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Changes to macrophage polarization affect the local microenvironment of the placenta, resulting in pathological pregnancy
diseases such as recurrent spontaneous abortion (RSA). Macrophages are in close contact with trophoblasts during placental
development, and trophoblast-derived cytokines are important regulators of macrophage polarization and function. Histone
acetylation can affect the expression and secretion of cytokines, and ATP citrate lyase (ACLY) is an important factor that
regulates histone acetylation. The aim of this study was to investigate the effect of ACLY expression differences in trophoblast
on macrophage polarization and its mechanism. Our data demonstrate that ACLY level in placental villi of patients with RSA
is decreased, which may lead to the inhibition of histone acetylation in trophoblasts, thereby reducing the secretion of IL-10.
Reduced IL-10 secretion activates endoplasmic reticulum stress in macrophages, thus inhibiting their M2 polarization.

1. Introduction

Throughout pregnancy, the polarity and function of macro-
phages play an important role in intrauterine immune
homeostasis and can also affect the process of pregnancy
by promoting spiral artery remodeling and regulating
trophoblast invasion and apoptosis [1–3]. Therefore, the
polarity and function of macrophages are very important
for the maintenance of a normal pregnancy.

According to the different inducing factors, phenotypes,
and functions, M φ macrophages can be divided into M1
and M2 macrophages, similar to Th1 and Th2 T helper cells.
M1 cells usually have proinflammatory activity, while M2
cells have an anti-inflammatory role [4–6]. In the placenta
of an early pregnancy, macrophages are mainly the M2 type,

which is very important for normal pregnancy [7]. A
decrease in the proportion of M2 macrophages or an
increase in the proportion of M1 macrophages can lead to
recurrent abortion [8]. Trophoblast-derived cytokines are
very important to induce the balance and immune tolerance
of local M1 and M2 cells in the uterus, thus maintaining a
normal pregnancy [9]. The functional diversity of macro-
phages reflects the high plasticity of the microenvironment
at the maternal-fetal interface [10]. Appropriate and timely
regulation of M1 to M2 polarization is considered the key
factor to establish and maintain pregnancy at different
stages. However, an imbalance of this polarization will lead
to disruption of the microenvironment at the maternal-
fetal interface, leading to pathological pregnancy and dis-
eases, such as recurrent spontaneous abortion (RSA) [11].
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ATP citrate lyase (ACLY) is one of the main enzymes
that catalyze the formation of cytoplasmic acetyl CoA. In
addition to providing the classical function of acetyl CoA
for new fat production, ACLY also participates in epigenetic
regulation through histone acetylation [12]. There is evi-
dence that epigenetic modifications are involved in early
embryogenesis, and defects in epigenetic patterns contribute
to the occurrence and development of RSA [13, 14]. Histone
modification is one of the main epigenetic mechanisms [15].
In recent years, studies have found that histone acetylation
plays an important role in the expression of cytokines [16].
For example, the application of histone deacetylase (HDAC)
inhibitors, such as trichostatin A (TSA), leads to extensive
acetylation of histones, thus reducing the expression of genes
encoding inflammatory cytokines, such as interleukin- (IL-)
2, IL-6, and interferon- (IFN-) γ, as well as reducing the
symptoms of lupus prone mice [17]. However, despite being
a powerful epigenetic regulator, it is still unknown whether
ACLY plays an important role in the maintenance of the
maternal fetal-interface immune system, and whether ACLY
participates in macrophage polarization and their functional
regulation, thus affecting the pathogenesis of recurrent
abortion.

In this study, we aimed to evaluate the localization and
expression of ACLY in placental tissues of patients with a
normal pregnancy and patients with RSA and to determine
the role, if any, of ACLY in RSA. Through in vitro cell exper-
iments, it was confirmed that knockdown of ACLY in tro-
phoblasts led to the inhibition of histone acetylation, which
reduced the secretion of IL-10 from trophoblasts. This
reduction of IL-10 activated endoplasmic reticulum stress
in macrophages, thus inhibiting their M2 polarization.
Therefore, the results of the present study provide new
insights and ideas for the pathogenesis of RSA.

2. Materials and Methods

2.1. Patient and Tissue Samples. A total of 25 patients with
induced abortion due to accidental pregnancy (the healthy
control, HC group) and 25 patients with RSA were included
in this study. Patients with the following characteristics were
excluded: (1) pelvic examination and ultrasound showing
genital malformations, (2) chromosomal abnormality of
the parent or embryo, (3) infectious diseases, and (4) symp-
toms of endocrine or metabolic diseases. Samples were col-
lected immediately after curettage and washed with PBS.
One part of the collected placental tissue was fixed in 4%
paraformaldehyde and embedded in paraffin. The other part
of the tissue was frozen and stored in liquid nitrogen. All
samples were collected with the informed consent of the
patients, and all relevant procedures were approved by the
internal review and ethics committee of the Renmin Hospi-
tal of Wuhan University. The baseline characteristics of the
patients are summarized in Table 1.

2.2. Immunofluorescence. Tissue sections were dewaxed,
washed, subjected to antigen repair, and blocked. Primary
antibodies recognizing cytokeratin 7 (CK7) (66483-1-Ig,
1 : 1,000 dilution, Proteintech, Wuhan, China), human leu-

kocyte antigen-G (HLA-G) (66447-1-Ig, 1 : 200 dilution,
Proteintech), and ACLY (15421-1-ap, 1 : 100 dilution, Pro-
teintech) were added and incubated overnight at 4°C. After
washing with PBST, horseradish peroxidase- (HRP-) labeled
Goat anti rabbit (5220-0336, 1 : 1,000 dilution, SeraCare,
Millford, MA, USA) or HRP-labeled Goat anti mouse
(5220-0341, 1 : 1,000 dilution, SeraCare) secondary anti-
bodies were added and incubated in the dark at room tem-
perature for 50min. Tyramine salt-CY3 or Tyramine salt-
488 was added and incubated in the dark at room tempera-
ture for 20min. The nuclei were stained using 4′,6-diami-
dino-2-phenylindole (DAPI) and then observed using an
orthographic microscope system (Olympus BX51, Tokyo,
Japan).

2.3. Immunohistochemistry. The tissue sections were
dewaxed, washed, subjected to antigen repair, and blocked.
Primary antibodies recognizing cytokeratin 7 (CK7)
(66483-1-Ig, 1 : 2,000 dilution, Proteintech), human leuko-
cyte antigen-G (HLA-G) (66447-1-Ig, 1 : 400 dilution, Pro-
teintech), ACLY (15421-1-ap, 1 : 100 dilution, Proteintech),
acetyl-Histone H3 (af4365, 1 : 100 dilution, Affinity Biosci-
ences, Jiangsu, China), activating transcription factor 6
(ATF6) (24169-1-ap, 1 : 200 dilution, Proteintech), glucose-
regulated protein, 78 kDa (GRP78) (11587-1-ap, 1 : 400 dilu-
tion, Proteintech), phosphorylated- (p-) PRKR-like endo-
plasmic reticulum kinase (PERK) (df7576, 1 : 200 dilution,
Affinity Biosciences), p-inositol-requiring enzyme 1 (IRE1)
(af7150, 1 : 200 dilution, Affinity Biosciences), and XBP1s
(24868-1-AP, 1 : 400 dilution, Proteintech) were added and
incubated overnight at 4°C. The sections were washed with
PBST, and HRP-labeled Goat anti-rabbit (5220-0336,
1 : 1,000 dilution, SeraCare) or HRP-labeled Goat anti-
mouse (5220-0341, 1 : 1,000 dilution, SeraCare) secondary
antibodies were added to cover the tissue, followed by incu-
bation at room temperature in the dark for 50min. Diami-
nobenzidine (DAB) chromogenic solution was added, and
the sections were observed under an upright microscope sys-
tem (Olympus BX51).

2.4. Cell Culture. HTR-8 and JEG-3 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM)/F12 medium,
JAR cells were cultured in DMEM medium, BeWo cells were
cultured in minimal essential (MEM) medium, and THP-1
cells were cultured in Roswell Park Memorial Institute-
(RPMI-) 1640medium. All cells were cultured in a cell incuba-
tor containing 5% CO2 and sufficient humidity at 37°C.

Table 1: Demographic and clinical characteristics of the study
population.

Characteristics HC RSA p value

Age (years) 30:04 ± 3:03 30:36 ± 2:41 0.681

BMI (kg/m2) 21:81 ± 1:49 22:09 ± 1:72 0.536

Gestation age (weeks) 7:32 ± 0:80 7:44 ± 1:08 0.658

Number of miscarriages 0:12 ± 0:33 2:76 ± 0:72 < 0.001

HC: healthy control; RSA: recurrent spontaneous abortion; BMI: body mass
index.
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2.5. Cell Transfection. Lentiviruses expressing a short hairpin
RNA (shRNA) targeting ACLY or a control shRNA were
synthesized by Shanghai GeneChem (Shanghai, China).
The RNA interference (RNAi) target sequence was as fol-
lows: ACLY-RNAi-1 (CTAAGTACTCTTGCCAGTT),
ACLY-RNAi-2 (TGAGAGCAATTCGAGATTA), and
ACLY-RNAi-3 (AGGACTTGTACTTCACCTA). According
to the manufacturer’s instructions, the ACLY shRNA and
control shRNA lentiviruses were transfected into cells, and
the stably expressing cell lines were screened using
puromycin.

2.6. THP-1 Differentiation and Coculture System. For macro-
phage polarization, THP-1 cells were incubated in 100ng/ml

phorbol 12 myristate 13 acetate (PMA, Sigma, St. Louis, MO,
USA) for 24 hours to differentiate into M0 macrophages. To
establish a coculture system, we cultured the M0macrophages
with culture supernatants of stably transfected and control
HTR-8, JEG-3, and JAR cells as conditioned medium. After
72 hours of culture, the macrophages were collected for
analysis.

2.7. RNA Isolation and Quantitative Real-Time Reverse
Transcription PCR (qRT-PCR). Total RNA was extracted
using the TRIzol reagent (Invitrogen, Waltham, MA, USA)
according to the manufacturer’s instructions. After the
RNA concentration and purity were detected, the Primes-
Script ™ RT Master Mix (perfect real-time) (Takara, Shiga,
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Figure 1: Location of ACLY in human placental tissue during early pregnancy. ACLY expression in cytotrophoblasts (CTBs),
syncytiotrophoblasts (STBs), and extravillous trophoblasts (EVTs), as detected using immunohistochemistry (a) and immunofluorescence
(b). Cytokeratin 7 (CK7) and human leukocyte antigen-G (HLA-G) were used as markers of CTBs and EVTs, respectively. Specific
fluorescence staining of ACLY is stained red, CK7 or HLA-G is stained green, and the nucleus is stained blue (DAPI staining). All
images are of a 200x visual field under the microscope. Scale bar = 50 μm.
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Japan) was used to reverse transcribe the total RNA into cDNA.
The cDNA was used as a template in a TB green ® Premix Ex
Taq™ reaction to quantify the mRNA expression. GAPDH
(encoding glyceraldehyde-3-phosphate dehydrogenase) was
used as the internal reference. The primer sequences were as fol-
lows: ACLY, forward: 5′-GCTCTGCCTATGACAGCACCAT-
3′, reverse: 5′-GTCCGATGATGGTCACTCCCTT-3′; CD206,
forward: 5′-AGCCAACACCAGCTCCTCAAGA-3′, reverse:
5′-CAAAACGCTCGCGCATTGTCCA-3′; CD163, forward:
5′-CCAGAAGGAACTTGTAGCCACAG-3′, reverse: 5′-
CAGGCACCAAGCGTTTTGAGCT-3′; CCL18 (encoding C-
C motif chemokine ligand 18), forward: 5′-GTTGACTATTC
TGAAACCAGCCC-3′, reverse: 5′-GTCGCTGATGTATTTC
TGGACCC-3′; CXCL16 (encoding C-X-C motif chemokine
ligand 16), forward: 5′-CCTATGTGCTGTGCAAGAGGAG-
3′, reverse: 5′-CTGGGCAACATAGAGTCCGTCT-3′; IL10,
forward: 5′-TCTCCGAGATGCCTTCAGCAGA-3′, reverse:
5′-TCAGACAAGGCTTGGCAACCCA-3′; IL6, forward: 5′-
AGACAGCCACTCACCTCTTCAG-3′, reverse: 5′-TTCTGC
CAGTGCCTCTTTGCTG-3′; IL-34, forward: 5′-CCAAGG
TGGAATCCGTGTTGTC-3′, reverse: 5′-CACCTCACAGT
CCTGCCAGTTT-3′; MCSF (encoding macrophage colony

stimulating factor), forward: 5′-TGAGACACCTCTCCAG
TTGCTG-3′, reverse: 5′-GCAATCAGGCTTGGTCACC
ACA-3′; GAPDH, forward: 5′-GTCTCCTCTGACTTCAACA
GCG-3′, reverse: 5′-ACCACCCTGTTGCTGTAGCCAA-3′.

2.8. Flow Cytometry. After sample treatment, a single cell
suspension was collected and incubated with Human TruStain
FcX™ (BioLegend, San Diego, CA, USA) at room temperature
for 10 minutes; then, a phycoerythrin- (PE-) coupled anti-
CD206 antibody (BioLegend) was added, incubated at 4°C
for 20minutes, and washed twice with cell staining buffer (Bio-
Legend). 7-Aminoactinomycin D (7-AAD) Viability Staining
Solution (BioLegend) was added and incubated in the dark
for 5 minutes. The cells were immediately analyzed using flow
cytometry (BD FASC Calibur, USA).

2.9. Enzyme-Linked Immunosorbent Assay (ELISA). After
sample collection, the level of IL-10 was determined using
a human IL-10 ELISA kit (Cusabio, Wuhan, China) accord-
ing to the manufacturer’s instructions.

2.10. Western Blotting. Radio Immunoprecipitation Assay
Lysis Buffer (P0013B, Beyotime, Shanghai, China) or Epi-
Quik Total Histone Extraction Kit (OP-0006-100, Amyjet

4

3

2

0AC
LY

 re
lat

iv
e m

RN
A

 le
ve

l

HC RSA

1

⁎⁎

(a)

120kDa

HC RSA

36kDa

ACLY

GAPDH

0.4

0.3

0.2

0.0AC
LY

 re
lat

iv
e p

ro
te

in
 le

ve
l

HC RSA

0.1

⁎⁎

(b)

HC

RSA

200× 400×

��

AC
LY

 IO
D

300

200

0.0
HC RSA

100

(c)

Figure 2: Decreased ACLY expression in chorionic tissue of patients with recurrent spontaneous abortion (RSA). (a) ACLY mRNA
expression levels in the villi of patients with RSA and the healthy control (HC) group, as determined using qRT-PCR (n = 25). (b) The
protein levels of ACLY in the villi of patients with RSA and the HC group, as analyzed using Western blot (n = 5). (c) The protein levels
of ACLY in villi of patients with RSA and the HC group, as measured using immunohistochemistry (n = 5). ∗∗p < 0:01, compared with
the HC group. IOD: Integrated Optical Density. Scale bar: 200x = 50μm, 400x = 20 μm.
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Scientific, Wuhan, China) was used to extract total protein
or total histone, respectively. The protein sampled was sub-
jected to protein gel electrophoresis and then transferred
onto a PVDF membrane. The membrane was then incu-

bated with primary antibodies recognizing Histone-H3
(17168-1-AP, 1 : 5,000 dilution, Proteintech), acetyl-Histone
H3 (af4365, 1 : 1,000 dilution, Affinity Biosciences, Jiangsu,
China), ACLY (15421-1-ap, 1 : 2,000 dilution, Proteintech),
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Figure 3: Construction of the ACLY knockdown trophoblast line. (a) The expression of ACLY in four trophoblastic cell lines, as detected
using qRT-PCR. (b) The protein level of ACLY in four trophoblastic cell lines, as detected using Western blotting. (c–e) The protein level of
ACLY in HTR-8, JEG-3, and JAR cells, as detected using Western blotting.
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Figure 4: Continued.
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GAPDH (60004-1-Ig, 1 : 50,000 dilution, Proteintech), acti-
vating transcription factor 6 (ATF6) (24169-1-ap, 1 : 1,000
dilution, Proteintech), glucose-regulated protein, 78 kDa
(GRP78) (11587-1-ap, 1 : 2,000 dilution, Proteintech), phos-
phorylated- (p-) PRKR-like endoplasmic reticulum kinase
(PERK) (df7576, 1 : 2,000 dilution, Affinity Biosciences), p-
inositol-requiring enzyme 1 (IRE1) (af7150, 1 : 1,000 dilu-
tion, Affinity Biosciences), and XBP1s (24868-1-AP,
1 : 1,000 dilution, Proteintech). After washing with Tris-
buffered saline-Tween 20 (TBST), the membrane was incu-
bated in anti-rabbit secondary antibody (5151, 1 : 30,000
dilution, CST) or anti-mouse secondary antibody (5257,
1 : 15,000 dilution, CST) at room temperature for 1 hour
and then washed with TBST. The immunoreactive proteins
on the membrane were visualized using the Odyssey infrared
imaging system (LI-COR, Lincoln, NE, USA), and then, the
gray value of the protein bands was analyzed using the Ima-
geJ software (NIH, Manassas, MD, USA).

2.11. Statistical Analysis. Data from at least three indepen-
dent experiments were analyzed, and all data are expressed

as the mean ± standard error (SD) of mean. All statistical
analyses were performed using GraphPad Prism 6.01
(GraphPad Inc., La Jolla, CA, USA). Student’s t-test was
used to evaluate difference between two groups, and one-
way ANOVA was used to compare difference between mul-
tiple groups. p < 0:05 was considered statistically significant.

3. Results

3.1. Localization of ACLY in Human Placental Tissue. We
first detected ACLY location in human placental tissue dur-
ing early pregnancy using immunohistochemistry and
immunofluorescence techniques, and all images were of a
200x visual field under the microscope (Figure 1). The
results showed that ACLY was expressed in cytotrophoblasts
(CTBs), syncytiotrophoblasts (STBs), and extravillous tro-
phoblasts (EVTs) (Figures 1(a) and 1(b)).

3.2. ACLY Expression Is Decreased in Chorionic Tissue of
Patients with RSA. To determine the difference in ACLY
expression between normal pregnancy and patients with
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Figure 4: Knockdown of ACLY in HTR-8, JAR, and JEG-3 cells inhibited M2 polarization. (a–c) The expression of genes encoding M2
macrophage markers (CD163, CD206, and CCL18) in M0 macrophages and cocultured macrophages, as detected using qRT-PCR. (d–f)
Mean fluorescence intensity (MFI) of CD206, as analyzed using flow cytometry in the three cell lines. ∗p < 0:05, ∗∗p < 0:01, compared with
shCtrl+M0; ##p < 0:01, compared with M0.
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RSA, qRT-PCR and Western blotting were performed using
villus tissues. The results showed that ACLY expression in
the villi of patients in the RSA group was significantly lower
than that in the HC group at the mRNA and protein levels
(Figures 2(a) and 2(b)). In addition, we performed immuno-
histochemical staining on villi to further verify the expres-
sion of ACLY, and the images were of a 200x or 400x
visual field under the microscope. The results showed that
ACLY levels in villi of patients in the RSA group were signif-
icantly lower than those in the HC group (Figure 2(c)).
These results suggest that ACLY expression is downregu-
lated in villi of patients with RSA.

3.3. Construction of ACLY Knockdown Trophoblast Cell Line.
The biological dysfunction of trophoblasts is closely related
to the pathogenesis of RSA; therefore, we first observed the
expression of ACLY in HTR-8, JEG-3, JAR, and BeWo tro-
phoblast lines using qRT-PCR and Western blotting. The
results showed that among the four cell lines, the expression
of ACLY in BeWo cells was the lowest and was expressed at
higher levels in HTR-8, JEG-3, and JAR cells (Figures 3(a)
and 3(b)). Subsequently, we used three different sequences
to knock down the ACLY genes in HTR-8, JEG-3, and JAR
cells and then detected the knockdown efficiency using
Western blotting. The results showed that the ACLY protein
level in the shACLY-1 and shACLY-2 group was signifi-
cantly reduced (Figures 3(c)–3(e)).

3.4. Knockdown of ACLY in Trophoblasts Inhibited M2
Polarization of THP-1 Macrophages. The functional distor-
tion of decidual macrophages is closely related to the occur-
rence of RSA. In addition, there is crosstalk and interaction
between trophoblast cells and decidual macrophages. To
explore whether ACLY knockdown in trophoblasts affected
the polarization of THP-1 macrophages, we selected

shACLY-1 and shACLY-2 to knockdown the ACLY genes
in HTR-8, JEG-3, and JAR cells. We transfected HTR-8,
JAR, and JEG-3 cells with shRNA ACLY or empty vector
virus. Then, THP-1 macrophages were cultured in the con-
ditioned medium of the transfected cells for 72 hours.
qRT-PCR was then used to detect the expression of M2 mac-
rophage markers CD206, CD163, and CCL18. The results
showed that compared with the M0 group, the mRNA levels
of M2 macrophage markers CD206, CD163, and CCL18 were
upregulated after treatment with HTR-8/JAR/JEG-3-shctrl
supernatant, while their mRNA levels were downregulated
significantly after treatment with HTR-8, JAR, or JEG-3-
shACLY-1/-2 supernatant (Figures 4(a)–4(c)). Moreover,
flow cytometry analysis showed that the mean fluorescence
intensity (MFI) of CD206 in the shACLY-1/-2 group was
decreased compared with that in the shCtrl group in the
three cell lines (Figures 4(d)–4(f)). These results suggested
that a lack of ACLY in trophoblasts inhibited macrophage
polarization to M2.

3.5. Trophoblast-Derived IL-10 Promotes M2 Polarization.
Studies have shown that trophoblasts can transmit signals
to decidual macrophages through secreted factors. To
explore the potential mechanism, we first analyzed the
mRNA expression of cytokines related to trophoblast-
derived regulation of macrophage M2 polarization (IL-6,
IL-10, CXCL16, M-CSF, and IL-34) using qRT-PCR. The
results showed that compared with the control group
(shCtrl), IL6, IL10, CXCL16, MCSF, and IL34 in HTR-8,
JAR, and JEG-3 cells transfected with shRNA ACLY virus
decreased by varying degrees (Figure 5(a)). Studies have
shown that IL-10 was closely related to epigenetic modifica-
tions [18]; therefore, we further detected the level of IL-10
using ELISA. The results showed that IL-10 levels were sig-
nificantly reduced in HTR-8, JAR, and JEG-3 cells
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Figure 5: The trophoblast-derived cytokine IL-10 promotes M2 polarization. (a) The expression of genes encoding trophoblast-derived
cytokines (IL-6, IL-10, CXCL16, M-CSF, and IL-34) that regulate macrophage M2 polarization, as detected using qRT-PCR. (b) The
protein level of IL-10, as detected using ELISA. (c–e) The mean fluorescence intensity (MFI) of CD206, as analyzed using flow
cytometry. ∗p < 0:05, ∗∗p < 0:01, compared with shCtrl or shACLY+M0+ IL-10(-). After M0 macrophages were treated with HTR-8,
JAR, or JEG-3-shACLY supernatant, with or without IL-10 (50 ng/ml), the MFI of CD206 was analyzed using flow cytometry.
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Figure 6: Continued.

10 Oxidative Medicine and Cellular Longevity



transfected with shRNA ACLY virus (Figure 5(b)), which
was consistent with the results of qRT-PCR. Therefore, we
focused on the role of IL-10. After M0 macrophages were
treated with HTR-8, JAR, or JEG-3-shACLY-1 supernatant,
with or without IL-10 (50 ng/ml), the average fluorescence
intensity of CD206 was analyzed using flow cytometry. The
results showed that the MFI of CD206 increased after adding
IL-10, which promoted M2 polarization (Figures 5(c)–5(e)).
These results suggest that trophoblast-derived cytokine IL-10
is involved in M2 polarization.

3.6. ACLY Knockdown Leads to Changes in IL-10 Expression
through Histone Acetylation. ACLY is very important for the
epigenetic regulation of histone acetylation. First, we per-
formed immunohistochemical staining on villi to verify the
expression of H3 acetylation, and the images were of a
200x or 400x visual field under the microscope. It showed
that histone H3 acetylation in villi of patients in the RSA
group was significantly lower than those in the HC group
(Figure 6(a)) These results suggest that H3 acetylation is
downregulated in villi of patients with RSA. To further clar-
ify the potential mechanism of ACLY, we detected histone
H3 acetylation in trophoblasts. The results showed that
compared with that in the shCtrl group, histone H3 acetyla-
tion in HTR-8, JAR, and JEG-3 cells transfected with shRNA
ACLY virus decreased by varying degrees but did not affect
the total level of H3. Subsequently, treatment with the his-
tone deacetylase inhibitor trichostatin A (TSA) rescued the
histone H3 acetylation level (Figure 6(b)). Considering the
effect of ACLY on the expression of trophoblast-derived
IL-10, we further studied whether ACLY regulates the
expression of cytokine IL-10 by regulating histone acetyla-
tion. The results of qRT-PCR and ELISA consistently
showed that IL-10 level decreased significantly in HTR-8,
JAR, and JEG-3 cells transfected with shRNA ACLY virus,
and downregulation of IL-10 could be restored after TSA
treatment (Figures 6(c) and 6(d)). It suggests that a lack of

ACLY in trophoblasts may inhibit IL-10 expression by inhi-
biting histone acetylation.

3.7. Endoplasmic Reticulum Stress Is Involved in IL-10-
Mediated Macrophage Polarization. Studies have shown that
endoplasmic reticulum stress is involved in the process of
M2 polarization of macrophages. To explore the internal
mechanism, we treated M0 macrophages with HTR-8, JAR,
or JEG-3 supernatant, with or without IL-10 (50 ng/ml)
and detected the levels of endoplasmic reticulum stress-
related proteins in macrophages using Western blotting.
The results showed that compared with the HTR-8, JAR,
and JEG-3-shCtrl groups, the level of endoplasmic reticulum
stress-related proteins XBP1, p-PERK, p-IRE1, ATF6, and
GRP78 in macrophages increased significantly after HTR-
8, JAR, or JEG-3-shACLY-1 supernatant treatment; how-
ever, the levels of endoplasmic reticulum stress-related pro-
teins in macrophages were decreased after IL-10 addition
(Figures 7(a)–7(c)). Then, we performed immunohisto-
chemical staining to detected the levels of endoplasmic retic-
ulum stress-related proteins XBP1, p-PERK, p-IRE1, ATF6,
and GRP78 in decidua from normal pregnancy and patients
with RSA (Figures 8(a)–8(e)), and the results were consistent
with those of Western blotting. The above results suggested
that inhibition of endoplasmic reticulum stress mediated
by trophoblast-derived IL-10 might be involved in macro-
phage polarization.

4. Discussion

The present study demonstrated that ACLY was highly
expressed in placental villi and extravillous trophoblasts of
normal pregnancy but was downregulated in the placental
villi of RSA. Knockdown of ACLY in trophoblasts reduced
the secretion of IL-10 by inhibiting histone acetylation.
The reduced secretion of IL-10 by trophoblasts activated
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Figure 6: Downregulation of ACLY leads to change in IL-10 expression through histone acetylation. (a) The protein levels of acetylated
histone H3 in villi of patients with the RSA and the HC groups, as measured using immunohistochemistry (n = 5). (b) The levels of
total acetylated histone H3 and histone H3, as detected using Western blotting. (c) The expression of IL10, as detected using qRT-
PCR. (d) The protein level of IL-10, as detected using ELISA. ∗∗p < 0:01, compared with the HC group; ∗∗p < 0:01, compared with
shCtrl; #p < 0:05, ##p < 0:01, compared with shACLY. IOD: Integrated Optical Density. Scale bar: 200x = 50 μm, 400x = 20μm.
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endoplasmic reticulum stress in macrophages, inhibiting
their polarization to the M2 phenotype (Figure 9).

RSA, defined as two or more consecutive abortions,
affects 5% of women of childbearing age [19]. The causes
of RSA are complex, including genetic factors, abnormal
female anatomy, hormones, infection, and mental health
[20]. The fetus can be regarded as a semiallogeneic graft
implanted into the mother. In a successful pregnancy, the
mother will not reject the fetus because of the immune toler-
ance mechanism at the maternal-fetal interface [21]. The
generation of maternal-fetal immune tolerance is very
important for the successful establishment of mammalian
pregnancies. Failure of maternal-fetal immune tolerance
might lead to abnormal pregnancy diseases, including RSA
[22–24]. The maternal-fetal interface comprises of a series
of immune cells, such as decidual natural killer (dNK) cells,
macrophages, T cells, dendritic cells, and B cells [25, 26]. In
addition to these immune cells, fetal-derived trophoblast
cells invade the maternal myometrium, which is also essen-
tial for maintaining immune tolerance [27, 28]. Decidual
macrophages are in close contact with trophoblast cells dur-
ing placental development, and the relationship between

them is very important to establish and maintain a healthy
pregnancy [1].

ATP citrate lyase (ACLY), an enzyme that generates ace-
tyl CoA from citric acid, is the first rate control enzyme
responsible for lipid synthesis and connects cell metabolism
with histone acetylation [29]. Acetyl CoA is a key metabolic
intermediate connecting metabolism, signal transduction,
and epigenetics. It is an acetyl donor for protein acetylation
reactions and plays an important role in chromatin dynam-
ics and gene regulation [30, 31]. Many studies have estab-
lished a close relationship between epigenetic regulation
and placental trophoblast function by proving the key role
of epigenetic regulatory factors in maintaining a healthy
pregnancy [32, 33]. Disorder of ACLY is related to various
diseases, including cancer [34]. Recent studies have shown
that ACLY-mediated metabolic recombination is essential
for epigenetic regulation of macrophage activation through
histone acetylation [35, 36]; however, the role of ACLY in
the maternal-fetal interface is unclear. Our results showed
that ACLY was expressed positively in cytotrophoblasts
(CTBs), syncytiotrophoblasts (STBs), and extravillous tro-
phoblasts (EVTs). Interestingly, we found that ACLY was
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Figure 7: Endoplasmic reticulum stress is involved in IL-10-mediated macrophage polarization. (a–c) The levels of endoplasmic reticulum
stress-related proteins, as detected using Western blotting (final concentration of IL-10 was 50 ng/ml). ##p < 0:01, compared with shCtrl
+M0; ∗p < 0:05, ∗∗p < 0:01, compared with shACLY+M0.
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Figure 8: (a–e) The protein levels of endoplasmic reticulum stress-related proteins in decidua of patients with the RSA and the HC groups,
as measured using immunohistochemistry (n = 5). ∗∗p < 0:01, compared with the HC group. IOD: Integrated Optical Density. Scale bar:
200x = 50 μm, 400x = 20μm.
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Figure 9: ACLY is decreased in placental villi from RSA, which may lead to the inhibition of histone acetylation in trophoblasts, thereby
reducing the secretion of IL-10. Reduced IL-10 secretion activates endoplasmic reticulum stress in macrophages, thus inhibiting their M2
polarization.
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also expressed in other cells in decidua, and their existence
may have a certain pathophysiological effect, but we think
it has nothing to do with the theme of this study. Moreover,
we found that ACLY was significantly reduced in the villous
tissue in the RSA group. These results suggested that the
decrease in the ACLY level in villous trophoblasts is associ-
ated with RSA. Therefore, we detected the expression level
of ACLY in four trophoblast cell lines (HTR-8, JEG-3,
JAR, and BeWo), which showed that ACLY was highly
expressed in HTR-8, JAR, and JEG-3 cell lines relative to
that in BeWo cells. To clarify the function of ACLY, we
knocked down the ACLY gene in HTR-8, JEG-3, and JAR
cells for further experiments.

Macrophages are the second most abundant immune
cell group in the pregnant uterus, accounting for about 20%
of the total number of decidual leukocytes [37]. Macrophages
can be divided into two polarization types according to their
phenotype and secreted cytokines, namely, classically acti-
vated M1 macrophages and selectively activated M2 macro-
phages [38]. Macrophage polarization plays an important
role in immune tolerance at the maternal-fetal interface. A
change in macrophage polarization can lead to adverse preg-
nancy outcomes, such as infertility, RSA, and preterm birth
[39]. Macrophages in the maternal-fetal interface are mainly
M2 type, secreting high level of inhibitory cytokine IL-10
and low level of proinflammatory cytokine IL-1β, which is
conducive to maintaining immune tolerance and normal
pregnancy [40]. In maternal-fetal crosstalk, fetal trophoblast
cells can secrete a variety of molecules to regulate immune tol-
erance, such as cytokines and chemokines [41, 42]. In addi-
tion, trophoblast cells can regulate the behavior of decidual
macrophages by secreting cytokines or chemokines and par-
ticipate in the induction of decidual macrophages into the
M2 phenotype [43]. To investigate whether ACLY knockdown
in trophoblasts is involved in the polarization of THP-1 mac-
rophages, HTR-8, JAR, and JEG-3 cells were transfected with
shRNA ACLY or empty vector virus. M0 macrophages were
then incubated in conditioned media from HTR-8, JAR, or
JEG cells transfected with shCtrl and HTR-8, JAR, or JEG cells
transfected with shACLY for 72 hours. Untreated M0 macro-
phages were used as the control group. Our results showed
that impaired ACLY expression in trophoblasts inhibited the
M2 polarization of macrophages.

Trophoblasts can transmit signals to decidual macro-
phages through trophoblast secretory factors [44]. Interesting
findings reported by Wang et al. [45] that trophoblast-derived
CXCL16 induces M2 macrophage polarization that in turn
inactivates NK cells at the maternal-fetal interface. Svensson-
Arvelund et al. [46] found that that the human fetal placenta
itself, particularly through trophoblast cells, was able to create
a homeostatic and tolerant environment by producing soluble
factors (M-CSF, IL-10, TGF-β, and TRAIL) that induced the
polarization of homeostatic macrophages and the expansion
of Tregs, as well as limited excessive Th cell activation.
Recently, Ding et al. [47] found that trophoblast-derived IL-
6 served as an important factor for normal pregnancy by acti-
vating Stat3-mediated M2 macrophage polarization. Besides,
IL-34, a newly discovered cytokine, was present at the fetal-
maternal interface and induced immunoregulatory macro-

phages of a decidual phenotype in vitro [48]. Therefore, to
explore the potential mechanism, we first analyzed the expres-
sion of trophoblast-derived cytokines (IL-6, IL-10, CXCL16,
M-CSF, and IL-34) in trophoblast cell lines. We found that
compared with the control group (shCtrl), IL6, IL10, CXCL16,
MCSF, and IL34 in HTR-8, JAR, and JEG-3 cells transfected
with shRNA ACLY virus decreased by varying degrees.

ACLY produces acetyl CoA, which provides a donor
substrate for histone acetylation [49]. In addition, histone
acetylation is important for the expression of cytokines [50,
51]. Studies have shown that IL-10 was closely related to epi-
genetic modifications [18]. In addition, changes in histone
modifications, especially histone acetylation, can lead to
abnormal expression of IL-10 mRNA [52, 53]. Therefore,
we focused on the role of IL-10. It showed that
trophoblast-derived cytokine IL-10 was involved in M2
polarization. And we further explored whether the changes
in IL-10 secretion caused by ACLY deletion were related to
histone acetylation. The results showed that a lack of ACLY
in trophoblasts might reduce the expression of IL-10 by
inhibiting histone acetylation. A previous study showed that
changes in histone modification, especially histone acetyla-
tion, can lead to abnormal expression of IL10 mRNA [18],
which is consistent with our results.

The endoplasmic reticulum (ER) is an important intra-
cellular organelle responsible for protein synthesis, folding,
and modification; lipid synthesis; and calcium storage [54].
The unfolded protein response (UPR) is an adaptive intra-
cellular signaling pathway that responds to ER stress by
weakening overall protein translation and degrading
unfolded proteins [55]. Hypersecretory cell types, such as
immune cells, might be highly sensitive to ER stress because
of their required increased protein synthesis and folding
[56]. For example, a study found IRE1α ablation enhanced
M2 polarization of macrophages in a cellular autonomous
manner [57]. Other studies have shown that the activation
of ER stress plays a role in inhibiting the M2 polarization
of macrophages [58]. These results suggest that the polariza-
tion of M2 macrophages is closely related to their ER stress
state. Therefore, after using the coculture system, we
detected the expression of ER stress marker proteins such
as p-PERK, p-IRE1, ATF6, and GRP78 in macrophages.
The results showed that compared with the HTR-8, JAR,
and JEG-3-shCtrl groups, the ER stress marker proteins of
macrophages increased significantly after culture with the
supernatants of HTR-8, JAR, or JEG-3-shACLY. Adding
IL-10 could reverse the increase in ER stress marker proteins
in macrophages caused by ACLY knockdown in tropho-
blasts. This is consistent with previous research results [58].

In conclusion, our data demonstrated the important role
of ACLY in the pathogenesis of RSA. ACLY was strongly
expressed in the placental villi and extravillous trophoblasts
of normal pregnancy but was downregulated in the placental
villi of RSA. The knockdown of ACLY in trophoblasts
reduced the secretion of IL-10 by inhibiting histone acetyla-
tion. The reduced secretion of IL-10 by trophoblasts caused
activation of ER stress of macrophages, which inhibited the
polarization of macrophages to M2 macrophages. Therefore,
ACLY targeting acetyl CoA production might be a potential

17Oxidative Medicine and Cellular Longevity



therapeutic intervention for RSA. The epigenetic effect of
ACLY on RSA is very important and cannot be ignored.
However, there are still some limitations in this study, as fur-
ther in vivo investigations is warranted in the future. In-
depth studies relating to the regulation of the ACLY on tro-
phoblasts will help us to elucidate the pathogenesis of a class
of primary trophoblastic diseases such as RSA and provide
new therapeutic targets for the treatment of RSA.
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