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Serum amyloid A1 (SAA1) is an acute phase protein produced mainly by the liver

to participate in immunomodulation in both sterile and non-sterile inflammation.

However, non-hepatic tissues can also synthesize SAA1. It remains to be determined

whether SAA1 synthesized locally in the placenta participates in parturition via eliciting

inflammatory reactions. In this study, we investigated this issue by using human placenta

and a mouse model. We found that SAA1 mRNA and protein were present in human

placental villous trophoblasts, which was increased upon syncytialization as well as

treatments with lipopolysaccharides (LPS), tumor necrosis factor-α (TNF-α), and cortisol.

Moreover, significant increases in SAA1 abundance were observed in the placental tissue

or in the maternal blood in spontaneous deliveries without infection at term and in

preterm birth with histological chorioamnionitis. Serum amyloid A1 treatment significantly

increased parturition-pertinent inflammatory gene expression including interleukin-1β

(IL-1β), IL-8, TNF-α, and cyclooxygenase-2 (COX-2), along with increased PGF2α

production in syncytiotrophoblasts. Mouse study showed that SAA1 was present in

the placental junctional zone and yolk sac membrane, which was increased following

intraperitoneal administration of LPS. Intraperitoneal injection of SAA1 not only induced

preterm birth but also increased the abundance of IL-1β, TNF-α, and COX-2 in the

mouse placenta. Conclusively, SAA1 can be synthesized in the human placenta, which

is increased upon trophoblast syncytialization. Parturition is accompanied with increased

SAA1 abundance in the placenta. Serum amyloid A1 may participate in parturition in the

presence and absence of infection by inducing the expression of inflammatory genes in

the placenta.
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INTRODUCTION

Inflammation of gestational tissues is implicated in the initiation of parturition at both term and
preterm birth (1–4). Although infection-induced inflammation is an important cause of preterm
delivery (2), non–infection-induced local immune remodeling in intrauterine tissues, also known
as sterile inflammation, is an indispensable mechanism of labor onset at term as well (1, 4, 5).
Moreover, sterile inflammation appears to be more frequent in gestational tissues in preterm
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labor with intact fetal membranes (6, 7). Therefore,
understanding the mechanism of inflammation in parturition
with or without infection may help develop strategies for
prevention of preterm birth.

Serum amyloid A (SAA) belongs to acute phase proteins.
Serum amyloid A family is consisted of multiple members
including the most abundant serum amyloid A1 (SAA1) and
other less prominent members such as SAA2α, SAA2β, SAA3,
and SAA4 (8, 9). Serum amyloid A1 is massively secreted into the
blood predominantly by the liver in the acute phase of responses
to both sterile and non-sterile noxious stimuli (8, 9). Although
the exact role of SAA1 in acute phase responses is not completely
understood, accumulating evidence indicates that SAA1 may act
as chemoattractant and immune modulator in either sterile and
non-sterile inflammatory reactions via a number of receptors
including RAGE (receptor for advanced glycation end products),
TLR2 and TLR4 (toll-like receptor 2/4), P2X7 (P2X purinoceptor
7) receptor, and FPR2 (formyl peptide receptor 2) (8, 10–16).

In addition to the liver, SAA1 can also be synthesized in
non-hepatic tissues (17). Our recent data have shown that
SAA1 can be synthesized in human fetal membranes, which
is significantly increased at parturition (18, 19). In the fetal
membranes, SAA1 is not only involved in extracellular matrix
remodeling in membrane rupture, but also stimulates the
production of proinflammatory cytokines and prostaglandin E2
(PGE2), thereby participating in parturition (18–20). However,
whether the placenta can also be a source of SAA1 in parturition
is not known. Based on the current understanding of the role of
SAA1 in sterile and non-sterile inflammation as well as the role
of fetal membrane source of SAA1 in parturition (12, 16, 18–
20), we hypothesized that SAA1 synthesized in the placenta may
also take part in parturition by eliciting local pro-inflammatory
responses in the presence or absence of infection. Here, we tested
the hypothesis by using human placental tissue and trophoblasts
as well as a mouse model.

MATERIALS AND METHODS

Collection of Human Placenta Villous
Tissue and Maternal Blood
Human placental villous tissue andmaternal blood were obtained
from pregnancies at term or preterm, with or without labor, in the
presence or absence of infection with written informed consents
under a protocol approved by the Ethics Committee of Ren Ji
Hospital, School of Medicine, Shanghai Jiao Tong University.
Women with gestational complications such as preeclampsia,
fetal growth restriction, and gestational diabetes were excluded
from the present study. Further information on recruited
pregnant women is given in the following corresponding section.

In situ Hybridization
To study the distribution of SAA1 mRNA in human placenta,
in situ hybridization was performed on placental tissue obtained
from uncomplicated term (38–40 weeks) pregnancies after
elective cesarean section without labor [designated as term
not in labor (TNL)]. The villous tissue was fixed with
4% paraformaldehyde in 1‰ diethyl pyrocarbonate (DEPC),

and the paraffin-embedded tissue was sectioned at 4µm
in thickness for subsequent in situ hybridization using a
customized kit containing digoxigenin-labeled antisense RNA
probe against SAA1 mRNA (Boster, Wuhan, China). Briefly,
after deparaffinization, the tissue section was digested with 3%
proteinase K diluted in citric acid for 5min at 37◦C. After rinsing
with phosphate-buffered solution (PBS), the section was post-
fixed with 1% paraformaldehyde in 1‰DEPC for 10min at room
temperature. Upon washing, the post-fixed section was incubated
in hybridization solution containing the oligonucleotide probe
at 37◦C overnight. After incubation with blocking solution at
37◦C for 30min, the section was exposed to a biotin-conjugated
anti-DIG antibody for 60min at 37◦C followed by incubation
with streptavidin-biotin complex solution for 20min at 37◦C.
Biotin–peroxidase and 3,3-diaminobenzidine were then added to
develop a red brown color. For negative control, the section was
incubated with a scrambled oligonucleotide probe. The slide was
counterstained with hematoxylin and mounted for examination
with a microscope (Carl Zeiss, Oberkochen, Germany).

Immunohistochemical and
Immunofluorescence Staining
To examine the distribution of SAA1 protein, placental
villous tissue from TNL pregnancies was collected for
immunohistochemical and immunofluorescent staining.
Paraffin-embedded villous tissue was sectioned at
5µm in thickness and was then deparaffinated. For
immunohistochemical staining, endogenous peroxidase
activity was quenched with 0.3% H2O2. After blocking, the
section was incubated with a primary antibody against SAA1
(MAB30191; R&D System, Minneapolis, MN, USA) at 1:50
dilution or non-immune serum for negative control overnight
at 4◦C. After washing, the section was incubated with a
secondary antibody conjugated with biotinylated horseradish
peroxidase (HRP). The substrate 3-amino-9-ethyl carbazole
(Vector Laboratories, Burlingame, CA, USA) was then added
to develop peroxidase activity as a red color. The slide was
counterstained with hematoxylin and mounted for examination
under a microscope (Zeiss).

For immunofluorescent staining, the section was
permeabilized with 0.4% Triton X-100 following deparaffination.
After blocking, the section was incubated with primary
antibodies against SAA1 (R&D System) at 1:50 dilution and
11β-hydroxysteroid dehydrogenase 2 (11β-HSD2) at 1:200
dilution (sc-20176; Santa Cruz Biotechnology, Dallas, TX,
USA) overnight at 4◦C followed by incubation with Alexa
Fluor 488–labeled (green color) or Alexa Fluor 594–labeled
(red color) secondary antibodies (Proteintech, Wuhan, China)
against 11β-HSD2 and SAA1 primary antibodies, respectively,
for 2 h. 11β-HSD2 is a well-described placenta glucocorticoid
barrier and known to be present in the syncytiotrophoblast
(21, 22), which was used as a marker for syncytiotrophoblast
in this study. Nuclei were counterstained with DAPI (1µg/mL,
blue color). The slides were examined under a fluorescence
microscope (Zeiss).
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Isolation and Culture of Human Placental
Trophoblasts
Cytotrophoblast cells were isolated from TNL human placentas
using a modified Kliman’s method as described previously
(23, 24). Briefly, after washing with ice-cold normal saline,
placenta villous tissue was cut into small pieces and digested
with 0.125% trypsin (Sigma Chemical Co., St. Louis, MO,
USA) and 0.03% deoxyribonuclease I (Sigma) in Dulbecco
modified eagle medium (DMEM) (Gibco, Grand Island, NY,
USA) containing 1% antibiotics (Gibco). After digestion and
centrifugation, isolated cytotrophoblasts were purified with a 5%
to 65% Percoll gradient (GE Healthcare Bio-Sciences, Uppsala,
Sweden), and cytotrophoblast cells between densities of 1.049 and
1.062 g/mL were collected for culture at 37◦C in 5% CO2/95%
air in DMEM containing 10% fetal calf serum (FCS) (Gibco)
and 1% antibiotics to allow syncytialization in vitro. To visualize
the status of syncytialization, hematoxylin-eosin staining was
performed on cultured trophoblasts, which were examined using
a microscope (Zeiss).

Treatment of Cultured Human Placental
Syncytiotrophoblasts
To observe changes of SAA1 expression before and after
trophoblast syncytialization, isolated cytotrophoblasts were
cultured for 3 and 48 h in the culture medium containing
10% FCS without any treatments. To examine whether cortisol,
tumor necrosis factor-α (TNF-α), and lipopolysaccharides
(LPS), the major product of gram-negative bacteria infection,
could stimulate SAA1 production in syncytiotrophoblasts,
syncytialized trophoblasts were treated with cortisol (1µM;
Sigma), TNF-α (10 ng/mL; Thermo Fisher Scientific, Carlsbad,
CA, USA), and LPS (5 ng/mL; Sigma) in the absence of FCS for
24 h. RNA was then extracted from the cell for the measurement
of SAA1 mRNA, and culture medium was collected for the
measurement of SAA1.

To study the effects of SAA1 on interleukin-1β (IL-1β),
interleukin-8 (IL-8), TNF-α, and cyclooxygenase-2 (COX-
2) expression as well as PGE2 and PGF2α production,
syncytiotrophoblasts were treated with recombinant human
apo-SAA1 (10 ng/mL; PeproTech Inc., Rocky Hill, NJ, USA)
for 24 h. To determine the involvement of TLR4 in the
induction of IL-1β, IL-8, TNF-α, and COX-2 expression by
SAA1, syncytiotrophoblasts were treated with SAA1 (10 ng/mL)
in FCS-free medium in the presence or absence of a TLR4
specific inhibitor CLI095 (5µM; Invitrogen, San Diego, CA,
USA). To test whether the effect of SAA1 was ascribed to
the trace amount of endotoxin contained in the recombinant
human apo-SAA1 preparation, cells were treated with 1
pg/mL LPS, which is equivalent to the maximal amount of
LPS contained in 10 ng of recombinant SAA1 according
to the manual provided by the manufacturer. To further
test whether the effect was ascribed to SAA1 per se or
possible contaminating endotoxin, cells were treated with SAA1
(10 ng/mL) or LPS (5 ng/mL) in the presence or absence of
an endotoxin inhibitor polymyxin B (10µg/mL; Sigma) (25).
RNA was extracted from above treated cells for measurements

of IL-1β, IL-8, TNF-α, and COX-2 mRNA, and conditioned
medium was collected for measurements of IL-1β, IL-8, TNF-
α, PGE2, and PGF2α with enzyme-linked immunosorbent assay
(ELISA) kits.

Extraction of RNA and Analysis With
Quantitative Reverse
Transcription–Polymerase Chain Reaction
Extraction of total RNA from trophoblasts was conducted using
a total RNA isolation kit (Foregene, Chengdu, China). After
examination of RNA quality, mRNA was reverse transcribed
to complementary DNA (cDNA) using a PrimeScript RT
Master Mix Perfect Real Time Kit (Takara, Kyoto, Japan). The
abundance of SAA1, IL-1β, IL-8, TNF-α, and COX-2, mRNAwas
determined with quantitative reverse transcription–polymerase
chain reaction (qRT-PCR) using the above transcribed cDNA and
power Sybr Premix Ex TaqTM (Takara) following a previously
described protocol (26). GAPDH was used as an internal control
for normalization. The relative mRNA abundance was quantified
using the 2−11Ct method. The primer sequences used for
qRT-PCR were as follows: GAPDH, 5′-CCCCTCTGCTGATGC
CCCCA-3′ (forward) and 5′-TGACCTTGGCCAGGGGTG
CT-3′ (reverse); SAA1, 5′-TTTCTGCTCCTTGGTCCTGG-′3
(forward) and 5′-CTCTGGCATCGCTGATCACT-3′ (reverse);
IL-1β, 5′-CCACCTCCAGGGACAGGATA-3′ (forward) and
5′-AACACGCAGGACAGGTACAG-3′ (reverse); IL-8, 5′-TCT
GTCTGGACCCCAAGGAA-3′ (forward) and 5′-ATGAATT
CTCAGCCCTCTTCAA-3′ (reverse); TNF-α, 5-′CCCATGTT
GTAGCAAACCCTC-3′ (forward) and 5′-TATCTCTCAGCT
CCACGCCA-3′ (reverse); COX-2, 5′-TGTGCAA- CACT
TGAGTGGCT-3′ (forward) and 5′-ACTTTCTGTACTGCGGG
TG-3′ (reverse).

Extraction of Cellular Protein and Analysis
of COX-2 Protein Abundance With Western
Blotting
Total cellular protein was extracted from treated
syncytiotrophoblasts using an ice-cold RIPA lysis buffer
(Active Motif, Carlsbad, CA, USA) containing a protease
inhibitor cocktail (Roche, Basel, Switzerland) and a phosphatase
inhibitor (Roche). Cellular COX-2 protein abundance was
quantified following a standard Western blotting protocol.
Briefly, 40 µg protein of each sample was electrophoresed
in a 10% sodium dodecyl sulfate–polyacrylamide gel and
transferred to a nitrocellulose blot membrane. After blocking,
the blot was incubated with an antibody against COX-2 (cst-
12282s; Cell Signaling Technology, Danvers, MA, USA) at
1:500 dilution overnight at 4◦C. After washing, the membrane
was incubated with a corresponding secondary antibody
conjugated with HRP for 1 h. The bands with HRP peroxidase
activity were detected using a chemiluminescence detection
system (Millipore, Billerica, MA, USA) and visualized using
a G-Box chemiluminescence image-capture system (Syngene,
Frederick, MD, USA). Internal loading control was examined
by probing the blot with a GAPDH antibody (60004-1;
1:10,000; Proteintech).
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Measurement of SAA1, IL-1β, IL-8, TNF-α,
PGE2, and PGF2α Abundance With ELISA
Culture medium from treated trophoblasts was collected.
Serum amyloid A1, IL-1β, IL-8, TNF-α, PGE2, and PGF2α
concentrations were measured with ELISA kits (SAA1, IL-1β, IL-
8, all from R&D System; TNF-α, Proteintech; PGE2 and PGF2α,
Cayman Chemical Company, Ann Arbor, MI, USA) according to
protocols provided by manufacturers.

To observe changes of SAA1 abundance in the placental
tissue in labor, placentas were collected from spontaneous
deliveries at term [designated as term with labor (TL)] as well
as from TNL. Chunks of villous tissue were cut randomly
from the maternal side of the placenta and then ground in
liquid nitrogen. The ground tissue was homogenized and lysed
in ice-cold RIPA lysis buffer containing the protease inhibitor
cocktail. The supernatant was collected after centrifugation for
the measurement of SAA1 with the ELISA kit. To observe
changes of SAA1 levels in thematernal blood during spontaneous
labor at term, maternal venous blood was collected from the
same woman before (1–2 days before labor onset), after onset of
labor and 24 h after delivery. The onset of labor was defined as
regular uterine contractions (duration of 30 s with 5- to 6-min
intervals) in the presence of full cervical dilation and descending
of fetal presentation.

To examine changes of SAA1 levels in the maternal blood
in preterm birth with or without infection, maternal blood was
collected from infection-induced preterm labor and iatrogenic
preterm birth without infection. The status of infection was
determined by histological examination of neutrophil infiltration
in the fetal membranes or placenta as well as positive bacteria
culture with or without clinical signs of systemic infection.
Iatrogenic preterm birth by cesarean section without infection
and labor process was used as control for infection-induced
preterm birth. Iatrogenic preterm birth includes pregnant
women with placenta previa, scarred uterus, emergency fetal
distress, and breech presentation with threatened preterm labor.

Animal Study
C57BL/6 mice (Charles River, Beijing, China) were used in
this study. Mice experimentation was conducted following
accepted standards for animal care, which was approved by
the Institutional Review Board of Ren Ji Hospital, School of
Medicine, Shanghai Jiao Tong University. Mice aging from 10 to
13 weeks were mated. When a vaginal plug was present, it was
counted as gestational day 0.5. In order to study the distribution
of SAA1, mouse placenta and fetal membranes were collected
and fixed on gestational day 18.5. Immunohistochemical
staining of paraffin-embedded tissue sections was conducted
following the same protocol as described above using a primary
antibody against mouse SAA1 (AF2948, 1:100; R&D System).
To study gestational changes of SAA1, mouse placenta and fetal
membranes were collected on gestational days 16.5 and 18.5.
Serum amyloid A abundance was determined with a mouse
SAA ELISA kit (DY2948-05; R&D System), which measured
both SAA1 and SAA2 according to instructions from the
manufacturer. To compare amounts of SAA1 in the placenta

and fetal membranes in infection-induced preterm birth, LPS [5
mg/kg body weight (BW)] or PBS was injected intraperitoneally
on gestational day 16.5. Some of the mice were allowed to deliver
spontaneously for observation of delivery time, and some of the
mice were sacrificed 6 h after injection for collection of placenta
and fetal membranes to examine the abundance of SAA1 in
these tissues. To observe whether injection of SAA1 can induce
preterm birth, recombinant SAA1 (8 µg/kg BW) or PBS or
equivalent maximal amount of LPS (0.8 ng/kg BW) contained in
the above administered SAA1 was injected intraperitoneally on
gestational day 16.5. Some of the mice were allowed to deliver
spontaneously for observation of delivery time and demised
fetus, and some of the mice were sacrificed 6 h after injection for
collection of placentae to examine the abundance of IL-1β, TNF-
α, and COX-2. Collected tissues were frozen in liquid nitrogen,
and protein was extracted for measurements of COX-2, IL-1β,
and TNF-α abundance with Western blot or ELISA, respectively,
as described above.

Statistical Analysis
All data are expressed as mean ± standard error of the
mean (SEM). The number for each experiment indicates
repeated experiments using different placentas or animals. After
examination of normal distribution, paired or unpaired Student
t-test or Mann–Whitney U-test was used to compare two
groups. One-way analysis of variance followed by Newman–
Keuls multiple-comparisons test was performed when assessing
the differences among multiple groups. Fisher exact tests were
applied to compare the preterm birth rate in mice study.
Significance was set at P < 0.05.

RESULTS

SAA1 Expression in Human Placenta
In situ hybridization revealed the presence of SAA1 mRNA
mainly in the nuclei of the syncytial layer of placental
villi (Figure 1A). Consistently, both immunohistochemical and
immunofluorescent staining demonstrated that SAA1 protein
distributed predominantly in the syncytial layer of placental villi,
the identity of which was confirmed by staining for 11β-HSD2
(Figures 1B,C). Primary trophoblast cell culture study showed
that the abundance of both SAA1 mRNA in trophoblasts and
SAA1 protein in the culture medium was increased markedly
during syncytialization (Figures 2A,B). LPS (5 ng/mL, 24 h),
TNF-α (10 ng/mL, 24 h), and cortisol (1µM, 24 h) treatments
of syncytiotrophoblasts significantly increased SAA1 mRNA
expression and secretion (Figures 2C–E).

Changes of SAA1 in Human Placenta and
Maternal Blood at Term and Preterm
Parturition
Demographic features of pregnant women of TNL and TL
groups are illustrated in Table 1. There were no significant
differences in gravity, parity, gestational age, maternal age, and
fetal birth weight between TNL and TL groups. The abundance
of SAA1 mRNA and protein was significantly increased in the
placental villous tissue in TL group as compared with that in
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FIGURE 1 | Expression of SAA1 in the human placenta at term. (A) In situ hybridization showed the presence of SAA1 mRNA (red brown) in the nuclei of the syncytial

layer of the villous tissue. Scrambled RNA probe was used as the negative control (nc). (B) Immunohistochemical staining showed the presence of SAA1 (red) in the

syncytial layer of the villous tissue. Non-immune serum was used as negative control (nc). (C) Immunofluorescence staining showed the colocalization of SAA1 (red)

and 11β-HSD2 (green), a marker of syncytiotrophoblast, in the syncytial layer of the villous tissue. Nuclei (blue) were counterstained blue with DAPI.
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FIGURE 2 | Effect of syncytialization and LPS, TNF-α and cortisol on SAA1 expression in human placental trophoblasts. (A) Hematoxylin-eosin staining of cultured

trophoblasts showed cell fusion in vitro. (B) Changes of SAA1 mRNA and secretion before (3 h after cell plating) and after (48 h after cell plating) syncytialization (n =

3–4). (C–E) LPS (5 ng/mL, 24 h, C), TNF-α (10 ng/mL, 24 h; D), and cortisol (1µM, 24 h; E) increased SAA1 mRNA and secretion in syncytiotrophoblasts (n = 4–5).

Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.
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TNL group (Figures 3A,B). Moreover, longitudinal data of the
same pregnant woman showed that the abundance of SAA1 in
maternal blood was significantly increased at the onset of labor as
compared with that of prelabor. Of interest, SAA1 abundance was
further increased in maternal blood 24 h after labor (Figure 3C).

As illustrated in Table 2, there are no significant differences
in gravity, parity, gestational age, maternal age, and fetal birth

TABLE 1 | Demographic features of term pregnant women (mean ± SEM).

Demographic features TNL (n = 12) TL (n = 12) P-value

Maternal age, years 30.92 ± 0.9 30.33 ± 0.71 0.61

Gravidity, median (range), n 2 (1–3) 2 (1–3) 0.42

Parity, median (range), n 1 (0–2) 1 (1–2) 0.13

Gestational age at delivery, weeks 38.9 ± 0.2 39.4 ± 0.2 0.07

Birth weight, g 3,219 ± 314.7 3,389 ± 120.1 0.78

weight between preterm birth group with infectious histological
chorioamnionitis and iatrogenic preterm birth group without
labor/histologic chorioamnionitis. A dramatic increase in SAA1
abundance was observed in maternal blood in preterm birth with
infectious histologic chorioamnionitis as compared with that of
iatrogenic preterm birth group (Figure 3D).

Effect of SAA1 on the Expression of Genes
Pertinent to Inflammation and Parturition
in Human Placental Trophoblasts
To investigate whether SAA1 affects the expression of genes
pertinent to inflammation and parturition, we treated
syncytiotrophoblasts with recombinant SAA1 (10 ng/mL,
24 h) in the presence or absence of a TLR4 receptor antagonist
CLI095 (5µM). Serum amyloid A1 significantly increased
the abundance of proinflammatory gene mRNA including
IL-8 and TNF-α (Figure 4A). Concentrations of IL-8 and
TNF-α in the culture medium were also significantly increased
by SAA1 treatment (Figure 4B). Although IL-1β mRNA

FIGURE 3 | Increased SAA1 abundance in human placental tissue and maternal blood in labor at term and preterm. (A,B) Abundance of SAA1 mRNA and protein in

human placenta tissue collected from elective cesarean section without labor at term (TNL) (n = 12) and spontaneous labor at term (TL) (n = 12). (C) Dynamic

changes of serum SAA1 in pregnant women before, at the onset of, and 24 h after labor (n = 5). (D) Changes of SAA1 in maternal blood obtained from iatrogenic

preterm birth without histologic chorioamnionitis (n = 15) and infection-induced preterm birth with histological chorioamnionitis (n = 12). Data are mean ± SEM. *P <

0.05, **P < 0.01, ***P < 0.001.
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TABLE 2 | Demographic features of pregnant women with preterm birth (mean ± SEM).

Demographic features Preterm birth without histological Preterm birth with infectious histological P-value

chorioamnionitis (n = 15) chorioamnionitis (n = 12)

Maternal age, years 30 ± 1 31.5 ± 1 0.30

Gravidity, median (range), n 2 (1–4) 2 (1–5) 0.82

Parity, median (range), n 1 (0–1) 0 (0–2) 0.11

Gestational age at delivery, weeks 33.5 ± 0.7 33.1 ± 0.8 0.72

Birth weight, g 2,272 ± 133.9 2,104 ± 162.8 0.42

FIGURE 4 | Effects of SAA1 on the expression of genes pertinent to parturition in human placental syncytiotrophoblasts. (A,B) Effects of SAA1 (10 ng/mL, 24 h) on

IL-8, TNF-α mRNA, and secretion in the presence or absence of a TLR4 antagonist CLI095 (5µM, 24 h) (n = 3–4). (C) Effects of SAA1 (10 ng/mL, 24 h) on COX-2

mRNA and protein in the presence or absence of a TLR4 antagonist CLI095 (5µM, 24 h) (n = 3). Top panel is a representative immunoblot. (D) Effects of SAA1

(10 ng/mL, 24 h) on PGE2 and PGF2α secretions (n = 4). Data are mean ± SEM. *P < 0.05 vs. control (0); **P < 0.01 vs. control (0); #P < 0.05 vs. SAA1.

was increased in syncytiotrophoblasts by SAA1 treatment
(Supplementary Figure 1), IL-1β was hardly detectable in the
culture medium. Serum amyloid A1 treatment also increased

COX-2 mRNA and protein abundance in syncytiotrophoblasts
along with increased PGF2α abundance in the culture medium
(Figures 4C,D). However, PGE2 level was much lower than
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FIGURE 5 | Expression of SAA1/2 in mouse placenta and fetal membranes. (A–C) Immunohistochemical staining showed the presence of SAA1 (red) in the junctional

zone of the placenta (A) and the yolk sac membrane (B), but not in the amnion (C) at gestational day 18.5. (D) negative control. (E,F) Increased SAA1/A2 abundance

in mouse placenta and fetal membranes from gestational days 16.5 to 18.5 (n = 3). Data are mean ± SEM. *P < 0.05, **P < 0.01.
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PGF2α in the culture medium of syncytiotrophoblasts, which
was not affected by SAA1. The effects of SAA1 on IL-1β
(Supplementary Figure 1), IL-8, TNF-α, and COX-2 were
blocked by CLI095 (Figures 4A–C).

The endotoxin inhibitor polymyxin B (10µg/mL)
could only block the induction of proinflammatory genes
by endotoxin (5 ng/mL) but not by SAA1 (10 ng/mL)
(Supplementary Figure 2A). Consistently, the trace amount
of endotoxin (1 pg/mL), which is equivalent to the maximal
amount of endotoxin contained in 10 ng/mL recombinant
SAA1, failed to affect the expression of proinflammatory genes
(Supplementary Figure 2B). These results suggest that the
observed effects of SAA1 were specific but not due to the trace
amount of endotoxin contained in recombinant SAA1.

Expression of SAA1 in the Mouse Placenta
and Fetal Membranes
Immunohistochemical staining of the mouse placenta and fetal
membranes showed that SAA1 was present in the junctional
zone of the placenta and the yolk sac membrane but not in
the amnion of fetal membranes (Figures 5A–D). The abundance
of SAA1/2 was significantly increased in mouse placenta and
fetal membranes on gestational day 18.5 as compared with that
on gestational day 16.5 (Figures 5E,F). Furthermore, SAA1/A2
abundance was significantly increased in placenta and fetal
membranes by intraperitoneal injection of LPS (5 mg/kg BW)
(Figures 6A,B). Intraperitoneal injection of SAA1 (8 µg/kg BW)
on gestational day 16.5 induced preterm birth by 0.5 to 1 day
with no demised fetus, and injections of PBS had no effect
on delivery time (Table 3). All the three mice injected with
equivalent maximal amount of LPS (0.8 ng/kg BW) contained in
the injected recombinant SAA1 (8 µg/kg BW) delivered at term
(19.5 days), suggesting that SAA1 per se rather than the trace
amount of endotoxin contained in SAA1 preparation caused
preterm birth. Moreover, intraperitoneal injection of SAA1 (8
µg/kg BW) or LPS (5 mg/kg BW) significantly increased the
abundance of IL-1β, TNF-α, and COX-2 proteins in the mouse
placenta (Figures 6C–E).

DISCUSSION

It is widely accepted that the liver is the major source of
drastically increased SAA1 in the blood during the acute phase
of responses (8, 15, 27). However, non-hepatic tissues including
fetal membranes can also synthesize SAA1 (17, 18). Previous
studies have demonstrated the presence of SAA transcripts
in placental trophoblast cell lines and possibly its protein in
placental villous trophoblasts (28, 29). In the present study, we
provided evidence that SAA1 could indeed be synthesized in the
human placenta because both SAA1 mRNA and protein were
present in placenta villous trophoblasts. Given the distribution
of SAA1 was mainly in the syncytial layer of the villous tissue and
the expression of SAA1 increased significantly during trophoblast
syncytialization, we believe that SAA1 is a major product of the
syncytial layer of placental villi. Detection of SAA1 in the culture
medium of trophoblasts indicates that placenta trophoblasts
can secret SAA1, suggesting that the fetal placenta may be an

TABLE 3 | Pregnancy outcome in mice administered with SAA1 and PBS.

Treatments Preterm birth dam/total number of Fetal survival rate

dam (preterm birth rate, %) per dam (%)

SAA1 (8 µg/kg BW) 5/7 (71.4%)* 100%

PBS (200 µL) 0/5 (0%) 100%

BW, body weight. *P< 0.05 against with PBS.

additional source of SAA1 in maternal blood in addition to
maternal liver in pregnancy.

Inflammation of intrauterine tissues at parturition can be
either sterile or infectious, depending on the presence of
microbes or not (1–4). The evidence for the involvement of
SAA1 in infection-induced inflammation is overwhelming. Here,
we also found dramatic induction of SAA1 expression by LPS
in the placenta. Additionally, pronounced increases in SAA1
levels in the maternal blood in preterm deliveries with infectious
histologic chorioamnionitis as revealed in this study as well
as in previous studies (30, 31) lend further support for the
participation of SAA1 in infection-induced inflammation in
labor process. What’s more, the findings of stimulation of SAA1
expression and secretion by LPS in trophoblasts suggest that fetal
placenta may contribute to the SAA1 pool together withmaternal
liver in the maternal blood in preterm birth with infection.
However, we do not know how big the contribution from fetus
or mother is at present.

In contrast to infection-induced inflammation, the triggers
for sterile inflammation in labor process are not very well-
resolved. Our findings that SAA1 abundance was increased
in both maternal blood and placenta in spontaneous labor at
term without infection strongly suggest participation of SAA1
in sterile inflammation of labor process as well, although cell
aging and high mobility group box (HMGB) are also considered
as triggers (6, 32, 33). Serum amyloid A1 may elicit sterile
inflammation either directly on its own or indirectly through
other sterile inflammation inducers such as HMGB1. It has
been reported that SAA1 can stimulate HMGB1 release in
macrophages (14). Our previous studies have shown that cortisol
regenerated locally may be one of the upstream signals that
stimulate SAA1 expression in the fetal membranes in sterile
inflammation (34). Here, we demonstrated that cortisol, an
important steroid hormone in parturition (35, 36), is an upstream
inducer of SAA1 expression in the placenta as well. In addition
to LPS and cortisol, proinflammatory cytokines such as TNF-α
was also capable of stimulating SAA1 expression in the placenta.
Because increased proinflammatory cytokine production may
be present in intrauterine milieus in both infection- and non–
infection-induced labor, we suppose proinflammatory cytokines
are the upstream inducers of SAA1 expression in the placenta in
both sterile and infectious labor process.

Studies in trophoblast-derived cell lines and extravillous
trophoblasts indicate a role of SAA in trophoblast invasion but
not in syncytialization (28, 29). Here, our findings that SAA1
induced the expression of a number of inflammatory factors
including IL-1β, IL-8, TNF-α, and PGF2α are an indicator
of involvement of SAA1 in inflammatory reactions in the
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FIGURE 6 | Induction of proinflammatory factors in placenta and fetal membranes by intraperitoneal administration of LPS or SAA1 in the mouse. (A,B) Induction of

SAA1/2 expression in mouse placenta (A) and fetal membranes (B) by intraperitoneal administration of LPS (5 mg/kg BW, 6 h) at gestational day 16.5 (n = 3). (C–E)

Induction of IL-1β (C), TNF-α (D) and COX-2 (E) in the mouse placenta by intraperitoneal administration of LPS (5 mg/kg BW, 6 h) and SAA1 (8 µg/kg BW, 6 h) at

gestational day 16.5 (n = 4). Data are mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001.

Frontiers in Immunology | www.frontiersin.org 11 June 2020 | Volume 11 | Article 1038

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Gan et al. Placental SAA1 Participates in Parturition

placenta, which is in line with its inflammatory actions in fetal
membranes. Because inflammation with increased production of
proinflammatory cytokines and PGE2/PGF2α is an indispensable
process of labor with or without infection (1–4), we trust
that these proinflammatory actions of SAA1 in placenta and
fetal membranes are an important route of SAA1 in the
induction of labor in the presence or absence of infection in
addition to its extracellular matrix remodeling effects in fetal
membranes (18–20).

Previous studies have shown that there is increased TLR4
expression in the fetal membranes in spontaneous labor at both
term and preterm regardless of infection (37), suggesting an
important role of TLR4 in parturition. Of interest, mice with a
spontaneous mutation for TLR4 gene are less likely to deliver
at preterm after intrauterine inoculation of heat-killed bacteria
or LPS than wild type (38, 39), further suggesting a crucial role
of TLR4 in parturition. Here, we found that effects of SAA1
on proinflammatory gene expression could be abolished by a
TLR4 antagonist in placental trophoblasts, which is consistent
with the situation in fetal membranes (18), indicating that TLR4
mediates, at least in part, the proinflammatory actions of SAA1
in intrauterine tissues in parturition. As TLR4 is a receptor for
many damage-associated molecular patterns (DAMPs) including
SAA1 and HMGB1, how these DAMPs manage to exert their
specific actions in the placenta or fetal membranes remains to
be determined. It is possibly related to their differential affinities
for TLR4 or the presence of other receptors that can bind
DAMPs differentially.

Both PGE2 and PGF2α are crucial in labor induction with
potent actions on myometrial contraction and cervical ripening.
Of interest, it is believed that PGE2 is mainly produced by the
amnion (40), whereas PGF2α is predominantly produced by the
decidua and myometrium (40, 41). Here, we found that human
placental syncytiotrophoblasts produced mainly PGF2α rather
than PGE2, and PGF2α was inducible by SAA1. In addition, we
found that IL-1βwas not a major product of syncytiotrophoblasts
either, although IL-8 and TNF-α were produced substantially.

It is noteworthy that SAA1 levels in the maternal blood were
further increased after delivery. A previous study also found
maximal levels of SAA in the maternal blood after delivery along
with another acute phase protein C-reactive protein (42). Because
these increases are observed after labor, we believe these increases
are due to increased maternal SAA1 production. Because acute
phase proteins are responsive to injury (8, 27), we speculate
that these further increases after deliveries are a response to
labor trauma and may be beneficial for tissue remodeling during
trauma remedy.

In summary, we have demonstrated in this study that placental
trophoblasts are capable of de novo synthesis of SAA1, which is
increased during syncytialization and by LPS, TNF-α and cortisol

stimulation. Serum amyloid A1 released by the placenta may

participate in the onset of labor in the presence or absence of
infection by stimulating the expression of parturition-pertinent
inflammatory factors with consequently increased production of
proinflammatory cytokines and PGF2α in the placenta.
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Supplementary Figure 1 | Induction of IL-1β mRNA in human placental

syncytiotrophoblasts by SAA1 (10 ng/mL, 24 h), which was blocked by CLI095

(5µM, 24 h), a TLR4 inhibitor. n = 3. ∗P < 0.05 vs. control (0); #P < 0.05 vs.

SAA1.

Supplementary Figure 2 | Specificity examination of SAA1 effects in human

syncytiotrophoblasts. (A) Polymyxin B (10µg/mL, 24 h), an endotoxin inhibitor,

had no effect on SAA1 (10 ng/mL)-induced changes in IL-1β, IL-8, TNF-α and

COX-2 mRNA but blocked the effect of LPS (5 ng/mL) (n = 4). (B) Trace amount

of LPS (1 pg/mL, 24 h), which is equivalent to the maximal amount contained in

the recombinant SAA1, had no effect on the expression of IL-1β, IL-8, TNF-α, and

COX-2 mRNA (n = 3). Data are mean ± SEM. ∗P < 0.05, ∗∗P < 0.01 vs. control

(0); #P < 0.05 vs. LPS.
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