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salutary effects on alleviating nonalcoholic fatty liver disease
SUMMARY (NAFLD). However, the underlying mechanism of butyrate on

N R R e e A T R R Rl regulating hepatic lipid metabolism is largely unexplored.

regulating metabolism, regulates hepatic lipogenesis, and METHODS: A mouse model of NAFLD was induced with high-
fat diet feeding, and sodium butyrate (NaB) intervention was
initiated at the eighth week and lasted for 8 weeks. Hepatic
steatosis was evaluated and metabolic pathways concerning
lipid homeostasis were analyzed.

maintains lipid homeostasis via LKB1-AMPK-Insig signaling
pathway. Therapeutic approaches, such as LKB1 and Insig
activators in hepatocytes, may have potential for the treat-
ment of NAFLD.

RESULTS: Here, we report that administration of NaB by
BACKGROUND AND AIMS: Butyric acid is an intestinal gavage once daily for 8 weeks causes an augmentation of
microbiota-produced short-chain fatty acid, which exerts insulin-induced gene (Insig) activity and inhibition of lipogenic
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gene in mice fed with high-fat diet. Mechanistically, NaB is
sufficient to enhance the interaction between Insig and its up-
stream Kkinase AMP-activated protein kinase (AMPK). The
stimulatory effects of NaB on Insig-1 activity are abolished in
AMPKal/a2 double knockout (AMPK—/—) mouse primary
hepatocytes. Moreover, AMPK activation by NaB is mediated by
LKB1, as evidenced by the observations showing NaB-mediated
induction of phosphorylation of AMPK, and its downstream
target acetyl-CoA carboxylase is diminished in LKB1-/- mouse
embryonic fibroblasts.

CONCLUSIONS: These studies indicate that NaB serves as a
negative regulator of hepatic lipogenesis in NAFLD and that
NaB attenuates hepatic steatosis and improves lipid profile and
liver function largely through the activation of LKB1-AMPK-
Insig signaling pathway. Therefore, NaB has therapeutic po-
tential for treating NAFLD and related metabolic diseases. (Cell
Mol Gastroenterol Hepatol 2021;12:857-871; https://doi.org/
10.1016/j.jcmgh.2021.05.006)

Keywords: Sodium Butyrate; Insulin-Induced Gene; LKB1; He-
patic Lipogenesis; NAFLD.

H epatic steatosis is a major characteristic of nonal-
coholic fatty liver disease (NAFLD), which has
emerged as a leading cause of chronic liver diseases and a
great threaten to the public health worldwide.”? The
disruption of lipid metabolism is a pathological basis and
driven factor in the progression of NAFLD. Recent studies
have highlighted the contribution of irritated de novo lipo-
genesis under insulin-resistant condition in the pathogen-
esis of NAFLD.** Inhibition of lipogenesis has been shown to
effectively reduce hepatic insulin resistance and reverse
NAFLD,>® which suggests that hepatic de novo lipogenesis is
a crucial target to develop novel strategies for treating
NAFLD.

Insulin-induced gene (Insig) acts as a potent inhibitor for
the cleavage and maturation of the key lipogenic tran-
scription factor SREBP, and plays an important role in the
negative feedback regulation of SREBP and hepatic lipo-
genesis. Insig-1 and Insig-2 are 2 isoforms of Insig which
functions to inhibit SREBP activity via the retention of the
SCAP/SREBP complex in the endoplasmic reticulum mem-
brane. Overexpression of hepatic Insig-1 has been shown to
inhibit SREBP processing and reduce insulin-stimulated
lipogenesis, suggesting Insig is a negative regulator of de
novo lipogenesis.” Adenosine monophosphate (AMP)-acti-
vated protein kinase (AMPK) is a key modulator to regulate
intracellular metabolism based on nutrient availability and
has been demonstrated to directly target and inhibit the
activity of SREBP-1c, thereby suppressing hepatic lipogen-
esis.® Interestingly, AMPK phosphorylation of Insig at
Thr222 site is required for the protein stabilization of Insig-
1 and inhibition of cleavage and processing of SREBP-1 and
lipogenic gene expression in response to metformin or
A769662, suggesting that posttranslational regulation of
Insig plays essential roles in the regulation of lipid meta-
bolism in the liver.” Moreover, liver kinase B1 (LKB1) is the
major upstream kinase of AMPK, and the LKB1/AMPK signal
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plays important roles in the regulation of gluconeogenesis
and glucose homeostasis."’

Short-chain fatty acids are produced by intestinal
commensal bacteria using dietary indigestible fibers, among
which butyric acid is one of the most abundant.'" Previous
studies showed that butyrate can be utilized as an energy
source in CO]OHOCYteS.12'13 Meanwhile, accumulated evi-
dence has demonstrated that butyrate regulates energy
metabolism and plays a protective role in the metabolic
disorders over the past decade.'* However, the mechanisms
underlying the regulatory role of butyrate have been shown
to be multiple and varied under different conditions. Owing
to the fact that butyrate is produced and enriched in the
intestinal lumen, it has been believed that butyrate exerts
local effects on the enteroendocrine L cells and stimulates
the production of gut hormones such as peptide YY (PYY)
and glucagon-like peptide 1 (GLP-1) to regulate the satiety
and energy intake.'*'® Furthermore, butyrate has been
discovered to be able to influence the development, differ-
entiation, and activation of immune cells both in the gut and
peripheral tissues, and ameliorates the metabolic inflam-
mation that augments the insulin resistant and metabolic
dysfunction."®*® Moreover, our previous study found that
sodium butyrate (NaB) has an impact on the structure of gut
microbiota increasing the abundance of probiotics,
strengthening the intestinal barrier and decreasing the gut-
derived endotoxemia, leading to the improvement of high-
fat diet (HFD)-induced steatohepatitis in a mouse
model."” These evidence suggest that NaB has systemic ef-
fects and protects against metabolic disorders via multiple
mechanisms. However, whether the liver is a target tissue of
butyrate and how the hepatocytes sense butyrate to facili-
tate its interaction with the regulation network of energy
metabolism are largely unexplored.

We have recently reported that NaB increases hepatic
expression of GLP-1 receptor via inhibiting HDAC2 (histone
deacetylase 2), which sensitizes the effects of NaB on
inhibiting lipid synthesis and augmentation of fatty acid
oxidation in hepatocytes and leads to a reduction of hepatic
steatosis.”’ In this study, we provide insights into the
mechanism by which NaB regulates the lipid metabolism in
a hepatocyte-autonomous manner. These in vivo and
in vitro studies demonstrate that (1) pharmacological
administration of NaB improves hepatic steatosis in diet-
induced mice, (2) the stimulatory effects of NaB on Insig-1
activity are dependent on AMPK, (3) LKB1 is required for

*Authors share co-first authorship
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the activation of AMPK in response to NaB treatment, and
(4) NaB inhibits hepatic lipogenesis via LKB1-AMPK-Insig
signaling pathway.

Results
Administration of NaB Attenuates Hepatic
Steatosis in Mice Fed With HFD

To study the regulatory role of NaB in NAFLD, admin-
istration of 200 mg/kg NaB in mice by gavage was per-
formed, which has been used in other mouse models of
atherosclerosis, Parkinson’s disease, and so on.?'"?* To
assess the efficacy of exogenous NaB administration and the
alteration of butyric acid concentration in portal circulation,
blood was collected from the portal vein in mice treated
without or with 200 mg/kg NaB and liquid chromatography
tandem mass spectrometry analysis was performed to
measure portal levels of butyric acid. We found that the
physiological level of butyric acid in the portal vein in mice
are around 2 pug/mL (2.142 + 2.438 ug/mL, n = 6), which is
comparable to the levels of 3.3 ug/mL in portal vein of
health humans,?®> whereas NaB treatment causes a 4-fold
induction of butyric acid (8.245 + 3.554 ug/mL, n = 6).
These results suggest that the administration of 200 mg/kg
NaB is sufficient to cause the induction of portal butyric acid
concentration. Next, administration of 200 mg/kg NaB by
gavage once daily for 8 weeks was initiated in mice fed with
chow or HFD at the eighth week and lasted for 8 weeks
(Figure 1A4). At the end of 16th week, the livers were har-
vested and the lipid profile was analyzed. As shown in
Figure 1B and C, the hepatic levels of triglycerides and
cholesterol were greatly induced in mice fed with HFD, and
was significantly decreased by NaB treatment. The hema-
toxylin and eosin staining of liver sections showed both
macrovesicular and microvesicular steatosis in mice fed
with HFD, which was alleviated in mice treated with NaB
(Figure 1D). Furthermore, we evaluated the histological
severity of hepatic steatosis using the steatosis score based
on the SAF scoring system.”® The results showed that NaB
treatment significantly decreased the steatosis score
(Figure 1E). Meanwhile, the oil red O staining also demon-
strated the amelioration of lipid accumulation in the livers
by NaB treatment (Figure 1D and F). Moreover, we also
quantified the serum levels of triglycerides (Figure 1G), total
cholesterol  (Figure 1H), alanine aminotransferase
(Figure 11), and aspartate aminotransferase (Figure 1J). The
serum parameters were all improved with NaB intervention,
which was consistent with our previous results.® These
data demonstrated improvement of both histological and
serum alterations by 8-week NaB treatment and suggest a
protective role of NaB in HFD-induced hepatic steatosis.

Administration of NaB Causes an Augmentation
of Insig Activity and Inhibition of Lipogenic Gene
Expression in Mice Fed With HFD

Insig is a pivotal regulator in lipid metabolism. The 2
isoforms Insig-1 and Insig-2 function similarly and Insig-1 is
highly expressed in the liver. Thus, we then explore the effect
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of NaB treatment on the protein levels of Insig-1 and Insig-2.
Interestingly, hepatic protein levels of Insig-1 were reduced
in mice fed with HFD and significantly restored in the mice
treated with NaB, which was evidenced by immunohisto-
chemistry staining (Figure 24) and immunoblots (Figure 2B
and C). Similarly, protein levels of Insig-2 were restored in
the livers of mice receiving 8-week NaB intervention
(Figure 24, B, and D). These results suggest that NaB treat-
ment induces Insig protein level. We then examined the effect
of NaB on the protein expression of downstream lipogenic
genes. The results showed that the protein levels of SCD1
(Figure 2F and G), FAS (Figure 2F and H), and the nuclear
form of SREBP-1 (68 kD) (Figure 2F and I) were all strikingly
downregulated in HFD-fed mice treated with NaB. Taken
together, these data indicate that NaB treatment is able to
inhibit the expression of lipogenic genes through restoring
protein levels of Insig in the livers of mice fed with HFD.

The Inhibitory Effects of NaB on Lipogenic Gene
Expression and Lipid Accumulation Are Mediated
by Stimulating Insig in Hepatocytes

To further examine the regulation of NaB on Insig, we
next conducted in vitro experiments. HEK293 cells were
transfected with plasmid encoding Insig and then treated
with NaB.” As shown in Figure 3A and B, NaB treatment
significantly increases the protein levels of both Insig-1 and
Insig-2 in a dose-dependent manner. Therefore, we hy-
pothesized NaB may stimulate the expression of Insig to
inhibit de novo lipogenesis. To further testify the hypothe-
sis, we investigated the effect of NaB in HepG2 hepatocytes
exposed to high glucose plus insulin.’’ As shown in
Figure 3C, the protein levels of SCD1 and FAS were signifi-
cantly induced by treatment with high glucose plus insulin
and suppressed by NaB in a dose-dependent manner, which
was consistent with the in vivo data. Moreover, Oil Red O
staining and BODIPY staining were performed to explore the
function of NaB in response to glucose and insulin stimu-
lation. As shown in Figure 3D, the lipid droplets were
significantly induced by treatment with high glucose plus
insulin and reduced with 5 mM and 10 mM NaB treatment
in HepG2 cells. Quantification of both triglycerides
(Figure 3E) and BODIPY fluorescence intensity (Figure 3F)
revealed a potent inhibitory effect of NaB on lipid accumu-
lation. Taken together, in vitro results suggest that NaB in-
creases protein levels of Insig and inhibits de novo
lipogenesis by downregulating lipogenic gene expression.

The Effects of NaB on Stimulating Insig-1 Are
Dependent on AMPK

We have recently identified Insig as a novel target of
AMPK in the posttranslational regulation of lipogenesis.’ To
determine the role of AMPK in NaB’s regulation of Insig, we
first investigate the effect of NaB on the activity of AMPK.
Strikingly, the phosphorylation of AMPK and its down-
stream target acetyl-CoA carboxylase (ACC) was increased
by NaB treatment in mice fed with HFD compared with
vehicle control, which was evidenced by immunohisto-
chemistry staining (Figure 44) and immunoblots (Figure 4B
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Figure 1. Beneficial effects of NaB on lowering hepatic steatosis in mice fed with HFD. Eight-week-old male C57BL/6
mice were fed with a HFD for 8 weeks, and then gavaged with NaB (1 g/kg/d) or vehicle (phosphate-buffered saline) for 8
weeks. Mice were sacrificed at the end of 16th week and livers were harvested. (A) Schematic illustration showing the design
of the in vivo experiment. (B) Hepatic triglycerides and (C) cholesterol levels were assessed in mice (n = 6-8). (D) Repre-
sentative hematoxylin and eosin (H&E) and Oil Red O stainings of the liver sections are shown (scale bar = 50 um). (E)
Steatosis score based on the SAF score algorithm is measured (n = 6). (F) Quantification of Oil Red O-stained areas is shown
(n = 6). Serum levels of (G) triglycerides, (H) cholesterol, (/) alanine aminotransferase, and (J) aspartate aminotransferase are
detected (n = 5-6). The data are presented as the mean + SEM, unpaired 2-tailed Student’s t test, n = 5-8. *P < .05 vs mice
fed with chow diet; #P < .05 vs mice fed with HFD.

and C). These results suggest that the activity of AMPK was
significantly restored by NaB intervention under nutrition
overload conditions. To further clarify whether AMPK is
required in the regulation of Insig by NaB, we isolated pri-
mary hepatocytes from AMPKal/a2 double knockout
(AMPK-/-) mice, which were infected with adenoviruses
overexpressing Insig-1 and followed by NaB treatment. As

shown in Figure 4D, in contrast to AMPK wild-type hepa-
tocytes, the induction of Insig-1 by NaB treatment was
potently abolished in AMPK-/- hepatocytes. Notably, a mild
induction of Insig-1 by NaB treatment suggests the existence
of an AMPK-independent mechanism, which requires
further investigation. Taken together, NaB is able to activate
AMPK and regulates Insig in an AMPK-dependent manner.
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Figure 2. Administration of NaB stimulates the activity of Insig to inhibit lipogenic gene expression in mice fed with
HFD. (A-C) The protein levels of Insig-1 and Insig-2 are increased in the liver of mice treated with NaB. (A) Representative
immunohistochemical staining of the liver sections with Insig-1 and Insig-2 antibodies (scale bar = 50 um). (B) Immunoblots
were performed, and the band intensity of (C) Insig-1 and (D) Insig-2 was quantified by densitometry (n = 6). (E-/) The protein
levels of lipogenic genes are decreased in the liver of mice treated with NaB. (E) Representative immunohistochemical staining
of the liver sections with SCD1 and FAS antibodies (scale bar = 50 um). (F) Immunoblots were performed, and the band
intensity of (G) SCD1, (H) FAS, and (/) nuclear SREBP-1 was quantified by densitometry (n = 6). The data are presented as the
mean + SEM, unpaired 2-tailed Student’s t test, n = 6. *P < .05 vs mice fed with chow diet; #P < .05 vs mice fed with HFD.

The Interaction Between Insig and Its Upstream
Kinase AMPK Is Increased by NaB Treatment

Our previous findings have revealed a novel mechanism
in which AMPK directly interacts with and mediates phos-
phorylation of Insig at Thr222, resulting in the reduction of
ubiquitination and degradation of Insig.” Given that we have
shown NaB is able to increase protein levels of Insig and

restore the activity of AMPK under nutrition overload con-
ditions, we further explored the effect of NaB on the inter-
action between Insig and AMPK. HEK293 cells stably
overexpressing Insig were transfected with AMPKa vectors
and treated with NaB. The co-immunoprecipitation assay
showed that NaB treatment significantly enhanced the as-
sociation of AMPKa2 with both Insig-1 (Figure 5A4) and
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Figure 3. NaB inhibits lipogenic gene expression and lipid accumulation by enhancing Insig activity in hepatocytes. (A,
B) NaB treatment increases protein levels of Insig. HEK293 cells were transfected with pcDNA, Myc-tagged Insig-1, or FLAG-
tagged Insig-2 for 24 hours, followed by treatment with 5 mM or 10 mM NaB as indicated. Immunoblots were performed. (C-F)
NaB treatment decreases protein levels of lipogenic enzymes and alleviates lipid accumulation in human HepG2 cells exposed
to high glucose plus insulin. HepG2 cells were fasted for 24 hours, followed by 30 mM glucose and 100 nM insulin treatment,
together with NaB (1-10 mM) or vehicle (phosphate-buffered saline) treatment. (C) Immunoblots show that NaB treatment
decreases protein levels of SCD-1 and FAS in a dose-dependent manner. (D-F) Triglycerides accumulation is attenuated with
5 mM and 10 mM NaB treatment. (D) Representative oil red O staining (scale bar = 50 um) and (E) the quantification of tri-
glycerides are shown (n = 3). (D) Representative BODIPY staining (scale bar = 50 um) and (F) the quantification are shown (n =
3). The data are presented as the mean + SEM, unpaired 2-tailed Student’s t test, n = 3. *P < .05 vs vehicle; #P < .05 vs

treatment with high glucose plus insulin.

Insig-2 (Figure 5B) in a dose-dependent manner. Similarly,
the interaction between AMPKal and Insig was also
strengthened by NaB treatment in a dose-dependent
manner (Figure 5C and D). Given that NaB enhances pro-
tein levels of Insig, we cannot exclude the possibility that
the increased interaction between Insig and AMPK in
response to NaB treatment is due to elevated Insig protein.
Taken together, these data imply that NaB likely enhances
the interaction between AMPK and Insig, facilitating the
Insig phosphorylation by AMPK leading to the decline of

ubiquitination-mediated degradation, which contributes to
the induction of Insig by NaB treatment.

LKB1 Phosphorylation and Intracellular Energy
Levels Mediate the Stimulatory Effects of NaB on
AMPK Activity

Now that we have discovered that AMPK activation
mediates the regulation of Insig by NaB, we sought to
determine the upstream mechanisms underlying the
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Figure 4. AMPK is required for Insig-1 induction in response to NaB treatment. (A-C) NaB increases the expression levels
of phosphorylated AMPK in mice fed with HFD. (A) Representative immunohistochemical staining of the liver sections with
phosphorylated AMPK (pAMPK) and phosphorylated ACC (pACC) antibodies (scale bar = 50 um). (B) Immunoblots were
performed, and (C) the band intensity of pAMPK and pACC was quantified by densitometry (n = 6). (D) AMPK is required for
Insig-1 induction in response to NaB treatment. AMPK+/+ or AMPKa1/a2 double knockout (AMPK—/—) mouse primary
hepatocytes were infected with adenoviruses encoding Insig-1 (Ad-Insig-1) or green fluorescent protein (GFP) for 24 hours,
followed by treatment with 5 mM or 10 mM NaB for 24 hours. The data are presented as the mean + SEM, unpaired 2-tailed
Student’s t test, n = 6. *P < .05 vs mice fed with chow diet; #P < .05 vs mice fed with HFD.

activation of AMPK by NaB treatment. LKB1 is a major up-
stream kinase of AMPK.?® Thus, we explored the effect of
NaB on the LKB1 activity in HepG2 cells. As shown in
Figure 64 and C, protein levels of phosphorylated LKB1
were greatly induced by treatment with 5 mM and 10 mM
NaB, which was consistent with the change of AMPK phos-
phorylation (Figure 6B and D). These data indicate that the
kinase activity of LKB1 is induced by NaB treatment, leading
to the activation of AMPK. Next, we determined whether
LKB1 is required for NaB’s activation of AMPK. As shown in
Figure 6E, the phosphorylation of AMPK was greatly sup-
pressed by treatment with high glucose plus insulin and
restored by NaB treatment in a dose-dependent manner in
LKB1 wild-type MEF cells, whereas AMPK was failed to be
activated by NaB treatment under LKB1 deficient condi-
tions. These results suggest that NaB induces the kinase
activity of LKB1 and activates AMPK in an LKB1-dependent
manner.

AMPK functions as a sensor of the intracellular energy
state, whose gamma subunit can sense the alteration of
AMP and adenosine triphosphate (ATP) to adjust its kinase
activity.”” Therefore, we then investigate the effect of NaB
on the levels of AMP and ATP. Human HepG2 cells were
treated with glucose and insulin, together with vehicle or
NaB in different doses, and subjected to separate AMP and
ATP quantification. As shown in Figure 6F, the intracellular
levels of both AMP and ATP were induced when treated
with high glucose plus insulin, which was decreased by
NaB treatment in a dose-dependent manner. Notably, the
extent of decline in ATP was superior to AMP in NaB-
treated HepG2 cells, leading to the dramatic elevation of
AMP-to-ATP ratio (Figure 6G). These data indicate that
NaB may modulate the AMP-to-ATP ratio to facilitate
AMPK activation. Furthermore, to understand the possible
mechanisms underlying the prominent reduction of ATP in
NaB-treated HepG2 cells, we examined the effect of NaB on
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the expression of mitochondrial respiratory chain complex
that governs the process of oxidative phosphorylation,
which is a major source of ATP production. Unlike the
inhibitory effect of other AMPK agonists such as metformin
and berberine on mitochondrial respiratory chain complex
we found that NaB had minimal effect on protein
levels of mitochondrial respiratory chain complex in both
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Figure 5. Administration
of NaB enhances the
interaction between Insig
and its upstream kinase
AMPK. (A, B) NaB en-
hances the association of
AMPKa2 subunit with Insig
in a dose-dependent
manner. FLAG-tagged (A)
Insig-1 or (B) Insig-2 was
co-transfected with Myc-
tagged AMPKa2 in
HEK293 cells for 24 hours,
followed by treatment with
5 mM or 10 mM NaB for 24
hours. The cell lysates
were incubated with Myc
antibodies and purified

with protein A/G-
Sepharose beads. The
precipitates and lysates

were individually immuno-
blotted with indicated an-
tibodies. (C, D) NaB
enhances the association
of AMPKa1 subunit with
Insig in a dose-dependent
manner. FLAG-tagged (D)
Insig-1 or (D) Insig-2 was
co-transfected with GST-
tagged AMPKa1 in
HEK293 cells for 24 hours,
followed by treatment with
5 mM or 10 mM NaB for 24
hours. The cell lysates
were then purified with
GST Sepharose beads.
The precipitates and ly-
sates were immunoblotted
with antibodies against
FLAG or GST. EV, empty
vector; P,
immunoprecipitation.

human HepaG2 cells (Figure 6H) and mouse primary he-
patocytes (Figure 6I), suggesting that NaB may affect the
ATP-consuming process, rather than sabotage the ATP-
producing process. Taken together, our results suggest
that LKB1 is activated and AMP-to-ATP ratio is elevated
with NaB treatment, contributing to the activation of AMPK
by NaB.
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Figure 6. The stimulatory effects of NaB on AMPK activity are mediated by LKB1 phosphorylation and intracellular
energy levels. (A-D) NaB increases levels of phosphorylated LKB1 and phosphorylated AMPK in a dose-dependent manner in
HepG2 cells. HepG2 cells were fasted for 24 hours, followed by 30 mM glucose and 100 nM insulin treatment, together with
NaB (1-10 mM) or vehicle (phosphate-buffered saline) treatment. (A) Immunoblots show that NaB treatment increases
phosphorylation of LKB1 in a dose-dependent manner. (C) The band intensity of phosphorylated LKB1 was quantified by
densitometry (n = 3). (B) Immunoblots show that NaB treatment increases phosphorylation of AMPK in a dose-dependent
manner. (D) The band intensity of phosphorylated AMPK (pPAMPK) was quantified by densitometry (n = 3). (E) LKB1 is
required for AMPK activation in response to NaB treatment. LKB1—/— mouse embryonic fibroblasts were fasted for 24 hours,
followed by 30 mM glucose and 100 nM insulin treatment, together with NaB (5 mM and 10 mM) or vehicle (phosphate-
buffered saline) treatment. (F, G) NaB treatment regulates the levels of AMP and ATP and increases AMP-to-ATP ratio in
HepG2 cells exposed to high glucose plus insulin. HepG2 cells were fasted for 24 hours, followed by 30 mM glucose and 100
nM insulin treatment, together with different doses of NaB (1-10 mM) or vehicle (phosphate-buffered saline) treatment, and
then the lysates were subjected to AMP and ATP detection. (F) The levels of AMP and ATP were quantified and (G) the AMP-
to-ATP ratio were calculated. (H, /) Protein levels of mitochondrial electron transport chain complex are not altered by NaB
treatment. Immunoblots were performed in (H) human HepG2 cells and (/) mouse primary hepatocytes. The data are presented
as the mean + SEM, unpaired 2-tailed Student’s t test, n = 3. *P < .05 vs vehicle; #P < .05 vs treatment with high glucose plus
insulin. pACC, phosphorylated acetyl-CoA carboxylase.

Discussion

The metabolic benefits of NaB have been identified in
several different metabolic disorders, including type 2
diabetes, cardiovascular disease, and NAFLD."?*%*** How-
ever, the underlying mechanisms are not fully illuminated.
Here, we demonstrate that administration of NaB

stimulates Insig activity and represses de novo lipogenesis
via enhancing the phosphorylation of AMPK. Importantly,
the tumor suppressor LKB1 is required for NaB-induced
phosphorylation and activation of AMPK. The LKBI1-
AMPK-Insig axis may represent a novel mechanism by



866 Zhao et al

Cellular and Molecular Gastroenterology and Hepatology Vol. 12, No. 3

Lolalelelelelelalolelololelolelelolelelelolalelololelolelele

| S
e
Butyricacid) <————— T » ¢ 7

Intestine

Gut microbiot.

Lelo]o]

[ofo]o]ofefofo]o]o]ofo]ofo]ofofo]o]ofe

5 55 5 85

y HOWH:
Butyric acid W

Nucleus

Lipogenic genes l

Portal vein

Figure 7. The proposed model for butyric acid-mediated inhibition of lipogenesis via LKB1-AMPK-Insig signaling
pathway. Gut-derived metabolite butyric acid exerts beneficial effects on hepatocytes, enhancing LKB1 phosphorylation and
elevating AMP-to-ATP ratio, which facilitates AMPK activation. Subsequently, interaction between AMPK and Insig is
strengthened by butyric acid, resulting in phosphorylation of Insig at Thr222 and decline of proteasome-mediated degradation.
The increased Insig restrains the processing and translocation of SREBP-1c and suppresses its transcriptional activity. The
activation of AMPK by butyric acid also facilitates SREBP-1c phosphorylation at Ser372 and suppresses its proteolytic
cleavage. These mechanisms by which butyric acid inhibits de novo lipogenesis in hepatocytes provide therapeutic potential

for hepatic steatosis management. ER, endoplasmic reticulum.

which NaB attenuates hepatic steatosis under nutrition
overload conditions (Figure 7).

The Liver Is a Target Tissue of NaB Actions to

Improve Lipid Metabolism

The effect of butyric acid has been investigated in the
metabolic disorders for a long time. Most studies have
focused on its regulatory role in the intestinal lumen in
which butyric acid exists at the highest concentration. Pro-
tective effects of butyrate on the intestinal barrier and
functions of immune cells have been identified.'”** Apart
from the local effects in the intestines, the systemic effects of
butyrate have also been reported, many of which are
mediated by the gut hormones such as GLP-1 and PYY
secreted by the enteroendocrine L cells. Moreover, butyrate
has been found to act on the gut-brain neural circuit to
improve energy metabolism, leading to a reduction of en-
ergy intake and induction of fat oxidation via enhancing
brown adipose tissue activity.*”

Our recent findings demonstrate that administration of
NaB sensitizes GLP-1’s effects on inhibiting lipid synthesis
and augmentation of fatty acid oxidation in hepatocytes and
leads to a reduction of hepatic steatosis, suggesting that
hepatocytes are sufficient to sense the gut-derived signaling
pathway in response to NaB. However, whether NaB stim-
ulates the signaling pathway in hepatocytes to regulate
metabolic homeostasis is largely unknown. The present
study provides the evidences showing that liver is a target
tissue of NaB actions to improve lipid metabolism. First,
pharmacological administration of NaB causes a significant
reduction of lipogenic gene expression and attenuation of
hepatic steatosis in mice fed with HFD. Second, NaB is suf-
ficient to inhibit lipogenesis and triglycerides accumulation
in HepG2 hepatocytes exposed to high glucose plus insulin,
suggesting that NaB improves hepatic lipid metabolism in a
hepatocyte-autonomous manner. Moreover, the activity of
the central metabolic sensor AMPK is potently increased in
response to NaB treatment in the liver of mice fed with high
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fat diet, human HepG2 cells, and primary mouse hepato-
cytes, further supporting the notion that NaB exerts bene-
ficial actions in the liver to control hepatic lipid homeostasis.
Together, these results highlight the importance of NaB on
cellular metabolism, and shed light on the novel finding that
NaB couples the key metabolic sensor and metabolic
signaling pathways to regulate hepatic lipid metabolism.

Insig Activation Mediates the Effects of NaB on
Alleviating Hepatic Steatosis

One of the most important findings of the present study
is the identification of Insig as an important target in
mediating beneficial effects of NaB on lipid metabolism.
Insig is known to play pivotal roles in inhibiting de novo
lipogenesis via interacting with the SCAP-SREBP complex.
This study demonstrates that NaB increases Insig activity
via stimulating phosphorylation of AMPK and leads to
enhanced interaction between AMPK and Insig and attenu-
ated hepatic steatosis, which are consistent with the recent
findings showing that Thr222 phosphorylation of Insig-1 by
AMPK is required for the protein stabilization of Insig-1 and
inhibition of cleavage and processing of SREBP-1 and
lipogenic gene expression.” Moreover, phosphorylation of
Insig-1 at Ser207 and Insig-2 at Ser151 by PCK1 (phos-
phoenolpyruvate carboxykinase 1) disrupts the interaction
between Insig and SCAP, which leads to the translocation of
the SCAP-SREBP complex to the Golgi apparatus and acti-
vation of SREBP and its downstream lipogenic gene
expression.”® These studies suggest that posttranslational
modification of Insig plays a critical role in the regulation of
the proteolytic cleavage and maturation of SREBP and
lipogenesis in the liver. Intriguingly, recent studies have
reported beneficial effects of activating Insig activity on
improving lipid metabolism and attenuating hepatic stea-
tosis. It was reported that R-a-lipoic acid induces expression
of Insig-1 and Insig-2a and leads to a reduction of tri-
glycerides accumulation in the liver of diabetic rat and
attenuation of hypertriglyceridemia.’” Moreover, supple-
mentation of omega-3 polyunsaturated fatty acids increases
hepatic expression of Insig-1 and improves lipid profile and
other metabolic parameters in stress-induced metabolic
disorders in rats.>® Together, these studies indicate that
Insig activation plays an important role in mediating NaB'’s
lipid-lowering effects in hepatocytes, and that pharmaco-
logical manipulating Insig activity may provide therapeutic
strategies for treating lipid dysregulation and related
metabolic diseases.

The Stimulatory Effects of NaB on AMPK
Phosphorylation and Its Downstream Signaling
Are Regulated in an LKB1-Dependent Manner in
Hepatocytes

The present study demonstrates that phosphorylation of
AMPK and ACC are not increased in response to NaB
treatment in LKB1-/- mouse embryonic fibroblasts,
strongly supporting the notion that AMPK activation by NaB
is mediated by LKB1. Given that LKB1 is necessary for
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AMPK’s salutary effects on inhibiting lipogenic gene
expression and lowering circulating glucose levels,'® LKB1
appears to be an attractive candidate in mediating NaB/
AMPK signaling in regulating hepatic lipid metabolism.
Although the precise mechanism by which NaB activates
LKB1 remains unclear, it is possible that NaB regulates
Ser428 phosphorylation of LKB1 via recruiting other pro-
tein kinases. Intriguingly, the findings that NaB stimulates
AMP-to-ATP ratio to enhance phosphorylation of AMPK
indicate that, in addition to LKB1 signaling, AMPK activity
may be potentiated in response to NaB treatment. Previous
studies have shown that metabolic functions of short-chain
fatty acids are mediated by a G protein-coupled recep-
tor-dependent manner, such as GPR43, GPR41.'! The cur-
rent study support the notion that NaB regulates lipid
metabolism in a G protein-coupled receptor-independent
manner, which is consistent with the findings showing NaB'’s
GLP-1 sensitizing effects on inhibiting lipid synthesis and
augmentation of fatty acid oxidation in hepatocytes.?’
Together, this study reported an unknown regulator for
LKB1/AMPK signaling, which plays an essential role in the
regulation of hepatic lipid metabolism.

In conclusion, this study identified a novel mechanism
that butyric acid, one of the most abundant short-chain fatty
acids produced by gut microbiota, regulates hepatic lipo-
genesis and maintains lipid homeostasis via LKB1-AMPK-
Insig signaling pathway. These findings also indicate that
NaB mediates the crosstalk between the gut and liver in
regulating metabolism, and that therapeutic approaches,
such as LKB1 and Insig activators in hepatocytes, may have
potential for the treatment of NAFLD and related metabolic
diseases.

Materials and Methods

Animal Model and Diets

Male specific pathogen-free male C57BL/6 mice at 6
weeks of age were purchased from Shanghai Laboratory
Animal Co. Ltd. (Shanghai, China). Mice were fed a standard
chow diet or an HFD (fat 33 kcal%, carbohydrates 50 kcal%,
protein 17 kcal%, and 2% cholesterol; TrophicDiet, Nan-
tong, China)®***° for 8 weeks. Then the mice fed with HFD
were randomly divided into 2 groups and treated with NaB
(200 mg/kg/d) or vehicle by gavage once daily for 8 weeks.
The NaB solution was prepared as previously described.”’
All mice were housed under a 12-hour light/dark cycle at
controlled temperature. All animal experiment protocols
were approved by the Institutional Animal Care and Use
Committee of Xinhua hospital affiliated to Shanghai Jiao
Tong University School of Medicine.

Histological Analysis

Livers were fixed in 10% phosphate-buffered formalin
acetate at 4°C overnight and embedded in paraffin wax.
Paraffin sections (5 um) were cut and mounted on glass
slides for hematoxylin and eosin as previously described.*’
Immunohistochemistry of liver sections was performed as
previously described.>'*** Liver sections were incubated
with antibodies against FAS, SCD1, phosphorylated AMPK,
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phosphorylated ACC, Insig-1, and Insig-2. Livers embedded
in optimum cutting temperature compound (Laborimpex,
Brussels, Belgium) were used for Oil Red O staining for the
assessment of hepatic steatosis. The procedure was as
previously described.”’

Reagents and Antibodies

0il Red O (cat. 00625) and mouse monoclonal FLAG M2
antibody (cat. F3165) were purchased from Sigma-Aldrich
(St Louis, MO). Glutathione Sepharose beads (cat. 17-
0756-01) were from GE Healthcare (Piscataway, NJ). Rabbit
monoclonal phosphor-AMPK« (Thr172) antibody (1:1000,
cat. 2535), rabbit monoclonal total AMPK« pan antibody
(1:1000, cat. 2532), and mouse monoclonal Myc tag anti-
body (1:1000, cat. 2276) were obtained from Cell Signaling
Technology (Beverly, MA). Rabbit polyclonal antibody
against phospho-ACC (Ser79) (1:1000, cat. 07-303) was
obtained from Merck Millipore (Billerica, MA). Total ACC
(1:1000, cat. 3662) was obtained from Upstate Biotech-
nology (Lake Placid, NY). Mouse monoclonal FAS antibody
(1:2000, cat. 610963) was from BD Biosciences (San Jose,
CA). Antibodies against Insig-1 (1:500, cat. sc-390504),
Insig-2 (1:500, cat. sc-66936), glutathione S-transferase
(GST) (1:1000, cat. sc-138), SREBP-1 (1:1000, K10, sc-367),
B-actin (1:2000, cat. sc-69879); horseradish peroxidase-
conjugated anti-mouse (1:10,000) and anti-rabbit
(1:10,000) secondary antibodies; and protein A/G PLUS-
Agarose beads were obtained from Santa Cruz Biotech-
nology (Dallas, TX).

Immunoblots, Co-Immunoprecipitation, and GST
Pull-Down

Immunoblotting analysis was carried out as described
previously.®***~*> In brief, mice liver tissues or cultured
cells were homogenized and lysed at 4°C in lysis buffer (50
mM Tris-HCI, pH 8.0, 1% (v/v) Nonidet P-40, 150 mM Nacl,
5 mM EDTA, 1 mM EGTA, 1 mM sodium orthovanadate, 10
mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, 2
ug/mL aprotinin, 5 pg/mL leupeptin, and 1 ug/mL pep-
statin). Cell lysates were centrifuged at 14,000 rpm for 10
minutes at 4°C, and the resulting supernatant was used for
immunoblotting analysis. Protein concentrations in cell ly-
sates were measured using Bio-Rad Protein Assay Dye Re-
agent. For immunoblotting, 20-50 ug of protein was
separated by 8%-10% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis and then electrophoretically
transferred to polyvinylidene difluoride membranes in a
transfer buffer consisting of 25 mM Tris base, 190 mM
glycine, and 20% methanol. The membranes were blocked
with 5% nonfat milk in Tris-buffered saline with 0.1%
Tween 20 and incubated with specific antibodies, followed
by incubation with horseradish peroxidase-conjugated
secondary antibodies. Immunoblots were visualized by
LumiGLO chemiluminescence detection kit (Cell Signaling
Technology). The intensity of bands was quantified using
Image] (v1.53, National Institutes of Health, Bethesda, MD).
Relative phosphorylation levels were normalized to those of
endogenous proteins and presented as the mean + SEM. For
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co-immunoprecipitation, cell lysates containing overex-
pressed recombinant or endogenous proteins were incu-
bated with specific antibodies and protein A/G Sepharose
beads at 4°C for overnight. The precipitates were washed 3
times with ice-cold lysis buffer. For GST pull-down analysis,
cell lysates containing overexpressed GST tagged fusion
proteins or endogenous proteins were incubated with
Glutathione Sepharose 4B beads (GE Healthcare Bio-
Sciences, Pittsburgh, PA) at 4°C overnight and washed as
co-immunoprecipitation. The precipitates were then
analyzed by immunoblots.

Primary Mouse Hepatocyte Isolation and Culture

Primary mouse hepatocytes were isolated as previously
described.” Briefly, 6-well plates were coated by rat-tail
collagen type I (cat. 08-115; Merck Millipore) overnight,
and then washed by phosphate-buffered saline twice.
Briefly, mice were anesthetized with sodium pentobarbital
(30 mg/kg intraperitoneally) and the portal vein was can-
nulated under aseptic conditions. The liver was perfused
with EGTA solution (5.4 mmol/L KCI, 0.44 mmol/L KH,PO,,
140 mmol/L NaCl, 0.34 mmol/L Na,HPO,, 0.5 mmol/L
EGTA, 25 mmol/L Tricine, pH 7.2) and Hank’s balanced salt
solution containing 0.075% collagenase type I (Sigma-
Aldrich), 10 mg/mL DNase I (Sigma-Aldrich), 200 units/mL
penicillin, and 200 pg/mL streptomycin, and then digested
with 0.025% collagenase solution for the mouse liver. The
isolated mouse hepatocytes were then cultured at 80%-
90% confluence in Dulbecco’s modified Eagle medium
containing 10% fetal bovine serum in rat-tail collagen type
[-coated 6-well plates (BD Biosciences) overnight. Cells
were infected with adenoviruses expressing Insig-1 or green
fluorescent protein, treated without or with NaB in a serum-
free medium.

Cell Lines and Treatment

Human HepG2 hepatocyte and HEK293 cells were pur-
chased from Cell Bank, Type Culture Collection Committee,
Chinese Academy of Sciences (Shanghai, China). The cells
were cultured, and treated as indicated. Cells were cultured
in Dulbecco’s modified Eagle medium containing 5.5 mM D-
glucose, 10% fetal bovine serum, 100 units/mL penicillin,
and 100 pg/mL streptomycin and incubated in a humidified
atmosphere of 5% CO, at 37°C and passaged every 2 days
by trypsinization. Cells were transfected with plasmids for
24 hours, followed by treatment with 1-10 mM NaB for 24
hours. The cells were grown in monolayer at 37°C in 5%
CO,, and were maintained in medium D. Medium D,
including a 1:1 mixture of Ham’s F12 medium and Dulbec-
co’s modified Eagle’s medium containing 100 units/mL
penicillin, and 100 ug/mL streptomycin, supplied 5% fetal
bovine serum, 5 ug/mL cholesterol, 1 mM sodium mevalo-
nate, and 20 uM sodium oleate.

Statistical Analysis
Data are expressed as mean + SEM. Statistical signifi-

cance was evaluated using the unpaired 2-tailed Student’s t
test and among more than 2 groups by analysis of 1-way
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analysis of variance. Differences were considered significant
at a P value <.05.
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