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Commentary

Cardiovascular disease (CVD) is a leading cause of maternal mortality worldwide [1,2]. The
molecular mechanisms underlying de novo CVD in pregnancy are not fully understood, which
has limited targeted therapeutic development. Our group’s recent article “Placental senescence
pathophysiology is shared between peripartum cardiomyopathy and preeclampsia in mouse and
human” [3], provides new insights into the pathobiology of pregnancy-related CVD. Specifically, we
studied two closely related CVDs in pregnancy, peripartum cardiomyopathy (PPCM), an idiopathic
form of heart failure (HF) that occurs in late pregnancy to early postpartum, and preeclampsia, a
common hypertensive disorder of pregnancy that is a major risk factor for postparcum HE Using
a serum proteomics approach, we discovered a fundamental aging process, known as senescence,
as one of the most highly dysregulated biological processes in pregnant patients with PPCM or
preeclampsia. Our work further identified the placenta as the likely primary source of circulating
proteins in the maternal blood contributing to the senescence-associated secretory phenotype (SASP).
We identified 28 SASP proteins shared between PPCM and preeclampsia and found that placental-
derived SASP (i.e. activin A) correlates with cardiac dysfunction and HF severity in patients with
PPCM or preeclampsia. In a mouse model of PPCM, the cardiac specific PGCla knockout mouse
[4], we showed that restoring placental senescence back to homeostatic physiological levels with
the senolytic, fisetin, can improve cardiac function and adverse myocardial remodeling in PPCM.
Directly inhibiting placental-derived SASD, e.g. activin A, in the early postpartum period similarly
improved cardiac function in this mouse model of PPCM. Overall, the findings from this study lead
to an emerging concept that dysregulated placental senescence and its associated SASP may be part
of the core pathophysiology driving CVD in pregnancy. However, many questions remain about how
this normal physiological process becomes dysregulated in pregnancy and the mechanisms by which
the placenta crosstalks with the maternal heart. This commentary discusses data from our published
work that provides additional insights into the origin of increased placental senescence and SASP in
pregnancy that can contribute to the transition between health and disease in pregnancy.

Placental Senescence

To understand the pathological implications of placental senescence, it is important to recognize
that cellular senescence is part of the normal physiology of pregnancy. Senescence plays a critical
role in the temporal and spatial regulation of fetal development, notably through the senescence-
associated secretory phenotype (SASP), a composite of all the secreted factors generated by senescent
cells [5,6]. It is essential for regulating placental development and function [7,8]. In the placenta, the
features of senescence are induced by DNA damage and involves the coordinated activation of the

p53/p21 and p16/pRb regulatory pathways [9].
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Senescence pathways participate in placental development and
function throughout pregnancy and serve distinct roles in different
placental zones and cell types [7,8]. Notably, cytotrophoblasts exhibit
high expression of senescence markers, such as senescence-associated
B-galactosidase (SA-B-gal), pl16, and p21, which decline during
the third trimester. In contrast, syncytiotrophoblasts (SCT) display
lower levels of senescence in the first and second trimesters, but this
progressively increases throughout pregnancy, peaking in the third
trimester [10]. The cell fusion that leads to the formation of the SCT
is strongly associated with senescence [9]. This helps maintain the
SCT’s non-proliferative state, preserves its viability, and regulates
interactions with the immune system and tissue remodeling through

SASP.

The precise regulation of placental senescence plays a vital role in
facilitating successful placental implantation, delivery, and pregnancy
outcomes [11-14]. For example, decreases in physiological placental
senescence are linked to implantation failure and fetal growth
restrictions, while excessive senescence is associated with recurrent
miscarriage [15-17]. Ultimately, both increases and decreases in
placental senescence can contribute to adverse pregnancy outcomes.
Thus, understanding the temporal, spatial, and cell-specific
properties that govern this aging process in the placenta is critical in
the development of therapeutics that could modulate these pathways.

Insight from Placental Histology and Immunostaining
Placental senescence localization during healthy pregnancy

In our study, SA-B-gal staining in pregnant C57BL/6 mice
confirmed a progressive increase in placental senescence throughout
gestation, consistent with previous findings [10,15]. Notably, our
analysis also identified regional- and cell-specific differences in
placental senescence in the contexts of health and disease.

Our study analyzed placentas from both mice and humans.
While mammalian placentas exhibit functional convergence, their
morphology does vary across species. The murine placenta can be
divided into three distinct zones: the decidua, the labyrinth, and
the area between them: the junctional zone [18]. In humans, the
structure analogous to the murine labyrinth is the placental villi [19].
The decidua is the maternal portion of the placenta, originating from
the uterine endometrium. This region contains decidual stromal

Decidua

Junctional Zone

Labyrinth @ @

@ Trophoblasts

cells and extravillous trophoblasts. The labyrinth, equivalent to
the chorionic villi in the human placenta, is a fetal-side structure
that serves as the primary maternal-fetal exchange zone. This zone
is rich in SCT, cytotrophoblasts (CT), and vascular cells [20,21].
Finally, the junctional zone corresponds to the transitional region
between the decidua and the labyrinth and is composed of three cell
types: spongiotrophoblast cells (SpTs), glycogen cells (GCs), and
trophoblast giant cells (TGCs).

In term placentas from normal murine pregnancy, we found a
gradient of SA-B-gal staining across the placental zones, with the
strongest expression in the decidua and the weakest in the labyrinth.
These results are consistent with prior studies, which have similarly
shown an increase in senescence in the decidua with increased p21,
SASP (e.g. IL-6 and IL-8), and SA-B-gal levels, along with decreased
telomere length [12-14]. In parallel with SA-B-gal staining, we also
performed comprehensive immunostaining of cell-lineage markers for
trophoblasts (cytokeratin 7), stromal cells (vimentin), endothelial cells
(CD31), and multiple immune cell populations. These experiments
demonstrated colocalization of senescence with stromal cells located
predominantly in the decidua and less in the junctional zone.
Senescent trophoblasts were mainly found in the junctional zone.
Trophoblasts are predominantly located in the labyrinth where the
senescence signal is substantially lower (Figure 1). Immunostaining
of placental cotyledon samples from patients with normal pregnancy
similarly demonstrated colocalization of senescence markers (SA-f3-
gal, p21, activin A) with trophoblasts. Notably, the decidua was not
included in our human placental specimens, limiting conclusions on
the maternal stromal contribution. In summary, our study showed
that placental senescence progressively increases during pregnancy
and stems, in part, from stromal and trophoblastic cell populations.

Placental senescence localization in PPCM and preeclampsia

Although our study primarily assessed changes in global placental
senescence in disease states (i.e. PPCM or preeclampsia), our analyses
do provide some initial insights into the spatial- and cell-specific
changes in placental senescence in these pathologic contexts. In our
PPCM mouse model, we observed an increase in overall placental
senescence, which was mostly due to an increase in senescence in
the junctional zone and a trend in the decidua, while the labyrinth
remained unchanged (Figure 1). Notably, this increase in senescence
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Figure 1. Schematic of regional- and cell-specific differences in placental senescence in control versus PPCM mice at gestational day 17.
Proportions of trophoblasts and stromal cells according to placental zones (decidua, junctional zone, and labyrinth), and levels of senescence (white
= low, blue = high) in the three zones under healthy conditions and in PPCM mice.
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colocalized with stromal and trophoblast cell populations. In
patients with preeclampsia, the increase in senescence markers
primarily colocalized with trophoblasts, but again, our analysis did
not include the decidua. Ultimately, although limited in scope,
our findings highlight the stromal and trophoblast populations as
potential origins of the pathological increase of placental senescence
observed in PPCM and preeclampsia.

Insights from Placental Single Cell and Single Nuclei
RNA Sequencing

In addition to comprehensive immunostaining, we also
performed targeted analysis of single cell (sc) and single nuclei (sn)
RNAseq data from placentas of pregnancies with early preeclampsia
compared to uncomplicated pregnancies with similar timing
of delivery [22]. Our analysis specifically focused on hallmark
senescence genes (CDKNIA, CDKN2A) and the genes encoding the
28 SASP identified in our serum proteomics. Within these samples,
46 cell types were identified, which were clustered into four major
groups: immune, stromal, trophoblast, and vascular cells. Of note,
this analysis was done in placental cotyledon samples, in which the
maternal decidua was removed at the time of sample collection.

Despite this limitation, some preliminary insights into the cell
specificity of placental senescence can be made. In the placental
samples from control subjects, i.e. individuals with preterm delivery
but otherwise uncomplicated pregnancy, multiple SASP were
expressed relatively uniformly across the four major cell groups,
including PPBR THBS2, CCL17, IL7, MMP7, CCL22, CCLI1,
and CXCL16. Interestingly, these were also not altered in the context
of preeclampsia. Other SASP showed more cell-specific expression
patterns, albeit with some overlap. ILRLI, DKKI, RARRES2,
TIMPI, MRC2, CDKNIA, CDKN2A, TFPI, VEGFA, PDGFA,
MAP2K2, SERPINEI, SCTI, PLAT, and FSTL3 were all highly
expressed in stromal populations. FSTL3, SERPINEI, PDGFA,
TFPI, and INHBA were expressed in trophoblasts, EREG, INHBA,
MRC2, TIMPI, VEGFA, PDGFB, CCLI18 in immune cells, and
MMPI, MRC2, SELR TIMPI1, TFPI, RARRES2, VEGFA, PDGFA,
PGDFB, CXCL12, PLAT, SERPINE1, FSTL3 in vascular cells.

Trophoblasts

Of the 28 SASP shared between PPCM and preeclampsia,
we identified activin A as the most highly upregulated in human
preeclamptic placenta. Activin A, encoded by the /NHBA gene,
and SASP associated with its signaling pathway—SERPINE] and
FSTL3—are all predominantly increased in trophoblasts (Table 1).
This trend was also observed for 7IMPI, TFPI, VEGFA, PDGFA,
PDGFB, and MAP2K2. The increased expression of these SASP
genes is present in extravillous trophoblasts (EVT), SCT, and
villous cytotrophoblasts (VCT), with the majority observed in VCT.

VCTs and SCTs constitute placental villi, while VCTs also form the
cytotrophoblastic shell at the maternal-fetal interface, corresponding
to the junctional zone and labyrinth. These results provide additional
evidence supporting a role for trophoblast senescence in the placental
senescence pathophysiology of preeclampsia and PPCM.

Indeed, prior work has identified an increase in trophoblast
senescence in preeclampsia [23]. How this links to maternal
preeclampsia phenotypes is not entirely clear, but based on our data
and others, this is presumably mediated through increased trophoblast
SASP production. Soluble Fms-like tyrosine kinase 1 (sFltl), a
secreted VEGF inhibitor, is produced by placental trophoblasts
and contributes to the pathophysiology of both preeclampsia and
PPCM [24-26]. Although sFltl is not a bona fide SASP factor, it
represents strong evidence that secreted factors from trophoblast
populations are causally involved in these diseases. Notably, similar
drivers, including hypoxia and oxidative stress, induce both sFltl
production and senescence in trophoblasts, suggesting that either
similar or parallel pathology is likely occurring [27-31].

Stromal cells

While our study did not extensively characterize non-
trophoblastic cells, our scRNAseq analysis showed that SASP genes,
including SERPINE1, TIMPI1, EREG, VEGFA, and DKKI, are also
highly expressed in stromal cells (Table 1). Interestingly, recent
work has shown that increased placental mesenchymal stem/stromal
cell senescence can affect trophoblast and endothelial cell function
in preeclampsia [32]. Similar SERPINE and TIMP-related genes
are implicated in stromal cell senescence, in addition to DUSPI,
IFIT2, and CTSZ [32]. Although the decidua was not analyzed
in our scRNAseq analysis, given the marked increase in decidual
stroma senescence in the mouse, we would propose that further
investigations into senescence biology in these placental cell types
and regions could yield new insights into the (patho)physiology of
human pregnancy and disease.

Vascular cells

In vascular cells (Table 1), the increase in the 28 SASP identified
in our study was most prominent in pericytes (7IMP1, TFPI),
smooth muscle cells (77MPI), and endothelial cells (SERPINEI,
VEGFA, FSTL3). Endothelial dysfunction and impaired angiogenesis
are part of the central pathophysiology of preeclampsia [33-35] and
PPCM [4,30] and it is possible that endothelial senescence could
also be part of this process. Pericytes also participate in angiogenesis
and are critical in maintaining the functional microvascular network
in the placenta [36]. Loss of pericyte coverage in the placental
microvasculature has been shown to contribute to preeclampsia in
mouse models [37]. However, whether this is related to pericyte
senescence is unclear.

Table 1. Gene expression of placental SASP and senescence in the four major placental cell groups in patients with preeclampsia. This
table was generated from the placental scRNAseq analysis of the 28 shared SASP and senescence genes, CDKN1A and CDKN2A, from subjects with
early preeclampsia versus uncomplicated preterm pregnancies. Original data are available in the supplemental materials for “Placental senescence
pathophysiology is shared between peripartum cardiomyopathy and preeclampsia in mouse and human”[3].

Placental cell types Increased placental SASPs and senescence genes in preeclampsia

Stromal cells

TIMP1, CDKN1A, CDKN2A, EREG, VEGFA, DKK1, SERPINE1, TFPI, EREG

Trophoblasts

INHBA, SERPINET, FSTL3, CDKN2A, CDKN1A, TIMP1, TFPI, VEGFA, PDGFA, PDGFB, MAP2K2

Vascular cells

VEGFA, CDKN1A, TIMP1, TFPI, FSTL3, STCT1, SERPINE1

Immune cells INHBA, TIMP1, VEGFA
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Immune cells

Lastly, multiple immune cells showed increased SASP expression
(Table 1), particularly macrophages and Hofbauer cells, which
display elevated levels of INHBA, TIMPI, and VEGFA. Hofbauer
cells are placental villous macrophages of fetal origin that play roles
in placental development, including vasculogenesis and angiogenesis.
These cells participate in the immune imbalance leading to the
pro-inflammatory state in preeclampsia [38,39]. While it is well
established that activation of macrophage populations contributes to
preeclampsia, how senescence potentially contributes to this process
is unknown.

Limitations

We would emphasize that our original paper was not a priori
designed to fully characterize the cellular, temporal, and spatial
regulation of senescence in the placenta. While some conclusions can
be made from our placental characterization in the various mouse
and human cohorts used, these should be viewed as preliminary
within the limitations of the study. First, in the human studies,
control subjects were mostly individuals with an uncomplicated
pregnancy but preterm delivery. While this enabled us to match
controls to preeclampsia patients, based on gestational age (an
important consideration in assessing placental senescence), these
placental samples do not fully reflect the dynamics of senescence in
term pregnancies. Recent work, however, has shown that multiple
placental SASP factors identified in preterm delivery are also
upregulated in term pregnancy [40]. Second, the decidua was not
included in our analyses of human placental samples, and thus, it is
unclear if the senescence findings in the decidua of murine placental
samples also occurs in humans. Lastly, the interventions on placental
senescence were only performed in a mouse model of PPCM, which
recapitulates some, but not all, of the features of clinical PPCM.

Summary

The placenta is a unique hybrid maternal-fetal organ that not only
serves as a critical regulator of fetal health and development, but can
also significantly impact maternal health via its dynamic secretome.
Our recent paper, along with other’s work [4,41,42], strongly
suggests that the crosstalk between the placenta and the maternal
cardiovascular system plays a major role in the development and
progression of CVD in pregnancy. Understanding how physiological
placental aging can transition into a pathologic process and shift the
balance between maternal health and disease is a critical first step
before attempting to therapeutically intervene on this process.

Our findings identify senescent trophoblasts and stromal
cells as some of the major players in this process. Why these cells
become excessively senescent remains to be determined, but likely
is multifactorial with contributions from oncogene activation [43],
telomere shortening [44], oxidative stress [31], hypoxia [45], and
other stressors that induce DNA damage [46]. The entire spectrum of
placental-derived SASP that could affect the maternal cardiovascular
system also is not clear. Ultimately, while our study provides some
of the first data functionally linking placental senescence to maternal
CVD, we are in the early stages of understanding the physiological
and pathological implications of placental senescence in maternal
and fetal health. Elucidating the molecular mechanisms governing
the temporal, spatial, and cell-specific properties of placental
senescence would not only advance our understanding of pregnancy-

related CVD but could also pave the path for novel therapeutic
strategies for these diseases.
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