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Glucose and Insulin Stimulate Lipogenesis in
Porcine Adipocytes: Dissimilar and Identical
Regulation Pathway for Key Transcription Factors

Zhang Guo Hua', Lu Jian Xiong™*, Chen Yan', Dai Hong Wei', ZhaXi YingPai', Zhao Yong Qing’,
Qiao Zi Lin®, Feng Ruo Fei®, Wang Ya Ling', and Ma Zhong Ren**

Lipogenesis is under the concerted action of ChREBP,
SREBP-1c and other transcription factors in response to
glucose and insulin. The isolated porcine preadipocytes
were differentiated into mature adipocytes to investigate the
roles and interrelation of these transcription factors in the
context of glucose- and insulin-induced lipogenesis in pigs.
In ChREBP-silenced adipocytes, glucose-induced lipogene-
sis decreased by ~70%, however insulin-induced lipogene-
sis was unaffected. Moreover, insulin had no effect on
ChREBP expression of unperturbed adipocytes irrespective
of glucose concentration, suggesting ChREBP mediate
glucose-induced lipogenesis. Insulin stimulated SREBP-1c
expression and when SREBP-1c activation was blocked,
and the insulin-induced lipogenesis decreased by ~55%,
suggesting SREBP-1c is a key transcription factor mediat-
ing insulin-induced lipogenesis. LXRa activation promoted
lipogenesis and lipogenic genes expression. In ChREBP-
silenced or SREBP-1c activation blocked adipocytes, LXRa
activation facilitated lipogenesis and SREBP-1c expres-
sion, but had no effect on ChREBP expression. Therefore,
LXRa might mediate lipogenesis via SREBP-1c rather
than ChREBP. When ChREBP expression was silenced
and SREBP-1c activation blocked simultaneously, glucose
and insulin were still able to stimulated lipogenesis and
lipogenic genes expression, and LXRa activation enhanced
these effects, suggesting LXRa mediated directly glucose-
and insulin-induced lipogenesis. In summary, glucose and
insulin stimulated lipogenesis through both dissimilar and
identical regulation pathway in porcine adipocytes.

INTRODUCTION

Adipose tissue is an organ which is responsible for energy
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storage in the form of lipids and, in pigs, is responsible for the
conversion of excess dietary carbohydrates into triglycerides
(TG). It is one of the major pathways of lipogenesis, using glu-
cose as substrate for de nove lipogenesis, which is critically
important for mammals that utilize carbohydrates as the major
energy source. Pig adipose tissue is the main lipogenesis or-
gan (Bergen et al., 2005) and has a greater contribution to
overall FA synthesis than the liver (O'Hea and Leveille, 1969).
Fatty acid synthesis is a complex process which involves numer-
ous enzymes and signaling proteins. Induction of lipogenic genes
(such as acetyl-CoA carboxylase 1, ACC1, and fatty acid syn-
thase, FAS) is under the concerted action of the transcription
factor carbohydrate response element binding protein (ChREBP)
and of sterol regulatory element-binding protein 1¢ (SREBP-1c),
which respond to glucose and insulin, respectively (Dentin et al.,
2005; Uyeda et al., 2006; Xu et al., 2013). Researches have
suggested that Liver X receptors o (LXRa) may play a central
role in the transcriptional control of ChREBP by glucose (Cha
and Repa, 2007) and SREBP-1c by insulin (Chen et al., 2004;
2007; Schultz et al., 2000). Both ChREBP and SREBP-1c gene
have been identified as targets of LXRs (Cha and Repa, 2007;
Repa et al., 2000). LXRs may play a crucial role in the regula-
tion of energy homeostasis in adipocytes and be a potential
target for the treatment of obesity and energy regulation (Janowski
et al., 1999; Korach-Andre et al., 2011; Lehmann et al., 1997).

Despite the recent rapidly expanding knowledge base re-
garding the role of ChREBP and SREBP-1c in the liver, it re-
mains unclear whether there is interrelation between the lipo-
genesis induced by glucose and by insulin, and whether LXRa
is involved in lipogenesis induced by glucose or insulin in adi-
pocytes. Moreover, studies evaluating ChREBP and SREBP-
1c regulations have been always addressed in rodent models
or human cell lines, but never in pigs. Pigs are among one of
the animals with greatest fat deposit capacity, and the deposi-
tion and distribution of fat affect the carcass quality and meat
flavor. Thus, understanding the mechanism of lipogenesis in
adipocytes, highly specialized cells that consist of the main part
of the adipose tissue, is not only an interesting biomedical
model for human diseases, but also relevant for the improve-
ment of pork quality (Dodson et al., 2010).

In this study, primary cultured porcine adipocytes were used
to investigate the roles and interrelation of key transcription
factors LXRo, ChREBP and SREBP-1c in mediating glucose-
and insulin-induced lipogenesis. We demonstrated that glucose
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stimulates lipogenesis and expression of lipogenic-related
genes independently of insulin in porcine adipocytes, but insulin
promotes lipogenesis only in the presence of glucose. Lipo-
genesis induced by glucose and by insulin were mediated by
ChREBP and SREBP-1c, respectively. However, LXRa medi-
ated glucose- and insulin-induced lipogenesis either directly or
via SREBP-1c. Therefore, glucose and insulin could stimulate
lipogenesis through both dissimilar and identical regulation
pathway in porcine differentiated adipocytes.

MATERIALS AND METHODS

Experimental animals

Three-day-old male crossbred piglets (Duroc x Landrace x
Large White) from different litters were used in this study. The
piglets were provided by Zai-wang pig farm of Gansu Yuzhong.
Experiments were conducted in accordance with “The Instruc-
tive Notions with Respect to Caring for Laboratory Animals”
issued by the Ministry of Science and Technology of the Peo-
ple’s Republic of China.

Cell culture and treatments

Primary cultures of preadipocytes were isolated as previously
described (Zhang et al., 2014). Cells were seeded in 25-cm
culture flask and maintained in basal medium, DMEM/F12 me-
dium (GIBCO/BRL, USA) supplemented 10% fetal bovine se-
rum (FBS, ScienCell, USA), at 37°C in humidified atmosphere
with 5% CO.. Five days after reaching confluence, cells were
digested and re-seeded in 24-cell plates. Cells grown to conflu-
ence were exposed to the adipogenic medium, the basal medi-
um containing 100 nmol/L insulin (Sigma-Aldrich), 1 pmol/L
dexamethasone (Sigma-Aldrich) and 0.5 mmol/L IBMX (Sigma-
Aldrich) for 3 days, followed by culturing for an additional 3 days
in a basal medium containing 100 nmol/L insulin. The cells
were then grown for an additional 6 days in basal medium to
ensure that all cells had become differentiated adipocytes (d12).
To investigate the effect of glucose on lipogenesis in adipocytes,
well-differentiated adipocytes were placed in glucose-free
DMEM medium for 24 h, and then transferred to the basal
DMEM medium containing 0-25 mmol/L D-glucose (Sigma-
Aldrich). For the insulin stimulation experiment, differentiated
adipocytes were cultured for 12 h in serum-free medium con-
taining either 0 or 25 mmol/L glucose, and the 0-400 nmol/L
insulin was added into the culture medium. The related infor-
mation of treatment sequence was described in detail in the
legend.

siRNA for ChREBP and SREBP-1c blocked by fatostatin
ChREBP expression was knocked down by pcDNA™6.2-
GW/EmGFP-ChREBP. Detailed information regarding siRNA
targeting ChREBP has been described previously (Zhang et al.,
2015). Differentiated adipocytes were incubated using the siR-
NA/ Lipofectamine complex in serum-free medium for 6 h and
then switched to a basal medium for 48 h.

The activation of SREBP-1c was blocked using the inhibitor
fatostatin (10 umol/L) (Sigma, USA). After 24 h, cells were
lysed and the protein concentration was determined using the
method of Lin et al (2007). Equal amounts of protein were ana-
lyzed by Western blotting using antibodies specific for SREBP-
1c (USA) and B-actin (USA).

ChREBP-siRNA cells and SREBP-1c blocked cells were cul-
tured in glucose-free and/or serum-free DMEM medium and
subsequently cultured in the absence or presence of glucose
(20 mmol/L) with 0 or 200 nmol/L insulin, as indicated in the
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figure legends. Sodium pyruvate (2 mmol/L) (Sigma-Aldrich)
was added to the medium to replace glucose as carbon source
when cells were cultured in glucose-free medium. T0901317 (1
pmol/L) (Sigma) was used as agonist to promote the activation
of LXRa. These concentrations were chosen base on initial
dose-response experiments (data not shown).

Cellular lipid content analysis

The cellular lipid content analysis was performed using Oil Red
O staining extraction assay as described by Ramirez-Zacarias
et al. (1992). In brief, cells were cultured in 24-cell plates and
rinsed twice with Ca®* and Mg?*-free PBS, then fixed in 10 %
neutralized formalin at least for 1 h. Cells were stained for 2 h
by complete immersion in 0.2% Oil Red O (Sigma-Aldrich)
prepared in 60% isopropanol solution followed by multiple rins-
es with water. Cell morphology was examined and photo-
graphed with a microscope. The stained culture dishes were
subjected to dye extraction with isopropanol. The optical densi-
ty (OD) of the solution was measured at 510 nm for quantifica-
tion, using a UV-2102 PC ultraviolet spectrophotometer (Unico
Instrument Co., Ltd., China).

Quantitative PCR Analysis

Total cellular RNA was extracted using TRIzol reagent using
standard techniques (Gibco/BRL, USA). Real time RT-PCR
was performed using a Superscript RT Il enzyme kit from
Invitrogen (USA). SYBR Green was used as the detection rea-
gent for quantification using the 2°“" method and Sactin ex-
pression of a control cDNA was used as an inter-plate calibra-
tor. The specificity of the PCR amplification was evaluated us-
ing a melting curve analysis. Table 1 provided details of primers
of the genes studied.

Statistical analysis

Data is presented as mean + SEM. All data were obtained from
experiments carried out in triplicate. Data were analyzed by
ANOVA using SPSS version 17.0 software (SPSS science,
USA). Duncan’s multiple range tests was used for statistical
comparisons. P < 0.05 or P < 0.01 were regarded as statistical-
ly significant.

RESULTS

Morphological observations of adipocytes

The isolated cells were seeded in DMEM/F12 medium supple-
mented 10% fetal bovine serum. The preadipocytes attached
and spread around 24 h after seeding (Supplementary Fig. 1A).
Exponentially growing porcine preadipocytes (3-7 days) exhib-
ited a fibroblastic appearance (Supplementary Fig. 1B), and
differentiation of adipocytes was initiated by treating confluent
preadipocytes (Supplementary Fig. 1C) with the adipogenic
medium (d 0). Five days after stimulation, the lipid-filled cells
increased distinctly (Supplementary Fig. 1D) and the lipid-filled
cells could be dyed by Oil Red O staining (Supplementary Fig.
1E). The lipid-filled cells increased with the induction time ex-
tension (Supplementary Fig. 1F).

Glucose and insulin induced lipogenesis in differentiated
adipocytes

To study the effects of glucose and insulin on lipogenesis in
porcine mature adipocytes, isolated preadipocytes were in-
duced to differentiate into adipocytes and treated by glucose
and insulin, respectively. As shown in Fig. 1A, glucose at con-
centrations of 5 to 20 mmol/L promoted lipogenesis in a dose-
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Table 1. The Primers of real-time PCR
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Gene” Accession No. Primer sequence (5'-3') Length, bp Product size, bp

ChREBP DQ372586.1 F: GTATGTGGAGCGGAGGAAGAG 21 93
R: ATGACGGCCTCGGGTTT 17

SREBP-1c AY307771.1 F: TGAAGCCGGAGGTGGTAGA 19 161
R: CTTCATCTGGCTGTCCTCAAAA 22

LXRa AB254406 F:CTCGGACAGTCCCTTGGTAA 20 85
R: TCAGGAGAAACATCAGGCACA 21

FAS EF589048.1 F: AAGCAGGCGAACACGATG 18 94
R: GAAGGGAAGCAGGGTTGATG 20

ACC1 EU168399 R: AAGGGCTGCCTCTAATG 17 95
R: GATGTAAGCGCCGAACT 17

B-actin AF054837 F: GATCGTGCGGGACATCAA 18 180
R: AGGAAGGAGGGCTGGAAGAG 20

*ChREBP = Carbohydrate response element-binding protein; SREBP-1c = Sterol regulatory element-binding protein-1c; LXRa = liver X receptor alpha;

FAS = Fatty acid synthase; ACC1=acetyl coenzyme A carboxylase 1
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Fig. 1. Lipogenesis and relative gene expression induced by glucose and insulin in porcine adipocytes. (A, B) Fully differentiated porcine adi-
pocytes were cultured in a glucose-free medium for 24 h, and then shifted to the medium with different concentrations glucose (mmol/L) for 24
h. The effect of different glucose concentration (mmol/L) on lipogenesis (A). The relative genes expression induced by 0 (open bars) or 20
mmol/L glucose (grey bars) (B). (C, D, and E) Fully differentiated porcine adipocytes were cultured in a serum-free medium for 12 h, and shift-
ed to the medium with variable concentrations of insulin (nmol/L) for 24 h. Quantification of lipogenesis in differentiated adipocytes by Oil Red
O extraction (C) and the relative gene expressions induced by 0 (open bars) or 200 nmol/L insulin (grey bars) in the presence of 5 (D) or 20
mmol/L glucose (E). * (P < 0.05) and ** (P < 0.01) meant the significant for the treatment compared to 0 nmol/L insulin. Data are means + SEM.

dependent manner (P < 0.05). However, 5 mmol/L glucose did
not lead to a noticeable increase in lipogenesis (P > 0.05).
Moreover, the stimulatory effect of glucose was not different
between 25 mmol/L and 20 mmol/L (P > 0.05). As such, the
effect of 20 mmol/L glucose on the mRNA expressions of tran-
scription factor (ChREBP and SREBP-1c) and lipogenic genes
(FAS and ACC1) were analyzed (Fig. 1B). Glucose (20
mmol/L) significantly induced the expression of ChREBP and
lipogenic genes FAS and ACC1 (P < 0.01). Glucose also stimu-
lated SREBP-1c mRNA expression (P < 0.01), to a lesser ex-
tent.
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In 5 mmol/L glucose condition, no change was seen in lipo-
genesis when the differentiated porcine adipocytes were treat-
ed with different concentration of insulin. However in 20 mmol/L
glucose condition, insulin significantly promoted the lipogenesis
(P <0.05), and lipogenesis reached maxima at 200 nmol/L
insulin (P < 0.01) (Fig. 1C). When treated with 200 nmol/L insu-
lin, noticeable increases in FAS and ACC1 mRNA were ob-
served in the cells cultured in high glucose condition instead of
in low glucose condition (Figs. 1D and 1E). Insulin promoted
increased expression of SREBP-1c mRNA levels independent-
ly of surrounding glucose concentration (P < 0.01). However,
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Fig. 2. The effect of glucose on lipogenesis and relative gene expression in ChREBP-silenced porcine adipocytes. The ChREBP-siRNA and
non-transfected adipocytes were shifted to glucose-free medium for 24 h and subsequently transferred to basal medium with O (open bars) or
20 mmol/L glucose (grey bars). After 24 h, lipogenesis and mRNA levels of specific genes were evaluated. ChREBP-siRNA means the cells
transfected with pcDNA6.2-GW/EmGFP-ChREBP siRNA expression plasmid. Non-transfected indicates the unperturbed adipocytes. *(P <
0.05) and ** (P < 0.01) mean the significant between treatments in the same cell group. * (P < 0.05) and * (P < 0.01) mean the significant
between the same treatment in different cell groups. (A) Quantification of lipogenesis in differentiated adipocytes by Oil Red O extraction. (B-E)
The relative mRNA level of LXRa (B), SREBP-1c (C), FAS (D) and ACC1 (E) measured by using real-time RT-PCR. Data are means + SEM.

insulin was unable to facilitate the expression of ChREBP at 5
or 20 mmol/L glucose (Figs. 1D and 1E). These results suggest
that in porcine differentiated adipocytes, glucose and insulin
promote the lipogenesis and lipogenic gene FAS and ACCA1
mRNA level. More specifically, insulin facilitated lipogenesis
and the mRNA expression of lipogenic genes (FAS and ACC1)
in a glucose-dependent mechanism.

ChREBP siRNA transfection to the differentiated porcine
adipocytes

pcDNAG6.2-GW/EmGFP-ChREBP siRNA was transfected to
differentiated porcine adipocytes to inhibit the gene expression
of ChREBP, and the transfection efficiency was examined us-
ing fluorescence microscope after 48 h (Supplementary Fig.
2A). The total RNA was extracted and the relative mRNA ex-
pression of ChREBP was tested by real time PCR. The
ChREBP gene expression decreased by around 80% in
ChREBP siRNA transfected adipocytes. Compared to the un-
perturbed cells, ChREBP gene expression was not affected in
the cells transfected with negative siRNA (Supplementary Fig.
2B). These results indicated that the expression of ChREBP
was inhibited successfully by the transfection of pcDNA6.2-
GW/EmGFP-ChREBP siRNA in the porcine adipocytes.

ChREBP mediated mainly glucose-induced lipogenesis in
differentiated adipocytes

To investigate the potential roles of ChREBP in glucose-
induced lipogenesis, adipocytes with siRNA-mediated ChREBP
knockdown were placed in glucose-free for 24 h, and trans-
ferred to the medium with 0 or 20 mmol/L glucose. Sodium
pyruvate (2 mmol/L) was added as carbon source in glucose-
free medium. ChREBP gene expression were similar between
non-transfected and negative siRNA adipocytes (Supplemen-
tary Fig. 2B), therefore the non-transfected cells were used as
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control cells.

After 24 h, lipogenesis significantly increased both in non-
transfected (P < 0.01) and ChREBP silenced cells (P < 0.05) in
response to 20 mmol/L glucose. However, glucose-induced
lipogenesis was reduced by ~70% when ChREBP gene ex-
pression was silenced (P < 0.01) (Fig. 2A). Although the mRNA
expression of lipogenic genes FAS (Fig. 2D) and ACC1 (Fig.
2E) were significantly promoted by glucose in ChREBP si-
lenced adipocytes (P < 0.01), it was much lower than levels
observed in non-transfected cells (P < 0.01). The glucose-
induced up-regulations of LXRa and SREBP-1c mRNA ex-
pression were observed both in non-transfected (P < 0.05) and
ChREBP silenced adipocytes (P < 0.01), and loss of ChREBP
seemed to have no effect on their mRNA expressions (P >
0.05) (Figs. 2B and 2C). These data suggest that ChREBP is a
critical mediator in glucose-induced lipogenesis, while LXRa
and SREBP-1c might also play a contributing role.

Due to no distinct effects of insulin on lipogenesis under low
glucose concentration, ChREBP-siRNA adipocytes were treat-
ed with 200 nmol/L insulin in the presence of 20 mmol/L glu-
cose to investigate the potential role of ChREBP in insulin-
induced lipogenesis. From the Fig. 3, though lipogenesis signif-
icantly decreased from baseline when ChREBP expression
was silenced (P < 0.01), the addition of insulin still led to a
marked increase in lipogenesis (P < 0.01). Moreover, there was
no difference in the extent of lipogenic induction promoted by
insulin between both cell groups (0.136 vs. 0.132) (P > 0.05)
(Fig. 3A). As expected with the induction of lipogenesis, mRNA
levels of FAS and ACC1 was significantly promoted by insulin
both in non-transfected and ChREBP-siRNA adipocytes (P <
0.01) (Figs. 3D and 3E). Insulin significantly facilitated the
SREBP-1c and LXRa expression in both conditions. Further-
more, SREBP-1c mRNA levels promoted by insulin were high-
er in ChREBP-siRNA adipocytes than that in non-transfected
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Fig. 3. The effect of insulin on lipogenesis and genes expression in ChREBP-siRNA porcine differentiated adipocytes. The ChREBP-siRNA
and non-transfected adipocytes were shifted to serum-free medium for 12 h and transferred to basal medium containing 20 mmol/L glucose in
the absence (open bars) or presence (grey bars) of 200 nmol/L insulin for 24 h. Lipogenesis and mRNA of specific genes were evaluated.
ChREBP-siRNA means the cells transfected with pcDNA6.2-GW/EmGFP-ChREBP siRNA expression plasmid. Non-transfected indicates the
unperturbed adipocytes. * (P < 0.05) and ** (P < 0.01) mean the significant between treatments in the same cell group. * (P < 0.05) and * (P <
0.01) mean the significant between the same treatment in different cell groups. A: Quantification of lipogenesis in differentiated adipocytes by
Oil Red O extraction. B-E: The relative mRNA level of LXRa (B), SREBP-1c (C), FAS (D) and ACC1 (E) measured by using real-time RT-PCR.

Data are means + SEM.

cells (P < 0.05) (Fig. 3C). ChREBP expression silencing had no
effect on the mRNA level of LXRa when the adipocytes were
treated with 200 nmol/L insulin (Fig. 3B). These results sug-
gested that silencing ChREBP does not attenuate the lipogenic
affects of insulin in porcine differentiated adipocytes, and that
insulin has no effect on the ChREBP expression in the absence
or presence of glucose. Taken together, these results suggest
that insulin does not induce lipogenesis through ChREBP.

SREBP-1c mediated mainly insulin-induced lipogenesis in
differentiated adipocytes

To assess the potential roles of SREBP-1c¢ in lipogenesis facili-
tated by insulin, SREBP-1c activation was blocked markedly (P
< 0.01) using the inhibitor fatostatin (Supplementary Fig. 3). As
an inhibitor of the SREBP activation, fatostatin impairs the acti-
vation process of SREBP-1c, thereby decreasing the transcrip-
tion of lipogenic genes in cells (Kamisuki et al., 2009; Uttarwar
et al., 2012). Differentiated adipocytes were cultured in serum-
free medium for 12 h, and then transferred to the basal medium
containing 20 mmol/L glucose in the absence or presence of
insulin (200 nmol/L). Meanwhile, 10 pmol/L fatostatin was add-
ed in the medium for blocking the activation of SREBP-1c. After
24 h, the cellular lipid content and related genes expression
were evaluated.

There was a marked stimulation of insulin on lipogenesis in
differentiated adipocytes (P < 0.01). When the adipocytes were
treated with SREBP-1c inhibitor fatostatin, however, the lipo-
genesis was decreased by ~55% (Fig. 4). Despite pharmaco-
logical suppression of SREBP-1c via fatostatin, addition of insu-
lin still led to a significant increase in lipogenesis (P < 0.01),
however the magnitude of the stimulation was much lower than
that of the untreated cells (0.102 vs. 0.220) (P < 0.01) (Fig. 4A).
The lipogenic genes FAS and ACC1 expression were promot-
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ed by insulin both in adipocytes untreated and treated with
fatostatin, however, inhibiton of SREBP-1c attenuated FAS
and ACC1 gene expression (P < 0.01) (Figs. 4D and 4E).
ChREBP mRNA expression was not affected by 200 nmol/L
insulin irrespective of whether the cells were treated with fato-
statin or not (P < 0.01) (Fig. 4C). There was a profound in-
crease in LXRa expression both in fatostatin-treated and -
untreated adipocytes in response to insulin (P < 0.05), and
there was no difference between the cell groups (Fig. 4B). The-
se data suggest that SREBP-1c is a key transcription factor in
insulin-induced lipogenesis, while LXRa. participate in this re-
sponse.

LXRa activation promoted the lipogenesis in adipocytes
To study whether LXRa is involved in the lipogenesis induced
by glucose and insulin, T0901317 was used to activate LXRa in
ChREBP-silenced and separately, fatostatin-treated adipocytes.
T0901317 (N-(2,2,2-trifluoroethyl)-N-[4-(2,2,2-trifluoro- 1-hydroxy-
1-trifluorome thylethyl) phenyl]-benzene-sulfona mide) is LXRa
agonist which could increase the activation of LXRa (Schultz et
al., 2000; Zanotti et al., 2008). Adipocytes were cultured in the
basal medium containing 20 mmol/L glucose with or without
T0901317 (1 umol/L) for 24 h, and then the cellular lipid content
and the lipogenic gene expression were measured.

In porcine differentiated adipocytes, activation of LXRa by
T0901317 significantly promoted the lipogenesis and lipogenic
gene expression (FAS and ACC1) (Fig. 5). Although lipogene-
sis decreased by ~70% when ChREBP expression was si-
lenced (as compared to the control cells), lipogenesis could still
be increased using the LXRa agonist (P < 0.05) (Fig. 6A). In
SREBP-1c blocked adipocytes, lipogenesis was decreased by
~55%, while LXRa activation resulted in only a trend towards
increased lipogenesis (P > 0.05) (Fig. 6A). T0901317 also in-
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creased the expression of SREBP-1c, but had no effect on
ChREBP (Fig. 5B). Moreover, silencing of ChREBP expression
or blocking of SREBP-1c activation had no effect on the up-
regulation of LXRa expression induced by T0901317 (Fig. 6B). In
accordance with the effects on lipogenesis, T0901317 induced a
stimulatory effect on FAS and ACC1 mRNA expressions (P <
0.01) in differentiated adipocytes (Fig. 5B). Similarly, treating
ChREBP-siRNA adipocytes with T0901317 resulted in up-
regulation of FAS (P < 0.01) and ACC1 expression (P < 0.05).
However, in SREBP-1c¢ blocked adipocytes, T0901317 treatment
led only to a modest increase in FAS mRNA expression (P <
0.05) rather than the mRNA expression of ACC1 (P> 0.05) (Figs.
6C and 6D). These results indicate that LXRa may mediate the
lipogenesis through SREBP-1c rather than ChREBP.

LXRo mediated the lipogenesis induced by glucose and by

insulin
To further study the role of LXRa in lipogenesis induced by
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PCR (B). * (P < 0.05) and ** (P < 0.01) mean
the significant between treatments. Data are
means + SEM.

FAS ACC1

glucose or insulin in porcine differentiated adipocyte, ChREBP-
siRNA adipocytes treated with SREBP-1¢ inhibitor fatostatin
(siRNA/FT) were exposed to 1 umol/L T0901317 in the ab-
sence or presence of 20 mmol/L glucose or 200 nmol/L insulin
for 24 h, and then the cellular lipid content and the lipogenic
genes expression were analyzed.

In the absence of glucose, activation of LXRa had no effect
on lipogenesis and lipogenic gene expression (FAS and ACC1)
both in unperturbed adipocytes (means “Control” in Figs. 7 and
8) and siRNA/FT adipocytes (P > 0.05). Addition of glucose
promoted lipogenesis not only in unperturbed cells (P < 0.01)
but also in siRNA/FT adipocytes (P < 0.05). In the presence of
glucose, activation of LXRa resulted in a significant increase
lipogenesis in siRNA/FT adipocytes (P < 0.05), whereas glu-
cose only led to an increase tendency in unperturbed cells (P >
0.05) (Fig. 7A). Consistent with the lipogenesis, the lipogenic
gene expression (FAS and ACC1) also increased in the unper-
turbed cell response to T0901317 treatment. In siRNA/FT adi-
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Fig. 6. The effect of activation of LXRa on lipogenesis and gene
expression. Differentiated adipocytes were shifted to the basal
medium containing 20 mmol/L glucose with (grey bars) or without
(open bars) 1 umol/L LXRa. agonist T0901317. After 24 h, the cellu-
lar lipid content was analyzed by Oil Red O extraction (A) and total
RNA from triplicate plates of adipocytes was extracted and ana-
lyzed for LXRa (B), FAS (C) and ACC1 (D) by using real-time RT-
PCR. ChREBP-siRNA means the ChREBP expression was inter-
fered by transfecting with pcDNA6.2-GW/ EmGFP-ChREBP siRNA
expression plasmid. SREBP-1c blocked means the adipocytes
were treated with a combination of 10 pumol/L fatostatin and
T0901317. Control indicates the unperturbed adipocytes. * (P <
0.05) and ** (P < 0.01) mean the significant between treatments in
the same cell group. Data are means + SEM.

pocytes, activation of LXRa significantly facilitated FAS expres-
sion (P < 0.01) (Fig. 7B), while no significant changes were
observed in ACC1 expression in siRNA/FT adipocytes in the
context of glucose-stimulation (Fig. 7C). These results suggest
that the lipogenesis promoted by LXRa activation is dependent
on glucose, and glucose-induced lipogenesis could be mediat-
ed directly by LXRa.

In 20 mmol/L glucose condition, insulin induced a stimulatory
lipogenic response and induced gene expression of FAS and
ACC1 (P < 0.01), and activation of LXRa intensified this effect
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in unperturbed cells (Fig. 8). Furthermore, LXRa activation
promoted the lipogenesis and the expression of FAS and
ACC1 independently of insulin. Treatment of siRNA/FT adipo-
cytes with insulin or T0901317 alone resulted in an increase in
the lipogenesis (Fig. 8A). The mRNA expression of FAS mark-
edly increased in siRNA/FT adipocytes response to insulin or
T0901317 alone (P < 0.05) (Fig. 8B). Simultaneous addition of
T0901317 and insulin led to an increase of the ACC1 mRNA
expression (P < 0.05) (Fig. 8C). These results demonstrate that
LXRa could mediate the lipogenic-response induced by insulin
by regulating the lipogenic gene expression patterns.

DISCUSSION

Mammals adapt to fluctuation of nutrient availability by storing
surplus nutrient mainly in adipose tissue, in the form of triglycer-
ide (TG). Upon consumption of excess carbohydrate, digestion
yields glucose which is subsequently converted to pyruvate
(glycolysis), and is either oxidized to provide energy or chan-
neled into pathways for synthesis of fatty acids (lipogenesis)
when energy is available. Lipogenesis is a process regulated
by nutritional and hormonal control. Pig adipose tissue is the
main lipogenesis organ (Bergen et al., 2005) and has a greater
contribution to overall lipogenesis than does the liver (O’'Hea
and Leveille, 1969). Studies in hepatocytes and rodents adipo-
cytes during the last decades have shown that ChREBP and
SREBP-1c are key transcription factors in regulating the ex-
pression of the lipogenic genes in response to glucose and
insulin, respectively (Uyeda and Repa, 2006; Xu et al., 2013),
while LXRa might be play a central for the transcriptional con-
trol ChREBP by glucose (Cha and Repa, 2007; Mitro et al.,
2007) and SREBP-1c by insulin (Chen et al., 2004; Schultz et
al., 2000).

Many researches in rodent models and human cell line stud-
ies have indicated that ChREBP is a glucose-responsive tran-
scription factor that plays a critical role in converting excess
carbohydrates to TG through de novo lipogenesis (Herman et
al., 2012; Uyeda and Repa, 2006; Yamashita et al., 2001).
However, the role of ChREBP in lipogenesis induced by glu-
cose and insulin remains unclear in porcine adipocytes. There-
fore, the primary porcine adipocytes were used to study the role
of ChREBP in lipogenesis induced by glucose. Glucose signifi-
cantly promoted the expression of ChREBP and was accom-
panied by increased lipogenesis and lipogenic genes FAS and
ACC1 mRNA expression in porcine differentiated adipocytes.
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Fig. 7. The role of LXRa. in lipogenesis induced by glucose in porcine differentiated adipocytes. The ChREBP-siRNA adipocytes were shifted
to a glucose-free medium for 12 h, and transferred to the basal medium with or without 1 umol/L T0901317 in the absence or presence of 20
mmol/L glucose. After 20 h, the lipogenesis and the mRNA levels of these genes were measured. siRNA/FT means the adipocytes transfect-
ed with pcDNA6.2-GW/EmGFP-ChREBP siRNA expression plasmid were treated with a combination of SREBP-1c¢ inhibitor fatostatin (10
umol/L) and T0901317. Control indicates the unperturbed adipocytes. (A) Quantification of the cellular lipid content in differentiated adipocytes by
Oil Red O extraction. (B, C) The relative mRNA level of FAS (B) and ACC1 (C) measured by using real-time RT-PCR. Data are means + SEM.
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These results are consistent with previous reports. Specifically,
Denechaud et al. (2008) found that ACC1 and FAS expres-
sions are regulated by glucose via ChREBP in mouse liver and
white adipose tissue, and ChREBP activity and expression is
induced by the consumption of a high-carbohydrate diet
(Yamashita et al., 2001) and glucose (Herman et al., 2012),
and then increase the activities of lipogenic enzymes (Aguiari et
al., 2008; Uyeda and Repa, 2006; Uyeda et al., 2006). When
ChREBP gene expression was silenced via siRNA, glucose-
induced lipogenesis decreased by ~70% compared to the un-
perturbed cell. This suggests that glucose-induced lipogenesis
mediates its effects mainly through ChREBP in porcine differ-
entiated adipocytes. However, lipogenesis was still increased in
ChREBP-silenced adipocytes treated with high concentration of
glucose, indicating that the lipogenesis induced by glucose
could be mediated through other transcription factors besides
ChREBP in porcine differentiated adipocytes.

SREBP-1c is considered to be a master transcriptional regu-
lator of fatty acid and TG synthesis in liver response to insulin
stimulation (Hegarty et al., 2005; lto et al., 2013; Lay et al.,
2002). Despite significant improvements in our understanding
of the role of SREBP-1c in the liver recent years, its role in adi-
pose tissue remains largely unexplored. A previous study using
cultured porcine adipocytes found the regulation of lipogenesis
by insulin does not involve changes in SREBP-1c mRNA levels
(Louveau and Gondret, 2004). However, the other study sug-
gested that SREBP-1c is regulated by insulin and mediates
insulin-induced fatty acid synthesis in human adipocytes (Ito et
al., 2013). In the present study, our results demonstrated that
insulin could promote the SREBP-1c mRNA level in porcine
mature adipocytes. However, the increase in lipogenesis stimu-
lated by insulin occurs in a glucose-dependent manner. These
results are in accordance with research by Foufelle et al. (1992)
which found glucose alone stimulates the expression of FAS
and ACC in adipose tissue, but in the absence of glucose, insu-
lin has no effect on lipogenic gene expression. Insulin potenti-
ates the effect of glucose and simultaneously increases the
concentration of glucose 6-phosphate. Glucose 6-phosphate is
believed to be essential for both ChREBP nuclear translocation
and transcriptional activity in response to glucose (Dentin et al.,
2012; Li et al., 2010). He et al. (2004) found in the 3T3 adipo-
cytes, ChREBP gene is also responsive to insulin stimulation,
but that the induction is dependent on the presence of high
glucose. In this context, we found that when SREBP-1c activa-
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tion was blocked, lipogenesis promoted by insulin was de-
creased by ~55% in differentiated adipocytes. This suggests
that lipogenesis induced by insulin was mediated by SREBP-1c
in porcine differentiated adipocytes. When SREBP-1c¢ activation
was blocked by fatostatin, the addition of insulin still led to a
significant increase in lipogenesis. This suggests there might be
other transcription factors mediate the lipogenesis induced by
insulin besides SREBP-1c in porcine differentiated adipocytes.

The work presented herein demonstrated that glucose could
up-regulate the expression of LXRa and SREBP-1c. Moreover,
LXRa activation could stimulate lipogenesis and induce mRNA
expression of SREBP-1c and lipogenic gene (FAS and ACC1).
Some previous studies have shown that nuclear receptor LXRs
is a glucose sensor and the physiological concentrations of
glucose can activate LXRs in the liver and induce expression of
LXR target genes (Mitro et al., 2007). LXRa agonist treatment
of adipocytes leads to the increased lipid accumulation (Juvet
et al., 2003; Laffitte et al., 2003; Seo et al., 2004). SREBP-1c
mRNA expression, on the other hand, is highly induced by inges-
tion of a high carbohydrate diet in liver (Horton et al., 1998) and
by glucose in mesangial cells (Uttarwar et al., 2012). In the pre-
sent study, activation of LXRa. led to an increase in lipogenesis
even in ChREBP-siRNA adipocytes. Furthermore, the magni-
tude of stimulation by LXRa agonist T0901317 in lipogenesis
was in a very similar range in ChREBP-siRNA adipocytes and
unperturbed cells. This suggests that ChREBP silencing does
not attenuate the anxo-action in lipogenesis by T0901317. That
is, LXRa. may regulate lipogenesis but not via ChREBP in por-
cine differentiated adipocytes. Similarly, Denechaud et al. (2008)
found that ChREBP expression is unaffected by the absence of
LXR in mouse liver and white adipose tissue. Moreover, we
found that siRNA-mediated ChREBP silencing had no effect on
the up-regulation of LXRa mRNA expression induced by glu-
cose and lipogenic gene expression were significantly in-
creased when adipocytes were treated with T0901317. These
results support the hypothesis that LXRa could directly, or via
SREBP-1c, mediate glucose-induced lipogenesis through regu-
lating the lipogenic genes expression. However, some other
independent experiments in hepatocytes yielded conflicting
results. The result by Cha and Repa (2007) raise the possibility
that ChREBP is a target gene of LXR. The promoters of genes
encoding ChREBP and SREBP-1c have LXRa binding sites
and therefore ChREBP and SREBP-1c might be the target of
LXRa (Mitro et al., 2007; Xu et al., 2013). Lipogenesis repre-
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sented by tissue and species specificity may explain these
conflicting results. Herein we demonstrated that LXRa activa-
tion facilitate lipogenesis, expression of lipogenic genes and
SREBP-1c expression in adipocytes. Glucose promoted lipo-
genesis in siRNA/FT adipocytes, even though the response
was significantly lower than that observed in untreated adipo-
cytes. When siRNA/FT adipocytes were treated by LXRo ago-
nist, lipogenesis and FAS mRNA expression increased on ba-
sis of glucose. Thus, it might be concluded that LXRa may
regulate lipogenesis induced by glucose through SREBP-1c.

In the present study, we found that insulin promoted LXRa.
expression in the presence of 20 mmol/L glucose. While LXRa
activation could up regulate SREBP-1c mRNA expression, it
had little effect on lipogenesis when the activation of SREBP-1c
was blocked by its inhibitor. These results indicate that LXRa
may mediate lipogenesis via SREBP-1c. When ChREBP-
silenced adipocytes were treated by both SREBP-1c inhibitor
and LXRa agonist, the lipogenesis still significantly increased,
suggesting LXRa could directly mediate lipogenesis by regulat-
ing lipogenic gene expression. These results are supported by
previous studies which have noted that LXRs could regulate
FAS expression through direct interaction with the FAS pro-
moter (Joseph et al., 2002; Shimano et al., 1999) and LXRa
regulates ACC1 expression through activation of SREBP-1c
expression (Horton et al., 2003). The facilitation effect of LXR
agonists on genes involved in fatty acid synthesis has been
suggested to be mediated both directly through LXR and via
SREBP-1c (Joseph et al., 2002; Schultz et al., 2000). In brown
adipocytes, the LXR agonist T0901317 increases the nuclear
abundance of LXR and mature SREBP-1 (Jakobsson et al.,
2005). The studies in cell culture and animal models suggest
that the increase in plasma lipids occurs via LXR-mediated
induction of the SREBP-1 lipogenic program (Schultz et al.,
2000). In the present study, insulin did not lead to a significant
increase in ChREBP expression both in the absence and pres-
ence of glucose. However, in human adipocytes, insulin pro-
motes ChREBP expression (Hurtado del Pozo et al., 2011).
ChREBRP is also regulated by insulin in 3T3-L1 adipocytes and
rat adipose tissue (He et al., 2004). Our study found that insulin
still result in an increase in lipogenesis and expression of lipo-
genic genes when both of ChREBP expression was silenced
and SREBP-1c activation was blocked simultaneously. This
means LXRa directly mediate the lipogenesis induced by insu-
lin in porcine adipocytes. The lipogenesis stimulated by insulin
is dependent of high concentration of glucose in the medium.
ChREBP mRNA expression might reach the maximal level in
the high concentration of glucose, which may explain partly
these inconsistent results.

Carbohydrate is a main energy resource from diet for pigs.
After the animal intake carbohydrate, increased blood sugar
stimulates secretion of insulin, which regulates transcription
expression of genes involved in glucolysis and fatty acid syn-
thesis. Glucose, which metabolites acts as a signaling molecule,
regulates expression of genes responsive to glucose in an
insulin-independent way. As above, glucose and insulin could
stimulate lipogenesis through both dissimilar and identical
pathways in porcine differentiated adipocytes. ChREBP and
SREBP-1c are the key transcription factors in the lipogenesis
response to glucose and insulin in porcine adipocytes, respec-
tively. Lipogenesis facilitated by glucose was mainly mediated
through ChREBP, and also through LXRo directly or via
SREBP-1c, which regulated the expression of lipogenic genes
such as FAS and ACCH1. Insulin could promote the lipogenesis
in a glucose-dependent fashion, and this induction be mainly
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mediated directly through SREBP-1c, and also through LXRa
directly or via SREBP-1c regulating the lipogenic genes ex-
pression. As such, we suggest that LXRa might play a central
role in the transcriptional control by glucose and insulin in por-
cine differentiated adipocytes.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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