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Abstract

Iron overload is a common phenomenon in patients undergoing transfusions or organ transplantation. Clinical studies indicate that iron overload in-
terferes with immune function. Baseless supplementation of iron leads to higher morbidity and mortality. In iron overload T-cell differentiation is skewed
towards a Th2 response, with lower levels of interferon (IFN)-y. Zinc is known for its immune balancing abilities, e.g., by induction of regulatory T cells.
This study aims to investigate the interaction of iron and zinc in mixed lymphocyte cultures (MLC). MLC, peripheral blood mononuclear cells (PBMC) stim-
ulation with phytohemagglutinin, ELISA, PCR, and ICP-MS were used as methods. Zn?* supplementation leads to a significantly lower IFN-y production in
MLC compared with control (P<.03). Fe?* supplementation lowers the IFN-y production in MLC (P<.0017), too. However, Fe3* has a slightly increasing ef-
fect on IFN-y release which differs significantly from Fe?+ (P<.03). In 2,2-Bipyridyl-induced iron deficiency IFN-y production is lowered (P<.0003), whereas
zinc deficiency does not significantly affect IFN-y production. Examinations of Interleukin (IL)-2 and IL-6 show comparable tendencies. The Fe?* effect can
be imitated by sodium sulfite. Fe3* treatment increases intracellular free iron in peripheral blood mononuclear cells (PBMC) significantly compared to Fe?+
treatment (P<.02). Iron (II) and zinc both suppress cytokine production in MLC. Fe*+ shows a significantly different effect on IFN-y production. The under-
lying mechanism is likely a donation of electrons by Fe?* or oxidative stress. These findings provide mechanistic insights on how the oxidation state of iron

differentially modulates human immune cell function and highlights the importance of iron speciation in nutritional immunology.

© 2025 The Author(s). Published by Elsevier Inc.
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1. Introduction

Iron is an essential transition metal in the human body, and
it plays important roles for DNA-synthesis, respiratory chain and
hematopoiesis [1].

The majority of plasma iron is bound to transferrin, forming
a complex that is non-toxic and well soluble under physiological
conditions. Since the iron-binding capacity of transferrin is limited,
iron excess leads to non-transferrin-bound iron (NTBI) formation in
the plasma. Iron not being bound to transferrin facilitates its cel-
lular uptake and will subsequently lead to deposition of iron in
parenchymal cells of various organs. Consequences of parenchymal
iron accumulation are organ dysfunction and tissue damage [2].

Iron overload is a common phenomenon in patients that have
received multiple transfusions but is also found in hereditary iron
metabolism disorders and neoplastic diseases [2].
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In patients undergoing organ transplantation iron overload of-
ten occurs due to multiple transfusions and underlying diseases.
Especially in the case of liver transplantation, underlying diseases
such as liver cirrhosis or hemochromatosis go along with iron over-
load. Therefore many patients already enter the transplantation
process with disturbances in their iron metabolism [3].

Being at the intersection between the risk of an immunological
transplant rejection and an increased risk of infection, organ trans-
plantation means facing challenges in immune balancing.

Clinical studies indicate that iron overload interferes with the
physiological function of the immune system [4]. It has been seen
that a baseless supplementation of iron leads to a higher morbid-
ity and mortality due to infectious diseases [5]. Therefore, it can be
assumed that excess iron in the body leads to a disbalance of the
immune system. Clinical studies have shown that iron overloaded
patients undergoing solid organ transplantation show an increased
risk of developing Staphylococcus aureus bacteriemia [6] and a de-
crease in 5-year survival rate with sepsis identified as a leading
cause of increased mortality [7]. Not only solid organ transplan-
tations but also in hematopoietic stem cell transplantation, iron
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overload is a common complication going along with adverse ef-
fects. Elevated pre-transplant ferritin levels are associated with an
increased risk of bloodstream infections and acute graft versus host
disease (GVHD) [8].

With regard to organ and hematopoietic cell transplantation,
examination of the immune function in iron overload could explain
tendencies of developing infection and help to discover means of
prevention.

Zinc is an essential trace element that is well known for its
ability to act balancing on the immune system. The underlying
mechanisms are various. Zinc induces regulatory T cells and there-
fore improves immune balance without suppression [9]. Produc-
tion of proinflammatory T helper (Th) 17-cells, playing a role in
the pathogenesis of autoimmune diseases, is suppressed by zinc
[10]. In mixed lymphocyte cultures (MLC) zinc has been shown
to dampen the allogenic proinflammatory reaction. On the other
hand, zinc acts differently on resting T cells, improving their reac-
tive capacity by enhancement of interferon (IFN)-y and interleukin
(IL)-2 production [11].

Especially in the aged and hospitalized population high preva-
lence of both, zinc and iron deficiency, occur. While zinc deficiency,
showing mild and unspecific symptoms, is often overlooked, iron
deficiency is frequently detected in routine blood examinations.
Therefore, iron is one of the most popular nutritional supplements
worldwide [12].

Clinical studies show that zinc supplementation in a variety of
pathological conditions as well as on healthy subjects will lead to
positive immunological effects [13] while it is shown that baseless
supplementation of iron leads to unfavorable outcomes [5]. There-
fore, with regard to the literature, an antagonistic effect of zinc
and iron treatment can be assumed, due to this opposite effects
of zinc and iron. By now it is not fully explained which underlying
effects cause the immunological dysregulation seen in iron over-
load. Still, zinc as an immune balancing agent could be potentially
counteracting immune dysregulation in iron excess. Therefore, an
examination of zinc and iron interaction on the immune function
is necessary.

Previous studies have already shown that zinc and sodium
show antagonistic effects on the immune function that are neutral-
ized in a combined supplementation [14]. Thus, the question arises
if zinc and iron supplementation show interactions as well.

The interaction of zinc and iron in cell cultures has mostly been
studied in the context of cellular uptake. Previous studies on in-
testinal cells, such as Caco-2-cells indicate that zinc can enhance
iron influx by increasing the expression of DMT-1 [15]. The inter-
action of iron and zinc in immune cell cultures has still to be in-
vestigated.

The aim of this study was to investigate the interaction of iron
and zinc in MLC and other T-cell stimulation models.

2. Material and methods
2.1. Cell donor characteristics

All experiments were conducted using peripheral blood of
healthy donors. Before blood samples were collected all partici-
pants have been asked about their recent medical history to assure
that the immune function was not altered underlying medical con-
ditions. Individuals with recent infections, autoimmune diseases,
immune defects or conditions that predispose to malnutrition
were excluded from the study. In addition, donors with a known
diagnosis of iron or zinc deficiency were not included in the
study.

2.2. Choice of cell models

All experiments were performed with peripheral blood
mononuclear cells (PBMC) as they provide a physiologically
relevant source of human immune cells, without confounding
effects of immortalization or genetic modification . Moreover the
diversity of included cells, including lymphocytes and monocytes
allows to assess effects on both, innate and adaptive immunity.

A mixed lymphocyte culture was used as a functional assay to
examine alloreactivity. Since this method allows assessment of pro-
liferation and cytokine production, it is a suitable model for our
aim to compare immune competence between differently stimu-
lated cell populations, whereas PHA-stimulation is a strong activa-
tion overwriting some influences on immune cell activation.

2.3. Preliminary testing of cytotoxicity

All used cell culture supplements except Fe;(SO4)3 and ZnSO4
were tested for their toxicity in titration experiments before per-
forming the main experiments (supplementary data). Viability was
assessed by propidium iodide (PI) staining followed by flow cy-
tometric analysis (FACS Calibur, Becton, and Dickinson). For the
main experiments we only used supplement concentrations that
we identified to show no significant reduction of viability in PBMC
compared to the control group. For Fe,(S04); no dose titration was
performed, since it was necessary for our experimental setup to
use the same concentration as in the FeSO,4 group. For ZnSO4 we
refer to a previously performed titration experiment [16].

2.4. Isolation of peripheral blood mononuclear cells (PBMC) and
generation of mixed lymphocyte cultures (MLC)

Peripheral venous blood of healthy donors was taken after in-
formed consent and ethics committee approval (RWTH Aachen
University Hospital, statement no. EK 23-234). PBMC were isolated
as previously described [17]. For the experimental setups, cells
were cultured in RPMI 1,640 medium containing 10% FCS (Capri-
corn Scientific, Ebsdorfergrund), 1% L-glutamine (Sigma-Aldrich,
Steinheim, Germany) and 1% penicillin-streptomycin (Sigma-
Aldrich, Steinheim, Germany). The cells were adjusted to a final
concentration of 2x106 cells/mL. 2x108 PBMC/mL per donor were
preincubated in medium alone or in medium supplemented with
50 uM ZnS0Oy4, 50 uM FeSOy4, 2.5 M TPEN (N,N,N’,N’-tetrakis(2-
pyridinylmethyl)-1,2-ethanediamine), 200 uM 2,2-Bipyridyl (BIP),
50 uM Fe,(SO4)3 0.5 mM ascorbic acid, 1 mM sodium sulfite,
250 uM nicotinamide, 100 M potassium chlorate (all supple-
ments from Sigma-Aldrich, Steinheim, Germany) or combinations
of the above for 15 min. The cultures were continued in the same
supplement-containing medium for the entire incubation period
without washing the cells.

For the generation of MLC, PBMC of two genetically diverse
donors were combined in a 1:1 ratio in a pyrogen-free 24-well
dish (Becton Dickinson, Falcon, Heidelberg) for 96 h. All incubation
steps were performed at 37°C in a humidified 5% CO, atmosphere.

2.5. Stimulation of PBMC with phytohemagglutinin (PHA)

For the experimental setups, PBMC were adjusted to a final con-
centration of 1x108 cells/mL in culture medium. 1x108 PBMC per
donor were preincubated in medium alone or in medium supple-
mented with 50 uM ZnSOy4, 50 uM FeSQy, 2.5 uM TPEN, 200 uM
BIP, 50 uM Fe,(SO4)3 or combinations of the above for 15 min.
In the following, 2.5 ug PHA (Becton Dickinson, Heidelberg) were
added to 1 mL of each of the preincubated cell solutions. Af-
ter preincubation the cells stayed in the supplement-containing
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medium. Cells were incubated at 37°C in a humidified 5% CO, at-
mosphere for 48 h.

2.6. Cell viability and proliferation controls

To ensure that the observed cytokine modulation was not due
to cytotoxic or antiproliferative effects, PBMC and MLC cultures
were analyzed for viability and proliferation under all treatment
conditions (supplementary data). Viability was assessed by propid-
ium iodide (PI) staining followed by flow cytometric analysis (FACS
Calibur, Becton, and Dickinson). The proliferation was quantified by
cell counting (Sysmex hemocytometer XN-330) after culture.

2.7. ELISA

Supernatants of MLC were harvested after 4 days or super-
natants of stimulated PBMC were harvested after 2 days and stored
at —20°C until measurements. For the quantification of IFN-y, IL-
2 and IL-6 protein expression OPTEia kits from Becton Dickinson
(Heidelberg, Germany) were used according to the manufacturer’s
instructions. Supernatants were diluted as necessary to fall within
the standard curve range, depending on the examined cytokine we
used dilutions from 1:1 to 1:101 for the measurements.

2.8. mRNA isolation and real-time PCR

PBMC were collected from MLC after 4 days of incubation. Af-
ter lysis in 1 mL Trizol Reagent (Ambion, Life Technologies, Carls-
bad, CA) the RNA was isolated. Transcription into cDNA using the
qScript DNA Synthesis Kit (Quanta Biosciences, Darmstadt, Ger-
many) according to the manufacturers’ instructions. Quantitative
real-time (RT) PCR was performed on a real-QuantStudio 3 System.

The following primers were used:

PBGD: 5'ACG ATC CCG AGA CTCTGC TTC 3* (forw.) 5'GCA CGG
CTA CTG GCA CACT 3/(rev.)

IFN-y: 5‘'AGAATTGGAAAGAGGAGAGTGACAG 3‘(forw.) 5‘GTCTTC-
CTTGATGGTCTCCACAC 3* (rev.)

Zip 8: 5’ CCT CGG ATT GAT TIT GAC TCC ACT 3‘ (forw.) 5’AGC
AGG ATT TGC ATA GCA TGT CAC 3/(rev.)

Expression of the target genes was normalized to the expres-
sion of the housekeeping gene PBGD. All samples were run in
duplicates. 22CT-method was used for gene quantification as de-
scribed previously [18].

2.9. Inductively coupled plasma-mass spectrometry (ICP-MS)

The total intracellular iron content was assessed by ICP-MS
(8900 ICP-MSMS Triple Quad, Agilent Technologies). PBMC were
isolated as previously described and adjusted to a final concen-
tration of 1x10% cells/mL. 1x10® PBMC per mL per donor were
preincubated in medium or in medium supplemented with 50 uM
FeSOy4, 50 uM Fe,(S04); or 200 uM BIP for 15 min. Cells were in-
cubated at 37°C in a humidified 5% CO, atmosphere for 4 days. The
samples were frozen at —80°C for 15 min to assure cell lysis.

Residues of the cell pellets were resuspended with 2.25% HNO;
and briefly vortexed. After that resuspension in 2.25% HNO3 was
performed thrice, resulting in a total volume of 3 mL. Rh103 was
added as internal standard. A calibration curve consisting of 12 cal-
ibration points was recorded from 0.2 pg/L to 800 pg/L. To avoid
interferences He was used as a collision gas in single quadrupole
mode.

Further ICP-MS parameters were as follows: RF Power 1550 W,
RF Matching 1.50 W, Sample Depth 8.0 mm

Nebulizer Gas 1.15 L/min, Integration time 0.1 s.

Table 1

HPLC conditions

Time (min) B % Flow rate (mL/min)
0 0 0.5
2 0 0.8
3 0 0.8
6 50 0.8
75 100 0.8
13 100 0.8
13.5 0 0.8
18 END 0.8

2.10. Speciation of iron in PBMC

For redox speciation analysis of Fe?+ and Fe3* in PBMCs, the
method outlined in a work by Solovyev et al. [19] was significantly
modified to reduce the overall analysis time (including analysis
and column cleaning) and to optimize detection for ICP-KED-MS.

PBMC were isolated and adjusted to a concentration of 1x10°6
cells/mL as previously described.

1 x 108 PMBC of healthy donors were incubated for 15 min
with 50 uM Fe?*, 50 uM Fe3*, or left untreated as control. Cells
were incubated at 37°C in a humidified 5% CO, atmosphere for 4
days. Cell pellets were resuspended in 100 pL water and 5 mM
EDTA and stored at —80°C until analysis.

The separation of the redox species Fe?t and Fe3* was con-
ducted using a NexSAR PEEK HPLC gradient system, which featured
an autosampler programmed for a 50 pL sample volume, a column
oven maintained at 30°C, and a Dionex lonPac CS5A RFIC analyti-
cal cationic column (4 x 250 mm). For the detection of iron in the
chromatograms, the column was directly connected to the Nexlon
ICP mass spectrometer (PerkinElmer, Rodgau-Jiigesheim, Germany),
which operated in KED mode and was equipped with platinum
cones, a glass concentric nebulizer, and a cyclone spray chamber
(PerkinElmer, Shelton, CT, USA).

The HPLC conditions were as follows: Eluent A consisted of
50 mM ammonium citrate and 7.0 mM PDCA at pH 4.2, while Elu-
ent B contained 30 mM EDTA and 250 mM NH4Ac at pH 6. Unlike
the method used by Solovyev et al. [19], a gradient elution was im-
plemented to expedite column cleaning after each run and to en-
sure reproducibility. Gradient elution was programmed as follows
(Table 1):

The operating conditions for the Nexlon ICP mass spectrome-
ter were: RF power was set to 1,200 W, with a plasma gas flow of
16 L/min, an auxiliary gas flow of 1.05 L/min, and a nebulizer gas
flow of 0.98 L/min (optimized daily). Helium was utilized for KED
mode at a flow rate of 1 mL/min. The isotopes >*Fe, “5Fe and 57Fe
were monitored during the analysis. Clarity software was used for
comprehensive instrument control of both the NexSAR PEEK HPLC
gradient system and the Nexlon ICP mass spectrometer, as well as
for the evaluation of iron chromatograms and peak area calcula-
tions. The Fe?* [Fe3* ratios were determined based on the respec-
tive peak areas.

Statistical significances were calculated by Friedman test with
Dunn’s post-hoc test (n=6; *P<.05; ** P<.01).

2.11. Statistics

Calculation of statistical significances was performed by one-
way ANOVA and mixed-effects analysis using GraphPad Prism soft-
ware (version 9.4.1). ANOVA was used to compare balanced data
sets, whereas a mixed-effects-model was used when data sets
were imbalanced due to missing values, accounting for donor vari-
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ability as a random effect. Tukey’s test was used as post-hoc test.
Statistically significant different means do not share any indicated
letter (P<.05).

3. Results
3.1. Cell viability and proliferation controls

Both MLC (72 h; Supplementary Fig. S1A) and PBMC (48 h;
Supplementary Fig. S2A) displayed viability consistently above 85%.
There was no significant difference in viability between treatment
groups and the control groups. Total cell numbers after culture
were not significantly altered across treatments (Supplementary
Figs. S1B and S2B). These data confirm that the shown effects can-
not be explained by general cytotoxicity or growth inhibition and
reflect immunomodulatory processes of the tested substances.

3.2. Zinc and iron supplementation lead to significantly lowered
production of IFN-y in MLC

Since clinical studies have indicated that zinc and iron have dif-
ferent effects on the immune system, the effects of both elements
and their deficiencies were analyzed. We expected to see an anti-
thetic effect of zinc and iron on the cytokine production.

The MLC served as an in vitro model for allogenic immune reac-
tion, mediated by T cells. Examination of IFN-y, as one of the lead-
ing cytokines produced by Th1-cells, serves to quantify and com-
pare the allogenic inflammatory reaction [20].

Previous experiments have shown that treatment with zinc in
physiological doses leads to a significant decrease of IFN-y pro-
duction in MLC, which served as a benchmark for our experimen-
tal setup [21]. In order to examine the effects of iron incubation
on MLC, a relevant concentration of iron was administered to the
medium. Application of 50 uM iron equals an iron excess in the
serum, while a range from 9 to 29 umol/l is considered normal for
an adult male. Zinc and iron were administered using zinc sulfate
and iron sulfate, assuring that all observed effects are induced by
the cations, respectively. In designing the experiments, the concen-
trations of zinc and iron were selected based on their physiologi-
cal levels in the human body as well as on typical ranges observed
under conditions of excess. In addition, a range of concentrations
was tested to ensure that the treatments remained within non-
toxic limits for the cultured cells. In designing the experiments, the
concentrations of zinc and iron were selected based on their phys-
iological levels in the human body as well as on typical ranges ob-
served under conditions of excess. To ensure cellular tolerance we
performed a preliminary concentration range, to identify non-toxic
doses. Preliminary testing included concentrations ranging from 15
to 200 uM for iron. For zinc, dose-dependent effects on the [FN-y
and tolerable concentrations in MLC have been already examined
in previous studies [16]

We decided to use equal concentrations of zinc and iron for all
experiments since both showed a significant dose response and no
significant toxicity in a concentration of 50 uM. The zinc chelator
TPEN was used to model serum hypozincemia [22].

Zinc treatment led to a significantly lowered production of IFN-
y in MLC in comparison to an untreated control (Fig. 1A). Treat-
ment with the zinc chelator TPEN showed a slight increase in IFN-
y production. Thus, a rather antagonistic effect of zinc supplemen-
tation and zinc deficiency can be assumed.

In contrast, treatment with iron induced a significant decrease
in the production of IFN-y, as well as iron deficiency by treat-
ment with BIP did (Fig. 1A). Therefore, an antagonistic effect of
iron treatment and iron deficiency could not be observed.

Although the effects of zinc and iron are directed in the same
way, a combined treatment with iron and zinc did not show a
synergistic effect. There was no significant effect of the combined
treatment compared to the single effects of iron and zinc treat-
ment (Fig. 1A).

3.3. Zinc and iron supplementation lead to significantly lowered
production of IL-2 in MLC

Since the anticipated contrary effect of iron and zinc supple-
mentation could not be observed in the measurement of IFN-y
production the question arose if effects could be seen on other T-
cell-specific cytokines. IL-2 is a cytokine that is produced by acti-
vated T cells and therefore also represents the activation of cellular
immunity in allogenic immune reactions [23].

In the following experiment the influence of iron and zinc and
their chelators on the IL-2 production in MLC was determined.

Zinc treatment and iron treatment lead to a significantly low-
ered production of IL-2 compared to an untreated control, consis-
tent with their effects on the IFN-y production (Fig. 1B). As seen
in the [FN-y production no synergistic effect of iron and zinc treat-
ment can be seen. Single treatment with iron shows a significantly
lower production of IL-2 than the combined treatment of iron and
zinc (Fig. 1B). Thus, it can be estimated that iron has a stronger
influence on the IL-2 production or interferes with the cytokine
production in a different way than zinc does.

Iron deficiency induced by BIP lowers the production of IL-
2 significantly and shows no significant difference to treatment
with iron. Again, both agents have a suppressive effect, as seen on
the IFN-y expression. In contrast to that, chelation of zinc using
TPEN does not lead to a significant effect compared to the control,
while zinc supplementation suppresses the IL-2 production signif-
icantly. Hence, the antithetic effect between treatment with zinc
and zinc chelation remains consistent (Fig. 1B).Thus, it can be ob-
served that the effects of iron and zinc deficiency on cytokine pro-
duction are consistent between the assessment of IFN-y and IL-2
production.

3.4. Iron supplementation shows a significant decrease on IL-6
production in MLC

For further assessment of systemic inflammatory processes the
production of the proinflammatory and pyrogenic cytokine IL-6
was examined. IL-6 is holding a key role in the coordination of
inflammatory processes. Since IL-6 can be produced not only by
lymphocytes, but also by monocytes, examining the IL-6 produc-
tion shifts the focus from lymphocytes to all PBMC. Treatment with
iron led to a significantly lowered production of IL-6 in MLC com-
pared to an untreated control (Fig. 1C). Contrary to the observa-
tions in IL-2 and IFN-y measurement, treatment with zinc did not
significantly affect the IL-6 production (Fig. 1C).

3.5. Fe?tand Fe3t have significantly different effects on the IFN-y
and IL-2 production in MLC

Since iron in the human body is mainly bound to plasma pro-
teins and NTBI only occurs in pathophysiological conditions, the
oxidation state of NTBI is not well examined. Therefore, the ques-
tion arose if treatment with Fe3* would lead to different ef-
fects than observed in the treatment with Fe2t. Both Fetand
Fe3+twere administered as sulfate, using the same concentration,
thus all observed effects can be ascribed to the oxidation state of
iron.

Effects of Fe?t and Fe3+ admission in MLC were examined by
measurement of cytokine production. Treatment with Fe?* lead
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Fig. 1. Zinc and iron treatment significantly lower the expression of proinflammatory cytokines in MLC. PBMC were adjusted to 2x 105 cells/mL. PBMC were preincubated for
15 min with 50 «M zinc, 50 M iron (Fe?*), a combination of 50 M zinc and 50 pM iron, 2.5 M TPEN or 200 M BIP for 15 min or left untreated as a control. MLC were
generated and incubated for 4 days with indicated concentrations. (A) The production of IFN-y was measured by ELISA (n=13). (B) The production of IL-2 was measured by
ELISA (n=20). (C) The production of IL-6 was measured by ELISA (n=13). Results show mean values + SEM. Statistical significances were calculated by one-way ANOVA (A, B)
or mixed effects analysis (C) using Tukeys test as a post-hoc analysis for multiple pairwise comparisons among all treatment groups. Groups not sharing the same letter differ

significantly (P<.05).

to a significantly lowered production of IFN-y (Fig. 2A) and IL-2
(Fig. 2B) as shown in the previous experiments. On the contrary,
treatment with Fe3*+ did not show significant effects compared to
the untreated control. With regard to the production of IFN-y,
treatment with Fe3* even shows a slight increase in cytokine pro-
duction (Fig. 2B).

Contrary to the expectations, the effect of Fe3tis significantly
different from the observed effect of Fe2t and requires a further
examination.

3.6. Fe?+tand Fe3+ have significantly different effects on the
expression of IFN-y mRNA

To further elucidate the effects of Fe2+ and Fe3* on the IFN-
y production a RT-PCR analysis of the expression of IFN-y mRNA
was performed. The aim of this experiment was to see if the ef-
fect on cytokine production is already indicated on transcriptional
or post-transcriptional levels. Moreover, it was of interest to exam-
ine whether it might become visible that Fe2+chelation and sup-
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Fig. 2. Fe?* and Fe3* treatment have significantly different effects on cytokine pro-
duction in MLC. PBMC were adjusted to 2x10° cells/mL. PBMC were preincubated
with 50 uM Fe?*, 50 uM Fe3* for 15 min or left untreated as a control. MLC were
generated and incubated for 4 days with indicated concentrations. (A) The pro-
duction of IL-2 was measured by ELISA (n=6). (B) The production of IFN-y was
measured by ELISA (n=19). Results show mean values + SEM. Statistical signifi-
cances were calculated by one-way ANOVA (A) or mixed-effects analysis (B) using
Tukeys$ test as a post-hoc test for multiple pairwise comparisons among all treat-
ment groups. Groups not sharing the same letter differ significantly (P<.05).

plementation suppress the IFN-y production by different mecha-
nisms.

The PCR analysis results are consistent with the ELISA results.
Treatment with Fe2*significantly lowers the expression of IFN-y
mRNA (Fig. 3). BIP also decreased the IFN-y mRNA expression. In
contrast to that a slight increase in IFN-y mRNA expression, but
not significantly different to the control, is observed in treatment
with Fe3+,

Thus, the altered expression of IFN-y in treatment with
FeZ+and BIP measured in the ELISA experiments is consistent with
alterations in the expression of IFN-y mRNA. The consistency of
Fe2* and Fe3* effects in ELISA and PCR delivers further evidence

IFN-y mRNA
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Fig. 3. Iron deficiency and IFN-y production in MLC. Supplementation with
Fe?*and iron deficiency induced by BIP both have a suppressive effect on the ex-
pression of IFN-y mRNA in MLC. Treatment with Fe3* does not significantly alter
the expression of IFN-y mRNA. PBMC were adjusted to 2x 106 cells/mL. PBMC were
preincubated with 50 uM Fe%*, 50 M Fe3+, 200 M BIP for 15 min or left un-
treated as a control. MLC were generated and incubated for 4 days with indicated
concentrations. The relative expression of IFN-y mRNA (n=9) was investigated by
real-time PCR. Results show mean values + SEM. Statistical significances were cal-
culated by mixed-effects analysis using Tukeys$ test as a post-hoc test for multiple
pairwise comparisons among all treatment groups. Groups not sharing the same
letter differ significantly (P<.05).

that the effect of iron on PBMC is dependent on the oxidation
state.

3.7. Iron uptake in PBMC is increased in supplementation with Fe3+

With regard to the discrepancy of Fe?* and Fe3+ effects it was
necessary to clarify if iron uptake into PBMC was successful with
both substances. Fe3* did not show an effect on the IFN-y pro-
duction that was significant to the control, therefore the question
arose if Fe3+ could be taken up into PBMC. If uptake of Fe3* into
PMBC was not possible at all or at least impaired, it would provide
a direct explanation for the missing effect on the IFN-y produc-
tion. For clarification an ICP-MS measurement of cellular iron after
supplementation was performed.

The measurement of iron-uptake showed that treatment with
Fe+ and Fe3* lead to a significant increase in cellular iron, respec-
tively (Fig. 4). In opposition to the hypothesis, the cellular uptake
of Fe3+ is significantly higher than the uptake of Fe?*,

In the scope of these results, it becomes evident that the differ-
ent effects of Fe2+ and Fe3+t cannot be explained by a lack of iron
uptake in Fe3* treated PBMC. Hence, further examinations were
needed to elucidate the underlying mechanisms.

3.8. Stimulation with Fe3*increases the intracellular Fe2+and Fe3+
ratio

It was necessary to clarify the impacts on the intracellular Fe2+
and Fe3* ratio, to further investigate the different Fe2* and Fe3*
effects on immune function in PBMC. Since our previous exper-
iments have shown, that uptake into PBMC was successful with
both substances, the question arose if the intracellular ratio Fe**
and Fe3* might be altered. For further clarification a speciation of
intracellular iron by HPLC-ICP-MS was performed.
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Fig. 4. Impact of Fe?* and Fe3* treatment on the intracellular free iron concentra-
tion. 1x10® PBMC of healthy donors were incubated for 4 days with 50 uM Fe?*,
50 M Fe3*, 200 M BIP or left untreated as control. The total intracellular iron
amount was analyzed by inductively coupled-plasma mass-spectrometry (ICP-MS)
(n=4). Results show mean values + SEM. Statistical significances calculated by one-
way ANOVA using Tukeys test as a post-hoc test for multiple pairwise comparisons
among all treatment groups. Groups not sharing the same letter differ significantly
(P<.05).
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Fig. 5. Impact of Fe?* and Fe3* treatment on the intracellular Fe?* and Fe3* ratio.
1x10% PMBC of healthy donors were incubated for 4 days with 50 uM Fe?*, 50 uM
Fe3+, or left untreated as control (C). (A) The intracellular Fe**[Fe* ratio was quan-
tified by ICP-MS (n=6). (B) Mean relative proportions of Fe** and Fe** are shown.
Data represent mean + SEM. Statistical significance was assessed by Friedmans$ test
with Dunnett’s post-hoc test (*P<.05, **P<.01).

In untreated PBMC the intracellular iron species is predomi-
nantly Fe2*t, resulting in a Fe3*/Fe?* ratio below 1. After supple-
mentation with FeZ*, there is a significant increase of intracellu-
lar Fe3*. The Fe3*+/Fe2+ ratio is shifted towards a dominance of
Fe3* (Fig. 5A). Stimulation with Fe3* also shows a reversal of the
Fe3+/Fe?* ratio in comparison to the control. The ratio of Fe3+/FeZ*+
is significantly higher in Fe3* stimulation compared to stimulation
with Fe?*+ (Fig. 5A).

Therefore alterations in the intracellular ratio of Fe?+ and Fe3+
might provide an explanation for the observation of different ef-
fects of Fe?+ and Fe3+.

3.9. Fe2* effect can be simulated by using sodium sulfite

Since the treatment with Fe?* and Fe3* was conducted un-
der the same conditions, the only difference in both treatments is
found in the oxidation status of the iron ion. The previous experi-
ment also clarified that both iron species can be taken up well by
PBMC, while Fe3+ shows an even better uptake than Fe%*.

Hence, we analyzed, if replacement of Fe?* and Fe3* by other
electron donors and electron acceptors would still result in the
same effects. We hypothesized that Fe?* might act as an oxidant
and might disturb the cytokine production by applying oxidative
stress to the cells. To verify whether this might be the case, a com-
parison to other oxidants was necessary. In the following experi-
ment sodium sulfite and ascorbic acid were used as electron donor
and electron acceptor, respectively.

Treatment with sodium sulfite led to a significantly decreased
production of IFN-y compared to the control (Fig. 6A). There was
no significant difference to the treatment with Fe2t. Going along
with our hypothesis, the effect of Fe?* could be simulated by the
use of another oxidant.

Contrary to expectation, treatment with ascorbic acid signifi-
cantly decreased the production of IFN-y as well (Fig. 6A). This is
disaccording to the Fe3*, which is not significantly affecting IFN-y
levels.

The experiment was performed again using nicotinamide and
potassium chlorate as alternative electron donators. Both, nicoti-
namide and potassium chlorate did not lower the IFN-y produc-
tion significantly (Fig. 6B). This is consistent with the results ob-
served with Fe3*. This might support our hypothesis, that ascorbic
acid has a special influence on immunity and was not suitable as a
random electron acceptor. Thus, it can be assumed that the effects
seen with FeZ+ and Fe3* are due to oxidative effects. Fe2+, show-
ing an effect comparable to sodium sulfite, is most likely acting as
an electron donator. Since Fe3* is an electron acceptor, the effects
on the cytokine production seen with FeZ+ are not replicable with
Fe3+ as well as with other electron acceptors.

3.10. Treatment with Fe3* significantly enhances expression of Zip8
mRNA

Since we demonstrated differences in iron uptake in Fe?* and
Fe3+ supplementation of PBMC, there might be changes in the
expression of metal transporters. The Zip transporter family is a
group of transmembrane transporters enabling the influx of zinc,
iron, manganese, and cadmium. Previous studies have also indi-
cated that Zip8 is likely involved in the regulation of IFN-y expres-
sion [24]. Thus, Zip8 being in the interface of cytokine and metal
uptake regulation, was an important target for investigation. We
hypothesized that a decrease in Zip8 expression might provide an
explanation for lowered IFN-y levels in the expression of Zip8 in
FeZt+ treatment or iron chelation. Not according to our hypothesis,
both FeZ+ and BIP do not significantly affect the expression of Zip8
mRNA. Downregulation of IFN-y in a Zip8 dependent manner can
therefore be excluded as a possible explanation for altered cytokine
production in dysregulation of the iron status.

In contrast, treatment with Fe3* was associated with increased
Zip8 mRNA, which may contribute to the observed increase in iron
uptake (Fig. 7).
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Fig. 6. Electron donation and IFN-y production in MLC. Influence of zinc, iron
(Fe?t), iron (Fe3*), ascorbic acid and sodium sulfite incubation on IFN-y produc-
tion in MLC. (A) PBMCs were preincubated for 15 min with 50 uM Zn>*, 50 uM
Fe>*, 50 uM Fe**, 0.5 mM ascorbic acid (Asc), or 1 mM sodium sulfite (Na,SOs3),
or left untreated (control). (B) Separate PBMC cultures were treated with 50 uM
Zn?*, 50 uM Fe?t, 50 uM Fe’*, 250 uM nicotinamide (NAD), or 100 uM potassium
chlorate (KClO3), or left untreated (control). MLCs were generated and incubated
for 4 days. IFN-y production was measured by ELISA (n=13). Data represent mean
+ SEM. Statistical significance was determined by one-way ANOVA (A) or mixed-
effects analysis (B) with Tukey$ post-hoc test for multiple pairwise comparisons
among all treatment groups.; groups not sharing the same letter differ significantly
(P<.05).
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Fig. 7. Treatment with Fe3* significantly enhanced the expression of Zip8 mRNA
in MLC. Fe?* treatment did not significantly affect the expression of Zip8 mRNA.
PBMC were adjusted to 2x 106 cells/mL. PBMC were preincubated with 50 M Fe?*,
50 M Fe3+, 200 uM BIP for 15 min or left untreated as a control. MLC were gener-
ated and incubated for 4 days with indicated concentrations. The relative expression
of Zip8 mRNA (n=5) was investigated by real-time PCR. Results show mean val-
ues + SEM. Statistical significances calculated by one-way ANOVA using Tukeys$ test
as a post-hoc test for multiple pairwise comparisons among all treatment groups.
Groups not sharing the same letter differ significantly (P<.05).

3.11. Zinc Effects Differ Between MLC and PHA-Stimulated PBMC
While Iron Effects Remain Consistent

In the previous experiments all effects of zinc and iron treat-
ments have been shown in MLC as a stimulation model. To further
discriminate T-cell activation model dependent effects from inde-
pendent effects, stimulation with PHA was consulted as an alter-
native model of T-cell activation. PHA is a plant lectin that binds
and unspecifically activates lymphocytes.

Preincubation with zinc did not show a suppression of the IFN-
y production in PHA-stimulated PBMC, while preincubation with
the zinc-chelator TPEN significantly lowered the production of IFN-
y (Fig. 8). The effects of zinc supplementation and chelation ap-
pear to be reversed in the PHA-stimulation. Thus, it can be as-
sumed that the effect observed in MLC is depended on the T-cell
activation model used. Preincubation with Fe?* leads to a signif-
icant decrease of IFN-y production in PHA-stimulated PBMC, as
previously seen in MLC as well. Fe3+ does not induce a significant
reduction in IFN-y production (Fig. 8), consistent with the obser-
vations in MLC. Since a change in the inflammation model did not
alter the effects of Fe2t and Fe3*, a rather independent effect can
be assumed. Chelation of divalent iron by BIP did not significantly
lower the production of IFN-y in PHA stimulated PBMC, while it
had a strong suppressive effect on the IFN-y production in MLC.
Nevertheless, a slight decrease can be seen in the PHA-stimulation
as well. Thus, it can be assumed, that iron deficiency has a stronger
impact on cells in the MLC than in PHA-stimulation. This provides
the first difference in effects of Fe2+ and BIP treatment we could
observe in our experiments.

4. Discussion

In this study we investigated the interaction of iron and zinc in
MLC and stimulations with PHA.
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Fig. 8. Treatment with Fe?* has a suppressive effect on the production of IFN-y in
PHA-stimulated PBMC. PBMC were adjusted to 1x106 cells/mL. PBMC were prein-
cubated with 50 uM zinc, 50 uM Fe?+, 50 uM Fe3+, 2.5 M TPEN or 200 M BIP
for 15 min or left untreated as a control. PBMC were incubated for 48 h with the
indicated concentrations. The production of IFN-y was measured by ELISA (n=12).
Results show mean values + SEM. Statistical significances calculated by one-way
ANOVA using TukeysS test as a post-hoc test for multiple pairwise comparisons
among all treatment groups. Groups not sharing the same letter differ significantly
(P<.05).

Previous studies by Bryan et al. have shown a dose-related im-
pairment of the MLC response after treatment with iron citrate
[24]. Until now, the alteration in cytokine production by iron in
MLC has not been assessed. Furthermore, citrate itself has an im-
munosuppressive effect in MLC [25]. We have shown that zinc
and iron treatment significantly lowered the production of IFN-y
and IL-2 in MLC, respectively. IFN-y is a typical cytokine produced
by Th1 cells, which are responsible for the allogenic immune re-
sponse. Hence, the observed decrease in IFN-y expression indi-
cates that the allogenic reaction in MLC is dampened or even par-
tially suppressed in Fe?t and zinc treatment. Not according to our
hypothesis that zinc and iron might show antagonistic effects, here
it becomes evident that both effects on the IFN-y production are
rather suppressive. However, it can not be assumed that zinc and
iron affect immunity in the same way.

Since we could demonstrate a drastic lowering of IL-2 produc-
tion and a significant suppression of IL-6 production in MLC after
treatment with Fe?+ as well, it appears that Fe?*has a more gen-
eral suppressive effect on the cytokine production. Nevertheless, a
reduction in cell count or cell viability does not provide a possi-
ble explanation for the general suppression in cytokine production
since we performed viability tests and counted the cells after the
incubation (supplementary data). Also, we tested for differences in
the expression of different T-cell subpopulations by examination
of subpopulation specific transcription factors (data not shown). A
significant change in T helper cell subpopulations could not be ob-
served and does therefore not provide an explanation for the ob-
served effects of Fe?+ treatment.

We also investigated the expression of IL-6 as a marker for
monocytes and macrophages to include all cellular subtypes in
PBMC into the study and also emphasize crosstalk between cell
types. IL-6 is a cytokine that is particularly expressed in the early
phase of infections and is responsible for the coordination of the
systemic response to infections, including upregulation of the body
temperature and acute phase proteins. Although IL-6 is primarily
produced by monocytes and macrophages, its secretion is linked
to cytokine crosstalk and T-cell activation [26].

The present data demonstrates that iron administration shows
a significant decrease in IL-6, while zinc treatment does not. A
possible explanation could be that zinc alters the expression of
Th1-cytokines by induction of regulatory T cells [27]. This would
only alter the balance between Th-cell cytokines and therefore
does not have a generalized effect on the cytokine production. Iron
might inhibit cytokine production by a less specific mechanism
and therefore shows a generalized suppressive effect on the ex-
pression of various cytokines.

Thus, the generalized suppression of cytokine production in
iron overload that we observed in our experiments agrees well
with the observations in clinical studies that identified severe in-
fections as a major risk in iron overload [6,28]. Especially, distur-
bances in the IL-6 production may explain a tendency towards de-
velopment of bloodstream infections and sepsis, because the coor-
dination of the early infection stage is affected.

Another important difference between the FeZ+ and zinc effect
in MLC and PHA-stimulated PBMC can be seen in our chelation
experiments, functioning as a comparative model for iron and zinc
deficiency. In the MLC a chelation of zinc, using the zinc chela-
tor TPEN leads to a slight, but not significant increase in the pro-
duction of proinflammatory cytokines, while treatment with zinc
significantly lowers the production of IL-2 and IFN-y. Thus, an an-
tithetic effect of zinc supplementation and zinc deficiency, as ob-
served in previous studies [29], can be seen in our MLC experi-
ments as well. In the PHA-stimulation these effects were reversed.
PBMC stimulated with PHA show a significant suppression of IFN-
y production when treated with TPEN, while zinc supplementa-
tion does not induce a significant effect. This underlines on the
one hand that the zinc effect differs between different stimula-
tion models, but on the other hand that the zinc effect likely fol-
lows specific pathways and is not generalized. Also, a clear antag-
onism between zinc supplementation and zinc deficiency can be
observed.

Considering Fe2* and the divalent iron chelator BIP no an-
tithetic effect can be observed. Both, Fe?t supplementation and
iron deficiency induce a significant lowering of the IFN-y produc-
tion in MLC. Moreover, the Fe?* effect remains consistent in PHA-
stimulated PBMC, whereas BIP does not significantly affect the IFN-
y levels in PHA-stimulation. Still, a slight lowering of IFN-y pro-
duction in PHA-stimulated PBMC can be observed after incubation
with BIP.

The divergence of the BIP effect between MLC and PHA mod-
els can be explained by the difference of the stimulation model
itself. MLC represents a physiological cell response to antigens and
therefore is more sensitive to metabolic disruptions such as a lim-
itation in trace element availability. In contrast to that PHA stim-
ulation represents a strong, non-specific activation that can over-
ride metabolic limitations. The pronounced suppression in the MLC
model can therefore highlight the importance of iron-dependent
reactions under physiological conditions, that might not be cap-
tured by strong activation models such as PHA stimulation. These
observations underline that it is crucial to observe immunomodu-
latory effects under physiological conditions, since aggressive stim-
ulation can wash out sensitive metabolic effects.

To observe effects under physiological conditions it was also
important that all supplements remained present in the medium
for the whole culture period, as trace metal excess or deficiency
in the serum rather represents a persistent extracellular stimulus
over time than a short term fluctuation. Moreover this supports
the hypothesis that the observed effects can be explained by more
complex redox reactions rather than transient uptake effects.

Previous studies indicate that T-lymphocytes have an increased
iron demand after their activation and are functionally impaired
by iron scarcity. Iron deficiency appeared to disturb several sig-
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naling pathways including those for histone demethylation. Thus,
lymphocyte gene expression might be altered in iron deficiency
[30]. Studies that put lymphocytes in intracellular iron deficiency
by blocking of transferrin receptors could show that T-cell prolif-
eration and differentiation can be inhibited by iron deficiency [31].
A possible underlying mechanism could be inhibition of DNA syn-
thesis, as previously shown [32].

Since a variety of enzymes converting Fe?t to Fe* and vice
versa are known, it is widely accepted that serum iron is in a dy-
namic balance [33]. Therefore, different effects of treatment with
Fe2* and Fe3+ would not be expected. Still the present data clearly
shows significantly distinct outcomes depending on the oxidation
state of iron.

Since Fe?* can function as an electron donator, we further ex-
amined whether the effects seen with Fe2* can be replicated with
other electron donators. The consistency within the observations in
MLC and PHA-stimulation support the hypothesis of a model inde-
pendent effect of Fe2t. Qur experiments have shown that sodium
sulfite, in its function as an alternative electron donator, can in-
duce a decrease in IFN-y production, that resembles the effect
seen with Fe?* administration. Thus, suppression of cytokine pro-
duction by Fe2t donating electrons delivers a possible explanation.
Electron donation to oxygen can lead to formation of reactive oxy-
gen species, that cause oxidative stress. Immune cells are prone to
be affected by oxidative stress, leading to disturbances in protein
and gene expression and eventually cell death. Liu et al. have al-
ready shown in an animal model that excessive nutritional iron in-
take will lead to oxidative damage on immunological organs such
as the spleen and lymph nodes and might therefore impair the sys-
temic immune function [34].

Flescher et al. have shown that oxidative stress leads to sup-
pression of cytokine production in lymphocytes by impairment of
DNA-binding of the transcription factors NF-«B, AP-1 and NFAT.
These transcription factors are crucial in the regulation of IL-2 pro-
duction, which was suppressed by Fe2*t in our experiments as well
[35].

In the synopsis of previous studies and our results, it becomes
evident that a tight regulation of serum iron levels is crucial to the
function of the immune system. Iron deficiency negatively affects
the immune function as well as excess iron does.

To further evaluate the contribution of redox-balance to cy-
tokine production, we examined antioxidant compounds.

Due to high percentages of polyunsaturated fatty acids in the
cell membrane immune cells contain a higher amount of intra-
cellular antioxidants than other cells [36]. Ascorbic acid is well
known to influence immune function in various ways, for instance
by modulation of gene expression in lymphocytes [37]. It is one
of the most common intracellular antioxidants in the human body.
Therefore, the observed effect might be caused by confounding fac-
tors.

Ascorbic acid can counteract the activation of NFxB through ox-
idative stress and therefore lead to anti-inflammatory effects and
reduce the production of proinflammatory cytokines [38]. This pro-
vides an explanation why ascorbic acid treatment led to a low-
ered cytokine production in our experiments while other antiox-
idants did not show significant effects on the cytokine production.
Nevertheless, it might be of interest for further studies to exam-
ine whether supplementation with ascorbic acid as an intracellular
acting antioxidant might alleviate the immunological impairment
going along with iron overload.

In our study comparison to other electron acceptors, not known
to be immunomodulating, was conducted in order to clarify that
the suppression seen in ascorbic acid treatment was caused by in-
dependent factors. The use of sodium sulfite also has its limita-
tions, since the substance is known to exhibit cytotoxicity. Further

investigations with other antioxidant substances could help clarify
if the observed effects can be explained by antioxidative capacities
only.

Even though zinc does not have antioxidative capacities on its
own, zinc could still provide beneficial effects on oxidative stress
in iron overload in vivo. Since zinc is an important co-factor of
many enzymes, including various enzymes involved in the antioxi-
dant system response [39]. These effects might not have been vis-
ible in the MLC, since the time span of four days is rather short
and only isolated PBMC were examined. Our results show that
both zinc and Fe2t reduce the expression of IL-2 significantly, but
still the IL-2 cytokine levels in Fe2+ treated PBMC are significantly
lower than in the zinc treatment. With regard to the literature, this
might be explained by different mechanisms causing the same ef-
fect. Fe2* appears to be rather immune suppressive [40] while zinc
only dampens overshooting cytokine production by strong immune
activation [41]. Therefore, patients in iron overload might still ben-
efit from a moderately dosed zinc supplementation, since zinc is
known to counteract immune overshoot, without acting immune
suppressive.

Our experiments show significant differences in the IFN-y ex-
pression between PBMC treated with Fe2* and PBMC treated with
Fe3+in the MLC as well as in stimulation with PHA. Set into con-
text with the literature, it can be assumed that the different effects
are linked to the oxidation state of iron. Still, we focused on find-
ing alternative explanations for the observed phenomenon, such as
differences in the uptake and alterations in Zip8 expression.

We have shown an increase of iron uptake into PBMC after in-
cubation with Fe3t compared to Fe2*incubation. Previous studies
have already shown that T-lymphocytes preferentially take up NTBI
in a manner that resembles hepatocytes [42]. This underlines that
the immune system can be counted as an organ being affected
by situations of iron overload. Descriptions by Pinto et al. are go-
ing even further and describe T-lymphocytes as a “circulating NTBI
storage compartment* involved in the regulation of tissue iron lev-
els in iron overload [43]. The studies by Pinto and Arezes used
Fe(Ill)citrate for their simulation of NTBI in iron overload and thus
refer to the uptake of Fe3* as well [43]. However, a potential cit-
rate effect, as described previously [25], was ignored.

Previous studies by Aydemir et al. have shown that the zinc
transporter Zip8 plays an important role in the regulation of IFN-y
expression [44]. Our experiments show that incubation with Fe3+
leads to a significantly enhanced expression of Zip8 mRNA. This
might indicate that the underlying mechanisms of the different
Fe2* and Fe3* effects on the IFN-y production might be found on
transcriptional or post-transcriptional levels and require further ex-
amination. Since the mRNA expression does not necessarily corre-
late with protein expression, function and activity, further analysis
of protein-levels or functional assays would be needed to confirm
this hypothesis. Moreover, an enhancement of Zip8 transporter ex-
pression might on the one hand explain, why PBMC show higher
intracellular iron levels when treated with Fe3* compared to Fe?*.
On the other hand, a higher Zip8 expression also facilitates the up-
take of zinc and other trace elements into PBMC. Thus, a variety of
intracellular pathways may be influenced. Since Zip8 is only one of
various transmembrane transporters involved in intracellular zinc
and iron uptake, a differential analysis of Zip transporters could
further elucidate changes in metal influx.

With regards to the fact that all of our performed experiments
were in vitro experiments, using isolated PBMC, it is important to
know the limitations of our results. The mixed lymphocyte cul-
ture serves as a standard model for allogenic immune response
and transplantation. Therefore, it is a well-fitting cellular model
and may even be representative for stem cell or bone marrow
transplantation. Since iron uptake and storage in the human body
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is regulated by various mechanisms, the effects seen on isolated
PBMC may differ in whole blood or animal models. Particularly
the small intestine and the liver are involved in the regulation of
the iron homeostasis, for example by expression of the proteohor-
mone hepcidin. Still the continuity of the Fe?* and Fe3* effects in
MLC and PHA-stimulations indicate, that the effects are indepen-
dent from the use of MLC as stimulation model. Thus, it can be
assumed that once iron excess might affect immune function as
shown in our experiments, as soon as iron accumulation exceeds
the systemic regulation mechanisms. Nevertheless, further exam-
ination of the immunological impact of Fe?* and Fe3* in animal
models might be of interest with regard to involving systemic reg-
ulation mechanisms.

The clinical studies by Soofi et al., that showed an increase in
morbidity caused by baseless iron supplementation [5] refer to oral
supplementation of iron, which is in most cases an application of
Fe*. This is consistent with our findings, that show a decrease
in cytokine production under Fe* administration. With regards to
the results of our experiments, it could be assumed that appli-
cation of Fe3*, would not lead to an increase in infections. Since
Fe3*+has a poor bioavailability, supplementation of Fe3* means in-
travenous iron supplementation. A systematic review and meta-
analysis of clinical studies comparing intravenous to oral iron ap-
plication, shows a significantly elevated risk of infection in treat-
ment with intravenous iron [45].

This is not consistent with our findings, since cytokine produc-
tion was not significantly impaired in Fe3+ treated PBMC. Never-
theless, it must be taken into consideration, that intravenous iron
replacement is primarily used in cases of severe iron deficiency, as
seen in malignant and chronic inflammatory diseases or patients
undergoing hemodialysis. Therefore, the patient collectives receiv-
ing intravenous iron therapy might already be more prone to infec-
tions than the patient collectives that received oral iron treatment.

Besides host immunity effects, alterations in the availability of
iron can may as well benefit pathogens through mechanisms of
nutritional immunology.

In some clinical studies, more frequent and systemic infections
are explained by principles of nutritional immunity, underlining
that increased serum iron may provide nutritional benefits for bac-
teria and enhance bacterial growth [46]. In addition to that our
results can provide evidence that the cellular immune response is
impaired as well. Moreover, important acute phase proteins such as
caeruloplasmin and hepcidin, being crucial to the nutritional (iron)
deprivation of pathogens are excreted in an IL-6 dependent man-
ner. Since iron overload impairs the expression of IL-6, already el-
evated iron levels cannot be chelated in the early infection phase
and enable bacterial growth.

In the synopsis of an impairment of innate and adaptive im-
mune function and an increased potential for bacterial growth, it
becomes evident, that iron supplementation should always have
an indication and requires observation that early infections are not
overlooked.

In conclusion our results show that zinc and iron both have
suppressive effects on the cytokine production in MLC, which
might be due to different underlying mechanisms. We showed that
the effects of incubation with iron on MLC is dependent on the
oxidation status of iron. Oxidative effects might provide a possible
explanation for this phenomenon, but still the underlying mecha-
nisms are not fully elucidated and need further examination. Nev-
ertheless, it becomes clear that iron overload and iron supplemen-
tation require tight observations because adverse immunological
effects might occur. Zinc treatment does not act immunosuppres-
sive, but enhances the antioxidative capacities of the immune sys-
tem and might therefore be helpful in stabilizing immune function
in iron overload.

Future studies integrating in vivo models and patient data will
be essential to confirm these mechanisms and to define safe ther-
apeutic ranges for iron and zinc supplementation.

Declaration of competing interest
The authors declare that there are no conflicts of interest.
CRediT authorship contribution statement

Evelyn Fast: Writing - review & editing, Writing - original
draft, Visualization, Validation, Methodology, Investigation, For-
mal analysis, Data curation, Conceptualization. Jana Jakobs: Writ-
ing - review & editing, Visualization, Validation, Supervision,
Methodology, Formal analysis, Data curation, Conceptualization.
Jens Bertram: Writing - review & editing, Methodology, Investi-
gation. Inga WeRels: Writing - review & editing, Methodology, In-
vestigation. Judith Sailer: Writing - review & editing, Methodol-
ogy, Investigation. Bernhard Michalke: Writing - review & editing,
Methodology. Lothar Rink: Writing - review & editing, Validation,
Supervision, Resources, Project administration, Methodology, For-
mal analysis, Data curation, Conceptualization.

Acknowledgments

The authors thank Gabriela Engelhardt and Silke Hebel for ex-
cellent technical assistance. The graphical abstract was created by
BioRender.

Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at doi:10.1016/j.jnutbio.2025.110194.

References

[1] Cazzola M, Bergamaschi G, Dezza L, Arosio P. Manipulations of cellular iron
metabolism for modulating normal and malignant cell proliferation: achieve-
ments and prospects. Blood 1990;75(10):1903-19.

[2] Shander A, Cappellini MD, Goodnough LT. Iron overload and toxicity: the hid-
den risk of multiple blood transfusions. Vox Sang 2009;97(3):185-97.

[3] Malyszko ], Levin-laina N, Mysliwiec M, Przybylowski P, Durlik M. Iron
metabolism in solid-organ transplantation: how far are we from solving the
mystery? Pol Arch Med Wewn 2012;122(10):504-11.

[4] Weiss G, Meusburger E, Radacher G, Garimorth K, Neyer U, Mayer G. Effect
of iron treatment on circulating cytokine levels in ESRD patients receiving re-
combinant human erythropoietin. Kidney Int 2003;64(2):572-8.

[5] Soofi S, Cousens S, Igbal SP, Akhund T, Khan ], Ahmed I, et al. Effect of pro-

vision of daily zinc and iron with several micronutrients on growth and mor-

bidity among young children in Pakistan: a cluster-randomised trial. Lancet
2013;382(9886):29-40.

Singh N, Wannstedt C, Keyes L, Mayher D, Tickerhoof L, Akoad M, et al. Hepatic

iron content and the risk of Staphylococcus aureus bacteremia in liver trans-

plant recipients. Prog Transplant 2007;17(4):332-6.

[7] Tung BY, Farrell FJ, McCashland TM, Gish RG, Bacon BR, Keeffe EB, et al.
Long-term follow-up after liver transplantation in patients with hepatic iron
overload. Liver Transpl Surg 1999;5(5):369-74.

[8] Pullarkat V, Blanchard S, Tegtmeier B, Dagis A, Patane K, Ito ], et al. Iron over-
load adversely affects outcome of allogeneic hematopoietic cell transplanta-
tion. Bone Marrow Transplant 2008;42(12):799-805.

[9] Rosenkranz E, Metz CH, Maywald M, Hilgers RD, Wessels I, Senff T, et al. Zinc
supplementation induces regulatory T cells by inhibition of sirt-1 deacetylase
in mixed lymphocyte cultures. Mol Nutr Food Res 2016;60(3):661-71.

[10] Kulik L, Maywald M, Kloubert V, Wessels I, Rink L. Zinc deficiency drives
Th17 polarization and promotes loss of treg cell function. | Nutr Biochem
2019;63:11-18.

[11] Maywald M, Meurer SK, Weiskirchen R, Rink L. Zinc supplementation aug-
ments TGF-betal-dependent regulatory T cell induction. Mol Nutr Food Res
2017;61:3.

[12] Kaminski M, Kregielska-Narozna M, Bogdanski P. Determination of the pop-
ularity of dietary supplements using Google Search rankings. Nutrients
2020;12:4.

[13] Wessels I, Fischer HJ, Rink L. Dietary and physiological effects of zinc on the
immune system. Annu Rev Nutr 2021;41:133-75.

[6


https://doi.org/10.1016/j.jnutbio.2025.110194
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0001
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0002
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0003
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0004
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0005
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0006
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0007
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0008
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0009
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0010
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0011
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0012
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0013

12 E. Fast, J. Jakobs, J. Bertram et al./Journal of Nutritional Biochemistry 149 (2026) 110194

[14] Dunkelberg S, Maywald M, Schmitt AK, Schwerdtle T, Meyer S, Rink L. The in-
teraction of sodium and zinc in the priming of T cell subpopulations regarding
Th17 and treg cells. Mol Nutr Food Res 2020;64(2):e1900245.

[15] Kondaiah P, Aslam MF, Mashurabad PC, Sharp PA, Pullakhandam R. Zinc in-
duces iron uptake and DMT1 expression in caco-2 cells via a PI3K/IRP2 depen-
dent mechanism. Biochem ] 2019;476(11):1573-83.

[16] Campo CA, Wellinghausen N, Faber C, Fischer A, Rink L. Zinc inhibits the mixed
lymphocyte culture. Biol Trace Elem Res 2001;79(1):15-22.

[17] Overbeck S, Uciechowski P, Ackland ML, Ford D, Rink L. Intracellular zinc
homeostasis in leukocyte subsets is regulated by different expression of zinc
exporters ZnT-1 to ZnT-9. ] Leukoc Biol 2008;83(2):368-80.

[18] Livak K], Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) method. Methods
2001;25(4):402-8.

[19] Solovyev N, Vinceti M, Grill P, Mandrioli ], Lunetta C, Conte A, Michalke B. Re-
dox speciation of iron, manganese and copper in cerebrospinal fluid by strong
cation exchange chromatography - sector field inductively coupled plasma
mass spectrometry. Anal Chim Acta 2017;973:25-33.

[20] Danzer SG, Kirchner H, Rink L. Cytokine interactions in human mixed lympho-
cyte culture. Transplantation 1994;57(11):1638-42.

[21] Faber C, Gabriel P, Ibs KH, Rink L. Zinc in pharmacological doses suppresses
allogeneic reaction without affecting the antigenic response. Bone Marrow
Transplant 2004;33(12):1241-6.

[22] Ollig ], Kloubert V, Taylor KM. Rink L. B cell activation and proliferation in-
crease intracellular zinc levels. ] Nutr Biochem 2019;64:72-9.

[23] Danzer SG, aCampo C, Rink L. Interferon-gamma plays a key role in the hu-
man mixed lymphocyte culture. Bone Marrow Transplant 1996;18(5):991-
996.

[24] Bryan CF, Nishiya K, Pollack MS, Dupont B, de Sousa M. Differential inhibi-
tion of the MLR by iron: association with HLA phenotype. Immunogenetics
1981;12(1-2):129-40.

[25] Weisenfeld SR, Jakobs ], Rink L. The influence of zinc and citrate on T cell
activation and differentiation in mixed lymphocyte cultures. Mol Nutr Food
Res 2023;67(15):e2200772.

[26] Dienz O, Rincon M. The effects of IL-6 on CD4 T cell responses. Clin Immunol
2009;130(1):27-33.

[27] Maywald M, Rink L. Zinc supplementation induces CD4(+)CD25(+)Foxp3(+)
antigen-specific regulatory T cells and suppresses IFN-gamma production by
upregulation of Foxp3 and KLF-10 and downregulation of IRF-1. Eur ] Nutr
2017;56(5):1859-69.

[28] Tung BY, Kowdley KV. Clinical management of iron overload. Gastroenterol
Clin North Am 1998;27(3):637-54.

[29] Baarz BR, Laurentius T, Wolf ], Wessels I, Bollheimer LC, Rink L. Short-term
zinc supplementation of zinc-deficient seniors counteracts CREMalpha - medi-
ated IL-2 suppression. Immun Ageing 2022;19(1):40.

[30] Teh MR, Frost JN, Armitage AE, Drakesmith H. Analysis of iron and
iron-interacting protein dynamics during T-cell activation. Front Immunol.
2021;12:714613.

[31] Brekelmans P, van Soest P, Leenen PJ, van Ewijk W. Inhibition of proliferation
and differentiation during early T cell development by anti-transferrin receptor
antibody. Eur ] Immunol 1994;24(11):2896-902.

[32] Neckers LM, Cossman ]. Transferrin receptor induction in mitogen-stimu-
lated human T lymphocytes is required for DNA synthesis and cell division
and is regulated by interleukin 2. Proc Natl Acad Sci USA. 1983;80(11):
3494-3498.

[33] Helman SL, Zhou J, Fuqua BK, Lu Y, Collins JF, Chen H, et al. The biology of
mammalian multi-copper ferroxidases. Biometals 2023;36(2):263-81.

[34] Liu X, Zhao ], Zhang L, Lu ], Lv X, Liu C, et al. Effects of different doses of
excessive iron in diets on oxidative stress in immune organs of sheep. Biol
Trace Elem Res 2020;197(2):475-86.

[35] Flescher E, Tripoli H, Salnikow K, Burns FJ. Oxidative stress suppresses
transcription factor activities in stimulated lymphocytes. Clin Exp Immunol
1998;112(2):242-7.

[36] Knight JA. Review: free radicals, antioxidants, and the immune system. Ann
Clin Lab Sci 2000;30(2):145-58.

[37] Carr AC, Maggini S. Vitamin C and immune function. Nutrients 2017;9:11.

[38] Gegotek A, Skrzydlewska E. Antioxidative and anti-inflammatory activity of
ascorbic acid. Antioxidants (Basel) 2022;11:10.

[39] Prasad AS, Bao B. Molecular mechanisms of zinc as a pro-antioxidant mediator:
clinical therapeutic implications. Antioxidants (Basel) 2019;8:6.

[40] Walker EM Jr, Walker SM. Effects of iron overload on the immune system. Ann
Clin Lab Sci 2000;30(4):354-65.

[41] Wessels I, Rink L. Micronutrients in autoimmune diseases: possible therapeutic
benefits of zinc and vitamin D. ] Nutr Biochem 2020;77:108240.

[42] Arezes ], Costa M, Vieira I, Dias V, Kong XL, Fernandes R, et al. Non-trans-
ferrin-bound iron (NTBI) uptake by T lymphocytes: evidence for the selec-
tive acquisition of oligomeric ferric citrate species. PLoS One 2013;8(11):
e79870.

[43] Pinto JP, Arezes ], Dias V, Oliveira S, Vieira I, Costa M, et al. Physiological im-
plications of NTBI uptake by T lymphocytes. Front Pharmacol 2014;5:24.

[44] Aydemir TB, Liuzzi JP, McClellan S, Cousins R]. Zinc transporter ZIP8 (SLC39A8)
and zinc influence IFN-gamma expression in activated human T cells. ] Leukoc
Biol 2009;86(2):337-48.

[45] Litton E, Xiao ], Ho KM. Safety and efficacy of intravenous iron therapy in re-
ducing requirement for allogeneic blood transfusion: systematic review and
meta-analysis of randomised clinical trials. BM] 2013;347:f4822.

[46] Cross JH, Bradbury RS, Fulford A], Jallow AT, Wegmuller R, Prentice AM,
et al. Oral iron acutely elevates bacterial growth in human serum. Sci Rep
2015;5:16670.


http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0014
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0015
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0016
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0017
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0018
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0019
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0020
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0021
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0022
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0023
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0024
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0025
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0026
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0027
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0028
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0029
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0030
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0031
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0032
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0033
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0034
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0035
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0036
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0037
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0038
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0039
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0040
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0041
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0042
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0043
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0044
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0045
http://refhub.elsevier.com/S0955-2863(25)00356-0/sbref0046

	Zinc, Fe2+, and Fe3+ differentially influence IFN-g production in human peripheral blood mononuclear cells
	1 Introduction
	2 Material and methods
	2.1 Cell donor characteristics
	2.2 Choice of cell models
	2.3 Preliminary testing of cytotoxicity
	2.4 Isolation of peripheral blood mononuclear cells (PBMC) and generation of mixed lymphocyte cultures (MLC)
	2.5 Stimulation of PBMC with phytohemagglutinin (PHA)
	2.6 Cell viability and proliferation controls
	2.7 ELISA
	2.8 mRNA isolation and real-time PCR
	2.9 Inductively coupled plasma-mass spectrometry (ICP-MS)
	2.10 Speciation of iron in PBMC
	2.11 Statistics

	3 Results
	3.1 Cell viability and proliferation controls
	3.2 Zinc and iron supplementation lead to significantly lowered production of IFN-g in MLC
	3.3 Zinc and iron supplementation lead to significantly lowered production of IL-2 in MLC
	3.4 Iron supplementation shows a significant decrease on IL-6 production in MLC
	3.5 Fe2+and Fe3+ have significantly different effects on the IFN-g and IL-2 production in MLC
	3.6 Fe2+and Fe3+ have significantly different effects on the expression of IFN-g mRNA
	3.7 Iron uptake in PBMC is increased in supplementation with Fe3+
	3.8 Stimulation with Fe3+increases the intracellular Fe2+and Fe3+ ratio
	3.9 Fe2+ effect can be simulated by using sodium sulfite
	3.10 Treatment with Fe3+ significantly enhances expression of Zip8 mRNA
	3.11 Zinc Effects Differ Between MLC and PHA-Stimulated PBMC While Iron Effects Remain Consistent

	4 Discussion
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgments
	Supplementary materials
	References


