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Fibrosis, a major cause of morbidity and mortality, is a histopathological manifestation of
many chronic inflammatory diseases affecting different systems of the human body. Two
types of transforming growth factor beta (TGF-β) signaling pathways regulate fibrosis: the
canonical TGF-β signaling pathway, represented by SMAD-2 and SMAD-3, and the
noncanonical pathway, which functions without SMAD-2/3 participation and currently
includes TGF-β/mitogen-activated protein kinases, TGF-β/SMAD-1/5, TGF-
β/phosphatidylinositol-3-kinase/Akt, TGF-β/Janus kinase/signal transducer and
activator of transcription protein-3, and TGF-β/rho-associated coiled-coil containing
kinase signaling pathways. MicroRNA (miRNA), a type of non-coding single-stranded
small RNA, comprises approximately 22 nucleotides encoded by endogenous genes,
which can regulate physiological and pathological processes in fibrotic diseases,
particularly affecting organs such as the liver, the kidney, the lungs, and the heart. The
aim of this review is to introduce the characteristics of the canonical and non-canonical
TGF-β signaling pathways and to classify miRNAs with regulatory effects on these two
pathways based on the influenced organ. Further, we aim to summarize the limitations of
the current research of the mechanisms of fibrosis, provide insights into possible future
research directions, and propose therapeutic options for fibrosis.
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INTRODUCTION

Fibrosis is a histopathological manifestation of many chronic inflammatory diseases (Wynn,
2007). Some fibroproliferative diseases, such as progressive kidney disease, hepatitis, pulmonary
fibrosis, cardiovascular disease, scleroderma, and systemic sclerosis, eventually cause high
morbidity and mortality by influencing diverse systems of the human body (Wynn, 2007).
Fibrosis is characterized by the undue aggregation of extracellular interstitial constituents in and
around injured or inflamed tissues, such as collagen and fibronectin (Wynn, 2008). If the
causative disease continues to progress, fibrosis leads to collapse of tissue structure, loss of organ
function, and finally death. Factors causing fibrotic diseases are genetic, inflammatory,
environmental, etc. (Wynn, 2008) Research is underway for the molecular mechanism of
fibrotic diseases and valid treatments to prevent or reverse the progression of these diseases
(Wynn, 2008; Meng et al., 2016).
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Transforming growth factor beta (TGF-β), a key molecule in
the development of fibrosis, can regulate a series of biological
processes, including the cell growth cycle, cell differentiation,
immune regulation, and extracellular matrix (ECM) deposition
(Ikushima and Miyazono, 2012; Meng et al., 2016). Two types of
TGF-β signaling pathways regulate fibrosis: the canonical
signaling pathway, represented by SMAD-2/3, and the
noncanonical pathway, which does not involve SMAD-2/3
participation (Meng et al., 2016; Finnson et al., 2020).
Increasing evidence confirms that the pathogenesis of fibrosis
includes the canonical TGF-β signaling pathway and abnormal
activation of the noncanonical TGF-β pathway (Finnson et al.,
2020). Therefore, further research of the molecular mechanism of
these signaling pathways regulating fibrotic diseases and potential
molecular targets for treatments is warranted in the future.

MicroRNA (miRNA), a type of non-coding single-stranded
small RNA, comprises approximately 22 nucleotides encoded
by endogenous genes, which can regulate physiological and
pathological processes in fibrotic diseases (Liu et al., 2018). Its
central role in the research of fibrotic disease treatment and
pathogenesis has garnered widespread attention in recent
years (Banerjee et al., 2011; Liu et al., 2018; Li et al., 2019).
Accumulating evidence confirms that miRNAs, such as miR-
125a-5p, miR-29a-3p, miR-181a-5p, and miR-216a, can
positively and negatively regulate the canonical TGF-
β/SMAD pathway to affect myofibroblast transformation,
collagen synthesis, and ECM deposition in fibrotic diseases
(Yang et al., 2016; Henry et al., 2019; Srivastava et al., 2019).
Several studies support the regulatory mechanism of miRNAs
in noncanonical TGF-β signaling pathway-mediated fibrotic
diseases (Yang et al., 2016). Since miRNAs are commonly
involved in regulating the canonical and noncanonical TGF-β
signaling pathways, they have diagnostic and therapeutic
potentials in many fibroproliferative diseases (Yang et al.,
2016). The aim of this review is to comprehensively
generalize the regulatory role of miRNAs in canonical and
noncanonical TGF-β pathway-intervened fibrosis and identify
their characteristics in different organs, with focus on the most
recent literature to provide the current valuable knowledge in
this area.

CANONICAL TGF-β SIGNALING PATHWAY

In the canonical TGF-β signaling pathway, active TGF-β is first
isolated from the latent TGF-β complex in the extracellular space,
which maintains TGF-β in the inactive form (Meng et al., 2016).
The inactive molecule then binds to the TGF-β type II receptor
(TGF-βRII), which in turn binds and phosphorylates the TGF-β
type I receptor ALK5, leading to its activation. Subsequently,
Smad2 and Smad3 proteins are continuously phosphorylated by
ALK5 in the cytoplasm and then form a complex with Smad4,
which finally assembles in the nucleus to further regulate fibrosis-
related transcription (Hill, 2009; Wrighton et al., 2009; Thatcher,
2010). In addition, the inhibitory function of SMAD-7 competes
with SMAD-2/3 to bind with phosphorylated ALK5 (Yan et al.,
2009; Hu et al., 2018).

NONCANONICAL TGF-β SIGNALING
PATHWAY

During fibrotic progression, complex regulatory networks
composed of multiple TGF-β-related signaling pathways work
together (Yang et al., 2016; Finnson et al., 2020). Therefore, in
addition to canonical pathways, we should pay attention to
noncanonical TGF-β signaling pathways, including ALK1/
Smad1/5, Janus kinases (JAKs)/signal transducer and activator
of transcription protein-3 (STAT3), phosphatidylinositol-3-
kinase (PI3K), mitogen-activated protein (MAP) kinases (ERK,
p38, and JNK), and rho-like GTPases in different cell types
(Finnson et al., 2020).

Unlike the canonical ALK5-SMAD-2/3 pathway, the TGF-β
type I receptor ALK1 forms a complex with ALK5 under
stimulation by TGF-β, leading to activation of SMAD-1/5 and
suppression of ALK5-SMAD-2/3 signaling (Goumans et al., 2003;
Finnson et al., 2008). Moreover, the activation of SMAD-1 and
SMAD-5 are both inhibited by SMAD-6 and SMAD-7, which
respond to TGF-β-related bone morphogenetic proteins
(Katsuno et al., 2018). Pannu et al. showed that in systemic
sclerosis, the up-regulation of extracellular interstitial
components, which depend on ALK5, is not associated with
SMAD-2/3 activation but reconciled by ALK1/SMAD-1 and
ERK-1/2 signalings (Pannu et al., 2007).

MAPK, which includes three major classical types, i.e., ERK,
JNK, and p38 MAPK, is commonly involved in the up-regulation
of key molecules that sustain cell proliferation, growth,
differentiation, and survival processes (Braicu et al., 2019).
After TGF-β-induced phosphorylation, TβRII and ALK5 can
sequentially activate Ras, Raf, and MEK-1/2 to activate ERK-1/
2 by recruiting adaptor protein growth factor receptor-bound
protein 2/Son of Sevenless. Fibrosis-related genes, without or in
collaboration with activated SMAD complexes, are controlled by
some transcription factors, which are phosphorylated by
activated ERK, such as jun and fos (Zhang, 2017). Moreover,
ERKs can negatively regulate SMAD protein activity by directly
phosphorylating the linker region of SMAD proteins
(Kretzschmar et al., 1997; Kretzschmar et al., 1999). In fibrotic
processes, intramolecular polyubiquitination of TNF receptor-
associated factor 6 (TRAF-6) at Lys63 is conducted by the
interplay between activated TGF-β receptors and TRAF-6
(Yamashita et al., 2008). Subsequently, TAK1 is recruited by
polyubiquitinated TRAF-6 to activate JNK and p38 via
activations of MKK4 and MKK3/6, respectively. Finally, the
activated JNK and p38 continuously activate the downstream
transcription factors c-jun and ATF-2, which then regulate
SMAD activity through phosphorylation (Zhang, 2009; Zhang,
2017).

The PI3K/AKT/mammalian target of rapamycin (mTOR)
signaling cascade, which comprises the core units of
phosphatidylinositide 3-kinases and their downstream
mediators AKT and mTOR, mediate cell proliferation,
survival, and metabolism and control cellular differentiation
(Yu and Cui, 2016; Marquard and Jücker, 2020). TGF-β
regulates PI3K/AKT signaling through two mechanisms:
SMAD-dependent and SMAD-independent (Zhang, 2017). In
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the SMAD-dependent pathway, TGF-β-driven SMAD signaling
induces the lipid phosphatase SH2-containing inositol 5′-
phosphatase, which can then inhibit PI3K/AKT signaling
(Valderrama-Carvajal et al., 2002). Similar to TGF-β-induced
JNK/p38 activation, in the SMAD-independent mechanism,
ubiquitinated TRAF6 stimulates PI3K/AKT signaling and
induces ubiquitination and activation of AKT (Yang et al.,
2009). Although its specific function in fibrotic diseases is
unclear, increasing evidence suggests that PI3K/AKT signaling
plays a critical role in profibrotic processes in organs such as the
liver, the heart, the kidney, the lungs, skin, and even oral mucosa
(Dai et al., 2015; Li et al., 2017; Chaigne et al., 2019; Mi et al., 2019;
Wang et al., 2019a; Zhou et al., 2019; Yin et al., 2020).

ROCK is the eventful cellular regulator of rho GTPases that
organizes the actin cytoskeleton and facilitates myofibroblast
differentiation and ECM production in fibroblasts of diverse
tissues (Akhmetshina et al., 2008; Ji et al., 2014; Manickam
et al., 2014; Lai et al., 2019). RhoA (a GTPase) and ROCK can
be activated by TGF-β to induce actin polymerization through
SMAD-dependent or SMAD-independent mechanisms(Zhang,
2017). The rho-like GTPases Cdc42 and Rac can also be recruited
by TGF-β to combinate with the TGF-β receptor complex, which
is involved in cell-to-cell connection dissociation and cell
migration during epithelial to mesenchymal transition (EMT)
(Zhang, 2017).

JAK, which is a receptor-associated tyrosine kinase, acts as
regulators of cytokine and growth factor signaling. JAK2 is a
regulator of the profibrotic results of TGF-β in many fibrotic
diseases (O’Shea et al., 2015; Cao et al., 2019; Zhao et al., 2019;
Qin et al., 2020). STAT3, a STAT protein and a downstream
regulator of JAK2 signaling, is crucial to many fibrotic diseases in
a TGF-β-dependent manner (O’Shea et al., 2015; Chakraborty
et al., 2017; Oh et al., 2018). In this signaling, first, JAK2 is
phosphorylated when cytokines bind to cell receptors.
Subsequently, the phosphorylates downstream STAT3, which
participates in various biological processes, such as cell
proliferation, differentiation, and apoptosis (O’Shea et al., 2015).

ROLE OFmiRNAs IN THE CANONICAL AND
NONCANONICAL TGF-β SIGNALING
PATHWAYS IN FIBROTIC DISEASES
AFFECTING DIFFERENT ORGANS

Kidney
In recent years, the vital role of miRNAs in renal pathophysiology
has been evidenced by clinical and experimental models (Van der
Hauwaert et al., 2019). During the progression of renal fibrosis
mediated by SMAD-3, miR-29 and miR-200 are downregulated,
and miR-21 and miR-192 are upregulated (Meng et al., 2015).
The miR-29 family, including miR-29a, miR-29b, and miR-29c,
acts as a negative modulator of some fibrotic diseases through
canonical TGF-β-SMAD-2/3 signaling, thereby playing a
protective role in the fibrotic process (He et al., 2013).
Expression of disintegrin metalloproteases Adams, mainly
Adam10, Adam12, Adam17, and Adam19, is significantly

upregulated in vivo and in vitro through the regulation of the
TGF-β-SMAD-2/3 pathway. Overexpression of miR-29 can
downregulate Adam12 and Adam19 expressions, partially
mitigating fibrosis (Ramdas et al., 2013). Although the
function of Adam in fibrosis and its specific mechanism in the
fibrotic process are clear, accumulating evidence indicates that
they significantly correlate with the development of fibrosis and
that multiple miR-29 binding sites are present in the 3′-UTR
region of the mRNA of Adams (Ramdas et al., 2013). In addition,
Sole et al. showed that patients with lupus nephritis accompanied
by high renal chronicity indexes have significantly reduced miR-
29c levels in urinary exosomes, suggesting the early diagnostic
value of miR-29c in renal fibrosis (Solé et al., 2015). Although
significant downregulation of miR-200b occurs in renal fibrosis
related to TGF-β signaling (Meng et al., 2015). Tang et al.
postulated that miR-200b represses TGF-β1-induced EMT by
inhibiting ZEB1 and ZEB2 and ECM protein fibronectin by
directly targeting the 3′UTR region of the mRNA, which is
not directly associated with the TGF-β signaling pathway
(Tang et al., 2013). A study showed that in paclitaxel-treated
renal fibrosis animal models, inhibition of TGF-β/SMAD-2/3
signaling and mitigation of renal fibrosis, which were
accompanied by downregulation of miR-192, probably implied
the regulatory relationship between miR-192 and the canonical
TGF-β signaling pathway (Sun et al., 2011). Diabetic nephropathy
(DN) is characterized by basement membrane thickening,
glomerular hypertrophy, and ECM deposition, eventually
leading to renal interstitial fibrosis. Ma et al. showed that
miR-130b is related to fibrosis in DN, and its overexpression
can not only promote the mRNA and protein expressions of
collagen types I and IV and fibronectin but also increase its
downstream signal TGF-β1, t-Smad2/3, P-SMAD-2/3, and
SMAD-4 expressions, thus implying a profibrotic role of miR-
130b in DN and its strong correlation with the canonical TGF-
β/SMAD-2/3 signaling pathway (Ma et al., 2019). Another study
verified the negative regulatory role of miR-101a in chronic
kidney disease (Ding et al., 2020). KDM3A, a histone
demethylase, which is a key regulator of histone modification,
accelerates chronic renal fibrosis by directly regulating the YAP-
TGF-β-SMAD signaling pathway or indirectly mediating TGF-
β-SMAD signaling by suppressing the expression of TGIF1 (Ding
et al., 2020). However, overexpressed miR-101a can alleviate
chronic renal fibrosis by downregulating the protein and
mRNA expressions of KDM3A. The inhibitory effect of miR-
101a on this disease can also be partially reversed by
overexpression of YAP/TGF-β2 or inhibition of TGIF (Ding
et al., 2020). Taken together, the aforementioned miRNAs
mainly affect the progression of renal fibrosis through the
canonical TGF-β signaling pathway.

Several studies indicated that miR-21 is strongly associated
with renal fibrosis and plays a key role in the profibrotic process
(Zarjou et al., 2011; Ben-Dov et al., 2012; Glowacki et al., 2013;
Chen et al., 2015; Luo et al., 2019). For example, in an in vivo
study, the kidneys with unilateral ureteral obstruction presented
with elevated levels of miR-21 compared to those without the
obstruction in mouse models, (Glowacki et al., 2013) and
blockade of miR-21 in this model alleviated fibrosis (Zarjou

Frontiers in Molecular Biosciences | www.frontiersin.org July 2021 | Volume 8 | Article 7074613

Xu et al. MicroRNAs in Fibrosis

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


et al., 2011). In humans, the enhanced expression of miR-21 can
be tested in renal allografts with severe interstitial fibrosis
compared to those without fibrosis (Ben-Dov et al., 2012;
Glowacki et al., 2013). A study by Chen et al. showed that
elevated levels of miR-21 led to the upregulation of
phosphorylated AKT and downregulation of PTEN, which
sped up the fibrotic process during long-term nephrotoxicity
induced by calcineurin inhibitors (Chen et al., 2015). In addition,
Luo et al. indicated that Smilax glabra Roxb (PTFS), a traditional
Chinese herb, showed powerful anti-EMT and anti-fibrosis
effects both in vitro and in vivo, and the mechanism
underlying them may be associated with the miR-21/PTEN/
PI3K/Akt signaling pathway and their complicated upstream
molecular regulatory network involving TGF-β signaling (Luo
et al., 2019).

In early years, miR-132 was demonstrated to affect cell
proliferation during wound healing by regulating the STAT3
and ERK pathways (Li et al., 2015a). Subsequently, Bijkerk et al.
suggested that miR-132 may coordinately mediate genes involved
in TGF-β signaling, STAT3/ERK pathways, and cell proliferation
(Foxo3/p300) related to promoting trans-differentiation and
proliferation of myofibroblasts during the formation of renal
fibrosis (Bijkerk et al., 2016). A study by Wang et al. supported
that p53 could physically interplay with the promoter region of
miR-199a-3p by using chromatin immunoprecipitation assays
(Wang et al., 2012a). Yang et al. reported a novel modulatory
mechanism of promoting renal fibrosis in which miR-199a-3p
suppresses the suppressors of cytokine signaling-7 (SOCS7), a
SOCS family, to upregulate STAT3 activation, which is directly
induced by TGF-β-driven p53 upregulation. In vitro and in vivo
experiments also confirmed that the TGF-β/p53/miR-199a-3p/
SOCS7/STAT3 axis may play a critical role in human renal
fibrosis (Yang et al., 2017a). In addition to miR-199a-3p, miR-
206 is associated with the JAK/STAT3 pathway, according to a
study by Zhao et al. (2019). In that study, miR-206 attenuated
EMT in chronic kidney disease by suppressing JAK/STAT
signaling by directly targeting Annexin A1. Wu et al. reported
that overexpression of miR-455-3p attenuates renal fibrosis by
directly targeting the 3′-UTR region of ROCK2 in the DNmodel,
providing a testimony for the protective effect of miR-455-3p in
DN (Wu et al., 2018). Thus, these miRNAs affect renal fibrosis by
regulating the non-canonical TGF-β signaling pathway.

Liver
In studies related to liver fibrosis, miR-193a/b, miR-942, miR-96,
and miR-21 play central roles in the canonical TGF-β signaling
pathway (Roderburg et al., 2013; Luo et al., 2018; Tao et al., 2018;
Ju et al., 2019). In concanavalin A-induced hepatic fibrosis mice
models, miR-193a/b-3p played a protective role by alleviating
concanavalin A-induced hepatic fibrosis through apoptosis and
cell cycle arrest of hepatic stellate cells (HSCs) and inhibition of
HSCs activation (Ju et al., 2019). During this process, the
expression of TGF-β1 and phosphorylation of SMAD-2/3 are
restrained, and CAPRIN1, a cell cycle-related protein, is
confirmed to be the target gene of miR-193a/b-3p by the dual
luciferase reporter system (Ju et al., 2019). Another study showed
the prominent role of miR-942 in the progression of liver fibrosis

infected by the hepatitis B virus (Tao et al., 2018). The miR-942 in
activated HSCs was upregulated in cell models and liver
specimens of patients with hepatitis B virus-related liver
fibrosis and correlated inversely with bone morphogenic
proteins and activin membrane-bound inhibitor (BAMBI),
which interfered with TGF-β1 signaling by capturing TGF-β
receptor I (TβRI/ALK-5) (Tao et al., 2018). Thus, with the
degradation of BAMBI, the activity of the TGF-β/SMAD-2/3
signaling pathway is enhanced, which promotes the process of
fibrosis (Tao et al., 2018). Schistosomiasis, a severe subtropical
parasitic disease, induces liver fibrosis and results in portal
hypertension, which are the main causes of host mortality.
Luo et al. (2018) indicated that schistosomiasis-infected mice
showed significant hepatic fibrosis, accompanied by high
expressions of miR-96, TGF-β, and Smad2/3 and suppression
of Smad7 (Luo et al., 2018). Subsequently, transfection of the
miR-96 inhibitor through recombinant adeno-associated virus 8
could significantly alleviate liver fibrosis, and the dual luciferase
reporter assay proved that Smad7 is its target gene (Luo et al.,
2018). A study indicated unchanged levels of overall miR-133a in
whole RNA extracted from the fibrotic murine and human livers
but specifically downregulated in HSC during fibrogenesis
(Roderburg et al., 2013). The addition of TGF-β in HSC
downregulated the expression of miR-133 more sharply, which
aggravated the rate of hepatofibrogenesis, but overexpression of
miR-133 could partly reverse this (Roderburg et al., 2013). Thus,
miR-133 may be a diagnostic biomarker and a target for
therapeutic strategies in hepatic fibrosis (Roderburg et al., 2013).

The role of miR-21 in liver fibrosis is supported by the
literature (Yang et al., 2017b; Wang et al., 2017; Huang et al.,
2019). In recent years, some studies have found that some drugs
used for hepatic fibrosis exert anti-fibrosis effects by acting on
miR-21-related signal axes (Yang et al., 2017b; Wang et al., 2017;
Huang et al., 2019). The most reported drugs are chlorogenic acid
(CGA) and methyl helicterate (Yang et al., 2017b; Wang et al.,
2017; Huang et al., 2019). CGA, a phenolic acid abundantly found
in nature, has various pharmacological effects, including anti-
inflammatory, anti-hypertensive, and anti-oxidant capacities
(Yang et al., 2017b). miR-21 can enhance the activity of the
TGF-β/SMAD-2/3 signaling pathway by inhibiting the
expression of Smad7, which promotes the fibrotic process in
the liver, which is reversible by CGA in vitro and in vivo (Yang
et al., 2017b). The therapeutic mechanism of CGA in liver fibrosis
caused by schistosomiasis is also consistent with the
aforementioned result, whereby significant downregulation of
miR-21 expression is accompanied by upregulation of Smad7,
reductions of p-Smad2 and p-Smad3, and conspicuous alleviation
of fibrosis (Wang et al., 2017). Methyl helicterate is the main
ingredient of Helicteres angustifolia, which has been utilized as a
traditional Chinese medicine to treat immune disorders and liver
diseases (Huang et al., 2019). Activation of the ERK1 pathway can
promote the deposition of collagen and the expression of α-SMA
to accelerate the process of fibrosis, while SPRY2 can inhibit this
pathway, but miR-21 can bind to the 3′UTR region of SPRY2 to
reverse its effect (Huang et al., 2019). A study showed that methyl
helicterate could mitigate liver fibrosis by inhibiting miR-21-
mediated ERK and TGFβ/SMAD 2/3 pathways and, therefore,
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has potential as a therapeutic drug for liver fibrosis (Huang et al.,
2019).

Compared to normal liver tissue, miR-101 is significantly
downregulated in hepatitis B virus-related cirrhosis, hepatic
fibrosis, and hepatocellular carcinoma (Lei et al., 2019). A
study showed that the expression of miR-101 in CCL4-induced
fibrotic liver tissue in mice was significantly reduced, contrary to
the high expressions of TGF-β, p-PI3K, p-Akt, p-mTOR, and
fibrosis-related proteins (Lei et al., 2019). However,
overexpression of miR-101 completely reversed this, so
downregulating the PI3K/Akt/mTOR signaling pathway may
be feasible against hepatic fibrosis (Lei et al., 2019). Similar to
miR-101, miR-29b could also downregulate the PI3K/Akt signal
axis to inhibit the fibrotic process in the liver (Wang et al., 2015).
In addition, it could cause cell cycle arrest in the G1 phase of cells
by downregulating cyclinD1 and p21, thereby suppressing
hepatocyte viability and colony formation (Wang et al., 2015).
In contrast, miR-33a plays a reverse role in promoting hepatic
fibrosis by regulating the PI3K/Akt signaling pathway (Li et al.,
2014). The activity of the JAK2/STAT3 signal axis in hepatic
fibrosis also cannot be underestimated. Yang et al. reported that
the low expression of miR-375-3p in the mouse liver can induce
the JAK2/STAT3 pathway to activate the TGF-β1/SMAD signal
and promote EMT, whereas the addition of miR-375-3p mimic
has an antifibrotic effect (Yang et al., 2019). Taken together, these
findings indicate the active regulatory functions of miRNAs in
liver fibrosis affected by the non-canonical TGF-β signaling
pathway.

Lung
TGF-β receptors are important elements in the canonical TGF-
β/SMAD 2/3 signaling pathway (Wrighton et al., 2009). Some
studies reported that miRNAs, including miR-18a-5p, miR-153,
and miR-1344, play anti-pulmonary fibrosis effects for targeting
TGF-β receptors to inhibit downstream SMAD-2/3 expression
(Liang et al., 2015; Stolzenburg et al., 2016; Zhang et al., 2017).
Among them, miR-18a-5p and miR-153 directly target TGF-
βRII, whereas miR-1344 can not only target TGF-βRII but also
TGF-βRI (ALK5), which showed anti-fibrotic effects in lung
fibrosis models (Liang et al., 2015; Stolzenburg et al., 2016;
Zhang et al., 2017). miR-101 influences the proliferation and
activation of lung fibroblasts in pulmonary fibrosis through two
signaling pathways (Huang et al., 2017). Regarding the
proliferation of pulmonary fibroblasts, miR-101 reverses this
process by targeting frizzled receptor 4/6 (FZD4/6) to inhibit
WNT5a-FZD4/6-NFATc2 signaling, which is a form of the Wnt
signaling pathway (Huang et al., 2017). To activate lung
fibroblasts, miR-101 reduces the degree of fibroblast activation
by directly targeting TGF-βRI (ALK5) to further inhibit the
phosphorylation of SMAD-2/3 (Huang et al., 2017). The
expression of miR-411-3p in silicosis rats and lung fibroblasts
induced by TGF-β was significantly reduced, and the
overexpression of miR-411-3p reversed the phenomenon and
relieved the development of pulmonary fibrosis (Gao et al., 2020).
The underlying mechanism is that miR-411-3p has an inhibitory
effect on the expression of SMAD ubiquitination regulator 2
(Smurf2) and reduces the ubiquitination degradation of Smad7

under control of Smurf2, which results in blocking TGF-β/Smads
signaling (Gao et al., 2020). In contrast, miR-21 promotes the
transduction of the TGF-β/SMAD-2/3 signaling pathway by
directly targeting Smad7 to accelerate the process of
pulmonary fibrosis (Wang et al., 2018). In addition, miR-21
can also sharply reduce the phosphorylation levels of ERK,
p38, and JNK, which were induced by resveratrol, thereby
promoting the process of fibrosis by affecting the non-
canonical TGF-β/MAPK signaling pathway (Wang et al.,
2018). The miR-200 family is useful in pulmonary fibrosis
(Cao et al., 2018). An article reported that miR-200b/c exerts a
protective effect by targeting ZEB1/2, which may be related to the
inhibition of p38 MAPK and TGF-β/SMAD-3 signaling pathway
(Cao et al., 2018). Autophagy, a method of fibrotic regulation, is
significantly reduced during fibrosis, and a study showed that
miR-449a activates autophagy by targeting Bcl2 induced by the
TGF-β1/ERK/MAPK pathway, thereby alleviating the
development of lung fibrosis (Han et al., 2016). In addition,
miR-344a-5p plays a vital role in anti-pulmonary fibrosis through
MAPK signaling pathways, including map3k11 (Liu et al., 2017).
As for the mechanism, miR-344a-5p inhibits the proliferation of
myofibroblasts by targeting the mRNA of map3k11 to alleviate
pulmonary fibrosis (Liu et al., 2017). lncRNA PCF is upregulated,
which is affected by the activation of TGF-β1, to act as the ceRNA
of miR-344a-5p and reverse its effect (Liu et al., 2017).

In pulmonary fibrosis induced by the non-canonical TGF-
β/PI3K-Akt signaling pathway, miR-193a, miR-542-5p, miR-31/
184, and miR-301a are crucial (Yuan et al., 2018; Liu et al., 2019;
Wang et al., 2020a). The upregulation of miR-193a in paraquat-
induced pulmonary fibrosis leads to the downregulation of the
PI3K/AKT/mTOR axis and the upregulation of its downstream
autophagy-related LC3-II/LC3-I and Beclin1, which induced the
autophagy of lung fibroblasts and then reduced the expression of
pulmonary fibrosis marker protein α-SMA and collagen
deposition (Liu et al., 2019). The decrease of miR-542-5p in
silica-induced mouse pulmonary fibrosis was shown by the
miRNAs microarray analysis in a study by Yuan et al. (2018)
In that study, miR-542-5p was confirmed to reverse TGF-β1 or
silica-induced mouse lung fibrosis by directly targeting integrin
α6, which inhibited fibroblast activation and reduced the
phosphorylation levels of FAK/PI3K/AKT in vitro (Yuan et al.,
2018). MiR-31 and miR-184 play contradictory roles in
pulmonary fibrosis, which was verified by Wang et al. (2020a).
In that study, miR-31 was enhanced, and miR-184 was
suppressed in vitro, accompanied by the upregulation of TGF-
β-SMAD-2 and TGF-β-PI3K-AKT signaling pathways and
increase of some profibrotic factors, matrix metallopeptidase 7
(MMP7) and Runt-related protein 2 (RUNX2) (Wang et al.,
2020a). As for the mechanism, the 3′UTR region of SMAD 6 was
confirmed to be the binding site of miR-31, which promoted
SMAD 2 phosphorylation to further enhance the SMAD 2/
SMAD-4 dimer formation and translocation (Wang et al.,
2020a). Thus, downregulating miR-31 and upregulating miR-
184 may effectively ameliorate pulmonary fibrosis (Wang et al.,
2020a). In the noncanonical TGF-β/JAK2/STAT3 pathway in
lung fibrosis, miR-125a-3p plays a pivotal role. In a study by Xu
et al., miR-125a-3p directly targetted 3′UTR of Fyn and then lead
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to the inactivation of the Fyn downstream effector STAT3, which
inhibited the progression of silica-induced murine pulmonary
fibrosis and TGF-β1-treated fibroblast lines (Xu et al., 2019).

Heart
In cardiac fibrosis, miRNAs related to the regulation of the
canonical TGF-β/Smad2/3 signaling pathway should first be
miR-150-5p (Che et al., 2019). In a study by Che et al., miR-
150-5p inhibited the binding of Smad7 to ALK5 by directly
targeting smad7, which promoted the increase of the binding
of Smad2/3 to ALK5, thereby promoting the high expression of
TGF-β/Smad2/3 signal, accelerating extracellular collagen
deposition, and exacerbating the process of myocardial fibrosis
(Che et al., 2019). miR-328 has the same effect as miR-150-5p in
cardiac fibrosis, and its inhibition can also significantly reduce the
expression level of the TGF-β/Smad2/3 signaling pathway, but its
specific target molecule is unclear (Du et al., 2016). The canonical
effectors of the TGF-β signaling pathway, p-SMAD2 and
p-SMAD3, can also control the nuclear steps of miRNA
biogenesis, which promotes transcriptional activation of pri-
miRNAs and regulates the subsequent post-transcriptional
conversion of pri-miRNAs into pre-miRNAs by DROSHA
(Siomi and Siomi, 2010). This mechanism is well reflected in
the regulation of the conversion of pri-miR-21 into pre-miR-21
(Davis-Dusenbery and Hata, 2011). Moreover, p-SMAD2/3 can
interact with the DICER enzyme in the cytoplasm to enhance the
cleavage efficiency of DICER for pre-miR-21 in the form of a
complex of p-SMAD2/3/DICER, which promotes pre-miR-21 to
mature miR-21 transformation (García et al., 2015). In addition,
the direct target effect of miR-21 on the 3′UTR region of SMAD7
in cardiac fibrosis was demonstrated in that article, which further
clarified the pro-fibrotic mechanism of miR-21 (García et al.,
2015). Unlike the aforementioned miRNAs, miR-24 has the
contradictory effect of inhibiting cardiac fibrosis (Wang et al.,
2012b). The overexpressed miR-24 downregulates the expression
of the TGF-β/SMAD2/3 signaling pathway to slow down the
fibrosis process by directly targeting furin, which is a protease that
controls latent TGF-β activation processing (Wang et al., 2012b).

In the non-canonical TGF-β/MAPKs signaling pathway, a
study on miR-433 characterized its crucial role in regulating
cardiac fibrosis (Tao et al., 2016). In that study, miR-433 was
highly expressed in fibroblasts of cardiac fibrosis tissue, and its
knockdown could significantly inhibit the transdifferentiation of
cardiac fibroblasts into myofibroblasts (Tao et al., 2016). As for
the mechanism, miR-433 directly targets JNK1, which leads to the
activation of ERK and p38 kinase, and subsequent SMADs
activity, particularly SMAD3 activity (Tao et al., 2016). miR-
7a/b has a contradictory effect compared to miR-433 in the
progression of cardiac fibrosis (Li et al., 2015b). Although the
potential target of miR-7a/b is unclear, it similarly affects TGF-
β/MAPKs signaling in the dynamic of the regulation of cardiac
fibrosis (Li et al., 2015b).

Other Organs
Hypertrophic scar (HS) is a pathological scar resulting from
abnormal wound healing (Shen et al., 2020). A study by Shen
et al. reported that miR-145-5p could remarkably ameliorate HS

by directly targeting the canonical TGF-β effectors SMAD-2/3
(Shen et al., 2020). Thus, it may be an available therapeutic drug
for treating HS (Shen et al., 2020). The same effect could be found
in the regulated function of miR-29b in HS, but its specific target
in the canonical TGF-β signaling pathway requires further
research (Guo et al., 2017).

Bladder outlet obstruction (BOO) is commonly
encountered in the field of urology, often accompanying
fibrosis of the bladder structure (Fusco et al., 2018). Wang
et al. showed that miR-101b has protective function in
hypoxia-induced fibrosis coursed by BOO, which is mainly
associated with the canonical TGF-β/SMAD-2/3 signaling
pathway (Wang et al., 2019b). As for the mechanism, the
TGF-β type 1 receptor was inhibited by direct targeting of
miR-101b, subsequently affecting the phosphorylation of its
downstream molecule SMAD2/3, which ultimately caused the
downregulation of the canonical TGF-β/SMAD2/3 signaling
pathway (Wang et al., 2019b).

Oral submucous fibrosis (OSMF) is a chronic, progressive,
pre-malignant condition mainly related to the consumption of
betel nuts (Singh et al., 2018). In recent years, many studies have
investigated miRNAs related to OSMF, including miR-21, miR-
10b, and miR-942-5p (Singh et al., 2018; Fang et al., 2020; Wang
et al., 2020b). Among them, the most in-depth research is of
miR-942-5p, reported by Wang et al. (2020b) In that study,
miR-942-5p showed significantly low expression in oral
squamous carcinoma in the background of OSMF and could
directly target latent transforming growth factor beta binding
protein 2 (LTBP2), which further blocked the PI3K/Akt/mTOR
signaling pathway (Wang et al., 2020b). The regulatory
mechanisms of miRNAs in the canonical and non-canonical
TGF-β signaling pathway are summarized as shown in Figure 1.
In addition, the miRNAs in canonical and non-canonical TGF-β
signaling in fibrotic diseases of different organs are also listed in
the Table 1.

DISCUSSION

Previous studies have suggested that the TGF-β signaling
pathway, which plays a major regulatory role in fibrotic
diseases, is widely regulated by miRNAs. Some of these
miRNAs can affect various fibrotic diseases via canonical or
non-canonical TGF-β signaling, including miR-21, miR-101,
miR-29, miR-200, miR-942, and miR-193. Among them, miR-
21 has been widely confirmed to promote the occurrence and
development of fibrosis of organs, such as the kidney (Zarjou
et al., 2011; Ben-Dov et al., 2012; Glowacki et al., 2013; Chen
et al., 2015; Luo et al., 2019), liver (Yang et al., 2017b; Wang
et al., 2017; Huang et al., 2019), lung (Wang et al., 2018) and
heart (Davis-Dusenbery and Hata, 2011; García et al., 2015),
by targeting the canonical TGF-β/SMAD2/3 signaling pathway
and the non-canonical TGF-β/PI3K/AKT signaling pathway.
miR-101 plays an active role in inhibiting fibrotic diseases,
such as renal (Ding et al., 2020), hepatic (Lei et al., 2019), or
pulmonary fibrosis (Huang et al., 2017) and bladder outlet
obstruction (Wang et al., 2019b), by directly targeting ALK5 in
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the canonical TGF-β signaling pathway. miR-29 can
ameliorate renal fibrosis (Ramdas et al., 2013; Solé et al.,
2015) and HS (Guo et al., 2017) by targeting the canonical
TGF-β signaling-related disintegrin metalloprotease Adams
but inhibit liver fibrosis (Wang et al., 2015) by regulating
the non-canonical TGF-β/PI3K/AKT signaling pathway. miR-
200 exerts anti-fibrosis effects on the kidney (Tang et al., 2013)
and lung (Cao et al., 2018) by directly targeting ZEB1/2. miR-
942 can promote liver fibrosis (Tao et al., 2018) but plays a
contrary regulatory role in oral submucous fibrosis (Wang
et al., 2020b). In addition, miR-193 plays a protective role in
pulmonary (Liu et al., 2019) and hepatic fibrosis (Ju et al.,
2019) by regulating canonical TGF-β/SMAD2/3 and non-
canonical TGF-β/PI3K/AKT/mTOR signaling pathways,
respectively. Thus, the aforementioned miRNAs can become
therapeutic targets or molecular drugs for fibrotic diseases
owing to their regulatory effects in various fibrotic diseases.

Fibrosis offers the advantage of promoting tissue repair and
healing. However, excessive fibrosis can cause tissue and organ
dysfunctions (Diegelmann and Evans, 2004). During tissue
repair, temporary ECM deposition occurs first, followed by the

recruited inflammatory cells, the proliferated fibroblasts, and
angiogenesis replacing the temporary ECM deposition and,
finally, capillaries and fibroblasts degenerating with epithelial
regeneration (Diegelmann and Evans, 2004). In contrast,
fibrosis represents a disorder of the tissue repair process,
during which excessive deposition of ECM rich in fibrous
collagen, induction and proliferation of myofibroblasts, and
repeated inflammatory responses lead to the replacement of
normal parenchymal tissues and formation of non-functioning
scar tissue (Diegelmann and Evans, 2004). Canonical and non-
canonical TGF-β signaling pathways are the main signal axis
regulating the fibrosis process (Meng et al., 2016; Finnson
et al., 2020). miRNAs can promote or inhibit the progression of
fibrotic diseases by targeting the upstream or downstream
signal molecules of the TGF-β signaling network (Banerjee
et al., 2011; Liu et al., 2018; Li et al., 2019). Therefore, miRNAs
can be used as molecular drugs or targets to diagnose and treat
fibrotic diseases. The intervention of miRNAs in the early
manifestations of fibrosis related to the TGF-β signaling
pathway may induce tissue healing and prevent the
occurrence of fibrosis.

FIGURE 1 | Regulatory mechanisms of miRNAs in the canonical and noncanonical TGF-β signaling pathways. In the canonical TGF-β signaling pathway (blue),
active TGF-β is first isolated from the latent TGF-β complex in the extracellular space and then binds to the TGF-β type II receptor (TGF-βRII), which in turn binds and
phosphorylates TGF-β type I receptor (ALK5), causing its activation. ALK5 continues to phosphorylate intracellular SMAD-2 and SMAD-3 proteins, which constitute a
complex with SMAD-4 and finally accumulate in the nucleus and further regulate fibrosis-related gene expression. In addition, the inhibitory function of SMAD-7
competes with SMAD 2/3 to bind with phosphorylated ALK5, thereby inhibiting the TGF-β signaling pathway. The noncanonical TGF-β signaling pathway (orange) most
commonly includes the TGF-β/Smad1/5, TGF-β/PI3K/AKT/mTOR, TGF-β/MAPK (ERKs, JNKs, and p38), TGF-β/JAK2/STAT3, and TGF-β/RhoA/ROCK signaling
pathways. Their functions are also listed in the figure. Numerous miRs have been implicated in the regulation of the canonical and noncanonical TGF-β signaling
pathways. miRs are grouped to have the direct (solid line) or indirect (dotted line) effect as well as the promotion (arrowhead) or inhibition (flathead) effect.
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CONCLUSION AND PROSPECTS

Fibrosis is often the final histopathological change in the
development of chronic inflammatory diseases and can occur in
almost all tissues and organs throughout the body. According to the
current research results of fibrotic diseases of various organs, the
developmental mechanisms of tissue and organ fibrosis mainly
involve the canonical TGF-β/SMAD2/3 signaling pathway and
the non-canonical TGF-β pathway, including the TGF-β/ALK1/
Smad1/5 pathway, the TGF-β/MAPK pathway, the TGF-β/PI3K-

Akt pathway, the TGF-β/JAK2/STAT3 pathway, and the TGF-
β/ROCK pathway. MiRNA, which is involved in various
physiological and pathological processes, with important roles in
the canonical or noncanonical TGF-β signaling pathways, has
received widespread attention in recent years. The regulating
function of miRNAs in fibrosis is mainly to promote or
ameliorate fibrosis by inhibiting the expression of effect molecules
in the fibrosis signal pathway at the mRNA level. However, current
research on the regulation of miRNA in fibrotic diseases mainly
focuses on fibrosis of organs such as the liver, the kidneys, the lungs,

TABLE 1 |MiRNAs in canonical and noncanonical TGF-β signaling in fibrotic diseases of different organs. HS, hypertrophic scar; BOO, bladder outlet obstruction; OSF, oral
submucous fibrosis; TGF-β, transforming growth factor-β; Smad2/3, drosophilamothers against decapentaplegic protein 2/3; PI3K, phosphatidylinositol 3-kinase; Akt,
protein kinase B; MAPK, mitogen-activated protein kinase; JAK2, Janus kinase 2; STAT3, signal transducer and activator of transcription 3; ROCK, rho-associated coiled-
coil containing kinase.

Location Source Disease Mechanism microRNAs References

Kidney Human Renal fibrosis TGF-β/Smad2/3 signaling pathway miR-29 He et al. (2013), Ramdas et al. (2013), Solé et al. (2015)
TGF-β/Smad2/3 signaling pathway miR-21 Glowacki et al. (2013), Zarjou et al. (2011), Ben-Dov et al. (2012)
TGF-β/Smad2/3 signaling pathway miR-192 Sun et al. (2011)
TGF-β/Smad2/3 signaling pathway miR-101a Ding et al. (2020)
TGF-β/PI3K/Akt signaling pathway miR-21 Chen et al. (2015), Luo et al. (2019)
TGF-β/JAK2/STAT3 signaling
pathway

miR-132 Li et al. (2015a), Bijkerk et al. (2016)

TGF-β/JAK2/STAT3 signaling
pathway

miR-199a-3p Wang et al. (2012a), Yang et al. (2017a)

TGF-β/JAK2/STAT3 signaling
pathway

miR-206 Zhao et al. (2019)

TGF-β/ROCK signaling pathway miR-455-3p Wu et al. (2018)
Liver Human Hepatic fibrosis TGF-β/Smad2/3 signaling pathway miR-193a/b Ju et al. (2019)

TGF-β/Smad2/3 signaling pathway miR-942 Tao et al. (2018)
TGF-β/Smad2/3 signaling pathway miR-96 Luo et al. (2018)
TGF-β/Smad2/3 signaling pathway miR-133 Roderburg et al. (2013)
TGF-β/Smad2/3 signaling pathway miR-21 Yang et al. (2017b), Wang et al. (2017), Huang et al. (2019)
TGF-β/PI3K/Akt signaling pathway miR-101 Lei et al. (2019)
TGF-β/PI3K/Akt signaling pathway miR-29b Wang et al. (2015)
TGF-β/PI3K/Akt signaling pathway miR-33a Li et al. (2014)
TGF-β/JAK2/STAT3 signaling
pathway

miR-375-3p Yang et al. (2019)

TGF-β/MAPK signaling pathway miR-21 Huang et al. (2019)
Lung Human Pulmonary fibrosis TGF-β/Smad2/3 signaling pathway miR-18a-5p Zhang et al. (2017)

TGF-β/Smad2/3 signaling pathway miR-153 Liang et al. (2015)
TGF-β/Smad2/3 signaling pathway miR-1344 Stolzenburg et al. (2016)
TGF-β/Smad2/3 signaling pathway miR-411-3p Gao et al. (2020)
TGF-β/Smad2/3 signaling pathway miR-21 Wang et al. (2018)
TGF-β/Smad2/3 signaling pathway miR-200b/c Cao et al. (2018)
TGF-β/MAPK signaling pathway miR-21 Wang et al. (2018)
TGF-β/MAPK signaling pathway miR-344a-5p Liu et al. (2017)
TGF-β/MAPK signaling pathway miR-200b/c Cao et al. (2018)
TGF-β/PI3K/Akt signaling pathway miR-193a Liu et al. (2019)
TGF-β/PI3K/Akt signaling pathway miR-542-5p Yuan et al. (2018)
TGF-β/PI3K/Akt signaling pathway miR-31/184 Wang et al. (2020a)
TGF-β/JAK2/STAT3 signaling
pathway

miR-125a-3p Xu et al. (2019)

Heart Human Cardiac fibrosis TGF-β/Smad2/3 signaling pathway miR-150-5p Che et al. (2019)
TGF-β/Smad2/3 signaling pathway miR-328 Du et al. (2016)
TGF-β/Smad2/3 signaling pathway miR-21 Davis-Dusenbery and Hata (2011), García et al. (2015)
TGF-β/Smad2/3 signaling pathway miR-24 Wang et al. (2012b)
TGF-β/MAPK signaling pathway miR-433 Tao et al. (2016)

Other organs Human HS TGF-β/Smad2/3 signaling pathway miR-145-5p Shen et al. (2020)
TGF-β/Smad2/3 signaling pathway miR-29b Guo et al. (2017)

BOO TGF-β/Smad2/3 signaling pathway miR-101b Fusco et al. (2018)
OSF TGF-β/PI3K/Akt signaling pathway miR-942-5p Wang et al. (2020b)

TGF-β/PI3K/Akt signaling pathway miR-21 Singh et al. (2018)
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and the heart, whereas the fibrosis-related research of other tissues
and organs is limited and not in-depth. In addition, for the current
mechanism research, the specific targets of many miRNAs and the
upstream and downstream regulatory relationships are not
comprehensive or sufficiently thorough.

In the future, many questions concerning the mechanisms of the
pathogenesis of fibrotic diseases should be solved. For example, in
addition to the few aforementioned organs, fibrosis of other tissues
and organs has unique features and developmental progression,
carrying research value. Therefore, more in-depth research should be
performed. There may be more than five non-canonical TGF-β
signaling pathways that affect the development of fibrosis. The
related miRNAs are not limited to pathways, and long-term
continuous exploration is required. The pathogenesis of fibrotic
diseases is complex. Therefore, a single target therapy cannot have a
complete effect, and combination treatment with multiple targets
and signaling pathwaymay bemore reasonable. Hence, the next step
should be to explore the mechanisms of fibrotic diseases from
different tissue and organs, investigating more signaling pathways

related to fibrosis andmore functional miRNAs in these diseases and
trying combination therapeutic methods with multiple targets and
multiple pathways.
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