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Abstract. Rheumatic heart disease (RHD) is frequently
encountered in underdeveloped areas and primarily affects
patients under the age of 40 years old. The pathogenesis of
RHD has yet to be fully elucidated and surgical treatment
remains the only option, which is expensive and technically
demanding for patients in less developed areas. Signalling
pathways are crucial for the occurrence and development of
several diseases, and researchers worldwide have made prog-
ress in elucidating the signalling pathways associated with the
pathogenesis of RHD. The aim of the present review was to
discuss 6 signalling pathways implicated in the pathogenesis
of RHD, summarize the methods and progress of these studies
and propose future research directions. Important information
on the pathogenesis of RHD according to the current progress
of signalling pathway studies was also summarized, in the hope
that this review may serve as a reference for future research on
the signalling pathways involved in the pathogenesis of RHD.
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1. Introduction

Rheumatic heart disease (RHD) poses a major threat to the
health of primarily patients under the age of 40 years old (1).
As many as 250,000 people succumb to RHD annually (2).
Although valve replacement surgery is currently the most
effective treatment, this surgery is expensive and requires high
technical skills and specialized equipment. Therefore, RHD
represents a major health concern in less developed regions. In
order to effectively treat RHD, it is important to fully elucidate
its pathogenic process; however, the exact pathogenesis of
RHD remains elusive (3). Signalling pathways are key factors
in the occurrence and development of several diseases, and
research on signalling pathways is an important approach to
elucidating the pathogenesis of disease. A number of drugs
exert their pharmacological effects by acting on signalling
pathways (4-6). To date, there are no effective drugs for the
prevention or treatment of RHD. Therefore, it is crucial to
study the signalling pathways involved in RHD pathogenesis,
as drug intervention in RHD-related pathways for preven-
tion or treatment would markedly benefit RHD patients in
underdeveloped areas. Previous studies have investigated the
signalling pathways associated with the pathogenesis of RHD.
Therefore, the aim of the present review was to discuss the
research progress on 6 major signalling pathways implicated
in the pathogenesis of RHD, to summarize the available results
in order to further elucidate the pathogenesis of RHD, and to
serve as a reference for researchers worldwide investigating
the pathogenesis of RHD.

2. Selection and search criteria

English literature databases were searched using the following
terms: ‘RHD’ (all fields) and ‘pathway or signal’ (all fields).
The following criteria were considered for the review of
studies: i) The research content was signalling pathways
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associated with the pathogenesis of RHD; and ii) the research
made significant progress, such as the discovery of a certain
RHD-related signalling pathway, or examined the mechanism
of the RHD-related signalling pathway. The number of studies
on the signalling pathways associated with the pathogenesis of
RHD worldwide is limited. A total of 6 important signalling
pathways that are implicated in the pathogenesis of RHD and
on which significant research progress was made were identi-
fied.

RhoA/Rho-associated protein kinase (RhoA/ROCK)
signalling pathway and RHD. In 2008, Jiang et al (7) inves-
tigated the association between extracellular matrix (ECM)
and RHD. First, it was observed that the concentration of
tenascin-C (TN-C), which is the key component of the ECM
in patients with RHD, was significantly higher compared with
that in controls. The transcription of TN-C is closely associ-
ated with the RhoA/ROCK signalling pathway. Therefore, it
was ultimately discovered that interferon (IFN)-y and tumour
necrosis factor (TNF)-a were involved in the pathogenesis
of RHD via the RhoA/ROCK signalling pathway, which
regulated the expression of TN-C and the ECM remodelling
process (8). That study identified two important factors asso-
ciated with RHD: The RhoA/ROCK signalling pathway and
the ECM. The RhoA/ROCK signalling pathway regulates an
important component of the ECM, as mentioned earlier, but it
is also involved in TNF-a-mediated endothelial apoptosis (9)
and the development of the sinoatrial node (10). Previous
studies demonstrated that ECM remodelling in the heart
was implicated in cardiac fibrosis (11), and the ECM is also
a therapeutic target for myocardial repair (12). Whether the
RhoA/ROCK signalling pathway and ECM cooperate with
endothelial apoptosis, cardiac fibrosis and myocardial repair
in the pathogenesis of RHD is unclear, and it may be inves-
tigated to further elucidate the pathogenesis of RHD in the
future. A previous study (7) also highlighted two intervention
points: Neutralization of IFN-y and TNF-a with antibodies
attenuated TN-C transcription in patients with RHD, as IFN-y
and TNF-a induce TN-C transcription via the RhoA/ROCK
signalling pathway. A number of studies demonstrated that
IFN-y and TNF-a were closely associated with the patho-
genesis of RHD (13-16). Therefore, IFN-y and TNF-o may
be potential targets for therapeutic intervention in RHD.
However, a previous study (7) only revealed that neutralization
of IFN-y and TNF-a suppressed the transcription of TN-C,
but it did not investigate the effects of the lower transcription
of TN-C on the occurrence and development of RHD. IFN-y
and TNF-a as potential targets for intervention require further
investigation in future studies.

Mitogen-activated protein kinase (MAPK) signalling pathway
and RHD.In 2013, Li et al (17) divided patients with RHD into
atrial fibrillation (AF) and sinus rhythm (SR) groups according
to their heart rhythm. When comparing the expression levels
of basic fibroblast growth factor (bFGF)-related factors and
MAPK signalling pathway-related factors between these
two groups, they were found to be higher in the AF group. It
was concluded that bFGF may be involved in the process of
atrial fibrosis, and the MAPK signalling pathway may be the
molecular basis of this process. The focus of that study was

atrial fibrosis in patients with RHD, and the association among
bFGF, the MAPK signalling pathway and RHD was initially
examined.

A 2014 study also examined the role of the MAPK
pathway in the process of atrial fibrosis in patients with RHD.
Zhang et al (18) also compared the SR and AF groups of RHD
patients. The sample size was larger, and the focus was on
transforming growth factor (TGF)-f1 and tumour necrosis
factor receptor-associated factor (TRAF)6 in addition to
MAPK. It was demonstrated that the MAPK/TGF-B1/TRAF6
signalling pathway was involved in atrial fibrosis in patients
with chronic AF, indicating that TRAF6 may be a new inter-
vention target for the treatment of atrial fibrosis. The study
also examined the role of the MAPK pathway in atrial fibrosis
due to RHD.

In 2020, Zhao et al (19) also investigated the association
between the MAPK pathway and RHD. The pathological
process investigated in that study was RHD-induced valve
fibrosis. Blood samples and valve specimens from patients with
RHD were compared to age- and sex-matched RHD-negative
patients. The research focused on CD4* T cells, the MAPK
signalling pathway and TGF-f1. The findings confirmed that
the MAPK signalling pathway and TGF-p1 participated in
the process of RHD-induced valve fibrosis, and concluded
that CD4* T cells also played an important role in the fibrotic
process.

Therefore, the MAPK signalling pathway plays an impor-
tant role in the process of RHD-induced fibrosis. MAPK is
a cellular serine/threonine protein kinase that plays a key
role in biological reactions involved in cell proliferation,
differentiation, transformation and apoptosis (20). All three
aforementioned studies examined the close association
between the MAPK signalling pathway and the process of
fibrosis of cardiac tissue caused by RHD. The three most
important factors in the fibrotic process of RHD involved
with MAPK were bFGF, TGF-f1 and CD4* T cells. bFGF
promoted the growth of fibroblasts and was closely associ-
ated with the pathological process of atrial fibrosis caused by
RHD. These studies also demonstrated that the concentrations
of bFGF and MAPK were increased in the AF group, but no
specific mechanism was further examined, and no suitable
intervention target was identified. TGF-f1 is known to play an
important role in the pathogenesis of RHD, which is discussed
below. CD4* T cells are important immune cells in the human
body. It is widely hypothesised that immunity plays a key role
in the pathogenesis of RHD. However, the types of immune
cells that are involved in this process are not known, although
arole for CD4* T cells has been suggested. The studies (17-19)
aforementioned only reported that the numbers of CD4* T cells
were significantly increased in the peripheral blood and valve
tissues of patients with RHD, but did not further examine
their mechanism of action. The mechanism of action of CD4*
T cells in RHD was later examined, which is discussed below.

Protein kinase B(AKT)/S6 kinase (S6K) signalling pathway
and RHD. In 2013, Zhang et al (21) found that focal adhe-
sion kinase (FAK) regulated the AKT/S6K pathway and
participated in the process of RHD-induced atrial fibrosis.
Specifically, FAK mediated the process of atrial fibrosis in
patients with RHD via the AKT/S6K pathway. Research on
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RHD patients and animal models uncovered that the expres-
sion of AKT/S6K signalling pathway-related factors was
increased in patients with AF. Animal experiments revealed
suppressed a-smooth muscle actin (a-SMA) expression in
TGF-pl-induced fibroblasts after inhibition of the expression
of FAK and AKT. This study (21) focused on RHD-induced
fibrotic lesions. Inhibition of the expression of AKT/S6K
signalling pathway-related factors inhibited TGF-B1-induced
cardiac fibroblast activation, which was confirmed in other
studies (22). Both studies suggested that the AKT/S6K signal-
ling pathway was closely associated with the fibrosis of heart
tissue, and inhibition of its expression inhibited cardiac fibro-
blast activation. Therefore, the AKT/S6K signalling pathway
may be an effective intervention target for the prevention or
treatment of fibrotic lesions caused by RHD. The aforemen-
tioned study (21) again emphasizes the important role of
TGF-p1 in fibrotic lesions due to RHD.

TGF-B1/Smad signalling pathway and RHD. Zhang et al (23)
also found that the TGF-31/Smad signalling pathway increased
the expression of a-actinin-2 and participated in the process
of RHD-induced atrial fibrosis. Patients with RHD-induced
AF were used as the experimental group and patients with
congenital heart disease and SR who underwent heart surgery
were used as controls. The atrial specimens of the two groups
were compared. The levels of TGF-f1/Smad signalling
pathway-related factors and a-actinin-2 in the experimental
group were significantly higher compared with those in the
control group. The TGF-B1/Smad signalling pathway is
closely associated with scar tissue formation, and disruption
of the TGF-B1/Smad pathway is an important pathogenic
mechanism of tissue fibrosis (24). The results of a previous
study (23) suggest that disorder of this pathway caused atrial
fibrosis. However, the exact cause of TGF-$1/Smad pathway
dysfunction is not known, and the upstream stimuli for this
pathway must be investigated in future studies. This study
also highlights the important role of TGF-f1 in RHD-induced
fibrosis. TGF-B1 was the focus of a previous study (19) on the
association between the MAPK signalling pathway and RHD
and the association between the AKT/SOK signalling pathway
and RHD. In the aforementioned study by Zhang er al (23),
it was once again shown that TGF-f1 may play an important
role in the pathogenesis of RHD. The process of fibrotic valve
injury during the pathogenesis of RHD is also regulated by
the general fibrosis status of the body, and it is not an indepen-
dent process. The view of this study (23) is that the increased
expression of Smad2 and Smad3, which causes atrial fibrosis,
is due to the regulation of TGF-f1. Smad2 and Smad3 are also
key factors in endothelial-to-mesenchymal transition (EMT),
as the phosphorylation of Smad2 and Smad3 regulates the
transcription factors lymphoid enhancer factor-1, Snaill,
TWIST and zinc finger E-box binding homeobox 1/2 to induce
EMT (25,26). However, although EMT was not the focus of
this study (23), it suggests that the occurrence and develop-
ment of RHD may involve EMT.

Wnt signalling pathway and RHD. Guo et al (27) found that
the Wnt signalling pathway increased the expression of Snaill
and participated in the process of RHD-induced atrial fibrosis.
The method they used was similar to the three studies on
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MAPK mentioned above, i.e., comparison of the SR and AF
groups of patients with RHD. The Wnt signalling pathway
involves multiple signal molecule-mediated transduction path-
ways, and the activation of this pathway is observed in several
cardiovascular pathologies (28). This study (27) extended the
prevalence of the Wnt signalling pathway in cardiovascular
disease to RHD and highlighted Snaill. The Wnt signalling
pathway and Snaill are implicated in the EMT process. The
Wnt signalling pathway is closely associated with EMT. For
example, the activation of the Wnt signalling pathway after
myocardial infarction triggers EMT to promote the cardiac
repair process (29). Snaill is one of the transcription factors
that induces EMT (25,26). These data suggest that EMT may
play a role in the pathogenesis of RHD. Therefore, whether
the results of this research (increased expression of Snaill
participated in the process of RHD-induced atrial fibrosis)
include the participation of EMT requires future in-depth
investigation.

Signal transducer and activator of transcription 3 (STAT3)
signalling pathway and RHD. Wu et al (3) demonstrated
that the sphingosine 1-phosphate receptor 1 (SIPR1)/STAT3
signalling pathway was activated during RHD-induced valve
damage. The authors established an RHD rat model to detect
differences in the expression of SIPR1, STAT3, phosphory-
lated (p)-STAT3 and T helper (Th) 17 cell-related cytokines
in the cardiac valves of RHD and control rats, and found that
the expression of SIPR1 in the cardiac valves of RHD rats was
lower compared with that in controls. The expression levels
of p-STAT3 and the Thl17 cell-related cytokines interleukin
(IL)-17 and IL-21 were higher compared with those in the
control group. The inflammation and fibrosis of the valves in
the RHD group were also more prominent compared with the
control group.

Chen et al (30) found that inhibiting the expression of
miR-155-5p inhibited the expression of p-STAT3 in an RHD
rat model and reduced the expression of the Th17 cell-related
cytokines IL-6 and IL17 and valve fibrotic damage and inflam-
mation caused by RHD.

The focus of both studies was on STAT3-related signal-
ling pathways and valvular disease due to RHD. Valvular
disease is the hallmark of RHD, which may also cause other
secondary heart diseases. These two studies directly investi-
gated valvular disease, which is relatively more meaningful
in the pathogenesis of RHD. The research content of these
two studies gradually deepened the understanding of STAT3
signalling pathway. The first study observed that the STAT3
signalling pathway was activated in the RHD rat model, and
the second study examined methods for interfering with the
STAT3 signalling pathway.

STAT3 is a cellular signal transcription factor that is
involved in numerous cell activities, and has been extensively
investigated (31). Both studies emphasized that the main role
of STAT3 in RHD-induced valve damage was to induce CD4*
T-cell differentiation into Th17 cells, which was described in
previous studies (32). The important role of CD4* T cells in the
pathogenesis of RHD is therefore confirmed.

Both studies investigated Th17 immune cells and their
specific mechanism of action, which included the increased
phosphorylation of STAT3 to promote the differentiation of
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ECM Atrial fibrosis Th17-related cytokines
Participate Participate Participate
Pathogenesis of RHD

Figure 1. Schematic presentation of the discussed signalling pathways that are implicated in the pathogenesis of RHD. RHD, rheumatic heart disease;
RhoA/ROCK, RhoA/Rho-dependent kinase; IFN-vy, interferon-y; TNF-a, tumour necrosis factor-a; ECM, extracellular matrix; MAPK, mitogen-activated
protein kinase; bFGF, basic fibroblast growth factor; TGF-$1, transforming growth factor-f1; TRAF 6, tumour necrosis factor receptor-associated factor 6;
AKT/S6K, protein kinase B/S6 kinase; FAK, focal adhesion kinase; SIPR1, sphingosine 1-phosphate receptor 1; STAT3, signal transducer and activator of

transcription 3; p-STAT3, phosphorylated STAT3; Th17, T helper 17.

CD4* T cells into Th17 cells, which release the inflammatory
factors that participate in valve damage induced by RHD. Both
studies involved animal experiments, but an increase in the
Th17 cell-related cytokine IL-17A was also reported in RHD
patients (33). Therefore, Th17 cells play an important role in
RHD-induced valve inflammation.

In summary, the two studies (3,30) focused on the impor-
tant role of the STAT3 signalling pathway and Thl17 cells in
the process of valve inflammation and fibrosis caused by RHD.
The mechanism of valve injury in RHD is closely associated
with inflammatory factors, and STAT3-related signalling
pathways play an important role in regulating related inflam-
matory factors. miR-155-5p may be an effective intervention
target. Further research into the STAT3 pathway may uncover
that this pathway may represent a promising target for the
prevention or treatment of RHD with.

3. Discussion and conclusions

The conclusions of the studies on these signalling pathways
associated with the pathogenesis of RHD may be summarized
as follows:

Multiple signalling pathways regulate the pathogenesis
of RHD. A schematic diagram of the role of the signalling
pathways described in this review in the pathogenesis of RHD
is presented in Fig. 1.

These signalling pathways serve their respective physiolog-
ical or pathological roles in the occurrence and development of
RHD. Some of these signalling pathways play the same role in
the occurrence and development of RHD as in other diseases.

However, further research is needed to determine whether the
functions of these signalling pathways in other diseases are
also involved in the occurrence and development of RHD. In
the future, the present review may help determine the impact
of new RHD prevention and treatment methods on other
diseases that use the same signalling pathways.

The pathogenesis of RHD may not be a simple immune
response but may involve other conditions, including dysfunc-
tion of signalling pathways, such as the TGF-f1/Smad
signalling pathway. Targeted intervention in the expression
process of some of the signalling pathways may reduce the
heart damage caused by RHD. The pathogenesis of RHD
involves several pathological processes, primarily inflam-
matory reactions and fibrosis. Multiple signalling pathways
regulate each process, such as atrial fibrosis. CD4* T cells are
the main immune cells in the pathogenesis of RHD. Important
factors in the occurrence and development of RHD include
bFGF, TGF-f1 and CD4* T cells.

EMT is most likely implicated in the occurrence and
development of RHD and its role requires further investiga-
tion. Some progress has been made in the field of RHD-related
signalling pathway research. Unfortunately, only research on
the RhoA/ROCK, AKT/S6K and STAT3 signalling pathways
identified intervention targets, and the effect of such interven-
tion in humans requires further investigation.

There are currently three intervention targets that may be
used for the prevention or treatment of RHD: Intervention in
IFN-y and TNF-a-mediated ECM remodelling; intervention
in the AKT/S6K pathway to suppress a-SMA expression
in TGF-Bl-induced fibroblasts; and interference with the
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phosphorylation of STAT3 to inhibit Th17 cell-related cyto-
kine release and reduce RHD-induced valve damage.

Each RHD-related signalling pathway study described in
the present review has limitations. No specific mechanism for
the regulation of each signalling pathway on RHD was inves-
tigated in depth. If the specific mechanisms of the regulation
of each signalling pathway in RHD are further investigated
on the basis of existing research and further effective drug
intervention targets are identified in humans, the prevention
and treatment of RHD may improve.

There is some cross-talk between these signalling
pathways. The MAPK, AKT/S6K, TGF-1/Smad and Wnt
signalling pathways are all involved in the pathogenesis of
RHD via regulation of atrial fibrosis; both the MAPK and
AKT/S6K signalling pathways regulate TGF-p1; both the
MAPK and STATS3 signalling pathways regulate CD4* T cells;
the TGF-f1/Smad and Wnt signalling pathways have the
potential to regulate EMT in the pathogenesis of RHD.

There was a limitation to the present study. Meta-analysis
has statistical power and a better ability to extrapolate to the
greater population, and it should be performed in our future
studies further elucidate the pathogenesis of RHD.

The number of studies on the pathogenesis of RHD world-
wide is limited. Although the researchers mentioned in this
article did not further examine the mechanism of action of
these signalling pathways based on existing research, their
efforts have produced valuable results, which will prompt
future research that may ultimately fully elucidate the patho-
genesis of RHD and identify prevention and treatment methods
accessible to patients in underdeveloped areas.
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