component in key enzymes and proteins mediat-
ing these processes, including aconitase in the TCA cycle and
cytochrome ¢ in the ETC [62].
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Fig. 3 The role of macrophages and hepatocytes in iron mobiliza-
tion, utilization, and recycling. These cells facilitate heme synthesis
and support mitochondrial function by supplying iron for essential

The synthesis of heme and Fe-S clusters, which take
place in the mitochondrial matrix, is critical for hemoglo-
bin (Hb) synthesis, the enzymatic activity of ACO1 in the
TCA cycle, and the activity of several electron transfer pro-
teins [28, 42]. For example, the heme group is an important
prosthetic group in cytochrome c¢ of the ETC [63], which
allows cytochrome c to mediate reversible redox reactions
that facilitate electron transfer during oxidative phosphory-
lation. Fe-S clusters, highly conserved prosthetic groups
essential for ETC complexes I-III, DNA repair enzymes,
and metabolic regulators, are synthesized in mitochondria.
Iron overload-induced ROS oxidize and destabilize Fe—S
clusters, impairing enzymes such as ACOL1 in the TCA cycle
and ETC complexes I-III. Additionally, oxidative damage
to scaffold proteins like iron-sulfur cluster scaffold protein
(ISCU) and chaperones such as frataxin disrupt Fe—S bio-
genesis and delivery, as observed in disorders like Fried-
reich’s ataxia, which is characterized by mitochondrial iron
accumulation and defective ETC activity [64, 65]. Such
impairment leads to ATP depletion and further mitochon-
drial ROS generation, reinforcing oxidative stress [66, 67].
Conversely, iron deficiency limits substrate availability for
Fe—S cluster assembly. Reduced iron impairs the activity
of cysteine desulfurase NFS1 and mitoferrins (Mfrnl1/2),
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enzymes involved in the tricarboxylic acid (TCA) cycle, the electron
transport chain (ETC), and lipolysis through B-oxidation. This process
ensures efficient energy production and cellular homeostasis

crucial for iron import into the mitochondrial matrix. Inad-
equate Fe—S cluster synthesis compromises mitochondrial
energy metabolism and activates IRPs, further perturbing
cellular iron homeostasis. Defects in the export of newly
formed Fe—S clusters or their derivatives via mitochondrial
ABC transporters (ABCB7, ABCBS8) also contribute to
mitochondrial iron accumulation and cytosolic Fe—S clus-
ter deficiency. Mutations in ABCB7, for instance, cause
sideroblastic anemia and cerebellar ataxia, highlighting the
systemic impact of mitochondrial iron dysregulation [68,
69]. Dysregulated iron homeostasis whether deficiency or
overload profoundly compromises mitochondrial integrity,
disrupting bioenergetics, organellar homeostasis, and redox
signaling [70]. Excess labile iron within mitochondria cata-
lyzes Fenton reactions, generating hydroxyl radicals (¢*OH)
that peroxidize mitochondrial lipids and damage mitochon-
drial DNA (mtDNA) and proteins [71]. This oxidative burden
destabilizes the mitochondrial membrane potential, leading
to the opening of the mitochondrial permeability transition
pore (mPTP). Subsequent mitochondrial swelling, outer
membrane rupture, cytochrome c release, and ROS-induced
ROS release (RIRR) create a vicious cycle that exacerbates
oxidative stress and cellular damage [70, 71]. ID was pre-
viously associated with diminished expression of proteins
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involved in mitochondrial respiratory chain complexes,
particularly complex I (NADH oxidoreductase subunit
Al, NDUFALI) and complex II (succinate dehydrogenase,
SDH). This impairment contributes to defective mitochon-
drial oxidative phosphorylation and diminished energy pro-
duction [72]. Additionally, reduced supply of Fe-S clusters
further inhibits oxidative phosphorylation and contributes to
the development of obesity [11]. Iron supplementation has
been reported to alleviate mitochondrial structural abnor-
malities and enhance the expression of genes involved in
oxidative phosphorylation [73], highlighting the importance
of maintaining adequate iron levels for optimal mitochon-
drial function and energy metabolism. It was also reported
to upregulate the expression of several mitochondrial respi-
ratory chain complexes in liver and skeletal muscle cells,
thereby supporting improved energy metabolism [74].
Moreover, iron supplementation has been shown to enhance
mitochondrial function by upregulating the expression of
genes involved in heme and Fe-S cluster biosynthesis. Key
among these is hydroxymethylbilane synthase (HMBS),
which plays a critical role in the heme biosynthetic pathway,
and farnesyltransferase cytochrome ¢ oxidase assembly fac-
tor 10 (COA10), which is essential for the assembly and
function of cytochrome c oxidase in the ETC. Both HMBS
and COA10 are vital for maintaining mitochondrial energy
production and cellular metabolic homeostasis [75] (28,
51). Therefore, iron supplementation-driven uptake in heme
synthesis may activate mitochondrial oxidative phosphory-
lation, promote energy expenditure, and minimize lipid
accumulation with a net anti-obesity effect. In short, iron
contributes to the management of cellular energy, mainly
through its involvement in electron transport processes and
the diverse set of mitochondrial functions that affect energy
metabolism including the synthesis of heme and other iron-
containing molecules that contribute to energy production
in body cells [76]. Both ID and iron overload can disrupt
these processes, leading to decreased energy output, fatigue,
reduced exercise performance, and lipid accumulation, all
of which contribute to obesity (40, 47). Mitochondrial
dysfunction initiates a feedback cascade that impacts sys-
temic iron regulation through hepcidin modulation. Excess
mitochondrial reactive oxygen species (mtROS), generated
under metabolic or hypoxic stress, stabilize hypoxia-induc-
ible factor-1a (HIF-10) by inhibiting its prolyl hydroxylases,
linking mitochondrial redox changes to transcriptional con-
trol of hepcidin and iron exporters [77]. Stabilized HIF-1a
can directly downregulate hepcidin expression as an adap-
tive response to preserve iron availability under oxidative
stress. Concurrently, mitochondrial stress promotes the
secretion of IL-6 from damaged or stressed tissues [78],
activating JAK/STAT3 signaling in hepatocytes to induce
hepcidin transcription [79], contributing to the anemia of
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inflammation [80]. Additionally, oxidative signals through
elevated mtROS and downstream factors like p38-MAPK
and C/EBPa upregulate hepatic hepcidin under iron-over-
load conditions, linking mitochondrial redox imbalance to
systemic iron retention [81]. Together, these interconnected
pathways illustrate how mitochondrial stress modulates
hepcidin expression via HIF-1a suppression or IL-6/ROS-
induced activation, thus influencing systemic iron homeo-
stasis in a context-dependent manner.

3.3 Iron, adipose tissue, brown adipose tissue,
macrophages, and thermogenesis

Iron metabolism plays an important role in adipose tissues,
affecting adipocyte differentiation and metabolic health. In
obesity and diabetes, adipose tissue exhibits dysregulated
expression of iron-related genes, suggesting a link between
iron homeostasis and adipose tissue dysfunction. Experi-
mental studies suggest that intracellular iron availability is
critical for adipogenesis. Iron depletion, via deferoxamine
(DFO) or TF-knockdown, severely impaired adipocyte dif-
ferentiation and elevated pro-inflammatory gene expression,
whereas these effects that were reversed by iron supplemen-
tation [82]. Palmitate induced functional iron deficiency,
which disrupted TF expression and iron uptake, while
co-treatment with TF restored differentiation. Although
iron overload also inhibited adipogenesis, its impact was
less pronounced than that of iron deficiency. Coordinated
expression of mitochondrial biogenesis and iron-regula-
tory genes highlights the role of iron in supporting mito-
chondrial function during adipogenesis. IRP1 expression
and activity increased during differentiation in human and
murine preadipocytes, whereas /RP1 knockdown disrupted
NADPH homeostasis, reduced lipogenic gene expression,
and impaired adipogenesis. Both iron excess and depletion
downregulated IRP1 expression, while /RP/ loss impaired
TfR-mediated iron uptake. Human studies corroborated
these findings, showing positive correlations between IRP1,
adipogenic markers, and TfR, and inverse associations with
FPN [83]. Haem oxygenase-1 (HMOX1), a marker of oxida-
tive stress and iron overload, was elevated in the adipose tis-
sue of obese individuals and associated with inflammation,
mitochondrial dysfunction, and metabolic derangements.
Weight loss reduced HMOX1 expression, while weight
gain and iron excess induced its upregulation, impairing
mitochondrial respiration, glucose uptake, and adipogenesis
[84]. Iron is critical for adipocyte differentiation through
its role in epigenetic remodeling. Lysosome-mediated fer-
ritinophagy supplies iron for early-stage histone and DNA
demethylation at key adipogenic loci, including peroxi-
some proliferator-activated receptor gamma (PPARy).
Jumonji domain-containing 1 A (JMJD1A) and ten-eleven
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translocation 2 (TET2) are emerging as key iron-dependent
demethylases. Disruption of ferritin flux or iron chaperone
activity impairs these epigenetic processes, highlighting the
pivotal role of iron in orchestrating gene expression during
adipogenesis [85]. Moreover, emerging evidence highlights
the iron—inflammation axis as a key driver of adipose tissue
dysfunction in obesity. Inflammatory cues, such as lipopoly-
saccharide (LPS), impair adipogenesis and induce adipocyte
iron overload by enhancing iron uptake (TfR, SLC11A2)
and storage (FTHI1, FTL, LCN2), while suppressing iron
export (FPN/SLC40Al). Transporters like SLC39A14,
SLC39A8, and STEAP4 orchestrate this dysregulation [86].

Thermogenesis is a heat-generating process in primarily
brown adipose tissue (BAT) that enhances the overall energy
expenditure by oxidizing substrates within the mitochondria
[87]. Previous work has shown that iron is essential for reg-
ulating mitochondrial fatty acid oxidation and BAT thermo-
genesis [88]. ID was reported to compromise the activity of
iron-dependent enzymes critical for mitochondrial function,
further altering BAT thermogenesis [89]. Additionally, ID
resulting from defective IRP/IRE-dependent regulation of
iron homeostasis within brown and beige adipocytes was
previously reported to negatively affect the differentiation
of brown adipocyte progenitors [90]. Furthermore, reduced
expression of key components of the Fe-S cluster synthetic
pathway, including cysteine desulfurase, ISCU, and bola-
like 3 (BOLA3), have been linked to decreased mitochon-
drial fuel oxidation in BAT. This disruption contributes to
metabolic dysregulation and obesity [28]. Knockdown of
BOLA3 has been shown to impair thermogenesis in beige
adipocytes, with its expression closely correlating with ther-
mogenesis-associated genes, including uncoupling protein
1 (UCP1), a central regulator of heat production through
mitochondrial oxidative phosphorylation [91]. Interestingly,
iron supplementation was reported to enhance the expres-
sion of genes critical for Fe-S cluster synthesis, including
ABCB7, Fe-S cluster assembly 2 (ISCA2), and BOLA3
[92] and alter the expression of several mitochondrial ETC
genes that promote energy expenditure and attenuate weight
gain [93]. Additionally, iron plays a critical role in adaptive
thermogenesis within beige inguinal white adipose-tissue
(iWAT) and BAT, yet its regulation remains unclear. Hepci-
din knockout mice exhibit iron overload in both depots, with
ferritin accumulation predominantly in stromal cells. While
BAT thermogenesis remains intact, iWAT displays impaired
beigeing, with reduced UCP1 expression, and diminished
mitochondrial respiration, even after cold exposure [94].
These findings highlight iron dysregulation as a potential
contributor to defective thermogenesis in iron overload dis-
orders. Moreover, Adaptive thermogenesis requires efficient
iron mobilization to support mitochondrial biogenesis dur-
ing beige adipogenesis. f3-adrenergic stimulation activates

hypoxia-inducible factor 2o (HIF2a) signaling, promoting
erythropoietin production and splenic erythroid maturation,
leading to hepcidin suppression and systemic iron redistri-
bution into thermogenic fat [95]. Disruption of this iron-
regulatory axis impairs beige fat development, highlighting
coordinated renal hypoxia and hepcidin downregulation
as key mechanisms linking systemic iron homeostasis to
thermogenesis.

Iron availability in thermogenic brown and beige adipo-
cytes affects heat generation and energy expenditure. These
specialized cells convert the chemical energy stored in car-
bohydrates, fatty acids, and proteins into heat, particularly
in response to cold weather [96]. Adaptive thermogenesis, a
major contributor to total energy expenditure, is initiated by
cold-induced activation of the sympathetic nervous system,
leading to the release of norepinephrine, which then binds to
B3-adrenergic receptors on BAT, stimulating the production
of cyclic AMP (cAMP) [97]. Elevated cAMP levels activate
protein kinase A (PKA), which drives the expression of key
thermogenic genes such as UCP1, peroxisome proliferator-
activated receptor-y coactivator 1-alpha (PGC1-alpha), and
PPARy. This regulatory process occurs through p38 mito-
gen-activated protein kinase (p38 MAPK)-dependent and
independent pathways, promoting the thermogenic func-
tion of BAT and beige adipocytes [98]. Mice with ID often
exhibit reduced heat production and subsequent weight gain
[43]. Areduction in the LIP content has been shown to hinder
the differentiation of and mitochondrial biogenesis in brown
and beige adipocytes [34]. Moreover, iron chelation in vivo
has been found to inhibit brown adipocyte development and
downregulate key genes involved in thermogenesis, includ-
ing PRDI-BF1-RIZ1 homolog domain-containing 16,
PPAR-alpha, PPAR-gamma, PGC1-alpha, and UCP1 [28].
Additionally, TfR1 deficiency in BAT was reported to trig-
ger the differentiation of brown adipocyte precursors into
white adipocytes and muscle cells, further underscoring the
importance of iron in thermogenic regulation [99]. BMPs,
which are involved in adipocyte differentiation, also play
a significant role in thermogenesis. Specifically, BMP6 has
been shown to promote BAT expansion under cold condi-
tions by enhancing the differentiation of adipocyte precur-
sors, further linking iron-related pathways to thermogenic
regulation [63, 72]. These findings collectively underscore
the importance of iron in supporting brown and beige adi-
pocyte function, thermogenesis, and overall energy homeo-
stasis, providing insights into the metabolic consequences
of iron dysregulation (Fig. 4).

In adipose tissue, iron accumulation has been strongly
linked to obesity-associated inflammation and insulin resis-
tance, yet the mechanisms controlling iron distribution
between adipocytes and resident immune cells remain incom-
pletely understood. Emerging evidence highlights adipose
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Fig.4 Impact of iron dysregulation on thermogenesis in brown adipose
tissue (BAT). Iron deficiency disrupts thermogenic processes by down-
regulating key thermogenic genes. This impairs mitochondrial func-
tion and reduces oxidative phosphorylation, thermogenesis, energy

tissue macrophages (ATMs) as key regulators of iron homeo-
stasis in adipose tissue. Studies using transgenic mouse mod-
els demonstrate that mitochondrial iron levels of macrophages
influence systemic metabolism by modulating adipocyte iron
content. Lowering mitochondrial matrix iron in macrophages
promotes M2-like anti-inflammatory phenotypes, reduces
adipocyte iron, and protects against HFD-induced metabolic
dysfunction [100]. Conversely, increased macrophage mito-
chondrial iron content shifts ATMs toward a pro-inflamma-
tory M1-like state, promotes adipocyte iron overload, and
exacerbates obesity-related metabolic deterioration. In vitro
studies further show that macrophage polarization alters iron
trafficking between ATMs and adipocytes, with metabolically
activated macrophages (MAM) promoting adipocyte iron
accumulation and inflammation [101]. Macrophage-specific
deletion of H-ferritin (FTH1) reduces macrophage iron stor-
age capacity, attenuates adipose tissue inflammation, and
protects mice from HFD-induced obesity and insulin resis-
tance [102]. Moreover, adipocyte iron homeostasis critically
influences systemic metabolism. TfR1-mediated iron uptake
is selectively required across adipocyte subtypes, and its dele-
tion protects mice from HFD-induced metabolic dysfunction.
Reduced adipocyte iron improves white adipose tissue health
and limits intestinal lipid absorption via altered vesicular
transport in enterocytes. FPN overexpression mimics these
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expenditure, and heat dissipation. Together, these changes compro-
mise BAT’s ability to counteract obesity, leading to lipid accumulation
and weight gain

protective effects, underscoring an adipocyte—enterocyte
axis that regulates caloric influx and metabolic homeostasis
[103]. Similarly, a subset of iron-rich MFe" ATMs acts as
an iron sink, limiting adipocyte iron overload under condi-
tions of dietary or systemic iron excess while maintaining
a low inflammatory profile [104]. Together, these findings
suggest that macrophage-mediated iron handling in adipose
tissue is a critical determinant of metabolic health. Targeting
macrophage iron metabolism may be a promising therapeu-
tic strategy to alleviate obesity-related metabolic diseases
by restoring adipocyte iron homeostasis and reducing tissue
inflammation.

3.4 Hormonal influence on iron dysregulation

4 Pathological consequences of perturbed
iron metabolism

Chronic low-grade inflammation, dysregulated adipose tis-
sue metabolism, and insulin resistance are among the hall-
mark features of obesity. A growing body of research has
elucidated the significant impact of disrupted iron metabo-
lism on lipid metabolism, obesity, and diabetes.
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4.1 Iron and obesity

Numerous studies have demonstrated that iron plays a sig-
nificant role in regulating lipid metabolism in adipose tis-
sues and that disruptions in iron metabolism may precipitate
the physiological conditions that favor the onset of obesity
and obesity-related metabolic disorders [114]. However, the
relationship between obesity and iron status remains com-
plex and unresolved. While some studies have found that
obesity is associated with ID, potentially due to chronic
inflammation and increased hepcidin levels that restrict iron
absorption and recycling, others have reported that obesity
correlates with iron overload, particularly in tissues such as
the liver. A study involving women with obesity found that
iron restriction was associated with decreased body weight
and improved metabolic parameters [115]. Conversely,
iron overloading has been shown to contribute to obesity
by promoting inflammation, oxidative stress and lipid accu-
mulation, while inhibiting adipocyte differentiation [56].
Epidemiological studies have established that individuals
with obesity have increased serum levels of ferritin [11],
suggesting that excess adipose tissue may enhance body
iron sequestration, further complicating inflammation and
metabolic dysfunction. Meta-analyses of 22 published
reports have revealed that an increase in serum ferritin by
one standard deviation leads to a 13.6% increase in the risk
of developing obesity [11]. Similarly, a systematic review
of 17 studies also reported that patients with obesity tend to
have higher serum ferritin levels and TF saturation relative
to non-obesity counterparts [116]. Moreover, serum FTH,
a marker of iron storage, correlates positively with waist-
to-hip ratio, visceral fat area, and waist-to-thigh ratio in
healthy men [117].

In contrast, considerable clinical and epidemiologi-
cal data have established that ID is approximately twice
as common in overweight or patients with obesity of both
children and adolescents relative to their average-weighing
peers. Moreover, the incidence of ID was found to increase
with higher body mass index (BMI) [15]. Interestingly, iron
overloading in mice found to reduce visceral adipose tissue
in the epididymal fat pads and iron accumulation in adipo-
cytes [118]. On the other hand, a study involving 200 adults
reported that iron supplementation reduces body weight and
improves insulin sensitivity in individuals with ID anemia
[119]. In patients with obesity of pregnant women, late-term
iron absorption is often compromised, leading to reduced
iron stores in infants [120]. ID is also more frequent in adult
patients with obesity, particularly those undergoing bariatric
surgery, due to micronutrient deficiency [121] (63, 64). TF
saturation, an indicator of iron status, was reported to be
lower in patients with obesity with large waist circumference
than patients with obesity with smaller waist circumference

[122]. Central obesity in overweight or patients with obesity
in females was linked to decreased TF saturation, elevated
hepcidin levels, and reduced absorption of supplementary
iron [59]. A potential explanation for the observed associ-
ation between obesity and reduced iron status is the rela-
tionship between central obesity and systemic low-grade
inflammation [123]. A possible source of this confusion in
understanding the relationship between obesity and iron
status may relate to the complex interplay between the two
conditions. In this regard, several studies have shown that
obesity enhances hepcidin synthesis and blocks iron release
from iron-absorbing enterocytes and iron-storing macro-
phages and hepatocytes, leading to low iron levels in the cir-
culation [124]. This creates a state of functional ID, where
despite high serum ferritin levels indicating iron overload
in tissues, the body experiences insufficient bioavailable
iron. This paradoxical condition exacerbates obesity and
insulin resistance, contributing to the onset and progression
of T2DM. Furthermore, iron-induced oxidative stress and
inflammation disrupt insulin signaling pathways, further
aggravating insulin resistance [125, 126].

Early intervention to correct iron dysregulation in obesity
may play a critical role in preventing downstream metabolic
complications. Obesity is frequently associated with altered
iron metabolism characterized by low-grade inflammation
and increased hepcidin production, leading to functional
iron deficiency and impaired iron distribution across tissues
[127]. Conversely, some individuals with obesity exhibit
iron overload in metabolic organs such as the liver and pan-
creas, which promotes oxidative stress, lipid peroxidation,
and exacerbation of insulin resistance [21]. Early normal-
ization of iron status either through dietary modulation,
controlled supplementation, or iron depletion therapies can
mitigate adipose tissue dysfunction by reducing iron-driven
adipocyte hypertrophy and pro-inflammatory adipokine
secretion, while preserving insulin sensitivity [23]. Stud-
ies in both animal models and humans have shown that
managing iron levels early in obesity reduces macrophage
infiltration in adipose tissue and improves systemic glucose
tolerance [11]. These findings highlight the potential of
early iron-targeted strategies as adjunctive interventions to
slow the progression from obesity to T2DM and NAFLD.

Iron homeostasis plays a dual role in metabolic diseases,
necessitating a context-dependent approach to therapeu-
tic intervention. Iron chelation is particularly beneficial in
states of hepatic iron overload, such as DIOS and NAFLD,
where excessive iron accumulation contributes to oxidative
stress, mitochondrial dysfunction, and hepatocellular injury
[128, 129]. In such cases, iron chelators like DFO or phle-
botomy have shown promise in reducing liver iron content,
improving insulin sensitivity, and attenuating inflammatory
cytokine production [130]. Similarly, in chronic low-grade
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inflammation associated with obesity or T2DM, where ele-
vated hepcidin traps iron in macrophages and hepatocytes,
chelation may relieve intracellular iron stress and restore
proper metabolic signaling [21]. Conversely, iron supple-
mentation is more appropriate in conditions of functional
or absolute iron deficiency, frequently observed in obese
women due to inflammation-driven hepcidin upregulation
that limits dietary iron absorption and mobilization [11]. In
such contexts, carefully calibrated iron supplementation can
correct anemia, enhance physical performance, and support
immune and cognitive function, provided that inflammatory
markers are monitored to avoid exacerbating metabolic risk.
Thus, a tailored approach guided by serum ferritin, TF satu-
ration, hepcidin levels, and inflammatory markers is essen-
tial to determine whether iron depletion or repletion is more
appropriate, with the goal of restoring systemic and tissue-
specific iron balance while minimizing metabolic harm.
Biomarkers such as ferritin, TF saturation, soluble trans-
ferrin receptor (sTfR), and hepcidin serve as critical tools
in guiding personalized iron interventions, particularly in
the context of metabolic and inflammatory diseases. Ferritin
reflects total body iron stores but is also an acute-phase reac-
tant, often elevated during systemic inflammation, which
can mask underlying iron deficiency especially common in
obesity, T2DM, and chronic liver disease [127]. TF satura-
tion provides complementary information about circulating
iron availability but can also be influenced by inflamma-
tory status and hepatic dysfunction. In contrast, hepcidin,
a central regulator of systemic iron homeostasis, responds
acutely to both iron overload and inflammatory signals.
Elevated hepcidin restricts iron absorption and mobiliza-
tion by downregulating FPN, and its measurement has been
shown to predict the response to oral versus intravenous
iron therapy [131]. Low hepcidin levels, often observed
in absolute ID, indicate a greater likelihood of response to
oral iron, while high hepcidin suggests poor absorption and
favors parenteral routes or chelation strategies in overload
conditions. Furthermore, the sTfR/ferritin index improves
diagnostic accuracy by distinguishing iron deficiency ane-
mia from anemia of chronic disease, particularly in indi-
viduals with coexisting inflammation [132]. In conclusion,
the integration of ferritin, TF saturation, hepcidin, and sTfR
into clinical practice enables nuanced, biomarker-driven
approaches to iron therapy. Such personalized strategies
not only enhance therapeutic efficacy but also minimize the
risks associated with inappropriate iron supplementation or
chelation in metabolically compromised individuals.
Recent advances in modulating systemic iron homeosta-
sis have yielded several promising therapeutic candidates,
including hepcidin agonists/antagonists, ferroportin modula-
tors, and combination strategies that integrate metabolic and
iron pathways. Hepcidin agonists, such as minihepcidins,

@ Springer

a short synthetic peptides mimicking the active N-terminal
segment of hepcidin and TMPRSS6 inhibitors (e.g., ALN-
TMP), enhance endogenous hepcidin production to curtail
pathological iron absorption and ameliorate tissue iron
overload in conditions like hereditary hemochromatosis and
B-thalassemia [133—138]. Among these, rusfertide and the
small molecule VIT-2763 (vamifeport) have progressed to
human clinical trials, where they demonstrate efficacy in
reducing serum iron and transfusion requirements [139,
140]. Conversely, hepcidin antagonists (e.g., Lexaptepid
pegol/NOX-H94, PRS-080) disrupt hepcidin-FPN interac-
tion to mobilize sequestered iron in anemia of chronic dis-
ease or iron-limited metabolic states [134]. FPN stabilizers,
notably vamifeport, which competes with hepcidin at the
FPN binding site have demonstrated a novel mechanism
whereby FPN is stabilized in its outward-facing conforma-
tion, thereby preventing iron overload and retaining iron
balance [136, 141]. In metabolic disease contexts such as
NAFLD, interventions that upregulate FPN expression via
AMPK activation such as metformin, have been shown to
restore hepatic iron export and reduce ferroptosis-induced
tissue damage [138]. Emerging combination therapies
that concurrently modulate iron and metabolic pathways
through hepcidin modulation, FPN stabilization, and meta-
bolic reprogramming (e.g., via AMPK agonists), are under
exploration to synergistically ameliorate iron-driven oxida-
tive stress, improve insulin sensitivity, and reduce hepatic
steatosis. Therefore, the pipeline of iron-centric therapeutics
now spans hepcidin mimetics, antagonists, FPN stabilizers,
and combination regimens. Fine-tuning these interventions
based on patient-specific iron and metabolic profiles holds
great promise for addressing complex conditions at the
intersection of iron overload, inflammation, and metabolic
dysfunction.

Dietary modulation offers a viable adjunct to pharma-
cological strategies for managing iron-linked metabolic
dysfunctions, with interventions such as iron-restricted
diets, targeted supplementation, and micronutrient co-mod-
ulation under active investigation. In rodent models, both
iron restriction and chelation have demonstrated protec-
tive effects against insulin resistance and fB-cell failure in
genetically obese mice, particularly when used early in the
course of disease [142]. Contrastingly, iron supplementa-
tion in iron-deficient HFD mice improved mitochondrial
function, increased P-oxidation-related gene expression in
liver and muscle, reduced hepatic steatosis, and attenuated
weight gain [28, 74]. Human cohort studies further suggest
that intermediate dietary iron intake (~ 14 mg/day) is associ-
ated with a significantly reduced risk of T2DM, particularly
among individuals with obesity, underscoring the impor-
tance of balanced intake [143]. Moreover, co-modulation
of micronutrients such as combining iron with vitamin A,
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zinc, or copper has been shown to synergistically influence
energy metabolism and gut microbial profiles in animal
models of undernutrition [144]. Critically, the metabolic
impact of dietary iron varies depending on baseline iron
status, genetic background, and presence of inflammation,
making personalized dietary planning essential. In conclu-
sion, nutritional interventions ranging from iron restric-
tion to supplementation and micronutrient co-modulation
offer promising, context-specific strategies to fine-tune iron
availability and metabolic health. Tailoring these dietary
approaches according to individual iron biomarkers, meta-
bolic phenotypes, and genetic predisposition may optimize
prevention and treatment of metabolic diseases linked to
iron dysregulation.

4.2 Therole of iron in the development of NAFLD

The worldwide prevalence of NAFLD now stands at approx-
imately 25%, a trend that closely parallels that of obesity.
Recent epidemiological trends suggest that NAFLD is
occurring at high prevalence in the young; it is fast becom-
ing the most prevalent chronic liver disease across chil-
dren and adults of diverse racial and ethnic backgrounds.
Obesity contributes to the development and progression of
NAFLD, irrespective of whether the individual is metaboli-
cally healthy or unhealthy. Moreover, hepatic steatosis, or
fat accumulation in the liver, is a common consequence of
obesity and metabolic syndrome [145]. Consumption of
HFD has been associated with increased body weight and
elevated liver lipid content, exacerbating the risk of NAFLD
[146]. Previous work has shown that iron supplementation
may help reduce liver lipogenesis and lipid accumulation
and mitigate hepatic steatosis [147]. Elevated serum ferri-
tin levels are becoming a hallmark of iron dyshomeostasis
in NAFLD. Greater than 30% of NAFLD patients exhibit
serum ferritin concentrations exceeding the normal ranges
(24-336 ng/mL in men and 11-307 ng/mL in women). Ele-
vated ferritin levels in NAFLD may reflect increased liver
iron storage, potentially contributing to oxidative stress
and inflammation [129]. Delayed initial onset of steatosis
is a common feature in patients with certain risk factors,
including obesity, T2DM, and dyslipidemia. Often, delayed
initial onset of steatosis is marked by mild iron accumula-
tion within hepatic reticuloendothelial cells and hyperfer-
ritinemia [148] (Fig. 5). NAFLD patients with iron overload
generally exhibit low levels of FPN in liver and duodenal
tissues [149]. The resulting iron retention often accom-
panies decreased duodenal iron absorption in NAFLD
patients. Dietary iron insufficiency in patients with obesity
can exacerbate low FPN expression, limiting iron export
from liver cells [150]. Additionally, Kupffer cells in the
liver phagocytize damaged erythrocytes, increasing heme

iron accumulation, which promotes oxidative stress and
inflammation [151]. This process has been demonstrated in
in vitro studies involving erythrophagocytosis and in vivo
using HFD-fed rabbits [152]. Despite these observations, a
randomized cohort study reported that reducing iron levels
through bloodletting does not significantly improve delayed
initial onset of steatosis patient’s hepatic or metabolic health
markers. Moreover, in vitro studies that assessed the effects
of iron on hepatocytes showed that iron supplementation
suppressed the expression of key lipogenic enzymes, such
as fatty acid synthase and acetyl-CoA carboxylase, thereby
reducing lipid synthesis [153]. Prolonged iron exposure
(>24 h) in AMLI12 hepatocytes or primary human hepato-
cytes was reported to increase lipid accumulation [154].
In short, weight management through diet and lifestyle
adjustments remains the primary intervention for managing
delayed initial onset of steatosis [7].

4.3 Iron and diabetes

Diabetes or chronic hyperglycemia due to insufficient insu-
lin production or insulin resistance ranks among the most
prevalent chronic diseases [155]. According to the 2021 Dia-
betes Atlas of the International Diabetes Federation (IDF),
approximately 537 million adults worldwide are affected by
diabetes; this figure is projected to rise to 643 million by
2030 and 783 million by 2045 [156]. Clinical studies have
established a significant link between iron dyshomeostasis
and diabetes, particularly gestational diabetes. Evidence
indicates that hyperferritinemia is associated with increased
insulin resistance and a high risk of diabetes [157]. Addi-
tionally, elevated body iron levels in patients with obesity
have been shown to increase the risk of T2DM, possibly
due to the combined effects of inflammation and altered
lipid metabolism [126]. In animal studies, iron-overloaded
mice, such as those in hemochromatosis models, frequently
exhibit increased adiposity and insulin resistance compared
to normal mice [158]. Conversely, iron-deficient mice dem-
onstrate reduced adiposity and enhanced glucose tolerance
[125]. Excess iron promotes the generation and propagation
of ROS and oxidative stress, resulting in lipid peroxidation
and the formation of toxic lipid metabolites. These metabo-
lites can disrupt insulin signaling pathways, contributing to
insulin resistance [159].

Excessive pancreatic iron negatively impairs insulin
secretion by promoting oxidative stress, inflammation, and
B-cell dysfunction [160]. In contrast, reduced iron availabil-
ity in the pancreatic milieu may alleviate oxidative stress
and improve symptoms in patients with diabetes [161]. In
other words, oxidative stress is widely considered a pri-
mary link between iron overload and patients with diabe-
tes. Moreover, high iron levels have been shown to trigger
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Fig. 5 Impact of iron dysregulation on the progression of NAFLD/
NASH and chronic liver disease. Iron dysregulation, driven by obesity,
dietary modifications, enhanced lipogenesis, and chronic inflamma-
tion, leads to the development and progression of non-alcoholic fatty
liver disease (NAFLD) and non-alcoholic steatohepatitis (NASH).

oxidative damage and disrupt insulin secretion in pancreatic
B-cells by downregulating synaptosome-associated protein
25 (SNAP25), a key protein in the insulin exocytosis path-
way [162]. Mouse models with severe iron overload, due
to hepcidin resistance or genetic alterations in iron regula-
tory genes (e.g., the p.C326S mutation in FPN or HAMP
and HJV knockouts), were shown not to develop in patients
with diabetes, possibly due to increased anti-oxidative
potential [163]. In diabetes, ROS can target transcription
factors essential for insulin gene regulation, such as V-Maf
(an oncogene) and pancreatic and duodenal homeobox 1
(PDX1) [164]. Reduced hepcidin expression in B-cells, as
observed in MING6 cells where iron overload and decreased
PDX1 expression were evident, impairs insulin synthesis
[165]. Moreover, oxidative stress induced by iron over-
load modulates the expression of stress-response genes like
HO-1 [166], which contains a GT-rich sequence in its pro-
moter region that is regulated by transcription factors such
as nuclear factor kB (NF-«kB) and activator protein 2 (AP-
2) [167] (Fig. 6). Chronic hyperglycemia significantly acti-
vates HO-1, increases iron storage, and promotes oxidative
stress, thus contributing to T2DM progression [168]. These
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Iron overload in hepatocytes promotes oxidative stress, mitochondrial
dysfunction, and lipid peroxidation, exacerbating hepatic fat accumu-
lation and insulin resistance and increasing the risk of cirrhosis and
chronic liver disease

observations highlight the complex interplay between iron
dysregulation, oxidative stress, and insulin production in
diabetes.

Iron overload also exacerbates f-cell dysfunction
through interactions with amylin, a polypeptide that aggre-
gates within B-cells and disrupts cellular homeostasis in the
great majority (>90%) of T2DM cases [160]. Iron promotes
amylin aggregation, leading to oxidative stress, mitochon-
drial damage, and impaired insulin production [169]. Heme
can bind amylin, resulting in H20: production and further
ROS-mediated B-cell damage [170]. It is well established
that activated AMP-activated protein kinase (AMPK) in the
liver and skeletal muscle mitigates insulin resistance [171,
172] by promoting glucose uptake, enhancing fatty acid
oxidation in peripheral tissues, and improving metabolic
function and energy balance. AMPK-dependent reduction
in hyperglycemia and the normalization of lipid metabolism
make AMPK a potential therapeutic target for managing
insulin resistance and metabolic disorders [173]. Iron over-
load in hemochromatosis models was reported to impair
glucose oxidation and induce AMPK phosphorylation in
skeletal muscles [174].
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mulation in pancreatic P-cells generates reactive oxygen species
(ROS), which cause cellular damage and impair insulin secretion. This

5 Modulation of Hepcidin is the key link
between iron and obesity

As mentioned earlier, hepcidin is crucial in the connection
between iron and obesity. This has been demonstrated by
the observation that individuals with high BMI have signifi-
cantly increased serum hepcidin levels [175].

5.1 Chronic inflammation and Hepcidin in obesity

The chronic, low-grade inflammation that characterizes
obesity results in increased production of several pro-
inflammatory cytokines, including TNF-a, interleukin-
Ibeta (IL-1B), and IL-6 [176]. These cytokines increase
hepcidin synthesis through STAT signaling and exacerbate
ID in patients of obesity [177] (68, 71). M1 macrophages,
which increase in hypertrophic or dysfunctional adipose

accelerates the formation of amyloid aggregates, further contributing
to B-cell toxicity and loss of functional cell mass, ultimately leading to
insulin insufficiency and the onset of diabetes

tissue in obesity, release pro-inflammatory cytokines such
as IL-1B, TNF-0, and IL-6 [178]. Adipose tissue-derived
IL-6 has been extensively studied for its role in regulating
iron during inflammation and malnutrition [15]. TNF-a also
influences iron homeostasis by modulating hepcidin expres-
sion; increased TNF-a expression has been shown to stimu-
late hepcidin production, while TNF-a inhibitors can reduce
hepcidin levels, improving anemia. TNF-o gene expres-
sion in the liver negatively correlates with hepatic iron and
ferritin levels [112]. Weight loss was reported to improve
iron status in patients of obesity, likely by downregulating
hepcidin synthesis and restoring systemic iron homeostasis
[88]. Additionally, the expression of IL-6 and synthesis of
hepcidin in visceral adipose tissues was reported to be sig-
nificantly higher in rodents on HFD relative to counterparts
on a normal diet [13]. In vitro studies with adipose tissue
explants further revealed that hepcidin is expressed at both
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the mRNA and protein levels in adipose tissue, suggesting
that adipose tissue may contribute to systemic iron regula-
tion [179]. Elevated hepcidin mRNA levels in the adipose
tissue of patients of obesity were also reported to associate
with increased IL-6 and other inflammatory markers, lead-
ing to obesity-related ID or “inflammatory hyposideremia”
[6]. Furthermore, increased HMOX1 expression in mice
with obesity was reported to inhibit hepcidin expression and
reduce IL-6 and TNF-a production by liver cells [6].

5.2 Hemojuvelin and Hepcidin in obesity

Hemojuvelin (HJV), also called HFE2 or repulsive guid-
ance molecule C (RGMC), a glycoprotein expressed in

=

Q N

(2] SDDs :
=% - .
o B
b = ) .

= .

Q .

[1[°} 5

[

(7]

Inflammatory
milieu

w

IL-6 -
TNF-a . 9
Lo =

6‘/& '0. - (.&)

" .

(- P 2

8y, e -

"Ips“., H

. v 2

s A X,

various tissues, including skeletal muscle, liver, heart, and
adipocytes, plays a crucial role in hepcidin gene (HAMP)
expression through its interaction with the BMP6/SMAD
signaling pathway (31, 76, 78). HJV deficiency and anti-
bodies targeting HIV were shown to disrupt BMP/SMAD
signaling, leading to reduced hepcidin expression [134].
Soluble HJV levels are significantly elevated in patients
with obesity, suggesting that adipose tissue may contribute
to erythropoiesis and iron regulation in obesity [6]. High
HIJV expression in the adipose tissue of patients with obe-
sity may promote hepcidin overproduction and exacer-
bate ID (Fig. 7). Interestingly, TNF-a downregulates HI'V
expression and reduces liver FTH production independent
of BMP/SMAD signaling pathway [180].
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Fig. 7 Hepcidin at the center of the vicious cycle that involves
impaired iron regulation, compromised immunity, and metabolic dys-
function. Chronic inflammation upregulates hepcidin synthesis and
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reduces dietary iron absorption, thus impairing transferrin-mediated
iron transport. These changes compromise immune function and alter
lipid metabolism, leading to obesity
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5.3 Adipokines and Hepcidin in obesity

Adipose tissue in patients with obesity can influence iron
homeostasis by directly expressing hepcidin or regulating
hepcidin expression through adipokines and pro-inflamma-
tory cytokines [181, 182] (79, 89) (Fig. 7). M1 macrophages,
which increase in hypertrophic or dysfunctional adipose tis-
sue in obesity, release leptin and other adipokines; which
modulate hepcidin expression and impact, modulating
hepcidin expression, and impact iron status [178]. Serum
leptin levels are elevated in patients with obesity, and so
are serum hepcidin levels [183]. Placing iron-overloaded
leptin receptor-deficient (db/db) mice on HID decreased
body weight, liver lipid droplets, and hepatic triglyceride
levels [184]. Further, work with leptin-deficient (0b/0b) and
(db/db) mice has demonstrated a marked reduction in serum
hepcidin levels [185] through the IL-6/STAT3 signaling
pathway [186]. Exposure of human hepatoma cells (HuH7)
to leptin was reported to upregulate hepcidin mRNA expres-
sion, a response dampened by JAK2 inhibitors. Mutations
in the STAT3 motif that binds the HAMP promoter were
associated with reduced hepcidin promoter activity [187].
Recombinant leptin therapy has also been shown to restore
hepcidin mRNA expression and serum hepcidin synthesis.

6 The gut Microbiome and the iron-lipid
axis

Emerging evidence suggests that the gut microbiome helps
shape the complex interplay between iron and lipid metabo-
lism [188]. The gut microbiota, a key regulator of several
metabolic pathways, is known to influence and be influenced
by lipid metabolism [189]. This is further supported by the
observation that diet composition significantly alters the gut
microbiome architecture [190]. Moreover, HFD increases
the Firmicutes-to-Bacteroidetes ratio, a marker of gut dys-
biosis (reduced gut microbial diversity), especially in mice
with obesity [191]. Major phyla of the gut microbiome,
including Firmicutes and Bacteroidetes are particularly
involved in regulating lipid metabolism in mammals [192].
Regarding iron, less than 10% of dietary iron is absorbed
into the circulation; much of the remaining 90% is excreted
in feces [193]. Gut resident microbes use unabsorbed iron
for growth and virulence [194]. Therefore, ID and iron
overload disrupt the gut microbiome architecture, leading to
gut dysbiosis and inflammation [195]. Iron fortification in
infants has been shown to alter gut microbiota composition
by reducing beneficial Bifidobacteria levels and promoting
the growth of Escherichia coli and other enteropathogenesis
[196]. Gram-negative bacteria, including E. coli, Shigella,
and Salmonella compete for unabsorbed dietary iron in the

gut for growth and virulence. Iron overload has been linked
to the development and progression of colorectal cancer
[197]. These changes help shift the microbiome composi-
tion away from beneficial species like Akkermansia, Bifi-
dobacteria, and Lactobacillus to pathogenic bacteria like
Romboutsia and Erysipelato clostridium [198].

HID was reported to impair the structure of intestinal
villi and microvilli and increase the production of inflam-
matory markers (IL-6, IL-1B, TNF-a, iNOS). HID was also
reported to increase the abundance of inflammation-related
bacterial species such as Romboutsia and Erysipelatoclos-
tridium [199], Clostridium difficile, and Clostridium per-
fringens [200]. Populating the gut with beneficial bacteria
like Akkermansia muciniphila was shown to correlate nega-
tively with patients of obesity and diabetes and to protect
against colitis [201]. Reduced prevalence of Akkermansia
in hosts on HID suggests impaired intestinal barrier func-
tion [198]. Bifidobacterium and Lactobacillus species help
maintain gut health and possibly reduce visceral fat and
waist circumference in patients with obesity [202]. These
observations notwithstanding, the fact remains that weight
loss may relate more to altered expression of genes involved
in adipogenesis and lipolysis or intestinal dysfunction than
to dysbiosis [203] (134, 135) (Fig. 8).

The gut microbiota modulates dietary iron uptake pre-
dominantly through metabolic byproducts such as short-
chain fatty acids (SCFAs) and microbial competition.
Fermentation of dietary fibers by bacteria such as Bifidobac-
terium, Lactobacillus, and Faecalibacterium yields acetate,
propionate, and butyrate [204]. SCFAs acidify the intestinal
lumen, promoting conversion of dietary iron into its bio-
available Fe?*" form, which is more efficiently absorbed via
enterocyte DMT1 and other transporters. Butyrate, in partic-
ular, enhances gut barrier integrity and supports tight-junc-
tion protein expression, minimizing inflammation-driven
hepcidin synthesis in the liver, which otherwise downreg-
ulates iron export via FPN [205]. Concurrently, microbial
taxa compete with the host for luminal iron through sidero-
phore production, potentially reducing bioavailable iron for
absorption. Additionally, certain gut bacteria express heme-
degrading enzymes and influence local iron pools, affecting
the balance between microbial uptake and host absorption.

Gut-derived SCFAs and bile acids exert significant regu-
latory influence on hepatic lipid synthesis, storage, and oxi-
dation. Approximately 30—70% of SCFAs are absorbed into
the portal circulation, with acetate serving as a substrate for
hepatic lipogenesis and cholesterol synthesis, while propio-
nate mitigates lipogenesis by inhibiting key enzymes and
upregulating gluconeogenesis; butyrate modulates gene
expression through histone deacetylase (HDAC) inhibition
and G-protein—coupled receptor (GPCR) engagement, sup-
pressing lipogenic factors such as PPARy [204, 206-208]
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SCFAs further activate receptors like free fatty acid recep-
tor 2 (GPR43/FFA2) and GPR41/FFA3 in the liver and adi-
pose tissue, reducing triglyceride storage and promoting
B-oxidation via AMPK and PPARa pathways [209, 210].
Gut bacteria also deconjugate and 7a-dehydroxylate pri-
mary bile acids chenodeoxycholic acid (CDCA), and cho-
lic acid (CA) into secondary bile acids such as deoxycholic
acid (DCA) and lithocholic acid (LCA) via bile salt hydro-
lases (BSH) and bai operon enzymes (e.g., in Clostridium
scindens) [207, 211]. These secondary bile acids engage
farnesoid x receptor (FXR) and G-protein coupled bile
receptor 1 (TGRS), nuclear and membrane receptors piv-
otal for lipid metabolism: FXR activation inhibits hepatic
VLDL secretion and induces FGF19 to regulate lipogenesis
and cholesterol homeostasis, while TGRS improves energy
expenditure and insulin sensitivity [209, 212]. Dysbiosis
marked by altered bile acid profiles and reduced SCFA-pro-
ducers leads to elevated gut permeability and LPS translo-
cation, triggering hepatic inflammation via toll-like receptor
4 (TLR4) signaling that exacerbates steatosis and NAFLD
progression. In short, the gut microbiota profoundly influ-
ences the iron-lipid—inflammation axis through the pro-
duction of metabolites such as SCFAs and secondary bile
acids, which regulate iron absorption, lipid metabolism, and
immune responses. Hence targeted modulation of the micro-
biome, including the use of probiotics and next-generation
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microbial therapeutics, holds promise as a novel strategy to
restore metabolic homeostasis and mitigate disorders like
iron dysregulation and NAFLD.

7 Role of ferroptosis in obesity and
metabolic disorders

Ferroptosis, an iron-dependent, lipid peroxidation-driven
form of regulated cell death, has garnered attention for
its potential involvement in metabolic regulation. While
extensively characterized by cancer biology and neuro-
degeneration, its precise role in adipose tissue physiol-
ogy remains incompletely defined. Recent studies provide
intriguing evidence that ferroptotic signaling intersects
with lipid metabolism, energy homeostasis, and obesity-
related pathologies. A study exploring adipose tissue
ferroptotic signatures in obesity reported a marked sup-
pression of ferroptosis-associated pathways in both human
and murine models of obesity. Pharmacological induction
of ferroptotic signaling via sub-lethal doses of ferroptosis
agonists attenuated lipid accumulation in cultured adipo-
cytes and HFD-fed mice. Moreover, genetic manipulation
enhancing ferroptotic activity either through adipocyte-
specific overexpression of acyl-coenzyme A synthetase
long-chain family member 4 (ACSL4) or deletion of
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ferritin heavy chain (FTH1) conferred resistance to HFD-
induced adipose expansion and metabolic derangements
[213]. Importantly, mitochondrial iron overload exacer-
bates lipid peroxidation, contributing to ferroptosis [2].
Ferroptosis, an iron-dependent form of regulated cell
death defined by lipid peroxidation, plays contrasting
yet significant roles in adipose and hepatic tissues [214].
In adipose tissue, ferroptotic signaling is notably down-
regulated in obesity [213], contributing to excessive lipid
deposition and impaired browning [215]; conversely, mod-
erate activation of ferroptosis such as through adipocyte-
specific overexpression of ACSL4 or deletion of ferritin
heavy chain (Fth) has been shown to enhance thermogen-
esis via the HIF-1a—c-Myc—PGC-1f axis, thereby reduc-
ing adiposity and improving metabolic health [154, 216,
217]. In hepatic tissue, ferroptosis contributes to the pro-
gression of steatosis and metabolic dysfunction-associated
steatohepatitis (MASH) [218]; in obese mouse models
(e.g., ob/ob mice or MCD-fed), indicators of ferroptosis
such as lipid peroxidation and glutathione peroxidase 4
(GPX4) depletion are prominent but can be reversed by
ferroptosis inhibitors like ferrostatin-1 or liproxstatin-1
[219]. These interventions reduce oxidative stress, restore
GPX4 levels, attenuate inflammation and fibrosis, and
improve liver histology [214]. This evidence indicate a
tissue-specific paradigm wherein activation of ferroptosis
in adipose tissue promotes metabolic adaptation and coun-
teracts obesity, while inhibition of ferroptosis in the liver
confers protection against steatotic and inflammatory liver
diseases. Mechanistically, these interventions activated a
thermogenic program mediated via c-Myc and peroxisome
proliferator-activated receptor gamma coactivator-1 beta
(Pgclp), facilitated by 5,15-dihydroxyeicosatetraecnoic
acid (5,15-DiHETE)-induced degradation of HIFla [213].
Collectively, these findings position ferroptotic signaling
as a potential modulator of adipose tissue plasticity and a
therapeutic target against obesity.

Complementing these findings, natural bioactive com-
pounds have been investigated for their anti-obesity
effects mediated through ferroptosis modulation. Hout-
tuynia cordata thunb and its active constituent sodium
houttuybonate demonstrated efficacy in promoting the
browning of inguinal white adipose tissue (iWAT) in
HFD-induced obese mice. Sodium houttuybonate attenu-
ated ferroptosis by upregulating GPX4, lowering malo-
ndialdehyde (MDA) levels, and enhancing antioxidant
defenses such as superoxide dismutase (SOD). AMPK/
NRF2/HMOX-1 axis underpinned these effects, while
pharmacological inhibition of NRF2 abrogated sodium
houttuybonate-mediated benefits. This suggests that
sodium houttuybonate counteracts obesity by suppress-
ing ferroptosis and stimulating thermogenic programs

via the AMPK-NRF2-HMOX-1 pathway [220]. In
hepatic metabolism, ferroptosis contributes significantly
to obesity-related liver pathologies, including MASH. In
ob/ob mice, ferroptotic hallmarks such as lipid peroxi-
dation, ROS accumulation, and reduced GPX4 activity
were prominent. Treatment with ferrostatin-1, a ferrop-
tosis inhibitor, mitigated hepatic steatosis, normalized
lipogenesis markers, reduced oxidative stress, alleviated
iron overload, and reprogrammed macrophage polariza-
tion from pro-inflammatory M1 to anti-inflammatory M2
phenotypes [219]. Additionally, ferrostatin restored mito-
chondrial function, underscoring its therapeutic promise
for obesity-associated liver disorders. Similarly, metfor-
min, a widely used for T2DM management, exhibits anti-
ferroptotic properties in NAFLD. By activating AMPK,
metformin stabilized FPN expression through inhibition
of lysosomal degradation, alleviating hepatic iron over-
load and ferroptotic damage. These findings unveil an
AMPK-FPN axis in metformin’s hepatoprotective effects
and highlight ferroptosis as a critical node in NAFLD pro-
gression [138]. These studies converge on ferroptosis as a
pivotal mechanism linking iron metabolism, lipid peroxi-
dation, and metabolic homeostasis. Both activation and
inhibition of ferroptotic signaling demonstrate context-
dependent therapeutic potential: ferroptosis induction in
adipose tissue may promote browning and combat obe-
sity, while ferroptosis inhibition in the liver may protect
against steatosis and inflammation. Targeting ferroptosis
with pharmacological agents or bioactive compounds
represents an emerging strategy for addressing obesity
and its associated metabolic complications, warranting
further translational and clinical investigation.

8 Conclusion

The interplay between iron metabolism and obesity
reveals a paradoxical relationship, as obesity is linked
to both ID and iron overload, exacerbated by chronic
inflammation that elevates hepcidin levels, inhibiting iron
absorption and recycling, ultimately leading to functional
ID despite high tissue iron stores, which worsens insu-
lin resistance and metabolic dysfunction. Adipose tissue
not only stores lipids but also influences iron metabolism
through adipokines like leptin and adiponectin, where
leptin modulates hepcidin synthesis and adiponectin
enhances iron uptake during erythropoiesis, contribut-
ing to obesity-related metabolic disorders. Moreover,
excess iron promotes oxidative stress and lipid peroxi-
dation, key factors in hepatic inflammation and fibrosis
in NAFLD, with iron overload exacerbating hepatic ste-
atosis and disrupting lipid metabolism through increased
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lipogenesis and very low-density lipoprotein (VLDL)
secretion. Hepcidin, which regulates iron export via
FPN, when dysregulated in obesity and NAFLD, leads to
impaired iron distribution and hepatic iron accumulation,
further driving oxidative stress and the progression from
NAFLD to NASH. Elevated body iron levels in patients
with obesity are associated with increased insulin resis-
tance and a heightened risk of T2DM, while ID has been
shown to improve glucose tolerance in animal models,
highlighting the importance of maintaining iron balance
for metabolic health. Iron also plays a crucial role in
mitochondrial function and energy production, serving as
a cofactor for enzymes in the TCA cycle and ETC, but
iron dyshomeostasis can impair mitochondrial function,
reduce energy expenditure and contributing to obesity.
Furthermore, the gut microbiome significantly influences
iron and lipid metabolism, with dysbiosis from HFD lead-
ing to inflammation and impaired iron absorption, while
excessive iron can disrupt gut health, promoting patho-
genic bacteria growth and inflammation. Therapeutically,
modulating hepcidin levels offers a promising strategy
for managing iron dysregulation in metabolic disorders,
with hepcidin antagonists potentially mitigating inflam-
mation-induced hypoferremia and iron supplementation
improving mitochondrial function in iron-deficient indi-
viduals. This review emphasizes the need to understand
the complex relationships between iron metabolism, lipid
metabolism, and obesity, as disruptions in iron homeo-
stasis play a critical role in metabolic disorders like in
patients with diabetes, NAFLD, and insulin resistance,
providing insights for targeted therapies to address obe-
sity and related diseases while calling for further research
into the molecular mechanisms of these interactions and
the therapeutic potential of iron metabolism modulation.
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