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Hepatic hepcidin synthesis is stimulated by inflammation but inhibit-
ed during iron deficiency anemia (IDA). In humans, the relative
strength of these opposing signals on serum hepcidin and the net

effect on iron absorption and systemic iron recycling is uncertain. In this
prospective, 45-day study, in young women (n=46; age 18-49 years) with or
without IDA, we compared iron and inflammation markers, serum hep-
cidin and erythrocyte iron incorporation from 57Fe-labeled test meals, before
and 8, 24 and 36 hours (h) after influenza/DPT vaccination as an acute
inflammatory stimulus. Compared to baseline, at 24-36 h after vaccination:
1) interleukin-6 increased 2-3-fold in both groups (P<0.001); 2) serum hep-
cidin increased >2-fold in the non-anemic group (P<0.001), but did not sig-
nificantly change in the IDA group; 3) serum iron decreased in the non-ane-
mic group (P<0.05) but did not change in the IDA group; and 4) erythrocyte
iron incorporation did not change in either of the two groups, but was
approximately 2-fold higher in the IDA group both before and after vacci-
nation (P<0.001). In this study, mild acute inflammation did not increase
serum hepcidin in women with IDA, suggesting low iron status and ery-
thropoietic drive offset the inflammatory stimulus on hepcidin expression.
In non-anemic women, inflammation increased serum hepcidin and pro-
duced mild hypoferremia, but did not reduce dietary iron absorption, sug-
gesting iron-recycling macrophages are more sensitive than the enterocyte
to high serum hepcidin during inflammation. The study was registered as a
prospective observational trial at clinicaltrials.gov identifier: 02175888. The
study was funded by the International Atomic Energy Agency.  
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ABSTRACT

Introduction

The hepatic hormone hepcidin regulates serum iron concentrations and iron
homeostasis.1 Hepcidin synthesis is stimulated by high liver iron stores, high plas-
ma iron concentrations and inflammation, and is inhibited by hypoxia and erythro-
poietic drive.1 In conditions such as the iron-loading anemias, the anemia of chronic
disease, and acute infection during iron deficiency anemia (IDA), several of these
factors simultaneously generate opposing signals on hepcidin expression. The rela-
tive strength of these opposing signals to regulate serum hepcidin (SHep) in
humans is uncertain. 
Iron-deficient mice up-regulate hepcidin expression when injected with

lipopolysaccharide (LPS) to induce inflammation.2 Other animal studies suggest
erythroid demand for iron is a stronger regulator of hepcidin expression than
inflammation.3-5 Most human studies examining opposing stimuli on SHep have
been descriptive; some have suggested that iron status and/or erythropoiesis are
the major regulators of SHep,4,6,7 others suggest inflammation is associated with



high SHep even in anemic subjects.8,9 Nearly all experi-
mental data are derived from cells or mice, where often
very strong stimuli are applied (e.g. injection of LPS,2,3,5
phlebotomy,4 severe iron deficiency2,5). In humans, there is
a lack of experimental data describing the effect of milder,
physiological changes in these opposing stimuli on SHep
and the net effects on iron recycling and iron absorption,
but these interactions are common and relevant in many
disorders. 
Therefore, the objective of this prospective study was to

assess changes in iron markers, SHep, iron absorption and
erythrocyte iron incorporation during acute inflammation,
in both non-anemic women and women with IDA.
Previous human studies reported the effects of an acute
inflammatory stimulus [e.g. infusions of LPS10 or inter-
leukin-6 (IL-6)11] on SHep, but they did not assess effects
on iron absorption, or how anemia or iron status may
modulate this response. As the inflammatory stimulus in
this study, we used vaccination, a practical, safe and stan-
dardized model for the study of mild-to-moderate inflam-
mation in humans.12,13 Our hypotheses were: 1) in non-
anemic women, vaccination would induce acute inflam-
mation and increase Shep. This would decrease iron
absorption and produce hypoferremia; and 2) in contrast,
in women with IDA, vaccination would induce acute
inflammation, but would not increase SHep or affect
serum iron or iron absorption. We used stable iron isotope
techniques to quantify erythrocyte iron incorporation of
dietary iron before and after vaccination. 

Methods

Study subjects 
We recruited women from the staff of the University Hospital

Ibn Sina in Rabat, Morocco. Detailed inclusion criteria are
described in the Online Supplementary Appendix. In this prospec-
tive, 45-day study, in women (n=46, age 18-49 years) with IDA or
without anemia, we compared iron and inflammation markers
and SHep before and 8, 24 and 36 hours (h) after influenza/diph-
theria-tetanus-pertussis (DTP) vaccination and erythrocyte iron
incorporation from 57Fe-labeled test meals, before and 24 h after
the vaccination as an acute inflammatory stimulus (Figure 1).  The
study was approved by the ethics committees of the ETH Zurich,
Zurich, Switzerland and the University Mohammed V, Rabat,
Morocco. All participants gave informed written consent.

On study day 1, an afternoon baseline blood sample was taken.
On study day 2, after an overnight fast, a baseline morning blood
sample was taken and we administered a test meal containing 6
mg labeled 57Fe as ethylenediaminetetraacetic acid ferric sodium
salt (NaFeEDTA), added to a standardized test meal, given with
bottled water, as described in the Online Supplementary Appendix.
Blood samples were taken in the afternoon on day 2 as well as the
next morning (day 3). After a 19-day isotope incorporation period,
on study day 22, a blood sample was taken to measure erythro-
cyte iron incorporation; this blood sample also served as the new
baseline afternoon sample for the second absorption study. In the
morning of day 23, a morning blood sample was taken. Then, all
subjects received the trivalent Influenza Virus Vaccine Vaxigrip
(Sanofi Pasteur, Lyon, France) and the DTP Virus Vaccine Dultavax
(Sanofi Pasteur) given intramuscularly. Blood samples were taken
at 8 h, 24 h and 36 h after vaccination. At 24 h after vaccination,
on study day 24, an identical labeled test meal was administered,
as described above. The final blood sample was taken on day 45.
We assessed total and fractional iron absorption (FIA) by measur-

ing the amount of stable isotopic tracers incorporated in red blood
cells 19 days after administration of the labeled test meals.14-16

Hemoglobin (Hb), iron- and inflammatory biomarkers were meas-
ured as described in the Online Supplementary Appendix. 

Assuming a standard deviation (SD) of 0.20 on differences in log
transformed erythrocyte iron incorporation from previous ETH
studies, a type I error rate of 5% and 80% power, we expected to
detect a difference in FIA of 35% within groups with a sample size
of 20 subjects per group. Assuming a drop-out rate of 20%, we
enrolled 50 women (25 anemic and 25 non-anemic women). 

Statistical analysis
We performed the statistical analyses using SPSS (IBM SPSS sta-

tistics, v.22), as described in detail in the Online Supplementary
Appendix. We used linear mixed effect model analysis to assess the
effect of the group (anemic vs. non-anemic) and treatment (vacci-
nation) on different variables. Group and treatment were defined
as fixed effects, participants as random intercept effects using a
variance component structure matrix. Regression analyses were
performed with SHep, FIA and serum iron as dependent variables.
Pearson and Spearman correlations were applied.  For within-
group effects, dependent sample t-tests or related samples non-
parametric tests were used. P<0.05 was considered significant.

Results

We began recruiting on 1st September 2017, and from
September 2017 to February 2018 we enrolled 50 women
(28 non-anemic and 22 with IDA) into the study. We com-
pleted the study on 29th March  2018. Six women in the
non-anemic group left the study because they no longer
wanted to participate in the study: three before the 19 day
blood sample (when we measured erythrocyte iron incor-
poration from the first test meal) and three after the 19
day blood sample. In the IDA group, one subject left the
study before the 19 day blood sample because she no
longer wanted to participate in the study (Figure 1). Data
from the three non-anemic women who left the study
after the 19 day blood sample were included in the analyt-
ical models, resulting in a total of n=46 women (21 with
IDA and 25 non-anemic).
Baseline characteristics of the subjects by group are

shown in Table 1. There were no significant between-
group differences in age, Body Mass Index or markers of
inflammation, and no subject had increased markers of
inflammation. There were significant between-group dif-
ferences in hemoglobin (Hb), serum ferritin (SF), soluble
transferrin receptor (sTfR), body iron stores (BIS), Shep,
and erythropoietin (EPO) (all P<0.001). Eight of the
women in the non-anemic group were iron-deficient, as
defined by SF<15 μg/L.17
There was a significant vaccination effect (P<0.001) on

IL-6, but no significant group effect or group-vaccination
interaction (Table 2). There were no significant between-
group differences in IL-6 measured at 4:00 pm the day
before and at 8:00 am just before vaccination or at 8 h, 24
h, and 36 h after vaccination (Figure 2A). Median
interquartile range (IQR) IL-6 (pg/mL) significantly
increased in both groups comparing baseline to 24 h after
vaccination (P<0.001): in the non-anemic group from 1.12
(0.92-1.66) to 3.37 (2.88-4.32), and in the IDA group from
1.53 (1.41-1.81) to 3.14 (2.48-4.33) (Table 2). 
There was a significant group (P<0.001) and vaccination

(P<0.001) effect on SHep, but no significant group-vacci-
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nation interaction (Table 2). There were significant
between-group differences in SHep measured at 4:00 pm
and at 8:00 am before vaccination and at 8 h, 24 h, and 36
h after vaccination (all P<0.05) (Figure 2B). In the non-ane-
mic group, median IQR SHep (nM) significantly increased
from 1.60 (0.93-2.86) before to 3.56 (1.04-5.53) at 24 h
after vaccination (P<0.001). In contrast, in the IDA group,
vaccination did not induce a significant increase in SHep:
median (IQR) SHep (nM) was 0.45 (0.23-0.61) before and
0.45 (0.32-1.17) 24 h after vaccination (Table 2). 
There was a significant group effect (P<0.001) and

group-vaccination interaction (P<0.001) on serum iron and
transferrin saturation (TSAT), but no significant vaccina-
tion effect (Table 3). There were significant between-
group differences in serum iron and TSAT at baseline
(P<0.001 for both) and at 24 h after vaccination (P<0.05 for
both). In the non-anemic group, geometric mean
[-Standard Deviation (SD), +SD] serum iron (μg/mL) sig-
nificantly decreased from 0.91 (0.71, 1.17) before to 0.78

(0.59, 1.02) at 24 h after vaccination (P<0.05) (Figure 3A).
Geometric mean (-SD, +SD) TSAT (%) decreased from
19.19 (14.69, 25.07) before to 16.23 (12.39, 21.26) at 24 h
after vaccination (P=0.066). In the IDA group, vaccination
had no significant effect on either serum iron or TSAT. 
There was a significant group effect on FIA (erythrocyte

iron incorporation) (P<0.001), but no significant vaccina-
tion effect or group-vaccination interaction (Table 2).
Comparing erythrocyte iron incorporation before and
after vaccination, there were no significant differences
within either of the two groups (Figure 3B). However,
between groups, erythrocyte iron incorporation was sig-
nificantly higher (by approx. 2-fold) in women with IDA
both before and after vaccination (Table 2). 
Iron and inflammation indicators at 24 h after vaccina-

tion are shown in Table 3. There was a significant group
effect on SF, sTfR, BIS, EPO (P<0.001), but none on CRP or
AGP. There was a significant vaccination effect on sTfR
(P<0.01), CRP (P<0.05) and AGP (P<0.001); all of these
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Figure 1. Study design. IDA:  iron deficien-
cy anemia; DTP: diphtheria-tetanus-per-
tussis.

Table 1. Baseline characteristics of the women (n=46) in the iron deficiency anemia group and the non-anemic group. 
                                                                                           IDA (n=21)                                                 Non-anemic (n=25)

Age, years*                                                                                           23 (21-27)                                                                      24 (23-30)
Body Mass Index, kg/m2**                                                                 22.9±2.5                                                                        22.3 ± 3.1
Hemoglobin, g/dL*                                                                       11·3 (10.7-11.6)¶                                                            13·3 (12.6-13.9)
Serum ferritin, μg/L***                                                               6·3 (3.9, 10.3)¶                                                             23·8 (10.7, 52.9)
Serum transferrin receptor, mg/L***                                   8·33 (6.08, 11.43)¶                                                          5·99 (4.60, 7.79)
Body iron stores, mg/kg BW**                                                         -2.5±2.7¶                                                                          3.5±3.5
Serum iron, μg/mL***                                                                0·51 (0·33, 0.78)¶                                                           0.91 (0.71, 1.17)
Total iron binding capacity, μg/mL*                                          4·79 (4·49-5.06)                                                            4.81 (4.41-5.01)
Transferrin saturation, %***                                                  10·78 (6·89, 16.89)¶                                                      19.19 (14·69, 25.07)
Erythropoietin, mIU/mL***                                                   20·37 (11.48, 36.17)¶                                                       8.61 (5.40, 13.74)
C-reactive protein, mg/L***                                                       0·70 (0.18, 2.76)                                                            0.59 (0.13, 2.59)
Alpha-1-acid glycoprotein, g/L***                                             0·71 (0.51, 0.98)                                                            0.72 (0.49, 1.05)
BW: body weight; IDA: iron deficiency anemia. *Median [interquartile range (IQR)]. **Mean±Standard Deviation (SD). ***Geometric mean (-SD, +SD). ¶Different between
groups (P<0.001). 



variables were lower after vaccination, and the decrease in
sTfR in the IDA group reached borderline significance
(P=0.063). There was a significant group-vaccination inter-
action on SF (P<0.001) and BIS (P<0.01). 
There was no correlation between IL-6 and SHep at

baseline in either group. At 24 h after vaccination, IL-6 and
SHep significantly correlated in the non-anemic group

(r=0.426; P<0.05), but did not in the IDA group. In the
regressions including all subjects, sTfR, Hb, EPO and IL-6
explained 55% and 62% of the variation of SHep at base-
line and at 24 h after vaccination, respectively. At baseline
in all subjects, the only significant predictors of SHep were
EPO (b=-0.570; P<0.01) and Hb (b=0.372; P<0.05). In con-
trast, at 24 h after vaccination, the only significant predic-
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Table 2. Serum interleukin-6 (IL-6), serum hepcidin and erythrocyte iron incorporation (iron absorption and utilization), at baseline and 24 hours
after vaccination, in the iron deficiency anemia group and the non-anemic group. 
                                                                                                                                                                                 P
                                                                            Baseline           24h after vaccination        Group                 Vaccination               Group-vaccination 
                                                                        (n=46)                         (n=43)                    effect                      effect                              effect

IL-6, pg/mL
IDA                                                                             1.53 (1.41 - 1.81)            3.14 (2.48 - 4.33)°               0.212                           <0.001                                    0.349
Non-anemic                                                            1.12 (0.92 - 1.66)            3.37 (2.88 - 4.32)°                                                                                                         
Serum hepcidin, nM
IDA                                                                            0.45 (0.23-0.61)*           0.45 (0.32 - 1.17)*              <0.001                         <0.001                                    0.810
Non-anemic                                                            1.60 (0.93 - 2.86)            3.56 (1.04 - 5.53)°                                                                                                         

Erythrocyte iron incorporation, %
IDA                                                                        36.15 (26.08 - 39.35)*    33.09 (28.84 - 38.74)*          <0.001                           0.396                                      0.629
Non-anemic                                                          16.66 (9.33 - 24.05)       15.89 (11.86 - 24.71)                                                                                                       

h: hours; n: number; IDA: iron deficient anemia. Medians [interquartile range (IQR)]. *Different between groups (P<0.001). °Within group, different from baseline (P<0.001).
Analyzed by linear mixed models with Bonferroni-corrected multiple comparisons.  

Table 3. Iron and inflammatory variables 24 hours after vaccination, in the iron deficiency anemia group and the non-anemic group.
                                                                                                                                                                 P
                                                        24h after vaccination                       Group                               Vaccination                     Group-vaccination 
                                                                   (n=43)                                   effect                                    effect                                    effect

Serum ferritin, µg/L*
IDA                                                               10.89 (6.86, 17.30)ⱡ                        <0.001                                            0.716                                            <0.001
Non-anemic                                               14.98 (7.31, 30.70)ⱡ                                                                                                                                                    
Serum transferrin receptor, mg/L*
IDA                                                                6.60 (4.73, 9.22)$                                 <0.001                                            <0.01                                             0·357
Non-anemic                                                 5.32 (3.98, 7.11)                                                                                                                                                      
Body iron stores, mg/kg BW**
IDA                                                                     0·63 ± 2·28$ⱡ                             <0.001                                            0.175                                             <0·01
Non-anemic                                                      2·26 ± 3·30                                                                                                                                                           
Serum iron, μg/mL*
IDA                                                                 0·59 (0.38, 0.93)$                                 <0.001                                            0.971                                             <0·01
Non-anemic                                                 0·78 (0·59, 1·02)#                                        
Total iron binding capacity, μg/mL*** 
IDA                                                                  4.89 (4.69-5.13)                                    0.284                                              0.116                                              0·827
Non-anemic                                                  4.71 (4.47-5.16)                                        
Transferrin saturation, %*                                        
IDA                                                               12.01 (7.60, 18.97)$                               <0.001                                            0.637                                             <0·05
Non-anemic                                               16.23 (12.39, 21.26)                                     
Erythropoietin, mIU/mL*
IDA                                                             21.95 (12.62, 38.17)¶                              <0.001                                            0.057                                              0·876
Non-anemic                                                 9.59 (6.23, 14.78)                                                                                                                                                     
C-reactive protein, mg/L*
IDA                                                                 0.27 (0.10, 0.69)ⱡ                           0.499                                             <0.05                                             0.138
Non-anemic                                                  0.45 (0.16, 1.26)                                                                                                                                                      
Alpha-1-acid glycoprotein, g/L*                                
IDA                                                                0.45 (0.33, 0.61)°                                  0.248                                            <0.001                                            0.293
Non-anemic                                                 0.52 (0.38, 0.72)ⱡ                                                                                                                                                      

h: hours; n: number; IDA: iron deficient anemia. *Geometric mean [-Standard Deviation (SD), +SD]. **Mean±SD. ***Median [interquartile range (IQR)]. ¶Different between
groups (P<0.001). $Different between groups (P<0.05). °Within group, different from baseline (P<0.001) (baseline values shown in Table 1). ⱡWithin group, different from baseline
(P<0.01) (baseline values shown in Table 1). #Within group, different from baseline (P<0.05) (baseline values shown in Table 1). Analyzed by linear mixed models with
Bonferroni-corrected multiple comparisons. 



tors of SHep were Hb (b= 0.520; P<0.01) and IL-6 
(b= 0.508; P<0.001). In the non-anemic group, at baseline,
erythrocyte iron incorporation significantly correlated
with SF (r=-0.822; P<0.001), SHep (r=-0.792; P<0.001),
EPO (r=0.631; P<0.01) and Hb (r=-0.475; P<0.05); at 24 h
after vaccination, incorporation significantly correlated
with SHep (r=-0.708; P<0.001), Hb (r=-0.563; P<0.01) and
serum iron (r=0.516; P<0.05). In the IDA group, at baseline
and at 24 h after vaccination, erythrocyte iron incorpora-
tion was not significantly correlated with Hb, iron bio-
markers, SHep or EPO. In the regression analysis including
all subjects, sTfR, Hb, EPO and IL-6 explained 53% and
50% of the variation of erythrocyte iron incorporation at
baseline and at 24 h after vaccination, respectively. In all
subjects, the only significant predictor of erythrocyte iron
incorporation was Hb, both at baseline (b= -0.410; P<0.05)
and 24 h after vaccination (b= -0.659; P<0.01). In the
regressions including all subjects, SHep, Hb, EPO and IL-6
explained 61% and 38% of the variation of serum iron at
baseline and at 24 h after vaccination, respectively. At
baseline in all subjects, significant predictors of serum iron
were Hb (b=0.549; P<0.01) and EPO (b=-0.333; P=0.05). In
contrast, at 24 h after vaccination, significant predictors of

serum iron were Hb (b= 0.864; P<0.01), SHep (b= -0.449;
P<0.05) and IL-6 (b= 0.347; P<0.05).

Discussion 

Our main findings are that at 24-36 h after vaccination: 1)
there was a comparable 2-3-fold increase in serum IL-6 in
both groups (P<0.001); 2) there was a significant >2-fold
increase in SHep in the non-anemic group (P<0.001), but no
significant change in SHep in the IDA group; 3) serum iron
decreased only in the non-anemic group (P<0.05); and 4)
there was no significant change in erythrocyte iron incorpo-
ration in either of the two groups; incorporation was
approximately 2-fold higher in the IDA group both before
and after vaccination (P<0.001).
Previous experimental human studies have examined the

hepcidin response to inflammation.10,11 In healthy adults
given an infusion of IL-6 (iron status was not reported but
subjects were presumably non-anemic), after 2 h urinary
hepcidin increased 7.5-fold, while serum iron and TSAT
decreased by 33-34%.11 In healthy adults injected with LPS
(iron status was not reported but subjects were presumably
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Figure 2. Interleukin-6
(IL-6) and hepcidin
response to
influenza/diphtheria-
tetanus-pertussis (DTP)
vaccination. (A) Serum
IL-6 and (B) serum hep-
cidin concentrations
before and at 8, 24 and
36 hours (h) after vacci-
nation in the iron defi-
ciency anemia (IDA)
group (n=21) and the
non-anemic group
(n=22). BL: baseline.

A B

A B

Figure 3. Effects of
influenza/diphtheria-
tetanus-pertussis (DTP)
vaccination on serum
iron and erythrocyte iron
incorporation. (A) Serum
iron and (B) erythrocyte
iron incorporation (iron
absorption and utiliza-
tion) at baseline (n=46)
and at 24 hours (h) after
vaccination (n=43) in
the iron deficiency ane-
mia (IDA) group and the
non-anemic group. 



non-anemic), serum IL-6 increased within 3 h after injec-
tion, and urinary hepcidin peaked at 6 h, followed by sig-
nificant hypoferremia.10 In a study in Gambian newborns,
routine immunizations at birth did not affect serum IL-6 or
SHep at 72-96 h post vaccination, but the inflammation-
hepcidin axis was already activated, likely due to the birth
process.18 However, these studies did not compare respons-
es between anemic and non-anemic subjects or measure
effects on iron absorption. 
In our study, vaccination induced a rapid and sustained

inflammatory response reflected in an approximately 2- to
3-fold increase in IL-6 apparent at 8 h after vaccination and
persisting at 36 h in both the IDA and non-anemic groups
(Figure 2A). Despite this, in the women with IDA, SHep did
not significantly increase (Figure 2A and B). Several factors
likely contributed to this effect. High circulating diferric
transferrin and high liver iron stores increase hepatic hep-
cidin synthesis via stimulation of the bone morphogenic
protein [sons of mothers against decapentaplegic (BMP-
SMAD) pathway].1 EPO, the main driver of erythropoiesis,
stimulates a hepcidin-suppressing factor synthesized in the
bone marrow; this factor may be erythroferrone. In a recent
study in mice, erythroferrone suppressed hepcidin by
inhibiting hepatic BMP/SMAD signaling through BMP5,
BMP6, and BMP7.19 However, the role of erythroferrone
during IDA remains uncertain.20 In the IDA group, BMP-
SMAD signaling was likely suppressed by low TSAT,
depleted liver iron stores, and high erythropoietic drive, as
indicated by high EPO and sTfR concentrations (Table 1).
Our data suggest that moderate IL-6 stimulation of the
Janus kinase/ signal transducer and activator of transcrip-
tion (JAK/STAT) and BMP-SMAD pathway was unable to
overcome this suppression, and SHep remained low. In
contrast, in the non-anemic group, BMP-SMAD signaling
was not suppressed, and, as a result, IL-6 activation resulted
in a rapid increase in SHep. These data suggest that, in mild
IDA, low iron status and erythropoietic drive can keep
SHep low even in the face of an acute inflammatory stimu-
lus. In addition to the suppression of erythropoiesis by iron
restriction through hepcidin, cytokines may directly affect
erythropoiesis.21 In both the IDA and the non-anemic
groups, erythropoiesis appeared to be mildly suppressed 24
h after vaccination, as indicated by a vaccination effect to
decrease sTfR and increase EPO (Table 3).
In animal studies, inflammation is a strong inducer of

hepcidin, but its effects can be blunted by iron deficiency
and/or enhanced erythropoiesis.3-5 In mice, erythropoietic
drive down-regulated hepcidin even during inflammation
induced by LPS injection.3 Ferroportin transcription in
macrophages may be attenuated by inflammation inde-
pendent of hepcidin,22,23 but activation of Nrf2 reverses this
attenuation,24 suggesting that iron may dominate over
inflammatory stimuli. Conversely, other studies suggest
erythroid and inflammatory regulators dominate over iron
stores: iron-deficient mice injected with LPS up-regulated
hepcidin expression,2 while iron-loaded mice with experi-
mentally induced anemia down-regulated hepcidin expres-
sion.25 
Studies in humans with the anemia of chronic inflamma-

tion (ACD) and/or IDA suggested erythroid demand for
iron is a stronger regulator of hepcidin expression than mild
inflammation: SHep was similar between ACD/IDA and
IDA, but was higher in ACD; duodenal ferroportin expres-
sion was inversely related to SHep and SF, but not to IL-6;
and IL-6 levels were similar between ACD (with high

SHep) and ACD/IDA subjects (with low Shep).4 In African
children, Hb and SF were positively associated with hep-
cidin while IL-6 levels were not.26 In another study in
African children, erythropoietic drive (sTfR) was a much
stronger negative predictor of SHep than inflammation.27
The differing results of these studies suggest that either
inflammation or IDA can be the dominant factor regulating
hepcidin, depending on the varying strengths of the oppos-
ing stimuli.
In our study, there was a significant and sustained

increase in SHep after vaccination in the non-anemic group,
with median SHep (nM) more than twice baseline values at
8, 24 and 36 h after vaccination. We anticipated this would
decrease erythrocyte iron incorporation because in our pre-
vious studies, acute SHep increases of similar magnitude
and duration (approx. 1-2 nM) in non-anemic women after
the administration of high oral iron doses reduced iron
absorption by approximately 40%.28,29 Contrary to our
hypothesis, in the present study, there was no significant
change in erythrocyte iron incorporation from a labeled test
meal given at 24 h after vaccination, at the peak of the SHep
increase, although the women developed mild hypofer-
remia. Several mechanisms may explain this effect.
Hepcidin promotes rapid degradation of ferroportin in liver
cells and macrophages reducing iron recycling and serum
iron,30 but enterocyte ferroportin may be less sensitive to
acute changes in hepcidin.31-34 Another potential explanation
why high SHep did not effect iron absorption in our study
is that inflammation also induced hypoferremia, and the
reduction in circulating diferric transferrin was sensed by
the enterocyte through TfR1, leading to changes within the
enterocyte35,36 that induced divalent metal transporter 1
(DMT-1) and ferroportin expression. This may have offset
ferroportin degradation by SHep, and allowed continued
iron export from the enterocyte. This is supported by our
findings that, at 24 h after vaccination, serum iron was a sig-
nificant predictor of erythrocyte iron incorporation in the
non-anemic group, but not in the IDA group. 
The strengths of this study are: 1) we prospectively stud-

ied the effects of a standardized (and safe) inflammatory
stimulus in both non-anemic women and women with
IDA; 2) our subjects were young women who were other-
wise healthy and free of potential confounding comorbidi-
ties; 3) we precisely quantified erythrocyte iron incorpora-
tion (absorption and utilization) using iron stable isotopic
labels. Limitation of the study are: 1) we included women
in the IDA group who were only mildly anemic, and we
induced only a moderate acute inflammatory state. More
severe, chronic inflammation and/or anemia may have
resulted in differing effects; 2) using the stable iron isotope
method we measured erythrocyte iron incorporation,
which reflects both iron absorption by enterocytes and
iron utilization for production of erythrocytes in the bone
marrow, and we could not differentiate between these.
Finally, we were unable to distinguish whether the lack of
SHep increase in response to the inflammatory stimulus in
the women with IDA was due to the effect of erythropoi-
etic drive, iron deficiency or both.
To our knowledge, this is the first human experimental

study showing that erythrocyte iron incorporation
(absorption and utilization of dietary iron) is not reduced in
non-anemic subjects by an acute increase in SHep that
induces hypoferremia. This finding suggests the enterocyte
may be less sensitive to the effect of acute changes in SHep
than macrophage iron recycling. This pattern of regulation
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by hepcidin is consistent with the relative contributions of
these pathways to the maintenance of body iron home-
ostasis. Also, to our knowledge, this is the first human
experimental study showing that SHep does not increase
in anemic subjects after a mild acute inflammatory stimu-
lus. This suggests that, in IDA, iron homeostasis prioritizes
correction of iron deficiency, rather than iron withholding,
during mild acute infection/inflammation. Our findings
provide new insights into how the relative and opposing
stimuli that effect hepcidin expression combine to deter-
mine net circulating hepcidin, iron absorption and iron
homeostasis in young women, and may be clinically rele-

vant given that young women are a main target group for
iron supplements and fortification to reduce iron deficien-
cy and anemia. 
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