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The liver is the central organ involved in lipid metabolism and the gastrointestinal (GI) tract is
responsible for nutrient absorption and partitioning. Obesity, dyslipidemia and metabolic disorders are
of increasing public health concern worldwide, and novel therapeutics that target both the liver and the
GI tract (gut-liver axis) are much needed. In addition to aiding fat digestion, bile acids act as important
signaling molecules that regulate lipid, glucose and energy metabolism via activating nuclear receptor, G
protein-coupled receptors (GPCRs), Takeda G protein receptor 5 (TGR5) and sphingosine-1-phosphate
receptor 2 (S1PR2). Sphingosine-1-phosphate (S1P) is synthesized by two sphingosine kinase isoforms
and is a potent signaling molecule that plays a critical role in various diseases such as fatty liver, in-
flammatory bowel disease (IBD) and colorectal cancer. In this review, we will focus on recent findings
related to the role of S1P-mediated signaling pathways in the gut-liver axis.

© 2019 The Third Affiliated Hospital of Sun Yat-sen University. Publishing Services by Elsevier B. V. on
behalf of KeAi Communications Co., Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Sphingolipids were discovered in the late 1800s and named
after the mysterious Sphinx due to their puzzling biological func-
tion.! Like other lipids, sphingolipids were initially thought to be
structural components that make up cellular membranes. Not until
in the 1990s when sphingosine and its sphingoid derivatives
proved to be important signaling molecules that mediate biological
function such as cellular differentiation, migration, survival and
metabolism.”> Moreover, the phosphorylated sphingosine moiety,
sphingosine-1-phosphate (S1P), demonstrated to be a potent acti-
vator of various cellular signaling through its S1P receptors (S1PRs).
S1P is synthesized by sphingosine kinases (SphKs).*> Genetically
modified mouse studies have uncovered many important physio-
logical roles of S1P-mediated signaling in various human diseases
including pulmonary arterial hypertension, diabetes, liver diseases,
gastrointestinal (GI) diseases and cancer.®~® In addition, the
development of pharmacological drugs targeting S1P signaling
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pathways has allowed the modulation of critical cellular pathways
while providing an avenue for the treatment of various diseases.’
The ever-increasing obesity epidemic in the Western countries
has attracted special attention to the liver and the GI tract (gut-liver
axis) for their physiologic roles in lipid metabolism and nutrient
partitioning. Concurrently, S1P signaling emerges as one of the key
players in metabolic diseases, various liver pathologies including
non-alcoholic fatty liver disease (NAFLD), non-alcoholic steatohe-
patitis (NASH) and liver fibrosis, and GI diseases such as inflam-
matory bowel disease (IBD) and colorectal cancer.'~'?> Moreover,
only recently have researchers begun to take a more holistic view of
the liver and gut diseases as a single disease organ system rather
than two separate disease entities. Technological advances in deep
genetic sequencing and biochemical techniques have provided a
wealth of information in understanding the gut microbiome and
how it contributes not only to GI disorders, but how it contributes
to diseases affecting other organs in the body including the liver,
brain and lung.”>' In this review, we will focus on S1P signaling in
the gut-liver axis and its promising role in the development of
novel therapeutics to treat various liver and Gl-related disorders.

2. S1P signaling

S1P is a potent signaling molecule that activates various cellular
signaling pathways.'> As shown in Fig. 1, S1P is generated through a
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series of steps beginning with the hydrolysis of ceramide into
sphingosine by ceramidase.'® Sphingosine is phosphorylated to its
active form S1P by two sphingosine kinase isoforms (SphK1 and
SphK2)."” SphK1 generates cytosolic S1P while SphK2 contains a
nuclear localization signal that allows the synthesis of nuclear S1P,
which has been identified as a potent inhibitor of histone deace-
tylase.'® In addition, SphKs are differentially expressed with SphK1
highly expressed in the spleen and lung while SphK2 in the liver,
brain, kidney and heart.’® S1P can directly mediate cellular
response pathways intracellularly and several intracellular S1P
targets have been identified including the activation of tumor ne-
crosis factor (TNF) receptor-associated factor 2 (TRAF2) which plays
a key role in the nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB) activation pathway.”’~%# S1P plays a critical
role in regulating epithelial barrier function, vascular tone, in-
flammatory response and S1P level is therefore tightly regulated.
Along with erythrocytes and platelets, the liver plays a central role
in S1P regulation and contributes to the S1P level in plasma. S1P
plasma concentration in humans is approximately 1pM and is
associated with apolipoprotein M (ApoM), a component of high-
density lipoprotein (HDL) that is bound to S1P. ApoM-S1P level
has been shown to decrease during sepsis and inflammation
underscoring the importance of S1P level for endothelial
barrier.>>%

Interestingly, S1P can also be transported out of the cell through
ATP-binding cassette (ABC) transporters or by major facilitator
superfamily member spinster 2 (Spns2).%° Once exported out of the
cell, S1P can activate a family of five different S1PRs (51PR1-5).27 30

-

Since their discovery, these S1PRs have been reported to carry out
various important cellular functions.>’ S1PR1 is important for its
role in immune cell trafficking and angiogenesis. S1PR1 deletion is
proved to be embryonically lethal.>>—>* S1PR2 deficient mice have
been shown to develop spontaneous seizures and fatty liver.>>>°
S1PR3 plays a key role in lung barrier integrity and vascular
endothelial function.>” S1PR4 is highly expressed in leukocytes and
regulates T cell cytokine production.>® S1PR5 is expressed in oli-
godendrocytes; however, its function remains largely unknown.>®
The discovery of these S1PRs and their biological functions has
made targeting the S1P signaling pathways attractive novel thera-
peutic candidates for various diseases. To date, various agonists and
antagonists of the S1PRs and SphKs have been developed.*® These
pharmacologic modulators of the S1P-mediated signaling path-
ways have been reported to have promising results for liver fibrosis.
Fingolimod (FTY720), a modulator of the S1PRs except S1PR2, is
currently being used to treat multiple sclerosis.*' In addition,
Amiselimod (MT-1303) targets SIPR2 and is in phase II clinical
trials for the treatment of Crohn's disease (CD).** Yeliva
(ABC294640) is a specific SphK2 inhibitor in phase II clinical trials
and has been shown to have promising results as an anti-cancer
and anti-inflammatory agent.*?

3. SphKs/S1P in hepatic lipid metabolism
Metabolic diseases such as obesity, diabetes, NAFLD/NASH and

cardiovascular diseases remain at the top of the list in Western
countries for its ever-increasing morbidity and mortality.*4 46
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Fig. 1. S1P mediated signaling pathways. Sphingosine can be phosphorylated to form S1P by SphK1 in the cytosol or SphK2 in the nucleus. Cytosolic S1P can be exported by
transporters (ABCA1, ABCC1, and Spns2) to activate five different S1P receptors (S1PR1-5). In addition, conjugated bile acids can also activate S1PR2. Sphingosine can form ceramide
by ceramidase or S1P can be degraded by S1P lyase to form phosphoethanolamine and hexadecanal. Activation of SIPR2 can activate ERK1/2 which leads to the generation of
nuclear S1P by SphK2. Nuclear S1P is a strong inhibitor of HDAC1/2 activity leading to the upregulation of gene transcription. Abbreviations: CBA, conjugated bile acid; Cer,
ceramide; ERK, extracellular regulated protein kinases; HDAC, histone deacetylases; S1P, sphingosine-1-phosphate; S1PRs, sphingosine-1-phosphate receptors; Sph, sphingosine;

SphK1, sphingosine kinase 1; SphK2, sphingosine kinase 2; Spns2, spinster 2.
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SphKs have recently been shown to play a critical role in lipid
metabolism and lipid-related disorders.*”*® Circulating S1P in the
plasma is bound to HDL and albumin."® Interestingly, atheroscle-
rosis protection has been observed when S1P is released from
HDL.*%°? sStudies were performed on apolipoprotein E (ApoE)
knockout mice where inhibiting or silencing S1PR2 reduced
atherosclerotic plaque formation.®' This observation is further
substantiated by another study using FTY720, an analogue of S1P,
effectively attenuating atherosclerosis in rodents.”> > Further-
more, it has been previously reported that sphingolipids are linked
to diabetes, and SphKs/S1P signaling plays an important role in
insulin resistance and hepatic lipid metabolism.>*”48>738 [n addi-
tion, evidence suggests that SphK1 level, but not SphK2, is
increased in ob/ob mouse adipocytes and during adipogenesis.’®

While studies have implicated SphKs in hepatic lipid meta-
bolism, the functions of SphK1 and SphK2 seem to differ and are
less clear. Lipid metabolism is maintained through homeostasis by
various physiologic reactions such as fatty acid synthesis, fatty acid
oxidation, bile acid production and the synthesis of cellular com-
ponents that require lipids.®® Mouse studies reveal that a high-fat
high-glucose diet results in increased hepatic lipid accumulation
along with decreased SphK1 level, but not SphK2.*® Interestingly,
knocking out SphK1 protected mice from lipid accumulation and
inflammation.°’ Genetic deletion of SphK1 attenuated hepatic
steatosis in high-fat diet fed mice through downregulating the
expression of peroxisome proliferator-activated receptor gamma
(PPARy) in the liver*” The observed steatotic accumulation is
mediated by the activation of SIPR2 and S1PR3, but not S1PR1.%
Moreover, SphK1 expression is elevated in high-fat high-glucose
fed mice and human NASH patients.®!

The function of SphK2 is less well-characterized and seems to
have an opposing function to SphK1. The physiologic role of SphK2
has been demonstrated to be involved in regulating immune cell
function and inflammation.®>%> However, the exact role remains
unclear in various disease settings. Recent studies have demon-
strated that SphK2 is a key regulator of hepatic lipid metabolism.®*
Previously, we reported that SphK2 deficient mice on a high-fat diet
developed overt fatty liver compared to wild type. Key lipid
metabolism genes such as sterol regulatory element binding pro-
tein 1c (SREBP1c), fatty acid synthase (FAS), low-density lipoprotein
receptor (LDLR), farnesoid X receptor (FXR), and PPARY are signif-
icantly downregulated in both SIPR27/~ and Sphk2~/~ mice.®*
Another group also demonstrated that the activation of SphK2 by
endoplasmic reticulum (ER) stress attenuates hepatic steatosis and
insulin resistance.”’ These studies suggest that the differential
subcellular localization between SphK1 and SphK2 may play a
different mechanistic function in regulating hepatic lipid
metabolism.

4. Role of S1P in GI diseases

Several studies have demonstrated a critical role for S1P in
endothelial barrier function and inflammation.®>® Activation of
S1P-mediated signaling pathways has been linked to colitis, IBD
and colorectal cancer.!" Chronic state of inflammation in the gut
increases the relative risk of developing cancer and there has been
an impetus for finding suitable pharmacologic targets to attenuate
the inflammatory response in the gut. However, S1P activation is
not all deleterious and S1P has been shown to have a protective role
in various tissues including the heart, brain, lung and kidney.®’7°
S1P enhances endothelial function in the lung and attenuates
acute lung injury in animal models.”! In addition, S1P has been
shown to protect the heart from ischemia-reperfusion injury.””
Despite the wealth of literature on S1P's role in promoting

endothelial barrier integrity, only recently have studies turned to
elucidating the role of S1P in intestinal epithelial barrier function.

IBD is a disease caused by a dysregulation of host immune
function in the GI tract and affects up to 0.5% of the population in
Western countries. IBD is subdivided into two disease entities, ul-
cerative colitis (UC) and CD.”>7* UC is characterized by continuous
inflammation of the mucosa with crypt abscesses while CD is more
characteristic of skip lesions in the GI tract with cobblestoning.”>’%
Symptoms of IBD include diarrhea, bloody stool and abdominal
pain and medical management of IBD involves immunosuppres-
sion.”” The early drugs used to treat IBD utilize glucocorticoids,
sulfasalazine/5-aminosalicylic acid and methotrexate to attenuate
the inflammatory response.”® 8" However, these drugs acted
nonspecifically and unwanted systemic side effects were apparent.
With advances in immunotherapy, the next generation of drugs
were specific monoclonal antibodies directed at tumor necrosis
factor alpha (TNFa.) such as infliximab and adalimumab.®! However,
anti-TNFa proved to be effective in only a subset of patients and the
efficacy diminished with time. With the increased knowledge in
the pathophysiology behind IBD and its cause is due to lymphocyte
trafficking and immune cell dysfunction, the quest for drug targets
that directly inhibit these pathways has received substantial
attention.

In this regard, S1P has the potential to be an effective drug target
due to its role in lymphocyte egress and T cell differentiation.®
Moreover, SIPR2, SIPR3 and S1PR5 have been suggested to play a
role in macrophage and natural killer cell trafficking.®® Clinical
studies have shown that interleukin 6 (IL-6), TNFa, NFkB, and signal
transducer and activator of transcription 3 (STAT3) expressions in
IBD patients are elevated.®*

Accordingly, S1P has been shown to mediate TNFa, activation
and subsequently the NFkB pathway. Genetic studies supported
this notion when SphK1 deficient mice were partially protected
against dextran sulfate sodium (DSS)-induced colitis.?> Further-
more, data demonstrating the importance of S1P in IBD is a pedi-
atric case study on IBD analyzing the gene expression levels of
proteins involved in S1P metabolism. The critical findings of this
study showed an upregulation of S1P synthetic genes (SphK1,
SphK2), signaling (S1PR1, S1PR2, S1PR4) and degradation (SGPL1)
in colon biopsies of IBD patients with moderate to severe symp-
toms compared to control or patients in remission. Moreover, cer-
amide and ceramide-1-phosphate (C1P) levels were significantly
elevated in IBD patients compared to control.%®

Chronic intestinal inflammation has been linked to colorectal
cancer and reports demonstrated that S1P mediates pro-
inflammatory cytokines such as TNFa.8”%8 Interestingly, colon bi-
opsies from colorectal cancer patients showed an elevation of
SphK1 level.®? It is believed that the NF«kB and STAT3 are activated
which enhances the survival of intestinal epithelial cells. In a
feedback loop, NFkB and STAT3 induce pro-inflammatory cytokines
IL-6 and TNFa, effectively reinforcing inflammation-induced
tumorigenesis.’® S1P and SphK1 have been implicated in colo-
rectal cancer through its association with TNFa. TNFa. promotes the
translocation of SphK1 to the plasma membrane to produce S1P.
Moreover, it has been suggested that SphK1 and intracellular
SphK1 can stimulate the E3 ligase activity of TRAF2, contributing to
the activation of NFkB pathway leading to inflammation and anti-
apoptotic signals.”!

5. Molecular mechanisms of S1P signaling in gut-liver axis

Numerous studies demonstrating the causal relationship of
diseases affecting the gut also impacting the liver. Since blood from
the GI tract drains to the liver via the hepatic portal system, bac-
terial products, cytokines and various biological signal molecules in
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Fig. 2. Schematic diagram of S1P signaling in the gut-liver Axis. In response to stressors such as high-fat diet or alcohol, S1PR2-mediated activation of Sphk2 leads to the
upregulation of hepatic lipid metabolism. In the absence of SIPR2 or SphK2, fatty liver (steatosis), inflammation or fibrosis may result when challenged with stressors. In the gut,
S1P promotes epithelial stem cell growth and proliferation. Under physiologic conditions, this promotes a healthy gut but when S1P production is dysregulated, this could result in
the promotion of inflammatory bowel disease (IBD) or colorectal cancer. In the absence of S1P, there is a loss of stemness in the gut resulting in leaky gut. Bacteria and bacterial
products such as LPS travel to the liver through the portal circulation to sensitize resident liver macrophages (Kupffer cells). Kupffer cells release pro-inflammatory cytokines (TNFa,
IL-1B, MCP-1, F4/80) that further potentiate liver injury. Abbreviations: CBA, conjugated bile acid; ERK, extracellular regulated protein kinases; F4/80, EGF-like module-containing
mucin-like hormone receptor-like 1; IL-1p, interleukin 1 beta; LPS, lipopolysaccharide; MCP-1, monocyte chemoattractant protein 1; S1PR, sphingosine-1-phosphate receptor;

SphK, sphingosine kinase; TNFeo, tumor necrosis factor alpha.

the gut could very well produce a disease state in the liver.”>%°

With the ever-increasing body of knowledge on S1P in gut and
liver pathology, we will highlight potential mechanisms of how S1P
signaling could produce pathologies in both the gut and liver.

Recent evidence supports the notion that there is a strong
interaction between the gut microbiota and the liver. Receiving
about 70% of blood from the intestines, the liver encounters ma-
jority of bacterial-derived products and antigens from the gut.%*
Concurrently, inflammation is a critical component of liver dis-
ease progression with the activation of intrahepatic macrophages,
Kupffer cells and the release of pro-inflammatory cytokines.” The
role of the gut-liver axis is critical in understanding the patho-
genesis of alcoholic liver disease. Alcohol disrupts the intestinal
barrier via damaging intestinal integrity, tight junctions and
changing the gut microbiome. Bacterial endotoxins such as lipo-
polysaccharide (LPS) drain to the portal circulation and sensitize
liver macrophages to release cytokines, chemokines and reactive
oxygen species.”®%” Interestingly, S1P has been shown to promote
intestinal epithelial cell proliferation through the activation of
S1PR2.%® Evidence also suggests the activation of serine/threonine
protein kinase (Akt) signaling pathway via S1P protects intestinal
stem cells from apoptosis.”®

Bile acids have been shown to activate S1PR2 in different types
of cells in the gut and liver. Several studies have demonstrated a
unique role for primary and secondary bile acids in regulating gut
microbiota under different pathophysiological conditions. It has
been shown that secondary bile acids produced by commensal gut
bacteria from primary bile acids promote metastatic liver cancer via
suppression of natural killer T (NKT) cells in the mouse models of
liver cancer metastasis. Treating mice with an antibiotic cocktail to
deplete the commensal gut microbiota upregulated NKT cells and

promoted a liver-specific antitumor effect.'° As secondary bile
acids are generated from gut bacteria, these results demonstrate an
important role for gut microbiota in regulating gut and liver dis-
ease. Moreover, it would be interesting for future studies to
determine the underlying mechanisms and key signaling molecules
that mediate the effects of bile acids in other gut and liver related
disorders.

6. Conclusion and future perspectives

As summarized in Fig. 2, our current understanding of S1P-
mediating signaling in lipid metabolism and inflammation has
provided novel therapeutic targets in the treatment of various liver
and GI diseases. Next steps would be to delineate the relationship
between SphKs and S1PRs in the gut directly affecting the liver and
vice versa. With tissue and cell-specific transgenic mice, we have a
greater understanding of the role of SphKs, S1PRs and S1P playing
in different organs and under different pathological conditions.
Novel chemical inhibitors and agonists of SphKs and S1PRs with
high specificity could be potential therapeutic agents for various
metabolic diseases.
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