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Interference with the expression of SIPR1 or STAT3
attenuates valvular damage due to rheumatic heart disease
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Abstract. Rheumatic heart disease (RHD) affects numerous
individuals annually; however, its pathogenesis remains
unclear. The sphingosine 1-phosphate receptor 1 (SIPR1) and
signal transducer and activator of transcription 3 (STAT3) have
recently been shown to be involved in valvular damage via the
promotion of the differentiation of T helper 17 (Th17) cells
during the development of RHD-induced valvular damage.
The present study investigated whether altering the expres-
sion of SIPR1 or STAT3 attenuates valvular damage due to
RHD. Inactivated group A streptococcus (GAS) was used to
establish a rat model of RHD. Recombinant adeno-associated
viral vectors carrying an SIPR1 overexpression sequence were
used to overexpress SIPR1. STAT3 small interfering RNA
(STAT3-siRNA) was used toinhibit STAT3 expression. Reverse
transcription-quantitative PCR (RT-qPCR) was performed
to detect the mRNA expression of SIPR1, STAT3, collagen
type IIT al chain (Col3al) and fibroblast-specific protein 1.
Western blotting (WB) and immunohistochemistry were used
to detect the levels of SIPR1, STAT3, phosphorylated (p-)
STAT3, and retinoic acid-related orphan receptor YT (RORyt)
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proteins. Enzyme-linked immunosorbent assays (ELISAs)
and immunohistochemistry were used to detect the levels of
interleukin (IL)-6 and IL-17. Hematoxylin and eosin (H&E)
staining and Sirius Red staining were performed to evaluate
the degree of inflammation and fibrosis in the valvular tissues.
S1PR1 expression was decreased in the valvular tissues of the
rats with RHD. The levels of IL-6, IL-17 and p-STAT3 in the
rats with RHD were increased. The degree of valvular inflam-
mation and fibrosis in the rats with RHD was also increased.
The overexpression of SIPR1 and the inhibition of STAT3
reduced the total p-STATS3 level, resulting in decreased levels
of IL-6, IL-17 and RORyt, and a reduced degree of valvular
inflammation and fibrosis. These results suggest that the
expression of SIPR1 and STAT3 may be involved in valvular
tissue damage due to RHD. Thus, strategies designed to
interfere with the expression of SIPR1 or STAT3 may affect
the expression of Th17 cell-related cytokines and may thus
attenuate valvular damage due to RHD.

Introduction

Rheumatic heart disease (RHD) is a preventable heart disease
caused by Streptococcus pyogenes or group A streptococcus
(GAS) infection (1). RHD is a leading cause of mortality
and disability in young patients, and it remains a serious
global public health concern (2). The number of individuals
with RHD worldwide exceeds one quarter of the number of
individuals with cancer, and the number of associated deaths
caused by RHD annually is as high as 250,000 (3). However,
studies on RHD continue to examine its pathogenesis, which
remains unclear. Precise intervention targets for the prevention
or treatment of RHD have not yet been identified, at least to
the best of our knowledge. The majority of studies on RHD
have focused on the association between its pathogenesis and
signalling pathways (4-6). Research on intervention targets
that attenuate valvular damage due to RHD is lacking.
Sphingosine 1-phosphate receptor 1 (S1PR1) is a
G protein-coupled receptor belonging to the SIPR family.
S1PR1 mediates lymphocyte migration, and it is associated
with multiple immune (7) and heart diseases (8). SIPR1
primarily plays a role in protecting the heart in patients
with heart diseases (9-11), and a high S1PR1 expression
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generally protects the heart during the pathogenesis of heart
disease (9,12). Garris et al (13) found that the downregulation
of S1PR1 expression increased the levels of phosphorylated (p-)
signal transducer and activator of transcription 3 (p-STAT3).
A recent study also demonstrated that the SIPR1/STAT3
signalling pathway was involved in the development of
valvular damage due to RHD in a rat model, in which SIPR1
expression was downregulated, and the levels of p-STAT3 and
T helper 17 (Th17)-related cytokines were increased (14).

STATS3 is a cellular signal transcription factor that is
involved in the regulation of a number of cellular activi-
ties (15). STAT3 may regulate the differentiation of CD4*
T cells into Th17 cells (16). Th17 cells and related cytokines
mediate inflammatory and autoimmune responses (17-19).
Bas et al (20) demonstrated that the ratio of Th17/Treg cells
and the levels of IL-17A were significantly increased in patients
with RHD compared with those in subjects in the control group.
Similar results were observed in animal models of RHD estab-
lished in Lewis rats (21). A close association between S1PR1
and STAT3 has been identified, and a number of studies have
discussed the role of S1PRI in the regulation of STAT3 in
various diseases (22-25). Therefore, it was hypothesised that
the STAT3 pathway is activated during the development of
RHD and that it induces CD4* T cell differentiation into Th17
cells, and Th17 cell-related inflammatory factors participate
in the development of RHD. However, researchers have not
yet clearly determined whether this pathway modulates or
prevents RHD following intervention. A more important goal
is the development of appropriate interventions targeting this
pathway to modulate or prevent the occurrence of RHD.

Therefore, the present study interfered with the expression
of SIPR1 and STAT?3 by overexpressing SIPR1 and inhibiting
STATS3 to determine whether these treatments would attenuate
RHD-induced valvular damage.

Materials and methods

The present study aimed to determine whether interfering
with the expression of SIPR1 or STAT3 would attenuate
RHD-induced valvular damage. A rat model of RHD was
established as described in previous studies in order to achieve
this goal (14,26).

Antigen preparation. Brain heart infusion fluid medium
(Guangdong Huankai Microbial Sci. & Tech. Co., Ltd.) was
used to culture GAS [American Type Culture Collection
(ATCC)19615], and the temperature during the cultivation
process was maintained at a constant value of 37°C. After
24 h, GAS was washed with normal saline (NS) and trans-
ferred onto 10% neutral formalin for 12 h for inactivation.
NS was used to wash and resuspend the inactivated GAS,
and the concentration was simultaneously adjusted to 4.0x10"
colony forming units (CFU)/ml (26). The antigen suspension
was obtained by emulsifying the suspension via sonication
(Sonics & Materials, Inc.).

In vivo gene therapy. Recombinant adeno-associated virus
(AAV; serotype9) vectors carrying therat SIPR 1 overexpression
sequence (SIPR1 overexpression; Hanbio Biotechnology Co.,
Ltd.) driven by the cITNT promoter were used to overexpress

S1PR1. As the main role of AAV was to carry gene sequences
as a vector, it did not affect the experiment itself. Therefore,
the AAV control group was injected only with the AAV vector
without any sequence to assess whether the AAV vectors
altered the results of the experiment. The SIPR1 overexpres-
sion sequence is listed in Table I. A rat STAT3 small interfering
RNA (siRNA) sequence (5-GGCTGATCATTTATATAAA-3';
STAT3-siRNA; Hanbio Biotechnology Co., Ltd.) driven by
the cTNT promoter in a recombinant AAV vector was used
to directly silence STAT3 expression. An AAV control was
also used as a negative control to determine whether the AAV
vector exerted an effect in the rats.

Immunization of rats. A total of 30 Lewis rats (150-180 g) were
purchased from Beijing Vital River Animal Technology Co.,
Ltd.. All rats were female and weighed 150-180 g at 8 weeks of
age. The rats were randomly divided into 5 groups (n=6 each)
for the two parts of the present study. Part I of the study exam-
ined the effects of SIPR1 overexpression, and part Il examined
the effects of STAT3 inhibition. The pathogen-free animal
laboratory at the Animal Experiment Centre of Guangxi
Medical University provided a satisfactory environment for
the rats: The temperature was constantly set to 23°C, and the
fluctuation did not exceed 2°C; the day/night cycle was 12 h; the
movement of the rats in the cage was completely unrestricted;
sufficient drinking water and standard rat feed were also
provided. All the rats were allowed to adapt to the environment
for 5 days prior to the commencement of the experiments. All
animal experimental procedures were performed according to
the Guidelines for the Ethical Review of Laboratory Animal
Welfare of China (GB/T 35892-2018) for the care and use of
laboratory animals and were approved by the Medical Ethics
Committee of the First Affiliated Hospital of Guangxi Medical
University (Approval no. 2019-K'Y-E-069).

The rats were divided randomly into 5 groups as follows:
The control group, AAV control group, RHD group, SIPR1
overexpression group and the STAT3-siRNA group. Each
group included 6 rats. The RHD group was the established
RHD model. A footpad injection of complete Freund's adju-
vant (CFA) (each millilitre contained 1 mg heat-inactivated
dry Mycobacterium tuberculosis (H37Ra, ATCC 25177),
0.85 ml paraffin oil and 0.15 ml mannitol mono-oleic acid;
cat. no. F5881; Sigma-Aldrich, Merck KGaA) was essential for
establishing the rat model of RHD. All rats were maintained
on soft bedding to protect their hind feet. In total, 9 weeks
were required to establish the rat model of RHD. One hind
footpad of each rat was injected initially with 100 pl of a solu-
tion of inactivated GAS (4.0x10" CFU/ml) and CFA mixed at
a ratio of 1:1 (v/v). After 1 week, a subcutaneous injection of
500 ul of inactivated GAS (4.0x10'"! CFU/ml) and CFA mixed
at a ratio of 1:1 (v/v) were administered into the abdomen
of the rats once weekly at the same interval for 4 weeks.
Over the last 4 weeks, a subcutaneous abdominal injection
was administered once weekly at the same interval with an
adjustment of the injection solution to 500 ul of inactivated
GAS (4.0x10"" CFU/ml). Rats in the SIPR1 overexpression
group were injected with 2.5x10!" viral genome particles once
through the tail vein (AAV-S1PR1 overexpression, diluted
in 200 ul of NS) at the beginning of the experiment. After
3 weeks, the rats received exactly the same treatment as those
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Table I. Sequencing result (S1PR1 overexpression sequence).

Sequence name

Sequencing result

S1PR1 overexpression sequence

ATGGTGTCCTCCACCAGCATCCCAGTGGTTAAGGCTCTCCGCAGCCAAGTCT
CCGACTATGGCAACTATGATATCATAGTCCGGCATTACAACTACACAGGCAAG
CTGAACATCGGAGTGGAGAAGGACCATGGCATTAAACTGACTTCAGTGGTG
TTCATTCTCATCTGCTGCTTGATCATCCTAGAGAATATATTTGTCTTGCTAACT
ATTTGGAAAACCAAGAAGTTCCACCGGCCCATGTACTATTTCATAGGCAACC
TAGCCCTCTCGGACCTGTTAGCAGGAGTGGCTTACACAGCTAACCTGCTGTT
GTCTGGGGCCACCACCTACAAGCTCACACCTGCCCAGTGGTTTCTGCGGGA
AGGAAGTATGTTTGTGGCTCTGTCTGCCTCAGTCTTCAGCCTCCTTGCTATCG
CCATTGAGCGCTACATCACCATGCTGAAGATGAAACTACACAACGGCAGCAA
CAGCTCGCGCTCCTTTCTGCTGATCAGTGCCTGCTGGGTCATCTCCCTCATCC
TGGGTGGGCTGCCCATCATGGGCTGGAACTGCATCAGCTCGCTGTCCAGCTG
CTCCACCGTGCTCCCGCTCTACCACAAGCACTATATTCTCTTCTGCACCACCG
TCTTCACCCTGCTCCTGCTTTCCATCGTCATCCTCTACTGCAGGATCTACTCC
TTGGTGAGGACTCGAAGCCGCCGCCTGACCTTCCGCAAGAACATCTCCAAG
GCCAGCCGCAGTTCCGAGAAGTCTCTGGCCTTGCTGAAGACAGTGATCATT
GTCCTGAGTGTCTTCATTGCCTGCTGGGCCCCTCTCTTCATCCTACTACTTTT
AGATGTGGGGTGCAAGGCGAAGACCTGTGACATCCTGTACAAAGCAGAGTA
CTTCCTGGTTCTGGCTGTGCTGAACTCAGGTACCAACCCCATCATCTACACTC
TGACCAATAAGGAGATGCGCCGGGCCTTCATCAGGATCATATCTTGTTGCAAA
TGCCCCAACGGAGACTCCGCTGGCAAATTCAAGAGGCCCATCATCCCGGGCA
TGGAATTTAGCCGCAGCAAATCAGACAACTCCTCCCACCCCCAGAAGGATGA
TGGGGACAATCCAGAGACCATTATGTCTTCTGGAAACGTCAATTCTTCT TCT

S1PR1, sphingosine-1-phosphate receptor 1.

in the RHD group. The rats in the AAV control group received
an injection of 2.5x10'"" viral genome particles once through
the tail vein (AAV control, diluted with 200 ul of NS) at the
beginning of the experiment. After 3 weeks, these rats were
injected according to the same protocol as that for the RHD
group. The rats in the control group were injected using the
same protocol as that for the RHD group from the beginning
of the experiment, although the injection solution included
the same volume of NS. The rats in the STAT3-siRNA group
were injected using the same protocol as that for the SIPR1
overexpression group, except that the solution for the tail vein
injection was changed from 2.5x10"" viral genome particles
(AAV-SIPR1 overexpression, diluted with 200 ul of NS) to
2.5x10" viral genome particles (AAV-STAT3-siRNA, diluted
with 200 pl of NS).

Animal sacrifice. Following the administration of all treat-
ments, 1 ml of blood was collected from the tail vein of the
rats in each group without anaesthesia, and an intraperitoneal
injection of sodium pentobarbital (150 mg/kg) was then admin-
istered to euthanise the rats. Animal death was determined
when >5 min had elapsed without breathing or a heartbeat. The
humane endpoint in the present study was defined as animals
losing >15% of their body weight with a decreased ability to
consume food and water. None of the rats reached this humane
endpoint before the end of the experimental period.

Sample preparation. Valvular samples were collected from
each rat. All samples were rapidly frozen in liquid nitrogen

and stored at -80°C for use in subsequent experiments. No
animals died during the modelling process. The following five
experimental methods [reverse transcription-quantitative PCR
(RT-gPCR)], western blotting (WB), immunohistochemistry,
histochemistry and enzyme-linked immunosorbent assay
(ELISA)] were performed on the previously mentioned experi-
mental groups.

RT-gPCR.Total RNA was extracted from each sample. TR1zol®
reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used
to complete this step according to the manufacturer's protocol.
The RNA concentration was measured using a NanoDrop 2000
spectrophotometer (NanoDrop Technologies; Thermo Fisher
Scientific, Inc.) for quantitative reverse transcription. RNA
was reverse transcribed into cDNA; 0.5 ug of total RNA
from each sample was reverse transcribed into cDNAs. The
PrimeScript RT reagent kit (cat. no. RRO36A; Takara Bio,
Inc.) was used for reverse transcription. The entire reverse
transcription process was performed in accordance with the
manufacturer's instructions. RT-qPCR was performed using
TB Green Premix Ex Taq II (cat. no. RR820Q; Takara Bio,
Inc.), a StepOne system (cat. no. 4376357; Applied Biosystems;
Thermo Fisher Scientific, Inc.), and the internal reference gene,
[-actin. The entire process was performed in accordance with
the manufacturer's instructions. The thermocycling conditions
were as follows: 95°C for 30 min, followed by 40 cycles at 95°C
for 5 sec and 60°C for 30 sec. The sequences of the primers
are listed in Table II. The final results are expressed as the fold
change between the expression level of each mRNA and the
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internal reference using the 2444 method (27). All samples
were measured three times.

WB. Total protein was extracted from each sample using
RIPA lysis buffer (Sangon Biotech Co., Ltd.), according to
the manufacturer's instructions. The protein concentration
was measured using a bicinchoninic acid (BCA) protein
assay kit (Sangon Biotech Co., Ltd.). The same amounts of
protein (30 ug) from each sample were separated on 10%
SDS-PAGE gels. The separation conditions were 80 V
for 30 min and 120 V for 60 min using a blotting system
(Bio-Rad Laboratories, Inc.), according to the manufacturer's
instructions. The separated proteins were electrotransferred
to 0.22-ym polyvinylidene fluoride (PVDF) membranes
(EMD Millipore), and the transfer conditions were a
constant voltage of 80 V for 80 min. The membranes were
blocked for 1 h at room temperature in a 3% bovine serum
albumin (BSA) blocking solution (Sangon Biotech Co.,
Ltd.) and the membranes were then incubated overnight
at 4°C with the following antibodies: Anti-SIPR1 (1:1,000;
cat. no. 55133-1-AP; ProteinTech Group, Inc.), anti-STAT3
(1:1,000; cat. no. ab68153; Abcam), anti-p-STAT3 (1:1,000;
cat. no. 9145; Cell Signaling Technology, Inc.) and
anti-p-tubulin (1:3,000; cat. no. 10068-1-AP; ProteinTech
Group, Inc.). The membranes were subsequently incubated
with an HRP-conjugated secondary antibody (1:10,000; cat.
no. ab6721; Abcam) in the dark for 1 h at room temperature.
Protein bands were scanned using a chemiluminescence
imaging system (Alpha FluorChem FC3; Alpha, Inc.). The
levels of the proteins were normalized to -tubulin and
quantified using ImageJ software (1.51j, National Institute of
Health). All samples were measured three times.

Histochemistry. The valvular tissues were fixed in 4%
paraformaldehyde for 24 h at 4°C prior to decalcification
and embedding in paraffin blocks. All blocks were serially
sectioned at a thickness of 5 ym for Hematoxylin and eosin
(H&E; cat. no. G1120; Beijing Solarbio Science & Technology
Co., Ltd.) and Sirius Red staining (cat. no. S8060-5; Beijing
Solarbio Science & Technology Co., Ltd.). H&E staining was
performed at room temperature, and the sections were stained
with Hematoxylin for 4-10 min followed by eosin for 0.5-2 min.
A BX43 light microscope (Olympus Corporation) was used to
capture the images of H&E staining. Sirius Red staining was
also performed at room temperature for 1 h. A BX43 confocal
microscope (magnification, x400; Olympus Corporation) was
used to capture the images of Sirius Red staining.

Immunohistochemistry. Immunohistochemistry was
performed using the method described in a previous study (26)
to analyse the valvular tissues stained with antibodies
against IL-6 (1:65; cat. no. ab9324; Abcam), IL-17 (1:90; cat.
no. ab214588; Abcam), SIPR1 (1:80; cat. no. ab77076; Abcam),
STAT3 (1:75; cat. no. ab68153; Abcam), p-STAT3 (1:70;
cat. no. ab76315; Abcam) and retinoic acid-related orphan
receptor YT (RORyt; 1:75; cat. no. 13205-1-AP; ProteinTech
Group, Inc.), which is the key transcription factor driving the
differentiation of IL-17-producing Th17 cells (28). Briefly,
formalin-fixed valvular tissues were embedded in paraffin.
All blocks were sectioned at a thickness of 5 ym. Following

Table II. Sequences of primers used in reverse transcription-
quantitative PCR.

Gene Primer sequence (5'-3')

STAT3 F: TTTGAGACAGAGGTGTACCACCAAG
R: ACCACAGGATTGATGCCCAAG

SIPR1 F: GCTTCATCACTCACTACCCTAGCA
R: TTCTCCCTTCCCTCCCTCTC

Col3al F: ACTTCTGGTCCTCCTGGTCTGC
R: CGCCTGGCTCACCCTTTTCAC

FSP1 F: TGGGGAGAAGGACAGACGAAGC
R: TGGCAATGCAGGACAGGAAGAC

B-actin F: GGAGATTACTGCCCTGGCTCCTA
R: GACTCATCGTACTCCTGCTTGCTG

STAT3, signal transducer and activator of transcription 3; S1PR1,
sphingosine-1-phosphate receptor 1; Col3al, collagen type III al
chain; FSP1, fibroblast-specific protein 1; F, forward; R, reverse.

deparaffinization and rehydration, a 5% BSA (Beijing Solarbio
Science & Technology Co., Ltd.) solution was used to block
the sections at room temperature for 1 h. Following the deac-
tivation of endogenous peroxidases with hydrogen peroxide,
the sections were incubated with the primary antibodies
described above for 12 h at 4°C. A horseradish peroxidase
(HRP)-conjugated anti-rabbit (1:10; cat. no. PV-6001; OriGene
Technologies, Inc.) or anti-mouse secondary antibody (1:10;
cat. no. PV-6002; OriGene Technologies, Inc.) were incubated
with the sections for 30 min at room temperature. After
enhanced colour development using diaminobenzidine (DAB),
the immunostained tissues were examined under a BX43 light
microscope (Olympus Corporation), and positive expression
was detected as brownish yellow staining. Quantitative assess-
ment was performed using the methods described by in the
study by Friedrichs et al (29). The immunohistochemical
score (IHS) is equal to the staining intensity (SI) multiplied
by the percentage of positive cells (PP). The SI was scored as
follows: O points, negative; 1 point, weak; 2 points, moderate;
and 3 points, strong. The PP was scored as follows: 0 points,
negative; 1 point, 10% positive cells; 2 points, 11-50% positive
cells; 3 points, 51-80% positive cells; and 4 points, >80% posi-
tive cells. The IHS was calculated to describe the results of the
quantitative evaluation.

ELISA. ELISA Kits (cat. nos. E04640r and EQ7451r; Cusabio)
were used to measure the serum levels of IL-6 and IL-17. The
entire process was performed according to the manufacturer's
instructions. All samples were measured three times. After
the preparation of all reagents, working standards, samples
(serum) and assay plates, 100 ul of standard solutions and
samples were added to each well, covered with an adhesive
strip, and incubated at 37°C for 2 h. The liquid of each well
was removed, and 100 gl of biotin antibody (1X) was added to
each well. The assay plate was incubated at 37°C for 1 h with
a new adhesive strip covering. Washing buffer (provided in the
ELISA kit) was used to wash each well three times following
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Figure 1. Reverse transcription-quantitative PCR. (A) Fold changes in the expression of SIPR1 mRNA between the 5 groups. (B) Fold changes in the expression
of STAT3 mRNA between the 5 groups. These results indicated that SIPR1 mRNA was expressed at higher levels in the control group and SIPR1 overexpres-
sion group than the other 3 groups, and STAT3 mRNA was expressed at lower levels in the STAT3-siRNA group than the RHD group. Data are presented as
the mean + standard deviation; “P<0.05 compared with the control group; "P<0.05 compared with the RHD group. SIPR1, sphingosine-1-phosphate receptor 1;
STAT3, signal transducer and activator of transcription 3; RHD, rheumatic heart disease.

the removal of the liquid from each well. HRP-avidin (1X,
100 pl) was added to each well, covered with a new adhesive
strip, and incubated at 37°C for 1 h. Each well was washed five
times, 90 ul TMB substrate were added to each well, and the
assay plate was placed in the dark at 37°C for 15-30 min. A
stop solution (50 ul) was added to each well to stop the reac-
tion. The sample concentrations were calculated based on the
absorbance of each well.

Statistical analysis. For data other than THS, the results are
presented as the means + standard deviations of at least three
independent experiments. SPSS software 17.0 (SPSS, Inc.) was
used for statistical analyses. One-way ANOVA was used to
compare differences between the 5 groups with Tukey's test
as the post hoc multiple comparisons test. For the data of IHS,
the Kruskal-Wallis test was used, and Dunn's test was used
as the post hoc test. The results are expressed as the median
and interquartile range. P<0.05 was considered to indicate a
statistically significant difference.

Results

Overexpression of SIPRI

In vivo gene therapy increases SIPRI expression. The results
of RT-qPCR, WB and immunohistochemistry revealed a
significantly lower expression of SIPR1 in the AAV control
and RHD groups than in the control group (P<0.05); these
findings were consistent with those of previous studies
(14,26). The expression in the SIPR1 overexpression group
was similar to that in the control group, and it was signifi-
cantly higher than that in the RHD group (P<0.05; Figs. 1A,
2A and B, and 3A-C). These results indicated that the SIPR1
overexpression sequence used for overexpression in the present
study successfully increased the expression of SIPRI.

The level of phosphorylated STAT3 is reduced with
SIPR1 overexpression. The results of WB, RT-qPCR and
immunohistochemistry did not reveal significant differences
in STAT3 expression between the control, SIPR1 overexpres-
sion, AAV control and RHD groups (Figs. 1B, 2A and C,
and 3A-C). Significantly higher levels of p-STAT3 were
detected in the AAV control and RHD groups than in the
control group (P<0.05). Significantly lower levels of p-STAT3
were detected in the SIPR1 overexpression group than in the
RHD group (P<0.05; Figs. 2A and D, and 3A-C). The ratio
of p-STAT3/total (t-)STAT3 also exhibited a similar trend
(P<0.05; Figs. 2E and 3D). Therefore, the level of phosphory-
lated STAT3 was reduced.

The expression of Thi7 cell-related factors in the SIPRI
overexpression group is significantly lower than that in the
RHD group. Immunohistochemistry and ELISA were then
performed to determine the levels of Th17 cell-related factors.
The results revealed significantly higher levels of RORyt, IL-6
and IL-17 in the AAV control and the RHD groups than in
the control group (P<0.05). The S1PR1 overexpression group
exhibited significantly lower levels of RORyt, IL-6 and IL-17
than the RHD group (P<0.05; Fig. 4). Thus, SIPR1 overexpres-
sion reduced the levels of Th17 cell-related factors in valvular
tissue and serum.

Elevated SIPRI expression attenuates RHD-induced
valvular damage. H&E and Sirius Red staining revealed
inflammation and fibrosis in the valvular tissue of the AAV
control and RHD groups. The control group exhibited a normal
valvular structure; however, the valves in the SIPR1 overex-
pression group exhibited reduced inflammation (Fig. 5A) and
fibrosis (Fig. 5B) compared with those in the RHD group.
Type 1 collagen (COLI) fibres are the main type of collagen
in non-fibrotic valves (30). The ratio of type 3 collagen
(COL3) and COLI1 is used to reflect the degree of fibrosis in
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Figure 2. Western blot analysis. (A) Bands indicating the levels of the SIPR1, STAT3 and p-STAT3 proteins in the 5 groups. (B) Fold changes in the level of
SIPR1 protein between the 5 groups. (C) Fold changes in the level of STAT3 protein between the 5 groups. (D) Fold changes in the level of p-STAT3 protein
between the 5 groups. (E) Relative ratios of the levels of p-STAT3/t-STAT3 proteins. These results revealed that SIPR1 overexpression increased the protein
levels of S1PRI, and the levels of p-STAT3 in the SIPR1 overexpression group were lower than those in the RHD group, and the silencing of STAT3 by
STAT3-siRNA decreased the level of the STAT3 protein and the total amount of p-STAT3 in valve tissue. Data are presented as the mean + standard deviation;
"P<0.05 compared with the control group; "P<0.05 compared with the RHD group. SIPR1, sphingosine-1-phosphate receptor 1; STAT3, signal transducer and
activator of transcription 3; RHD, rheumatic heart disease; t-STATS3, total-signal transducer and activator of transcription 3; p-STAT3, phosphorylated signal

transducer and activator of transcription 3.

valve tissue. During the process of fibrosis of valvular tissue,
the proportion of COL3 increases, indicating more severe
fibrosis (30). Therefore, the present study calculated the
COL3/COLI (COL3/1) ratio to quantify the degree of fibrosis
in valve tissue. The Sirius Red staining images revealed that
COL1 fibres were closely packed yellow and red fibres with
obvious birefringence, and COL3 fibres were loosely arranged
green fibres with weak birefringence (Fig. 5B). The ratio of
COL3/COLI1 in the S1PR1 overexpression group was signifi-
cantly lower than that in the RHD group (P<0.05; Fig. 5C).
The expression of COL3al and fibroblast-specific protein 1
(FSP1) was also detected by RT-qPCR to examine the degree
of valve fibrosis at the mRNA level. COL3al and FSP1 were
expressed at significantly lower levels in the SIPR1 overex-
pression group than the RHD group (P<0.05; Fig. 5D and E).
These results demonstrated that SIPR1 overexpression attenu-
ated RHD-induced valvular damage.

Inhibition of STAT3

STAT3-siRNA pre-treatment decreases STAT3 expression and
reduces the total amount of p-STAT3. The silencing of STAT3
using STAT3-siRNA decreased the expression of STAT3
mRNA (P<0.05; Fig. 1B). A significantly higher protein level
of p-STAT3 was observed in the RHD and AAV control groups
than in the control group (P<0.05). The silencing of STAT3
by STAT3-siRNA decreased the protein levels of STAT3 and
p-STAT3 in valvular tissues (P<0.05; Figs. 2A, C and D, and

3A-C). The ratio of p-STAT3/t-STAT3 was significantly higher
in the STAT3-siRNA, AAV control and RHD groups than in
the control group (P<0.05); however, a significant difference
was not observed between the STAT3-siRNA, AAV control
and RHD groups (P<0.05; Figs. 2E and 3D).

Expression of Thl7-related transcription factors and
cytokines is reduced in the STAT3-siRNA group compared
with the RHD group. Immunohistochemistry and ELISA
revealed significantly higher levels of RORyt, IL-6 and IL-17
in the RHD and AAV-control groups than in the control
group (P<0.05). The silencing of STAT3 by STAT3-siRNA
decreased the levels of RORyt, IL-6 and IL-17 in the serum
and valvular tissues of the rats (P<0.05; Fig. 4).

STAT3-siRNA pre-treatment attenuates RHD-induced
valvular damage. H&E staining revealed an inflammatory
response in the heart valves of rats in the AAV control and
RHD groups. The inflammatory response in the STAT3-siRNA
group was reduced compared with that in the RHD group
(Fig. 5A). All changes were observed under a microscope.
The Sirius Red staining images revealed significantly more
severe fibrosis in the RHD group than in the control group.
The COL3/1 ratio was also significantly higher in the RHD
group than in the control group. The degree of fibrosis in the
STAT3-siRNA group was lower than the RHD group. The
COL3/1 ratio was significantly lower in the STAT3-siRNA
group than the RHD group (P<0.05; Fig. 5B and C). The
findings for the COL3al and FSP1 expression levels were



INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 48: 179, 2021 7

p-STAT3

Control S1PR1 overexpression

B Immunchistochemistry C
= S1PR1 15

[1 .7 = STATS
EE Bm B p-STAT3

Positive cells %

Immunchistochemistry

STAT3-siRNA

CJS1PR1

£
c
=]
o

BCICE o cIT0 ScaS B
g.gzg oz 92%1 _9_552% Eég
a5 g feEr SREET SZCS
3895 38T £xs 3895 3898
= = > >
gz @ 822 823 Pa%
gm g 20 Len L

o =] L=

@ x x T @

) o 0 ) )

RHD
Control {

8 u mm p-STAT3/t-STATS positive
[ STAT3 e W Eells% ratio i
CIp-STATZ & 6 # ] ¥ [ mm p-STAT3/t-STAT3 IHS ratio
g K
1N
54
=]
ST | | FE
s 0 (1111
£330 85552 E5SEQ
SEEE §IE5E BREgE
O [P « W
o “gps “gpz
da3 8% oz
&5, g iy gh
z 3
£ & &
@ 17 1%

Figure 3. Immunohistochemical staining for SIPR1, STAT3 and p-STAT3. (A) Immunohistochemical staining for SIPR1, STAT3 and p-STATS3 in valvular tissues;
magnification, x400; scale bar, 50 ym. Arrows indicate positively stained cells. (B) Percentage of positive cells. (C) The IHS. (D) Ratio of p-STAT3/t-STAT3.
These results revealed that SIPR1 was expressed at higher levels in the control group and SIPR1 overexpression group than the other 3 groups, and the levels of
p-STATS3 in the SIPR1 overexpression group were lower than those in the RHD group, and the silencing of STAT3 by STAT3-siRNA decreased the level of the
STATS3 protein and the total amount of p-STAT3 in valvular tissue. Data are presented as the mean + standard deviation and the median and interquartile range;
#P<0.05 compared with the control group. “P<0.05 compared with the RHD group. SIPR1, sphingosine-1-phosphate receptor 1; STAT3, signal transducer and
activator of transcription 3; RHD, rheumatic heart disease; IHS, immunohistochemical score; t-STATS3, total-signal transducer and activator of transcription 3;

p-STATS3, phosphorylated signal transducer and activator of transcription 3.

consistent with the results of the histological examination
(P<0.05; Fig. 5D and E). These results demonstrated that the
inflammatory response and fibrosis of the valvular tissue were
reduced following the silencing of STAT3 compared with the
RHD group.

Discussion

RHD has a long history, and a number of patients have
succumbed to this disease. RHD caused 319,400 deaths
in 2015 (31), 314,600 deaths in 2016 (32) and 285,500 deaths
in 2017 (33); however, the pathogenesis of this disease
remains unknown. Recent research has primarily focused on
the signalling pathways related to the pathogenesis of RHD.
The efforts of numerous researchers have elucidated some
of the signalling pathways related to this disease. Recently,
researchers have discovered that the SIPR1/STAT3 signal-
ling pathway is involved in RHD-induced valvular damage
in a rat model (14). However, the mechanisms through which

interventions targeting the expression of SIPR1 and STAT3
affect RHD-induced valvular damage remain unknown.
Notably, the most useful method which can be used to inter-
vene with the expression of SIPR1 and STAT3, and effectively
attenuate RHD-induced valvular damage is not yet clear.
S1PR1 has been extensively studied, and it is an important
factor in heart diseases, including RHD (14,26), myocardial
infarction (9) and cardiac remodelling (10). SIPR1 primarily
protects the heart in these diseases (9-11), and a high SIPR1
expression generally protects the heart during the pathogenesis
of heart disease (9,12). However, a previous study reported that
a high expression of SIPR1 exacerbated heart damage (34),
and the role of the downregulation of SIPR1 expression in
mediating the pathogenesis of other diseases, such as multiple
sclerosis, has also been reported (35). The low expression of
SI1PR1 is not only present in RHD. For example, studies have
reported that in tumours, the low expression or lack of SIPR1
aggravates the growth of tumours, and the high expression of
S1PR1 can enhance the antitumour ability of the body (36).
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Figure 4. Levels of Th17 cell-related transcription factors and cytokines. (A) Immunohistochemical staining for RORyt, IL-6 and IL-17 in valvular tissues;
magnification, x400; scale bar, 50 gm. Arrows indicate positively stained cells. (B) Percentage of positive cells. (C) The IHS. (D) ELISA of serum IL-6 and
IL-17 levels. These results revealed that the levels of RORyt, IL-6 and IL-17 were reduced in the SIPR1 overexpression group and STAT3-siRNA group. Data
are presented as the mean =+ standard deviation and the median and interquartile range. “P<0.05 compared with the control group; "P<0.05 compared with the
RHD group. RORt, retinoic acid-related orphan receptor yT; IL, interleukin; IHS, immunohistochemical score; RHD, rheumatic heart disease.

Studies on hypertension have also reported that the expres-
sion of SIPR1 is downregulated, and increasing the expression
of SI1PR1 is helpful for reducing hypertension (36). It may
be related to RHD being an autoimmune disease. The low
expression of SIPR1 has also been observed in autoimmune
diseases (multiple sclerosis) and Crohn's disease (37). SIPR1
may also be regulated by microRNAs (miRNAs/miRs) to
downregulate its expression (38), such as miR-155-5p (26).
Therefore, it can be concluded that the expression of SIPR1
in different heart diseases is not static. Although S1PR1
expression varies among heart diseases, SIPR1 expression is
generally upregulated and it exerts a cardioprotective effect.
The present study found that RHD-induced valvular damage
was reduced with S1IPR1 overexpression, which may also
be related to the cardioprotective effects of SIPRI1. A close
association was identified between S1PR1 and STAT3, and
a number of studies have described the regulatory effect of
S1PR1 on STATS3 in various diseases (22-25). The present
study demonstrated that the expression of SIPR1 and STAT3
was closely related to the pathogenesis of valvular damage in a

rat model of RHD. Previous studies on the process of valvular
damage in RHD have found that the downregulation of SIPR1
and the increased STAT3 phosphorylation are involved in this
process (14,26). This phenomenon of a downregulated S1IPR1
expression and an increased STAT3 phosphorylation has been
reported in previous studies. For example, Garris et al (13)
found that S1PR1 deficiency increased the level of p-STAT3
and promoted Thl17 cell differentiation in a mouse autoim-
mune encephalitis model with an SIPR1 gene mutation. The
present study demonstrated that the RHD group also exhibited
a decreased S1PR1 expression and an increased STAT3 phos-
phorylation compared with that in the control group. However,
an increase in SIPR1 expression has been reported to increase
the phosphorylation of STAT3 (23,39); however, these studies
did not examine RHD. Combined with the uncertainty of the
expression of SIPR1 in the different heart diseases mentioned
above, it can be concluded that the expression of SIPR1 and its
role in regulating the phosphorylation of STAT3 in different
diseases and different physiological or pathological processes
may not be static. However, the opposite trend of SIPR1 and
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Figure 5. H&E and Sirius Red staining of valvular tissues and RT-qPCR analysis of fibrosis-related factors. (A) H&E staining revealed an inflammatory
response in the heart valves of the rats in the AAV control and RHD groups. In the SIPR1 overexpression and STAT3-siRNA groups, the inflammatory
response was significantly reduced compared with that in the RHD group; magnification, x400; scale bar, 100 zm. Arrows indicate the inflammatory response.
(B) Images of Sirius red staining of the valves. The valves in the AAV control group and RHD group exhibited marked fibrosis. In the SIPR1 overexpression
and STAT3-siRNA groups, the degree of fibrosis was markedly reduced compared with that in the RHD group; magnification, x400; scale bar, 100 pm.
Arrows indicate COL3 expression. (C) A significantly higher COL3/1 ratio was observed in the RHD group than in the control group, and the COL3/1 ratio in
the SIPR1 overexpression and STAT3-siRNA groups was significantly lower than that in the RHD group. (D and E) RT-qPCR analysis of COL3al and FSP1
expression. These results revealed that the degree of valvular damage was at significantly higher levels in the RHD group than the control group. SIPR1 over-
expression or STAT3-silencing reduced the level of valvular damage. Data are presented as the mean + standard deviation. “P<0.05 compared with the control
group; "P<0.05 compared with the RHD group. H&E, Hematoxylin and eosin staining; RT-qPCR, reverse transcription-quantitative PCR; COL3, collagen fibre
type 3; COLI, collagen fibre type 1; Col3al, collagen type III al chain; FSPI1, fibroblast-specific protein 1; RHD, rheumatic heart disease.

p-STAT3 also indicates the possibility that p-STAT3 is indi-  factors (such as IL-17) play important roles in the process of
rectly regulated by SIPR1. Two previous studies on the roles  inflammation and the autoimmune response (17-19). The levels
of SIPR1 and STAT3 in RHD (14,26) and the experimental  of Th17 cell-related factors are increased in the peripheral
results presented in the present study demonstrated that the  blood and serum of patients with RHD (20), and the level
downregulation of SIPR1 and the upregulation of phos- of Thl7-related cytokines in the mitral valve is significantly
phorylation of STAT3 during RHD-induced valvular damage  increased (21). Therefore, Th17 cells likely promote the devel-
and induces the differentiation of Th17 cells. Therefore, the = opment of RHD. Previous researchers have reported high levels
mechanism of the SIPR1 and STAT3 during the process of  of p-STAT3 in individuals with rheumatoid arthritis (43), and
RHD-induced valvular damage may be very similar to the the present study considered STAT3 a key component of this
mechanism described by Garris et al (13), as autoimmune  signalling pathway. The present study wished to determine
encephalitis and RHD are autoimmune diseases. However, the = whether the suppression of STAT3 expression would attenuate
similarity of the mechanisms is purely a speculation. SIPR1is  RHD-induced valvular damage.

downregulated in this pathway, and whether the overexpres- Based on studies on the association between the expres-
sion of SIPR1 would attenuate RHD-induced valvular damage  sion of SIPR1, STAT3 and RHD-induced valvular damage,
was not known. it was hypothesised that the level of p-STAT3 was increased

STATS3 is a key pathogenic factor in many inflammatory  during the process of valvular damage, which promoted
conditions. STAT3 mediates immune myocarditis due to  the differentiation of CD4* T cells into Th17 cells and the
IL-6-induced liver complement component C3 production and  Th17 cell-related cytokines to participate in the process of
Th17 cell differentiation (40), and the differentiation of Th17  RHD-induced valvular damage. Therefore, experiments were
cells plays an important role in the occurrence and develop-  performed to overexpress SIPRI1 and inhibit STAT3. The
ment of myocarditis (41). Tissue signalling cytokines, such  results obtained from in the first part of the present study
as IL-17 and IL-22, may affect the heart via a pathway that  demonstrated that the originally downregulated expression of
involves STAT3 (42). Th17 cells and related inflammatory =~ S1PR1 was increased with SIPR1 overexpression, the level of



10 XIAN et al: ALTERING S1PR1 OR STAT3 EXPRESSION ATTENUATES VAVULAR DAMAGE DUE TO RHD

p-STAT3 was decreased, the levels of Thl7 cell-related cyto-
kines in the valvular tissue and serum were also decreased,
and eventually, the level of RHD-induced inflammation and
fibrosis of the valve was attenuated. In previous studies, it was
also demonstrated that the overexpression of SIPR1 caused
the expression of p-STAT3 to decrease, and there was also
no significant difference in the amount of STAT3 between
groups (14,26). This may have occurred as the intervention
of S1PR1 affected the activation of STAT?3, and the activation
of STAT3 was mainly manifested in the amount of p-STAT3;
thus, the amount of STAT3 had no effect, as a number of
previous studies on STAT3 have observed the same phenom-
enon (44-46).

The results obtained from the second part of the present
study demonstrated decreased levels of total STAT3 and
p-STAT3, the decreased expression of Thl7-related transcrip-
tion factors and cytokines, and the attenuation of the level of
RHD-induced inflammation and fibrosis of the valve following
STAT3 silencing. There is a close association between STAT3,
IL-6 and IL-17, it has been suggested that the three factors are
mutually reinforcing (47). For example, STAT3 can promote
the production of the pro-inflammatory cytokine, IL-6, and
forms a positive feedback loop to regulate IL-6 level (48).
The pharmacological inhibition of STAT3 with JAK or
STAT3 inhibitors, or the inhibition of STAT3 genetically with
dominant negative STAT3 and short hairpin STAT3 has been
shown to reduce the level of IL-6 (49). The activation of STAT3
promotes the differentiation of Th17 cells. IL-6 and IL-17 are
Thl7-related cytokines; thus, the inhibition of STAT3 expres-
sion will affect the expression of IL-6 and IL-17 (50,51). These
results demonstrate that the expression of SIPR1 and STAT3 is
involved in the regulation of Th17 cell-related cytokine levels
during RHD-induced valvular damage, and strategies designed
to interfere with the expression of SIPR1 and STAT3 may
modulate the expression of Thl7 cell-related cytokines, and
may subsequently attenuate RHD-induced valvular damage.

Studies investigating the signalling pathways related to
the pathogenesis of RHD are limited. Significant research
progress was achieved in only six signalling pathways: The
RhoA/Rho-dependent kinase (RhoA/ROCK) signalling
pathway, mitogen-activated protein kinase (MAPK) signalling
pathway, protein kinase B/S6 kinase (AKT/S6K) signalling
pathway, TGF-1/Smad signalling pathway, Wnt signalling
pathway and SIPR1/STAT3 signalling pathway (52-57). Only
three potential intervention targets in these signalling pathways
were identified: The modulation of the expression of interferon
(IFN)-y and tumour necrosis factor (TNF)-a to regulate
extracellular matrix remodelling and reduce RHD-induced
heart damage, altering the activity of the AKT/S6K signalling
pathway to inhibit TGF-B1-induced fibroblasts, and targeting
the SIPR1/STAT3 signalling pathway to reduce RHD-induced
valvular damage. Further studies are required to determine
whether these intervention targets effectively prevent and treat
RHD. International research on the pathogenesis of RHD is
lacking, and the pathogenesis of RHD remains unclear. The
threat to the lives and health of patients with RHD is substan-
tial, and damage to the health and quality of life of patients
is devastating. RHD is a severe condition, and studies inves-
tigating its pathogenesis are worthwhile. SIPR1 and STAT3
may prove to be two potential intervention targets for RHD.

The findings of the present study may enhance the current
understanding of the signalling pathways related to the patho-
genesis of RHD, thus contributing to the further understanding
of the pathogenesis of RHD. The findings presented herein
may also aid in the development of effective and inexpensive
methods for controlling RHD in the future.

The present study has some limitations. The present study
was performed using a rat model, and further studies using
human samples are required. SIPR1 expression is down-
regulated during RHD-induced valvular damage, and greater
technical requirements and further experiments are required
to examine the effects of a complete inhibition of S1PR1
expression. The effects of upregulating STAT3 expression
on RHD are unknown. Cell-based experiments may provide
cell-level evidence to support the findings of the present study;
however, such experiments were not performed herein. In
addition, the present study did not detect the protein levels of
FSP1 and COL3al. The absence of data evaluating cardiac
function in the RHD model following the overexpression of
S1PR1/knockdown of STATS3 is also a potential limitation of
the present study. The effect of other STAT3 inhibitors in the
RHD model may be a good direction for further studies. The
specific regulatory mechanisms between SIPR1 and STAT3,
and whether there are other regulatory mechanisms between
these two proteins warrants further investigation in the future.

The status of RHD remains severe, and although primary
and secondary prevention strategies have been clearly identified,
their global implementation is not ideal (58). The pathogenesis
of RHD has long been studied (2); however, this is still not fully
understood. By summarizing the results of previous studies
and the inflammatory mechanisms of RHD pathogenesis, it
was hypothesised that strategies targeting the expression of
S1PR1 and STAT3 may modulate the process of RHD-induced
valvular damage. In a previous study by the authors, it was
found that SIPR1 and STAT3 may be involved in RHD (14);
however, the specific roles of SIPR1 and STAT3 remain
unclear. The animal experiments in the present study revealed
a role for the expression of SIPR1 and STAT3 in regulating
the levels of Th17 cell-related cytokines during RHD-induced
valvular damage, and interfering with the expression of SIPR1
and STAT3 may alter the expression of Th17 cell-related
cytokines and attenuate RHD-induced valvular damage. The
present study provides some insight into the pathogenesis of
RHD, and provides some references for discovering interven-
tion targets for RHD. However, the present study found that
only intervention with the expression of SIPR1 and STAT3
reduced RHD-induced valve damage. The specific regulatory
mechanisms between S1PR1 and STAT3, whether there are
other regulatory mechanisms between these two proteins, and
whether this strategy is effective in in vitro experiments and in
human samples needs to be further studied in the future.
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