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HEALTH AND MEDICINE

Mitochondrial-targeted antioxidant attenuates
preeclampsia-like phenotypes induced by
syncytiotrophoblast-specific Gaq signaling

Megan A. Opichka’, M. Christine Livergood?, Kirthikaa Balapattabi', McKenzie L. Ritter’,
Daniel T. Brozoski', Kelsey K. Wackman', Ko-Ting Lu’, Kaleigh N. Kozak?, Clive Wells?,
Agnes B. Fogo®, Katherine N. Gibson-Corley®, Anne E. Kwitek'*®, Curt D. Sigmund'>”,
Jennifer J. McIntosh"%°*, Justin L. Grobe'>578%

Syncytiotrophoblast stress is theorized to drive development of preeclampsia, but its molecular causes and con-
sequences remain largely undefined. Multiple hormones implicated in preeclampsia signal via the Gaq cascade,
leading to the hypothesis that excess Gaq signaling within the syncytiotrophoblast may contribute. First, we
present data supporting increased Gaq signaling and antioxidant responses within villous and syncytiotropho-
blast samples of human preeclamptic placenta. Second, Gaq was activated in mouse placenta using Cre-lox and
DREADD methodologies. Syncytiotrophoblast-restricted Gaq activation caused hypertension, kidney damage,
proteinuria, elevated circulating proinflammatory factors, decreased placental vascularization, diminished spiral
artery diameter, and augmented responses to mitochondrial-derived superoxide. Administration of the mito-
chondrial-targeted antioxidant Mitoquinone attenuated maternal proteinuria, lowered circulating inflamma-
tory and anti-angiogenic mediators, and maintained placental vascularization. These data demonstrate a
causal relationship between syncytiotrophoblast stress and the development of preeclampsia and identify ele-
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vated Gagq signaling and mitochondrial reactive oxygen species as a cause of this stress.

INTRODUCTION

Hypertensive disorders of pregnancy, specifically preeclampsia,
confer substantial maternal-fetal health risks during gestation and
in the postpartum period (I-5). Preeclampsia is diagnosed based on
the presence of new-onset hypertension and end organ dysfunction
after 20 weeks of gestation (6). Current incidence rates are rising (7,
8), yet detailed mechanistic insight and effective treatment options
are limited. Despite these shortcomings, it is well-established that
the placenta has a prominent role in its pathogenesis (9, 10), and
experts have theorized that generalized syncytiotrophoblast stress
may be a final common factor in the development of this syndrome
regardless of the initiating factor (11).

As the forefront of the maternal-fetal interface, syncytiotropho-
blast cells comprise the outer villous layer of the placenta and are
essential for material exchange and hormone production (12).
Throughout pregnancy, this layer is susceptible to damage (13)
and can release stress-induced bioactive factors, extracellular vesi-
cles, and cell-free DNA into the maternal circulation (14, 15). Pre-
eclampsia is accompanied by exacerbated oxidative, mitochondrial,
and endoplasmic reticulum stress, ultimately contributing to en-
hanced propagation of these signals (16-19). Although a wide
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array of correlative evidence recapitulates the involvement of syncy-
tiotrophoblast stress in the clinical presentation of preeclampsia
(16—19), the causality of this relationship and the precise origins
have yet to be established.

Many animal studies use hypoxia-related insults such as placen-
tal ischemia (20-22) or anti-angiogenic factors (23, 24) to model
preeclampsia. However, there is increasing appreciation that
hypoxia is just one of many molecular signatures of the disorder
(25-27), and Gag-coupled pressure-related hormones, particularly
vasopressin, angiotensin II, and endothelin-1, are also indepen-
dently implicated (28-30). Rodent and ex vivo human experiments
reveal that augmented signaling via these circulating substances
causes systemic hallmarks of preeclampsia, alters placental mor-
phology, and impairs oxidative buffering (26, 31, 32). Further, pla-
cental expression of regulator of G protein signaling-2 (RGS2), a
major terminator of Gaq activation (33, 34), is decreased during
preeclampsia (35). Reduced placental expression of Rgs2 in the fe-
toplacental unit of mice is sufficient to induce clinical features of
preeclampsia and placental transcriptomic profiles reflective of mi-
tochondrial dysfunction, an unfolded protein response, and oxida-
tive stress (35). Excess production of mitochondrial-derived reactive
oxygen species within trophoblast cell cultures disrupts mitochon-
drial dynamics, perturbs hormone production, and reduces tropho-
blast fusion, which is critical for syncytiotrophoblast
formation (36).

We hypothesized that elevated Gaq stimulation within the syn-
cytiotrophoblast layer contributes to the pathogenesis of preeclamp-
sia through disruption of normal redox balance and thus the
induction of syncytiotrophoblast stress. Our studies provide evi-
dence of increased Gaq signaling within syncytiotrophoblasts of
human placenta during preeclampsia, the sufficiency of selective
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induction of Gaq signaling within syncytiotrophoblasts of mouse
placenta to cause preeclampsia-like phenotypes, and a critical role
for mitochondrial redox functions in this process. These studies
provide unique critical mechanistic evidence supporting the “syn-
cytiotrophoblast stress” theory of preeclampsia and provide insight
toward targetable pathways and available pharmacological agents
that may be used to slow progression of this gestational disorder.

RESULTS

Increased Gaq-related activity is observed in human
placenta during preeclampsia

Phospholipase C (PLC) is a critical enzyme mediating actions of the
Gagq second messenger system (Fig. 1A) (37). Therefore, its activity
was assessed as a metric of Gaq signaling. PLC activity was aug-
mented in third-trimester villous placenta samples derived from
human pregnancies complicated by preeclampsia compared to
control pregnancies (P = 0.009; Fig. 1C).

Reanalysis of a large human placental microarray dataset
(GSE75010) corroborates these findings as in term preeclampsia
there was an enrichment in up-regulated genes related to the
PLC-activating G protein—coupled receptor signaling pathway
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Fig. 1. Augmented Gagq-related activity in human preeclamptic placenta and development of a mouse model of fetoplacental Gaq signaling. (A) Overview of
Gag-mediated signaling pathway. (B) Gene ontology biological processes (Shiny GO 0.74.1) enriched within the differentially expressed gene set of preterm preeclamptic
placenta compared to preterm control (microarray, GSE75010; preterm control n = 35, preterm PreE n = 49). (C) PLC activity in human villous placental samples. (D)
Breeding paradigm for targeting hM3Dq expression to the placenta and schematic depicting selective activation of the Gaq cascade with the hM3Dq DREADD. (E)
Schematic of Cag-FLEX-hM3Dgq in the Rosa26 locus (top), adapted from (40). Placenta of hM3Dqg dam x Actb-Cre sire pregnancy. Scale bars, 1000 pm (left) and 10 um
(middle, right). PreE, preeclampsia. TCA, tricarboxylic acid. GTPase, guanosine triphosphatase. JZ, junctional zone. Images (A, D, and E) were created using BioRender

(www.biorender.com).
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compared to term control (Table 1). Similarly, preterm preeclamp-
sia was also marked by differential expression of canonical genes in-
volved in the heterotrimeric Gaq protein signaling pathway and its
downstream events (Fig. 1B), including those provoked by endothe-
lin-1 (Fig. 1B and fig. S1), the angiotensin II type 1 receptor (fig. S1),
and chemokine—chemokine receptor interactions (fig. S2). Further,
as mitochondrial inefficiencies can be both a cause and conse-
quence of oxidative stress (38), preterm preeclamptic placentas
also exhibited gene expression patterns indicative of down-regulat-
ed mitochondrial respiratory chain complex I assembly, adenosine
5'-triphosphate (ATP) synthesis coupled electron transport, and
generation of precursor metabolites and energy (fig. S3).

Gagq activation throughout the fetoplacental unit of mice
induces preeclampsia-like phenotypes

To explore the consequences of excess Gaq signaling within the fe-
toplacental unit of mice upon maternal-fetal outcomes, we used a
Cre-lox genetic strategy to cause expression of the Gaq-coupled
hM3Dq Designer Receptor Exclusively Activated by Designer
Drug (DREADD) in a tissue-specific manner. The hM3Dq
DREADD enables the selective activation of the Gaq pathway in re-
sponse to a synthetic exogenous ligand, clozapine N-oxide (CNO)
(Fig. 1D) (39). To target hM3Dq expression only to the fetoplacen-
tal unit, dams harboring a Cre-activable hM3Dq construct were
bred with sires expressing Cre via the ubiquitous Actb promoter
(Fig. 1D). The hM3Dq construct is located within the Rosa26

Table 1. Comparison of placental transcriptomic signatures (Shiny GO Biological Processes 0.76.1) following syncytiotrophoblast-restricted Gaq
stimulation in mice (bulk RNA sequencing; n = 6 per group, GD 14.5) to those implicated in human preeclampsia (PreE) (microarray, GSE75010; term
control n = 28, term PreE n = 31). Symbol “—" indicates that enrichment did not meet threshold of false discovery rate (FDR) < 0.15. Superscripts 1 and 2 refer to
similar gene ontology (GO) terms that had slightly different representation among groups.

Up-regulated GO biological processes Fold enrichment FDR Fold enrichment (CNO Cre*  FDR Fold enrichment (human FDR
(CNO Cre* versus CNO Cre™) PreE versus control)
versus saline)

Gaq related

PLC-activating angiotensin-activated
signaling pathway’
..................................................................... 41 .71 0011 _ _ 222 0052

PLC-activating G protein—coupled
receptor signaling pathway?

G protein—coupled receptor signaling 34.1 0.003 — — — —
pathway involved in heart process

Angiotensin-activated 17.9 0.04 — — — —
signaling pathway

Positive regulation of calcium
BB 144 0.02' 47 0.062 197 003

Calcium-mediated signaling®

Second messenger—mediated signaling 4.8 0.0005 46 0.01 1.6 0.07
Oxidative stress

Positive regulation of reactive oxygen 8.9 0.007 — — 2.8 0.02
species metabolic process

Superoxide metabolic process 58 0.09 — — — —

Cellular response to oxidative stress 3.2 0.05 32 0.13 1.6 0.09
Hypoxia

Response to hypoxia 4.6 0.0007 — — 1.9 0.002
Vascular

Smooth muscle contraction 7.9 0.002 — — 24 0.02

Negative regulation of angiogenesis 6.9 0.007 4.9 0.14 23 0.03
Immune

Positive regulation of CD4*, a-B T cell 834 0.006 — — — —
proliferation

Leukocyte adhesion to vascular 8.7 0.04 8.3 0.15 2.6 0.09
endothelial cell

Positive regulation of inflammatory 6.0 0.01 — — 1.9 0.06
response

Positive regulation of leukocyte cell-cell 4.7 0.008 4.2 0.08 1.7 0.05
adhesion

Positive regulation of T cell activation 4.5 0.02 — — 1.7 0.05
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locus and consists of a strong ubiquitous Cag promoter that drives
green fluorescent protein (GFP) until Cre-mediated recombination.
After recombination, GFP is lost, and hM3Dq fused with the red
florescent mCherry reporter is expressed (Fig. 1E) (40). Fluorescent
imaging was used for model verification, and as expected, maternal
(i.e., Cre-deficient) cells express GFP whereas cells of fetal origin (i.
e., placenta) express mCherry (Fig. 1E).

Pregnant females carrying double-transgenic (hM3Dq", Cre")
fetoplacental units received daily injections of CNO (2 mg/kg per
day, i.p.) or saline (2 ml/kg per day, i.p.) mid-gestation [gestational
day (GD) 12.5 to 14.5] before maternal and fetoplacental assess-
ments following the third injection at GD 14.5. This injection
period coincides with the time of mature chorioallantoic placental
formation (41) and developmentally aligns with the second trimes-
ter in humans (42). This low dose of CNO was chosen to avoid back-
metabolism to the pharmacologically active molecule, clozapine,
(43) and had no discernible effects independent of the hM3Dq re-
ceptor in our explored endpoints (fig. S1 and table S1).

Activation of hM3Dq by CNO induced multiple preeclampsia-
like phenotypes including proteinuria (P = 0.026; Fig. 2A), in-
creased maternal circulating soluble fms(Feline McDonough
Sarcoma)-like tyrosine kinase 1 (sFLT1) (P = 0.032; Fig. 2B), and
reduced placental vascular endothelial growth factor (VEGF)
protein (P = 0.010; Fig. 2C). These data suggest an angiogenic im-
balance, as sFLT1 is a truncated form of the VEGF receptor 1 that
binds to pro-angiogenic VEGFA and placental growth factor (PIGF)
to render them inactive (44, 45). Histopatholgic findings in the
kidney were absent as assessed by light microcopy within hematox-
ylin and eosin—stained tissue (Fig. 2D). Total vascularization within
each region of the mouse placenta was evaluated by immunostain-
ing for platelet endothelial cell adhesion molecule (CD31). The area
of CD31-positive placenta within the labyrinth, responsible for ex-
change, was severely attenuated (P = 0.0038; Fig. 2, E and F). In con-
trast, vascular patterning was retained within the decidua (P = 0.52)
and junctional zone (P = 0.97), a major director of endocrine func-
tion (46). Placental histological lesions were indicative of maternal
vascular dysfunction and inflammation, evidenced by the presence
of decidual vascular congestion, nuclear debris, fibrin deposition,
neutrophil infiltration, and necrosis in hematoxylin and eosin—
stained tissue (Fig. 2G and fig. S4). Overall, this stimulus represent-
ed a massive insult to pregnancy, resulting in frequent spontaneous
abortion (3 of 7 pregnancies) and nonviable fetuses (26 of 26).
These data confirm that amplified Gaq signaling within the fetopla-
cental unit has a profound effect on multiple pregnancy outcomes;
however, the severity of the phenotypes induced in this model and
the lack of cellular specificity prompted additional studies of the
prevalence and effects of Gaq activation in individual layers of pla-
centa, focusing upon the syncytiotrophoblast layer.

Elevated Gaq signaling and oxidative stress are present in
human syncytiotrophoblasts during preeclampsia

To evaluate the status of the Gaq cascade and oxidative stress spe-
cifically within the syncytiotrophoblast layer of human placenta, we
next performed laser capture microdissection to collect syncytiotro-
phoblast-enriched cellular fractions (Fig. 3, A and B). The protein
expression of PLCB1/3, signature Gaq effectors (37), was elevated in
preeclamptic syncytiotrophoblasts compared to controls (P = 0.035;
Fig. 3C). Although PLC is an enzyme and thus more reliably as-
sessed at an activity level, the dehydration procedures required for
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laser capture microdissection and the small quantity of collected
tissue render these samples incompatible for this activity assay.
However, syncytiotrophoblasts comprise a large percentage of the
villous tree, and correlation analysis revealed a positive association
between villous PLC activity and syncytiotrophoblast PLCP protein
content (Pearson R = 0.74, P = 0.014; Fig. 3D). During Gagq signal
transduction, PLC cleaves phosphoinositide 4,5-bisphosphate to
inositol 1,4,5-trisphosphate (IP;) (47). IP; binding to its receptors
within the endoplasmic reticulum leads to the liberation of calcium
(47), which controls a broad array of cellular events [i.e., activation
of kinases and transcription factors (48) and vesicular release (49)].
IP; receptor (ITPR3) mRNA was also increased in preeclamptic
syncytiotrophoblasts (P = 0.04; Fig. 3E).

Superoxide dismutase-2 (SOD2) is a protective mitochondrial
matrix enzyme that catalyzes the conversion of superoxide to hy-
drogen peroxide (50), and excess free radicals lead to the generation
of malondialdehyde (MDA), a final product of lipid peroxidation
(Fig. 3F) (51). SOD2 mRNA (P = 0.027) and protein (P = 0.047;
Fig. 3G) as well as MDA protein (P = 0.03; Fig. 3H) were increased
within preeclamptic syncytiotrophoblasts (Fig. 3F), and there
appears to be a positive correlation between the protein expression
of PLCP and SOD2 within these cells (Pearson R = 0.70, P = 0.012;
fig. S5). Collectively, these data support the concept that syncytio-
trophoblast Gaq signaling facilitates an oxidant defense response
within this placental layer and may be involved in the pathophysi-
ology of preeclampsia.

Syncytiotrophoblast-restricted Gaq stimulation in mice
results in impaired placental development driven by
mitochondrial-derived reactive oxygen species

The syncytiotrophoblast-specific Gem1-Cre driver (52) was used to
drive expression of the hM3Dq DREADD only within this layer of
mouse placenta (Fig. 4, A and B). Homozygous hM3Dq dams were
bred with hemizygous sires expressing Cre via the GemI promoter
to elicit syncytiotrophoblast II-restricted (52) expression of hM3Dq
in ~50% of fetoplacental units. This breeding paradigm allowed
paired comparisons between Cre" and Cre™ placentas within a
dam while also avoiding any unintended epigenetic effects of
passing the imprinted GemI-Cre transgene through the maternal
germ line. Thus, the direct effects of Gaq activation within the syn-
cytiotrophoblast layer upon the structure and function of that pla-
centa can be evaluated (i.e., CNO-treated Cre" placenta versus
saline-treated). Simultaneously, endocrine effects evoked by circu-
lating factors can be explored by examining phenotypes of Cre™ pla-
centas collected from CNO-treated dams that also carried Cre"
placentas. As used in the fetoplacental model (Fig. 1), the
DREADD ligand CNO (2 mg/kg per day, i.p.) or saline (2 ml/kg
per day, i.p.) was injected daily during GD 12.5 to 14.5, before feto-
placental analyses at GD 14.5.

Because of the design of the hM3Dq vector, the hM3Dq-
mCherry fusion protein should be present in GemI-positive syncy-
tiotrophoblast II cells and GFP in all other cells. Florescent imaging
validated hM3Dq targeting to the proper placental region, indicated
by mCherry expression only within a subset of labyrinth cells, along
with broad GFP expression within the decidual and junctional
zones (Fig. 4C). Similarly, in situ hybridization confirmed colocal-
ization of Cre and Geml transcripts within the labyrinth (Fig. 4D).

To test our secondary hypothesis that the detrimental effects of
exacerbated Gaq signaling depend on excess mitochondrial
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production of reactive oxygen species, the mitochondrial-targeted
antioxidant Mitoquinone (MitoQ) was coadministered (5 mg/kg
per day, i.p.) with CNO in a cohort of double-transgenic
(hM3Dq", Gem1-Cre") pregnancies. Control experiments revealed
that MitoQ had no observed effects within the context of normal
pregnancy (figs. S6 and S7 and table S1), consistent with minimal
negative effects of reactive oxygen species when present at con-
trolled concentrations (53).

Stimulation of Gaq by CNO within hM3Dq", Gem1-Cre" cells
was supported by changes in the placental transcriptomic landscape
indicative of up-regulated PLC-activating angiotensin-activated sig-
naling, second messenger— and calcium-mediated signaling, and
expression patterns reflective of neuroactive ligand interactions
with receptors known to couple to Gaq (Table 1 and fig. S8). Struc-
turally, this syncytiotrophoblast-specific model primarily exhibited
placental vascular defects. Decidual spiral artery diameter was at-
tenuated following syncytiotrophoblast-localized Gaq induction
(CNO Cre") compared to saline (P = 0.038; Fig. 5A and fig. S7).

Opichka et al., Sci. Adv. 9, eadg8118 (2023) 1 December 2023

Furthermore, the fraction of CD31-positive labyrinth, the region
containing syncytiotrophoblasts (46), was reduced within CNO-in-
jected double-transgenic placentas versus controls, including both
paired Cre™ placentas within the same dam (P = 0.0013) and pla-
centas obtained from dams that received saline vehicle injections
instead of CNO (P = 0.016; Fig. 5, B and C). In contrast, CD31-pos-
itive area within the decidua and junctional zone remained unaf-
fected by Gaq activation. Decidual thickness was also decreased
in paired CNO Cre" versus CNO Cre™ placentas (P = 0.0024;
Fig. 5D). The ratio between fetal mass and placental mass (F/P) is
often used as a proxy for placental efficiency, indicative of nutrient
transfer per gram of placenta (54). Within CNO-injected double-
transgenic dams, there was a decline in placental mass (P =
0.0034) and fetal mass (P = 0.0032) as well as F/P ratio (P =
0.016) in Cre" fetoplacental units (Fig. 5E). Of the affected param-
eters, MitoQ treatment mitigated Gaq-related impairments in lab-
yrinth vascularization (P = 0.038; Fig. 5, B and C) and spiral artery
diameter (P = 0.0055; Fig. 5A and fig. S7), although larger
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morphological changes were not manifested after only 2 days of
treatment (Fig. 5, D and E). Collectively, these data demonstrate
that enhanced Gaq propagation within syncytiotrophoblasts
causes maladaptive changes in vascular supply to the placenta,
and this effect is dependent on oxidative stress.
Hypoxia-inducible factor 1 (HIF1) is a canonical transcription
factor that contributes to cellular responses to low oxygen tension
(55), and its HIF1a subunit is activated (i.e., translocated into the
nucleus) in the presence of hypoxia (56). Consistent with the induc-
tion of a hypoxia response, nucleus-localized HIF1a protein was in-
creased within CNO-treated Cre" placentas (P = 0.044 versus paired
Cre™, P = 0.032 versus saline; Fig. 5F). In addition, bulk RNA se-
quencing revealed an enrichment of genes related to hypoxic re-
sponse pathways in CNO-treated Cre" placentas compared to
saline controls (Table 1). At an individual gene level, transcripts
for several previously identified HIF1a targets were elevated in
CNO-treated Cre" placentas versus paired Cre™ or saline samples
(table S2). In contrast, the protein content of VEGFA, a well-recog-
nized HIF1 target (57, 58), and its homolog, PIGF (59), were un-
changed in labyrinth-enriched placentas (fig. S9). Together, these
results support the conclusion that induction of Gaq in the syncy-
tiotrophoblast layer is adequate to initiate selected transcriptional
signatures of a hypoxic response within the placenta; nonetheless,
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this relatively brief and cell-restricted stimulation is insufficient to
cause robust changes in typical angiogenic proteins.

Consistent with our human placental data (Fig. 3), activation of
the Gaq pathway within the syncytiotrophoblast layer in mice elic-
ited an oxidative defense response, demonstrated by elevated laby-
rinth SOD2 protein expression compared to saline controls (P =
0.0003; Fig. 5G). Despite this rise, catalase protein levels were not
significantly altered (Fig. 5H), and the lipid peroxidation marker
MDA was increased (P = 0.003 versus saline, P = 0.03 versus
CNO Cre™; Fig. 51, indicating an inability to adequately buffer the
reactive oxygen species present, particularly superoxide and hydro-
gen peroxide. Simultaneous administration of MitoQ prevented the
rise in SOD2 (P = 0.0006) and MDA (P = 0.0535), suggesting that
the increased free radical buffering capacity provided by this com-
pound was protective against Gaq-perpetuated oxidative damage.
Changes in mitochondrial morphology were also evaluated by elec-
tron microscopy (Fig. 5]), which indicated the greatest degree of
damage in CNO Cre" placentas compared to those that received
saline or CNO + MitoQ. Within CNO Cre* samples, the placental
mitochondria generally appeared smaller and more circular, with
the exception of some that were large and swollen with dilated cis-
ternae and amorphous precipitate. MitoQ did not completely
abolish mitochondrial injury as they exhibited some occasional

7 of 19


http://www.biorender.com

SCIENCE ADVANCES | RESEARCH ARTICLE

A E 300+ * BN 40 *
= 5 1 £ =
o) . 1 * = i
g oo D S 304 I Saline
5 : . 4, .. B3 CNOCre -
S _ - +:lpalred
> o o oee |° e . . B3 CNO Cre
D 100 5 ° o= . e . : . =
t . 2 old R = CNO+M|toQCre] el
R b o . paire
B g i i H i E= CNO + MitoQ Cre”
»w 0 0
C}é c}é, Decidua Junctional zone Labyrinth
P& _____Cre Cre” D
N F
1500
£ S
= o~ . ..'°
0 i * g
g 1000 —
I P .
9 . o ... Gt oo 2 % °
: <= i -
of = 500 [4 H 0
=\ —
+
(23 Decidua Junctional zone Labyrinth
O 3
E *
0.20 1 0.5+ * 4- 200 .
o ] . : . *
@ 0.154 @0'4 : ce 2 : 34 . o . < § 1504 —x
g B 03 = . oFe ; ;. 25 —
£ % 0.3 5 A a - i O - .
— 0.10 £ : = 24 3 S g 100
S [T . 5 N
c © 0-2 . Ss
8 o L E
g 0.05 L 0.1 1= Ig, 50 5 |_;_|i . .
0.00 0.0 T o 0 o 5 0 I-h I-h
5 q.}\& L L .{}\‘\0 e L Cytoplasmic ~ Nuclear
)
& FTEL S PP O
X® x® XQ x®
O © O O P =0.054
G H & I _— J
- 50 % 100,000 = 1501 I %1
T ~ L . T s —
B & 40 2@ 40,0004 - .. op
0.0 S ) o3 50 .
~ < . oI o < < 100 . .
QO o 30 ) & o 1000 [&= 5 Se . . y
33 &3 53 : i
= & 201 Do SN 1004 s o
£ = i o s 50|32 B 3 O
£ E « BE 4 EE o »
S 104 = O - S .
BE I*I e oc o
~ a 2 S 1 = 0 ; 4
7 x 7 x 7 x & x Y x 7 x )
6{&\(@ d o@o ® %q'}\& OO& «® OO@OO@ 6‘}}(\0 K O&O ® OO@ @ +|
o‘\ oe S oe c? O O c? Oé S CZ>
OXQO xé OXQO xg Ox®0 xé (O
Sk len Sl

Fig. 5. Placental effects of syncytiotrophoblast-localized Gaq (hM3Dg"'F dam x Gem1-Cre*'~ sire, GD 14.5). (A) Average luminal diameter of decidual spiral arteries.
(B) Percentage area of CD31-positive placenta. (C) Representative labyrinth image of DAB immunostain for CD31. Scale bars, 50 pm. (D) Thickness of each placental layer.
(E) Placental mass, fetal mass, and fetal mass/placental mass. (F) Soluble cytoplasmic (normalized to ACTB) and nuclear HIF1a (normalized to HDAC1) protein abundance.
(G to 1) SOD2, catalase, and MDA protein expression in labyrinth-enriched dissections. (J) Transmission electron micrographs of placental mitochondria. Arrows indicate
occasional swelling. White asterisk denotes amorphous electron-dense precipitate, and arrowhead highlights a condensed mitochondrion. Scale bars, 300 nm; *P < 0.05,
one-way analysis of variance (ANOVA) with Bonferroni multiple comparisons procedure, independent samples t test (two-tailed), or paired samples t test (two-tailed). Each
datapoint represents a biological replicate.
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swelling. However, several mitochondria within this cohort resem-  indicate that these signatures and phenotypes can be attributed to
bled those of the healthy saline group, and there was also qualita- enhanced major histocompatibility complex class I (MHC I) and
tively more total volume of mitochondria. MHC 1I antigen presentation to CD4" and CD8" T cells (fig. S14)

Many of these structural and molecular findings are corroborat-  as well as control of cyclin D—dependent cell cycle arrest, tumor ne-
ed by RNA sequencing and align with those prevalent in human crosis factor-related apoptosis-inducing ligand (TRAIL), and
preeclampsia (Table 1). Within the up-regulated and differentially  krippel-like factor 2-mediated immune-regulation via transform-
expressed gene set, there was an enrichment in superoxide metabol-  ing growth factor—f (TGFp) receptor, macrophage stimulating
ic process, positive regulation of reactive oxygen species, smooth  protein, serum glucocorticoid regulated kinase, and forkhead box
muscle contraction, regulations of cell migration and epithelium de- ~ G1 (FoxG1) (figs. S14 and S15). Further, syncytiotrophoblast-local-
velopment, wound healing, negative regulation of angiogenesis,and  ized Gaq stimulation also led to diminished mRNA encoding the
other inflammatory signatures within CNO Cre" placentas relative ~ enzymes glutamic-pyruvic transaminase 2, quinolinate phosphori-
to saline and CNO Cre™~ controls (Table 1 and figs. S10 to S13).  bosyltransferase, methylenetetrahydrofolate dehydrogenase, phos-
More specifically, the altered transcripts and regulatory networks  phoserine aminotransferase 1,3-hydroxyanthranilate dioxygenase,
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Fig. 6. Maternal effects of syncytiotrophoblast-restricted Gaq activation (hM3Dg"F dam x Gem1-Cre*'~ sire). (A) Average daily systolic blood pressure, diastolic
blood pressure, heart rate, and activity separated by light and dark cycles. Dotted lines indicate time of CNO or saline administration (to GD 16.5: saline n =6, CNO n = 8; to
GD 17: saline n = 1, CNO n = 4). (B) Average 24-hour heart rate and mean arterial pressure (MAP) from GD 13 to 16.5 (postinjection period). (C) Twenty-four—hour urine
protein excretion at GD 14.5. (D) Transmission electron micrographs of renal capillary loops at GD 14.5 indicating slight endothelial swelling in CNO mice (arrows) and
slight congestion in both groups (* denotes red blood cells). Capillary basement membranes are highlighted in blue. Symbol “#" represents endothelial cell nuclei.
Arrowheads identify podocyte foot processes. Scale bars, 2 um; *P < 0.05, independent samples t test (two-tailed) or one-way ANOVA with Bonferroni multiple compar-
isons procedure. Datapoints for (B) and (C) represent biological replicates. BP, blood pressure.
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and serine dehydratase-like protein, which are known to play a role
in the biosynthesis of nicotinamide adenine dinucleotide, purines,
thymidylate, pyruvate, and amino acids (figs. S16 and S17). This
down-regulation may have ultimately contributed to impaired me-
tabolism, nucleotide synthesis, nutrient transport, and overall pla-
cental function.

Within CNO-treated Cre" placentas, coadministration of MitoQ
led to transcriptomic profiles related to negative regulation of G
protein—coupled receptor (GPCR) signaling and apoptotic process-
es, responses to reactive oxygen species, positive regulation of vas-
culature development, and epithelial cell differentiation (Table 2).
Of the highlighted mediators, FoxG1, cyclin D, and TRAIL were de-
creased compared to CNO alone (fig. S18). Other altered controllers
of differentiation, immunity, tissue remodeling, apoptosis, and lipid
accumulation included interleukin-1, TGF, activator protein 1, c-
Fos, matrix metalloproteinase 13, interferon regulatory factor 7, mi-
tochondrial B cell lymphoma-extra large, organic cation transporter
1, Fas, and ATP binding cassette transporter G1 (figs. S19 to S21).
MitoQ also enhanced transcription of several proteins necessary for
protein processing in the endoplasmic reticulum (fig. $22) and de-
creased tumor suppressor-activated pathway 6 (Tsap6/Steap3) in-
volved in exosome-mediated secretion (fig. S23), suggesting
attenuated placental release of biological factors that may disrupt
maternal physiology and fetal development.

Collectively, these placental characterizations demonstrate that
enhanced Gaq signaling within the syncytiotrophoblast layer
alone facilitates morphological and molecular changes that parallel
features of human preeclampsia, many of which are driven by mi-
tochondrial-derived reactive oxygen species.

Table 2. Enriched pathways in up-regulated gene set (Shiny GO
Biological Processes 0.76.1) of CNO + MitoQ Cre* placentas compared
to CNO Cre* determined by bulk RNA sequencing (n = 6 per group,
hM3Dq"F dam x Gem1-Cre*’~ sire, GD 14.5). GTP, guanosine 5'-
triphosphate.

Up-regulated GO Fold enrichment (CNO + FDR
biological process MitoQ Cre* versus CNO Cre*)

GPCR related

Negative regulation of 29.0 0.2
GTP binding

Oxidative stress

Response to reactive 5.0 0.0003
oxygen species

Regulation of response 2.7 37
to stress x 107°
Vascular

Positive regulation of 37 0.04
vasculature development

Other

Negative regulation of 27 0.0001
apoptotic process

Positive regulation of 7.0 0.03

epithelial cell differentiation
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Syncytiotrophoblast-specific Gaq activation elicits

maternal cardiovascular phenotypes, and MitoQ
ameliorates some of these effects

Next, the consequences of activating Gaq signaling within the syn-
cytiotrophoblast layer upon maternal cardiovascular phenotypes
were examined. Hemodynamic parameters were recorded using ra-
diotelemetric blood pressure transducers implanted before preg-
nancy (Fig. 6A and fig. S24). Average 24-hour mean arterial
pressure was higher in the postinjection period within CNO-inject-
ed hM3Dq" pregnancies compared to saline (P = 0.036; Fig. 6B).
This rise was driven by both systolic and diastolic components,
and average postinjection heart rate remained consistent among
groups (Fig. 6B). Increases in pressure during the dark phase ap-
peared to be associated with augmented ambulatory activity
(Fig. 6A). However, elevations in mean arterial pressure persisted
on GDs in which activity was equivalent or lower in CNO-injected
dams, suggesting some degree of hypertension regardless of activi-
ty status.

Proteinuria at GD 14.5 was exacerbated in pregnancies subjected
to syncytiotrophoblast-specific Gaq induction (P = 0.0031), but this
effect was mitigated by cotreatment with MitoQ (P = 0.0006;
Fig. 6C). Electron microscopy revealed signs of mild tubular
injury but an absence of classic endotheliosis in a representative
kidney sample from the CNO-treated cohort (Fig. 6D). Observa-
tions included the presence of segmental congestion in peritubular
capillaries, occasional endothelial swelling, segmental congestion in
glomerular capillaries, and segmental foot process effacement.

Syncytiotrophoblast-restricted Gaq activation led to an elevation
in several proinflammatory chemokines, cytokines, and proteinases
in the maternal circulation at GD 14.5 that may mediate the induc-
tion of hypertension and proteinuria. In particular, there was an in-
crease in plasma matrix metallopeptidase-9 (MMP9), C-X-C motif
chemokine ligand 5 (LIX/CXCLS5), subunit beta of interleukin-12
(IL12p40), macrophage-derived chemokine (MDC), C-X-C motif
chemokine ligand 10 (IP10/CXCL10), monocyte chemotactic
protein 5/chemokine (C-C motif) ligand 12 (MCP5/CXCL12),
and a numerical rise that was not statistically significant in interleu-
kin-6 (IL6) (Fig. 7A and table S3). Of these, IL12p40 and IL6 were
elevated within human preeclamptic plasma and MMP9 in cases
with severe features compared to preeclampsia without severe fea-
tures (Fig. 7B and table S4). Other investigations have associated
MDC, IP10, and MCP5 with preeclampsia (60, 61) or gestational
hypertension (60), whereas LIX and MMP9 have been implicated
in related phenotypes, such as resistant albuminuria (62), endothe-
lial dysfunction (63), early pregnancy failure (64), and leukocytosis
(65, 66). MitoQ coadministration suppressed circulating LIX,
IL20p40, and MDC and increased tissue inhibitor of matrix metal-
loproteinases-1 (TIMP-1), an inhibitor of MMP-9 (Fig. 7A and
table S3) (67).

Administration of CNO did not increase maternal plasma sFLT1
(P =0.18; Fig. 7C). Our interpretation was confounded, however, by
differences in the number (i.e., biomass) of Cre" placentas within
individual dams. Within CNO-injected double-transgenic dams,
there was a positive correlation between plasma sFLT1 and the
number of Cre" placentas (Pearson R = 0.76, P = 0.006; Fig. 7C).
These findings support the ideas that sFLT1 is primarily placenta
derived and that it is positively regulated by Gaq signaling in the
syncytiotrophoblast. Last, coadministration of MitoQ suppressed
circulating sFLT1 (P = 0.036; Fig. 7C), again indicating that
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Fig. 7. Maternal circulating factors altered in mouse model of syncytiotrophoblast-specific Gaq signaling (1M3Dg"F dam x Gcm1-Cre*'~ sire, GD 14.5) and
human preeclampsia. (A) Levels within mouse plasma (saline n =5, CNO n =11, CNO + MitoQ n = 3). (B) Levels within human plasma during pregnancy (control n = 10,
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pregnancies. Each datapoint represents a biological replicate; *P < 0.05, multiple unpaired t tests (two-tailed) or one-way ANOVA with Bonferroni multiple comparisons

procedure.

syncytiotrophoblast Gaq-mediated induction of this well-recog-
nized biomarker and mechanistic contributor of preeclampsia is de-
pendent on oxidative stress.

DISCUSSION
The current study provides critical experimental evidence testing
and supporting the concept that the accumulation of syncytiotro-
phoblast stress plays a causal role in the development of preeclamp-
sia. Further, our findings build upon this theory to suggest that
excess Gagq signaling perpetuates this stress and the resultant mater-
nal-fetal aberrations, which are in part mediated by an imbalanced
redox state (Fig. 8). This research provides etiological insight re-
garding a cause of syncytiotrophoblast dysfunction and adds to
the growing body of literature supporting the therapeutic utility
of targeting oxidative stress to slow the progression of preeclampsia.
Data reported here provide evidence of enhanced Gaq-modulat-
ed second messenger propagation in human syncytiotrophoblasts
during preeclampsia, illustrated by increased PLCB protein. We
suspect that this effect is a result of excess input from hormones (va-
sopressin, angiotensin II, and endothelin-1) or placental loss of

Opichka et al., Sci. Adv. 9, eadg8118 (2023) 1 December 2023

RGS2, an endogenous buffer of Gaq signaling, as these mechanisms
are already implicated in preeclampsia pathogenesis by our team
and others (25, 26, 30, 68). Although studies confirm the presence
of RGS2 and various Gaq-coupled receptors in human syncytiotro-
phoblast cells (69-71), we did not attempt to empirically decipher
the precise cause of elevated PLCP in our human placental samples.
Single-cell RNA sequencing by Zhang et al. (72) demonstrated an
enrichment of genes pertaining to calcium-dependent protein
binding in third trimester syncytiotrophoblasts from preeclamptic
patients compared to healthy pregnancies. Our analysis of the avail-
able gene set (72) using Shiny GO Molecular Function terms also
revealed up-regulated G protein a subunit binding, both of which
allude to the potential involvement of the Gaq pathway (fig. S25).
Because the multinucleated nature of syncytiotrophoblasts is not
ideal for single-cell RNA sequencing applications (73) and this tech-
nique provides limited sequencing depth, we chose to complement
these data by microdissecting human syncytiotrophoblasts for
protein quantification via immunoassay. This approach limited
the number of protein targets that could be measured from a
single sample but allowed greater sensitivity and bolsters the tran-
scriptomic findings by Zhang et al. (72).
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Fig. 8. Working model. Schematic highlights the major experimental findings and illustrates the relationship between excess syncytiotrophoblast Gaq signaling, pla-
cental stress, and preeclamptic phenotypes; AVP, vasopressin. ANG, angiotensin II; ET-1, endothelin-1. Image was created using BioRender (www.biorender.com).

A body of literature links Goq acting hormones and a lack of
GPCR inhibitory proteins to placental oxidative stress and mito-
chondrial dysfunction in animal models (25, 26, 31, 32). Mitochon-
dria are a major producer of the oxygen free radical superoxide,
whereby electrons escape the canonical transfer system within the
electron transport chain and react with molecular oxygen (74). In
excess, superoxide and its by-products promote detrimental oxida-
tion reactions (75, 76) that contribute to DNA mutations (77), im-
paired protein folding (78), altered ion transport (79), apoptosis (78,
80), and necrosis (80), which can impair placental capacity (76).
Thus, SOD2 defends against superoxide modulated impairments
by converting superoxide to hydrogen peroxide within the mito-
chondrial matrix (50), but its catalytic abilities can be overwhelmed
in states of high oxidative stress. Preeclamptic human syncytiotro-
phoblasts exhibit signs of oxidative damage and impaired respirato-
ry capacity (16-18), and here we demonstrate elevated SOD2 and
lipid peroxidation. Simultaneously, these observations suggest
that the rise in SOD2 is a compensatory yet insufficient adaptation
to overcome the antioxidant demands imposed by the preeclamptic
milieu, but the relationship to Gaq signaling had not been estab-
lished within the context human preeclampsia or trophoblast sub-
types. Notably, our data begins to address this gap and demonstrates
a significant positive association among PLCP and SOD2 in human
syncytiotrophoblasts.

Although the precise mechanisms linking Gaq activation and
mitochondrial-derived superoxide production have yet to be eluci-
dated within this syndrome, it can be postulated that the connection
between pathways involves the Gaq messenger, PKC, and its inter-
actions with NADPH oxidase (NOX), a cellular enzyme responsible
for the generation of superoxide (81). Several studies have identified
PKC as a positive regulator of NOX whereby PKC exerts its effects
by phosphorylating NOX subunits (82, 83). Of the many NOX iso-
forms, NOX2 has been shown to promote reverse electron transfer
in response to angiotensin II and therefore contributes to the for-
mation of mitochondrial-derived superoxide (84). Studies suggest
that MitoQ is a substrate for respiratory complex II and thereby
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eliminates the burden of backflow of electrons from complex II to
1(85, 86).

Complementing our human discoveries regarding the potential
relationship between enhanced Gaq signaling and oxidative stress
within the syncytiotrophoblast layer during preeclampsia, we took
advantage of transgenic mice to assess the direct effects of selective
activation of the Gaq cascade only within this cell type. Previous
publications by our lab implicate placental GPCR signaling to the
development of preeclamptic phenotypes via elevated circulating
vasopressin (26, 30) or heterozygous loss of placental Rgs2 (35).
These models are confounded by the actions of vasopressin and
Rgs2 on many cells and receptor subtypes within and outside the
placenta and do not specifically address the role of Gaq or the syn-
cytiotrophoblast stress hypothesis. However, many of the morpho-
logical and molecular changes reported in those studies were similar
to those observed here with the exception of placental hypoxia,
which was not detected following vasopressin infusion or reduced
placental Rgs2. We are left to hypothesize that gestational age, cross-
talk among G protein pathways, the strength, timing, duration of G
protein activation, and the varied actions of these stimulants upon
distinct neighboring cell types may all contribute to the discordant
induction of hypoxia within these investigations.

The labyrinth layer of mouse placenta contains two distinct, but
functionally similar, populations of syncytiotrophoblast, responsi-
ble for mediating the passage of substances between maternal
blood sinusoids and fetal capillaries (73). The current manipulation
was limited to syncytiotrophoblast II cells, located in closest prox-
imity to the fetal vasculature. Thus, it is logical that there was dimin-
ished labyrinth CD31 staining, denoting a decrease in fetal
capillarization, which may have partially driven the fetal growth re-
striction. With regard to other vascular effects, mouse decidual
spiral arteries undergo structural remodeling from GD 7.5 to 10.5
to allow greater oxygen transfer (87), but their vascular reactivity to
vasoactive agonists is retained (88). Therefore, the reduced spiral
artery diameter following hM3Dgq activation in syncytiotrophoblast
II cells from GD 12.5 to 14.5 was likely a consequence of factors
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released from the syncytium into maternal circulation rather than
incomplete remodeling. Overall, the histologic abnormalities
present upon syncytiotrophoblast-localized Goaq stimulation
suggest potential uteroplacental dysfunction, which contributes to
hypoxia, inadequate nutrient delivery, and subsequent fetal
growth restriction (89) and preeclampsia.

It is profound that stimulation of a single second messenger
cascade in one subset of syncytiotrophoblasts is sufficient to
augment proteinuria and blood pressure in the mother. We specu-
late that these physiologic effects were a result of altered signaling,
placental secretions, and trophoblast damage. While the maternal
phenotypes are significant but not severe, it should be noted that
only ~50% of placentas within a dam were affected, which lessens
the “biomass” or “load” of syncytiotrophoblast stress signals. Ac-
knowledging the lack of a large hypertensive effect, blood pressure
was not evaluated in the double-transgenic dams receiving concur-
rent CNO and MitoQ. However, a previous study confirmed that
MitoQ supplementation beginning at GD 13.5 diminished the
rise in maternal systolic blood pressure in a modified reduced
uterine perfusion pressure mouse model of preeclampsia (22).
Future studies are warranted to determine whether more intense
or continuous activation of hM3Dgq, in the syncytiotrophoblast or
other layers and during different gestational age ranges, would elicit
a much greater blood pressure phenotype—and if this requires the
induction of oxidative stress.

The placenta is known to release bioactive factors and syncytio-
trophoblast-derived extracellular vesicles into the maternal circula-
tion (19), and syncytiotrophoblasts are a predominant storage site
for sFLT1 (90). Therefore, the systemic maternal effects following
syncytiotrophoblast-localized Gaq stimulation are presumably at-
tributed to changes in circulating chemokines, cytokines, and
SFLT1. There is a convergence of pathways that link Gagq signaling,
oxidative stress, and inflammation that may explain the results of
the current investigation. As mentioned, the Gaq effector, PKC,
mediates phosphorylation events to activate NOX and increase in-
tracellular superoxide (82-84). PKC and superoxide independently
promote activation of nuclear factor kB (NF-«B) (91, 92), a well-es-
tablished transcription factor involved in the regulation of inflam-
matory responses (93). Preeclamptic placentas exhibit greater NF-
kB staining, much of which is localized to syncytiotrophoblast cells
(93). Many of the maternal plasma immune markers augmented in
the current study are established or predicted NF-«B target genes,
including IL12p40 (94), LIX (95), MMP9 (96), and IP10 (97). Rec-
ognizing increased placental PKC and reactive oxygen species are
relevant in our experimental mouse model and have been previous-
ly linked to NF-xB mobilization (91-93), it is plausible that these
circulating inflammatory mediators are placentally derived.
Further, MitoQ can cross the rodent placenta (22, 98) to locally
scavenge free radicals. Therefore, the reductions in plasma
IL12p40 and LIX within the CNO + MitoQ cohort suggest that
these NF-kB-responsive elements may be perpetuated by oxidative
stress.

As alluded to, the primary limitations of this study relate to the
severity of insult permitted within the syncytiotrophoblast-specific
model as only a fraction of placentas within a dam expressed the
hM3Dq receptor, and the Gem1 Cre driver only targets one of the
two syncytiotrophoblast layers. Unfortunately, the current availabil-
ity (and lack thereof) of cell-specific Cre driver strains does not
allow manipulations of both syncytiotrophoblast I and II cells.
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Further, the short injection period was chosen to avoid DREADD
desensitization but may have hindered the acceleration of placental
stress. While we would have preferred a more thorough and broad
characterization of human and mouse syncytiotrophoblasts, these
cells form a large, continuous multinucleated surface layer that is
difficult to directly isolate and profile using single-cell omics ap-
proaches. Human syncytiotrophoblasts can be differentiated from
cytotrophoblasts in cell culture; however, this removes them from
their natural environment and prevents integrated explorations, as
preeclampsia is a systemic disorder.

Emerging technologies using peptide-coated nanoparticles can
be used to deliver cargo to the syncytiotrophoblast layer in
human placental explants (99) and could be leveraged for site-spe-
cific targeting of drugs to dampen Gaq activation. MitoQ supple-
mentation is a simpler option and provides protection in the
present study and other animal models of preeclampsia (22, 98,
100), validating its efficacy in many diverse subtypes of the disorder.
MitoQ is already available in a stable formulation for oral dosing
and has been administered to humans with no severe adverse
events (101), making it a reasonable candidate for translation to
the clinic. Future work would require honing in on the population
of patients most amenable to MitoQ treatment, the ideal time of ad-
ministration, dosing, and monitoring of pregnancy outcomes.

In summary, excess Gaq signaling in the syncytiotrophoblast
layer is sufficient to cause pathological features of preeclampsia
via a mechanism involving mitochondrial reactive oxygen species.
Our findings support the wide array of correlative human data, sug-
gesting that syncytiotrophoblast stress has a substantial role in the
development of this serious disorder (19) and identifies Gaq signal-
ing and reactive oxygen species as a targetable source of this stress.
This additional mechanistic insight may be beneficial for the ad-
vancement of treatment options and health outcomes within affect-
ed women and their children as preeclampsia remains largely
unsolved (102).

MATERIALS AND METHODS

Experimental design

The objectives of this study were to determine the causality of syn-
cytiotrophoblast stress in preeclampsia and to explore Gaq signal-
ing as an etiologic factor. Our human experiments demonstrating
enhanced Gag-related activity in villous placenta and syncytiotro-
phoblast cells during preeclampsia led to our mouse breeding par-
adigms for fetoplacental (hkM3Dq"'" dam x Actb-Cre*’" sire) and
syncytiotrophoblast-specific (hM3Dq""" dam x GemI-Cre'™ sire)
Gagq induction. Further, the association between Gaq-related and
mitochondrial antioxidant proteins in human syncytiotrophoblasts
led to the additional cohort of mice receiving MitoQ within the syn-
cytiotrophoblast-specific model. The sample sizes for experiments
using human tissue were determined by the availability of tissue. For
murine experiments, sample sizes were calculated using effect sizes
and variance from our previous studies (26, 30, 35) (a=0.05and p =
0.2). Injections were randomly assigned among each round of timed
pregnancies. Molecular assays and histological assessments were
performed in a blinded manner. n = 1 CNO-injected animal
subject (hM3Dq""" dam x Gem1-Cre™'™ sire) was discarded from
analyses because the dam carried no Cre" fetoplacental units.
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Human samples

Institutional Review Board approval and written informed consent
were granted before the use of any human specimens. Consented
plasma and placental samples and associated clinical data (tables
S5 and S6) were procured from the Medical College of Wisconsin
Maternal Research Placenta and Cord Blood Bank. Preeclampsia
was diagnosed on the basis of the presence of hypertension > 140
mmHg (systolic) or > 90 mmHg (diastolic) on two occasions after
20 weeks of gestation and end organ damage. Preeclampsia with
severe features indicates any of the following: blood pressure >
160 mmHg (systolic) or > 110 mmHg (diastolic), thrombocytope-
nia, impaired liver function, renal insufficiency, pulmonary edema,
or neurological symptoms. Control samples were obtained from
pregnancies that were not affected by chronic hypertension, gesta-
tional hypertension, preeclampsia, or gestational diabetes.

Animal subjects

Animal procedures were approved by the Medical College of Wis-
consin Institutional Animal Care and Use Committee. Mice were
originally obtained from Jax labs (Cag-FLEX-hM3Dgq, 026943;
Gcem1-Cre, 026943; Actb-Cre, 033984; C57BL/6], 000664). All
mice were housed in a temperature and humidity-controlled facility
with ad libitum access to 2029x Teklad diet and water. Male and
female mice were housed together for a single overnight mating
to ensure accurate assessment of GD. The light cycle following cop-
ulation was deemed GD 0.5. Pregnant dams received intraperitoneal
injections (CNO 2 mg/kg body weight; MitoQ 5 mg/kg body
weight; saline 2 ml/kg body weight) within the first half of the
light cycle once daily from GD 12.5 to 14.5. Dams were euthanized
by CO, asphyxiation and subsequent decapitation a minimum of 1
hour following the injection on GD 14.5 for collection of maternal
tissues, plasma, and fetoplacental units.

PLC activity assay

PLC activity was evaluated in villous placental tissue using a color-
imetric assay (Abcam, ab2773343). Briefly, 0.1 + 0.2 g (mean +
SEM) of sample was homogenized in 200 pl assay buffer using a
pestle and centrifuged at 10,000g at 4°C for 20 min. Two microliters
of the supernatant was added per reaction. Absorbance was mea-
sured at 405 nm every 41 s for 60 min. Activity was calculated on
the basis of product generated within the linear portion of each re-
action using a standard curve.

Laser capture microdissection

For downstream processing of proteins, frozen human placental
specimens were sectioned at 8 um on a Leica CM1950 Cryostat
that underwent prior ultraviolet (UV) disinfection and cleaning
with 100% ethanol. Samples were mounted on polyethylene naph-
thalate (PEN) membrane glass slides (Carl Zeiss, 15350731) pre-
treated with UV radiation and 70% ethanol and transiently stored
on dry ice for subsequent preparation. Sections were then dipped in
cold 70% ethanol for 30 s followed by staining with hematoxylin
solution containing 1 uM phenylmethylsulfonyl fluoride (Thermo
Fisher Scientific, 36978) and 50x Roche cOmplete protease inhibi-
tor cocktail (Sigma-Aldrich, 11697498001) for 30 s. Hematoxylin
was washed by immersion in distilled ultrapure water (Invitrogen,
Thermo Fisher Scientific, 10977015) containing 1 uM phenylme-
thylsulfonyl fluoride and 50x Roche cOmplete protease inhibitor
cocktail, twice. Slides were further dehydrated and cleared in 70%
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ethanol for 30 s, 100% ethanol for 1 min, xylene for 5 min, and fresh
xylene for 5 more minutes before brief drying in a chemical hood.
Syncytiotrophoblast capture occurred on a Zeiss Palm Microbeam
Laser Microdissection system. Regions of interest were identified
and outlined using a 40x objective on a motorized inverted micro-
scope or subsequent UV laser cutting at the minimum power nec-
essary to penetrate the tissue and catapulting onto an adhesive cap
(Carl Zeiss, 10138374) for 60 min.

Protein expression

Ten microliters of radioimmunoprecipitation assay buffer contain-
ing 1 mM phenylmethylsulfonyl fluoride and 1x Roche cOmplete
protease inhibitor cocktail was immediately pipetted onto the col-
lected human syncytiotrophoblast cells and placed on ice for 30
min. Fractions were vortexed, centrifuged, and stored at —80°C.
PLCP1 and PLCPB3 are the most highly expressed isoforms within
human syncytiotrophoblast (69, 71) and therefore were probed
using a recombinant antibody that detects both isoenzymes.
Protein expression of PLCB1/3 (Abcam, recombinant rabbit mono-
clonal antibody, ab184743, 1:100), SOD2 (Cell Signaling, rabbit
monoclonal antibody, #13194, 1:200), and MDA (Abcam, rabbit
polyclonal antibody, ab27642, 1:100) were assessed using Simple
Western Jess automated capillary—based Western blot system.
Protein Simple Chemiluminescence immunoassays were performed
according to manufacturer's instructions using replex reagent for
total protein detection. Target protein expression was quantified
in Compass for SW (6.1.0) and normalized to 50,000 U of total
protein or B-actin [ACTB (Abcam, Rabbit polyclonal antibody),
ab8227, 1:100].

For downstream processing of mRNA, frozen human placental
specimens were sectioned at 6 pm on a Leica CM1950 cryostat. All
surfaces were precleaned with 100% ethanol, and removable cryo-
stat parts were treated with ribonuclease (RNase) zap before sec-
tioning. Samples were mounted on UV-exposed PEN membrane
glass slides (Thermo Fisher Scientific, LCM0522) and stored at
—80°C for future use. Preceding dissection, sections were dipped
in chilled 95% ethanol for 30 s and stained with chilled cresyl
violet solution (Abcam, ab246817) for 20 s, followed by immersion
in 75% ethanol for 20 s, 95% ethanol for 30 s, 100% ethanol for 30 s
three times, xylene for 30 s twice, and xylene for 5 min. Slides were
air-dried in a chemical hood before collection using an Arcturus XT
Laser Capture Microdissection System. Portions of the syncytiotro-
phoblast layer were identified and outlined using a 40x objective on
a motorized inverted microscope. These areas were attached to an
adhesive cap (Thermo Fisher Scientific, Applied Biosystems,
LCMO0211) with an infrared laser and separated from surrounding
tissue via UV laser cutting for a maximum of 60 min.

Quantitative real-time polymerase chain reaction

An RNeasy Micro Kit (Qiagen, 74004) was used for RNA extraction
according to the recommended protocol with minor modifications.
Adjustments included adding Recombinant RNase Inhibitor
(Takara, 2313A) to the supplied lysis buffer solution rather than
2-mercaptoethanol. Microdissected cells were immediately lysed
with 350 pl of lysis buffer containing 5 pl (200 U, 40 U/ul) of
RNase inhibitor, centrifuged, and stored at —80°C. Upon rapid
thawing in a water bath, 5 pl (200 U) of RNase inhibitor was
added to samples again, and RNA was extracted with on-column
deoxyribonuclease (DNase) digestion for 15 min. RNA was eluted
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in 12 pl of RNase-free water. Quantity and quality were assessed
using fragment analysis and on a NanoDrop (Thermo Fisher Scien-
tific, NanoDrop One). RNA was reverse-transcribed to cDNA using
the SuperScript VILO cDNA Synthesis Kit (Thermo Fisher Scien-
tific, Invitrogen, 111754) and amplified using TagMan PreAmp
Master Mix according to the manufacturer’s protocol. Briefly,
TaqMan gene expression assay for human GAPDH (Thermo
Fisher Scientific, Hs02786624_g1, 4453320, FAM-MGB), SOD2
(Thermo Fisher Scientific, Hs00167309_m1, 4453320, FAM-
MGB), and ITPR3 (Thermo Fisher Scientific, Hs01573539_ml1,
4448892, FAM-MGB) were pooled into a reaction containing
TaqMan PreAmp Master Mix and cDNA and then preamplified
on a thermal cycler for 14 cycles. Quantitative real-time polymerase
chain reaction (PCR) was performed on amplified product using
TaqMan Gene Expression Assays using an Applied Biosystems
Step One Plus Real-Time PCR instrument (Thermo Fisher Scien-
tific). Gene expression was analyzed via the Livak method (103).

Preparation of injected drugs

CNO (Tocris, 4935) was dissolved in 0.9% saline at a concentration
of 0.5 pg/pl on the first day of injections and stored at 4°C between
days. MitoQ (Focus Biomolecules, 10-1363) was dissolved to stock
solution (70 mg/ml) in dimethyl sulfoxide and stored at —20°C.
Stock solution was diluted daily in 0.9% saline to 1 ug/pl

Placental histology

All placentas were rinsed in phosphate-buffered saline (PBS),
grossly sectioned in half, and drop fixed in 10% neutral buffered for-
malin. After 48 hours, placentas were transferred to 70% ethanol
before routine paraffin embedding, sectioning at 4 um, and hema-
toxylin and eosin staining by the Medical College of Wisconsin
Children's Research Institute histology core. Stitched images were
created at x20 magnification on a Keyence BZ-X series microscope
for counting of decidual spiral arteries. The luminal diameter of
spiral arteries and layer thickness were examined in Image]. All
spiral arteries were measured and averaged for each placenta.
Each placental layer was measured in the thickest region perpendic-
ular to the base of the placenta. Investigator was blinded to treat-
ment group when performing histological measurements.

CD31 immunohistochemistry

CD31 detection occurred using a Cell Signaling reagent system. Un-
stained 4-um paraffin-embedded placental sections were deparaffi-
nized and rehydrated in a series of xylene, ethanol, and water washes
before citrate treatment (Cell Signaling, 14746) for antigen unmask-
ing. Samples were blocked with 3% hydrogen peroxide for 10 min
and 5% normal goat serum (Cell Signaling, 5425) in tris-buffered
saline with Tween 20 (Cell Signaling, 9997) for 1 hour. CD31
rabbit monoclonal antibody (Cell Signaling, 77699, 1:100) in anti-
body diluent (Cell Signaling, 8112) was applied and incubated over-
night at 4°C. Horseradish peroxidase SignalStain Boost Detection
Reagent for rabbit immunoglobulin G (Cell Signaling, 8114) and
diaminobenzidine (DAB) substrate (Cell Signaling, catalog no.
8059) were used for CD31 staining. Slides were counterstained in
hematoxylin, dehydrated, and mounted for imaging on a Keyence
BZ-X series microscope. Stitches (20x) of the entire placenta were
analyzed via color deconvolution and area quantification in Image].
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Murine placental protein expression

Layer-enriched tissue dissection of murine placenta was performed
as outlined by Qu et al. (104). Briefly, uterine muscle and chorionic
plate were removed before separating the junctional zone from the
underlying labyrinth, which is characterized by a dark red appear-
ance. Techniques were previously validated using quantitative PCR
for layer-specific markers (decidua: Lgals3, spongiotrophoblast:
Tpbpa, syncytiotrophoblast II: GemlI). Whole thickness placental
or labyrinth dissections were rinsed in cold PBS and then trans-
ferred to a microcentrifuge tube on ice containing 200 pl of cell
lysis buffer (Thermo Fisher Scientific, Invitrogen, FNNO0O11) pre-
pared with 1x Roche cOmplete protease inhibitor and 1 mM phe-
nylmethylsulfonyl fluoride. Samples were incubated on ice for 30
min, homogenized with a disposable pestle, and centrifuged at
10,000¢ for 10 min at 4°C. The supernatant was transferred to a
new tube for protein quantification using the Pierce BCA Protein
Assay Kit (Thermo Fisher Scientific, 23227). SOD2 (Cell Signaling,
rabbit monoclonal antibody, 13194, 1:200), catalase (Cell Signaling,
rabbit polyclonal antibody, 14097, 1:200), and MDA (Abcam, rabbit
polyclonal antibody, ab27642, 1:100) protein levels were assessed
via Protein Simple Chemiluminescence immunoassay on a Wes au-
tomated capillary—based Western blot system and normalized to
ACTB (Abcam, rabbit polyclonal antibody, ab8227, 1:100). Expres-
sion was quantified in Compass for SW (6.1.0). VEGFA (Thermo
Fisher Scientific, Invitrogen, EMVEGFACL) and PIGF (Thermo
Fisher Scientific, Invitrogen, EMPGF) were measured per commer-
cially available enzyme-linked immunosorbent assays (ELISAs).

HIF1a protein localization

Cytoplasmic and soluble nuclear protein fractions of whole-thick-
ness mouse placenta were isolated using a Subcellular Protein Frac-
tionation Kit for Tissues (Thermo Fisher Scientific, 87790) and
quantified with the Pierce BCA Protein Assay Kit. HIFla
(Abcam, recombinant rabbit monoclonal antibody, ab179483,
1:50) was probed through Protein Simple Chemiluminescence im-
munoassay on a Wes instrument and normalized to ACTB (Abcam,
Rabbit polyclonal antibody, ab8227, 1:100) for cytoplasmic fraction
and HDAC1 (Novus Biologicals, rabbit polyclonal antibody,
NB10056340SS, 1:200) for soluble nuclear fraction. Quantification
occurred in Compass for SW (6.1.0).

Urine protein

Twenty-four-hour urine samples were collected from metabolic
cages, as previously (26, 35). Urine was diluted 1:100 and protein
content was determined using the Pierce BCA Protein Assay Kit.
Concentration (milligrams per milliliter) was calculated in reference
to the standard curve. Total daily protein excretion (milligrams per
day) was established by multiplying concentration (milligrams per
milliliter) by the volume of urine collected.

Electron microscopy

Peripheral regions of fresh kidney and flash-frozen placenta were
minced into approximately 1-mm squares and transferred to glutar-
aldehyde for 48 hours at 4°C. Tissue was then washed in sodium
cacodylate buffer three times for 15 min each and stored in
sodium cacodylate buffer at 4°C. Further processing and imaging
were conducted by the Medical College of Wisconsin Electron Mi-
croscopy Core using a JEOL 2100 transmission electron microscope
equipped with an ultrahigh-resolution digital camera. Images were
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interpreted by a board-certified veterinary pathologist and a renal
pathologist.

RNAscope

Chromogenic duplex RNAscope-based in situ hybridization was
performed on paraffin-embedded 4-um placental sections (Ad-
vanced Cell Diagnostics, 322430). Sections were baked, deparaffi-
nized, and pretreated with hydrogen peroxide, target retrieval
agent, and protease plus. Following, double Z oligo probes for
RNA targets were hybridized (Gem1, 429661; Cre, 312281) before
storage in 5x SSC buffer overnight at room temperature. Probes
were then amplified and detected before counterstaining, mount-
ing, and evaluation on a Keyence BZ-X series microscope.

Florescent imaging

Frozen placenta was sectioned at 10 um on a Leica CM 1950 Cryostat
and cover-slipped with ProLong Diamond Antifade Mountant with
4',6-diamidino-2-phenylindole (Thermo Fisher Scientific, Invitro-
gen, P36966). Stitched images of fluorophores were captured at 10x
on a Keyence BZ-X and a Nikon ECLIPSE 80i microscope. Insets
were acquired at 100x on a Nikon A1l laser scanning confocal
microscope.

Profiling of maternal circulating factors

Circulating maternal immune and cardiovascular markers were de-
tected with Eve Technologies (Calgary) multiplex assays. Undiluted
human and mouse plasma was sent for Human Cytokine/Chemo-
kine 71-Plex Discovery Assay (HD71), Human MMP and TIMP
Discovery Assay (HMMP/TIMP-S,P), and Mouse Cardiovascular
Disease Panel 1 7-Plex Discovery Assay Array (MDCVD1), and
plasma was diluted 1:1 in PBS for Mouse Cytokine/Chemokine
44-Plex Discovery Assay Array (MD44). Arrays consisted of fluores-
cent beads coupled to capture antibodies and biotinylated detection
antibodies bound to streptavidin-phycoerythrin conjugate. Identi-
fication of analyte was enabled by a dual-laser flow cytometry bead
analyzer. Raw data were log-transformed for plotting and statistical
comparisons. sFLT1 within mouse plasma was measured via com-
mercially available ELISA (MyBioSource, MBS161443).

Blood pressure by radiotelemetry

Blood pressure and heart rate were recorded by radiotelemetry as
described (26, 35, 105). Radiotelemetric probes (DSI TA11PA-
C10) were implanted into the common carotid artery under keta-
mine/xylazine anesthesia followed by two doses of postprocedure
meloxicam. Mice were allowed 1 week to recover after surgery
and another week to acclimate to the telemetry suite. Male and
female mice were then housed together for a single overnight
mating and remated weekly until successful pregnancy was
achieved. Pregnancy data were collected at 2000 Hz from GD 11.5
until euthanasia. Continuous recordings were taken 2 hours before
injection and 5 hours postinjection. All other recordings were on a
10 min/hour schedule. Dams were initially euthanized at GD 17.5,
but this was adjusted to GD 16.5 due to frequent early delivery.

RNA sequencing

Placental transcriptomes were examined by RNA sequencing at GD
14.5; normalized transcript count data have been submitted to the
National Center for Biotechnology Information Gene Expression
Omnibus (GSE221732) and raw sequence to the Short Read
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Archive. Frozen placenta was homogenized in 1 ml of TRIzol
with 1.4-mm ceramic beads (PerkinElmer, SKU 19-627) on a
Bead Mill Mini Homogenizer (Thermo Fisher Scientific, 15-340-
164) before the addition of 200 pl of chloroform. Samples were
then vortexed for 15 s, incubated at room temperature for 3 min,
and centrifuged at 14,000¢ for 15 min at 4°C. Aqueous phase was
extracted and combined with an equal volume of 70% ethanol, vor-
texed, and transferred to a spin column from a PureLink RNA mini
kit (Thermo Fisher Scientific, Invitrogen, 12183018A). RNA was ex-
tracted in concordance with the provided protocol, including Pure-
Link DNase treatment (Thermo Fisher Scientific, Invitrogen,
12185010). Total RNA was submitted to the Medical College of
Wisconsin Mellowes Center for Genomic Sciences and Precision
Medicine for bulk RNA sequencing. Briefly, RNA was quantified
on a Qubit fluorometer and then evaluated for quality using RNA
integrity number (RIN) (9.6 + 0.1) and percentage of RNA frag-
ments > 200 nucleotides (DV200) (90 + 0.2) on a fragment analyzer.
Libraries were generated with a Takara low input SMART-Seq
Stranded preparation kit and underwent quality control through
Kapa Quantification and a MiSeq 50 cycle run, and 100-bp
paired-end sequencing was performed on a NovaSeq platform
with a 200-cycle SP flow cell and a targeted sequence depth of 55
million reads per sample (table S7).

Transcriptomic data analysis

The quality of prealigned data was computed by FastQC. All
samples had a median per base sequence quality score above 30,
and the average quality per read was 31 (with a value of 27 equating
to a 0.2% error rate). Reads were aligned to the Gencode vM23
(GRCm38.p6) mouse reference genome with Star and further pro-
cessed in the MAPRSeq3 workflow to obtain read counts at the gene
and exon levels. Aligned data were inspected via RSeQC modules to
ensure appropriate quality metrics including coverage uniformity,
inner distance between paired reads, and sequencing saturation
(fig. S26). Differential gene expression was tested in EdgeR with a
pairwise approach comparing: CNO Cre* versus saline Cre”, CNO
Cre* versus CNO Cre~, and CNO + MitoQ Cre* versus CNO Cre™.
Lists of up-regulated genes (P < 0.05, minimum log, fold change of
0.23) were input to Shiny GO (versions indicated in text) for enrich-
ment analysis. Pathways with an enrichment false discovery rate of
<0.15 were considered.

Statistical analyses

Quantitative physiological and histological data are depicted as
mean = SEM unless indicated. For mouse fetoplacental assessments,
each individual datapoint represents a separate pregnancy. Experi-
mental results for continuous variables were tested for normality
and equal variance. Parametric data were analyzed by ¢ test (two-
tailed) or analysis of variance (ANOVA) followed by Bonferroni
correction for multiple comparisons and nonparametric data by
Mann-Whitney U test using GraphPad Prism 9.5.0. P < 0.05 was
used as the threshold for significance. Differences in the distribu-
tion of categorical variables between groups were assessed by x test.

Supplementary Materials
This PDF file includes:

Fig. S1 to S26

Tables S1 to S7
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