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Abstract: Chronic pancreatitis (CP) is a disease characterized by inflammatory recurrence that
accompanies the development of pancreatic fibrosis. As the mystery of CP pathogenesis is gradually
revealed, accumulating evidence suggests that the activation of pancreatic stellate cells (PSCs) and
the appearance of a myofibroblast-like phenotype are the key gatekeepers in the development of CP.
Targeting PSCs to prevent their activation and conversion to a myofibroblast-like phenotype, as well
as increasing antioxidant capacity to counteract ongoing oxidative stress, are effective strategies for
preventing or treating CP. Therefore, we reviewed the crosstalk between CP and pancreatic fibrosis,
summarized the activation mechanisms of PSCs, and investigated potential CP therapeutic strategies
targeting PSCs, including, but not limited to, anti-fibrosis therapy, antioxidant therapy, and gene
therapy. Meanwhile, the above therapeutic strategies are selected in order to update the available
phytopharmaceuticals as novel complementary or alternative approaches for the prevention and
treatment of CP to clarify their potential mechanisms of action and their relevant molecular targets,
aiming to provide the most comprehensive therapeutic treatment direction for CP and to bring new
hope to CP patients.
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1. Introduction

Chronic pancreatitis (CP) is a disease characterized by recurrent episodes of pancreatic
inflammation leading to the development of fibroinflammatory histology, with clinical man-
ifestations of abdominal pain, steatorrhea, pancreatic exocrine and endocrine insufficiency,
and imaging-detectable pancreatic injury [1]. The estimated incidence of this disease is 8–12
per 100,000 people worldwide, and the prevalence is up to 36.9–52.4 per 100,000 individuals.
The median survival time for CP patients is 15–20 years [2]. In addition, CP is considered a
risk factor for pancreatic ductal adenocarcinoma (PDAC), with a relative risk 13.3% higher
than that of the general population [3]. Therefore, CP can be regarded as a precancerous
lesion associated with PDAC to some extent.

However, the pathogenesis of CP is not yet well defined, and effective treatment strate-
gies are lacking [1]. Currently, it is believed that recurrent oxidative stress or inflammation
are the underlying causes of persistent pancreatic injury, leading to irreversible changes in
pancreatic structure and function and ultimately, to the occurrence of CP [4]. Therefore,
we reviewed CP and its pathogenesis and summarized the prevention or treatment strate-
gies that have recently received increasing attention, aiming to provide a comprehensive
perspective to unveil the mysterious mechanism of CP and bring hope to CP patients.
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2. Chronic Pancreatitis and Pancreatic Fibrosis
2.1. Risk Factors and Pathogenesis of Chronic Pancreatitis

Excessive alcohol consumption is the most common cause of CP, with approximately
70% of CP cases caused by alcohol abuse [1,5]. For example, the risk of CP is signifi-
cantly higher in chronic drinkers than in non-drinkers [6]. In addition, smoking is also a
high-risk factor for CP, and the risk of CP caused by smoking exhibits a dose-dependent
effect [1,7]. Quitting smoking or alcohol consumption, or both, significantly reduces the
risk of CP progression [8]. In addition, other etiological risk factors include genetic dis-
eases, pancreatic duct obstruction, recurrent acute pancreatitis, autoimmune pancreatitis,
hypertriglyceridemia, hypercalcemia, IgG4-related diseases, chronic kidney disease, and
unknown mechanisms [5,9] (Figure 1). In summary, according to current limited under-
standing, the occurrence and development of CP are mediated by multiple risk factors [10].

Molecules 2023, 28, x FOR PEER REVIEW 2 of 19 
 

 

comprehensive perspective to unveil the mysterious mechanism of CP and bring hope to 
CP patients. 

2. Chronic Pancreatitis and Pancreatic Fibrosis 
2.1. Risk Factors and Pathogenesis of Chronic Pancreatitis 

Excessive alcohol consumption is the most common cause of CP, with approximately 
70% of CP cases caused by alcohol abuse [1,5]. For example, the risk of CP is significantly 
higher in chronic drinkers than in non-drinkers [6]. In addition, smoking is also a high-
risk factor for CP, and the risk of CP caused by smoking exhibits a dose-dependent effect 
[1,7]. Quitting smoking or alcohol consumption, or both, significantly reduces the risk of 
CP progression [8]. In addition, other etiological risk factors include genetic diseases, pan-
creatic duct obstruction, recurrent acute pancreatitis, autoimmune pancreatitis, hypertri-
glyceridemia, hypercalcemia, IgG4-related diseases, chronic kidney disease, and un-
known mechanisms [5,9] (Figure 1). In summary, according to current limited under-
standing, the occurrence and development of CP are mediated by multiple risk factors 
[10]. 

 
Figure 1. Risk factors for chronic pancreatitis and the activation factors of pancreatic stellate cells in 
chronic pancreatitis. 

There are three main cell types in the pancreas: endocrine cells that produce various 
hormones in the islets, acinar cells that produce digestive enzymes, and pancreatic duct 
cells that form ducts [11]. In vitro experiments highlight the accumulation of reactive ox-
ygen species (ROS) as a trigger and enhancer of inflammation, as ROS activates signaling 
cascades and converts damaged acinar cells into production sites for chemokines and cy-
tokines [12]. Increased ROS were observed in CP, which increases the risk of pancreatic 
cancer through the activation of pancreatic stellate cells (PSCs) [13]. Ethanol damages ac-
inar cells, pancreatic ductal cells, and PSCs through the oxidative metabolite acetaldehyde 

Figure 1. Risk factors for chronic pancreatitis and the activation factors of pancreatic stellate cells in
chronic pancreatitis.

There are three main cell types in the pancreas: endocrine cells that produce various
hormones in the islets, acinar cells that produce digestive enzymes, and pancreatic duct
cells that form ducts [11]. In vitro experiments highlight the accumulation of reactive
oxygen species (ROS) as a trigger and enhancer of inflammation, as ROS activates signaling
cascades and converts damaged acinar cells into production sites for chemokines and
cytokines [12]. Increased ROS were observed in CP, which increases the risk of pancreatic
cancer through the activation of pancreatic stellate cells (PSCs) [13]. Ethanol damages acinar
cells, pancreatic ductal cells, and PSCs through the oxidative metabolite acetaldehyde and
the non-oxidative metabolite fatty acid ethyl ester [13]. The nicotine in tobacco produces
toxic metabolites in the body and can also cause damage to the acinar cells [13] (Figure 1).
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2.2. Chronic Pancreatitis and Pancreatic Fibrosis

The pathology of CP is characterized by inflammatory cell infiltration, alveolar atrophy,
and pancreatic fibrosis. Pancreatic fibrosis is a histological change accompanied by chronic
or recurrent acute episodes of pancreatic injury and inflammation. It is a pathological
process in which cellular injury and inflammatory cell infiltration are the initial events,
multiple cytokines and inflammatory mediators are involved, and complex signaling
pathways mediate the activation of PSCs and the production of the extracellular matrix
(ECM). Due to the increase in lipid peroxidation products and the release of mast cell
degranulation products, fibrosis is a marker indicating that interstitial PSCs have been
activated in CP [14]. Pancreatic fibrosis is considered to be a pathological hallmark of
CP and PDAC, especially in cases of advanced disease where replacement of normal
pancreatic parenchyma by fibrosis is a key component of endocrine and exocrine pancreatic
insufficiency [14]. Therefore, it is evident that PSCs is associated with CP, and that targeting
PSCs may be a highly effective prospective therapeutic strategy for CP.

3. Activation of Pancreatic Stellate Cells Is the Gatekeeper of Chronic Pancreatitis
3.1. Pancreatic Stellate Cells and Their Activation Mechanisms

Early studies regarding different cell populations in the pancreas have shown that
the pancreatic resident and quiescent fibroblast populations are scattered between the
pancreatic lobules and the surrounding regions of acini, storing retinol-rich cytoplasmic
lipid droplets and expressing desmin, similar to the behavior of hepatic stellate cells (HSCs);
hence, they are called pancreatic stellate cells (PSCs) [15,16]. PSCs are pluripotent cells,
accounting for approximately 4–7% of parenchymal cells, and playing a key role in main-
taining the structure of connective tissue [17,18]. Under normal physiological conditions,
PSCs maintain their quiescent state by expressing nestin, vimentin, glial fibrillary acidic
proteins, and desmin. The quiescent PSCs exhibit many typical characteristics, such as
abundant perinuclear lipid droplets, molecular markers (cytoglobin and lipophilins), and a
low capacity for proliferation, migration, and synthesis of ECM [19,20]. In addition, the
quiescent PSCs play a role in the storage of vitamin A, immunity, and the protection of
normal pancreatic structures [21].

It is currently believed that multiple factors can lead to the activation of quiescent PSCs,
such as smoking, alcohol consumption, oxidative stress, hypoxia, hyperglycemia, cytokines,
chemokines, and in vitro culture [22]. The activated PSCs exhibit a myofibroblast-like
phenotype: PSCs lose cytoplasmic lipid droplets and begin to express α-smooth muscle
actin (α-SMA), cytokines, and ECM (including collagen I, collagen III, hyaluronic acid, and
fibronectin), while cell migration and proliferation are enhanced [15,16,23] (Figure 1). In
addition, the mRNA expression level of MMP-3 in activated PSCs is significantly upregu-
lated, and the mRNA expression levels of basement membrane component IV-α collagen
protein is significantly downregulated, which may contribute to recombine the activated
form of ECM [24]. Notably, the activation of PSCs can also be induced by pathological
conditions. For example, the quiescent PSCs are continuously activated in diseases such as
CP or PDAC [23,25]. Thus, activated PSCs is recognized to be the responsible for excessive
pancreatic fibrosis.

The risk factors for CP include excessive alcohol consumption, smoking, genetic
diseases, pancreatic duct obstruction, recurrent acute pancreatitis, autoimmune pancreatitis,
hypertriglyceridemia, hypercalcemia, and unknown mechanisms. Among these, excessive
alcohol consumption leads to impairment of the acinar cells, pancreatic duct cells, and
endocrine cells, while smoking also leads to damage to the acinar cells. In addition, multiple
factors, including smoking, alcohol consumption, oxidative stress, hypoxia, hyperglycemia,
cytokines, and chemokines, often lead to the activation of quiescent PSCs. After the
pancreas is damaged by the aforementioned factors, the damaged acinar cells can activate
inflammatory cells to release pro-inflammatory cytokines, which activate quiescent PSCs
through paracrine stimulation. The activated PSCs exhibit a myofibroblast-like phenotype,
causing the expression of α-SMA, cell proliferation, cell migration, and ECM production.
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The activated PSCs can also release cytokines and continuously activate them by autocrine
stimulation, leading to pancreatic fibrosis.

3.2. Activation of Pancreatic Stellate Cells Mediates the Occurrence and Development
of Chronic Pancreatitis

As previously described, activated PSCs secrete excessive amounts of ECM, leading to
inter- and intralobular fibrosis, and continued crosstalk between PSCs and ECM further
enhances the stiffness of ECM. Therefore, the activation of PSCs is considered central to
pathological pancreatic fibrosis in CP [1,25]. The progression of CP is clinically observable,
starting with damage to the acinar cells, followed by β-cell dysfunction, and finally, by
a decrease in α-cell function, which marks the end stage of the disease. In the early
stages of CP, damaged acinar cells activate key inflammatory cells including macrophages,
granulocytes, and lymphocytes. Subsequently, all these cells release large amounts of
pro-inflammatory cytokines such as IL-1, IL-6, IL-8, TNF-α, TGF-β1, and platelet-derived
growth factor (PDGF), which can activate the PSCs through paracrine stimulation [13]
(Figure 1). Moreover, activated PSCs can also secrete cytokines that continuously activate
PSCs through autocrine stimulation, and the continuous activation of PSCs leads to a
higher synthesis rate of the extracellular matrix (ECM) than its degradation rate, ultimately
leading to pancreatic fibrosis [26–28] (Figure 1). Among cytokines, TGF-β1 is the most
important driver of pancreatic fibrosis, promoting the activation of PSCs and the production
of ECM [28–30] (Figure 1). In addition, NF-κB and AP-1 play an important role in initiating
the inflammatory cascade and the necroinflammatory response in CP [27,31].

Recently, macrophages in the progression of CP have received widespread attention.
Macrophages are differentiated monocytes that can be activated and polarized into different
types by classical or bypass ligands, thereby mediating further targeting effects, and these
have been shown to play a key role in immunity, inflammation, and oncology [32–34]. Under
normal physiological conditions, the number of resident macrophages in the pancreas is
relatively low, and only when pathological changes occur will a large number of macrophages
engage in phagocytosis, polarization, and repair. Previous in vivo studies have shown
that macrophages and T cells are the main immune cell types in the pancreas of CP
patients [27,28,35,36]. Damage to pancreatic acinar cells leads to macrophage-induced
infiltration of inflammatory cells, and inflammatory cells can activate PSCs and induce
pancreatic fibrosis. In addition, macrophages can also affect the crosstalk between islet
cells and PSCs [37–39]. For example, the pancreas in the mouse CP model is infiltrated
by M2 macrophages instead of M1 macrophages, and M2 macrophages can effectively
activate PSCs through a “feed-forward” mechanism, suggesting that macrophages play a
crucial role in the process of pancreatic fibrosis [40]. In addition, an increase in lymphocytes
was observed in pancreatic tissue samples from CP patients, where CD8+ T cells located
between the pancreatic parenchyma and the fibrotic region were recognized to be a key
factor in disease severity, and the cytotoxicity mediated by CD8+ T cells or NKT cells may
play a critical role in the pathogenesis of CP [41]. It is worth noting that mast cells, dendritic
cells, eosinophils, monocytes, and B cells are also involved in the inflammatory response in
CP [27].

Accumulating evidence suggests that the activation of PSCs and the development of
CP involve several important signaling pathways, including Smad, PI3K-AKT, MAPK, and
p38-MAPK [26] (Figure 2). Further information is available from the highly commendable
review authored by Guihua Jin et al. [26]. In addition, it has been shown that the JAK/STAT
pathway is essential for the proliferation and activation of PSCs, and inhibiting this pathway
can reduce caerulein-induced CP in vivo [42]. TGF-β1 induces the activation of the NF-κB
pathway by regulating the expression of p-TAK1 in PSCs [43]. A recent study showed that
enhanced lipoprotein metabolism caused by the very low density lipoprotein receptor in
PSCs increases the degree of fibrosis, in which IL-33 is a key factor mediating CP [44]. In
addition, oxidative stress is also considered to be one of the most important mechanisms
in the pathogenesis of CP. Repetitive oxidative stress in the pancreas converts fat-storing
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PSCs into myofibroblast-like cells that can produce ECM, chemokines, and adhesion
molecules in response to inflammatory infiltration [45]. Epithelial mesenchymal transition
(EMT) is required for many physiological developmental steps; however, EMT contributes
to tumorigenesis and metastasis [46]. During tumorigenesis, PSCs transforms into an
active myofibroblast-like phenotype and are involved in multiple processes. PSCs secrete
metalloproteinases (MMPs) and matrix metalloproteinases (TIMPs), including MMP2,
MMP9, MMP13, TIMP1, and TIMP2, indicating that PSCs help maintain the balance of
the ECM in a healthy pancreas [12]. However, the activation of PSCs in CP and pancreatic
cancer can disrupt this balance [21]. The epidermal growth factor receptor (EGFR) pathway
is involved in pancreatic fibrosis, and the overexpression of heparin-binding epidermal
growth factor-like HB-EGF in pancreatic islets is considered to be one of the mechanisms
leading to extensive pancreatic fibrosis during the CP process [21]. PSCs express HB-EGF-
activated EGFR and promote PSCs activation and migration in an autocrine manner [21].
All of these indications suggest that the activation of PSCs is a key gatekeeper for the
occurrence and development of CP, and targeting PSCs has become the most promising
strategy for the prevention and treatment of CP.
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After the pancreas if impaired, the pro-inflammatory cytokines are released from the
acinar cells, inflammatory cells, and activated PSCs, leading to a series of signaling cascades
that result in activated PSCs exhibiting a myofibroblast-like phenotype, ultimately leading
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to pancreatic fibrosis. Among these, the Smad signaling pathway is mainly activated by
TGF-β1; the PI3K-AKT signaling pathway can be activated by TNF-α, TGF-β1, IL-1 and
PDGF; the MAPK signaling cascade is activated by TNF-α and PDGF; and the p38 MAPK
signaling pathway can be activated by PDGF. The activation of all these signaling pathways
leads to the activation of PSCs and the development of pancreatic fibrosis in CP.

4. Therapeutic Strategies of Chronic Pancreatitis Targeting Pancreatic Stellate Cells

As previously mentioned, the activation of PSCs is the gatekeeper of CP. Targeting
PSCs to prevent or treat CP has emerged as a widely accepted novel therapeutic strategy.
However, the mechanism by which PSCs are activated is unclear, leading to a lack of
effective intervention measures to prevent or combat inflammation and fibrosis in CP. Thus,
this section focuses on different therapies targeting PSCs for the treatment of CP, including,
but not limited to, anti-fibrosis therapy, antioxidant therapy, and gene therapy (Table 1).

Table 1. Therapeutic strategies for chronic pancreatitis targeting pancreatic stellate cells.

Phytochemicals Chemical Structures Strategies Main Effects

Curcumin
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Inhibiting PDGF-induced proliferation of 
PSCs [47]; inactivating PSCs by inhibiting 
their proliferation [48]; inhibiting the levels 
of α-SMA, type I collagen, and fibronectin 
in TGF-β-activated primary PSCs [12]. 

Antioxidant 
Inhibiting NF-κB activation and decreasing 
the mRNA levels of Il-6, TNF-α, and iNOS 
in the pancreas [49]. 

Resveratrol 

 

Anti-fibrosis 

Inducing apoptosis and attenuating 
fibrosis by promoting caspase-3 activation 
[50]; inhibiting the marker of PSCs 
activation (α-SMA, collagen I, and 
fibronectin) by NF-κB signaling [51]. 

Antioxidant 
Blocking ROS-induced activation, invasion, 
and migration of PSCs by inhibiting miR-
21 [52]. 

Rhein 

 

Anti-fibrosis 
Attenuating PSCs activation, inhibiting α-
SMA, fibronectin, and MMP in PSCs by 
modulating the SHH pathway [53,54]. 

Emodin 

 

Anti-fibrosis 

Reducing primary PSCs viability, 
downregulating the expression of fibrosis 
markers α-SMA, fibronectin, and collagen I 
[51]. 

Anti-fibrosis

Reducing primary PSCs viability,
downregulating the expression of
fibrosis markers α-SMA, fibronectin,
and collagen I [51].
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Ellagic acid 
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the transformation of PSCs from 
quiescence to a myofibroblast-like 
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induced PSCs proliferation and migration 
[59]. 

Antioxidant 
Inducing macrophage or monocyte 
infiltration, reducing ROS production in 
PSCs [59]. 

Eruberin A 

 

Anti-fibrosis 

Suppressing gene expression of major 
fibrotic filaments and ECM mediators, 
inhibiting the activation of the PI3K/AKT 
pathway associated with the downstream 
cascade of inflammation and fibrogenesis 
[60]. 

VA and derivatives  

 

Anti-fibrosis 

Inhibiting the proliferation and 
suppression of PSCs, producing ECM, and 
inducing apoptosis; its analogs can inhibit 
PSCs activation in pancreatic ductal 
adenocarcinoma [61]. 

VD and derivatives 

 

Anti-fibrosis 

Inhibiting PSCs activation and reducing 
ECM deposition; its analogs may restart 
the quiescent state of the PSCs and reduce 
fibrosis [62,63]. 

Anti-fibrosis
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proliferation and migration [55];
inhibiting the ethanol-induced
activation of PSCs and the
transformation of the
myofibroblast-like phenotype [56,57].
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Table 1. Cont.

Phytochemicals Chemical Structures Strategies Main Effects

Follistatin - Anti-fibrosis

Follistatin can inhibit PSCs activation
and collagen secretion by blocking
autocrined activin A and decreasing
TGF-β expression and the secretion of
PSCs [73].

CGGD - Anti-fibrosis Inhibiting PSCs activation, reducing
collagen deposition [74].

5-FU-miR-15a - Gene therapy
Anti-fibrosis

Inhibiting the proliferation and
migration of PSCs; reducing RNA and
protein expression of Yap1 and
Bcl2 [75].

NLPR3 siRNA - Gene therapy
Anti-fibrosis

Inhibiting the expression of PSCs
activation markers α-SMA, collagen I,
and fibronectin [76].

YAP siRNA - Gene therapy
Anti-fibrosis

Reducing PSCs activation and
fibrosis [77].

Note: EGCG, epigallocatechin gallate; VA, vitamin A; VD, vitamin D; ILG, isoliquiritigenin; NY, yttrium oxide
nanoparticles; CGGD, Chaihu Guizhi Ganjiang Decoction.

4.1. Anti-Fibrosis Therapy

Until now, plant ingredients and natural chemicals have been widely used as comple-
mentary and alternative medicines to extend lifespan and treat diseases [51]. The natural
compounds in plants also show promising applications in the prevention and treatment
of CP. Based on the anti-fibrosis therapies targeting PSCs, we summarized the phyto-
chemicals that showed potential anti-fibrosis effects on PSCs, including, but not limited
to, curcumin, resveratrol, rhein, emodin, epigallocatechin gallate, ellagic acid, embelin,
eruberin A, and metformin.

4.1.1. Curcumin

Curcumin is a turmeric polyphenol derived from the turmeric rhizome, with antiox-
idant and anti-inflammatory properties. In vitro and in vivo studies have demonstrated
the anti-fibrotic activity of curcumin in CP and pancreatic cancer models. For example,
curcumin inhibited the PDGF-induced proliferation of PSCs and reduced the expression
of α-SMA, IL-1 β, and TNF-α induced MCP-1 production, type I collagen production,
and AP-1 activation in activated PSCs [47]. Curcumin inactivates PSCs by inhibiting their
proliferation, and mechanistically, the inhibition of ERK1/2 activation and the upregula-
tion of heme oxygenase-1 (HO-1) synergistically increase cellular carbon monoxide levels,
thereby activating p38 MAPK, leading to a decreased proliferation of PSCs [48]. In addition,
curcumin and three phenolic compounds can inhibit the mRNA and protein levels of the
fibrosis mediators α-SMA, type I collagen, and fibronectin in TGF-β-activated primary
PSCs, and their potential mechanisms were associated with the downregulation of the NF-
κB signaling pathway [12]. In addition, a newly synthesized curcumin analogue, L49H37,
more effectively induced apoptosis in PSCs at a concentration 10-fold lower than that
of curcumin [78]. Notably, curcumin had a direct effect on pancreatic β-cells; it reduced
the volume of pancreatic β-cell in activated PSCs [79]. This evidence suggests that cur-
cumin may be used as an anti-fibrotic agent to treat pancreatic fibrosis and PSCs-related
pathologies, including PDAC [51].

4.1.2. Resveratrol

Resveratrol is a polyphenol stilbene found in high quantities in grapes, raspberries,
blueberries, cocoa, and peanuts [80,81]. Several in vitro studies have demonstrated the
excellent effects of resveratrol in the treatment of CP. For example, resveratrol induces
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apoptosis and attenuates fibrosis in CP by promoting caspase-3 activation [50]. It also
inhibits the markers of PSCs activation, such as α-SMA, collagen I, and fibronectin, by
downregulating NF-κB signaling [51].

4.1.3. Rhein

Rhein is a natural anthraquinone derivative with antibacterial, anti-inflammatory,
anti-angiogenic, and anticancer properties [82–89]. Among these, the anti-fibrotic activity
of rhein has been demonstrated in the CP model. In a cerulein-induced CP mouse model,
daily treatment with 50 mg/kg rhein significantly attenuated fibrogenesis by reducing the
immunoreactivity of fibrosis activators, including α-SMA and TGF-β, in pancreatic tissue
and reduced fibronectin and type 1 collagen deposition in exocytosis [53]. In addition, rhein
attenuated PSCs activation and inhibited sonic hedgehog SHH/GLI1 signaling, while also
inhibiting α-SMA, fibronectin, and MMP in PSCs by modulating the SHH pathway [53,54].
Mechanically, the downregulation of NF-κB and STAT3 signaling pathways may be a
potential mechanism for the anti-fibrotic and anti-tumor effects of rhein [51,90]. In addition,
20 µM rhein can significantly reduce the NF-κB subunit involved in inflammatory responses
in PSCs [51].

4.1.4. Emodin

Emodin exhibits anti-inflammatory, anti-angiogenic, anti-dyslipidemic, and anti-
cancer properties [91,92]. The treatment of PSCs with 4 µM emodin can significantly
downregulate the expression of fibrosis markers α-SMA, fibronectin, and collagen I, thereby
reducing the cell viability of primary PSCs [51]. In addition, emodin exhibits strong anti-
cancer activity in pancreatic cancer through various mechanisms such as targeting cell
proliferation and inducing cell apoptosis [51,93].

4.1.5. Epigallocatechin Gallate

Polyphenols in green tea can prevent fibrosis by reducing the activation of PSCs [56].
Epigallocatechin gallate (EGCG) is the main phenolic compound in green tea, exhibiting
antioxidant, anti-inflammatory, and anti-cancer properties [94,95], and it has been shown to
inhibit PDGF-induced PSCs proliferation and migration [55]. Ethanol increases the protein
expression level of α-SMA, activates TGF-β1, and induces p38 MAPK phosphorylation.
EGCG treatment completely eliminates the phosphorylation of p38 MAPK, thereby inhibit-
ing the ethanol-induced activation of PSCs and the transformation to a myofibroblast-like
phenotype [56,57].

4.1.6. Ellagic Acid

Ellagic acid is a non-flavonoid polyphenol of plant origin, mainly found in berries,
grapes, pomegranates, and walnuts [12]. It has been shown that ellagic acid has a significant
anti-fibrotic activity in the CP model. Ellagic acid treatment significantly eliminated
the development of pancreatic fibrosis and reduced the mRNA expression levels of α-
SMA and TGF-β1 in a CP rat model. At the same time, ellagic acid inactivated PSCs by
reducing protein levels of α-SMA and ECM type I and III procollagen, preventing the
transformation of PSCs from a quiescent state to a myofibroblast-like phenotype [58]. In
addition, ellagic acid inhibited PDGF-BB-induced PSCs proliferation and migration [59].
Mechanically, ellagic acid reduces the activation of the downstream signaling pathways of
c-Raf/MAPK/ERK and PI3K/AKT, which are important for PSCs cell proliferation and
migration [58].

4.1.7. Eruberin A

Eruberin A, an organic flavanol glycoside, has been shown to exhibit anti-fibrotic
activity against primary PSCs. Treatment of LTC-14 cells with 20 µg/mL eruberin A
resulted in a dose-dependent decrease in the growth rate and a significant inhibition of the
gene expression of major fibrotic filaments and ECM mediators, including smooth muscle
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α-actin, collagen type I-α 1, and fibronectin 1 [60]. Furthermore, eruberin A can inhibit
NF-κB activation and SHH signaling, as well as the activation of the PI3K/AKT pathways
associated with the downstream cascades of inflammation and fibrogenesis [60].

4.1.8. Vitamin A/D and Their Derivatives

Vitamin A (VA) derivatives induce significant apoptosis, inhibit proliferation, and
suppress PSCs production of ECM in vitro. Moreover, the vitamin A analogs can inhibit
PSCs activation in pancreatic ductal adenocarcinoma [61]. Another VA analogue, ATRA,
can reactivate the quiescent state of PSCs in KPC mice [96]. These studies suggest a potential
role for VA analogs in the treatment of CP-related fibrosis.

The high prevalence of vitamin D (VD) deficiency in CP patients is associated with the
risk and prognosis of CP [97,98]. VD and its derivatives have now been shown to alleviate
pancreatic fibrosis by inhibiting PSCs activation and reducing ECM deposition. VD analogs
may restart the quiescent state of the PSCs and reduce fibrosis in CP [62,63]. In addition,
VD can increase lipid droplet storage, inhibit PSCs activation, and reduce the expression of
α-SMA and IL-6 [63]. Exposure of activated PSCs to different physiological concentrations
of 1,25(OH)2D3 revealed that 1,25(OH)2D3 inhibited the expression of fibronectin and
collagen type I-α 1, along with the proliferation of PSCs, and the anti-proliferative capacity
was positively correlated with 1,25(OH)2D3 concentration [35]. This evidence suggests that
VD may be an effective antifibrotic therapy for targeting PSCs in CP. Additionally, VD also
exhibits multiple mechanisms of action in CP, including anti-inflammatory effects, immune
regulation, the regulation of proliferation, and the induction of differentiation, apoptosis,
and autophagy. More details can be found in Zheng M & Gao R’s excellent review [35].

4.1.9. Isoliquiritigenin

Isoliquiritigenin (ILG), a simple chalcone-type flavonoid isolated from licorice roots,
has been reported to exhibit antioxidative, anti-inflammatory, and hepatoprotective proper-
ties. ILG has been reported to suppress adipose tissue inflammation and attenuate high-fat
diet-induced adipose tissue fibrosis by targeting innate immune sensors [99–101]. Recent
studies have found that ILG significantly attenuates pancreatic fibrosis and inflammation
by inhibiting the activation of PSCs and macrophage pancreatic infiltration [64]. Further
studies showed that ILG inhibited the activation of human pancreatic stellate cells by
negatively regulating ERK1/2 and JNK1/2 activity and related signaling pathways [64]. In
summary, this evidence suggests that ILG may be a potential therapeutic agent to alleviate
pancreatic fibrosis in CP.

4.1.10. Puerarin

Puerarin is the most important active flavonoid component in the Chinese herb Radix
Puerariae. Puerarin has a variety of pharmacological effects, including inhibiting platelet
aggregation; antioxidant, anti-inflammatory, and diuretic properties; regulating blood
pressure, blood sugar, and lipids; and protecting the myocardium; it is also virtually non-
toxic. In recent years, puerarin has been well recognized for its anti-fibrotic effects in
various fibrotic diseases such as liver, lung, kidney, and heart fibrosis [102–105]. A recent
study demonstrated that puerarin has a significant inhibitory effect on the proliferation,
migration, and activation of PSCs, as well as the phosphorylation of JNK1/2, ERK1/2, and
p38 MAPK, suggesting that puerarin may be a potential candidate drug for treating CP,
and the MAPK pathway may be its key target [66].

4.1.11. Small Molecule Kinase Inhibitors and Synthetic Drugs

In addition to natural plant compounds, several small molecule kinase inhibitors
and synthetic drugs also show anti-fibrotic activity [106–108]. Fibromodulin (FMOD) is
increased in CP and is an important downstream mediator of oxidative stress. Inhibitors
of ERK and JNK can reduce FMOD, thereby reducing PSCs activation [109]. Dasatinib,
an inhibitor of several tyrosine kinases, has been proven to have a possible anti-fibrotic
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effect on CP and to reduce pancreatic fibrosis and macrophage infiltration [67]. As a PARPγ
inhibitor, olapanib shows an anti-fibrotic effect in CP induced by cerulein [110]. As an
inhibitor of discoidin domain receptor 1 (DDR1) and DDR2, imatinib can reduce ECM
deposition and PSCs activation, as well as inhibit the TGF-β1/Smad pathway [68]. HDAC
inhibitors are a new class of drugs that regulate chromatin structure and gene expression,
and induce growth inhibition, apoptosis, and differentiation. Among these, Vorinostat
(SAHA) and Trichostatin A (TSA) attenuate pancreatic fibrosis and PSCs apoptosis by
increasing the expression of miR-15 and miR-16 to induce PSCs apoptosis and inhibit the
inflammatory response [72]. Briefly, small molecule kinase inhibitors are one of the current
research hotspots and show promising applications in the anti-fibrosis treatment of CP.

In vitro and in vivo studies showed that in human PSCs and nude mice with sub-
cutaneous pancreatic cancer, metformin for type II diabetes decreased α-SMA, TGF-β1,
and collagen expression in pancreatic tissue and inhibited the proliferation of PSCs by
upregulating p-AMPK [69,70]. Furthermore, metformin also enhanced the sensitivity of
PSCs and pancreatic cancer cells to gemcitabine treatment.

Yttrium oxide nanoparticles (NY) are unique antioxidants with significant anti-
inflammatory activity. A recent study demonstrated that NY intervention significantly
reduced the L-Arg-induced overexpression of α-SMA, N-Cadherin, MMP2, and TIMP1 in
PSCs, indicating that NY inhibited the activation of PSCs [71]. Furthermore, NY exhibits
the antifibrotic potential through the inhibition and modulation of PSCs activation, EMT,
ECM aggregation, the TGF-β pathway, and inflammation [71].

Follistatin is an endogenous binding protein of activin A. The study revealed that
activator A activates cs PSCs in an autocrine manner to promote collagen secretion and
works in conjunction with TGF-β to promote the secretion and mRNA expression of
PSCs [73]. In addition, follistatin can inhibit the secretion of TGF-β and collagen in PSCs
and reduced α-SMA content [73].

The Chinese herb Chaihu Guizhi Ganjiang Decoction (CGGD) was found to alleviate
pancreatic injury, reduce collagen deposition, and inhibit PSCs activation in CP rats [74].
Furthermore, CGGD promotes the phosphorylation of mTOR and JNK in pancreatic tissue
and PSCs by downregulating Atg5, Beclin-1, and LC3B [74]. These results suggest that
CGGD may inhibit PSCs activation and alleviate pancreatic fibrosis by inhibiting autophagy
through the JNK/mTOR signaling pathway.

4.2. Antioxidant Therapy

As previously mentioned, oxidative stress is one of the most important mechanisms
in the pathogenesis of CP, and targeting PSCs to counteract cellular oxidative stress is a
therapeutic strategy worth considering. It was found that the blood levels of antioxidants
in patients with alcoholic CP were insufficient, despite a controlled dietary intake [111].
In a randomized trial, compared to placebo, patients taking antioxidants showed a sig-
nificant improvement in pain [112]. In a meta-analysis of eight studies, patients with CP
who received antioxidant therapy experienced significantly less pain compared to the con-
trols [113]. In another experiment, antioxidant NY significantly reduced lipid peroxidation
and nitrite levels, upregulated tissue glutathione, and decreased iNOS and nitrotyrosine
expression in L-Arg induced CP rats [71]. The natural plant compounds in the aforemen-
tioned anti-fibrosis therapy also exhibit antioxidant activity. For example, injecting emodin
into rats with acute pancreatitis revealed a significant increase in pancreatic acinar cell
apoptosis [114], which may be related to a decrease in DNA binding to NF-κB in pancreatic
tissue and the subsequent inhibition of pro-inflammatory cytokines [115]. In addition,
emodin inhibits the HTRA1/TGF-β/NF-κB signal cascade and promotes cell apoptosis
through the calcium-mediated caspase-12 pathway [116–119]. In a rat pancreatitis model,
curcumin reduced the severity of the disease, inhibited NF-κB activation, and decreased the
mRNA levels of Il-6, TNF-α and iNOS in the pancreas [49]. In addition, the macrophage
or monocyte infiltration in rats treated with ellagic acid and the ROS production in iso-
lated PSCs were significantly reduced [59]. Resveratrol blocks the ROS-induced activation,
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invasion, migration, and glycolysis of PSCs by inhibiting the expression of miR-21 and
increasing the protein levels of phosphatase and PTEN [52]. ILG is effective in reducing the
severity of acute pancreatitis by inhibiting oxidative stress and regulating the Nrf2/HO-1
pathway [65]. The Nrf2-Keap1 signaling pathway is a key strategy to combat chronic in-
flammation [120]. In a rat pancreatitis model, an effective Nrf2 activator, dimethyl fumarate,
demonstrated the upregulation of antioxidants in vitro and showed a significant ability
to reduce inflammation and pancreatic damage in vivo compared to the controls [121].
However, it should be noted that few trials have been conducted with sufficient ability to
demonstrate the significant efficacy of naturally occurring antioxidants in the treatment of
pancreatitis [122]. Therefore, more experiments are needed to support the role of natural
antioxidants in the treatment of CP.

4.3. Gene Therapy

The latest high-throughput sequencing technology, and even single-cell technology,
allows for the accurate analysis of the abundance of mRNA expression and the expression
profile in specific organs, tissues, and cells, enabling precise therapy at the gene level.
Currently, miRNA and siRNA have been widely used in gene therapy. Several studies
have shown that miRNA and siRNAs exhibit potential therapeutic value by targeting and
inhibiting specific genes to inhibit the occurrence and progression of CP [123].

For example, this study showed that 5-FU-miR-15a inhibits the expression of YAP1
and BCL-2 in murine and human PSCs in the in vitro setting. Importantly, 5-FU-miR-15a
suppresses PSCs proliferation and migration, and inhibits the invasion of pancreatic cancer
cells [75]. Furthermore, the protein 3 (NLRP3) inflammasome containing the NACHT,
LRR, and PYD domains is directly involved in PSCs activation in vivo and in vitro. The
expression of PSCs activation markers α-SMA, collagen I, and fibronectin was reduced with
NLPR3 siRNA [76]. In addition, activated YAP promotes PSCs proliferation, and siRNA
reduces PSCs activation and fibrosis in CP animal models by knocking down YAP [77].
However, these studies are still in the laboratory stage and must be further validated in
clinical trials.

5. Conclusions

Although the pathogenesis of CP has not been fully elucidated, activated PSCs have
been widely recognized as key gatekeepers of pancreatic fibrosis, which is an important
hallmark of CP, as well as in its associated disease, pancreatic cancer. Many prevention
or treatment strategies targeting PSCs have been proposed for CP and fibrosis mediated
by PSCs activation. Various antioxidant and gene therapies have emerged, and anti-
fibrosis therapies in particular have been widely recognized, showing great promise for
clinical application. In addition, immunotherapy targeting the PSCs may be expected to
become a rising star in the treatment of CP. Despite the inclusion of the above potential
pharmacological treatments for CP, there is a lack of relevant clinical trials regarding these
treatments. It can be foreseen that with the in-depth disclosure of the pathogenesis of CP
and the combination of different treatment strategies, the prevention and treatment of CP
and its related diseases will be greatly improved.

Author Contributions: M.C., W.C. and R.X. reviewed the literature and drafted the original manuscript.
Y.P. and P.N. contributed to editing and expanding the manuscript. H.F. revised the paper and ap-
proved the submitted manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was financially supported by Guangzhou Basic and Applied Basic Research
Projet (No. 202201010747), Basic and Applied Basic Research Foundation of Guangdong Province
(No. 2019B030302005).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Molecules 2023, 28, 5586 14 of 18

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Beyer, G.; Habtezion, A.; Werner, J.; Lerch, M.M.; Mayerle, J. Chronic pancreatitis. Lancet 2020, 396, 499–512. [CrossRef]
2. Kichler, A.; Jang, S. Chronic Pancreatitis: Epidemiology, Diagnosis, and Management Updates. Drugs 2020, 80, 1155–1168.

[CrossRef] [PubMed]
3. Raimondi, S.; Lowenfels, A.B.; Morselli-Labate, A.M.; Maisonneuve, P.; Pezzilli, R. Pancreatic cancer in chronic pancreatitis;

aetiology, incidence, and early detection. Best Pract. Res. Clin. Gastroenterol. 2010, 24, 349–358. [CrossRef] [PubMed]
4. Ren, Y.; Zhang, J.; Wang, M.; Bi, J.; Wang, T.; Qiu, M.; Lv, Y.; Wu, Z.; Wu, R. Identification of irisin as a therapeutic agent that

inhibits oxidative stress and fibrosis in a murine model of chronic pancreatitis. Biomed. Pharmacother. Biomed. Pharmacother. 2020,
126, 110101. [CrossRef] [PubMed]

5. Singh, V.K.; Yadav, D.; Garg, P.K. Diagnosis and Management of Chronic Pancreatitis: A Review. JAMA 2019, 322, 2422–2434.
[CrossRef]

6. Singhvi, A.; Yadav, D. Myths and realities about alcohol and smoking in chronic pancreatitis. Curr. Opin. Gastroenterol. 2018, 34,
355–361. [CrossRef]

7. Rebours, V.; Vullierme, M.P.; Hentic, O.; Maire, F.; Hammel, P.; Ruszniewski, P.; Lévy, P. Smoking and the course of recurrent
acute and chronic alcoholic pancreatitis: A dose-dependent relationship. Pancreas 2012, 41, 1219–1224. [CrossRef]

8. Nikkola, J.; Räty, S.; Laukkarinen, J.; Seppänen, H.; Lappalainen-Lehto, R.; Järvinen, S.; Nordback, I.; Sand, J. Abstinence after first
acute alcohol-associated pancreatitis protects against recurrent pancreatitis and minimizes the risk of pancreatic dysfunction.
Alcohol Alcohol. 2013, 48, 483–486. [CrossRef]

9. Shimizu, K. Mechanisms of pancreatic fibrosis and applications to the treatment of chronic pancreatitis. J. Gastroenterol. 2008, 43,
823–832. [CrossRef]

10. Ni Chonchubhair, H.M.; Duggan, S.N.; Egan, S.M.; Kenyon, M.; O’Toole, D.; McManus, R.; Conlon, K.C. A high prevalence
of genetic polymorphisms in idiopathic and alcohol-associated chronic pancreatitis patients in Ireland. HPB 2021, 23, 231–237.
[CrossRef]

11. Zhou, Q.; Melton, D.A. Pancreas regeneration. Nature 2018, 557, 351–358. [CrossRef] [PubMed]
12. Ramakrishnan, P.; Loh, W.M.; Gopinath, S.C.B.; Bonam, S.R.; Fareez, I.M.; Mac Guad, R.; Sim, M.S.; Wu, Y.S. Selective phytochem-

icals targeting pancreatic stellate cells as new anti-fibrotic agents for chronic pancreatitis and pancreatic cancer. Acta Pharm. Sinica
B 2020, 10, 399–413. [CrossRef] [PubMed]

13. Zhang, L.; Li, J.; Zong, L.; Chen, X.; Chen, K.; Jiang, Z.; Nan, L.; Li, X.; Li, W.; Shan, T.; et al. Reactive Oxygen Species and Targeted
Therapy for Pancreatic Cancer. Oxidative Med. Cell. Longev. 2016, 2016, 1616781. [CrossRef]

14. Braganza, J.M.; Lee, S.H.; McCloy, R.F.; McMahon, M.J. Chronic pancreatitis. Lancet 2011, 377, 1184–1197. [CrossRef] [PubMed]
15. Bachem, M.G.; Schneider, E.; Gross, H.; Weidenbach, H.; Schmid, R.M.; Menke, A.; Siech, M.; Beger, H.; Grunert, A.; Adler, G.

Identification, culture, and characterization of pancreatic stellate cells in rats and humans. Gastroenterology 1998, 115, 421–432.
[CrossRef]

16. Apte, M.V.; Haber, P.S.; Applegate, T.L.; Norton, I.D.; McCaughan, G.W.; Korsten, M.A.; Pirola, R.C.; Wilson, J.S. Periacinar
stellate shaped cells in rat pancreas: Identification, isolation, and culture. Gut 1998, 43, 128–133. [CrossRef] [PubMed]

17. Xue, R.; Jia, K.; Wang, J.; Yang, L.; Wang, Y.; Gao, L.; Hao, J. A Rising Star in Pancreatic Diseases: Pancreatic Stellate Cells. Front.
Physiol. 2018, 9, 754. [CrossRef]

18. Lafaro, K.J.; Melstrom, L.G. The Paradoxical Web of Pancreatic Cancer Tumor Microenvironment. Am. J. Pathol. 2019, 189, 44–57.
[CrossRef]

19. Apte, M.V.; Wilson, J.S.; Lugea, A.; Pandol, S.J. A starring role for stellate cells in the pancreatic cancer microenvironment.
Gastroenterology 2013, 144, 1210–1219. [CrossRef]

20. Nielsen, M.F.B.; Mortensen, M.B.; Detlefsen, S. Identification of markers for quiescent pancreatic stellate cells in the normal
human pancreas. Histochem. Cell Biol. 2017, 148, 359–380. [CrossRef]

21. Allam, A.; Thomsen, A.R.; Gothwal, M.; Saha, D.; Maurer, J.; Brunner, T.B. Pancreatic stellate cells in pancreatic cancer: In focus.
Pancreatology 2017, 17, 514–522. [CrossRef] [PubMed]

22. Fu, Y.; Liu, S.; Zeng, S.; Shen, H. The critical roles of activated stellate cells-mediated paracrine signaling, metabolism and
onco-immunology in pancreatic ductal adenocarcinoma. Mol. Cancer 2018, 17, 62. [CrossRef] [PubMed]

23. Apte, M.V.; Haber, P.S.; Darby, S.J.; Rodgers, S.C.; McCaughan, G.W.; Korsten, M.A.; Pirola, R.C.; Wilson, J.S. Pancreatic stellate
cells are activated by proinflammatory cytokines: Implications for pancreatic fibrogenesis. Gut 1999, 44, 534–541. [CrossRef]
[PubMed]

24. Haqq, J.; Howells, L.M.; Garcea, G.; Metcalfe, M.S.; Steward, W.P.; Dennison, A.R. Pancreatic stellate cells and pancreas cancer:
Current perspectives and future strategies. Eur. J. Cancer 2014, 50, 2570–2582. [CrossRef] [PubMed]

25. Bynigeri, R.R.; Jakkampudi, A.; Jangala, R.; Subramanyam, C.; Sasikala, M.; Rao, G.V.; Reddy, D.N.; Talukdar, R. Pancreatic
stellate cell: Pandora’s box for pancreatic disease biology. World J. Gastroenterol. 2017, 23, 382–405. [CrossRef] [PubMed]

https://doi.org/10.1016/S0140-6736(20)31318-0
https://doi.org/10.1007/s40265-020-01360-6
https://www.ncbi.nlm.nih.gov/pubmed/32647920
https://doi.org/10.1016/j.bpg.2010.02.007
https://www.ncbi.nlm.nih.gov/pubmed/20510834
https://doi.org/10.1016/j.biopha.2020.110101
https://www.ncbi.nlm.nih.gov/pubmed/32199226
https://doi.org/10.1001/jama.2019.19411
https://doi.org/10.1097/MOG.0000000000000466
https://doi.org/10.1097/MPA.0b013e31825de97d
https://doi.org/10.1093/alcalc/agt019
https://doi.org/10.1007/s00535-008-2249-7
https://doi.org/10.1016/j.hpb.2020.06.002
https://doi.org/10.1038/s41586-018-0088-0
https://www.ncbi.nlm.nih.gov/pubmed/29769672
https://doi.org/10.1016/j.apsb.2019.11.008
https://www.ncbi.nlm.nih.gov/pubmed/32140388
https://doi.org/10.1155/2016/1616781
https://doi.org/10.1016/S0140-6736(10)61852-1
https://www.ncbi.nlm.nih.gov/pubmed/21397320
https://doi.org/10.1016/S0016-5085(98)70209-4
https://doi.org/10.1136/gut.43.1.128
https://www.ncbi.nlm.nih.gov/pubmed/9771417
https://doi.org/10.3389/fphys.2018.00754
https://doi.org/10.1016/j.ajpath.2018.09.009
https://doi.org/10.1053/j.gastro.2012.11.037
https://doi.org/10.1007/s00418-017-1581-5
https://doi.org/10.1016/j.pan.2017.05.390
https://www.ncbi.nlm.nih.gov/pubmed/28601475
https://doi.org/10.1186/s12943-018-0815-z
https://www.ncbi.nlm.nih.gov/pubmed/29458370
https://doi.org/10.1136/gut.44.4.534
https://www.ncbi.nlm.nih.gov/pubmed/10075961
https://doi.org/10.1016/j.ejca.2014.06.021
https://www.ncbi.nlm.nih.gov/pubmed/25091797
https://doi.org/10.3748/wjg.v23.i3.382
https://www.ncbi.nlm.nih.gov/pubmed/28210075


Molecules 2023, 28, 5586 15 of 18

26. Jin, G.; Hong, W.; Guo, Y.; Bai, Y.; Chen, B. Molecular Mechanism of Pancreatic Stellate Cells Activation in Chronic Pancreatitis
and Pancreatic Cancer. J. Cancer 2020, 11, 1505–1515. [CrossRef]

27. Kandikattu, H.K.; Venkateshaiah, S.U.; Mishra, A. Chronic Pancreatitis and the Development of Pancreatic Cancer. Endocr. Metab.
Immune Disord. Drug Targets 2020, 20, 1182–1210. [CrossRef]

28. Zheng, M.; Li, H.; Sun, L.; Brigstock, D.R.; Gao, R. Interleukin-6 participates in human pancreatic stellate cell activation and
collagen I production via TGF-beta1/Smad pathway. Cytokine 2021, 143, 155536. [CrossRef]

29. Xu, M.; Wang, G.; Zhou, H.; Cai, J.; Li, P.; Zhou, M.; Lu, Y.; Jiang, X.; Huang, H.; Zhang, Y.; et al. TGF-beta1-miR-200a-PTEN
induces epithelial-mesenchymal transition and fibrosis of pancreatic stellate cells. Mol. Cell. Biochem. 2017, 431, 161–168.
[CrossRef]

30. Radoslavova, S.; Folcher, A.; Lefebvre, T.; Kondratska, K.; Guenin, S.; Dhennin-Duthille, I.; Gautier, M.; Prevarskaya, N.; Ouadid-
Ahidouch, H. Orai1 Channel Regulates Human-Activated Pancreatic Stellate Cell Proliferation and TGF(beta1) Secretion through
the AKT Signaling Pathway. Cancers 2021, 13, 2395. [CrossRef]

31. Clemens, D.L.; Schneider, K.J.; Arkfeld, C.K.; Grode, J.R.; Wells, M.A.; Singh, S. Alcoholic pancreatitis: New insights into the
pathogenesis and treatment. World J. Gastrointest. Pathophysiol. 2016, 7, 48–58. [CrossRef]

32. Xia, Y.; Rao, L.; Yao, H.; Wang, Z.; Ning, P.; Chen, X. Engineering Macrophages for Cancer Immunotherapy and Drug Delivery.
Adv. Mater. 2020, 32, e2002054. [CrossRef] [PubMed]

33. Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.A.; Mardani, F.; Seifi, B.; Mohammadi, A.;
Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and disease. J. Cell. Physiol. 2018, 233,
6425–6440. [CrossRef]

34. Atri, C.; Guerfali, F.Z.; Laouini, D. Role of Human Macrophage Polarization in Inflammation during Infectious Diseases. Int. J.
Mol. Sci. 2018, 19, 1801. [CrossRef] [PubMed]

35. Zheng, M.; Gao, R. Vitamin D: A Potential Star for Treating Chronic Pancreatitis. Front. Pharmacol. 2022, 13, 902639. [CrossRef]
[PubMed]

36. Sun, L.; Xiu, M.; Wang, S.; Brigstock, D.R.; Li, H.; Qu, L.; Gao, R. Lipopolysaccharide enhances TGF-beta1 signalling pathway and
rat pancreatic fibrosis. J. Cell. Mol. Med. 2018, 22, 2346–2356. [CrossRef] [PubMed]

37. Xiang, H.; Yu, H.; Zhou, Q.; Wu, Y.; Ren, J.; Zhao, Z.; Tao, X.; Dong, D. Macrophages: A rising star in immunotherapy for chronic
pancreatitis. Pharmacol. Res. 2022, 185, 106508. [CrossRef]

38. Bartel, M.; Hansch, G.M.; Giese, T.; Penzel, R.; Ceyhan, G.; Ketterer, K.; von Knebel-Doberitz, M.; Friess, H.M.; Giese, N.A.
Abnormal crosstalk between pancreatic acini and macrophages during the clearance of apoptotic cells in chronic pancreatitis. J.
Pathol. 2008, 215, 195–203. [CrossRef] [PubMed]

39. Weber, C. Pancreatitis: Alternatively activated macrophages mediate fibrosis. Nat. Rev. Gastroenterol. Hepatol. 2015, 12, 372.
[CrossRef]

40. Xue, J.; Sharma, V.; Hsieh, M.H.; Chawla, A.; Murali, R.; Pandol, S.J.; Habtezion, A. Alternatively activated macrophages promote
pancreatic fibrosis in chronic pancreatitis. Nat. Commun. 2015, 6, 7158. [CrossRef]

41. Bhatia, R.; Thompson, C.; Ganguly, K.; Singh, S.; Batra, S.K.; Kumar, S. Alcohol and Smoking Mediated Modulations in Adaptive
Immunity in Pancreatitis. Cells 2020, 9, 1880. [CrossRef] [PubMed]

42. Komar, H.M.; Serpa, G.; Kerscher, C.; Schwoegl, E.; Mace, T.A.; Jin, M.; Yang, M.C.; Chen, C.S.; Bloomston, M.; Ostrowski, M.C.;
et al. Inhibition of Jak/STAT signaling reduces the activation of pancreatic stellate cells in vitro and limits caerulein-induced
chronic pancreatitis in vivo. Sci. Rep. 2017, 7, 1787. [CrossRef] [PubMed]

43. Wu, N.; Xu, X.F.; Xin, J.Q.; Fan, J.W.; Wei, Y.Y.; Peng, Q.X.; Duan, L.F.; Wang, W.; Zhang, H. The effects of nuclear factor-kappa B
in pancreatic stellate cells on inflammation and fibrosis of chronic pancreatitis. J. Cell Mol. Med. 2021, 25, 2213–2227. [CrossRef]
[PubMed]

44. Yang, X.; Chen, J.; Wang, J.; Ma, S.; Feng, W.; Wu, Z.; Guo, Y.; Zhou, H.; Mi, W.; Chen, W.; et al. Very-low-density lipoprotein
receptor-enhanced lipid metabolism in pancreatic stellate cells promotes pancreatic fibrosis. Immunity 2022, 55, 1185–1199.
[CrossRef] [PubMed]

45. Lardon, J.; Rooman, I.; Bouwens, L. Nestin expression in pancreatic stellate cells and angiogenic endothelial cells. Histochem. Cell
Biol. 2002, 117, 535–540. [CrossRef]

46. Petersen, O.W.; Nielsen, H.L.; Gudjonsson, T.; Villadsen, R.; Rank, F.; Niebuhr, E.; Bissell, M.J.; Ronnov-Jessen, L. Epithelial to
mesenchymal transition in human breast cancer can provide a nonmalignant stroma. Am. J. Pathol. 2003, 162, 391–402. [CrossRef]

47. Masamune, A.; Suzuki, N.; Kikuta, K.; Satoh, M.; Satoh, K.; Shimosegawa, T. Curcumin blocks activation of pancreatic stellate
cells. J. Cell. Biochem. 2006, 97, 1080–1093. [CrossRef]

48. Schwer, C.I.; Guerrero, A.M.; Humar, M.; Roesslein, M.; Goebel, U.; Stoll, P.; Geiger, K.K.; Pannen, B.H.; Hoetzel, A.; Schmidt,
R. Heme oxygenase-1 inhibits the proliferation of pancreatic stellate cells by repression of the extracellular signal-regulated
kinase1/2 pathway. J. Pharmacol. Exp. Ther. 2008, 327, 863–871. [CrossRef]

49. Jurenka, J.S. Anti-inflammatory properties of curcumin, a major constituent of Curcuma longa: A review of preclinical and clinical
research. Altern. Med. Rev. A J. Clin. Ther. 2009, 14, 141–153.

50. Zhou, J.H.; Cheng, H.Y.; Yu, Z.Q.; He, D.W.; Pan, Z.; Yang, D.T. Resveratrol induces apoptosis in pancreatic cancer cells. Chin.
Med. J. 2011, 124, 1695–1699.

https://doi.org/10.7150/jca.38616
https://doi.org/10.2174/1871530320666200423095700
https://doi.org/10.1016/j.cyto.2021.155536
https://doi.org/10.1007/s11010-017-2988-y
https://doi.org/10.3390/cancers13102395
https://doi.org/10.4291/wjgp.v7.i1.48
https://doi.org/10.1002/adma.202002054
https://www.ncbi.nlm.nih.gov/pubmed/32856350
https://doi.org/10.1002/jcp.26429
https://doi.org/10.3390/ijms19061801
https://www.ncbi.nlm.nih.gov/pubmed/29921749
https://doi.org/10.3389/fphar.2022.902639
https://www.ncbi.nlm.nih.gov/pubmed/35734414
https://doi.org/10.1111/jcmm.13526
https://www.ncbi.nlm.nih.gov/pubmed/29424488
https://doi.org/10.1016/j.phrs.2022.106508
https://doi.org/10.1002/path.2348
https://www.ncbi.nlm.nih.gov/pubmed/18421760
https://doi.org/10.1038/nrgastro.2015.95
https://doi.org/10.1038/ncomms8158
https://doi.org/10.3390/cells9081880
https://www.ncbi.nlm.nih.gov/pubmed/32796685
https://doi.org/10.1038/s41598-017-01973-0
https://www.ncbi.nlm.nih.gov/pubmed/28496202
https://doi.org/10.1111/jcmm.16213
https://www.ncbi.nlm.nih.gov/pubmed/33377616
https://doi.org/10.1016/j.immuni.2022.06.001
https://www.ncbi.nlm.nih.gov/pubmed/35738281
https://doi.org/10.1007/s00418-002-0412-4
https://doi.org/10.1016/S0002-9440(10)63834-5
https://doi.org/10.1002/jcb.20698
https://doi.org/10.1124/jpet.108.136549


Molecules 2023, 28, 5586 16 of 18

51. Lin, Z.; Zheng, L.C.; Zhang, H.J.; Tsang, S.W.; Bian, Z.X. Anti-fibrotic effects of phenolic compounds on pancreatic stellate cells.
BMC Complement. Altern. Med. 2015, 15, 259. [CrossRef] [PubMed]

52. Yan, B.; Cheng, L.; Jiang, Z.; Chen, K.; Zhou, C.; Sun, L.; Cao, J.; Qian, W.; Li, J.; Shan, T.; et al. Resveratrol Inhibits ROS-Promoted
Activation and Glycolysis of Pancreatic Stellate Cells via Suppression of miR-21. Oxidative Med. Cell. Longev. 2018, 2018, 1346958.
[CrossRef] [PubMed]

53. Tsang, S.W.; Zhang, H.; Lin, C.; Xiao, H.; Wong, M.; Shang, H.; Yang, Z.J.; Lu, A.; Yung, K.K.; Bian, Z. Rhein, a natural
anthraquinone derivative, attenuates the activation of pancreatic stellate cells and ameliorates pancreatic fibrosis in mice with
experimental chronic pancreatitis. PLoS ONE 2013, 8, e82201. [CrossRef] [PubMed]

54. Tsang, S.W.; Bian, Z.X. Anti-fibrotic and anti-tumorigenic effects of rhein, a natural anthraquinone derivative, in mammalian
stellate and carcinoma cells. Phytother. Res. PTR 2015, 29, 407–414. [CrossRef]

55. Masamune, A.; Kikuta, K.; Satoh, M.; Suzuki, N.; Shimosegawa, T. Green tea polyphenol epigallocatechin-3-gallate blocks
PDGF-induced proliferation and migration of rat pancreatic stellate cells. World J. Gastroenterol. 2005, 11, 3368–3374. [CrossRef]

56. Asaumi, H.; Watanabe, S.; Taguchi, M.; Tashiro, M.; Nagashio, Y.; Nomiyama, Y.; Nakamura, H.; Otsuki, M. Green tea polyphenol
(-)-epigallocatechin-3-gallate inhibits ethanol-induced activation of pancreatic stellate cells. Eur. J. Clin. Investig. 2006, 36, 113–122.
[CrossRef]

57. Asaumi, H.; Watanabe, S.; Taguchi, M.; Tashiro, M.; Otsuki, M. Externally applied pressure activates pancreatic stellate cells
through the generation of intracellular reactive oxygen species. Am. J. Physiol. Gastrointest. Liver Physiol. 2007, 293, G972–G978.
[CrossRef]

58. Masamune, A.; Satoh, M.; Kikuta, K.; Suzuki, N.; Satoh, K.; Shimosegawa, T. Ellagic acid blocks activation of pancreatic stellate
cells. Biochem. Pharmacol. 2005, 70, 869–878. [CrossRef]

59. Suzuki, N.; Masamune, A.; Kikuta, K.; Watanabe, T.; Satoh, K.; Shimosegawa, T. Ellagic acid inhibits pancreatic fibrosis in male
Wistar Bonn/Kobori rats. Dig. Dis. Sci. 2009, 54, 802–810. [CrossRef]

60. Tsang, S.W.; Zhang, H.J.; Chen, Y.G.; Auyeung, K.K.; Bian, Z.X. Eruberin A, a Natural Flavanol Glycoside, Exerts Anti-Fibrotic
Action on Pancreatic Stellate Cells. Cell. Physiol. Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2015, 36, 2433–2446.
[CrossRef]

61. Chronopoulos, A.; Robinson, B.; Sarper, M.; Cortes, E.; Auernheimer, V.; Lachowski, D.; Attwood, S.; García, R.; Ghassemi, S.;
Fabry, B.; et al. ATRA mechanically reprograms pancreatic stellate cells to suppress matrix remodelling and inhibit cancer cell
invasion. Nat. Commun. 2016, 7, 12630. [CrossRef] [PubMed]

62. Sherman, M.H.; Yu, R.T.; Engle, D.D.; Ding, N.; Atkins, A.R.; Tiriac, H.; Collisson, E.A.; Connor, F.; Van Dyke, T.; Kozlov, S.; et al.
Vitamin D receptor-mediated stromal reprogramming suppresses pancreatitis and enhances pancreatic cancer therapy. Cell 2014,
159, 80–93. [CrossRef] [PubMed]

63. Wallbaum, P.; Rohde, S.; Ehlers, L.; Lange, F.; Hohn, A.; Bergner, C.; Schwarzenböck, S.M.; Krause, B.J.; Jaster, R. Antifibrogenic
effects of vitamin D derivatives on mouse pancreatic stellate cells. World J. Gastroenterol. 2018, 24, 170–178. [CrossRef] [PubMed]

64. Wang, L.J.; He, L.; Hao, L.; Guo, H.L.; Zeng, X.P.; Bi, Y.W.; Lu, G.T.; Li, Z.S.; Hu, L.H. Isoliquiritigenin ameliorates caerulein-
induced chronic pancreatitis by inhibiting the activation of PSCs and pancreatic infiltration of macrophages. J. Cell Mol. Med.
2020, 24, 9667–9681. [CrossRef]

65. Masamune, A.; Kikuta, K.; Suzuki, N.; Satoh, M.; Satoh, K.; Shimosegawa, T. A c-Jun NH2-terminal kinase inhibitor SP600125
(anthra[1,9-cd]pyrazole-6 (2H)-one) blocks activation of pancreatic stellate cells. J. Pharmacol. Exp. Ther. 2004, 310, 520–527.
[CrossRef]

66. Zeng, X.P.; Zeng, J.H.; Lin, X.; Ni, Y.H.; Jiang, C.S.; Li, D.Z.; He, X.J.; Wang, R.; Wang, W. Puerarin Ameliorates Caerulein-Induced
Chronic Pancreatitis via Inhibition of MAPK Signaling Pathway. Front. Pharmacol. 2021, 12, 686992. [CrossRef]

67. Zeng, X.P.; Wang, L.J.; Guo, H.L.; He, L.; Bi, Y.W.; Xu, Z.L.; Li, Z.S.; Hu, L.H. Corrigendum to “Dasatinib ameliorates chronic
pancreatitis induced by caerulein via anti-fibrotic and anti-inflammatory mechanism” [Pharmacol Res. 147 (2019) 104357].
Pharmacol. Res. 2020, 156, 104788. [CrossRef]

68. Bansod, S.; Saifi, M.A.; Godugu, C. Inhibition of discoidin domain receptors by imatinib prevented pancreatic fibrosis demon-
strated in experimental chronic pancreatitis model. Sci. Rep. 2021, 11, 12894. [CrossRef]

69. Duan, W.; Chen, K.; Jiang, Z.; Chen, X.; Sun, L.; Li, J.; Lei, J.; Xu, Q.; Ma, J.; Li, X.; et al. Desmoplasia suppression by
metformin-mediated AMPK activation inhibits pancreatic cancer progression. Cancer Lett. 2017, 385, 225–233. [CrossRef]

70. Wu, C.; Qiu, S.; Zhu, X.; Lin, H.; Li, L. OCT1-Mediated Metformin Uptake Regulates Pancreatic Stellate Cell Activity. Cell. Physiol.
Biochem. Int. J. Exp. Cell. Physiol. Biochem. Pharmacol. 2018, 47, 1711–1720. [CrossRef]

71. Khurana, A.; Saifi, M.A.; Godugu, C. Yttrium Oxide Nanoparticles Attenuate L-Arginine Induced Chronic Pancreatitis. Biol. Trace
Elem. Res. 2023, 201, 3404–3417. [CrossRef] [PubMed]

72. Ji, T.; Feng, W.; Zhang, X.; Zang, K.; Zhu, X.; Shang, F. HDAC inhibitors promote pancreatic stellate cell apoptosis and relieve
pancreatic fibrosis by upregulating miR-15/16 in chronic pancreatitis. Hum. Cell 2020, 33, 1006–1016. [CrossRef] [PubMed]

73. Ohnishi, N.; Miyata, T.; Ohnishi, H.; Yasuda, H.; Tamada, K.; Ueda, N.; Mashima, H.; Sugano, K. Activin A is an autocrine
activator of rat pancreatic stellate cells: Potential therapeutic role of follistatin for pancreatic fibrosis. Gut 2003, 52, 1487–1493.
[CrossRef]

74. Cui, L.; Li, C.; Shang, Y.; Li, D.; Zhuo, Y.; Yang, L.; Cui, N.; Li, Y.; Zhang, S. Chaihu Guizhi Ganjiang Decoction Ameliorates
Pancreatic Fibrosis via JNK/mTOR Signaling Pathway. Front. Pharmacol. 2021, 12, 679557. [CrossRef]

https://doi.org/10.1186/s12906-015-0789-y
https://www.ncbi.nlm.nih.gov/pubmed/26223780
https://doi.org/10.1155/2018/1346958
https://www.ncbi.nlm.nih.gov/pubmed/29854071
https://doi.org/10.1371/journal.pone.0082201
https://www.ncbi.nlm.nih.gov/pubmed/24312641
https://doi.org/10.1002/ptr.5266
https://doi.org/10.3748/wjg.v11.i22.3368
https://doi.org/10.1111/j.1365-2362.2006.01599.x
https://doi.org/10.1152/ajpgi.00018.2007
https://doi.org/10.1016/j.bcp.2005.06.008
https://doi.org/10.1007/s10620-008-0423-7
https://doi.org/10.1159/000430204
https://doi.org/10.1038/ncomms12630
https://www.ncbi.nlm.nih.gov/pubmed/27600527
https://doi.org/10.1016/j.cell.2014.08.007
https://www.ncbi.nlm.nih.gov/pubmed/25259922
https://doi.org/10.3748/wjg.v24.i2.170
https://www.ncbi.nlm.nih.gov/pubmed/29375203
https://doi.org/10.1111/jcmm.15498
https://doi.org/10.1124/jpet.104.067280
https://doi.org/10.3389/fphar.2021.686992
https://doi.org/10.1016/j.phrs.2020.104788
https://doi.org/10.1038/s41598-021-92461-z
https://doi.org/10.1016/j.canlet.2016.10.019
https://doi.org/10.1159/000491003
https://doi.org/10.1007/s12011-022-03446-6
https://www.ncbi.nlm.nih.gov/pubmed/36319828
https://doi.org/10.1007/s13577-020-00387-x
https://www.ncbi.nlm.nih.gov/pubmed/32524326
https://doi.org/10.1136/gut.52.10.1487
https://doi.org/10.3389/fphar.2021.679557


Molecules 2023, 28, 5586 17 of 18

75. Almanzar, V.M.D.; Shah, K.; LaComb, J.F.; Mojumdar, A.; Patel, H.R.; Cheung, J.; Tang, M.; Ju, J.; Bialkowska, A.B. 5-FU-miR-15a
Inhibits Activation of Pancreatic Stellate Cells by Reducing YAP1 and BCL-2 Levels In Vitro. Int. J. Mol. Sci. 2023, 24, 3954.
[CrossRef]

76. Li, C.X.; Cui, L.H.; Zhang, L.Q.; Yang, L.; Zhuo, Y.Z.; Cui, N.Q.; Zhang, S.K. Role of NLR family pyrin domain-containing 3
inflammasome in the activation of pancreatic stellate cells. Exp. Cell Res. 2021, 404, 112634. [CrossRef]

77. Spanehl, L.; Revskij, D.; Bannert, K.; Ehlers, L.; Jaster, R. YAP activates pancreatic stellate cells and enhances pancreatic fibrosis.
Hepatobiliary Pancreat. Dis. Int. HBPD INT 2022, 21, 583–589. [CrossRef] [PubMed]

78. Gundewar, C.; Ansari, D.; Tang, L.; Wang, Y.; Liang, G.; Rosendahl, A.H.; Saleem, M.A.; Andersson, R. Antiproliferative effects of
curcumin analog L49H37 in pancreatic stellate cells: A comparative study. Ann. Gastroenterol. 2015, 28, 391–398.

79. Zhang, D.W.; Fu, M.; Gao, S.H.; Liu, J.L. Curcumin and diabetes: A systematic review. Evid.-Based Complement. Altern. Med. Ecam
2013, 2013, 636053. [CrossRef]

80. Aggarwal, B.B.; Bhardwaj, A.; Aggarwal, R.S.; Seeram, N.P.; Shishodia, S.; Takada, Y. Role of resveratrol in prevention and therapy
of cancer: Preclinical and clinical studies. Anticancer. Res. 2004, 24, 2783–2840.

81. Rauf, A.; Imran, M.; Butt, M.S.; Nadeem, M.; Peters, D.G.; Mubarak, M.S. Resveratrol as an anti-cancer agent: A review. Crit. Rev.
Food Sci. Nutr. 2018, 58, 1428–1447. [CrossRef] [PubMed]

82. Xian, Z.; Tian, J.; Wang, L.; Zhang, Y.; Han, J.; Deng, N.; Liu, S.; Zhao, Y.; Li, C.; Yi, Y.; et al. Effects of Rhein on Bile Acid
Homeostasis in Rats. BioMed Res. Int. 2020, 2020, 8827955. [CrossRef] [PubMed]

83. Li, G.M.; Chen, J.R.; Zhang, H.Q.; Cao, X.Y.; Sun, C.; Peng, F.; Yin, Y.P.; Lin, Z.; Yu, L.; Chen, Y.; et al. Update on Pharmacological
Activities, Security, and Pharmacokinetics of Rhein. Evid.-Based Complement. Altern. Med. Ecam 2021, 2021, 4582412. [CrossRef]

84. Wang, J.; Zhao, H.; Kong, W.; Jin, C.; Zhao, Y.; Qu, Y.; Xiao, X. Microcalorimetric assay on the antimicrobial property of five
hydroxyanthraquinone derivatives in rhubarb (Rheum palmatum L.) to Bifidobacterium adolescentis. Phytomedicine Int. J. Phytother.
Phytopharm. 2010, 17, 684–689. [CrossRef] [PubMed]

85. Cong, X.D.; Ding, M.J.; Dai, D.Z.; Wu, Y.; Zhang, Y.; Dai, Y. ER stress, p66shc, and p-Akt/Akt mediate adjuvant-induced
inflammation, which is blunted by argirein, a supermolecule and rhein in rats. Inflammation 2012, 35, 1031–1040. [CrossRef]
[PubMed]

86. Fernand, V.E.; Losso, J.N.; Truax, R.E.; Villar, E.E.; Bwambok, D.K.; Fakayode, S.O.; Lowry, M.; Warner, I.M. Rhein inhibits
angiogenesis and the viability of hormone-dependent and -independent cancer cells under normoxic or hypoxic conditions
in vitro. Chem.-Biol. Interact. 2011, 192, 220–232. [CrossRef]

87. He, Z.H.; Zhou, R.; He, M.F.; Lau, C.B.; Yue, G.G.; Ge, W.; But, P.P. Anti-angiogenic effect and mechanism of rhein from Rhizoma
Rhei. Phytomedicine Int. J. Phytother. Phytopharm. 2011, 18, 470–478. [CrossRef]

88. Chang, C.Y.; Chan, H.L.; Lin, H.Y.; Way, T.D.; Kao, M.C.; Song, M.Z.; Lin, Y.J.; Lin, C.W. Rhein induces apoptosis in human breast
cancer cells. Evid. Based Complement. Altern. Med. 2012, 2012, 952504. [CrossRef]

89. Yang, X.; Sun, G.; Yang, C.; Wang, B. Novel rhein analogues as potential anticancer agents. ChemMedChem 2011, 6, 2294–2301.
[CrossRef]

90. Yang, L.; Lin, S.; Kang, Y.; Xiang, Y.; Xu, L.; Li, J.; Dai, X.; Liang, G.; Huang, X.; Zhao, C. Rhein sensitizes human pancreatic cancer
cells to EGFR inhibitors by inhibiting STAT3 pathway. J. Exp. Clin. Cancer Res. 2019, 38, 31. [CrossRef]

91. Gaman, L.; Dragos, D.; Vlad, A.; Robu, G.C.; Radoi, M.P.; Stroica, L.; Badea, M.; Gilca, M. Phytoceuticals in Acute Pancreatitis:
Targeting the Balance between Apoptosis and Necrosis. Evid.-Based Complement. Altern. Med. Ecam 2018, 2018, 5264592. [CrossRef]
[PubMed]

92. Semwal, R.B.; Semwal, D.K.; Combrinck, S.; Viljoen, A. Emodin—A natural anthraquinone derivative with diverse pharmacologi-
cal activities. Phytochemistry 2021, 190, 112854. [CrossRef] [PubMed]

93. Liu, A.; Chen, H.; Tong, H.; Ye, S.; Qiu, M.; Wang, Z.; Tan, W.; Liu, J.; Lin, S. Emodin potentiates the antitumor effects of
gemcitabine in pancreatic cancer cells via inhibition of nuclear factor-kappaB. Mol. Med. Rep. 2011, 4, 221–227. [CrossRef]
[PubMed]

94. Lee, L.S.; Kim, S.H.; Kim, Y.B.; Kim, Y.C. Quantitative analysis of major constituents in green tea with different plucking periods
and their antioxidant activity. Molecules 2014, 19, 9173–9186. [CrossRef]

95. Hosseini, A.; Ghorbani, A. Cancer therapy with phytochemicals: Evidence from clinical studies. Avicenna J. Phytomedicine 2015, 5,
84–97.

96. Froeling, F.E.; Feig, C.; Chelala, C.; Dobson, R.; Mein, C.E.; Tuveson, D.A.; Clevers, H.; Hart, I.R.; Kocher, H.M. Retinoic
acid-induced pancreatic stellate cell quiescence reduces paracrine Wnt-beta-catenin signaling to slow tumor progression. Gas-
troenterology 2011, 141, 1486–1497. [CrossRef]

97. Klapdor, S.; Richter, E.; Klapdor, R. Vitamin D status and per-oral vitamin D supplementation in patients suffering from chronic
pancreatitis and pancreatic cancer disease. Anticancer. Res. 2012, 32, 1991–1998.

98. Joker-Jensen, H.; Mathiasen, A.S.; Kohler, M.; Rasmussen, H.H.; Drewes, A.M.; Olesen, S.S. Micronutrient deficits in patients with
chronic pancreatitis: Prevalence, risk factors and pitfalls. Eur. J. Gastroenterol. Hepatol. 2020, 32, 1328–1334. [CrossRef]

99. Li, L.; Wang, G.; Hu, J.S.; Zhang, G.Q.; Chen, H.Z.; Yuan, Y.; Li, Y.L.; Lv, X.J.; Tian, F.Y.; Pan, S.H.; et al. RB1CC1-enhanced
autophagy facilitates PSCs activation and pancreatic fibrogenesis in chronic pancreatitis. Cell Death Dis. 2018, 9, 952. [CrossRef]

100. Li, Z.; Cheng, J.; Liu, J. Baicalin Protects Human OA Chondrocytes Against IL-1beta-Induced Apoptosis and ECM Degradation
by Activating Autophagy via MiR-766-3p/AIFM1 Axis. Drug Des. Devel Ther. 2020, 14, 2645–2655. [CrossRef]

https://doi.org/10.3390/ijms24043954
https://doi.org/10.1016/j.yexcr.2021.112634
https://doi.org/10.1016/j.hbpd.2022.06.004
https://www.ncbi.nlm.nih.gov/pubmed/35753954
https://doi.org/10.1155/2013/636053
https://doi.org/10.1080/10408398.2016.1263597
https://www.ncbi.nlm.nih.gov/pubmed/28001084
https://doi.org/10.1155/2020/8827955
https://www.ncbi.nlm.nih.gov/pubmed/33274227
https://doi.org/10.1155/2021/4582412
https://doi.org/10.1016/j.phymed.2009.10.009
https://www.ncbi.nlm.nih.gov/pubmed/19962872
https://doi.org/10.1007/s10753-011-9407-4
https://www.ncbi.nlm.nih.gov/pubmed/22095404
https://doi.org/10.1016/j.cbi.2011.03.013
https://doi.org/10.1016/j.phymed.2010.10.006
https://doi.org/10.1155/2012/952504
https://doi.org/10.1002/cmdc.201100384
https://doi.org/10.1186/s13046-018-1015-9
https://doi.org/10.1155/2018/5264592
https://www.ncbi.nlm.nih.gov/pubmed/29686719
https://doi.org/10.1016/j.phytochem.2021.112854
https://www.ncbi.nlm.nih.gov/pubmed/34311280
https://doi.org/10.3892/mmr.2011.414
https://www.ncbi.nlm.nih.gov/pubmed/21468555
https://doi.org/10.3390/molecules19079173
https://doi.org/10.1053/j.gastro.2011.06.047
https://doi.org/10.1097/MEG.0000000000001866
https://doi.org/10.1038/s41419-018-0980-4
https://doi.org/10.2147/DDDT.S255823


Molecules 2023, 28, 5586 18 of 18

101. Liu, C.; Li, S.; Zhang, Q.; Guo, F.; Tong, M.; Martinez, M.; Wang, H.H.; Zhao, Y.; Shang, D. Emerging Role of Chinese Herbal
Medicines in the Treatment of Pancreatic Fibrosis. Am. J. Chin. Med. 2019, 47, 709–726. [CrossRef] [PubMed]

102. Li, X.; Sun, S.; Chen, D.; Yuan, T.; Chen, Y.; Wang, D.; Fang, L.; Lu, Y.; Du, G. Puerarin attenuates the endothelial-mesenchymal
transition induced by oxidative stress in human coronary artery endothelial cells through PI3K/AKT pathway. Eur. J. Pharmacol.
2020, 886, 173472. [CrossRef] [PubMed]

103. Zhang, M.F.; Liu, Y.X.; Jiang, K.Y.; Niu, H.M.; Jiang, J.L.; Dong, S.T.; Wang, X.; Wang, D.F.; Meng, S.N. Alteration of UDP-
glucuronosyltransferase 1a1, 1a7 and P-glycoprotein expression in hepatic fibrosis rats and the impact on pharmacokinetics of
puerarin. Phytomedicine Int. J. Phytother. Phytopharm. 2019, 52, 264–271. [CrossRef]

104. Zhou, X.; Bai, C.; Sun, X.; Gong, X.; Yang, Y.; Chen, C.; Shan, G.; Yao, Q. Puerarin attenuates renal fibrosis by reducing oxidative
stress induced-epithelial cell apoptosis via MAPK signal pathways in vivo and in vitro. Ren. Fail. 2017, 39, 423–431. [CrossRef]
[PubMed]

105. Hu, X.; Huang, X. Alleviation of Inflammatory Response of Pulmonary Fibrosis in Acute Respiratory Distress Syndrome by
Puerarin via Transforming Growth Factor (TGF-beta1). Med. Sci. Monit. 2019, 25, 6523–6531. [CrossRef] [PubMed]

106. Wu, Y.; Zhang, C.; Guo, M.; Hu, W.; Qiu, Y.; Li, M.; Xu, D.; Wu, P.; Sun, J.; Shi, R.; et al. Targeting pancreatic stellate cells in chronic
pancreatitis: Focus on therapeutic drugs and natural compounds. Front. Pharmacol. 2022, 13, 1042651. [CrossRef]

107. Tan, P.; Wang, A.; Chen, H.; Du, Y.; Qian, B.; Shi, H.; Zhang, Y.; Xia, X.; Fu, W. SPOP inhibits mice pancreatic stellate cell activation
by promoting FADD degradation in cerulein-induced chronic pancreatitis. Exp. Cell Res. 2019, 384, 111606. [CrossRef]

108. Pezzilli, R.; Fabbri, D.; Imbrogno, A.; Corinaldesi, R. Tyrosine kinase inhibitors, pancreatic hyperenzymemia and acute pancreatitis:
A review. Recent. Pat. Inflamm. Allergy Drug Discov. 2011, 5, 165–168. [CrossRef]

109. An, W.; Zhu, J.W.; Jiang, F.; Jiang, H.; Zhao, J.L.; Liu, M.Y.; Li, G.X.; Shi, X.G.; Sun, C.; Li, Z.S. Fibromodulin is upregulated by
oxidative stress through the MAPK/AP-1 pathway to promote pancreatic stellate cell activation. Pancreatology 2020, 20, 278–287.
[CrossRef]

110. El-Hamoly, T.; Hajnady, Z.; Nagy-Penzes, M.; Bakondi, E.; Regdon, Z.; Demeny, M.A.; Kovacs, K.; Hegedus, C.; Abd El-Rahman,
S.S.; Szabo, E.; et al. Poly(ADP-Ribose) Polymerase 1 Promotes Inflammation and Fibrosis in a Mouse Model of Chronic
Pancreatitis. Int. J. Mol. Sci. 2021, 22, 3593. [CrossRef]

111. Van Gossum, A.; Closset, P.; Noel, E.; Cremer, M.; Neve, J. Deficiency in antioxidant factors in patients with alcohol-related
chronic pancreatitis. Dig. Dis. Sci. 1996, 41, 1225–1231. [CrossRef] [PubMed]

112. Bhardwaj, P.; Garg, P.K.; Maulik, S.K.; Saraya, A.; Tandon, R.K.; Acharya, S.K. A randomized controlled trial of antioxidant
supplementation for pain relief in patients with chronic pancreatitis. Gastroenterology 2009, 136, 149–159. [CrossRef] [PubMed]

113. Rustagi, T.; Njei, B. Antioxidant therapy for pain reduction in patients with chronic pancreatitis: A systematic review and
meta-analysis. Pancreas 2015, 44, 812–818. [CrossRef] [PubMed]

114. Ning, J.W.; Zhang, Y.; Yu, M.S.; Gu, M.L.; Xu, J.; Usman, A.; Ji, F. Emodin alleviates intestinal mucosal injury in rats with severe
acute pancreatitis via the caspase-1 inhibition. Hepatobiliary Pancreat. Dis. Int. HBPD INT 2017, 16, 431–436. [CrossRef]

115. Yao, W.Y.; Zhou, Y.F.; Qian, A.H.; Zhang, Y.P.; Qiao, M.M.; Zhai, Z.K.; Yuan, Y.Z.; Yang, S.L. Emodin has a protective effect in cases
of severe acute pancreatitis via inhibition of nuclear factor-kappaB activation resulting in antioxidation. Mol. Med. Rep. 2015, 11,
1416–1420. [CrossRef]

116. Ni, Q.; Sun, K.; Chen, G.; Shang, D. In vitro effects of emodin on peritoneal macrophages that express membrane-bound CD14
protein in a rat model of severe acute pancreatitis/systemic inflammatory response syndrome. Mol. Med. Rep. 2014, 9, 355–359.
[CrossRef]

117. Wu, L.; Cai, B.; Liu, X.; Cai, H. Emodin attenuates calcium overload and endoplasmic reticulum stress in AR42J rat pancreatic
acinar cells. Mol. Med. Rep. 2014, 9, 267–272. [CrossRef]

118. Wu, L.; Cai, B.; Zheng, S.; Liu, X.; Cai, H.; Li, H. Effect of emodin on endoplasmic reticulum stress in rats with severe acute
pancreatitis. Inflammation 2013, 36, 1020–1029. [CrossRef]

119. Schmitt, M.; Klonowski-Stumpe, H.; Eckert, M.; Luthen, R.; Haussinger, D. Disruption of paracellular sealing is an early event in
acute caerulein-pancreatitis. Pancreas 2004, 28, 181–190. [CrossRef]

120. Kojayan, G.G.; Alizadeh, R.F.; Li, S.; Ichii, H. Reducing Pancreatic Fibrosis Using Antioxidant Therapy Targeting Nrf2 Antioxidant
Pathway: A Possible Treatment for Chronic Pancreatitis. Pancreas 2019, 48, 1259–1262. [CrossRef]

121. Robles, L.; Vaziri, N.D.; Li, S.; Takasu, C.; Masuda, Y.; Vo, K.; Farzaneh, S.H.; Stamos, M.J.; Ichii, H. Dimethyl fumarate ameliorates
acute pancreatitis in rodent. Pancreas 2015, 44, 441–447. [CrossRef] [PubMed]

122. Robles, L.; Vaziri, N.D.; Ichii, H. Role of Oxidative Stress in the Pathogenesis of Pancreatitis: Effect of Antioxidant Therapy.
Pancreat. Disord. Ther. 2013, 3, 112. [CrossRef] [PubMed]

123. Charo, C.; Holla, V.; Arumugam, T.; Hwang, R.; Yang, P.; Dubois, R.N.; Menter, D.G.; Logsdon, C.D.; Ramachandran, V.
Prostaglandin E2 regulates pancreatic stellate cell activity via the EP4 receptor. Pancreas 2013, 42, 467–474. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1142/S0192415X1950037X
https://www.ncbi.nlm.nih.gov/pubmed/31091974
https://doi.org/10.1016/j.ejphar.2020.173472
https://www.ncbi.nlm.nih.gov/pubmed/32860809
https://doi.org/10.1016/j.phymed.2018.06.024
https://doi.org/10.1080/0886022X.2017.1305409
https://www.ncbi.nlm.nih.gov/pubmed/28335679
https://doi.org/10.12659/MSM.915570
https://www.ncbi.nlm.nih.gov/pubmed/31471534
https://doi.org/10.3389/fphar.2022.1042651
https://doi.org/10.1016/j.yexcr.2019.111606
https://doi.org/10.2174/187221311795399255
https://doi.org/10.1016/j.pan.2019.09.011
https://doi.org/10.3390/ijms22073593
https://doi.org/10.1007/BF02088241
https://www.ncbi.nlm.nih.gov/pubmed/8654156
https://doi.org/10.1053/j.gastro.2008.09.028
https://www.ncbi.nlm.nih.gov/pubmed/18952082
https://doi.org/10.1097/MPA.0000000000000327
https://www.ncbi.nlm.nih.gov/pubmed/25882696
https://doi.org/10.1016/S1499-3872(17)60041-9
https://doi.org/10.3892/mmr.2014.2789
https://doi.org/10.3892/mmr.2013.1771
https://doi.org/10.3892/mmr.2013.1773
https://doi.org/10.1007/s10753-013-9634-y
https://doi.org/10.1097/00006676-200403000-00010
https://doi.org/10.1097/MPA.0000000000001433
https://doi.org/10.1097/MPA.0000000000000275
https://www.ncbi.nlm.nih.gov/pubmed/25486529
https://doi.org/10.4172/2165-7092.1000112
https://www.ncbi.nlm.nih.gov/pubmed/24808987
https://doi.org/10.1097/MPA.0b013e318264d0f8
https://www.ncbi.nlm.nih.gov/pubmed/23090667

	Introduction 
	Chronic Pancreatitis and Pancreatic Fibrosis 
	Risk Factors and Pathogenesis of Chronic Pancreatitis 
	Chronic Pancreatitis and Pancreatic Fibrosis 

	Activation of Pancreatic Stellate Cells Is the Gatekeeper of Chronic Pancreatitis 
	Pancreatic Stellate Cells and Their Activation Mechanisms 
	Activation of Pancreatic Stellate Cells Mediates the Occurrence and Development of Chronic Pancreatitis 

	Therapeutic Strategies of Chronic Pancreatitis Targeting Pancreatic Stellate Cells 
	Anti-Fibrosis Therapy 
	Curcumin 
	Resveratrol 
	Rhein 
	Emodin 
	Epigallocatechin Gallate 
	Ellagic Acid 
	Eruberin A 
	Vitamin A/D and Their Derivatives 
	Isoliquiritigenin 
	Puerarin 
	Small Molecule Kinase Inhibitors and Synthetic Drugs 

	Antioxidant Therapy 
	Gene Therapy 

	Conclusions 
	References

