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Abstract

Pericytes, a specific type of mesenchymal cell that surround the basement membrane of pulmonary venules and capillaries. They are
crucial pathological features observed in individuals with the severe lung disease of pulmonary fibrosis (PF). The presence of pericytes
leads to inflammation and fibrosis in the lung interstitium and alveolar space due to the release of various cytokines and chemokines.
Pericytes also stimulate the proliferation and activation of fibroblasts, thereby promoting the progression of PF. Previous studies exam-
ining the mechanism of action of pericytes have primarily focused on cell signal transduction pathways, cell growth and death processes,
and the synthesis and breakdown of extracellular matrix (ECM). Notably, the transforming growth factor-β (TGF-β) and Wnt signaling
pathways have been associated with the action of pericytes in driving the progression of PF. It is therefore clear that pericytes play an
essential role in the development of PF, while also offering possible avenues for targeted therapeutic intervention against this condition.
The current article provides a comprehensive review on how pericytes contribute to inflammatory responses, as well as their impor-
tance for understanding the mechanism of PF. In addition, this review discusses the potential use of pericyte-targeted approaches for the
treatment of patients affected by this debilitating lung disease.
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1. Background

Pulmonary fibrosis (PF) is a type of interstitial lung
disease that arises due to various causative factors, both in-
side and outside the lungs. It is characterized by the infil-
tration of inflammatory cells such as macrophages and lym-
phocytes, the proliferation of myofibroblasts, and the accu-
mulation of extracellular matrix (ECM) within the intersti-
tial space. Most interstitial lung diseases ultimately result in
PF, which seriously affects patient health and can even lead
to death. The etiology of idiopathic PF (IPF) is unknown
[1]. IPF often exhibits chronic progression, massive fibrob-
last proliferation, ECM deposition, restrictive ventilatory
dysfunction in the lungs, and eventually death because of
respiratory failure [2]. The prevalence rate of IPF ranges
from 0.5 to 18 cases per 100,000 individuals, while the av-
erage lifespan after diagnosis is typically only 2–3 years. At
present, there are few effective approaches for the preven-
tion and treatment of IPF [1,2]. Hence, there is an urgent
need to investigate the development of PF, and especially
the molecular mechanism underlying IPF. This should lead
to the discovery of more effective drugs for the prevention
and treatment of PF.

Abnormal myofibroblast proliferation and massive
ECM secretion are prominent features of PF [3,4]. The
classic pathogenesis of fibrotic diseases defines resident fi-

broblasts as the main source of myofibroblasts. However,
recent studies suggest that pericytes are one of the essen-
tial sources of myofibroblasts [5–10]. Studies on liver and
kidney injuries have confirmed the role of pericytes in fi-
brosis [6,7]. Moreover, studies on spinal cord injuries sug-
gest that pericytes are direct effector cells in fibrosis [8,9].
Kuppe et al. [10] employed single cell RNA sequencing
(RNA-seq) to comprehensively map the entire human kid-
ney. They profiled the transcriptomes of both proximal and
non-proximal tubule cells in healthy and fibrotic kidneys.
This approach identified all matrix-producing cells with
high precision, revealing distinct subpopulations of peri-
cytes and fibroblasts as the primary cell types responsible
for generating scar-forming myofibroblasts during fibrosis
in the human kidney. Studies conducted on different organs
and employing cell-fate mapping have provided support for
pericyte-myofibroblast transition (PMT) in PF. Pericytes
may therefore be a novel target in the treatment of fibrotic
diseases [5–7]. Wang et al. [11] found that regulation of the
Lysine-specific demethylase 5B (KDM5B)/platelet-derived
growth factor receptor alpha or beta (PDGFRα/β) signaling
pathway through overexpression of growth arrest-specific
transcript 5 inhibited transforming growth factor-β1 (TGF-
β1)-induced pericytomyoblast differentiation, thereby re-
ducing bleomycin-induced PF in mice. Hannan et al. [12]
found that pulmonary pericytes weremyofibroblast progen-
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itors in a bleomycin-induced model of lung injury. Sun
et al. [13] reported that inhibition of fucosyltransferase
8 expression effectively impeded the transdifferentiation
of pericytes into myofibroblasts. Finally, pericytes have
also been shown to participate in airway remodeling and to
transform into myofibroblasts in a mouse model of chronic
allergic asthma [14]. In light of the above findings, we
herein describe the characteristics of pericytes and their
possible mechanism of involvement in PF. We also provide
a theoretical basis for the use of pericytes to treat PF.

2. The Epidemiology of Pulmonary Fibrosis
Interstitial lung disease refers to a group of diseases

in which cell proliferation, interstitial inflammation and
fibrosis occur after alveolar wall damage due to various
causes. Idiopathic interstitial pneumonia, specifically IPF,
is widely recognized as the most prevalent and severe form
within this category [1,2]. IPF is a fatal, irreversible, pro-
gressive, and chronic fibrotic respiratory disease of un-
known etiology. This non-cancer-related lung disease has
poor prognosis and a high prevalence. Because of simi-
lar risk factors, the 2019 coronavirus disease pandemic has
further increased the burden of IPF [15]. The prevalence
of IPF has been increasing over the years, with estimates
ranging from 2.8 to 18 cases per year per 100,000 individu-
als in Europe and North America. Although data on global
variation is limited, the occurrence of IPF is thought to be
comparatively lower in Asia and South America, with esti-
mates ranging from 0.5 to 4.2 cases per 100,000 individuals
annually. IPF tends to affect males more frequently and is
uncommon in individuals aged <50 years, with the typical
age at diagnosis being about 65 years [2]. This disease ex-
hibits a range of outcomes and is difficult to predict, with an
average survival period of 2–3 years following diagnosis.
Respiratory failure typically ensues as a result of the illness.
IPF has an unfavorable prognosis and does not respond well
to conventional medications used in fibrosis treatment. In-
dividuals with IPF may encounter sudden episodes of the
condition due to unknown causes, leading to high mortality
rates [16]. Hence, in order to promptly diagnose IPF it is
important to understand the underlying cellular and molec-
ular mechanisms, thereby also facilitating appropriate drug
discovery.

3. Growing Focus on the Involvement of
Pericytes in the Development of Pulmonary
Fibrosis

PF is a consequence of various genetic and envi-
ronmental risk factors, including but not limited to pa-
tient exposure to tobacco smoke or asbestos, autoimmune
disorders, and inflammatory conditions [17]. Infection,
trauma, cellular stress, and inflammation serve as triggers
for wound healing, which tries to restore the normal func-
tions of damaged tissues before eventually ceasing. Pro-
longed or recurrent injuries lead to excessive production

of angiogenic factors alongside the inflammatory and fi-
brotic cytokines. This dysregulated and unresolved wound-
healing response results in fibrosis, which is character-
ized by the replacement of normal tissues with scar tis-
sue, and leads to a pathological decline in organ function
[18–20]. After sustaining an injury, lung epithelial cells re-
lease a variety of potent factors that can stimulate fibrob-
lasts, including TGF-β, connective tissue growth factor,
prostaglandin E2, sonic hedgehog, Wnt1-inducible signal-
ing pathway protein 1, and interleukin-1α (IL-1α) [18,21].
Myofibroblasts play a crucial role in fibrotic diseases as
they are primarily responsible for constructing and modify-
ing the ECM. The expression of alpha-smooth muscle actin
(α-SMA) by myofibroblasts distinguishes them from other
cell types. It is well established that fibroblasts produce
collagens and numerous other proteins that form the ECM
of fibrous connective tissues. Vimentin, collagen triple he-
lix repeat containing 1, and fibroblast-specific protein 11
have served as markers to identify fibroblasts by immuno-
histochemical techniques [22,23]. Due to their abundance
in active scar lesions and their rarity in healthy organs, my-
ofibroblasts have emerged as a significant therapeutic tar-
get for fibrotic diseases. Consequently, extensive research
has been conducted to investigate the origin of myofibrob-
lasts. Various cell types have been proposed as potential
sources for their generation, including pericytes, intersti-
tial α-SMA-fibroblasts, epithelial cells, endothelial cells,
and hematopoietic fibroblasts [17]. Additionally, ECM in-
creases pulmonary ischemia and hypoxia, thus further pro-
moting PF [24].

Using a bleomycin-induced mouse model of fibrosis,
previous studies have shown that most pulmonary myofi-
broblasts are derived from pericytes. Pericytes can be dis-
tinguished from fibrotic cells in many organs. Recent anal-
ysis has revealed that pericyte-like cells are important my-
ofibroblast progenitors [24]. Other findings also support the
notion that pericytes are an important source of myofibrob-
lasts [25]. Researchers have recently applied genetic fate
mapping technology to investigate whether pericytes are an
important source of pulmonary interstitial myofibroblasts
[17]. Themechanism underlying pericyte activation and the
subsequent molecular biological effects could provide new
intervention strategies for the treatment of PF. Research
suggests that several cell types release cytokines such as
TGF-β and platelet-derived growth factor (PDGF) includ-
ing alveolar epithelial cells, vascular endothelial cells, and
macrophages. These cytokines then activate signaling path-
ways in pericytes. Consequently, downstream proteins are
phosphorylated, ultimately leading to pericyte activation
[26–29]. Zhao et al. [29] reported that myofibroblasts
cause scar formation during healing. TGF-β is a fibrogenic
cytokine, and TGF-beta-induced phosphorylation of Smad2
and Smad3 in the nucleus mediate pro-fibrotic gene expres-
sion. Siedlecki et al. [28] found that PDGF signal transduc-
tion was crucial for pericellular cells. The recruitment of
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these cells induced vascular maturation, which was mainly
dependent on PDGF. Pericellular cells migrate to new blood
vessels along the PDGF gradient, proliferate, and then bind
to the inner duct to achieve vascular stability via physical
contact. The above studies show that excessive activation
of multiple signaling pathways can cause pericyte activa-
tion. The potential treatment of PF could thus involve tar-
geting pericytes to effectively inhibit the progression of this
condition.

4. Biological Characteristics of Pericytes
The Definition and Origin of Pericytes

The lung plays a vital role in various biological pro-
cesses, including the exchange of gases, immune surveil-
lance, and the maintenance of a protective barrier. This
highly vascularized organ receives blood supply from both
the pulmonary and bronchial arteries. Therefore, pericytes
are likely to have significant involvement in lung physiol-
ogy due to their strategic positioningwithin the perivascular
niche [30]. Pulmonary pericytes play a crucial role in the
development of blood vessels and ensure the integrity of
endothelial cells, thereby contributing to the maintenance
of organ homeostasis [31]. Clark et al. [32] first reported
the existence of pericytes in 1925 when they observed that
connective tissue components of tadpole larvae formed per-
icytes on capillaries. Subsequent investigations employ-
ing chicken-quail chimeras and specific markers for indi-
vidual cells demonstrated that pericytes originate from the
neural crest and are predominantly found in the head re-
gion and central nervous system [33,34]. Fate-mapping
analysis in mice utilized gene reporters to demonstrate that
pericytes in the gut, liver, heart, and lung originate from
cells derived from the mesothelium through processes such
as epithelial-mesenchymal transition (EMT), stratification,
and migration [35]. Pericytes are vascular wall cells within
the basement membrane and are connected to endothelial
cells. They are a heterogeneous cell population that vary
greatly depending on the tissue type [36]. As pericytes
come into contact with themicrovascular endothelium, they
play a crucial role in promoting vascular maturation and
ensuring its stability. This includes capillaries, arterioles
before capillaries, venules after capillaries, and collecting
venules [30]. Pericytes function in the regulation of blood
vessels, and they are key cells in cardiovascular diseases.

In addition, pericytes may serve as progenitor cells
for tissue regeneration [37,38]. According to Birbrair et
al. [39], two distinct pericellular subtypes exist in the in-
terstitium of skeletal muscle: type 1 (Nestin−/NG2+) and
type 2 (Nestin+/NG2+). Their findings indicate that type 2
pericytes are involved in muscle regeneration following in-
jury, without the generation of fat tissue. Conversely, type
1 pericytes do not contribute to muscle formation, but in-
stead play a role in the accumulation of adipose tissue. This
implies that both type 1 and type 2 pericytes have the abil-
ity to regenerate, and that their differences may arise from

the equilibrium between myogenic and non-myogenic pro-
cesses. However, further investigation is required to de-
termine whether the transplantation of type 2 pericytes en-
hances physiological performance and the repair and regen-
eration of skeletal muscle [39]. Another study showed that
pericytes exist in the small blood vessels of skeletal muscle
and promote the growth and regeneration of skeletal mus-
cle after birth [40]. Type 1 rather than type 2 pericytes ex-
hibit fibrogenic properties both in vitro and in vivo, and are
involved in the accumulation of fibrous tissue within vari-
ous organs such as skeletal muscle and lungs [41]. In vivo
pericyte lineage tracking studies showed that endogenous
pericytes can differentiate into osteoblasts and osteoblasts,
thereby serving as a source of osteoblasts for the promo-
tion of fracture healing [42]. This suggests that pericytes
are potential candidates for the treatment of bone diseases.
In addition to their involvement in skeletal muscle, recent
research suggests that CD146+ pericytes derived from mi-
crotia tissue could be a valuable cell source for the regen-
eration of ear cartilage [43]. Type 1 and type 2 pericytes
have distinct roles in neurogenesis. While type 1 pericytes
generate α-SMA pericytes, they do not give rise to nerve
cells. Conversely, under optimized culture conditions, type
2 pericytes can produce neural progenitors that resemble
brain neuron-glial antigen2 (NG2−) glial cells [44]. Te-
ichert et al. [45] demonstrated the significance of pericyte-
expressed Tie2 receptor in regulating angiogenesis and vas-
cular maturation. In contrast to type 1 pericytes, type 2 per-
icytes play a significant role in angiogenesis in tumors in-
cluding lung cancer and glioblastoma [46,47]. Together,
these studies suggest that pericytes have unique regenera-
tive capabilities, which could lead to the development of
new therapeutic strategies.

5. Physiological Functions of Pericytes
5.1 Pericyte biomarkers

Pericyte characteristics include pericyte/endothelial
cell coverage, shape, and several markers that validate per-
icyte heterogeneity [31]. These cells are commonly iden-
tified using markers such as α-SMA, NG2, alkaline phos-
phatase, and PDGFRβ. Additional markers linked to peri-
cytes include desmin, vimentin, aminopeptidase N, CD13,
CD133, and CD146 [37,48–50]. Novel pericyte identifiers
include the regulator of G protein signaling 5, endosialin,
and delta-like homolog 1. Expression of the key pericyte
markers is dynamic and varies according to developmental
stage, disease, and specific tissue [35]. Marker levels also
vary depending on the stage and location of the pericyte.
For example, pericytes expressing α-SMA are frequently
observed in the retina and retinopathy. The expression of
NG2 and PDGFR-β is elevated in pericytes associated with
cardiac fibrosis and PF [51]. Furthermore, increased lev-
els of G protein signaling 5 were consistently observed in
angiogenic pericytes, indicating the extent of vascular re-
modeling [52]. However, due to the nature of pericytes as
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potential progenitors, none of the markers examined was
specific. Moreover, pericytes share common markers with
neighboring cells. For example, PDGFR-β is a well-known
pericyte marker, but is also expressed in smooth muscle
cells, myofibroblasts, stem cells, and neuronal progenitor
cells [53]. NG2 is also a well-known pericyte marker, but
has been found in adult skin stem cells, adipocytes and
oligodendrocyte progenitors [54,55]. α-SMA serves as a
common marker for pericytes with contractile properties,
smooth muscle cells within blood vessels, and myofibrob-
lasts [56]. Currently, there are no specific markers for iden-
tifying pericytes, and use of the above markers is not a re-
liable way to track pericytes. However, a seminal report
by Yamaguchi et al. [57] showed that simultaneous posi-
tivity for PDGFRB and chondroitin sulfate proteoglycan 4
detected only pericytes in the mouse brain. It should there-
fore be emphasized that the markers described above are
expressed not only in pericytes but also in other cell types.
Therefore, it is often necessary to combine multiple mark-
ers in order to identify and verify the presence and function
of pericytes. Further study of pericytes should lead to the
discovery of new markers, or refinement in the use of ex-
isting markers.

5.2 Interaction between Pericytes and Endothelial Cells

Reciprocal regulation between pericytes and endothe-
lial cells occurs throughout embryonic development, adult
homeostasis, and injury responses. PDGF, notch, epi-
dermal growth factor, hedgehog, ephrin, sphingosine-
1-phosphate receptor, and stromal-derived factor-1 are
thought to establish connections between pericytes and en-
dothelial cells through specific pathways. These interac-
tions play a crucial role in modulating the proliferation,
differentiation, localization, and stability of the vascula-
ture during development. Pericytes and endothelial cells
work together to deposit and organize the vascular base-
ment membrane. Additionally, pericytes can detach from
the endothelium and transform into myofibroblasts, thereby
disrupting vascular homeostasis [17]. Endothelial-pericyte
communication is generally mediated via specialized inter-
cellular junctions. For example, the peg-socket structure
binds to endothelial cells and pericytes, and connects to
the endothelial cells and cell matrix [37,48]. The degree
of pericyte vascular coverage varies between different or-
gans and anatomical structures, with a relatively high oc-
currence observed in the lungs. In pulmonary tissue, per-
icytes are found within the capillary basement membrane
and are able to enhance peg-socket interactions with en-
dothelial cells, eventually leading to the formation of ad-
hesions, gaps, and tight junctions between one or more
endothelial cells and a pericyte [58–60]. The pericyte-
endothelial ratio varies across tissues, and the number and
size of pericyte-endothelial contacts also varies widely be-
tween different tissues and vessels. The ratio of endothelial
cells to pericytes in normal tissues can range from 1:1 to

10:1. The ratio is highest (1:1) in neural tissues and es-
pecially in the retina, probably due to their high metabolic
activity and the need to control blood flow. The opposite is
observed in skeletal muscle tissues, where the ratio of en-
dothelial cells to pericytes is 10:1 [37,61]. Differences in
the dispersion and arrangement of pericytes suggest a wide
range of microvascular variation and adaptability at the cel-
lular level, probably due to the array of pericyte functions
in governing various physiological systems. Close con-
nections exist between endothelial cells and pericytes, and
their mutual communication is essential for neovasculariza-
tion and the maintenance of vascular stability. Endothe-
lial cell-pericyte interactions play a crucial role in the reg-
ulation of vascular remodeling and stability, together with
various factors such as TGF-β, angiopoietin 1/angiopoietin
2/Tie-2 receptor, PDGF-B/PDGFR-β, vascular endothelial
growth factor (VEGF), and sphingosine-1-phosphate recep-
tor [35]. A previous study found that recombinant fuco-
syltransferase 8, PDGFβR and TGFβR are key proteins
involved in pericyte activation [25]. Interactions between
pericytes and endothelial cells trigger activation of the la-
tent TGF-β signaling pathway, thereby facilitating the dif-
ferentiation and proliferation of both cell types by engaging
activin receptor-like kinase 1, activin receptor-like kinase
5, and endorphins as receptors. Additionally, pericytes are
stimulated to secrete extracellular collagen via Smad2 sig-
naling [62]. Angiopoietin/iron (Ang/Tie) signals also con-
trol the association between endothelial cells and pericytes.
Tie2 expressed by endothelial cells is activated by Ang1 ex-
pressed on pericytes, thus helping tomaintain the static phe-
notype of endothelial cells. Ang1-driven Tie2 phosphoryla-
tion activates downstream pathways that mediate cell sur-
vival, proliferation, migration and anti-inflammatory sig-
nals [45]. PDGFβ secreted by angiogenic endothelial cells
is the most characteristic growth factor and can recruit per-
icytes that express PDGFRβ. Pericytes migrate and pro-
liferate to neovascularization along the PDGF gradient and
bind to the endothelial tube. Vascular stability is achieved
through physical contact, VEGF and the Ang1/Tie2 sys-
tem [28]. The sphingosine-1-phosphate (S1P)/S1P1 recep-
tor signaling axis also plays a crucial role in pericyte cover-
age by regulating N-cadherin, with pericyte coverage being
an important sign of vascular maturation [62].

5.3 Pericyte Secretion

Pericytes release various cytokines, immunomodula-
tory factors and ECM, which regulate tissue repair and re-
generation [63,64]. These cells also contain various pro-
inflammatory factors, including IL-6, IL-8, TNF-alpha, and
interferon gamma-inducible protein 10 (IP-10) that play a
role in triggering inflammation responses and influencing
T-cell activity [65–67]. Pericytes also release substances
such as leukemia inhibitory factor (LIF), cyclooxygenase-
2 (COX-2), and heme oxygenase-1 (HMOX-1) that sup-
press the inflammatory response during periods of inflam-
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Table 1. Pericyte secretion products and functions.
Pericyte secretion products Functions

IL-6, 8, TNF-α, IP-10 Induce inflammation and contribute to T cell activity [65–67]
COX-2, HMOX-1, LIF Inhibit the inflammatory response during inflammation [68,69]
Bmp-4, 6, 7 Prevent cell exhaustion and preserve stem cell regeneration [70,71]
VEGF Stimulates the differentiation and proliferation of vascular endothelial cells

and pericytes, and contributes to the formation and stability of blood
vessels

[72]

ECM Promotes tissue repair and regeneration processes [73,74]
SPARC Irritable fibrosis [75]
IL-6, interleukin-6; TNF-α, tumor necrosis factor-alpha; IP-10, interferon gamma-inducible protein 10; COX-2,
cyclooxygenase-2; HMOX-1, heme oxygenase-1; LIF, leukemia inhibitory factor; Bmp-4, 6, 7, bone morphogenetic
protein-4, 6, 7; VEGF, vascular endothelial growth factor; ECM, extracellular matrix; SPARC, secreted protein acidic
and cysteine-rich.

mation [68,69]. Furthermore, pericytes prevent cell failure
by releasing bone morphogenetic protein-4, 6, 7 (Bmp-4,
6, 7) and preserving the regenerative capacity of stem cells
[70,71]. VEGF stimulates the differentiation and prolifer-
ation of vascular endothelial cells and pericytes, thereby
contributing to angiogenesis and vascular stabilization [72].
Moreover, ECM secreted by pericytes is crucial for tis-
sue repair and regeneration [73,74]. In addition, pericytes
contribute to the regulation of ECM formation and fibro-
sis by producing secreted protein acidic and cysteine-rich
(SPARC) proteins [75]. Overall, pericytes secrete numer-
ous cytokines and growth factors, making them pivotal for
the maintenance of tissue and organ functions (Table 1, Ref.
[65–75]).

6. Possible Mechanism Underlying the
Transformation of Pericytes to
Myofibroblasts in Pulmonary Fibrosis
6.1 The Connection between Pericytes and Myofibroblasts
in Pulmonary Fibrosis

Myofibroblast proliferation and massive ECM secre-
tion are prominent features of PF [3,4]. Resident fibrob-
lasts are considered to be themain source ofmyofibroblasts.
However, studies on systemic sclerosis and on fibrosis in
a variety of organs have shown that pericytes act as pre-
cursors of myofibroblasts [76–78]. Following tissue injury,
pericytes readily detach from the vasculature and differen-
tiate into myofibroblasts. Subsequently, these cells deposit
ECM which leads to fibrosis [35,79]. The mechanisms un-
derlying the production of ECM by pericytes remain un-
clear [80]. Hung et al. [4] reported that pericytes expressing
myofibroblast markers were present inmouse pulmonary fi-
brotic lesions. These authors performed functional enrich-
ment analysis of differentially expressed genes identified by
microarray experiments and found that Foxd1-derived per-
icytes expressed the typical markers PDGFRβ, NG2, and
CD146 during cell culture. Following treatment with TGF-
β, α-SMA expression was upregulated and collagen type 1
was expressed, indicating that peri-pulmonary cells can ex-

press these two myofibroblast markers. After bleomycin-
induced lung injury in mice, Foxd1 ancestral pericytes ac-
count for a large proportion of α-SMA+ myofibroblasts,
which proliferate locally and produce collagen in fibroblast
foci [4]. Subsequently, Yamaguchi et al. [57] reported the
presence of pericytes in the fibrotic lesions of IPF patients.
These authors also performed cell experiments to show that
pericytes could transform into myofibroblasts after TGF-β
treatment. The aforementioned results indicate the impor-
tance of PMT in the onset and progression of PF.

6.2 Fibrosis is Characterized by an Increased Number of
Fibrotic Cells and a Build-up of Extracellular Matrix

Fibrotic cells encompass fibroblasts and myofibrob-
lasts. The development of fibrosis is closely associated
with pericytes due to the proliferation and transdifferentia-
tion of fibroblasts into myofibroblasts [81]. Numerous cy-
tokines secreted by pericytes have the ability to stimulate
the growth and activation of fibrotic cells. For example,
TGF-β derived from pericytes plays a critical role in the
progression of fibrosis as it enhances ECM secretion and
promotes the activation and proliferation of fibrotic cells
[82].

In addition to their direct interaction with fibrotic
cells, pericytes contribute to fibrosis by assuming a simi-
lar role to fibrotic cells. ECM is the primary component
of fibrosis and consists of collagen, elastic fibers, and pro-
teoglycans [83]. ECM production is primarily attributed
to myofibroblasts, although a recent investigation found
that pericytes can also secrete collagen and exhibit com-
parable functionalities to myofibroblasts [39]. Moreover,
pericytes secrete SPARC protein, which is responsible for
regulating the ECM [75]. α-SMA, PDGFR-β, and en-
dosialin (CD248) are common markers of pericytes and fi-
brotic cells. Pericytes possess myofibroblast properties in
the fibrotic lung microenvironment [37] and are a critical
factor in the fibrosis process due to their similarities with
fibrotic cells.
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7. Signaling Pathways Associated with the
Transformation of Pericytes to
Myofibroblasts
7.1 TGF-β Pathway

TGF-β serves as a regulator that promotes fibrosis.
Injured epithelial cells generate TGF-β and other signals
known as damage-associated molecular patterns (DAMPs)
that can be detected by immune receptors on both immune
and non-immune cells [84]. Several studies have investi-
gated the effect of TGF-β on PMT and the mechanism un-
derlying the pathogenesis of fibrosis. TGF-β ligand was
reported bind and phosphorylate TGF-βR, thus promot-
ing ECM formation. Various downstream regulators are
activated during this process, including the Smad2/3 sig-
naling pathway, non-Smad pathways such as the mitogen-
activated protein kinase (MAPK) pathway, the rho-like
GTPase signaling pathway, and the phosphatidylinosi-
tol 3-Kinase (PI3K)/Akt/mammalian target of rapamycin
(mTOR) pathway. Smad2 and Smad3 play crucial roles by
stimulating pericyte proliferation, differentiation, and mi-
gration via TGF-β. The regulation of mTOR activity in per-
icytesmay be influenced to some extent byAkt. These find-
ings suggest that pericyte proliferation and PMT induced
by TGF-β are mediated through activation of the Smad2/3
and Akt/mTOR signaling pathways, while TGF-β atten-
uates laser-induced fibrosis by inhibiting the Akt/mTOR
pathway [36].

Castellano et al. [85] reported that PMT occurs in a
model of lipopolysaccharide (LPS)-induced acute renal fi-
brosis. Renal pericytes are activated in response to acute
stimuli, such as LPS-induced acute kidney injury. In both
in vivo and in vitro settings, PMT can be observed follow-
ing 9 hours of LPS stimulation. In addition, the regulation
of PMT involves interaction between toll-like receptor 4
(TLR-4) and TGF-β signaling. Enhanced fibroblast respon-
siveness to TGF-β stimulation is observed upon activation
of TLR4 signaling. Moreover, LPS increases the phospho-
rylation of SMAD2/3 and extracellular regulated protein ki-
nase 1 (ERK1), whereas TGF-β directly induces the phos-
phorylation of SMAD2/3. In summary, LPS-induced per-
icytes express high levels of TLR-4 and TGF-β, promote
the phosphorylation of SMAD2/3 and ERK1, and undergo
PMT, thus leading to acute renal fibrosis [85].

Previous studies have also shown that pericytes oc-
cur in the abundant microvasculature of the human lung.
The production of TGF-β by fibroblasts and resident
macrophages in the interstitial space of the lung leads to
accumulation of α-SMA+ pericytes in fibrotic lesions. Ac-
tivation of the Smad signaling pathway is triggered by the
interaction between TGF-β and TGF-βR located on the per-
icyte cell membrane. P-Smad2/3 accumulation in the nu-
cleus increases binding to Smad-binding elements, thereby
increasing the transcription of fibrotic genes. Thus, in-
creased secretion of matrix proteins (including type I col-
lagen) leads to increased ECM stiffness. In a stiff en-

vironment, focal adhesion kinase increases the transloca-
tion ofmegakaryoblastic leukemia 1, yes-associated protein
(YAP), and transcriptional coactivators with PDZ-binding
motif (TAZ), thus increasing the expression of α-SMA+

and myofibroblast transformation [5].

7.2 The PDGFR Pathway

PDGF plays a crucial role in promoting fibrosis in var-
ious organs. Inhibition of PDGF could potentially serve as
an effective therapeutic approach for numerous fibrotic dis-
eases. Fibrosis encompasses several pathways, with PDGF
signaling being a key mediator. The proliferation, migra-
tion, and production of ECM are key processes in fibrosis
and are driven by the activation of stromal-mesenchymal
cells that express PDGFR-α and -β. The bleomycin model
is widely recognized as an effective in vivo model for the
study of PF. A significant increase in PDGF expression was
reported following the induction of PF by bleomycin [3].
PDGF has the ability to promote cell proliferation, move-
ment, and EMT. The various isoforms of PDGFRβ have
been implicated in several pathological conditions of mes-
enchymal cells that contribute to the development of dis-
eases such as PF. Additionally, the expression of PDGF-A
and PDGF-C has been observed in other cell types present
in injured or fibrotic lungs [86,87]. Moreover, PDGFR-β
expression is often increased in glomerular disease [88].
Further study of lung fibrosis and of signaling associated
with PDGFRβ is therefore crucial for future intervention
strategies [80].

PF is characterized by the conversion of pericytes into
myofibroblasts through activation of the TGF-β/Smad2/3
and PDGF-β/ERK signaling pathways. Crosstalk between
TGF-β and PDGF signaling is commonly found in endothe-
lial cells and pericytes. TGF-β signaling induces phospho-
rylation of Smad2/3 proteins, thereby regulating the expres-
sion of fiber genes, while PDGF signaling activates ERK1/2
in pericytes. The progression of PF involves the transfor-
mation of pericytes into myofibroblasts via stimulation of
the TGF-β/Smad2/3 and PDGF-β/ERK signaling cascades.
Additionally, Sun et al. [25] reported that glycosylation can
affect the binding of receptors (TGFβR and PDGFβR) to
related ligands. These authors showed that inhibition of the
glycosylation modification of TGFβR and PDGFβR can
block pericyte activation, thereby alleviating PF. Similarly,
Wang et al. [11] reported that IPF progression can be de-
layed by blocking activation of the PDGFRα/β signaling
pathway. In IPF, lncRNA growth arrest Specific 5 hinders
PMT by suppressing PDGFRα/β expression via demethy-
lation of KDM5B-mediated H3K4me2/3.

7.3 The Receptorless-associated Integration Site
(Wnt)/β–catenin Pathway

Wnt signaling is a highly conserved signal transduc-
tion pathway that facilitates intercellular communication to
regulate various cellular processes. These include the deter-
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mination of cell fate, establishment of polarity, promotion
of differentiation, and the facilitation of migration. This
complex signaling cascade plays a critical role during or-
gan and embryo development. Wnt signaling has also been
implicated in the wound healing process. In this particular
context, canonical signaling stabilizes the β-catenin com-
plex within the cytoplasm before it is transported to the nu-
cleus. This transportation subsequently triggers gene tran-
scription events that are vital for tissue repair and regen-
eration. Certain target genes controlled by β-catenin play
significant roles in tissue repair and regeneration processes,
including cyclinD1, CD44, and VEGF [89]. Wnt/β-catenin
as well as atypical Wnt signaling are activated during hu-
man renal fibrosis, and this could play a dominant role in the
persistence of fibrotic cells [90]. FoxM1 has been recog-
nized as a crucial regulator of the Wnt/β-catenin signaling
pathway by retaining β-catenin within the nucleus and en-
hancing its transcription factor activity through direct bind-
ing to the β-catenin promoter region. FoxM1 interacts di-
rectly with Smad3 proteins to facilitate their nuclear local-
ization and also binds to specific sequences in the β-catenin
promoter, thereby promoting fibrogenesis. Exosomes de-
rived from pulmonary vascular endothelial cells and char-
acterized by low levels of let-7d drive fibrosis in lung per-
icytes through activation of the TGFβRI/FoxM1/Smad/β-
catenin signaling cascade [91].

7.4 Notch Pathway
The communication mechanism known as Notch sig-

naling is a highly conserved process that plays a signifi-
cant role in maintaining lung function, responding to in-
jury, and facilitating tissue repair [92]. The Notch sig-
naling pathway has been implicated in pericyte differenti-
ation and contributes to the development and progression
of IPF. Rat models of lung fibrosis show increased lev-
els of the Notch1 receptor and its ligands. Additionally,
Notch1 promotes angiogenesis by stimulating the expres-
sion of PDGFRβ in pericytes [16]. Notch1 also regulates
the activity of PDGFRβ, which in turn controls various
downstream signaling molecules such as Ras, PI3K, and
phospholipase C. Moreover, PDGFRβ plays a role in the
migration of vascular smooth muscle cells by modulating
Rho-related protein kinase 1 (ROCK1). Given that ROCK1
is also implicated in the development of PF, the PDGFRβ–
ROCK1 interaction has been speculated to contribute to
IPF. In summary, Notch1 induces the proliferation of peri-
cytes and their transformation into myofibroblasts through
involvement of the PDGFRβ/ROCK1 pathway [92].

7.5 Other Signaling Pathways
Gui et al. [93] reported that mTORC49 and YAP/Taz

were activated in TGFβ-induced renal fibrosis. The Hippo
pathway is a highly conserved kinase cascade that plays
a crucial role in the regulation of cell proliferation and
tissue regeneration. Key constituents of this pathway in-
clude Mst1/2, Sav1, Lats1/2, YAP, and the coactivator Taz.

In response to specific stimuli, YAP and Taz become ac-
tivated due to a reduction in phosphorylation levels me-
diated by the canonical Hippo pathway. Recent studies
have shown that YAP/Taz can induce fibroblast activation
and contribute to renal fibrosis [93]. The mTOR, a mem-
ber of the phosphatidylinositol-3-OH-kinase-related fam-
ily, is highly conserved throughout evolution and plays cru-
cial roles in regulating cell growth, proliferation, and sur-
vival. Previous research found that mTORC2 signaling pro-
motes fibroblast activation and contributes to renal fibrosis.
Moreover, the inhibition of mTORC2 effectively delays fi-
broblast/pericyte activation and subsequent renal fibrosis
by suppressing YAP/Taz activation [93].

The Gasdermin (GSDM) family of proteins is in-
volved in regulating innate immune responses and cell
death. GSDMD can independently induce the release of in-
flammatory mediators, such as IL-1β. Previous research
has shown that macrophages utilize the GSDMD/IL-1β
pathway to secrete IL-1β. Additionally, IL-1β is involved
in promoting the conversion of pericytes into fibroblasts.
The expression of GSDMD is upregulated in peritoneal fi-
brosis, whereas knockdown of GSDMD decreases the level
of IL-1β in pericytes and peritoneal fibrosis. GSDMD
knockdown also inhibits fibrosis andVEGF/PI3K pathways
in pericytes. These findings suggest that modulation of the
VEGF/PI3K pathway through the GSDMD/IL-1β axis by
macrophages can influence the transition of pericytes to
peritoneal fibrosis [94].

The release of alarmins or DAMPs by damaged or
dying cells can be detected by immune receptors present
on both immune and non-immune cells. Recognition of
DAMPs by pericytes involves the participation of TLR2
and TLR4 as important pericyte receptors. Extensive stud-
ies conducted in vitro and in vivo have shown that MyD88
present within pericytes is a significant regulator of the in-
jury response. MyD88 can facilitate signaling pathways re-
lated to TLR and IL-1. During the development of fibrotic
disease, it is crucial that pericytes engage in signaling me-
diated by MyD88 and IL-1 receptor-associated kinase 4.
In summary, DAMPs are released when cells are damaged
and bind to TLR2/4 receptors on pericytes. This induces
changes in MyD88 and IL-1 receptor-associated kinase 4
signaling, leading to the development of PF [84].

Sirtuin 3 (SIRT3) is the principal regulator of mito-
chondrial protein deacetylation. It regulates various phys-
iological and pathological processes, including metabolic
homeostasis, oxidative stress, apoptosis, and aging. Previ-
ous research has shown that SIRT3 plays a protective role
in reducing tubulointerstitial fibrosis in hypertensive kid-
neys, which contain elevated levels of TGF-β and reactive
oxygen species (ROS). Decreased expression of SIRT3 was
observed during angiotensin II (Ang-II)-induced cardiac fi-
brosis and PMT. Depletion of SIRT3 enhanced the induc-
tion of TGF-β expression and the generation of ROS in
response to Ang-II [93,94]. In addition, Feng et al. [95]
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Fig. 1. The mechanism underlying pericyte transformation into myofibroblasts. (a) transforming growth factor-β (TGF-β) produc-
tion was increased (damaged epithelial cells produce TGF-β; toll-like receptor 4 (TLR-4) and TGF-β were highly expressed in pericytes
upon lipopolysaccharide (LPS) induction; and Sirtuin 3 (SIRT3) highly expresses TGF-β by increasing reactive oxygen species (ROS)
levels), and then TGF-β with receptor phosphorylation, multiple downstream adjustment factor is activated (e.g., Smad2/3 signaling,
and non-Smad pathways). Phosphorylated TGF-β promotes the phosphorylation of Smad2/3 and extracellular regulated protein kinase
1 (ERK1), leading to pericyte-myofibroblast transition (PMT). Phosphorylated Smad2/3 (P-Smad2/3) translocated to the nucleus, and
the accumulation of P-Smad2/3 in the nucleus increases the binding to Smad-binding elements (SBE), leading to increased transcription
of fibrotic genes, which in turn increases matrix proteins (including collagen type I) leading to increased extracellular matrix (ECM)
deposition. Binding of FAK to the ECM leads to increased translocation of MKL-1, yes-associated protein (YAP), and transcriptional
coactivators with PDZ-bindingmotifs (TAZ), which in turn lead to increasedα-SMA+ expression andmyofibroblast transition, leading to
idiopathic pulmonary fibrosis (IPF). (b) Notch1 and exogenous bleomycin can regulate platelet-derived growth factor receptor (PDGFR)
activity, and PDGFR activation can regulate a variety of downstream signaling molecules, such as Ras, phosphatidylinositol 3-Kinase
(PI3K) and phospholipase C (PLC). In addition, PDGFR also regulates Rho-related protein kinase 1 (ROCK1), which is involved in the
pathogenesis of pulmonary fibrosis, while PDGF signaling can stimulate ERK1/2 activation in pericytes. (c) Macrophages can modulate
the vascular endothelial growth factor (VEGF) /PI3K pathway through the gasdermin D (GSDMD)/ interleukin-1β (IL-1β) axis, thereby
altering the transition of pericytes to fibrosis. (d) damage-associated molecular patterns (DAMPs) occur when cells are damaged, bind to
receptors TLR2/4 on pericytes, induce changes in MyD88 and interleukin-1 receptor associated kinase 4 (RAK4) signaling and develop
pulmonary fibrosis. (e) The mTOR is a member of the phosphatidylinositol-3-OH-kinase-related family, TGF-β binds to its receptor and
activates Akt/mTOR signaling pathway to mediate the proliferation of ECM and PMT.
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demonstrated that fibrosis induced by Ang-II could be at-
tributed to a reduction in SIRT3 levels and upregulation of
the ROS-TGF-β1 pathway, thus facilitating PMT.

Valproic acid (VPA) is a short-chain fatty acid used as
a first-line drug for the treatment of epilepsy and depres-
sion [1]. A recent study showed that VPA inhibits histone
deacetylase (HDAC), thereby increasing the levels of his-
tone acetylation [2]. Other studies have shown that HDAC
mitigates cardiac fibrosis in rats, and that differentiation of
pericardial cells and myofibroblasts is HDAC4-dependent.
HDAC4 can induce phosphorylase, which then dephospho-
rylates ERK [96]. The MAPK pathway is critical for cell
proliferation, programmed cell death, and cellular differ-
entiation. Among the three major MAPKs, ERK1/2 is the
primary kinase responsible for growth signaling. The phos-
phorylation of ERK is tightly regulated by both kinases and
protein phosphatases. A significant increase in the level
of phosphorylated ERK1/2 protein was observed in a rat
model of cardiac fibrosis [96]. Studies have also shown that
knockdown of VPA and HDAC4 lead to decreased ERK
phosphorylation and inhibition of PMT, thereby reducing
organ fibrosis [96].

8. Therapeutic Potential of Pericytes
Although the cause of PF remains unclear, there is

growing recognition of the significant contributionmade by
pericytes to the onset and progression of PF. This cell type
is therefore a potential target for the treatment of PF. Sev-
eral treatment methods involving pericytes have been pro-
posed in recent years, such as TGF-βR and PDGFR antag-
onists. Through the use of a PDGFR inhibitor, Johnson et
al. [14] have suggested that pericytes could serve as a reser-
voir for airway resident mesenchymal cells, thereby playing
a role in the airway remodeling process observed in individ-
uals with chronic asthma. The dual effects of TGF-βR and
PDGF receptor antagonists on pericellular cells means that
further studies are required to clarify the effects of these
antagonists.

9. Summary and Perspectives
Pericytes play a crucial role in the pathogenesis of PF

and are involved in diverse physiological processes includ-
ing inflammation, ECM remodeling, vascular homeostasis,
and EMT (Fig. 1). The primary function of these cells is
to secrete multiple types of inflammatory mediators such
as TGF-β, IL-6, IL-1β, together with cytokines including
VEGF, PDGF, and Notch. These molecules can effectively
induce myofibroblast proliferation and collagen deposition,
thereby advancing the progression of PF. To date, TGF-β
and PDGF have been extensively investigated as key targets
in the progression of PF, providing valuable avenues for the
development of novel therapeutics. However, research on
related pathways such as the Wnt/β-catenin signaling path-
way, VEGF, TLR, MAPK, and the PI3K-AKT pathway is
still relatively scarce.

Activation of the Wnt/β-catenin signaling pathway
in PF leads to enhanced stability and accumulation of β-
catenin within the cell nucleus. This subsequently triggers
the activation of transcription factors that promote fibrob-
last proliferation and collagen synthesis, thereby driving
disease progression. β-catenin also plays a role in regu-
lating pathophysiological functions such as EMT and the
modulation of inflammation. However, there is a paucity
of research on downstream pathways associated with β-
catenin. Therefore, further investigation is warranted into
the role of β-catenin in the pathogenesis and progression of
PF. Despite some encouraging progress in this field, a com-
prehensive understanding of the intricate mechanisms and
regulatory networks that govern the involvement of peri-
cytes in PF requires further research. Future investigations
should clarify the precise contribution of pericytes during
lung fibrogenesis and seek to obtain novel insights into their
potential therapeutic application.
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