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Abstract
Inflammation is a well-recognized factor associated with preeclampsia (PE). Stress granules (SGs) have been shown to play an
important role in regulating inflammation and immune responses. However, whether SGs are involved in the pathogenesis of PE
has not been studied. Here, we evaluated the expression of SG components in placenta of pregnancies with PE. Placental samples
or serum were collected from PE patients (n = 31) or healthy age-matched pregnancy (n = 17). mRNA expressions of SG-
associated genes in placenta from PE or normal pregnancies were detected by real-time quantitative PCR, and protein expressions
of HuR and G3BP were detected using western blot. Immunofluorescence staining was performed to evaluate SG components
expression in placentas or 10% serum treated HTR-8/Svneo cells using antibodies against HuR and G3BP. Our study showed
higher levels of elavl1, lsm2, lsm4, and ago1mRNA expression and SG marker proteins expression in placental homogenates of
PE patients. HuR/G3BP-positive SG structure was further observed in placental villi of PE by immunofluorescence assay.
Besides, serum from PE patients could induce SG aggregation in human trophoblast cell line HTR-8/Svneo cells, suggesting
the involvement of SGs in the development of PE.
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Introduction

Preeclampsia (PE) is a hypertensive disorder of pregnancy
caused by multiple factors including gene, heredity, epige-
netics, and immunity. It is a primary cause of high maternal
and perinatal morbidity and mortality and affects 3–5% of
pregnancies around the world [1, 2]. The current understand-
ing of the underlying etiology and pathogenesis of the disease
is based on a two-stage model of PE theory. Ischemia and
hypoxia lead to shallow invasion of the trophoblast and re-
modeling dysfunction of the spiral arteries. The excessive pla-
cental oxidative stress will induce the release of inflammatory

cytokines (TNF-α, IL-2), anti-angiogenic factors (soluble
Fms-like tyrosine kinase-1, sEng), or alarmins (uric acid,
cell-free fetal DNA) into the maternal circulation (the first
stage) [3–8]. These factors or alarmins further elicit an over-
reaction of inflammatory response, including vascular endo-
thelial injury, thrombosis, and activation of renin angiotensin
aldosterone system. All of these eventually lead to organ hy-
poperfusion and dysfunction as part of composite PE mani-
festation (the second stage) [4, 6, 7]. Although more and more
studies have been done on the pathogenesis of PE, the inci-
dence of PE has not declined. It is urgent to develop new
intervention targets and therapeutic strategies for PE patients.

Stress granules (SGs) are dense particles (non-membranous
cytoplasmic foci) formed in the cytoplasm of eukaryotic cells.
RNASGs primarily consist of poly(A)+mRNAs containing 48S
preinitiation complexes, small ribosomal subunits, mRNA de-
cay factor tristetraprolin, translation initiation factors such as
eukaryotic translation initiation factor-4E (eIF4E), eIF4G,
eIF4A, and eIF4B, and many RNA-binding proteins that regu-
late mRNA structure and function, including HuR, Staufen,
Smaug, TTP, Fragile X mental retardation protein, G3BP,
CPEB, and SMN. SGs also contain putative scaffold proteins
such as Fas-activated serine/threonine phosphoprotein [9]. The
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assembly of SGs is considered to be a protectionmechanism of
cells in response to a variety of stress stimuli such as ischemia,
hypoxia, oxidative stress, heat shock, or viral infection. When
stressed, the process of protein translation is suspended tempo-
rarily. mRNAs are released from ribosomes and enter SGswith
the envelope of specific RNA-binding proteins. Once the pres-
sure is released, mRNAs leave the SG structure and then be
transported to cytoplasm for protein translation or to process-
ing bodies (PBs) for RNA degradation [10–12]. SGs are highly
conserved cytoplasmic RNP granules, which play an important
role in cell activities, such as translation regulation, cell apo-
ptosis, virus infection, inflammatory response, and cellular le-
sions caused by protein misfolding [12].

However, it has not been reported whether SGs are in-
volved in the pathogenesis of PE. This study was designed
to evaluate the expression of SG components in placenta of
pregnancies with PE. Placental samples or serumwere collect-
ed from PE patients or healthy age-matched pregnancy.
Placental histology was analyzed by H&E staining. mRNA
expressions of SG-associated genes and protein expressions of
HuR and G3BP in placenta from PE or normal pregnancies
were detected. Immunofluorescence staining was also per-
formed to evaluate SG components expression in placentas
or serum treated HTR-8/Svneo cells.

Materials and Methods

Human Subjects

Placental samples were collected from PE patients (n = 31)
with severe features or healthy age-matched pregnancy (n =
17) who had visited the Department of Obstetrics in the
Affiliated Hospital of Qingdao University from June 2018 to
June 2020. The diagnosis of PE with severe features followed
the guidelines of the task force on hypertension during preg-
nancy [13]. PE patients has also mechanistically been classi-
fied into early onset PE (eo-PE, n = 13) (< 34 gestational
weeks) and late onset PE (lo-PE, n = 18) (≥ 34 gestational
weeks), based on gestational age at diagnosis and/or delivery
[14]. Pregnancy controls were selected from gestational age-
matched pregnancy deliveries, including pre-term delivery
due to cervical incompetence or acute fetal distress caused
by umbilical cord entanglement. Gestational or pre-existing
diabetes, chronic hypertension, daily smoking, fetal death,
fetal malformations, and multiple pregnancies were excluded.
Demographic information is shown in Table 1 (see also
supplementary material, Table S1). After washed with chilled
PBS solution, a portion of the placental specimen was embed-
ded in Tissue-Tek optimal cutting temperature (OCT) com-
pound ( Sakura Finetek, CA, USA) for immunofluorescence
analysis; a portion was fixed in 10% formalin for hematoxylin

and eosin staining; and the remaining was stored at − 80 °C.
Serum samples were collected and stored at – 80 °C.

The study guidelines were approved by the Affiliated
Hospital of Qingdao University Review Board, and informed
consent was obtained from all subjects.

Cell Culture

Human trophoblast cell line HTR-8/SVneo was purchased
from Cell Bank (Chinese Academy of Sciences, Shanghai)
and cultured in DMEM/F12 (GIBCO) supplemented with
penicillin-streptomycin and 10% FBS at 37 °C in a 5% CO2

atmosphere. For immunofluorescent staining, cells were seed-
ed at 200,000 cells/well onto 12-well culture plates. After
washed with serum-free medium, cells were treated with
10% sera from normal pregnancy or PE patients for 24 h,
and then fixed with 4% paraformaldehyde for 15 min.

qRT-PCR

Total RNA was extracted from placental samples with
RNAiso Plus (TAKARA) and were then reverse-transcribed
to cDNA using Evo M-MLV RT Premix (Accurate
Biotechnology). Real-time quantitative PCR analysis was per-
formed using SYBR GREEN mix (TAKARA) on an ABI
7500 (Applied Biosystems). Primers are shown in Table 2.

Western Blot

Placental samples were lysed in 2% SDS lysis buffer. Western
blot was detected as described previously [13]. The following
primary antibodies were used for PVDF membranes incuba-
tion: anti-GAPDH (AB0037, Abways), anti-α-tubulin
(11224-1, Proteintech), anti-HuR/ELAVL1 (ab200342,
Abcam), anti-G3BP (ab56574, Abcam), and then the PVDF
membranes were reacted with HRP-conjugated secondary an-
tibodies, respectively (Pierce, 1:5,000). The proteins were de-
tected by luminescent substrate (WBKLS0050,Millipore) and
quantified by ImageJ.

Immunofluorescence Assays

Immunofluorescence assays were conducted as previously de-
scribed [15]. In brief, Tissue-Tek OCT (Sakura Finetek, CA,
USA) embedded placental samples was sectioned for 5 μm
with a Freezing Microtome (Leica). The sections or HTR8/
SV-neo cells were fixed in 4% paraformaldehyde for 15 min,
penetrated with 0.1% Triton-X 100 for 30 min, blocked with
5%BSA for 1 h and treated with anti-HuR/ELAVL1 antibody
(ab200342, Abcam) and anti-G3BP antibody (ab56574,
Abcam) at 4 °C overnight, and then reacted with fluorescent
secondary antibody (Abcam), respectively.
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Table 2 Primers used for real-time PCR

Gene name Orientation Primer sequence (5′-3′)

GAPDH Forward CATGTTCGTCATGGGTGTGAA

Reverse GGCATGGACTGTGGTCATGAG

ELAVL1 Forward GAGGTGATCAAAGACGCCAACT

Reverse CGCAACCCCTCTGGACAA

AGO1 Forward GCCTATGTTCCGGCATCTCA

Reverse ACGTTCTTCACCTGCACACACT

LSM2 Forward AGCATCTGTGGAACCCTCCAT

Reverse TGGCAGCTGCACGTATCG

LSM4 Forward GTTGGTGGAGCTGAAAAATGG

Reverse GGCATCCGCCAGAACTTGT

DDX6 Forward GAAATGGCTTATGCCGCAAT

Reverse GATGACCAAAGCGACCTGATC

FUBP1 Forward GGAATGGTTGGATTCATAATTGG

Reverse CTGACTGGACAGATTCAGGTGTTC

Table 1 Clinical characteristics of patients in the study

Preeclampsia with severe features
(n = 31)

Control
(n = 17)

p value

Age(years) 31(21–42) 34(25–44) NS

Weight(kg) 80(52–96) 67(56–96) 0.0101

Height(cm) 162(152–172) 160(150–175) NS

Body mass index(BMI) 28.7(22.2–39.5) 26.4(23.0–33.3) 0.0321

Gestational week 34(28–40) 35(29–36) NS

Proteinurla
(≥ 1+)
(< 1+)

31(100%)
0

2(12%)
15(88%)

< 0.0012

Systolic pressure 160(142–201) 119(100–133) < 0.0011

Diastolic pressure 100(78–132) 70(58–85) < 0.0011

Mean arterial pressure 117(107–152) 87(74–101) < 0.0011

Alanine aminotransferase (ALT) 21.9(7.2–215.3) 8.6(6.2–27) < 0.0011

Aspartate aminotransferase (AST) 25.1(10.3–197.5) 15(10.2–24.4) 0.0021

ALT/AST 0.9(0.6–1.9) 0.7(0.3–1.4) 0.0031

Uric acid 438(285.9–713.6) 271.8(171–341) < 0.0011

Lactate dehydrogenase 256(166–1696) 158(136–384) < 0.0011

Platelet (PLT) 179(29–264) 211(142–534) 0.0301

Hemoglobin (HB) 119(75–162) 122(100–143) NS

Mode of delivery
Vaginal 1(3%) 6(35%) 0.0102

Cesarean 30(97%) 11(65%)

Neonatal weight(g) 1870(800–4260) 2680(1270–3380) 0.0011

Neonatal Apgar score 10(6–10) 10(8–10) 0.0311

1Wilcoxon rank-sum
2Chi-square test
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Histopathology

Placental samples were fixed in 10% formalin and embedded
in paraffin, after which 4-μm-thick sections were cut and
stained with hematoxylin and eosin (H&E).

Statistical Analysis

The differences between study groups are compared via
Wilcoxon rank-sum test or chi-squared test, respectively. A
two-sided p value of < 0.05 is considered as statistically
significant.

Results

Characteristics of the PE Patients

The demographic characteristics of the PE patients with severe
features are presented in Table 1. No differences in age, height,
gestational week, and hemoglobin at delivery were noted be-
tween both groups. However, weight and body mass index
before delivery, systolic/diastolic blood pressure, ALT/AST,
uric acid, lactate dehydrogenase, platelet, neonatal Apgar
score, and birth weight of infants were significantly different
between both groups.

H&E Staining of Placental Samples from PE

Inflammation is involved in the pathological process of PE.
We therefore first analyzed the pathological characteristics of
placental samples by H&E staining (n = 6). Healthy pregnant
women had the morphological characteristics of normal pla-

centa (Fig. 1a). The trophoblasts around the placental villi
were normal, and the structure of villous interstitium was
complete and well-defined without deposits and swelling. In
addition, the size of vascular lumen of villi was normal, and
clear red blood cells could be seen in the blood vessels (Fig.
1a).While in the placenta of PE patients, villous ischemic in-
farction was observed with infiltration of small to slightly
large-sized round-shaped cells (Fig. 1b), and the blood vessels
in villi interstitium were dilated and congested, and fibrin was
deposited around the villi (Fig. 1c, d).

RNA SG-Associated Gene Expression in Placenta from
PE

SGs play an important role in regulating inflammation and
immune responses [12]. With the use of quantitative real-time
PCR, we analyzed the expression of several RNA SG-
associated genes, and found many of them, such as elavl1,
lsm2, lsm4, and ago1 (Fig. 2) were increased in human placen-
tal samples of PE (p < 0.05, n = 6) compared with healthy
controls. We further analyzed the expression of RNA SG-
associated genes in eo-PE vs. gestational age-matched pregnan-
cy deliveries (eo-control) (< 34 gestational weeks) and lo-PE
with severe features vs. gestational age-matched pregnancy de-
liveries (lo-control) (≥ 34 gestational weeks) (Table S1). RNA
SG-associated genes, such as elavl1, lsm2, lsm4, and ago1were
significantly increased in human placental samples of eo-PE
compared with eo-control (p < 0.05, n = 6). In addition, in-
creased abundance of RNA SG-associated genes was also ob-
served in the placenta from lo-PE relative to lo-control (p <
0.05, n = 6). However, no difference in RNA SG-associated
genes expression was observed in the placentas from eo-PE
with severe features vs. lo-PE with severe features (Fig. S1A).

Fig. 1 Hematoxylin and eosin
staining images. a Placenta from
healthy pregnant women. b–d
Placenta from three PE patients
with 30, 32, and 36 gestational
weeks at delivery. n = 6,
Magnification × 200
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SG Aggregation in Placenta from PE

We further detected two classic SG marker proteins (HuR and
G3BP) by western blot. The result showed HuR and G3BP
protein expression was markedly increased in placenta from
PE compared with control (p < 0.05, n = 8) (Fig. 3). Similar to
quantitative real-time PCR result, no difference in HuR ex-
pression was observed in the placenta from eo-PE with severe
features vs. lo-PE with severe features (Fig. S1B). To confirm
the aggregation of SGs in PE, we performed immunofluores-
cence assay. As shown in Fig. 4, HuR or G3BP containing
SGs were observed in placenta from PE, but barely in control
group (n = 6).

Serum from PE Induces SG Aggregation in HTR-
8/Svneo Cells

PE is an excessive inflammatory reaction of women to preg-
nancy. To determine whether PE serum can induce the forma-
tion of SGs, HTR-8/Svneo cells were treated with 10% serum
from PE or healthy pregnancy for 24 h and analyzed HuR or
G3BP containing SGs by immunofluorescence (n = 6).
Confocal imaging revealed that PE serum markedly induced
the formation of SGs but not control serum (Fig. 5).

Taking together, we conclude that SGs were aggregated in
placenta from PE patients.

Fig. 2 Upregulation of SG-associated genes in the placental samples of PE patients. Quantitative analysis of mRNA expression of elavl1, lsm2, lsm4,
and ago1 showed significant upregulation in PE. *p < 0.05 vs. control, n = 6

Fig. 3 Western blot analyses of
HuR and G3BP protein
expressions in the placenta of PE.
The levels of 36-kDa HuR and
52-kDa G3BP were significantly
increased in PE (n = 8) versus
control (n = 8) placentas. Bar
graphs represent mean ± SD.
*p < 0.05 vs. control
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Discussion

The present study showed obvious SG aggregation in placenta
from PE patients. We found higher levels of mRNA for SG-
associated genes and SG marker proteins expression in pla-
cental homogenates of PE patients. HuR/G3BP-positive SG
structure was further observed in placental villi of PE by IF
assay. SGs studies in the PE are scarce. To our knowledge,
this study is the first to investigate SGs formation in placenta
from PE patients.

During normal pregnancy, trophoblasts in the placenta
have growth characteristics similar to tumor cells, such as
proliferation and invasion, and they are precisely regulated
[16]. It was found that when the placenta was delivered, the
symptoms of patients with preeclampsia were improved.
Therefore, the placenta was considered as the initial focus of
PE [17, 18]. Due to insufficient trophoblast infiltration and
spiral artery remodeling defects, placental blood perfusion
was insufficient and lead to placental shallow implantation,
and then cause PE diseases [7]. In our study, we found

abnormal pathological characteristics in the placenta of PE
patients with villous ischemic infarction, dilated and
congested blood vessels in villi interstitium, and deposited
fibrin around the villi.

Stressed cells form SGs through interactions network that
involve HuR and G3BP [9]. Here, we found HuR and G3BP
protein expression was markedly increased in placenta from
PE, and further detected HuR/G3BP-positive SG structure in
placental villi of women with PE. Notably, no difference in
RNA SG-associated genes or HuR protein expression was
observed in the placentas from eo-PE with severe features
vs. lo-PE with severe features. The expression of SGs in pla-
centa of pregnancies with mild PE needs to be evaluated in the
future. The change of HuR can lead to the occurrence and
development of many inflammation related diseases. Many
pro-inflammatory factors, such as TNF-α, IL-4, or IL-3
mRNA, contain AU-rich elements (AREs) in the 3′-untrans-
lated region. HuR can improve their stability by targeting the
AREs and further upregulate their expression in cells, so HuR
protein is considered to promote inflammation in cells [19],

Fig. 4 Immunofluorescent
staining of HuR or G3BP
containing SGs in the placental
tissues of PE. The expression of
HuR and G3BP was detected by
fluorescent microscope in situ
(n = 6). Scale bar 100 μm
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while in mouse myeloid cells, the overexpression of HuR
gene can inhibit lipopolysaccharide induced inflammation
with decreased levels of TNF-α, IL-1 β, and TGF-β 1 in the
blood [20]. The result confirmed that the main function of
HuR in the body is to inhibit inflammatory reaction. Further
research on the role of HuR whether to promote or inhibit
inflammation in PE is needed.

Severe systemic inflammatory response has been report-
ed in PE. The levels of TNF-α, IFN-γ, CRP, and IL-8 in
serum of PE patients were obviously higher than those of
healthy pregnant women [21–24]. In mucositis, proinflam-
matory cytokines IFN-γ and TNF-α can induce the forma-
tion of SG through the phosphorylation of eIF2 α [25]. In
accordance with that, we also found serum from PE, not
healthy pregnancy, can induce SG aggregation in HTR-8/
Svneo cells, which can be explained by the higher levels of
proinflammatory cytokines in PE serum. The impaired in-
vasion of the trophoblast is an important factor in the

development of PE. Placental hypoperfusion in PE leads
to placental ischemia and hypoxia, and cells are in a state
of continuous oxidative stress, resulting in the damage of
trophoblast function. At the same time, the increase of
endotoxic substances and inflammatory mediators reduces
the corresponding vasodilation function, resulting in the
release of vascular endothelial cell active factors, leading
to endothelial cell injury or dysfunction [3, 4, 8]. The in-
jured placenta-released extracellular vesicles also disrupted
the endothelial integrity and induced vasoconstriction [26].
The formation of SGs makes mRNA and many proteins
form high aggregates in the cells which promotes their
mutual regulation, and plays an important role in post tran-
scriptional regulation, apoptosis, immunity, and inflamma-
tion response [12]. The components of SGs are different
under different stimulation conditions. It will be very in-
teresting to explore the components of SGs in trophoblast
cell and the effect on trophoblast function.

Fig. 5 Immunofluorescent
staining of HuR or G3BP
containing SGs in HTR-8/Svneo
cells. HTR-8/Svneo cells were
exposed to 10% PE serum or
healthy pregnancy serum for 24 h
and the expression of HuR and
G3BP was detected by
fluorescent microscope in situ
(n = 6). Data are representative of
three independent experiments.
Scale bar 25 μm
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In summary, we found HuR/G3BP-positive SG aggregated
in placental tissue of PE patients and serum from PE patients
can induce SG aggregation in human villous trophoblasts cell
line HTR-8/Svneo. The findings suggest the involvement of
SGs in the development of PE. SGs can be triggered by a
variety of exogenous and endogenous stimuli. Understanding
the formation of SGs involved in PE pathogenesis may pro-
mote the development of targeted therapy. Further study
should focus on the regulation of SG assembly in PE and
whether inhibition of SG components can be a feasible target
for PE therapy.
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