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ARTICLE INFO ABSTRACT

Keywords: Introduction: Metabolic stress (e.g., gestational diabetes mellitus (GDM) and obesity) and infections are common
Immunology during pregnancy, impacting fetal development and the health of offspring. Such antenatal stresses can differ-
Infection entially impact male and female offspring. We sought to determine how metabolic stress and maternal immune
giztbezihhﬂd health activation (MIA), either alone or in combination, alters inflammatory gene expression within the placenta and

whether the effects exhibited sexual dimorphism.

Methods: Female C57BL/6 J mice were fed a normal diet or a high fat diet for 6 weeks prior to mating, with the
latter diet inducing a GDM phenotype during pregnancy. Dams within each diet group at gestational day (GD)
12.5 received either an intraperitoneal injection of the viral mimic, polyinosinic:polycytidylic acid (poly(I:C)) or
saline. Three hours post injection; placentae were collected and analyzed for changes in the expression of 248
unique immune genes.

Results: Placental immune gene expression was significantly altered by GDM, MIA and the combination of the
two (GDM +MIA). mRNA expression was generally lower in placentae of mice exposed to GDM alone compared
with the other experimental groups, while mice exposed to MIA exhibited the highest transcript levels. Notably,
fetal/placental sex influenced the responses of many immune genes to both metabolic and inflammatory stress.
Discussion: GDM and MIA provoke inflammatory responses within the placenta and such effects exhibit sexual
dimorphism. The combination of these stressors impacts the placenta differently than either condition alone.
These findings may help explain sexual dimorphism observed in adverse pregnancy outcomes in human offspring
exposed to similar stressors.

Fetal origins

1. Introduction

The developmental origins of health and disease (DOHaD) frame-
work posits that the in utero environment influences risk for non-com-
municable diseases (NCDs) for offspring throughout life [1]. Associa-
tions have been identified between stress during pregnancy and the
occurrence of NCDs in offspring, such as cardiovascular disease,

metabolic disorders (e.g., obesity and diabetes mellitus), and neuro-
cognitive problems [1]. Among the most prevalent maternal stressors
are obesity [2], gestational diabetes mellitus (GDM) [3-5] and infection
[6-8]. How these comorbidities impact fetal development and long-
term health outcomes for offspring remains an open question, though it
likely involves some combination of cellular/tissue damage and/or
epigenetic modification [9]. This question is complicated by the
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observation that some DOHaD-associated health outcomes exhibit
sexual dimorphism, meaning that male and female offspring are af-
fected differently [10,11].

The placenta is a critical organ orchestrating nutrient transport to
the fetus, hormone production, maternofetal gas exchange, removal of
waste, maintenance of maternofetal immune tolerance, and host de-
fense. It is thus an important biological conduit that could mediate the
non-genomic transmission of risk for NCDs [12,13]. Because the pre-
dominant tissue-specific cell of the placenta, the trophoblast, is derived
from the blastocyst and is genetically fetal, placental sex is biologically
congruent with that of the fetus and may influence developmental
origins of disease [14-16]. Recent studies suggest that the placental
transcriptome is largely driven by the fetal genome and that placental
gene networks influence postnatal risk of multiple diseases [13]. Thus,
sexual dimorphism in DOHaD might reflect an influence of placental
sex on fetal development.

While most investigations linking antenatal stress to adverse out-
comes have focused on a single stressor [17], real world experience
demonstrates that human populations are routinely subjected to more
than one simultaneously. For example, diabetes is often accompanied
by obesity, collectively referred to as diabesity [18], a condition that
has received significant attention for its impact on fetal development
and developmental outcomes [4,19]. In contrast, the co-occurrence of
infectious diseases and metabolic stress has received little attention
[17].

Infections pose a persistent threat to human reproductive health
through causing direct fetal tissue damage (e.g., congenital Zika virus,
cytomegalovirus or syphilis infections) or, indirectly via immune-
mediated interference with normal fetal programming and/or other
mechanisms such as epigenetics [20]. Maternal immune activation
(MIA), as might be provoked by infections that do not cross the pla-
centa, such as influenza, appears to impact the risk for NCDs in exposed
offspring [21,22]. Many low- or middle-income countries are dis-
proportionately affected by highly endemic infections such as tu-
berculosis, malaria, and HIV, but are also challenged by obesity and
diabetes as societies transition from poor access to nutrition to a Wes-
tern diet [23]. This is noteworthy because metabolic stressors such as
these are associated, like some infections, with proinflammatory al-
terations within the placenta.

To advance our understanding of the extent to which metabolic and
inflammatory stressors impact placental immune activation, we utilized
a high fat diet-induced, pregnant mouse model of GDM, with or without
acute inflammatory MIA stress [24]. The process of virus-induced im-
mune activation was modeled using a mid-gestational challenge with
the viral mimetic poly(I:C), a synthetic, double-stranded RNA agonist of
Toll-like receptor 3 [25,26]. Placental gene expression for 248 genes
involved in innate and adaptive immunity were evaluated because a
delicate balance of immune tolerance is required for fetal development
[27] and both metabolic and infectious stressors have been shown to
alter the inflammatory state of the placenta [28-30]. The study design
allowed us to test the hypothesis that metabolic stress or MIA or the
combination of the two can induce changes in inflammatory gene ex-
pression within the placenta and tissue responses would exhibit sexual
dimorphism.

2. Materials and methods
2.1. Animal procedures

Procedures were approved by the Vanderbilt Animal Care and Use
Committee and conducted according to our previous protocol [24].
Briefly, C57Bl/6J mice were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA). Control fed mice received standard chow
throughout the experiment (5LOD, Lab Diet, St. Louis, MO, USA) and to
induce GDM, received a 60% calories-by-fat diet (58Y1, Test Diet, St.
Louis, MO, USA) from 4 weeks of age throughout pregnancy. These
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mice are referred to as GDM mice herein and were previously shown by
our group to develop a GDM phenotype compared to normal diet-fed
controls [24]. At 10 weeks of age, mice were mated, and the presence of
a vaginal plug marked gestational day 0.5 (GDO.5). Pregnant females
were left undisturbed except for cage changes at GD9.5 and weight
measurements.

GDM and controls were assigned to receive a mid-gestational in-
traperitoneal injection with either saline (control) or poly(I:C) as re-
ported [24], creating 4 experimental groups: control fed saline (SAL or
control), high fat fed saline (GDM), control fed poly(I:C) (MIA), and
high fat fed poly(I:C) (GDM + MIA) [24]. GD12.5 was chosen as a mid-
gestation timepoint, at which point pregnant females were injected
intraperitoneally with either sterile saline or 20 mg/kg poly(I:C) po-
tassium salt (Sigma Aldrich, St. Louis, MO, USA) in sterile saline, based
on the weight of poly(I:C) itself. Pregnant mice were sacrificed 3 h after
injection at GD12.5 during the acute phase of the inflammatory re-
sponse. Sex genotyping was performed for each embryo using a pre-
viously published protocol [31]. Each of the 4 groups contained 9
pregnant females with the exception of GD12.5 MIA, which contained 8
pregnant females, making a total of 35 females. Litter parameters in-
cluding litter size and statistics on number of resorptions, malformed
embryos, and male: female ratios are included in Supplemental Table 1.

2.2. Tissue collection

Immediately after sacrifice, the gravid uterus was removed followed
by the removal of each individual fetal-placental unit. The amniotic sac
was removed from the placenta, at which point the decidual tissue was
surgically separated from the placenta [32] and the placental tissue was
flash frozen. In total, we collected 64 placentae from the saline treated
group, 62 from the MIA group, 72 from the GDM group, and 67 from
the combined MIA and GDM group. Twelve placentae (6 male, 6 fe-
male) were chosen for Nanostring” gene expression analysis from each
experimental condition (except GDM group with 5 male, due to low
quality RNA isolation, thus total 47 placentae), with 12 pregnant mice
contributing 2 placentae each and 23 pregnant mice contributing one
single placenta. Tissues were obtained across 8-9 pregnant dams per
experimental condition [24]. All pups were measured to have crown/
rump lengths between 8 mm and 9 mm. It was not possible to choose
samples that were evenly distributed between the right and left uterine
horn, although, all efforts were made to remain as evenly distributed
while concurrently maintaining an even male to female ratio. Specific
parameters for the placental samples chosen for gene expression ana-
lysis are summarized in Supplemental Table 2.

2.3. RNA isolation and Nanostring” transcriptional profiling

The entire placenta was utilized for RNA isolation. Tissue was dis-
sociated using gentleMACS dissociator m-tubes in 1 mL TRIzol. RNA
was isolated in TRIzol following manufacturer protocols (Invitrogen,
Carlsbad, CA, USA). Samples then underwent a Qiagen RNeasy clean-
up, following manufacturer's instructions (Qiagen, Hilden, Germany). A
Thermo Scientific Nanodrop 2000 (Thermo Scientific, Waltham, MA,
USA) was utilized to measure RNA concentration and purity (absor-
bance wavelength 260/280 values > 2 and 260/230 values > 1.5).
Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA)
was utilized to ensure RNA integrity, with all RNA integrity numbers
falling between 9.5 and 10.

Purified RNA (150 ng) from each placental sample was utilized for
unblinded Nanostring nCounter gene expression analysis (http://www.
nanostring.com/applications/technology) using the mouse inflamma-
tion V2-panel which included 248 inflammation-related mouse genes
and 5 internal reference controls to determine gene expression per-
formed according to manufacturer's instructions.
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2.4. Nanostring® gene expression analysis and data visualization

Count data produced by the n-Counter Digital Analyzer were nor-
malized to positive and negative spike-ins as well as 5 housekeeping
genes (Cltc, Gapdh, Gusb, Hprt, and Tubb5) and used for gene expression
analysis. Principle Component Analysis (PCA) on the scaled gene ex-
pression data was performed and a 3-D plot using the first 3 compo-
nents was generated using R package “rgl”. To compare the gene ex-
pression level between different treatment groups and placental sex, a
linear regression with robust standard errors (Huber-White method to
account for the pregnant mouse cluster) on the treatment groups, sex,
and their interactions was fitted for each gene. Estimated effects and p
values for different contrasts were reported and summarized. We con-
sidered each gene as an endpoint and adjustment top values was not
applied. These statistical analyses were performed using R version 3.5.0
(https://www.R-project.org).

2.5. Pathway analysis

PANTHER, Protein Analysis Through Evolutionary Relationships,
classification system was utilized to classify and identify pathways
perturbed in our experimental conditions based on gene expression data
[33]. All genes upregulated or down regulated within a treatment
segregated based upon sex were uploaded into the PANTHER online
analysis program and functional pathway classification analysis was
performed to determine the pathways perturbed in our treatment
groups.

Pie charts represent the pathways involved in each treatment seg-
regated by placental sex regardless of directionality of the expression
change. Each pathway was color-coded so that each pathway was re-
presented by the same color in all figures and were placed in order of
abundance of genes in each pathway, from the most genes to the fewest
genes implicated in the pathway, beginning with the miscellaneous
category and moving clockwise around the circle. Miscellaneous re-
presents the compilation of any pathway in which genes were differ-
entially expressed between male and female that contained 3 or fewer
implicated genes.

3. Results

3.1. Placental sex is associated with gene expression profiles in pregnant
C57BL/6 mice in response to metabolic and inflammatory stress

To model placental transcriptional responses to acute inflammatory
stress and determine the extent to which such changes were modified,
we quantified mRNA of 248 immune response genes on GD12.5, 3 h
following exposure to poly(I:C) or saline. The experimental groups were
control (normal diet followed by saline injection on GD12.5), MIA
(normal diet followed by poly(I:C) injection on GD12.5), GDM (high fat
diet followed by saline injection on GD12.5), or the combination of
GDM +MIA (high fat diet followed by poly(I:C) injection on GD12.5).
We visualized the data by a PCA plot, in which each data point re-
presents an individual placenta. The closer data points are to each
other, the more closely related the transcriptional responses.
Transcriptional responses varied most dramatically between mice ex-
posed to MIA versus saline, regardless of the presence of diet-induced
GDM (Fig. 1B). However, the added stress of GDM disturbed gene ex-
pression, as evidenced by the widening gaps on the PCA plot between
data points (transcriptional responses of individual placentae). When
mice with GDM were subjected to immune activation (MIA), the data
points did not cluster as tightly, suggesting a highly variable tran-
scriptional response compared to the other experimental conditions
(Fig. 1B). A possible influence of placental sex on transcriptional pro-
files was suggested by PCA visualization, particularly among mice not
exposed to the poly(I:C)-induced immune activation.

Possible interactions between placental sex and treatment group
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were assessed by linear regression, as detailed above. A heat map
(Fig. 1C) displays row z-scores for the expression of genes for which the
response to metabolic or inflammatory stress was significantly influ-
enced by placental sex (p < 0.05). Here, it is evident that the placental
transcriptional profiles of this subset of genes within each of the ex-
perimental groups (including the normal control mice) differed based
upon sex. Metabolic and inflammatory stress induced unique changes in
gene transcription and the greatest distance was observed between mice
exposed to GDM and those exposed to GDM + MIA. The heat map re-
veals that on average, mRNA expression within placental tissues ex-
posed to GDM alone was generally lower (more blue) than the other
experimental groups, while mice exposed to MIA in combination with
GDM (MIA + GDM) exhibited the highest transcript levels (more red)
(Fig. 1C). Immune genes for which sex significantly modified the re-
sponse to each treatment are summarized in Supplemental Tables 3-7.
A more detailed analysis of the impact of fetal/placental sex on gene
transcriptional responses to inflammatory and/or metabolic stress is
presented in the sections that follow.

3.2. Placental sex influences gene expression in normal control mice

Within the placentae from normal control pregnant dams (normal
diet, saline injection), gene differential expression analysis revealed
that 13 genes (5.2% of the 248 total number of genes) were statistically
significantly (p value < 0.05) differentially expressed comparing male
to female tissues (CIra, Ccl4, Ccl24, Cfl1, Cxcl2, Ddit3, Ifnal, Jun, Ptgs2,
Racl, TIr5, TIr6, TIr8) based on linear regression models. Eleven of
these genes were more highly expressed in male placentae, and two
(CIra and TIr5) more highly expressed in female placental tissues. The
estimated mean differences for all 13 genes are displayed in
Supplemental Table 8.

3.3. Placental sex influences placental gene expression in response to
metabolic stress

A comparison of inflammatory gene expression among placental
tissues harvested from mice exposed to a high fat diet (GDM mice) and
mice exposed to normal diet revealed that levels of 93 of 248 (37.5%)
genes were statistically significantly different (Fig. 2A). Of these 93
genes, 36 were impacted by GDM with similar direction and scale in
male and female placental tissues (11 induced and 25 repressed), while
the significant changes in the expression of 40 inflammatory genes (9
up-, 31 down-modulated) were limited to male tissues and 17 genes (8
up-, 9 down-modulated) were significantly altered in female placentae.
The identity and levels of changes for these genes are indicated in
Supplemental Tables 9-12.

Pathway analysis revealed that male and female placentae exhibited
perturbations in multiple shared pathways. Perturbations in the Wnt
signaling pathway and pathways governing cytoskeletal regulation by
Rho GTPases were unique to male placentae exposed to GDM (Fig. 2B).
Female placentae saw unique differences within the Insulin/IGF/MAPK
pathway (Fig. 2C).

3.4. Placental sex influences gene expression in response to acute exposure
to immune activation (MIA)

Comparison of inflammatory gene expression among placental tis-
sues harvested from mice exposed to a normal diet followed by poly
(I:C) injection (MIA) with mice exposed only to a normal diet demon-
strated male and female placentae tended to respond differently to MIA
exposure. Expression levels of 114 genes (of 248; 46%) showed statis-
tically significant changes with MIA exposure (Fig. 3A). Of these 114
genes, 52 were similarly impacted by MIA in male and female placental
tissues (39 induced and 13 repressed), while the significant changes in
the expression of just 17 inflammatory genes (5 up-, 12 down-modu-
lated) were limited to male tissues and 45 genes (33 up-, 12 down-
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Fig. 1. Visual comparison of gene expression profiles for male and female placentae exposed in utero to gestational diabetes mellitus (GDM), maternal
immune activation (MIA) or both GDM and MIA. Control animals received normal chow and saline injections. (A) Experimental timeline highlighting the
treatment and sample collection conditions. (B) Principal component analysis (PCA) of transcription data of 248 endogenous mouse inflammation genes in mouse
placenta. Each data point represents a single placental sample. Experimental groups as indicated, with small symbols for male and large symbols for female placental
specimens. (C) Heat map displays row z-scores for the expression of genes for which the response to metabolic or inflammatory stress was significantly influenced by

placental sex (p < 0.05). Heat map was generated under R version 3.5.1.

modulated) were significantly altered in female placentae. The identity
and level of change (induced, repressed) of all of these genes are in-
dicated in (Supplemental Tables 13-16).

Pathway analysis revealed that MIA induced significant changes in
four pathways within female placentae that were not altered in male
tissues: FAS signaling, Huntington disease pathway, insulin/IGF/MAPK
pathway, and the apoptosis pathway. Although male and female pla-
centae exhibited perturbations in multiple shared pathways there were
no pathways unique to male placentae that were not also changed in
female placentae as a result of maternal MIA exposure (Fig. 3B and C).

3.5. Placental sex influences gene expression in response to exposure of both
GDM and MIA

We next evaluated the impact of sex on inflammatory gene ex-
pression among placental tissues harvested from mice exposed to a high
fat diet (GDM) and poly(I:C) injection (MIA) with mice exposed to a
normal diet followed by saline injection. These analyses demonstrated
response differences between male and female tissues as expected from
the above results. Expression levels of 123 genes (of 248; 37.5%)
showed statistically significantly alteration after GDM and MIA ex-
posure (Fig. 4A; Supplemental Tables 17-20). Of these 93 genes, 74
were similarly impacted by GDM + MIA in male and female placental
tissues (57 induced and 17 repressed), while the significant changes in
the expression of 21 inflammatory genes (7 up-, 14 down-modulated)
were limited to male tissues and 28 genes (17 up-, 11 down-modulated)
were significantly altered in female placentae.

Gene pathway analysis revealed 2 pathways, P53 feedback pathway
and Wnt signaling pathway, significantly altered and unique to male
placentae in GDM +MIA-exposed dams. Female placentae exhibited

perturbations in multiple shared pathways and 2 unique pathways,
TGF-beta signaling and Insulin/IGF/MAPK pathways (Fig. 4B and C).

4. Discussion

Both antenatal metabolic stress and infection pose tremendous risks
to fetal health and development, risks that might be transmitted
through actions within the placenta. The present study newly demon-
strates that both metabolic stress and immune activation, or the com-
bination of the two, perturb immune gene expression in the placenta.
Furthermore, such effects exhibit sexual dimorphism.

A wealth of data supports the association between maternal stres-
sors during pregnancy and adverse outcomes in offspring [34-36].
What has not been frequently studied is the co-occurrence of multiple
stressors and their ability to converge on fetal development thereby
influencing health outcomes for the next generation [17]. Our group
recently demonstrated the unique impact of combined maternal stres-
sors (GDM and MIA) on the fetal brain [24]. Equally important as the
impact on fetal brain development is the study of the placenta and the
use of fetal sex as a biological variable. Increasingly, the placenta is
being viewed as a key mediator of DOHaD-related sexual dimorphism
[37,38]. Placental sex is largely fetal (with exception of maternally-
derived cells) [15]. That sex influences placental biology is evidenced
by findings that male, rather than female, placentae are generally more
responsive to changes in the maternal environment [15,39-41].

At baseline we found that the transcription of some immune genes
differed significantly between male and female placentae
(Supplemental Table 8). While only 13 genes were significantly dif-
ferentially expressed between male and female tissues, it was inter-
esting that several chemokines (Ccl4, Ccl24, Cxcl2), pathogen
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Fig. 2. Sex-associated changes in gene expression in the placenta induced by diet-induced gestational diabetes mellitus (GDM) compared to the saline
treated, normal-diet controls. (A) Number of genes whose expression levels were statistically-significantly impacted by GDM compared to control (p < 0.05).
Large black numbers indicate total number of genes altered regardless of directionality. Red numbers indicate number of genes whose expression levels increased due
to GDM and blue numbers indicate the number of genes who expression levels decreased as a result of GDM. (B and C) Pathways perturbed in GDM irrespective of
change in gene expression directionality. All pathways which contained <3 genes were grouped together in the miscellaneous category. Pathways listed in red bold
print are unique to that sex. Data are displayed for male (B) and female (C) placentae separately. Number of genes included in this figure were statistically-
significantly impacted by the indicated treatment (p < 0.05). See methods for detailed description.

recognition receptors (Tlr5, TIr6, Tlr8) and the prostaglandin-gen-
erating, inducible cyclooxygenase-2 (Ptgs2) were among these. The
male-specific increase in Ptgs2 expression is interesting given that
prostaglandins are critically important in labor and sexual dimorphism
has been observed in the incidence of preterm labor [42]. Also, cy-
clooxygenase inhibitors were shown to have sex-specific effects in
modifying the inflammatory effects of antenatal stress in the placenta
and improving behavioral outcomes in male offspring in a mouse model
of environmental psychological and physical stressors [43]. Similar to
our data, Sood and colleagues [44] examined gene expression patterns
in 19 human placentas from successful full-term pregnancies using
microarray analysis and found significant differences between male and
female tissues within the villus parenchyma. In fact, immunoregulatory
genes such as JAK1, IL2RB, Clusterin, LTBP, CXCL1, and ILIRL were
found to have sexually dimorphic expression patterns [44]. A more
recent study of late first trimester placentae from humans also found sex
differences in the transcriptome that included a set of 18 autosomal
genes, suggesting sex-specific physiology impacts non-sex related genes
[45].

The TLR3 dsRNA ligand poly(I:C) is commonly used to model viral
infection [46], most notably to define the impact of MIA on fetal brain
development and neurocognitive function in offspring [24,46]. We
examined changes in placental gene expression 3 h following exposure
to this stimulus because previous research has shown that even this

soon after injection pregnant mice show significant behavioral and
systemic inflammatory changes mimicking infection [24,47,48]. An-
tenatal poly(I:C) exposure has been shown to differentially alter beha-
viors in male vs. female mouse offspring [49]. To our knowledge, this is
the first study that has examined changes in numerous inflammatory
genes within the placenta provoked by poly(I:C) in a sex-specific
manner. Hsiao and Patterson investigated the impact of MIA on pla-
cental gene expression in a small number of prespecified inflammatory
genes in C57BL/6J mice finding that inflammatory gene expression
was markedly induced 3 h following poly(I:C) exposure [50]. This study
however did not examine sex-specific differences in gene expression.
Pathway analysis in the MIA model demonstrated the most hits in
inflammation-related pathways such as TLR signaling, interleukin sig-
naling, and cytokine and chemokine signaling in both male and female
placentae. The female placentae exhibited a higher degree of differ-
ential regulation in the insulin/IGF/MAPK pathway, indicating that
genes within this pathway may be important to the female response to
inflammatory stress. Although few studies have focused on this
pathway specifically, one study of 987 healthy singleton pregnancies
found that cord-blood from females had increased concentrations of
insulin-like-growth factors (IGF)-1 and IGFBP-3 compared to males
[51]. The IGF axis has been reported to be differentially regulated in a
sex-dependent manner in other inflammatory related diseases during
pregnancy such as asthma [52]. The role for the IGF axis within the
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Fig. 3. Sex-associated changes in gene expression in the placenta induced by maternal immune activation (MIA) compared to the saline treated, normal-
diet controls. (A) Number of genes whose expression levels were statistically-significantly impacted by MIA compared to control (p < 0.05). Large black numbers
indicate total number of genes altered regardless of directionality. Red numbers indicate number of genes whose expression levels increased due to MIA and blue
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the indicated treatment (p < 0.05). See methods for detailed description.

placenta has not been well-established although its possible importance
in the sex-dependent response to inflammatory insults should be in-
vestigated further.

Both obesity during pregnancy and GDM are associated with
chronic systemic inflammation and have been implicated in provoking
placental inflammation [29,53]. The impact of obesity on placental
inflammation appears to affect male and female tissues differently [54]
and mice fed a high fat diet have been found to have divergent patterns
of gene expression in male vs. female placentae [35]. GDM has not, to
our knowledge, been associated with sex differences in placental gene
expression. Our results show sexual dimorphism in GDM-induced in-
flammation-related gene expression changes within the placenta.
Pathway analysis revealed two pathways more highly changed in
males; the cytoskeletal regulation by Rho GTPase and the Wnt signaling
pathways. Neither of these pathways have been previously implicated
in sex-dependent placental gene expression alterations as a result of
GDM. Similar to MIA, the female placentae showed a higher degree of
change in the Insulin/IGF/MAPK signaling pathway. Thus, reiterating
the possible importance of this pathway in sex-driven gene expression
changes within the placenta as a result of inflammatory stress. Studies
have interrogated the IGF axis as it relates to fetal development and
outcomes in maternal asthma, however not in the context of GDM [55].

A fascinating aspect of our study was the combination of GDM and
MIA. A total of 123 genes within the placenta were significantly

different compared to control in the combination of GDM and MIA and
74 of these genes were shared between male and female placentae. The
insulin/IGF/MAPK pathway was more significantly changed in female
placentae compared to male, similar to the GDM and MIA conditions
alone. In addition to the insulin/IGF/MAPK pathway, the TGF-p sig-
naling pathway was more significantly changed in female placentae.
TGF-B has been implicated in supporting maternal-fetal immune tol-
erance [56] so disturbing its expression could have important con-
sequences. Like what we observed in GDM alone, the Wnt signaling
pathway was more significantly altered in male placentae. In addition,
the p53 feedback loop pathway was more significantly altered in males.
Alterations in the p53 feedback loop pathway have been implicated in
increased levels of apoptosis within the placenta in the context of
preeclampsia [57] although no link to GDM or MIA has been estab-
lished. Our analyses highlight both the number of pathways that are
perturbed and the degree to which GDM and MIA influence gene ex-
pression patterns within those pathways in a sex-dependent manner as
depicted by the change in appearance of the pie graphs for each
treatment group (Figs. 2-4). An interesting finding was that while GDM
had more male-predominant gene expression changes, MIA affected
more the females, while, in general, GDM +MIA did not exhibit such a
distinct effect. It will be important for future studies to establish how
sex influences these pathways. It is also interesting that while both
GDM and MIA impacted gene expression in placental tissues, the
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magnitude of the effect of poly(I:C) exposure was greater than that
induced by the metabolic stress of the high fat diet, which was best
evidenced in the PCA plot in Fig. 1.

Limitations of our study are important. Gene expression was as-
sessed using a preselected set of 248 immune genes (compiled by the
commercial vendor after querying several public databases for in-
flammation-related genes), which introduces bias and limits conclu-
sions regarding other functions of the placenta, such as nutrient
transport or metabolism. It is possible that a larger set of genes would
yield different results. Our GDM model was generated with a high fat
diet, which itself could produce inflammation in the absence of diabetes
[58]. We used this model because mice consistently exhibited enhanced
glucose intolerance and hyperinsulinemia following a glucose challenge
only while pregnant [24]. The use of poly(I:C) to provoke a systemic
inflammatory response mimicking a viral infection during pregnancy
has advantages, including the lack of live virus that might cross the
placenta and a more consistent, controlled inflammatory response.
However, a viral mimetic lacks the complexities of host-pathogen in-
teractions, thus limiting generalizability. The use of a mouse model is
an important caveat, given differences between human and mouse
placentae [59]. Our investigations did not examine associations be-
tween placental gene expression and behavioral or other outcomes in
offspring, which awaits future study. Another limitation is a lack of

understanding of the exact mechanisms whereby these antenatal
stressors, singly and in combination, impact gene expression. Whether
through epigenetic or other modifications, such mechanisms await fu-
ture studies. We attempted to remove decidual tissue from placental
tissue surgically but cannot rule out maternal contamination of pla-
cental specimens. Despite these limitations, our work sheds new light
on the convergence of stressors at the maternal-fetal interface that de-
serves ongoing attention.

This work suggests that common antenatal stressors impact immune
gene expression within the placenta and appear to interact. Placental
sex can influence the relationship between stress and immune home-
ostasis, supporting a placental role in the sexual dimorphism observed
in human clinical studies of DOHaD-related health outcomes. Future
studies should continue to model multiple stressors and pay heed to sex-
related effects.
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