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Impact statement
ALD is a major health burden in industria-

lized countries as well as China. AFLD, the

earliest and reversible form of ALD, can

progress to hepatitis, fibrosis/cirrhosis,

even hepatoma. While the mechanisms, by

which ethanol consumption leads to AFLD,

are complicated and multiple, and remain

incompletely understood. SIRT1, SFRS10,

and LIPIN1 had been separately reported

to participate in lipid metabolism and the

pathogenesis of AFLD. Noteworthy, we

found the connection among them via

searching articles in PubMed and we had

elaborated the connection in detail in this

minireview. It seems a new signaling axis,

SIRT1–SFRS10–LIPIN1 axis, acting in the

pathogenesis of AFLD exists. Further

study aimed at SIRT1–SFRS10–LIPIN1

signaling system will possibly offer a more

effective therapeutic target for AFLD.

Abstract
Alcohol exposure is a major reason of morbidity and mortality all over the world, with much

of detrimental consequences attributing to alcoholic liver disease (ALD). With the continued

ethanol consumption, alcoholic fatty liver disease (AFLD, the earliest and reversible form of

ALD) can further develop to more serious forms of alcoholic liver damage, including alco-

holic steatohepatitis, fibrosis/cirrhosis, and even eventually progress to hepatocellular car-

cinoma and liver failure. Furthermore, cell trauma, inflammation, oxidative stress,

regeneration, and bacterial translocation are crucial promoters of ethanol-mediated liver

lesions. AFLD is characterized by excessive fat deposition in liver induced by excessive

drinking, which is related closely to the raised synthesis of fatty acids and triglyceride,

reduction of mitochondrial fatty acid b-oxidation, and the aggregation of very-low-density

lipoprotein (VLDL). Although little is known about the cellular and molecular mechanisms of

AFLD, it seems to be correlated to diverse signal channels. Massive studies have suggested

that liver steatosis is closely associated with the inhibition of silent information regulator 1

(SIRT1) and the augment of lipin1 b/a ratio mediated by ethanol. Recently, serine/arginine-

rich splicing factor 10 (SFRS10), a specific molecule functioning in alternative splicing of lipin

1 (LPIN1) pre-mRNAs, has emerged as the central connection between SIRT1 and lipin1 signaling. It seems a new signaling axis,

SIRT1–SFRS10–LPIN1 axis, acting in the pathogenesis of AFLD exists. This article aims to further explore the interactions among

the above three molecules and their influences on the development of AFLD.
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Introduction

Alcoholic liver disease (ALD), a liver disease originating
from heavy chronic, acute or chronic-binge ingestion of
ethanol, has progressed to huge health challenge for
humanity worldwide.1 Generally speaking, not all drinkers
are suffering from ALD, which is largely dependent on host
susceptibility. Plenty of factors have been observed as the
correlation factors for the progression and severity of ALD,
such as the absolute amount of ethanol intake, sex, race,
obesity and metabolic syndrome, genetic factors, hepatitis
virus infection, and lifestyle factors (such as smoking).1–3

Alcoholic fatty liver disease (AFLD), the initial reaction of
the liver to ethanol abuse, happens to greater than 90% of

heavy drinkers.2 In reality, AFLD is asymptomatic and even
reversible after cessation of ethanol exposure in the patients
without other risk factors.4 AFLD derives from the hepatic
adipopexis, which is closely linked to ethanol-mediated
lipodystrophy including enhanced lipogenesis and dimin-
ished lipolysis.5 Despite little known about the molecular
mechanisms of the ethanol-mediated hepatic lipid accumu-
lation, the following pathogenic factors may conduce to the
liver steatosis:2,6,7 (1) The inhibition of SIRT1 mediated by
ethanol evokes a series of cascade, impacting the pathways
of lipogenesis, fatty acid b-oxidation, and the intake/secre-
tion of lipoprotein. (2) Augmented hepatic afflux of free
fatty acids from adipose tissue and of chylomicrons from
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the intestinal mucosa. (3) Ethanol-induced impairments of
adenosine monophosphate activated kinase (AMPK) sig-
naling foster lipogenesis and halt lipid catabolism by affect-
ing the activity of peroxisome proliferating-activated
receptor (PPAR) a or sterol regulatory element binding pro-
tein 1 (SREBP-1) c. (4) Acetaldehyde, one of metabolites of
ethanol, does harm to mitochondria and microtubules, sub-
sequently leading to the abatement of NADH oxidation and
the gather of VLDL.

To date, several crucial molecules have been verified as
direct or indirect targets of ethanol in rodents or humans,
including SIRT1, AMPK, SREBP-1, nuclear factor kappa B,
PPARg co-activator-1a (PGC-1a), SFRS10, lipin1 and so on.6

Among the molecules above mentioned, SIRT1 seems to be
the upstream modulator of this signaling network, while
lipin-1 has been shown as one of vital downstream mol-
ecules causing the onset and progress of AFLD.6 More inter-
estingly, SFRS10, a vital splicing factor acting in alternative
splicing of LPIN1 pre-mRNAs, has appeared as the pivotal
hinge between SIRT1 and lipin-1 signaling.8

Recently, expanding attentions have been paid to SIRT1–
SFRS10–LPIN1 axis in the advance of AFLD. Considerable
experiments have witnessed the visible increase of lipin1
b/a ratio mediated by ethanol in the liver of AFLD model
or obese humans, which is largely generated via the impair-
ments of SIRT1–SFRS10–LPIN1 axis.6,9,10 The nutritional or
pharmacological modulations in any step of SIRT1–
SFRS10–LPIN1 signaling axis might be a potential treat-
ment target of human AFLD.

Ethanol downregulates hepatic SIRT1

SIRT1, a pivotal modulator of intrahepatic lipid metabolism
and inflammatory responses via its deacetylation activity in
the body, is a nicotinamide adenine dinucleotide (NADþ)-
dependent class III protein deacetylase.11 SIRT1 could
act on the acetylation status of a great deal of targets, sub-
sequently modulating numerous lipid metabolism path-
ways including lipogenesis, fatty acid b-oxidation, as well
as lipoprotein intake and secretion in liver.6 SIRT1 is pre-
dominately located in the nucleus and is activated by high
NADþ levels.11 Ethanol exposure may downregulate SIRT1
via several mechanisms as follows:6 the reduced ratio of
NADþ /NADH mediated by ethanol, reactive oxygen spe-
cies (ROS),5 an increased level of SIRT1 inhibitors: miR-
21712 or miR-34a, disruption of adiponectin signaling
induced by ethanol,13 an elevated lipocalin 2 (Lcn2).14

In the liver, ethanol oxidizes to acetaldehyde via the
catalysis of alcohol dehydrogenase (ADH), microsomal
ethanol oxidation system and catalase, then oxidizing to
acetic acid by acetaldehyde dehydrogenase 2 (ALDH2).15

The redox state has been changed in the procedure of etha-
nol metabolism, which reduces the ratio of NADþ /NADH
as the result of the conversion from NADþ to NADH. Then
NADþ-dependent deacetylated activity of SIRTl attenuates,
as a result of the reduced concentration of NADþ induced
by ethanol.11

Moreover, ROS are released in the process of ethanol
metabolism in liver, particularly via the cytochrome P450
family 2, subfamily E, polypeptide 1 microsomal ethanol

oxidizing pathway.1 ROS mediate SIRT1 exported from
nucleus to cytoplasm and disturb SIRT1 activity via its
nucleocytoplasmic shuttling.6 Nevertheless, ethanol-
mediated transport of SIRT1 was widely impeded by pre-
incubation with N-acetylcysteine (an antioxidant).6 Besides,
oxidative stress impairs SIRT1 expression via phosphorylat-
ing human antigen R (HuR), a widely expressed mRNA-
binding protein in mammalian genome, belonging to the
family of embryonic lethal abnormal vision protein.16,17

HuR has been confirmed to upregulate SIRT1 expression
by binding and stabilizing SIRT1 mRNA.17 Generally,
HuR binds with 30-untranslated region (UTR) of SIRT1
mRNA to increase SIRT1 mRNA stability and protein
levels.18,19 While phosphorylation of HuR at residue
serine 100 by checkpoint kinase 2 (Chk2) promoted the
complex of [HuR–SIRT1mRNA] to dissociate, concomi-
tantly damaging the SIRT1 mRNA stability and decreasing
protein levels in human diploid fibroblasts after exposure to
hydrogen peroxide (H2O2)19 (Figure 1). Additionally, etha-
nol exposure enhances gut permeability and bacteria/
endotoxin translocation, thereafter increasing lipopolysac-
charide (LPS) coming into the portal circulation.5 LPS, acet-
aldehyde, and acetate have been confirmed to promote the
production of ROS in cultured hepatic cells,5 subsequently
inhibiting SIRT1 activity and disrupting SIRT1 signaling.20

In cultured mouse AML-12 hepatocytes and in the livers
of chronically ethanol-fed mice, miR-217 (an endogenous
inhibitor of SIRT1) is upregulated to impair SIRT1, via bind-
ing to the 30UTR of SIRT1 mRNAs and causing mRNA
cleavage or suppressing its translation.12 Besides, it has
also been confirmed that both miR-217 overexpression
and alcohol consumption inhibit SIRT1 deacetylase activity
in AML-12 cells.12 Utilizing primary kupffer cells (KCs)
or cultured RAW 264.7 macrophages, Yin et al. had demon-
strated that ethanol obviously increased miR-217 abun-
dance and notably magnified LPS-induced miR-217
expression.20 Simultaneously, the study showed that
SIRT1 mRNA and protein, human transformer-2-beta gene
mRNA and lipin1a mRNA expression were both markedly
lessened, whereas total lipin1 and lipin1b mRNA were

Figure 1 Ethanol downregulates SIRT1 and SFRS10 protein levels by phos-

phorylation of HuR. Ethanol induces phosphorylation of HuR via oxidative stress,

and then impairs SIRT1 and SFRS10 expression
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enhanced in the livers of mice injected with adenovirus-
miR-217 compared with controls.20 Taken together, ethanol
administration might worsen steatosis and inflammation in
hepatocytes, via disruption of miR-217–SIRT1–SFRS10–
lipin1 axis.20 HuR and miR-217 may exert synergistic effects
in signal channels of SIRT1 impairment, although no direct
proofs confirm that ethanol increases the number of phos-
phorylated HuR degrading SIRT1 mRNA. Moreover, miR-
34a (a negative regulator of SIRT1) is markedly promoted in
ethanol-consumed hepatobiliary cell lines and in the livers
of mice administrated with ethanol.21

In cultured hepatic cells, cultured macrophages, KCs,
even in rat H4IIEC3 cells, adiponectin has been shown
to obviously upregulate SIRT1 protein levels in a dose-
dependent manner.6 Conversely, knocking down both
AdipoRs 1 and 2 thoroughly eliminated the augment of
SIRT1 by adiponectin.6 Ethanol can affect the expression
and secretion of adiponectin in adipose tissue.13 Moreover,
hypoadiponectinemia and aberrant hepatic adiponectin sig-
naling are involved in liver steatosis in several AFLD animal
models.22 Meanwhile, Lcn2, a new discovered molecule
functioning in the pathogenesis of AFLD, has been shown
at an increased level in liver induced by ethanol or adeno-
virus-miR-217.6,14,20 Intriguingly, overexpression of Lcn2
mediated by adenovirus in the hepatocytes or mouse liver
exacerbated the proceeding of AFLD, which is linked to the
inhibition of SIRT1 protein.6,14 Additionally, ethanol may
inhibit SIRT1 activity via interfering in its post-translational
modifications, including acetylation, phosphorylation as
well as sumoylation.6 Altogether, ethanol downregulates
hepatic SIRT1 in multifarious manners.

SFRS10 and AFLD
A splicing factor: SFRS10

Alternative splicing of pre-mRNAs significantly generates
the proteome diversity and organismal complexity.23

Serine-arginine rich (SR) proteins, a well-conserved class
of RNA-binding proteins, act as important regulators of
constitutive mRNA splicing.24 SFRS10, previously named
RA301 and human transformer-2b (htra2b), belongs to the
family of SR-like proteins and exerts an important role in
alternative splicing of pre-mRNAs.25 It has been demon-
strated that SFRS10 adjusts the alternative splicing of the
calcitonin/calcitonin gene-related peptide, the survival
motor neuron 1 protein, the tau protein and lipin 1.6,23

SFRS10 gene contains 10 exons and 9 introns and forms
at least five diverse transcripts (htra2b1–5)25 and two pro-
tein isoforms (full length Tra2b protein and Tra2b-3) in
human through selective splicing.26 Interestingly, the func-
tionally active and full length Tra2b (namely SFRS10) is
encoded by the main isoform tra2b1 including all exons
except for exon 2.25 SFRS10 contains an RNA recognition
motif (RRM), which lies between N-terminal serine-
arginine dipeptide rich (RS)1 domain and C-terminal RS2
domain.27 Besides, there exist two motifs termed ribonu-
cleoprotein 1 (RNP1) and RNP2 in the RRM of SFRS10.28

Both the RRM region and RS1 are demanded for SFRS10
splicing activity.27 RRM recognizes and combines with spe-
cific RNA sequence to determine splicing specificity and

ensure pre-mRNA substrates entering into the splicing
pathway,29 while the RS regions and its phosphorylation
status modulate RNA interactions:23 The phosphorylation
of RS1 region decreases RNA binding to RRM, whereas the
unphosphorylated RS2 region facilitates the combination.23

Nevertheless, the shorter protein Tra2b-3 includes a effect-
ive RRM sequence but excludes the domain of RS1, and it
may serve as a forceful splicing inhibitor resulting from the
competitive combination with the same RNA goals.26

SFRS10 resides both in nucleus and cytoplasm, and the
nuclear localization signals (NLSs), which present in RS1
domain, play a vital role in SFRS10 nucleocytoplasmic shut-
tling and subcellular distribution:29 NLSs generally foster
SFRS10 localizing to the nuclear, while its phosphorylation
status at serine residues guide SFRS10 to cytoplasm.23

Interestingly, it seems that there exists an autoregulation
in the expression level of the full length Tra2b protein,
which is associated with itself negative feedback
loop:26,27,30 for instance, high SFRS10 expression levels
could combine with four AGAA rich exonic splicing enhan-
cers existent in exon 2 and promote the retention of exon 2,
resulting in the formation of tra2b4 transcript that does not
encode protein and ultimately resulting in the decrease of
SFRS10 level.26,27,30 On the contrary, SFRS10 at low concen-
tration will fail to recognize its exon 2 and lead to the exon 2
skipping, eventually inducing the production of the func-
tional full-length protein.26,27,30 It is the autoregulation of
SFRS10 that can explain why SFRS10 expression levels just
mildly cut down in the liver of heterozygous mice.10

Oxidative stress impairs SFRS10 expression via
phosphorylating HuR

In acute stage (within 4–6 h) after exposure to arsenite
(an oxidant), a gastric cancer cell line (AGS) preferentially
formed tra2b 4 transcript, which switched off SFRS10 syn-
thesis and transported SFRS10 to cytoplasm.25 Interestingly,
AGS cells induced tra2b 1 mRNA expression and SFRS10
reaccumulation in nucleus after 6 h.25 Similar results were
also observed in another gastric cancer cell line (KATO III),
colon cancer cell lines (T84 and HCT116), HeLa cells, and rat
gastric mucosa.25 Analogously, H2O2 also triggered tra2b 4
mRNA expression in AGS cells and other cells.25 HuR func-
tions in nucleus and mediates stress responses by stabiliz-
ing and/or promoting the expression of target mRNAs,
while SFRS10 includes AU-rich elements in exon 2, in
which exists a HuR-binding motif.16 HuR may participate
in splicing regulation of SFRS10 pre-mRNA after exposure
to oxidative stress (Figure 1). Akaike et al. have demon-
strated that both Chk2- and mitogen-activated protein
kinase p38 (p38MAPK)-dependent phosphorylation of
HuR induce SFRS10 exon 2 retention and interact with the
39-nucleotide proximal domain of exon 2, reducing the
expression of SFRS10 in HCT116 cells exposed to sodium
arsenite.16 Chk2- and p38MAPK-mediated phosphorylation
of nuclear HuR at residue serine 88 and/or tyrosine 118
urges the association between HuR and exon 2a of SFRS10
pre-mRNA in colon cancer cells exposure to oxidants, and
promotes the formation of TRA2b 4 transcript that does not
translate.16 Oxidative stress may promote the retention of
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SFRS10 exon 2 to reduce SFRS10 expression via phosphor-
ylating HuR.

Nevertheless, SFRS10 has been confirmed to be induced
in cultured astrocytes during hypoxia followed by reoxy-
genation,31 middle carotid artery occlusion, silicosis, arterio-
sclerosis, nerve injury,32 and breast cancer.28 Interestingly, the
increase of SFRS10 in cultured vascular smooth muscle cells
(VSMCs), were restrained by diphenyl iodonium (a NADPH
oxidase inhibitor) or PD98059 (MAPK kinase inhibitor),
which has been speculated in connection with the produc-
tion of superoxide anion (O2

�) as well as the activation of
the MAPK cascade.33 Speculatively, ROS produced in the
hepatic ethanol metabolism may induce the generation of
SFRS10, which is conflicting with the experimental results
above. While we may owe this paradox to the different
time periods of oxidative stress.

Impairment of SFRS10 expression takes part
in the steatosis

SFRS10 protein functions as a pivotal regulator of alterna-
tive splicing of multiple genes, which has been observed
in the lysate from rat liver with a specific antibody.34

It has inferred that SFRS10 may act as a core in the
pathogenesis of AFLD, which is involved in the augment
of hepatic lipogenic genes expression, VLDL secretion, and
hypertriglyceridemia.6,10

Decreased expression of SFRS10 has been witnessed by
Western blot in liver of high-fat diet fed (HFD-fed) mice.10

Pihlajamaki et al.10 constructed the model of SFRS10 knock-
down in HepG2 cells by transfection of SFRS10-specific
siRNA, in which triglyceride (TG) accumulation has
raised by 1.4-fold and the mRNA levels of major lipogenic
genes have increased approximately 1.5- to 2-fold, such as
SREBP-1c, fatty acid synthase (FAS), acetyl-CoA carboxyl-
ase (ACC) 1, and diacylglycerol O-acyltransferase 2
(DGAT2). Interestingly, the similar results have been testi-
fied again in C2C12 myotubes.10 Conversely, experimental
overexpression of SFRS10 meaningfully lessened the

transcription of several lipogenic genes in Hepa1c cells,10

such as FAS, 1-acylglycerol-3-phosphate-O-acyltransferase
2, and DGAT2. In addition, they also witnessed a remark-
able elevated level of the TG-enriched VLDL fraction
in plasma.10 Moreover, they have also confirmed that this
pattern reliably counted on raised hepatic VLDL secretion
in heterozygous mice via the application of tyloxapol.10

These data have manifested that depressed SFRS10 protein
expression indeed takes part in the steatosis.

Lipin1 and AFLD

Lipin1, a mammalian Mg2þ-dependent phosphatidic acid
phosphohydrolase (PAP) generated by the gene of LPIN1,
possesses bidirectional functions for modulating lipid
metabolism in the body1 (Figure 2). For one thing, lipin1
acts as PAP-1 protein participating in glycerol phosphate
pathway and facilitating TG synthesis, by dephosphorylat-
ing phosphatidic acid to produce diacylglycerol (DAG).1,8

For another, lipin1 serves as a transcriptional co-activator
associating with PGC-1a, PPARa, or SREBP-1 to regulate
the lipid metabolism.8,35,36 LPIN1 gene can encode three
diverse isoforms, namely lipin-1 a, b, and g, by alternative
splicing of pre-mRNA in human.1,37 Lipin-1a and lipin-1b
have been found principally settling in liver and skeletal
muscle, while lipin-1g primarily in brain tissue regulating
lipid metabolism.37 Lipin1b, chiefly in the cytoplasm, trans-
forms phosphatidate to DAG fostering TG synthesis and
excessive hepatic fat accumulation by its PAP enzyme activ-
ity.8 Whereas lipin1a, mainly in the nucleus, acts as tran-
scriptional co-activator and associates with PGC-1a, PPARa
and SREBP-1, stimulating fatty acid oxidation, and sup-
pressing lipid synthesis.8 Therefore, we speculate that it is
lipin-1a and b which mainly participate in lipid metabolism
in liver.

Lipin1a directly interplays with and coactivates PPARa
and PGC-1a, and increases the expression of genes encoding
enzymes associated closely with b-fatty acid oxidation,1 cov-
ering mitochondrial long-chain acyl-CoA dehydrogenase

Figure 2 Lipin1 functions in lipid metabolism. Lipin1b, chiefly in cytoplasm, transforms phosphatidate (PA) to DAG fostering TG synthesis by its PAP activity. Whereas

lipin1a, mainly in nucleus, acts as transcriptional co-activator associating with PGC-1a and PPARa, stimulating b-fatty acid oxidation and VLDL-TG secretion. Lipin1a
and lipin1b both participate in lipid synthesis by regulating SREBP-1 signaling
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and mitochondrial medium-chain acyl-CoA dehydrogen-
ase, acyl-CoA synthetase, acyl-CoA oxidase, carnitine pal-
mitoyl transferase I, and fatty acid binding protein.38

Furthermore, lipin1a restrains SREBP-1 expression and
activity, resulting in weakened hepatic lipogenesis by
downregulating lipid and cholesterol biosynthetic enzymes
expression,1,35,36 including FAS, mitochondrial glycerol-3-
phosphate acyltransferase1, ACC, stearoyl-CoA desaturase,
ATP citrate lyase, and malic enzyme.1,39 In hepatocytes,
ethanol may interdict lipin1 nuclear entry and upregulate
SREBP-1 activity via triggering mammalian target of rapa-
mycin complex 1-phosphorylated lipin1 signaling.1,36,40

Moreover, lipin-1–PAP activity plays important role on
SREBP-1 activation and the exacerbation of hepatic lipid
accumulation.1,8 Paradoxically, chronic ethanol consump-
tion to lipin1 LKO mice, which can abrogate the elevation
of ethanol-induced intrahepatic PAP activity, has showed a
significantly augmented lipid accumulation in liver, sug-
gesting that lipin1 PAP activity might prevent from
AFLD.41 Lipin1 PAP activity may exert a protective role
on AFLD via mediating autophagy, urging lipid storage,
normalizing phosphatidic acid levels, regulating fatty acid
catabolism or restraining inflammation.1,42,43

Under the physiology condition, it is the lipoprotein of
VLDL which carries TG migration to plasma from liver.44

Perturbations of VLDL assembly and secretion affect lipid
homeostasis of liver and plasma lipoprotein profile.45 Hu
et al. have showed that the rates of VLDL–TG secretion was
noticeably relieved in the livers of WT mice fed with an
ethanol-containing diet for four-weeks, while was strik-
ingly elevated in lipin1 LKO mice fed a control diet.41

More importantly, they found ethanol significantly blocked
the elevation of VLDL–TG secretion in lipin-1LKO mice.41

As mentioned above, lipin1 truly involve in the regulation
of VLDL–TG secretion and intrahepatic lipid homeostasis.
The functions of lipin1 in VLDL-TG secretion rely on
nuclear lipin1-PGC-1a signaling45 rather than its PAP
activity:46 PGC-1a overexpression significantly provoked
VLDL-TG secretion and the efficiently secretion of newly
synthesized TG in HepG2 cells.45 Collectively, lipin1a pro-
motes VLDL–TG secretion by coactivating PGC-1a. Ethanol
may induce the onset and progress of AFLD via destruction
of lipin1 nuclear entry, disrupted activity for fatty acid
catabolism and VLDL–TG secretion45 by hepatic abnormal
PGC-1a/PPARa signaling.1,41

Lipin1 is a nucleocytoplasmic shuttling protein, and its
activities are modulated by protein post-translational modi-
fications, as well as its nucleocytoplasmic localization1

which is associated with 14-3-3 proteins and NLS.6,8

Furthermore, post-translational modifications of lipin1 lar-
gely control its nucleocytoplasmic localization such as
sumoylation, acetylation or phosphorylation of lipin-1.1,8

Lipin1a is localized in both the cytoplasm and the nucleus
of hepatocytes,6 but its transcriptional co-activator activity
works mainly in nucleus.8 Both lipin1a and b are
bedecked with sumoylation at two same sumoylation sites
(K566/596).1 Sumoylation fosters lipin1a nuclear reserva-
tion and its transcriptional coactivator behaviors,47,48

whereas lipin1b activity is not dramatically changed by
sumoylation.48 Hu et al. have revealed that chronic alcohol

ingestion induced the diminished sumoylation and elevated
acetylation levels of hepatic lipin1 in mouse livers, concomi-
tantly the upregulation of lipin1 in cytoplasm and downre-
gulation in nucleus.47 The capacity of ethanol to regulate
lipin1 subcellular localization may be induced by impairment
of SIRT1-mediated acetylation/deacetylation–sumoylation
switch.1,9 Additionally, the form of serine phosphorylation
of lipin1 enhances the nuclear export and its migration to
the endoplasmic reticulum membrane, where lipin1 PAP
activity converts phosphatidate to DAG,1 whereas serine
dephosphorylation facilitates its cytoplasmic distribution.49,50

Hepatic lipin1 LKO caused obvious elevations of ROS
and numerous proinflammatory cytokines mRNA levels,
such as IL-1b, tumor necrosis factor-alpha (TNF-a), serum
amyloid A-1, and LCN-2 in mice fed with control diet.41

Besides, lipin-1a directly associates with nuclear factor of
activated T cells c4 (NFATc4) to inhibit NFATc4 transcrip-
tional activity in adipose cells, which, in turn, lessens
the activation of TNF-a and IL-6 and suppresses inflam-
mation.20,41 It seems to suggest that lipin1 owns anti-
inflammatory and antioxidant activities. Ablation of lipin1
in mice adipocyte augments the condition of AFLD prob-
ably by remarkably lowering adipocyte adiponectin gene
transcription, serum total or high molecular weight
multimeric form adiponectin protein levels and hepatic
adiponectin receptor 1 and 2.1,51,52 Unexpectedly, myeloid
cell-specific lipin1 deletion in mice alleviated alcoholic
hepatitis (AH) and liver damage, but mildly accentuated
ethanol-mediated steatosis.53 Altogether, lipin1 in different
tissues may exert different features.

In the physical conditions, the ratio of lipin1b to lipin1a
is appropriate, while the balance between lipin-1a and b
will be destroyed by ethanol. Besides, ethanol also contrib-
utes to lipin1 expression, cytoplasm localization as well as
PAP function.1 Ethanol-mediated disorder of lipin1 may
depend on four main mechanisms as following:8 ethanol
upregulates LPIN1 promoter activity and lipin1 expression,
in which ethanol metabolism, AMPK-SREBP-1 signaling,
enhanced endogenous GC levels and acetylated histone
H3-Lysine 9 play essential roles,1,47 ethanol facilitates
lipin1 expression in cytoplasm and enhances its PAP func-
tion,8,47 abated lipin1 nuclear entry resulting from its hyper-
acetylation and hyposumoylation induced by ethanol,47

markedly increased proportion of lipin-1b to a regulated
by ethanol, through SIRT1–SFRS10–LPIN1 axis in the
liver. Additionally, pretreatment with either cyanamide (an
ALDH2 depressor) or 4-methylpyrazole (an ADH depressor)
in AML-12 hepatocytes, substantially interdicted the effects
of ethanol have on lipin-1.41,47 Ethanol’s metabolite of acetate
also involved in ethanol-lipin-1 signaling in hepatocytes.41,47

It is credible to speculate that ethanol metabolism exerts
essential roles in its effects on lipin-1. Collectively, ethanol
exposure can dysregulate hepatic lipin-1 expression and
function in different ways conducing to the fat accumulation
and development of AFLD.

Ethanol causes AFLD via SIRT1–SFRS10–LPIN1 axis

You et al. have demonstrated that the occurrence and devel-
opment of AFLD is linked closely to the disarrangement of
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the signaling network mediated by ethanol-induced SIRT1
impairment.6 Inhibition of SIRT1 disarranges the activities
of diverse target molecules, including AMPK, SREBP-1,
PPARa, and PGC-1a, forkhead transcription factor O1,54

histone H3, b-catenin, SFRS10, and lipin1.6 A meaningful
augment of the ratio of LPIN1 b/a has been seen in liver of
HFD-fed mice as well as obese humans, in parallel with
decreased SFRS10 protein levels.10 SFRS10 may emerge as
a connection hub between SIRT1 and lipin1 in the occur-
rence and development of steatosis.

Ethanol induces an elevated lipin1 b/a ratio parallel to
the inhibition of SIRT1 and SFRS10

Compared hepatocyte-specific SIRT1 knockout (Sirt1LKO)
mice with wild-type (WT) mice both fed with a chow
diet, the knockout of hepatic SIRT1 not only facilitated
the mRNA levels of total LPIN1 and LPIN1b but also the
LPIN1b/a ratio.9 Nevertheless, resveratrol, a known SIRT1
excitant, interdicted the polyubiquitination and expression
of lipin-1,55,56 and relieved liver steatosis and liver injury.6,56

Interestingly, the study with Sirt1LKO mice also revealed
the sharp reduction of both mRNA and protein expression
levels of SFRS10, as a result of the impairment of SIRT1.9

The similar results were pronounced in cultured AML-12
hepatocytes, too.9 Going a step further, the above conclu-
sions were verified in comparison of WT mice fed with
ethanol or SIRT1 LKO mice fed with control diets and WT
controls.9 Of note, SIRT1 absence in liver induced by etha-
nol significantly enhanced both the upregulation of
LPIN1b/a and SFRS10 inhibition, comparing ethanol-fed
SIRT1 LKO mice with all other groups.9 At the same time,
the quantity of lipin1 in cytoplasm increased obviously,
while the number in nuclear dramatically decreased in
ethanol-fed WT mice or Sirt1LKO mice.9 More significantly,
the nucleocytoplasmic shuttling of lipin1 was reinforced
evidently in the Sirt1LKO mice fed with ethanol than all
other groups.9

In another study, they established a cellular alcoholic
steatosis model using AML-12 hepatocytes.9 Transfecting
AML-12 cells with SIRT1wt or SFRS10wt could reverse
the adipopexis and prevent the disproportion of Lpin1b/a
ratio induced by ethanol widely.9 While these protective
results mediated by SIRT1/SFRS10 disappeared when over-
expression of SIRT1H363Y, SIRT1siRNA, or SFRS10siRNA
which restrained the levels of SIRT1 or SFRS10.9 A further
study has been carried out to appraise the relation between
knockdown SFRS10 and endogenous LPIN1.10 Results
showed that SFRS10 knockdown upregulate the ratio of
LPIN1b to LPIN1a in HepG2 cells.10 Notably, SFRS10
knockdown enhances the expression of LPIN1b in parallel
with the moderate downregulation of LPIN1a, without
altering the total expression of LPIN1.10 Moreover, the simi-
lar results responding to SFRS10 knockdown have been
observed in C2C12 myotubes.10 These conclusions were
confirmed again in liver of SFRS10 heterozygous mice,
HFD-fed mice as well as obese humans.10 On the contrary,
overexpression of SFRS10 in Hepa1c cells downregulated
LPIN1b/a ratio in comparison with GFP control.10 In
HepG2 cells cotransfected with SFRS10-specific siRNA,

the LPIN1b knockdown not only prevented the SFRS10
knockdown-mediated upregulation of the genes of fatty
acid synthesis and TG synthesis, but also impeded the
raised lipogenesis, the accumulation of TG and lysopho-
sphatidic acid(an intermediate product in the TG synthesis
pathway) induced by SFRS10 knockdown.10 Collectively,
these research have indicated that the downregulation of
SFRS10 triggers the expression of LPIN1b and its functions
activating the overexpression of lipogenic genes and lipo-
genesis.10 Accordingly, we may draw a conclusion that the
disorder of lipin1 signaling induced by ethanol derive from
the inhibition of SIRT1–SFRS10. Further, a team measured
the mRNA levels of SIRT1, SFRS10, and Lpin1b/a from the
AH patients’ liver samples and normal controls, and con-
firmed that the destruction of the SIRT1–SFRS10–LPIN1
axis advances and exacerbates human AH.9 It seems to sup-
port the presupposition that SIRT1–SFRS10–LPIN1 axis
exerts a momentous position in the pathogenesis of AFLD.

Impairment of hepatic SIRT1 fostered the mRNA levels
of total lipin-1,9 while SFRS10 knockdown enhanced the
ratio of LPIN1b/a without altering the total expression of
LPIN1.10 It seems to suggest the existence of another con-
nectors between the SIRT1 and lipin1, such as AMPK,
SREBP-1 and histone H3. The increased expression of
lipin1 gene mediated by ethanol has been confirmed in
association with the repression of AMPK as well as the
activated SREBP-1.47 Moreover, ethanol consumption dra-
matically heightened the correlations of acetylated lysine 9
of histone H3 with the promoter region of LPIN1 containing
the sterol regulatory element in vitro and in vivo.47

SIRT1–SFRS10–LPIN1 axis and AFLD

The mechanisms of SIRT1 impairment damaging SFRS10
expression and activity are still unknown. SIRT1 may aug-
ment SFRS10 protein stability and expression levels in hep-
atocytes via regulating the acetylation status of SFRS10, and
then protecting SFRS10 from proteosome degradation.9

Additionally, ethanol exposure may impair SIRT1–SFRS10
signaling by oxidative stress and phosphorylated HuR, fur-
ther aggravating the onset and severity of AFLD via
increasing lipin-1b expression. While the mechanism of
reduction of SFRS10 derived from impaired SIRT1 is still
required for further inquiry.

Pre-mRNA splicing usually happens in a spliceosome
complex, whose assembly needs a series of cascade steps
and the involvement of multitude factors, such as the small
nuclear ribonucleoproteins (snRNPs, including U1, U2,
U4-U6), heterogeneous ribonucleoproteins (hnRNPs), and
SR proteins or SR like proteins (such as SFRS10).34,57,58

Interestingly, SR proteins or SR like proteins and hnRNPs
lean towards competing with each other in identification of
RNA sequence elements (enhancers or silencers).58 The
former ordinarily collects components of the spliceosome
towards the exon, inducing exon inclusion and further
driving splicing, while the latter usually restrains the for-
mation of spliceosome, guiding complete or partial exon
exclusion and further inhibiting splicing.59,60 SFRS10 has
been testified to specifically combine with RNA, which con-
tains AGAA/GGAA-rich sequences, through the NGAA
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sequence present in its RRM.61,62 Interestingly, there
includes a sequence GGAA in the alternatively spliced
exon 6 of LPIN1.10 One study has shown that high
SFRS10 protein levels induce the skipping of LPIN1 exon
6 in the plasmid transfected by a minigene construct,
while SFRS10 knockdown mediated by siRNA fosters the
inclusion of exon 6.10 Lipin-1b, whose generation relies on
inclusion of exon 6 of LPIN1, functions as PAP-1 fostering
expression of lipogenic genes and hepatic fat accumula-
tion.63 Whereas the site of SFRS10 binding with LPIN1 over-
laps with the U1 snRNA binding sites partly at the 50 splice
site.10 Accordingly, we can speculate that the modulation
of SFRS10 to exon 6 of LPIN1 above mentioned is linked
closely to U1 snRNA or hnRNPs.

Conclusion

Ethanol dramatically induced the elevation of hepatic
Lpin1b/a ratio by SFRS10 inhibition in cultured hepato-
cytes and in mice. Congruously, hepatic SIRT1 impairment
remarkably increased LPIN1b/a via SFRS10 mediated by
ethanol, suggesting that ethanol exposure may suppress
SIRT1–SFRS10 in order in mice.6 The role of SIRT1–
SFRS10–LPIN1 signaling axis plays in the pathogenesis of
AFLD is still demanded to ascertain (Figure 3). Further
study aimed at SIRT1–SFRS10–LPIN1 signaling system
will possibly offer a more effective therapeutic target
for AFLD.
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