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Abstract: The liver plays a crucial role in preserving the homeostasis of an entire organism by
metabolizing both endogenous and exogenous substances, a process that relies on the harmonious
interactions of hepatocytes, hepatic stellate cells (HSCs), Kupffer cells (KCs), and vascular endothelial
cells (ECs). The disruption of the liver’s normal structure and function by diverse pathogenic factors
imposes a significant healthcare burden. At present, most of the treatments for liver disease are
palliative in nature, rather than curative or restorative. Transient receptor potential (TRP) channels,
which are extensively expressed in the liver, play a crucial role in regulating intracellular cation
concentration and serve as the origin or intermediary stage of certain signaling pathways that
contribute to liver diseases. This review provides an overview of recent developments in liver disease
research, as well as an examination of the expression and function of TRP channels in various liver
cell types. Furthermore, we elucidate the molecular mechanism by which TRP channels mediate liver
injury, liver fibrosis, and hepatocellular carcinoma (HCC). Ultimately, the present discourse delves
into the current state of research and extant issues pertaining to the targeting of TRP channels in the
treatment of liver diseases and other ailments. Despite the numerous obstacles encountered, TRP
channels persist as an extremely important target for forthcoming clinical interventions aimed at
treating liver diseases.
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1. Introduction

The liver serves as a vital organ with a primary metabolic function. In addition, it
possesses the ability to synthesize and decompose proteins, regulate overall blood volume,
eliminate toxins, and regulate immunity, all of which are crucial for maintaining normal
physiological activities in the human body [1]. Lately, there has been a steady rise in the
number of individuals diagnosed with liver diseases globally, thereby causing a signifi-
cant public health concern. Liver disease is a multifaceted and progressive pathological
condition that results from various internal and external pathogenic factors, such as viral
infections, chemical exposure, drug use, malnutrition, and acid–base imbalances [2–4].
Chronic viral hepatitis, alcohol-related liver disease, and nonalcoholic fatty liver disease
(NAFLD) are all potential causes of liver fibrosis, which can ultimately lead to the de-
velopment of cirrhosis and liver cancer [5–7]. Based on epidemiological data, the global
annual mortality rate resulting from end-stage liver diseases, including hepatitis, cirrhosis,
and hepatocellular carcinoma (HCC), can reach up to 2 million individuals [8]. Despite
this high mortality rate, there exists a dearth of treatment options. Consequently, the cre-
ation of targeted therapeutic medications for liver diseases holds immense importance for
clinical intervention.

The transient receptor potential superfamily comprises non-selective cation channels,
with coding proteins that exhibit widespread distribution in mammalian cells, including
humans. TRP channels are categorized based on variations in amino acid sequence and
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topological structures. They are further divided into seven families: TRP canonical (TRPC),
TRP vanilloid (TRPV), TRP melastatin (TRPM), TRP ankyrin (TRPA), TRP polycystic
(TRPP), TRP mucolipin (TRPM), and TRP no mechanoreceptor potential C (NOMPC)
(TRPN) [9–11]. TRP channels have a broad distribution across various organs, including the
heart, kidneys, testes, lungs, liver, spleen, ovaries, intestine, prostate, placenta, uterus, and
vascular tissues, as reported in the literature [12,13]. These channels are known to serve
multiple functions in sensory perception, vasodilation, and cell proliferation, primarily
by facilitating the influx of monovalent and divalent cations (e.g., Na+, Mg2+, and Ca2+)
and trace metal ions. Moreover, TRPs facilitate the modulation of apoptosis activation or
inhibition and cell migration proficiency by regulating intracellular ions, thereby mediating
the physiological and pathophysiological processes of numerous cancer and immune
system cells [14–16]. Given that TRPs are predominantly situated on the cellular surface,
they have been investigated as potential targets for analgesics and other pharmaceuticals.
Many compounds targeting TRPV1, TRPV4, TRPA1, and TRPM8 channels have been
included in previous clinical trials [17,18].

Numerous members of the TRP channel family have been found to be expressed in
the liver cells, including isolated hepatocytes and immortalized hepatocyte lines. These
channels play a crucial role in regulating the homeostasis of intracellular cation levels and
various biological functions of the liver, such as the regulation of glucose, fatty acids, amino
acids, exogenous metabolism, bile acid secretion, protein synthesis, and secretion [19].
Therefore, the modulation of TRP activity is expected to exert an impact on the incidence
and progression of hepatic disorders. In this study, we comprehensively appraised the
physiological roles of TRP channels in diverse cell types in the hepatic tissue. Furthermore,
we discussed the involvement of established TRP channels in liver pathologies, including
acute and chronic hepatic injury, hepatitis, liver fibrosis, and liver carcinoma, with the aim
of enhancing our comprehension of the significance of TRP channels in hepatic diseases and
facilitating the identification of prospective therapeutic targets. First, we briefly summarize
the progress in the treatment of liver fibrosis and HCC to establish the current situation
that liver diseases are difficult to reverse using drug therapy and further determine the
significance of finding more drug targets.

2. Advances in the Treatment of Liver Diseases

The progression of chronic inflammatory diseases is often characterized by organ
fibrosis. Chronic liver inflammation and fibrosis are primarily caused by alcohol-related
liver disease, viral hepatitis, and nonalcoholic fatty liver disease (NAFLD), which are also
major contributors to the risk of HCC. Liver cirrhosis, a consequence of extensive liver
fibrosis, is currently the 11th leading cause of death worldwide, resulting in approximately
2 million deaths annually. Therefore, the development of effective anti-fibrosis drugs is
of utmost importance [20,21]. According to research, cirrhosis is no longer deemed to
be an irreversible and progressive disease after the elimination of its etiology [22,23]. In
recent years, a range of in vitro and in vivo models have been established by researchers to
facilitate the development of anti-fibrosis drugs [24–26].

Selonsertib, a selective apoptosis signal-regulating kinase (ASK1) inhibitor, has demon-
strated potential in ameliorating the fibrosis process in the nonalcoholic steatohepatitis
(NASH) mouse model. Furthermore, NASH F2-3 patients who underwent a 24-week treat-
ment exhibited an improvement in their histological fibrosis degree [27]. The activation of
hepatic stellate cells (HSCs) is facilitated by NOX 1, 2, and 4, which generate superoxide
free radicals, thereby contributing to the progression of liver fibrosis. GKT137831, a dual
inhibitor of NOX1/4, has been found to significantly reduce CCl4-induced liver fibrosis in
mice by inhibiting the production of reactive oxygen species (ROS) in HSCs both in vitro
and in vivo. Regression of histological fibrosis in metabolic liver disease can be induced
by lifestyle changes and weight loss surgery [28]. Moreover, the removal of chronic in-
flammation has been demonstrated as the primary inducer for the regression of advanced
liver fibrosis caused by chronic HBV and HCV infections [29,30]. Several plant-derived
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medications have been found to exhibit a diverse range of protective effects against liver
fibrosis [31,32]. In patients with mild hepatic encephalopathy and cirrhosis, the adminis-
tration of four probiotics (Clostridium valerate, Bacillus mesentericus, Lactobacillus paracasei,
and Lactiplantibacillus plantarum) and three fibers (β-glucan, pectin, and resistant starch)
has been associated with a reduction in serum TBIL levels and an increase in albumin
levels. Despite these findings, there is currently no FDA-approved anti-fibrosis medication
available for clinical use. The only available treatment option for patients with advanced
cirrhosis is liver transplantation [33].

HCC is a prevalent type of liver cancer and is the third leading cause of cancer-related
death. Despite the gradual increase in its incidence, treatment options remain limited.
Immune checkpoint inhibitor (ICI) therapy has become an essential component of systemic
treatment for advanced HCC [34]. Studies have demonstrated that a combination of
epidermal growth factor receptor (EGFR) inhibitor gefitinib and levatinib exerts a potent
anti-proliferative effect on EGFR-expressing liver cancer cell lines in vitro, as well as HCC
tumors in vivo [35]. Erlotinib, an EGFR inhibitor, either alone or in combination with
sorafenib, has demonstrated certain advantages for patients with HCC [36]. Advanced
HCC that is fgf19-positive is driven by FGFR4. Fisogatinib, a highly selective FGFR4
inhibitor, has been shown to be both tolerable and effective in treating advanced HCC
with FGF19 expression, thus clinically validating the therapeutic potential of targeting the
FGF19-FGFR4 pathway [37]. Furthermore, the combination of LXRα agonists and RAF
inhibitors or CDC7 inhibitors and mTOR inhibitors may further enhance the therapeutic
approach toward HCC [38,39]. However, there is only one small molecular drug Sorafenib
(Nexavar®) that is approved by the FDA for the treatment of advanced HCC [40]. Therefore,
more effective potential therapeutic targets still need to be explored.

The modulation of ion channel expression has the potential to govern cellular func-
tions such as survival, proliferation, differentiation, apoptosis, and tumorigenesis [41,42].
In contrast to other ion channel families, TRP channels exhibit distinct activation mech-
anisms and roles. Studies have demonstrated the expression of numerous TRP channel
subtypes within the liver [43]. The influx of cations, facilitated by TRP channels, exhibits a
close association with various cellular processes such as proliferation, differentiation, and
apoptosis of hepatocytes and HCC cells, generation of vascular endothelial cells, activation
of HSCs, and activation and migration of KCs. In the context of liver inflammation, TRP
channels augment the inflammatory response following hepatocyte injury by regulating
biological functions such as cytokine and chemokine production, chemokine response, and
adhesion and migration of KCs, monocytes, and neutrophils [44]. The TRPV1, TRPC1,
TRPM2, and TRPM7 channels serve as the foundation for Ca2+ entry and subsequent
cellular damage induced by paracetamol in human hepatoma (HepG2) cells [45]. Further,
TRPM8 activation by environmental stimuli plays a critical role in numerous cancers and
inflammation-related diseases. The deletion of TRPM8 attenuates liver fibrosis through the
S100A9-HNF4α signaling pathway [46]. In HepG2 and Huh-7 cells, TRPC6 and plasma
membrane (PM) (Na+-Ca2+) exchanger (NCX1) are essential components of the cytokine
transforming growth factor-beta (TGF-β), which promotes HCC tumorigenesis and progres-
sion [47]. The TRP channel plays a crucial role in liver-related pathologies, with ongoing
investigations into the expression and function of TRP channels in various liver cell types.
The targeting of TRP channels represents a potential alternative strategy for the clinical
management of liver diseases in the future.

3. Expression and Function of TRP Channels in Different Types of Cells in the
Liver Tissue

The liver has a pivotal function in preserving systemic homeostasis through the
concerted efforts of various cell types, including hepatocytes, sinusoidal endothelial cells,
KCs, smooth muscle cells, HSCs, and oval cells. The hepatocytes, which are hexagonal
lobules, are separated from the sinusoidal endothelial cells by a Disse gap, where HSCs are
situated. By releasing cytokines and extracellular matrix (ECM) components, KCs, which
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are resident macrophages derived from monocytes that reside in the sinus cavity, maintain
sinusoidal tone and liver hardness, serving as the first line of defense of the liver immune
system. Further, various types of liver cells express numerous members of the TRP protein
family (Table 1).

Table 1. Expression of TRP channels and their role in liver-related diseases.

TRP Channel Expression Related Diseases Main Functions Ref.

TRPV1 Hepatocytes, HepG2
cells, ECs

hepatitis, hepatic injury,
HCC

Regulates the stability of
microtubule and cell migration;
manipulates the biological function
of KCs; mediates APAP-induced
liver injury; and promotes
angiogenesis.

[44,48–51]

TRPV2 HepG2 cells, Huh-7
cells, BNL1 ME cells HCC

Mediates HCC cell survival and cell
stemness; and mediates doxorubicin
entry into BNL1 ME cells.

[52–55]

TRPV3 HSCs hepatic fibrosis,
cirrhosis

Regulates expression of
inflammation-related gene Olr1 and
proliferation of HSCs.

[56,57]

TRPV4 Hepatocytes, HepG2
cells, HSC-T6 cells, ECs

hepatic injury, hepatic
fibrosis, HCC

Mediates APAP-induced liver injury;
mediates activation and
proliferation of HSCs; attenuates
EMT and induceds inactivation of
p-ERK; and promotes angiogenesis.

[45,58–60]

TRPV6 1MEA cells HCC Regulates the expression of COX-2. [40]

TRPC1 H4-IIE cells, Huh-7
cells, ECs hepatic injury, HCC

Regulates the volume of hepatocytes;
mediates APAP-induced liver injury;
regulates the SOCE and cellular
activity of HCC cells; and promotes
angiogenesis.

[45,61,62]

TRPC3 KCs, ECs IRI
Mediates calcium overload and
activation of KCs; and promotes
angiogenesis.

[63,64]

TRPC4 ECs - Promotes angiogenesis. [65]

TRPC5 Paracancerous tissues HCC
Macrophage differentiation is
inhibited by regulating the
Akt/IκB/NF-κB signaling pathway.

[66–68]

TRPC6
lx-2 cells, HepG2 cells,
Huh-7 cells, 1MEA
cells, ECs

hepatic fibrosis, HCC

Mediates expression of α-SMA and
COL1A1; mediates migration and
MDR of HCC cells; regulates the
expression of COX-2; and promotes
angiogenesis.

[69,70]

TRPM2 Hepatocytes, ECs hepatic injury

Mediates apoptosis and necrosis
pathways; mediates APAP-induced
liver injury; and mediates EC
migration.

[45,71,72]

TRPM7 Hepatocytes, WIF-B
cells, HSC-T6 cells

hepatic injury, hepatic
fibrosis, HCC

Mediates hepatocyte proliferation
and ROS-induced apoptosis;
involved in TRAIL-induced HSC
apoptosis; and mediates
APAP-induced liver injury.

[45,73–76]
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Table 1. Cont.

TRP Channel Expression Related Diseases Main Functions Ref.

TRPM8 Hepatocytes hepatic fibrosis
Downregulates the expression of
S100A9 and promotes the expression
of HNF4α.

[46]

TRPML1 Hepatocytes -
Mediates lysosome release of Ca2+

to maintain intracellular calcium
homeostasis.

[77]

Abbreviations: HCC, hepatocellular carcinoma; KCs, Kupffer cells; APAP, acetaminophen; HSCs, hepatic stellate
cells; EMT, epithelial–mesenchymal transition; SOCE, store-operated calcium entry; IRI, ischemia-reperfusion
injury; MDR, multi-drug resistance; ROS, reactive oxygen species; ECs, endothelial cells.

3.1. TRP Channels in Hepatocytes

Hepatocytes (parenchymal cells) are the main cell type in the liver and account for
approximately 70% of all liver cells [78]. Consistent with the complex function and structure
of the liver, hepatocytes are highly differentiated cells with spatial polarization and charac-
teristic intracellular signaling. The modulation of calcium concentration within hepatocytes
is a crucial intracellular signaling network that governs the physiological and pathological
function of both the hepatocytes and the liver. The alteration of cytoplasmic free calcium
concentration ([Ca2+]cyt) within hepatocytes regulates various metabolic processes such
as glucose, fatty acid, amino acid, and xenobiotic metabolism; bile acid secretion; protein
synthesis and secretion; lysosome and other vesicular movement; and cell proliferation,
apoptosis, and necrosis [79–82]. Furthermore, the modulation of calcium ion levels within
distinct organelles of hepatocytes is a crucial factor in regulation. In particular, the con-
centration of calcium ions within the mitochondria ([Ca2+]mt) governs the citric acid cycle,
ATP synthesis, and cell apoptosis [83], whereas the concentration of calcium ions within the
endoplasmic reticulum (ER) regulates protein synthesis and the metabolism of xenobiotic
compounds. In addition, the concentration of calcium ions within the nucleus is involved in
the regulation of cell proliferation [84]. The intracellular Ca2+ signaling pathway mainly in-
cludes intracellular storage of Ca2+ in the ER and mitochondria, the release of Ca2+ from ER
to the cytoplasm induced by IP3, and Ca2+ entry into the cell through the PM mediated by
PM and ER (Ca2+ + Mg2+) ATP-ase [78,81]. The elevation of [Ca2+]cyt is primarily attributed
to augmented Ca2+ discharge from the ER and mitochondria, and/or Ca2+ influx through
the PM. The Ca2+ permeable channel situated on the PM is regulated by storage-operated
Ca2+ (SOC) channels, receptor activation, stretch activation, and ligand gating. Notably,
the TRPs are Ca2+ permeable channels predominantly mediated by receptor activation
in hepatocytes [73,85].

Ca2+ influx mediated by TRPV1 activation is involved in human hepatoma HepG2 cell
migration via a number of calcium-sensitive targets such as myosin light chain kinase, gel
protein, non-actin, and calcineurin. HGF may facilitate the activation of TRPV1 channels
in the PM or augment the recruitment of expressed channels to the PM. Furthermore, the
findings suggest that TRPV1 activation reduces the interaction between the C-terminal
region of TRPV1 and microtubules, thereby compromising the stability of microtubules [86].
Waning et al. postulated that the activation of TRPV1, situated at the leading edge of HepG2
cells, by low-dose capsaicin, resulted in the augmentation of microtubule asymmetry. This,
in turn, altered the dynamics of microtubules at the rear end of the cells, rendering them
highly susceptible to shrinkage and, consequently, promoting cell migration. Nonetheless,
it is imperative to conduct further investigations to ascertain the surface distribution
of endogenous TRPV1 channels in HepG2 cells and to determine the feasibility of co-
localization with microtubules [48]. Furthermore, it has been established that 4α-Phosphate-
12,13-disdecanoate (4α-PDD) and arachidonic acid are activators of TRPV4, and elicit Ca2+

influx in HepG2 cells, thereby indicating the presence of functional TRPV4 in this particular
hepatocyte lineage [58]. TRPV4 plays a crucial role in various physiological processes
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by detecting osmotic pressure, pressure, heat, and ROS and also serves as a significant
determinant of acetaminophen (APAP)-induced hepatotoxicity [87,88].

The TRPM2 channel functions as a non-selective cation channel that is permeable to
Ca2+. The binding of intracellular ADP ribose (ADPR) and the TRPM2 NUDT9-h motif
at the C-terminal facilitates the opening of channel pores [89–91]. Immunofluorescence
and confocal microscopy studies have shown that the functional TRPM2 channel is pre-
dominantly located in organelles within rat hepatocytes [71]. Moreover, the activation of
TRPM2-mediated Ca2+ influx has been linked to the induction of apoptosis and necrosis
pathways in various cell types, ultimately resulting in cell death. Further, there is evidence
suggesting that TRPM2 is implicated in oxidative stress-mediated hepatocyte injury. Mishra
et al. discovered that the activity of TRPM7 in resting rat hepatocytes is inferior to that
in proliferating WIF-B cells, a space-polarized cell line derived from a hybrid of rat liver
cancer and human skin fibroblasts. This finding implies that TRPM7 may be associated
with hepatocyte proliferation [92]. In rat H4-IIE hepatocytes, TRPM7 is responsive to
ROS-mediated Ca2+, Na+, and Mg2+ influx as well as to variations in intracellular ATP
concentration, which can result in apoptosis or necrosis [73].

The upregulation of TRPC1 in the H4-IIE rat hepatoma cell line has been reported to
result in notable augmentation of Ca2+ and Na+ influx in response to maintoxin. Conversely,
the downregulation of TRPC1 led to a reduction in maintoxin-induced Ca2+ entry, an
increase in swelling, and a decrease in regulatory volume in a hypotonic solution, indicating
that TRPC1 plays a crucial role in regulating hepatocyte volume [61,93]. Furthermore,
research has demonstrated that TRPC1 and TRPV1 are responsible for the Ca2+ influx and
subsequent cellular damage caused by APAP in HepG2 cells [45]. TRPML1, another TRP
channel, functions as a non-selective cation channel that facilitates the influx of Ca2+, Na+,
and K+. Its expression has been confirmed in lysosomes of rat hepatocytes, where it plays a
crucial role in regulating intracellular Ca2+ homeostasis by facilitating the release of Ca2+

from lysosomes [77].

3.2. TRP Channels in HSCs

The HSCs are nonparenchymal cells found in the liver, which are also referred to
as fat storage cells, Ito cells, fat cells, interstitial cells, perivascular cells, or vitamin A
storage cells. The HSCs are characterized by an irregular astrocyte body with a round or
oval nucleus, and the lipid droplets in these cells store palmitic acid retinol containing
vitamin A [94,95]. Under normal conditions, HSCs remain in a non-proliferative static state,
with minimal expression of α-smooth muscle actin (α-SMA) and low collagen synthesis
ability [96]. These cells are typically located in Disse space and exhibit attributes akin
to resident fibroblasts, being embedded within the normal matrix, as well as pericytes,
which are endothelial cells that attach to capillaries [95,97,98]. However, upon activation,
HSCs undergo trans-differentiation into myofibroblasts, which possess both proliferative
and contractile properties and are responsible for generating a significant amount of ECM
deposits. This process represents a critical step in the progression of liver fibrosis following
liver injury [99,100].

TRPM7, a non-selective cation channel, was initially identified and cloned in 2001 with
PCR using mouse brain cDNA. This channel exhibits a notable permeability to Ca2+, Mg2+,
and Na+ [101,102]. Its involvement in a diverse range of physiological and pathological
processes, such as cell proliferation, survival, migration, adhesion, embryonic development,
hypoxia/ischemia-induced neuronal death, apoptosis, and tumor cell metastasis, has
been established using research. Furthermore, TRPM7 is expressed in human, mouse,
and zebrafish liver tissues, as well as various hepatocytes including HSCs, suggesting
its potential role in the survival of HSCs [92,103]. Further, the activation of caspase-3 by
TNF-related apoptosis inducing-ligand (TRAIL) results in the induction of apoptosis in
activated HSC-T6 cells. Inhibition of TRPM7 with Gd3+ or 2-aminoethoxydiphenyl borate
(2-APB) reduced the expression of α-SMA and type I collagen (Col1α1) in HSC-T6 cells
that were activated following TRAIL pretreatment, indicating the involvement of TRPM7
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in TRAIL-induced HSC apoptosis [76,104]. Following TRPM7 blockage, an elevation in
beclin-1 levels and a reduction in bmf mRNA levels were observed in HSC-T6 cells, which
is potentially linked to the activation of Bax and Bcl-2 factors [104]. Furthermore, the
phosphorylated forms of extracellular signal-regulated kinase (ERK) and protein kinase
B (AKT) in HSC-T6 cells were found to decrease, suggesting that ERK and AKT serve as
downstream signals of TRPM7 [75]. Similarly, PI3K and ERK inhibition has been reported
to impede the expression of type I collagen and α-SMA, as well as cell proliferation. In
conclusion, stimulators mediate HSC activation by activating the ERK and PI3K/AKT
pathways, and TRMP7-mediated cation influx helps with the continued activation of the
PI3K and ERK pathways in response to cell proliferation [105,106].

The TRPV4 channel, a subclass of the TRP superfamily channels, exhibits abnormal
expression in liver fibrosis [107]. The multiple activation and regulation sites of this channel
enable it to integrate diverse environmental stimuli and mediate various physiological
functions, including cell proliferation, survival, differentiation, migration, and adhesion.
Further, TGF-β1, the most potent fibroblast factor in the liver, induces HSC activation and
significantly increases TRPV4 expression in rat HSC-T6 cells [108,109]. The administra-
tion of a selective agonist, 4α-PDD, to TRPV4 significantly suppresses the expression of
pro-caspase3 protein and Bax, both of which are associated with apoptosis, and subse-
quently stimulate autophagy in HSC-T6. Conversely, the inhibition of TRPV4 expression
using specific TRPV4 siRNAs significantly increases the expression of caspase3 mRNA,
pro-caspase3 protein, and Bax, leading to the inhibition of HSC-T6 autophagy [59]. These
findings suggest that TRPV4 plays a crucial role in HSC activation and proliferation. The
transient receptor potential vanilloid 3 (TRPV3) exhibits broad distribution in skin ker-
atinocytes, oral and nasal epithelium, and the nervous system, liver, and kidneys and
possesses high Ca2+ permeability. Its association with dermal fibroblasts has been estab-
lished [110,111]. Yan et al. conducted an immunohistochemical analysis and observed a
significant elevation in TRPV3 levels in cirrhotic liver tissue compared with normal liver
tissue. In HSCs, the inhibition of DNA synthesis and the promotion of cell apoptosis can
be achieved with the knockdown of TRPV3 using siRNA. Furthermore, the downregula-
tion of TRPV3 has been shown to decrease the levels of lectin-like oxidized low-density
lipoprotein receptor-1 (LOX-1) protein. In vivo investigations have demonstrated a posi-
tive correlation between LOX-1 expression and the level of inflammatory factors [56,112].
Consequently, a reduction in TRPV3 expression or function can impede the proliferation of
HSCs and enhance an inflammatory response [57]. In addition, the inhibition of TRPV3
can decrease the proliferation of cardiac fibroblasts through the TGF-β1/CDK2/cyclin
E pathway [113]. This indicates that the TRPV3 channel plays a role in the process of
fibroblast and tissue fibrosis.

3.3. TRP Channels in KCs

KCs are nonparenchymal liver cells that function as tissue macrophages within liver
sinuses, playing a crucial role in the regulation of the liver immune system. KCs contribute
to the immune response of the liver by engaging in phagocytosis, presenting antigens,
and producing proinflammatory cytokines and pro-fibrosis factors, thereby instigating
inflammation, necrosis, regeneration, and fibrosis [114,115].

Evidence suggests that the expression of TRP channels is associated with the media-
tion of liver inflammation activated by KCs. However, there is a lack of literature on the
specific expression of TRP channels in KCs. Notably, in TRPV1-knockout mice, the levels
of chemokines (Ccl2 and Cxcl2) and proinflammatory cytokines (Tnf-a, Il-1a, Il-1b, and Il-6)
in the liver were significantly reduced, along with a decrease in neutrophil infiltration [49].
The activation of KCs resulted in the generation of superoxide and proinflammatory cy-
tokines, which in turn facilitated the recruitment of monocytes and neutrophils, culminating
in hepatic inflammation. The proposition posits that TRPs have the potential to augment
an inflammatory response by modulating the biological processes of KCs, such as inducing
cytokine and chemokine production. The activation of KCs is attributed to calcium over-
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load, which is a significant factor. Jiang et al. used the liver ischemia/reperfusion (I/R)
injury model to observe the escalation of store-operated calcium channel currents and the
activation of phospholipase C in KCs [116]. In intact cells, receptor-mediated activation of
phospholipase C activates the production of TRPC3 diacylglycerol independent of G pro-
tein, protein kinase C, and inositol 1,4,5-triphosphate. Hepatic ischemia/reperfusion (I/R)
injury has been identified as a potential mediator of Ca2+ influx through the activation of
SOC channels or TRPC3 channels, resulting in calcium overload and subsequent activation
of KCs. Elaidic acid (EA) has been found to induce NLRP3 inflammasome activation in
KCs through the activation of the MAPK signaling pathway, which is mediated by the
endoplasmic reticulum stress (ERS) response. This activation ultimately leads to the release
of IL-1β and IL-18, resulting in an inflammatory response [63]. Although the downstream
signaling pathway of ERS has been elucidated, the mechanism by which electroacupunc-
ture (EA) mediates the ERS response remains uncertain. Calcium, functioning as a second
messenger, modulates the activity of various regulatory proteins, including chaperones,
enzymes, and transcription factors, thereby influencing ERS and autophagy [117–119].
TRP channels function as nonselective cation channels, and their expression and activity
play a critical role in regulating intracellular calcium concentration, thereby modulating
all Ca2+-dependent processes. Hence, it is plausible that KCs harbor TRP channels that
exert a pivotal role in regulating intracellular calcium levels and ER homeostasis. Research
has indicated that cannabinol (CBD) acts as a TRPV1 agonist, triggering calcium influx,
augmenting ROS generation, and inducing cell death in breast cancer cell lines. In contrast,
co-treatment with TRPV1 antagonists has been shown to enhance cell viability [120]. Fur-
thermore, certain TRP channels, such as TRPV6, TRPC1, and TRPML1, may ameliorate
ERS, while others, such as TRPV1, TRPC6, and TRPC3, may exacerbate ERS to promote
cell death [121]. Ca2+ influx induced by KC P2X7 receptor activation plays multiple roles
in liver inflammation [122]. However, whether TRP channels, which also mediate the
influx of cations (especially Ca2+), play an important role in the activation of KCs deserves
further exploration.

3.4. TRP Channels in Endothelial Cells

The liver contains two distinct microvascular structures, namely the portal vein vessels
and the hepatic sinusoid. The former is characterized by a complete vascular structure
comprising continuous vascular endothelial cells arranged in the lumen of a basement
membrane. In contrast, the latter is composed of liver sinusoidal endothelial cells (LSECs)
that lack a basement membrane and possess open windows or cross-cell pores, thereby
forming permeable barriers that facilitate direct communication with hepatocytes. This
unique feature enables LSECs to absorb oxygen, micronutrients, and macronutrients from
the blood [123].

To date, there exists no documentation regarding the manifestation of TRP channels
within LSECs. Given the fenestrae and sieve plates present in LSECs, ions within the blood-
stream can traverse in and out of these cells with ease. Nevertheless, the vascular structures
akin to the portal vein, hepatic artery, and hepatic vein hold significant importance in the
liver. Studies indicate that portal vein angiogenesis impedes liver fibrosis [124]. Simultane-
ously, the TRP channel superfamily members that are expressed in the LSECs constituting
these vessels in the liver exhibit comparable expression patterns and functions to those
expressed in vascular endothelial cells in other organs. Consequently, we shall elucidate
the expression and function of TRP channels in endothelial cells apart from LSECs.

It has been reported that ECs express the majority of identified mammalian TRP
isomers, including TRPC1, 3, 4, 5, 6, and 7; TRPV1, 2, and 4; TRPP1 and 2; TRPA1; and
TRPM1, 2, 3, 4, 6, 7, and 8, at both gene and protein levels [125,126]. The activation of
TRP channels by vascular endothelial growth factor (VEGF) has been demonstrated to
increase EC calcium concentration, thereby regulating the signaling pathway that leads to
angiogenesis. The capacity of endothelial progenitor cells (EPCs) to self-renew, proliferate,
and differentiate into ECs is closely associated with angiogenesis. The discernible reduction
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in the functional activity of EPCs derived from TRPC1-knockout mice suggests that TRPC1
plays a crucial role in the process of angiogenesis [62]. The vascular endothelial growth
factor receptor in human umbilical vein ECs is responsive to VEGF stimulation. This
receptor mediates the activation of TRPC3 via its downstream DAG, which subsequently
activates the Na+/Ca2+ exchanger in a reverse mode, resulting in Na+ influx and ultimately
promoting angiogenesis [64]. Furthermore, the inhibition of TRPC4 and TRPC6 significantly
impedes the VEGF-induced cationic current and generation of capillaries in vitro [65,70].
In human microvascular ECs, TRPV1 participates in simvastatin-induced Ca2+ influx,
activates the CaMKII signal, and enhances the formation of the TRPV1-enos complex,
leading to NO production and in vitro angiogenesis. TRPV4 has also been shown to
regulate angiogenesis by stimulating endothelial cell proliferation and migration [60].
VEGF has been shown to stimulate the migration of ECs and induce ROS-dependent Ca2+

entry through the activation of TRPM2. In vivo studies have demonstrated that inhibiting
TRPM4 can enhance tubular formation in the matrix and improve capillary integrity. In
addition, silencing TRPM7 has been found to mimic the effects of Mg2+ deficiency on the
growth and migration of microvascular ECs, indicating that magnesium and TRPM7 play
a role in regulating angiogenesis [106,127]. Taken together, TRP channels are likely to
play a significant role in the formation of intrahepatic blood vessels and contribute to the
development and progression of liver fibrosis, liver tumors, and other related diseases.

4. Effects of TRP Channels on the Occurrence and Progression of Liver Diseases
4.1. TRP Channels in Liver Injury

Numerous acute and chronic liver injuries elicit liver inflammation by means of KC ac-
tivation and recruitment of monocytes and neutrophils, which is facilitated by chemokines.
Studies indicate that the hepatic concentrations of chemokines (Ccl2 and Cxcl2) and proin-
flammatory cytokines (TNF-α, il-1α, il-1β, and il-6) are markedly reduced in TRPV1 knock-
out mice and that neutrophil infiltration is attenuated [49]. Furthermore, there is speculation
regarding the potential of the TRP channels to augment the inflammatory response subse-
quent to hepatocyte injury by regulating the biological activities of KCs, monocytes, and
neutrophils, which includes cytokine and chemokine production, chemokine response,
adhesion, and migration from the bloodstream to the damaged liver [44]. Acetaminophen
(APAP) overdose represents a prevalent etiology of acute liver failure in developed nations,
frequently necessitating liver transplantation for patient survival. Current studies have
shown that TRP channel family members play an important role in APAP-mediated acute
liver injury.

Cytochrome P450, located in the ER, catalyzes the conversion of APAP to N-acetyl-
para benzoquinone (pBQ) imine (NAPQI). In instances where the accumulation of NAPQI
surpasses the capacity for rapid neutralization via glutathione (GSH) coupling, a cascade
reaction of liver cell necrosis is triggered through the interaction between NAPQI and
multiple downstream proteins [128]. On the one hand, NAPQI has the ability to directly
stimulate the TRPV4 channel and bind to free sulfhydryl groups located in cysteine residues
of the TRPC1 and TRPV1 channels, thereby enhancing their oxidative modification and
ultimately resulting in channel opening. On the other hand, NAPQI protein adducts are
capable of regulating the function of the respiratory chain, generating peroxides (such
as H2O2), which induce mitochondrial oxidative stress, and stimulating the activation of
TRPM2 and TRPM7 channels by ROS production [45]. Research has indicated that TRPM2
can be transported to the PM of hepatocytes through lysosomal exocytosis in response to
oxidative stress induced by H2O2 or APAP. The primary activator of TRPM2 is intracellular
ADP ribose (ADPR), which binds to the TRPM2 NUDT9-h motif located at the C-terminus,
leading to the opening of the channel pore [89,91,129]. TRPM2 is activated by H2O2 and
other oxidants by augmenting the production of ADPR. Simultaneously, the production of
intracellular ADPR responds to DNA damage caused by ROS by activating poly ADP ribose
(pADPR) polymerase (PARP) [71]. The activation of multiple TRP channels expressed
by hepatocytes leads to an increase in intracellular Ca2+ concentration, which further
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aggravates the mitochondrial oxidative stress reaction and finally leads to the activation of
RIP3 and translocation of Drp1 and Bax to mitochondria. Bax-induced outer membrane
permeability and Drp1-induced mitochondrial fission mediate the mitochondrial membrane
permeability transition (MPT). Apoptosis-inducing factor (AIF) and endonuclease are
released from the mitochondria and transferred to the nucleus, where they initiate nuclear
DNA fragmentation [128] (Figure 1). In addition, the harmful effects of TRPM2 activation
may be caused by not only Ca2+ entry but also TRPM2-mediated inflow of Na+ and outflow
of K+. The accumulation of intracellular Na+ and the loss of K+ lead to the loss of PM
potential and the activation of Na+-K+-ATPase, leading to further depletion of cell ATP
levels and promoting cell necrosis [130].

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW 10 of 29 
 

 

production of intracellular ADPR responds to DNA damage caused by ROS by activating 

poly ADP ribose (pADPR) polymerase (PARP) [71]. The activation of multiple TRP chan-

nels expressed by hepatocytes leads to an increase in intracellular Ca2+ concentration, 

which further aggravates the mitochondrial oxidative stress reaction and finally leads to 

the activation of RIP3 and translocation of Drp1 and Bax to mitochondria. Bax-induced 

outer membrane permeability and Drp1-induced mitochondrial fission mediate the mito-

chondrial membrane permeability transition (MPT). Apoptosis-inducing factor (AIF) and 

endonuclease are released from the mitochondria and transferred to the nucleus, where 

they initiate nuclear DNA fragmentation [128] (Figure 1). In addition, the harmful effects 

of TRPM2 activation may be caused by not only Ca2+ entry but also TRPM2-mediated in-

flow of Na+ and outflow of K+. The accumulation of intracellular Na+ and the loss of K+ 

lead to the loss of PM potential and the activation of Na+-K+-ATPase, leading to further 

depletion of cell ATP levels and promoting cell necrosis [130]. 

 

Figure 1. TRPC1, TRPV1, TRPV4, TRPM2, and TPM7 mediate APAP-induced liver injury. The in-

tracellular metabolite of APAP, NAPQI, directly activates TRPC1 and TRPV1 to trigger Ca2+ influx 

and induce mitochondrial oxidative stress. It eventually leads to the activation of RIP3 and translo-

cation of Drp1 and Bax to the mitochondria, triggering mitochondrial membrane permeability tran-

sition. In addition, NAPQI protein adducts modulate respiratory chain function similarly inducing 

mitochondrial oxidative stress responses. TRPM2 and TRPM7 channels activated by ROS and ADPR 

further aggravate intracellular cation concentrations, forming a vicious cycle and ultimately causing 

apoptosis. 

N-acetylcysteine (NAC) is the only effective drug therapy for patients with APAP-

induced liver injury, and it is considered to be able to supplement and replace the GSH 

required to bind NAPQI. The GSH inducer DMF attenuates the decrease in GSH content, 

increase in ROS levels, Ca2+ overload, and cell death-related events induced by APAP or 

H2O2. Thus, it may be used as a treatment method to replace NAC [45]. In addition, be-

cause APAP-mediated acute liver injury depends on Ca2+ influx mediated by multiple 

members of the TRP channel superfamily, it is suggested that targeted inhibition of these 

TRP channels may be a new therapeutic strategy for acute liver injury. 

4.2. TRP Channels in Liver Fibrosis 

Chronic and persistent liver injury resulting from viral infection, excessive alcohol 

consumption, metabolic etiology, and autoimmune liver disease typically leads to liver 

fibrosis, a condition marked by the activation of HSCs and excessive accumulation of ECM 

Figure 1. TRPC1, TRPV1, TRPV4, TRPM2, and TPM7 mediate APAP-induced liver injury. The
intracellular metabolite of APAP, NAPQI, directly activates TRPC1 and TRPV1 to trigger Ca2+ in-
flux and induce mitochondrial oxidative stress. It eventually leads to the activation of RIP3 and
translocation of Drp1 and Bax to the mitochondria, triggering mitochondrial membrane permeability
transition. In addition, NAPQI protein adducts modulate respiratory chain function similarly induc-
ing mitochondrial oxidative stress responses. TRPM2 and TRPM7 channels activated by ROS and
ADPR further aggravate intracellular cation concentrations, forming a vicious cycle and ultimately
causing apoptosis.

N-acetylcysteine (NAC) is the only effective drug therapy for patients with APAP-
induced liver injury, and it is considered to be able to supplement and replace the GSH
required to bind NAPQI. The GSH inducer DMF attenuates the decrease in GSH content,
increase in ROS levels, Ca2+ overload, and cell death-related events induced by APAP
or H2O2. Thus, it may be used as a treatment method to replace NAC [45]. In addition,
because APAP-mediated acute liver injury depends on Ca2+ influx mediated by multiple
members of the TRP channel superfamily, it is suggested that targeted inhibition of these
TRP channels may be a new therapeutic strategy for acute liver injury.

4.2. TRP Channels in Liver Fibrosis

Chronic and persistent liver injury resulting from viral infection, excessive alcohol con-
sumption, metabolic etiology, and autoimmune liver disease typically leads to liver fibrosis,
a condition marked by the activation of HSCs and excessive accumulation of ECM [131,132].
During the initial inflammatory stage, fibrosis serves as a beneficial mechanism for wound
repair. This process is facilitated by the coordinated activation of coagulation, immune
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response, and fibroblast activation, which promote the regeneration of damaged tissue or
the formation of fibrous scar tissue. However, prolonged inflammation can impede the
synthesis, deposition, and degradation of ECM components, leading to fibrosis inhibition.
Tissue injury and fibrogenic mediators, such as TGF-β and platelet-derived growth factor
(PDGF), mediate the differentiation of stationary HSCs into proliferating myofibroblast-like
cells. The activation of HSCs is accompanied by cellular changes, including the loss of
vitamin A droplets, de novo expression of α-SMA, and overproduction and deposition of
ECM components, such as type I collagen [133]. The TRP channels play an important role
in the activation of HSCs and the development of liver fibrosis (Table 2).

TRPM7 shows significant permeability toward both Mg2+ and Ca2+ and is a crucial
component in maintaining cellular Mg2+ homeostasis. Its expression in HSCs is associ-
ated with cell survival. Studies have demonstrated that the inhibition of TRPM7 channels
through the use of Gd3+ and 2-aminoethoxydiphenyl borate (2-APB) results in increased
apoptosis and reduced expression of α-SMA and Col1α1 in HSC-T6 cells [76,104]. The
downregulation of TRPM7 mediates the inhibition of HSC-T6 cell proliferation and is
associated with decreased expression of cyclin D1, cyclin-dependent kinase 4, and pro-
liferating cell nuclear antigen [75]. HSCs are responsible for ECM secretion, deposition,
and accumulation, and are a crucial contributor to liver fibrosis. Consequently, blocking
TRPM7 to impede HSC activation and proliferation and induce apoptosis may represent a
promising approach to prevent or reverse liver fibrosis.

Liu et al. used CCl4 and BDL to develop a mouse model of liver fibrosis. Their
investigation revealed a notable increase in TRPM8 expression within liver fibrosis tissue.
Furthermore, they observed a significant reduction in liver injury and fibrosis in TRPM8−/−

mice when compared with the control mice [46]. Subsequent investigation has revealed
that TRPM8 knockdown results in reduced expression of S100A9, a factor associated with
inflammation, and HNF4α, a regulator of gene expression specific to the liver. S100A9 is
a constituent of the S100 protein family, which can be discharged from cells undergoing
inflammation or damage and binds to toll-like receptor 4 or advanced glycation end
product receptor, thereby stimulating an inflammatory reaction. Further, HNF4α is a
central transcriptional regulator of hepatocyte gene expression, differentiation, and function
maintenance and has been proven to play a central regulatory role in alleviating liver
fibrosis [134]. The inhibition of TRPM8 has the potential to mitigate liver fibrosis by
downregulating the expression of the pro-inflammatory factor S100A9 and promoting the
expression of HNF4α. Moreover, the inhibition of TRPM8 has been observed to decrease the
number of F4/80-positive cells and suppress the activation of HSCs and cholangiocytes by
reducing gene expression levels of IL-6, IL-1β, TNFα, and MCP-1 in a mouse liver fibrosis
model. Cholangiocytes, which proliferate in response to endogenous and exogenous
stimuli, actively participate in intrahepatic inflammation and repair processes, thereby
promoting the progression of liver fibrosis [46,135,136] (Figure 2).

In a previous in vitro experiment, knockout of TRPV3 with siRNA hindered DNA
synthesis and HSC proliferation and increased cell apoptosis [57]. Further, activation of
TRPV3 has been reported to upregulate the inflammation-related gene Olr1, resulting in
increased expression of the protein LOX-1. LOX-1 facilitates the uptake of oxidized low-
density lipoprotein (ox-LDL) into endothelial cells and reduces ox-LDL content in the blood.
In vivo investigations have demonstrated a positive correlation between LOX-1 expression
and inflammatory factor levels [56,137]. Following TRPV3 activation, a conspicuous in-
filtration of macrophages has been observed in the area of fibrotic lesions. Macrophage
polarization can be induced by various injury factors, and the release of inflammatory
factors and chemokines by activated macrophages can exacerbate liver inflammation and
fibrosis [138]. Consequently, a reduction in TRPV3 expression or functional level may
ameliorate the inflammatory response and mitigate the proliferation of fibrotic tissue.
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Figure 2. TRPM8 mediates the process of liver fibrosis. Activation of TRPM8 upregulates the
inflammation-related factor S100A9 and downregulates the liver-specific gene expression regulator
HNF4α while increasing the number of F4/80-positive cells, which in turn promotes the activation of
HSCs and cholangiocytes and thereby mediates liver fibrosis.

In vivo, the activation of the TRPV4 channel has been observed to exacerbate liver
fibrosis, whereas the inhibition of the TRPV4 channel has been shown to alleviate liver
fibrosis. Notably, the TRPV4 channel has been found to be significantly upregulated
in the tissues of patients with liver fibrosis and CCl4-treated rats. In addition, under
the influence of TGF-β1, TRPV4 expression in HSC-T6 cells has been found to increase,
potentially because of direct regulation by miR-203 [107]. TRPV4 knockdown using siRNA
has been demonstrated to strongly inhibit the proliferation of activated HSC-T6 cells, as
downregulation of TRPV4 appears to inhibit the autophagy of TGF-β1-treated HSC-T6
cells [59]. Autophagy is a crucial mechanism for cellular proliferation and apoptosis and
also serves as a catalyst for HSC activation. Suppression of autophagy can impede HSC
proliferation and facilitate HSC apoptosis. Upon stimulation with TGF-β1, cultured HSC-
T6 cells have previously exhibited significant activation of the AKT signaling pathway.
Studies indicate that the AKT signaling pathway is intricately linked to autophagy, and
inhibition of the AKT signaling pathway activation can promote HSC apoptosis [139]. Thus,
TRPV4 may inhibit HSC apoptosis by regulating the activation of the autophagy-dependent
AKT signaling pathway, and targeting TRPV4 may become an effective treatment strategy
to prevent the progression of liver fibrosis.

The HSC cell line lx-2 cells exhibit a significant upregulation of TRPC6, which is
dependent on the activation of NICD under hypoxic conditions. Hypoxia, being an envi-
ronmental stressor, triggers the activation of oxygen-sensitive HSCs and facilitates the onset
of liver fibrosis. The activation of the fiber formation process under hypoxic conditions is
mediated by the hypoxia-inducible factor (HIF), which has been identified as a key media-
tor. Further, the upregulation of hypoxia-inducible factor 1α (HIF1α) has been reported
to result in an increase in the nuclear localization of NICD, which subsequently induces
the expression of TRPC6. The influx of Ca2+ through TRPC6 channels directly activates
the Ca2+-sensitive protein phosphatase calcineurin, which in turn triggers the synthesis of
ECM proteins via its downstream transcriptional effector, activated T cell nuclear factor
(NFAT) [69]. Previous research has demonstrated that Smad3 plays a significant role in the
fibrotic response of HSCs, and it is believed that TRPC6 promotes the expression of α-SMA
and collagen through the activation of SMAD2/3 [140] (Figure 3).
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Figure 3. TRPC6 mediates the process of liver fibrosis. TRPC6 is significantly upregulated under
hypoxic conditions in a manner dependent on NICD activation. TRPC6 promotes α-SMA and
collagen expression through the activation of calcineurin and SMAD2/3, leading to liver fibrosis.

To conclude, the upregulation of TRPM7, TRPM8, TRPV3, TRPV4, and TRPC6 is
significantly associated with the onset and progression of liver fibrosis. Targeting these TRP
channels in clinical settings may offer a potential strategy for the prevention or reversal
of liver fibrosis, thereby safeguarding the liver against the deleterious effects of advanced
cirrhosis and HCC.

4.3. TRP Channels in Liver Cancer

The predominant forms of liver cancer are HCC and intrahepatic cholangiocarci-
noma, with HCC comprising approximately 90% of all liver cancer cases. Other types of
liver cancer include mixed hepatocellular cholangiocarcinoma, fibrolamellar HCC, pedi-
atric hepatoblastoma, and metastatic liver cancer [141]. HCC is the sixth most prevalent
cancer type and the third leading cause of cancer-related death. Because of the liver’s
robust compensatory capacity, HCC is frequently detected in intermediate and advanced
stages, resulting in suboptimal surgical resection opportunities and diminished therapeutic
outcomes. Furthermore, the persistent high recurrence rate of HCC poses a formidable
challenge, rendering it to be a significant global health concern [142,143]. Hence, there is a
pressing need to identify novel biological markers and therapeutic targets for the timely
detection and improved prognosis of HCC. Given the prevalence of HCC in liver cancer
and the focus of this investigation, this article solely presents an overview of the expression
and function of TRP channels in HCC.

Recent research suggests that cancer may be classified as a channel disease, as tumor
cell survival, death, and movement are regulated through ion channels and transporters.
Of particular significance is the role of Ca2+ as a crucial messenger in the regulation of
cell proliferation, apoptosis, transcription, migration, and angiogenesis. Studies have
demonstrated that the disruption of intracellular Ca2+ homeostasis creates a unique mi-
croenvironment within the liver, facilitating the activation of various signaling pathways,
including Wnt/bcatenin, TP53/cell cycle, telomere maintenance, chromatin regulatory
factors, and others. These pathways drive mutagenesis, leading to the accelerated prolifera-
tion of hepatocytes [144–146]. TRP channels play a significant role in regulating various
cellular physiological and pathophysiological processes in cancer, primarily by modulating
the expression levels of functional TRP proteins to dynamically regulate intracellular ion
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concentrations, rather than through TRP gene mutations. Notably, multiple TRP channels
have been identified in HCC at both the gene and protein levels. Specifically, both Huh7
and HepG2 human hepatoma cell lines express mRNAs for TRPC1, TRPC6, TRPV1, TRPV2,
TRPV4, TRPM4, TRPM6, TRPM7, and TRPM8, whereas Huh7 alone expresses TRPV3
and TRPM5 [85].

4.3.1. TRPC

TRPC1 is co-located with lipid raft proteins, such as caveolin-1, and is considered to
be an important component of SOCE. SOCE can maintain the Ca2+ levels in the ER. When
SOCE is inhibited, it lacks storage and supplementation, and cell growth and proliferation
are inhibited [147]. Cancer cell migration has been reported to be induced by TGF-β through
the stimulation of intracellular Ca2+ release and Ca2+ entry via TRPC1 and Na+/Ca2+

exchangers. Further, TRPC1 silencing resulted in the inhibition of Huh7 cell proliferation,
while both Ca2+ release and SOCE in the ER were upregulated, suggesting that TRPC1
exerts a regulatory effect on SOCE. The overexpression of TRPC1 in HCC is linked to
unfavorable prognoses of afflicted patients. Bioinformatics analysis suggests that TRPC1
impedes retinol metabolism and other vital metabolic processes by amplifying shared
signaling pathways that facilitate tumor proliferation and the expression of genes such as
ABI2, MAPRE1, YEATS2, MTA3, and TMEM237 [148]. Following TRPC1 silencing, there
was a significant decrease in the expression of cell cycle-regulating genes CDK11A/11B and
URGCP, accompanied by a notable increase in the expression of survival-promoting genes
ERBB3 and FGFR4 [149,150]. Similarly, TRPC1 inhibition through shRNA or SKF 96365 in
D54MG glioma cells resulted in a reduction in cell proliferation. In vivo experiments have
further demonstrated that the inhibition of TRPC1 expression led to a reduction in the size
of lateral abdominal tumors [151].

TRPC5 exhibits high expression levels in paracancerous tissues, and its activation
is potentially mediated by regulation of the Akt/IκB/NF-κB signaling pathway, which
inhibits macrophage differentiation and causes an increase in M1 macrophage infiltration.
The release of proinflammatory cytokines and chemokines (such as TNF-α, IL-12, and
iNOS) by M1 macrophages results in the inhibition of cell proliferation, reduction in tumor
cell invasiveness, and suppression of malignant phenotypes, which ultimately leads to the
promotion of favorable prognoses for patients with HCC [66–68].

The present study reveals that the expression of TRPC6 mRNA and protein is signifi-
cantly upregulated in liver cancer tissues compared with normal liver tissues. Furthermore,
in vitro experiments using HepG2 and Huh7 cells demonstrate that TGF-β plays a crucial
role in the development of HCC by promoting the formation of the TRPC6-NCX1 complex,
which leads to an elevation in intracellular Ca2+ levels and subsequently enhances the
migratory and invasive properties of HCC cells [47]. Overexpression of TRPC6 in HCC
cells results in the continuous accumulation of intracellular free calcium, which in turn
stimulates epithelial–mesenchymal transition (EMT), Hif1-α signal transduction, and DNA
damage repair. This process enables HCC cells to acquire multi-drug resistance (MDR),
which may be mediated by the calcium-dependent TRPC6/calcium/STAT3 pathway. The
use of siRNA or SKF 96365 to inhibit TRPC6 can alleviate MDR induced by various stimuli.
Further, targeted inhibition of TRPC6 in combination with adriamycin in vivo demon-
strates a synergistic anti-tumor effect [152]. Furthermore, significant inhibition of HCC
cell proliferation can be achieved by blocking TRPC6. This suggests that TRPC6 targeting
can potentially serve as a novel anti-tumor approach by alleviating MDR and suppressing
HCC proliferation.

4.3.2. TRPV

Research has demonstrated that the activation of TRPV1 by capsaicin is responsible for
the elevation in intracellular Ca2+ levels, production of ROS, and activation of the STAT3
pathway in HepG2 cells. This presents a promising avenue for targeting and eliminating
HCC cells as well as regulating their migration [153]. MMP1 upregulation in HCC patients
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is noteworthy because of its association with poor prognosis. However, the activation
of TRPV1 can increase MMP1 expression, which contradicts previous studies linking
TRPV1 overexpression to longer disease-free survival in liver cancer patients [48,58,154,155].
Currently, no study has established a direct correlation between TRPV1 expression and
MMP1 upregulation in HCC cells, necessitating further research to elucidate the underlying
mechanism by which TRPV1 regulates HCC cells.

During the progression from hepatitis to cirrhosis to liver cancer, there is a gradual
increase in both TRPV2 mRNA and protein levels. In contrast, poorly differentiated
tumors exhibit reduced expression of TRPV2 mRNA and protein compared with well-
differentiated HCC tumors. In addition, a correlation exists between TRPV2 expression
and portal vein invasion, thereby suggesting that TRPV2 serves as a potent prognostic
marker for patients with HCC [52]. ROS facilitates the upregulation of TRPV2 mRNA and
protein levels in HepG2 and Huh7 cells, resulting in the suppression of survival-promoting
factors, including Akt and Nrf2, and the stimulation of death-promoting factors, namely,
p38 and JNK1, during the initial phase of apoptosis [53]. Furthermore, the expression of
TRPV2 has been found to be associated with the desiccation of HCC cells. Notably, the
downregulation of TRPV2 has been observed to significantly enhance the colony-forming
capacity of HepG2 cells and the expression of stem cell markers CD133 and CD44 in
hepatoma cell lines. Conversely, the overexpression of TRPV2 has been shown to diminish
the formation of globules and colonies [54]. Hagit et al. presented a novel approach to
enhance the clinical application of doxorubicin, a chemotherapeutic drug, in the liver cancer
cell line BNL1 ME. They revealed that the co-administration of cannabinol (CBD) or 2-APB
with doxorubicin resulted in significant augmentation of doxorubicin accumulation in
BNL1 ME cells [55]. The limited penetration of doxorubicin through the cell membrane due
to its weak alkaline chemical nature led to a concentration gradient, with the concentration
of doxorubicin outside the cell being approximately three times higher than that inside
the cell [156]. The clinical utility of doxorubicin is constrained by its irreversible cardiac
toxicity. The BNL1 ME cell line, derived from mice with HCC, exhibits the expression of
the macroporous cation channel receptor TRPV2. The agonists of TRPV2, namely, CBD and
2-APB, facilitate the activation of TRPV2, thereby facilitating the entry and accumulation
of doxorubicin within BNL1 ME cells. In addition, CBD has been demonstrated to inhibit
P-gp ATPase, thereby reducing the efflux of doxorubicin from cells [157]. Furthermore, the
absence of noteworthy TRPV2 protein expression in cardiomyocytes or hepatocytes implies
that localized hepatic administration of this drug combination will exclusively affect HCC
cells without any off-target consequences. However, the non-specific TRPV2 agonists,
2-APB and CBD, may trigger other ion channels, thereby disturbing the ion homeostasis in
normal cells [158] (Figure 4).

In vitro, the TRPV4 channel of HCC cells was inhibited by the specific antagonist
HC067047, resulting in the inhibition of cell proliferation and promotion of cell apoptosis.
This effect was achieved with the weakening of EMT and inactivation of p-ERK. The pro-
apoptotic effect of TRPV4 was found to be blocked by influencing the transcription and
translation of apoptosis-related genes Bax and Bcl2, ultimately leading to the activation
of caspase 3 [159]. Similarly, Lee et al. reported that TRPV4 inhibitors can effectively
inhibit the migration and invasion of 4T07 human breast cancer cells with high expression
of TRPV4 [160].

Venom peptide (Tv1) treatment in HCC cell line 1’s MEP cells resulted in a significant
reduction in COX-2 and prostaglandin E2 (PGE2) levels, which was found to be associated
with TRPV6/TRPC6-mediated calcium-dependent apoptosis [40]. The dephosphorylation
of calcineurin activates the Ca2+-dependent transcription factor NFAT, which regulates
COX-2 expression in various cancer cells [161,162]. Overexpression of COX-2 results in
elevated levels of PGE2, which subsequently binds to the EP receptor. The activation of
the EP receptor in turn is responsible for facilitating angiogenesis, inhibiting apoptosis,
stimulating cell growth, and enhancing the potential for invasion and metastasis of tumor
tissue [163]. TV1 has the potential to impede the influx of Ca2+ into neoplastic cells via
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TRPV6 by interacting with extracellular recruitment sites comprising E518, E519, and N548
residues in the TRPV6 tetramer and via selective filters located in the D542 side chain of the
pore region. This mechanism may effectively hinder the aforementioned process of tumor
initiation and advancement [40] (Figure 5).
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Figure 5. COX-2 and PGE2 levels were significantly decreased in venom peptide (Tv1)-treated 1MEA
cells. Tv1 prevented Ca2+ influx after binding to TRPV6 and TRPC6, and the transcription factor
NFAT could not be dephosphorylated by calcineurin, thus downregulating COX-2 expression.

The combination of drugs targeting the COX-2/PGE2 axis and traditional anti-tumor
drugs presents a promising approach for liver cancer treatment. Specifically, the combina-
tion of selective COX-2 inhibitor meloxicam and T7 polypeptide has a potent anti-tumor
effect on liver cancer in mice [164]. Nevertheless, the multifaceted physiological and patho-
logical functions of PGE2 necessitate caution in the use of COX-2 inhibitors, as long-term
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intake may result in adverse effects on the kidney and cardiovascular system [165,166].
Hence, there is an urgent need to devise novel targets. Despite the incomplete elucidation
of the TRPV6 mechanism that hinders apoptosis of hepatoma cells, it presents fresh per-
spectives for investigators. The potential for TRP channel-targeting drugs to supplement
selective COX-2 inhibitors in cancer therapy necessitates additional exploration.

4.3.3. TRPM

Functional TRPM7-like channels have been identified in the proliferating and polarized
rat hepatoma cell line WIF-B, and their regulation is dependent on the concentration of
cytoplasmic Ca2+ through CaMKII-dependent processes. These channels may contribute to
the survival of WIF-B cells and may also be involved in the migration of hepatoma cells. In
particular, TRPM7-mediated Ca2+ influx has been shown to enhance the activity of calpain,
which is known to play a role in the migration of HepG2 cells [167] (Table 2).

Table 2. The role of TRP channels in liver-related diseases.

Liver Diseases TRP Channels Function Ref.

Hepatic injury TRPV1, TRPV4, TRPC1,
TRPM2, TRPM7

Enhance the inflammatory response after
hepatocyte injury [44,45,89,91]

Hepatic fibrosis TRPM7, TRPM8, TRPV3,
TRPV4, TRPC6

Promote the activation and proliferation of
HSCs and aggravate liver fibrosis [46,57,59,76,104,140,168]

HCC

TRPC1, TRPC6, TRPV6,
TRPV4, TRPM7 Promote the progression of HCC [40,47,148,153,159,167,169]

TRPC5, TRPV1, TRPV2 Reduce the aggressiveness of tumor cells [52,55,66–68]

Abbreviations: HCC, hepatocellular carcinoma; HSCs, hepatic stellate cells.

4.4. Drugs for TRP Channels

Numerous drugs function by targeting TRP channels during the treatment of diseases.
As TRP is extensively expressed in the sensory neurons, brain, and skin, earlier studied
drugs were formulated to alleviate chronic pain. For instance, the TRPV1 agonist capsaicin
(8-methyl-N-vanillyl-6-nonenamide), possessing analgesic and anesthetic properties, is
frequently used to mitigate post-therapeutic neuralgia, diabetic neuralgia, rheumatoid
arthritis pain, and osteoarthritis pain. Nevertheless, a drawback of TRPV1 agonists is
their potential to elicit a robust initial pain response, thereby constraining their clinical
application. Consequently, non-stimulatory TRPV1 agonists, including N-(3-methoxy-4-
hydroxybenzyl) oleamide (NE19550) and MDR-652, have been investigated by researchers
to circumvent these untoward effects. However, these compounds are currently undergo-
ing animal experimentation and require further clinical validation [170]. An ultrapotent
capsaicin analog, resiniferatoxin, has demonstrated efficacy in alleviating pain in canines
afflicted with osteosarcoma, as well as in human subjects diagnosed with metastatic cervical
cancer, and is presently undergoing clinical trials. Researchers aim to achieve sustained
pain relief for individuals suffering from severe osteoarthritis and chronic cancer [17]. In the
context of TRPV1 receptor-targeted drugs, a therapeutic dose of a TRPV1 agonist functions
as an antagonist of the TRPV1 receptor. In particular, a low dose of capsaicin stimulates
the release of inflammatory mediators via TRPV1, whereas a therapeutic dose inhibits
such a release. Consequently, the initial generation of TRPV1 antagonists was associated
with febrile reactions and burns [18]. However, the second-generation TRPV1 antagonist
JNJ-39439335 (mavatrep) has demonstrated significant efficacy in reducing pain during
exercise in patients with knee arthritis in clinical trials [171]. Eucalyptol (1,8-cineol), another
TRPV1 antagonist, has demonstrated pain relief in mice with gouty arthritis, whereas the
TRPV1 antagonist SB-366791 (N-(3-methoxyphenyl)-4-chlorocinn amide) exhibited pain
relief in rats with tooth pain. In addition to TRPV1-targeting drugs, TRPA1 antagonists,
such as A-967079, have shown the potential to treat neuropathic pain in animal experi-
ments. Furthermore, GRC17536 (Glenmark Pharmaceuticals), a TRPA1 antagonist that is
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currently undergoing clinical trials, has been used to alleviate diabetic neuropathic pain.
Other investigations have indicated that small-molecule TRPM8 antagonists may alleviate
cold-induced pain [17].

TRPV1 antagonists, such as SB-705498 (N-(2-bromophenyl)-N’-[((R)-1-(5-trifluoromethyl-
2-pyridyl) pyrrolidin-3-yl)]urea), have the potential to mitigate capsaicin-induced cough in
addition to pain management. The reversal of acetylcholine-induced airway hyperreactivity
in mice with Ovalbumin-induced allergic asthma with the TRPA1 antagonist HC-030031
indicates the therapeutic potential of TRPA1 in the inhibition of asthma. Further, the oral
TRPA1 antagonist GDC-0334 has demonstrated efficacy in suppressing cough, airway
hyperresponsiveness, and edema in clinical trials. In contrast, menthol, an over-the-counter
cough suppressant, acts as a TRPM8 agonist and may effectively inhibit citric acid-induced
cough by activating TRPM8 [17]. The TRPV1 agonists, capsaicin and resiniferatoxin, have
been found to have potential applications beyond pain management. In particular, they
may be used to desensitize individuals with a neurogenic bladder, resulting in increased
bladder capacity and reduced instances of incontinence [172]. In addition, topical resinifera-
toxin desensitization may be used for the prevention of premature ejaculation in males [173].
The present study investigated the efficacy of TRPV1 antagonists, namely, GRC-6211, and
TRPM8 antagonists, namely, RQ-00434739 and KRP-2529, in mitigating hyperactivity in a
chronically inflamed bladder. In addition, the TRPV4 agonist, GSK1016790A, was examined
for its potential to improve underactive bladders, and TRPV4 antagonists were evaluated
for their ability to ameliorate overactive bladders [174]. TRP drugs have demonstrated
potential for application in dermatology. Notably, the TRPV1 antagonist PAC-14028, cur-
rently in phase III clinical trials, has been found to improve the skin barrier function and
alleviate pruritus in patients with atopic dermatitis. However, topical administration of
this drug may increase the risk of infection in patients. Nonetheless, the TRPM8 agonist
menthoxypropanediol cream has been shown to alleviate pruritus in humans, while the
topical administration of the TRPA1 antagonist HC-030031 has been found to alleviate
UV-induced burn injury in mice. Furthermore, TRPV4 inhibition has also been found to
alleviate skin pruritus. TRP-targeted drugs exhibit potential in treating ocular and central
nervous system diseases. In animal experiments, the TRPV4 antagonist HC-067047 was ef-
fective in treating ocular matrix opacities following alkali burn [175]. Similarly, the TRPM2
antagonist JNJ-28583113 has shown promising results in improving cognitive dysfunction
in mice after cerebral ischemia [17].

TRP-targeting drugs have demonstrated the ability to enhance glucose metabolism.
Specifically, in murine models of type 2 diabetes, the small molecule antagonist
N-(4-Tertiarybutylphenyl)-4-(3-cholorphyridin-2-yl) tetrahydropyrazine-1(2H)-carbox-amide
(BCTC) targeting TRPV1 has been found to improve insulin secretion in response to glucose
stimulation. In addition, clinical trials have shown that the TRPV1 antagonist XEN-D0501,
when used in conjunction with metformin, exhibits favorable glucose-lowering effects [176].
The efficacy of numerous drugs in cancer treatment is linked to TRP channels. For instance,
Vacquinol-1, an immunosuppressant, triggers cell death in glioblastoma cells via its TRPM7
ATP-inducible inhibitory effect. Another example is gemcitabine, a cytotoxic drug that
exhibits heightened cytotoxicity when combined with anti-TRPM7 siRNA, which may be
triggered through the p16 (CDKN2A) and WRN mRNA pathway [151].

Animal studies have validated the association between TRP channels and organ fi-
brosis. In particular, the administration of TRPC6 antagonist BI 749327 has been shown
to effectively impede the progression of kidney and myocardial fibrosis. This is achieved
by suppressing the activation of the nuclear factor of activated T cells (NFAT), thereby
hindering the expression of pro-hypertrophic genes [177]. Despite the extensive application
of TRP-targeting drugs in animal testing and clinical trials, there remains a paucity of
drugs used for liver diseases. Current research efforts are concentrated on treating liver
fibrosis. In mouse experiments, the TRPM8 antagonist M8-B hydrochloride exhibited
potential in inhibiting the activation of cholangiocytes by downregulating the expression of
inflammatory factor S100A9 and upregulating the expression of HNF4α, which ultimately
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led to the amelioration of hepatobiliary inflammation and liver fibrosis [46]. Furthermore,
investigations conducted on a CCl4-induced liver fibrosis mouse model demonstrated that
the TRPV4 agonist GSK1016790A exacerbated liver fibrosis, whereas the TRPV4 antagonist
HC-067047 effectively ameliorated liver collagen fiber deposition and the degree of liver
lobular disorder [178]. Similarly, drofenine, a TRPV3 selective agonist, exacerbated liver
fibrosis in a CCl4-induced mouse liver fibrosis model, while forsythoside B, a TRPV3 in-
hibitor, significantly mitigated liver fibrosis, although the underlying mechanism warrants
further investigation [57]. TRP channels have potential as a drug target for the treatment of
liver fibrosis and drug-induced hepatotoxic injury. The inhibition of TRPV4, for instance,
has been shown to mitigate the hepatotoxic side effects resulting from excessive APAP in
mice with acute liver failure [130].

5. Discussion

This study examines the expression and function of the TRP channel family in diverse
liver cells and their implications for the onset and progression of liver-related ailments.
The liver is susceptible to various pathogenic factors, and the influx of cations through
TRP channels initiates or exacerbates a cascade of reactions causing hepatocyte damage.
For instance, TRPV1 is involved in the generation and secretion of chemokines and proin-
flammatory cytokines in the liver and facilitates the infiltration of neutrophils, thereby
intensifying the inflammatory response following liver injury. The pathogenesis of APAP-
mediated acute liver injury involves the activation of TRPV1, TRPV4, TRPC1, TRPM2, and
TRPM7 channels, which trigger the influx of Ca2+ into hepatocytes and subsequent cellular
damage. In the context of liver fibrosis, the upregulation of TRPC6, TRPV3, TRPV4, and
TRPM7 channels promotes the activation of HSCs and the production and accumulation
of ECM components, including α-SMA and COL1A1. This mechanism significantly con-
tributes to the progression of liver fibrosis. The activation and upregulation of TRPC1,
TRPC6, TRPV4, TRPV6, and TRPM7 channels have been identified as contributing factors
toward the proliferation and migration of HCC cells. In contrast, TRPC5, TRPV1, and
TRPV2 channels have been found to impede macrophage differentiation, suppress HCC cell
proliferation, and ultimately decrease tumor cell invasiveness through the Akt/IκB/NF-κB
signaling pathway, STAT3 pathway, and Akt/Nrf2 signaling pathway, respectively. These
channels have been associated with favorable patient outcomes.

The TRP superfamily exhibits restricted expression patterns, but its diverse tissue
distribution renders it influential in the majority of cells, tissues, and organs in the human
body. Recently, several TRP superfamily members have been the focus of targeted drug
development for various diseases. Notably, TRPV1, which is prominently expressed in
primary sensory neurons, plays a crucial role in mediating afferent pain stimuli and neu-
rogenic inflammation. Following agonist stimulation, TRPV1 undergoes desensitization.
Currently, TRPV1-expressing neurons exhibit a distinctive lack of response to repeated
capsaicin stimulation and other extraneous stimuli [179], making it a singular drug target.
Current clinical trials have used resiniferatoxin, a super capsaicin analog, as a “molecular
scalpel” to alleviate severe osteoarthritis pain and chronic refractory pain in cancer pa-
tients. In addition, the TRPA1 antagonist exhibits therapeutic potential in patients with
neuropathic pain. Notably, the TRPA1 antagonist GRC17536 demonstrated a significant
reduction in the pain score among patients with painful diabetic polyneuropathy in the
non-denervated group, without any adverse effects. However, the compound’s bioavailabil-
ity/pharmacokinetics pose a challenge, leading to the completion of only phase II clinical
trials [17]. The activation of TRPV4 has been demonstrated to result in persistent detrusor
and bladder contractions, suggesting that the use of a TRPV4 agonist may be beneficial
in the treatment of bladder hypotonia [174]. Moreover, TRPM4 has been identified as a
critical factor in cerebral artery myogenic contraction. The application of siRNA to silence
Trpm4 expression has been shown to decrease infarct volume in a rat model of permanent
stroke, indicating that Trpm4 inhibition enhances the integrity of the blood–brain barrier
following ischemic stroke reperfusion [127]. Modulation of TRP channel expression has
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been observed in various cancer types, including HCC, and is a potential therapeutic
target. Notably, TRPV1 expression was found to be elevated in high-grade astrocytoma
tissues compared with normal brain tissues. However, the administration of high doses
of capsaicin was found to induce neuronal death via Ca2+ overload. Therefore, the use of
TRPV1 agonists may hold promise in the eradication of this particular brain tumor [180].

Trpm5−/− mice maintain normal weight with a carbohydrate-rich diet and consume
less alcohol, indicating the importance of TRPM5 antagonists in obesity and/or alcohol use
disorders [181]. In contrast, the TRPM8 agonist icilin increased energy consumption and
decreased body weight in mice [182]. The liver is widely recognized as the primary organ
responsible for lipid metabolism, and lipid metabolites may serve as crucial regulators of
TRP channel function. In particular, lysophosphatidic acid (LPA) levels have been observed
to increase following tissue injury, and this increase in LPA levels activates TRPV1 via direct
interaction with the channel’s C-terminal. These findings suggest that LPA plays a pivotal
role in the transduction of pain. The activation of TRPV2 by lysophosphatidylcholine (LPC)
and lysophosphatidylinositol (LPI) has been shown to induce calcium influx and increase
cell migration in the prostate cancer cell line PC3, indicating the potential pathological role
of TRPV2 in prostate cancer [183]. In addition, farnesyl pyrophosphate (FPP) has been
identified as an endogenous activator of TRPV3, which can elicit pain in vivo. Nitrogen-
containing bisphosphonates have been demonstrated to inhibit FPP synthase, providing
relief in certain types of bone cancers and neuropathic pain [184,185].

Alterations in TRP channel expression levels have been observed in liver-related
pathologies, which have been shown to impact disease progression and prognosis. Nonethe-
less, the possibility that TRP channel regulation is a consequence of liver disease cannot
be denied. Regrettably, no TRP agonist or antagonist has yet undergone clinical trials as a
potential therapeutic intervention, particularly for liver diseases. The broad expression and
diverse biological roles of TRP channels have impeded TRP channel drug development,
primarily because of the occurrence of undesirable adverse reactions on the intended tar-
gets. Empirical evidence has demonstrated that achieving adequate specificity for clinically
efficacious interventions while avoiding unacceptable adverse reactions is a challenging
task. For instance, the first-generation TRPV1 antagonists AMG517 and MK2295 were
withdrawn from clinical trials because of the emergence of fever reaction and burns, respec-
tively [186,187]. Further, the phase II efficacy test conducted to evaluate the effectiveness of
AZD1386 in treating osteoarthritis-related pain was terminated because of inadequate anal-
gesic activity. Consequently, future research should be focused on developing specialized
drug delivery systems, such as selective agonists or antagonists, to mitigate unacceptable
adverse reactions [188]. Notably, nanocarriers have emerged as promising drug delivery
systems for targeted liver treatment. In particular, DOX-loaded galactosylated chitosan
nanoparticles have demonstrated potential as a selective drug formulation for treating
HCC [189]. The Gal OSL nanocarrier has demonstrated efficacy in mitigating liver lipid
accumulation, insulin resistance, and triglyceride (TG) accumulation through the regulation
of the AMPK/SIRT/FAS/SREBP1c signaling pathway. The intervention of Gal OSL/Res
has the potential to restore normal health status in mice with NAFLD and prevent the
progression of the condition to severe liver disease [190].

6. Conclusions

Despite the difficulty in creating clinically effective TRP modulator drugs for liver-
related illnesses, the substantial potential benefits of pursuing this avenue of research are
evident. This is because of the pathogenic role of TRP channels in liver diseases, as well as
the increasing number of individuals afflicted with such conditions annually.

Author Contributions: H.W. designed this study and revised this manuscript; Y.L. (Yusheng Liu)
wrote this manuscript; Y.L. (Yihan Lyu) and L.Z. revised this manuscript. All authors have read and
agreed to the published version of the manuscript.



Int. J. Mol. Sci. 2023, 24, 12509 21 of 28

Funding: This work was financially supported by the Zhishan Scholars Programs of Southeast
University (2242021R41070) and “the Fundamental Research Funds for the Central Universities”
(2242023K40035).

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding author upon reasonable request.

Acknowledgments: We would like to extend our deepest gratitude to the editors and the anonymous
referees for the effort they have invested in reviewing and critiquing our study.

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

Abbreviations
Abbreviations: transient receptor potential (TRP); nonalcoholic fatty liver disease

(NAFLD); hepatocellular carcinoma (HCC); apoptosis signal-regulating kinase (ASK); non-
alcoholic steatohepatitis (NASH); hepatic stellate cells (HSCs); reactive oxygen species
(ROS); immune checkpoint inhibitor (ICI); epidermal growth factor receptor (EGFR); extra-
cellular matrix (ECM); endoplasmic reticulum (ER); plasma membrane (PM); store-operated
Ca2+ channel (SOC); hepatocyte growth factor (HGF); 4α-phosphate-12,13-disdecanoate
(4α-PDD); acetaminophen (APAP); ADP ribose (ADPR); α-smooth muscle actin (α-SMA);
TNF-related apoptosis inducing-ligand (TRAIL); 2-aminoethoxydiphenyl borate (2-APB);
type I collagen (Col1α1); extracellular signal-regulated kinase (ERK); protein kinase B
(AKT); lectin-like oxidized low-density lipoprotein receptor-1 (LOX-1); Kupffer cells (KCs);
elaidic acid (EA); endoplasmic reticulum stress (ERS); liver sinusoidal endothelial cells
(LSECs); vascular endothelial growth factor (VEGF); endothelial progenitor cells (EPCs);
endothelial cells (ECs); N-acetyl-para benzoquinone imine (NAPQI); glutathione (GSH);
poly ADP ribose (pADPR); poly ADP ribose polymerase (PARP); mitochondrial membrane
permeability transition (MPT); apoptosis inducing factor (AIF); N-acetylcysteine (NAC);
platelet-derived growth factor (PDGF); hypoxia-inducible factor (HIF); nuclear factor of ac-
tivated T cells (NFAT); store-operated Ca2+ entry (SOCE); transforming growth factor-beta
(TGF-β); multiple drug resistance (MDR); cannabinol (CBD); epithelial–mesenchymal tran-
sition (EMT); venom peptide (Tv1); prostaglandin E2 (PGE2); lysophosphatidic acid (LPA);
lysophosphatidylcholine (LPC); lysophosphatidylinositol (LPI); farnesyl pyrophosphate
(FPP); triglyceride (TG).

References
1. Trefts, E.; Gannon, M.; Wasserman, D.H. The liver. Curr. Biol. 2017, 27, R1147–R1151. [CrossRef] [PubMed]
2. Mandato, C.; Di Nuzzi, A.; Vajro, P. Nutrition and Liver Disease. Nutrients 2018, 10, 9. [CrossRef]
3. Liang, T.J. Hepatitis B: The virus and disease. Hepatology 2009, 49, S13–S21. [CrossRef] [PubMed]
4. Bajaj, J.S. Alcohol, liver disease and the gut microbiota. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 235–246. [CrossRef] [PubMed]
5. El-Kassas, M.; Cabezas, J.; Coz, P.I.; Zheng, M.; Arab, J.P.; Awad, A. Nonalcoholic Fatty Liver Disease: Current Global Burden.

Semin. Liver Dis. 2022, 42, 401–412. [CrossRef]
6. Crabb, D.W.; Im, G.Y.; Szabo, G.; Mellinger, J.L.; Lucey, M.R. Diagnosis and Treatment of Alcohol-Associated Liver Diseases: 2019

Practice Guidance From the American Association for the Study of Liver Diseases. Hepatology 2020, 71, 306–333. [CrossRef]
7. Perz, J.F.; Armstrong, G.L.; Farrington, L.A.; Hutin, Y.J.; Bell, B.P. The contributions of hepatitis B virus and hepatitis C virus

infections to cirrhosis and primary liver cancer worldwide. J. Hepatol. 2006, 45, 529–538. [CrossRef]
8. Asrani, S.K.; Devarbhavi, H.; Eaton, J.; Kamath, P.S. Burden of liver diseases in the world. J. Hepatol. 2019, 70, 151–171. [CrossRef]
9. Li, H. TRP Channel Classification. Adv. Exp. Med. Biol. 2017, 976, 1–8. [CrossRef]
10. Samanta, A.; Hughes, T.; Moiseenkova-Bell, V.Y. Transient Receptor Potential (TRP) Channels. Subcell. Biochem. 2018, 87, 141–165.

[CrossRef]
11. Hardie, R.C. A brief history of trp: Commentary and personal perspective. Pflug. Arch. 2011, 461, 493–498. [CrossRef] [PubMed]
12. Zhang, M.; Ma, Y.; Ye, X.; Zhang, N.; Pan, L.; Wang, B. TRP (transient receptor potential) ion channel family: Structures, biological

functions and therapeutic interventions for diseases. Signal Transduct. Target. Ther. 2023, 8, 261. [CrossRef] [PubMed]
13. Gees, M.; Owsianik, G.; Nilius, B.; Voets, T. TRP channels. Compr. Physiol. 2012, 2, 563–608. [CrossRef]
14. Alaimo, A.; Lorenzoni, M.; Ambrosino, P.; Bertossi, A.; Bisio, A.; Macchia, A.; Zoni, E.; Genovesi, S.; Cambuli, F.; Foletto, V.; et al.

Calcium cytotoxicity sensitizes prostate cancer cells to standard-of-care treatments for locally advanced tumors. Cell Death Dis.
2020, 11, 1039. [CrossRef]

https://doi.org/10.1016/j.cub.2017.09.019
https://www.ncbi.nlm.nih.gov/pubmed/29112863
https://doi.org/10.3390/nu10010009
https://doi.org/10.1002/hep.22881
https://www.ncbi.nlm.nih.gov/pubmed/19399811
https://doi.org/10.1038/s41575-018-0099-1
https://www.ncbi.nlm.nih.gov/pubmed/30643227
https://doi.org/10.1055/a-1862-9088
https://doi.org/10.1002/hep.30866
https://doi.org/10.1016/j.jhep.2006.05.013
https://doi.org/10.1016/j.jhep.2018.09.014
https://doi.org/10.1007/978-94-024-1088-4_1
https://doi.org/10.1007/978-981-10-7757-9_6
https://doi.org/10.1007/s00424-011-0922-9
https://www.ncbi.nlm.nih.gov/pubmed/21286746
https://doi.org/10.1038/s41392-023-01464-x
https://www.ncbi.nlm.nih.gov/pubmed/37402746
https://doi.org/10.1002/cphy.c110026
https://doi.org/10.1038/s41419-020-03256-5


Int. J. Mol. Sci. 2023, 24, 12509 22 of 28

15. Zheng, J.; Liu, F.; Du, S.; Li, M.; Wu, T.; Tan, X.; Cheng, W. Mechanism for Regulation of Melanoma Cell Death via Activation of
Thermo-TRPV4 and TRPV2. J. Oncol. 2019, 2019, 7362875. [CrossRef]

16. Zhang, L.; Zhang, Y.; Zeng, Y.; Zhu, J.; Chen, H.; Wei, X.; Liu, L. TRPC1 inhibits the proliferation and migration of estrogen
receptor-positive Breast cancer and gives a better prognosis by inhibiting the PI3K/AKT pathway. Breast Cancer Res. Treat. 2020,
182, 21–33. [CrossRef]

17. Koivisto, A.P.; Belvisi, M.G.; Gaudet, R.; Szallasi, A. Advances in TRP channel drug discovery: From target validation to clinical
studies. Nat. Rev. Drug Discov. 2022, 21, 41–59. [CrossRef]

18. Moran, M.M.; Szallasi, A. Targeting nociceptive transient receptor potential channels to treat chronic pain: Current state of the
field. Br. J. Pharmacol. 2018, 175, 2185–2203. [CrossRef]

19. Rychkov, G.Y.; Barritt, G.J. Expression and function of TRP channels in liver cells. Adv. Exp. Med. Biol. 2011, 704, 667–686.
[CrossRef]

20. Marcellin, P.; Kutala, B.K. Liver diseases: A major, neglected global public health problem requiring urgent actions and large-scale
screening. Liver Int. 2018, 38, 2–6. [CrossRef]

21. D’Amico, G.; Morabito, A.; D’Amico, M.; Pasta, L.; Malizia, G.; Rebora, P.; Valsecchi, M.G. Clinical states of cirrhosis and
competing risks. J. Hepatol. 2018, 68, 563–576. [CrossRef] [PubMed]

22. Ramachandran, P.; Iredale, J.P.; Fallowfield, J.A. Resolution of liver fibrosis: Basic mechanisms and clinical relevance. Semin. Liver
Dis. 2015, 35, 119–131. [CrossRef]

23. Jung, Y.K.; Yim, H.J. Reversal of liver cirrhosis: Current evidence and expectations. Korean J. Intern. Med. 2017, 32, 213–228.
[CrossRef]

24. Kim, Y.O.; Popov, Y.; Schuppan, D. Optimized Mouse Models for Liver Fibrosis. Methods Mol. Biol. 2017, 1559, 279–296. [CrossRef]
[PubMed]

25. Van de Bovenkamp, M.; Groothuis, G.M.; Meijer, D.K.; Olinga, P. Liver fibrosis in vitro: Cell culture models and precision-cut
liver slices. Toxicol. Vitro 2007, 21, 545–557. [CrossRef]

26. van Grunsven, L.A. 3D in vitro models of liver fibrosis. Adv. Drug Deliv. Rev. 2017, 121, 133–146. [CrossRef]
27. Loomba, R.; Lawitz, E.; Mantry, P.S.; Jayakumar, S.; Caldwell, S.H.; Arnold, H.; Diehl, A.M.; Djedjos, C.S.; Han, L.; Myers, R.P.; et al.

The ASK1 inhibitor selonsertib in patients with nonalcoholic steatohepatitis: A randomized, phase 2 trial. Hepatology 2018, 67,
549–559. [CrossRef] [PubMed]

28. Vilar-Gomez, E.; Martinez-Perez, Y.; Calzadilla-Bertot, L.; Torres-Gonzalez, A.; Gra-Oramas, B.; Gonzalez-Fabian, L.; Friedman,
S.L.; Diago, M.; Romero-Gomez, M. Weight Loss Through Lifestyle Modification Significantly Reduces Features of Nonalcoholic
Steatohepatitis. Gastroenterology 2015, 149, 367–378.e5. [CrossRef]

29. Levrero, M.; Subic, M.; Villeret, F.; Zoulim, F. Perspectives and limitations for nucleo(t)side analogs in future HBV therapies. Curr.
Opin. Virol. 2018, 30, 80–89. [CrossRef] [PubMed]

30. Marcellin, P.; Gane, E.; Buti, M.; Afdhal, N.; Sievert, W.; Jacobson, I.M.; Washington, M.K.; Germanidis, G.; Flaherty, J.F.; Aguilar,
S.R.; et al. Regression of cirrhosis during treatment with tenofovir disoproxil fumarate for chronic hepatitis B: A 5-year open-label
follow-up study. Lancet 2013, 381, 468–475. [CrossRef]

31. Duval, F.; Moreno-Cuevas, J.E.; Gonzalez-Garza, M.T.; Maldonado-Bernal, C.; Cruz-Vega, D.E. Liver fibrosis and mechanisms of
the protective action of medicinal plants targeting inflammation and the immune response. Int. J. Inflamm. 2015, 2015, 943497.
[CrossRef] [PubMed]

32. Latief, U.; Ahmad, R. Herbal remedies for liver fibrosis: A review on the mode of action of fifty herbs. J. Tradit. Complement. Med.
2018, 8, 352–360. [CrossRef] [PubMed]

33. Neong, S.F.; Adebayo, D.; Wong, F. An update on the pathogenesis and clinical management of cirrhosis with refractory ascites.
Expert Rev. Gastroenterol. Hepatol. 2019, 13, 293–305. [CrossRef] [PubMed]

34. Ho, W.J.; Zhu, Q.; Durham, J.; Popovic, A.; Xavier, S.; Leatherman, J.; Mohan, A.; Mo, G.; Zhang, S.; Gross, N.; et al. Neoadjuvant
Cabozantinib and Nivolumab Converts Locally Advanced HCC into Resectable Disease with Enhanced Antitumor Immunity.
Nat. Cancer 2021, 2, 891–903. [CrossRef]

35. Jin, H.; Shi, Y.; Lv, Y.; Yuan, S.; Ramirez, C.F.A.; Lieftink, C.; Wang, L.; Wang, S.; Wang, C.; Dias, M.H.; et al. EGFR activation limits
the response of liver cancer to lenvatinib. Nature 2021, 595, 730–734. [CrossRef] [PubMed]

36. Zhu, A.X.; Rosmorduc, O.; Evans, T.R.; Ross, P.J.; Santoro, A.; Carrilho, F.J.; Bruix, J.; Qin, S.; Thuluvath, P.J.; Llovet, J.M.; et al.
SEARCH: A phase III, randomized, double-blind, placebo-controlled trial of sorafenib plus erlotinib in patients with advanced
hepatocellular carcinoma. J. Clin. Oncol. 2015, 33, 559–566. [CrossRef]

37. Kim, R.D.; Sarker, D.; Meyer, T.; Yau, T.; Macarulla, T.; Park, J.; Choo, S.P.; Hollebecque, A.; Sung, M.W.; Lim, H.; et al. First-
in-Human Phase I Study of Fisogatinib (BLU-554) Validates Aberrant FGF19 Signaling as a Driver Event in Hepatocellular
Carcinoma. Cancer Discov. 2019, 9, 1696–1707. [CrossRef]

38. Wang, C.; Vegna, S.; Jin, H.; Benedict, B.; Lieftink, C.; Ramirez, C.; de Oliveira, R.L.; Morris, B.; Gadiot, J.; Wang, W.; et al. Inducing
and exploiting vulnerabilities for the treatment of liver cancer. Nature 2019, 574, 268–272. [CrossRef]

39. Rudalska, R.; Harbig, J.; Snaebjornsson, M.T.; Klotz, S.; Zwirner, S.; Taranets, L.; Heinzmann, F.; Kronenberger, T.; Forster, M.; Cui,
W.; et al. LXRalpha activation and Raf inhibition trigger lethal lipotoxicity in liver cancer. Nat. Cancer 2021, 2, 201–217. [CrossRef]

40. Anand, P.; Filipenko, P.; Huaman, J.; Lyudmer, M.; Hossain, M.; Santamaria, C.; Huang, K.; Ogunwobi, O.O.; Holford, M. Selective
Inhibition of Liver Cancer Cells Using Venom Peptide. Mar. Drugs 2019, 17, 587. [CrossRef]

https://doi.org/10.1155/2019/7362875
https://doi.org/10.1007/s10549-020-05673-8
https://doi.org/10.1038/s41573-021-00268-4
https://doi.org/10.1111/bph.14044
https://doi.org/10.1007/978-94-007-0265-3_35
https://doi.org/10.1111/liv.13682
https://doi.org/10.1016/j.jhep.2017.10.020
https://www.ncbi.nlm.nih.gov/pubmed/29111320
https://doi.org/10.1055/s-0035-1550057
https://doi.org/10.3904/kjim.2016.268
https://doi.org/10.1007/978-1-4939-6786-5_19
https://www.ncbi.nlm.nih.gov/pubmed/28063051
https://doi.org/10.1016/j.tiv.2006.12.009
https://doi.org/10.1016/j.addr.2017.07.004
https://doi.org/10.1002/hep.29514
https://www.ncbi.nlm.nih.gov/pubmed/28892558
https://doi.org/10.1053/j.gastro.2015.04.005
https://doi.org/10.1016/j.coviro.2018.04.006
https://www.ncbi.nlm.nih.gov/pubmed/29777955
https://doi.org/10.1016/S0140-6736(12)61425-1
https://doi.org/10.1155/2015/943497
https://www.ncbi.nlm.nih.gov/pubmed/25954568
https://doi.org/10.1016/j.jtcme.2017.07.002
https://www.ncbi.nlm.nih.gov/pubmed/29992106
https://doi.org/10.1080/17474124.2018.1555469
https://www.ncbi.nlm.nih.gov/pubmed/30791777
https://doi.org/10.1038/s43018-021-00234-4
https://doi.org/10.1038/s41586-021-03741-7
https://www.ncbi.nlm.nih.gov/pubmed/34290403
https://doi.org/10.1200/JCO.2013.53.7746
https://doi.org/10.1158/2159-8290.CD-19-0555
https://doi.org/10.1038/s41586-019-1607-3
https://doi.org/10.1038/s43018-020-00168-3
https://doi.org/10.3390/md17100587


Int. J. Mol. Sci. 2023, 24, 12509 23 of 28

41. Lang, F.; Foller, M. Regulation of ion channels and transporters by AMP-activated kinase (AMPK). Channels 2014, 8, 20–28.
[CrossRef]

42. Fiorio, P.A.; Gkika, D. Emerging role of TRP channels in cell migration: From tumor vascularization to metastasis. Front. Physiol.
2013, 4, 311. [CrossRef]

43. Yue, Z.; Zhang, Y.; Xie, J.; Jiang, J.; Yue, L. Transient receptor potential (TRP) channels and cardiac fibrosis. Curr. Top. Med. Chem.
2013, 13, 270–282. [CrossRef]

44. Wang, W.; Liu, P.; Zhang, Y.; Yan, L.; Zhu, M.X.; Wang, J.; Yu, Y. Expression and functions of transient receptor potential channels
in liver diseases. Acta Pharm. Sin. B 2023, 13, 445–459. [CrossRef]

45. Badr, H.; Kozai, D.; Sakaguchi, R.; Numata, T.; Mori, Y. Different Contribution of Redox-Sensitive Transient Receptor Potential
Channels to Acetaminophen-Induced Death of Human Hepatoma Cell Line. Front. Pharmacol. 2016, 7, 26903865. [CrossRef]
[PubMed]

46. Liu, Q.; Lei, X.; Cao, Z.; Zhang, J.; Yan, L.; Fu, J.; Tong, Q.; Qin, W.; Shao, Y.; Liu, C.; et al. TRPM8 deficiency attenuates liver
fibrosis through S100A9-HNF4α signaling. Cell Biosci. 2022, 12, 58. [CrossRef] [PubMed]

47. Xu, J.; Yang, Y.; Xie, R.; Liu, J.; Nie, X.; An, J.; Wen, G.; Liu, X.; Jin, H.; Tuo, B. The NCX1/TRPC6 Complex Mediates TGFbeta-
Driven Migration and Invasion of Human Hepatocellular Carcinoma Cells. Cancer Res. 2018, 78, 2564–2576. [CrossRef] [PubMed]

48. Waning, J.; Vriens, J.; Owsianik, G.; Stüwe, L.; Mally, S.; Fabian, A.; Frippiat, C.; Nilius, B.; Schwab, A. A novel function of
capsaicin-sensitive TRPV1 channels: Involvement in cell migration. Cell Calcium 2007, 42, 17–25. [CrossRef]

49. Liu, H.; Beier, J.I.; Arteel, G.E.; Ramsden, C.E.; Feldstein, A.E.; McClain, C.J.; Kirpich, I.A. Transient receptor potential vanilloid 1
gene deficiency ameliorates hepatic injury in a mouse model of chronic binge alcohol-induced alcoholic liver disease. Am. J.
Pathol. 2015, 185, 43–54. [CrossRef]

50. Stokłosa, P.; Borgström, A.; Kappel, S.; Peinelt, C. TRP Channels in Digestive Tract Cancers. Int. J. Mol. Sci. 2020, 21, 1877.
[CrossRef]

51. Su, K.H.; Lin, S.J.; Wei, J.; Lee, K.I.; Zhao, J.F.; Shyue, S.K.; Lee, T.S. The essential role of transient receptor potential vanilloid 1 in
simvastatin-induced activation of endothelial nitric oxide synthase and angiogenesis. Acta Physiol. 2014, 212, 191–204. [CrossRef]

52. Liu, G.; Xie, C.; Sun, F.; Xu, X.; Yang, Y.; Zhang, T.; Deng, Y.; Wang, D.; Huang, Z.; Yang, L.; et al. Clinical significance of transient
receptor potential vanilloid 2 expression in human hepatocellular carcinoma. Cancer Genet. Cytogenet. 2010, 197, 54–59. [CrossRef]

53. Ma, W.; Li, C.; Yin, S.; Liu, J.; Gao, C.; Lin, Z.; Huang, R.; Huang, J.; Li, Z. Novel role of TRPV2 in promoting the cytotoxicity of
H2O2-mediated oxidative stress in human hepatoma cells. Free Radic. Biol. Med. 2015, 89, 1003–1013. [CrossRef] [PubMed]

54. Hu, Z.; Cao, X.; Fang, Y.; Liu, G.; Xie, C.; Qian, K.; Lei, X.; Cao, Z.; Du, H.; Cheng, X.; et al. Transient receptor potential
vanilloid-type 2 targeting on stemness in liver cancer. Biomed. Pharmacother. 2018, 105, 697–706. [CrossRef]

55. Neumann-Raizel, H.; Shilo, A.; Lev, S.; Mogilevsky, M.; Katz, B.; Shneor, D.; Shaul, Y.D.; Leffler, A.; Gabizon, A.; Karni, R.; et al.
2-APB and CBD-Mediated Targeting of Charged Cytotoxic Compounds Into Tumor Cells Suggests the Involvement of TRPV2
Channels. Front. Pharmacol. 2019, 10, 1198. [CrossRef] [PubMed]

56. Chen, M.; Nagase, M.; Fujita, T.; Narumiya, S.; Masaki, T.; Sawamura, T. Diabetes enhances lectin-like oxidized LDL receptor-1
(LOX-1) expression in the vascular endothelium: Possible role of LOX-1 ligand and AGE. Biochem. Biophys. Res. Commun. 2001,
287, 962–968. [CrossRef] [PubMed]

57. Yan, L.; Zhang, X.; Fu, J.; Liu, Q.; Lei, X.; Cao, Z.; Zhang, J.; Shao, Y.; Tong, Q.; Qin, W.; et al. Inhibition of the transient receptor
potential vanilloid 3 channel attenuates carbon tetrachloride-induced hepatic fibrosis. Biochem. Biophys. Res. Commun. 2021, 558,
86–93. [CrossRef] [PubMed]

58. Vriens, J.; Janssens, A.; Prenen, J.; Nilius, B.; Wondergem, R. TRPV channels and modulation by hepatocyte growth factor/scatter
factor in human hepatoblastoma (HepG2) cells. Cell Calcium 2004, 36, 19–28. [CrossRef]

59. Zhan, L.; Yang, Y.; Ma, T.; Huang, C.; Meng, X.; Zhang, L.; Li, J. Transient receptor potential vanilloid 4 inhibits rat HSC-T6
apoptosis through induction of autophagy. Mol. Cell. Biochem. 2015, 402, 9–22. [CrossRef]

60. Moccia, F. Endothelial Ca(2+) Signaling and the Resistance to Anticancer Treatments: Partners in Crime. Int. J. Mol. Sci. 2018, 19, 217.
[CrossRef]

61. Brereton, H.M.; Chen, J.; Rychkov, G.; Harland, M.L.; Barritt, G.J. Maitotoxin activates an endogenous non-selective cation channel
and is an effective initiator of the activation of the heterologously expressed hTRPC-1 (transient receptor potential) non-selective
cation channel in H4-IIE liver cells. Biochim. Biophys. Acta 2001, 1540, 107–126. [CrossRef] [PubMed]

62. Du, L.L.; Shen, Z.; Li, Z.; Ye, X.; Wu, M.; Hong, L.; Zhao, Y. TRPC1 Deficiency Impairs the Endothelial Progenitor Cell Function
via Inhibition of Calmodulin/eNOS Pathway. J. Cardiovasc. Transl. Res. 2018, 11, 339–345. [CrossRef]

63. Liu, H.; Nan, B.; Yang, C.; Li, X.; Yan, H.; Yuan, Y. Elaidic acid induced NLRP3 inflammasome activation via ERS-MAPK signaling
pathways in Kupffer cells. Biochim. Et Biophys. Acta (BBA)—Mol. Cell Biol. Lipids 2022, 1867, 159061. [CrossRef] [PubMed]

64. Andrikopoulos, P.; Eccles, S.A.; Yaqoob, M.M. Coupling between the TRPC3 ion channel and the NCX1 transporter contributed to
VEGF-induced ERK1/2 activation and angiogenesis in human primary endothelial cells. Cell. Signal. 2017, 37, 12–30. [CrossRef]

65. Song, H.B.; Jun, H.O.; Kim, J.H.; Fruttiger, M.; Kim, J.H. Suppression of transient receptor potential canonical channel 4 inhibits
vascular endothelial growth factor-induced retinal neovascularization. Cell Calcium 2015, 57, 101–108. [CrossRef]

66. Yin, Z.; Ma, T.; Lin, Y.; Lu, X.; Zhang, C.; Chen, S.; Jian, Z. IL-6/STAT3 pathway intermediates M1/M2 macrophage polarization
during the development of hepatocellular carcinoma. J. Cell. Biochem. 2018, 119, 9419–9432. [CrossRef] [PubMed]

https://doi.org/10.4161/chan.27423
https://doi.org/10.3389/fphys.2013.00311
https://doi.org/10.2174/1568026611313030005
https://doi.org/10.1016/j.apsb.2022.09.005
https://doi.org/10.3389/fphar.2016.00019
https://www.ncbi.nlm.nih.gov/pubmed/26903865
https://doi.org/10.1186/s13578-022-00789-4
https://www.ncbi.nlm.nih.gov/pubmed/35525986
https://doi.org/10.1158/0008-5472.CAN-17-2061
https://www.ncbi.nlm.nih.gov/pubmed/29500176
https://doi.org/10.1016/j.ceca.2006.11.005
https://doi.org/10.1016/j.ajpath.2014.09.007
https://doi.org/10.3390/ijms21051877
https://doi.org/10.1111/apha.12378
https://doi.org/10.1016/j.cancergencyto.2009.08.007
https://doi.org/10.1016/j.freeradbiomed.2015.09.020
https://www.ncbi.nlm.nih.gov/pubmed/26456053
https://doi.org/10.1016/j.biopha.2018.06.029
https://doi.org/10.3389/fphar.2019.01198
https://www.ncbi.nlm.nih.gov/pubmed/31680972
https://doi.org/10.1006/bbrc.2001.5674
https://www.ncbi.nlm.nih.gov/pubmed/11573959
https://doi.org/10.1016/j.bbrc.2021.04.065
https://www.ncbi.nlm.nih.gov/pubmed/33906111
https://doi.org/10.1016/j.ceca.2003.11.006
https://doi.org/10.1007/s11010-014-2298-6
https://doi.org/10.3390/ijms19010217
https://doi.org/10.1016/S0167-4889(01)00124-0
https://www.ncbi.nlm.nih.gov/pubmed/11513973
https://doi.org/10.1007/s12265-018-9798-9
https://doi.org/10.1016/j.bbalip.2021.159061
https://www.ncbi.nlm.nih.gov/pubmed/34610469
https://doi.org/10.1016/j.cellsig.2017.05.013
https://doi.org/10.1016/j.ceca.2015.01.002
https://doi.org/10.1002/jcb.27259
https://www.ncbi.nlm.nih.gov/pubmed/30015355


Int. J. Mol. Sci. 2023, 24, 12509 24 of 28

67. Ye, Y.; Xu, Y.; Lai, Y.; He, W.; Li, Y.; Wang, R.; Luo, X.; Chen, R.; Chen, T. Long non-coding RNA cox-2 prevents immune evasion
and metastasis of hepatocellular carcinoma by altering M1/M2 macrophage polarization. J. Cell. Biochem. 2018, 119, 2951–2963.
[CrossRef]

68. Wang, C.; Ma, C.; Gong, L.; Guo, Y.; Fu, K.; Zhang, Y.; Zhou, H.; Li, Y. Macrophage Polarization and Its Role in Liver Disease.
Front. Immunol. 2021, 12, 803037. [CrossRef]

69. Kuwahara, K.; Wang, Y.; McAnally, J.; Richardson, J.A.; Bassel-Duby, R.; Hill, J.A.; Olson, E.N. TRPC6 fulfills a calcineurin
signaling circuit during pathologic cardiac remodeling. J. Clin. Investig. 2006, 116, 3114–3126. [CrossRef]

70. Ge, R.; Tai, Y.; Sun, Y.; Zhou, K.; Yang, S.; Cheng, T.; Zou, Q.; Shen, F.; Wang, Y. Critical role of TRPC6 channels in VEGF-mediated
angiogenesis. Cancer Lett. 2009, 283, 43–51. [CrossRef]

71. Kheradpezhouh, E.; Zhou, F.H.; Barritt, G.J.; Rychkov, G.Y. Oxidative stress promotes redistribution of TRPM2 channels to the
plasma membrane in hepatocytes. Biochem. Biophys. Res. Commun. 2018, 503, 1891–1896. [CrossRef] [PubMed]

72. Smani, T.; Gómez, L.J.; Regodon, S.; Woodard, G.E.; Siegfried, G.; Khatib, A.; Rosado, J.A. TRP Channels in Angiogenesis and
Other Endothelial Functions. Front. Physiol. 2018, 9, 1731. [CrossRef] [PubMed]

73. Barritt, G.J.; Chen, J.; Rychkov, G.Y. Ca(2+) -permeable channels in the hepatocyte plasma membrane and their roles in hepatocyte
physiology. Biochim. Biophys. Acta 2008, 1783, 651–672. [CrossRef] [PubMed]

74. Xu, T.; Wu, B.; Yao, H.; Meng, X.; Huang, C.; Ni, M.; Li, J. Novel Insights Into TRPM7 Function in Fibrotic Diseases: A Potential
Therapeutic Target. J. Cell. Physiol. 2015, 230, 1163–1169. [CrossRef]

75. Fang, L.; Zhan, S.; Huang, C.; Cheng, X.; Lv, X.; Si, H.; Li, J. TRPM7 channel regulates PDGF-BB-induced proliferation of hepatic
stellate cells via PI3K and ERK pathways. Toxicol. Appl. Pharmacol. 2013, 272, 713–725. [CrossRef]

76. Liu, H.; Li, J.; Huang, Y.; Huang, C. Inhibition of transient receptor potential melastain 7 channel increases HSCs apoptosis
induced by TRAIL. Life Sci. 2012, 90, 612–618. [CrossRef]

77. Zhang, F.; Li, P.L. Reconstitution and characterization of a nicotinic acid adenine dinucleotide phosphate (NAADP)-sensitive Ca2+

release channel from liver lysosomes of rats. J. Biol. Chem. 2007, 282, 25259–25269. [CrossRef]
78. Mohammed, F.F.; Khokha, R. Thinking outside the cell: Proteases regulate hepatocyte division. Trends Cell Biol. 2005, 15, 555–563.

[CrossRef]
79. O’Brien, E.M.; Gomes, D.A.; Sehgal, S.; Nathanson, M.H. Hormonal regulation of nuclear permeability. J. Biol. Chem. 2007, 282,

4210–4217. [CrossRef]
80. Nieuwenhuijs, V.B.; De Bruijn, M.T.; Padbury, R.T.; Barritt, G.J. Hepatic ischemia-reperfusion injury: Roles of Ca2+ and other

intracellular mediators of impaired bile flow and hepatocyte damage. Dig. Dis. Sci. 2006, 51, 1087–1102. [CrossRef]
81. Kaplowitz, N. Liver biology and pathobiology. Hepatology 2006, 43, S235–S238. [CrossRef] [PubMed]
82. Dixon, C.J.; White, P.J.; Hall, J.F.; Kingston, S.; Boarder, M.R. Regulation of human hepatocytes by P2Y receptors: Control of

glycogen phosphorylase, Ca2+, and mitogen-activated protein kinases. J. Pharmacol. Exp. Ther. 2005, 313, 1305–1313. [CrossRef]
[PubMed]

83. Robb-Gaspers, L.D.; Burnett, P.; Rutter, G.A.; Denton, R.M.; Rizzuto, R.; Thomas, A.P. Integrating cytosolic calcium signals into
mitochondrial metabolic responses. Embo J. 1998, 17, 4987–5000. [CrossRef] [PubMed]

84. Rodrigues, M.A.; Gomes, D.A.; Leite, M.F.; Grant, W.; Zhang, L.; Lam, W.; Cheng, Y.C.; Bennett, A.M.; Nathanson, M.H.
Nucleoplasmic calcium is required for cell proliferation. J. Biol. Chem. 2007, 282, 17061–17068. [CrossRef]

85. El, B.C.; Bidaux, G.; Enfissi, A.; Delcourt, P.; Prevarskaya, N.; Capiod, T. Capacitative calcium entry and transient receptor
potential canonical 6 expression control human hepatoma cell proliferation. Hepatology 2008, 47, 2068–2077. [CrossRef]

86. Goswami, C.; Dreger, M.; Otto, H.; Schwappach, B.; Hucho, F. Rapid disassembly of dynamic microtubules upon activation of the
capsaicin receptor TRPV1. J. Neurochem. 2006, 96, 254–266. [CrossRef]

87. White, J.P.; Cibelli, M.; Urban, L.; Nilius, B.; McGeown, J.G.; Nagy, I. TRPV4: Molecular Conductor of a Diverse Orchestra. Physiol.
Rev. 2016, 96, 911–973. [CrossRef]

88. Bubolz, A.H.; Mendoza, S.A.; Zheng, X.; Zinkevich, N.S.; Li, R.; Gutterman, D.D.; Zhang, D.X. Activation of endothelial TRPV4
channels mediates flow-induced dilation in human coronary arterioles: Role of Ca2+ entry and mitochondrial ROS signaling. Am.
J. Physiol.-Heart Circul. Physiol. 2012, 302, H634–H642. [CrossRef]

89. Toth, B.; Csanady, L. Identification of direct and indirect effectors of the transient receptor potential melastatin 2 (TRPM2) cation
channel. J. Biol. Chem. 2010, 285, 30091–30102. [CrossRef]

90. Nagamine, K.; Kudoh, J.; Minoshima, S.; Kawasaki, K.; Asakawa, S.; Ito, F.; Shimizu, N. Molecular cloning of a novel putative
Ca2+ channel protein (TRPC7) highly expressed in brain. Genomics 1998, 54, 124–131. [CrossRef]

91. Iordanov, I.; Mihalyi, C.; Toth, B.; Csanady, L. The proposed channel-enzyme transient receptor potential melastatin 2 does not
possess ADP ribose hydrolase activity. eLife 2016, 5, e17600. [CrossRef] [PubMed]

92. Mishra, R.; Rao, V.; Ta, R.; Shobeiri, N.; Hill, C.E. Mg2+- and MgATP-inhibited and Ca2+/calmodulin-sensitive TRPM7-like
current in hepatoma and hepatocytes. Am. J. Physiol.-Gastroint. Liver Physiol. 2009, 297, G687–G694. [CrossRef] [PubMed]

93. Chen, J.; Barritt, G.J. Evidence that TRPC1 (transient receptor potential canonical 1) forms a Ca(2+)-permeable channel linked to
the regulation of cell volume in liver cells obtained using small interfering RNA targeted against TRPC1. Biochem. J. 2003, 373,
327–336. [CrossRef] [PubMed]

94. Koyama, Y.; Xu, J.; Liu, X.; Brenner, D.A. New Developments on the Treatment of Liver Fibrosis. Dig. Dis. 2016, 34, 589–596.
[CrossRef]

https://doi.org/10.1002/jcb.26509
https://doi.org/10.3389/fimmu.2021.803037
https://doi.org/10.1172/JCI27702
https://doi.org/10.1016/j.canlet.2009.03.023
https://doi.org/10.1016/j.bbrc.2018.07.132
https://www.ncbi.nlm.nih.gov/pubmed/30075844
https://doi.org/10.3389/fphys.2018.01731
https://www.ncbi.nlm.nih.gov/pubmed/30559679
https://doi.org/10.1016/j.bbamcr.2008.01.016
https://www.ncbi.nlm.nih.gov/pubmed/18291110
https://doi.org/10.1002/jcp.24801
https://doi.org/10.1016/j.taap.2013.08.009
https://doi.org/10.1016/j.lfs.2012.02.012
https://doi.org/10.1074/jbc.M701614200
https://doi.org/10.1016/j.tcb.2005.08.009
https://doi.org/10.1074/jbc.M606300200
https://doi.org/10.1007/s10620-006-8014-y
https://doi.org/10.1002/hep.20958
https://www.ncbi.nlm.nih.gov/pubmed/16447293
https://doi.org/10.1124/jpet.104.082743
https://www.ncbi.nlm.nih.gov/pubmed/15764738
https://doi.org/10.1093/emboj/17.17.4987
https://www.ncbi.nlm.nih.gov/pubmed/9724635
https://doi.org/10.1074/jbc.M700490200
https://doi.org/10.1002/hep.22263
https://doi.org/10.1111/j.1471-4159.2005.03551.x
https://doi.org/10.1152/physrev.00016.2015
https://doi.org/10.1152/ajpheart.00717.2011
https://doi.org/10.1074/jbc.M109.066464
https://doi.org/10.1006/geno.1998.5551
https://doi.org/10.7554/eLife.17600
https://www.ncbi.nlm.nih.gov/pubmed/27383051
https://doi.org/10.1152/ajpgi.90683.2008
https://www.ncbi.nlm.nih.gov/pubmed/19661151
https://doi.org/10.1042/bj20021904
https://www.ncbi.nlm.nih.gov/pubmed/12720547
https://doi.org/10.1159/000445269


Int. J. Mol. Sci. 2023, 24, 12509 25 of 28

95. Trivedi, P.; Wang, S.; Friedman, S.L. The Power of Plasticity-Metabolic Regulation of Hepatic Stellate Cells. Cell Metab. 2021, 33,
242–257. [CrossRef]

96. Huang, Y.; Deng, X.; Liang, J. Modulation of hepatic stellate cells and reversibility of hepatic fibrosis. Exp. Cell Res. 2017, 352,
420–426. [CrossRef]

97. Li, J.; Zhao, Y.R.; Tian, Z. Roles of hepatic stellate cells in acute liver failure: From the perspective of inflammation and fibrosis.
World J. Hepatol. 2019, 11, 412–420. [CrossRef]

98. Zhu, J.; Zhang, Z.; Zhang, Y.; Li, W.; Zheng, W.; Yu, J.; Wang, B.; Chen, L.; Zhuo, Q.; Chen, L.; et al. MicroRNA-212 activates
hepatic stellate cells and promotes liver fibrosis via targeting SMAD7. Biochem. Biophys. Res. Commun. 2018, 496, 176–183.
[CrossRef]

99. Zhang, C.Y.; Yuan, W.G.; He, P.; Lei, J.H.; Wang, C.X. Liver fibrosis and hepatic stellate cells: Etiology, pathological hallmarks and
therapeutic targets. World J. Gastroenterol. 2016, 22, 10512–10522. [CrossRef]

100. Preziosi, M.E.; Monga, S.P. Update on the Mechanisms of Liver Regeneration. Semin. Liver Dis. 2017, 37, 141–151. [CrossRef]
101. Monteilh-Zoller, M.K.; Hermosura, M.C.; Nadler, M.J.; Scharenberg, A.M.; Penner, R.; Fleig, A. TRPM7 provides an ion channel

mechanism for cellular entry of trace metal ions. J. Gen. Physiol. 2003, 121, 49–60. [CrossRef] [PubMed]
102. Runnels, L.W.; Yue, L.; Clapham, D.E. TRP-PLIK, a bifunctional protein with kinase and ion channel activities. Science 2001, 291,

1043–1047. [CrossRef] [PubMed]
103. Lam, D.H.; Grant, C.E.; Hill, C.E. Differential expression of TRPM7 in rat hepatoma and embryonic and adult hepatocytes. Can. J.

Physiol. Pharmacol. 2012, 90, 435–444. [CrossRef]
104. Zhu, Y.; Men, R.; Wen, M.; Hu, X.; Liu, X.; Yang, L. Blockage of TRPM7 channel induces hepatic stellate cell death through

endoplasmic reticulum stress-mediated apoptosis. Life Sci. 2014, 94, 37–44. [CrossRef]
105. Sahni, J.; Scharenberg, A.M. TRPM7 ion channels are required for sustained phosphoinositide 3-kinase signaling in lymphocytes.

Cell Metab. 2008, 8, 84–93. [CrossRef]
106. Baldoli, E.; Maier, J.A. Silencing TRPM7 mimics the effects of magnesium deficiency in human microvascular endothelial cells.

Angiogenesis 2012, 15, 47–57. [CrossRef]
107. Song, Y.; Zhan, L.; Yu, M.; Huang, C.; Meng, X.; Ma, T.; Zhang, L.; Li, J. TRPV4 channel inhibits TGF-beta1-induced proliferation

of hepatic stellate cells. PLoS ONE 2014, 9, e101179. [CrossRef]
108. Breitkopf, K.; Godoy, P.; Ciuclan, L.; Singer, M.V.; Dooley, S. TGF-beta/Smad signaling in the injured liver. Z. Gastroent. 2006, 44,

57–66. [CrossRef]
109. Inagaki, Y.; Okazaki, I. Emerging insights into Transforming growth factor beta Smad signal in hepatic fibrogenesis. Gut 2007, 56,

284–292. [CrossRef]
110. Um, J.Y.; Kang, S.Y.; Kim, H.J.; Chung, B.Y.; Park, C.W.; Kim, H.O. Transient receptor potential vanilloid-3 (TRPV3) channel

induces dermal fibrosis via the TRPV3/TSLP/Smad2/3 pathways in dermal fibroblasts. J. Dermatol. Sci. 2020, 97, 117–124.
[CrossRef]

111. Gees, M.; Colsoul, B.; Nilius, B. The role of transient receptor potential cation channels in Ca2+ signaling. Cold Spring Harbor
Perspect. Biol. 2010, 2, a3962. [CrossRef]

112. Taye, A.; El-Sheikh, A.A. Lectin-like oxidized low-density lipoprotein receptor 1 pathways. Eur. J. Clin. Investig. 2013, 43, 740–745.
[CrossRef]

113. Liu, Y.; Qi, H.; E, M.; Shi, P.; Zhang, Q.; Li, S.; Wang, Y.; Cao, Y.; Chen, Y.; Ba, L.; et al. Transient receptor potential vanilloid-
3 (TRPV3) activation plays a central role in cardiac fibrosis induced by pressure overload in rats via TGF-beta(1) pathway.
Naunyn-Schmiedebergs Arch. Pharmacol. 2018, 391, 131–143. [CrossRef]

114. Liu, C.; Tao, Q.; Sun, M.; Wu, J.Z.; Yang, W.; Jian, P.; Peng, J.; Hu, Y.; Liu, C.; Liu, P. Kupffer cells are associated with apoptosis,
inflammation and fibrotic effects in hepatic fibrosis in rats. Lab. Investig. 2010, 90, 1805–1816. [CrossRef]

115. Kolios, G.; Valatas, V.; Kouroumalis, E. Role of Kupffer cells in the pathogenesis of liver disease. World J. Gastroenterol. 2006, 12,
7413–7420. [CrossRef]

116. Jiang, N.; Zhang, Z.M.; Liu, L.; Zhang, C.; Zhang, Y.L.; Zhang, Z.C. Effects of Ca2+ channel blockers on store-operated Ca2+

channel currents of Kupffer cells after hepatic ischemia/reperfusion injury in rats. World J. Gastroenterol. 2006, 12, 4694–4698.
[CrossRef]

117. Ong, H.L.; de Souza, L.B.; Cheng, K.T.; Ambudkar, I.S. Physiological functions and regulation of TRPC channels. Handb. Exp.
Pharmacol. 2014, 223, 1005–1034. [CrossRef]

118. Berridge, M.J.; Bootman, M.D.; Roderick, H.L. Calcium signalling: Dynamics, homeostasis and remodelling. Nat. Rev. Mol. Cell
Biol. 2003, 4, 517–529. [CrossRef]

119. Yamakage, M.; Namiki, A. Calcium channels—basic aspects of their structure, function and gene encoding; anesthetic action on
the channels—a review. Can. J. Anesth. 2002, 49, 151–164. [CrossRef]

120. de la Harpe, A.; Beukes, N.; Frost, C.L. CBD activation of TRPV1 induces oxidative signaling and subsequent ER stress in breast
cancer cell lines. Biotechnol. Appl. Biochem. 2022, 69, 420–430. [CrossRef]

121. Vestuto, V.; Di Sarno, V.; Musella, S.; Di Dona, G.; Moltedo, O.; Gomez-Monterrey, I.M.; Bertamino, A.; Ostacolo, C.; Campiglia,
P.; Ciaglia, T. New Frontiers on ER Stress Modulation: Are TRP Channels the Leading Actors? Int. J. Mol. Sci. 2023, 24, 185.
[CrossRef]

https://doi.org/10.1016/j.cmet.2020.10.026
https://doi.org/10.1016/j.yexcr.2017.02.038
https://doi.org/10.4254/wjh.v11.i5.412
https://doi.org/10.1016/j.bbrc.2018.01.019
https://doi.org/10.3748/wjg.v22.i48.10512
https://doi.org/10.1055/s-0037-1601351
https://doi.org/10.1085/jgp.20028740
https://www.ncbi.nlm.nih.gov/pubmed/12508053
https://doi.org/10.1126/science.1058519
https://www.ncbi.nlm.nih.gov/pubmed/11161216
https://doi.org/10.1139/y11-136
https://doi.org/10.1016/j.lfs.2013.10.030
https://doi.org/10.1016/j.cmet.2008.06.002
https://doi.org/10.1007/s10456-011-9242-0
https://doi.org/10.1371/journal.pone.0101179
https://doi.org/10.1055/s-2005-858989
https://doi.org/10.1136/gut.2005.088690
https://doi.org/10.1016/j.jdermsci.2019.12.011
https://doi.org/10.1101/cshperspect.a003962
https://doi.org/10.1111/eci.12092
https://doi.org/10.1007/s00210-017-1443-7
https://doi.org/10.1038/labinvest.2010.123
https://doi.org/10.3748/wjg.v12.i46.7413
https://doi.org/10.3748/wjg.v12.i29.4694
https://doi.org/10.1007/978-3-319-05161-1_12
https://doi.org/10.1038/nrm1155
https://doi.org/10.1007/BF03020488
https://doi.org/10.1002/bab.2119
https://doi.org/10.3390/ijms24010185


Int. J. Mol. Sci. 2023, 24, 12509 26 of 28

122. Toki, Y.; Takenouchi, T.; Harada, H.; Tanuma, S.; Kitani, H.; Kojima, S.; Tsukimoto, M. Extracellular ATP induces P2X7 receptor
activation in mouse Kupffer cells, leading to release of IL-1β, HMGB1, and PGE2, decreased MHC class I expression and necrotic
cell death. Biochem. Biophys. Res. Commun. 2015, 458, 771–776. [CrossRef]

123. Marrone, G.; Shah, V.H.; Gracia-Sancho, J. Sinusoidal communication in liver fibrosis and regeneration. J. Hepatol. 2016, 65,
608–617. [CrossRef]

124. Xu, M.; Xu, H.; Lin, Y.; Sun, X.; Wang, L.; Fang, Z.; Su, X.; Liang, X.; Hu, Y.; Liu, Z.; et al. LECT2, a Ligand for Tie1, Plays a Crucial
Role in Liver Fibrogenesis. Cell 2019, 178, 1478–1492. [CrossRef]

125. Cao, S.; Anishkin, A.; Zinkevich, N.S.; Nishijima, Y.; Korishettar, A.; Wang, Z.; Fang, J.; Wilcox, D.A.; Zhang, D.X. Transient
receptor potential vanilloid 4 (TRPV4) activation by arachidonic acid requires protein kinase A-mediated phosphorylation. J. Biol.
Chem. 2018, 293, 5307–5322. [CrossRef]

126. Wong, C.O.; Yao, X. TRP channels in vascular endothelial cells. Adv. Exp. Med. Biol. 2011, 704, 759–780. [CrossRef]
127. Loh, K.P.; Ng, G.; Yu, C.Y.; Fhu, C.K.; Yu, D.; Vennekens, R.; Nilius, B.; Soong, T.W.; Liao, P. TRPM4 inhibition promotes

angiogenesis after ischemic stroke. Pflug. Arch. 2014, 466, 563–576. [CrossRef]
128. Ramachandran, A.; Jaeschke, H. Mechanisms of acetaminophen hepatotoxicity and their translation to the human pathophysiology.

J. Clin. Transl. Res. 2017, 3, 157–169. [CrossRef]
129. Perraud, A.L.; Fleig, A.; Dunn, C.A.; Bagley, L.A.; Launay, P.; Schmitz, C.; Stokes, A.J.; Zhu, Q.; Bessman, M.J.; Penner, R.; et al.

ADP-ribose gating of the calcium-permeable LTRPC2 channel revealed by Nudix motif homology. Nature 2001, 411, 595–599.
[CrossRef]

130. Echtermeyer, F.; Eberhardt, M.; Risser, L.; Herzog, C.; Gueler, F.; Khalil, M.; Engel, M.; Vondran, F.; Leffler, A. Acetaminophen-
induced liver injury is mediated by the ion channel TRPV4. FASEB J. 2019, 33, 10257–10268. [CrossRef]

131. Hernandez-Gea, V.; Friedman, S.L. Pathogenesis of liver fibrosis. Annu. Rev. Pathol.-Mech. Dis. 2011, 6, 425–456. [CrossRef]
132. Friedman, S.L. Mechanisms of hepatic fibrogenesis. Gastroenterology 2008, 134, 1655–1669. [CrossRef]
133. Moreira, R.K. Hepatic stellate cells and liver fibrosis. Arch. Pathol. Lab. Med. 2007, 131, 1728–1734. [CrossRef]
134. Parviz, F.; Matullo, C.; Garrison, W.D.; Savatski, L.; Adamson, J.W.; Ning, G.; Kaestner, K.H.; Rossi, J.M.; Zaret, K.S.; Duncan, S.A.

Hepatocyte nuclear factor 4alpha controls the development of a hepatic epithelium and liver morphogenesis. Nat. Genet. 2003, 34,
292–296. [CrossRef]

135. Park, S.M. The crucial role of cholangiocytes in cholangiopathies. Gut Liver 2012, 6, 295–304. [CrossRef]
136. Lazaridis, K.N.; Strazzabosco, M.; Larusso, N.F. The cholangiopathies: Disorders of biliary epithelia. Gastroenterology 2004, 127,

1565–1577. [CrossRef]
137. Sawamura, T.; Kume, N.; Aoyama, T.; Moriwaki, H.; Hoshikawa, H.; Aiba, Y.; Tanaka, T.; Miwa, S.; Katsura, Y.; Kita, T.; et al. An

endothelial receptor for oxidized low-density lipoprotein. Nature 1997, 386, 73–77. [CrossRef]
138. Habib, A.; Chokr, D.; Wan, J.; Hegde, P.; Mabire, M.; Siebert, M.; Ribeiro-Parenti, L.; Le Gall, M.; Letteron, P.; Pilard, N.; et al.

Inhibition of monoacylglycerol lipase, an anti-inflammatory and antifibrogenic strategy in the liver. Gut 2019, 68, 522–532.
[CrossRef]

139. Son, M.K.; Ryu, Y.L.; Jung, K.H.; Lee, H.; Lee, H.S.; Yan, H.H.; Park, H.J.; Ryu, J.K.; Suh, J.K.; Hong, S.; et al. HS-173, a novel PI3K
inhibitor, attenuates the activation of hepatic stellate cells in liver fibrosis. Sci. Rep. 2013, 3, 3470. [CrossRef]

140. Iyer, S.C.; Kannan, A.; Gopal, A.; Devaraj, N.; Halagowder, D. Receptor channel TRPC6 orchestrate the activation of human
hepatic stellate cell under hypoxia condition. Exp. Cell Res. 2015, 336, 66–75. [CrossRef]

141. Anstee, Q.M.; Reeves, H.L.; Kotsiliti, E.; Govaere, O.; Heikenwalder, M. From NASH to HCC: Current concepts and future
challenges. Nat. Rev. Gastroenterol. Hepatol. 2019, 16, 411–428. [CrossRef] [PubMed]

142. Llovet, J.M.; Kelley, R.K.; Villanueva, A.; Singal, A.G.; Pikarsky, E.; Roayaie, S.; Lencioni, R.; Koike, K.; Zucman-Rossi, J.; Finn, R.S.
Hepatocellular carcinoma. Nat. Rev. Dis. Primers 2021, 7, 6. [CrossRef] [PubMed]

143. Forner, A.; Reig, M.; Bruix, J. Hepatocellular carcinoma. Lancet 2018, 391, 1301–1314. [CrossRef]
144. Wang, W.; Smits, R.; Hao, H.; He, C. Wnt/beta-Catenin Signaling in Liver Cancers. Cancers 2019, 11, 926. [CrossRef]
145. Nakagawa, H.; Fujita, M.; Fujimoto, A. Genome sequencing analysis of liver cancer for precision medicine. Semin. Cancer Biol.

2019, 55, 120–127. [CrossRef]
146. Montagner, A.; Le Cam, L.; Guillou, H. beta-catenin oncogenic activation rewires fatty acid catabolism to fuel hepatocellular

carcinoma. Gut 2019, 68, 183–185. [CrossRef]
147. Gill, D.L.; Waldron, R.T.; Rys-Sikora, K.E.; Ufret-Vincenty, C.A.; Graber, M.N.; Favre, C.J.; Alfonso, A. Calcium pools, calcium

entry, and cell growth. Biosci. Rep. 1996, 16, 139–157. [CrossRef]
148. Qi, H.; Wu, F.; Wang, H. Function of TRPC1 in modulating hepatocellular carcinoma progression. Med. Oncol. 2023, 40, 97.

[CrossRef] [PubMed]
149. Selli, C.; Erac, Y.; Kosova, B.; Erdal, E.S.; Tosun, M. Silencing of TRPC1 regulates store-operated calcium entry and proliferation in

Huh7 hepatocellular carcinoma cells. Biomed. Pharmacother. 2015, 71, 194–200. [CrossRef] [PubMed]
150. Selli, C.; Pearce, D.A.; Sims, A.H.; Tosun, M. Differential expression of store-operated calcium- and proliferation-related genes in

hepatocellular carcinoma cells following TRPC1 ion channel silencing. Mol. Cell. Biochem. 2016, 420, 129–140. [CrossRef]
151. Zhong, T.; Zhang, W.; Guo, H.; Pan, X.; Chen, X.; He, Q.; Yang, B.; Ding, L. The regulatory and modulatory roles of TRP family

channels in malignant tumors and relevant therapeutic strategies. Acta Pharm. Sin. B 2022, 12, 1761–1780. [CrossRef] [PubMed]

https://doi.org/10.1016/j.bbrc.2015.02.011
https://doi.org/10.1016/j.jhep.2016.04.018
https://doi.org/10.1016/j.cell.2019.07.021
https://doi.org/10.1074/jbc.M117.811075
https://doi.org/10.1007/978-94-007-0265-3_40
https://doi.org/10.1007/s00424-013-1347-4
https://doi.org/10.18053/jctres.03.2017S1.002
https://doi.org/10.1038/35079100
https://doi.org/10.1096/fj.201802233R
https://doi.org/10.1146/annurev-pathol-011110-130246
https://doi.org/10.1053/j.gastro.2008.03.003
https://doi.org/10.5858/2007-131-1728-HSCALF
https://doi.org/10.1038/ng1175
https://doi.org/10.5009/gnl.2012.6.3.295
https://doi.org/10.1053/j.gastro.2004.08.006
https://doi.org/10.1038/386073a0
https://doi.org/10.1136/gutjnl-2018-316137
https://doi.org/10.1038/srep03470
https://doi.org/10.1016/j.yexcr.2015.03.023
https://doi.org/10.1038/s41575-019-0145-7
https://www.ncbi.nlm.nih.gov/pubmed/31028350
https://doi.org/10.1038/s41572-020-00240-3
https://www.ncbi.nlm.nih.gov/pubmed/33479224
https://doi.org/10.1016/S0140-6736(18)30010-2
https://doi.org/10.3390/cancers11070926
https://doi.org/10.1016/j.semcancer.2018.03.004
https://doi.org/10.1136/gutjnl-2018-316557
https://doi.org/10.1007/BF01206203
https://doi.org/10.1007/s12032-023-01964-4
https://www.ncbi.nlm.nih.gov/pubmed/36797544
https://doi.org/10.1016/j.biopha.2015.02.024
https://www.ncbi.nlm.nih.gov/pubmed/25960236
https://doi.org/10.1007/s11010-016-2776-0
https://doi.org/10.1016/j.apsb.2021.11.001
https://www.ncbi.nlm.nih.gov/pubmed/35847486


Int. J. Mol. Sci. 2023, 24, 12509 27 of 28

152. Wen, L.; Liang, C.; Chen, E.; Chen, W.; Liang, F.; Zhi, X.; Wei, T.; Xue, F.; Li, G.; Yang, Q.; et al. Regulation of Multi-drug Resistance
in hepatocellular carcinoma cells is TRPC6/Calcium Dependent. Sci. Rep. 2016, 6, 23269. [CrossRef] [PubMed]

153. Chen, W.T.; Lin, G.B.; Lin, S.H.; Lu, C.H.; Hsieh, C.H.; Ma, B.L.; Chao, C.Y. Static magnetic field enhances the anticancer efficacy
of capsaicin on HepG2 cells via capsaicin receptor TRPV1. PLoS ONE 2018, 13, e191078. [CrossRef]

154. Dai, L.; Mugaanyi, J.; Cai, X.; Dong, M.; Lu, C.; Lu, C. Comprehensive bioinformatic analysis of MMP1 in hepatocellular carcinoma
and establishment of relevant prognostic model. Sci. Rep. 2022, 12, 13639. [CrossRef]

155. Li, W.H.; Lee, Y.M.; Kim, J.Y.; Kang, S.; Kim, S.; Kim, K.H.; Park, C.H.; Chung, J.H. Transient receptor potential vanilloid-1
mediates heat-shock-induced matrix metalloproteinase-1 expression in human epidermal keratinocytes. J. Investig. Dermatol.
2007, 127, 2328–2335. [CrossRef] [PubMed]

156. Webb, B.A.; Chimenti, M.; Jacobson, M.P.; Barber, D.L. Dysregulated pH: A perfect storm for cancer progression. Nat. Rev. Cancer
2011, 11, 671–677. [CrossRef] [PubMed]

157. Zhu, H.J.; Wang, J.S.; Markowitz, J.S.; Donovan, J.L.; Gibson, B.B.; Gefroh, H.A.; Devane, C.L. Characterization of P-glycoprotein
inhibition by major cannabinoids from marijuana. J. Pharmacol. Exp. Ther. 2006, 317, 850–857. [CrossRef]

158. DeHaven, W.I.; Smyth, J.T.; Boyles, R.R.; Bird, G.S.; Putney, J.J. Complex actions of 2-aminoethyldiphenyl borate on store-operated
calcium entry. J. Biol. Chem. 2008, 283, 19265–19273. [CrossRef]

159. Fang, Y.; Liu, G.; Xie, C.; Qian, K.; Lei, X.; Liu, Q.; Liu, G.; Cao, Z.; Fu, J.; Du, H.; et al. Pharmacological inhibition of TRPV4
channel suppresses malignant biological behavior of hepatocellular carcinoma via modulation of ERK signaling pathway. Biomed.
Pharmacother. 2018, 101, 910–919. [CrossRef]

160. Lee, W.H.; Choong, L.Y.; Mon, N.N.; Lu, S.; Lin, Q.; Pang, B.; Yan, B.; Krishna, V.S.; Singh, H.; Tan, T.Z.; et al. TRPV4 Regulates
Breast Cancer Cell Extravasation, Stiffness and Actin Cortex. Sci. Rep. 2016, 6, 27903. [CrossRef]

161. Qu, L.; Liu, B. Cyclooxygeanse-2 promotes metastasis in osteosarcoma. Cancer Cell Int. 2015, 15, 69. [CrossRef] [PubMed]
162. Hai, L.; Kawarabayashi, Y.; Imai, Y.; Honda, A.; Inoue, R. Counteracting effect of TRPC1-associated Ca2+ influx on TNF-alpha-

induced COX-2-dependent prostaglandin E2 production in human colonic myofibroblasts. Am. J. Physiol.-Gastroint. Liver Physiol.
2011, 301, G356–G367. [CrossRef]

163. Nzeako, U.C.; Guicciardi, M.E.; Yoon, J.H.; Bronk, S.F.; Gores, G.J. COX-2 inhibits Fas-mediated apoptosis in cholangiocarcinoma
cells. Hepatology 2002, 35, 552–559. [CrossRef] [PubMed]

164. Yang, J.; Zhong, J.; Zhou, M.; Zhou, Y.; Xiu, P.; Liu, F.; Wang, F.; Li, Z.; Tang, Y.; Chen, Y.; et al. Targeting of the COX-2/PGE2 axis
enhances the antitumor activity of T7 peptide in vitro and in vivo. Drug Deliv. 2021, 28, 844–855. [CrossRef]

165. Sharma, J.N.; Jawad, N.M. Adverse effects of COX-2 inhibitors. Sci. World J. 2005, 5, 629–645. [CrossRef] [PubMed]
166. Mukherjee, D.; Nissen, S.E.; Topol, E.J. Risk of cardiovascular events associated with selective COX-2 inhibitors. JAMA-J. Am.

Med. Assoc. 2001, 286, 954–959. [CrossRef] [PubMed]
167. Chen, Y.; Yu, Y.; Sun, S.; Wang, Z.; Liu, P.; Liu, S.; Jiang, J. Bradykinin promotes migration and invasion of hepatocellular

carcinoma cells through TRPM7 and MMP2. Exp. Cell Res. 2016, 349, 68–76. [CrossRef] [PubMed]
168. Sun, B.; Zhang, X.; Cheng, X.; Zhang, Y.; Chen, L.; Shi, L.; Liu, Z.; Qian, H.; Wu, M.; Yin, Z. Intratumoral hepatic stellate cells as a

poor prognostic marker and a new treatment target for hepatocellular carcinoma. PLoS ONE 2013, 8, e80212. [CrossRef]
169. Chigurupati, S.; Venkataraman, R.; Barrera, D.; Naganathan, A.; Madan, M.; Paul, L.; Pattisapu, J.V.; Kyriazis, G.A.; Sugaya, K.;

Bushnev, S.; et al. Receptor channel TRPC6 is a key mediator of Notch-driven glioblastoma growth and invasiveness. Cancer Res.
2010, 70, 418–427. [CrossRef]

170. Ann, J.; Kim, H.S.; Thorat, S.A.; Kim, H.; Ha, H.J.; Choi, K.; Kim, Y.H.; Kim, M.; Hwang, S.W.; Pearce, L.V.; et al. Discovery
of Nonpungent Transient Receptor Potential Vanilloid 1 (TRPV1) Agonist as Strong Topical Analgesic. J. Med. Chem. 2020, 63,
418–424. [CrossRef]

171. Manitpisitkul, P.; Flores, C.M.; Moyer, J.A.; Romano, G.; Shalayda, K.; Tatikola, K.; Hutchison, J.S.; Mayorga, A.J. A multiple-dose
double-blind randomized study to evaluate the safety, pharmacokinetics, pharmacodynamics and analgesic efficacy of the TRPV1
antagonist JNJ-39439335 (mavatrep). Scand. J. Pain 2018, 18, 151–164. [CrossRef]

172. Phe, V.; Schneider, M.P.; Peyronnet, B.; Abo, Y.N.; Mordasini, L.; Chartier-Kastler, E.; Bachmann, L.M.; Kessler, T.M. Intravesical
vanilloids for treating neurogenic lower urinary tract dysfunction in patients with multiple sclerosis: A systematic review and
meta-analysis. A report from the Neuro-Urology Promotion Committee of the International Continence Society (ICS). Neurourol.
Urodyn. 2018, 37, 67–82. [CrossRef] [PubMed]

173. Shi, B.; Li, X.; Chen, J.; Su, B.; Li, X.; Yang, S.; Guan, Z.; Wang, R. Resiniferatoxin for treatment of lifelong premature ejaculation: A
preliminary study. Int. J. Urol. 2014, 21, 923–926. [CrossRef]

174. Deruyver, Y.; Weyne, E.; Dewulf, K.; Rietjens, R.; Pinto, S.; Van Ranst, N.; Franken, J.; Vanneste, M.; Albersen, M.; Gevaert, T.; et al.
Intravesical Activation of the Cation Channel TRPV4 Improves Bladder Function in a Rat Model for Detrusor Underactivity. Eur.
Urol. 2018, 74, 336–345. [CrossRef] [PubMed]

175. Okada, Y.; Shirai, K.; Miyajima, M.; Reinach, P.S.; Yamanaka, O.; Sumioka, T.; Kokado, M.; Tomoyose, K.; Saika, S. Loss of TRPV4
Function Suppresses Inflammatory Fibrosis Induced by Alkali-Burning Mouse Corneas. PLoS ONE 2016, 11, e167200. [CrossRef]
[PubMed]

176. Gram, D.X.; Fribo, J.; Nagy, I.; Gotfredsen, C.; Charrua, A.; Hansen, J.B.; Hansen, A.J.; Szallasi, A. TRPV1 Antagonists as
Novel Anti-Diabetic Agents: Regulation of Oral Glucose Tolerance and Insulin Secretion Through Reduction of Low-Grade
Inflammation? Med. Sci 2019, 7, 82. [CrossRef] [PubMed]

https://doi.org/10.1038/srep23269
https://www.ncbi.nlm.nih.gov/pubmed/27011063
https://doi.org/10.1371/journal.pone.0191078
https://doi.org/10.1038/s41598-022-17954-x
https://doi.org/10.1038/sj.jid.5700880
https://www.ncbi.nlm.nih.gov/pubmed/17508023
https://doi.org/10.1038/nrc3110
https://www.ncbi.nlm.nih.gov/pubmed/21833026
https://doi.org/10.1124/jpet.105.098541
https://doi.org/10.1074/jbc.M801535200
https://doi.org/10.1016/j.biopha.2018.03.014
https://doi.org/10.1038/srep27903
https://doi.org/10.1186/s12935-015-0220-2
https://www.ncbi.nlm.nih.gov/pubmed/26180515
https://doi.org/10.1152/ajpgi.00354.2010
https://doi.org/10.1053/jhep.2002.31774
https://www.ncbi.nlm.nih.gov/pubmed/11870367
https://doi.org/10.1080/10717544.2021.1914776
https://doi.org/10.1100/tsw.2005.82
https://www.ncbi.nlm.nih.gov/pubmed/16113940
https://doi.org/10.1001/jama.286.8.954
https://www.ncbi.nlm.nih.gov/pubmed/11509060
https://doi.org/10.1016/j.yexcr.2016.09.022
https://www.ncbi.nlm.nih.gov/pubmed/27693494
https://doi.org/10.1371/journal.pone.0080212
https://doi.org/10.1158/0008-5472.CAN-09-2654
https://doi.org/10.1021/acs.jmedchem.9b01046
https://doi.org/10.1515/sjpain-2017-0184
https://doi.org/10.1002/nau.23314
https://www.ncbi.nlm.nih.gov/pubmed/28618110
https://doi.org/10.1111/iju.12471
https://doi.org/10.1016/j.eururo.2018.05.020
https://www.ncbi.nlm.nih.gov/pubmed/29875065
https://doi.org/10.1371/journal.pone.0167200
https://www.ncbi.nlm.nih.gov/pubmed/28030558
https://doi.org/10.3390/medsci7080082
https://www.ncbi.nlm.nih.gov/pubmed/31344877


Int. J. Mol. Sci. 2023, 24, 12509 28 of 28

177. Lin, B.L.; Matera, D.; Doerner, J.F.; Zheng, N.; Del, C.D.; Mishra, S.; Bian, H.; Zeveleva, S.; Zhen, X.; Blair, N.T.; et al. In vivo
selective inhibition of TRPC6 by antagonist BI 749327 ameliorates fibrosis and dysfunction in cardiac and renal disease. Proc. Natl.
Acad. Sci. USA 2019, 116, 10156–10161. [CrossRef]

178. Fu, J.; Du, H.; Zhang, X.; Xu, X. Pharmacological Inhibition of Transient Receptor Potential Vanilloid 4 (TRPV4) Channel Alleviates
Carbon Tetrachloride-Induced Liver Fibrosis in Mice. J. Nippon Med. Sch. 2019, 86, 258–262. [CrossRef]

179. Szallasi, A.; Blumberg, P.M. Vanilloid (Capsaicin) receptors and mechanisms. Pharmacol. Rev. 1999, 51, 159–212.
180. Stock, K.; Kumar, J.; Synowitz, M.; Petrosino, S.; Imperatore, R.; Smith, E.S.; Wend, P.; Purfurst, B.; Nuber, U.A.; Gurok, U.; et al.

Neural precursor cells induce cell death of high-grade astrocytomas through stimulation of TRPV1. Nat. Med. 2012, 18, 1232–1238.
[CrossRef]

181. Larsson, M.H.; Hakansson, P.; Jansen, F.P.; Magnell, K.; Brodin, P. Ablation of TRPM5 in Mice Results in Reduced Body Weight
Gain and Improved Glucose Tolerance and Protects from Excessive Consumption of Sweet Palatable Food when Fed High Caloric
Diets. PLoS ONE 2015, 10, e138373. [CrossRef] [PubMed]

182. Clemmensen, C.; Jall, S.; Kleinert, M.; Quarta, C.; Gruber, T.; Reber, J.; Sachs, S.; Fischer, K.; Feuchtinger, A.; Karlas, A.; et al.
Coordinated targeting of cold and nicotinic receptors synergistically improves obesity and type 2 diabetes. Nat. Commun. 2018,
9, 4304. [CrossRef] [PubMed]

183. Monet, M.; Gkika, D.; Lehen’Kyi, V.; Pourtier, A.; Vanden, A.F.; Bidaux, G.; Juvin, V.; Rassendren, F.; Humez, S.; Prevarsakaya,
N. Lysophospholipids stimulate prostate cancer cell migration via TRPV2 channel activation. Biochim. Biophys. Acta 2009, 1793,
528–539. [CrossRef] [PubMed]

184. von Moos, R.; Strasser, F.; Gillessen, S.; Zaugg, K. Metastatic bone pain: Treatment options with an emphasis on bisphosphonates.
Support. Care Cancer 2008, 16, 1105–1115. [CrossRef]

185. Bang, S.; Yoo, S.; Yang, T.J.; Cho, H.; Hwang, S.W. Farnesyl pyrophosphate is a novel pain-producing molecule via specific
activation of TRPV3. J. Biol. Chem. 2010, 285, 19362–19371. [CrossRef]

186. Gavva, N.R.; Treanor, J.J.; Garami, A.; Fang, L.; Surapaneni, S.; Akrami, A.; Alvarez, F.; Bak, A.; Darling, M.; Gore, A.; et al.
Pharmacological blockade of the vanilloid receptor TRPV1 elicits marked hyperthermia in humans. Pain 2008, 136, 202–210.
[CrossRef]

187. Eid, S.R. Therapeutic targeting of TRP channels--the TR(i)P to pain relief. Curr. Top. Med. Chem. 2011, 11, 2118–2130. [CrossRef]
188. Miller, F.; Bjornsson, M.; Svensson, O.; Karlsten, R. Experiences with an adaptive design for a dose-finding study in patients with

osteoarthritis. Contemp. Clin. Trials 2014, 37, 189–199. [CrossRef]
189. Sun, R.; Fang, L.; Lv, X.; Fang, J.; Wang, Y.; Chen, D.; Wang, L.; Chen, J.; Qi, Y.; Tang, Z.; et al. In vitro and in vivo evaluation of

self-assembled chitosan nanoparticles selectively overcoming hepatocellular carcinoma via asialoglycoprotein receptor. Drug
Deliv. 2021, 28, 2071–2084. [CrossRef]

190. Teng, W.; Zhao, L.; Yang, S.; Zhang, C.; Liu, M.; Luo, J.; Jin, J.; Zhang, M.; Bao, C.; Li, D.; et al. The hepatic-targeted, resveratrol
loaded nanoparticles for relief of high fat diet-induced nonalcoholic fatty liver disease. J. Controll. Release 2019, 307, 139–149.
[CrossRef]

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/10.1073/pnas.1815354116
https://doi.org/10.1272/jnms.JNMS.2019_86-407
https://doi.org/10.1038/nm.2827
https://doi.org/10.1371/journal.pone.0138373
https://www.ncbi.nlm.nih.gov/pubmed/26397098
https://doi.org/10.1038/s41467-018-06769-y
https://www.ncbi.nlm.nih.gov/pubmed/30353008
https://doi.org/10.1016/j.bbamcr.2009.01.003
https://www.ncbi.nlm.nih.gov/pubmed/19321128
https://doi.org/10.1007/s00520-008-0487-0
https://doi.org/10.1074/jbc.M109.087742
https://doi.org/10.1016/j.pain.2008.01.024
https://doi.org/10.2174/156802611796904898
https://doi.org/10.1016/j.cct.2013.12.007
https://doi.org/10.1080/10717544.2021.1983077
https://doi.org/10.1016/j.jconrel.2019.06.023

	Introduction 
	Advances in the Treatment of Liver Diseases 
	Expression and Function of TRP Channels in Different Types of Cells in the Liver Tissue 
	TRP Channels in Hepatocytes 
	TRP Channels in HSCs 
	TRP Channels in KCs 
	TRP Channels in Endothelial Cells 

	Effects of TRP Channels on the Occurrence and Progression of Liver Diseases 
	TRP Channels in Liver Injury 
	TRP Channels in Liver Fibrosis 
	TRP Channels in Liver Cancer 
	TRPC 
	TRPV 
	TRPM 

	Drugs for TRP Channels 

	Discussion 
	Conclusions 
	References

