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Abstract

Adequate iron availability is essential to human development and overall health. Iron is a key
component of oxygen-carrying proteins, has a pivotal role in cellular metabolism, and is essential
to cell growth and differentiation. Inadequate dietary iron intake, chronic and acute inflammatory
conditions, and obesity are each associated with alterations in iron homeostasis. Tight regulation
of iron is necessary because iron is highly toxic and human beings can only excrete small amounts
through sweat, skin and enterocyte sloughing, and fecal and menstrual blood loss. Hepcidin, a
small peptide hormone produced mainly by the liver, acts as the key regulator of systemic iron
homeostasis. Hepcidin controls movement of iron into plasma by regulating the activity of the sole
known iron exporter ferroportin-1. Downregulation of the ferroportin-1 exporter results in
sequestration of iron within intestinal enterocytes, hepatocytes, and iron-storing macrophages
reducing iron bioavailability. Hepcidin expression is increased by higher body iron levels and
inflammation and decreased by anemia and hypoxia. Importantly, existing data illustrate that
hepcidin may play a significant role in the development of several iron-related disorders, including
the anemia of chronic disease and the iron dysregulation observed in obesity. Therefore, the
purpose of this article is to discuss iron regulation, with specific emphasis on systemic regulation
by hepcidin, and examine the role of hepcidin within several disease states, including iron
deficiency, anemia of chronic disease, and obesity. The relationship between obesity and iron
depletion and the clinical assessment of iron status will also be reviewed.

Introduction

Maintenance of iron homeostasis throughout human life is essential for proper growth,
development, and overall health. The recent discovery of the peptide hepcidin requires the
nutrition and medical professional to reexamine the fundamentals of iron regulation.
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Hepcidin acts as the main regulator of systemic iron homeostasis by controlling the flux of
iron into plasma through regulation of the sole known iron exporter, ferroportin-1 (Fpn) (1).
Hepcidin is produced mainly by the liver and concentrations are regulated by body iron
status, anemia, hypoxia, and inflammation (1-5). Increased serum levels of hepcidin are
associated with reduced dietary iron absorption and decreased systemic iron bioavailability.
Importantly, hepcidin appears to play a significant role in the development of several iron-
related disorders including the anemia of chronic disease (ACD) (1, 2, 6). Also, hepcidin has
been shown to be increased in obese compared to lean individuals suggesting that hepcidin
may play an important role in the iron dysregulation observed in obesity (7-11). Therefore,
keeping abreast of the recent discoveries in the field of iron metabolism, particularly
hepcidin’s role in iron homeostasis, and its function in the manifestation of several iron-
related disorders, is critical for the precise evaluation of patients and selection of the most
suitable treatment options. Thus, the purpose of this article is to discuss iron regulation, with
specific emphasis on systemic regulation by hepcidin, and the role of hepcidin within
several disease states including iron deficiency (ID), the ACD, and obesity. Additionally, the
relationship between obesity and iron depletion and the clinical assessment of iron status
will be reviewed.

Methodology for Selection of Obesity-related Articles

Obesity-related articles were identified through an electronic database search using PubMed
and a manual search of the reference sections of articles identified following the electronic
search. Key search terms included a combination of iron status and obesity as well as
hepcidin and obesity. Search limiters included publication between the years 1960-2010,
human studies, and English language. Exclusion criteria included review articles or
commentaries, studies focused on pregnant or lactating women, studies conducted in
surgical patients not undergoing a bariatric procedure, and studies in which ferritin was the
only marker of iron status. Figure 1 details the article attrition and the number of
publications included at each step of the vetting process. Briefly, the electronic search of
iron status and obesity returned a total of 159 articles and the search of obesity and hepcidin
returned 14 articles. The titles and abstracts were reviewed by the primary author for
possible inclusion. In the event that abstracts did not allow for a clear decision regarding
inclusion or exclusion, the full manuscript was reviewed. Following the primary search of
iron status and obesity, a total of 32 articles were included and 127 articles excluded.
Following the primary search of obesity and hepcidin a total of 8 articles were included and
6 excluded; all of the articles meeting the inclusion criteria were duplicates from the iron
status and obesity search and were therefore dropped. Manual assessment of the reference
sections from the papers retrieved from the electronic searches identified an additional 10
articles. In total, 42 articles met the inclusion criteria.

Iron Regulation

Iron is an essential element that acts as a key component of oxygen-carrying proteins, is a
vital player in cellular metabolism, and is essential to cell growth and differentiation (1).
Tight regulation of iron is necessary because iron is highly toxic to cells and humans lack a
regulated pathway to excrete large amounts (12). A small amount of iron, approximately 1-2
milligrams, is lost by the body on a daily basis (13). These small, daily, ordinary losses
occur through the shedding of intestinal enterocytes, sweat, fecal blood loss, and skin
sloughing (3). Women of reproductive age can also excrete significant amounts of iron
through monthly menstrual blood losses (14). Effective communication between key sites of
iron utilization, absorption, and storage at both the cellular and systemic level is necessary to
maintain appropriate iron balance (15).
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Within the cell, iron levels are sensed by two iron regulatory proteins (IRPs): IRP-1 and 2
(16). When cytoplasmic iron is low, IRPs bind to the iron regulatory element (IRE)
sequences in the mRNAs of iron-regulated proteins including transferrin receptor and
ferritin (1). Binding of IRPs to the IRE in the 3’ region of mMRNA results in increased
mRNA stability and increased protein synthesis. Conversely, when cytoplasmic iron is
adequate, binding of IRPs to the IRE in the 5’ region of the mMRNA occurs, which results in
translational inhibition and decreased protein synthesis. Therefore, if extracellular iron
concentrations are within the normal range, iron homeostasis within each cell is maintained
by the IRE/IRP system and its effects on protein production (1).

Systemic iron regulation ensures a stable concentration of the iron-transferrin complex in
plasma and extracellular fluid, and is accomplished by maintaining the major iron flows into
plasma (1). Iron can be introduced into the plasma via three major routes: (1) absorption of
dietary iron via the enterocytes of the proximal duodenum; (2) release of stored iron from
the hepatocytes; or (3) the release of stored iron from the reticuloendothelial macrophages.
These three different cell types use the same membrane iron exporter, Fpn, for the release of
iron into plasma. Therefore, obliteration of Fpn at any one of these key sites results in iron
sequestration inside these cells and diminished iron bioavailability (1, 3).

Regulation of Systemic Iron Metabolism by Hepcidin

Hepcidin is a small peptide hormone that functions as both the homeostatic regulator of
systemic iron metabolism and mediator of host defense and inflammation, and is measurable
in human urine, plasma, and serum (1-3, 17). Sensing of circulating iron and iron stores is
thought to occur in the liver, which is the primary site of hepcidin production and secretion
(1, 4). Hepcidin is also produced to a lesser degree in the adipose tissue, heart, placenta, and
kidneys although /n vivo secretion and contribution to circulating levels from these sites is
currently unknown (3). Also, production in the adipose tissue, heart, placenta, and kidneys is
likely not regulated by body iron status but most likely by inflammation (IL-6 mediated) (3).

Hepcidin controls the flux of iron into plasma by regulating the Fpn exporter (Figure 2).
When hepcidin binds to Fpn the two proteins are internalized and degraded within
lysosomes (1). Hepcidin production by the liver is simultaneously regulated by iron status,
anemia, hypoxia, and inflammation (1-5). Therefore, at any time, hepcidin expression can
be determined by the interplay of pathways controlled by iron status, erythropoietic activity,
and inflammation, and the relative strength of each of the individual signals (1-5). When
body iron levels are elevated or inflammation or infection is present, liver hepcidin
production is increased resulting in diminished Fpn expression. Down-regulation of Fpn
results in reduced iron export from, and increased iron sequestration within intestinal
enterocytes, hepatocytes and iron-recycling macrophages (1, 3, 4). When body iron levels
are elevated hepcidin blocks absorption of iron from the diet. In infection, elevated hepcidin
and consequent hypoferremia reduce dietary and cellular iron bioavailability; slowing
microbial growth. Conversely, when body iron levels are depleted or anemia or hypoxia
exists, hepcidin expression is minimal, allowing for increased dietary iron absorption and
mobilization from body stores via active Fpn transporters. Researchers reported that
hepcidin concentrations are inversely associated with iron absorption from supplemental and
food-based non-heme iron sources in iron-replete women (18). Therefore, hepcidin
concentrations markedly influence iron absorption and can impact the efficacy of iron
repletion via supplemental or dietary sources. Unfortunately, at this time, assessment of
hepcidin is limited in the clinical setting. However, the first immunoassay for human
hepcidin was recently developed and validated but, at this time, is primarily available for
research purposes (17). Based on this assay, the reference ranges for serum hepcidin are 29—
254 ng/ml in healthy men and 17-286 ng/ml in healthy women while concentrations have
been shown to vary significantly in those with ID, the ACD, and obesity (9-11, 17, 19).
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Iron Deficiency: Hepcidin Expression and Clinical Assessment

Iron deficiency remains the most common nutritional deficiency and cause of anemia
worldwide. Populations in developing countries, premenopausal females, pregnant women,
children, vegetarians, and frequent blood donors are largely affected by ID due to low
dietary intake, inadequate bioavailable iron, increased iron demand required for growth and
development, iron losses, and changes in blood volume (20-22). Iron deficiency is a
condition in which there is inadequate iron to maintain normal function of bodily tissues
(23). Iron deficiency develops in three stages beginning with depletion of iron stores (1),
followed by diminished iron transport and iron deficient erythropoiesis referred to as ID (I1),
and lastly depletion of functional iron-containing proteins and enzymes referred to as 1D
with anemia (IDA) (111) (24, 25) (Figure 3). Iron deficiency with anemia is characterized by
a defect in Hb synthesis which results in red blood cells that are small (microcytic) and
contain a reduced amount of Hb (hypochromic) (26). Consequences of 1D and IDA can
include fatigue, weakness, decreased work capacity, palpitations, pallor, and alterations in
immune function (27, 28).

In persons with 1D and IDA, hepcidin is suppressed to very low or undetectable levels (8,
17) (Table 1). Pak et al. (29) demonstrated that suppression of hepcidin is not directly
mediated by ID or anemia but appears to be mediated by an uncharacterized substance
released during erythropoiesis. The low concentration of serum hepcidin observed in those
with ID and IDA would allow for increased efflux of dietary iron from the basolateral
enterocytes and iron from body stores via abundantly expressed Fpn exporters (15). In
persons with ID and IDA, iron repletion via dietary food-stuffs or pharmacological sources
is an efficacious choice for therapy as low hepcidin facilitates increased dietary iron
absorption (12).

In healthy populations free of inflammatory disorders, chronic disease, parasitic infection, or
obesity, the assessment of iron status includes evaluation of iron stores, circulating iron, and
hematological parameters. The biochemical markers commonly used to assess iron stores
and circulating iron include: ferritin, serum iron, total iron binding capacity (TIBC), and
percent saturation of transferrin (TSAT). Typical hematological indices include, but are not
limited to, Hb and mean corpuscular volume (MCV) (30). In conjunction with the more
traditional biochemical and hematological indicators, soluble transferrin receptor (STfR) can
be used to detect early changes in iron status. Soluble transferrin receptor is generated by the
cleavage of the cell-bound transferrin receptor, which is essential for the uptake of diferric
transferrin, and is sensitive to the delivery of iron to bone marrow and tissue and is also an
indicator of erythrpoetic activity (31). Soluble transferrin receptor is an indicator of iron
status only when iron stores are depleted and no underlying cause of abnormal
erythropoiesis exists (32). Soluble transferrin receptor is upregulated in ID and IDA due an
increased abundance of transferrin receptors on the cell surface competing for available iron
(33). It is important to note that no single test should be used to diagnose 1D or IDA (23,
25). As depicted in Figure 3, the biochemical indices can detect early changes in iron status
while the hematological markers typically demonstrate abnormality after anemia has
developed (25) Therefore, several laboratory markers should be used in conjunction to
properly assess iron status because each test assesses a different aspect of iron metabolism
and the result of one test may not agree with the result of another test given the stage of 1D
(Figure 3) (23, 25)

Anemia of Chronic Disease: Hepcidin Expression and Clinical Assessment

Although not related to inadequate dietary iron intake or increased iron demand for specific
biological processes, persons suffering from acute and chronic infection, parasitic
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infestation, inflammatory disorders, neoplastic diseases, trauma, and critical illness
commonly suffer from alterations in iron metabolism referred to as the ACD or anemia of
inflammation (34). The ACD is a normochromic, microcytic anemia that is thought to be a
consequence of the host defense response mediated by inflammatory cytokines
[interleukin-6 (IL-6), interleukin-1 (IL-1), and tumor necrosis factor-a (TNF-a)] that
evolved to deprive bacteria of iron (1, 6, 35-37). The major pathophysiological processes
underlying the ACD include iron-restriction, a blunted response to erythropoietin, and
decreased red blood cell half-life (36). The ACD remains one of the most common
syndromes encountered clinically (6).

The ACD is characterized by hypoferremia and anemia despite adequate iron stores and the
presence of iron in bone marrow (38). Thus, anemia develops due to impaired mobilization
of iron from diet and stores rather than inadequate dietary intake (6). Several animal and
human studies suggest that inflammation leads to hypoferremia and decreased iron
bioavailability and ultimately the ACD through an IL-6-mediated increase in hepcidin
production which would diminish Fpn expression at the intestinal enterocytes and body iron
stores (1, 2, 6). Elevated serum and urinary hepcidin levels have been observed in several
conditions associated with the ACD including multiple myeloma and chronic kidney disease
(17). As a result of elevated hepcidin concentrations, oral iron supplementation, in persons
with the ACD, may have minimal impact on repletion efforts (39). In most cases, treatment
of the underlying inflammatory condition can resolve the ACD. However, often times, the
underlying inflammatory condition cannot be resolved. In such cases, a hepcidin antagonist
could be an efficacious therapy to treat the ACD (1), however, such therapy is not currently
available. Interestingly, individuals with concomitant ACD and ID/IDA have shown positive
response to oral iron supplementation and subsequent improvement in Hb (40). These
findings suggest that persons with a mixed anemia (ACD and ID/IDA), may have lower
hepcidin levels (due to the simultaneous regulation by iron status, anemia, hypoxia, and
inflammation), compared to that observed in individuals suffering exclusively with the
ACD. The negative feedback on liver hepcidin expression due to the coexistent ID/IDA may
allow for some dietary iron mobilization resulting in the iron repletion observed in these
individuals. Further studies would be needed to confirm this hypothesis.

Without the selection of the most appropriate laboratory indices, the ACD may be
misdiagnosed as ID/IDA, since both conditions share several common characteristics,
including low serum iron and Hb (Table 1). Additionally, both conditions may coexist
making diagnosis that much more challenging. In persons with the ACD (unlike ID/IDA)
ferritin levels may be normal or even elevated and may reflect both the storage of iron
within cells and an increase in ferritin as an acute phase reactant (41). When the ACD and
ID/IDA co-exist, ferritin levels may remain elevated secondary to the inflammatory process
and can be misleading of actual cellular iron levels (Table 1) (42). Therefore, the sole use of
serum ferritin to accurately assess iron status in chronically ill or inflamed individuals is
inadequate (43). However, coupling serum ferritin with the measurement of another acute
phase reactant, such as CRP, can help to indicate whether underlying inflammation exists
and will help to explain elevated serum ferritin despite underlying ID (23). The World
Health Organization Consultation Panel on Assessing Iron Status of Populations (23)
proposed the use of both serum ferritin and sTfR as the best approach to measuring the iron
status of populations. Soluble transferrin receptor is less affected by the acute phase
response (23) and is therefore considered to be a more useful clinical marker to assess iron
status in chronically ill and inflamed individuals. Soluble transferrin receptor can be used to
differentiate between ID, the ACD, and conditions in which ID/IDA and the ACD coexist
(Table 1) (44, 45). In ID where transferrin receptor expression is increased due to greater
cellular iron demand, sTfR concentrations are elevated, whereas in ACD, sTfR is often not
elevated due to adequate iron stores (46). In the case of a “mixed anemia”, in which both
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ACD and ID/IDA coexist, STfR has been shown to be elevated (Table 1) (47-49). However,
it is important to note that some studies have reported that sTfR may not be useful in
identifying ID in chronic conditions in which erythropoiesis is impacted by cytokines (50).
In addition to sTfR, the ACD and ID can also be distinguished from one another by
assessing TIBC, inflammatory markers such as IL-6, C-reactive protein (CRP) and TNF-a,
as well as serum hepcidin (Table 1) (17, 30, 36, 51). Another, more conclusive, but
relatively uncommon clinical approach to differentiate between ID and the ACD would be to
examine bone marrow aspirates for the presence (ACD) or absence of iron (ID) using Perl’s
Prussian Blue stain (52).

Obesity: Iron Status, Absorption, Hepcidin Ex pression, and Clinical
Features

Obesity and Iron Depletion

In addition to the traditional populations at risk for ID there is an expanding body of
literature demonstrating that obesity has an important role in modifying iron homeostasis.
As early as the 1960’s, researchers observed a strong correlation between decreased serum
iron and increased adiposity in adolescents (53, 54). Decades later, results from National
Health and Nutritional Examination Survey 11l showed that overweight children and
adolescents were two times more likely to be 1D, based on two of three abnormal clinical
indicators of iron status (TSAT, ferritin, and erythrocyte protoporphyrin), than those of a
normal weight (55). Similar results were reported in a cross-sectional study of 321 Israeli
children and adolescents. Those with a body mass index (BMI) above the 85t percentile
were 1.75 times more likely to have decreased serum iron levels than those below this
threshold (56). In obese Iranian children between 11-17 years of age, ID, defined as serum
ferritin <12 ng/ml and TSAT <16%, was three times more prevalent compared to those of
normal weight (57). Shi et al. (58) reported that IDA, defined as Hb < 12.0 g/dl and <13.0 g/
dl for boys aged 14 years and older, was higher in obese (26.3%) compared to normal
weight children (19.0%). In another study, ID was significantly more prevalent in
overweight and obese U.S. adolescent females and was positively associated with BMI and
inflammation (as measured by CRP) but not associated with race, age, dietary iron intake,
years since beginning menstruation, or physical activity (59).

The relationship between obesity and iron status has also been explored in adults. Micozzi
and colleagues (60) reported that serum iron was significantly lower in the highest (15.9
pmol/l) compared to lowest (18.6 pmol/l) quartile of BMI in a large cohort of women; no
differences were observed in m en. Also, in a study of obese adult males, serum iron
concentrations were comparable to that of normal weight controls (61). Ausk and loannou
(62) found that overweight and obesity was associated with lower serum iron and TSAT;
similarly overweight was found to be associated with low transferrin saturation in a group of
South African women (63). Chambers and colleagues (64) found a significant inverse
association between central (r=-0.19; p<0.05) and total fat mass (r=-0.19; p<0.05) with
serum iron concentrations in Hispanic women; although no significant associations were
observed among men or women from other ethnic groups. In another study, anemia, defined
as Hb < 12.0 g/dI, was significantly more common in women with a BMI > 25 kg/m?
compared to women with a lower BMI (65). When the nutritional status of obese men and
women was assessed prior to bariatric surgery, decreased levels of both serum iron and Hb
were observed (66, 67). A case-control study of obese and lean postmenopausal women
found obese women had significantly higher sTfR levels (Obese: 1.38 mg/dl vs. Lean: 1.16
mg/dl; p <0.001), indicative of ID, and BMI was positively correlated with log sTfR
(r=0.48; p<0.001) (68). Yanoff and colleagues (44) reported mean serum iron (obese: 75.8
pg/dl vs. non-obese: 86.5 pg/dl), MCV (obese: 85.9 fl vs. non-obese: 88.0 fl), and TSAT
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(obese: 20.3% vs. non-obese: 23.0) were significantly lower, while mean sTFR (obese:22.6
nmol/l vs. non-obese 21.0 nmol/l), CRP (obese: 0.75 mg/dl vs. non-obese: 0.34 mg/dl), and
ferritin (obese: 81.1 ug/l vs. non-obese: 57.6 pg/l) were significantly higher in obese men
and women. They hypothesized that the increased prevalence of ID in obese individuals may
be associated with increased hepcidin expression due to chronic low-grade inflammation.
Also, Menzie and colleagues (69) determined that obesity-related hypoferremia in adults
was not associated with differences in reported intake of heme and non-heme iron or intake
or other dietary factors that can affect iron absorption including vitamin C and calcium.

Obesity and Dietary Iron Absorption

The association between excess weight, iron status, and iron absorption has been elegantly
assessed in women and children from transition countries (70). Confirming previous studies,
poorer iron status was notably more common in heavier participants. Independent of iron
status, both BMI and inflammation (as measured by CRP) were negatively correlated with
absorption of isotopically-labeled iron from fortified foods. Additionally, those with greater
adiposity were unable to improve their iron status by dietary means as compared to lean
controls. Although hepcidin was not measured, it was suggested by the authors that
inflammation-induced hepcidin was likely causing a decrease in dietary iron absorption by
diminishing the expression of Fpn located on the basolateral membrane of intestinal
enterocytes thus impairing dietary repletion efforts.

Obesity and Hepcidin

A seminal paper by Bekri et al. (7) reported that hepcidin mMRNA expression was
significantly higher in visceral and subcutaneous adipose tissue from obese compared to
lean pre-menopausal women and visceral and subcutaneous adipose hepcidin mMRNA
expression was positively correlated with BMI and IL-6. Also, ex vivo protein expression of
hepcidin was detected in the subcutaneous and visceral adipose tissue explants from these
women. The authors hypothesized that hepcidin secreted by the sizeable subcutaneous and
visceral adipose tissue mass in obesity may be associated with the alterations in iron status
observed in these individuals. However, the ability of subcutaneous or visceral adipose
tissue to secrete bioactive hepcidin, /n vivo, was not assessed and remains unknown.
Furthermore, serum or plasma hepcidin levels were not measured or compared between the
two groups of women. Recently, several researchers have demonstrated that serum hepcidin
is significantly elevated in obese compared to lean women and children (8-11). One study
reported that overweight children have higher circulating serum hepcidin and poorer iron
status, despite similar dietary iron intake, when compared to normal weight children (10).
Serum hepcidin was positively correlated with BMI and body iron but surprisingly no
relationship was observed with the inflammatory markers including CRP, IL-6 and leptin. In
another study, overweight children were found to have higher serum hepcidin and lower
serum iron and TSAT compared to normal weight children and serum hepcidin was
inversely correlated with iron absorption and positively with serum leptin (11). Both groups
concluded that ID is likely due to hepcidin-mediated reduction in iron absorption and/or
sequestration, and that increased serum hepcidin levels may be due in part to subcutaneous
and visceral adipose tissue secretion of the protein as well as increased liver hepcidin
production mediated by inflammation. Extending the literature, a recent study reported that
serum hepcidin was positively correlated with liver (r= 0.61; p=0.04) and not significantly
correlated with subcutaneous (r=0.01; p=0.95) or visceral (r=—0.19; p=0.43) adipose
hepcidin mMRNA expression in severely obese women, and liver hepcidin mRNA expression
was 700 times greater than the mMRNA expression in subcutaneous or visceral adipose tissue
(8). Also, ferric iron accumulation, assessed using Perl’s Prussian blue stain, a classic
method for assessing iron in tissue, was minimal in liver and subcutaneous and visceral
adipose tissue suggesting negligible iron sequestration. However, a quantitative approach

J Acad Nutr Diet. Author manuscript; available in PMC 2013 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Tussing-Humphreys et al. Page 8

assessing tissue iron content is necessary to completely rule out iron sequestration. Based on
their findings, the researchers suggest that adipose tissue may actually contribute very little
to circulating serum hepcidin levels based on the low level of adipose compared to liver
hepcidin mRNA expression although this has yet to be confirmed and also, reduced dietary
absorption and not iron sequestration may be contributing to the alterations in iron
metabolism observed in obesity. Although associations have been established linking
obesity with ID, reduced dietary iron absorption, and increased serum hepcidin, it remains
unclear, mechanistically, how weight gain impacts iron status. Therefore, it is important that
additional studies investigating the mechanistic link between weight gain and depleted iron
status are conducted.

Iron Status and Hepcidin Concentrations Following Weight Loss

Several studies have investigated the impact of diet-induced weight loss on iron status in
both adults and children however, results are conflicting. Di Toro et al. (71) reported that
hematological indices including serum iron, serum ferritin, and TSAT were within normal
limits at baseline and no significant change was observed after a 13-week hypocaloric diet
producing significant reduction of % ideal body weight in a group of obese children.
Similarly in adults, diet-induced weight loss was associated with maintenance or
improvement in serum iron, TSAT, and Hb (72, 73). However, Beard et al. (74) reported a
significant decrease in TSAT after just one week of adherence to a very low calorie diet.
Similarly, Kretsch et al. (75) reported a significant decrease in Hb, hematocrit, and red blood
cell count after a 15 week calorie-restricted diet in a group of obese women.

The results detailing the impact of weight loss on iron status following bariatric surgery is
also inconsistent. Several studies have reported increased incidence of 1D, decreased Hb, as
well as decreased iron absorption following gastric bypass surgery (76-80). Bariatric
surgery is thought to negatively impact iron status through decreased gastric acid secretion
(needed to convert dietary ferric iron to the ferrous state which is necessary for absorption);
reduced tolerance to red meat; and decreased intestinal surface area for the absorption of
iron (81). However, Anty and colleagues (82) reported that six months after bariatric surgery
(94% gastric bypass), in a cohort of pre-menopausal women, TSAT was significantly higher
(18% vs. 25%; p<0.0001). Also, several other studies have reported no significant change in
iron status following gastric bypass or gastric banding surgery (83-85) While another study
reported a significant decrease in sSTfR concentrations at 18 months post-surgery (baseline:
1.40 vs. follow-up 1.27 mg/l; p <0.05) suggesting improvement in iron status (86).

Few studies have assessed change in both iron status and serum hepcidin following weight
loss. One study (9), reported that weight loss six months post-restrictive bariatric surgery
(gastric band and gastric sleeve procedures only), in pre-menopausal women, was associated
with significantly lower serum hepcidin (baseline: 111.25 ng/ml vs. follow-up: 31.35 ng/ml;
p<0.0001), CRP (baseline: 10.83 mg/l vs. follow-up: 5.71 mg/l; p<0.0001), IL-6 (baseline:
2.90 pg/ml vs. follow-up: 1.78 pg/ml; p=0.01) and sTfR (baseline: 29.97 nmol/l vs. follow-
up: 23.08 nmol/l; p=0.001) and increased Hb (baseline: 12.10 g/dl vs. follow-up: 13.30 g/dI;
p<0.0001). However, no significant changes in serum iron (baseline: 51.0 pg/ml vs. follow-
up:57.0 pg/ml), TSAT (baseline: 13.0% vs. follow-up:16.5%) or ferritin (28.0 ng/ml vs. 25.0
ng/ml) were observed. Considering that hepcidin is the main determinant of the rate of iron
absorption (18, 35, 87), the postoperative decrease in serum hepcidin likely accounted for
the improvement in Hb and sTTR detected in these women, while notably total dietary iron
intake (food and supplemental sources) remained constant (baseline: 19.75 mg vs. follow-
up: 21.20 mg; p=0.10). Unfortunately, independent associations between change in weight,
CRP or IL-6 with change in serum hepcidin, were not identified. The minimal change in
serum iron, TSAT, and ferritin may reflect the excess weight and inflammation that
persisted at six months post-surgery which could have impeded the replenishment of iron
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stores. Recently, Amato et al. (88) reported that following a six month weight loss program
overweight children had significantly lower serum hepcidin (2.1 vs. 1.1 nmol/l; p=0.003),
based on a cation-exchange chromatography method, and improved intestinal iron
absorption. Iron absorption was assessed using an iron loading test in which a ferrous sulfate
solution was provided after an overnight fast and change in serum iron concentration was
measured at 120 minutes. Collectively, these findings suggest weight loss can lower serum
hepcidin levels and improve iron absorption and iron status in obese persons. However, due
to inconsistencies, it is important that prospective studies examining the impact of weight
reduction (by dietary and surgical means) on iron status are conducted in obese adults and
children so that the relationship between excess weight and iron regulation can be better
understood.

Clinical Features

Although obesity is a chronically inflamed condition, the ID phenotype in obese individuals
is vastly different from the ACD (Table 1). Unlike the ACD, obesity does not appear to be
associated with iron sequestration or impaired mobilization of iron from stores but instead
iron depletion (8). Also, obesity is associated with ID, and not IDA as indicated by Hb
concentrations (adult range: 12.25- 13.7 g/dl; children and adolescents 9-17 years old 12.8—
13.7 g/dl) (8, 44, 68, 89). Obesity-associated ID is more like a “mixed anemia” in which the
clinical hallmarks of both ID and the ACD co-exist (Table 1) (44). Interestingly, serum
hepcidin concentrations observed in obese women [median: 103.55 ng/ml (IQR:107.1)] are
well below values observed in women with the ACD (range: 396-989 ng/ml), significantly
higher than lean individuals with a similar degree of ID [median: 16.25 ng/ml (IQR: 30.45)],
but well within the reference range for healthy, lean, iron-replete women (17-286 ng/ml)
based on results from the same immunoassay (9, 10, 17, 18). The level of serum hepcidin
observed in obesity could impede repletion efforts, but, may not completely obliterate Fpn
expression allowing for some dietary iron mobilization as indicated by the iron absorption
studies conducted in obese women and children (10, 70, 88). Hence, the amount of dietary
iron absorbed may be adequate to allow tissues that need iron to maintain normal
physiologic function, as indicated by the Hb concentrations (9, 44, 68, 89), but may not be
adequate to maintain iron stores resulting in the ID observed in obese individuals. However,
the clinical significance of obesity coupled with 1D remains unknown and deserves further
exploration.

Conclusions and Future Direction

After decades of evaluating and treating patients for iron disorders, the recent discovery of
hepcidin requires the reexamination of iron metabolism. Hepcidin is the main regulator of
systemic iron homeostasis and has an important role in the etiology of several iron-related
disorders including the ACD. Importantly, hepcidin is markedly increased in obese
compared to lean individuals suggesting that hepcidin may play an important role in the iron
depletion observed in obesity. However, the exact mechanistic link between obesity,
hepcidin and iron depletion and the clinical significance of obesity coupled with 1D remains
unknown suggesting the urgent need for research in this area (90, 91). Future studies should
include: a longitudinal assessment of the relationship between weight gain/loss on iron
status; an experiment assessing the secretion of hepcidin from subcutaneous and visceral
adipose tissue in lean and obese individuals; and an examination of the health impact of
suffering from both nutritional comorbidities concurrently. Furthermore, variations in
dietary iron requirements based on BMI have not been explored and are needed given the
burgeoning obesity epidemic. For now, understanding hepcidin’s role in iron metabolism
coupled with the proper selection and interpretation of the biochemical, hematological, and
inflammatory assays clinically available to aid in the assessment of iron status can provide
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clinicians with insight into the etiology of the iron disturbance, type of anemia, degree of
iron depletion, and potential treatment options. Finally, it is important that medical
professionals recognize obesity as a non-traditional risk factor for ID.
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Obesity and Hepcidin

14 articles retrieved

A 4

127 articles excluded

Review article or commentary: 18

Weight and/or iron status not an outcome: 105
Surgical sample (not bariatric surgery): 2
Ferritin only marker of iron status: 2

y

6 articles excluded

Review article or commentary: 3
Weight not an outcome: 2
Surgical sample (not bariatric surgery): 1

8 excluded, duplicates

primary electronic searches.

Secondary search: 10 articles were identified
through manual search of the reference
sections of the articles identified during the

Overall: 42 articles selected for inclusion

Figure 1.

Flow chart describing the selection process for obesity with iron status and obesity with

hepcidin-related articles
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Iron signal

Erythropoietic signal

Figure2.

Hepcidin in iron homeostasis. Hepcidin is released into circulation by the liver, and its
production is increased by higher circulating iron levels (Fe-Tf), or in an inflammatory state.
Hepcidin acts to block iron efflux from various cell types by binding to the iron transporter
ferroportin (Fpn), and downregulating its expression. In contrast, increases in erythropoietic
activity or low circulating iron act to decrease hepcidin expression.

Abbreviations: Fpn, ferroportin-1; Fe-TF, transferrin-bound circulating iron; RBC, red blood
cells

Original Source: Nemeth E, Ganz T. The role of hepcidin in iron metabolism. Acta
Haematol. 2009;122(2-3):78-86. Published by S. Karger AG, Basel, Switzerland.
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Depletion of Iron Deficient Iron Deficiency
Normal Iron Status S Erythropoiesis/ with Anemia
torage Iron Iron Defici Stage II1
(Stage ) ron Deficiency (Stage I1I)
(Stage II)
Storage Iron Compartment
g P Threshold
for ID
Transport Iron (serum iron, TSAT, TIBC)
Functional Iron Compartment
(hemoglobin, myoglobin, cytochromes, etc.)
Changes in laboratory indices | Ferritin | Ferritin | Ferritin
| Serum iron | Serum iron
|TSAT |TSAT
1TIBC 1TIBC
1sTfR 1sTfR
|Hemoglobin
IMCV
Figure 3.

Stages of Advancing Iron Deficiency. The gradual reduction of different iron compartments
and the concomitant changes seen in the laboratory parameters are presented schematically

in relation to the three separate stages of advancing iron deficiency™

Abbreviations: ID, iron deficiency; TSAT, transferrin saturation; TIBC, total iron binding
capacity; sTfR, soluble transferrin receptor; MCV, mean corpuscular volume

*Adapted from: Suominen P, Punnonen K, Rajamaki A, Irjala K. Serum transferrin receptor
and transferrin receptor-ferritin index identify healthy subjects with subclinical iron deficits.

Blood. 1998;92(8):2934-2939.
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