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High-fat diet induces pre-eclampsia
through dampening cell-autonomous C3
in trophoblasts
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Simeng Zhu 1,2,3,8, Siyue Chen2,8, Yingzhou Ge2, Fangyue Zhou2, Kaizhen Su4, Congfeng Xu 1 ,
Yanting Wu 2,5,6 & Hefeng Huang2,3,4,5,6,7

Hyperlipidemia contributes to low-grade inflammation and abnormal immune response, which is
putatively involved in the development of pre-eclampsia (PE). As components of innate immune
system, complements play a critical role in regulating inflammation. However, how cell-autonomous
complement changes andworks in PE remains elusive. In the current study, we established L-NAME-
induced mice to manifest PE-like symptoms. In presence of high-fat diet (HFD) feeding, the PE-like
symptoms were considerably aggravated, as well as down-regulated complement C3 in HFD/L-
NAME mice trophoblasts. To explore the effect of C3 in PE development, we generated C3
overexpression and knockdowncell (Swan.71C3 andSwan.71ΔC3) basedonSwan.71, a trophoblast cell
line. We found that Swan.71C3 cells display promoted proliferation, migration and invasion capability
and less secretion of anti-angiogenetic cytokines, while Swan.71ΔC3 showed highly-activated NLRP3
inflammasome and pyroptosis, which was also noted in HFD/L-NAME placentas, highlighting the
contributing role of inflammation to PE. Indeed, pro-inflammatory cytokines were increased in
placentas from HFD/L-NAME mice. The similar trends of C3 in trophoblast from severe PE patients
supported the contribution role of C3 to PE pathogenesis. Thus, our study provides evidence that cell-
autonomous complement C3 regulates NLRP3 inflammasome activation upon HFD exposure,
affecting trophoblast cell function in PE development.

Manifested as new-onset of gestational hypertension after 20 weeks of
pregnancy and multi-organ dysfunction, such as cardiovascular, hepator-
enal, and coagulation systems1, pre-eclampsia (PE) affects about 2–4% of
pregnant womenworldwide, and is usually associated with highermaternal
and fetal morbidity andmortality2. So far, there is no effective treatment for
PE except placenta expulsion, andmore efforts are urgent to investigate the
pathological mechanism of PE development. During early pregnancy,
extravillous trophoblast (EVT) invade fromplacental villus into the decidua
and myometrium to replace spiral artery endothelial cells and destroy peri-
vascular smooth muscle cells, known as spiral artery remodeling3. Spiral
artery remodeling lowers vessels resistance tomeet the increaseddemand of
maternal-fetal nutrients and gas exchange. Poor placentation in this stage
(first pregnancy trimester) iswidely believedas themajor cause of PE,which

is due to inadequate EVT invasion and artery remodeling, and results in
placental ischemia and induces inflammation and oxidative stress, aggra-
vating trophoblast dysfunction. Reciprocally, the stressed trophoblasts
secrete inflammatory cytokines and anti-angiogenetic factors, including
sFlt-1 (soluble FMS-like tyrosine kinase-1) and sEng (soluble Endoglin),
leading to more severe systematic maternal endothelial dysfunction4.

It has been shown that obese pregnant women are more likely to
develop maternal and fetal comorbidities, including gestational diabetes,
macrosomia, and hypertension disorders. Pregnant women with obesity
usually show a disturbed lipidemia profile, such as hyperlipidemia. Both
hyperlipidemia and obesity have been identified as major risk factors for
PE5,6. The elevated cholesterol promotes atherosclerosis and induces pla-
cental endothelial cell dysfunction, activates inflammatory pathways, and
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stimulates sFlt-1 secretion, thus inducing placental ischemia7. Besides,
obesity drives abnormal immune response, such as chronic inflammation.
Elevated expression of TLR4 (Toll-like receptor 4), MCP-1 (Monocyte
chemoattractant protein 1), and IL(Interleukin)-1β has been found in the
placenta of an obesemonkey. Additionally, obesity triggers the activation of
NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3)
inflammasome8, leading to placental inflammation. Taken together, these
suggest that the immune system could play a crucial role in poor pla-
centation and PE development9.

The complement system is oneof themost ancientpartsof the immune
system, and is involved in inflammation and clearance of microbes and
injured cells. Previous studies suggested variants of maternal and fetal
complement genes, like C3, CFH (complement factor H), and CD46, were
highly prevalent in PE patients10,11, proposing their potential role in the
pathogenesis of PE. Meanwhile, hyperlipidemia and obesity were positively
associated with elevated complement component levels12,13. Recent studies
have shown that there are intracellular complements in multiple cell types,
and play critical functions in various cellular processes. For example, in T
helper 1 cells, activated C5 initiates the generation of ROS (reactive oxygen
species) and promotes inflammasome assembly14, and intracellular C3
mediates mTOR (mammalian target of rapamycin) pathway activation and
maintains CD4+ T cell homeostasis15. Cell-autonomous complement
components were also found in epithelial cells, endothelial cells, fibroblasts,
and pancreatic β cells, promoting autophagy and tumorigenesis16,17. How-
ever, the role of complement components in trophoblasts has not been
elucidated. In this study, we aimed to examine the cell-autonomous com-
plement levels in trophoblasts fromPE patients and the high-fat diet (HFD)
micemodel, and the effect of C3 on the function of trophoblasts to elucidate
the role of cell-autonomous complements during PE development.

Results
HFD aggravated PE-like symptoms in mice
HFD-induced hyperlipidemia has been shown to contribute to multiple
disorders, such asmetabolic, cardiovascular disorders, and PE. To verify the
effect of lipids in PE development, we constructed PE-like micemodel with
L-NAME (L-arginine methyl ester) combined with or without HFD. After
8 weeks of HFD feeding, L-NAME/HFD mice displayed evident hyperli-
pidemia (Supplementary Table 1), and higher SBP (systolic blood pressure),
compared with that in L-NAME group at E9.5 (Fig. 1a), showing a clear
positive relevance. And 24 h-urine albumin/creatine ratio was also elevated
in HFD/L-NAMEmice compared with that in NCD (normal chew diet)/L-
NAMEgroup (Fig. 1b).While therewas nodifference in the placentaweight
(Fig. 1c), the fetus from HFD/ L-NAME mice displayed smaller size and
decreased body weight than those in NCD/L-NAME group (Fig. 1d, e) at
E18.5. In this study, fetal weight less than the 10th percentile of controlmice
without L-NAME digestion was defined as fetal growth restriction (FGR).
IncreasedFGRratewas also observed inHFD/L-NAMEgroup compared to
NCD/L-NAME mice (Fig. 1f). These results collectively suggest that HFD
aggravates PE-like symptoms in mice.

HFD decreased complement C3 level in mice placentas
In order to explore the mechanism underlying the effect of HFD on PE, we
detected themiceplacental inflammatory cytokines, and IL-1β, IL-6, and IL-
18 were significantly increased in HFD fed placentas (Fig. 2a). Cell-
autonomous complement system is a potential driver of inflammation, thus
its main component, C3 and C5 were subsequently detected. C3 was sig-
nificantly down-regulated in HFD-fed placentas, especially in HFD/L-
NAME placentas (Fig. 2b, confirmed with a standard control in Supple-
mentary Fig 1a). Further, IHC (Immunohistochemistry) staining showed
that C3 complement was reduced in HFD/L-NAME treated trophoblasts
compared with L-NAME (Fig. 2c). However, there was no significant var-
iation for complement component C5 based on IHC staining betweenHFD
and NCD groups (Supplementary Fig 1b), suggesting the potential func-
tional role of C3 for hyperlipidemia-aggravated PE, putatively by affecting
the function of trophoblast.

Decreased C3 expression in severe PE placentas
Toverify that complements are clinically involved in the pathogenesis of PE,
we collected placenta tissue samples from four normal pregnant women,
four mild and four severe PE patients, respectively. The clinical character-
istics of enrolled patients are listed in Table 1. While the lipid levels were
higher in severe PE patients and mild PE patients compared with normal
pregnant women, we found no significant differences between them. The
expressionof complementswas evaluatedby immunoblottingassay, and the
results indicated that C3 expression was significantly downregulated in
placental tissues from severe PE patients, compared with normal placentas
and mild PE placentas, while there was no considerable change on C5
between PE and control placentas (Fig. 3a). The C3 and C5 were confirmed
by standard C3 protein (MyBioSource, #MBS2888861), C3b protein (Cell
Sciences, #CSI19503), iC3b (Cell Sciences, #CSI19503, Supplementary
Fig 2a) and C5 protein (MyBioSource, #MBS147387) (Supplementary
Fig 2b). Sowe focusedour researchonC3 in the following studies.To further
investigate thedistributionofC3, IHCstainingwasperformedwithplacenta
sections, and we found that C3 was mainly expressed in trophoblasts
(Fig. 3b). Compared with normal placentas and mild PE placentas, C3
expression was decreased in severe PE placentas (Fig. 3b), supporting the
assumption that C3 expression is functionally involved in the PE patho-
genesis. The colocation of C3 and trophoblasts was further confirmed with
confocal microscopy (Supplementary Fig 2c). Additionally, severe PE pla-
centas had higher IL-1β, IL-6, and IL-18 levels (Table 1), which are con-
sistent with those of the animals, mirroring the reliability and propriety of
the animal model to explore how complement works in HFD/L-NAME-
induced PE.

Effects of C3 on trophoblast cellular behaviors
In order to investigate the role of C3 for trophoblast function, we estab-
lished stable Swan.71 cell line with C3 overexpression (Swan.71C3) and C3
knockdown by successive selection (Swan.71ΔC3), confirmed by C3, C3b,
iC3b standard controls (Fig. 4a). Taking these cell lines, we have detected
the common cellular behaviors, such as proliferation, migration, and
invasion, which are critical features of trophoblasts for pathogenesis of
PE18. As shown in Fig. 4b, Swan.71C3 cells possess notably increased cell
proliferation capabilities.We employedwoundhealing assay and transwell
assay to detect cellular migration and invasion capabilities of trophoblasts,
and our results demonstrated that Swan.71C3 had promotedmigration and
invasion effect, while the cellular motility and invasion were largely sup-
pressed in Swan.71ΔC3 cells (Fig. 4c, d). Besides, Swan.71C3 cells showed a
decreased rate of apoptosis compared with the empty vector group, while
more apoptosis was observed in Swan.71ΔC3 cell (Fig. 4e). The gating
strategy of flow cytometry was shown in Supplementary Fig 3. These data
show that C3 has multiple effects on trophoblast behaviors, such as pro-
liferation, migration, invasion, and apoptosis, which are fundamental for
PE progression. More importantly, knockdown of C3 increased anti-
angiogenetic cytokines sFlt-1 and sEng, which are soluble antagonists of
VEGF (vascular endothelial growth factor) and TGF-β (transforming
growth factor-β), while VEGF secretion was inhibited (Supplementary
Fig 4). Collectively, these results demonstrate the essential role of cell-
autonomous C3 for trophoblast cell function, thus consequently for PE
pathogenesis.

Cell-autonomous C3 regulated inflammatory cytokines
secretion
As a key effector and regulator for innate immunity, cell-autonomousC3
has been shown to be critical for inflammation processes and inflam-
matory diseases19–21. Given the essential role of inflammation during the
pathogenesis of PE, it is reasonable to further explore whether cell-
autonomous C3 expression induces inflammation in trophoblasts. So we
then collected supernatant from cultured Swan.71 cells and detected the
production of cytokines such as IL-6, TNF-α (Tumor Necrosis Factor-
α), and IFN-γ (Interferon-γ), which have been shown to contribute to PE
development22. Based on the ELISA assay, our results showed that the
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production of proinflammatory cytokines IL-1β and IL-18 was
decreased in supernatant from Swan.71C3. Conversely, they were
increased in that of Swan.71ΔC3 (Fig. 5a–c). However, no changes were
observed for IFN-γ, GM-CSF (Granulocyte–macrophage colony-

stimulating factor), IL-10, IL-17, and MCP-1 production (Fig. 5d–h).
These results indicate that cell-autonomous C3 regulated trophoblast-
mediated inflammation, especially for some specific cytokine
production.

Fig. 1 | High-fat diet aggravated pre-eclampsia-like symptoms in mice. a Systolic
blood pressure of control, L-NAME, HFD, and HFD/L-NAME mice at E3.5, E6.5,
E9.5, E12.5, and E15.5. b 24 h urinary albumin/creatine ratio in each group at E16.5.
cPlacental weight in each group at E18.5. dRepresentative images of the fetus in each

group at E18.5. e Fetal weight in each group at E18.5. f Rate of FGR in L-NAME
treated NCD/HFD groups (statistical analysis by Chi-square test). The data are
shown as mean ± SEM; *P < 0.05.

https://doi.org/10.1038/s42003-025-08298-z Article

Communications Biology |           (2025) 8:879 3

www.nature.com/commsbio


Downregulation of C3 promoted inflammasome activation in
trophoblasts
As signature cytokines for inflammasome activation, the significant changes
of IL-1β and IL-18 in supernatant from Swan.71C3 and Swan.71ΔC3

prompted us to investigate whether C3 regulates inflammasome signaling.
NLRP3 inflammasome activation is the most-studied pathway, so we first
sought to detect the key molecules in the NLRP3 inflammation activation
cascade, and found that NLRP3, cleaved caspase-1 were considerably
increased in Swan.71ΔC3 cells, indicating that C3 knockdown promoted
NLRP3 inflammasome activation in trophoblasts. As inflammasome acti-
vation also led to pyroptosis, so we then detected the gasdermin D
(GSDMD) cleft, and found that reduced C3 expression significantly pro-
motedGSDMDcleavage, onemost critical step forpyroptosis (Fig. 6).These
results suggested that C3 regulates inflammation through working on
NLRP3 inflammasome activation in trophoblasts.

NLRP3 inflammasome was activated in HFD placentas
Asmentioned above, decreasedC3promoted inflammasomeactivation and
pyroptosis in trophoblast, which potentially affects multiple biological
behaviors and renders critical effects during PE pathogenesis. Then we
further detected the inflammasome activation in HFD/L-NAME mice
placentas to verify the role of C3 on inflammasome and inflammation in
vivo. Immunoblotting results showed that NLRP3, caspase-1, cleaved cas-
pase-1, GSDMD, and cleaved GSDMD expression were notably elevated in
HFD/L-NAME placentas compared with NCD/L-NAME mice (Fig. 7). In
addition, the cleaved GSDMD level was also increased in HFD placentas
without L-NAME treatment, suggesting the critical effect of HFD on pyr-
optosis. Totally, these results support the idea that HFD regulates
trophoblast-autonomous C3 expression in trophoblast, activates the
inflammasome cascade, modulating trophoblast cellular behaviors, which
contribute to PE development.

Fig. 2 | Complement C3 levels in high-fat diet-fedmice placentas. a Inflammatory
cytokines: IL-1β, IL-6, TNF-α and IL-10 in NCD, L-NAME, HFD and HFD/L-
NAME mice at E18.5.bWestern blot results and statistical analysis for C3 levels in

mice placentas. c Immunohistochemistry staining showed the C3 protein levels in
placentas of NCD, L-NAME, HFD, and HFD/L-NAME mice at E18.5. The data are
shown as mean ± SEM; * P < 0.05.
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Discussion
Taking advantage of PE placental tissue samples and L-NAME-induced PE-
like mice model, the present study found that cell-autonomous complement
C3 in trophoblastswas considerablydownregulated inboth severePEpatients
and HFD/L-NAME mice placentas. Hyperlipidemia/HFD feeding dampens
C3 expression in trophoblasts, leading to decreased cellular proliferation,
migration, and invasion, which contribute to PE development. Meanwhile,
cell-autonomous C3 also regulates anti-angiogenic cytokines secretion in
trophoblasts. More importantly, these cellular disorders were potentially
mediated by C3 knockdown-induced NLRP3 inflammasome activation,
leading to pro-inflammatory cytokine and mediator production. Our study
purports another mechanism that cell-autonomous complement C3 in tro-
phoblasts regulates inflammation in HFD-induced PE pathogenesis.

Although it has been assumed that, to some extent, HFD has been
shown to contribute to PE23, previous studies are not consistent. For
example,Ge et al. fed 8-week-old rat withHFDduring thewhole pregnancy
and successfully induced PE like symptoms24, while another study only
reported some altered gene expression related to angiogenesis and inflam-
mation in C57BL/6 mice after fed with HFD for 16 weeks, without any
differences on the rate of hypertensive disorders of pregnancy from NCD
fed mice25. This could be due to the mouse strains, the recipe of the chow
diet, and the keeping environments. To better understand the effect of HFD
on PE, in this study, we established a double-strikemousemodel by feeding
the mice with HFD combined with L-NAME exposure during pregnancy,
which displayed more stable results26. Indeed, we observed that HFD exa-
cerbated hypertension and proteinuria in PE mice, hindered placental and
fetal development (Fig. 2), while HFD alone could not cause PE in normal
pregnant mice.We assumed that the alteration of C3 induced byHFD only
was not strong enough to activate the NLRP3 pathway, supporting the
assumption that HFD acts as a risk factor for PE andmay affect the severity
and development of the disease.

Studies have found that obese women showed higher circulating fatty
acid levels, and fat deposited in the placenta induced lipotoxicity for tro-
phoblasts and endothelial cells, influencing placental and endothelial
functions27. Trophoblasts play an important role in implantation and
placentation28,29. In normal pregnancy, EVTs migrate and invade into the
decidua through the uterine interstitium to remodel the spiral artery, which
is essential for the establishment of maternal-fetal blood flow. Various
studies suggested that insufficient invasion and migration of trophoblasts
cause PE18. Also, trophoblasts could release anti-angiogenetic factors,
including sFlt-1 and sEng, inmaternal circulation, which are responsible for
the systemic vascular disorder. Thus, we focused on the functional altera-
tions in trophoblasts in the following studies.

Recently, more studies reported that obesity leads to systemic low-
grade inflammation, which is essential for PE initiation and development30.
The complement system, themost-studied innate immunity protein family,
plays essential roles in stimulating and regulating inflammatory responses.
The activation of complement C3 and C5 has been shown to inhibit reg-
ulatory T cells and activate inflammatory T cells, disturbing normal
placentation31.More recently, intracellular C3 andC5 have been reported to
be involved in the inflammatory response by stimulating the generation of
IL-1β, while their effect in pregnancy has not been elucidated32. In our study,
we observed that the C3 expression in trophoblasts was significantly
downregulated in HFD-fed mice, providing a hint that HFD may regulate
PE development through downregulating C3 expression.We observed that
C3 regulated the secretion of anti-angiogenetic sFlt-1 and sEng in tropho-
blasts, which competitively combine with angiogenetic factors, such as
VEGF, placental growth factor, and TGF-β, thus inhibiting angiogenesis
and vasodilation, which is amajormechanism in the development ofmulti-
system dysfunction. In addition, we found that C3 promoted trophoblast
proliferation and inhibitedcell apoptosis, similar to the effect ofC3 in airway
epithelial cells and myocardial cells33,34. In pancreatic cancer cells, intracel-
lular C3 deficiency reduced trophoblast migration and invasion ability
through Akt/Smad pathway, and thus inhibited cancer metastasis35. In the
current study,wenoted thatC3knockdown inhibited trophoblastmigration
and invasion, which led to unsuccessful early placentation and induced
severe PE18. While overexpression of C3 did not affect cell behaviors, as C3
expression in Swan.71C3 cells may not be strong enough to affect down-
streampathways.However, thedefinite pathological role ofC3derived from
trophoblasts for PE pathogenesis needs more research, and mice model
established based onC3 deficiency specific in trophoblasts would be helpful
to clarify this question.

In recent years, the intracellular complement systemhas been reported
to be involved in inflammasome activation. For example, intracellular C5
activation and stimulation of C5aR1 (C5a receptor 1) is essential for
inflammasome assembly in Th1 cells14, and sphingolipid metabolism
cleaved intracellular C3 into C3b-α’2 fragments, which could activate
NLRP3 through PPIL1 (Peptidylprolyl Isomerase Like 1) in cancer cells36.
However, in our study, we could not discern whether C3 works intra-
cellularly or by an autocrine style in trophoblasts based on our current
results, so we described it as “cell-autonomous C3” in our work to distin-
guish it from the classic circulating complements. As C3 could be cleaved
into C3a, C3b, which is furtherly cleaved into iC3b and other fragments, so
to identify the working form of C3 in trophoblasts, we detected C3 using
Western Blotting with C3, C3b, and iC3b standard proteins as controls.
Although we could not define the working form in placenta tissues, it is
pretty clear that it is C3, instead of C3b or iC3b, works to activate inflam-
masome and other cellular behavior in Swan.71 cells (Figs. 4–6), suggesting
that itwasC3whoplayed an important role in regulating placental function.
In our study, we found that C3 knockdown in trophoblasts leads to NLRP3
inflammasome activation, but the mechanism remains unknown. Inflam-
masome activation stimulated inflammatory cytokines secretion and tro-
phoblast pyroptosis, disturbing their normal functions, including invasion
and migration37,38. Our study witnessed a correlation between the inflam-
masome and PE pathogenesis, proposing a potential mechanism through
which HFD impacts placental functions. It is true that NLRP3 and its

Table 1 | Clinical characteristics of patients with PE

Characteristics Control (n = 4) Mild PE (n = 4) Severe PE (n = 4)

Maternal age (years) 29 ± 3.4 30 ± 2.5 32.8 ± 2.1

Gestational
age (weeks)

39 (38–40) 38 (38–39) 36 (32–39)

Systolic blood
pressure (mmHg)

112.5 ± 12.4 143 ± 5.9 153 ± 8.2

Diastolic blood
pressure (mmHg)

72 ± 4.8 91.3 ± 3.3 98.3 ± 3.8

Proteinuria (mg/24 h) <300 527.5 ± 214.1 612.5 ± 327.9

Birthweight (g) 2992.5 ± 455.3 2880 ± 331.9 2602.5 ± 262.1

pre-pregnancy BMI 18.2 ± 0.16 22.7 ± 1.41 22.9 ± 2.19

Lipid profiles in first trimester

Triglyceride (mmol/L) 1.05 ± 0.26 1.77 ± 0.55 1.90 ± 1.00

Total cholesterol
(mmol/L)

3.94 ± 0.34 4.30 ± 0.58 4.34 ± 0.65

Low-density
lipoprotein cholesterol
(mmol/L)

1.73 ± 0.36 1.99 ± 0.44 2.43 ± 0.63

High-density
lipoprotein cholesterol
(mmol/L)

1.93 ± 0.12 1.88 ± 0.42 1.86 ± 0.34

Placental Cytokine
levels

Interleukin-1β (pg/ml) 2.44 ± 1.58 5.41 ± 1.10* 12.85 ± 5.00

Interleukin-6 (pg/ml) 8.56 ± 3.45 18.02 ± 9.93 26.78 ± 2.57*

Interleukin-18 (pg/ml) 0.88 ± 0.11 1.43 ± 0.30* 2.42 ± 1.94*

Interleukin-10 (pg/ml) 0.07 ± 0.03 0.07 ± 0.03 0.11 ± 0.04

Data are expressed as mean ± SD or median (range).
*Indicated a significant difference compared to the control group (P < 0.05).
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effector cleaved GSDMD and cleaved caspase-1 were notably reduced in
HFD/L-NAME mice placentas, while only cleaved GSDMD was altered in
the HFD group, highlighting the aggravating effect of HFD in L-NAME-
induced PEmice. Some studies have reported that NLRP3 was activated by
HFD in renal injury, obesity, atherosclerosis, and several relateddiseases39–41.
Here, our study proposed that HFD triggered NLRP3 via the inhibition of
C3, proposing an additional pathway for PE pathogenesis. However, the
mechanism underlying how C3 regulated NLRP3 pathway need more
studies.

In conclusion, here we present evidence that cell-autonomous com-
plement C3 regulated NLRP3 inflammasome activation upon HFD expo-
sure, affecting the cellular behaviors of trophoblasts, especially in cell
viability and motility, which aggravate PE-like symptoms, including
maternal hypertension, proteinuria, and FGR. This study proposes a
potential candidate target for the prevention and treatment of PE.

Methods
Establishment of animal model
This study was performed on SPF (specific pathogen-free) 6-week-old
C57BL/6 female mice, obtained from the Shanghai Model Organisms
Center and raised under SPF conditions. All procedures were in com-
pliancewith animal protocols approved by the Institutional Animal Care

and Use Committee (2022-0015). We have complied with all relevant
ethical regulations for animal use. Mice were randomized to the NCD
group (normal-chew diet, 10% kcal fat+ 20% kcal protein+ 70% kcal
carbohydrates) and the HFD group (high-fat diet, 60% kcal fat+ 20%
kcal protein+ 20% kcal carbohydrates) and fed for 8 weeks before
mating with male mice at a 1:2 ratio. The day when a vaginal plug was
observed is defined as day 0.5 of pregnancy. From day 9.5 on gestation
(E9.5), water containing L-NAME (1 mg/ml) was fed to NCD andHFD-
fed mice to establish PE model; the control group was given normal
drinking water. Therefore, pregnant mice were divided into four groups:
NCD group; HFD group; NCD/L-NAME group; HFD/L-NAME group.
There are at least three mice in each group. HFD was given to mice
continuously after mating. Mice were weighed in the 6th week and at
E18.5 during pregnancy.

Mice's systolic blood pressure was measured at E3.5, E6.5, E9.5, E12.5,
and E15.5 to evaluate the effect of high-fat diet by a non-invasive tail-cuff
system (Coda Non-Invasive Blood Pressure System, Kent Scientific
Corporation).

Mice's 24 h urine was collected at E16.5. Maternal blood was acquired
from angular vein with capillary tube at E18.5. Then, pregnant mice were
sacrificed, placenta and fetus were obtained and weighed. All the samples
were collected for further analysis.

Fig. 3 | Complement C3 levels in pre-eclampsia placentas. aWestern blot and b immunohistochemistry staining showing the C3 protein levels in placentas of normal
pregnancy, mild preeclampsia, and severe preeclampsia.
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Fig. 4 | The effect of complement C3 on Swan.71 cell function. a Protein
expression in C3 overexpression (Swan.71C3), vector control Swan.71 cells and C3
knockdown (Swan.71ΔC3) with C3, C3b and iC3b protein control. b Cell viability in
Swan.71C3, Swan.71 cells and Swan.71ΔC3 was measured by CCK8. c Cell migration

detected by wound healing assay in each group. d Cell invasion measured by
Tanswell assay in each group. e Cell apoptosis measured by flow cytometry after
staining with Annexin V and 7-ADD. The data are shown as mean ± SEM; *
P < 0.05; Scale bar: 50 μm.
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Human placental tissue collection
Placental tissues from normal pregnant women, mild and severe PE
patients aged between 27 and 40 years were collected. All of the
involved patients had delivered at International Peace Maternity and
Child Health Hospital (IPMCHH) between August 2021 and March
2022. This study was approved by the ethics committee of IPMCHH
(GKLW-2017-01). All ethical regulations relevant to human research
participants were followed. PE was defined as systolic pressure
≥140 mmHg or diastolic pressure ≥90 mmHg on two or more occa-
sions after gestational week 20, accompanied by proteinuria, and
severe PE was diagnosed when PE patients manifested severe hyper-
tension (systolic pressure ≥160 mmHg or diastolic pressure
≥110 mmHg) or symptoms of significant end-organ dysfunction.
Patients with gestational diabetes, chronic hypertension, renal disease,
intrapartum infection, or other gestational complications were exclu-
ded from the study.

The placentas were collected immediately following delivery, and
tissues were retrieved from the central portion of the placenta, near
the maternal side. After being washed with sterilized phosphate-
buffered saline, the tissues were stored at –80 °C for further
experiments.

Mice urinary albumin/creatine ratio
Urine albumin levels were detected by ELISA (Enzyme-linked immuno-
sorbent assays, Abcam, UK) and creatine levels were detected in the
Laboratory Animal Science Department of Fudan University according to
the manufacturer’s instructions.

Swan.71 cell culture
Swan.71 is a cell line of human first-trimester trophoblast. The cells
were purchased from ATCC cell bank. Swan.71 cells were cultured in
DMEM/F12 medium (Gibco, USA) with 10% fetal bovine serum at
37 °C and 5% CO2.

Lentivirus infection and stable cell line establishment
The overexpression lentivirus was generated by cloning the coding region
sequence of C3 into the BamHI/AgeI sites of GV492 vector (Genechem,
China).Three short hairpinRNAs (shRNAs) targetinghumanC3genewere
inserted into the GV493 vector (Sequence in Supplementary Table1). The
lentiviruses were infected in Swan.71 cell line to generate stable infection of
cell line following the manufacturer’s instructions. 1 × 105 Swan.71 cells in
2ml medium were infected with 1 × 108 TU/ml lentiviruses. After 48 h,
1mg/ml, 2mg/ml, 5 mg/ml, and 10mg/ml puromycin were added suc-
cessively for selection. The efficiency of infection was detected by observa-
tion of GFP under a fluoroscope.

Cell viability and apoptosis
CCK8 assays (Absin, China) were employed to detect cell viability. 2 × 104

cellswere inoculated into 96-well plates and cultured for 5days.Theviability
Swan.71 cells of stable infection were detected every 24 h by adding 10%
CCK8 assays andmeasuring the absorbance at 450 nm after 1 h incubation.

Cell apoptosis was detected by Annexin V-PE/7-ADD assays (BD,
USA).The apoptotic cellswere analyzedbyflowcytometry (BDBiosciences,
USA). The total apoptotic cells, including early apoptosis cells (Annexin
V-PE+ 7-ADD–) and late apoptotic cells (Annexin V-PE+ 7-ADD+).

Cell migration and invasion
Cellwoundhealing assayswere applied to examine trophoblast cellmigration.
Swan.71 cells at a density of 90% confluence in 6-well plates were scratched
with a 200ml tip. The wound closure rate was calculated as the percentage of
wound area at 24 h to 0 h with Image J (National Institutes of Health).

Cell invasion capacity42 was detected by Transwell assay. The
Swan.71 cells resuspended in DMEM/F12 medium were inoculated into
Transwell chambers coated with Matrigel. While medium with serum was
added in the lower chambers. After 48 h of culture, cells in the upper
chambers were completely removed. The remaining cells in the lower
chambers were stained and counted.

Fig. 5 | Cell-autonomous C3 regulated Swan.71 cell inflammatory cytokines
secretion. Inflammatory cytokines (a) IL-1β, (b) IL-18, (c) TNF-α, (d) IFN-γ, (e)
GM-CSF, (f) IL-10, (g) IL-17 and (h) MCP-1 levels in the medium of C3

overexpression (Swan.71C3), C3 knockdown (Swan.71ΔC3) and vector control
Swan.71 cells were detected by ELISA. The data are shown as mean ±
SEM; *P < 0.05.
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Western blotting
The cell or placenta proteins were extracted using RIPA Buffer (Thermo
Fisher Scientific, USA) containing protease inhibitor and phosphatase
inhibitor. Proteins were separated by SDS (sodium dodecyl sulfate)-PAGE
and then transferred to polyvinylidene fluoride (PVDF) membranes. The
PVDF membranes were incubated with various primary antibodies anti-
C3/C3a (#ab200999, dilution ratio: 1:2000), and anti-C5/C5a antibody
(#ab202039, dilution ratio: 1:1000) fromAbcam, UK; anti-NLRP3 (#15101,
dilution ratio: 1:1000), anti-Caspase1 (#3866, dilution ratio: 1:1000), anti-
cleaved Caspase1 (#4199, dilution ratio: 1:1000), anti-GSDMD (#97558,
dilution ratio: 1:1000) and anti-cleaved GSDMD (#4199, dilution ratio:
1:1000) antibody fromCell SignalingTechnology,USA) after blocked.After
incubation with secondary antibody (#7074, Cell Signaling Technology,
USA), immunoreactive bands were visualized with enhanced
chemiluminescence.

Cell culture supernatant analysis
The culture supernatant of Swan.71 cell was collected and detected for
cytokines, including IL-1β, IL-18, TNF-α, IFN-γ, GM-CSF (Granu-
locyte-macrophage colony stimulating factor), IL-10, IL-17, and
MCP-1 by ELISA kit following the manufacturer’s instruc-
tions (R&D, USA).

Placental cytokines detection
Humanandmiceplacentaswere collected and cytokine levelswere analyzed
by the Luminex-based multiplex assay (LXLBH10-X, UNIV, China).

IHC staining
The placenta IHC staining was performed with an IHC kit (Absin, China)
following themanufacturer’s instructions. Paraffin-embedded sectionswere
dewaxed, dehydrated, and antigens retrieved. Then, the slides were blocked
and incubated with anti-C3/C3a (#ab20999, dilution ratio: 1:2000, Abcam,
USA) and anti-C5/C5a antibodies ((#ab281923, dilution ratio: 1:500,
Abcam, USA). They were further incubated with secondary antibodies and
stained using DAB and counterstained with hematoxylin. The slides were
scanned by HAMAMASTU (Wellbio Technology, China). The staining
intensity was evaluated by ImageJ.

Immunofluorescence
The human placental tissue was frozen overnight and embedded with
optimal cutting temperature before being cut into sections. The frozen
sections were blocked, incubated with primary (anti-C3/C3a, #ab11871,
dilution rate: 1:200 and anti-CK7 #ab181598, dilution rate: 1:100) and
secondary antibodies (Alexa Flour 488, #A28175, Thermo Fisher Scientific
and Alexa Flour 546, #A11035). DAPI (Thermo Fisher Scientific, #62248)

Fig. 6 | C3 knockdown in Swan.71 contributed to NLRP3 inflammasome acti-
vation. NLRP3 inflammasome-related protein levels, including NLRP3, GSDMD,
cleavedGSDMD, caspase-1, and cleaved caspase-1, were detected byWestern blot in

C3 overexpression (Swan.71C3), C3 knockdown (Swan.71ΔC3), and vector control
Swan.71 cells. The data are shown as mean ± SEM; *P < 0.05.
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was used to stain nuclear. The slides were speculated by a confocal micro-
scope (Leica, German).

Quantitative reverse-transcription PCR (RT-PCR)
Cell total RNAwas extracted with RNAiso (Takara, Japan). Total RNAwas
reverse-transcribed to cDNA using PrimeScript RT Reagent (Takara). To
determine gene expression levels, we performed RT-PCRwith SYBRGreen
Fast qPCR Mix Kit (Takara) using a QuantStudio 7 Flex instrument
(ThermoFisher Scientific, USA). The primer sequences were shown in
Supplmentary Table 1.We used 2–ΔΔCt method to calculate the relative gene
expression levels normalized to ACTB (β-actin).

Statistical and reproducibility
All experiments were repeated at least three times biologically and techni-
cally. Statistical analysis was performed by GraphPad Prism 8 (GraphPad
Software, USA). One-way ANOVA analysis was conducted to compare the
statistical differences between three or more groups, while a two-tailed
Student’s t test was used to compare the differences between two groups.
P < 0.05 was considered as statistically significant. Data are shown as mean
value ± SEM.

Study approval
The clinical samples acquisition of this work has been approved by the
EthicsBoardof IPMCHH(GKLW2017-01).Written and informedconsent
was signed by each patient before delivery. Animal experiments were
approved by IACUC at Shanghai Model Organism (2022-0015).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The experimental data and the simulation results that support the findings
of this study are available in Supplementary data. All the uncropped blot
images could be found in Supplementary Fig 5.
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