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Summary

BACKGROUND: Iron deficiency without anaemia is a
common health problem, especially in young menstruating
women. The efficacy of the usually recommended oral
iron supplementation is limited due to increased plasma
hepcidin concentration, which reduces iron absorption and
leads to side effects such as intestinal irritation. This ob-
servation raises the question of how low-dose iron therapy
may affect plasma hepcidin levels and whether oral iron
intake dose-dependently affects plasma hepcidin produc-
tion.

METHODS: Fifteen non-anaemic women with iron defi-
ciency (serum ferritin <30 ng/ml) received a single dose of
0, 6, 30, or 60 mg of elemental oral iron as ferrous sulfate
on different days. Plasma hepcidin was measured before
and seven hours after each dose.

RESULTS: Subjects had an average age of 23 (standard
deviation = 3.0) years and serum ferritin of 24 ng/ml (in-
terquartile range = 16—27). The highest mean change in
plasma hepcidin levels was measured after ingesting 60
mg of iron, increasing from 2.1 ng/ml (interquartile range
= 1.6-2.9) to 4.1 ng/ml (interquartile range = 2.5-6.9; p
< 0.001). Iron had a significant dose-dependent effect on
the absolute change in plasma hepcidin (p = 0.008), where
lower iron dose supplementation resulted in lower plasma
hepcidin levels. Serum ferritin levels were significantly cor-
related with fasting plasma hepcidin levels (R 2=0.504, p
= 0.003) and the change in plasma hepcidin concentration
after iron intake (R ? = 0.529, p = 0.002).

CONCLUSION: We found a dose-dependent effect of iron
supplementation on plasma hepcidin levels. Lower iron
dosage results in a smaller increase in hepcidin and might
thus lead to more efficient intestinal iron absorption and
fewer side effects. The effectiveness and side effects of
low-dose iron treatment in women with iron deficiency
should be further investigated.
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Introduction

Iron deficiency is a global health problem and the leading
cause of anaemia [1, 2]. The reasons for iron deficiency
include insufficient iron intake and chronic blood loss [2].
Premenopausal women are at particularly high risk of iron
deficiency [3]. Individuals with iron deficiency may suffer
from symptoms such as fatigue [4], limitations in execu-
tive tasks [5], or hair loss [6].

Current guidelines for the oral treatment of iron deficiency
recommend a daily supplement of 50-100 mg of elemental
iron [7]. However, ingesting high oral iron doses is known
to be associated with lower fractional iron absorption in the
gut [8]. The reason for the low fractional iron absorption
is its strict regulation. In the centre of the regulatory sys-
tem, hepcidin, a small peptide hormone produced by the
liver and secreted into the blood, is the critical player in the
complex regulation of iron absorption [9]. The main tar-
get of hepcidin is the iron transporter ferroportin localised
on the basolateral side of enterocytes in the intestine. As
the only iron exporter, ferroportin is essential for exporting
iron from the enterocyte and, thus, for iron absorption into
the body. Hepcidin binding to its receptor internalises fer-
roportin into the enterocyte, where it is degraded in lyso-
somes [9, 10]. Therefore, high hepcidin levels reduce iron
absorption from the intestine [11].

Hepcidin production in the liver is regulated by intracellu-
lar and extracellular iron, inflammation, and hypoxia [12].
Moretti et al. showed that a sixfold increase in iron intake
(60 mg to 240 mg) only caused a threefold increase in
absorbed iron and a massive increase in plasma hepcidin,
which was still detectable 24 hours after ingesting higher
iron doses. Therefore, they recommended ingesting iron
supplements of >60 mg only every second day [13]. This
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physiologic constellation and recommendation fully agree
with the “mucosal block theory” formulated by Hahn et al.
more than 75 years ago [14] and underscore the importance
of hepcidin as a regulator of iron absorption.

It remains unknown at what iron dose the mucosal block
of iron absorption becomes clinically relevant. Therefore,
this cross-over study investigated the effect of low iron
doses (<60 mg) on plasma hepcidin levels in healthy pre-
menopausal women with iron deficiency but without
anaemia.

Methods

General information and study registration

The study was conducted in the Department of Endocrinol-
ogy at the University Hospital of Zurich according to the
Declaration of Helsinki and the Good Clinical Practice
Guidelines. Its protocols and amendments were approved
by the local ethics committee. There were no deviations
from the study protocol after its final approval. All patients
included in this study provided written informed consent.

Subjects

We recruited healthy premenopausal women with iron de-
ficiency but without anaemia, defined as a serum ferritin
concentration of <30 pg/l and haemoglobin concentration
of >117 g/l. The other inclusion criteria were: age >18
years, regular menstrual cycle (defined as a cycle with a
duration of 23-35 days), body mass index (BMI) of 18-25
kg/m?, no intake of dietary supplements for at least four
weeks, no pregnancy, no hypermenorrhea (more than five
sanitary pads or five tampons per day or more than 80
ml blood loss during one menstruation), no signs of acute
or chronic inflammatory disease, no psychiatric disorders,
no hypersensitivity to iron-supplements, no chronic kidney
disease (creatinine concentration of <80 pumol/l), no hypo/
hyperthyroidism (thyroid stimulating hormone [TSH] con-
centration of 0.16—4.25 mU/1), and no intake of drugs that
interact with oral iron supplements. The study participants
were recruited via public advertisements on pinboards and
social media.

Design

This study enrolled 15 of 52 screened women (Figure 1). It
consisted of four test days with two visits per test day, one
at 7:00 am after an overnight fast (last meal before 8:00
pm) and one at 2:00 pm, also in the fasting state (only tap
water was allowed during the fasting period). The first test
day served as the control without any iron ingestion. Iron
supplements containing 6, 30, or 60 mg of iron were given
on the second, third, and fourth test days, respectively.

Each morning visit served as the baseline examination, and
the afternoon visit served as the follow-up examination.
All four test days were separated by at least two days to
avoid any carry-over effect of the previous test day. Each
participant participated on each test day (i.e. each iron
dosage level) and served as their own control. A blood
sample was collected at each appointment, and each sub-
ject was required to appear after overnight fasting (last
meal before 8 pm) and remain fasting until the afternoon
blood sample was collected.
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All morning vein punctures were performed before admin-
istering the iron supplement, and the taking of each supple-
ment was supervised and controlled. The plasma hepcidin
concentration was determined at every visit, and the C-re-
active protein (CRP) concentration was determined at each
morning visit. We repeated the examination on another day
if the CRP value was >5 mg/l to minimise any effects of
inflammation on the plasma hepcidin concentration.

Study medication

A low-dose vegan iron supplement (donated by Streuli
Pharma AG, Uznach, Switzerland) in the form of coated
tablets containing 6 mg of elemental iron (corresponding
18.6 mg ferrous sulfate) was given as a single tablet or
multiple tablets to achieve the iron dosage of the corre-
sponding test day.

Laboratory analysis

All other blood values (haemoglobin, iron, serum ferritin,
transferrin, CRP, creatinine, alanine aminotransferase, and
TSH) were measured in the Institute of Clinical Chemistry
at the University Hospital of Zurich directly after the blood
samples were collected. The haemoglobin concentration
was measured using an ABL-90 blood gas analyser (Ra-
diometer, Copenhagen, Denmark). The other serum ana-
lytes were measured using a Cobas 8000 (502c and e801)
analyser (Roche Diagnostics, Mannheim, Germany). Sam-
ples for hepcidin determination were stored on dry ice
in a locked refrigerator at —80°C without freeze-thaw cy-
cles until shipment to the laboratory. Hepcidin was mea-
sured in the plasma within two months of the end of the
study by the Translational Metabolic Laboratory (TML) in
the Department of Laboratory Medicine at the Radboud
University Medical Center (Nijmegen, the Netherlands)
with a validated but not standardised complement-enzyme
linked immunosorbent assay (c-ELISA) method (Hepcidin
25 [bioactive] HS ELISA; cat. #: EIA-5782; lots: 314K111
and 314K051-2; DRG International, New Jersey, USA).
The c-ELISA has a low limit of detection (<0.45 nM) and
coefficient of variation (<15%).

Statistical analysis

All data were analysed using SAS 9.4. Normally distrib-
uted variables are reported as the mean (+ standard devia-
tion [SD]). Non-normally distributed variables are reported
as the median (interquartile range). Right-skewed variables
were log-transformed and then re-transformed via expo-
nential functions, resulting in a geometric mean and co-
efficient of variation. Values before and after the inter-
vention were compared using a paired #-test or Wilcoxon
signed-rank test. The significance of changes between the
morning and afternoon visits (follow-up [FU] — baseline
[BL]) by dose was investigated using four paired #-tests.
Because of the right-skewed distributions, log-transformed
plasma hepcidin values were used in the analysis without
correction for multiple testing. The dose effect was ex-
plored in an analysis of covariance (ANCOVA) of the log-
transformed FU data with baseline values as covariates and
patients as random effects. Simple linear regressions were
performed between ferritin (iron stores) and mean fasting
plasma hepcidin and the mean change in plasma hepcidin
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after iron intake. All tests were performed at the 5% sig-
nificance level (p = 0.05). The sample size was calculated
based on the study by Moretti et al. [13] with a standard de-
viation of 5 mM for plasma hepcidin values and 80% pow-
er at a two-sided 5% significance level.

Results

Characteristics at study entry

Our study cohort had a mean age of 23 years (SD = 3),
mean BMI of 21 kg/m? (SD = 2), median serum ferritin
level of 24 ng/ml (interquartile range = 16-27), mean
haemoglobin level of 134 g/l (SD = §), and no signs of
inflammation with a median CRP level of 0.7 mg/l (in-
terquartile range = 0.6—1.0). Their other baseline character-
istics are summarised in table 1.

Effect of different iron doses on the plasma hepcidin
concentration

Morning and afternoon hepcidin concentrations did not
differ significantly on the control day when no iron supple-
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ment was administered. The highest mean change in plas-
ma hepcidin concentration occurred after ingesting 60 mg
of iron, increasing from 2.1 ng/ml to 4.1 ng/ml (p <0.001;
table 2).

Furthermore, we observed a significant dose-dependent ef-
fect on the absolute change in plasma hepcidin concentra-
tion (p = 0.008; figure 2). All results and changes in plas-
ma hepcidin concentration are shown in table 2.

Correlations between serum ferritin and fasting plasma
hepcidin concentrations and the change in plasma hepcidin
concentration after iron intake

The serum ferritin concentration (at the screening visit)
was significantly positively correlated with fasting plasma
hepcidin concentrations (figure 3a): the lower the serum
ferritin level, the lower the detected plasma hepcidin con-
centration (R 2 = 0.504, p = 0.003). In addition, the serum
ferritin concentration (at the screening visit) was signifi-
cantly positively correlated with the change in plasma hep-
cidin concentration after iron intake (figure 3b): the higher
the serum ferritin concentration, the more pronounced the
hepcidin response (R 2= 0.529, p = 0.002).

Figure 1: Study design.
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Table 1:

Adverse events

One woman complained of abdominal pain after ingesting
60 mg of iron. No other adverse events were reported.

Discussion

This study showed for the first time a dose-dependent in-
crease in the plasma hepcidin concentration after ingestion
of 6-60 mg iron doses. In addition, the fasting plasma hep-
cidin concentration and its increase after oral iron intake
correlated with serum ferritin levels (i.e. the iron stores):
the smaller the iron stores, the smaller the increase in hep-
cidin. These results underscore the precise regulation of
iron absorption, even with low to borderline iron stores
(i.e. serum ferritin values of 10-30 ng/ml). These new find-
ings may have highly relevant clinical implications: Ear-

Figure 2: The change in plasma hepcidin concentration depends
on the iron dosage. Circles are individual values, stars are means,
and limit lines are 95% confidence intervals. The p-value was cal-
culated using an ANCOVA jointly considering all doses.
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lier studies have shown that iron absorption under stan-
dard (higher) iron therapy is comparatively low (around
10%) [15], with large amounts of unabsorbed iron associ-
ated with intestinal toxicity such as intestinal epithelial cell
damage or altered microbiome composition [16, 17].

Due to the dose-dependent effects of iron on plasma hep-
cidin concentrations, even at low dosages, it seems phys-
iologically highly probable that low-dose iron therapy at
6-30 mg per daily used in this study is more efficiently
absorbed, leading to a better replenishment of the iron
stores and lower gastrointestinal iron toxicity. The latter is
supported by a recent non-placebo-controlled pilot study

Figure 3: The correlations between iron stores (serum ferritin at
the screening visit) and (A) fasting plasma hepcidin concentrations
and (B) the change in plasma hepcidin concentration after iron in-
take.
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Participants’ characteristics. The results are presented as the mean (standard deviation [SD]) or median (interquartile range).

Women (n = 15)
Age, years 23 (3)
Body mass index, kg/m? 21(2)
Systolic blood pressure, mmHg 122 (10)
Diastolic blood pressure, mmHg 81 (11)
Haemoglobin, g/l 134 (8)
Serum ferritin, ng/ml 24 (16-27)
Serum creatinine, pmol/l 65 (7)
Alanine aminotransferase, U/l 15 (5)
Thyroid-stimulating hormone, mU/l 1.6 (1.2-1.9)
C-reactive protein, mg/l 0.7 (0.6-1.0)

Table 2:

Plasma hepcidin concentrations measured before/after a single iron dose. The results are presented as the geometric mean (confidence interval). The p-values were calculated
using a paired t-test. NS: not significant and no trend (p > 0.10).

Iron dose Plasma hepcidin concentration (ng/ml)
7:00 am 2:00 pm Change p -value
0mg 2.6 (1.6-4.0) 3.1(1.7-5.3) 1.2 (0.9-1.5) NS
6 mg 2.4 (1.6-3.7) 3.5(2.2-5.6) 1.5(1.1-1.9) 0.005
30 mg 2.2 (1.6-2.9) 3.5(2.1-5.6) 1.6 (1.2-2.3) 0.014
60 mg 2.1 (1.5-2.9) 4.1(2.5-6.9) 2.0 (1.5-2.6) <0.001
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involving 36 women with iron deficiency but without
anaemia, who showed a significant increase in serum fer-
ritin (from 18 ng/ml to 33 ng/ml; p <0.0001) occurred
after eight weeks of treatment with 6 mg iron twice daily
[18]. To our knowledge, this is the first study to examine
low-dose iron therapy in premenopausal women. However,
low-dose iron as a treatment for iron deficiency has been
shown to be effective in children and older adults and was
associated with fewer side effects [19, 20].

Our results regarding the relationship between existing
iron stores and plasma hepcidin concentrations confirmed
our clinical experience with iron treatment in daily prac-
tice: women with substantial iron deficiency (serum fer-
ritin concentration of <15 ng/ml) and presumably a low
hepcidin concentration seem to respond favourably and
rapidly to oral iron therapy. Oral iron therapy appears perti-
nacious and less responsive with higher iron stores (serum
ferritin concentration of ~30 ng/ml) and potentially higher
hepcidin concentrations.

Our study had some limitations. Firstly, the study popula-
tion was highly selective, comprising young and healthy
women with a normal weight, but nonetheless represents
a group at high risk of iron deficiency. Secondly, based
on a power calculation, only a few women were included,
and all completed the study. Thirdly, plasma hepcidin con-
centrations were measured after one single iron dose. The
hepcidin response with a longer daily low-dose iron thera-
py might differ. Fourthly, our results cannot be generalised
to other patient populations. Fifthly, plasma hepcidin was
measured before and seven hours after iron intake in a fast-
ing state, and it cannot be excluded that the hepcidin re-
sponse is modulated by food intake.

In summary, we found a dose-dependent effect of low-
dose oral iron on plasma hepcidinconcentrations. Based on
these results, it is conceivable that a low-dose iron thera-
py may bemore efficient and associated with fewer side ef-
fects, leading to better therapy compliance.
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