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ABSTRACT

Iron plays a role in energy metabolism as a component of vital enzymes and electron
transport chains (ETCs) for adenosine triphosphate (ATP) synthesis. The tricarboxylic acid
(TCA) cycle and oxidative phosphorylation are crucial in generating ATP in mitochondria. At
the mitochondria matrix, heme and iron-sulfur clusters are synthesized. Iron-sulfur cluster is
a part of the aconitase in the TCA cycle and a functional or structural component of electron
transfer proteins. Heme is the prosthetic group for cytochrome c, a principal component of
the respiratory ETC. Regarding fat metabolism, iron regulates mitochondrial fat oxidation
and affects the thermogenesis of brown adipose tissue (BAT). Thermogenesis is a process
that increases energy expenditure, and BAT is a tissue that generates heat via mitochondrial
fuel oxidation. Iron deficiency may impair mitochondrial fuel oxidation by inhibiting iron-
containing molecules, leading to decreased energy expenditure. Although it is expected

that impaired mitochondrial fuel oxidation may be restored by iron supplementation, its
underlying mechanisms have not been clearly identified. Therefore, this review summarizes
the current evidence on how iron regulates energy metabolism considering the TCA cycle,
oxidative phosphorylation, and thermogenesis. Additionally, we relate iron-mediated
metabolic regulation to obesity and obesity-related complications.

Keywords: Heme; Hepcidin; Iron-sulfur cluster; Obesity; Thermogenesis

INTRODUCTION

Iron is required for oxygen transfer, DNA repair, the activities of iron-dependent essential
enzymes, and the function of iron-containing metalloproteins in the body [1,2]. The total
body iron is maintained within a range of 3-5 g in adults to be used in a body without iron-
mediated oxidative toxicity [2]. One of the main mechanisms maintaining systemic iron
homeostasis is the hepcidin-ferroportin (FPN) axis, which regulates erythrophagocytosis,
iron recycling from the mononuclear phagocyte system, and dietary iron absorption

in the intestine [2]. The expression of hepcidin is affected by the bone morphogenetic
protein (BMP)/small-mothers-against-decapentaplegic protein (SMAD) signaling pathway,
hemojuvelin (HJV), and pro-inflammatory cytokines including interleukin-6 (IL-6) [3,4].

316

ssaadyuljwix §=§ Aq pejeseuen


https://orcid.org/0000-0002-2789-0969
https://orcid.org/0000-0002-5916-5390
https://orcid.org/0000-0001-7892-7648
http://crossmark.crossref.org/dialog/?doi=10.7762/cnr.2022.11.4.316&domain=pdf&date_stamp=2022-10-27
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-2789-0969
https://orcid.org/0000-0002-2789-0969
https://orcid.org/0000-0002-5916-5390
https://orcid.org/0000-0002-5916-5390
https://orcid.org/0000-0001-7892-7648
https://orcid.org/0000-0001-7892-7648
https://e-cnr.org

Iron Homeostasis and Obesity

;

CI1I

CLINICAL NUTRITION RESEARCH

Conceptualization: Kim SL, Yang SJ; Funding
acquisition: Yang SJ; Writing - original draft:
Kim SL; Writing - review & editing: Shin S,
Yang SJ.

https://e-cnr.org

Iron homeostasis involves energy metabolism. A systematic meta-analysis of overweight/
obese subjects and non-overweight subjects found a significant association between obesity
and iron deficiency [5]. Iron deficiency reduced the protein expression of mitochondrial
respiratory chain complexes I (reduced form of nicotinamide adenine dinucleotide
[NADH]:ubiquinone oxidoreductase subunit Al; NDUFA1) and II (succinate dehydrogenase;
SDH), which means damage to mitochondrial oxidative phosphorylation [6]. Also, iron
deficiency decreased the activities of iron-dependent enzymes and mitochondrial function
[7]. Decreased activities of iron-dependent enzymes are linked to reduced thermogenesis
of brown adipose tissue (BAT), leading to lower energy expenditure levels [8]. According

to a study confirming the associations between brown and beige adipocytes and iron
regulatory proteins/iron-responsive elements (IRP/IRE), iron deficiency in BAT resulted in
the inhibition of differentiation of brown adipose progenitor cells [6]. On the contrary, iron
supplementation improved morphological abnormalities in mitochondria and up-regulated
genes related to oxidative phosphorylation processes, including mitochondrial respiratory
chain complexes in the liver and skeletal muscle [9]. In addition, iron supplementation also
increased expression levels of genes involved in the synthesis pathway of heme and iron-
sulfur clusters, which are iron-dependent molecules [9].

The oxidative phosphorylation of mitochondria and the thermogenic function of BAT play
crucial roles in energy metabolism, especially energy expenditure. The decrease in the iron-
sulfur cluster, an iron-dependent cofactor, led to an inhibition of oxidative phosphorylation,
causing obesity [8]. In contrast, iron supplementation reduced body weight alongside the
up-regulation of genes related to mitochondrial oxidative phosphorylation [9]. A study on
the effects of iron in diabetic mice found that mice fed a high-iron diet (1,000 mg/kg chow)
had lesser visceral fat mass than mice fed a low-iron diet (12 mg/kg chow) [10]. These anti-
obesity effects of iron supplementation may be from increased energy expenditure through
the activation of mitochondrial oxidative phosphorylation and thermogenic function, which
reduces body weight and fat mass.

Likewise, although it has been suggested that iron deficiency may involve the development
of obesity by regulating energy metabolism, the exact mechanisms have not been evidently
identified. Therefore, this review summarizes current evidence regarding the effects of iron
on energy metabolism and obesity, focusing on the key molecular functions and pathways.

Cells utilize energy from glucose and fatty acids, and iron involves the metabolism of these
energy-yielding nutrients. Iron participates in the tricarboxylic acid (TCA) cycle and electron
transport chain (ETC), regulating energy metabolism and affecting weight gain. Glucose

is transported inside the cell and metabolized to pyruvate via glycolysis. Under the aerobic
condition, pyruvates are transported to the mitochondrial matrix and are converted to
acetyl coenzyme A (acetyl-CoA), which participates in the TCA cycle [11]. Fatty acids are
transported to the mitochondrial matrix in the form of acyl-CoA and are converted to acetyl-
CoA via beta-oxidation. Acetyl-CoA participates TCA cycle and oxidative phosphorylation
[12]. Glucose and fatty acids convert to adenosine triphosphate (ATP), NADH, and reduced
flavin adenine dinucleotide (FADH,) via glycolysis, beta-oxidation, and the TCA cycle [12].
NADH and FADH; act as electron carriers in mitochondria, transporting electrons to ETC.
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ETC consists of complex I-V, coenzyme Q, and cytochrome c (Cyt ¢). ETC receives electrons
from NADH and FADH,, and electrons are transferred through a series of complexes.
Complexes use this energy to pump protons from the matrix into intermembrane space.
When protons in intermembrane space are transported to the matrix through ATP synthase,
ATP is generated [12]. Iron regulates these energy metabolic processes as an essential
component of the regulatory molecules, mainly in the TCA cycle and ETC.

Iron metabolism

Iron is present as the form of heme-iron and non-heme-iron in foods. Non-heme-irons are
absorbed by divalent metal transporter 1 (DMT1), a cell membrane transporter [13]. The
heme-irons are presumed to be absorbed via heme carrier protein 1 [14,15]. Iron in intestinal
cells is stored in the form of ferritin. When iron in the body is insufficient, iron is released

into the blood by FPN [16]. Ferrous iron (Fe*') is released into the blood and is re-oxidized

into ferric iron (Fe*') by ferroxidase hephaestin of the cell membrane and binds to iron-free
apotransferrin (apo-Tf) to form diferric-transferrin (holo-Tf) [2]. Holo-Tf is transferred to the
blood and binds to transferrin receptor 1 (TfR1) of the cell membrane. The conjugate of TfR1
and holo-Tfinduces endocytosis using clathrin-coated pits. Endosome entering the cytoplasm
is acidified by a proton pump, and holo-Tf is separated into iron and apo-Tf due to reduced
affinity between iron and Tf [17,18]. Within the endosome, iron is converted from Fe* to Fe*
by the 6-transmembrane epithelial antigen of prostate 3. Fe*" is transported to the labile iron
pool (LIP) by DMTI of the endosome membrane [19]. Apo-Tf moves to the cell membrane and
is released out of the cell, and irons in the cell move to mitochondria for heme synthesis and
iron-sulfur cluster synthesis. Excess irons are stored in the cell as ferritin or move out of the cell
by FPN [2,17]. Iron-sulfur cluster and heme are components in complexes I-III and Cyt c of the
ETC, and are included in the aconitase of the TCA cycle [20,21].

Iron homeostasis

TfR1, ferritin, and FPN are regulated post-transcriptionally via IRP/IRE system [2]. There are

2 regulatory mechanisms of the IRP/IRE system at the post-transcriptional level. First, IRE is
located at the 5'-untranslated region (UTR) portion of the mRNA of ferritin and FPN [22,23].
IfIRE is bound with IRP, the translation of mRNA does not progress; however, if IRE is not
bound with IRP, the translation of mRNA progresses to synthesize proteins [22]. If there is a
large amount of iron in the cell, the iron binds to IRP. Thereby, the IRE is exposed, and then the
translation of mRNA progresses to synthesize the protein [22]. Ferritin and FPN are translated
when there are high concentrations of irons in the cell [2]. In iron deficiency, IRP is bound to
IRE, which inhibits the translation of mRNA, and ferritin and FPN are not synthesized [2]. The
second regulatory mechanism is when IRE is in the 3'-UTR site of the mRNA. The translation
of mRNA progresses only when IRP is combined with IRE. The mRNA without IRP binding
with IRE located in 3'-UTR is susceptible to degradation by endonuclease [22]. When there is
a large amount of iron in the cell, iron binds to IRP. As a result, mRNAs that fail to bind to IRP
are attacked by endonuclease and cannot be translated [22]. TfR1 corresponds to this case [2].
Conversely, in iron deficiency, IRP binds to IRE located at 3'-UTR. In this case, the translation
of TfR1 mRNA progresses to synthesize the TfR1 [24].

Hepcidin is a hormone secreted from hepatocytes and adipocytes, and degrades the FPN
protein in cells. Degradation of FPN regulated by hepcidin plays the most important role, in
controlling iron absorption [25]. Transcription and translation of the hepcidin are regulated
via the BMP/SMAD pathway and pro-inflammatory cytokines [3,4]. BMP binds to BMP type I,
II receptors to phosphorylate the SMAD 1/5/8 proteins. Phosphorylated SMAD 1/5/8 proteins
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bind to SMAD 4 and move to the nucleus, up-regulating the transcription of hepcidin. HJV
acts as a BMP co-receptor to promote the expression of hepcidin [26,27]. When holo-Tf

binds to TfR, the homeostatic iron regulator (HFE) recombines with transferrin receptor 2
(TfR2). HFE/TfR2 interacts with BMP type I/Il receptors, and has a role in regulating hepcidin
[28,29]. IL-6, a pro-inflammatory cytokine, activates Janus kinase 2 and phosphorylates signal
transducer and activator of transcription 3 (STAT3). Phosphorylated STAT3 upregulates the
transcription of the hepcidin in the nucleus [3,30,31] (Figure 1). Gluconeogenesis stimulates
the cereblon-Kruppel-like factor 15 pathways, which induces to transcription of hepcidin [32].
In addition, the expression of hepcidin is downregulated in high-fat diet-induced obesity mice
[33,34]. That energy status modulates the absorption, storage, recycling, and mobilization of
irons suggests that iron homeostasis is related to energy metabolism.

IRON HOMEOSTASIS AND ENERGY METABOLISM

Role of heme on energy metabolism

Most irons are present in the human body as a form of heme. 5'-aminolevulinic acid synthesized
from succinyl-CoA and glycine is converted to protoporphyrin IX, and then combined with

iron by ferrochelatase to form heme [17]. Heme is a component of cytochrome P450, Cyt c,
hemoglobin, and myoglobin. Among these, Cyt c participates in the oxidative phosphorylation
process as a component of the ETC in mitochondria [20]. Glucose and fatty acids in the body
produce ATP via the TCA cycle and an oxidative phosphorylation process of the ETC. Therefore,
heme synthesis induced by iron supplementation increases energy expenditure by activating the
oxidative phosphorylation process. According to a study showing the relationship between iron
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Figure 1. Regulation of HAMP expression in the cell. BMP/SMAD and JAK2/STAT3 signaling pathways regulate the
expression of HAMP.

HAMP, hepcidin; BMP, bone morphogenetic protein; BMPR, bone morphogenetic protein receptor; SMAD,
small-mothers-against-decapentaplegic protein; JAK2, Janus kinase 2; STAT3, signal transducer and activator
of transcription 3; HFE, homeostatic iron regulator; HJV, hemojuvelin; holo-Tf, diferric-transferrin; IL-6,
interleukin-6; IL-6R, interleukin-6 receptor; TfR, transferrin receptor.
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supplementation and obesity, iron supplementation up-regulated enzymes of heme synthesis
such as hydroxymethylbilane synthase and farnesyltransferase Cyt c oxidase assembly factor 10
[9]. In addition, heme synthesis-related genes showed a positive correlation with mitochondrial
ETC-related genes [9]. Increased energy expenditure, along with the activation of the heme
synthesis pathway and oxidative phosphorylation process in mitochondria, reduced body
weight and liver lipid accumulation [9].

Role of the iron-sulfur cluster on energy metabolism

Iron-sulfur cluster and heme are synthesized in the mitochondrial matrix using the iron,

and are components of complexes I, II, and III of mitochondrial ETC, aconitase, and Cyt

c. Complexes I, II, IIl and aconitase are proteins that participate in the TCA cycle and the
ETC. The increased synthesis of iron-sulfur cluster and heme up-regulated the expression of
complex I (NDUFA1), complex II (SDH), and complex III (ubiquinol-Cyt ¢ reductase complex
subunits), aconitase, and Cyt c, increasing energy oxidation (Figure 2).

Iron receives sulfur from cysteine, and the iron-sulfur cluster is synthesized via a series of
processes [17]. Iron-sulfur cluster is a component of mitochondrial complexes I, II, and III
of the ETC and aconitase, an enzyme acting on the intermediate process of the TCA cycle
[21,35]. TCA cycle and ETC are essential for ATP synthesis, indicating the critical role of
iron-sulfur clusters on energy metabolism. A recent study showed the reduction of the
cysteine desulfurase, iron-sulfur cluster assembly 1 homolog mitochondrial, and bola-like
3 was involved in the iron-sulfur cluster synthesis pathway along with significant decreases
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Figure 2. Schematic diagram regarding the role of iron in regulating energy metabolism in hepatocytes. Iron is
transferred to the mitochondria for the synthesis of iron-sulfur cluster and heme. Excess irons are stored in the
form of ferritin or exported through FPN. Iron-sulfur cluster is a component of mitochondrial complexes I, 1I, and
111, and aconitase, and heme is a component of Cyt c.

FPN, ferroportin; Cyt ¢, cytochrome c; ALA, aminolevulinic acid; ALAS, aminolevulinic acid synthase; ISCU, iron-
sulfur cluster assembly enzyme; NFST1, cysteine desulfurase; TCA, tricarboxylic acid; acetyl-CoA, acetyl coenzyme
A; ATP, adenosine triphosphate; ADP, adenosine diphosphate; FADH,, flavin adenine dinucleotide; NADH,
nicotinamide adenine dinucleotide.

https://doi.org/10.7762/cnr.2022.11.4.316 320


https://e-cnr.org

Iron Homeostasis and Obesity

cnr”

CLINICAL NUTRITION RESEARCH

https://e-cnr.org

in the mitochondrial fuel oxidation of BAT, causing obesity [8]. The knock-down of BOLA3
impaired the thermogenic function of beige cells [36], and the gene expression levels of
BOLA3 were correlated with thermogenesis-related genes, including uncoupling protein

1 (UCP1), a regulator of thermogenesis via mitochondrial oxidative phosphorylation [306].
Moreover, a recent study showed that iron supplementation increased the gene expressions of
ATP-binding cassette sub-family B member 7 (ABCB7), ISCA2, and BOLA3, the intermediate
molecules of iron-sulfur clusters synthesis [9]. Also, up-regulation of genes associated with
the mitochondrial ETC-related genes in the iron-supplemented group resulted in increased
energy expenditure and lower weight gain than the HFD group [9].

Effects of iron on thermogenesis

There are 3 types of adipocytes in the body: white, brown, and beige adipocytes [37-39].
White adipose tissue (WAT) stores chemical energy in the form of triglyceride, and BAT
generates heat using macronutrients. Beige adipocytes, found in WAT, also generate

heat as brown adipocytes and are converted from white adipocytes in response to various
stimuli [39]. UCP1 exists in addition to ATP synthase in brown and beige adipocytes,

and generates heat instead of ATP. Therefore, an increase in heat generation also means

an increase in energy expenditure. Recent studies have shown the effects of iron on the
thermogenesis of brown and beige adipocytes [37,38]. Adipocytes related to thermogenesis
convert carbohydrates, fatty acids, and proteins’ chemical energy into heat to maintain
body temperature in response to a cold environment. Adaptive thermogenesis accounts for
a considerable portion of total energy expenditure [37,38]. Exposure to cold environments
activates the sympathetic nervous system and releases norepinephrine. Norepinephrine
binds to the B3-adrenergic receptor to induce the production of cyclic AMP (cAMP) in

BAT. cAMP activates cAMP-dependent protein kinase, which promotes the expression of
heat generation-related genes such as UCP1, peroxisome proliferator-activated receptor-y
coactivator I-alpha (PGCl-alpha), and peroxisome proliferator-activated receptor (PPAR) in a
p38 mitogen-activated protein kinase-dependent and -independent pathways [37,40,41].

Regarding the relationship between iron and thermogenesis, impairment in heat generation
was accompanied by weight gain when inducing iron deficiency in mice [42]. Research

using different adipocytes showed that a decrease in the LIP inhibited cell differentiation

and mitochondrial biogenesis of brown and beige adipocytes [6]. Also, chelation of
intracellular iron inhibited the differentiation of brown adipocytes and down-regulated

the expression of thermogenic function-related genes PRD1-BFI-RIZ1 homologous domain
containing 16, PPAR-alpha, PPAR-gamma, PGCl-alpha, and UCP1 in the in vivo study [6]. In
studies examining the association between TfRs and thermogenesis, TfR1 deficiency of BAT
transformed brown fat precursor cells into white adipocytes and muscle cells [43]. Results
that iron deficiency impairs thermogenesis in both animal and clinical trials support that
iron is necessary for thermogenesis [44,45]. Iron accumulates in adipocytes associated

with thermogenesis when exposed to cold or stimulated heat [38,46]. In addition, IRP/IRE
signaling pathway is activated when exposed to cold temperatures, suggesting that the IRP/
IRE signaling pathway is required for heat generation. The expression of TfR1 increased when
administered 33-adrenoreceptor agonist CL316,243 to activate beige adipocytes [38], and this
result suggested the involvement of iron in producing BAT.

Iron-sulfur clusters are associated with the thermogenic function of BAT. BAT contains a

large number of mitochondria to generate heat via the mitochondrial fuel oxidation process
[47]. The brown color of BAT corresponds to the number of mitochondria and UCP1 [48].
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Iron-sulfur clusters are essential to mitochondria so that iron can affect the thermogenic
function of BAT. BOLA3, a regulatory molecule for synthesizing iron-sulfur clusters, exists
in high content in BAT compared to WAT [36]. In addition, this study showed that UCP1, cell
death-inducing DFFA-like effector a, Cyt ¢ oxidase subunit 7al, and calsyntenin 3 associated
with thermogenesis, were down-regulated when BOLA3 was deficient in beige adipocytes
[36]. The expression of NDUFAland SDH and glucose intake in BAT were lower with

BOLA3 knock-down compared with the control group [8]. This study showed that impaired
function of mitochondrial fuel oxidation in BAT led to obesity [8]. These results suggest
that deficiency of iron-sulfur clusters exacerbates the mitochondrial fuel oxidation process
and the thermogenic function of beige adipose tissue and BAT. Iron affects the thermogenic
function of BAT because it is essential for the oxidative phosphorylation of mitochondria. A
recent study showed that iron supplementation reduced the morphological abnormalities

of mitochondria and raised the expression of genes involved in heme or iron-sulfur cluster
biosynthesis [9]. Improved mitochondrial fuel oxidation and other mitochondrial functions
by iron supplementation led to increased energy expenditure and subsequent weight loss [9].

In the brown and beige adipocytes, iron also participates in energy metabolism as a
component of the iron-sulfur cluster and heme. UCP1 generates heat instead of ATP in the
BAT and beige adipose tissue. Iron deficiency, along with the reduced iron-sulfur cluster
synthesis, results in impaired function of the ETC and impaired thermogenesis, leading to a
decrease in energy expenditure (Figure 3).

BMPs are currently known to be involved in cell differentiation throughout the body,
including the development of adipose tissue and adipocyte differentiation [49]. Among
BMPs, BMPG increases BAT mass in cold environments and induces fat precursor cells to play
a similar role to BAT [49]. BMP/SMAD pathway is a mechanism to regulate hepcidin, and
BMPO, participating in this process, is up-regulated as iron intake increases [50,51]. This
finding suggests that sufficient iron intake induces the expression of BMP6 and consequently
increases BAT [52]. A study examining the correlation between iron concentration in the liver
and body fat mass demonstrated that the expressions of hepcidin and BMPG6 were negatively
correlated with the amount of WAT [34]. This mechanism needs further research in the future
by linking BMPG6 with weight loss effects.

Iron deficiency and obesity

A systematic review 0f 13,393 obese subjects and 26,621 non-obese subjects showed that
obese subjects had lower serum iron concentrations and a significantly higher risk of iron
deficiency than non-obese subjects [5]. This study showed a negative correlation between
obesity and serum iron concentrations [5]. In addition, in research about the correlation
between high-fat diet-induced obesity and iron concentrations in the liver, the longer the
HEFD period, the lower the iron concentration in the liver and serum [53,54]. The above
research confirms that there is a correlation between iron and obesity. According to a study
investigating the relationship between body fat mass and iron concentrations, ferritin in
the liver had a negative correlation with the amount of WAT [34]. In addition, mice with
TfR1 deficiency in adipocytes exhibited heat generation disorder, insulin resistance, and
mitochondrial dysfunction [43]. The results of this study suggest a decrease in energy
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Figure 3. Schematic diagram regarding the role of iron in regulating energy metabolism in beige and brown
adipocytes. Irons are transferred to the mitochondria for synthesizing iron-sulfur clusters and heme. Excess irons
are stored in the form of ferritin or exported through FPN. Iron-sulfur cluster is a component of mitochondrial
complexes I, I, and Ill, and aconitase, and heme is a component of Cyt c. When iron is deficient, thermogenesis-
related genes such as PRDM 16, PPAR, PGCI-alpha, and UCPT are down-regulated.

FPN, ferroportin; Cyt c, cytochrome c; PRDM, PRD1-BF1-RIZ1 homologous domain containing; PPAR, peroxisome
proliferator-activated receptor; PGC, peroxisome proliferator-activated receptor-gamma coactivator; UCP,
uncoupling protein; ALA, aminolevulinic acid; ALAS, aminolevulinic acid synthase; ISCU, iron-sulfur cluster
assembly enzyme; NFST, cysteine desulfurase; RXR, retinoid X receptor; TCA, tricarboxylic acid; ZFP 516, zinc-
finger protein 516; acetyl-CoA, acetyl coenzyme A; FADH,, flavin adenine dinucleotide; NADH, nicotinamide
adenine dinucleotide.

expenditure in TfR1 deficiency in adipocytes. Reduced energy expenditure can lead to lipid
accumulation. Transmembrane serine protease 6 (TMPRSS 6) is a repressor of hepcidin [S5].
TMPRSS 6 has a negative correlation with hepcidin [55,56]. TMPRSS 6 deficiency in mice
caused an iron deficiency in inguinal WAT and interscapular BAT. Iron deficiency impairs
beige adipocyte differentiation and the heat generation function of BAT [43]. The current
findings regarding iron deficiency and obesity are presented in Table 1. However, current
evidence regarding changes in energy metabolism with TMPRSS 6 deficiency has been
inconsistent. According to a paper that studied the effects of TMPRSS 6 deficiency on obesity,
TMPRSS 6 deficiency resulted in excessive secretion of hepcidin, reduced fat mass, and
improved insulin sensitivity [57]. Also, TMPRSS 6 deficient mice got less fat mass induced by
the high-fat diet [57].

Iron supplementation and obesity

Recent evidence regarding the effects of iron supplementation on obesity is summarized in
Table 2. The iron overload significantly reduced weight gain (15% less) and body fat mass

in high-fat diet-fed mice [58]. In research studying the effects of iron supplementation on
mitochondrial function, mice fed a high-fat diet with iron had lower body weight and liver
lipid accumulation than mice fed a high-fat diet [9]. At the same time, iron supplementation
reduced the morphological abnormalities of mitochondria and up-regulated the genes
related to mitochondrial function and beta-oxidation [9]. In addition, mice fed a high-iron

https://doi.org/10.7762/cnr.2022.11.4.316 323


https://e-cnr.org

o;

CI1I

Iron Homeostasis and Obesity CLINICAL NUTRITION RESEARCH

Evidence regarding the relationship between iron deficiency and obesity

Model Design Phenotype Ref.
8-wk-old male C57BL/6 HFD feeding for 24 wk - HFD feeding reduced hepatic iron stores with weight gain [33]
mice
7-wk-old male C57BL/6 Mice were fed control diet, - HFD group showed the lowest ferritin level compared to the other groups [34]
mice HFD or calorie-restricted . Negative correlation between hepatic iron concentrations and WAT mass

diet for 16 wk
6-8-wk-old C57BL/6, HFD feeding for 12 wk - Thermogenesis was impaired in mice with adipocyte-specific-deletion of Tfr (Tfr14%/ ) [43]
Tfflﬂ/ﬂ: and Tfr1A%®A - Amounts of both iBAT and iWAT were reduced in Tfr1%%/% mice compared to control (Tfr1/)
mice littermates, despite no significant difference in total body weights

- Tfr1#%/4 mice showed dyslipidemia, insulin resistance, and inflammation

6-wk-old male Sprague- HFD feeding for 16 wk - HFD feeding decreased iron concentrations in the liver along with weight gain [53]
Dawley rats
Weanling male Wistar ~ HFD feeding for 8 wk - Body fat mass was negatively correlated to serum iron concentrations and positively correlated ~ [54]
rats with liver iron storage
R26CERTVAFth mice Fth deletion in germ-free - Fth deletion induced mitochondrial disorder, and impairments of energy metabolism and [68]

R26ERT/AIFth mice thermogenic functions

Fth; ferritin heavy chain; HFD, high-fat diet; WAT, white adipose tissue; iBAT, interscapular brown adipose tissue; iWAT, inguinal white adipose tissue; Tfr1,
transferrin receptor 1.

Experimental studies regarding the effects of iron supplementation on obesity

Model Design Phenotype Ref.
6-wk-old male 0.023% (w/w) SFC supplementation in - Iron-supplemented HFD feeding lowered weight gain and liver lipid accumulation [9]
C57BL/6J mice HFD or control diet for 15 wk compared to the HFD group

- Iron supplementation reduced morphological abnormalities in mitochondria, and
up-regulated gene expression related to mitochondrial function/beta-oxidation/the
synthesis of heme or iron-sulfur clusters
7-wk-old male db/db  High-iron diets (1,000 mg iron/kg chow) - High-iron diets feeding reduced visceral fat mass and lipid accumulation in the liver [10]

mice or low-iron diets (12 mg/kg chow) for

9 wk
6-wk-old female ApoE 2% carbonyl iron in HFD for 16 wk - Dietary iron overloading induced a significant decrease in serum total cholesterol, [69]
KO mice triglyceride, and low-density lipoprotein cholesterol concentrations, along with a

decrease in liver lipid accumulation

3-wk-old male Control diet or HFD for 12 wk. The iron- - Iron dextran-injected group had 15% weight loss and body fat loss compared with mice [58]
C57BL/6 mice treated group was injected 120 pg iron  without iron supplementation

dextran/g body weight for 8 wk every . ron dextran injection prevented hepatic steatosis

other week

ApoE, apolipoprotein E; HFD, high-fat diet; KO, knockout; SFC, sodium ferrous citrate.

diet had lower visceral fat mass than the low-iron diet group. These results showed that iron
supplementation could decrease weight gain [10]. A study regarding the decomposition
effects of serum on lipids in mouse adipocytes found that adipocytes are decomposed by
serum, which is partially mediated by iron in serum [59].

Iron and non-alcoholic fatty liver disease

Non-alcoholic fatty liver disease is a complication of obesity, and hepatic steatosis is one

of the manifestations of metabolic syndrome. High-fat diet feeding led to weight gain

and liver lipid accumulation [33], and iron supplementation decreased lipogenesis and

lipid accumulation in the liver, preventing the development of hepatic steatosis [9,58].

In contrast to in vivo experiments, in vitro studies utilizing mouse hepatocytes showed
inconsistent results (Table 3). Iron treatment inhibited the expression of fatty acid synthase
and acetyl-CoA carboxylase, enzymes involved in fatty acid synthesis in the liver [60]. On

the contrary, 24 hour-iron treatment in AML12 hepatocytes increased the lipid accumulation
in hepatocytes [61]. In addition, 48 or 72 hours of iron treatment also caused triglyceride
accumulation in primary human hepatocytes [62]. Despite inconsistent results in in vitro
studies, most showed an increase in lipid accumulation in iron-treated cells [61-63]. It can be
presumed that inconsistent results between in vivo and in vitro studies are due to the presence
or absence of interactions with other organs.
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Experimental studies regarding the effects of iron supplementation on energy metabolism in cells

Model

Design Phenotype Ref.

Primary hepatocytes isolated Treated with 100, 300, and 1,000 pM - SFC treatment up-regulated the genes related to mitochondrial function, heme, and  [9]
from 5-wk-old male C57BL/6J SFC for 24 hr

iron-sulfur clusters

mice

Primary hepatocytes isolated Treated with O, 7.5, 75, or 750 UM - FAC treatment inhibited the expression of acetyl-CoA carboxylase and fatty acid [60]

from male C57BL/6 mice FAC for 16 hr synthase

AML12 hepatocytes Treated with 30 pg/mL FAC for 12 - FAC treatment caused an increase in the accumulation of lipids in hepatocytes [61]
(mild group) or 24 hr (moderate - The 12 hr (mild group) iron treatment increased lipogenesis of hepatocytes
group)

Primary human hepatocytes Treated with 50 pM iron for 48 or - The iron treatment caused the accumulation of triglycerides in hepatocytes [62]
72 hr

Primary HUVECs Treated with 100 pM of FAC, FAS, and - Cellular iron loading caused cholesterol biosynthesis [63]

Human and mouse 3T3-L1
pre-adipocytes

ferric chloride, 2 mg/mL of apoferritin
and holoferritin for 24 hr

Treated with 3 and 30 pg/mL FeSO,, - Transferrin was significantly elevated during adipocyte differentiation [70]
20 and 100 pmol/L deferoxamine for . |ron deficiency in cells elevated gene expressions of inflammatory markers and

7 or 14 day

disturbed adipocyte differentiation, which was restored by iron supplementation in a
dose-dependent way

- Palmitic acid treatment induced iron deficiency during adipocyte differentiation,
and led to a decrease in the transferrin gene expression, which was restored by the
treatment of transferrin

FAC, ferric ammonium citrate; FAS, ferrous ammonium sulfate; HUVEC, human umbilical vein endothelial cell; SFC, sodium ferrous citrate; acetyl-CoA, acetyl

coenzyme A.

https://e-cnr.org

Iron and type 2 diabetes

Obesity is often accompanied by insulin resistance. Visceral fat pads release pro-
inflammatory cytokines such as IL-6 and tumor necrosis factor-alpha, causing insulin
resistance [64,65]. Previous studies reported that iron supplementation improved obesity
without affecting insulin resistance [66]. One of the hypotheses that iron supplementation
exacerbates insulin resistance is its regulation of leptin, an adipokine that inhibits
appetite and stimulates the glucose transporter 4 in the liver and muscles to increase
insulin sensitivity [66]. Expression levels of leptin and circulating leptin concentrations
were low in mice fed an iron-supplemented diet [67]. Iron injection impaired glucose
tolerance and insulin sensitivity in mice [10,58]. Accumulating evidence suggests that iron
supplementation reduces weight gain but has the disadvantage of lowering insulin sensitivity.

The mechanisms by which iron affects energy homeostasis are summarized in 3 ways. The
first is that iron regulates energy homeostasis by heme. Iron is a prosthetic group of heme,

a component of Cyt ¢, and Cyt c is a component of the ETC [20]. Iron supplementation
increased the synthesis of heme and up-regulated genes associated with mitochondrial
oxidative phosphorylation, and the increased mitochondrial oxidative phosphorylation

led to weight loss [9]. The second mechanism is that iron regulates energy homeostasis by
iron-sulfur clusters. Iron-sulfur cluster is a component of mitochondrial complexes I, II,

and III of the ETC, as well as aconitase required for the TCA cycle [21]. Proteins containing
iron-sulfur clusters participate in the mitochondrial fuel oxidation process, suggesting that
iron-sulfur clusters are critical for energy expenditure. Reduced synthesis of iron-sulfur
clusters resulted in an impaired mitochondrial fuel oxidation process, leading to weight gain.
Increased synthesis of iron-sulfur clusters improved mitochondrial fuel oxidation function,
resulting in weight loss induced by increased energy expenditure [8,9]. The third mechanism
is the iron-mediated regulation of thermogenesis for energy homeostasis. Brown and beige
adipocytes contain a large number of mitochondria, and involves in thermogenesis [47].
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Mitochondria require iron as a cofactor for various mitochondrial proteins, such as iron-
sulfur clusters. Iron deficiency down-regulates thermogenesis-related genes and impairs BAT
cell differentiation [6], reducing energy oxidation and weight gain.

Current evidence support that iron plays a role in regulating energy metabolism. Though

it has been suggested that iron deficiency causes the down-regulation of thermogenesis-
related markers and impaired thermogenesis, more research is needed on whether iron
supplementation activates thermogenesis or restores impaired thermogenesis. In addition,
because previous research on iron-mediated changes in energy metabolism and metabolic
parameters often reported inconsistent results, well-controlled studies considering multi-
organ/cell interactions are needed to prove the relation between iron and obesity/obesity-
related metabolic complications, and to identify molecular mechanisms.
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