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Activation of Nodl1 Signaling Induces Fetal
Growth Restriction and Death through Fetal and
Maternal Vasculopathy

Hirosuke Inoue,* Hisanori Nishio,* Hidetoshi Takada,” Yasunari Sakai,*
Etsuro Nanishi,* Masayuki Ochiai,* Mitsuho Onimaru,” Si Jing Chen,§ Toshiro Matsui,§ and
Toshiro Hara*

Intrauterine fetal growth restriction (IUGR) and death (IUFD) are both serious problems in the perinatal medicine. Fetal vascul-
opathy is currently considered to account for a pathogenic mechanism of IUGR and IUFD. We previously demonstrated that an
innate immune receptor, the nucleotide-binding oligomerization domain-1 (Nod1), contributed to the development of vascular in-
flammations in mice at postnatal stages. However, little is known about the deleterious effects of activated Nod1 signaling on em-
bryonic growth and development. We report that administration of FK565, one of the Nod1 ligands, to pregnant C57BL/6 mice
induced IUGR and IUFD. Mass spectrometry analysis revealed that maternally injected FK565 was distributed to the fetal tissues
across placenta. In addition, maternal injection of FK565 induced robust increases in the amounts of CCL2, IL-6, and TNF proteins
as well as NO in maternal, placental and fetal tissues. Nod1 was highly expressed in fetal vascular tissues, where significantly higher
levels of CCL2 and IL-6 mRNAs were induced with maternal injection of FK565 than those in other tissues. Using Nod1-knockout
mice, we verified that both maternal and fetal tissues were involved in the development of IUGR and IUFD. Furthermore, FK565
induced upregulation of genes associated with immune response, inflammation, and apoptosis in fetal vascular tissues. Our data
thus provided new evidence for the pathogenic role of Nodl in the development of IUGR and IUFD at the maternal-fetal

interface.

ntrauterine growth restriction (IUGR), also known as fetal
growth restriction, refers to a fetus that has failed to reach his
or her genetic growth potential in utero. [UGR is a relatively
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common, pleiotropic complication of pregnancy, affecting 5-10%
of all newborns (1, 2). IUGR is associated with a high incidence of
perinatal morbidity and mortality. Neonates born with [IUGR have
an increased risk of serious neonatal diseases, including neonatal
asphyxia, respiratory distress, hypoglycemia, hypocalcemia, and
polycythemia (3). In addition, IUGR fetuses have an approxi-
mately 5—10-fold increased risk of intrauterine fetal death (IUFD),
and it was reported that up to ~50% of cases of stillbirth or IUFD
also involved IUGR (4). Furthermore, epidemiologic evidence has
long suggested that newborns with IUGR have an increased risk of
cardiovascular disease later in adulthood (2, 5), possibly caused by
an endothelial dysfunction related to IUGR. Several conditions,
such as maternal factors (e.g., pre-eclampsia, young or advanced
age and preconception diet), fetal factors (e.g., genetic causes,
congenital malformations, fetal infection), and the placental
dysfunction, have been suggested as risk factors for IUGR (2).
However, these risk factors are not apparent in 50% of cases (6, 7).

Newborns and fetuses rely heavily on their innate immune system
for protection against microorganisms because of the well-described
defects in adaptive immunity resulting from limited exposure to Ags
in utero (8). Among pattern-recognition receptors (PRRs), TLR 4 has
been most intensively studied on its role in maternal-fetal interface
or in newborns (9, 10). On the other hand, little is known about
the physiologic or pathologic role of other PRRs (e.g., nucleotide
binding and oligomerization domain-like receptors [NLRs], integ-
rins, and C-type lectin receptors) in perinatal diseases.

A cytoplasmic PRR, nucleotide-binding oligomerization
domain-1 (NODI1) is a member of the NLR family (11, 12). Re-
cently, we demonstrated a specific role of Nodl in the develop-
ment of acute vascular inflammation in young mice (13) and
atherosclerosis in adult mice (14). On the other hand, the effects of
the activation of Nodl in the fetuses or in newborns have been
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poorly understood (15-17). In the current study, we found that
activation of Nod1 signaling in pregnant mice induced IUGR and
IUFD. We also found that maternal and fetal responses against
Nod1 ligand (FK565) played an important role in the pathogenesis
of IUGR and IUFD. Our observations may lead to the elucidation
of a part of the pathogenesis of IUGR, IUFD, and the cardiovas-
cular manifestation in later life in humans.

Materials and Methods
Ligands

The specific Nodl agonist FK565 (N-heptanol | -Ala-y-p-Glu-meso-
DAP-p-Ala, m.w. 502.6 Da) was supplied by Astellas Pharmaceutical
(Tokyo, Japan). Synthetic C12-iE-DAP (another ligand for Nodl) was
purchased from InvivoGen (San Diego, CA). Toxinometer (ET-5000;
Wako Pure Chemical Industries, Osaka, Japan) analysis revealed that en-
dotoxin contamination levels were below the detection limit (0.05 EU/ml)
in the FK565 preparation.

Mice

Wild-type (WT) C57BL/6 mice were purchased from KBT Oriental
(Charles River Grade; Saga, Japan). Homozygous NodI-knockout (Nod1 ")
mice in C57BL/6 background were provided by T.W. Mak (University
Health Network, Toronto, ON, Canada). Adult female mice (8-12 wk old)
were mated, and the day of vaginal plug appearance was designated as
embryonic day (E) 0.5. All mice were housed in a specific pathogen-free
environment. Experiments were performed under barrier conditions at the
animal facility of the biosafety level P1A. All experiments with mice were
performed according to the protocol approved by the Kyushu University
Institutional Animal Care and Use Committee.

Nodl genotyping

Tail snips were obtained from mice and used for genotyping. The genotype
of the mice was determined by PCR analysis using primers specific to WT
and mutant-type Nod1 alleles. Primer pairs for Nod1 WT and mutant-type
were 5'-GCTTGGCTCCTTTGTCATTG-3' and 5'-ACTGCTGCTTGG-
CTTTATTCTC-3, and 5'-TTGGTGGTCGAATGGGCAGGTA-3" and 5'-
CGCGCTGTTCTCCTCTTCCTCA-3’, respectively.

In vivo treatment of pregnant mice

Pregnant mice at E14.5 were s.c. injected with either 100 .l PBS or FK565
(1, 10, or 500 pg in 100 wl PBS). Mice were monitored for preterm labor
after injection. After the designated period, pregnant mice were sacrificed,
and the fetuses and placentae were removed immediately. Sera were col-
lected from pregnant mice and stored at —30°C until analysis. The number
of implantation site, the fetal viability, and the weight of fetuses were
recorded. Fetal death was identified by the appearance of the fetus, which
was significantly small with white discoloration. The organs of the preg-
nant mice, fetuses, and placentae were fixed in 4% paraformaldehyde and
embedded in paraffin. Paraffin sections were stained with H&E and used
for pathologic examination. Various tissues were sterilely and immediately
isolated from pregnant and fetal mice by using a surgical microscope
(Leica M500; Heerbrugg, Switzerland). These maternal tissues at E14.5
and fetal tissues at E18.5 were used for real-time quantitative RT-PCR,
organ culture, or microarray analysis.

Organ culture

Various tissues of fetal mice and the placentae at E18.5 were cultured for
24 h in a 96-well plate in DMEM with 10% FBS and 1% penicillin—
streptomycin in the presence or absence of an indicated reagent in a CO,
(5%) incubator at 37°C. Culture supernatants were obtained and stored at
—30°C until analysis.

Tissue homogenization and measurement of the protein
concentration

Collected fetuses and fetal tissues were homogenized with PBS containing
Cell Culture Lysis Reagent (Promega, Madison, WI) and Protease Inhibitor
Cocktail (Nacalai Tesque, Kyoto, Japan). The homogenized lysate was
centrifuged at 20,000 X g for 5 min at 4°C. Protein concentrations of the
supernatant were measured by Bio-Rad protein assay (Bio-Rad Labora-
tories, Hercules, CA). The supernatants were stored at —30°C until anal-
ysis. The concentrations of cytokines, NO, and FK565 in the supernatants
were expressed as those divided by the tissue protein concentrations of
individual samples.
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Analysis of cytokines and NO metabolites

The concentrations of IL-6, TNF-a, IL-12p70, IFN-vy, IL-10, and CCL2
were measured by BD Cytometric Bead Array mouse inflammation kit
(Becton Dickinson, San Jose, CA) according to the manufacturer’s in-
structions. The concentrations of nitrite were determined using Griess
method with the NO,/NO; Assay Kit-C II (Dojin Chemical Laboratory
Institute, Kumamoto, Japan).

Detection of FK565

For high-sensitive detection of target FK565 in sera of pregnant mice, and in
homogenate supernatants of placentae and fetuses, we applied a liquid
chromatography—tandem mass spectrometry—multiple reaction monitoring
(LC-MS/MS-MRM) in combination with 2,4,6-trinitrobenzene sulfonate
(TNBS) derivatization technique (18). To an aliquot (40 wl) of sample
solution, 10 wl of 150 mM TNBS in 0.1 M borate buffer (pH 8.0) was
added. After the incubation at 30°C for 60 min, 50 pl of 0.2% formic acid
was added to the derivatized mixture, and 10 pl of the mixture was in-
jected into LC-MS. Sample solutions including sera and supernatants used
in this study were obtained after filtration with a Millipore Amicon Ultra-
0.5 centrifugal filter (m.w. cut of <3000 Da; Millipore, Billerica, MA).
The target was detected with an Agilent 1200 HPLC (Agilent Technolo-
gies, Waldbronn, Germany) coupled to an Esquire 6000 ESI-Ion Trap mass
spectrometer (Bruker Daltonics, Bremen, Germany). A chromatographic
separation was performed on a COSMOSIL 5C;g-AR-II column (5 pwm
pore size, 2.0 mm X 150 mm) with a guard column (2.0 X 30 mm; Nacalai
Tesque, Kyoto, Japan). A linear gradient elution of 20-100% acetonitrile
containing 0.1% FA in 20 min at 0.20 ml/min was performed at 40°C.
Electrospray ionization in positive mode was performed as follows: neb-
ulizer gas (Ny), 40 {5; dry gas (N,), 8 L/min; dry temperature, 330°C; HV
capillary, —2,750 V; HV end plate offset, —500 V; resolution, m/z 0.25;
target ion trap, 50,000; Octl, 12.00 V; Oct2, 2.03 V; Trap Drive, 72.7 V.
The width for monoisotopic isolation of target precursor ions of TNP-
FK565 (m/z 714.2 > 625.2) and internal standard (IS; m/z 713.2 >
513.2) was set at m/z 2.0. These optimized MRM parameters were set
individually for TNP-FK565 and TNP-IS via time-segment definitions. For
calibration curve, three separate replicates of each of six different concen-
trations between 0.05 and 50 nmol/L FK565 and 10 wmol/L C12-iE-DAP as
an IS were conducted, at which both analytes were spiked with sera to
compensate for any MS interference from fluid matrix. The ratio of peak area
of FKS565 to that of the IS was used for the quantification analysis.

Real-time quantitative RT-PCR

Total RNA was extracted from murine fetal tissues using RNeasy Micro
kit or RNeasy Fibrous Tissue Mini kit (Qiagen, Valencia, CA), followed
by cDNA synthesis using a First-Strand cDNA Synthesis kit (Amersham
Pharmacia Biotech, Piscataway, NJ). The mRNA expression levels of the
targeted genes were analyzed with a TagMan Gene Expression Master Mix and
Applied Biosystems StepOnePlus sequence detector (Applied Biosystems,
Foster City, CA), as described (19). The primers and probes for the following
genes were obtained from Applied Biosystems: Gapdh (Mm99999915_gl),
Nodl (Mm00805062_m1), Ccl2 (Mm00441242_m1), 116 (Mm00446190_m1),
Cxcll6 (Mm00469712_ml), Ccl8 (MmO01297183_ml), Ccl5
(MmO01302427_m1). Gapdh was used as an internal control.

Microarray analysis

Total RNA was isolated from fetal aorta using TRIzol Reagent (Invitrogen,
Carlsbad, CA) and purified using SV Total RNA Isolation System (Promega,
Madison, WI). The quality of the RNA was checked using an Experion
automated electrophoresis station (Bio-Rad Laboratories, Hercules, CA).
The cRNA was amplified and labeled using Low Input Quick Amp Labeling
(Agilent Technologies, Santa Clara, CA), and hybridized using SurePrint
G3 Mouse Gene Expression Microarray 8 X 60 K (Agilent). All hybridized
microarray slides were scanned using an Agilent scanner. Relative hy-
bridization intensities and background hybridization values were calcu-
lated using Agilent Feature Extraction Software (version 9.5.1.1). The raw
signal intensities of samples were log2-transformed and normalized using
the quantile algorithm. To identify upregulated and downregulated genes,
the data, from which long intergenic noncoding RNA probes and unde-
tected probes were filtered out, were analyzed using the linear models for
microarray data algorithm (20). Next, we calculated ratios (non—log-scaled
fold-change) and p value statistics, and established criteria for regulated
genes: upregulated genes, ratio = 2.0-fold and p value < 0.05; down-
regulated genes, ratio = 0.5 and p value < 0.05. To determine significantly
overrepresented Gene Ontology (GO) categories and significant enrich-
ment of pathways, we used tools and data provided at the Database for
Annotation, Visualization and Integrated Discovery version 6.7 (http://


http://david.abcc.ncifcrf.gov/home.jsp

The Journal of Immunology

david.abcc.nciferf.gov/home.jsp). A heat map was generated, and hierar-
chical clustering was done using MeV software (http://www.tm4.org/mev.
html). Microarray data were deposited in Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE65188.

Statistical analyses

Statistical analyses were performed with statistical software (JMP; SAS
Institute, Cary, NC). Quantitative data were analyzed with the Student 7 test,
Dunnett test, or Wilcoxon rank-sum test. Categorical data were analyzed
by the x2 test or Cochran-Armitage test for trend. Statistical significance
was defined as p < 0.05.

Results
Nodl ligand (FK565) induces IUFD and IUGR

To investigate the in vivo effects of Nod1 activation on fetuses, we
injected either PBS or low to high doses (1, 10, and 500 pg) of a
pure synthetic Nod1 ligand (FK565) to pregnant mice at E14.5.
Prior to the following experiments, we found that 13.4% of total
embryos showed spontaneous regression of fetal growth with the
signs of [IUGR and IUFD (Fig. 1A). We thus considered this range
of the IUFD rate as physiological backgrounds that were observed
in control experiments. At E16.5, the proportion of IUFD in-
creased to 34.1% (p < 0.0001) and 78.8% (p < 0.0001) of whole
embryos with 10 and 500 pg of FK565 treatments, respectively
(Fig. 1A). We also found that these effects appeared in a dose-
dependent manner (trend p < 0.0001; Fig. 1A—C). The proportion
(14.8%) of IUFD did not increase at a low dose of FK565 (1 pg;
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Fig. 1A, 1B). On the other hand, the fetal weight at E16.5 was
significantly reduced to 89.1% (p < 0.0001) and 83.8%
(p = 0.0001) of controls with 1- and 500-pg injections of FK565,
respectively (Fig. 1D). These data clearly demonstrated that the
embryonic growth was affected, even with the low-dose injection
of FK565 to the pregnant mice (Fig. 1C, 1D). Notably, a previous
report showed that maternal injection of iE-DAP, another Nodl
agonist, induced preterm delivery (21). However, FK565 did not
induce preterm delivery at 1 pg (0%, n = 29), 10 pg (0%, n = 11)
or 500 pg (0%, n = 18) in our study (Fig. 1E).

Transplacental transfer of FK565 into the fetus

We next investigated whether FK565 injected to pregnant mice
transferred to the fetus transplacentally. The detection of FK565
was completed with TNBS derivatization-aided LC-MS/MS-MRM
analysis (18). The calibration curve for FK565 showed an ac-
ceptable linear correlation (R* value > 0.99), and high sensitivity
(limit of detection: 0.26 nmol/L; Fig. 2A). As shown in Fig. 2B
and 2C, the target FK565 was successfully detected in the sera of
pregnant mice as well as in the placental and fetal homogenates
6 h after FK565 administration at a dose of 500 pg. We detected a
small peak of FK565 in the fetuses after the administration of 1 j.g
FK565 to the pregnant mice when we concentrated the samples for
the measurement (signal-to-baseline noise ratio of > 10, data not
shown). To exclude the possibility that FK565 was delivered to
fetal tissues only in the presence of placental inflammation, we
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FIGURE 1.

Nod1 ligand (FK565) induces IUFD and IUGR. (A) Proportion (%) of fetal death after maternal treatment with FK565. The pregnant mice

were treated with the indicated dose of FK565 at E14.5. The percentage of the dead fetuses in all fetuses at E16.5 is shown w black bars. (B) Proportion (%)
of fetal death per mother caused by FK565 treatment. The percentage of the dead fetuses per mother is shown. (C) Macroscopic findings of IUFD and IUGR
at E16.5. The representative appearances of the fetuses showing IUFD (top) and of a fetus showing IUGR (bottom) of mothers treated with FK565 are
shown. (D) Body weight of alive fetuses at E16.5 from pregnant mice that were s.c. treated with the indicated dose of FK565 on E14.5. The mean weight of
fetuses per mother is shown. (E) Gestational sacs at E16.5 from pregnant mice treated s.c. with FK565 on E14.5. White arrows indicate gestational sacs.
Note the absence of preterm delivery, even at high FK565 doses (500 wg). Data are representative of at least 10 pregnant mice. (A, B, and D) Data are shown
as the proportions or median with box-and-whiskers plots from 10 or more pregnant mice per group. **p < 0.01 relative to the PBS control (Dunnett’s test
for quantitative data and x> test for categorical data).
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repeated the same experiments using NodI-knockout pregnant
mice. FK565 was similarly detected in fetuses after FK565 in-
jection to NodI-knockout pregnant mice (Supplemental Fig. 1A),
which indicated that transfer of FK565 was not induced by ma-
ternal or placental inflammation.

Inflammatory responses by the administration of FK565 in the
pregnant mice, placentae and fetuses

Because inflammatory mediators are induced by Nodl agonist
in vivo and in vitro (22), we analyzed the expression levels of
CCL2, IL-6, and TNF-a proteins and the amount of endogenously
produced NO in pregnant mice after FK565 treatment. A sub-
stantial increase in production of CCL2, IL-6, and NO was ob-
served 6 h after administration of FK565 in the sera of the
pregnant mice and placentae at the two different doses (1 and 500
wg; Fig. 3A, 3B); however, CCL2, IL-6, and TNF-o production
was induced only at a dose of 500 g in the fetuses (Fig. 3C). The
elevated CCL2, IL-6, TNF-a, and NO levels returned to the
control levels within 48 h similarly in the pregnant mice, pla-
centae, and fetuses (Fig. 3A-C).

In this study, we used the same line of NodI-knockout mice that
was previously reported (13, 14). FK565 does not induce in-
flammation in NodI-knockout mice. However, whether the same
result can be obtained with pregnant NodI-knockout mice is un-
known. No previous studies have examined inflammatory markers
in maternal or feto-placental tissues in Nodl-knockout mice.
Therefore, to examine whether FK565 induces inflammation in
pregnant NodI-knockout mice, we injected either PBS or a high
dose (500 pg) of FK565 to pregnant NodI-knockout mice at E14.5
(n = 3 for each group). We analyzed the expression levels of
CCL2, IL-6, and TNF-a protein in the sera of pregnant mice,
placentae, and fetuses 6 h after FK565 treatment. There were only
negligible effects on an increase in production of these proteins
after treatment (Supplemental Fig. 1B). Moreover, FK565 was
detected in the placenta and fetus after FK565 injection to these
mice (Supplemental Fig. 1A). Therefore, we conclude that FK565
does not induce inflammation in maternal and feto-placental tis-
sues in pregnant NodI-knockout mice.

We previously found that the administration of FK565 induced
vascular inflammation in young mice (5-9 wk old) (13) and ath-
erosclerosis in adult mice (14). Therefore, we examined whether
FK565 induced vascular inflammation in fetal mice. However, no
inflammatory cells were observed around the coronary arteries of
the pregnant mice, placentae, and live fetuses in this condition
(Fig. 3D). A high dose of FK565 induced vascular inflammation in
pregnant mice, but not in placentae or fetuses (Supplemental Fig.
2). Pathologic necrosis, hemorrhage, or edema was not apparent in
any tissue of FK565-treated pregnant mice, placentae, and live
fetuses (data not shown).

Fetal vascular tissue is a major site of action of Nodl ligand
(FK565)

We investigated the physiologic expression levels of Nodl in
various fetal tissues, including the placenta and yolk sac, at E18.5
by real-time quantitative PCR. Nodl mRNA expression was
ubiquitous and detected in all fetal tissues examined. Among them,
a high Nodl mRNA expression was observed in vascular tissues,
lung, and spleen (Fig. 4A). As previously described, Nod1 mRNA
was expressed weakly in the fetal heart (16).

Based on these results, we tested whether the fetal tissues could
respond to Nod1 ligand. Various tissues of fetal mice, including the
placenta and yolk sac, were dissected from pregnant mice at E18.5.
The production of CCL2 and IL-6 was investigated with ex vivo
organ culture of each fetal tissue in the presence or absence of
FK565. A significant amount of CCL2 and IL-6 was released only
from the vascular tissues (aortic arch and aortic artery) in response
to FK565 (Fig. 4B). To validate these findings in vivo, various
tissues of fetal mice, including the placenta and yolk sac, were
separated from E18.5 pregnant mice 6 h after injection of FK565,
and mRNA expression levels in these tissues were determined
with real-time quantitative PCR. Consistent with data from the ex
vivo organ culture, upregulation of CCL2 and IL-6 mRNAs was
most apparent in the vascular tissues of fetus (“aortic arch” and
“aortic artery”’; Fig. 4C). Similarly, CCL2 and IL-6 mRNAs were
also upregulated in the vascular tissues of the pregnant mice at
E14.5 at 6 h after injection of FK565 (Fig. 4D).


http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1500295/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1500295/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1500295/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1500295/-/DCSupplemental
http://www.jimmunol.org/lookup/suppl/doi:10.4049/jimmunol.1500295/-/DCSupplemental

The Journal of Immunology

2783

A ccLz IL-6 TNF Nitric oxide
(ng/mL) (pg/mL) (pg/mL) (pmal/L)
400 1000 150 1000 ez
*k o i *k
_ 300 800 e 0 ok 800 "
2 600 600
20 200 400
50 400
100 200 200
0 0 0
6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h
FK565 (ug) 0 1 500 0 1 500 0 1 500 0 1 500
B CCL2 IL-6 TNF Nitric oxide
(pg/mLitissue g) (pg/mL/tissue g) (pg/mLitissue g) (pmol/mLitissue g)
500 10 10 2
.‘E 400 8 8 15
5 300 6 6
8 Kk *x 1 *k
[ 200 4 *k 4 sk
*
100 2 2 0.5
0 0 0 0
6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h
FK565 (ug) 0 1 500 0 1 500 0 1 500 0 1 500
C CCL2 IL-6 TNF Nitric oxide
(pg/mLitissue g) (pg/mLitissue g) (pg/mLitissue g) (umol/mL/tissue g)
500 s 10 10 2
4
. o 8 8 15 %
2 300 6 6
[}
L 1
200 4 4 *
*%k
100 2 2 0.5
k¥
0 0 0 0
6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h 6h 48h
FK565 (ug) 0 1 500 0 1 500 0 1 500 0 1 500
5]
=
[=}
=
g
=]
L7
(5]
5
o
w
]
@
w

’% e |

W - N 5
a7 ¥ f i U
FK565 0 g (PBS) FK565 1 pg FK565 500 pg

FIGURE 3. Effect of FK565 on the production of CCL2, IL-6, TNF, and NO in sera from pregnant mice, placentae, and fetuses. (A—C) Cytokine,
chemokine, and NO levels were determined in the samples [(A), serum of the mother; (B), placental homogenates; (C), fetal homogenates] after 6 and 48 h
from pregnant mice treated with indicated doses of FK565 at E14.5. The mean values and standard deviations are shown (n = 4-5 for each group). (D)
Histologic evaluation of pregnant mice, placentae, and live fetuses. The perivascular regions are indicated with arrows. *p < 0.05; **p < 0.01 relative to

the PBS (0 pg of FK565) 6-h control (Dunnett test).

Nodl ligand (FK565) has direct effects on fetal vascular
system

We then determined the pathogenic effects of transplacentally
transferred FK565 on fetuses. The proportion of IUFD was
assessed with various combinations of parental Nodl genotypes.
As mentioned above (Fig. 1A), significantly higher proportion
(78.8%) of IUFD was observed with the injection of FK565 (500

png) to the WT pregnant mice, and weaker effects on embryos
were obtained when the paternal genotype was Nodl '~ (65.1%
of IUFD, Fig. 5A). By contrast, when FK565 was injected to
Nodl~’~ pregnant mice, IUFD (13.9%) was never induced
(Fig. 5A). Of note, a significantly lower proportion (7.1%) of
TUFD was obtained in Nod! /™ fetuses than those in Nodl ~/*
fetuses (41.9%) when Nodl ~’* pregnant mice were injected with



2784 ROLE OF Nod1 IN FETAL GROWTH RESTRICTION AND DEATH
A é 30
Es 20
B8
g
§ = 0 | — —— - —— i [ ] - i
o E gc o ] =4 £ 2 § 5] S -y g ® Q
& £0 S c s 2 = 8 3
B % E a2 5 2
= 600 i
£ E 500 ** L O Medium
. . . T3 400 B FKS65 1 pg/mL
FIGURE 4. Nod1 expression and cytokine production in 5% 300 B FK565 10 pgimL
responses to Nodl ligand (FK565) stimulation in various g £ 200 i
. . . . (&
tissues of the fetus. (A) Nodl expression levels in various s 10:)) . \] ! g A I T T
tissues of normal fetal mice at E18.5. The mRNA expres- S 100 ’
sion levels were determined by real-time quantitative PCR §3 =0
g
with Gapdh as the internal control. The relative Nodl 55 60 .
mRNA expression levels in each tissue were determined =-‘§~, 40 .
relative to the mRNA level in heart (set as 1.0). The bar - 22 * 1 ] i > e s :
indicates mean and SD (n = 3). (B) The production of § 25 8¢ é 2 5 %g s 5 § § £ B, 8
. . . . ~ . b - 74 [=} = - =5
cytokines in various tissues of normal fetal mice at E18.5 £ &% 8% z E E§ © a 2 % 28 £
£ £ @&z &
ex vivo treated with FK565. Each bar indicates mean and C ’ = 2 .
SD (n = 8 for each group). *p < 0.05, **p < 0.01 relative = 000 *x Oess
to medium (Dunnett test). (C) The expression of cytokines % 1500 *x M FKSE5
in various tissues of fetal mice from pregnant mice treated o & 1000
with FK565 at a dose of 500 wg on E18.5. The relative 8% soof o B s e oae B AR o o

mRNA expression levels in each tissue were determined
relative to the mRNA level in heart treated with PBS (1.00).
Each bar indicates mean and SD (n = 3 for each group).
*p < 0.05, **p < 0.01 relative to each tissue treated with
PBS (Student 7 test). (D) The expression of cytokines in
various tissues of pregnant mice treated with FK565 at a
dose of 500 wg on E14.5. The relative mRNA expression
levels in each tissue were determined relative to the
mRNA level in heart treated with PBS (1.00). Each bar
indicates mean and SD (n = 3 for each group). *p < 0.05,
**p < 0.01 relative to each tissue treated with PBS
(Student 7 test).

IL-6 mRNA
(relative expression) (relative expression)

D

CCL2 mRNA
(relative expression) (relative expression)

IL-6 MRNA

FK565 (p = 0.0007, Fig. 5SA). However, fetal weight was signifi-
cantly reduced in WT and Nodl ~’* pregnant mice with 500-ug
injections of FK565 compared with controls (Fig. 5B). There was
no significant difference in fetal weight between the genotypes of
the fetuses (Nod1*"* versus Nodl ~"* or Nodl ™"+ versus Nodl ")
from pregnant mice of the same genotype (Nodl™* or Nodl ).
These findings clearly demonstrated that IUFD and IUGR with
FK565 injection resulted from the maternal and fetal reactions to
the activated signaling downstream to Nod1.

To identify which tissues might mediate the unfavorable effects
of FK565 on fetal growth, we first mated Nod! " female mice
with Nodl ~"* males. Pregnant mice were s.c. injected with 500 wg
FK565 at E18.5. Six hours later, fetoplacental tissues (fetal heart,
aortic artery, placenta, and yolk sac) were dissected from pregnant
mice, and mRNA expression in these tissues was determined by real-
time quantitative PCR. We found that the aortic artery from Nodl ~*
fetus expressed CCL2 and IL-6 mRNA at the highest level among
the tissues that were studied (n = 3 for each group; p < 0.01).
The high expression levels of CCL2 and IL-6 mRNA were
not observed with the aortic artery from Nodl ’~ fetuses
(Supplemental Fig. 3).
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Because FK565 predominantly induced a vascular response in
the fetus (Fig. 4B, 4C; Supplemental Fig. 3), transcriptomic
analysis was performed to examine the molecular mechanisms of
IUFD after the treatment of pregnant mice with FK565. Micro-
array analysis was performed on aortic arteries from Nodl ’* and
Nodl ™"~ littermate fetuses. A total of 1938 out of 39,430 probe
sets were considered to be differentially expressed in Nodl * and
Nodl ™~ fetuses (1028 upregulated and 910 downregulated) when
2-fold expression changes were set at the cutoff limits (Fig. 6A,
Supplemental Table I). The accuracy of the microarray data were
evaluated through a validation study using real-time PCR assays of
five randomly selected genes (Fig. 6B), indicating that high-quality
data were reproducibly yielded from the microarray analysis.

To identify specific molecular pathways associated with the
FK565-induced IUGR and IUFD, we further performed gene
ontology (GO) analyses on the microarray data (Fig. 6C). The
majority of top 20 GO categories were associated with the
processes of “immune system,” “inflammation,” and “apoptosis.”
To verify these data, we submitted the microarray data to Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway database
(http://www.genome.jp/kegg/). The KEGG analysis showed that
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molecular pathways associated with both inflammatory responses
and apoptosis were significantly enriched in the aberrantly
expressed gene group (Fig. 6D). In line with the GO analysis,
“cytokine-cytokine receptor interaction,” “NOD-like receptor
signaling.” “chemokine signaling,” “cell adhesion molecules,”
and “apoptosis” were annotated at the top 20 of the KEGG
analysis. Together, the GO and KEGG analyses confirmed the
specificity in molecular events and the pathogenic relevance of
activated Nod1 signaling to the IUGR and IUFD in this study.

Collectively, our data provided biological evidence that in-
flammatory responses in fetal vascular tissues were induced by the
maternal injection of Nod1 ligand FK565, thereby contributing to
the development of IUFD.

LLINTs

Discussion

To our knowledge, this study first demonstrated in vivo evidence
that inflammatory responses in pregnant mice upon activated
Nod1 signaling severely affected their fetal growth and survival.
The present study also clarified that Nodl-associated inflamma-
tory responses in both maternal and fetal vascular tissues con-
tributed to the pathogeneses of IUGR and IUFD that were
mimicked by maternal injection of FK565.

Nodl is a member of the NLR family that is ubiquitously
expressed in various tissues. Nodl detects dipeptide y-p-Glu-
meso-diaminopimelic acid (IE-DAP), which is present in the pep-
tidoglycan of most Gram-negative bacteria such as Escherichia
coli and certain Gram-positive bacteria (11, 12, 23). DAP-
containing bacteria release Nodl ligands into the environment,
and Nod1 ligands are stable in higher temperatures or under acidic
or basic conditions (23). It has been suggested that the chronic
stimulation of the host immune system by various bacteria present
in the environment and food may be associated with the develop-
ment of allergic diseases in some circumstances (11). In addition,
there is a line of evidence that bacterial cell wall components
produced by the gut microbiota might translocate out of the lumen
of the gut. Karakawa et al. (24) suggested that p-Ala, one of the
components of bacterial peptidoglycan in the rat tissues and phys-
iological fluids, was mostly derived from intestinal bacteria. Clarke
et al. (25) reported that gut microbiota—derived Nod1 ligands were
detected in serum of mice and served as a molecular mediator re-
sponsible for the systemic priming of innate immunity. These
findings suggest that microbial ligands of PRRs including Nod1
from normal or pathological microbiota might circulate through
the body at sufficient concentrations to influence cellular function.

++ +H+ -

I F Father — +/+ +/+ /- +/+ -/- -/-

Our study showed that Nodl ligands in pregnant mice could
transfer to the fetuses, and the fetuses might be affected directly
by Nodl ligands depending on the Nodl genotype of the fetus
(Fig. 5A). These results suggest that activated Nod1 signaling in
the fetus has an important role in the pathogenesis of IUGR or
IUFD.

A recent study demonstrated that administration of iE-DAP to
pregnant mice caused preterm birth, reduced fetal weight, and
induced proinflammatory responses at the maternal-fetal in-
terface (21), which was in part consistent with our study. We
found new evidence that among the various fetal tissues, in-
cluding the placenta and yolk sac, the production of CCL2 and
IL-6 after the stimulation with FK565 was observed predomi-
nantly in the vascular tissue, wherein Nodl was expressed at
high levels in a physiological condition. We have recently
reported that Nodl signaling was involved in the pathogenesis
of the vascular inflammation (13) and arteriosclerosis (14).
Other groups also reported that stimulation of Nodl directly
activated blood vessels and induced the inflammatory response
via activation of NF-kB and MAPK pathways, which eventu-
ally caused experimental shock in vivo (26, 27). However, there
was no evidence of cellular infiltration in the arteries of the
placentae or fetuses in the current study, which is similar to a
previous study using another Nod1 ligand iE-DAP) (21). When
a higher dose of FK565 was injected into pregnant mice, vas-
cular inflammation was induced only in the pregnant mice, but
not in the fetal and maternal vessels of the placentae or fetuses
(Supplemental Fig. 2). These data might be explained by the
effects of pregnancy and by immaturity of fetal immune and
vascular systems. Although the site-specific nature of vascular
inflammation in response to Nodl agonist is not completely
understood, these results indicate that vascular tissue could be a
major site of action of Nodl-related inflammation in fetuses,
neonates, and adults.

Earlier reports have shown that the risk of cardiovascular dis-
eases in human adults was higher among those with IUGR (28)
(29). The underlying mechanism that mediates the association
between the perturbed fetal condition and the development of
cardiovascular disease in later life has been incompletely under-
stood. Human clinical and in vitro studies showed that the aortic
intima-media layers of IUGR fetuses and neonates were thicker
than those of fetuses and neonates with normal growth (5), and the
endothelial progenitor cells of IUGR infants had impaired an-
giogenic properties and tubular formation (30). These observa-
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tions have suggested that the vascular systems of IUGR patients
were impaired. This study found that the Nod1 signaling path-
way in fetuses contributed to vascular responses and IUGR.
Further study is required to determine whether stressful condi-
tions in utero could be a risk for vasculopathy in young (13) and
adult mice (14). Further study is required to examine whether
Nodl ligand-induced vasculopathy during fetal life would
lead to an increased susceptibility to cardiovascular diseases in
adulthood.

In conclusion, our study provides new insight into the association
between Nod1 signaling in fetus and the pathophysiology of IUGR
and IUFD. These findings offer a framework for unraveling the

molecular mechanisms of fetal pathological conditions and adult vas-
cular disease from the standpoint of maternal and fetal environment.
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