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The cell membrane, which is lipid-rich, is not only a
simple mechanical barrier but also an important and
complex component of the cell. It also communicates
with the external environment. Sphingomyelin is an
important class of phospholipids in the membrane that
performs many functions. Interest in sphingomyelin-
based liposomes, which are a critical component of cell
membranes, have become the focus of intense study
in recent years. Through additional research, the func-
tion of sphingomyelin and its derivatives in diseases
can be gradually elucidated. Sphingomyelin consists of
ceramide and its derivatives including ceramide-1-phos-
phate glucosylceramide and sphingosine-1-phosphate.
The metabolism of glucosylceramide is regulated by
glucosylceramide synthase (EC: 2.4.1.80) which is the key
enzyme in the glycosylation of ceramide. The activity
of glucosylceramide synthase directly affects the level
of glucosylceramide in cells which in turn affects the
function of cells and may eventually lead to diseases.
Recently, the relationship between glucosylceramide
and its metabolic enzymes, with diseases has become a
relatively new area of study. The purpose of this paper
is to address the relationship between glucosylceramide,
glucosylceramide synthase, and their possible associa-
tion with liver diseases at the theoretical level.
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INTRODUCTION

There are many kinds of lipids found in eukary-
otic membranes which are unevenly distributed. Each
membrane region performs a unique function (Jin et

al., 2019). For example, the secretory process of cells
needs to go through different membrane structures for
translocation and exchange to occur between organelles
(Mesmin e al., 2016). The cell membrane and organelle
membrane not only act as a barrier but also play an im-
portant and complex role. The membrane is also inter-
acting with external environments. They participate in
many physiological and pathological processes of cells.
For example, the host’s response to infection may mani-
fest as altered membrane lipid metabolism. Our previ-
ous research results showed that plasma sphingomyelin
is elevated in patients with chronic hepatitis C virus in-
fection and is closely linked to liver steatosis (Ii ez al,
2014). The sphingolipids are an important component
of cell membranes, they are related to the fluidity of the
cell membrane and the maintenance of the subregional
structures, which is important for the cell membrane to
perform various functions (Slotte ef a/, 2013; Ahumada-
Gutierrez ef al., 2019).

Recently, the possible association between sphingolip-
ids and liver diseases has become the focus of intense
research (Apostolopoulou e al, 2018). Our research has
shown that sphingolipids play an important role in the
occurrence and development of liver diseases and that
the plasma sphingomyelin is closely related to viral hepa-
titis (Li ez al, 2014; Li et al, 2014; Zheng et al., 2015;
Zhang et al., 20106). Plasma sphingolipids may also be
potential biomarkers for severe hepatic fibrosis (Ii e al.,
2015). The glycosphingolipid is the product of the glyco-
sylation of a sphingolipid and one of the components of
cell membrane lipids. The biological functions of sphin-
golipids and their related enzymes involved in metabolic
processes are gradually being elucidated. Glucosylcera-
mide (GC) is the product of D-glucose and ceramide
(Cer) transglycosylation as catalyzed by glucosylceramide
synthase (GCS). GCS also called UDP-glucose ceramide
glucosyltransferase (UGCG) is the key enzyme that cata-
lyzes the first glycosylation step in glycosphingolipid bio-
synthesis. Its activity determines the balance of intracel-
lular Cer/GC which can affect the functional state of
cells (Marshall ef a/., 2019).

THE STRUCTURE AND FUNCTION OF GC/GCS

As a glycosylated derivative of Cer, GC synthesis be-
gins with the hydrolysis of sphingomyelin, while sphin-
gomyelin synthesis begins with serine and palmitate. The
basic structure of sphingomyelin consists of a phospho-
choline head group, a sphingosine backbone, and a fatty
acid tail (Apostolopoulou ez al., 2018) (Fig. 1). The phos-
phocholine head defines different kinds of sphingomye-
lin, resulting from distinct molecular group modifications.
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Figure 1. The chemical formula of ceramide.

The ceramide is composed of the sphingosine backbone (green)
and the fatty acid tail (orange), and the glucosyl attached to the
head (1-OH) position of the sphingosine skeleton to form gluco-
sylceramide.

Thus, they play specific physiologic functions (Hannun ez
al., 2018). Cer consists of a sphingosine backbone and a
fatty acid tail. There are three metabolic pathways of Cer
(Hannun e al., 2018) (Fig. 2). Cer can form glycosphin-
golipids when it is glycosidically bound to a carbohydrate
moiety. For example, D-glucose groups attached to Cer
can form GC. In the structure of glycosphingolipids, the
lipid fraction of the glycosphingolipid is often embedded
in the plasma membrane, while the glycan chain is out-
side the cell (Liu e al, 2013). Glycosylation can greatly
change the functional properties of the original lipid. For
example, Cer has a strong anticancer effect by induc-
ing cell cycle arrest and apoptosis, while its glycosylated
products have the opposite effect (Liu ¢f al,, 2013).

Cer is generated e novo in the endoplasmic reticulum
and then transported to the Golgi apparatus for glyco-
sylation. The synthesis of GC occurs in the Golgi ap-
paratus (Fig. 3). It is generated by linking D-glucose to
Cer under the action of GCS (Liu e al., 2013). The GCS
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Figure 2. The three metabolic pathways of ceramide.
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is a 394 amino acid glycoprotein encoded by the UGCG
gene and it is expressed in almost all eukaryotic cells.
The human UGCG gene is located on the long arm of
chromosome 9, which is 32kbp in length and contains 9
exons and 8 introns. The C-terminal domain is the cata-
Iytic domain of the enzyme and the N-terminal is the
signal anchor region. The GCS usually binds closely to
the Golgi apparatus and it is the resident enzyme re-
sponsible for the metabolism of Cer in the Golgi appa-
ratus (Hayashi ez a/, 2018). Studies have shown that the
GCS participates in the development of many diseases
and plays an important role in cell proliferation, apop-
tosis, and drug resistance (Liu ez @/, 2013; Wegner e al.,
2018; Li et al., 2017). At the same time, overexpression
of GCS has been observed in many types of cancers.
The accumulation of GCS and its downstream metabo-
lites could promote the occurrence and development of
related malignant tumors. This shows that glycosphin-
golipids and their corresponding metabolic enzymes may
be good therapeutic targets (Wegner ef al., 2018; Pavlo-
va et al., 2015; Wang et al, 2015). Some typical exam-
ples are the use of substrate reduction therapy to treat
inborn errors of metabolism such as Gaucher disease,
Niemann-Pick type C and Sandhoff disease. In Gaucher
disease, the deficiency of lysosomal glucosylceramide-8-
glucosidase leads to accumulation of the products of lac-
tosylceramide. The Niemann-Pick disease is a group of
rare neurodegenerative lysosomal storage diseases caused
by impaired un-esterified cholesterol and sphingomyelin
transport and metabolism. As for Sandhoff disease, it is
an autosomal recessive lysosomal storage disease caused
by defects in the B-subunit of 3-N-acetylhexosaminidase
which deficiency causes neuronal storage of GM2 and
related glycoconjugates, resulting in progressive neurode-
generation and death. Until now, there have been suf-
ficient studies showing that substrate reduction therapy
and enzyme replacement therapy
are ecffective treatments for the
above-mentioned diseases (Cox
et al., 2017; Patterson et al., 2007,
Masciullo ez al., 2010).

We know that the liver is an
important organ for the storage
and metabolism of many kinds of
lipids, and it is not surprising that
impaired metabolism of lipids
and their derivatives and related
enzymes may cause correspond-
ing liver diseases. A recent study
on the relationship between GC/
GCS and liver disease has now
received more attention and pro-
vides an effective strategy for the
diagnosis and treatment of liver
disease.

A THE GC/GCS IN IMMUNE-
MEDIATED LIVER INJURY
Salvage pathway

® The liver not only plays a cen-
tral role in major metabolic func-
tions but is also an important
organ in the immune system.
Many of its cells are involved in
the immune response (Heymann
et al., 2010). Factors such as in-
fection, metabolism, alcohol, and
drugs can cause chronic liver in-
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Figure 3. Synthesis of glucosylceramide.
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Ceramide is generated in the endoplasmic reticulum and then transported to the Golgi apparatus for glycosylation. The glucosylcera-

mide synthase is the resident enzyme of the Golgi apparatus.

jury (Zhang et al., 2019; Lee YA et al., 2015), activate the
body’s immune response, and induce hepatocyte apop-
tosis. This could lead to a variety of liver diseases such
as viral hepatitis, autoimmune liver disease, alcoholic
liver disease, and drug-induced liver injury (Heymann
et al., 2016). Especially for viral hepatitis B, the direct
cause of liver cell damage is the immune cell-mediated
immune response (Loggi ¢f al., 2014). Hepatocyte apop-
tosis caused by an immune response during liver injury
is one of the most important reasons for the occurrence
and development of liver diseases. Thus, the liver dis-
ease could be treated by inhibiting an immune reaction
and the hepatocyte apoptosis. In-depth research on the
mechanism of immune liver injury can provide a more
theoretical basis and suggest drug action targets for pre-
venting chronic liver disease. It is well known that and
immune-mediated liver injury involves a variety of im-
mune cells and cytokines such as the natural killer T' cell
(NKT), which is particularly enriched in the liver and
can recognize lipid antigens presented by CD1d mol-
ecules. The NKT cell can rapidly activate and produce
a series of cytokines involved in the regulation of innate
and adaptive immunity after being stimulated by gly-
colipid antigens (Opasawatchai ¢f al., 2015). Concanavalin
A(ConA) is the commonly used mitogen that can acti-
vate T lymphocytes and promote its proliferation. Be-
cause of the remarkable affinity of ConA for the liver
sinusoid, the liver has become the target organ for ConA
in vivo. ConA-induced liver injury is a typical immune liv-
er injury model that can better simulate the immune re-
sponse of human autoimmune hepatitis and viral hepati-
tis. This model can be used to screen for effective drugs
that could treat immune liver injury (Lee ef af., 2013).
Recent studies have found that lipids molecules can
generate pleiotropic signaling pathways following an im-
mune liver injury and trigger the pathological mechanism

of hepatocyte apoptosis and necrosis during liver injury
(Brenner et al, 2013). To be more specific, GCS prod-
ucts can maintain the development and homeostasis of
NKT in the liver as it plays an important role in nor-
mal immune function of T lymphocytes (Popovic ez al,
2017). GCS can regulate the physiological activity of cells
by affecting the metabolic balance of Cet/GC. When the
expression of the GCS gene is down-regulated, it will
cause the change of endogenous GC and affect hepato-
cyte apoptosis through the Bcl-2/Bax pathway which
is an important mechanism of cell apoptosis (Li e/ af.,
2017). Therefore, GCS affects hepatocyte apoptosis by
regulating the immune response of immune cells. This
can determine the outcome of an immune liver injury
to an extent. Thus, it is possible to simulate human im-
mune liver injury by constructing a ConA-induced ani-
mal model, to detect the GCS and related sphingomyelin
metabolism changes. Defining the relationship between
GCS and immune liver injury is expected to provide a
theoretical basis for revealing the pathogenesis of many
immune-mediated liver diseases such as viral hepatitis
and may provide feedback to clinical treatments.

THE GC IN LIVER FIBROSIS AFTER HEPATITIS

Liver fibrosis can be caused by chronic liver damage
caused by various factors such as hepatitis virus infec-
tion, alcohol intake, non-alcoholic steatohepatitis, and
autoimmune hepatitis. Liver hypofunction, portal hyper-
tension, and hepatocellular carcinoma may develop as a
result. In China, viral hepatitis is the number one cause
of liver fibrosis. According to the World Health Organi-
zation, there are about 500 million patients with chronic
viral hepatitis around the world that result in about one
million deaths each year (Chen e a4/, 2013). With fur-
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ther research on lipidomics, more and more studies have
proved that sphingolipids play an important role in viral
hepatitis. Clinically, we found that the response of the
body to antiviral therapy will be accompanied by chang-
es in serum sphingomyelin levels, which are considered
to be a promising new biomarker in chronic viral hepati-
tis (Li et al., 2014; Zheng et al., 2015; Zhang et al., 2016).
Studies have shown that lipids play a key role in main-
taining the sensitivity of cells to various stimuli (Piomelli
et al., 2014). Cer can mediate the in and out of the hepa-
titis B virus from hepatocytes (Bhat ¢z 4/, 2011). In addi-
tion, it can also participate in the regulation of hepatitis
C virus replication (Khan ez al, 2014) and entry into the
host cells (Voisset ez al., 2008). It will also effectively in-
hibit hepatitis B virus and hepatitis C virus replication
after giving the Cer inhibitor (Umehara e# al., 2006). The
glycosylation product of Cer named GC could enhance
the immune function of the body by activating NKT
cells and resist immune damage when infected with a
virus. The mechanism may be to restore the body’s im-
mune balance by changing the number and function of
NKT cells (Zigmond ez al., 2007). During the period of
antiviral therapy, GC can enhance the immune response
by regulating NKT and CDS8 lymphocyte redistribution
of liver and spleen. Similarly, GC can also play a signifi-
cant role as an adjuvant if integrated with the hepatitis
B vaccine (Mizrahi ef al, 2008). It can also provide an
effective means for the clinical treatment of viral hepati-
tis. More in-depth research on GC and other glycosphin-
golipid members could pave the way for the discovery
of more effective and safer adjuvant families. Improved
methods could also result in preventive vaccines against
other viral infections such as herpes simplex virus, hu-
man papillomavirus, human immunodeficiency virus, and
hepatitis C virus, among others.

It is well known that many factors can cause liver fi-
brosis. Transient elastography, alanine-aminotransferase
to platelet ratio index, fibrosis 4 score and FibroTest
score are commonly used to evaluate the severity of liver
fibrosis (Vuppalanchi ez al., 2018; Cassinotto ef al., 2014;
Kim e al., 20106). Liver fibrosis is formed by the activa-
tion and transformation of hepatic stellate cells into he-
patic myofibroblasts and the continuous production of
collagen fibers. Sphingomyelinase is a lysosomal enzyme
involved in sphingomyelin metabolism. It can catalyze
sphingomyelin to produce Cer and promote the activa-
tion of hepatic stellate cells and subsequently accelerate
the process of hepatic fibrosis. In addition, the accumu-
lation of Cer causes diffuse hepatic steatosis, decreases
ATP storage capacity, causes the liver to produce in-
flammatory mediators, and decreases the liver’s ability to
resist oxidative stress. These effects can eventually lead
to hepatocyte necrosis and fibrosis. Therefore, Cer is in-
volved in the occurrence and development of non-alco-
holic fatty liver disease. Thus, it may be utilized as a ref-
erence index for liver fibrosis (Wasilewska ez al., 2018).

As mentioned above, GC regulates the immune func-
tion by changing the redistribution of NKT lymphocytes.
The immune system plays a key role in the formation of
liver fibrosis. Thus, GC may mediate the formation of
liver fibrosis. However, the effect of NKT cells in liver
fibrosis is unknown, and there is no convincing evidence
that GC affects liver fibrosis outcomes through NKT
cells. In summary, sphingolipid derivatives may be po-
tential markers of viral hepatitis and liver fibrosis. Their
effect as a non-invasive index for viral hepatitis and liver
fibrosis should be further evaluated (Li ez al, 2014; Li e
al., 2014; Zheng et al., 2015; Li et al., 2015).

Type 1 Gaucher disease generally presenting with
visceromegaly, and liver involvement is almost univer-
sal and ranges from with or without liver enzymes al-
terations, to liver fibrosis (Cox ef al, 2017). The latest
study showed that significant liver steatosis was highly
prevalent in type 1 Gaucher disease patients, reaching
about 40% (Nascimbeni e# al, 2020). Liver steatosis is
characterized by the ectopic storage of triglycerides in
hepatocytes and featuring metabolic dysfunction-associ-
ated fatty liver disease which is strongly associated with
the risk of liver fibrosis/cirrhosis (Younossi e a/., 2018).
Therefore, the inborn errors of metabolism may lead to
liver fibrosis. The discussion presented above should be
enough to inspire us to expect that the in-depth study
of sphingolipids will help reveal the regulatory mecha-
nisms of liver fibrosis and provide feasible means for the
development of innovative clinical treatment to reverse
liver fibrosis in the future.

THE GCS IN HEPATOCELLULAR CARCINOMA

At present, how to effectively control and prevent the
recurrence of advanced hepatocellular carcinoma (HCC)
is still a major clinical problem. This situation urgently
requires every country to develop new split treatments
for hepatic carcinoma. In recent years, immunotherapy
has become a central issue for physicians. HCC can in-
duce immune tolerance to evade an immune response.
Therefore, it is necessary to develop effective treatment
strategies for liver cancer and immune tolerance. The im-
mune tolerance mechanism of the HCC is complex and
diverse, relating to a variety of immune cells, cytokines,
and immune checkpoint receptors. Studies show, that
there are defects in the quantity and function of dendrit-
ic cells in patients with HCC, which cannot effectively
induce the initial immune response and activate specific
T lymphocytes, which may result in an inadequate an-
ti-tumor immune response (Schouest e af., 2018). The
regulatory T cells are a collection of cells necessary for
maintaining normal immune function, whereas they may
inhibit the anti-tumor immunity and promote tumor
progression when malignant tumors occur (Tanaka ez
al., 2017; Chaudhary ez al., 2016). Furthermore, the con-
centration of Tregs cells often increased when having
hepatic carcinoma, and the function of CD8+T cells is
impaired. The high concentration of Tregs cells accom-
panied by a low concentration of CD8+T cells leads to
a low survival rate and easy relapse in patients with liver
cancer (Rong ez al, 2017). Thus, successfully activating
T lymphocytes and restoring the number and function
of CD8+T cells can support the body’s immune func-
tion to balance again and to exert an anti-tumor immune
response.

Glucose is the key energy source for life evolution,
and the most important form of energy supply in most
organisms. Malignant cells are highly metabolic cells that
need to consume a lot of glucose to obtain energy to
maintain their growth. Therefore, glucose has become
the most important carbohydrate needed by tumor tis-
sue. GCS is the key enzyme that regulates the glycosyla-
tion of Cer and controls the balance of Cer/GC. GCS
with high activity could promote the proliferation of
hepatoma cells, and the proliferation rate of hepatoma
cells could decrease significantly after administering the
GCS inhibitor (Guri ez al., 2017). Thus, GCS may be the
necessary protein for the proliferation of malignant cells.
This view has been supported by some scholars (Wang
et al., 2015). We know that chemotherapy resistance of
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hepatic carcinoma is a difficult problem that clinicians
often encounter in treatment. This kind of patient is dif-
ficult to treat and has a poor prognosis. Sorafenib is the
only systemic drug approved for patients with postop-
erative recurrence and advanced hepatic carcinoma (Llo-
vet et al., 2008). Studies have revealed that GCS is highly
expressed in hepatoma cells that have been exposed to
sorafenib for a long-time during chemotherapy. Accumu-
lation of Cer can increase cytotoxicity and induce apop-
tosis, while the degradation of Cer will reduce apoptosis
and produce drug resistance. Therefore, GCS can induce
drug resistance of hepatoma cells to sorafenib and may
cause the treatment to be tricky (Stefanovic e al., 2016).

Interestingly, on the one hand, GCS activates T lym-
phocytes to exert a powerful immune effect; on the oth-
er hand, GCS is highly expressed in tumors to promote
tumor cell proliferation and it mediates drug resistance.
It is thought-provoking, that when tumors occur, this
change in GCS upregulation may be for the growth of
cancer cells, or the enhancement of anti-tumor immu-
nity, or both. We still do not know how the body main-
tains balance in this situation.

CONCLUDING REMARKS

The sphingolipid family has many members, and one
product can serve as a substrate for the formation of
another substance. The chemical reactions involved are
very complex, closely related to each other, and their
metabolic processes are closely regulated. The survival
and normal function of cells depend on a complete cell
membrane structure. There has been a lot of studies on
sphingolipids during the past decade. These studies de-
scribed the basic structure and function of sphingomye-
lin with its derivatives, and its effect on the maintenance
of normal cell function. In addition, they demonstrated
the relationship between sphingomyelin family metabo-
lism and various diseases. Ceramide is a molecule central
to sphingomyelin and a key node in sphingomyelin me-
tabolism. GC is produced by the action of GCS on cera-
mide. GC is the central molecule of glycosphingolipids,
and GCS is the key enzyme that regulates sphingomyelin
glycosylation. The GCS activity affects the metabolic bal-
ance of glycosylated lipids and non-glycosylated lipids in
cells and plays a critical role in the fate of cells. This ar-
ticle reviews the overexpression of GCS in various liver
diseases. The inhibition of GCS activity and the restora-
tion of the Cer and GC balance can play a therapeu-
tic role in liver diseases, thereby affecting the outcome
of many liver diseases including immune hepatic injury,
viral hepatitis, and hepatocellular carcinoma. Especially
in terms of infectious diseases, scholars such as Aetts
have comprehensively and profoundly summarized the
relationship between glycosphingolipids and infectious
diseases. In his paper, it is mentioned that some patho-
gens use glycosphingolipids at the surface of host cells
as binding receptors to achieve the purpose of infection
and cause related diseases (Aerts ez al, 2019). From this
we know that the development of drugs that interfere
with the metabolism of GC and GCS can be used to
treat some diseases including infectious diseases. The
study of GC and GCS will not only help to understand
the advanced features of the cell membrane but also lay
a solid foundation for further uncovering the mysteries
of cells. In the future, GC and GCS may be a potential
target for disease treatment.

Here, the notable object is T lymphocytes, as we
mentioned above, T lymphocytes are the immune cells

involved in anti-viral hepatitis and anti-liver cancer, and
the activation and powerful immune function of T lym-
phocytes may be inseparable from the participation of
lipids. Therefore, we boldly guess that lipids and their
metabolic enzymes (such as GC and GCS) have anti-
viral effects on hepatitis and anti-liver cancer, probably
by affecting T lymphocytes. Unfortunately, due to the
limited knowledge, about GC/GCS, our previous stud-
ies did not directly investigate the relationship between T
lymphocytes and GC/GCS. We will actively explore the
relationship between liver diseases, lipids, and T lympho-
cytes in future studies.
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