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Iron status and immune response become impaired in situations that involve chronic inflammation, such as obesity or aging. Little is known,
however, about the additional burden that obesity may place on the iron status and immune response in the elderly. This question is relevant
given the rising numbers of elderly obese (BMI >30 kg/m?) individuals and the high prevalence of iron deficiency worldwide. Iron is necessary for
proper function of both the innate and adaptive immune system. Hepcidin, a peptide hormone that regulates cellular iron export, is essential for
the maintenance of iron homeostasis. Therefore, since immune cells require iron for proper function hepcidin may also play an important role in
immune response. In this review, we summarize the evidence for hepcidin as a link between the fields of gerontology, obesity, iron biology, and
immunology. We also identify several gaps in knowledge and unanswered questions pertaining to iron homeostasis and immunity in obese
populations. Finally, we review studies that have shown the impact of weight loss, focusing on calorie restriction, iron homeostasis, and

immunity. These studies are important both in elucidating mechanistic links between obesity and health impairments and identifying possible

approaches to target immune impairment and iron deficiency as comorbidities of obesity. Adv. Nutr. 4: 602-617, 2013.

Introduction

Over the past few decades research on iron has spanned dif-
ferent disciplines of the biological sciences. This nutrient is
essential for red blood cell formation, immune function, fe-
tal development, and physical and mental well-being. At the
same time, however, anemia, defined by the WHO as hemo-
globin (Hb)® <12 g/dL for adult nonpregnant women and
<13 g/dL for adult men (1), affects more than one-quarter
of the world’s population (2), and iron deficiency is even
more prevalent. For individuals older than 5 y with no
chronic inflammation or chronic disease, iron deficiency is
defined as a serum ferritin <15 ug/L (3). As explained in
later sections, defining iron deficiency in individuals with
chronic inflammation, such as the obese and the elderly, is
less straightforward.
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Iron supplementation has at times proven ineffective and
even detrimental to health. Several studies have demon-
strated that iron supplementation in populations at risk of
certain infectious diseases may increase the risk of morbidity
and mortality. Furthermore, excessive iron intake may cause
iron toxicity because free iron is a potent pro-oxidant that
may damage cells and tissues. On the other hand, certain
conditions, such as obesity (BMI >30 kg/mz), chronic dis-
ease, and aging are associated with low iron status. Both ag-
ing and obesity are also associated with impaired immune
response, in which iron plays an important role.

Hepcidin is a small peptide hormone essential for iron
homeostasis and immune response. In this review we sum-
marize existing evidence and identify gaps in knowledge re-
garding the increased risk in obese and elderly individuals
for iron deficiency and immune response impairment. In
addition, our objective is to review known associations
among obesity, aging, immune response, and iron homeo-
stasis through hepcidin. The convergence of these fields is
relevant to the demographic and health-related changes
that the general population is currently experiencing. We re-
view the role that hepcidin plays in iron homeostasis and
immune response. We then summarize current knowledge
regarding chronic inflammation of obesity and its affect
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on iron status, immune response, and hepcidin. Finally, we
address aging, immunosenescense, and iron deficiency and
how increasing rates of obesity in the elderly may be placing
this age group at an even higher risk of impaired immune
response and iron deficiency.

Iron Homeostasis and Hepcidin

Maintenance of iron homeostasis is essential for proper cel-
lular function. Adequate iron levels must meet the needs of
different organs and tissues, but excess iron causes cellular
damage. Iron is excreted in an unregulated manner, mainly
through enterocyte sloughing and loss of bodily fluids and
skin cells (4). Iron balance is primarily regulated by absorp-
tion through the intestine and iron export from cells. A thor-
ough description of iron absorption, storage, transport, and
metabolism can be found elsewhere (4,5). Once in the enter-
ocyte, iron can be stored by binding ferritin (5). If iron
stored in enterocytes is not utilized, it is lost when the enter-
ocyte is shed off the intestinal lumen. To be absorbed into
the bloodstream, iron is exported through ferroportin, the
only known iron exporter, located in the basolateral side
of the enterocyte. To avoid oxidative damage, iron in circu-
lation is bound by the carrier protein transferrin and deliv-
ered to target cells through the transferrin cycle (5,6), which
occurs mainly in erythroid precursor cells that have the
highest iron demands and to a lesser extent in other cell
types (4). Iron can be transported to other target tissues,
such as liver, which is the main site for iron storage, bone
marrow, and peripheral blood mononuclear cells (PBMCs),
among others, to be used in important processes such as
synthesis of Hb or Fe-S clusters in mitochondria. About
70% of iron in the body is used for Hb synthesis (7).
When erythrocytes have reached the end of their life span,
they are recycled by reticuloendothelial macrophages. The
amount of iron recycled through this system is ~25 mg/day
(4). Almost all iron needed for erythropoiesis is provided by
red blood cell recycling (7). Regulation of iron recycling and
storage, together with iron absorption, is essential for iron
homeostasis.

Given the damage that iron may cause through oxidation,
but also its importance for cellular processes, iron levels
must be tightly regulated. Iron homeostasis is regulated at
different levels, either post-translationally (Fig. 1), or post-
transcriptionally. Post-transcriptional regulation of proteins
involved in iron homeostasis, such as ferritin and transfer-
rin, has been extensively covered in other reviews (4,5).
Post-translational regulation of iron homeostasis occurs pri-
marily through hepcidin, a small peptide hormone central
to iron homeostasis that regulates cellular iron export (5).
Hepcidin binds the membrane-associated iron exporter fer-
roportin (Fig. 1), which is expressed on enterocytes and
macrophages, as well as other cells such as PBMCs. Upon
binding, hepcidin induces internalization and degradation
of ferroportin through tyrosine phosphorylation, ubiquiti-
nation, and lysosomal degradation. In this way, iron remains
in intracellular stores and export into the plasma is reduced
(4,5). Iron export through ferroportin from enterocytes,

macrophages, and PBMCs has been shown to be prevented
by hepcidin (8-10), although recent evidence has suggested
that there are mechanistic differences in the effect of hepci-
din on enterocytes. It has been suggested that acute hepcidin
exposure may induce downregulation of divalent metal
transporter 1 (DMT1), rather than ferroportin, downregula-
tion through proteosomal degradation, whereas chronic
hepcidin exposure may induce downregulation of ferropor-
tin (11). Furthermore, macrophages have been found to re-
spond more rapidly to changes in hepcidin than enterocytes
(12).

Hepcidin is transcribed from the Hamp gene into an
84—amino acid preprohepcidin, which is then cleaved into
a 60—amino acid prohepcidin, detectable in serum (13,14).
This precursor is further processed into the mature bioactive
form, a 25—amino acid peptide (13) containing 4 disulfide
bonds. Hepcidin is expressed mainly by the liver (5), al-
though more recent studies have shown that other cell types
such as adipocytes (15) and PBMCs (10) also express hepci-
din. Hamp expression is induced through different signaling
pathways. Primarily, hepcidin expression is induced through
the bone morphogenetic protein (BMP)/Smad pathway,
which is activated by interaction between the BMP receptor
(BMPR) and the coreceptor hemojuvelin (HJV). Matrip-
tase-2 (also called TMPRSS6) inhibits hepcidin upregulation
by cleaving HJV into soluble HJV and preventing activation
of the BMP/Smad pathway (8). In addition, soluble HJV in-
hibits hepcidin expression by competing with membrane-
bound HJV for the BMPR.

Hepcidin gene expression is also regulated through trans-
ferrin receptor (TfR) signaling. Recent evidence suggested
that the coreceptor hemochromatosis protein, a MHC class
I-like protein (HFE) competes with iron-bound transferrin
for TfR1 binding. When transferrin-bound iron is low,
HFE binds TfR1 and hepcidin expression is not induced.
When iron levels are high, transferrin binds TfR1 and
HFE is displaced. It is believed HFE is then sequestered by
TfR2, which has both HFE and transferrin allosteric binding
sites. In this way, HFE binding to TfR2 may be the signal that
induces the ERK/MAPK signaling cascade that leads to
Hamp expression, but more research is needed (16). This
system 1is intimately related to the BMP/Smad pathway,
but the details have not been fully elucidated.

Chronic or acute inflammation also induces hepcidin ex-
pression (4,5,17). Studies in hepatocyte cell lines (18), mice
(19), and humans (17) have shown that IL-6 upregulates
hepcidin through the JAK/STAT3 pathway and STAT3 bind-
ing motif in the Hamp promoter. A study in humans showed
that IL-6 or lipopolysaccharide (LPS) injections induced hy-
poferremia and were directly correlated with an increase in
serum hepcidin (17).

Signals that inhibit hepcidin expression include erythro-
poiesis potentially through inactivation of the BMP/Smad
pathway by BMPR binding protein TWSGI, and hypoxia
through stimulation of erythropoietin production and per-
haps also of hypoxia-inducible factor 1 and 2 (4,5). Genetic
deficiency of hepcidin leads to hemochromatosis, an iron
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FIGURE 1 Post-translational regulation of iron homeostasis. Iron is absorbed through the enterocyte (A). It is first reduced by
DcytB and transported by DMT1 into the cell, and it is either stored or exported from the cell by the action of hephaestin and
ferroportin. Two iron atoms bind transferrin, which transports iron to target tissues. (B) Iron can be stored in hepatocytes in the storage
protein ferritin. The liver is the main producer of hepcidin, and its expression can be induced by HJV/BMP-BMP receptor, or by TfR2/HFE
through the Smad4 or ERK/MAPK pathways, respectively. () In the bone marrow, reticulocytes take in transferrin-bound iron to make
Hb. The TfR/transferrin-iron complex is internalized by endocytosis. Acidification of the endosome induces the release of iron from
transferrin. Iron is reduced and exported into the cytoplasm and used for Hb synthesis in the mitochondria. TfR and transferrin are
recycled back to the cell membrane. (D) RBCs transport the synthesized Hb and are involved in oxygen and CO, exchange with
different tissues. (F) Effete RBCs are recycled via the reticuloendothelial system. Macrophages phagocytose the RBCs and recycle the
iron. (F) AT secretes adipokines, including pro-inflammatory cytokines such as IL-6 that induce hepcidin expression via the JAK/STAT3
pathway. It is not confirmed whether hepcidin made in AT goes into circulation. (G) Transferrin and hepcidin go to different tissues in
the body that utilize iron. (H) PBMCs are one of the cell types that express ferroportin. Hepcidin binds ferroportin and induces its
internalization and degradation, increasing the intracellular iron pool. (/) Different proteins are found in circulation, and their levels
affect or are affected by iron status. AT, adipose tissue; DcytB, duodenal cytochrome B; DMT1, divalent metal transporter 1; Fpn,
ferroportin; Hamp, hepcidin gene; Hb, hemoglobin; HJV, hemojuvelin; IL-6, interleukin 6; JAK/STAT3, Janus kinase/signal transducer and
activator of transcription 3; PBMCs, peripheral blood mononuclear cells; RBCs, red blood cells; STEAP3, six-transmembrane epithelial
antigen of the prostate 3; TfR, transferrin receptor. Source for histology images: Wheater's functional histology: a text and colour atlas
(112).

overload disorder. Mutations in both hepcidin and its
regulators lead to this disease. Class I hemochromatosis is
characterized by mutations in the Hamp gene; class II hemo-
chromatosis is due to defects in HFE, H]V; or TfR2; and class
III hemochromatosis is due to defects in ferroportin, pre-
venting binding of hepcidin and regulation of cellular iron
export (5). HJV mutations are the most common cause of
juvenile hemochromatosis, accounting for 95% of cases
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(8). Hemochromatosis is characterized by low and even un-
detectable hepcidin levels, iron overload, and iron deposi-
tion in liver, heart, and endocrine organs.

It has been suggested that no cross-talk occurs between
the signals that regulate hepcidin (4,20). Iron status, inflam-
mation, and erythropoiesis seem to influence hepcidin
expression independently from each other, with the stron-
gest signal outweighing the others and determining hepcidin



levels. This concept of competing signals is particularly im-
portant for populations, such as the elderly, that are at risk of
both low iron status (a signal that downregulates hepcidin)
and chronic inflammation (a signal that induces hepcidin).

Current Status of Knowledge

Innate and adaptive immune function are iron
dependent and influenced by hepcidin

Both iron and hepcidin are essential in the innate and adap-
tive immune response. Iron levels have a direct impact not
only on the host’s immunity but also on the pathogen. Hep-
cidin was originally identified as an antimicrobial peptide
and was found to be essential for innate immunity. Evidence
has suggested that hepcidin is also important for the adap-
tive immune response.

Iron excess or deficit affects the immune response. Both
iron deficiency and iron overload affect immune function.
As reviewed in Oppenheimer et al. (21), iron deficiency af-
fects neutrophil function, lymphoproliferation, cytokine
production, and natural killer (NK) cell activity. On the
other hand, numerous studies have shown the negative ef-
fect of iron overload through supplementation, disease, or
blood transfusions on vulnerability to infection (7,22-24).
The most noteworthy study showing this evidence was con-
ducted by Sazawal et al. (25) in Pemba, Tanzania. This study
was discontinued before completion because of a substantial
increase in mortality or the likelihood for children to be hos-
pitalized in the group supplemented with iron and folic acid
(25). Iron supplementation in malaria-endemic regions may
increase the risk of malaria infection, but findings from dif-
ferent studies have not been uniform, with some studies
showing increased malaria risk and others no increased
risk and a decrease in anemia (26). Conversely, iron defi-
ciency has been associated with protection against malaria
(7). This topic remains controversial, and evidence suggests
that the severity of malaria after iron supplementation de-
pends on the host’s health and nutritional status before sup-
plementation. HIV viral replication and risk of secondary
opportunistic infections, such as tuberculosis, have also
been shown to increase with iron supplementation (7,27).
Similarly, patients with iron overload as seen in hemochro-
matosis have increased susceptibility to infection (28).
Therefore, iron supplementation not only enhances the
host immune function, but it also provides an environment
for pathogens to thrive, causing controversy regarding iron
supplementation in regions with high risk of iron deficiency
and infection. It is important to note that iron supplemen-
tation may have beneficial effects on immunity, and it has
been shown to improve resistance to respiratory infection
in children (21).

Iron and hepcidin in innate immunity. Because iron is
needed by most living organisms, one of the first lines of de-
fense by the human body as a host is to deprive invading
pathogens of the iron required for them to survive. In re-
sponse to this defense, certain pathogens such as the malaria

parasite, Plasmodium falciparum, have evolved to invade
iron-rich pools in the host (23). Other modes of attack by
invading pathogens include production of siderophores,
molecules produced by bacteria to chelate any available
free and transferrin-bound iron and deliver it to the bacteria
(29). In fact, >500 known siderophores can accomplish this
function (23).

The host’s immune system has developed different but
equally ingenious strategies of defense, which mainly involve
depriving pathogens of iron. One mechanism of defense is
the production of lipocalin-2, which is expressed in neutro-
phils and epithelial cells and binds to siderophores, inhibit-
ing their action (30). Lactoferrin, another protein used in
immune defense, has high affinity for free iron during in-
fection. In addition, hepcidin plays a central role in host
defense against extracellular pathogens. Hepcidin was simul-
taneously identified as an antimicrobial peptide and a regu-
lator of iron status (23). As mentioned previously, hepcidin
is upregulated by pro-inflammatory cytokines, such as IL-6
and IL-1, through signaling pathways involving JAK/STAT3
and toll-like receptor 4 (31). Hepcidin upregulation upon
infection by extracellular pathogens leads to decreased circu-
lating iron levels and iron sequestration within the host’s
cells. Theurl et al. (32) showed that hepcidin regulates ferro-
portin expression and intracellular iron content in an auto-
crine fashion in primary monocytes from patients with
anemia of chronic disease and in the human monocyte
cell line THP-1. In addition, they showed how hepcidin
knockdown with RNAI reversed this process and resulted
in decreased iron sequestration and increased ferroportin
in the monocytes. It is important to note that ferroportin ex-
pression is also downregulated at the gene expression level in
monocytes by inflammatory cytokines independently of
hepcidin (33).

Immune system defense against intracellular pathogens
requires a different approach. IFN-vy, a macrophage-activating
cytokine expressed by Th1 lymphocytes and NK cells, down-
regulates expression of TfR1 in macrophage phagosome
membranes, thereby decreasing iron pools and preventing
iron acquisition by intracellular bacteria (29). Nairz et al.
(34) showed how iron deprivation through this mechanism
could prevent Salmonella typhimurium infection. IFN-vy also
acts on macrophages to induce maturation and acidification
of phagosomes (7). Furthermore, evidence has shown that
IFN-vy induces hepcidin expression in lung epithelial cells
(35). Another method of defense is through natural resis-
tance-associated macrophage protein 2, or Nramp2 (also
known as SLC11A1, a homolog to divalent metal transporter
1), which is expressed in the phagosomes of macrophages
and neutrophils and exports divalent metal protons from
the phagosome to the cytosol. Ferroportin is also expressed
in macrophage phagosomes (36). In this way, intracellular
bacteria, such as Mycobacteria, are unable to acquire iron
within the invaded cells (29). Decreasing iron levels and ma-
nipulating iron pools in the host as a defense mechanism
against iron-dependent pathogens have also been illustrated
in studies showing that overexpression of hepcidin and iron
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supplementation can increase the risk of intracellular path-
ogen infection, such as Legionella pneumophila (37), and this
increase in risk can be reversed by localized iron depletion.

Besides manipulating iron pools, a crucial aspect of in-
nate immunity in which iron is involved is the oxidative
burst, which is the production of reactive oxygen species
(ROS) to damage invading pathogens. These ROS created
within immune cells, mainly neutrophils and macrophages,
are released into phagosomes containing the engulfed or in-
tracellular pathogen (38). Iron is essential for the production
of ROS, and it may be through hepcidin’s action that iron is
accumulated within cells involved in oxidative burst, but the
role of hepcidin in this process has not been studied in
depth. Iron status and intracellular macrophage iron levels
affect the efficiency of the oxidative burst (38). In summary,
the literature reviewed here indicates the importance of
maintaining an optimal iron balance specific to the type of
infection and emphasizes the crucial role hepcidin plays in
regulation of the immune response, starting with innate im-
munity but also, as more recently demonstrated, for adap-
tive immunity.

Iron and hepcidin in adaptive immunity. An optimal iron
status is necessary for adaptive immune response. Iron and
expression of TfR are essential for lymphocyte activation
and proliferation (39). Both iron deficiency and iron over-
load have been associated with impaired cell-mediated
immunity in humans (40,41). Iron deficiency has been shown
to decrease lymphocyte counts and proliferation as well
as IFN-vy and IL-2 production and to impair NK cell activity.
Omara and Blakley (41) found that mice fed an iron-deficient
diet had a lower delayed type hypersensitivity response,
in which CD4" lymphocytes are key players, than mice fed
a normal or supplemented iron diet. Furthermore, mice
fed an iron-deficient diet had lower concanavalin A-induced
lymphoproliferation than the normal or supplemented diet
groups. These results suggested that iron deficiency leads to
impaired T-cell response. Another study showed that NK
cell cytotoxicity was impaired in rats fed an iron-deficient
diet, and adding IFN-v in vitro rescued the loss of function
(42).

Certain aspects of adaptive immunity are affected by iron
overload. For example, Omara and Blakley (41) showed that
contact sensitivity, a measure of lymphocyte response and
immunoglobulin E (IgE) production, was impaired in
mice fed high-iron diets with respect to those fed an iron-
replete diet. In addition, high CD4-to-CD8 T-cell ratios,
low numbers of CD28" cells, and impaired CD8" T-cell
function have been reported in patients with hemochroma-
tosis (39), although direct causality with iron overload can-
not be proven in this scenario. Mouse knockout models of
B2-microglobulin, a protein associated with MHC class 1
molecules, have an abnormal increase of iron absorption
and increased plasma iron. Furthermore, $2-microglobulin
and Rag2™’~ mouse knockout models, the latter being a
factor essential for B and T lymphocyte development, have
immature lymphocytes and severe iron overload (39). In
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summary, this evidence suggests different effects of iron
deficiency and iron overload on the adaptive immune
response.

Hepcidin’s role in adaptive immunity has been defined
more recently, but more evidence is needed. Pinto et al.
(10) showed that lymphocyte hepcidin production increased
upon stimulation with anti— T-cell receptor (anti-CD3 and
anti-CD28) antibody and that partial knockdown of hepci-
din impaired T-cell proliferation. This effect was reversed by
adding synthetic hepcidin peptide to the hepcidin-deficient
lymphocytes. In addition, different subtypes of PBMCs were
shown to express hepcidin and seem to play a role in iron
homeostasis, because they express ferroportin and internal-
ize iron in the presence of hepcidin. Furthermore, it has
been suggested that regulation of hepcidin through the
Smad and STAT3 pathways may play a role in Th17 re-
sponses (23).

Taken together, these findings suggest that iron homeo-
stasis and immune response are closely related. The interac-
tion between iron status and immune response is complex,
implying that optimal iron status for immune response may
depend on the nature of the pathogen. Iron plays an impor-
tant role in both innate and adaptive immunity, but many
questions remain unanswered, especially pertaining to hep-
cidin’s involvement in adaptive immunity.

Chronic inflammation of obesity is associated with
high hepcidin and low iron status

Obesity and iron homeostasis. In the past few decades, sev-
eral reports have shown that obese adults (BMI >30 kg/m?)
are at high risk of having low iron status (43—48). The first
evidence came from Wenzel et al. (49) in 1962, showing
lower serum iron in obese adolescents compared with nor-
mal weight adolescents, and other studies in children and
adults around the world followed with consistent findings
(Table 1).

It was later observed that the identified association be-
tween obesity and low iron status was independent of iron
intake or other dietary factors (44,45,50,51). In fact, studies
found that obese individuals become iron deficient despite
having adequate iron consumption. Furthermore, it was ob-
served that iron absorption was affected by obesity. A recent
study related poor iron absorption to obesity and adiposity-
related inflammation in women and children through the
measurement of stable iron isotope incorporation (51).
These groups were in transition countries and were less re-
sponsive to iron fortification than their non-obese counter-
parts. Iron status was negatively correlated with C-reactive
protein (CRP) and BMI in women. In children, an inverse
relation was found between BMI Z-score and body iron.
In addition, change in body iron after iron supplementation
was inversely related to BMI, suggesting that absorption
was reduced in obese children. Another study found that
obesity was a strong predictor of iron deficiency in obese
women and children from Mexico, regardless of iron intake
(50). Obese women were 2 times as likely as lean women,
and obese children were 4 times as likely as lean children,
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to be iron deficient (50). In summary, these studies identi-
fied iron deficiency as a comorbidity of obesity in different
age groups, independent of iron consumption.

Obesity is characterized by low-grade chronic inflam-
mation, that is, an increase in circulating inflammatory
molecules, such as IL-6 and CRP (52), which in turn is as-
sociated with chronic disease risk. In recent years, studies
have shown an association between hepcidin, chronic in-
flammation, and low iron status in obese populations
(15,46,53-57), identifying a possible mechanism by which
iron status impairment occurs in the obese (Table 2). These
studies consistently showed an association between serum
hepcidin, inflammation, and low iron status. These associa-
tions have not been established in overweight (BMI =25 and
<30 kg/m?) populations. Of note, Tussing-Humphreys et al.
(46) found substantially higher serum hepcidin and CRP, to-
gether with lower iron status in obese versus lean women.
Similar results were reported in other adult cohorts, as
well as children (53,55,57), and pregnant women (54). As
to the latter, we recently found higher hepcidin and CRP
levels in obese pregnant women compared with lean preg-
nant women (54). Iron status markers did not differ be-
tween the mothers, but they did for the newborns, with
lower transferrin saturation (Tsat) and serum iron in cord
blood from the obese group. In addition, we found strong
negative correlations between maternal BMI and cord blood
iron status and between maternal serum hepcidin and cord
blood iron status. In summary, these data suggest that hep-
cidin dysregulation causes iron status impairment in obese
individuals. Further studies are needed to confirm these
results and to elucidate the mechanism of hepcidin dysregu-
lation in obesity.

Some publications in the past few years have shown that
adipose tissue (AT) may play an important role in hepcidin
dysregulation in obesity (15,56). Bekri et al. (15) showed
that hepcidin expression is higher in AT of obese individuals
(BMI >42 kg/mz) who had a high prevalence (68%) of iron
deficiency, defined as a Tsat <25%, and anemia (24%), de-
fined as Hb <8 mmol/L. The same group later showed
that HJV may be a primary regulator of hepcidin in AT.
They found substantially higher hepcidin, IL-6, and HJV ex-
pression in AT of obese subjects compared with lean subjects
(56). BMI and AT HJV expression were correlated. When
cultured adipocytes were treated with BMP2, which is
downstream of HJV signaling, hepcidin expression was up-
regulated. AT may also contribute to hepcidin dysregulation
in other tissues through adipokine secretion. Chung et al.
(58) found that hepcidin in HuH17 human hepatoma cells
was upregulated by leptin through the JAK/STAT3 pathway.
Leptin is substantially upregulated in obesity because it is se-
creted by AT (59), and liver is the main producer of hepcidin
(5), thus, increased adiposity may have an impact on hepatic
hepcidin, but further research is needed.

The effect of obesity on AT hepcidin expression is not
completely understood. Tussing-Humphreys et al. (60) re-
cently found no differences between arterial and venous
hepcidin across subcutaneous AT of obese and lean subjects.

In addition, no differences were found between groups, sug-
gesting that subcutaneous AT may not be a major contribu-
tor of hepcidin secretion into plasma. However, the study
sample size was small, with only 9 subjects per group, and
the subjects’ iron status and serum hepcidin levels spanned
a wide range, making it difficult to draw definite conclu-
sions. Also, important differences may exist between subcu-
taneous and visceral AT, although Bekri et al. (15) showed
that hepcidin mRNA levels were not different between the
two in morbidly obese patients. Together, these findings sug-
gest a mechanistic link between low iron status and obesity
through inflammation, where AT hepcidin expression may
play an important role. More research is needed to deter-
mine the influence of AT on hepcidin levels and iron status.
Further research on the impact of chronic hepcidin upregu-
lation on iron absorption, a site of iron status regulation,
and on the impact of obesity-associated hepcidin upregula-
tion in other cell types, such as PBMCs, is needed.

Weight loss in obese people, inflammation, and iron
status. Weight loss studies, of both calorie restriction (CR)
and restrictive bariatric surgery, are good approaches to
studying the underlying mechanisms of iron status impair-
ment and hepcidin dysregulation in obesity. To date, 2 inter-
vention studies measuring the effect of weight loss on iron
status, hepcidin, and inflammation have been conducted
(Table 3). The first one, by Tussing-Humphreys et al. (47)
showed that 6 mo after bariatric surgery obese women
had a substantial decrease in systemic inflammation (mea-
sured as CRP and IL-6) and serum hepcidin as well as an im-
provement in iron status markers. The second study, by
Amato et al. (61) found that obese children losing weight
through CR experienced a decrease in serum IL-6 and hep-
cidin, accompanied by enhanced iron status. They also ob-
served an improvement in iron absorption after weight loss.
No studies on the impact of CR on hepcidin and iron status
in adults are available. Bariatric surgery may not be a good
model to study changes in iron status and hepcidin. Malab-
sorptive bariatric interventions are the most effective for
weight loss, but as a result of the excision of a considerable
portion of the small intestine, iron absorption is impaired.
Iron deficiency and anemia are common complications in
bariatric patients after surgery (62). Therefore, CR studies
in adults are needed to determine the effect of weight loss
on iron homeostasis and to uncover the underlying mecha-
nisms of iron deficiency in obesity.

Determination of iron status in obese populations

Iron status can be determined through several parameters in
serum or plasma, including serum iron, total iron binding
capacity (TIBC), Tsat, ferritin, soluble TfR (sTfR), and the
ratio of sTfR to log-ferritin. For healthy individuals with
no chronic or acute inflammation, serum ferritin is a good
indicator of iron status. Another commonly used marker
is sTfR, which is directly related to cellular iron stores: the
higher the level of sTfR in circulation the lower the iron sta-
tus (63). However, cutoff values and normal ranges for sTfR
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TABLE 2 (Continued)

Relevant primary measurements Key findings

Year Population

Author
Tussing-Humphreys et al. (60)

There was no difference between arterialized and

Plasma hepcidin in arterialized vs. venous blood.

=9) adults (UK)

=9) and lean (n

Obese (n

2011

venous blood. Authors concluded hepcidin in

Arterio-venous differences were measured across

subcutaneous AT

obesity is not secreted from AT to the plasma and
does not contribute to hepcidin dysregulation.

Hepcidin, CRP, and IL-6 were higher in the obese

BMI, and maternal and cord blood iron status (sFe,

15) pregnant women.

Obese (n = 15) and lean (n =

2012

Dao et al. (54)

group, but not in cord blood from this group. Iron
status was not different between obese and lean
women, but cord blood from the obese group had
lower iron status (sFe, Tsat) than the lean group.

Serum hepcidin and BMI in women were nega-
tively correlated with cord blood iron status.

Tsat, ferritin, Hb, HCT), CRP, and IL-6

9)

8) and lean (n

Cord blood from obese (n
group (United States)

' AT, adipose tissue; CRP, C-reactive protein; Hb, hemoglobin; HCT, hematocrit; HJV, hemojuvelin; NASH, nonalcoholic steatohepatitis; TIBC, total iron binding capacity; Tsat, transferrin saturation; sFe, serum iron; sTfR; soluble transferrin receptor.

are variable between publications and assays (63), thus when
sT1R is used as a measure of iron status, it is necessary to in-
dicate assay specifications. Serum iron, TIBC, and Tsat are
also effectively used to measure iron status. TIBC is a mea-
sure of total circulating transferrin levels, and Tsat is calcu-
lated by the following formula: Tsat = (serum iron/TIBC) X
100%. Hb is used to determine the presence of anemia.

Determining iron status in obese individuals is more
complicated and controversial because low-grade chronic
inflammation affects several markers of iron status. In addi-
tion, the definition of iron deficiency in the obese has not
been consistent in different publications. Ferritin levels are
affected by chronic inflammation (63), and ferritin expres-
sion in hepatocytes, macrophages, and adipocytes is induced
by IL-18 and TNF-a (64), which are known to be upregu-
lated in obesity. When iron sequestration occurs in cells
without real iron deficiency, as may be the case with obese
individuals, sTfR levels are normal. Tussing-Humphreys
et al. (20) suggested that in obesity chronic inflammation
leads to real iron deficiency as a result of long-term de-
creased iron absorption and unregulated iron loss. The qual-
ifiers for iron deficiency in obese individuals may therefore
be similar to those seen in anemia of chronic disease coex-
isting with real iron deficiency. However, this definition of
iron deficiency has not always been the case in studies mea-
suring iron status in obese populations, and further research
is needed.

The criteria used by Mufoz et al. (62) to diagnose iron
deficiency in obese patients are chronic inflammation
(CRP >1), low Hb (<12 g/dL for women and <13 g/dL for
men), low Tsat (<20%), normal to high ferritin (30-100
ung/L), sTfR above the normal range (range specified by
manufacturer), and a high ratio of sTfR to log-ferritin
(>2). For anemia of chronic disease without real iron defi-
ciency, sTfR would be normal and ferritin would be >100
wg/L. Similarly, Tussing-Humphreys et al. (20) have defined
iron status in obese individuals as unaffected or low Hb, un-
affected or increased ferritin, decreased serum iron and Tsat,
unaffected or increased TIBC, and high sTfR.

sT1R is not influenced by acute or chronic inflammation;
instead, the level of sTR reflects cellular iron requirements
and is proportional to TfR on cell membranes (47). There-
fore, sTfR is a marker that can be used to define true iron
deficiency. The effect of weight loss through CR in obese in-
dividuals on sTfR has not been reported. In conclusion, for
populations with chronic inflammation, such as those with
obesity, it is necessary to take into account markers of
chronic inflammation, specifically CRP, and a combination
of iron status markers to define iron deficiency. In addition,
establishing a set of criteria used consistently for the diagno-
sis of iron deficiency in obese individuals will be essential for
the advancement of the field.

Immune function is altered in obesity

Obesity and immune response. Several studies of high-fat—
fed rodent models and obese humans have shown immune
response impairment, including decreased macrophage,

Iron biology, immunology, aging, and obesity 611
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dendritic, and NKT cell function, and impaired lymphocyte
response to mitogenic or antigenic stimulation (65,66). Spe-
cifically, T-cell function is impaired as shown by decreased
thymic output of naive T-cells and lower lymphocyte pro-
liferation, with evidence of altered circulating numbers
of CD4" and CD8" T-cells (65—68). Evidence also shows
T-cells skewed toward a Th1 phenotype with higher produc-
tion of IFN-vy in humans (69,70). These alterations in the
immune system, which are associated with other obesity co-
morbidities such as type 2 diabetes, may explain the in-
creased prevalence of susceptibility to infections in obese
individuals (65,66).

Iron homeostasis, although important for immune func-
tion as shown in previous sections of this review, has not
been studied extensively together with immune response
in obese individuals. Only 1 study has measured the effect
of obesity and weight loss on iron status, hepcidin, and im-
mune response simultaneously (71). This study found that
despite higher serum levels of inflammatory cytokines,
obese women had lower production of IL-6, TNF-«, and
[FN-vy than lean women in PBMCs stimulated with LPS
(71). It seems that even though basal production of inflam-
matory cytokines is higher in obese individuals, stimulated
immune cell cytokine production is suppressed in these in-
dividuals compared with lean individuals. Although this
might appear contradictory, it could indicate that the higher
inflammation associated with obesity renders the immune
cells less responsive to activation. This study found that
serum hepcidin and sTfR were correlated with ex vivo pro-
duction of IEN-vy upon stimulation of PBMCs. These results
suggest that further research is needed to explore the role of
hepcidin and iron status in immune dysregulation seen
in obesity. Many of the studies conducted so far on the im-
pact of obesity on immunity have small sample sizes and
populations with mixed age groups and comorbidities,
and studies that account for these factors are needed (65).
In conclusion, immune function is impaired with obesity,
but more information is needed to characterize this impair-
ment in different age groups and link it to clinical outcomes.
Chronic inflammation seems to desensitize the immune re-
sponse when it encounters stimuli such as LPS. Whether
hepcidin and iron play a role in this desensitization remains
to be elucidated.

Weight loss in obese individuals and immune function.
In general, weight loss is associated with improved health.
As little as 1% weight loss has been associated with a de-
crease in systemic inflammation (72). The most consistent
systemic changes with weight loss are decreases in serum
CRP and IL-6. Decreased inflammation after weight loss
has been associated with improvement in insulin sensitivity
and iron status, among other conditions (47,73-75). Most
weight loss studies have also shown an improvement in
cell-mediated immune response measured as lymphocyte
proliferation (65,71,76,77). For example, Ahmed et al. (76)
showed an improvement in lymphoproliferation after a 10
or 30% CR over 6 mo. This improvement was shown in

whole blood stimulated with concanavalin A and phytohem-
agglutinin. Antigenic stimulation was improved in the 30%
calorie-restricted group but not in the 10% calorie-restricted
group. In addition, they found that delayed type hypersensi-
tivity response, an in vivo measure of T-cell function, im-
proved with CR. In this study, percent change in BMI was
correlated with percent increase in lymphoproliferation.
These findings show that CR can improve T-cell function.
Given that not all studies have shown substantial and posi-
tive effects of weight loss on immune response, more re-
search is needed.

AT inflammation (78,79) and immune cell infiltration
(80) have been shown to decrease with weight loss. However,
AT remodeling during weight loss is not completely under-
stood. A study by Capel et al. (81) presented AT gene profil-
ing at different stages of weight loss in obese women: a 4-wk
very low calorie diet, followed by a 2-mo weight stabilization
period on a low-calorie diet and a 3- to 4-mo weight main-
tenance period. They showed that macrophage genes are
initially upregulated during the very low calorie diet, to-
gether with a downregulation in genes involved in adipocyte
metabolism. During the weight stabilization period they
showed a reversed gene expression profile, with attenuation
of macrophage gene expression and increase in adipocyte
metabolic genes. Therefore, it is important to consider the
stage of weight loss an individual is in when conducting
CR studies. This study further showed a decrease in plasma
CRP while AT macrophage markers were increasing in the
energy restriction period, suggesting that adipose and sys-
temic inflammation might, to a certain extent, be regulated
separately.

In conclusion, evidence regarding the effect of weight loss
on immune response and AT architecture seems to depend
on the type and duration of the weight loss intervention,
and more research is needed to further define these rela-
tions. In addition, the long-term effects of weight loss on
immune response have not been determined (65).

Old age is characterized by increased adiposity and
inflammation, impaired immune function, and low
iron status

Old age is characterized by chronic inflammation and the
decline of the immune response. Iron status is also impaired
with aging, but the reason why is not completely under-
stood. The prevalence of obesity in the elderly has increased
at worrisome rates. With the expansion of the elderly pop-
ulation worldwide, expected to reach 20% of the world’s
population by 2050 from a current 8% (82), and aging-
associated morbidities placing a high burden on health
care systems around the world, it is important to address is-
sues such as iron status impairment in the obese elderly.

Obesity and increased adiposity are prevalent in the
elderly. Older adults are becoming obese at a global scale,
with an estimate of >20% obese elderly in the United States
by 2030 (83). Elderly obesity can lead to frailty and rep-
resents an increased challenge for mobility and strength
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because it leads to added fat mass to the already increasing
levels of body fat seen with aging. Being elderly and over-
weight (BMI =25 and <30 kg/m?) but not obese is not as-
sociated with disease risk (84), but a meta-analysis showed
that BMI >30 kg/m2 in older adults (=65 y) was associated
with a modest increase in the risk of mortality (85). Previ-
ously, intentional weight loss for older individuals was not
recommended because it was considered to increase risk
for disease and mortality (84). However, more recently,
weight loss in elderly obese individuals has become a recom-
mendation (86), as long as the approach includes both CR
and increased physical activity. If this approach proves chal-
lenging because of the physical constraints and changes in
body composition in the elderly, other approaches such as
pharmacology and bariatric surgery can be used. Very few
studies have been conducted to measure the effectiveness
of weight loss on different health outcomes in obese elderly
individuals. In their review, Witham and Avenell (84)
stressed the need and importance for conducting such
trials.

Aging, inflammation, and immune response. The elderly
experience low-grade chronic inflammation, characterized
by an increase in circulating levels of IL-6 and CRP, among
other inflammatory markers (87,88). Higher IL-6 is an inde-
pendent predictor of mortality and morbidity in older
adults (87). In addition, old age is characterized by weaken-
ing of cell-mediated immunity, particularly that of T-cells
(89,90). Changes in the immune system observed with aging
are substantial (88,90). A consistent age-related defect ob-
served across different models is the impaired ability of
T-cells to proliferate and produce IL-2 in response to an-
tigenic or mitogenic stimulation (89,91).

Little is known about the effect of obesity on immune re-
sponse in the elderly. A recent study showed that obesity
negatively affects aging of the immune system, with acceler-
ation of thymic involution, increase in perithymic AT, and
reduction of T-cell precursors (92), narrowing the immune
repertoire against antigens encountered later in life. There-
fore, studies are needed to investigate the effect of obesity
on the already declining elderly immune response.

Iron deficiency in the elderly. The elderly have a high prev-
alence of anemia, defined by the WHO as Hb < 12 g/dL for
women and <13 g/dL for men. Using this definition, anemia
increases considerably after the age of 50 (93,94). Moderate
anemia and iron deficiency also increase with aging (94).
Complications associated with anemia are cardiovascular
disease, increased falls and fractures, and cognitive impair-
ment. For example, a study found that the incidence of cog-
nitive impairment was higher in anemic versus non-anemic
men (55.6% vs. 34.4%) and women (47.5% vs. 40.1%) (95).
A retrospective and observational study in nursing home
residents and community-dwelling elderly individuals found
that hospitalization as a result of hip fractures was more likely
to occur in patients with anemia (30% in anemic vs. 13% in
non-anemic) and that higher Hb was protective against falls
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resulting in fractures, showing that for every 1 g/dL increase
in Hb, the risk decreased by 45% (96). With anemia, there is
also decreased quality of life, increased frailty, and higher
risk of mortality (94). A systematic review found that treat-
ing anemia was associated with increased quality of life in
patients with cancer and renal disease (97). A more extensive
analysis of the effects of iron deficiency and iron deficiency
anemia can be found in a review by Eisenstaedt et al. (94).

The most common type of anemia in the elderly is ane-
mia of chronic inflammation, caused by chronic conditions
prevalent in older populations (98). According to studies us-
ing data from NHANES III, one-third of anemia cases in
older people are caused by nutritional deficiencies of iron,
folate, or vitamin B-12, with iron deficiency accounting
for more than half of these deficiencies (93,94). Low dietary
iron, impaired iron absorption as a result of reduced stom-
ach acid production, and gastrointestinal bleeding also
contribute to iron deficiency anemia in older adults (93,
94,98,99). As with obesity, diagnosis of iron deficiency in
the elderly is challenging because of the presence of chronic
inflammation (99). Very limited information is available on
the impact of obesity on iron homeostasis in the elderly. Re-
cently, we found that elderly women with high BMI and
waist circumference from low-income areas of Quito, Ecua-
dor, had higher serum hepcidin and CRP than their lean
counterparts (100, and unpublished data). Even though
iron status was inversely related to CRP, it did not differ be-
tween women with high and normal BMI. Dietary iron, as
well as intake of other micronutrients, was low in this pop-
ulation. Further research is necessary to determine the fac-
tors regulating iron status in elderly populations with a
high prevalence of obesity accompanied by poor nutrition.
Furthermore, evidence is needed on the effect of aging
on hepcidin regulation and on the effect of weight loss on
hepcidin, inflammation, and iron status in older obese
individuals.

In this review we have summarized the research con-
ducted thus far regarding the impact of obesity on iron sta-
tus, inflammation, hepcidin, and immune response. We
have described what is known about the role that iron and
hepcidin play in immune response and identified gaps in re-
search regarding iron homeostasis, immune function, obe-
sity, and aging, where hepcidin may play an important role.

As a whole, the available evidence strongly suggests that
chronic inflammation of obesity and aging may impair
iron status through hepcidin and that hepcidin is not only
crucial for iron homeostasis but also for immune response.
Further research is needed in these areas: 1) the effect of in-
flammation of obesity in young and older individuals on
iron homeostasis and immunity, 2) the role of hepcidin in
the adaptive immune response, 3) the impact of weight
loss on iron homeostasis and immune response in the obese,
and 4) the effect of aging on these processes.
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