
Review Article
Bile acids and sphingolipids in non
-alcoholic fatty liver disease
Kaitlyn G. Jackson1, Grayson W. Way2, Huiping Zhou1,3

1Department of Microbiology and Immunology, Virginia Commonwealth University School of Medicine, Richmond, VA 23298, USA;
2Center for Clinical and Translational Research, Virginia Commonwealth University School of Medicine, Richmond, VA 23298, USA;
3Central Virginia Veterans Healthcare System, Richmond, VA 23249, USA.
Abstract
Non-alcoholic fatty liver disease (NAFLD) is one of the fastest-growing diseases, and its global prevalence is estimated to increase
>50% by 2030. NAFLD is comorbid with metabolic syndrome, obesity, type 2 diabetes, and insulin resistance. Despite extensive
research efforts, there are no pharmacologic or biological therapeutics for the treatment of NAFLD. Bile acids and sphingolipids
are well-characterized signaling molecules. Over the last few decades, researchers have uncovered potential mechanisms by which
bile acids and sphingolipids regulate hepatic lipid metabolism. Dysregulation of bile acid and sphingolipid metabolism has been
linked to steatosis, inflammation, and fibrosis in patients with NAFLD. This clinical observation has been recapitulated in animal
models, which are well-accepted by experts in the hepatology field. Recent transcriptomic and lipidomic studies also show that
sphingolipids are important players in the pathogenesis of NAFLD. Moreover, the identification of bile acids as activators of
sphingolipid-mediated signaling pathways established a novel theory for bile acid and sphingolipid biology. In this review, we
summarize the recent advances in the understanding of bile acid and sphingolipid-mediated signaling pathways as potential
contributors to NAFLD. A better understanding of the pathologic effects mediated by bile acids and sphingolipids will facilitate the
development of new diagnostic and therapeutic strategies for NAFLD.
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most
common cause of chronic liver disease worldwide, with 28
to 52 new cases per 1000 individuals diagnosed annual-
ly.[1-3] NAFLD’s prevalence is the highest in the Middle
East (31.90%), followed by South America (30.45%),
Asia (27.37%), and the United States (24.13%).[1] Non-
alcoholic fatty liver (NAFL) is a form of NAFLD with
simple hepatic steatosis and little or no inflammation.[4]

Non-alcoholic steatohepatitis (NASH) is the advanced
form ofNAFLDwith inflammation and varying degrees of
liver damage. The majority of NAFLD patients have
NAFL, and only 10% to 25% of NAFLD patients develop
NASH. Patients with NASH have an increased chance of
developing end-stage liver disease and hepatocellular
carcinoma (HCC).[5,6] In 2017, a Global Burden of
Disease study conducted by the Institute of HealthMetrics
and Evaluation showed that 3.1% and 5.6% of liver-
related deaths were due to NAFLD-associated HCC and
cirrhosis, respectively.[7]
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NAFLD also increases the risk and incidence of extrahe-
patic cancers. In 2020, clinical assessment of patient data
in a retrospective cohort study of 254 patients with
bladder cancer or disease between late-middle and
advanced age groups (61–77 years) in Italy showed that
high serum triglycerides (TGs) were significantly associat-
ed with non-muscle-invasive bladder cancer (NMBC)
incidence.[8] Although NMBC-NAFLD did not meet
statistical significance (P= 0.06), its near-significant
positive association suggests its biological relevance. In
2021, a meta-analysis comprising data from over 182,000
middle to late-middle-aged individuals was conducted to
assess cancer incidence among patients with NAFLD over
6 years, including 45,000 patients with NAFLD, and
demonstrates that NAFLD diagnosis increases the risk of
developing extrahepatic cancers of the gastrointestinal
tract, lung, reproductive system, or urinary tract.[9]

Collectively, these data show that NAFLD can have a
broad and significant clinical impact on patient health.
Furthermore, the inclusion of NAFLD diagnosis as a risk
factor for cancer development may encourage more
regular cancer screenings and improve patient outcomes
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Figure 1: The spectrum of NAFLD. NAFLD disease progression is linked to multiple factors, including obesity, high cholesterol, metabolic dysfunction, type 2 diabetes, and insulin
resistance. The NAFL is the benign form of NAFLD and is characterized by simple steatosis with no or little inflammation. NASH is the advanced form of NAFLD associated with
inflammation, ballooning, and fibrosis and has the risk of developing cirrhosis and HCC. HCC: Hepatocellular carcinoma; NAFL: Non-alcoholic fatty liver; NAFLD: Non-alcoholic fatty liver
disease; NASH: Non-alcoholic steatohepatitis. The figure was created via BioRenders.com.
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across multiple medical specialties by detecting early
tumor establishment.

In the past few decades, extensive studies have shown that
NAFLD is a metabolic disease closely associated with
obesity, type 2 diabetes, lipidmetabolism, hepatic bile acid
dysregulation, and, especially, insulin resistance.[10,11]

Recently, a group of experts recommended renaming
“NAFLD” to “MAFLD,” metabolic-associated fatty liver
disease, to more accurately reflect pathogenesis and
improve the clinical management of NAFLD.[12-14]

Although extensive efforts have been put forth to develop
pharmacotherapies, no FDA-approved pharmacologic or
biologic interventions exist for NAFLD due to the
incomplete understanding of the complicated pathogene-
sis from NAFL to NASH.[15] As a result, dietary
modifications are the current gold standard for the
modulation of NAFLD progression.[16] In response to
the apparent clinical need for NAFLD treatment options,
research into the cellular mechanisms which underlie
NAFLD is essential for developing novel targeted
therapeutics.

It has been well recognized that bile acids are essential
signaling molecules and play critical roles in regulating
hepatic lipid metabolism. Identification of the cross-talk
between bile acid and sphingolipid-mediated signaling
pathways opened a new direction for studying bile acids
and sphingolipids in hepatic lipid metabolism and
provided new opportunities to develop potential diagnos-
tic and therapeutic tools for NAFLD and other metabolic
diseases.[17-20] Sphingolipids are one of the oldest
discovered lipids and have been extensively studied as
essential structural components of lipid rafts and impor-
tant signaling molecules, which play significant roles in
regulating various physiological functions.[21] In the past
decade, numerous studies have shown that sphingolipid
metabolism dysregulation is closely associated with
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multiple metabolic disorders, including NAFLD.[17-20]

Furthermore, the role of bile acid-mediated signaling
pathways in NAFLD has recently been extensively
discussed.[22,23] In this review, we will highlight the recent
advances in the sphingolipid field and discuss connections
between bile acids and sphingolipid signaling with a focus
on NAFLD.
Pathology of NAFLD

NAFLD is defined as a type of fatty liver disease not caused
by alcohol consumption. There are two forms of NAFLD:
NAFL and NASH. NAFL is characterized by simple fat
accumulation with at least 5% steatosis but little or no
inflammation and hepatocellular damage.[24] NASH is a
more active form of NAFLD characterized by significant
inflammation, ballooning, and fibrosis, which can prog-
ress to advancedfibrosis, cirrhosis, andHCC [Figure 1].[24]

The global incidence and prevalence of NAFLD are
rapidly increasing along with the obesity pandemic. It is
estimated that the global NASH prevalence will increase
>50% by 2030. In addition, the incidence of NASH-
related HCC is projected to increase significantly and
become the fastest-growing cause of liver transplantation
in the United States.[25]

In the past several decades, extensive effort has been put
into identifying potential mechanisms underlying NAFLD
pathogenesis. It is well accepted that NAFLD is closely
associated with obesity, insulin resistance, gut dysbiosis,
inflammation, and disruption of bile acid and lipid
metabolism.[26] In addition, genome-wide association
studies have identified genetic risk mutants related to
NAFLD, such as PNPLA3, TM6SF2, and SREPINA1.[27]

Both clinical and pre-clinical studies indicate that
dysregulation of sphingolipid metabolism is closely
associated with NAFLD disease progression.[18,21] How-
ever, neither FDA-approved pharmacotherapies for
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NASH nor biomarkers for diagnosis or assessment of
NASH disease progression and therapeutic outcomes are
available.[28]
Bile Acid and Sphingolipid Metabolism

Bile acid metabolism and signaling

Bile acids are synthesized from free cholesterol in the
hepatocytes via two well-characterized pathways, the
classical or neutral pathway and the alternative or acidic
pathway. The classical/neutral pathway produces ≥90%
bile acid, while the alternative/acidic pathway produces
the remaining �10%. Cholesterol 7a-hydroxylase
(CYP7A1) and cholesterol 27a-hydroxylase (CYP27A1)
are the rate-limiting enzymes for the classical pathway and
alternative pathway, respectively. CYP7A1 is only
expressed in hepatocytes, but CYP27A1 is expressed in
mitochondria in multiple cell types and tissues.[23,29]

Cholic acid (CA) and chenodeoxycholic acid (CDCA) are
two primary bile acids in humans. In mice, CDCA is
further converted into a-muricholic acid (a-MCA) via 6b-
hydroxylation by a cytochrome P450 enzyme, Cyp2c70.
In humans, CA and CDCA are conjugated with glycine or
taurine by bile acyl-coenzyme A (CoA) synthetase and bile
acid-CoA: amino acid N-acyltransferase to form conju-
gated bile acids (CBAs).[23] These bile salts aggregate as
Figure 2: Bile acid synthesis and enterohepatic circulation. Bile acids are exclusively synthesi
alternative (acidic pathway) via multiple enzymatic reactions. Under normal physiological condit
the portal vein. More than 95% of bile acids are reabsorbed by the enterocytes in the ileum, an
acids will be replaced by de-novo synthesis in the liver. The composition of the bile acid pool
synthetase; BAAT: Bile acid-CoA: amino acid N-acyltransferase; b-MCA: Beta-Muricholic acid
DCA: Deoxycholic acid; GCA: Glycocholic acid; GCDCA: Glycine chenodeoxycholic acid; LCA
chenodeoxycholic acid. The figure was created via BioRenders.com.
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micelles and mix with water, cholesterol, bilirubin, and
trace minerals and are stored in the gallbladder as
bile.[30,31] Under normal physiological conditions, bile
acids undergo enterohepatic circulation three to five times
per day. Enterohepatic circulation involves the secretion
of bile acids from the gallbladder to the intestinal lumen,
where bile acids facilitate lipid-soluble nutrient absorp-
tion. More than 95% of bile acids are reabsorbed by
enterocytes in the terminal ileum and transported to the
liver via the portal vein.[23,32] About 5% of bile acids
escape reabsorption and will be transformed into a variety
of secondary bile acids by gut bacteria via deconjugation,
oxidation, esterification, epimerization, and desulfation.
CA and CDCA are transformed into deoxycholic acid and
lithocholic acid (LCA) in humans. CDCA also can be
transformed into ursodeoxycholic acid. In mice, a-MCA
and b-MCA are converted into murideoxycholic acid. In
addition, b-MCA also can be transformed into v-MCA,
hyocholic acid, and hyodeoxycholic acid. The 5% of bile
acids excreted in feces are replaced through de-novo
synthesis in the liver[23] [Figure 2].

Bile acids are not only detergents but are also important
signaling molecules. In the past 2 decades, numerous
studies have shown that bile acid-mediated activation of
the nuclear receptor, farnesoid X receptor (FXR), and G
protein-coupled receptors (GPCRs), Takeda G-protein-
zed from cholesterol in the hepatocytes via two pathways, classical (neutral) pathway and
ions, bile acids circulate from the liver to the bile, intestinal lumen, and return to the liver via
d only 5% will be metabolized by the gut microbiome and excreted via feces. The lost bile
in mice is different from that in humans. a-MCA: a-muricholic acid; BACS: Bile acyl-CoA
; CA: Cholic acid; CDCA: Chenodeoxycholic acid; CYP27A1: Cholesterol 27a-hydroxylase;
: Lithocholic acid; MDCA: Murideoxycholic acid; TCA: Taurocholic acid; TCDCA: Taurine
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coupled receptor 5 (TGR5) and sphingosine-1 phosphate
receptor 2 (S1PR2), play important roles in the progres-
sion of NAFLD and other metabolic diseases via
modulating hepatic lipid metabolism, immune responses,
and the gut microbiome.[22,23,33]

Sphingolipid metabolism and signaling pathways

Sphingolipids are essential structural components of all
eukaryotic membranes. The synthetic pathways of
sphingolipids have been well characterized. More than
40 enzymes are involved in de-novo synthesis, catabolism,
recycling, and interconversion of these lipids in reversible
reactions.[21] Ceramide is the core molecule of the
complex sphingolipids. In canonical biosynthesis, cer-
amide is predominately produced in the endoplasmic
reticulum (ER). The initial step of the de-novo synthesis of
ceramide occurs through the condensation of palmitoyl-
CoA and L-serine to form 3-keto-dihydro sphinganine (3-
KDS), which is facilitated by the enzyme serine palmitoyl-
transferase (SPT).[34] 3-ketoreductase reduces 3-KDS to
form dihydrosphingosine, an intermediate possessing a
sphingosine base. In the next step, a fatty acyl group is
added to dihydrosphingosine by dihydroceramide syn-
thase to generate dihydroceramide. Finally, the enzyme
dihydroceramide desaturase 1 (DES1) inserts a double
bond into the sphingosine base of dihydroceramide to
form ceramide. Ceramide can then be further transformed
into ceramide-1 phosphate, acyl ceramide, sphingomyelin,
glycoceramides, or sphingosine.[21,35] Like sphingosine-1
phosphate (S1P), ceramide is also an important bioactive
molecule. So far, over 200 ceramides and 28 ceramide
synthases (CerS) have been discovered in mammals.[36]
Figure 3: Synthetic pathways of sphingolipids. The ceramide is the core molecule of sphingolip
or from sphingomyelin via sphingomyelinase or from sphingosine by ceramidase. Ceramide
sphingosine kinase to form S1P, which can be dephosphorylated by SGPP or further metaboli
SGPP: S1P phosphatase; SGPL: Sphingosine phosphate lyase; S1P: Sphingosine-1 phosphat
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Each ceramide is generated from combinations of
sphingosine bases and fatty acids and performs unique
functions.[37,38] Ceramide production is tightly controlled
by ORMDL family proteins, which sense ceramide levels
and inhibit SPT. Since sphingosine can only be formed
from ceramide, ORMDL proteins regulate sphingolipid
levels.[20]

To generate S1P, ceramide is transported by ceramide
transfer protein to the Golgi apparatus, where polar head
groups are added.[34] Ceramide possesses a sphingolipid
core, which, when N-deacetylated by ceramidase, is
broken down to sphingosine and a free fatty acid
(FFA).[39] Sphingosine is then phosphorylated by sphin-
gosine kinases (SphKs) to form S1P. Two isoforms of
SphK have been identified and characterized. SphK1 is
predominantly localized in the cytosol. SphK2 is mainly in
the nucleus and mitochondria.[39,40] Sphingosine can be
converted back to ceramide via CerS, which is typically
localized near the ER but is also found in the nuclear
membrane and mitochondria.[21] Tissue concentrations of
S1P remain low since most synthesized S1P is secreted or
dephosphorylated by S1P phosphatase or catabolized by
S1P lyase[21] [Figure 3]. The intracellular S1P is trans-
ported to the extracellular space by a specific transporter
in the cell membrane, either spinster homolog 2 or ATP
binding cassette transporters.

Sphingolipids are not only important structural compo-
nents of lipid membrane but also important signaling
molecules. S1P is the most well-characterized sphingolipid
as a signaling molecule. It can directly act as an
ids. It can be formed from an amino acid, serine, and palmitoyl-CoA, by de-novo synthesis
can be converted to C1P by ceramide kinase. Sphingosine can be phosphorylated by

zed by SGPL to hexadecental + ethanolamine-1 phosphate. C1P: Ceramide-1 phosphate;
e.
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Figure 4: S1P Receptor signaling. S1P interacts with five different GPCRs named S1PR1-5. S1PR1 couples with G alpha subunit Gai/o. S1PR2 and S1PR3 couple with Gai/o, Gaq, and
Ga12/13, while S1PR4 and S1PR5 couple with Gai/o and Ga12/13. Gai/o activates the RAS-Raf-MEK-ERK and PI3K, (PDK1, Akt pathways, leading to transcription of survival,
proliferation, and lipid uptake and metabolism genes. Gaq activates phosphoinositide-specific PLC, which generates IP3 and DAG, resulting in calcium influx and protein kinase C
activation, respectively. Ga12/13 activates the Rho, ROCK, PTEN pathway. PTEN antagonizes PI3K, halting cell proliferation. ROCK activates NF-kB, which translocates to the nucleus and
transcribes pro-inflammatory genes, leading to inflammation and fibrosis. Akt: Protein kinase B; DAG: Diacylglycerol; ERK: Extracellular-signal-regulated kinase; GPCRs: G protein-coupled
receptors; IP3: Inositol trisphosphate; MEK: MAPK/ERK kinase; NF-kB: Nuclear factor kappa B; PDK1: 3-phosphoinositide-dependent kinase-1; PI3K: Phosphoinositide-3-kinase; PLC:
Phospholipase C; PTEN: Phosphate and tensin homolog; Raf: Rapidly Accelerated Fibrosarcoma; ROCK: Rho kinase S1P: Sphingosine-1 phosphate; S1PR2: Sphingosine-1 phosphate
receptor 2. The figure was created via BioRenders.com.
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intracellular signaling molecule or extracellularly via five
GPCRs, S1PR1-5, which are differentially expressed in
multiple tissues and cells and can activate various
signaling pathways via coupling with different G-proteins
[Figure 4].
Bile Acids and Sphingolipids in NAFLD

The liver is physiologically equipped to optimize energy
usage necessary for survival under primitive condi-
tions.[41] As such, the liver restricts circulating lipid levels
by serving as a reservoir for short-term lipid storage.[42] In
metabolic associated NAFLD, adipocyte hypertrophy and
insulin resistance induce lipolysis and increase serum FFA,
promoting lipid uptake into hepatocytes and other organ
tissue, driving steatosis.[43,44] Although not completely
understood, the onset of inflammation that drives the
progression fromNAFL toNASH is attributed to amosaic
of factors, including gut dysbiosis, genetics, and diet.[45]

Pro-inflammatory conditions accelerate the progression
from NAFL to NASH, characterized by hepatocyte injury
(ballooning) and hepatic inflammation in the presence of
steatosis.[45] As NAFLD progresses, the liver expands in
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size due to the excessive uptake of fats. With repeated
insult due to chronic inflammation, resident cell pop-
ulations may be gradually replaced with non-functional,
fibrotic tissue.[46] In NAFLD, hepatic stellate cells (HSCs)
differentiate to a myofibroblast-like phenotype that
enables the excessive production of extracellular matrix
(ECM) components.[46] ECM is a driver of progressive
fibrosis.[47] Reactive oxygen species (ROS), cytokines, and
chemokines, especially transforming growth factor-b
(TGFb) and tissue inhibitor of matrix metalloproteinase
1 (TIMP1), inhibit matrix metalloproteinases that degrade
ECM, promoting fibrogenesis.[5,40] In the recent decade,
extensive studies from animal models and human patients
have found that NAFLD disease progression is closely
associated with bile acid dysregulation and sphingolipid
homeostasis.[48-60]

Mechanisms linking bile acid metabolism to the
development of NAFLD

Consistently, clinical studies have demonstrated that
primary and secondary CBAs are tightly associated with
NAFLD progression and NASH severity.[30,48,49,51,52] A
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recent study reported that elevated hepatic taurocheno-
deoxycholic acid (TCDCA) and taurocholic acid (TCA) in
NAFLD patients was associated with symptom onset,
disease progression, or death.[51] A similar study demon-
strated that serum CBA elevations are not observed in
NAFL and occur in both non-obese and obese patient
cohorts.[52] Although NAFLD is not correlated to
cholestasis, increases in primary CBAs, especially TCA,
and a decrease in secondary bile acids, have been
observed.[48] In a similar study where the blood chemis-
tries of 102 NAFLD and 50 healthy patients were
monitored, NAFLD patients exhibited highly significant
elevations in plasma total, primary, and secondary bile
acids. Changes in bile acid composition were significantly
correlated with steatosis. Increased primary CBAs, TCA,
taurodeoxycholic acid, TCDCA, glycocholic acid (GCA),
and glycodeoxycholic acid, were associated with hepatic
inflammation. Interestingly, GCA and glycine chenodeox-
ycholic acid (GCDCA) correlated with fibrosis severity
and point mutations in the tribbles homolog 1 gene, which
functions as a negative regulator of retinoic acid
receptors.[49] These patient data strongly suggest that
dysregulation of bile acid homeostasis represents a key
mechanism underlying inflammation and fibrosis in
NAFLD. Importantly, patient genetic profiling is an
essential consideration for data stratification in future
studies and may provide opportunities for novel pharma-
cogenomic therapies.

Our previous studies showed that bile acids play a crucial
role in hepatic lipid metabolism through activation of
S1PR2. In hepatocytes, the primary CBAs, such as TCA,
GCA, GCDCA, and TCDCA, can activate extracellular-
signal-regulated kinase (ERK)1/2 and protein kinase B
(AKT) pathways via S1PR2.[53-55] Both S1PR2 and SphK2
knockout (S1PR2�/� and SphK2�/�) mice were prone to
develop fatty liver upon high-fat diet feeding.[56] By using
the chronic bile fistula rat model and S1PR2�/� and
SphK2�/� mouse models, we further identified that TCA-
induced activation of S1PR2 induced expression and
activation of SphK2, which results in the generation of
nuclear S1P.[56] Nuclear S1P has been identified as a potent
inhibitorofhistonedeacetylases (HDACs).[57]HDACshave
been recently recognized as important pathogenetic players
in NAFLD.[58] However, due to the broad regulator effect
on gene transcription, targeting HDACs alone may not be
feasible as the treatment for NAFLD.[58]

Since the identification of FXR as the first bile acid nuclear
receptor and TGR5 as the first bile acid-activated GPCR,
extensive studies have been done to examine the
therapeutic potential for NAFLD by modulating FXR
and TGR5 activity. The role of FXR and TGR5 inNAFLD
has been recently reviewed.[23] Several bile acid-like drugs
have been evaluated in clinical trials. In 2020, obeticholic
acid, an FXR agonist, was evaluated for the treatment of
NASH associated fibrosis. Due to incomplete review,
uncertain long-term outcomes, and the possible risk of
liver failure, it did not progress past phase III trials despite
fibrosis improvement.[59]

A recent study reported that Sevelamer, a bile acid
sequestrant, reversed liver injury and prevented NASH
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development in a high-fat and high-sucrose diet-induced
mouse NAFLD model.[60] Sevelamer is a non-absorbable
polymer that not only binds bile acids in the intestine to
form non-absorbable complexes and reduces bile acid
uptake by intestinal epithelial cells but also modulates the
gut microbiome and bile acid metabolism.[60] The role of
bile acids and gut microbiome in NAFLD has also been
reviewed recently.[22]
Mechanisms linking sphingolipid metabolism to the
development of NAFLD

Sphingolipids are important signaling molecules and have
been extensively studied in various human diseases,
including metabolic diseases and NAFLD.[61,62] Ceramide
and S1P are the two most well-characterized sphingoli-
pids. Lipid profiling studies have shown that increased
ceramide is closely correlated with the pathogenesis of
metabolic diseases, such as obesity and insulin resistance
in animal models.[20] The metabolomics and lipidomics
analysis of human patient samples also indicate the
association of ceramide levels in the serum and tissue with
obesity, NAFL, and NASH.[20] The key enzymes involved
in sphingolipid metabolism have been studied as thera-
peutic targets for metabolic diseases. Inhibition of SPT
with Myriocin, a potent SPT inhibitor, or deletion of
Sptlc1 or Sptlc2, has been studied in animal models for
modulating insulin sensitivity, hepatic steatosis, and
adipocyte function.[20] In addition, the DES1 inhibitor,
fenretinide, has been reported to resolve insulin resistance
and hepatic steatosis in obese mice.[63] However, another
study reported that fenretinide accelerated atherosclerosis
in apoE-deficient mice.[64] More studies are needed to
delineate the potential mechanisms underlying the differ-
ential effects of the DES1 inhibitor.

It has been well characterized that the genetic risk variant
of patatin-like phospholipase domain-containing protein
3 (PNPLA3)I148M has a significant impact on NAFLD
disease severity in both pediatric and adult patients. It also
has been reported that NASH patients carrying the
PNPLA3 mutant are predisposed to HCC develop-
ment.[65] A recent study using the well-characterized
western diet and sugar water (WDSW)-induced NASH
mouse model showed that hepatocyte-specific overex-
pression of human PNPLA3I148M accelerated NASH
progression with increased steatosis, inflammation, fibro-
sis, and HCC.[66] Interestingly, the transcriptomic and
metabolomic analysis showed that the ceramide level was
markedly upregulated in PNPLA3I148M mice upon
WDSW feeding, which was accompanied by significant
changes in sphingolipid metabolism and signaling path-
ways.[66] The key genes involved in ceramide synthesis,
sphingomyelin and salvage pathways were markedly
increased, such as Sptlc1/2, Kdsr, Smpd1/2, and Cers.[66]

This study further indicated the potential role of
sphingolipids in NAFLD pathogenesis.

Inflammation and fibrosis are two major driving forces of
NAFL to NASH-HCC progression. S1P is the most well-
characterized sphingolipids and has been extensively
studied for its role in inflammation.[67] S1P can directly
activate intracellular signaling pathways or via five
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GPCRs to regulate various physiological and pathological
processes.[67] It has been shown that S1P-mediated
activation of S1PR1/S1PR3 activates HSCs and promotes
HSC migration and differentiation into myofibroblasts,
enabling excessive ECM protein deposition.[68] Activation
of hepatic S1PR1 led to nuclear factor kappa B activation
and increased chemokine and cytokine production in a
diet-induced NASH mouse model.[69] A previous study
identified the activation of the GP130-STAT3 signaling
pathway in human NAFLD patients.[70]

In the recent study, multiple inflammatory pathways were
activated, including activation of the Janus kinase-STAT3
in the PNPLA3I148M NASH mouse model.[66] Additional-
ly, in-vitro studies further showed that the culture of
human HSCs, LX2 cells, with the conditioned media from
HepG2 hepatocytes, which express PNPLA3I148M, signif-
icantly induced TGF-b1 and procollagen I and III
expression.[66] These studies suggest that sphingolipid-
mediated signaling in hepatocytes activates the fibrogenic
response in NAFLD.

Sphingolipid interactions are further nuanced by signal
location and cell type. The isoforms Sphk1 and Sphk2
have divergent roles in NAFLD pathology; this is likely
due to the subcellular localization of each enzyme. SphK1
is predominantly localized in the cytosol. SphK2 is mainly
in the nucleus and mitochondria.[39,40] S1P generated by
Sphk1 is involved in pro-inflammatory signaling through
S1PR1-3. After synthesis, S1P is exported from the cell and
interacts with S1PR1-5. Each GPCR mediates pathways
linked to Ras family small GTPases, Rac and Rho, and
protein kinases, including p38/MAPK, PI3K/AKT, JNK,
and phospholipase Ca2+/inositol triphosphate/diacylgly-
cerol.[20,55,63] Consistent with this, global deletion of
SphK1 in HFD-fed mice was protective against insulin
resistance and systemic inflammation.[71] However, the
roles of SphK1 can vary depending on cell type. Recent
work by Anderson et al[44] demonstrated that in-vivo
adipocyte-specific deletion of SphK1 developed a NASH
phenotype, which was further exacerbated by HFD
feeding. These mice incurred weight gain, a two-fold
increase in hepatocyte TG accumulation, and upregula-
tion of lipogenic genes (Fasn and Dgat2) and pro-
inflammatory cytokine genes TNFa and MCP1. There
was no evidence of a compensatory effect in the SphK2
isoform despite SphK1 deletion, suggesting that these
effects were isolated to the role of SphK1.[44] Although
mechanisms clarifying how adipocyte SphK1 deletion
increases hepatic lipid accumulation are not fully under-
stood, these contributions highlight the interconnectivity
between adipocytes SphK1 and liver function. These data
are especially important to consider in future metabolic
and NASH studies.
Summary and Future Perspectives

Despite NAFLD being one of the fastest growing diseases,
continued research is needed to elucidate the biological
mechanisms underlying NAFLD to develop novel thera-
peutic interventions.[24] Multiple recent reviews have
summarized the potential therapeutic and diagnostic value
in targeting components of bile acid and sphingolipid
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metabolism.[15,23,72-75] Therapeutics which target differ-
ent components of bile acid metabolism can have
unanticipated effects on glucose homeostasis or lipid
metabolism, but adverse side effects are mostly isolated to
gastointestinal dysregulation.[76] However, bile acid path-
ways appear to be a sensible pharmacologic target. Bile
acids tightly correlate with NAFLD severity and BA-
driven mechanisms regulate hepatic lipid uptake, inflam-
mation, and fibrosis.[30]

Future studies may benefit from considering subtle
structural differences in bile acids and sphingolipids, as
well as the localization of these signaling molecules. In
addition, the role of sphingolipids in the cross-talk of gut
and liver has not beenwell studied, especially the impact of
sphingolipids on gut microbiomes and intestinal barrier
function. Furthermore, incorporating personalized analy-
sis of specific genetic risk factors and underlying enter-
ohepatic circulation abnormalities may improve diagnosis
and treatment for NAFLD.
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