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Abstract

Sulfatides or 3-O-sulfogalactosylceramide are negatively charged sulfated glycosphingolipids abundant in the brain and kidneys and
play crucial roles in nerve impulse conduction and urinary pH regulation. Sulfatides are present in the liver, specifically in the biliary
tract. Sulfatides are self-lipid antigens presented by cholangiocytes to activate cluster of differentiation 1d (CD1d)-restricted type II
natural killer T (NKT) cells. These cells are involved in alcohol-related liver disease (ArLD) and ischemic liver injury and exert anti-
inflammatory effects by regulating the activity of pro-inflammatory type I NKT cells. Loss of sulfatides has been implicated in the
chronic inflammatory disorder of the liver known as primary sclerosing cholangitis (PSC); bile ducts deficient in sulfatides increase
their permeability, resulting in the spread of bile into the liver parenchyma. Previous studies have shown elevated levels of sulfatides in
hepatocellular carcinoma (HCC), where sulfatides could act as adhesive molecules that contribute to cancer metastasis. We have recently
demonstrated how loss of function of GAL3ST1, a limiting enzyme involved in sulfatide synthesis, reduces tumorigenic capacity in
cholangiocarcinoma (CCA) cells. The biological function of sulfatides in the liver is still unclear; however, this review aims to summarize
the existing findings on the topic.
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1. Introduction

Sulfatides or 3-O-sulfogalactosylceramides are a class
of sulfated glycosphingolipids present mainly in the extra-
cellular leaflet of the plasma membrane in eukaryotic cells
[1]. In the human body, sulfatides are widely expressed in
various organs and involved in many biological processes
such as platelet adhesion and aggregation, myelinating cell
differentiation, insulin secretion in pancreatic beta cells,
ammonium excretion in renal epithelial cells, and the mod-
ulation of the immune system [2–5]. Sulfatide metabolism
is altered in different diseases, including nervous and renal
diseases, and different types of cancers [6].

A previous study demonstrated the presence of sul-
fatides mainly in the brain, but also in the kidney and
gastrointestinal tract. Sulfatides are most abundant in the
nervous system, where they are one of the major glycol-
ipid components of the myelin sheath [7]. Sulfatides are
also rich in the kidneys and are highly concentrated in the
medulla, where they show a significant structural variabil-
ity and are involved in the control of renal acidosis [8].
The presence of sulfatides in the gastrointestinal tract has
been previously described. The enrichment of sulfatides
in the duodenum and gastric mucosa is related to the pro-
tective role of these sulfoglycolipids since these tissues are
exposed to pepsin and bile acids [9]. Sulfatides are iden-
tified as high-affinity ligands for galectin 4 in the intes-
tine. Binding between sulfatides and galectin 4 at the api-
cal membrane in a colon cancer cell line generates lipid

rafts called detergent-resistant membranes (DRMs), play-
ing a functional role in the clustering of lipid rafts for apical
delivery [10].

The liver, another organ exposed to toxins, xenobi-
otics, and bile salts due to its unique metabolism and re-
lationship to the gastrointestinal tract, employs robust pro-
tective mechanisms to promote liver regeneration, which
require the cooperation of its diverse cell population, in-
cluding hepatocytes, biliary epithelial cells or cholangio-
cytes, hepatic stellate cells, Kupffer cells, and sinusoidal
endothelial cells [11]. The liver plays a pivotal role as a
central and major integrator for the metabolism of circulat-
ing lipid and lipoproteins. On this basis, sulfatides could be
synthesized in the liver [12]. However, little is known about
which cell type in the liver is capable of synthesizing and
degrading sulfatides. In a human liver single-cell RNA se-
quencing (scRNAseq) dataset the expression of GAL3ST1
(an enzyme involved in sulfatide synthesis) is restricted to
cholangiocytes [13]. Sulfatides have been described to be
present in the biliary tract in the liver and show reduced
levels in primary sclerosing cholangitis (PSC) patients with
severe cholestasis [14]. A very recent study showed how
deficiency of GAL3ST1 in a cholangiocarcinoma (CCA)
cell line reduced tumorigenicity and partially recovered the
epithelial identity of the cells. This enzyme was also shown
to be essential for cell survival in thirty CCA cell lines [15].
This suggest that sulfatidemay play a role in the biliary tract
in the liver.
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2. Sulfatide Structure and Metabolism
Sulfatide is composed of galactosylceramide (GalCer)

and a polar sulfated carbohydrate head group. The ba-
sic sulfatide building block is ceramide, which consists of
a long-chain sphingoid base linked to an acyl (fatty acid)
chain via an amide bond. Sulfatides show structural vari-
ability with respect to their ceramide anchor, varying in
chain length, hydroxylation, and saturation for both the sph-
ingoid base and fatty acids [3,16] (Fig. 1). Sulfatide species
with different structures are tissue-specific [16,17].

Sulfatides synthesis begins in the endoplasmic retic-
ulum by the addition of galactose to ceramide by the ac-
tion of the enzyme cerebroside galactosyltransferase (CGT,
also called UGT8) [18]. This first step produces β-
galactosylceramide (β-GalCer), which is transformed into
sulfatide by the enzyme cerebroside sulfotransferase (CST,
also called GAL3ST1) that catalyzes the 3-O sulfation of
the galactose residue into GalCer [19]. Sulfatide degrada-
tion from the plasma membrane or internal organelles oc-
curs in the lysosomes, where the enzyme arylsulfatase A
(ARSA) hydrolyzes the sulfate group back to β-GalCer.
This action requires a thermostable protein called sphin-
golipid activating protein (SapB) that removes the sul-
fatides from the endolysosomal membrane, facilitating ac-
cess to the enzyme ARSA for degradation [20]. Galacto-
cerebrosidase (GALC) catalyzes the hydrolysis of galactose
from GalCer to ceramide [21] (Fig. 2).

3. Sulfatides in the Liver
3.1 The Presence of Sulfatides in the Liver

The presence of sulfatides in the liver was previously
described in 1961. In this study, chromatography of 35S
-labeled, acetone-insoluble hepatic lipids showed the pres-
ence of two sulfatides in the lipid extracts of the rat liver.
The degeneration of liver cells induced by bromobenzene

administration did not affect the sulfatide-sulfur concentra-
tion in the liver, corroborating the presence of sulfatide in
liver tissue [22]. In another study, radioactive sulfatide was
administered orally to mice, where it was absorbed in the
gastrointestinal tract and subsequently transported to differ-
ent organs, including the liver [23]. This suggested that the
sulfatides present in the liver may have originated, at least
in part, from external sources. Sulfatides were also shown
to be highly concentrated in the fetal porcine liver [24].

The liver is composed of multiple cell types, but
the cellular distribution of sulfatide in the mammalian
liver has been unknown. Specific lipid markers for
structural elements of the liver have been identified by
matrix-assisted laser desorption/ionization mass spectrom-
etry imaging (MALDI-MSI). Sulfatides are localized ex-
clusively in a thin layer lining the bile duct, indicating that
sulfatides are a specific molecular marker of the bile ducts
[14]. The bile ducts form a complex three-dimensional net-
work within and outside the liver called the biliary tree [25].
Biliary epithelial cells, or cholangiocytes, lining the central
luminal surface of the biliary tree perform important physi-
ological functions, such as modification of primary bile and
maintenance of barrier function to prevent biliary invasion
of the hepatic parenchyma [25–27].

3.2 Sulfatides in Liver Immunology
The liver has an important immunological activity to

protect against toxic agents and prevent hyper-reactive im-
mune responses. A large population of immune cells regu-
lates this activity. Hepatocytes are responsible for the pro-
duction of 80–90% of circulating immune proteins, such
as acute phase proteins, bactericidal proteins and com-
plement factors to control systemic infection [28]. Liver
macrophages are involved in phagocytosis of insoluble
waste products and modulation of the hepatic inflammatory
response [29]. Natural killer (NK) cells are innate immune

Fig. 1. Structure of sulfatides. Sulfatides are composed of galactosylceramide (GalCer) and a polar sulfated carbohydrate sulfate group.
Sulfatides contain various structures, including different acyl chain lengths and the ceramide moiety, which can be hydroxylated at the
α-2 carbon of the fatty acid. The 2-hydroxyl group is shown in green. Figure created in ChemDraw (RRID: SCR_016768) Professional
version 22.0 (PerkinElmer, Waltham, MA, USA).
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Fig. 2. Synthesis and degradation of sulfatides. Sulfatide synthesis begins in the endoplasmic reticulum by the addition of galac-
tose from UDP-galactose to ceramide, catalyzed by UGT8. After transport of GalCer to the Golgi apparatus, sulfatides are finally
synthesized by addition of the sulfate group from PAPS catalyzed by the enzyme GAL3ST1. Sulfatide degradation takes place in the
lysosomes, where ARSA hydrolyzes the sulfate group. This reaction requires the action of a non-enzymatic proteinaceous cofactor SapB
that removes sulfatides from the membranes and makes accessible to ARSA. GALC catalyzes the hydrolysis of galactose from GalCer to
ceramide. UDP-galactose, uridine diphosphate-galactose; UGT8, ceramide galactosyltransferase; GalCer, galactosylceramide; PAPS, 3′-
phosphoadenosine-5′-phosphosulfate; GAL3ST1, cerebroside sulfotransferase; ARSA, arylsulfatase A; SapB, saposin B; GALC, galac-
tocerebrosidase. Figure created in ChemDraw (RRID: SCR_016768) Professional version 22.0 (PerkinElmer, Waltham, MA, USA).

cells, also present in the liver, that recognize a wide variety
of antigens. Liver NK cells are part of the defense against
pathogens and tumor cells by releasing cytotoxic proteins
and cytokines [30].

The liver is also enriched in natural killer T (NKT)
cells, a heterogeneous group of T lymphocytes that rec-
ognize self or microbial lipid antigens and activate signal-
ing through Toll-like receptors. NKT cells are abundant
in hepatic sinusoids and are capable of secreting pro- and
anti-inflammatory cytokines upon activation [28,30]. NKT
cells express both T cell receptor (TCR)-αβ chains and NK
cell markers. There are two main subgroups of NKT cells
in the liver that play opposing roles in liver inflammation
[31]. Invariant NKT (iNKT) cells, also known as type I
NKT cells, are dependent on a semi-invariant TCR. These
cells are capable of recognizing lipid antigens specific to

different antigen-presenting cells (APCs) of the liver, such
as hepatocytes, Kupffer cells, dendritic cells and biliary ep-
ithelial cells. Type I NKT cells can recognize lipid antigens
through major histocompatibility complex (MHC) class I-
related molecules present on APCs [31,32]. Furthermore,
type I NKT cells can be activated through toll-like recep-
tor (TLR) ligands, and cytokines present in APC. Type I
NKT cells provide a fast response to injury by secreting pro-
inflammatory cytokines that can promote liver fibrogenesis
by activating hepatic stellate cells [31].

In contrast, type II NKT cells modulate the activation
of type I NKT cells to reduce liver damage due to the in-
flammatory response. Activation of type II NKT cells de-
pends on various TCRs in the liver. Sulfatides, as lipid anti-
gens, can activate type II NKT cells via plasmacytoid den-
dritic cells (pDCs) in the liver [33]. pDCs are innate im-
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Fig. 3. Model depicting sulfatide-mediated activation of type II NKT cells reducing liver damage by regulating the proinflamma-
tory cascade of type I NKT cells. Sulfatide activates type II NKT cells, initiating an anti-inflammatory response through the secretion
of IL-10, which promotes tolerization in mDCs and inhibits the activation of type I NKT cells. In contrast, type I NKT cells, acti-
vated by autolipid or foreign antigens, such as α-GalCer and microbial lipids, or through TLRs/cytokine-mediated pathways, trigger a
rapid proinflammatory response involving secretion of OPN, Fas/FasL and IFN-γ. APC, antigen-presenting cells; pDC, plasmacytoid
dendritic cells; mDC, myeloid dendritic cells; NKT, natural killer T; IL-10, interleukin-10; IFN-γ, interferon-gamma; TLR, toll-like re-
ceptor; OPN, osteopontin; FasL, Fas ligand. Figure created in ChemDraw (RRID: SCR_016768) Professional version 22.0 (PerkinElmer,
Waltham, MA, USA).

mune cells responsible for interferon α (IFNα) production
and are involved in antiviral defense and autoimmunity.
Activation of pDCs has been shown to induce tolerogenic
responses through the secretion of interleukin-10 (IL-10)
followed by tolerization of myeloid dendritic cells (mDCs),
which are involved in the activation of type I NKT cells
[34].

Sulfatide-mediated activation of type II NKT cells is
able to induce tolerogenic myeloid dendritic cells (mDC)
and anergic type I NKT cells in the liver, modulating the im-
mune response by reducing proinflammatory cytokine lev-
els and fibrogenesis [5,35] (Fig. 3).

4. Sulfatides in Liver Disease
4.1 Alcohol-related Liver Disease

Alcohol-related liver disease (ArLD) comprises hep-
atic steatosis, steatohepatitis, liver fibrosis, and cirrhosis,

increasing the risk of developing hepatocarcinoma (HCC),
and is becoming one of the most common causes of death
in the United States [36].

Oxidative stress is one of the most studied mecha-
nisms in alcohol-related liver injury, as reactive oxygen
species (ROS) are released during ethanol metabolism [37].
Different sources of ROS after ethanol exposure have been
described, but hepatic activation of cytochrome P4502E1
(CYP2E1) and the presence of inflammatory cytokines are
the main inducers of ROS in the liver [38]. Hepatic alco-
hol metabolism consists of two oxidative processes. First,
ethanol is converted in acetaldehyde through the enzyme
alcohol dehydrogenase (ADH) in the cytoplasm of hepa-
tocytes. Acetaldehyde is transformed into acetate in mito-
chondria by acetaldehyde dehydrogenase (ALDH) action.
Acetate is released into the circulation from the liver and
oxidized in different tissues [39]. Hepatic metabolism of
ethanol via ADH and ALDH is the main metabolic pathway
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at low ethanol concentrations, but in chronic ethanol con-
sumption, microsomal CYP2E1 is activated [38,39]. Acti-
vation of CYP2E1 releases oxygen free radicals leading to
lipid peroxidation and oxidative stress that induce immune
responses in the liver.

Alcohol-related liver injury depends on the activa-
tion of the type I NKT cells to secrete cytokines and
chemokines, which are involved in the hepatic inflamma-
tory response in hepatic steatosis development [40]. Accu-
mulation and activation of type I NKT cells after alcohol
ingestion in mice show a pathogenic role in ArLD by in-
creasing hepatic IL-6 expression [41]. Hepatic metabolites
after alcohol ingestion activate the initial immune response
by Kupffer cell activation, releasing a large number of cy-
tokines and chemokines involved in neutrophil recruitment
from liver sinusoids to the liver parenchyma [41,42].

Furthermore, J18−/− mice that lack type I NKT cells
show reduced liver damage after chronic plus binge feeding
alcohol diet evidencing the pathological role of these cells
in ArLD [41]. The J18 gene is essential for TCRα expres-
sion in type I NKT cells; therefore, these knockout mice are
considered as an appropriate model to study the role of type
I NKT cells in different pathologies [43].

In a chronic plus binge alcohol model in wild-type
mice, intraperitoneal injection of sulfatides after ethanol ad-
ministration improves the inflammatory profile in the liver
of these mice. Sulfatides showed a protective role in animal
models of ArLD by inhibiting type I NKT cells by blocking
the pro-inflammatory response and neutrophil recruitment
in liver parenchyma [41].

Serum levels of sulfatides are decreased in animal
models of ArLD, and hepatic expression of GAL3ST1 is
repressed due to oxidative stress in the liver of these mice.
Altered sulfatide metabolism in the liver might contribute
to ArLD pathogenesis, since exogenous administration of
sulfatides improved the liver conditions in mouse models
[44].

4.2 Ischemia/Reperfusion
Liver surgery for the treatment of focal hepatic lesions

and liver transplantation requires a period of ischemia to
prevent excessive blood loss. The most common proce-
dures are total hepatic vascular exclusion or Pringle ma-
neuver [45]. Restoration of blood flow or reperfusion is fol-
lowed by liver damage associatedwith prior oxygen and nu-
trient shortages [46]. Kupffer cells are activated during is-
chemia, being responsible for the production of ROS gener-
ating oxidative stress in the reperfusion period, contributing
to cellular damage [47]. Kupffer cell activation is related to
the production of pro-inflammatory cytokines, such as IL-1
and tumor necrosis factor alpha (TNFα), during the initial
phase of inflammatory response after reperfusion [5,46].

Intraperitoneal administration of sulfatides before is-
chemia in wild-type mice reduced hepatic necrosis after
reperfusion and improved serum biochemical parameters.

However, injection of sulfatides in J18−/−mice before sur-
gical procedure did not improve liver injury, suggesting
that inactivation of type I NKT cells is the main protective
mechanism of sulfatides in ischemia-reperfusion injury [5].

Pretreatment with sulfatides in a mouse model of
ischemia-reperfusion liver injury results in an immunomod-
ulatory response showing a reduced inflammatory re-
sponse. Sulfatides administration before liver surgery could
be considered as a therapeutic strategy to improve the out-
come of patients who require hepatic resection or liver
transplantation [5].

4.3 Autoimmune Hepatitis (AIH)
Autoimmune hepatitis (AIH) is a chronic inflamma-

tory liver disease of unknown etiology and low incidence
whose diagnosis is based on elevated serum liver enzymes,
presence of circulating autoantibodies, and prominent hep-
atitis in liver histology [48,49].

Autoimmune liver diseases result from the imbalance
between pro-inflammatory and anti-inflammatory hepatic
immune responses influenced by the activation of NKT
cells. A recent study has demonstrated that sulfatide-
reactive type II NKT cells are abundant in the human liver
and show a pro-inflammatory phenotype in AIH patients
[50]. In this context, sulfatide-activated type II NKT cells
have high levels of tumor necrosis factor (TNF) and low
levels of interferon (IFN). TNF is a pro-inflammatory cy-
tokine that could be involved in the interaction between type
II NKT cells and other intrahepatic immune cells, generat-
ing an inflammatorymilieu in the liver of AIH patients [50].

4.4 Hepatitis C
Hepatitis C is a common liver disease worldwide

caused by the hepatitis C virus (HCV), a hepatotropic RNA
virus of the Flaviviridae family [51]. Seven major HCV
genotypes and 86 subtypes have been described. After
acute hepatitis C virus infection, 75–85% of patients may
develop chronic hepatitis C [52]. Chronic HCV infection
triggers a chronic inflammatory process, which might lead
to liver fibrosis, cirrhosis, HCC [51]. Fibrogenesis is the
main complication of chronic HCV infection, which is as-
sociated with chronic hepatic inflammation due to oxida-
tive stress and immune response directed to infected hepa-
tocytes [53]. Several direct-acting antiviral agents (DAAs)
mainly target three proteins involved in crucial steps of the
HCV life cycle: the NS3/4A protease, the NS5A protein,
and the RNA-dependent RNA polymerase NS5B protein
[54].

Lipids are key components in the viral life cycle
that affect host-pathogen interactions. Multiple reports
have indicated that HCV modulates lipid metabolism, in-
cluding sphingolipid, to promote viral replication [55].
Chronic HCV infection is recognized as the major cause
of mixed cryoglobulinemia (MC), an immune-complex-
mediated vasculitis involving small vessels characterized
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by an underlying B cell proliferation. Elevated titers of
both anti-ganglioside GM1 and anti-sulfatide antibodies
were detected in the plasma of several patients with HCV-
associated Immunoglobulin M kappa/ Immunoglobulin G
(IgM κ/IgG) MC. This study indicated a potential involve-
ment of sulfatides in HCV replication [56].

4.5 Primary Sclerosing Cholangitis (PSC)
Primary sclerosing cholangitis (PSC) is a chronic

cholestatic liver disease characterized by multifocal bile
duct strictures due to liver inflammation and fibrosis [57].
The biliary tract is a system of ducts where bile is trans-
ported from the liver to the small intestine. The bile ducts
are directly exposed to toxic components of bile and re-
quire protective mechanisms to prevent pathological condi-
tions. Bile acids are components of bile required for fat di-
gestion and fat-soluble vitamins absorption in the small in-
testine [58]. Bile acids are physiological detergents whose
metabolism is strictly regulated in the liver since their high
cytotoxicity. Impaired bile flow leads to bile acid accu-
mulation under cholestatic conditions, a common condi-
tion found in PSC patients [57,58]. The biliary tract shows
different protective mechanisms against bile acid toxicity,
such as the bicarbonate umbrella, by increasing the pH of
the bile and reducing the cytotoxic effects of bile acids [59].

PSC etiology is unknown, but there are different hy-
potheses about the pathogenesis of this disease. PSC is
commonly found in patients with inflammatory bowel dis-
ease (IBD); therefore, the gut-liver axis may be involved in
the pathophysiology of this cholangiopathy [60]. Environ-
mental and genetic factors may alter the gut microbiota that
releases microbial compounds from the gut into the portal
circulation, reaching the liver to activate hepatic immune
response through gut-liver crosstalk [61]. These factors in-
volved in PSC developmentmay destabilize the bicarbonate
umbrella to contribute to disease progression [62].

Sulfatides are limited to the biliary tract in the liver
and, interestingly, sulfatides are absent in the liver of PSC
patients with severe cholestasis [14]. Sulfatides can activate
type II NKT cells to modulate inflammatory response by in-
activating type I NKT in the liver. This specific presence of
sulfatides in the biliary tract can be part of an immunomod-
ulatory response to prevent bile duct inflammation and dis-
ease progression.

Sulfatides are also present in intestinal epithelial cells,
where they interact with galectin-4 to generate lipid rafts
in the apical membrane [10]. These lipid rafts are known
as detergent-resistant membranes. Intestinal and biliary
epithelia are exposed to high concentrations of bile acids,
and they need protective mechanisms against the membra-
nolytic effects of bile salts [63]. In this line, sulfatides
present in biliary and intestinal epithelial cells could play
a protective role against cytotoxic and membranolytic ef-
fects of bile salts.

Further studies are required to understand the func-
tions of sulfatides in the biliary epithelium and their role
in biliary diseases, but sulfatides can be part of a protec-
tive layer in the bile ducts whose absence can contribute to
disease progression.

4.6 Hepatocellular Carcinoma (HCC)

Cancer cells often express antigens at the cell sur-
face. Specific glycosphingolipids (GSLs) are more highly
expressed in tumors than in normal tissue, known as tumor-
associated cell surface antigens, many of which facilitate
uncontrolled cell growth and metastasis [64,65]. As one of
GSLs, sulfatides were found elevated expressed in many
types of cancers, such as colon, ovarian, gastric, renal cell
carcinoma, and breast cancer [66]. The pathologic func-
tional roles of sulfatides in these cancer tissues are unclear;
it has been believed that sulfatides present on the surfaces of
cancer cells act as adhesive molecules by binding P-selectin
to contribute to the facilitation of metastasis [67,68].

Hepatocellular carcinoma (HCC) is the most common
form of liver cancer accounting for 90% of cases. HCC usu-
ally develops in the context of chronic liver disease and is
an aggressive disease with a poor prognosis [69]. Sulfatides
were found upregulated in HCC tissue and present in differ-
ent HCC cell lines, which serve as an adhesion molecule on
the membrane of HCC cells [70]. The level of sulfatides ex-
pression was positively correlated with metastatic potential
in different HCC cell lines [71].

Transgenic (Tg)mice expressing hepatitis C virus core
protein (HCVcp) were used to study the relationship be-
tween sulfatide metabolism and hepatocarcinogenesis. In
HCVcpTg mice, the sulfatide contents in the liver were
age-dependently increased, together with both oxidative
stress and peroxisome proliferator-activated receptor al-
pha (PPARα) activation. GAL3ST1, the key enzyme for
sulfatide synthesis, is a target molecule of PPARα, but
GAL3ST1 expression is generally suppressed under oxida-
tive conditions. These findings suggest that the GAL3ST1
upregulating effect by PPARα activation is stronger than
the GAL3ST1 suppressive effects brought about by oxida-
tive stress [72]. The study indicated that abnormal sulfatide
homeostasis might affect the development of HCC [72].

The spatial distribution of sulfatide composition in
HCC tumor tissue was monitored using MSI [73]. Sul-
fatides were detected in HCC tissue; however, the sulfatide
species, viz. odd-chain hydroxylated species ST-OH [37:1],
which dominates in HCC, are distinct from normal bile
ducts, intrahepatic cholangiocarcinoma (iCCA), or colorec-
tal cancer liver metastasis (CRLM). Moreover, the predom-
inant sulfatide species in the normal bile duct, iCCA, or
CRLM, viz. hydroxylated species ST-OH [42:1], was vir-
tually absent in HCC tumor tissues [73]. The distinct sul-
fatide composition in different liver cancers may aid in the
diagnosis of different liver cancers. No significant associa-
tion between sulfatide composition and survival rates (both
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overall and disease-free survival) was found in HCC pa-
tients [73]. Still, it will be worth studying the tumorigenic
link of sulfatide species with HCC in the future.

4.7 Cholangiocarcinoma (CCA)
Cholangiocarcinoma (CCA), the second most fre-

quent primary liver cancer after HCC, is a group of very
aggressive malignant neoplasms that originate in the bil-
iary tree. Depending on the location of the tumor, CCA
is anatomically divided into two subtypes: intrahepatic
(iCCA) and extrahepatic (eCCA), the latter being further
subdivided into perihilar (pCCA) and distal (dCCA) [74].
The initiation of CCA is associated with the malignant
transformation of biliary epithelial cells.

MSIwas employed to explore sulfatide abundance and
composition in iCCA tissue [73]. The results revealed the
presence of sulfatides in the iCCA tumor zone, with sul-
fatide intensity per pixel similar to that of the bile ducts.
Although clinical outcomes and iCCA tumor biology cor-
related with sulfatide characteristics, no significant associa-
tionswere found between total sulfatides intensity and over-
all or disease-free survival, or tumor stage. Interestingly,
a higher proportion of unsaturated over saturated sulfatide
species was associated with lower disease-free survival of
iCCA patients. Patients with a high ratio showed earlier
tumor recurrence (10 months) compared to patients with a
low ratio (20 months) [73].

GAL3ST1, the main enzyme involved in sulfatide
synthesis, has also been shown to be up-regulated in hu-
man CCA tissue as well as in human CCA cell lines [15].
Furthermore, GAL3ST1 deficiency using clustered regu-
larly interspaced short palindromic repeats (CRISPR) Cas
technology in the human dCCA TFK1 cell line reduced
the tumorigenic capacity and partially recovered the epithe-
lial identity of the cells. In this study, sulfatide deficiency
was observed to decrease the proliferative and clonogenic
capacity of TFK1 cells. Sulfatide deficiency reduced the
glycolytic activity and increased the expression of epithe-
lial markers of TFK1 cells, which consequently increased
transepithelial resistance and reduced the permeability of
polarized cultured cells [15]. Disruption of sulfatide syn-
thesis in TFK1 cells suggested an anticancer effect, mani-
fested by reprogramming of energy metabolism and rever-
sal of epithelial-mesenchymal transition (EMT) with recov-
ery of barrier function. However, these findings need to be
extended to more cell lines and in vivomodels but sulfatides
could be a new target for the treatment of CCA.

4.8 Colorectal Cancer Liver Metastasis (CRLM)
Colorectal cancer (CRC) is the third most common

type of cancer globally [75]. Sulfatide is abundant in basal
crypt epithelium and surface epithelium of healthy colon
tissue, while elevated expression of sulfatides was found in
CRC tissue and cell lines derived thereof [76]. The liver
is the main organ affected by CRC metastatic spread, and

more than half of CRC patients will develop liver metastasis
over the course of the disease [77]. A study by Morichika
et al. [78] investigated the relationship between sulfatide
composition and the malignant potential of CRC. Using
thin-layer chromatography (TLC) and immunostaining, the
study designated sulfatide as two distinct bands: cerebro-
side sulfated ester (CSE)-A and CSE-B. No statistically
significant difference was observed in the total levels of
CSE between cancerous tissue and normal tissue. However,
CSE-A levels were significantly lower, while CSE-B levels
were significantly higher in cancerous tissue compared to
normal tissue. This shift indicated alterations of sulfatide
composition in cancerous tissues, characterized by a reduc-
tion in nonpolar band (CSE-A) and an increase in the po-
lar band (CSE-B). And higher CSE ratios (CSE-B/[CSE-A
+ CSE-B]) were correlated with lymph node metastasis of
CRC [78].

The recent MSI study revealed that total sulfatide in-
tensity in the CRLM tumor area was significantly higher
than in the tumor area of HCC and iCCA, as well as nor-
mal bile ducts [73]. All structural classes of sulfatides con-
tributed to this elevation. However, there were no signifi-
cant associations between sulftiade composition and overall
or disease-free survival in the CRLM patients [73]. With-
out further information regarding the specific concentra-
tion or functional implications of sulfatides, the signifi-
cance of these alterations remains unclear. Future research,
potentially including quantitative analysis of sulfatide con-
tent in small biopsy samples, could offer predictive insights
into the malignancy potential of CRLM. Further studies are
needed to determine the precise role of sulfatides in CRLM
progression and metastasis.

5. Conclusions
The presence of sulfatides in the liver has been known

for decades, but the functional roles of sulfatide species in
the liver are mainly unknown. There is evidence that sul-
fatides are involved in liver physiology and pathobiology in
different aspects, as summarized in Table 1 (Ref. [5,14,15,
41,50,56,70–73,78]). The ability of sulfatide-mediated ac-
tivation of type II NKT cells regulates the immune response
in the liver and is potentially implicated in many liver dis-
eases. The development of mass spectrometry offers good
opportunities for lipid research, including the accurate mea-
surement of sulfatides. The localization of sulfatides in
the bile ducts indicates that sulfatides are a biomarker of
cholangiocytes, and the level of sulfatides appears to ex-
ist a relationship between different stages of PSC. Oxida-
tive stress or PPARα activation induced by liver injury
affects the expression of enzymes involved in sulfatide
metabolism. The interaction between sulfatide and cell ad-
hesion molecules may be involved in liver cancer metas-
tasis, and the difference in sulfatide composition among
HCC, iCCA, and CRLM holds the potential to aid the diag-
nosis of liver cancers. Dysregulation of GAL3ST1 in hum-
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Table 1. Summary of literature reviewed: sulfatides in liver disease.
Authors Year Model Key findings Liver disease Reference

Maricic I. et al. 2015 Mice Sulfatides showed a protective role in animal models of ArLD by the inhibition of type I NKT cells that
blocks the pro-inflammatory response and neutrophils recruitment in liver parenchyma.

ArLD [41]

Arrenberg P. et al. 2011 Mice Sulfatides pretreatment in amousemodel of hepatic ischemic reperfusion injury results in an immunomod-
ulatory response, which shows a reduced inflammatory response.

Hepatic ischemia-reperfusion
injury

[5]

Sebode M. et al. 2019 Human blood
and liver

Sulfatide-reactive type II NKT cells are abundant in the human liver and show a pro-inflammatory phe-
notype in AIH patients. Type II NKT cell activation mediated by sulfatides activates a pro-inflammatory
cascade that can contribute to disease pathogenesis.

AIH [50]

Alpa M. et al. 2008 Human plasma Elevated titers of both anti-ganglioside GM1 and anti-sulfatide antibodies were detected in the plasma of
several patients with HCV-associated IgM κ/IgG mixed cryoglobulinemia (MC).

Hepatitis C [56]

Flinders B. et al. 2018 Human tissue Sulfatides are restricted to the biliary tract in the healthy liver by MSI. A similar distribution of sulfatides
in the liver from PSC patients with a mild clinical phenotype as in the healthy liver. In contrast, sulfatides
were virtually absent in the liver of patients with advanced PSC.

PSC [14]

Dong Y. W. et al. 2014 Human tissue Sulfatides were found upregulated in HCC tissue and present in different HCC cell lines, which serve as
an adhesion molecule on the membrane of HCC cells.

HCC [70]

Zhong Wu X. et al. 2004 HCC cell line The level of sulfatides expression was positively correlated with metastatic potential in different HCC cell
lines.

HCC [71]

Tian Y. et al. 2016 Mice Sulfatide contents in the liver were age-dependently increased, together with both oxidative stress and
PPARα activation in transgenic (Tg) mice. This study indicated that abnormal sulfatide homeostasis
might affect the development of liver cancer.

HCC [72]

Huizing L. et al. 2023 Human tissue Sulfatides were found in HCC tissue, but the main type, the odd-chain hydroxylated ST-OH [37:1], differs
from those in normal bile ducts, iCCA, or CRLM. In contrast, the dominant sulfatide type in normal bile
ducts, iCCA, and CRLM, the hydroxylated ST-OH [42:1], is nearly absent in HCC tissues. No link was
found between sulfatide composition and survival rates in HCC patients.

HCC [73]

Huizing L. et al. 2023 Human tissue The presence of sulfatides in the tumor area of iCCA, with sulfatide intensity per pixel similar to that in
bile ducts. A higher ratio of unsaturated over saturated sulfatide species was associated with decreased
disease-free survival of iCCA patients.

CCA [73]

Chen L. et al. 2024 CCA cell line GAL3ST1 is upregulated in human CCA. GAL3ST1 deficiency reduced tumorigenic capacity and par-
tially recovered the epithelial identity of CCA cells.

CCA [15]

Morichika H. et al. 1996 Human tissue Changes in sulfatide composition may play an important role in lymph node metastasis of colorectal
adenocarcinoma.

CRLM/CRC [78]

Huizing L. et al. 2023 Human tissue Total sulfatide intensity was much higher in the CRLM tumor area compared to HCC, iCCA, and normal
bile ducts. Sulfatide composition did not significantly affect overall or disease-free survival in CRLM
patients.

CRLM [73]

ArLD, alcohol related liver disease; AIH, autoimmune hepatitis; MSI, mass spectrometry imaging; PSC, primary sclerosing cholangitis; HCC, hepatocellular carcinoma; CCA, cholangiocarcinoma; HCV, hepatitis
C virus; IgM κ/IgG, Immunoglobulin M kappa/ Immunoglobulin G; PSC, Primary sclerosing cholangitis; PPARα, peroxisome proliferator-activated receptor alpha; iCCA, intrahepatic cholangiocarcinoma;
GAL3ST1, (an enzyme involved in sulfatide synthesis) is restricted to cholangiocytes; CRC, colorectal cancer; CRLM, colorectal liver metastases.
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an CCA, its implication in tumorigenic capacity and ep-
ithelial mesenchymal transition in CCA cells suggest that
sulfatides could be a new target for CCA treatment. More
studies are needed to better understand the association of
sulfatides with liver disease. However, in this review we
attempt to summarize the studies that show this association.
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