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and immune function in alveolar macrophages isolated
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Roberta J. Ward - Stephanie Wilmet - Rachida Legssyer - Daniel Leroy -
Louise Toussaint - Robert R. Crichton < Christophe Pierreux « Louis Hue *
Jacques Piette « Surjit Kaila Srai - Nita Solanky - Dominique Klein - Karl Summer

Received: 18 May 2007/ Accepted: 10 July 2008 / Published online: 9 August 2008

© Springer Science+Business Media, LLC. 2008

Abstract The effects of changes in macrophage iron
status, induced by single or multiple iron injections, iron
depletion or pregnancy, on both immune function and
mRNA expression of genes involved in iron influx and
egress have been evaluated. Macrophages isolated from
irondeficientrats, or pregnantrats at day 21 of gestation,
either supplemented with a single dose of iron dextran,
10 mg, at the commencement of pregnancy, or not,
showed significant increases of macrophage ferroportin
mRNA expression, which was paralleled by significant
decreases in hepatic Hamp mRNA expression. IRP
activity in macrophages was not significantly altered by
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iron status or the inducement of pregnancy =+ a single
iron supplement. Macrophage immune function was
significantly altered by iron supplementation and preg-
nancy. Iron supplementation, alone or combined with
pregnancy, increased the activities of both NADPH
oxidase and nuclear factor kappa B (NFxB). In contrast,
the imposition of pregnancy reduced the ability of these
parameters to respond to an inflammatory stimuli.
Increasing iron status, if only marginally, will reduce the
ability of macrophages to mount a sustained response to
inflammation as well as altering iron homeostatic
mechanisms.
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Abbreviations
NO Nitric oxide
DcytB Duodenal cytochrome B

DMEM Dubecco’s modified eagle medium
DMT1 Divalent metal-ion transporter 1
EDTA Ethylenediamine tetra acetate

fmlp N formyl methionyl leucyl phenylalanine

HEPES N-2-hydroxylethylpiperazine
ICP-AES Inductively coupled plasma-atomic
emission spectroscopy

IRP Iron regulatory protein
IRE Iron regulatory element
IFNy Interferon gamma
LNMA N methyl-L-arginine
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LPS Lipopolysaccharide

NFxB Nuclear factor kappa B

NOS Nitric oxide synthase

PMA Phorbol-12 myristate-13 acetate

RT-PCR  Reverse transcriptase polymerase chain
reaction

TIBC Total iron binding capacity

TfR1 Transferrin receptor 1

TNFo Tumor necrosis factor alpha

Introduction

It is now common practice to supplement various
foodstuffs with small amounts of iron, in the belief
that this could be beneficial to health. Furthermore, in
pregnancy, different iron supplementation regimes
are now adopted; either for all subjects, regardless of
iron status (Stolzfus and Dreyfuss 1988; WHO 2001),
or only for iron deficient subjects (Rioux and LeBlanc
2007), who receive iron supplements during preg-
nancy. Therefore marginal iron overload could occur
if there is prolonged intake of iron-fortified food or
iron supplements before or during pregnancy. This
may have adverse effects on normal cellular function.

Enterocytes and macrophages play an important
role in both iron uptake and efflux (as a function
of iron surfeit and depletion), by regulating the
expression of a number of genes involved in iron
homeostasis. In addition, to this transcriptional con-
trol, regulation at the level of post-translation of pre-
existing mRNAs into protein by the ribosomal protein
synthesising machinery through the IRP-IRE system
may further ‘fine tune’ this process. It is thought that
the IRE/IRP system plays an important regulatory
role in the gut and liver (Millard et al. 2004),
although its precise function in macrophages remains
unclear. Alterations in the expression of specific
mRNAs involved in iron homeostasis induced by the
imposition of pregnancy as well as an elevated iron
status at the commencement of pregnancy have not
previously been investigated.

Iron homeostasis is an important factor in immune
function; iron deficiency is associated with reversible
abnormalities of immune function, while iron supple-
mentation has been associated with acute exacerbation
of infection (Oppenheimer 2001). In our previous
studies (Crichton et al. 2002; Legssyer et al. 1999, 2003;
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Ward et al. 2004) we have shown that macrophage
function is altered by changes in iron homeostasis.
Since pregnancy is a condition of oxidative stress,
arising from increased placental mitochondrial activity
and production of reactive oxygen species (Myatt and
Cui 2004), any excess iron, particularly within the
macrophages, could lead to an increased oxidative
burden, and an elevation of the inflammatory response.

In the present studies, we wished to investigate the
effects of an increased iron status during pregnancy
on both immune function, e.g. NADPH oxidase and
Nuclear factor kB (NFxB), and mRNA expression of
various genes involved in iron homeostasis, in
alveolar macrophages.

Materials and methods
Animal experiments

Female Wistar rats, 200-250 g were housed in
polypropylene cages (Sources: Iffa Credo, Belgium,
Breeding Colony Unite de Biologie, LLN) and allowed
free access to normal diet and water ad libitum in
polypropylene bottles with stainless steel conical tops.
All animal procedures were in strict accordance with
the recommendations of EEC (86/609/CEF) and with
the Belgian ‘projet de loi” (Moniteur Belge 19.02.1992,
p. 3437) on the care and use of laboratory animals.

The rats were mated overnight and pregnancy
confirmed by the presence of sperm in the vagina. A
single dose of iron, 10 mg, (50 mg/kg) was adminis-
tered as iron dextran (Vifor Pharmaceuticals, St. Gallen,
Switzerland) intramuscularly on day 1 of pregnancy
while the remaining pregnant rats received a sham
injection of saline. A third group of non-pregnant rats
received a single intramuscular dose, 10 mg, of iron
dextran.

A further two groups of rats, which were either
iron overloaded or iron depleted, were included as
reference groups to ascertain the response of various
immune factors to an increased or decreased iron
burden. Non-pregnant female rats, 50-60 g at the
commencement of the study, were injected intraper-
itoneally 3x/week for 4 weeks with iron dextran
(Vifor Pharmaceuticals Inc, St. Gallen, Switzerland)
10.4 mg/dose, total dose = 125 mg iron. At the
conclusion of the iron supplementation regime, the
weight of the rats was 250 &+ 10 g. Iron deficiency
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was induced in a fifth group of non-pregnant female
rats, 50—60 g at the commencement of the study, by
the administration of an iron deficient diet for four
weeks (Carfil Quality, OUD-Turhoud Belgium; Iron
content < 0.001 ppm). The mean weight of these rats
at the end of 4 weeks was 213 + 5 g.

At the end of 4 weeks of high iron loading or iron
depletion experiments, or day 21 of pregnancy =+ iron
supplementation, or 21 days after a single intramus-
cular injection of iron, the rats were anesthetised with
Nembutal, 0.5 g/kg. The alveolar macrophages were
removed by repeated pulmonary lavage with 50 ml
phosphate buffered saline. The cells were recovered
after centrifugation at 1,200 rpm for 10 min. A gut
scraping was prepared from the first centimetre of the
duodenum, and a small portion of liver was collected
from each animal and snap frozen at —80°C in liquid
nitrogen. Blood was collected by cardiac puncture for
the analyses of haematological parameters (Labatoire
medical du Sud, Namur, Belgium).

Hepatic and alveolar macrophage iron content

An aliquot of alveolar macrophages, 5 x 10 cells, or
of liver, 100 mg, was homogenised in water, prior to
overnight digestion with 1.5 ml concentrated nitric
acid (Suprar grade). Water, 1.2 ml, was added and
the sample analysed for its iron content by induc-
tively coupled plasma emission, ICP-AES. The
protein concentration in each of the macrophage
preparations was analysed by the method of Bradford
(1976) (Biorad, Belgium), and macrophage iron
results expressed as pg Fe/mg protein, while liver
iron is expressed as [ig Fe/g wet weight.

mRNA expression of genes involved in iron
homeostasis

Semi-quantitative analysis of mRNA, RT-PCR,
in alveolar macrophages and gut

Gut scrapings from the duodenum, (approximately
100 pg) were thawed and homogenised in Trizol,
(Invitrogen), according to the manufacturer’s instruc-
tions. Alveolar macrophages were isolated from three
rats, pooled, centrifuged at 1,200 rpm, and a minimum
of 5 x 10° cell immediately suspended in Trizol.
A minimum of 12 rats, i.e. four analyses, was used in
each group for the gene expression experiments. After

isolation of total RNA, its purity was assessed by both
agarose gel electrophoresis and spectroscopic mea-
surement at 260 and 280 nm to ensure a ratio between
1.6 and 1.8. The housekeeping gene actin was used for
normalisation. The oligonucleotide primer sequences
together with the annealing temperature used for the
amplification of each of the genes are shown in
Table 1la.

Enterocyte and hepatic mRNA expression by real
time PCR

RNA was extracted from enterocytes and liver portions
using Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. Freshly prepared RNA (1
pg) was reverse transcribed using a cDNA reverse
transcription kit (Promega, according to the manufac-
turer’s instruction). All reactions were performed on a
real time PCR machine (Lightcycler, Roche) using
f-actin as an internal standard. Each reaction was
performed in duplicate and contained 10 pmoles of
specific primers (as shown in Table 1a and b), 1 x Sybr
Green Mastermix (Qlagen), and 1.0 pl of cDNA in a
25 pl reaction. Samples without cDNA were included
as negative controls. Cycle threshold (Ct) values were
obtained for each gene of interest and the f-actin
internal standard. Gene expression was normalised to
f-actin and represented as ACt values. For each sample
the mean of the ACt values was calculated. Relative
gene expression was normalised to 1.0 (100%) of
controls. Statistical analysis was by one-way ANOVA.

Preparation of alveolar macrophages for IRP
analyses

Macrophages were isolated from three rats in each
group and pooled (approximately 5 x 10° cells). A
minimum of 12 rats were used for each treatment group
(four analyses in each treatment group). The cells were
recovered after centrifugation at 1,200 rpm and lysed in
8.3 ul/10° cells of Munro buffer, (10 mM Hepes pH 7.6,
3 mM MgCl,, 40 mM KCl, 5% glycerol, | mM DTT),
supplemented with 0.2% NP-40. The plasmid pST-fer,
containing an oligonucleotide corresponding to bases
31-58 of the 5’ untranslated region of human ferritin
heavy chain mRNA (kindly provided by Professor L.
Kiihn) was amplified and prepared as previously
published (Ward et al. 1994). Aliquots of the cytosolic
fractions of liver (10 pg protein), and macrophage
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Table 1a Methodology for Denaturation 1 min at 94°C

amplification of mRNA
expression by reverse
transcriptase polymerase
chain reaction RT-PCR

Hybridisation—1 min at appropriate temperature

Cycles °C

DcytB (CYBRDI)

Sense: 5-GCAGCGGGCTCGAGTTTA-3' 35 59
Antisense: 5'-TTCCAGGTCCATGGCAGTCT-3'

DMTI (Slc11A2)

Sense: 5'-GGCTTTCTTATGAGCTTGCCTA-3' 34 54
Antisense: 5'-GGAGCACCCAGAGCAGCTTA-3’

Ferroportin (Sic40A1)

Sense: 5-TTGCAGGAGTCATTGCTGCTA-3' 27 50
Antisense: 5'-TGGAGTTCTGCACACCATTGAT-3'

TfR1

Sense: 5'-CCTCGTGAGGCTGGATCTCAA-3’ 30 59
Antisense: 5-TGGACCAGTTTACCAGTAACTT-3'

Actin

Sense: 5-GACGTTGACATCCGTAAAG-3' 27 59
Antisense: 5-CAGTAACAGTCCGCCT-3'

Elongation 1 min at 72°C
Analysis by electrophoresis

Table 1b Methodology for amplification of mRNA expres-
sion by real time polymerase chain reaction

Hamp

Forward: CACGAGGGCAGGACAGAAGGCAAG
Reverse: CAAGGTCATTGCTGGGGTAGGACAG

(20 pg protein) samples were incubated with the T7
transcribed RNA in the presence or absence of 2%
f-mercaptoethanol. After incubation for 30 min, 1 unit
RNAase T1 was added, incubated for 10 min after
which heparin, 5 mg/ml, was added and left for 10 min.
Loading buffer, 30 mM Tris—HCl pH 7.5, 40% sucrose,
0.2% bromophenol blue. Bromophenol Blue was added
to the samples prior to their loading onto gels.
Polyacrylamide gels, 6% were prepared with 0.3x
TBE as the running buffer and electrophoresis was at
150 V for 3 h at 4°C. The gels were then dried, exposed
for autoradiography and quantitated.

NADPH oxidase activity

Measurement of NADPH oxidase in macrophages was
by chemiluminescence, with the Abel Cell Activation
Test Kit. Macrophages, 2 x 10° or 4 x 10’ cells, were
suspended in the luminescence solution and baseline

@ Springer

was measured in a thermostatically controlled lumi-
nometer at 37°C. The respiratory burst was then
stimulated with either N-formyl-methionyl-leucyl-
phenylalanine peptide, fmlp, 25-100 ng/ml, or phor-
bol-12 myristate-13 acetate, PMA, 25-100 ng/ml. The
response was recorded over a period of 20 min. The
area under the curve was calculated.

NF-«kB analysis

Macrophage nuclear extracts were prepared from each
treatment group, (5 x 10° cells pooled from three
rats), n = 12 rats, before and after stimulation with
LPS, 1 pg/ml, +TNFo 4 U/ml, in vitro for 30 min.
Cells were prepared as previously described for band
shift assay (Ward et al. 1996). The protein concen-
trations were assayed by BioRad in one of the aliquots
prior to the electrophoretic mobility shift assay.

The nuclear fraction containing 20 pg protein was
incubated for 30 min at room temperature with 0.2 ng
32p_labelled oligonucleotide probe, 5'-GATCAGGG
ACTTTCCGCTGGGGACTTTCCAG-3', (sequenced
and labelled by the method described by Kustermans
et al. 2005) 1 mg BSA and 1.25 mg poly(dI-dC), poly
(dI-dC) (Pharmacia Biotech Benelux) in buffer (20 mM
HEPES/KOH, 75 mM NaCl, 1 mM EDTA, 5%
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(by volume) glycerol, 0.5 mM MgCl,, 1 mM DTT,
pH 7.9) in a final volume 20 pl.

DNA-protein complexes were resolved on a non-
denaturing 6% (w/v) polyacrylamide gel run for 4 h at
180 V in buffer (2.5 mM Tris, 2.5 mM H;BO;, 2 mM
EDTA, pH 8.5). The gel was then dried and autoradio-
graphed on a Fuji X-ray film (General Electrics,
Antwerp, Belgium). For competition experiments,
unlabelled probe, wild type, 5-GATCAGGGACT
TTCCGCTGGGGACTTTCCAG-3' or mutated 5'-GA
TCACTCACTTTCCGCTGCTCACTTTCCAG-3' was
added in excess (50x) in buffer. In each experiment the
band of the DNA—protein complex from the unstimu-
lated and stimulated macrophages was verified by
comparison to the band obtained after stimulation of
U937 with LPS, 10 pg/ml. U937 cells are a human
promyeloid call line (gift of Prof. J. Piette), which were
cultured in RPMI 1640 containing 2 mM glutamine and
10% foetal calf serum.

NO release from alveolar macrophages after
in vitro stimulation

Alveolar macrophages, 10 x 10° cells or 20 x 10°
cells, were plated on plastic wells in Dulbeco’s
modified eagle medium (DMEM) containing 10%
foetal calf serum, 100 pg/ml streptomycin, 100 U/ml
penicillin at 37°C under 5% CO,. Cell viability was
measured by trypan blue uptake extrusion (>98%). The
cells were stimulated in medium containing lipopoly-
saccharide (LPS) 1 pg/ml =+ interferon gamma (IFNy),
500 U/ml, for 44 h. Nitric oxide, NO, released from the
cultured alveolar macrophages, was assayed by
the accumulation of the stable end product nitrite in
the media. A 100 pl sample was removed from the
incubation media after 44 h incubation, and incu-
bated with an equal volume of Griess reagent (1%
sulphanilamide; 0.1% N-1 naphthyethylenediamine
dihydrochloride; 2.5% H3;PO,) at room temperature
for 10 min. The absorbance at 540 nm was read on a
microplate reader. Nitrite standards in the appropriate
reference range (0-50 pM) were prepared from sodium
nitrite.

SOD activity in macrophages
Superoxide dismutase was analysed by the method of

Beauchamp and Fridovich (1971). In this method,
xanthine and xanthine oxidase produce superoxide

in vitro, which will reduce the chromagen nitroblue
tetrazolium (NTBB). The SOD in the sample com-
petes with the NTBB for the superoxide, such that the
activity of SOD is inversely proportional to the
intensity of colour produced. One unit of SOD
corresponds to an inhibition of 50% in the reduction
of NTBB by superoxide.

Statistical analyses

All of the results are presented as mean =+ standard
deviation. Statistical analysis was calculated by one
way ANOVA with significance verified by Fisher ‘¢’
test, and set at <0.05.

Results
Haematological parameters

The values for haemoglobin, serum iron, total iron
binding capacity and transferrin saturation in the
different pregnant groups, at day 14 and 21 gestation,
are shown in Table 2. As the pregnancy reached term,
day 21, the foetal demand for iron increased as
reflected by significant reductions in both haemoglo-
bin concentration and total iron binding capacity in
both pregnant groups of rats regardless of iron
supplementation. However, transferrin saturation and
serum iron decreased significantly only in the non-
supplemented pregnant group at day 21 gestation.

Total hepatic iron content

Hepatic iron content had declined significantly, by
approximately 4-fold, in the non-supplemented ani-
mals on day 21 gestation (Table 3). The pregnant rats
that had received a single iron supplement on day 1
gestation, also showed a significant decrease in total
hepatic iron on day 21 gestation although this was
only by 50% compared to controls. No significant
alterations in total hepatic zinc and copper content
were assayed in either pregnant group (Table 3).

Macrophage iron content
Macrophages isolated from the pregnant rats, whether

supplemented on day 1 with iron or not, showed
similar elevated levels of iron, 0.57 *+ 0.03 and
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Table 2 Haematological

parameters in pregnant rafs Haemoglobin Serum iron TIBC (g%) Transferrin
on day 21 gestation + (g/d) (g%) saturation (%)
single iron supplement on Controls (1 = 22) 122 + 1.0 360 + 92 526 + 41 69 + 16
day 1 gestation
Pregnant (n = 12)
14 days 10.9 + 0.9* 347 £ 104 503 + 75 68 + 14
21 days 9.7 + 0.8* 183 + 85* 372 £ 43* 49 4 23*
Pregnant + single iron supplement, 10 mg (n = 12)
14 days 9.0 £ 1.4* 271 £ 4.2 413 £ 77 59 £ 11
21 days 9.8 £ 0.9*% 254 £ 46 392 £ 58%* 58 +4
Control + single iron supplement, 10 mg (n = 12)
Results are expressed as 14 days 11.9 + 1.1 339 + 101 506 + 60 68 + 12.5
mean =+ standard deviation
21 days 13.1 £ 05 383 + 50 500 + 49 77+£9

Significance * P < 0.05

Table 3 Total maternal
hepatic copper, iron and

Copper (pg/g liver)

Iron (pg/g liver) Zinc (pg/g liver)

zinc content of pregnant rats

Control (n = 22)
on day 14 and day 21
gestation after single iron Pregnant (n = 12)
supplement (10 mg) on 14 days
day 1 of pregnancy 21 days

571

48 £2
51 +£3

Pregnant + single iron supplement, 10 mg (n = 12)

14 days
21 days

53+£04
38+1

Control + single iron supplement, 10 mg (n = 12)

Results are expressed as
mean =+ standard deviation

* P <0.05, ¥ P <0.01

14 days
21 days

51 £ 1.1
43 £ 06

349 + 68 39+5
191 + 10% 42 + 45
96 + 6+* 56 + 41
421 £43 43 £0.2
192 £ 64%+ 66 + 39
536 + 72% 3342
609 & 25%* 33+ 14

0.51 £ 0.05 pg/mg protein respectively, by compar-
ison to macrophages isolated from controls, 0.17 =+
0.07 pg/mg protein. Rats which received 125 mg iron
during 4 weeks, or an iron deficient diet, had values
for their alveolar macrophages of 0.39 £ 0.05 pg/mg
protein and 0.09 + 0.01 pg/mg protein, respectively.

Gene expression in macrophages

RT-PCR was utilized for the mRNA expression of
each of the genes in the macrophage preparations. The
expression of DcytB mRNA was not detectable in any
of the macrophage preparations. DMT] was present
only in iron deficient and control macrophages.
Ferroportin mRNA expression was significantly
altered by iron status, upregulated in iron deficiency
and down regulated after iron loading, Fig. 1a. It was
also significantly increased in macrophages isolated
from both groups of pregnant rats. Macrophage TfR-1
mRNA increased only in the iron deficient rats, all
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other animal groups showing no significant alteration
in its expression, Fig. la.

Gene expression in enterocytes

Expression of these genes in enterocytes was also
evaluated in the different animal groups. Using RT-PCR
analysis, significant increases and decreases, respec-
tively, in expression of DcytB, DMT1I, ferroportin and
TfR-1 mRNA were identified in enterocytes isolated
from rats either depleted or overloaded with iron
(Fig. 1b). The imposition of pregnancy significantly
increased DMT1 mRNA expression when analysed by
either RT-PCR or real time PCR. Although, the mRNA
expressions of both DcytB and ferroportin increased in
the enterocytes isolated from the unsupplemented
pregnant rats, when analysed by either RT-PCR or real
tine PCR, these were not significant. Transferrin recep-
tor 1 (TfR-1) mRNA expression increased significantly
in both pregnant groups, Fig. 1b.
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Hepatic hepcidin levels

Figure 1c shows the levels of expression of Hamp in
the livers of the two pregnant groups of rats as well as
that of control rats supplemented or not with a single
dose of iron analysed by real time PCR. Both
pregnancy groups showed significant decreases in
Hamp mRNA levels. Although the levels of hepatic
iron increased 2-fold in the control animals admin-
istered one dose of iron, 10 mg, similar mRNA Hamp
levels to that of controls were assayed.

Macrophage IRP activity

Figure 2 shows a typical band shift for alveolar
macrophages isolated from controls, iron loaded and
iron deficient rats when either 20 pg (1x) or 40 pg
(2x) of cytosolic protein was analysed. Administra-
tion of f-mercaptoethanol, to convert IRP totally to
the active form, did not greatly enhance the band
intensity in the macrophages. No significant changes
in IRP activity were evident in the macrophages
isolated from either groups of pregnant rats. In
contrast, the liver samples showed an enhancement in
IRP activity after incubation with f-mercaptoethanol,
as previously reported (Ward et al. 1994).

Macrophage immune function

Immune function was assessed in the different groups
of macrophages by their ability to respond to different
inflammatory stimuli, which activated NADPH oxi-
dase, NFxB or inducible nitric oxide synthase, iNOS.
Oxidative stress was evaluated by the assay of super-
oxide dismutase activity.

NADPH oxidase

Before stimulation of the macrophages, chemilumines-
cence was detectable in all macrophages, which
reflected mitochondrial activity (Fig. 3). This was
significantly elevated by low and high iron supplemen-
tation, 10 or 125 mg, as well as by pregnancy = iron
supplementation. After stimulation with either PMA or
fmlp (not shown) there were significant increases in
chemiluminescence in the macrophages from both
groups of pregnant rats as well as the iron loaded
groups. Macrophages isolated from iron deficient rats
showed significantly decreased chemiluminescence

both before and after stimulation in comparison to
controls. This signal was inhibited by more than 95% in
the presence of superoxide dismutase (not shown).

NFxkB activation

Iron loading increased the latent activity of NFxB in
the macrophages of both the pregnant and control rats
(Table 4). Macrophages isolated from non-supple-
mented pregnant rats as well as iron deficient rats
showed decreased values for latent NFxB activation
compared to those of the controls. After in vitro
activation with LPS + TNF«, there was enhanced
macrophage NFxB activity in both the controls and
pregnant rats, which had received iron. In contrast,
macrophages isolated from non-supplemented preg-
nant rats and iron deficient rats showed a reduced
ability to activate NFxB (Table 4).

Inducible nitric oxide synthase

Macrophage iNOS activity, as reflected by the
formation of nitrite in the culture media, was
enhanced or decreased in the non-supplemented or
supplemented pregnant rats, respectively, by com-
parison to controls (Fig. 4) after in vitro stimulation
of the macrophages with either LPS alone or LPS
+IFNy. Addition of either L-NAME or cyclohexa-
mide to the incubation mixture, an NOS inhibitor and
protein synthesis inhibitor respectively, during the
stimulation time period, decreased NO release.

Superoxide dismutase activity

The mean activity of superoxide dismutase was
enhanced significantly by both iron loading and
pregnancy =+ iron supplementation, which possibly
indicated increased oxidative stress, Fig. 5.

Discussion

The increasing use of iron supplements by healthy
individuals, as well as in pregnancy, in the belief that
this will enhance the health of the mother, as well as
that of the developing foetus, urgently requires
investigation to ascertain that there are no adverse
effects on important biochemical pathways. Further-
more, increased iron stores may increase the risk of
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Fig. 1 (a) Macrophage
ferroportin (A) and TfRI,
(B) mRNA expression.
Expression of each gene
was measured by RT-PCR
and the graph shows the
mean results for all assays.
Macrophages were isolated
from 12 rats for each
treatment group.
Macrophages from three
rats were pooled,
approximately 3 x 10°
cells, from which RNA
was isolated such that

each treatment group has
four analyses. Data are
mean =+ standard deviation.
Significant differences
from controls * P < 0.05,
** P < 0.01. (b) Duodenal
expression of DcytB (A),
DMTI (B), Ferroportin (C)
and TfRI (D). Expression of
each gene was measured by
RT-PCR, left hand side, and
real time PCR right hand
side. The graph shows the
overall mean results for all
assays. Results represent a
minimum of six rats in each
treatment group. Data are
mean =+ standard deviation
for both RT-PCR and for
real time PCR. Significant
differences from controls

* P <0.05, ** P <0.0l.
(c) Hepatic expression of
Hamp. Expression of each
gene was measured by real
time PCR and the graph
shows the overall mean
results for all assays. A
minimum of six rats is
represented for each
treatment group. Data are
mean =+ standard deviation.
Significant differences
from controls * P <0.05,
# P < 0.01

@ Springer

(a)

A Ferroportin

o
=
X

0.6
805 §s
g8 o g8
Lo Lo
2 03 29
38 32
o g 02 o =
c 8 c s
& 2 o1 gse
Fe Def  Con FeO/L Preg Preg+Fe Fe Def  Con FeO/L  Preg Preg+Fe
(b) RT-PCR Real Time PCR
A DcytB mRNA expression .
4
c h = 6 T
SE 3 T g s
n O @
o ®© =
Lo T o 4 -
o 21 2 3 I
[ <
EE 1 E 2
] ]
3 = o [
| 0
Fe Def Control FeO/L Preg Preg+ Control Pregnant Pregnant +Fe
Fe
B DMT1 mRNA expression
5 = 18 -
~ 16
SE 4 ERY
28 @ 12
oo 38 S 10
o 2 3
0= 2 <
2w = 6
o QP 4 c 4
o E o *
0
Fe Def Control FeO/L Preg Preg+ Control Pregnant Pregnant +Fe
Fe
C Ferroportin mRNA expression
4 14
> =~ 12 F
5 g 3 T 3 1
® © ~ 10
89 3 8
ac 2 L b
xX O 2 6
o= wx <
] P4
NI B NN NI
2
0 ‘ ‘ ‘ ‘ o |_mmmm |
Fe Def Control FeO/L Preg Preg+ Control Pregnant Pregnant +Fe
Fe

D TfR1 mRNA expression
10

Gene expression
relative to actin

Fe Def Con Fe O/L  Preg Preg

1.2-‘ T

mRNA level
o
o

Control Preg Pre+tFe  Con + Fe




Biometals (2009) 22:211-223 219
+—— +Be —» +—— -Be —»
’ - «+—— [RP-1
IRP-2

Fe- Fe+ Control Fe-
2 xI  x1 R x 2 x1

Fig. 2 IRP binding activity in chronically iron loaded, (+Fe),
iron depleted, (—Fe) and control macrophages before, —fie,
and after +fe, addition of 2% f-mercaptoethanol. 1x =20 pg

Fe+ Control
2 x1I 2 x1

cytosolic protein, 2x = 40 pg cytosolic protein. Each analyses
represent macrophages pooled from three rats

Table 4 NFxB activity in alveolar macrophages of rats of
varying iron status before and after stimulation, in vitro, with
LPS + TNFu« for 30 min

Light Emmitted AUC

Fe Def Con o/L
1256mg

O/L10mg  Preg Preg+Fe

Fig. 3 Chemiluminescence in alveolar macrophages before
(shaded dots) and after (shaded stripes) the addition of the
stimulant. The Y axis represents area under the curve in
arbitrary units. The results for iron deficient (Fe Def), controls
(Con), chronic iron loading for 4 weeks (O/L 125 mg), a single
10 mg iron dose (O/L 10 mg) and in pregnant rats
supplemented with a single 10 mg dose (Preg 4+ Fe) or not
(Preg) are presented. n = 6 in each group. The results are
represented as mean =+ standard deviation. Significant differ-
ences from controls * P < 0.05, ** P < 0.01

heart disease, cancer (such as breast cancer), and
Alzheimer’s disease.

One of the major objectives of this study was to
study macrophage function in pregnant rats, which
had an increased iron status. To this end, the animal

Macrophages (n = 12)

Unstimulated NFxB activity

NFxB after stimulation
activity (% value in
(% of absence of
controls) stimulation)
Controls 100 134 + 6
Iron loaded + 125 mg 279 4+ 205%*% 124 + 21
iron over 4 week period
Iron loaded + single iron 144 + 10* 180 %+ 30
supplement, 10 mg
Iron deficient 22 4 4%* 91 &4 4**
Pregnant 75 £ 76 94 + 29*
Pregnant + single iron 102 £ 5 159 + 10

supplement, 10 mg

Results are presented as mean + standard deviation

* P <0.05; ** P <0.01

For the NFkB experiments macrophages were pooled from
three rats to obtain sufficient nuclear protein for parallel

analyses of latent and activated NFxB activity. The analyses
therefore represents four individual measurements
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Fig. 4 Release of NO into the culture media after stimulation
of alveolar macrophages from controls (Con), controls + a
single dose of iron 10 mg after 21 days (Con + Fe), and
pregnant rats of 21 days gestation, supplemented with iron on
day 1 of pregnancy (Preg + Fe) or not (Preg). Stimulants used
were lipopolysaccharide, LPS, and interferon gamma, IFN.
NC-nitro-L arginine, LNMA, and cyclohexamide, Cyclo, were
used as inhibitors of iNOS and protein synthesis, and incubated
with the cells during the stimulation period, respectively. Four
rats in each treatment group. The experiment was carried out
on three individual occasions and the figure shows a typical
example of NO release in the different treatment groups.
Results are presented as mean =+ standard deviation. Significant
differences from controls * P < 0.05, ** P < 0.01
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Fig. 5 Mean activities of superoxide dismutase in latent
alveolar macrophages in controls, controls + single dose of
iron 10 mg after 21 days, (Fe 4+ 10 mg), chronically loaded rats
+ 125 mg iron dextran (Fe 4 125 mg), and pregnant rats of 21
days gestation, supplemented with iron on day 1 of pregnancy
(Preg 4+ 10 mg) or not (Preg). Results are presented as mean +
standard deviation. Significant differences from controls
* P <0.05, ** P < 0.01

model used, was injected on day 1 with intramuscular
iron, such that there was an increased iron status
throughout the period of gestation, 21 days. Although
a dietary preparation, such as carbonyl iron might be
more comparable to the supplements used in human
pregnancy, the major disadvantage would be that to
achieve a significant elevation, of approximately
2-fold, over such a short time period, 21 days, would
not be possible because of the mucosal block. Alveolar
macrophages were used in these present studies of iron

@ Springer

metabolism in pregnancy since they can be isolated as
quiescent cells. Other reticulo-endothelial cells which
could be isolated from this rat model, would be either
peritoneal macrophages or Kupffer cells. However the
former would be activated by the extraction process,
such that the analysis of NOS and NADPH would
not be possible, while the use of collagenase in the
isolation of the latter would destroy RNA.

The growing foetus has a high demand for iron,
which initially, will be derived from maternal sources.
Once these are decreased, there must be a compensa-
tory increase, both in maternal iron absorption via the
enterocyte and also in iron transfer from the macro-
phages. Evidence for an increased maternal—foetal
transfer and mobilisation of maternal iron in this
present study was exemplified by the fall in maternal
hepatic iron, decreases in certain haematological
parameters, and significant changes in expression of
specific genes associated with iron influx and efflux
from enterocytes and macrophages, respectively.

The regulation of systemic iron balance is controlled
by hepcidin, an anti-microbial peptide hormone, which
is present in the circulation and produced, essentially,
in the liver (Park et al. 2001). Its levels are altered
mainly in response to changes in serum iron levels
(Nemeth and Ganz 2006) although other factors such
as hepatic iron content may have some influence. In
this present study, the significantly reduced levels of
haemoglobin and maternal iron stores in both pregnant
groups, the latter only partially restored by a single iron
supplement, resulted in significantly reduced hepatic
Hamp mRNA expression, which if reflected at the
protein level, would act as a signal of iron deficiency. It
has been shown that ferroportin is the receptor for
hepcidin (De Domenico et al. 2007), such that when
hepcidin levels are reduced, ferroportin activity will
enhance the efflux of iron from the macrophages.
Indeed, in this present study, ferroportin mRNA
expression increased in both pregnancy groups. In
contrast, when iron levels are raised, ferroportin will
bind to hepcidin, be internalised and degraded, thereby
reducing iron efflux from the macrophage (Nemeth
et al. 2004).

Enterocytes and macrophages can take up and
release iron; enterocytes can absorb both dietary
haem and non haem iron, while macrophages are
involved in the acquisition of effete red blood cells,
via phagocytosis, as well as processing of iron for
erythropoiesis. It was noted that the iron content of
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the macrophages isolated from the supplemented and
non-supplemented rats were high in comparison to
those macrophages isolated from iron loaded rats.
The explanation for this is unclear but could be
related to the high expression of TfR1 mRNA
expression identified. Iron deficiency and iron over-
load induced significant alterations in the expression
of DcytB, DMT, ferroportin and TfR-1 in enterocytes
(present study). This has been previously reported by
Dupic et al. (2002) in mice and in IEC-6 cells
(Thomas and Oates 2002). Ferroportin and TfR-1
mRNA levels also increased in the macrophages
studied. It was of note that DMT] mRNA increased in
the duodenal enterocytes of pregnant rats, while the
expression of the other genes analysed by either
RT-PCR or real time PCR showed no significant
changes. A similar lack of changes in these genes in
non-supplemented pregnant rats was also reported by
Millard et al. (2004) although in this study DcytB
mRNA expression was significantly increased by
pregnancy. In an earlier study, by Batey and Galla-
gher (1977), increased iron absorption was identified
in iron overloaded pregnant rats, although not to the
same extent as non-supplemented pregnant rats. Such
results indicate that iron dependent and iron inde-
pendent factors, e.g. oestrogens, are involved in iron
absorption during pregnancy.

Macrophages isolated from rats, which had been
chronically iron loaded or depleted in vivo, did not
show a significant inverse relationship with IRP
activity. This is in contrast to immortalised macro-
phage cell lines such as RAW 264.7, where
incubation with desferrioxamine caused a significant
increase in IRP-1 binding activity, as well as slightly
increasing IRP-2 activity (Kim and Ponka 2000) To
what extent the IRP/IRE system may play a role in
post translational regulation of certain mRNAs in
macrophages remains unclear, since there were no
changes in binding activity before or after exposure
to 2% p-mercaptoethanol. This could reflect the fact
that animal derived alveolar macrophages are non-
proliferating cells, and have low levels of transferrin
receptors. In contrast, immortalised cell lines have
consistently higher levels of transferrin receptors
compared to the corresponding animal derived cells.
This reflects the fact that their principal pathway of
iron uptake is from transferrin, whereas the main
route for iron uptake into macrophages is by phago-
cytosis of effete red blood cells.

During pregnancy, a reduction in the inflammatory
response has been reported, caused by a variety of
factors including high oestrogen levels (Carr 1990),
reductions in the stimulated release of arachidonic acid
(AA) and leukotriene B, (LTB4), and of NADPH
oxidase activity (Crocker et al. 2001) in order to
maintain a physiologically compatible environment for
the foetus (Raghupathy 1997; Dealtry et al. 2000;
Mellor and Munn 2000). Latent macrophage NADPH
oxidase activity increased in both pregnant groups,
regardless of iron supplementation in these present
studies, which is in contrast with human pregnancy
where the activity of this enzyme is diminished
(Crocker et al. 2001). This could relate to the high
concentration of iron determined in these cells. Further
studies are needed to investigate the speciation of the
iron present. Only during pre-eclampsia is an increased
activity of this enzyme reported in human pregnancy
(Dechend et al. 2003). In some studies it has been
suggested that this enzyme may be involved in the
activation of NFkB in certain cell types (Bowie and
O’Neill 2000). However, no relationship with NFxB
activity was apparent, with respects to either its latent
or stimulated activity in these present studies.

It was noteworthy that NFxB activity was reduced
in macrophages isolated from pregnant rats which had
not received the iron supplement and that there was
little further activation after stimulation. In contrast, a
single iron supplement restored the activation of NFxB
to values comparable to control. Nuclear factor-xB
is a family of ubiquitously expressed transcription
factors that are recognised as critical regulators of the
mammalian immune and inflammatory responses. The
NF«xB complex is found in almost all cells and it is
generally recognized as an essential cell mediator.
Activation of NFxB occurs in response to extra-
cellular chemical stresses, various cytokines and
growth stimuli, which results in the direct induction
of hundreds of genes, whose cellular influences extend
well beyond those of the immune system.

Macrophages isolated from pregnant rats showed
increased NO release after in vitro stimuli, despite their
lower activation of NFxB. In contrast when the iron
supplement was administered, iNOS was decreased. In
macrophages there is an autoregulatory feedback loop
that links iron homeostasis with optimal formation of
NO for host defence. Both in vivo and in vitro iron
loaded cells, (Zhang et al. 1998; Dlaska and Weiss
1999), respectively, show a reduction in NO release
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after challenge with LPS and INF-y. However, the
underlying mechanism by which iron exerts transcrip-
tional regulation of iNOS has remained elusive although
recent data suggest that activation of hypoxia inducible
factor 1 (HIF-1) may be involved (Lu et al. 2006).

Pregnancy is a condition that favours oxidative
stress; serum lipid peroxidation products are increased
in normal pregnant women, particularly during the
second trimester (Qanungo and Mukherjea 2000;
Uotila et al. 1991) while other cytoprotective enzymes
and antioxidants are also elevated (Casanueva and
Viteri 2003). Enhanced activities of superoxide dis-
mutase were assayed in latent alveolar macrophages
isolated from pregnant rats & iron supplement on
day 21. Erythrocyte superoxide dismutase activity is
decreased by pregnancy, (Wisdom et al. 1991; Ibouno
et al. 1996) due to changes in red cell physiology
associated with haemodilution (Mukhopadhyay et al.
2004). The increases in the iron content of the
macrophages isolated from the two pregnant groups
may have contributed to the higher SOD activity.

In human studies involving non anaemic pregnant
women from Mexico City, iron supplements, 60 mg/day,
increased the risk of haemoconcentration, low birth
weight and premature birth (Casanueva and Viteri
2003). In another study, daily supplements of 100 mg
Fe + vitamin C were administered to 27 healthy
women in the third trimester of pregnancy and com-
pared with 27 healthy non-supplemented controls.
Delivery occurred at an earlier stage in the supple-
mented group, 37 weeks compared to 39 weeks, while
serum iron was significantly higher and vitamin E status
was lower (Lachili et al. 2001). Such studies must
question whether the use of iron supplements in
pregnancy is compatible with a successful pregnancy.

There is an increasing use of different supplements
by the general population in the belief that beneficial
results will be attained. However this study has
revealed that marginal increases in iron status, which
could be readily achieved in normal subjects, who had
increased their iron intake, (either from iron fortified
food or additional iron supplements), may have
detrimental effects, particularly on the maternal
immune responses. Further studies need to be under-
taken to identify the benefits and adverse effects of iron
supplementation, however small, during pregnancy.
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