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Lipoxin A4 suppresses angiotensin II type 1
receptor autoantibody in preeclampsia
via modulating caspase-1
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Abstract
Preeclampsia (PE) remains a leading cause of maternal and neonatal morbidity and mortality. Numerous studies have
shown that women with PE develop autoantibody, termed angiotensin II type 1 receptor autoantibody (AT1-AA), and
key features of the disease result from it. Emerging evidence has indicated that inflammatory cell necrosis, such as
pyroptosis, could lead to autoantigen exposure and stimulate autoantibody production. Caspase-1, the central enzyme
of inflammasome and key target of pyroptosis, may play roles in AT1R exposure and AT1-AA production. Exploring
endogenous regulator that could inhibit AT1-AA production by targeting pyroptosis will be essential for treating PE.
Lipoxin A4 (LXA4), endogenous dual anti-inflammatory and proresolving lipid mediator, may inhibit AT1-AA production
via modulating caspase-1. Thus, we explore whether caspase-1 is essential for AT1-AA production and LXA4 inhibits
AT1-AA via modulating caspase-1. PE patients and mice developed AT1-AA associated with caspase-1 activation.
Caspase-1 deletion leaded to AT1-AA decrease in PE mice. Consistent with these findings, we confirmed caspase-1
activation, trophoblast pyroptosis and AT1R exposure in PE mice and trophoblast model, while caspase-1 deficiency
showed decreased trophoblast pyroptosis and AT1R exposure in vitro and in vivo. Interestingly, LXA4 could suppress
AT1-AA production via regulating caspase-1 as well as enhancing phagocytosis of dead trophoblasts by macrophages.
These results suggest that caspase-1 promotes AT1-AA production via inducing trophoblast pyroptosis and AT1R
exposure, while LXA4 suppresses AT1-AA production via modulating caspase-1, supporting caspase-1 serving as a
therapeutic target for attenuating AT1-AA and LXA4 protecting patients from AT1-AA and PE.

Introduction
Preeclampsia (PE), characterized by maternal hyperten-

sion, proteinuria and other systemic disorders occurring
after 20 weeks of gestation, remains a leading cause of
maternal and neonatal morbidity and mortality1–4. Although
the pathogenesis of PE remains largely unknown, immune

mechanisms and renin-angiotensin system are implicated in
PE5–9. These two concepts were united in a previous report
showed that serum from PE women contain autoantibodies
that bind and activate angiotensin II type 1 receptor
(AT1R)10. Increasing studies from us and others7–13 have
shown that PE is a pregnancy-induced autoimmune disease
in which key features of the disease result from the auto-
antibody, termed angiotensin II type 1 receptor autoanti-
body (AT1-AA). However, previous works have been
restricted to confirmation of its pathophysiological relevance
to PE and have been unable to specifically clarify the
mechanisms for determining AT1-AA production.
Dying cells are rapidly engulfed by phagocytes, a process

that prevents inflammation or autoimmune response
against intracellular antigens14,15. Cell death occurs in
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healthy individuals during homeostasis yet autoimmunity
doesn’t develop, at least in part, because of rapid clearance
of dying cells15,16. Our previous results together with
other findings suggest that accelerated cell death com-
bined with clearance deficiency lead to the accumulation
and externalization of autoantigens and autoantibody
production17,18. A previous report showed that tropho-
blasts apoptosis is enhanced in PE19, and another report
indicated that the nature of trophoblast death changes
from being apoptosis-like to being more necrotic20. Pyr-
optosis, also termed inflammatory necrosis, is a recently
identified caspase-1 dependent cell death, and its induc-
tion requires two distinct stimuli, exogenous PAMPs
(pathogen-associated molecular patterns) and endogen-
ous DAMPs (damage-associated molecular patterns)21–23.
In responses to PAMPs and DAMPs, Nod-like receptor
proteins (NLRPs) are recruited for the formation of
inflammasome, in which procaspase-1 is converted to
active caspase-121–23. Evidence has shown that cell death,
such as pyroptosis, could stimulate autoantibodies pro-
duction18. Of importance, Kahlenberg et al. found that
caspase-1 is involved in autoantibodies production in
SLE24. Thus, caspase-1 may represent a key target in
inducing the exposure of trophoblast autoantigen AT1R
and AT1-AA production in PE.
Exploring endogenous regulator that could inhibit AT1-

AA production by targeting caspase-1 will be essential for
treating PE. Lipoxin A4 (LXA4), endogenous anti-
inflammatory and proresolving lipid mediator derived
from arachidonic acid enzymatically by lipoxygenases
(LOXs) involving the dual lipoxygenation of arachidonic
acid via either ALOX15/ALOX5 or ALOX5/ALOX12,
function as “stop signal” in inflammation25. Together with
our previous studies, increasing findings suggest that
LXA4 plays vital roles in inflammation termination and
homeostasis restoration of reproductive system26–29. We
found previously that human PE is associated with a
deficiency of LXA4 that could alleviate PE-related symp-
toms in rat model28,29. Interestingly, a previous report
indicated that ALOX15-deficient animals displayed a
break of self-tolerance and, with increasing age, developed
autoimmune disease30. Moreover, loss of ALOX15 activity
resulted in an aberrant phagocytosis of apoptotic cells
(ACs) by inflammatory monocytes and subsequent pre-
sentation of AC-derived autoantigens30. ALOX15 can
contribute to the generation of LXA4, which has been
identified as an important factor initiating inflammation
resolution and, in turn, is implicated in the removal of
ACs30. Hence, LXA4 may serve as a key modulator for
inhibiting AT1-AA production via regulating caspase-1.
Although the adverse effects of AT1-AA on pregnancy

have been extensively investigated, the mechanisms for
determining AT1-AA production in PE remain largely
unclear. Given the importance of caspase-1 in mediating

pyroptosis and autoantigen exposure, the purpose of the
present study was to investigate whether caspase-1 is
essential for AT1R exposure and AT1-AA production and
whether LXA4 could inhibit AT1-AA production via
modulating caspase-1.

Results
AT1-AA expression is associated with caspase-1 activation
in human PE
To confirm whether AT1-AA expression is correlated

with caspase-1 activation in human PE, we determined
the levels of AT1-AA and caspase-1 activation and tro-
phoblast pyroptosis in both normal pregnancy and PE
women. As shown in Fig. 1a, serum AT1-AA levels in PE
showed significant increase compared with controls. Pla-
cental caspase-1 expressions upregulated significantly in
PE women than normal pregnancies (Fig. 1b, c). In line
with this, placental caspase-1 activity was higher in PE
women than normal pregnancies (Fig. 1d). Furthermore,
placental levels of IL-1β and IL-18 in PE women increased
significantly compared to controls (Fig. 1e). Meanwhile,
trophoblast death in PE was exacerbated compared to
control (Fig. 1f, g). Importantly, there were significant
correlations between AT1-AA and caspase-1 activity, IL-
1β, IL-18 and LDH activity in PE (Fig. 1h–k). These
clinical data suggest that AT1-AA expression is associated
with caspase-1-mediated pyroptosis in human PE, impli-
cating caspase-1 activation in AT1-AA production.

Caspase-1 activation, pyroptosis and AT1R exposure in PE
mice and trophoblast model
To validate above clinical data in animal models of PE,

an ultra-low-dose LPS-induced PE model was constructed
in mice. LPS-treated mice developed PE-related symp-
toms, including hypertension, proteinuria, fetal intrau-
terine growth restriction, placental oxidative stress and
structural abnormalities in kidney characterized by glo-
merular endotheliosis (Supplementary Fig. 1a–e). Mean-
while, LPS-treated mice showed placental inflammatory
activation and imbalanced angiogenesis, including over-
expressed p-P38 and NF-κB as well as increased anti-
angiogenic factors sFlt-1, sENG and ET-1 (Supplementary
Fig. 1f–h). These results suggest the successful construc-
tion of PE model in mice. Next, we determined whether
caspase-1 activation is involved in AT1-AA production by
employing the mice model and trophoblast model. As
shown in Fig. 2a, LPS-treated mice had enhanced tro-
phoblast death compared to control. WB and IHC results
showed that placental caspase-1 expressions upregulated
significantly in PE mice (Fig. 2b, c). In line with this,
placental caspase-1 activity was also stimulated in PE mice
(Fig. 2d). The levels of IL-1β and IL-18 in both serum and
placenta of PE mice increased significantly compared with
controls (Fig. 2e, f). Intriguingly, the proportions of late
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apoptotic/necrotic trophoblast cells were significantly
increased after LPS pretreatment and ATP exposure
(Fig. 2g). LPS/ATP exposure upregulated trophoblast
caspase-1 expressions (Fig. 2h). In line with this, LPS/ATP

exposure stimulated trophoblast caspase-1 activity
(Fig. 2i). Meanwhile, LPS/ATP exposure increased the
levels of IL-1β and IL-18 in cell culture (Fig. 2j). Impor-
tantly, the expressions of AT1-AA specific autoantigen

Fig. 1 AT1-AA expression, caspase-1 activation and trophoblast pyroptosis in PE patients. a Comparison of serum AT1-AA levels between PE
patients and healthy controls. b, c Comparison of placental caspase-1 expressions between PE patients and healthy controls. IHC (b) and WB (c)
analysis of caspase-1 in placenta were shown. Bar= 25 μm. d Comparison of placental caspase-1 activity between PE patients and healthy controls.
e Comparison of placental IL-1β and IL-18 levels between PE patients and healthy controls. IL-1β and IL-18 were detected by ELISA. f Comparison of
trophoblast death between PE patients and healthy controls. TUNEL analysis in placenta was shown. Bar= 25 μm. g Comparison of placental LDH
activity between PE patients and healthy controls. h–k The correlation between AT1-AA and caspase-1 activity, IL-1β, IL-18 and LDH activity in PE
women and normal pregnancies. Results are expressed as means ± SEM (n= 16 in each group). *p < 0.05 and **p < 0.01 versus control group, two-
tailed Student’s t test.
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Fig. 2 Caspase-1 activation, pyroptosis and AT1R exposure in PE mice and trophoblast model. a Comparison of trophoblast death between
control and PE mice. TUNEL analysis in placenta was shown. Bar= 50 μm. b, c Comparison of placental caspase-1 expression between control and PE
mice. WB (b) and IHC (c) analysis of caspase-1 in placenta were shown. The histogram represents means ± SEM of the densitometric scans for protein
bands (n= 7 mice in each group), normalized by comparison with β-actin and expressed as a percentage of Control. Bar= 50 μm. d Comparison of
placental caspase-1 activity between control and PE mice. Comparison of IL-1β and IL-18 levels in serum (e) and placenta (f) between control and PE
mice. IL-1β and IL-18 were detected by ELISA. Results are expressed as means ± SEM (n= 7 mice in each group). **p < 0.01 and ***p < 0.001 versus
control group, two-tailed Student’s t test. g Effect of LPS/ATP on trophoblast apoptosis. Human first-trimester trophoblast cell line HTR-8/SVneo was
treated with LPS and ATP. Cell apoptosis was detected by using flow cytometry. h Effect of LPS/ATP on trophoblast caspase-1 expression. Caspase-1
was detected by WB. i Effect of LPS/ATP on trophoblast caspase-1 activity. j Effect of LPS/ATP on trophoblast IL-1β and IL-18 levels. IL-1β and IL-18
were detected by ELISA. k Effect of LPS/ATP on trophoblast AT1R exposure. AT1R was detected by WB. Results are expressed as means ± SEM from
three independent experiments. *P < 0.05, **P < 0.01 and ***P < 0.001 versus control group, two-tailed Student’s t test.
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AT1R were enhanced by LPS/ATP exposure (Fig. 2k).
These results suggest caspase-1 activation, trophoblast
pyroptosis and AT1R exposure in both mice model and
trophoblast model, indicating the possible involvement of
caspase-1 in AT1R exposure and AT1-AA production.

Increased AT1-AA production in PE mice
To examine AT1-AA production in PE mice, we

determined AT1-AA expressions as well as spleen chan-
ges, cell apoptosis in spleen and lymph node, IgG pro-
duction and CD19+CD5+ B cells percentage. AT1-AA

production was markedly elevated in PE mice (Fig. 3a).
LPS-induced PE mice developed splenomegaly (Fig. 3b).
H&E analysis of spleen indicated that white pulps were
greatly enlarged in PE mice (Fig. 3c). LPS treatment
resulted in a marked increase in TUNEL-stained dead
cells in germinal center of spleen and lymph node (Fig. 3d,
e), and apoptotic cells were located outside macrophages
expressing CD68 in PE mice. Moreover, increased IgG
were found in both spleen and lymph node of PE mice
(Fig. 3f, g). Furthermore, peripheral CD19+CD5+ cells
were markedly elevated in PE mice (Fig. 3h). These results

Fig. 3 AT1-AA production in PE mice model. a Comparison of serum AT1-AA levels between control and PE mice. b Comparison of spleen size
between control and PE mice. c Comparison of spleen pathological features between control and PE mice. Representative H&E staining images of
spleen are showed. The bar is 250 μm. d, e IHC analysis of spleen and lymph node. Sections of spleen (d) and lymph node (e) were prepared from
control and PE mice, and stained with antibody against CD68 (red) and TUNEL (green); staining profiles were merged in the third column. Bar=
100 μm. f, g IHC analysis of spleen and lymph node. Sections of spleen (f) and lymph node (g) were prepared from control and PE mice, and stained
with antibody against IgG (red). Bar= 200 μm. h Comparison of peripheral AT1-AA-producing CD19+CD5+ B cells between control and PE mice.
CD19+CD5+ B cells in peripheral blood of mice were stained with APC-conjugated Rat Anti-Mouse CD19 and PE-conjugated Rat Anti-Mouse CD5,
and subjected to flow cytometry analysis. Results are expressed as means ± SEM (n= 7 mice in each group). *p < 0.05 and **p < 0.01 versus control
group, two-tailed Student’s t test.
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suggest the enhancement of AT1-AA production in PE
mouse model.

Caspase-1 deficiency inhibits trophoblast pyroptosis and
AT1R antigen exposure in PE mice and trophoblast model
To confirm the role of caspase-1 in AT1-AA production,

a caspase-1 knockout mouse model in C57BL/6 back-
ground was constructed. Caspase-1 knockout significantly
ameliorated PE-related symptoms of experimental mice
(Supplementary Fig. 2a–e). Meanwhile, the absence of
caspase-1 resulted in the inhibition of p-P38 and NF-κB
expressions in placenta of PE mice, and abrogated the
upregulation of sFlt-1, sENG and ET-1 in both serum and
placenta of PE mice (Supplementary Fig. 2f–h). These
results suggest that the absence of caspase-1 could improve
PE-related symptoms in PE mice. Next, we determined

whether caspase-1 deficiency could inhibit trophoblast
pyroptosis and AT1R exposure by employing PE mice and
trophoblast model. As shown in Fig. 4a, caspase-1 knockout
inhibited trophoblast death of experimental PE mice. Fur-
thermore, caspase-1 knockout could decrease the expres-
sions of IL-1β and IL-18 in both serum and placenta of PE
mice (Fig. 4b, c). Interestingly, the proportions of late
apoptotic/necrotic trophoblast cells were downregulated
after Casp1 siRNA treatment compared to LPS/ATP group
(Fig. 4d). Moreover, Casp1 siRNA could suppress the
expressions of IL-1β and IL-18 in trophoblast cell culture
(Fig. 4e). Importantly, the expressions of AT1-AA specific
autoantigen AT1R were inhibited by Casp1 siRNA (Fig. 4f).
These results suggest that caspase-1 deficiency could inhibit
trophoblast pyroptosis and AT1R exposure in PE mice and
trophoblast model.

Fig. 4 Caspase-1 deficiency inhibits trophoblast pyroptosis and AT1R antigen exposure in PE mice and trophoblast model. a Effect of
caspase-1 knockout on trophoblast death in PE mice. TUNEL analysis in placenta was shown. Bar= 50 μm. Effect of caspase-1 knockout on IL-1β and
IL-18 levels in serum (b) and placenta (c) of PE mice. IL-1β and IL-18 were detected by ELISA. Results are expressed as means ± SEM (n= 7 mice in
each group). **P < 0.01 and ***P < 0.001 versus control group, ††P < 0.01 and †††P < 0.001 versus LPS group, one-way ANOVA with S-N-K posttest. d
Effect of caspase-1 knockdown on trophoblast apoptosis. Cell apoptosis was detected by using flow cytometry. e Effect of caspase-1 knockdown on
trophoblast IL-1β and IL-18 levels. IL-1β and IL-18 were detected by ELISA. f Effect of caspase-1 knockdown on trophoblast AT1R exposure. AT1R was
detected by WB. Results are expressed as means ± SEM from three independent experiments. **P < 0.01 and ***P < 0.001 versus control group, †P <
0.05 and ††P < 0.01 versus LPS group, one-way ANOVA with S-N-K posttest.
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The lack of caspase-1 suppresses AT1-AA production
To further confirm the essential role of caspase-1 in

mediating AT1-AA production, we studied the effects of
caspase-1 deficiency on AT1-AA expressions as well as
spleen changes, cells apoptosis in spleen and lymph node,
IgG production and CD19+CD5+ B cells percentage. As
expected, caspase-1 knockout could markedly inhibit
AT1-AA production in PE mice (Fig. 5a). Meanwhile,
caspase-1 knockout ameliorated spleen size and pathology
(Fig. 5b, c). Caspase-1 absence resulted in a marked
decrease in TUNEL-stained dead cells in germinal center
of spleen and lymph node of PE mice (Fig. 5d, e). More-
over, caspase-1 knockout downregulated IgG in both
spleen and lymph node (Fig. 5f, g). Also, caspase-1
knockout could decrease peripheral CD19+CD5+ cells
(Fig. 5h). These results indicate the essential role of
caspase-1 in mediating AT1-AA production.

Caspase-1 activation and AT1-AA expression is associated
with LXA4 deficiency in human PE
The levels of LXA4 were firstly measured to confirm its

change in human PE. As shown in Fig. 6a, LXA4 levels in
PE were strikingly downregulated compared to controls.
To confirm the abnormality of LXA4 biosynthesis, we
detected the expressions of ALOX5, ALOX12, ALOX15
and ALOX15B. As shown in Fig. 6b, c, the expressions of
ALOX12, ALOX15 and ALOX15B were downregulated in
PE placenta compared with controls, while placental
ALOX5 was abnormally activated, which was responsible
for LXA4 deficiency in PE. But were caspase-1 activation
and AT1-AA expression really associated with LXA4

deficiency in PE? Correlation analysis was employed to
further confirm the role of LXA4 in caspase-1 activation
and AT1-AA expression. It was found that caspase-1
activities and AT1-AA expressions were negatively cor-
related with LXA4 levels (Fig. 6d, e). These clinical data
suggest that caspase-1 activation and AT1-AA expression
is associated with LXA4 deficiency in PE.

LXA4 suppresses caspase-1 activation, trophoblast
pyroptosis and AT1R exposure as well as enhance
phagocytosis of apoptotic trophoblasts by macrophages
To confirm the regulatory roles of LXA4 in the process

of AT1-AA production, LPS-induced PE mice were
treated with LXA4. As expected, LXA4 administration
effectively alleviated PE-related symptoms of experi-
mental PE mice (Supplementary Fig. 3a–e). Meanwhile,
LXA4 inhibited the expressions of p-P38 and NF-κB in
placenta of PE mice, and abrogated the upregulation of
sFlt-1, sENG and ET-1 in both serum and placenta of PEE
mice (Supplementary Fig. 3f–h). After demonstrating the
protective roles of LXA4 on PE, we next determined
whether LXA4 could inhibit caspase-1 activation, tro-
phoblast pyroptosis and AT1R exposure. As shown in Fig.

7a, LXA4 treatment inhibited trophoblast death. LXA4

downregulated caspase-1 expressions in placenta of PE
mice (Fig. 7b, c). In line with this, LXA4 suppressed pla-
cental caspase-1 activity in PE mice (Fig. 7d). Further-
more, LXA4 could decrease the levels of IL-1β and IL-18
in both serum and placenta of PE mice (Fig. 7e, f).
Interestingly, the proportions of late apoptotic/necrotic
trophoblast cells were significantly downregulated by
LXA4 compared to LPS/ATP group (Fig. 7g). LXA4 could
also inhibit trophoblast caspase-1 expressions stimulated
by LPS/ATP (Fig. 7h). In line with this, LXA4 could
suppress trophoblast caspase-1 activity (Fig. 7i). More-
over, LXA4 could decrease the levels of IL-1β and IL-18 in
trophoblast cell cultures (Fig. 7j). Importantly, the
expressions of AT1-AA specific autoantigen AT1R were
inhibited by LXA4 (Fig. 7k). These results suggest that
LXA4 could inhibit caspase-1 activation, trophoblast
pyroptosis and AT1R exposure during AT1-AA produc-
tion. To observe the effects of LXA4 on macrophages in
phagocytosing dead trophoblasts and AT1R, IF analysis
was employed. Resultedly, LXA4 greatly improved the
efficiency of macrophages in phagocytosing dead tro-
phoblasts and AT1R (Fig. 7l, m).

LXA4 inhibits AT1-AA production in PE mice
To further confirm the important roles of LXA4 in

inhibiting AT1-AA production, we investigated the effects
of LXA4 on AT1-AA expressions as well as spleen
changes, cells apoptosis and phagocytic activity of mac-
rophages in spleen and lymph node, IgG production and
CD19+CD5+ B cells percentage in PE mice. It has showed
that LXA4 could markedly inhibit AT1-AA production in
PE mice (Fig. 8a). Meanwhile, LXA4 ameliorated spleen
size and pathology (Fig. 8b, c). Moreover, LXA4 treatment
resulted in a marked decrease in TUNEL-stained dead
cells and a marked increase in the phagocytosis of dead
cells by macrophages in germinal center of spleen and
lymph node of PE mice (Fig. 8d, e). Furthermore, LXA4

could downregulate IgG in both spleen and lymph node
(Fig. 8f, g). Importantly, LXA4 could decrease peripheral
CD19+CD5+ B cells (Fig. 8h). These results confirm the
important roles of LXA4 in inhibiting AT1-AA
production.

Discussion
We demonstrate for the first time that caspase-1 acti-

vation is involved in AT1-AA production in PE, and LXA4

could suppress AT1-AA production via regulating
caspase-1 as well as enhancing phagocytosis of apoptotic
trophoblast cells by macrophages. Our data indicate that
caspase-1 may serve as an emerging key therapeutic target
for attenuating AT1-AA production in PE and LXA4

could protect PE patients from AT1-AA via modulating
caspase-1.
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Fig. 5 Caspase-1 knockout suppresses AT1-AA production in PE mice. a Effect of caspase-1 knockout on AT1-AA expressions in PE mice. b Effect
of caspase-1 knockout on spleen size in PE mice. c Effect of caspase-1 knockout on spleen pathological features in PE mice. Representative H&E
staining images of spleen are showed. The bar is 250 μm. d, e IHC analysis of spleen and lymph node. Sections of spleen (d) and lymph node (e) were
prepared from control, PE and Casp1−/− mice, and stained with antibody against CD68 (red) and TUNEL (green); staining profiles were merged in the
third column. Bar= 100 μm. f, g IHC analysis of spleen and lymph node. Sections of spleen (f) and lymph node (g) were prepared from control, PE
and Casp1−/− mice, and stained with antibody against IgG (red). Bar= 200 μm. h Effect of caspase-1 knockout on peripheral AT1-AA-producing
CD19+CD5+ B cells in PE mice. CD19+CD5+ B cells in peripheral blood of mice were stained with APC-conjugated Rat Anti-Mouse CD19 and PE-
conjugated Rat Anti-Mouse CD5, and subjected to flow cytometry analysis. Results are expressed as means ± SEM (n= 7 mice in each group). **P <
0.01 and ***P < 0.001 versus control group, †P < 0.05, ††P < 0.01 and †††P < 0.001 versus LPS group, one-way ANOVA with S-N-K posttest.
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This study revealed several novel findings regarding the
relationship between caspase-1, AT1-AA and LXA4. Fore-
most, PE patients and mice model developed AT1-AA
associated with caspase-1 activation. Furthermore, caspase-1
activation could promote AT1-AA production via inducing
trophoblast pyroptosis and AT1R exposure. Lastly, LXA4

could inhibit AT1-AA production via regulating caspase-1.
Hence, this study is the first to report caspase-1 as a key
target in mediating AT1-AA production and LXA4 as a
protective regulator in inhibiting AT1-AA via caspase-1.

Although studies of inflammasome pathways in PE are
limited, it has been showed that placental inflammation in
PE could be activated by NLRP3 inflammasome, sug-
gesting contribution of NLRP3 to the harmful placental
inflammation and PE31. Moreover, Weel et al. showed
increased expressions of NLRP3 and caspase-1 in PE
placentas32. The present study aimed to investigate whe-
ther AT1-AA production is associated with caspase-1
activation and trophoblast pyroptosis. Resultedly, the
expressions and activity of caspase-1 in PE placentas were

Fig. 6 The relationship between LXA4 and AT1-AA and caspase-1 in PE patients. a Comparison of serum LXA4 levels between PE patients and
healthy controls. b, c Comparison of LXA4-synthesizing enzymes expressions between PE patients and healthy controls. b WB analysis of ALOX5,
ALOX12, ALOX15 and ALOX15B in placenta. β-actin from Fig. 1c was reused in Fig. 6b for ease of reference. In Fig. 1c and Fig. 6b, three gels were run,
and six blots were performed for detecting ALOX12, ALOX15, ALOX15B and caspase-1. In detail, ALOX12 (76 kDa) and β-actin (43 kDa) proteins were
cut from the first gel, electroblotted onto PVDF membrane, and then probed with ALOX12 and β-actin antibodies, respectively. ALOX15 (75 kDa),
caspase-1 (45 kDa) and caspase-1 (20 kDa) proteins were cut from the second gel, electroblotted onto PVDF membrane, and then probed with
ALOX15 and caspase-1 antibodies, respectively. ALOX15B (75 kDa) protein was cut from the third gel, electroblotted onto PVDF membrane, and then
probed with ALOX15B antibody. c IHC analysis of ALOX5, ALOX12, ALOX15 and ALOX15B in placenta. Bar= 50 μm. d, e The correlation between
LXA4 and AT1-AA and caspase-1 in PE patients. Results are expressed as means ± SEM (n= 16 in each group). **p < 0.01 versus control group, two-
tailed Student’s t test.

Liu et al. Cell Death and Disease           (2020) 11:78 Page 9 of 17

Official journal of the Cell Death Differentiation Association



Fig. 7 (See legend on next page.)
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significantly higher than those of normal pregnancies.
Furthermore, placental levels of IL-1β and IL-18 in PE
increased significantly compared to controls. Meanwhile,
trophoblast death was exacerbated in PE. As expected, we
showed higher expressions of AT1-AA in PE serum
compared to normal pregnancies, which is in line with
previous studies6,10,33. Of importance, our data demon-
strated significant correlations between AT1-AA and
caspase-1, IL-1β, IL-18 and LDH in PE. To summarize,
these clinical data strongly support an important role for
caspase-1-mediated pyroptosis in AT1-AA production.
To validate the clinical data in animal model, PE model

and caspase-1 knockout model were constructed in mice.
Here, classic hallmarks of human PE, including hyper-
tension, proteinuria, fetus restriction, placental oxidative
damage and renal impairment, appeared in PE mice, while
caspase-1 knockout could improve PE-related symptoms.
A common pathophysiology of PE is endothelial dys-
function and angiogenic/angiostatic imbalance, involving
sFlt-1, sEng and ET-12,4,6,7,13. Accordingly, we showed
higher expressions of sFlt-1, sEng and ET-1 in serum and
placenta from PE mice, while the absence of caspase-1
abrogated the upregulation of sFlt-1, sENG and ET-1.
Activation of p38 and NF-kB signaling pathways plays
important roles in mediating the release of inflammatory
mediators and antiangiogenic factors (sFlt-1, sEng and
ET-1), which stimulate systemic inflammatory reactions
and endothelial dysfunction that manifests PE symp-
toms27,34–36. We demonstrated in the present study
enhanced expressions of p-P38 and NF-κB in placenta of
PE mice, while p-P38 and NF-κB were inhibited by
caspase-1 knockout. Together, these results support the
essential role of caspase-1 in determining PE pathogen-
esis. By employing the PE model, we confirmed that tro-
phoblast death was enhanced, and placental caspase-1 was
activated in PE mice. Interestingly, caspase-1 knockout
inhibited trophoblast death, suggesting the involvement of
caspase-1 in trophoblast pyroptosis. Pyroptosis is induced

by two distinct stimuli, exogenous PAMPs and endo-
genous DAMPs. Thus, to elucidate the mechanisms
determining caspase-1 in AT1-AA production in vitro, we
utilized LPS and ATP as PAMP and DAMP, respectively.
As expected, the stimulation of trophoblast cells with LPS
and ATP could induce pyroptosis features, including
trophoblast death, caspase-1 activation and IL-1β and IL-
18 increase. Meanwhile, LPS/ATP could stimulate the
release of AT1-AA specific autoantigen AT1R. However,
Casp1 siRNA could suppress trophoblast death, IL-1β and
IL-18 expressions and AT1R exposure, supporting the
involvement of caspase-1 in trophoblast pyroptosis and
AT1R exposure. Macrophages engulf apoptotic cells
generated in the germinal center15, while defective pha-
gocytosis of apoptotic cells may lead to excessive
appearance of autoantigens and stimulate autoantibody
production. Germinal centers contain macrophages called
TBMs, specifically expressing CD68, which are present
not only in the spleen but also in the lymph nodes15. In
the study, a marked increase in the number of TUNEL-
stained dead cells appeared in the germinal center of
spleen and lymph node of PE mice. The reason for
aggravated accumulation of dead cells in spleen and
lymph node was partially caused by exacerbated apoptosis
and partially caused by inefficient phagocytosis of apop-
totic cells by TBMs. B cells might be involved in AT1-AA
production in PE, and a specific mature B-cell subtype,
CD19+CD5+ B cells, are demonstrated to be responsible
for AT1-AA production4,37,38. Moreover, CD19+CD5+ B
cells were confirmed to be enriched in peripheral blood of
PE patients4. Indeed, in the study, peripheral CD19+CD5+

cells were markedly elevated in PE mice, and, meanwhile,
increased number of IgG were found not only in spleen
but also in lymph node of PE mice. Importantly, caspase-1
knockout could markedly inhibit AT1-AA production as
well as ameliorate cell death in the germinal center and
downregulate peripheral CD19+CD5+ cells and IgG in
spleen and lymph node. Together, relying on the results

(see figure on previous page)
Fig. 7 LXA4 inhibits caspase-1 activation, trophoblast pyroptosis and AT1R exposure as well as enhance phagocytosis of apoptotic
trophoblasts by macrophages. a Effect of LXA4 on trophoblast death in PE mice. TUNEL analysis in placenta was shown. Bar= 50 μm. b, c Effect of
LXA4 on placental caspase-1 expression in PE mice. IHC (b) and WB (c) analysis of caspase-1 in placenta were shown. The histogram represents
means ± SEM of the densitometric scans for protein bands (n= 7 mice in each group), normalized by comparison with β-actin and expressed as a
percentage of Control. Bar= 50 μm. d Effect of LXA4 on placental caspase-1 activity in PE mice. Effect of LXA4 on IL-1β and IL-18 levels in serum (e)
and placenta (f) of PE mice. IL-1β and IL-18 were detected by ELISA. Results are expressed as means ± SEM (n= 7 mice in each group). ***P < 0.001
versus control group, †P < 0.05 and ††P < 0.01 versus LPS group, one-way ANOVA with S-N-K posttest. g Effect of LXA4 on trophoblast apoptosis. Cell
apoptosis was detected by using flow cytometry. h Effect of LXA4 on trophoblast caspase-1 expression. Caspase-1 expression was detected by WB.
i Effect of LXA4 on trophoblast caspase-1 activity. j Effect of LXA4 on trophoblast IL-1β and IL-18 levels. IL-1β and IL-18 were detected by ELISA. k
Effect of LXA4 on trophoblast AT1R exposure. AT1R was detected by WB. Results are expressed as means ± SEM from three independent experiments.
**P < 0.01 and ***P < 0.001 versus control group, †P < 0.05, ††P < 0.01 and †††P < 0.001 versus LPS group, one-way ANOVA with S-N-K posttest. l, m
Effect of LXA4 on phagocytosis of apoptotic trophoblasts by macrophages. IF analysis of phagocytosis of apoptotic trophoblasts (l) and AT1R (m) by
macrophages were shown. Slides of macrophages phagocytosis of apoptotic trophoblasts were prepared from control and LXA4 group, and stained
with antibody against CD68 (red) and TUNEL (green), or antibody against CD68 (red) and AT1R (green); staining profiles were merged in the third
column. Bar= 50 μm.
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Fig. 8 LXA4 suppresses AT1-AA production in PE mice. a Effect of LXA4 on AT1-AA expressions in PE mice. b Effect of LXA4 on spleen size in PE
mice. c Effect of LXA4 on spleen pathological features in PE mice. Representative H&E staining images of spleen are showed. The bar is 250 μm. d, e
IHC analysis of spleen and lymph node. Sections of spleen (d) and lymph node (e) were prepared from control, PE and LXA4 mice, and stained with
antibody against CD68 (red) and TUNEL (green); staining profiles were merged in the third column. Bar= 100 μm. f, g IHC analysis of spleen and
lymph node. Sections of spleen (f) and lymph node (g) were prepared from control, PE and LXA4 mice, and stained with antibody against IgG (red).
Bar= 200 μm. h Effect of LXA4 on peripheral CD19+CD5+ B cells in PE mice. CD19+CD5+ B cells in peripheral blood of mice were stained with APC-
conjugated Rat Anti-Mouse CD19 and PE-conjugated Rat Anti-Mouse CD5, and subjected to flow cytometry analysis. Results are expressed as means
± SEM (n= 7 mice in each group). **P < 0.01 and ***P < 0.001 versus control group, †P < 0.05 and ††P < 0.01 versus LPS group, one-way ANOVA with
S-N-K posttest.
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gathered by using mice model and trophoblast model, the
study provides evidence supporting the involvement of
caspase-1 activation in trophoblast pyroptosis, AT1R
exposure and AT1-AA production in PE. To our knowl-
edge, this is an original discovery suggesting a prominent
role for caspase-1 in AT1-AA production and PE
pathogenesis.
The efficient nonimmunogenic clearance of ACs is

crucial to dispose self-antigens and to maintain self-
tolerance. A previous report showed that ALOX15
orchestrates the clearance of ACs and maintains immu-
nologic tolerance30. ALOX15 can contribute to the gen-
eration of LXA4, which, in turn, is identified as important
factor initiating the resolution of inflammation and has
been implicated in the removal of ACs30. Here, we
showed LXA4 decrease in PE patients. Meanwhile, we
identified the expressions of LXA4-biosynthesis enzymes
ALOX5, ALOX15, ALOX15B and ALOX12 in PE
patients, and found the downregulation of ALOX12,
ALOX15 and ALOX15B but the activation of ALOX5.
ALOX5 is the key enzyme for both leukotrienes (LTs) and
lipoxins (LXs) biosynthesis. Upon stimulation, it translo-
cates to the nuclear membrane to form enzyme complex,
which converts AA to LTs39. ALOX5 activation suggests
possible class switching from LXs to LTs production,
which has been further confirmed by our previous report
that ALOX5 activation contributed to enhanced LTB4

while decreased LXA4 biosynthesis in rat placenta27.
Thus, the downregulation of ALOX12, ALOX15 and
ALOX15B while the activation of ALOX5 were respon-
sible for LXA4 deficiency in PE. Importantly, we demon-
strated an association between LXA4 decrease and
caspase-1 activation and AT1-AA production in human
PE. By employing PE mice model, we further confirmed
that LXA4 could suppress trophoblast death, caspase-1
activation and IL-1β and IL-18 expressions, providing the
evidence supporting the regulation of LXA4 on caspase-1
activation and trophoblast pyroptosis. In line with this,
LXA4 exhibits protective effects on the PE animal model.
LXA4 could also inhibit the expressions of sFlt-1, sENG
and ET-1 as well as p-P38 and NF-κB in PE mice.
Moreover, LXA4 could inhibit trophoblast death, caspase-
1 activation, IL-1β and IL-18 expressions and AT1R
exposure in vitro, provide further evidence supporting the
regulatory roles of LXA4 on caspase-1 activation, tro-
phoblast pyroptosis and AT1R exposure. We next eluci-
dated the effects of LXA4 on macrophages efficiency in
engulfing dead trophoblast and AT1R autoantigen. The
results indicated that LXA4 could promote the efficiency
of macrophages to engulf dead trophoblast and AT1R.
Accordingly, LXA4 could indeed inhibit AT1-AA pro-
duction. Meanwhile, LXA4 could ameliorate spleen
pathology and macrophages phagocytosis as well as
downregulate peripheral CD19+CD5+ cells and IgG in

spleen and lymph node in PE mice. The present study has
demonstrated for the first time an additional function of
endogenous LXA4 to suppress autoantibody AT1-AA by
inhibiting caspase-1 activation, trophoblast pyroptosis
and AT1R exposure as well as enhancing macrophages
phagocytosis of dead trophoblast cells.
In conclusion, the present study demonstrated the

relevance of caspase-1 to AT1-AA in PE by using clinical
data. Relying on the results gathered by using mice model,
knockout model and trophoblast model, the study con-
firmed that caspase-1 is involved in AT1-AA production.
By employing PE animal model and trophoblast model,
the study further indicated that LXA4 could suppress
AT1-AA production via modulating caspase-1. The study
proposes a common mechanism underlying AT1-AA
production, providing new insights into the under-
standing of PE. Our data suggest that avoidance of
PAMPs and DAMPs exposure and administration of
LXA4 might be potential strategies to prevent AT1-AA
production, and also contribute to develop other potential
therapeutic strategies in preventing PE by targeting
caspase-1. This finding may provide a new direction for
the drug design of proresolving lipid mediator utilizing
LXA4 as a lead compound with a dual action on pyr-
optosis and phagocytosis to inhibiting autoantibody pro-
duction in PE or other autoimmune diseases.

Materials and methods
Reagents and antibodies
LPS (Escherichia coli serotype O127:B8) was from

Sigma Aldrich (Allentown, PA, USA). ATP disodium salt
and phorbol 12-myristate 13-acetate (PMA) were from
MedChemExpress (Monmouth Junction, NJ, USA).
A stock solution of LXA4 (Cayman Chemical, Ann Arbor,
MI, USA) was stored at −80 °C until being diluted in
sterile 0.9% saline or cell culture medium immediately
before use. Anti-NF-κB p65, -ALOX12, -ALOX15,
-ALOX15B, -AT1R, -β-actin, and -Lamin B antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA,
USA). Anti phospho-P38 and P38 antibodies were
obtained from Cell Signaling Technology (Danvers, MA,
USA). Anti-Caspase-1 antibody was from Abcam Com-
pany (Cambridge, UK). Anti-CD68 antibody was from
Proteintech Group, Inc. (Wuhan, China). APC-
conjugated Rat Anti-Mouse CD19 and PE-conjugated
Rat Anti-Mouse CD5 were from BD Biosciences (San
Diego, CA, USA). Mouse ALOX5 monoclonal antibody
(BD Biosciences) was used for western blotting (WB),
whereas rabbit ALOX5 polyclonal antibody (Cayman
Chemical) was used for immunohistochemistry (IHC).
RIPA Lysis Buffer and Nuclear and Cytoplasmic Protein
Extraction Kit were from Beyotime Institute of Bio-
technology (Shanghai, China). BCA protein assay kit was
from Pierce (Rockford, IL, USA).
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Patient samples
Blood samples were obtained from 32 women: 16

women with PE defined by hypertension (systolic and
diastolic blood pressures higher than 140/90 mmHg) and
proteinuria (0.3 g/24 h)40 were recruited from the Puai
Hospital, Tongji Medical College, Huazhong University of
Science and Technology, China; as a comparative group,
16 pregnant women were originally selected with char-
acteristics similar to those presented by the preeclamptic
patients, including body mass index, gestational age,
eliminated high blood pressure, kidney disease, diabetes,
and so on. Blood and placenta samplings were obtained
from diagnosed patients after informed consent and
approved by the Ethical Committee of the Medical Faculty
of Tongji Medical College, Huazhong University of Sci-
ence and Technology in accordance with the Declaration
of Helsinki.
The patients had not taken any medications before

specimen collection. Blood extracted from the pregnant
women stood for 20 min at room temperature. After
centrifugation, serum was collected and stored at −80 °C
until use. The serums were used to detect the levels of
AT1-AA and LXA4.

Animals and experimental protocol
C57BL/6N mice (8–10-week old, weighing 18–22 g)

were purchased from the Beijing Vital River Laboratory
Animal Technology Co., Ltd Caspase-1 knockout mice
(Casp1−/−) B6N.129S2-Casp1tm1Flv/J (No.016621) were
purchased from The Jackson Laboratory. Animals were
housed individually in plastic cages with wood chips as
bedding under pathogen-free conditions, in a controlled
environment of temperature at 20–25 °C and 12 h cycles
of light and dark. Mice were fed a standard laboratory diet
and water ad libitum. Pregnancy was obtained by mating
female mice with fertile male mice at a ratio of 2:1 over-
night. Daily vaginal smears were observed, and appear-
ance of spermatozoa in vaginal smear was defined as
gestational day (GD) 1. All animal work was conducted
according to the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National
Institutes of Health. All studies involving mice were
approved by Animal Care and Use Committee of Huaz-
hong University of Science and Technology.

Experimental protocol 1
Pregnant mice were randomly divided into control

group (n= 7) and LPS group (n= 7). Experimental PE
model was induced by infusion of LPS (1 μg/kg body
weight) in 200 μl of sterile saline through an infusion
pump into the tail vein (infusion rate, 200 μl/h) on GD 13
according to our initial experiments and previous
reports28,41. Normal pregnant control mice were infused
with equal saline.

Experimental protocol 2
Pregnant mice were randomly divided into control

group (n= 7), LPS group (n= 7) and Casp1−/− group
(n= 7). Experimental PE model was induced according to
above Experimental protocol 1 in LPS and Casp1−/−

groups, while controls were infused with equal saline.

Experimental protocol 3
Pregnant mice were randomly divided into control

group (n= 7), LPS group (n= 7) and LPS+ LXA4 group
(n= 7). Experimental PE model was induced according
to above Experimental protocol 1 in LPS and LPS+
LXA4 groups, while controls were infused with equal
saline. After 30 min, mice in LPS+ LXA4 group were
injected i.p. with LXA4 (10 μg/kg), whereas mice in
control and LPS groups were injected with equal
amounts of vehicle.

Cell culture and treatment
Human first-trimester trophoblast cell line HTR-8/

SVneo and human monocytic cell line THP-1 were
obtained from American Type Culture Collection
(USA). Cells were cultured at 37 °C in a humidified
atmosphere with 5% CO2 in 1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum,
25 mM HEPES, 100 U/mL penicillin G and 100 U/mL
streptomycin. Then, HTR-8/SVneo cells were primed
with 1 μg/ml LPS for 24 h in the absence or presence of
LXA4 (100 nM), and treated with 5 mM ATP for 24 h in
the absence or presence of LXA4 (100 nM) for different
assays.

Caspase-1 shRNA transfection experiments
For knockdown studies of trophoblast caspase-1 RNA,

HTR-8/SVneo cells were cultured in 6- or 12-well plates
until 60% confluent. shRNA vector (GV102) of Casp1
sequence (Casp1-RNAi, 5′-CACGTCTTGCTCTCATT
AT-3′) was designed, synthesized, and labeled with GFP
(GeneChem, Inc., Shanghai). shRNA vector (GV102) of
scrambled sequence (5′-TTCTCCGAACGTGTCACG
T-3′) was used as negative control and labeled with GFP
(GeneChem, Inc., Shanghai). For each of the shRNA
constructs, the HTR-8/SVneo cells were transfected using
Lipofectamine-2000 reagent according to the routine
methods established in our lab, after which these cells
were utilized for different assay 24 h later.

Affinity purification and determination of AT1-AA
We isolated the IgG fraction from human serum and

performed affinity purification of AT1-AA as previously
described9. Then, we evaluated the concentrations of
AT1-AA in serum of pregnant women or mice by
employing an ELISA method.
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Measurement of systolic blood pressure (SBP)
At the indicated time (initial nonpregnant status, GD11-

12 and GD19), the SBP was determined in conscious,
restrained pregnant mice. An automated system with a
photoelectric sensor linked to a dual-channel recorder
(BP-98A, Softron, Japan), tail cuff and sphygmoman-
ometer was used to obtain indirect blood pressure mea-
surements, which have been previously demonstrated to
be closely correlated with direct arterial measurements42.
The measurements were repeated three times for each
mouse, with the mean value recorded.

Determination of urinary albumin excretion
For 24-h urine collection, on GD11-12 and GD18-19,

the pregnant mice were placed in metabolic cages. To
avoid contaminating the collected urine, rats were
restricted from food; however, they were allowed free
access to water. To avoid the adverse effects of fasting,
rats were fed in other cages for 30min every 6 h. Urine
samples were centrifuged at 3000 rpm for 20min at room
temperature, and the supernatant was collected for urin-
ary albumin analysis. Urine protein concentrations were
determined by using pyrogallol red in an automatic bio-
chemical analyzer (ADVIA 2400 Chemistry System, Sie-
mens Medical Solutions Diagnostics, NY, USA).

Measurement of thiobarbituric acid reactive substances
(TBARS)
Placental TBARS was measured by using a commercially

available kit (QuantiChromTM TBARS Assay Kit, DTBA-
100) according to manufacturer’s instruction (BioAssay
Systems, USA). Briefly, placentas (~20mg) were placed
into 200 μL ice-cold phosphate-buffered saline with pro-
tease inhibitors. The tissues were first homogenized
thoroughly and then sonicated for 20 s on ice. Samples
were then centrifuged at 3000 rpm for 10min at 4 °C.
Twenty microliters aliquot was removed for protein ana-
lysis. The resultant absorbances were read at 535 nm.
TBARS levels were expressed as nmol/mg protein.

TUNEL assay
For the TUNEL assay, cell death was determined using a

TUNEL staining kit (Roche Diagnostics, Indianapolis, IN,
USA). Briefly, sections of paraffin-embedded placental
tissues were deparaffinized and subjected to antigen
retrieval. Then, the sections were incubated with a mix-
ture of TdT and fluorescence-labeled nucleotides. The
prepared sections were examined with NanoZoomer S360
by NZAcquire (HAMAMATSU, Japan). The data were
analyzed by NanoZoomer Digital Pathology (NDP.view 2).

H&E, IHC and Immunofluorescence (IF) of tissue
For histological evaluation, placenta and kidney were

fixed in 4% neutral-buffered polyformaldehyde overnight

at room temperature. Tissues were infiltrated and
embedded in paraffin. H&E staining was performed by
standard techniques on 4-μm paraffin sections of placenta
and kidney specimens for conventional morphological
evaluation with NanoZoomer S360 by NZAcquire
(HAMAMATSU, Japan). The data were analyzed by
NanoZoomer Digital Pathology (NDP.view 2).
For assessment of ALOXs expression in human pla-

centa and caspase-1 expression in mice placenta, regular
IHC assay was performed. Briefly, 4 μm paraffin sections
of specimens were cut, and after deparafinization, antigen
retrieval was performed in sodium citrate solution (pH
6.0). Sections were incubated with different primary
antibody at 4 °C overnight. Sections were then washed and
incubated with secondary antibody for 45 min at room
temperature. The sections were subsequently incubated
with 3,3’-diaminobenzidine tetrahydrochloride (DAB)
substrate, lightly counterstained with hematoxylin, dehy-
drated, and mounted. The prepared sections of IHC
staining were examined with NanoZoomer S360 by
NZAcquire (HAMAMATSU, Japan). The data were ana-
lyzed by NanoZoomer Digital Pathology (NDP.view 2).
For assessment of cell death accumulation and IgG

production in spleen and lymph node, regular IF assay
was performed. Briefly, 4 μm paraffin sections of speci-
mens were cut, and after deparafinization, antigen retrieval
was performed. Sections were then stained with IgG
antibody, or subjected to CD68 staining and TUNEL assay.
Fluorescence images were processed using Pannoramic
MIDI by pannoramic scanner (3D HISTECH, Hungary).
The data were analyzed by Caseviewer software.

WB
Total and nuclear proteins were extracted using RIPA

Lysis Buffer and Nuclear and Cytoplasmic Protein
Extraction Kit, respectively. Protein concentrations were
determined using a BCA protein assay kit. Equal amounts
of protein (40 μg) were then subjected to 12% SDS- PAGE
and transferred to PVDF membranes (Millipore). Differ-
ent primary antibodies were incubated with the mem-
branes overnight at 4 °C. β-actin and Lamin B served as
internal control of total and nuclear proteins, respectively.
The bound antibody was detected by an enhanced
chemiluminescence kit (Thermo Scientific Pierce) on X-
ray film.

Determination of caspase-1 and LDH activity
The caspase-1 activation was assayed by using a com-

mercially available kit (Caspase 1 Activity Assay Kit,
C1102) according to manufacturer’s instruction (Beyo-
time Institute of Biotechnology, Shanghai, China). LDH
activities in human placenta were determined for the
evaluation of trophoblast death. Briefly, placentas were
placed into ice-cold phosphate-buffered saline with
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protease inhibitors. The tissues were first homogenized
thoroughly by electric homogenizer on ice. Samples were
then centrifuged at 3000 rpm for 10min at 4 °C. LDH
activities in placental extracts were detected in an auto-
matic biochemical analyzer (ADVIA 2400 Chemistry Sys-
tem, Siemens Medical Solutions Diagnostics, NY, USA).

Enzyme-linked immunosorbent assay (ELISA)
We determined the concentrations of sFlt-1, sEng and

ET-1 in mouse serum and placental tissue and IL-1β and
IL-18 in serum, placenta and cell culture with commercial
ELISA kits (R&D Systems, Minneapolis, MN, USA)
according to the manufacturer’s instructions.

Determination of LXA4

Levels of LXA4 in the human serum were assessed by
assay kit according to manufacturers’ protocols (Neogen
Corporation, Lansing, MI, USA).

Flow cytometry analysis
CD19+CD5+ B cells in the peripheral blood of mice

were stained with APC-conjugated Rat Anti-Mouse CD19
and PE-conjugated Rat Anti-Mouse CD5, and subjected
to flow cytometry analysis (BD FACS Calibur) to examine
the percentage of AT1-AA-producing CD19+CD5+ B
cells. Cultured trophoblast cells were stained with 7-AAD
and APC-labeled Annexin V (BD Pharmingen) according
to the manufacturer’s instructions, and subjected to flow
cytometry analysis (BD FACS Calibur) to examine tro-
phoblast cell apoptosis. The data were analyzed by FlowJo
software.

Phagocytosis assay of dead trophoblasts and AT1R
antigens
For the preparation of dead trophoblast cells, HTR-8/

SVneo cells were primed with 1 μg/ml LPS for 24 h, and
treated with 5 mM ATP for 24 h to obtain dead tropho-
blast cells for phagocytosis assay. THP-1 cells in culture
plates were differentiated into macrophages by incubating
with 100 ng/ml PMA for 48 h, followed by washing twice
with culture media without PMA and a resting period of
24 h, resulting in macrophages with a high phagocytic
capacity for phagocytosis assay of apoptotic trophoblast
cells. Then, nonadherent macrophages were removed, and
apoptotic trophoblast cells were added into the macro-
phage culture at ratio of 1:3 (macrophages: trophoblasts)
in the absence or presence of LXA4 (100 nM). After 4-h
cultivation, the nonphagocytotic trophoblast cells were
washed out, and the macrophages were fixed and stained
with CD68 and AT1R antibodies, or subjected to
CD68 staining and TUNEL assay. Fluorescence images
were processed using Pannoramic MIDI by pannoramic
scanner (3D HISTECH, Hungary). The data were ana-
lyzed by Caseviewer software.

Statistical analysis
All statistical analyses were done using the SPSS

19.0 software. The results were expressed as means ± S.E.M
of multiple independent experiments. The means of
different groups were compared by employing either
Student’s t test or one-way ANOVA followed by S-N-K
post-hoc test. A value of p < 0.05 was considered
significant.

Acknowledgements
We especially thank all of the participants of this project who kindly agreed to
donate blood and placental tissue for this study. We also especially thank the
medical staff from the Department of Obstetrics and Gynecology of Puai
Hospital for their invaluable support collecting the samples involved in this
work. This work was supported by the National Natural Science Foundation of
China [grant numbers 81701469, 81671480]; the Young and Mid-Aged Key
Medical Personnel Training Project of Wuhan City [grant number 2016–59]; the
Young Key Talent Project of Wuhan Fourth Hospital; and the Huazhong
University of Science and Technology “Double Top” Construction Project of
International Cooperation (grant number 540-5001540013).

Author details
1Department of Rheumatology and Immunology, Wuhan Fourth Hospital, Puai
Hospital, Tongji Medical College, Huazhong University of Science and
Technology, Wuhan 430033, PR China. 2Department of Clinical Laboratory,
Wuhan Fourth Hospital, Puai Hospital, Tongji Medical College, Huazhong
University of Science and Technology, Wuhan 430033, PR China. 3Department
of Pathophysiology, Tongji Medical College, Huazhong University of Science
and Technology, Wuhan 430030, PR China. 4Department of Oncology, Wuhan
Fourth Hospital, Puai Hospital, Tongji Medical College, Huazhong University of
Science and Technology, Wuhan 430033, PR China

Author contributions
D.Z. conceived the project. H.L., F.C., Q.X., W.H., S.W. and R.S. performed the
experiments. H.L., F.C., Q.X., D.Y. and D.Z. analyzed the results. D.Y. and D.Z.
wrote the manuscript.

Conflict of interest
The authors declare that they have no conflict of interest.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Supplementary Information accompanies this paper at (https://doi.org/
10.1038/s41419-020-2281-y).

Received: 26 November 2019 Revised: 16 January 2020 Accepted: 17
January 2020

References
1. Young, B. C., Levine, R. J. & Karumanchi, S. A. Pathogenesis of preeclampsia.

Annu Rev. Pathol. 5, 173–192 (2010).
2. Noris, M., Perico, N. & Remuzzi, G. Mechanisms of disease: pre-eclampsia. Nat.

Clin. Pr. Nephrol. 1, 98–114 (2005).
3. Redman, C. W. & Sargent, I. L. Latest advances in understanding preeclampsia.

Science 308, 1592–1594 (2005).
4. Chaiworapongsa, T., Chaemsaithong, P., Yeo, L. & Romero, R. Pre-eclampsia

part 1: current understanding of its pathophysiology. Nat. Rev. Nephrol. 10,
466–480 (2014).

5. Dechend, R. et al. Agonistic autoantibodies to the AT1 receptor in a transgenic
rat model of preeclampsia. Hypertension 45, 742–746 (2005).

6. Herse, F. et al. Dysregulation of the circulating and tissue-based renin-angio-
tensin system in preeclampsia. Hypertension 49, 604–611 (2007).

Liu et al. Cell Death and Disease           (2020) 11:78 Page 16 of 17

Official journal of the Cell Death Differentiation Association

https://doi.org/10.1038/s41419-020-2281-y
https://doi.org/10.1038/s41419-020-2281-y


7. Xia, Y., Ramin, S. M. & Kellems, R. E. Potential roles of angiotensin receptor-
activating autoantibody in the pathophysiology of preeclampsia. Hypertension
50, 269–275 (2007).

8. Xia, Y., Zhou, C. C., Ramin, S. M. & Kellems, R. E. Angiotensin receptors, auto-
immunity, and preeclampsia. J. Immunol. 179, 3391–3395 (2007).

9. Zhou, C. C. et al. Angiotensin receptor agonistic autoantibodies induce pre-
eclampsia in pregnant mice. Nat. Med 14, 855–862 (2008).

10. Wallukat, G. et al. Patients with preeclampsia develop agonistic auto-
antibodies against the angiotensin AT1 receptor. J. Clin. Invest. 103,
945–952 (1999).

11. Zhang, Q. et al. Cadmium-induced immune abnormality is a key pathogenic
event in human and rat models of preeclampsia. Environ. Pollut. 218, 770–782
(2016).

12. Zhang, Q. et al. Progesterone attenuates hypertension and autoantibody
levels to the angiotensin II type 1 receptor in response to elevated cadmium
during pregnancy. Placenta 62, 16–24 (2018).

13. Siddiqui, A. H. et al. Angiotensin receptor agonistic autoantibody is highly
prevalent in preeclampsia: correlation with disease severity. Hypertension 55,
386–393 (2010).

14. Savill, J., Dransfield, I., Gregory, C. & Haslett, C. A blast from the past: clearance
of apoptotic cells regulates immune responses. Nat. Rev. Immunol. 2, 965–975
(2002).

15. Hanayama, R. et al. Autoimmune disease and impaired uptake of apoptotic
cells in MFG-E8-deficient mice. Science 304, 1147–1150 (2004).

16. Nagata, S., Hanayama, R. & Kawane, K. Autoimmunity and the clearance of
dead cells. Cell 140, 619–630 (2010).

17. Huang, W. et al. Milk fat globule-EGF factor 8 suppresses the aberrant immune
response of systemic lupus erythematosus-derived neutrophils and associated
tissue damage. Cell Death Differ. 24, 263–275 (2017).

18. Mistry, P. & Kaplan, M. J. Cell death in the pathogenesis of systemic
lupus erythematosus and lupus nephritis. Clin. Immunol. 185, 59–73
(2017).

19. Crocker, I. P., Cooper, S., Ong, S. C. & Baker, P. N. Differences in apoptotic
susceptibility of cytotrophoblasts and syncytiotrophoblasts in normal preg-
nancy to those complicated with preeclampsia and intrauterine growth
restriction. Am. J. Pathol. 162, 637–643 (2003).

20. Shen, F. et al. Trophoblast debris extruded from preeclamptic placentae
activates endothelial cells: a mechanism by which the placenta communicates
with the maternal endothelium. Placenta 35, 839–847 (2014).

21. Bergsbaken, T., Fink, S. L. & Cookson, B. T. Pyroptosis: host cell death and
inflammation. Nat. Rev. Microbiol. 7, 99–109 (2009).

22. Miao, E. A., Rajan, J. V. & Aderem, A. Caspase-1-induced pyroptotic cell death.
Immunol. Rev. 243, 206–214 (2011).

23. Franchi, L., Eigenbrod, T., Munoz-Planillo, R. & Nunez, G. The inflammasome: a
caspase-1-activation platform that regulates immune responses and disease
pathogenesis. Nat. Immunol. 10, 241–247 (2009).

24. Kahlenberg, J. M. et al. An essential role of caspase 1 in the induction of
murine lupus and its associated vascular damage. Arthritis Rheumatol. 66,
152–162 (2014).

25. Serhan, C. N., Chiang, N. & Van Dyke, T. E. Resolving inflammation: dual anti-
inflammatory and pro-resolution lipid mediators. Nat. Rev. Immunol. 8,
349–361 (2008).

26. Hutchinson, J. L., Rajagopal, S. P., Sales, K. J. & Jabbour, H. N. Molecular reg-
ulators of resolution of inflammation: potential therapeutic targets in the
reproductive system. Reproduction 142, 15–28 (2011).

27. Zhang, D. et al. Glucocorticoids sensitize rat placental inflammatory responses
via inhibiting lipoxin A4 biosynthesis. Biol. Reprod. 90, 74 (2014).

28. Lin, F. et al. Treatment of Lipoxin A(4) and its analogue on low-dose endotoxin
induced preeclampsia in rat and possible mechanisms. Reprod. Toxicol. 34,
677–685 (2012).

29. Xu, Z. et al. Preeclampsia is associated with a deficiency of lipoxin A4, an
endogenous anti-inflammatory mediator. Fertil. Steril. 102, 282–290 (2014).

30. Uderhardt, S. et al. 12/15-lipoxygenase orchestrates the clearance of apoptotic
cells and maintains immunologic tolerance. Immunity 36, 834–846 (2012).

31. Stodle, G. S. et al. Placental inflammation in pre-eclampsia by Nod-like
receptor protein (NLRP)3 inflammasome activation in trophoblasts. Clin. Exp.
Immunol. 193, 84–94 (2018).

32. Weel, I. C. et al. Increased expression of NLRP3 inflammasome in placentas
from pregnant women with severe preeclampsia. J. Reprod. Immunol. 123,
40–47 (2017).

33. Sahay, A. S. et al. A longitudinal study of circulating angiogenic and anti-
angiogenic factors and AT1-AA levels in preeclampsia. Hypertens. Res. 37,
753–758 (2014).

34. Cindrova-Davies, T. Gabor Than Award Lecture 2008: pre-eclampsia - from
placental oxidative stress to maternal endothelial dysfunction. Placenta 30
(Suppl. A), S55–65 (2009).

35. Cindrova-Davies, T., Spasic-Boskovic, O., Jauniaux, E., Charnock-Jones, D. S. &
Burton, G. J. Nuclear factor-kappa B, p38, and stress-activated protein kinase
mitogen-activated protein kinase signaling pathways regulate proinflammatory
cytokines and apoptosis in human placental explants in response to oxidative
stress: effects of antioxidant vitamins. Am. J. Pathol. 170, 1511–1520 (2007).

36. Luo, X. et al. Gadd45alpha as an upstream signaling molecule of p38 MAPK
triggers oxidative stress-induced sFlt-1 and sEng upregulation in preeclampsia.
Cell Tissue Res. 344, 551–565 (2011).

37. LaMarca, B. et al. Hypertension in response to placental ischemia during
pregnancy: role of B lymphocytes. Hypertension 57, 865–871 (2011).

38. Jensen, F. et al. CD19+CD5+ cells as indicators of preeclampsia. Hypertension
59, 861–868 (2012).

39. Soberman, R. J. & Christmas, P. The organization and consequences of eico-
sanoid signaling. J. Clin. Invest. 111, 1107–1113 (2003).

40. Higgins, J. R. & de Swiet, M. Blood-pressure measurement and classification in
pregnancy. Lancet 357, 131–135 (2001).

41. Faas, M. M., Schuiling, G. A., Baller, J. F., Visscher, C. A. & Bakker, W. W. A new
animal model for human preeclampsia: ultra-low-dose endotoxin infusion in
pregnant rats. Am. J. Obstet. Gynecol. 171, 158–164 (1994).

42. Mulvany, M. J. & Halpern, W. Contractile properties of small arterial resistance
vessels in spontaneously hypertensive and normotensive rats. Circ. Res. 41,
19–26 (1977).

Liu et al. Cell Death and Disease           (2020) 11:78 Page 17 of 17

Official journal of the Cell Death Differentiation Association


	Lipoxin A4 suppresses angiotensin II type 1 receptor autoantibody in preeclampsia via�modulating caspase-1
	Introduction
	Results
	AT1-AA expression is associated with caspase-1 activation in human PE
	Caspase-1 activation, pyroptosis and AT1R exposure in PE mice and trophoblast model
	Increased AT1-AA production in PE mice
	Caspase-1 deficiency inhibits trophoblast pyroptosis and AT1R antigen exposure in PE mice and trophoblast model
	The lack of caspase-1 suppresses AT1-AA production
	Caspase-1 activation and AT1-AA expression is associated with LXA4 deficiency in human PE
	LXA4 suppresses caspase-1 activation, trophoblast pyroptosis and AT1R exposure as well as enhance phagocytosis of apoptotic trophoblasts by macrophages
	LXA4 inhibits AT1-AA production in PE mice

	Discussion
	Materials and methods
	Reagents and antibodies
	Patient samples
	Animals and experimental protocol
	Experimental protocol 1
	Experimental protocol 2
	Experimental protocol 3

	Cell culture and treatment
	Caspase-1 shRNA transfection experiments
	Affinity purification and determination of AT1-AA
	Measurement of systolic blood pressure (SBP)
	Determination of urinary albumin excretion
	Measurement of thiobarbituric acid reactive substances (TBARS)
	TUNEL assay
	H&#x00026;E, IHC and Immunofluorescence (IF) of tissue
	WB
	Determination of caspase-1 and LDH activity
	Enzyme-linked immunosorbent assay (ELISA)
	Determination of LXA4
	Flow cytometry analysis
	Phagocytosis assay of dead trophoblasts and AT1R antigens
	Statistical analysis

	ACKNOWLEDGMENTS




