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Background: A number of childhood diseases have been identified, such as severe infection
or autoinflammatory disease, in which immune overreaction against inflammation is
a possible underlying mechanism. Previous reports have demonstrated that fetal cells
activation (MIA)
polyribocytidylic acid [poly(I:C)] exhibited hypersensitivity to inflammation in vitro.

exposed to maternal immune induced by polyriboinosinic-
However, the details of this mechanism remain unclear. Therefore, this study aimed to reveal
the reaction to inflammation in offspring exposed to MIA in the prenatal period, as well as its
molecular mechanism, using a viral infection mouse model.

Materials and Methods: Pregnant mice at 12.5, 14.5, and 16.5 days post coitum were
injected intraperitoneally with poly(I:C) 20 mg/kg body weight (BW) or saline. Offspring
aged 3—4 weeks received the second injection of 20 mg/kg BW or 4 mg/kg BW poly(I:C) or
saline. Serum and tissues were collected at 2, 24, 48, and 72 h after the postnatal injection.
The cytokine profile, histopathology of organs, and unfolded protein response (UPR) in
offspring were examined.

Results: The serum levels of interleukin (IL)-6, IL-17, and interferon-y were significantly
higher in the MIA group, and acute liver necrosis was detected. Moreover, failure in UPR
was observed in the MIA group compared with that in the control group.

Conclusion: Overall, MIA exposure in utero caused failure in UPR as well as immune
overreaction to the second attack of inflammation in offspring. Our results suggested that
prenatal exposure to MIA might contribute to the congenital inflammatory constitution after
birth.

Keywords: maternal immune activation, liver necrosis, immune overreaction, unfolded
protein response defects

Introduction

The prenatal environment has been identified as an important determinant for
postnatal disorders." Moreover, maternal immune activation (MIA) is known to
increase the risk of neurodevelopmental disorders, immune disorders, metabolic
diseases, and cardiovascular diseases in offspring.” ® Neurodevelopmental disorders
such as autism spectrum disorder are associated with immune activation caused by
viral infection, suggesting a possible relationship with the production of inflamma-
tory cytokines such as interleukin (IL)-6 and IL-17.""" A previous study reported
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that a rodent MIA model induced using polyriboinosinic-
polyribocytidylic acid [poly(I:C)], synthetic double-
stranded RNA, or lipopolysaccharide (LPS) from mid-
different
the second attack of inflammation in offspring.
MIA induced by LPS has been found to reduce the levels
of IL-1, IL-6, and tumor necrosis factor (TNF)-a following

responses by
2,3,10,11

pregnancy led to immune

LPS stimulation in vivo.'®'! Cells derived from offspring
exposed to MIA, which was induced by poly(I:C), exhib-
ited increased production of IL-1 and IL-12 following LPS
stimulation in vitro.>*> The levels of proinflammatory cyto-
kines in offspring exposed to MIA were within the normal
range if the offspring were not subjected to the second
attack of inflammatory stimuli after birth. MIA induced by
poly(I:C) might be associated with the constitution of
hypersensitivity to inflammation. In severe cases of infec-
tion or autoinflammatory diseases, patients may have
a dysfunctional immune system, which represents an
immune hypersensitivity to inflammatory stimuli.'*'?
Because of this constitution, these patients can be easily
aggravated by inflammation caused by viral or bacterial
infection. Viral infections are the most common cause of
diseases in children and can cause various clinical mani-
festations, including mild cases with only cold symptoms
and severe cases with multiple organ failure (encephalo-
pathy, cardiomyopathy, liver failure, kidney failure, or
respiratory failure) caused by cytokine storm.'*'*'¢ In
influenza-associated encephalopathy, a representative dis-
ease of organ failure caused by viral infection, the influ-
enza virus has not been detected in the brain. The immune
overreaction against viral infection induces vascular per-
meability and apoptosis because of the cytokine storm.
The primary aggravating factor for a viral infection is the
overreaction to inflammation rather than direct damage
caused by the virus.'>'*'® Immune responses are reported
to be most sensitive during childhood. This is a possible
aggravating factor of diseases, which further induces
immune overreaction by inflammatory stimulation in off-
spring. Immune regulation is often determined by the
number of monocytes or lymphocytes that participate in
the immune response. However, the details of the mechan-
ism have not been fully elucidated.® Cell death is consid-
ered to occur via multiple pathways, in which endoplasmic
reticulum (ER) stress is associated with the activation of
inflammatory signaling pathways stimulated by proinflam-
matory cytokines. A previous study suggested that 1L-6,
IL-17, and IFN-y are closely associated with cell death
caused by unfolded protein response (UPR).'”"'’ Binding

immunoglobulin protein (Bip) is a master regulator of ER
homeostasis, which has been determined to inactivate the
sensor proteins of UPR and block UPR in the normal state
of the cell. Excess amounts of unfolding proteins dissoci-
ate Bip from each of the sensor proteins®® and then acti-
vate them. X-box-binding proteinl (Xbp-1), activating
transcription factor 4 (Atf4), and activating transcription
factor 6 (Atf6), which are translated by the stimulation of
each sensor protein, activate UPR-related genes as well as
ER chaperones.”’ Moreover, it has not been investigated
whether organ damage or dysfunction caused by postnatal
inflammatory stimuli is more likely to occur in offspring
exposed to MIA in the prenatal period.

Here we hypothesized that the inflammatory response
was altered by MIA (first attack) in utero, whereas
the second attack of viral infection promotes immune
overreaction, leading to cytokine storms and organ failure
in offspring. Using a viral infection model with poly(I:C),
we examined the effects of MIA on the susceptibility to
inflammation and UPR in offspring after birth and
described the molecular mechanisms underlying this over-
response against inflammation in vivo.

Materials and Methods

Animals

Pregnant C57BL/6J mice (Japan SLC Inc., Hamamatsu,
Japan) were used. Mice were maintained under standard
laboratory conditions with food and water available ad
libitum. A female mouse was housed with a male mouse
overnight, and the day when a vaginal plug was found in
the morning was designated as day post-coitus (dpc) 0.5.
All procedures in this study were performed in strict
accordance with the guidelines of the Care and Use of
Laboratory Animals of Kanazawa Medical University
(Permit Number: 2012-25, 2013-16, 2014-33). All surgi-
cal procedures were performed under deep anesthesia by
intraperitoneal (i.p.) injection of an anesthetic combination
of midazolam (4 mg/kg), medetomidine (0.3 mg/kg), and
butorphanol (5 mg/kg), and all efforts were made to mini-
mize animal suffering.

MIA Model

In total, 40 mice with timed pregnancies were placed into
two treatment groups: MIA group and saline (S) group.
Pregnant mice received i.p. injection of either injection of
poly(I:C) (Sigma Aldrich, St. Louis, MO) at 20 mg/kg
body weight (BW) or saline 0.01 mL/g BW at 12.5, 14.5,
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and 16.5 dpc was then performed. Four dams were used
per group. Pups were housed with their own dam and
littermates until 3—4 weeks after birth. Two or three pups
per litter were randomly selected regardless of gender; in
total, eight—nine pups were evaluated per group. The pups
were divided into groups based on postnatal poly(I:C)
injection at doses of 20 mg/kg BW and 4 mg/kg BW or
saline, and samples were collected (Suppl Figure SI,

Suppl Table S1). The pups were anesthetized with mid-
azolam (4 mg/kg), medetomidine (0.3 mg/kg), and butor-
phanol (5 mg/kg) intraperitoneally, and blood and tissue
samples were collected at 2, 24, 48, and 72 h after i.p.
injection of poly(I:C) or saline. All serum and tissue
samples were collected only once, ie, when the animals
were euthanized, and not repeatedly from the same animal.
The injection volume of poly(I:C) and saline was unified
into 0.01 mL/g. Four dams were used for each group.

Setting of Experimental Groups

Pups delivered from dams that were injected with poly(I:
C) at a dose of 20 mg/kg BW at 12.5, 14.5, and 16.5 dpc
were assigned as the MIA group (MIA), whereas those
delivered from dams that were injected with saline at 12.5,
14.5, and 16.5 dpc were assigned as the saline group (S).
Pups injected with poly(I:C) at a dose of 20 mg/kg BW
and 4 mg/kg BW or with saline were designated as P20,
P4, and S, respectively. Finally, owing to the combination
of pre- and postnatal injections, the groups were desig-
nated as MIA/P20, MIA/P4, MIA/S, S/P20, S/P4, and S/S.

Multiplex Cytokine Bead Array Assay

At 2 and 24 h after the offspring were administered poly(I:
C), blood was collected from the left ventricle and centri-
fuged to separate the serum. Serum was stored at —80°C
until use. The levels of IL-1B, IL10, and TNF-o were
measured using the Bio-Plex Pro Mouse Cytokine Th17
Panel by multiplex cytokine bead array assay (BIO-RAD,
Hercules, CA) in accordance with the manufacturer’s
instructions (sensitivity: IL-1f, 9.4 pg/mL; IL-10, 1.0 pg/
mL; TNF-a, 1.4 pg/mL). Each sample was measured in
duplicate using the Bio-Plex MAGPIX system (BIO-
RAD).

Sandwich ELISA

At 2, 24, 48, and 72 h after the pups were administered
poly(I:C), blood was collected from the left ventricle and
centrifuged to separate the serum. Serum was stored at
—80°C until use. IL-6 and IL-17 levels were measured

using sandwich ELISA kits (BioLegend, Inc., San Diego,
CA) in accordance with the manufacturer’s instructions
(sensitivity: IL-6, 1.6 pg/mL; IL-17, 7.8 pg/mL). All plates
were treated with 5% bovine serum albumin (BSA)
(Fyjifilm Wako Pure Chemical Corporation, Osaka,
Japan). Horseradish peroxidase (HRP) activity was deter-
mined using one-step Ultra TMB Substrates (Thermo
Fisher Scientific, Waltham, MA). Each sample was mea-
sured in triplicate at 450 nm using 2014 EnVision
(PerkinElmer, Waltham, MA).

Quantitative Real-Time Polymerase Chain
Reaction (PCR)

The livers of the offspring were collected at 2 and 24
h after administration of poly(I:C) or saline and stored at
—80°C until use. Total RNA of the livers was extracted
using the RNeasy Kit (Qiagen, Hilden, Germany) in accor-
dance with the manufacturer’s instructions. The expression
levels of Ifn-y, toll-like-receptor (TIr)-3, nuclear factor
(NF)-kB p65, Bip, total Xbp-1, spliced Xbp-1, Atf4, and
Atf6 were determined using a gene expression assay
(Applied Biosystems, Foster City, CA). Approximately 1
pg of total RNA was reverse-transcribed using a high-
capacity cDNA reverse transcription kit (Thermo Fisher
Scientific). Quantitative real-time PCR was performed
using cDNA with SYBR Green Premix Ex Taq II
(Takara Bio Inc., Kusatsu, Japan), and the expression of
GAPDH was measured as an internal control. The results
were expressed as ratios of gene expression to those in the
control group injected with saline. Reactions were per-
formed in triplicate using a Thermal Cycler Dice (Takara
Bio). Suppl Table S2 shows the primer sequences used for
gene amplification. Before extracting RNA from the liver,
we collected a small 10-mg sample from the liver of each
pup and pooled the liver samples together for each dam.
We used a total of four dams per experimental group and
performed statistical analysis using each measurement per
litter.

Western Blot Analysis

Protein extracted from the liver using PRO-PREP (iNtRon
Biotechnology, Inc., Gyeonggi-do, Korea) was separated
using 5%—-20% sodium dodecyl sulfate—polyacrylamide
(Fujifilm  Wako Pure
Corporation) at 5 pg/lane and transferred onto polyvinyli-

gel electrophoresis Chemical

dene fluoride membranes using an iBlot device (Thermo
Fisher Scientific). The membranes were blocked using 5%
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BSA (Fujifilm Wako Pure Chemical Corporation) in Tris-
buffered saline (TBS) with 0.1% Tween-20 (TBST) and
incubated overnight at 4°C with the following primary
antibodies (Ab) in Immunoshotl (Cosmo Bio, Tokyo,
Japan): inhibitory KB (IKB) a (ab32518) rabbit mAb
(1:1000, 0.09 pg/ul) and phospho (p)-IKBa (ab133462)
rabbit mAb (1:1000, 0.09 pg/ul) (Abcam, Cambridge,
UK). The membranes were then washed using TBST and
incubated at room temperature with HRP-conjugated sec-
ondary antibody (1:3000) for 2 h. The signal was then
visualized by enhanced chemiluminescence (Thermo
Fisher Scientific) using Fusion system (Vilber-Lourmat,
Collegien, France). The band intensities from each blot
membrane were quantified using ImageJ software. -actin
was used as an internal control. The relative expression
was determined. Before protein extraction, we collected
a 10-mg sample from the liver of each pup and pooled the
samples together for each dam. We used a total of four
dams per experimental group and performed the statistical
analysis using each measurement per litter.

Histological Analysis

The liver, brain, heart, kidney, lung, and colon were
immersed fixed in 4% paraformaldehyde 50 mM phos-
phate buffer (pH 7.4) and embedded in paraffin. Five-
micrometer-thick serial sections were prepared. In total,
three sections selected for every 100 um from serial sec-
tions per pup were used for histopathological examina-
tions. Sections were deparaffinized in xylene, rehydrated
using graded alcohol and distilled water, and then stained
with hematoxylin and eosin (HE). Pathological changes
were observed using a light microscope. Focal or single
necrosis of hepatocytes was determined. Degeneration of
hepatocytes was identified as balloon degeneration char-
acterized by swelling of the hepatocyte and vacuolization
with clear cytoplasm. Moreover, we investigated inflam-
matory cell infiltration. First, the number of pups with
liver necrosis or degeneration in each dam was examined
(two or three pups per litter). Then, the incidence of liver
necrosis and degeneration in each group was estimated by
calculating the mean incidence per litter (four dams per
group). Histopathological examination was performed in
a blinded manner.

Immunohistochemistry
For immunostaining, sections were blocked with 5% BSA
(Fujifilm Wako Pure Chemical Corporation) for 30 min at

room temperature, incubated with anti-NF-xB p65

(1:1000) (Rock land, Philadelphia, PA) and anticleaved
caspase-3 (1:100) (Santa Cruz Biotechnology, Dallas,
TE) Abs in TBST overnight at 4°C, and then incubated
with HRP-labeled secondary antibodies (Agilent, Santa
Clara, CA). Immunoreactivities were visualized by 3.3'-
diaminobenzidine (DAB) chromogenic reaction. The
brown DAB deposits were observed and imaged using
NDP slide KK,
Hamamatsu, Japan). Negative controls were incubated

scanner (Hamamatsu Photonics
with normal IgG of the same concentration with each

primary Ab.

Quantitative Analyses of NF-kB-Positive

Nuclei

Serial sections with a thickness of 5 pm were scanned
using an NDP slide scanner (Hamamatsu Photonics KK).
In three randomly selected regions (196 mm?) in each
group, and NF-
kB-negative nucleus were counted, and the positive ratio

the number of NF-kB-positive

was calculated using QuPath software (version 0.2.0).%

Statistical Analysis

All statistical analyses were performed per litter. Data
were presented as the mean + standard error of the mean.
Data were analyzed using the Mann—Whitney U-test with
R 4.0.0 (http://www.r-project.org).

Results

Immune Overreaction Was Induced
Following a Second Attack of Poly(l:C)
After Birth in Offspring

The proinflammatory and anti-inflammatory cytokine
levels at 2, 24, 48, and 72 h after poly(I:C) or saline
administration in offspring were measured. The serum
levels of IL-1B, IL10, and TNF-a at 2 h were not
significantly different between the groups (Suppl
Figure S2 A, B, and C). The serum level of IL-6 at 2
h was not different between the MIA and saline group,
and the serum level of IL-6 at 24 h in the MIA/P20 and
MIA/P4 groups was higher than that in the S/P20 and S/
P4 groups (MIA/P20 vs S/P20: p < 0.05, MIA/P4 vs S/
P4: p < 0.05) (Figure 1A). The serum level of IL-17 in
the MIA/P20 group was significantly higher than that in
the S/P20 group at 2 h (p < 0.05) but was not signifi-
cantly different between the MIA/P20 and S/P20 groups
at 24 h. The level in the MIA/P4 group was significantly
higher than that in the S/P4 group at 24 h (p < 0.05)
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Figure | Immune overreaction induced by a second attack of poly(l:C) in offspring. (A) Serum IL-6 level at 2 and 24 h. (B) Serum IL-17 level at 2 and 24 h. (C) Relative
expression level of Ifn-y mMRNA at 2 and 24 h. (D) Transition of IL-6 at 2, 24, 48, and 72 h in MIA/P20 and S/P20. *p < 0.05, Mann—Whitney U-test. Data are represented by
mean + SE. Number of dams = 4 in each group, number of pups = 8-9 in each group. P20, poly(I:C) 20 mg/kg; P4, poly(I:C) 4 mg/kg; S, saline.

(Figure 1B). The level of /fn-y mRNA was not different
between the groups at 2 h. Although the level of Ifn-y at
24 h between the MIA/P20 and S/P20 groups was not
significantly different, that in the MIA/P4 group was
significantly higher than that in the S/P4 group at 24
h (p < 0.05) (Figure 1C). The serum levels of IL-6, IL-
17, and Ifn-y mRNA were not different between the
MIA/S and S/S groups. ELISA analysis showed that
the serum level of IL-6 in the MIA/P20 group was
higher than that in the S/P20 group (MIA: 324 pg/mL
vs S: 8 pg/mL) at 24 h (p < 0.05); the level decreased in
both groups at 48 h. Moreover, it was no longer sig-
nificantly different between the two groups at 24
h (Figure 1D). Thus, MIA exposure in late pregnancy
at 12.5, 14.5, and 16.5 dpc can cause remarkable altera-
tions in the serum levels of IL-6, IL-17, and Ifn-y
mRNA after the second attack of poly(I:C).

Histopathological Examination of Organs
To evaluate the effects of postnatal attack with poly(I:C)
on various organs, histopathological analysis was per-
formed using HE staining. Liver necrosis and degeneration
were observed in the MIA/P20, MIA/P4, and S/P20 groups
at 24 h (Figure 2A and B). The incidence rate of liver
necrosis and degeneration at 24 h after the second attack
was 100% in the MIA/P20 group, 50 £20.4% in the MIA/
P4 group, and 25 + 14.4% in the S/P20 group (MIA/P20
vs S/P20; p < 0.05, MIA/P4 vs S/P4: p < 0.05) (Figure
2C). In the other groups, liver necrosis and degeneration
were not observed at 2 and 24 h after the second attack. In
other organs such as the brain, heart, kidney, lung, and
colon, histopathological changes, including inflammatory
injury such as immune cell infiltration, degeneration, or
necrosis, were not detected in both the MIA and saline
groups (Figure 2A). The activation of pro-apoptotic
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S, saline.

cleaved caspase-3 expression was detected around the
necrosis area in the MIA/P20 and S/P20 groups (Figure
2D). These results suggest that the acute liver necrosis
caused by the injection of high-dose poly(I:C) in the post-
natal period was associated with prenatal exposure
to MIA.

Activation of the TLR-3-NF-kB Pathway

Response in the Liver

The response of the TLR-3-NF-kB pathway in the liver
was evaluated. The levels of Tlr-3 and NF-xb p-65 mRNA
increased at 2 h after poly(I:C) administration in both the
MIA and saline groups. The levels of 7lr-3 and NF-xb
p-65 mRNA were not different between the MIA and
saline groups at 2 and 24 h (Figure 3A), whereas the
ratio of p-IkBa/IkBa in the liver at 2 h showed an increas-
ing tendency in the MIA/P20 group compared with that in
the S/P20 group (p < 0.05) (Figure 3B). Moreover, the

number of NF-kB p65-positive nuclei at 2 h significantly
increased in the MIA/P20 group compared with that in the
S/P20 group (p < 0.05) (Figure 3C and D, Suppl Figure
S3). These findings indicated that the TLR-3-NF-«kB path-
way was activated by the second attack of poly(I:C) post-
natally in the MIA group.

Response Failure of UPR Following

a Second Attack in Offspring

The expressions of Bip, Xbp-1, Atf4, and Atf6 mRNAs in
the liver were examined to clarify the involvement of UPR
in the pathological changes in the liver. The levels of Bip
mRNA in the liver in the MIA/P20 group at 2 h (p < 0.05)
and 24 h (p < 0.05) were significantly lower than those in
the S/P20 group (Figure 4A). Bip mRNA in the MIA/P4
group at 2h was significantly lower than that in the S/P4
group (p < 0.05), whereas there was no significant differ-
ence at 24 h between the groups. The level of A#f6 mRNA
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at 2 h in the MIA/P20 group was significantly lower than
that in the S/P20 group (p < 0.05), whereas there were no
significant difference at 24 h between the groups (Figure
4C). There was no statistically significant difference in the
levels of Atf4, Xbp-1t, Xbp-1s, and Xbpl-s/t mRNA
between the MIA and saline groups (Figure 4B, D-F). In
the S/P20 and S/P4 groups, their levels were increased
following poly(I:C) administration compared with that in
the S/S group, which exhibited the normal response of
UPR to the inflammatory stress.

Discussion

In the present study, offspring exposed to MIA prenatally
exhibited immune overreaction induced by the second
attack of poly(I:C), which is defined as a pseudovirus

infection after birth. This suggests that MIA is an aggra-
vating factor of viral infection in children. A previous
in vitro study indicated that the immune overreaction in
offspring exposed to MIA was associated with an increase
in the number of macrophages of their dysfunction, but the
details of the mechanism are yet to be clarified.>'® This
study showed that intrauterine exposure to maternal
inflammation increased the susceptibility to inflammation
after birth in offspring. The present histological examina-
tion revealed that liver necrosis was more frequently
induced by postnatal administration of the maximum
dose of poly(I:C) in the MIA group. Apoptosis-related
protein caspase-3 was expressed in hepatocytes around
the lesion of the liver necrosis in the MIA/P20 and S/
P20 groups. In contrast, remarkable pathological changes
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Figure 4 Response failure of unfolded protein response in the liver by a second attack in offspring. (A) Relative expression level of Bip mRNA at 2 and 24 h. (B) Relative
expression level of Atf4 mRNA at 2 and 24 h. (C) Relative expression level of Atfé6 mRNA at 2 and 24 h. (D) Relative expression of Xbp-/t mRNA at 2 and 24 h. (E) Relative
expression level of Xbp-Is mRNA at 2 and 24 h. (F) Ratio of expression level of Xbp-Is/Xbp It mRNA at 2 and 24 h. *p < 0.05, Mann—Whitney U-test. Data are represented
by mean * SE. Number of dams = 4 in each group, number of pups = 8-9 in each group. P20, poly(I:C) 20 mg/kg; P4, poly(I:C) 4 mg/kg; S, saline.

such as necrosis or inflammatory cell infiltration were not
identified in the brain, heart, kidney, lung, and colon but
were identified in the liver. Although the reason why the
liver was more affected than the other organs remains
unclear, it may be associated with the large number of
innate immune cells present and rich blood flow in the
liver."

Poly(I:C) is known to activate the TLR-3 signaling
pathway. NF-kB p-65 has been identified as a major tran-
scription factor that is released following the stimulation
of TLR-3 or cytokines such as IL-6, IL-17, and IFN-y.
IKBa regulates NF-kB activation.”> Phosphorylated IkBa
activates NF-xB, which is then translocated into the nuclei.
In the present study, the activation of NF-xB in the liver
resulted in increased activation of inflammatory signaling
pathways, which possibly caused immune overreaction by
TLR-3 stimulation and cytokine release. The occurrence of
liver necrosis in the offspring exposed to MIA suggests
that prenatal exposure to inflammation was associated with

the overactivation of inflammatory signaling in the post-
natal period.

We detected alterations in Bip and A#f6 expression,
which are the main regulator and one of the major tran-
scription factors of UPR, respectively. In the S/P20 and S/
P4 groups, the levels of these major components of UPR
are physiologically increased by inflammatory stimuli to
maintain intracellular homeostasis by processing excess
abnormal transcripts that cause ER stress.>**> A previous
study indicated Bip knock-out mouse-induced cell death
and the activation of inflammatory signaling pathway in
the liver.”® In MIA/P20 and MIA/P4, Bip and Atf6 expres-
sions were low compared with those in S/P20 and S/P4.
Thus, Bip and Atf6-dependent UPR did not respond prop-
erly to inflammation owing to prenatal MIA exposure. Xbp-
1, another player of UPR, also showed a tendency of
decreased response to the second attack in MIA/P20,
although no statistical differences were observed in the
expression levels among the

experimental groups.
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However, the response of A#f4 against the second attack
was not detected in both groups. These results indicated
that MIA led to the response failure of UPR and uneven
disruption of UPR signaling pathways in MIA-exposed
offspring. Bip has two important roles in protecting cell
survival. First, it is a main regulator of UPR. Second, it can
operate as a typical heat shock protein 70 (Hsp70) chaper-
one-substrate that is involved in the recruitment of mis-
folded proteins.”” The reduction of Bip induces cell death
because of the accumulation of unfolding proteins.
Excessive or insufficient UPR leads to cell dysfunction
and apoptosis and the development of illnesses such as
liver diseases, neurodegenerative disease, cardiovascular
disease, and metabolic disease.”® The mouse model of
abnormal behavior caused MIA exposure in prenatally
increased proinflammatory cytokine mRNA expression in
the hippocampus and indicated an association with the
peroxisome  proliferator-activated
(PPARY)-mediated
Although pathological changes were not detected in the

receptor  gamma

mechanism.?* !

neuroprotective
brain relating to the abnormal behavior, congenital altera-
tion of susceptibility to inflammatory stimuli in the brain
might have been revealed by modulating the timing, dura-
tion, and severity of the second attack. The inflammatory
stimulation of poly(I:C) is also stimulated by all of the
pathways of UPR,*? which is supported by the findings of
this study on the increased expression of Bip, Atf6, Xbp-1s,
and Xbp-1t in S/P20 and S/P4 compared to that in S/S
(Figure 4). The expression of Atf4 is known to be lower
in the liver compared to other organs.**-** In this study, A#/6
or Xbp-1 showed an increase in UPR in the liver of the
saline group, whereas A#f4 did not increase in both groups.
These results suggested that the uneven distribution of UPR
might be associated with the specificity of the organs or
tissues. The present study suggested that the failure of UPR
caused by the insufficient expression of Bip and A6
resulted in cell death in the liver of offspring in MIA/P20.
UPR is triggered by inflammatory cytokines due to viral or
bacterial infection. The activation of the UPR signaling
pathway increases the levels of transcription factors such
as NF-kB and regulates inflammation stimuli.>*** Previous
studies reported that the deletion of UPR-related proteins
such as Bip, Atf6, and Xbp-1 resulted in dysregulation of
inflammation and induced the enhancement of apoptosis-
related molecules and immune response.”®*>~¢ Failure of
UPR and increased and prolonged inflammation was
observed in the MIA group. UPR defects caused NF-kB
overexpression and immune overreaction. These results

indicated that MIA exposure in the prenatal period caused
susceptibility to inflammation after birth in offspring.
Furthermore, what is the mechanism by which the levels
of Bip and UPR sensor proteins were reduced in the MIA/
P20 group? Epigenetics such as DNA methylation, histone
modification, and non-coding RNAs often result in altered
gene regulation without changing the DNA sequence.
These alterations are associated with gene expression by
changing the chromatin architecture, which can cause var-
ious diseases in offspring. A previous study reported that
IL-6 and IL-17 activated DNA methyltransferase 1 and
inhibited histone deacetylase, respectively.”’* Thus, MIA
induced by inflammation possibly caused epigenetic
changes such as DNA methylation, histone modification,
and non-coding RNAs in offspring in utero. From this
perspective, the present study indicates that immune over-
reaction and UPR defects in the postnatal period may be
associated with prenatal epigenetic modifications of Bip
and UPR sensor protein promoters by activating the TLR-
3 signaling pathway. Thus, further studies are needed to
address this issue.

Finally, we propose that MIA might be one of the risk
factors in patients with immune overreaction such as in the
case of severe infection or autoinflammatory disease. The
present findings will be helpful in detecting organ failure
determinants in each disease. Overall, the findings of this
study may contribute to the clinical treatment and predic-
tion of pathological conditions.

Conclusion

The study findings indicated that MIA-exposed offspring
acquire hypersensitivity constitution, UPR defects, and
acute liver necrosis.
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