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Abstract. Non‑alcoholic fatty liver disease (NAFLD) is a clini‑
cally progressive illness that can advance from simple fatty 
liver to non-alcoholic hepatitis and liver fibrosis. Cirrhosis and 
hepatocellular carcinoma are two of the most common diseases 
caused by NAFLD. As there are no early disease biomarkers 
and no US Food and Drug Administration‑approved medi‑
cations, treatment for NAFLD is still focused on altering 
lifestyle and dietary habits, which makes it difficult to treat 
effectively. As a result, a novel treatment is urgently needed 
to prevent NAFLD progression. Calcium (Ca2+) channels 
regulate intracellular Ca2+ homeostasis via the mediation of 
Ca2+ flow. Previous studies have reported that Ca2+ channel 
expression varies throughout the development and progres‑
sion of NAFLD, which results in the dysregulation of 
intracellular Ca2+ homeostasis, endoplasmic reticulum stress, 
mitochondrial dysfunction and autophagy suppression, all 
of which contribute to NAFLD progression. Several types 
of Ca2+ channels (including two‑pore segment channel 2, 
transient receptor potential, inositol triphosphate receptor, 
voltage‑dependent anion channel 1, store‑operated Ca2+ entry, 
purinergic receptor X7 and potassium Ca2+‑activated channel 
subfamily N member 4) have been identified as potential 
targets for preventing NAFLD development and controlling 
intracellular Ca2+ homeostasis. To achieve this, these chan‑
nels can be blocked or activated, which exerts anti‑steatotic, 
anti‑inflammatory, anti‑fibrotic and other effects, which ulti‑
mately prevents the development of NAFLD. In the present 
review NAFLD therapeutics and the treatments that target Ca2+ 
channels that are currently being developed were examined.

Contents

1. �Introduction
2. �Physiological role of Ca2+ in the liver
3. �Dysregulation of Ca2+ channel expression and the distur‑

bance of Ca2+ homeostasis in NAFLD
4. �Ca2+ channels in the development and progression of 

NAFLD and as an NAFLD therapeutic target
5. �Conclusion and future perspectives

1. Introduction

Non‑alcoholic fatty liver disease (NAFLD) is the excessive 
accumulation of lipids in hepatocytes and is a result of a 
combination of circulating free fatty acids, de novo adipogen‑
esis and dietary fat intake. NAFLD is diagnosed following the 
exclusion of other causes of hepatic steatosis, such as excessive 
alcohol consumption or other diseases (1,2). NAFLD is one of 
the most common chronic liver diseases worldwide and the 
incidence of NAFLD in Europe and America is >20% (3). 
According to the pathological status of the liver, NAFLD can 
be divided into simple fatty liver and non‑alcoholic steato‑
hepatitis (NASH), which will eventually develop into liver 
fibrosis, cirrhosis and hepatocellular carcinoma (HCC) (1,4). 
Extrahepatic problems, including cardiovascular disease, 
obesity, type 2 diabetes, dyslipidemia and neurodegenerative 
conditions, are frequently associated with NAFLD. It has been 
reported that as the incidence of obesity and diabetes rise the 
prevalence of NAFLD also increases (5,6).

The pathophysiology of NAFLD is complex and involves 
free fatty acid accumulation, liver inflammation, oxidative 
stress, lipid peroxidation and hepatocyte damage  (7). The 
double‑hit model was previously considered to be the most 
widely accepted and popular NAFLD theory. In this model the 
first strike is insulin resistance (IR), which causes fat to build 
up in the liver, and the second blow is lipotoxicity, which causes 
mitochondrial dysfunction, oxidative stress and endoplasmic 
reticulum (ER) stress, as a result of fat accumulation. As a result, 
the vulnerability of the liver to inflammatory necrosis and 
fibrosis increases and inflammatory damage leads to NASH, 
liver fibrosis, cirrhosis and HCC, which hastens NAFLD 
progression (8). It is now widely accepted that multiple factors 
are involved in the development of NAFLD (9,10). As there is 
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presently no satisfactory therapeutic approach for NAFLD due 
to its uncertain pathophysiology, NAFLD therapeutics are still 
dependent on improving the lifestyle and changing the eating 
habits of individuals (11,12). Overall, the prevalence of NAFLD 
has increased over the past few decades, which imposes an 
increasingly severe economic burden (13). It has also been 
reported that NAFLD will become the leading indication 
for liver transplantation within a decade (14). Therefore, it is 
important to understand in detail the regulatory mechanism 
of lipid metabolism in hepatocytes and to develop novel thera‑
peutic strategies for the control of NAFLD.

Ion channels are polymeric proteins that generate ion selec‑
tive holes in the plasma or organelle membrane in response 
to certain stimuli, such as membrane potential or ligand 
binding (15). Calcium (Ca2+) channels are highly selective 
for Ca2+ permeability and mainly mediate Ca2+ flow, which 
thereby regulates Ca2+ homeostasis inside and outside the cell 
and therefore it serves an important role in specific physi‑
ological functions. Ca2+ channels are mainly divided into the 
following two types: i) Voltage‑gated Ca2+ channels, including 
T, L, N, P/Q and R types; and ii) non‑voltage‑gated Ca2+ chan‑
nels, including transient receptor potential (TRP) and Orai 
calcium release‑activated calcium modulator (Orai) families 
and their partners, stromal interaction molecules (STIMs) (16). 
Ca2+ channels are distributed in the cell membranes and 
organelles of various organs and regulate numerous physi‑
ological functions of the body (Table I). Increasing evidence 
has demonstrated that Ca2+ channels serve a key role in the 
pathological process of liver diseases, including NAFLD. 
These channels mediate pathophysiological changes via the 
upregulation or downregulation of expression levels, such as 
those of diagnostic markers of early liver cancer and drug 
treatment targets (17,18).

The present review aimed to summarize the regulatory 
mechanism of Ca2+ channels and discuss its role in the devel‑
opment and progression of NAFLD. Furthermore, the latest 
research progress in drugs that target Ca2+ channels to treat 
NAFLD was examined. Moreover, the present review aimed 
to propose novel potential therapeutic strategies involving Ca2+ 
channels for the treatment of NAFLD and to highlight current 
issues and the direction of future research in this field. The 
present review provided new opportunities for the prevention 
and treatment of NAFLD.

The databases used in the present review included 
PubMed, Web of Science and Embase. The key words used 
included ‘non‑alcoholic fatty liver disease’, ‘calcium channels’, 
‘endoplasmic reticulum stress’, ‘mitochondrial dysfunction’, 
and ‘therapeutic strategies’. The references included studies 
performed from 1998‑2021.

2. Physiological role of Ca2+ in the liver

The liver is a complex organ composed of a variety of 
different types of cells, which serves a crucial role as the 
metabolic center of the body, including in the metabolism of 
lipids, carbohydrates, various drugs and toxins (19). Ca2+ is a 
ubiquitous secondary messenger that regulates a variety of 
liver functions, including lipid and carbohydrate metabolism 
as well as bile secretion and cholestasis. Furthermore, the 
balance of Ca2+ signals between the nucleus, cytoplasm and 

mitochondria controls liver regeneration following injury and 
is also related to Ca2+ channel expression and distribution 
in different organelles (20,21). Changes in intracellular Ca2+ 
concentration are affected by the influx of extracellular Ca2+ 
and the release of Ca2+ from intracellular Ca2+ stores, such as 
the ER, mitochondria and lysosomes. When cells are excited 
by external stimuli, various Ca2+ channels are opened or closed, 
which results in the dysregulation of Ca2+ homeostasis (22,23). 
Previous studies have reported that the Ca2+ signaling pathway 
is a key regulator of nutrient uptake, metabolism and utiliza‑
tion (24,25). Therefore, if Ca2+ homeostasis in liver cells is 
disrupted, a series of different metabolic damage and liver 
regeneration disorders will be caused, including NAFLD.

3. Dysregulation of Ca2+ channel expression and the 
disturbance of Ca2+ homeostasis in NAFLD

Ca2+ maintains a dynamic balance between internal and 
external cells and organelles and regulates normal physi‑
ological functions (Fig. 1). However, Ca2+ channels partially 
regulate Ca2+ levels and once channel expression levels are 
impaired, including the upregulation, downregulation and even 
channel defects, a series of pathophysiological changes occur. 
In NAFLD the imbalance of Ca2+ in the cytoplasm, organelles, 
including the mitochondria and ER, and the nucleus is one 
of the contributing factors that promotes the development of 
hepatic steatosis (26). The ER and mitochondria are important 
organelles for lipid synthesis and glycolipid metabolism in 
the liver and therefore serve an important role in controlling 
lipid synthesis and metabolism in the liver (27). The ER is the 
main Ca2+ reservoir that releases Ca2+ under the stimulation of 
various hormones. Matrix interaction molecules, STIM1 and 
STIM2, are Ca2+ sensors of the ER and detect the reduction 
of ER Ca2+ (28). When ER Ca2+ is depleted, STIMs rapidly 
connect the ER and the plasma membrane, causing the plasma 
membrane to recruit and activate Orai Ca2+ channels, which 
result in Ca2+ release and activation of the Ca2+ release‑acti‑
vated channel. Ca2+ flows from extracellular space via the Orai 
channel, which results in increased cytoplasmic Ca2+ levels and 
downstream signaling. This process is called storage operation 
Ca2+ entry (SOCE). The excess Ca2+ is subsequently pumped 
back into the ER to replenish the deficiency and this therefore 
maintains a dynamic Ca2+ equilibrium (29). Liver hyperlip‑
idemia leads to an imbalance between ER membrane lipids 
and phosphatidylethanolamine, which impairs the sarco/ER 
Ca2+ ATPase (SERCA) function of the ER Ca2+ uptake pump 
and decreases the opening of the inositol triphosphate receptor 
(InsP3R) Ca2+ channel. These disturbances lead to increased 
cytoplasmic Ca2+ levels and decreased ER Ca2+ levels (30‑32). 
Furthermore, in the ER certain Ca2+‑dependent molecular 
chaperones, including calin and calreticulin, control the 
folding of secretory and membrane proteins, such as insulin 
receptors. Therefore, low Ca2+ levels in the ER can lead to 
an excess of misfolded proteins and this therefore results in 
ER stress. Furthermore, in response to ER stress, hepatocytes 
activate the unfolded protein response (UPR) that causes IR 
via different signaling pathways (24).

Moreover, the concentration of Ca2+ in the mitochondria 
is equivalent to that in the cytoplasm under normal physi‑
ological conditions. The close proximity between the ER and 
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Table I. Localization and function of Ca2+ channels.

Name	 Location	 Function

TPC2	 Lysosome	 Ca2+ release from the lysosome
TRPV1	 Plasma membrane	 Ca2+ entry from the extracellular space to the cytoplasm
TRPV4	 Plasma membrane	 Ca2+ entry from the extracellular space to the cytoplasm
TRPM2	 Plasma membrane	 Ca2+ entry from the extracellular space to the cytoplasm
IP3R1	 ER membrane	 Ca2+ release from the ER to the cytoplasm
IP3R2	 ER membrane	 Ca2+ release from the ER to the cytoplasm
VDAC1	 Mitochondrial outer	 Entry of Ca2+ and other metabolites
	 membrane
Orai	 Plasma membrane	 Ca2+ entry from the extracellular space to the cytoplasm
P2X7R	 Plasma membrane	 Ca2+ and Na+ entry from the extracellular space 
		  to the cytoplasm, and K+ outflow from the cytoplasm
		  to the extracellular space
KCa3.1	 Plasma membrane	 Ca2+ entry from the extracellular space to the
		  cytoplasm, and K+ outflow from the 
		  cytoplasm to the extracellular space 

Ca2+, calcium; ER, endoplasmic reticulum; Orai, Orai calcium release‑activated calcium modulator; P2X7R, purinergic receptor X7; K+, 
potassium.

Figure 1. Schematic of intracellular Ca2+ flow. When GPCRs are activated, the action of PLCs leads to the formation of InsP3. Binding to the InsP3R triggers 
the release of Ca2+ from the ER to the cytoplasm. Subsequent isolation of Ca2+ from the STIM protein leads to its interaction with Orai, which allows Ca2+ to 
enter the cell from the extracellular space. Furthermore, cytoplasmic Ca2+ is absorbed into the ER via SERCA activity. The ER and mitochondria function via 
MAMs, whereby the chaperone molecule GRP75 connects InsP3R and VDAC, which allows Ca2+ to be transported from the ER to the mitochondria. Tethering 
proteins Mfn1/2 regulate the stability of MAM. Ca2+ enters the mitochondrial matrix via the MCU complex of the inner mitochondrial membrane. Ca2+, 
calcium; GPCR, G‑protein‑coupled receptor; PLC, phospholipase C; InsP3, inositol triphosphate; InsP3R, InsP3 receptor; ER, endoplasmic reticulum; STIM, 
stromal interaction molecule; Orai, Orai calcium release‑activated calcium modulator; SERCA, sarco/ER Ca2+ ATPase; MAM, mitochondria‑associated 
membrane; GRP75, glucose‑regulated protein 75; VDAC, voltage‑dependent anion channel; Mfn1/2, mitofusin 1/2; MCU, mitochondrial Ca2+ uniporter. 
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mitochondria generates Ca2+ microdomains that allow the 
rapid transport of Ca2+ to the mitochondria when needed (33). 
Ca2+ absorption is achieved by a voltage‑dependent anion 
channel (VDAC) in the outer membrane of mitochondria that 
is connected with the ER InsP3R1 via a molecular partner, 
glucose‑regulated protein 75 (34). Mitochondrial Ca2+ concen‑
tration is controlled via the coordinated interaction between 
the mitochondrial Ca2+ uniporter (MCU) complex and the 
sodium or hydrogen (H+)/Ca2+ reverse transporters, solute 
carrier family 8 member B1 and leucine zipper and EF‑hand 
containing transmembrane protein 1. The fine‑regulation of 
mitochondrial Ca2+ levels according to cellular needs contrib‑
utes to the regulation of numerous liver functions, including 
lipid and carbohydrate metabolism, proliferation and apop‑
tosis (24). In compensatory diseases with chronic elevated 
cytoplasmic Ca2+ levels, Ca2+ uptake via the MCU increases 
and the exit via the Ca2+ transporter becomes saturated. The 
overload of mitochondrial Ca2+ buffer capacity leads to an 
increase in mitochondrial Ca2+ levels, which can lead to mito‑
chondrial dysfunction and increase reactive oxygen species 
levels. Oxidative stress promotes hepatocyte apoptosis via the 
consumption of ATP, NAD and glutathione, as well as via the 
damage of DNA, lipids and proteins (24,35).

Lysosomes are also important for intracellular Ca2+ 

storage and H+‑ATPase establishes a H+ gradient on the 
lysosome membrane that provides energy for Ca2+ entry via 
the Ca2+/H+ exchanger (36). Lysosomal Ca2+ release is trig‑
gered via numerous Ca2+ mobilization messengers, including 
nicotinic acid adenine dinucleotide phosphate (NAADP) 
and phosphatidylinositol 3,5‑diphosphate, via Ca2+ perme‑
able channels, including two‑pore channels (TPCs) and TRP 
mucilipids (TRPMLs) (26). Furthermore, lysosomal Ca2+ is 
a key regulator of autophagy and the process of lipophagy 
decomposition of intracellular lipid drops is named lipid 
phagocytosis (37). Autophagy is important in NASH and it 
has previously been reported that drugs enhancing autophagy 
have therapeutic potential for the treatment of NASH (38). 
Therefore, targeting Ca2+ channels on lysosomes to regulate 
Ca2+ levels may also be a potential therapeutic approach for the 
treatment of NAFLD.

Lipid accumulation in liver cells induces changes in Ca2+ 

signaling, mainly via the decreased concentration of ER Ca2+ 
and the increased concentration of Ca2+ in the cytoplasmic 
matrix [(Ca2+)cyt] and mitochondrial matrix (39). It can also 
lead to the inhibition of lipid autophagy (40), ER stress (41), 
mitochondrial dysfunction  (2) and oxidative stress, which 
results in increased liver fat accumulation, steatosis and the 
progression of NASH (Fig. 2) (27,42). These aforementioned 
studies have therefore indicated that Ca2+ signaling serves an 
important role in NAFLD. By directly targeting Ca2+ chan‑
nels that regulate Ca2+ levels, novel NAFLD therapeutics may 
be developed to prevent steatosis and the transformation of 
inflammation into fibrosis.

4. Ca2+ channels in the development and progression of 
NAFLD and as an NAFLD therapeutic target

Ca2+ channels serve an important role in the development and 
progression of NAFLD, including via their overexpression 
and low expression. Therefore, Ca2+ channels may be used as 

a potential target for the diagnosis, prevention and treatment 
of NAFLD. The following is a summary of the mechanism 
of action and/or treatment strategies of several types of Ca2+ 
channels in NAFLD (Table II) (43‑62).

TPC2 defects contribute to NAFLD progression. TPCs are 
endolysomal ion channels. There are three TPC subtypes. 
TPC1 and TPC2 are ubiquitous, whereas TPC3 is not present 
in numerous animal genomes (63). TPCs are mainly located 
in acidic organelles, such as lysosomes, with TPC2 expression 
being predominantly lysosomal and TPC1 having a wider 
distribution within the endolysomal system. TPC1 is found 
in lysosomes and early and recycling endosomes  (43,63). 
Previous studies have reported that TPCs mediate the release 
of Ca2+ in lysosomes following activation via NAADP, which 
regulates Ca2+ signal stabilization to control a series of 
Ca2+‑dependent events (64). In NAFLD, the opening of the 
TPC2 channel initiates the final fusion between late endosomes 
and lysosomes, which mediates lipid degradation transport. 
However, TPC2 deficiency leads to impaired transport that 
promotes hepatic cholesterol accumulation and hyperlipo‑
proteinemia, which thereby significantly contributes to the 
development of NASH (43). Furthermore, in a previous study 
it was demonstrated that in the liver cells of TPC2‑knockout 
embryonic mice, substances and receptors transported along 
the degradation pathway, such as low‑density lipoprotein or 
epidermal growth factor (EGF)/EGFR, accumulate rapidly in 
intracellular vesicles. This resulted in increased cholesterol 
accumulation and liver transaminase, which suggested that the 
TPC2‑deficient mice exhibited cholesterol overload and liver 
damage consistent with NAFLD (43). Furthermore, high Ca2+ 
can cause lysosome damage, which leads to impaired lipid 
degradation, liver cholesterol accumulation and hyperlipid‑
emia, which further progresses NAFLD into NASH (17,43). 

Figure 2. Ca2+ homeostasis. Lipid accumulation dysregulates Ca2+ homeo‑
stasis in the intracellular matrix, mitochondria and endoplasmic reticulum 
via affecting ion channel permeability. This leads to further lipid accumula‑
tion, which ultimately promotes the further development of NAFLD. Ca2+, 
calcium; NAFLD, non‑alcoholic fatty liver disease. 
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Therefore, it can be hypothesized that regulating the high 
expression of TPC2 may prevent NAFLD development.

TRP channels. TRP channels are a superfamily of univalent 
and bivalent cation osmotic ion channels. More than 30 chan‑
nels have been identified, including TRP channel, TRP 
vanilloid (TRPV), TRP melastatin (TRPM), TRP subfamily A, 
TRP polycystic, TRPML and TRP no mechanoreceptor 
potential C (65). TRP channels mainly exist on the plasma 
membrane of metabolically active tissues, including the liver, 
gastrointestinal tract, brain, pancreas and adipose tissue (66). 
They serve an important role in sensory function (sight, 
hearing, taste, smell, pain, mechanical and thermal sensations), 
homeostasis (absorption and reabsorption of ions and fluid 
flow), as well as cell survival (67,68). TRP channels have the 
following three important characteristics: i) Ca2+ permeability; 
ii) thermal sensation; and iii) mechanical sense. Moreover, 
TPC channels have a high permeability for Ca2+ ions, regulate 
the intracellular Ca2+ steady‑state and affect the energy intake, 
storage and consumption of the body (65,66). It has previously 
been reported that the following TRP channels induce the 
development and progression of NAFLD via the mediation of 
intracellular Ca2+ homeostasis, which could help identify new 
treatment strategies for NAFLD.

Following activation TRPV1 upregulates the expression of 
uncoupling protein 2 (UCP2) and decreases peroxisome 
proliferator activated receptor δ (PPARδ) and autophagy. 
TRPV1 is found in mouse preadipocytes and adipocytes, 
as well as in human and mouse visceral adipose tissue. It 
mediates the elevation of Ca2+ in fat cells and therefore signifi‑
cantly inhibits adipogenesis and reduces the accumulation of 
triglycerides (69). Capsaicin, the main irritant in pepper, is 
an effective agonist of TRPV1 (70) that blocks adipogenesis 
and obesity in anterior fat cells in vivo and in vitro via the 
activation of TRPV1 channels  (71). Previous studies have 
reported that NAFLD is often associated with obesity, which 
is specifically reflected in autophagy disorders during obesity 
that contribute to the pathological progression of fatty liver 

disease, such as steatohepatitis and HCC (71‑73). In an in vitro 
model of NAFLD induced via a high‑fat diet (HFD), capsa‑
icin treatment was demonstrated to reduce liver steatosis and 
inflammation, but not in TRPV1‑knockout mice (44,45). In 
an in vitro model of NAFLD induced by HFD, UCP2 expres‑
sion was upregulated in the liver of wild‑type mice following 
TRPV1 activation, but not in TRPV1‑knockout mice. UCP2 
promotes liver β‑oxidation and lipid metabolism (74). These 
aforementioned results suggested that the activation of 
TRPV1 prevents the development of fatty liver and may be 
associated with increased hepatic β‑oxidation, mediated via 
UCP2 (45,75). Another study reported that a long‑term HFD 
significantly reduced the expression of liver PPARδ and 
autophagy molecules in wild‑type mouse liver tissue  (44). 
Autophagy regulates intracellular lipid levels by removing 
lipid droplets, which consequently enhances autophagy, liver 
steatosis and IR, and leads to improvements in HFD‑treated 
mice (76). It was also demonstrated that TRPV1 activation 
via capsaicin treatment promoted lipolysis and enhanced 
autophagy, whereas dietary capsaicin did not have this effect 
in TRPV1‑deficient mice. Therefore, capsaicin also inhibits 
NAFLD by increasing the expression levels of PPARδ, which 
causes autophagy enhancement (44). In conclusion, the activa‑
tion of TRPV1 potentially has clinical value in the treatment 
of the development and progression of NAFLD.

TRPV4 inhibits the action of cytochrome P450 family 2 subfamily 
E member 1 (CYP2E1) via the activation of Kupffer cell nitric 
oxide (NO) synthase 3 (NOS3) and NO release via the paracrine 
system. TRPV4 is a Ca2+ channel that is widely distributed in 
the kidneys, lungs, brain, bladder, fat, liver, heart, skin, airway 
smooth muscle cells, vascular endothelial cells, chondrocytes, 
osteoclasts and other tissues. TRPV4 is activated by numerous 
physical and chemical stimuli, including heat, mechanical stress, 
arachidonic acid and its derivatives (77). Certain studies have 
reported that TRPV4 has a pro‑inflammatory effect on adipose 
tissue. Its inhibition by drugs will lead to an increase in the 
thermogenic gene program and a decrease in adipose tissue 
inflammation. This indicates that TRPV4 has therapeutic benefits 

Table II. Role of Ca2+ channels in the development of NAFLD.

Name	 Role and therapeutic target	 Therapeutic strategy	 (Refs.)

TPC2	 Downregulated expression; promotes the progression	 Inhibition	 (43)
TRPV1	 After activation inhibits the progression	 Activation	 (44,45)
TRPV4	 Upregulated expression; promotes the progression	 Inhibition	 (46,47)
TRPM2	 Upregulated expression; promotes the progression	 Inhibition 	 (48,49)
IP3R1	 Upregulated expression; promotes the progression	 Inhibition	 (50,51)
IP3R2	 Downregulated expression; promotes the progression	 Activation	 (52)
VACD1	 Upregulated expression; promotes the progression	 Inhibition	 (53,54)
SOCE	D ownregulated expression; promotes the progression	 Activation	 (55,56)
Orai1	 Upregulated expression; promotes the progression	 Inhibition	 (57,58)
P2X7R	 Upregulated expression; promotes the progression	 Inhibition	 (59,60)
KCa3.1	 Upregulated expression; promotes the progression	 Inhibition	 (61,62)

Ca2+, calcium; NAFLD, non‑alcoholic fatty liver disease; SOCE, storage operation Ca2+ entry.
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for obesity and metabolic diseases (78). TRPV4 can also increase 
autophagy and inhibit stellate cell apoptosis (79). Furthermore, 
TRPV4 expression is significantly increased in hepatic fibrosis 
tissues (80). CYP2E1 is a cytochrome P450 enzyme, which can 
lead to lipid peroxidation following its activation and serves a 
pro‑inflammatory role in NAFLD and enhances the progression 
of NAFLD (46). In progressive NAFLD, the promoter region of 
the TRPV4 gene is methylated, which inhibits TRPV4 expression 
and therefore reduces the levels of channel proteins associated 
with the progression of NAFLD (47). In a previous study, the 
NAFLD model was established in TRPV4‑knockout mice and 
the deterioration of NAFLD was observed 1 week following 
CYP2E1 activation. This was exhibited via necrosis, liver cell 
swelling, the upregulation of inflammatory factor expression 
levels, Kupffer cell activation and an increase in IL‑1β levels. 
Furthermore, the mRNA and protein expression levels of the 
damage‑related nuclear DNA binding protein, high mobility 
group box 1 (HMGB1), were also increased, which promoted 
the further development of NAFLD. This aforementioned study 
therefore concluded that TRPV4 serves a protective role in the 
liver (47). This protective effect of TRPV4 may block the role of 
CYP2E1 via the activation of Kupffer cell NOS3 and the release 
of NO via the paracrine system (47). Therefore, as an endogenous 
defense molecule, TRPV4 has the potential to treat NAFLD.

Salidroside prevents the further development of NAFLD via 
inhibition of the TRPM2/ Ca2+/Ca2+/calmodulin‑dependent 
protein kinase II (CaMKII) signaling pathway. TRPM2 is a 
non‑selective cationic channel that mediates Ca2+ transmission 
and is expressed in the skin, brain, pancreas, spleen, kidney and 
immune cells (65). However, its presence in the liver has only 
been confirmed at the mRNA expression level (81). TRPM2 
is activated via temperature, oxidative stress and intracellular 
endogenous ligands, of which oxidative stress is the most 
important (48,65). It also regulates Ca2+ signal transduction 
in tissues and mediates various pathophysiological processes. 
TRPM2‑mediated Ca2+ entry has been reported to contribute 
to drug‑induced hepatotoxicity and the progression of NAFLD 
into cirrhosis, fibrosis and HCC (49). In a previous study, 
following the establishment of NAFLD models in vitro with 
palmitic acid (PA), the expression of TRPM2 was increased 
and cytoplasmic Ca2+ levels were significantly increased. This 
subsequently resulted in the downstream phosphorylation of 
CaMKII. Furthermore, treatment with salidroside reduced the 
accumulation of fat droplets in liver L02 cells of PA‑treated 
mice in a dose‑dependent manner, which was potentially 
a result of the inhibition of TRPM2 channel activation in 
NAFLD liver cells. Moreover, this reduced the progression 
of NAFLD‑related disease symptoms via reducing Ca2+ 
influx‑induced phosphorylated‑CaMKII downregulation. 
These results suggested that the TRPM2/Ca2+/CaMKII 
signaling pathway further leads to lipid accumulation, mito‑
chondrial damage and ER stress, which may exacerbate the 
progression of NAFLD. This can lead to NASH and progression 
to cirrhosis and HCC (48). Therefore, TRPM2 inhibitors may 
be useful therapeutic targets for NAFLD treatment (48,49,82).

1,4,5‑Trisphosphate receptor (IP3R)1 deletion inhibits the 
development of NAFLD, whereas IP3R2 deletion can promote 
the development of NAFLD. The IP3R is a type of important 

intracellular Ca2+ release channel that mediates a series of 
pathophysiological processes by participating in the regula‑
tion of intracellular Ca2+ levels (83). There are three main 
types, named IP3R1, IP3R2 and IP3R3. Moreover, IP3R1 
and IP3R2 are both expressed in liver cells, whereas IP3R3 
is physiologically deficient. IP3R1 is mainly distributed in 
the ER, which controls mitochondrial Ca2+ signaling and 
lipid metabolism via connecting with VDAC on the outer 
membrane of the mitochondria. IP3R2 is concentrated near 
the apical membrane and regulates the bile solute secretion 
of liver cells (50). Therefore, IP3R1 and IP3R2 serve different 
roles in the progression of NAFLD. It has previously been 
reported that IP3R1 expression is increased in the mitochon‑
dria‑bound ER of HFD mice, which leads to mitochondrial 
dysfunction and the disruption of metabolic homeostasis (84). 
Furthermore, the results of this previous study suggested that 
IP3R1 may promote the development of NAFLD. A HFD diet 
was used to induce fatty liver in mice. When compared with 
the control group, IP3R1‑knockout mice exhibited reduced 
triglycerides in the serum and liver and lipid droplet accumu‑
lation. Moreover, liver histological examinations demonstrated 
that IP3R1‑knockout mice were free from steatosis  (51). 
Further investigations also detected a significant decrease 
in Ca2+ signaling in the mitochondria of IP3R1‑deficient 
mice (51). Therefore, this aforementioned study concluded that 
IP3R1‑knockout mice have reduced mitochondrial Ca2+ signal 
impairment, reduced hepatic triglycerides and reduced lipid 
droplet formation and are resistant to the development of fatty 
liver disease (51). In a study, hepatocytes were treated with PA 
to establish an NAFLD model in vitro. The increased expres‑
sion of IP3R1, mitochondrial dysfunction and apoptosis were 
detected. The results also demonstrated that the inhibition of 
IP3R1 expression alleviated the decrease in mitochondrial 
membrane potential and of mitochondrial superoxide accu‑
mulation in hepatocytes following PA treatment. This may 
have been due to the increased phosphorylation of Tyr353 in 
IP3R1 via the tyrosine kinase signaling pathway that led to the 
increased stability of the IP3R1 protein. Therefore, mitochon‑
drial Ca2+ overload may induce mitochondrial dysfunction in 
hepatocytes (50). In summary, the specific inhibition of IP3R1 
channels to reduce mitochondrial dysfunction in hepatocytes 
may be a potential novel clinical strategy for the treatment of 
NAFLD and the prevention of its further development.

In a previous study, liver cell models of NAFLD were 
constructed using a HFD. c‑Jun expression was reported 
to be elevated, whereas IP3R2 expression was significantly 
decreased (52). Moreover, liver biopsies from patients with 
simple steatosis and NASH were also analyzed and the results 
were consistent with the in vitro models (52). Compared with 
normal cells, IP3R2‑deficient cells displayed a significantly 
reduced nuclear Ca2+ signal amplitude, which suggested 
that nuclear Ca2+ signaling may be dependent on inositol 
1,4,5‑trisphosphate receptor type 2 channel activation (52). 
[Ca2+]cyt is known to be essential for cell proliferation (85). 
Further research has reported significant diffuse steatosis 
and impaired hepatocyte regeneration in IP3R2‑deficient 
livers following a hepatectomy (52). These aforementioned 
results suggested that increased c‑Jun expression levels may 
potentially negatively regulate IP3R2 expression in the livers 
of patients with NAFLD. This may therefore affect nuclear 
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Ca2+ and lead to impaired liver regeneration and cell prolifera‑
tion, which eventually causes the progression of NAFLD (52). 
Although the specific underlying mechanism remains to be 
studied further, it can be hypothesized that the factors regu‑
lating IP3R2 expression have potential clinical significance in 
the treatment of NAFLD.

VDAC1 expression is upregulated in NAFLD‑associated 
HCC. VDAC1 is an anionic channel that is located on the outer 
membrane of the mitochondria and can form hydrophilic chan‑
nels to regulate the passage of anions, cations, ATP and other 
metabolites into and out of the mitochondria. It also interacts 
with numerous proteins that are also involved in lipid metabo‑
lism and cholesterol transport. VDAC1 serves an important 
role in regulating cell metabolism, maintaining intracellular 
Ca2+ homeostasis, apoptosis and necrosis (86,87). Cardiolipin 
(CL), the signature phospholipid of the inner mitochondrial 
membrane (IMM), serves an important role in maintaining 
the structure and function of mitochondria (88). CL deletion 
occurs in various metabolic disorders, including NAFLD. 
Certain studies have analyzed patients with NAFLD‑driven 
HCC, and have demonstrated that VDAC1 is dysregulated in 
NAFLD‑driven HCC. Furthermore, immunohistochemical 
analysis has previously demonstrated that compared with 
non‑tumor tissues, VDAC1 expression levels in HCC tissues 
are upregulated and gradually increase with the progression of 
the tumor (53,54). Furthermore, high levels of VDAC1 expres‑
sion are associated with poor clinical outcomes, possibly 
because VDAC1 is significantly positively correlated with 
protein tyrosine phosphatase mitochondrial 1 and negatively 
correlated with the CL remodeling enzyme tafazzin. This 
results in changes to CL composition and damages the stability 
of the IMM structure, which ultimately leads to mitochondrial 
dysfunction. VDAC1 therefore promotes the development of 
NAFLD to HCC (54). Although the specific underlying mech‑
anism remains unclear, the targeted inhibition of VDAC1 may 
be a potential therapeutic approach to prevent the progression 
of NAFLD to HCC.

Inhibition of SOCE and SERCA2b leads to the development 
of NAFLD, whereas inhibition of Orai1 inhibits this effect. 
SOCE, composed of STIM1, is located on the ER and the 
Orai1 protein is located on the cell membrane and is an impor‑
tant channel that mediates the entry of extracellular Ca2+ into 
cells (89). As a Ca2+ sensor, when STIM1 senses a decrease 
in ER Ca2+ concentration it will undergo rapid activation 
reactions, such as translocation and polymerization, and will 
subsequently combine with Orai1 on the plasma membrane, 
leading to the activation of the Orai1 pore, which results in 
the entry of intracellular Ca2+ (89,90). SOCE signals control 
a variety of functions, including gene expression, migration, 
proliferation and apoptosis. Dysregulation of STIM and Orai1 
protein expression levels can lead to SOCE dysfunction and 
consequently induce pathophysiological changes (90). Ca2+ 
entry via the SOCE signaling pathway induces cAMP produc‑
tion, protein kinase C (PKC) activation, hormone‑sensitive 
lipase activation and enhanced lipolysis (39). The accumula‑
tion of cholesterol during steatosis is associated with ER 
Ca2+ depletion, which leads to the induction of UPR and 
apoptosis  (91) and participates in the regulation of lipid 

metabolism (92). Previous studies have reported that lipid 
accumulation induces the inhibition of SOCE and SERCA2b, 
the major isoform of SERCA protein in the liver, and reduces 
the entry of Ca2+ via the activation of PKC‑mediated phos‑
phorylation of the Orai1 protein. As the ER stress response 
is related to Ca2+ homeostasis, a decrease of Ca2+ concentra‑
tion in the ER induces the ER stress response and leads to 
a decrease in protein folding, as well as protein chaperone 
activity and glucose tolerance. This therefore stimulates the 
synthesis of diacylglycerol and triacylglycerol (55,56). This 
process ultimately intensifies lipid accumulation and leads 
to IR, which promotes NAFLD progression to NASH, liver 
fibrosis and even HCC. Furthermore, the inhibition of SOCE 
and subsequent increase in intracellular lipid accumulation are 
associated with increased lipid autophagy (4,55,56). Previous 
research on the Orai1 protein has reported that Orai1 expres‑
sion regulates de novo fat formation (57). Hepatic BRL‑3A 
cells were previously treated with high concentrations of 
nesfatins to construct a NAFLD cell model. The expression 
levels of Orai1 and NF‑κB p65 were significantly upregulated, 
which promoted ER and oxidative stress and led to the inflam‑
matory response of hepatic lipid deposition. Treatment with 
Orai1 inhibitor 2‑aminoethoxydiphenyl borate and NF‑κB 
inhibitor wogonin reduced these effects (57,58). Therefore, it 
can be hypothesized that the activation of SOCE or the reduc‑
tion of SOCE inhibition increases Ca2+ in the ER, which may 
reduce ER stress and decrease lipid accumulation. However, 
lipid deposition may also be reduced via the regulation of 
Orai1 protein expression. The aforementioned strategies may 
serve as potential therapeutic approaches to prevent NAFLD 
progression.

Deletion of the purinergic receptor X7 (P2X7R) against fatty 
liver injury and fibrosis. P2X7R, a member of the purinergic 
receptor family, is an ion‑type ligand‑gated ion channel that is 
expressed on the membrane of hepatic cells and is activated via 
ATP to regulate liver metabolic processes, such as the insulin 
response, glycogen and lipid metabolism and bile secre‑
tion (93). P2X7R has been reported to increase NADPH oxidase 
activity, increase the expression of major histocompatibility 
complex II in Kupffer cells and participate in the regulation 
of inflammation (59). Previous studies have demonstrated that 
P2X7R expression was increased in hepatocytes, Kupffer cells 
and hepatic sinusoidal endothelial cells via the construction 
of an in  vitro NASH model  (60,94). P2X7R is associated 
with autophagy, disruption of normal lysosomal function, as 
well as autophagosome release into the extracellular matrix 
of microglia, which ultimately leads to inflammation (95). 
Autophagy is one of the key characteristics of NASH and 
drugs that enhance autophagy have been reported to have ther‑
apeutic potential for the treatment of NASH (38). Moreover, 
P2X7R is a key regulator of autophagy in NASH (96). LC3B 
depletion, lysosome‑associated membrane protein 2 and heat 
shock cognate protein 70 increasing, which act as autophagy 
markers, have been reported in mice with the P2X7R gene 
deletion. Furthermore, LI‑1, IFN‑α and HMGB1 release was 
demonstrated to be subsequently reduced, which resulted in 
enhanced autophagy and reduced inflammation (60). Other 
studies have reported that liver cells treated with a HFD and 
carbon tetrachloride (CCL4) exhibited improved apoptosis, 
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as well as reduced inflammation and fibrosis in mice with 
a P2X7R deletion  (59,60). Furthermore, P2X7R activated 
Kupffer cells and increased the production of TNF‑α and 
monocyte chemotactic protein‑2 in HFD mice treated with 
CCL4 (59). In summary, P2X7R deletion mice were protected 
from the damage of steatosis and fibrosis. However, the exact 
molecular underlying mechanism of P2X7R is unclear. It can 
be hypothesized that enhancing lipid autophagy via the inhibi‑
tion of P2X7R may be a novel therapeutic approach for the 
treatment of NASH.

Senicapoc inhibits the KCa3.1 signaling pathway and serves 
anti‑inflammatory and antisteatotic roles. Medium conduc‑
tance Ca2+‑activated potassium (K+) channels (KCa3.1) are 
widely expressed throughout the body, mainly in hematopoietic 
cells, the gastrointestinal tract, lungs, endocrine glands, exocrine 
glands, vascular endothelial cells, fibroblasts and proliferating 
neointimal vascular smooth muscle cells (97). Via the promo‑
tion of K+ outflow from hyperpolarized cell membranes, Ca2+ 
entry is promoted, which affects cell proliferation, migration 
and vascular resistance (61). Triarylmethane‑34, an inhibitor 
of KCa3.1, can reduce the proliferation of stellate cells via the 
induction of cell cycle arrest and reduces the gene expression of 
TGF‑β1‑induced collagen, α‑smooth muscle actin and TGF‑β1 
to serve an anti‑fibrotic role (98). Moreover, in a previous study, 
to further confirm the role of KCa3.1 in NAFLD‑related liver 
fibrosis, rat liver fibrosis models were induced using thioacet‑
amide and HFD. Furthermore, the pharmacodynamic effects of 
senicapoc were determined via detecting biomarkers of apop‑
tosis, inflammation, steatosis and fibrosis (62). The upregulation 
of the KCa3.1 signaling pathway has previously been observed 
in three different pathological models. However, in the afore‑
mentioned previous study senicapoc‑induced inhibition of the 
KCa3.1 signaling pathway reduced hepatic triglyceride content 
and served an anti‑inflammatory and anti‑steatotic role (62). 
Therefore, drug inhibition of the KCa3.1 channel may serve 
as a potential therapeutic target for liver fibrosis induced via 
NAFLD.

5. Conclusion and future perspectives

NAFLD is one of the most common causes of cirrhosis and 
HCC, however to date, there are no effective treatments (1). 
Therefore, improving the quality of human life with respect 
to NAFLD is a challenge. In conclusion, NAFLD involves 
increased hepatic fatty acid synthesis, decreased fatty acid 
catabolism and cellular stress, including oxidative stress, the 
inflammatory response and ER stress  (57). Dysregulation 
of Ca2+ channel expression leads to the disruption of Ca2+ 
signal homeostasis, which results in the aforementioned 
changes discussed in the present review. This suggests that 
ion channels serve an important role in the occurrence and 
development of NAFLD. The inhibition or activation of these 
channel proteins may be a potential therapeutic approach to 
prevent NAFLD progression to NASH, fibrosis, cirrhosis and 
HCC. Furthermore, it is unclear if Ca2+ channels serve a role 
in all stages of NAFLD, including simple steatosis, chronic 
inflammation, fibrosis or cirrhosis. Therefore, further research 
is required in this area of research. At present, there are rela‑
tively few studies concerning NAFLD and most of these are 

still at the laboratory stage. The clinical feasibility and effec‑
tiveness of NAFLD Ca2+ channel‑targeted therapeutics need 
to be studied. Therefore, more systematic studies are needed 
in the future.
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