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Abstract

Background/objectives In overweight and obesity (OW/OB), greater total body fat predicts higher serum hepcidin (SHep)
which can impair iron homeostasis and increase risk for iron deficiency (ID). However, the effect of body fat distribution on
SHep and iron homeostasis is unclear. In central obesity, interleukin (IL)-6 released from visceral adipose tissue into portal
blood could strongly stimulate hepatic hepcidin synthesis. Thus, our hypothesis was that higher amounts of android fat,
rather than gynoid fat, would predict impaired iron metabolism in OW/OB.

Subjects/methods In this cross-sectional study, we enrolled 117 otherwise-healthy women into two groups: normal weight;
BMI <25 (n=36) and OW/OB; BMI =25 (n = 81); we then subdivided the OW/OB using DEXA into tertiles based on the
ratio of android fat/total body fat (AF/TBF). We measured inflammation and iron status, and assessed iron absorption in two
ways: by measuring erythrocyte isotope incorporation from a labeled test meal containing 6 mg >’Fe (representing dietary
iron); and by measuring change in serum iron (ASeFe) after a 100 mg oral iron challenge (representing supplemental iron).
Results Greater AF/TBF correlated with higher CRP, AGP, SHep, and TIBC, and lower transferrin saturation and SeFe/SHep
ratio (for all, p <0.05). Greater AF/TBF correlated with lower supplemental iron absorption (ASeFe) (p = 0.08) but not lower
dietary iron absorption. In multiple regressions, AF/TBF positively predicted CRP (p <0.001) and SHep (p <0.05); a model
including AF/TBF and serum ferritin as covariates explained 65% of the variance in SHep. AF/TBF negatively predicted TSAT
(p<0.05) and iron absorption (ASeFe) (p =0.07). In contrast, the ratio of gynoid fat/total body fat was not significantly
associated with these variables.

Conclusion Body fat distribution affects iron metabolism: women with greater central adiposity have higher SHep, greater
impairments in iron homeostasis, and reduced iron absorption from a supplemental iron dose.

Introduction and lower iron stores despite adequate dietary iron intake
[1-6]. These impairments are likely due to high-circulating
Obesity alters iron metabolism: in adults and children, interleukin (IL)-6 concentrations in obesity [2] that increase

obesity is linked to hypoferremia, impaired iron absorption  hepatic hepcidin expression through the JAK-STAT sig-
naling pathway in the liver [7]. Higher serum hepcidin
(SHep) reduces ferroportin-mediated export of iron from
macrophages and duodenal enterocytes, resulting in hypo-
ferremia and decreased dietary iron absorption [8]. Con-
centrations of serum IL-6 and SHep are sharply higher in
54 Michael B. Zimmermann overweight and obese (OW/OB) individuals compared with
michael.zimmermann @hest.ethz.ch normal-weight individuals [1, 9-11]. Weight loss in iron-
deficient OW/OB women decreases systemic inflammation
and SHep [12], and improves dietary iron absorption [2].
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macrophages producing inflammatory cytokines, including
IL-6 [13]. VAT secretes IL-6 into the portal circulation that
drains directly to the liver [14]. It is possible that high
concentrations of IL-6 in portal blood in central obesity
strongly and directly stimulate hepatic hepcidin synthesis.
Independent of BMI and TBF, increased VAT is a stronger
predictor of systemic inflammation [15] and higher risk of
cardiometabolic disorders than fat depots in other anatomic
regions [15, 16]. In countries affected by the double burden
of malnutrition, up to 30% of young women are affected by
both central obesity and iron deficiency (ID) [17].

Therefore, our study aim was to assess the relation-
ships between body fat distribution, inflammation, SHep,
and iron homeostasis in young women. Our hypotheses
were: (1) greater android fat (AF) would be a positive
predictor of inflammation and SHep, and a negative
predictor of iron absorption, serum iron, and transferrin
saturation; and (2) greater gynoid fat would not predict
these variables. We assessed body fat distribution by
using dual-energy X-ray absorptiometry (DEXA) and
iron absorption by administering stable iron isotopes in a
test meal (at a dietary level of iron) as well as change in
serum iron after an oral iron challenge (at a supple-
mentation level of iron).

Methods
Subjects

Subjects were recruited from the students and staff of the
American University of Beirut or through physicians at
the American University of Beirut Medical Center,
Lebanon. We recruited young women because they are a
group at high risk of ID. We screened 220 women; 99
women did not meet the inclusion criteria, mainly due to
chronic diseases or medications, and were excluded (Fig.
1, study design). At screening, we administered a ques-
tionnaire and we measured weight and height. Inclusion
criteria for the study were as follows: (1) female, (2) age
18-55 years, (3) BMI from 18.5 to 50.0 kg/mz, (4) no
chronic illness and no significant medical conditions that
could influence iron or inflammatory status other than
obesity, (5) nonsmoking, and (6) nonpregnant and not
planning a pregnancy, (7) no iron supplement intake
within 2 weeks before study start, (8) no regular use of
medication (except oral contraceptives), (9) no blood
donation or surgery within the last 4 months. We obtained
written informed consent from all women. The ethics
committees of the ETH Zurich, Switzerland and the Ethics
Committee of the American University of Beirut, Leba-
non approved the protocol and it was registered at clinica
Itrials.gov (NCT 03642223).

SPRINGER NATURE

Sample size calculation

To detect a 40% difference in iron absorption between
normal-weight and OW/OB subjects, with an SD for the log
of the difference of fractional iron absorption (FIA) of 0.25
(calculated from a large series of iron absorption studies at
the ETH Zurich), a power of 80%, and an a-level of 0.05,
we required the sample size that was 25 subjects per group.
Anticipating a 20% noncompletion rate, we aimed for a
sample size of 30 subjects in the normal-weight group and
30 subjects in each tertile of AF/TBF in the OW/OB group.

Study design

We enrolled normal-weight women (BMI: 18.5-24.9 kg/m?)
and overweight or obese (OW/OB) women (BMI:
25.0-50.0kg/m?). DEXA measurement (Hologic Inc.,
Bedford, MA, USA) was done at the American University
of Beirut Medical Center. The OW/OB group was then
subdivided into tertiles of the ratio of AF/TBF based on the
DEXA measurement. Subjects reported fasting at 08.00 a.
m. (no food for 12h and no drinks after midnight) and
consumed an iron-isotope labeled standardized test meal
that was consumed under standardized conditions and close
supervision (Fig. 1). We labeled the test meals with 6 mg
SFe as ferrous sulfate (FeSO,4) added directly into the test
meals immediately before consumption. The test meal
consisted of a white-flour bread roll (=70 g) purchased in a
single-large batch, cut in half, with butter (10 g) and honey
(=25 g) spread on top. The bread was frozen and thawed the
evening before the test-meal administration. The subjects
were given 300 ml of double deionized water with the meal.
After ingestion of the test meal, we asked subjects not to eat
or drink for 3h. Fourteen days after the test meal was
consumed, we obtained a fasting venipuncture blood sam-
ple for an analysis of hemoglobin (Hb) and erythrocyte
isotopic composition as well as for iron status, inflamma-
tion, and hepcidin determination. On day 15, immediately
after the blood sample was taken, subjects consumed a
solution containing 75 g of glucose and 100 mg of iron as
sodium ferrous citrate (Sanferol, Eisai, Japan). Two hours
after the ingestion of the syrup, we obtained a final veni-
puncture blood sample for measurement of TIBC and
serum iron.

Anthropometric and body-composition
determinations

We measured body weight (kg) to the nearest 0.1 kg on a
digital scale, and height (m) to the nearest 1.0 cm with the
use of a stadiometer, according to standardized procedures
[18]. From the DEXA measurements, TBF, AF, gynoid fat,
segmental (arms, legs, trunk, and gluteofemoral and
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Fig. 1 Study flow-chart.
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abdominal region) fat and lean mass and visceral and sub-
cutaneous adipose tissues at the level of the abdomen were
calculated with the use of the Hologic Inc. software. The
android and gynoid fat to TBF ratios (AF/TBF and GF/
TBF) were calculated by dividing the mass of android and
gynoid fat (g) by TBF (g).

Preparation of isotopically labeled iron

We prepared isotopic-labeled >’Fe-FeSO, from isotopically
enriched elemental iron by dissolution in diluted sulfuric
acid [19]. The solutions were stored in polytetra-
fluoroethylene containers and flushed with argon to keep the
iron in the +2 oxidation state.

Laboratory analysis

We measured Hb by using a Coulter Counter (Beckman
Coulter, Miami, FL, USA) with 3-level quality-control
material on the day of blood collection. We measured serum
iron (SeFe) and total iron-binding capacity (TIBC) by using
colorimetry, and used these to calculate transferrin satura-
tion (TSAT). We measured serum transferrin receptor
(sTfR), serum ferritin (SF), and high-sensitive C-reactive
protein (CRP) and a-1 glycoprotein (AGP) by using a
multiplex immunoassay [20], and SHep by using immu-
noassay (DRG Instruments GmbH, Marburg, Germany).
Body iron stores (BIS) were calculated from the sTFR/SF
ratio [21]. We defined ID as SF< 15 pg/L and/or sTfR >
8.3 mg/L [22], anemia as Hb < 12 g/dL, and ID anemia as

ID and anemia [23]. Change in serum iron (ASeFe) after the
100 mg oral iron dose was calculated as the difference
between serum iron measured immediately before and 2 h
after consuming the dose.

For the isotope analyses, whole blood was mineralized by
microwave digestion, and iron was separated by anion-
exchange chromatography and a subsequent solvent—solvent
extraction step into diethyl ether. The isotopic analysis of
STFe was performed with the use of inductively coupled
plasma mass spectrometry with a high-resolution double-
focusing mass spectrometer (Neptune; Thermo-Finnigan)
equipped with a multicollector system for simultaneous ion-
beam detection [24]. The calculation of the amount of iso-
topic label present in the blood of the subject was based on
the shift of the isotopic ratios in the blood after red cell
incorporation of the absorbed isotopic label. When the cir-
culating amount of isotopic label was known, the amount of
label absorbed from the test meal and, thus, the FIA could be
calculated [24]. The amount of natural iron circulating in the
blood was calculated on the basis of the blood volume
determined by using a previously validated algorithm [25]
and Hb. We estimated FIA assuming an 80% incorporation
of absorbed iron into the erythrocytes. The observed shift in
iron isotope ratios was converted to FIA by using standard
algorithms [24].

Statistical analysis

Statistical analyses were conducted with the use of SPSS
(IBM SPSS statistics, Version 22). Data were checked for
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normal distribution by using Shapiro—Wilk test and for
the presence of outliers (defined as +3 SDs from the
mean). Nonnormally distributed data were logarith-
mically transformed for statistical analyses. Data was
expressed as mean + SD (for normally distributed data) or
median (IQR) (for nonnormally distributed data). Com-
parisons between groups (normal weight, tertiles of AF/
TBF) were done using a 1-factor ANOVA with post hoc
Bonferroni correction. Group was defined as fixed effect.
BIS was added as a covariate to the model on SHep, TIBC
was added as a covariate to the model on ASeFe and SeFe
was added as a covariate to the model on TSAT. Spear-
man correlations were used to study associations between
continuous variables. We conducted linear multiple
regression analysis on SHep, CRP, TSAT, and ASeFe. If
the dependent variable was not normally distributed, we
used log-transformed data. We corrected SF for inflam-
mation [26] and FIA was adjusted to a serum ferritin level
of 15 ug/L [27]. Differences were considered significant
at P<0.05.

Results

We began recruiting on September 10, 2017 and completed
the study on October 18, 2018. We screened 220 women
and 99 were excluded because they did not meet the
inclusion criteria, mainly due to chronic diseases and
medications (Fig. 1). We enrolled 121 women but 3 left the
study due to lack of interest before the DEXA measurement.
We performed DEXA measurements on 118 women (37 in
the normal-weight group and 81 in the OW/OB group). One
woman in the normal-weight group was excluded because
she developed a febrile illness. Of the 81 women assigned
to OW/OB group, all completed the study. Therefore, final
analyses were performed on data from 117 women: 36 in
the normal-weight group and 81 in the OW/OB group (Fig.
1).

Age and anthropometric characteristics of the subjects,
by group (normal weight, and in the OW/OB, by tertiles of
the AF/TBF), are shown in Table 1. There were significant
between-group differences in all anthropometric measures

Table 1 Age and anthropometric measurements in otherwise-healthy normal-weight women (n = 36) and overweight/obese women (n = 81), by

tertile of the ratio of android fat/total body fat (AF/TBF).

Normal-weight

Overweight/obese tertiles of android fat/total fat ratio

Lower tertile (peripheral

Middle tertile Upper tertile (central adiposity) p value

adiposity)

n 36 27 27 27

Age, years' 32 (24-42) 29 (23-40) 38 (30-41) 36 (33-43) 0.053
Body weight, kg 61 (56-64)° 73 (65-82) 84 (75-93) 89 (79-99) <0.05
BMI, kg/m? 23.1 (21.6-24.2)*f 28.4 (26.0-31.6)** 33.7 (30.5-36.3) 35.0 (32.5-36.9) <0.001
WC, cm 76 (69-81)f 89 (82-95)* 101 (91-109) 104 (95-110) <0.001
Total fat, kg 23.5 (20.5-27.8)*f 35.2 (30.2-40.0) 40.6 (35.4-47.0) 43.3 (37.5-49.2) <0.001
VAT, ¢° 302 £95%f 495 + 1514 699 + 192 853 +241 <0.001
Android fat, kg 1.4 (1.1-1.7)~f 2.2 (2.0-2.7)¢ 3.2 (2.7-3.6) 3.9 (3.2-4.4) <0.001
AF/TBF 0.058 (0.051-0.064)*  0.066 (0.068-0.070)*¢ 0.078 (0.076-0.079)* 0.086 (0.084-0.092) <0.001
Gynoid fat, kg 5.0 (4.0-5.4)*%f 6.5 (5.8-7.5) 6.8 (6.4-8.6) 7.6 (6.7-8.4) <0.001
GF/TBF 0.199 (0.189-0.211)*¢  0.185 (0.174-0.204)>¢ 0.176 (0.166-0.189)  0.176 (0.165-0.187) <0.001

BMI ranges as follows: normal weight, 18.5-24.9 kg/m?; overweight and obese, 225 kg/m?. The overweight and obese participants were separated
into tertiles according to the AF/TBF, with central adiposity defined as the upper tertile for AF/TBF; peripheral adiposity defined as the lower
tertile for AF/TBF. Differences between the four groups were assessed with the use of 1-factor ANOVA with post hoc Bonferroni correction

WC waist circumference, VAT visceral adipose tissue, GF/TBF gynoid fat/total fat
TAll such data as medians (IQR)
2All such data as means + SD

*Different from upper tertile, p <0.001

"Different from upper tertile, p < 0.05
“Different from middle tertile, p <0.001
9Different from middle tertile, p<0.01
Different from middle tertile, p <0.05
Different from lower tertile, p <0.001
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Table 2 Iron and inflammation status and iron absorption parameters in otherwise-healthy normal-weight women (n = 36) and overweight/obese
women (n = 81), by tertile of the ratio of android fat/total body fat (AF/TBF).

Normal-weight

Overweight/obese tertiles of android fat/total fat ratio

Lower tertile (peripheral adiposity) Middle tertile

Upper tertile (central adiposity) p value

Hemoglobin, g/d1'
Serum ferritin, ug/L
TfR, mg/L

BIS, mg/kg BW?
SHep, ng/ml

CRP, mg/L

AGP, g/L

Serum iron, mcg/dl
ASerum iron
Serum iron/SHep
ASerum iron/SHep
TIBC, mcg/dl
TSAT, %

FIA, %

FIA/SHep

13.2 (12.4-13.6)
17.7 (10.2-36.0)
5.4 (4.7-7.1)
2.42+3.86

4.48 (1.93-6.90)*¢
0.49 (0.28-2.68)%4
0.65 (0.49-0.97)"¢*
79.5 (56.5-96.5)
47.0 (20.0-81.0)
23.3 (11.0-37.1)°
10.5 (3.4-34.7)
469.4 +84.2°

16.8 (12.1-21.5)°
12.0 (8.9-20.0)

3.7 (2.0-6.5)

13.3 (12.6-13.6)
17.1 (12.3-30.0)
6.0 (5.0-7.3)
2.59+3.27

5.42 (3.89-8.43)
1.84 (0.94-2.82)
0.91 (0.72-1.17)
66 (52-90)

33.0 (9.5-64.0)
13.2 (7.4-22.6)
6.1 (1.0-14.8)
505.6 £ 68.2
13.7 (10.4-17.1)
17.6 (9.4-23.8)
2.8 (1.6-6.0)

12.6 (11.7-13.3)  13.1 (12.4-13.8) 0.220
12.0 (5.4-33.2)  20.1 (7.7-34.6) 0.757
6.3 (5.1-7.7) 5.7 (4.9-7.8) 0.582
1.30£5.03 2.06+4.94 0.687
6.11 (1.38-10.21) 7.85 (3.94-14.1) <0.001
2.54 (1.29-591)  3.35 (1.95-8.82) <0.001
1.1 (0.89-1.62)  1.28 (1.07-1.52) <0.001
64.0 (49.0-79.5)  71.0 (58.5-96.0) 0.477
43.0 (25.0-106.5) 33.0 (21.5-66.5) 0.080
13.7 (7.3-30.5)  10.9 (5.3-19.0) 0.034
142 (32-78.1) 3.2 (1.8-13.6) 0.071
505.7+69.5 518.7+74.8 <0.05

14.1 9.1-15.6)  13.6 (11.0-21.5) <0.05

13.9 (9.3-21.8)  20.9 (10.0-27.0) 0.400
4.4 (2.1-7.8) 2.4 (1.4-4.7) 0.320

BMI ranges as follows: normal weight, 18.5-24.9 kg/mz; overweight and obese, 225 kg/mz. The overweight and obese participants were separated
into tertiles according to the AF/TBF; central adiposity defined as the upper tertile for AF/TBF; peripheral adiposity defined as the lower tertile for
AF/TBF. Differences between the four groups were assessed with the use of 1-factor ANOVA with post hoc Bonferroni correction. Serum ferritin
was corrected for inflammation [26]. BIS were calculated using the corrected serum ferritin values. FIA was adjusted for a serum ferritin level of
15 pg/L using the inflammation corrected serum ferritin [27]. BIS was added as a covariate to the model on SHep. TIBC was added as a covariate
to the model on ASerum iron. Serum iron was added as a covariate to the model on TSAT

TfR transferrin receptor, BIS body iron stores, SHep serum hepcidin, CRP C-reactive protein, AGP a-1 glycoprotein, FIA fractional iron absorption,
ASerum iron increase in serum iron 2 h after the ingestion of 100 mg iron as sodium ferrous citrate, TSAT transferrin saturation, TIBC total iron-

binding capacity

TAll such data as medians (IQR)

2All such data as means + SD
“Different from upper tertile, p <0.001
Different from upper tertile, p <0.05
“Different from middle tertile, p <0.001
9Different from middle tertile, p <0.01
Different from lower tertile, p <0.05

(for all p <0.001). Table 2 shows, by group (normal weight,
and in the OW/OB, by tertiles of the AF/TBF), inflamma-
tion and iron biomarkers, as well as change in serum iron
(ASeFe) during the oral iron challenge and FIA from the
labeled test meal. There were significant between-group
differences in CRP, AGP, SHep, SeFe/SHep, TSAT, and
TIBC (for all, p<0.05), and a borderline significant dif-
ference in ASeFe/SHep (p = 0.07) and ASeFe after the oral
iron dose (p =0.08). There were no significant between-
group differences in FIA from the labeled test meal. Anemia
and ID prevalence in the normal-weight group were 16.7%
and 8.3%, respectively, and in the lower, middle, and upper
tertiles of AF/TBF in the OW/OB group, were 14.8%,
33.3%, 18.5% and 7.4%, 18.5%, 14.8%, respectively.

Figure 2a, b shows the correlations between AF/TBF
and CRP, and AF/TBF and SHep. There was a significant
positive correlation between AF/TBF and CRP (Fig. 2a)
(rs=0.419, p<0.001) and between AF/TBF and SHep
(Fig. 2b) (ry=0.181, p=0.05). The positive correlation
between AF/TBF and SHep was stronger, when adjusting
for BIS (Table 3). Figure 3a, b shows the correlations
between AF/TBF and iron status parameters. There were
negative associations between AF/TBF and TSAT (Fig.
3a) and between AF/TBF and ASeFe after oral iron chal-
lenge, but these relationships were significant only when
adjusting for SeFe and TIBC, respectively (Table 3). There
was a negative correlation between AF/TBF and the SeFe/
SHep ratio (ry=—0.187, p<0.05) (Fig. 3b), and a
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negative correlation between SHep and ASeFe (r;=
—0.572, p<0.001) (Fig. 4).

As shown in Table 3, we performed separate hierarchical
regression analyses with CRP, SHep, TSAT, and ASeFe as
dependent variables. For CRP, including AF/TBF and
gynoid fat/total fat ratio (GF/TBF) as covariates, the model
explained 18.4% of the variance in CRP; AF/TBF was a
significant positive predictor of CRP (p <0.001), GF/TBF
was not. For SHep, including AF/TBF, GF/TBF, and SF as
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covariates, the model explained 64.5% of the variance in
SHep; AF/TBF (p<0.05) and SF (p<0.001) were sig-
nificant positive predictors of SHep, while GF/TBF was not.
In the regression analyses on TSAT (Table 3), including
AF/TBF, GF/TBF, SF, and age as covariates, the model
explained 37.4% of the variance in TSAT; SF was a posi-
tive predictor (p < 0.001), AF/TBF (p <0.05) was a negative
predictor of TSAT. In the regression analyses on ASeFe, the
model including AF/TBF, GF/TBF, age, TIBC, and AGP



The effect of central obesity on inflammation, hepcidin, and iron metabolism in young women 1297

Table 3 Predictors of C-reactive protein, serum hepcidin, transferrin
saturation and Aserum iron after oral iron challenge, in otherwise-
healthy normal-weight women (n = 36) and overweight/obese women
(n=281).

B Standard error of Standardized S
B

Model T dependent variable: CRP R* = 0.184

Android fat/total 2.628  0.630 0.384%%*
fat ratio

Gynoid fat/total —-1.092  1.061 —0.095

fat ratio

Model IT dependent variable: SHep R* = 0.645

Android fat/total 0.670  0.337 0.122%
fat ratio

Gynoid fat/total 0.886  0.582 0.096

fat ratio

Serum ferritin 0914  0.066 0.805%%**
Model III dependent variable: TSAT R* = 0.374

Android fat/total —-0.447 0.219 —0.173*
fat ratio

Gynoid fat/total 0.128  0.364 0.029

fat ratio

Serum ferritin 0.326  0.042 0.609%%**
Age 0.025 0.140 0.014
Model IV dependent variable: Aserum iron R*>=0.093

Android fat/total —129.661 69.928 —0.228"
fat ratio

Gynoid fat/total —8.705 96.127 —0.009

fat ratio

Age 33.335 38.087 0.088
TIBC 207.076  65.965 0.300%*
AGP 23.253 26.803 0.098

Regression analysis with CRP (Model I), SHep (Model II), TSAT
(Model III), and Aserum iron (Model IV) as dependent variable and
android fat/total fat ratio, gynoid fat/total fat ratio, serum ferritin, age,
TIBC and AGP as independent variables. For models I-III the
dependent variable was log transformed (Logl0). R? indicates the
proportion of variance explained by the model. The b values (B)
indicate the individual contribution of each predictor to the model. A
positive value indicates a positive relationship between the predictor
and the outcome, whereas a negative coefficient represents a negative
relationship. CRP C-reactive protein, SHep serum hepcidin, TSAT
transferrin saturation, TIBC total iron-binding capacity, AGP «-1
glycoprotein.

*4p <0.001; #4p <0.01; *p <0.05; Tp =0.066

explained 9.3% of the variance; TIBC (p<0.01) was a
positive predictor of ASeFe (p <0.01) and AF/TBF was a
negative predictor (p = 0.07) of ASeFe.

Discussion

To our knowledge, this is the first study to assess the effects
of body fat distribution on SHep and iron metabolism. Our

300

R? Linear = 0.209

250 °
200"
1507 =

1009F, o ©

Delta serum iron
%

-50
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0 5 10 15 20 25 30
Serum hepcidin [ng/mil]

Fig. 4 In otherwise-healthy normal-weight women (rz =36) and
overweight/obese women (n =81), correlation between Aserum
iron and serum hepcidin. Diamonds: normal-weight; circles: lower
tertile AF/TBF; squares: middle tertile AF/TBF; triangles: upper tertile
AF/TBF. AF/TBF android fat/total fat ratio.

main findings are, in young women: (1) AF/TBF was a
significant positive predictor of inflammation (CRP) and
SHep (2); AF/TBF was a negative predictor of iron status
(TSAT) and supplemental iron absorption (ASeFe) (3); the
GF/TBF ratio was not a significant predictor of any of these
variables; and (4) neither AF/TBF or the gynoid fat/TBF
ratio predicted iron absorption from the labeled test meal.

Adipose tissue produces a variety of pro-inflammatory
factors, including IL-6; it is estimated that one third of total
circulating IL-6 is released from adipose tissue [14].
Increasing waist circumference predicts plasma IL-6 con-
centrations [28]; and VAT is more heavily infiltrated by
macrophages producing IL-6 than peripheral fat [13, 29—
32]. In contrast to peripheral adipose tissue, IL-6 released
by VAT into the portal circulation drains directly to the
liver, and in obese adults, mean plasma IL-6 is =50% higher
in the portal vein than in the peripheral circulation [14].
High concentrations of IL-6 in the portal circulation can
stimulate hepatocytes to increase CRP synthesis and release
[14, 33, 34]. This is consistent with our findings that android
but not gynoid fat positively predicted CRP (Table 3).
Cytokines may also directly decrease red cell lifespan
[35, 36] and suppress erythropoiesis [37, 38], and this effect
could have contributed to the slightly lower Hb and the high
prevalence of anemia in the middle and upper tertiles of AF/
TBF.
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It is possible that high concentrations of IL-6 in portal
blood released from VAT could also strongly stimulate
hepatic hepcidin synthesis [32, 33]. This hypothesis is
supported by our findings that, controlling for body iron
stores, AF positively predicted SHep, but gynoid fat did not
(Table 3). Although SHep was higher in OB/OW women
with greater central adiposity, a greater difference in SHep
may have been partially masked by the opposing effects of
obesity-related inflammation (increasing hepcidin expres-
sion) and ID/anemia (decreasing hepcidin expression): net
SHep depends on the relative strength of these opposing
stimuli [39]. Women with greater central adiposity had
generally poorer iron status (Table 2). This may have par-
tially offset the effects of higher VAT-derived inflammation
on SHep. This explanation is consistent with our data
showing the serum iron/SHep ratio was lower in central
adiposity, suggesting relatively greater hypoferremia com-
pared with SHep, likely due to poor iron status.

High concentrations of circulating hepcidin reduce
ferroportin-mediated export of iron from reticuloendothe-
lial macrophages and duodenal enterocytes, resulting in
iron sequestration, hypoferremia, and decreased dietary
iron absorption [8, 40]. In our subjects, there was evidence
of SHep-induced iron sequestration [41] in central adip-
osity: TSAT, SeFe, and the SeFe/SHep ratio were lower,
while TIBC was higher with increasing central adiposity
(Table 2). These findings are consistent with a recent study
in OW/OB women that reported total circulating mass of
hepcidin were higher, while total mass of serum iron was
lower, compared with normal-weight women [25].

Previous stable iron isotope studies have reported that
iron absorption from labeled test meals is reduced in women
with OW/OB [9] and that absorption is negatively corre-
lated with SHep [42]. Weight loss in OW/OB women
reduces SHep and improves iron absorption [2]. In our
study, we assessed the effect of central adiposity on iron
absorption in two ways: (a) we measured the increase in
serum iron 2h after the administration of 100 mg iron as
ferrous citrate, as a measure of absorption from supple-
mental doses of iron [19]; (b) as a proxy for dietary iron, we
provided an iron-isotope labeled standardized test meal
containing 6 mg of iron and measured erythrocyte incor-
poration of iron 14 days later [43]. ASeFe after the oral iron
challenge was lowest in those women with greater central
adiposity (Table 2), and in the regression analysis, AF/TBF
was a negative predictor of ASeFe after oral iron; GF/TBF
was not a predictor (Table 3). These data suggest iron
absorption from a supplemental dose (100mg) was
impaired in women with greater central adiposity. In con-
trast, there were no significant between-group differences in
iron absorption from the lower dose (6 mg) of iron, assessed
by stable isotope techniques (Table 2). This may have been
due to the difference in iron dose and/or the difference in
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the measurement of absorption (ASeFe vs. erythrocyte
isotope incorporation at 14 days). However, accurate
determination of blood volume, which underpins the cal-
culation of iron absorption using stable iron isotopes, is
challenging in overweight/obese subjects [2, 25] and this
may have biased our findings. In addition, poorer iron status
and greater anemia in the central adiposity group may have
enhanced absorption through direct effects on the enterocyte
rather than through hepcidin [39, 44, 45].

The strengths of our study are: (1) we used DEXA to
precisely measure regional body fat content [46]; (2) our
subjects were young women, a risk group for ID and anemia,
who were otherwise healthy and free of potential con-
founding comorbidities; (3) we studied women with a wide
range of total and android body fat; and (4) we assessed iron
absorption using two methods, stable iron isotopes in a test
meal and an oral iron challenge. Limitations of our study
include: (1) its cross-sectional design precludes assessment
of directionality of effects; (2) we did not measure serum IL-
6; and (3) estimation of blood volume in obese subjects is
challenging; although we used an algorithm developed in
overweight/obese subjects using the CO,-rebreathing
method [25]; we are uncertain if an overestimation of blood
volume, particularly in the very obese, may have biased our
estimates of FIA using stable isotopes.

In conclusion, our data suggest that, in OW/OB women,
distribution of body fat may be a primary determinant of
disordered iron homeostasis. A plausible explanation for
these findings is adipocytokines released by VAT into the
portal system have stimulatory effects of hepatic hepcidin
synthesis. Our findings suggest that OW/OB women with
central adiposity may be at higher risk for ID and anemia
than normal-weight women. Thus, clinicians should
emphasize weight loss and ample dietary iron for iron-
deficient women with a central distribution of body fat. On
the population level, our findings suggest the current
increase in obesity, particularly central obesity, in young
women in many countries [17] may impair programs to
reduce ID and anemia in this target group [47].
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