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SUMMARY

This study summarizes the role of lipopolysaccharide in
promoting lipogenesis in the liver. Mechanistically, lipo-
polysaccharide exacerbates hepatic steatosis by reducing
DNA methylation, which activates the transcription and
expression of CIDEA. Targeting DNA methyltransferases 3B
expression represents a promising therapy for hepatic
steatosis.

BACKGROUND & AIMS: Nonalcoholic fatty liver disease is the
most prevalent chronic liver disease and threats to human
health. Gut dysbiosis caused by lipopolysaccharide (LPS)
leakage has been strongly related to nonalcoholic fatty liver
disease progression, although the underlying mechanisms
remain unclear.

METHODS: Previous studies have shown that low-grade LPS
administration to mice on a standard, low-fat chow diet is
sufficient to induce symptoms of fatty liver. This study
confirmed these findings and supported LPS as a lipid meta-
bolism regulator in the liver.

RESULTS: Mechanically, LPS induced dysregulated lipid meta-
bolism by inhibiting the expression of DNA methyltransferases
3B (DNMT3B). Genetic overexpression of DNMT3B alleviated
LPS-induced lipid accumulation, whereas its knockdown
increased steatosis in mice and human hepatocytes. LPS-
induced lower expression of DNMT3B led to hypomethylation
in promoter region of CIDEA, resulting in increased binding of
SREBP-1c to its promoter and activated CIDEA expression.
Hepatic interference of CIDEA reversed the effect of LPS on
lipogenesis. These effects were independent of a high-fat diet or
high fatty acid action.

CONCLUSIONS: Overall, these findings sustain the conclusion
that LPS is a lipogenic factor and could be involved in hepatic
steatosis progression. (Cell Mol Gastroenterol Hepatol 2024;
17:59–77; https://doi.org/10.1016/j.jcmgh.2023.09.002)

Keywords: Liver steatosis; DNMT3B; LPS; CIDEA; DNA
methylation.

epatic steatosis, also known as fatty liver, is the
Hmain symptom of nonalcoholic fatty liver disease
(NAFLD). NAFLD has a prevalence of 34% worldwide,1 and
approximately 20% to 27% of patients with NAFLD have
nonalcoholic steatohepatitis (NASH), the onset of advanced
liver diseases, such as liver fibrosis,2 liver cirrhosis,3 and
hepatocellular carcinoma.4 And NAFLD even raises the
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morbidity of type 2 diabetes, cardiovascular diseases, and
obesity, which threatens human’s health.5

Although the mechanism underlying NAFLD pathogenesis
is still elusive, growing evidence suggests that microbes are
involved in energy homeostasis and NAFLD progression.6 The
overgrowth of intestinal gram-negative bacteria in patients
with NAFLD leads to the accumulation of endotoxin lipopoly-
saccharides (LPS), which increase serum endotoxemia. Then
LPS is localized in hepatocytes and activates inflammation via
TLR4, which elicits liver damage and exacerbates NAFLD,
causing NASH diseases.7 However, a study revealed that low
and nonlethal doses of endotoxins increased hepatic lipid
storage in rats fed with a chow diet.8 Another experimental
mouse model revealed that continuous subcutaneous infusion
of 300 mg/kg/day LPS for 4 weeks significantly increased liver
weight and triglyceride (TG) content, even though the mice
were fed with chow diet.9 Similar results were found in
another study where LPS treatment (240 mg/kg/day) for
2 weeks could trigger liver steatosis in chow diet-fed mice.10

These studies indicate that aberrant serum LPS increases
may be a regulator of lipid metabolism in non-high-fat diet
(HFD)-induced hepatic steatosis.

DNA methylation frequently occurs in eukaryotic cells and
could regulate gene expression without changing gene se-
quences, and abnormal DNA methylation is correlated with
numerous diseases, including NAFLD. The genome-wide
screening of sites has revealed a demethylation tendency of
hepatic DNA in patients with NAFLD.11 Clinical research also
indicated that global DNA methylation yielded a decreasing
trend in liver biopsy specimens of patients with NAFLD with
increased fibrosis and inflammation progression.12 The same
analysis of genome-wide DNA methylation suggested HFD
induced the hypomethylation of liver lipogenic genes,13 which
illustrates that the DNA methylation is critical for NAFLD
progression. DNA methylation often occurs at the CpG loci of
gene promoters and is regulated by 2 types of enzymes: DNA
demethylases and DNA methyltransferases (DNMTs). Overall,
it is highly conceivable that DNMTs are related to hypo-
methylation in NAFLD.

Inspired by the previous study, we sought to confirm
whether LPS acts as a regulator of lipometabolism in liver
even without HFD induction. The integrated transcriptome-
metabolome analysis was used to gain novel insights into
the novel genes regulating lipid metabolism in mice livers
after low-dose LPS treatment. Our study found that DNA
methyltransferases 3B (DNMT3B) was downregulated by LPS
treatment. DNMT3B repression increased lipid accumulation
in oleic acid-pretreated hepatocytes, whereas its over-
expression alleviated this effect. Further study found that LPS
exerted its role in lipid metabolism via DNMT3B-regulated
CIDEA promoter methylation and CIDEA transcription, facili-
tating TG synthesis and lipid droplet (LD) formation. Overall,
our results provided evidence that DNMT3B is involved in
LPS-activated liver steatosis progression.

Results
Low Doses of LPS Triggered Hepatic Steatosis

To verify whether LPS contributes to liver steatosis, LPS
(300 mg/kg/day) was continuously infused into mice by a
micro-osmotic pump and subjected to chow diet or HFD
(Figure 1A). Although the plasma LPS in chow diet-fed mice
was comparable to the HFD-fed mice (Figure 1B), the body
weight did not increase compared with those fed with chow
diet (Figure 1C). Of note, the liver weight and serum
transaminases were higher in LPS-infused mice
(Figure 1D–F), whereas no differences were observed for
serum TG, serum total cholesterol (TC) (Figure 1G), and oral
glucose tolerance test (OGTT) in the chow diet and LPS-
treated group (Figure 1H). Low circulating LPS could pro-
mote liver steatosis (Figure 1I–K) and IL-1, IL-6, and TNF-a
expression in the liver (Figure 1L). The mRNA levels,
especially those involved in lipid formation, such as perilipin
2 (PLIN2), perilipin 4 (PLIN4), CIDEA, and CIDEC were
significantly increased (Figure 1M). These results suggested
that LPS is a lipid metabolism regulator and can induce
hepatic steatosis even in chow diet-fed mice.
LPS Altered the Liver Metabolite Profiles in Mice
To assess the metabolic change in mice liver after LPS

infusion, liver metabolites were quantified via the ultra-high
performance liquid chromatography-quadrupole time-of-
flight mass spectrometry (UHPLC-QTOF-MS/MS)-based
untargeted metabolomics. One hundred thirty-six metabo-
lites (65 in positive or 71 in negative mode) were identified
based on the criteria: fold change >1.5 or <0.5, VIP values
>1.0 and P values <.05. The volcano plot revealed a total of
108 differentially expressed metabolites after LPS infusion
compared with the chow diet group (Figure 2A). Pathway
enrichment analysis showed that the identified different
metabolites were primary included in glycolysis, glycer-
olipid, and alanine metabolism (Figure 2B). The top 29
differentially expressed metabolites that contributed to
metabolic alterations were visualized in a heatmap
(Figure 2C), including carbohydrates, amino acids, long
chain fatty acids, and so on. As shown in principal compo-
nent analysis plots, different clustering of liver samples was
found both in negative and positive mode (Figure 2D).
Subsequent orthogonal partial least squares discriminant
analysis modeling revealed that the chow diet and LPS-
treated groups were clearly separated (Figure 2E). The
permutation test indicated the prediction ability parameters
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(Q2) exceeded 0.5, and the interpretation ability parameters
(R2Y) approached 1.0, suggesting the models exhibited good
predictability and reliability (Figure 2F). Next, Kyoto
Encyclopedia of Genes and Genomes (KEGG) topology
analysis, which based on the differential metabolites,
was conducted to find the metabolic pathway enrichment.
We found that a-linolenic acid metabolism (impact
value ¼ 1.375; P < .0001), retinol metabolism (impact
value ¼ 1.349; P < .0001), glutathione metabolism
(impact value ¼ 0.745; P < .0001), ascorbate and aldarate
metabolism (impact value ¼ 0.949; P < .001), and glyc-
erolipid metabolism (impact value ¼ 1.183; P < .0001) were
significantly enriched metabolic pathways altered by LPS
treatment (Figure 2G). Collectively, these results suggest that
LPS could change the liver metabolic profiles, including lipid
metabolism in the liver.
LPS Increased Lipid Accumulation in
Hepatocytes and Reduced DNMT3B Expression

To confirm whether LPS regulated lipid metabolism in
hepatocytes, mice primary hepatocytes and human hepa-
toma carcinoma cell HepG2 were pretreated with oleic
acid (100 mM) and then treated with LPS (500 ng/mL) or
oleic acid (100 mM) or LPS (500 ng/mL) and oleic acid
(100 mM). LPS treatment increased TG content in primary
hepatocytes (Figure 3A–B) and HepG2 cells (Figure 3C–D)
and aggravated oleic acid-induced TG accumulation. The
expression of lipid formation genes (PLIN2, PLIN4, CIDEA,
and CIDEC) were markedly augmented after LPS treat-
ment (Figure 3E). RNA sequencing (RNAseq) analysis
similarly showed that the expression of PLIN2, PLIN4,
CIDEA, and CIDEC was markedly upregulated in LPS-
infused mice liver (Fold change >1.5; P < .01)
(Figure 3F). To elucidate the mechanism, the RNAseq data
were further analyzed and revealed that LPS down-
regulated DNMT3B expression (Fold change <0.5; P < .01)
(Figure 3F). NAFLD is correlated with aberrant DNA
methylation.11 Accordingly, DNMT3B might be involved in
LPS-induced hepatic steatosis. The dose-dependent effect
of LPS on DNMT3B expression in cells was analyzed to
validate this conclusion. Five hundred ng/mL LPS could
effectively decrease DNMT3B expression in hepatic cells
(Figure 3G–H). Additionally, microarray data from the
National Center for Biotechnology Information (accession
nos. GDS4881) revealed that there was no difference in
DNMT3B level among NAFLD or NASH and patients with
NAFLD and healthy people (Figure 3I). These results
Figure 1. (See previous page). Effect of low dose LPS on liver
or chow diet for 8 weeks and infused with LPS (300 mg/kg/day) c
pump. (A) Schematic representation of animal experiment desig
(D), ALT (E), and AST (F), as well as TG (G) and TC concentration
7). (H) OGTT of food intake in LPS- or HFD-treated mice (n ¼ 7).
staining (middle), and microphotographs of H&E (bottom). Scale
were also directly measured (n ¼ 7). (L) Liver mRNA levels of infl
genes in liver (n ¼ 7). Values are determined by the Student t-te
comparison, 1-way analysis of variance followed by Newman-K
mean ± standard error of the mean. *P < .05; **P < .01; ***P <
indicated that LPS could facilitate TG synthesis, and
DNMT3B might be a specific target for LPS.

DNMT3B Overexpression Improved LPS-induced
Hepatic Steatosis

To evaluate how DNMT3B affect lipid metabolism in
LPS-treated hepatic cells, lentiviruses expressing DNMT3B
(oeDNMT3B) or empty vector (oeVec) and lentiviruses
expressing DNMT3B shRNA (shDNMT3B) or a control
shRNA (shNC) were expressed in primary hepatocytes and
HepG2 cells. Lentiviruses expressing DNMT3B infection
markedly increased DNMT3B expression in primary hepa-
tocytes (Figure 4A). Moreover, DNMT3B overexpression
counteracted the effect of LPS on LD formation in oleic acid
(100 mM)-pretreated primary hepatocytes (Figure 4B–C)
and HepG2 cells (Figure 4D–F), whereas DNMT3B interfer-
ence with siRNA in oleic acid-pretreated hepatocytes
aggravated this effect in primary hepatocytes (Figure 4G–I).
Similarly, DNMT3B silencing augmented LPS-induced lipid
accumulation in oleic acid-pretreated HepG2 cells
(Figure 4J–L). Finally, 14C-palmitate was used to detect the
rate of fatty acid b-oxidation. The primary hepatocytes
showed decreased fatty acid b-oxidation after LPS treat-
ment, whereas DNMT3B overexpression reversed this effect
(Figure 4M). However, DNMT3B knockdown combined with
LPS reduced the rate of fatty acid b-oxidation in primary
hepatocytes (Figure 4N). Collectively, these data suggest
that LPS promoted TG synthesis in hepatic cells via down-
regulating DNMT3B expression.

LPS Promotes CIDEA Expression Via
Demethylating Its Promoter

Based on the above results, the murine and human
lipogenic genes (PLIN2, PLIN4, CIDEA, and CIDEC), which
harbored DNA methylation sites in their promoter region,
are essential for LPS-DNMT3B-induced lipogenesis. In silico
analysis revealed there is a CpG island w0.05 to 0.25 kb
upstream of the murine CIDEA locus and w0.15 to 0.25 kb
upstream of the human CIDEA locus, implying CIDEA is a
candidate gene (Figure 5A). To determine the exact mech-
anism, cells were exposed to different concentrations of LPS
used to treat. LPS exposure elevated CIDEA expression
(Figure 5B–C) but reduced the total 5-mC levels
(Figure 5D–E) in a dose-dependent manner. Methylation-
specific polymerase chain reaction (MSP) validated that
LPS exposure lowered methylation levels within the CIDEA
CpG island (Figure 5F). Besides, LPS exposure significantly
steatosis in mice. C57BL/6 mice (male) were access to HFD
ontinuously during the first 4 weeks through a micro-osmotic
n. Serum LPS concentration (B), body weight (C), liver weight
in serum of mice treated as the animal experiment design (n ¼
(I) Representative morphology of the livers (upper), Oil Red O
bar, 50 mm. (J–K) Hepatic TG (J) and hepatic TC (K) content
ammatory cytokine genes (n ¼ 5). (K) Expression of lipogenic
st when the 2 groups were compared. For 3 or more groups
euls multiple comparison test was used. Data are exhibited as
.001.
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activated the transcriptional activity of CIDEA promoter in
Hepa1-6 cells and HepG2 cells (Figure 5G). Quantitative
chromatin immunoprecipitation (ChIP) assays revealed that
LPS attenuated the binding of DNMT3B to CIDEA promoter
(Figure 5H) and the 5-mC signals (Figure 5I). SREBP-1c is a
lipogenesis gene and a well-known transcription factor of
CIDEA.14 We found that knocking down SREBP-1c in Hepa1-
6 and HepG2 cells significantly inhibited CIDEA expression
(Figure 5J), and LPS increased the accumulation of SERBP-
1c in the promoter of CIDEA (Figure 5K). The functional
assays showed that CIDEA knockdown with lentiviruses
blocked the effect of LPS on lipogenesis in oleic acid (100
mM)-pretreated primary hepatocytes and HepG2 cells
(Figure 5L). These data demonstrate that LPS caused
hypomethylation of the CIDEA promoter and facilitated the
recruitment of SREBP-1c to increase CIDEA expression.

DNMT3B is Required for LPS-mediated CIDEA
Expression

To explore whether LPS induced CIDEA expression
through DNMT3B-mediated DNA methylation, primary he-
patocytes and HepG2 cells were first infected with lentivi-
ruses expressing DNMT3B or DNMT3B shRNA. When
DNMT3B expression was induced in primary hepatocytes or
HepG2 cells, it suppressed CIDEA expression and blocked
the effect of LPS on CIDEA (Figure 6A). However, DNMT3B
knockdown stimulated CIDEA expression and enhanced the
effect of LPS on CIDEA expression (Figure 6B). The bisulfite
sequencing PCR (BSP) showed that DNMT3B over-
expression elevated CpG island methylation, but DNMT3B
interference decreased the CpG island methylation in pro-
moter region of CIDEA (Figure 6C–D). Moreover, DNMT3B
overexpression upregulated the total 5-mC levels
(Figure 6E) and enhanced the binding of DNMT3B to CIDEA
promoter and 5-mC signals in Hepa1-6 cells and HepG2 cells
(Figure 6F–G). Further reporter gene assays revealed that
the CIDEA promoters were deactivated by DNMT3B over-
expression (Figure 6H). Moreover, CIDEA interference
partially prevented the effect of LPS plus DNMT3B-induced
lipogenesis (Figure 6I–J). These results provide compelling
evidence that LPS-induced DNMT3B low expression atten-
uates the methylation level in the CIDEA promoter and in-
creases CIDEA expression, promoting lipogenesis in vitro.

AAV8-DNMT3B Ameliorates Hepatic Steatosis in
LPS-infused Mice

The effect of DNMT3B overexpression on lipid accumu-
lation caused by LPS in vivo was assessed to verify whether
the findings have translational significance. C57BL/6 male
mice (6-weeks-old) were allocated into 5 groups randomly.
Figure 2. (See previous page). LPS infusion regulates liver m
volcano plot. (B) KEGG pathway analysis based on the metabo
Heatmap of 29 significantly changed metabolites between chow
blue represent high or low z-score values, respectively. (D–E)
scores plots (E) of the liver from the chow diet and LPS infusio
OPLS-DA (200 random permutations). The negative mode an
analysis. OPLS-DA, Orthogonal partial least squares-discrimina
In the first and second groups, mice injected with AAV8-
DNMT3B or control via the tail vein were fed for 8 weeks
with chow diet plus LPS infusion (LPS-chow diet groups). In
the third and fourth groups, mice injected with AAV8-
DNMT3B or AAV8-GFP via tail vein were fed with HFD for
8 weeks plus with LPS infusion (LPS-HFD groups). Mice
injected with AAV8 control and fed with chow diet were
used as the control group. We found that AAV8-DNMT3B
injection markedly decreased the body weight of LPS-HFD-
administered mice (Figure 7A–B) and liver weight of LPS-
chow diet as well as LPS-HFD-administered mice
(Figure 7C). AAV8-DNMT3B reduced the serum aspartate
transaminase (AST) and alanine transaminase (ALT) levels
in LPS-chow diet and LPS-HFD-administered mice
(Figure 7D). Besides, AAV8-DNMT3B reduced TG accumu-
lation, degree of liver fibrosis stained with Sirius red
(Figure 7E–G) and counteracted the effects of LPS on
inflammation biomarkers generation of IL-2, IL-13, IL-1b,
IL-6 and TNF-a in LPS-chow diet and LPS-HFD-treated mice
livers. The expression of CIDEA in LPS-chow diet and LPS-
HFD-fed mice liver was significantly decreased after
DNMT3B overexpression (Figure 7H). Functional assays
revealed an increased b-oxidation rate in mice primary he-
patocytes (Figure 7I–J) with DNMT3B overexpression.

However, AAV8-shDNMT3B injection markedly
increased the body weight of LPS-chow diet-administered
mice (Figure 8A–B) and liver weight (Figure 8C). DNMT3B
knockdown also increased the serum AST and ALT levels in
LPS-chow diet-administered mice (Figure 8D). Besides,
DNMT3B knockdown increased TG accumulation
(Figure 8E–G), inflammation biomarkers production
(Figure 8H), and CIDEA expression (Figure 8I) in the LPS-
chow diet-fed mice livers. Finally, the functional assays
revealed a decreased b-oxidation rate in mice primary he-
patocytes (Figure 8J–K) with DNMT3B knockdown
(Figure 8L). Taken together, these data suggest that
inducing DNTM3B expression in liver alleviates LPS-induced
hepatic steatosis, and DNMT3B represents a potential
therapeutic target for abnormal lipid accumulation in the
liver induced by LPS.

Discussion
In this study, we identified the role of DNMT3B on lip-

ometabolism in hepatocytes and its correlation with LPS-
induced hepatic steatosis, which has been reported before.
LPS treatment markedly increased hepatic lipogenesis by
repressing DNMT3B expression in oleic acid-pretreated
hepatocytes. Functional studies suggested that DNMT3B
overexpression significantly reversed the pro-lipogenic ef-
fect of LPS on the liver, whereas its silencing exacerbated
steatosis induced by LPS. Furthermore, LPS resulted in a
etabolite profiles. (A) Metabolomics change presented by
lite changes between chow diet and LPS infusion group. (C)
diet and LPS infusion group (n ¼ 6). The boxes in orange or

Principal component analysis score plots (D) and OPLS-DA
n group (n ¼ 6). (F) Permutation tests performed in model of
alysis was also included. (G) Pathway impact in topology
nt analysis.
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reduction in DNA methylation within the promoter of
CIDEA, which caused a decrease in DNMT3B recruitment
and an increase in SREBP-1c recruitment to the same pro-
moter. Accordingly, CIDEA was abnormally overexpressed,
which significantly enhanced the synthesis of TG and
contributed to fatty liver development in mice (Figure 7J).

It is well-established that HFD can induce NAFLD,
attributed to HFD consumption leading to microbial dys-
biosis, enhancing intestinal permeability, and increasing gut
microbiota LPS production.15 The gut-derived LPS is leaked
into the blood and reaches the liver via portal vein. Inter-
estingly, LPS binds to its specific receptors CD14 and TLR4
on Kupffer cells, and then the NF-kB pathway is activated,
which induces the inflammatory factors release and causes
hepatic steatosis, even the formation of NAFLD.16,17 How-
ever, previous studies revealed that low-dose LPS infusion
in mice fed with chow diet developed the phenotypes of
obesity, insulin resistance, and hepatic steatosis similar to
HFD-fed mice.10 Similarly, another study found that infusion
of a low concentration of LPS for 4 weeks could increase
liver TG content even in mice fed with chow diet,9 sug-
gesting LPS alone might be a key regulator of energy ho-
meostasis, including lipid metabolism. This study supported
the findings that low-grade LPS promoted liver steatosis
(Fig 1G–H) in mice fed with chow diet. LPS also stimulated
lipogenesis in oleic acid preincubated hepatic cells
(Figure 3A–D). These data confirmed the previous conclu-
sion that LPS is a regulator of lipid homeostasis and could
facilitate the synthesis of TG in the liver.

A rapid augment of proofs shows that individual lifestyle
and living conditions can impact the pattern of gene
expression through epigenetic modifications, ultimately
leading to changes in cellular and tissue behavior and
phenotype.18,19 DNA methylation is closely correlated with
NAFLD pathogenesis.20,21 There is an increasing consensus
that the DNA methylation profiles are aberrant in patients
with NAFLD based on their liver biopsy samples. Clinic-
based research showed that the whole DNA methylation in
the liver was significantly higher in control overweight
participants without NAFLD (n ¼ 18) than in patients with
NAFLD (n ¼ 47).22 The DNA methylation status of lipid
metabolism-related genes was also changed in patients with
NAFLD. For example, ACLY (ATP citrate lyase) which could
promote TG synthesis, was associated with hypomethylation
and highly expressed in livers from patients with NAFLD.23

Mice models of HFD-induced fatty liver revealed a potential
relationship between hypomethylation and increased mRNA
Figure 3. (See previous page). LPS promotes lipogenesis i
pretreatment for 24 hours, the Oil Red O staining of LPS (500 ng
(100 mM)-treated primary hepatocytes were captured. (B) The int
(100 mM) pretreatment for 24 hours, the Oil Red O staining of LP
oleic acid (100 mM) treated HepG2 cells were obtained. (D) The i
of LPS (500 ng/mL) on the mRNA levels of lipid metabolism-
expression of RNAs in mice which infused with or without LPS (5
expression in a dose-dependent manner in hepatic cells (n ¼
healthy, obese, NAFLD, and NASH individuals from Gene Expre
the Student t-test when the 2 groups were compared. For 3 or m
by Newman-Keuls multiple comparison test was used. Data are
< .01; ***P < .001.
level of the lipogenic gene Apolipoprotein A4 (APOA4).13

Because LPS can reportedly alter the DNA methylation
pattern in the liver,24 it is highly conceivable that LPS can
regulate lipid metabolism through DNA methylation modifi-
cation of lipogenic genes. This study outlines the potential
mechanism by which LPS induces hepatic steatosis. We
corroborated that LPS attenuated DNA methylation
(Figure 5D–E) via decreasing DNMT3B expression
(Figure 3F–H). The lower DNMT3B expression hypomethy-
lated the promoter of lipogenic gene CIDEA (Figure 5F–H)
and activated its transcription (Figure 5I) as well as expres-
sion (Figure 6D), whereas these effects were reversed after
DNMT3B overexpression (Figure 6C, 6E–H). However, how
LPS inhibits DNMT3B expression remains to be determined.

LDs are formed by a lipid core encompassed with pro-
teins and a monolayer of phospholipids and are regarded as
dynamic metabolic organelles.25 The surface proteins of LDs
are mainly divided into 2 types.26,27 One is the ER bilayer
proteins, including TG biosynthetic enzymes such as DGAT2
and GPAT.24,28 The other is the cytosolic proteins
comprising PLINs and CIDE.29,30 Many studies have shown
that the aberrant expression of these proteins could lead to
dysbalanced LD synthesis and hydrolysis and then activate
the pathogenetic pathway of steatosis in the liver.31 For
instance, the CIDEA family member CIDEA has been re-
ported to respond to dietary fatty acids and facilitate LDs
accumulation and hepatic steatosis development.32 Here, we
found CIDEA is the target of LPS-induced hepatic steatosis.
LPS significantly increased CIDEA expression in hepatic cells
(Figure 5A) and the liver (Figure 7H). Knockdown of CIDEA
mitigated the effect of LPS on upregulating hepatic lipid
formation (Figure 5K) and prevented further exacerbation
of DNMT3B interference on LPS-induced hepatic steatosis
(Figure 6I–J). Our data substantiated that CIDEA could be a
sensor and mediator of fatty acids caused by hepatic stea-
tosis. Interestingly, malnourished children, patients with
anorexia nervosa, and people who lose weight quickly are
prone to develop fatty liver, given that hepatocytes accu-
mulate numerous LDs in response to starvation.33,34 How-
ever, this phenomenon can be ameliorated by a high-protein
dietary intervention.35 Recent research has revealed that
the essential amino acids of leucine and isoleucine supple-
ments could induce the polyubiquitination and degradation
of PLIN2, then inhibit the formation of LDs and decrease the
lipid content in the liver.36 Our study consistently showed
that LPS upregulated the expression of LD formation-related
genes PLIN2, PLIN4, CIDEC, and CIDEA in the liver
n oleic acid-pretreated cells. (A) After 100 mM oleic acid
/mL) or oleic acid (100 mM) or LPS (500 ng/mL) plus oleic acid
racellular TG content was measured (n ¼ 5). (C) After oleic acid
S (500 ng/mL) or oleic acid (100 mM) or LPS (500 ng/mL) plus
ntracellular TG content was also determined (n ¼ 5). (E) Effect
related genes (n ¼ 5). (F) Heatmap of significantly different
00 ng/mL) (n¼ 3). (G–H) LPS (500 ng/mL) decreased DNMT3B
5). (I) DNMT3B expression was analyzed in liver samples of
ssion Omnibus microarray profiles. Values are determined by
ore groups comparison, 1-way analysis of variance followed
exhibited as mean ± standard error of the mean. *P < .05; **P
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(Figure 1K, Figure 3E). Besides, as shown in Figure 3I, the
leaked LPS from the gut is a driver of fatty liver disease via
DNMT3B, suggesting that the pathway in this study might
not matter in human NAFLD and NASH. These data indicate
the metabolic balance of LDs is critical for non-HFD-induced
hepatic steatosis, which LPS can induce.
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There are currently no effective and reliable therapeutic
strategies for NAFLD. Herein, we provide compelling evi-
dence that the LPS/DNMT3B/CIDEA axis may be a valid
diagnostic and therapeutic target for hepatic steatosis.
Moreover, we found that tail vein injection of AAV8-
DNMT3B effectively decreased serum AST and ALT levels
(Figure 7D), protected against LD accumulation
(Figure 7E–F), and ameliorated hepatic inflammation
(Figure 7G) induced by LPS in mice liver and even in HFD-
treated mice. These results raise the possibility that
screening existing drugs that increase DNMT3B expression
are a promising treatment approach for hepatic steatosis.
Besides, considering that LPS alone could trigger LD accu-
mulation in the liver, more emphasis should be placed on
high plasma LPS circulation levels even when hepatic stea-
tosis has not yet developed. Dietary supplements or medi-
cations that can alleviate endotoxemia may be a viable
therapeutic strategy for addressing this condition.

To summarize, our study confirms the role of LPS in
promoting lipogenesis in the liver, which has been revealed
by previous studies. Mechanistically, LPS exacerbates he-
patic steatosis by reducing DNMT3B expression and DNA
methylation in CIDEA promoter region, which activates the
transcription and expression of CIDEA. Targeting DNMT3B
expression represents a promising therapy for hepatic
steatosis. These findings could broaden the molecular
mechanisms understanding that contributing to LPS-
induced liver steatosis.
Methods
Animal Experiment

Five-week-old C57BL/6J mice (male, weighing 15�17 g)
were obtained from Chang Zhou Cavens Laboratory Animal
Ltd, housed at 24 ± 1 �C with 12-hour dark-12-hour light
cycle. Mice were free to water and food. After acclimation (1
week), mice were fed either with chow diet (kcal fat 10%)
or HFD (kcal fat 60%) for 8 weeks. Mice were sacrificed
after 12-hour overnight fasting, then blood and tissue
samples were gathered. Some of liver tissues were fixed
with paraformaldehyde (4%), whereas the remaining were
frozen immediately in liquid nitrogen.

For LPS treatment, the micro-osmotic pumps (Alzet
Model 1002) were subcutaneously implanted in mice as
previously described.37 LPS (Escherichia coli 055:B5, Sigma-
Aldrich) at a dose of 300 mg/kg/day or 0.9% NaCl were
Figure 4. (See previous page). Induction of DNMT3B expr
Hepatic cells were co-cultured with lentiviruses (expressing D
fragments. (A) The overexpression efficiency of DNMT3B in p
surement of oleic acid (100 mM) preincubated primary hepato
treatment (n ¼ 5). (D) Efficiency of DNMT3B overexpression, (E
interference efficiency of DNMT3B siRNA in primary hepatocy
(100 mM) preincubated primary hepatocytes with DNMT3B knoc
DNMT3B knockdown, (K–L) Oil Red O and TG detection in H
complete oxidation) in primary hepatocytes with LPS (500 ng
oxidation rate in HepG2 cells after LPS treatment and DNMT3B
when the 2 groups were compared. For 3 or more groups comp
multiple comparison test was used. Data are exhibited as mean
ASM, Acid-soluble metabolites; siRNA, small interfering RNA.
filled in pumps and then infused for 4 weeks. Pumps were
moved gently every day to avoid adhesion.

At the 7th week and after 6-hour fasting, the OGTT was
conducted. Glucose solution was given to mice by oral
gavage (2 g/kg). Blood samples were gathered every 30
minutes from caudal vein. The glucometer (Bayer Contour)
was employed for blood sugar detection.

For adeno-associated virus (AAV) infection, AAV8
(HANBIO Biotechnology Co, Ltd), which has a strong liver
tropism in mice, was used. Mice received a vena caudalis
injection of 100 ml AAV-DNMT3B (1 � 109 TU/mL) or AAV-
GFP (1 � 109 TU/mL) 1 week before receiving a chow diet
or HFD feed for 8 weeks. Sample collection was conducted
as previously mentioned.

The Institutional Animal Care and Use Committee of
Bengbu Medical College has authorized our animal study
(reference no.2021LDK141), and we strictly complied with
the institutional guidelines during the process of
experiment.

Histological Analysis
For Sirius red or hematoxylin and eosin (H&E) staining,

the fresh liver tissues fixed with 4% formaldehyde were
dehydrated by 70%, 80%, and 90% alcohol separately and
then embedded in paraffin. Sections about 5-mm thick were
cut and stained with Sirius red or H&E (Beyotime).

For Oil Red O dyeing, the frozen liver tissue sections (5
mm-thick) were obtained and dyed with filtered Oil Red O
(Solarbio). Samples were counterstained with H&E after
washing and finally mounted in glycerin jelly.

Inflammation Biomarker Preparation
The quantification of inflammation biomarkers including

G-CSF, IL-10, IL-13, IFNg, IL-2, TNFa, IL-17A, IL-12p70, IL-4,
IL-1b, MCP-1, IL-23p19, and IL-6, were performed by using
a custom RayPlex Human Multiplex Bead Array kit (FAH-
INF-1-96). Generally, 100 mg of liver tissue was lysed, and
samples were centrifuged to obtain the liquid phase.
Twenty-five ml of diluted liquid phase was added into the
beads, which were treated per the manufacturer’s in-
structions. Then the beads were shaken at 1000 rpm for 2
hours at room temperature. Beads were incubated and then
rinsed for the subsequent flow cytometric analysis. The
values of PE MFI were acquired to calculate the concen-
tration of each biomarker from standard curves.
ession inhibits lipogenesis in LPS-treated hepatic cells.
NMT3B or DNMT3B shRNA) and the corresponding control
rimary hepatocytes. (B–C) Oil Red O and TG content mea-
cytes with DNMT3B overexpression and LPS (500 ng/mL)
–F) Oil Red O and TG content in HepG2 cells (n ¼ 5). (G) The
tes. (H) Oil Red O and TG content detection of oleic acid
kdown and LPS (500 ng/mL) treatment (n ¼ 5). (J) Efficiency of
epG2 cells (n ¼ 5). (M) Palmitate oxidation rate (partial and
/mL) treatment and DNMT3B overexpression. (N) Palmitate
inhibition (n ¼ 5). Values are determined by the Student t-test
arison, 1-way analysis of variance followed by Newman-Keuls
± standard error of the mean. *P < .05; **P < .01; ***P < .001.
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Non-targeted Metabolomics Analysis
UPLC-MS/MS-based sequencing of metabolin was

handled by Biomarker Technologies. In brief, 300 ml
acetonitrile and methanol (1:1, vol/vol), which are pre-
cooled, were added to a 30-mg liver sample and homog-
enized in a grinding miller (60 Hz, 2 minutes). The internal
standard of L-2-chlorophenyl alanine (0.2 mg/mL) was
added to the mixtures. Mixtures were placed on ice, fol-
lowed by ultrasonication, and then stored for 30 minutes
at �20 �C. Supernatant was then added into a sample vial
for evaporation. The dried samples were dissolved in
precooled acetonitrile and methanol (1:1, vol/vol) and
percolate with 0.22 mm filtering membrane for UPLC-MS/
MS detection. The data were analyzed by QI 2.3, and
the general spectral intensity was facilitated for
standardization.

P-value < .05, VIP >1, fold change �0.5, or fold change
�1.5 were used as the cutoff criteria for differentially
expressed metabolites between the 2 groups. Data were
imported into ClustVis (https://biit.cs.ut.ee/clustvis/) for
principal component analysis. The SIMCA software (MKS
Umetrics) was used for orthogonal partial least squares
discriminant analysis. The biochemical metabolic pathways
enrichment was processed via KEGG (https://www.kegg.jp/).
Pathway topology analysis was performed by Metabo Analyst
(https://www.metaboanalyst.ca/).
Serum Samples Biochemical Analysis
The whole trunk blood was collected after mice were

sacrificed and centrifuged for 10 minutes (4 �C at 3000
rpm). Supernatant was obtained as the serum. For LPS
detection, the Tachypleus Amebocyte Lysate (TAL) assay
was used. Briefly, serum samples were diluted 20-fold by
distilled water and stored at 70 �C for 10 minutes. The TAL
reagent purchased from Chinese Horseshoe Crab Reagent
Manufactory (EC80545) was dropped following the manu-
facturer’s instructions, and the LPS concentration was
determined at absorbance of 545 nm.

The mouse AST ELISA kit (CSB-E12649, CUSABIO) and
ALT ELISA kit (CSB-E16539, CUSABIO) were used for AST
and ALT measurement (absorbance, 450 nm). For TG and
TC measurement, the commercial TG (A110-1) and TC
(A111-1) kits (Nanjing Jiancheng) were used. The absor-
bance was 546 nm and 500 nm, respectively. All the pro-
cedures are per the manufacturers’ instructions.
Figure 5. (See previous page). LPS facilitates CIDEA express
Primer site predicted the CpG islands’ location in the CIDEA pro
on CIDEA expression in a dose-dependent manner in hepatic ce
total 5-mC levels in hepatic cells (n ¼ 5). (F) Representative meth
CIDEA CpG island after LPS (500 ng/mL) treatment in primary
methylated rate (n ¼ 3). (G) LPS (500 ng/mL) affects the transcri
the enrichment of DNMT3B within the predicted region in LPS (5
interference on CIDEA expression (n ¼ 3). (K) The levels of SRE
treated hepatocytes (n ¼ 3). (L) Effect of CIDEA knockdown with
accumulation in primary hepatocytes and HepG2 cells pretreated
Student t-test when the 2 groups were compared. For 3 or mor
Newman-Keuls multiple comparison test was used. Data are ex
.01; ***P < .001. 5-mC, 5-methylcytosine; siRNA, small interfer
Hepatic Primary Cells Isolation and Culture
Tissue primary hepatocytes were obtained as previously

stated.15 Briefly, male C57BL/6 wild-type mice were anes-
thetized with isoflurane. The inferior vena cava was inserted
with a catheter and perfused with preheated D-Hanks so-
lution at 37 �C for 10 minutes. Fifty mg/mL type I collage-
nase (YEASON) was perfused (1.5 mL/min). The liver
tissues were disaggregated gently, then incubated with
0.02% collagenase for 15 minutes at 37 �C. The supernatant
liquid was collected and filtered with 80-mm nylon mesh,
then centrifuged at 4 �C for 5 minutes. Isolated hepatocytes
were inoculated (1 � 105 cells for 6-well plate), supple-
mented with 10% fetal bovine serum, and grown with
penicillin-streptomycin combination antibiotics. When cells
reached 80% confluence, the following assays were
performed.

Cell Lines, Culture
HepG2 and Hepa1-6 were got from Cell Bank of Chinese

Academy of Sciences. Both cell lines have DNA finger-
printing authentication. All cells were cultured in CO2

incubator and supplemented with DMEM medium (10%
fetal bovine serum, penicillin-streptomycin antibiotics).

Proliferation Assay
For cell viability assay, the 96-well plates were inocu-

lated with cells (1000 for every well). Cells were incubated
with LPS (0, 100, 200, 500, 800 ng/mL for HepG2 cells and
0, 10, 20, 50, 100 ng/mL for primary hepatic cells) for 24
hours and then measured by CCK-8 (Beyotime) at different
time points (0 hours and 24 hours; absorbance, 450 nm).
The concentration of LPS, which did not affect cell viability,
was used for further cell treatment.

PlasmidConstruction, siRNA Constructs and
Transfection

For the construction of overexpression (OE) plasmids,
CDS of human DNMT3B (NM_001207055.2) and mouse
DNMT3B (NM_001003960.4) were constructed into vector
pcDNA 3.1 (þ) by Sangon Biotech. The pcDNA 3.1 (þ) was
used as a control (a kind gift from Dr Chen). For the siRNAs
constructs, the siRNAs were bought from RiboBio. Both OE
plasmids and siRNAs were transfected into the HepG2 or
Hepa1-6 cells by Lipo8000 Transfection Reagent
ion by demethylating its promoter. (A) Data from the Meth
moter (Homo sapiens and Mus musculus). (B–C) Effect of LPS
lls (n ¼ 5). (D–E) Different concentrations of LPS affected the
ylation-specific PCR (MSP) showed the methylation status of
hepatocytes and HepG2 cells. Ratio (M/MþU) represents the
ption activity of CIDEA (n ¼ 3). (H–I) Quantitative ChIP reveals
00 ng/mL)-treated hepatocytes (n ¼ 3). (J) Effect of SREBP-1c
BP-1c binding at the promoter of CIDEA in LPS (500 ng/mL)-
lentivirus expressing shRNA on LPS (500 ng/mL)-induced TG
with oleic acid (100 mM) (n ¼ 3). Values are determined by the

e groups comparison, 1-way analysis of variance followed by
hibited as mean ± standard error of the mean. *P < .05; **P <
ing RNA.

https://biit.cs.ut.ee/clustvis/
https://www.kegg.jp/
https://www.metaboanalyst.ca/
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(Beyotime). The fragments were also constructed for lenti-
viruses transfection.

Lipids Content Quantification
Hepatic TG was extracted as documented in previous

studies.38 Generally, 100 mg of liver tissue was added to
chloroform-methanol (2:1, vol/vol), homogenized in ice for
5 minutes, then shaken at 4 �C for at least 3 hours. Samples
were centrifuged after ddH2O addition to obtain the organic
phase. The organic solvent was dried overnight in the fume
cupboard, and the TG content was measured.

For cell TG detection, Hepa1-6 and HepG2 cells co-
incubated with 100mM oleic acid bound with BSA (2:1,
molar ratio) for 24 hours to stimulate lipid accumulation.
Cells were transfected and treated with LPS or extra 100 mM
oleic acid or vehicle for 48 hours, then TG content in cell
lysates were measured.

For Oil Red O staining, 4% paraformaldehyde was
employed to fix cells before staining (Solarbio). After
phosphate buffered saline washing and DAPI counter-
staining, images of cells were acquired with the Olympus
IX53 fluorescence microscope and quantified by ImageJ
software.

Fatty Acid Oxidation
The rate of fatty acid oxidation was evaluated by moni-

toring 14CO2 releasing (complete oxidation) and production
of 14C labeled acid-soluble metabolites (incomplete oxida-
tion) mentioned before.39 Generally, cells were cultured in
medium including 0.2 mM palmitate, 0.5 mCi/mL (1-14C)-
palmitate (NEC534050UC, Perkin Elmer Inc) and 80 mM
BSA. Medium supernatant was then transferred into What-
man filter paper soaked with 0.1 M NaOH covered tube.
After addition of 3 M perchloric, the released CO2 would
concentrate on covered paper. The remaining mixture was
centrifuged (21,000 g for 10 minutes), and the liquid phase
was kept. The radioactivity of acid-soluble metabolites
(liquid phase) and CO2 (cover paper) was measured by a
scintillation counter and normalized with protein
concentration.

RNA Isolation and Analysis
Total RNA was withdrawn by TRIzol (Invitrogen). RNA

(1 mg) was then converted to cDNA (Biyotime). Levels of
RNA were confirmed by the RealStar Green Fast Mixture
(Genstar) and qRT-PCR in triplicates. b-actin acted as an
endogenous control. The primers are listed in Table 1.
Figure 6. (See previous page). DNMT3B is required for CIDE
DNMT3B knockdown (B) on CIDEA expression levels in primary
were detected through bisulfate sequencing (BSP) in the CIDEA
bp from the transcription start site) after DNMT3B overexpress
overexpression (n ¼ 5). (F–G) Quantitative ChIP analysis was use
at the promoter of CIDEA in DNMT3B forced expression hepa
verified after DNMT3B overexpression (n ¼ 5). (I–J) Effect of CID
DNMT3B knockdown hepatic cells that were pretreated with ole
the Student t-test when the 2 groups were compared. For 3 or m
by Newman-Keuls multiple comparison test was used. Data are
< .01; ***P < .001. 5-mC, 5-methylcytosine; siRNA, small interf
Western Blot Assay
Protein extraction from cells or tissues was performed

using RIPA Lysis Buffer (with 1% PMSF). Total protein (30
mg) was loaded to SDS-PAGE for electrophoresis. Then
proteins were shifted to PVDF membranes (Millipore) for
further blocking by skim milk (5% dissolved in TBST). After
overnight incubation (4 �C) with antibodies against
DNMT3B (ab2851, Abcam, 1:1000), human CIDEA
(ab62343, Abcam, 1:1000), mouse (ab8402, Abcam, 1:1000)
CIDEA, and b-actin (66009, Proteintech, 1:1000), mem-
branes were rinsed and placed into HRP-conjugated sec-
ondary antibodies (Beyotime). The membrane was
developed by the BeyoECL Plus kit (Biyotime) and then
captured by the ChemiDoc XRS system (Bio-Rad).

DNA Methylation Analysis
Total genomic DNA was extracted by TIANcombi DNA

lyse kit (KG203, TIANGEN). For DNA 5-mC measurement,
the 5-mC Quantification Kit (P-1034, Epiquik) was
employed in accordance with manufacturer’s instructions.
The 5-mC levels were quantified colorimetrically by reading
the absorbance at 450 nm of each well and calculated based
on the standard curve.

The potential CpG islands before the gene transcription
start site in the DNMT3B promoter region (2000 nucleo-
tides) were predicted using the publicly available online tool
MethPrimer (http://www.urogene.org). One potential CpG
island (�251 to �56bp) was found within the human
DNMT3B promoter, and one potential CpG island (�254
to �146bp) within the mouse DNMT3B. The DNA methyl-
ation assay was performed as follows. After LPS treatment,
genomic DNA from HepG2 and Hepa1-6 cells was obtained.
Then, the bisulfite conversion of purified genomic DNA was
conducted via Bisul Flash DNA Modification Kit (P-1026,
Epiquik) and subjected to methylation-specific PCR using
Methylamp MS-qPCR Fast Kit (P-1028, Epiquik) with spe-
cific primers (Table 1) designed by the online tool Meth-
Primer. All the procedures metioned above were conducted
following the manufacturer’s instructions.

Chromatin Immunoprecipitation Assay
The ChIP was performed by facilitating ChIP Kit (P2078,

Beyotime). Briefly, 1% formaldehyde was used to cross-link
HepG2 and Hepa1-6 cells treated with LPS or transiently
transfected with pcDNA 3.1 (þ) empty vector or DNMT3B
overexpression vector. Then cells were sonicated to output
DNA fragments about 200�1000bp on a water/ice mixture.
A expression. (A–B) Effect of DNMT3B overexpression (A) or
hepatocytes and HepG2 cells (n ¼ 3). (C–D) The CpG islands
promoter region (between �56 and �251bp, �146 and �254
ion or knockdown. (E) The total 5-mC levels after DNMT3B
d to measure the binding of DNMT3B (F) and 5-mC signals (G)
tocytes (n ¼ 5). (H) The transcription activity of CIDEA was
EA interference on TG content in LPS (500 ng/mL)-treated and
ic acid (100 mM) for 24 hours (n ¼ 5). Values are determined by
ore groups comparison, 1-way analysis of variance followed
exhibited as mean ± standard error of the mean. *P < .05; **P
ering RNA.

http://www.urogene.org


Figure 7. DNMT3B overexpression decreases hepatic steatosis in LPS-infused and HFD-fed mice. C57BL/6 mice (male)
were infected with AAV8-DNMT3B or a negative control via tail vein. Chow diet or HFD was then fed to mice for 8 weeks and
infused with LPS (300 mg/kg/day) continuously during the first 4 weeks. (A) Expression efficiency of DNMT3B in mice liver. Body
weight (B), liver weight (C), ALT and AST serum level (D) (n ¼ 7). (E) Gross liver appearance (upper), Oil Red O (middle), H&E
(middle), Sirius red staining (bottom), and (F) TG content measurement in the indicated group (n ¼ 7). (G) Liver of inflammatory
biomarkers (n ¼ 5). (H) Effect of AAV8-DNMT3B on CIDEA expression level in the liver (n ¼ 5). (I–J) Palmitate oxidation rate in
hepatocytes isolated from mice liver with AAV8-DNMT3B infection (n¼ 5). Values are determined by the Student t-test when the 2
groups were compared. For 3 or more groups comparison, 1-way analysis of variance followed by Newman-Keuls multiple
comparison test was used. Data are exhibited as mean ± standard error of the mean. ASM, Acid-soluble metabolites.
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Figure 8. Knockdown increases hepatic steatosis in LPS-infused and HFD-fed mice. C57BL/6 mice (male) were infected
with AAV8-shDNMT3B or a negative control via tail vein. Chow diet or HFD was then fed to mice for 8 weeks and infused with LPS
(300 mg/kg/day) continuously during the first 4 weeks. (A) Interference efficiency of DNMT3B in mice liver. Body weight (B), liver
weight (C), ALT and AST serum level (D) (n ¼ 5). (E) Gross liver appearance, Oil Red O, H&E, and (F) TG content measurement in
the indicated group (n ¼ 7). (H) Liver of inflammatory biomarkers (n ¼ 5). (I) Effect of AAV8-shDNMT3B on CIDsEA expression in
the liver (n ¼ 5). (J–K) Palmitate oxidation rate in hepatocytes isolated from mice liver with AAV8-shDNMT3B infection. (L) The
mechanism of LPS/DNMT3B/CIDEA in regulating hepatic steatosis was depicted. Values are determined by the Student t-test
when the 2 groups were compared. For 3 or more groups comparison, 1-way analysis of variance followed by Newman-Keuls
multiple comparison test was used. Data are exhibited as mean ± standard error of the mean. *P < .05; **P < .01; ***P < .001.
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Table 1.Primer Sequences List

Primes Forward (5’-3’) Reverse (5’-3’)

ChIP CIDEA Mm TTTTTTTAAATTTTGTGTTTTTTTT CTACATACTAAAATCTCCAAAACCC

ChIP CIDEA Hs TTGTTTAAATTAGGTGGGTTTAGGA CAAAACCCCTCACTACAAAACTAAA

MSP CIDEA Mm M TATGTTTTTTTTATTTTTTCGACGC TACATACTAAAATCTCCAAAACCCG

MSP CIDEA Mm U TGTTTTTTTTATTTTTTTGATGTGA ATACTAAAATCTCCAAAACCCAAC

MSP CIDEA Hs M TGGTAAGTGATTAAAAGAGATTCGG CCGCGAAAACCTAACTAACG

MSP CIDEA Hs U TGGTAAGTGATTAAAAGAGATTTGG CCACAAAAACCTAACTAACACA

ChIP SREBP Mm AGTTTATTTAGGTGGTTTTGGGTTT ACCTCTCTACTCAACAATACCCTCA

ChIP SREBP HS GGTGGATTTTTGAGTAGGGTTATTT ACCTAAACATCCAACTCCCTTTATT

ChIP DNMT3B Mm TTTAGGTAGTTGGGGGAATATGTAT CACAACAACCCTACATTAACTTTTC

ChIP DNMT3B Hs TTTTTTTAAGATGGTTGATAAAGGT TATAATCACACAACACCAAAATCTC

DNMT3B Mm TGCTGCTGTGCAGTAACACA ACAACTTGGGTGGCTCAAAT

DNMT3B Hs CCGCTTCCTCGCAGCAG TCCCTTCATGCTTTCCTGCC

FASN Mm AGATGGAAGGCTGGGCTCTA GAAGCGTCTCGGGATCTCTG

FASN Hs TGCAGGAGTTCTGGGACAAC AATCTGGGTTGATGCCTCCG

SCD1 Mm GTGCCGTGGGCGAGG AGCCCAAAGCTCAGCTACTC

SCD1 Hs GGAGCCACCGCTCTTACAAA AGCCAGGTTTGTAGTACCTCC

SREBP-1c Mm ACTTTTCCTTAACGTGGGCCT TGAGCTGGAGCATGTCTTCG

SREBP-1c Hs TCCGAGGAACTTTTCGCCG CGCCGACTTCACCTTCGAT

DGAT1 Mm GTAGTGGGCCCAAGGTAGAA CCTTGCATTACTCAGGATCAGC

DGAT1 Hs CCTCAGGGTGCTCAGTTCAT GGGCATTGCTCAAGATCAGC

DGAT2 Mm AACACGCCCAAGAAAGGTGG CAGGCATCCGGAAGTTACCA

DGAT2 Hs TCTGGGAGATGGGGAGTGG CACCAGCTGGATGGGAAAGT

MOGAT1 Mm GCAGCCTAATTGGGGCGAA TTGTACAGGACCAGCATCACC

MOGAT1 Hs CTTTGACCCATGGCGCCTCT GTCTGACGAACAGGGATCGG

LIPIN1 Mm TGCTCGTGAATCCTCTTGAACA AACCTGTTTCCAATGGGCCT

LIPIN1 Hs CCAGCCTGCTGAGAACTAGA ATTCATGGTCTGCACTCTGCT

MCD Mm CACGTCCGGGGCATTGT GGTGAATCCAGGGATAGGCG

MCD Hs CTCCAGCAACATCCAGGCAAT TGCTCCTTCGTTTGCGAGTT

LCAD Mm GTTGCACACATACAGACGGTG TCCGTGGAGTTGCACACATT

LCAD Hs TTTTGGGAGGACACCACAGG GAATGAGAACATCGCGCGGC

UCP2 Mm AAAGCAGCCTCCAGAACTCC CTAGCCCTTGACTCTCCCCT

UCP2 Hs GCCGGCTGGGTCTTATTCTT GGAACTCTGCCGGAATAGGC

CPT1 Mm GACTCCGCTCGCTCATTCC ACCAGTGATGATGCCATTCTTG

CPT1 Hs GCTTTGGACCGGTTGCTGA CCATGGTCTCCTCCAAGGC

PLIN1 Mm GACTGAGGTGGCGGTCTG TTGGCAGCTGTGAACTGGG

PLIN1 Hs CGGTCAGCCGGACTTG ACGCCCTTCTCATAGGCATT

CIDEC Mm GTGAGGGGGAGGTCCAACA CCATGATGCCTTTGCGAACC

CIDEC Hs CTGTGAGGGGGAGGTCCAA CTGGCTTCAGGGTTCCTAhGT

PLIN4 Mm TCCAAAGGCAAGACCTTGAG CTGTTCAGAAGGTTGGAGCA

PLIN4 Hs CTGCCCACCCAGAGCAGA TGGACCACTCCCTTAGCC

Cidea Mm GACAGAAATGGACACCGGGTA TGTGCATCGGATGTCGTAGG

Cidea Hs CTCATCAGGCCCCTGACATT GAGGGCATCCAGAGTCTTGC

PLIN2 Mm GCTCGGAACTGCAGCAATG CTCTCATCACCACGCTCTGT

PLIN2 Hs GCTGCAGTCCGTCGATTTCT TCTTCACACCGTTCTCTGCC

ACC Mm TCTATCCGTCGGTGGTCT GCAGTTCTGGGAGTTTCG

ACC Hs GACCTTAAAGCCAATGCA TTGAGCCACTATGGAAGA

M, Methylation; U, unmethylation.
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Ten percent of each sample was saved as input, whereas the
rest was subjected to immunoprecipitation with 2 mg of
antibody specifically against DNMT3B (ab2851, Abcam),
5-mC (ab10805, Abcam). IgG was used as the negative
control. After DNA elution and purification, samples were
detected by qRT-PCR using specific primers (Table 1).
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Promoter Activity Assays
The full promoter region (2000 nucleotides) upstream of

the transcription start site in the DNMT3B was constructed
and subcloned into PGL 3.0 basic vector by Sangon Biotech.
Either vector was co-transfected with DNMT3B over-
expression vector or pcDNA 3.1 (þ) empty vector into
HepG2 or Hepa1-6 cells by Lipo8000 Transfection Reagent
(Beyotime). Forty-eight hours after transfection, the Lucif-
erase Reporter Kit (FR201, Transgene) was employed to
determine luciferase activities. The firefly luciferase acted as
an inner control.
Statistical Analysis
Data sourced from at least 3 replications are shown as

mean ± standard error of the mean. The Student t-test is
employed for significance analysis in comparison of 2
groups. When 3 or more groups needed to be compared, 1-
way analysis of variancce with a Newman-Keuls multiple
comparison test was adopted. The level of significance was
judged when P is less than .05. Asterisks denote the sig-
nificance in all figures (*P< .05; **P < .01; and ***P< .001).
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