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Zinc Supplementation during Pregnancy Protects against
Lipopolysaccharide-Induced Fetal Growth Restriction and
Demise through Its Anti-inflammatory Effect

Yuan-Hua Chen,""*’*’1 Mei Zhao,""i’§’1 Xue Chen,* Ying Zhang,'H Hua Wang,"""t
Ying-Ying Huang,* Zhen Wang,* Zhi-Hui Zhang,* Cheng Zhang,** and
De-Xiang Xu**

LPS is associated with adverse developmental outcomes, including preterm delivery, fetal death, teratogenicity, and intrauterine
growth restriction (IUGR). Previous reports showed that zinc protected against LPS-induced teratogenicity. In the current study,
we investigated the effects of zinc supplementation during pregnancy on LPS-induced preterm delivery, fetal death and IUGR. All
pregnant mice except controls were i.p. injected with LPS (75 pg/kg) daily from gestational day (GD) 15 to GD17. Some pregnant
mice were administered zinc sulfate through drinking water (75 mg elemental Zn per liter) throughout the pregnancy. As
expected, an i.p. injection with LPS daily from GD15 to GD17 resulted in 36.4% (4/11) of dams delivered before GD18. In dams
that completed the pregnancy, 63.2% of fetuses were dead. Moreover, LPS significantly reduced fetal weight and crown-rump
length. Of interest, zinc supplementation during pregnancy protected mice from LPS-induced preterm delivery and fetal death. In
addition, zinc supplementation significantly alleviated LPS-induced IUGR and skeletal development retardation. Further experi-
ments showed that zinc supplementation significantly attenuated LPS-induced expression of placental inflammatory cytokines and
cyclooxygenase-2. Zinc supplementation also significantly attenuated LPS-induced activation of NF-kB and MAPK signaling in
mononuclear sinusoidal trophoblast giant cells of the labyrinth zone. It inhibited LPS-induced placental AKT phosphorylation as
well. In conclusion, zinc supplementation during pregnancy protects against LPS-induced fetal growth restriction and demise

through its anti-inflammatory effect.

Gram-negative bacteria and is widely present in the di-

gestive tracts of humans and animals (1). Humans are
constantly exposed to low levels of LPS through infection. Gas-
trointestinal inflammatory diseases and excess alcohol intake are
known to increase the permeability of LPS from the gastrointes-
tinal tract into blood (2). High levels of LPS have been detected in
women with bacterial vaginosis (3). In humans, Gram-negative
bacterial infections are a recognized cause of fetal loss and pre-
term labor (4). Mimicking maternal infection by exposing preg-
nant rodents to LPS at early gestational stages resulted in
embryonic resorption and fetal death (5, 6). Maternal LPS expo-
sure at the middle gestational stages caused fetal death and
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abortion (7). Several earlier studies showed that maternal LPS
exposure resulted in the development of malformed fetuses in rats
and golden hamsters (8—10). Recently, we showed that maternal
LPS exposure from gestational day (GD) 8 to GD12 caused ex-
ternal malformations and skeletal abnormalities in mice (11). We
and others found that maternal LPS exposure at late gestational
stages led to fetal death, intrauterine growth restriction (IUGR),
skeletal development retardation, and preterm delivery (12-16). In
addition, maternal LPS exposure during pregnancy caused age-
and gender-dependent impairments of neurobehavioral develop-
ment in offspring (17).

Numerous reports demonstrate that inflammatory cytokines,
such as TNF-a, have been associated with LPS-induced adverse
developmental outcomes. Indeed, several studies showed that
maternal LPS exposure during pregnancy significantly increased
the level of proinflammatory cytokines in maternal serum, amni-
otic fluid, fetal liver, and fetal brain (18-20). Moreover, pentox-
ifylline, an inhibitor of TNF-a synthesis, reduced LPS-induced
fetal mortality, prevented embryonic resorption and abortion, and
reversed LPS-induced IUGR and skeletal development retardation
(5, 21). Eicosanoids are also important mediators of LPS-induced
adverse developmental outcomes. Silver et al. (22) reported that
pregnant C3H/HeN mice injected with LPS showed an increase
in decidual eicosanoid production and cyclooxygenase (COX)-2
expression, followed by a dose-dependent increase in embryo
death. COX-2 suppressors decreased LPS-induced fetal mortality
and prevented preterm delivery (23, 24).

Zinc is a structural constituent essential for cell growth, de-
velopment, and differentiation (25). Increasing evidence demon-
strates that zinc has an anti-inflammatory effect (26, 27). An
earlier report showed that injection with zinc sulfate reduced LPS-
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Table I. Primers for real-time RT-PCR

Genes Sequences Sizes (bp)

gapdh Forward: 5’ -ACCCCAGCAAGGACACTGAGCAAG-3’ 109
Reverse: 5'-GGCCCCTCCTGTTATTATGGGGGT-3'

mf-a Forward: 5'-CCCTCCTGGCCAACGGCATG-3’ 109
Reverse: 5'-TCGGGGCAGCCTTGTCCCTT-3’

il-1B Forward: 5'-GCCTCGTGCTGTCGGACCCATAT-3’ 143
Reverse: 5'-TCCTTTGAGGCCCAAGGCCACA-3’

il-6 Forward: 5'-AGACAAAGCCAGAGTCCTTCAGAGA-3’ 146
Reverse: 5'-GCCACTCCTTCTGTGACTCCAGC-3'

il-8 Forward: 5'-TTGCCTTGACCCTGAAGCCCCC-3' 175
Reverse: 5'-GGCACATCAGGTACGATCCAGGC-3'

il-4 Forward: 5'-GCCATATCCACGGATGCGACA-3' 94
Reverse: 5’ -TCCATCTCCGTGCATGGCGTC-3’

il-10 Forward: 5'-TTCCCAGTCGGCCAGAGCCA-3’ 198
Reverse: 5'-TGCCTGGGGCATCACTTCTACCA-3'

cox-2 Forward: 5'-GGGCTCAGCCAGGCAGCAAAT-3’ 187
Reverse: 5'-GCACTGTGTTTGGGGTGGGCT-3'

mt-1 Forward: 5'-TGCACTTGCACCAGCTCCTGC-3' 123
Reverse: 5'-GGCGCCTTTGCAGACACAGC-3’

mt-2 Forward: 5'-GCGGAGCTTTTGCGCTCGAC-3’ 210

Reverse: 5'-CCAGCGCAGGAGCAGGATCC-3'

induced teratogenicity in mice (28). A recent study found that
s.c. injection with zinc sulfate alleviated LPS-induced neuro-
developmental damage in fetal brain (29). Nevertheless, the mo-
lecular mechanism of zinc-mediated protection against LPS-
induced developmental toxicity remains obscure. In this study,
we investigated the effects of zinc supplementation during preg-
nancy on LPS-induced preterm delivery, fetal death, and IUGR in
mice. Our results showed that zinc supplementation protected
mice from LPS-induced preterm delivery and fetal death. In ad-
dition, zinc supplementation significantly alleviated LPS-induced
IUGR and skeletal development retardation. We demonstrated for
the first time, to our knowledge, that zinc-mediated protection
against LPS-induced developmental toxicity might, at least par-
tially, be due to its anti-inflammatory effects.

Materials and Methods
Chemicals and reagents

LPS (Escherichia coli LPS, serotype 0127:B8) and zinc sulfate were
purchased from Sigma-Aldrich (St. Louis, MO). COX-2, phosphorylated-

p38 (pp38), phosphorylated-ERK (pERK), phosphorylated-INK (pJNK),
NF-kB p65, inhibitor of NF-kB a (IkBa), phosphorylated-IkBa (pIkBat),
and lamin A/C Abs were from Santa Cruz Biotechnologies (Santa Cruz,
CA). AKT and phosphorylated-AKT (pAKT) Abs were obtained from Cell
Signaling Technology (Beverley, MA). B-Actin Ab was from Boster Bio-
Technology (Wuhan, China). The chemiluminescence (ECL) detection kit
was obtained from Pierce Biotechnology (Rockford, IL). TRI reagent came
from Molecular Research Center (Cincinnati, OH). RNase-free DNase was
from Promega (Madison, WI). All other reagents came from Sigma-
Aldrich or as indicated in the specified methods.

Animals and treatments

The ICR mice (8-10 wk old; male mice: 28-30 g; female mice: 24-26 g)
were purchased from Beijing Vital River, whose foundation colonies were
all introduced from Charles River Laboratories The animals were allowed
free access to food and water at all times and were maintained on a 12-h
light/dark cycle in a controlled temperature (20-25°C) and humidity (50% *
5%) environment for a period of 1 wk before use. For mating purposes,
four females were housed overnight with two males starting at 9:00 pm.
Females were checked by 7:00 aM the next morning, and the presence of
a vaginal plug was designated as gestational day (GD) 0. The present study
consisted of four separate experiments.

Table II. Fetal outcomes among different groups
Control Zn LPS Zn+LPS
Number of pregnant mice (n) 11 11 11 11
Litters of preterm delivery (n) 0 0 4% o
Litters of term delivery (n) 11 11 7 11
Average placental weight (g) 0.106 = 0.006 0.102 = 0.003 0.085 = 0.002%%* 0.103 = O.OQ3H
Dead fetuses per litter (n)” 0.8 + 04 03 +0.2 4.0 £ 1.0%* 1.5 *+05"
Live fetuses per litter (n)” 13.1 = 1.5 13.5 = 0.9 10.1 £ 0.9 11.8 £ 0.7
Fetal weight (g) 1.42 * 0.030 1.41 = 0.018 1.16 % 0.029%* 1.32 * 0.035"
Crown-rump length (cm) 2.56 = 0.018 2.57 = 0.023 2.36 £ 0.031%* 2.50 = 0.0207"
Scores
Supraoccipital bone” 1.01 * 0.01 1.00 + 0.00 1.48 + 0.14%* 1.11 = 0.04™
Number ossified
Sternum () 6.0 = 0.0 6.0 £ 0.0 6.0 £ 0.0 6.0 £ 0.0
Rib (n) 26.0 £ 0.0 259 * 0.1 25.7 £ 0.1%* 259 = 0.17
Metacarpus (1) 4.0 £ 0.0 4.0 £ 0.0 3.9 +00 4.0 £ 0.0
Anterior phalanx (n) 4.0 £ 0.0 4.0 £ 0.0 3.6 & 0.1** 39 +0.17
Metatarsus (n) 5.0 £0.0 5.0 £ 0.0 48 = 0.0 49 = 0.0
Posterior phalanx (1) 50 %00 50 = 0.0 4.4 = 0.1%x 4.8 = 0.1"
Caudal vertebrae (1) 7.8 = 0.1 7.7 £0.1 6.3 £ 0.2%* 7.1 =017

All quantitative data were expressed as means = SEM.

“The number of dead or live fetuses per litter in dams that completed the pregnancy.
*Supraoccipital bone scores: 1 = well ossified; 5 = completely unossified.
*#p < 0.05, **p < 0.01 compared with the control group; 'p < 0.05, p < 0.01 compared with LPS group.
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Experiment 1. To investigate the effects of zinc supplementation during
pregnancy on LPS-induced preterm delivery, fetal death, and growth re-
striction, the pregnant mice were divided into four groups randomly. All
pregnant mice except controls were i.p. injected with LPS (75 wg/kg) daily
from GDI15 to GD17. Some pregnant mice were administered zinc sulfate
through drinking water (75 mg elemental Zn per liter, dissolved in deion-
ized water) throughout the pregnancy. In the Zn alone group, the pregnant
mice were administered zinc sulfate through drinking water (75 mg ele-
mental Zn per liter, dissolved in deionized water) throughout the pregnancy.
In the NS group, all pregnant mice were i.p. injected with NS daily from
GDI5 to GD17. All dams were sacrificed on GDI18, and gravid uterine
weights were recorded. For each litter, the numbers of live fetuses, dead
fetuses, and resorption sites were counted. Live fetuses in each litter were
weighed. Crown-rump length was measured. All fetuses were then stored in
ethanol for a minimum of 2 wk for subsequent skeletal evaluation.

Experiment 2. To study the effects of zinc supplementation on LPS-induced
expression of COX-2 in placenta, the pregnant mice were divided into two
groups randomly. In the LPS alone group, the pregnant mice received an i.p.
injection of LPS (75 pg/kg) on GD15. In the Zn+LPS group, the pregnant
mice were administered zinc sulfate through drinking water (75 mg ele-
mental Zn per liter) from GDO to GD15 and then received an i.p. injection
of LPS (75 pg/kg) on GD15. The pregnant mice were sacrificed at dif-
ferent times (0, 0.5, 1, 2, 6, and 12 h) after LPS injection. Placentas were
collected for measurements of COX-2 expression.

ZINC INHIBITS PLACENTAL INFLAMMATION

Experiment 3. To examine the effects of zinc supplementation on LPS-
induced expression of pro- and anti-inflammatory cytokines in placenta,
the pregnant mice were divided into four groups randomly. In the LPS
group, the pregnant mice received an i.p. injection of LPS (75 wg/kg) on
GDI15. In the Zn+LPS group, the pregnant mice were administered zinc
sulfate through drinking water (75 mg elemental Zn per liter) from GDO to
GD15 and then received an i.p. injection of LPS (75 wg/kg) on GD15. In
the Zn alone group, the pregnant mice were administered zinc sulfate
through drinking water (75 mg elemental Zn per liter) from GDO to GD15.
In the NS group, the pregnant mice received an i.p. injection of NS on
GDI15. All dams were sacrificed at 2 h after LPS injection. Maternal sera
were collected for measurement of proinflammatory cytokines (TNF-a, IL-
1B, IL-6, and IL-8) and anti-inflammatory cytokines (IL-4 and IL-10).
Placentas were collected for measurements of the mRNA level of proin-
flammatory cytokines (TNF-a, IL-1B, IL-6, and IL-8) and anti-in-
flammatory cytokines (IL-4 and IL-10).

Experiment 4. To assess the effects of zinc supplementation on LPS-induced
activation of AKT, NF-«kB, and MAPK signaling, the pregnant mice were
divided into two groups randomly. In the LPS group, the pregnant mice
received an i.p. injection of LPS (75 pg/kg) on GD15. In the Zn+LPS
group, the pregnant mice were administered zinc sulfate through drinking
water (75 mg elemental Zn per liter) from GDO to GD15 and then received
an i.p. injection of LPS (75 pg/kg) on GD15. The pregnant mice were
sacrificed at different times (0, 0.5, 1, 2, 6, and 12 h) after LPS injection.
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Placentas were collected for measurements of pAKT, NF-kB p65, IkBa,
plkBa, pp38, pERK, and pJNK.

Experiment 5. To investigate the effects of zinc supplementation on the
expression of MT-1 and MT-2, the pregnant mice were divided into four
groups randomly. In the LPS group, the pregnant mice received an i.p.
injection of LPS (75 wg/kg) on GD15. In the Zn+LPS group, the pregnant
mice were administered zinc sulfate through drinking water (75 mg ele-
mental Zn per liter) from GDO to GD15 and then received an i.p. injection
of LPS (75 pg/kg) on GDI5. In the Zn alone group, the pregnant mice
were administered zinc sulfate through drinking water (75 mg elemental
Zn per liter) from GDO to GD15. In the NS group, the pregnant mice
received an i.p. injection of NS on GD15. All dams were sacrificed at 2 h
after LPS injection. Maternal liver and placenta were collected for mea-
surement of MT-1 and MT-2 mRNAs, using real-time RT-PCR.

The doses of zinc sulfate used in the current study referred to other
studies, in which zinc sulfate was added to the liquid diet at 75 mg elemental
Zn per liter for 4 wk (30). All procedures on animals followed the guide-
lines for humane treatment established by the Association of Laboratory
Animal Sciences and the Center for Laboratory Animal Sciences at Anhui
Medical University.

Skeletal examination and evaluation

The fetuses stored in ethanol were cleared of skin, viscera, and adipose
tissue. Fetuses were then incubated in acetone overnight and subsequently
macerated and stained with alizarin red S for 2 d. After an overnight in-
cubation in 70% ethanol/glycerol/benzyl alcohol, the fetuses were stored in
glycerol until examination. Skeletal evaluation included determination of
the degree of ossification of the phalanges, metacarpals, vertebrae, sternum,
and skull. The size of the anterior fontanel and ossification of the supra-
occipital were scored.

Isolation of total RNA and real-time RT-PCR

Total RNA was extracted using TRI reagent. RNase-free DNase-treated total
RNA (1.0 pg) was reverse transcribed with AMV (Pregmega). Real-time
RT-PCR was performed with a LightCycler 480 SYBR Green I kit (Roche
Diagnostics) using gene-specific primers as listed in Table I. The ampli-
fication reactions were carried out on a LightCycler 480 Instrument (Roche
Diagnostics) with an initial hold step (95°C for 5 min) and 50 cycles of
a three-step PCR (95°C for 15 s, 60°C for 15 s, 72°C for 30 s).

Immunoblots

Total lysate from placenta was prepared by homogenizing 50 mg placental
tissue in 300 wl lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NacCl, 1
mM EDTA, 1% Triton X-100, 1% sodium deoxycholate, 0.1% sodium
dodecylsylphate, 1 mM PMSF) supplemented with a mixture of protease
inhibitors (Roche). For nuclear protein extraction, total lysate from pla-
centa was suspended in hypotonic buffer and then kept on ice for 15 min.
The suspension was mixed with detergent and centrifuged for 30 s at
14,000 X g. The nuclear pellet obtained was resuspended in complete lysis
buffer in the presence of the protease inhibitor mixture, incubated for 30
min on ice, and centrifuged for 10 min at 14,000 X g. Protein concen-
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trations were determined with the bicinchoninic acid protein assay
reagents (Pierce Biotechnology) according to the manufacturer’s instruc-
tions. For immunoblots, the same amount of protein (40-80 pg) was
separated electrophoretically by SDS-PAGE and transferred to a polyvi-
nylidene fluoride membrane. The membranes were incubated for 2 h with
the following Abs: pAKT, AKT, pp38, pERK, pJNK, IkBa, plkBa, NF-kB
p65, and COX-2. For total proteins, (3-actin was used as a loading control.
For nuclear protein, lamin A/C was used as a loading control. After washes
in Dulbecco’s PBS containing 0.05% Tween 20 four times for 10 min each
time, the membranes were incubated with goat anti-rabbit IgG or goat anti-
mouse Ab for 2 h. The membranes were then washed in Dulbecco’s PBS
containing 0.05% Tween 20 four times for 10 min each time, followed by
signal development using an ECL detection kit.

Immunohistochemistry

Placental tissues were fixed in 4% formalin and embedded in paraffin
according to the standard procedure. Paraffin-embedded tissues were cut 5
pm thick and stained with H&E for morphological analysis. Mononuclear
sinusoidal trophoblast giant cells in the labyrinth zone can be readily
identified on the basis of position and morphology (31). Sinusoidal tro-
phoblast giant cells have large, round nuclei and are easily distinguished
from other cell types such as the fetal endothelium or the syncytium. For
immunohistochemical examination, paraffin-embedded placental sections
were deparaffinized and rehydrated in a graded ethanol series. After Ag
retrieval and quenching of endogenous peroxidase, sections were incu-
bated with anti-p65 or anti-pp38 mAbs (1:100 dilution) at 4°C overnight.
The color reaction was developed with an HRP-linked polymer detection
system and counterstaining with hematoxylin.

ELISA

Commercial ELISA (R&D Systems, Abingdon, Oxon, United Kingdom)
kits were used to determine levels of TNF-«, IL-18, IL-6, IL-8, IL-10, and
IL-4 in maternal serum according to the manufacturer’s protocol.

Statistical analysis

The litter was considered the unit for statistical comparison among differ-
ent groups. Fetal mortality was calculated per litter and then averaged per
group. For fetal weight, crown-rump length, and skeletal evaluation, the
means were calculated per litter and then averaged per group. Quantified
data were expressed as means = SEM at each point. p < 0.05 was con-
sidered statistically significant. ANOVA and the Student—-Newman—Keuls
post hoc test were used to determine differences between the treated ani-
mals and the control group, as well as statistical significance.

Results

Effects of zinc supplementation on LPS-induced preterm
delivery and fetal death

Zinc had no effect on fodder consumption and weight gain of the
pregnant mice (data not shown). No abortion was observed before
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LPS treatment. No dams died throughout the pregnancy. The
number of litters, the number of live fetuses per litter and dead
fetuses per litter, and the incidence of preterm delivery are pre-
sented in Table II. In the control and zinc alone group, all pregnant
mice completed pregnancy. An i.p. injection with LPS daily from
GD15 to GD17 resulted in 36.4% (4 of 11) of pregnant mice
delivered before GD18. Of interest, zinc supplementation during
pregnancy significantly alleviated LPS-induced preterm delivery.

The effects of zinc supplementation during pregnancy on LPS-
induced fetal death were analyzed. As shown in Table II, maternal
LPS administration on GD15 through GD17 resulted in 63.2% fetal
deaths in dams that completed the pregnancy. Zinc supplementa-
tion during pregnancy almost completely prevented LPS-induced
fetal death.
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COX-2 expression. In the LPS group, the pregnant mice received an i.p.
injection of LPS (75 wg/kg) on GD15. In the Zn+LPS group, the pregnant
mice drank zinc sulfate (75 mg elemental Zn per liter) dissolved in
deionized water from GDO to GD15. On GD15, the pregnant mice received
an i.p. injection of LPS (75 pg/kg). (A) Placentas were collected 2 h after
LPS injection. Placental COX-2 mRNA was measured using real-time RT-
PCR. All data were expressed as means = SEM of six samples from six
different litters. (B and C) Placentas were collected at different times (0,
0.5, 1, 2, 6, 12 h) after LPS injection. Placental COX-2 was measured
using immunoblots. A representative gel for COX-2 (upper panel) and
B-actin (lower panel) is shown. (B) The level of COX-2 in the placenta of
LPS-treated mice. (C) The level of COX-2 in the placenta of mice treated
with LPS plus Zn. All experiments were repeated three times. Quantitative
analyses of scanning densitometry on three samples from three different
litters were performed. All data were expressed as means = SEM. *p <
0.05, **p < 0.01 versus control group, *p < 0.05 versus LPS group.

ZINC INHIBITS PLACENTAL INFLAMMATION

Effects of zinc supplementation on LPS-induced IUGR

The effects of zinc supplementation during pregnancy on LPS-
induced IUGR were studied. As shown in Table II, maternal
LPS exposure markedly reduced fetal weight and crown—-rump
length. Zinc supplementation significantly alleviated an LPS-
induced decrease in fetal weight and crown-rump length.

Effects of zinc supplementation on LPS-induced skeletal
developmental retardation

The effects of zinc supplementation during pregnancy on LPS-
induced skeletal development retardation were examined. As ex-
pected, the skeletons of fetuses from LPS-treated mice, compared
with those from controls, exhibited fewer ossification centers in the
caudal vertebrae, as well as the anterior and posterior phalanges. In
addition, maternal LPS exposure retarded fetal supraoccipital os-
sification (Table II). Zinc supplementation during pregnancy sig-
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NF-kB activation. In the LPS group, the pregnant mice received an i.p.
injection of LPS (75 wg/kg) on GD15. In the Zn+LPS group, the pregnant
mice drank zinc sulfate (75 mg elemental Zn per liter) dissolved in
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was measured using immunoblots. A representative gel for plkBa (upper
panel) and B-actin (lower panel) is shown. (C and D) Placental IkBa was
measured using immunoblots. A representative gel for IkBa (upper panel)
and B-actin (lower panel) is shown. (E and F) The nuclear fractions were
prepared from placenta. Placental NF-kB p65 was measured using
immunoblots. A representative gel for p65 (upper panel) and lamin A/C
(lower panel) is shown. (A, C, and E) Placentas were from LPS-treated
mice. (B, D, and F) Placentas were from mice treated with LPS plus Zn. All
experiments were repeated three times. Quantitative analyses of scanning
densitometry on three samples from three different litters were performed.
All data were expressed as means = SEM. *p < 0.05, **p < 0.01 versus
control group.
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nificantly attenuated LPS-induced skeletal development retarda-
tion.

Effects of zinc supplementation on LPS-induced
proinflammatory cytokines

The effects of zinc supplementation during pregnancy on LPS-
induced expression of placental proinflammatory cytokines were
analyzed. As shown in Fig. 1A, the level of TNF-a mRNA in
placenta was significantly increased at 2 h after LPS treatment. In
addition, maternal LPS administration significantly upregulated
the expression of IL-1(3, IL-6, and IL-8 in placenta (Fig. 1B-D).
Of interest, zinc supplementation significantly inhibited LPS-
induced expression of proinflammatory cytokines in placenta.
The effects of zinc supplementation during pregnancy on LPS-
induced proinflammatory cytokines in maternal serum were then
analyzed. As expected, the levels of TNF-a, IL-1f3, IL-6, and IL-8
in maternal serum were significantly increased at 2 h after LPS
treatment. Zinc supplementation significantly inhibited LPS-in-
duced release of proinflammatory cytokines in maternal serum
(Fig. 1E-H).

Effects of zinc supplementation on LPS-induced anti-
inflammatory cytokines

The effects of zinc supplementation during pregnancy on anti-
inflammatory cytokines in placenta and maternal serum were
analyzed. As shown in Fig. 2A, the level of IL-4 mRNA in pla-
centa was significantly downregulated at 2 h after LPS injection.
Correspondingly, the level of IL-4 in maternal serum was signif-
icantly increased at 2 h after LPS injection. Interestingly, zinc
supplementation significantly attenuated LPS-induced downregu-
lation of IL-4 mRNA in placenta (Fig. 2A). In addition, zinc
supplementation significantly attenuated LPS-induced reduction
of IL-4 in maternal serum (Fig. 2C). The effects of zinc supple-
mentation on the expression of placental IL-10 are presented in
Fig. 2B. As expected, maternal LPS administration significantly
upregulated the level of IL-10 mRNA in placenta. Zinc supple-
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mentation during pregnancy significantly attenuated LPS-induced
IL-10 upregulation in placenta. In addition, zinc supplementation
increased the level of IL-10 in maternal serum (Fig. 2D).

Zinc supplementation inhibits LPS-induced expression of COX-
2 in placenta

The effects of zinc supplementation during pregnancy on LPS-
induced COX-2 expression were studied. As shown in Fig. 3A,
maternal LPS exposure significantly upregulated the expression
of COX-2 mRNA in placenta. Zinc supplementation significantly
attenuated LPS-induced upregulation of COX-2 mRNA in pla-
centa. The effects of zinc supplementation on LPS-induced COX-
2 protein are presented in Fig. 3B and 3C. As expected, maternal
LPS administration significantly increased the level of placental
COX-2 protein in a time-dependent manner (Fig. 3B). Of interest,
LPS-induced elevation of COX-2 protein was significantly atten-
uated in the placenta of mice administered zinc supplementation
during pregnancy (Fig. 3C).

Zinc supplementation inhibits LPS-induced placental NF-kB
activation

To investigate whether maternal LPS injection activates NF-kB in
placenta, the levels of plkBa, IkBa, and NF-kB p65 were mea-
sured. As expected, the level of plkBa was significantly increased
in the placenta of mice treated with LPS (Fig. 4A). By contrast,
the level of IkBa was significantly decreased (Fig. 4C), indicating
that placental IkB was degraded in LPS-treated mice. The effects
of LPS injection during pregnancy on NF-kB p65 are shown in
Fig. 4E. As anticipated, the level of placental nuclear NF-kB p65
was significantly increased in a time-dependent manner, suggest-
ing that NF-kB is activated in the placenta of mice treated with
LPS. Immunohistochemistry showed that nuclear translocation of
NF-kB p65 was mainly observed in mononuclear sinusoidal tro-
phoblast giant cells of the labyrinth zone (Fig. 5G). The effects of
zinc supplementation during pregnancy on LPS-induced placental
NF-kB activation were then analyzed. Of interest, zinc supple-

FIGURE 5. Effects of zinc supplementation on LPS-induced nuclear translocation of NF-kB p65 and p38 phosphorylation in placenta. In the LPS group, the
pregnant mice received an i.p. injection of LPS (75 pg/kg) on GD15. In the Zn+LPS group, the pregnant mice drank zinc sulfate (75 mg elemental Zn per liter)
dissolved in deionized water from GDO to GD15. On GD15, the pregnant mice received an i.p. injection of LPS (75 ng/kg). Placentas were collected 2 h after
LPS injection. (A-D) Representative photomicrographs of placental histological specimens from mice treated with saline (A as control), zinc alone (B), LPS
alone (C), and Zn+LPS (D) are shown (H&E, original magnification X200). Mononuclear sinusoidal trophoblast giant cells were distributed in the labyrinth
zone (arrowheads). (E-H) Nuclear translocation of NF-kB p65 was analyzed using immunohistochemistry. Representative photomicrographs of placental
histological specimens from mice treated with saline (E as control), zinc alone (F), LPS alone (G), and Zn+LPS (H) are shown. Original magnification X200.
Nuclear translocation of NF-kB p65 was observed in mononuclear sinusoidal trophoblast giant cells of the labyrinth zone (arrows). (I-L) p38 phosphorylation
was analyzed using immunohistochemistry. Representative photomicrographs of placental histological specimens from mice treated with saline (I as control),
zinc alone (J), LPS alone (K), and Zn+LPS (L) are shown. Original magnification X200. The pp38 staining was mainly distributed in the labyrinth zone (brown).
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mentation significantly attenuated LPS-evoked placental IkBa
phosphorylation and degradation (Fig. 4B, 4D). Moreover, zinc
supplementation significantly attenuated LPS-induced elevation
of placental nuclear NF-kB p65 (Fig. 4F). Correspondingly, zinc
supplementation almost completely inhibited LPS-induced nu-
clear translocation of NF-kB p65 in mononuclear sinusoidal tro-
phoblast giant cells of the labyrinth zone (Fig. SH).

Zinc supplementation inhibits LPS-induced activation of
placental MAPK signaling

To determine whether maternal LPS exposure activates MAPK
signaling in placenta, the levels of pJNK, pp38, and pERK were
measured. As expected, their levels were significantly increased in
the placenta of mice administered LPS (Fig. 6A, 6C, 6E). Im-
munohistochemistry showed that MAPK p38 phosphorylation was
observed in the labyrinth zone (Fig. 5K). The effects of zinc
supplementation during pregnancy on LPS-induced activation of
placental MAPK signaling were then analyzed. As shown in Fig.
6B, zinc supplementation significantly attenuated LPS-induced
JNK phosphorylation. In addition, zinc supplementation almost
completely inhibited LPS-induced p38 and ERK phosphorylation
in placenta (Figs. 5L, 6D, 6F).

Zinc supplementation inhibits LPS-induced AKT
phosphorylation in placenta

As shown in Fig. 7A, maternal LPS exposure had no effect on the
expression of AKT in placenta. In addition, zinc supplementation
did not affect the level of AKT in placenta (Fig. 7B). The effects
of zinc supplementation during pregnancy on LPS-induced pla-
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cental AKT phosphorylation were analyzed. As shown in Fig. 7C,
the level of pAKT was significantly increased in the placenta
of mice administered LPS. Interestingly, zinc supplementation
completely inhibited LPS-induced AKT phosphorylation in pla-
centa (Fig. 7D).

Effects of zinc supplementation on MT-1 and MT-2 expression
in maternal liver and placenta

The effects of zinc supplementation during pregnancy on LPS-
induced MT-1 and MT-2 expression were analyzed. As antici-
pated, the levels of MT-1 and MT-2 mRNA were significantly
upregulated in the maternal liver of LPS-treated mice. Zinc sup-
plementation had little effect on LPS-induced upregulation of MT-1
and MT-2 in maternal liver (Fig. 8A, 8C). Unexpectedly, maternal
LPS injection during pregnancy had no effect on the expression of
MT-1 and MT-2 in placenta (Fig. 8B, 8D).

Discussion

In the current study, we investigated the effect of zinc supple-
mentation during pregnancy on LPS-induced preterm delivery, fetal
death, and IUGR. We found that zinc supplementation during
pregnancy protected mice from LPS-induced preterm delivery and
fetal death. Importantly, such supplementation significantly alle-
viated LPS-induced IUGR. In addition, it significantly alleviated
LPS-induced skeletal development retardation.

Several reports demonstrate that eicosanoids are important
mediators for LPS-induced fetal death and preterm delivery (23,
24). The present study showed that zinc supplementation during
pregnancy significantly attenuated LPS-induced upregulation of
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FIGURE 7. Effects of zinc supplementation on LPS-induced AKT
phosphorylation in placenta. In the LPS group, the pregnant mice received
an i.p. injection of LPS (75 pg/kg) on GD15. In the Zn+LPS group, the
pregnant mice drank zinc sulfate (75 mg elemental Zn per liter) dissolved
in deionized water from GDO to GD15. On GDI15, the pregnant mice re-
ceived an i.p. injection of LPS (75 wg/kg). Placentas were collected at
different times (0, 0.5, 1, 2, 6, 12 h) after LPS injection. (A and B) Pla-
cental AKT was measured using immunoblots. A representative gel for
AKT (upper panel) and B-actin (lower panel) is shown. (C and D) Pla-
cental pAKT was measured using immunoblots. A representative gel for
PAKT (upper panel) and AKT (lower panel) is shown. (A and C) Placentas
were from LPS-treated mice. (B and D) Placentas were from mice treated
with LPS plus Zn. All experiments were repeated three times. Quantitative
analyses of scanning densitometry on three samples from three different
litters were performed. All data were expressed as means = SEM. *#p <
0.01 versus control group.

placental COX-2 mRNA. In addition, zinc supplementation almost
completely inhibited LPS-induced elevation of COX-2 protein in
placenta. Thus, the repression of placental COX-2 might con-
tribute, at least partially, to zinc-mediated protection against LPS-
induced developmental toxicity. IL-10 and IL-4 are important
anti-inflammatory cytokines. An earlier study showed that IL-10
protected rodents from LPS-induced fetal death and IUGR (12).
An additional report found that levels of IL-4 and IL-10 were
significantly higher in placentas from term pregnancy compared
with those from preterm delivery (32), indicating that IL-4 and IL-
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10 could protect against preterm delivery. In the current study, we
showed that zinc supplementation during pregnancy increased the
level of IL-10 in maternal serum. We also analyzed the effects of
zinc supplementation on IL-4 expression in placenta. Our results
showed that zinc supplementation significantly upregulated the
expression of IL-4 in the placenta of pregnant mice treated with
LPS. Correspondingly, the supplementation significantly increased
the level of IL-4 in maternal serum. These findings suggest that
IL-10 and IL-4 might play an important role in zinc-mediated
protection against LPS-induced preterm delivery, fetal death,
and IUGR.

Numerous studies showed that maternal LPS exposure during
pregnancy stimulated the production of proinflammatory cytokines
(18, 33), of which TNF-a is the major mediator leading to fetal
death and IUGR (7, 21). Indeed, zinc has an anti-inflammatory
effect (26, 27). According to an earlier report, zinc negatively
regulates TNF-a and IL-1B gene expression in the HL-60
monocyte/macrophage cell line (34). Moreover, zinc almost
completely blocked LPS-induced expression and release of TNF-
o and IL-1B in human PBMCs and monocytes (35). We found that
zinc supplementation during pregnancy significantly attenuated
LPS-induced upregulation of TNF-a and IL-1B in placenta. In-
creasing evidence demonstrates that IL-6 and IL-8 are associated
with preterm delivery (36, 37). An earlier report showed that
treatment of murine decidual explants with LPS resulted in sig-
nificant increases in IL-6 (38). A recent study demonstrated that
intrauterine injection of LPS on GD15 caused a rise of IL-6 levels
in amniotic fluid (39). The present study showed that maternal
LPS exposure obviously increased the level of IL-6 mRNA in
placenta. Moreover, we found for the first time, to our knowledge,
that IL-8 mRNA was significantly upregulated in the placenta of
pregnant mice treated with LPS. Thus, the effects of zinc sup-
plementation on the expression of IL-6 and IL-8 were analyzed in
the placenta of mice treated with LPS. Surprisingly, zinc supple-
mentation almost completely inhibited LPS-evoked elevation of
placental IL-6 mRNA. Importantly, zinc supplementation signifi-
cantly attenuated LPS-induced upregulation of IL-8 in placenta.
These results suggest that zinc-mediated protection against LPS-
induced preterm delivery, fetal death, and IUGR might, at least
partially, be attributed to its anti-inflammatory effects.

MAPK signaling is one of the most important signaling cascades
that regulate LPS-induced inflammatory genes. The present study
showed that levels of pJNK, pp38, and pERK were significantly
increased in the placenta of mice administered LPS. Of interest,
MAPK p38 phosphorylation was mainly observed in mononuclear
sinusoidal trophoblast giant cells of the labyrinth zone, suggesting
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that MAPK signaling was activated in these cells. A recent report
demonstrates that intracellular zinc is involved in the activation of
LPS-induced MAPK signaling pathways in monocytes (40). We
investigated the effects of zinc supplementation on LPS-induced
placental MAPK signaling. We found that zinc supplementation
completely blocked LPS-induced placental JNK and ERK phos-
phorylation. In addition, supplementation almost completely
inhibited LPS-induced p38 activation in sinusoidal trophoblast
giant cells. These findings suggest that zinc-mediated downregu-
lation of LPS-induced inflammatory genes might be associated
with the repression of MAPK activation in sinusoidal trophoblast
giant cells of the labyrinth zone.

NF-kB plays a central role in LPS-induced upregulation of
inflammatory genes. Under unstimulated conditions, NF-«kB is
usually retained in the cytoplasm by binding to the inhibitor of kB
(I-kB). I-kB phosphorylation causes translocation of NF-kB to the
nucleus. In the current study, we found that the level of phosphor—
IkBa was significantly increased in the placenta of mice treated
with LPS. Correspondingly, the level of nuclear NF-kB p65 was
significantly increased as well. Moreover, nuclear translocation of
NF-kB p65 was mainly observed in mononuclear sinusoidal tro-
phoblast giant cells of the labyrinth zone. Several studies dem-
onstrated that zinc abrogated LPS-induced NF-«kB activation and
subsequent TNF-a production in monocytes and Kupffer cells (41,
42). The present study showed that zinc supplementation signifi-
cantly inhibited LPS-evoked placental IkBa phosphorylation and
degradation. Importantly, zinc supplementation significantly at-
tenuated LPS-induced elevation of placental nuclear NF-kB p65.
In addition, zinc supplementation during pregnancy almost com-
pletely inhibited LPS-induced nuclear translocation of NF-kB p65
in mononuclear sinusoidal trophoblast giant cells of the labyrinth
zone, indicating that zinc could inhibit LPS-induced NF-kB ac-
tivation in these cells. According to an earlier report, AKT serine—
threonine kinase is involved in the activation of NF-kB (43). A
recent study showed that lutein, an antioxidant, significantly at-
tenuated LPS-evoked NF-kB activation and inflammatory gene
expression through suppressing the PI3K/AKT signaling pathway
(44). Indeed, the current study showed for the first time, to our
knowledge, that maternal LPS exposure resulted in placental AKT
phosphorylation. Importantly, zinc supplementation during preg-
nancy almost completely inhibited LPS-induced placental AKT
phosphorylation. These results suggest that zinc-mediated re-
pression of LPS-induced placental NF-kB activation might be
associated with the inhibition of AKT phosphorylation.

The protection offered by zinc supplementation during preg-
nancy against LPS-induced inflammation may have preventive and
therapeutic implications. According to an earlier report, injection
with zinc sulfate reduced LPS-induced teratogenicity in mice (28).
A recent study found that s.c. injection with zinc sulfate alleviated
LPS-induced neurodevelopmental damage in fetal brain (29).
Importantly, dietary zinc supplementation during pregnancy could
reduce LPS-induced teratogenicity and cognitive impairments in
offspring (45, 46). In addition, the current study showed that zinc
supplementation during pregnancy protects mice from LPS-
induced preterm delivery, fetal death, IUGR, and skeletal devel-
opment retardation. Thus, zinc may be used as a pharmacological
agent to prevent LPS-induced developmental toxicity.

In summary, the current study indicates that zinc supplemen-
tation during pregnancy inhibits LPS-induced inflammation.
Moreover, such supplementation inhibits LPS-induced activation
of NF-kB and MAPK signaling in mononuclear sinusoidal tro-
phoblast giant cells of the labyrinth zone. In addition, it blocks
LPS-induced placental AKT phosphorylation. Importantly, zinc
supplements administered during pregnancy protect mice from
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LPS-induced preterm delivery, fetal death, and IUGR. Thus, zinc
supplementation during pregnancy may prove useful for protect-
ing against LPS-induced developmental toxicity.
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