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Insulin can stimulate hepatic expression of carbohydrate-responsive element-binding protein (ChREBP). As recent studies
revealed potential metabolic beneficial effects of ChREBP, we asked whether its expression can also be regulated by the dietary
polyphenol curcumin. We also aimed to determine mechanisms underlying ChREBP stimulation by insulin and curcumin. The
effect of insulin on ChREBP expression was assessed in mouse hepatocytes, while the effect of curcumin was assessed in mouse
hepatocytes and with curcumin gavage in mice. Chemical inhibitors for insulin signaling molecules were utilized to identify
involved signaling molecules, and the involvement of p21-activated protein kinase 1 (Pak1l) was determined with its chemical
inhibitor and Pak1~/~ hepatocytes. We found that both insulin and curcumin-stimulated ChREBP expression in Akt-independent
but MEK/ERK-dependent manner, involving the inactivation of the transcriptional repressor Oct-1. Aged Pak1~/~ mice showed
reduced body fat volume. Pak1 inhibition or its genetic deletion attenuated the stimulatory effect of insulin or curcumin on
ChREBP expression. Our study hence suggests the existence of a novel signaling cascade Pak1/MEK/ERK/Oct-1 for both insulin
and curcumin in exerting their glucose-lowering effect via promoting hepatic ChREBP production, supports the recognition of

beneficial functions of ChREBP, and brings us a new overview on dietary polyphenols.
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Introduction

Acute elevation of plasma insulin level constitutes a major
physiological response to counteract postprandial rise in plasma
glucose levels. This is achieved by mechanisms including the
reduction of hepatic gluconeogenesis, the facilitation of glucose
uptake, and the activation of hepatic lipogenesis. As a key lipo-
genic transcription factor, carbohydrate-responsive element-bind-
ing protein (ChREBP), also known as MLX-interacting protein-like
(MLXIPL), binds to and activates carbohydrate response element
(ChoRE) motifs in the promoters of a battery of lipogenic genes
(Kawaguchi et al., 2001). Thus, hepatic ChREBP, via its down-
stream enzymatic targets, channels the glycolytic end-products
into the lipogenic process (Postic et al., 2007).
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In addition to ChREBPa, a recent study in adipose tissues
revealed the existence of the isoform ChREBPp, of which the
expression is driven by a different promoter (Herman et al., 2012).
ChREBPf is also expressed in the liver (Herman et al., 2012;
Eissing et al., 2013) and elsewhere (Li et al., 2006; Poungvarin
et al., 2012; Sae-Lee et al., 2016), and its expression can be tran-
scriptionally activated by ChREBPa (Herman et al., 2012).

Although the function of ChREBP is mainly activated by post-
prandial glucose elevation, we have demonstrated previously
that insulin can stimulate ChREBPa transcription, achieved by
reducing the binding of the transcriptional repressor, the POU
homeodomain (HD) protein Oct-1, to the proximal promoter
region of ChREBP« (Sirek et al., 2009).

Curcumin is the principal curcuminoid of turmeric. Pre-clinical
and clinical investigations have demonstrated the capability of
dietary curcumin intervention in mitigating high-fat diet (HFD)
induced insulin resistance and obesity or in preventing diabetes



development in pre-diabetic human subjects (Weisberg et al.,
2008; Chuengsamarn et al., 2012; Shao et al., 2012; Zeng et al.,
2017). We found recently that 6-day curcumin gavage improved
insulin sensitivity and glucose disposal in dexamethasone injec-
tion induced insulin resistant C57BL/6) mouse model, suggest-
ing that the in vivo insulin signaling improvement effect of
curcumin can be dissociated from its anti-inflammation and
body weight lowering effects (Tian et al., 2015). The insulin sen-
sitization effect of curcumin was also demonstrated in primary
hepatocytes (Tian et al., 2015). Unexpectedly, this 6-day short-
term curcumin administration protocol led to increased hepatic
ChREBP mRNA expression, in contrast to the inhibitory effect on
HFD-induced lipogenesis and liver steatosis with long-term diet-
ary curcumin intervention (Weisberg et al., 2008; Shao et al.,
2012; Tian et al., 2015). These serendipitous observations
prompted us to ask whether curcumin shares a similar signaling
cascade with insulin in stimulating ChREBP expression, how to
interpret the absolutely opposite effects of long-term versus
short-term curcumin administration on hepatic lipogenic gene
expression, and whether the interpretation enriches our under-
standing on the paradoxical observations on hepatic function of
insulin in regulating glucose versus lipid homeostasis in health
and during insulin resistance (Li et al., 2010; Owen et al., 2012;
Vatner et al., 2015).

Results
Both insulin and curcumin stimulate hepatic ChREBP expression

We have reported previously that insulin can stimulate
ChREBPa transcription in the human HepG2 cell line and in ham-
ster hepatocytes, involving the inactivation of the transcriptional
repressor, the POU homeodomain protein Oct-1 (Sirek et al,
2009). Here we have first of all expanded the investigation into
the mouse primary hepatocytes at the ChREBP protein level,
showing that 2 or 4 h insulin treatment (10 nM) increased
ChREBP« protein expression (Figure 1A). Since there is no avail-
able antibody against the new isoform ChREBPM, we utilized
real-time RT-PCR (gRT-PCR) to determine the effect of insulin as
well as curcumin treatment on ChREBPS mRNA expression
whenever it is required.

As insulin may regulate gene expression in Akt-dependent or
independent manner (Jin et al., 2008), we tested the effect of
Akt or MEK/ERK inhibition on insulin-stimulated hepatic ChREBP
mRNA expression. Figure 1B-D shows that in mouse primary
hepatocytes, MEK or PI3K inhibition, but not Akt inhibition
blocked the stimulatory effect of insulin on ChREBP (total),
ChREBPa, and ChREBPS expression, suggesting that insulin
may stimulate ChREBP expression in an Akt-independent but
MEK/ERK-dependent manner. Supplementary Figure S1 shows
that in the human HepG2 cell line, insulin-stimulated ChREBP
expression was also inhibited by MEK or PI3K inhibition but not
by Akt inhibition.

We reported recently that 6-day curcumin gavage improved
dexamethasone injection-induced impairment on insulin toler-
ance in C57BL/6) mice (Tian et al., 2015). In the absence of
dexamethasone injection, 6-day curcumin gavage generated no
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further improvement on insulin tolerance but reduced hepatic
Gé6pase expression and ambient plasma insulin levels (Tian
et al., 2015). We then took the liver tissues from those mice for
gRT-PCR analyses. Figure 1E-G shows that short-term curcumin
gavage increased hepatic ChREBP (both ChREBPa and ChREBPJS)
as well as SREBP-1c/Srebf1 mRNA levels.

Mouse primary hepatocytes were then utilized to test the
effect of in vitro curcumin treatment on ChREBP mRNA expres-
sion. As shown, treating mouse primary hepatocytes with 0.5 or
1 puM curcumin for 4 h increased ChREBP (total) mRNA levels
(Figure 1H). The activation, however, was not observed when
the curcumin dosage was raised to 1.5 uM or higher (Figure
1H). When mouse primary hepatocytes were treated with
0.5 pM curcumin, the activation was not observed when the
incubation time was less than 4 h (Figure 1), suggesting that it
is unlikely that the stimulation is a result of reduced ChREBP
mRNA stability.

Elevated ChREBP expression in response to curcumin treatment
is associated with elevated expression of its hepatic
downstream targets

To initiate the assessment on the physiological relevance of
the stimulation of ChREBP expression by curcumin treatment,
we then verified the stimulatory effect of curcumin treatment on
the expression of ChREBP downstream targets in the liver. As
shown, in mouse hepatocytes treated with 0.5 or 1.0 pM curcu-
min, the expression of a battery of genes that encode lipo-
genic enzymes was increased. The list includes the genes that
encode L-type pyruvate kinase (Lpk/Pklr), fatty acid (FA)
synthase (Fas/Fasn), acetyl-CoA carboxylase (Acc1/Acaca),
stearoyl-CoA desaturase-1 (Scd1), and cytosolic malic enzyme 1
(Me1) (Figure 2A-E).

The stimulation of ChREBP expression by curcumin treatment
also involves Oct-1 attenuation and it is an Akt-independent
event

We reported previously that insulin stimulates ChREBP
expression at the transcription level (Sirek et al., 2009). To fur-
ther determine whether curcumin treatment also stimulates
ChREBP expression at the transcription level, we then transi-
ently transfected the ChREBPa-LUC fusion gene construct, gen-
erated in our previous study (Sirek et al., 2009), into the mouse
primary hepatocytes. As shown in Figure 3A and B, both
insulin (10 nM) and curcumin (at 1 uM) treatment resulted in
stimulated ChREBPa-LUC activity. Figure 3C shows that
curcumin-stimulated ChREBP mRNA expression can be blocked
by MEK/ERK inhibition but not by Akt inhibition.

A typical OCT binding motif was located within ChREBP« pro-
moters (Sirek et al., 2009), but not within that of ChREBPB. We
then established the chromatin immunoprecipitation (ChIP)
method for mouse primary hepatocytes. Figure 3D shows the
overall organization of the mouse ChREBPa gene 5’ flanking
region as well as positions of PCR primers utilized in the ChIP
(Figure 3E) and quantitative ChIP (qChIP) (Figure 3F) assays.
Curcumin treatment attenuated the binding of Oct-1 to the
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Figure 1 Both insulin and curcumin stimulate hepatic ChREBP expression. (A) Insulin (INS) treatment increased ChREBPa protein (~95 kDa)
levels in mouse primary hepatocytes. Left panel is a representative blot (n = 3), while right panel shows the densitometric quantification
results. (B-D) gRT-PCR show that insulin-stimulated ChREBP expression can be blocked by the MEK/ERK inhibitor PD98059 or the PI3K
inhibitor Ly294002 but not the Akt inhibitor Akti in mouse primary hepatocytes. (E-G) Hepatic ChREBP and SREBP-1c mRNA levels were
increased in C57BL/6) mice received 6 day curcumin gavage, assessed by qRT-PCR. (H and I) Curcumin treatment (0.5 or 1 uM) increased
ChREBP mRNA levels in mouse hepatocytes (H) and the stimulation with 0.5 pM curcumin was not observed with the incubation time less
than 4 h (1). CUR, curcumin; Pd, PD98059; Ly, Ly294002. n > 3 for B-l. * P < 0.05, #p <0.05 vs. the corresponding control.
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Figure 2 Elevated ChREBP expression in response to curcumin treatment is associated with elevated expression of its downstream targets.
(A-E) Four-hour curcumin treatment (0.5-1.0 pM) increased the expression of Lpk (A), Fas (B), Acc1 (C), Scd1 (D), and Me1 (E) levels in

mouse hepatocytes. n > 3 for A-E. * P < 0.05, *

mouse ChREBPa gene promoter. Again, the attenuation was not
blocked by Akt inhibition with Akti pre-treatment but was
blocked by MEK/ERK inhibition with PD98059 pre-treatment or
by PI3K inhibition with LY294002 pre-treatment (Figures 3E and
F). Similar observations were then obtained in the human
HepG2 cell line in response to insulin treatment (Supplementary
Figure S2). Figure 3G shows that increased ChREPBa protein
level in response to either curcumin or insulin treatment was
associated with reduced nuclear and cytoplasmic Oct-1 levels.
The above observations collectively suggest that curcumin treat-
ment mimics the effect of insulin treatment on stimulating
ChREBPa expression via inactivating the transcriptional repres-
sor Oct-1, in Akt-independent but MEK/ERK-dependent manner.

Pak1 is among the mediators of both curcumin and insulin
in stimulating ChREBP expression

In addition to Akt, insulin was shown to activate Pakl in a
number of cell lineages including hepatocytes, demonstrated by
our team and by others (Tsakiridis et al., 1996; Sun et al., 2009;
Rudich and Klip, 2013; Chiang and Jin, 2014). Such activation
may or may not involve the function of Akt (Sun et al., 2009;
Rudich and Klip, 2013). We show here that both insulin and cur-
cumin can stimulate Pak1 via increasing its Thr423 phosphoryl-
ation in mouse primary hepatocytes (Figure 4A and B) and in
the human HepG2 cell line (Supplementary Figure S3).

We then tested the effect of Pak1 inhibition with the chemical
inhibitor IPA3 (Chiang et al., 2013) on insulin or curcumin-
stimulated ChREBP expression. IPA3 pre-incubation in mouse
primary hepatocytes blocked the stimulatory effect of curcumin

P < 0.05 vs. the corresponding control.

on ChREBP mRNA expression (Figure 4C-E). Figure 4F shows
that the stimulation on ChREBPa protein expression by insulin
treatment was also blocked by IPA3 pre-treatment; associated
with un-reduced Oct-1 content and attenuated ERK phosphoryl-
ation. Figure 4G shows that curcumin treatment stimulated
ChREBPa expression, associated with reduced Oct-1 content.
The stimulation of Pakl phosphorylation was observed with
1.0 pM curcumin treatment, while the stimulation was shown to
be blocked with IPA3 pre-treatment, associated with reduced
ChREBPa protein expression and unchanged Oct-1 content.

Pak1~/~ hepatocytes show the loss of response to insulin
or curcumin treatment on stimulating ChREBP expression

We and others have reported previously that Pak1™" mice
are glucose intolerant and insulin resistance, with reduced insu-
lin secretion and gut incretin hormone glucagon-like peptide-1
(GLP-1) production (Wang et al.,, 2011; Chiang et al., 2013).
Unexpectedly, we found that aged (32 weeks) Pak1™~ mice
with regular chow diet feeding exhibited reduced whole-body
fat volume, determined by magnetic resonance imaging (MRI)
(Figure 5A and B), indicting the dissociation between fat volume
and insulin resistance in this transgenic mouse line. We then
isolated primary hepatocytes from Pak1™~ mice and wild-type
littermate controls for testing their response to insulin or curcu-
min treatment. Supplementary Figure S4 shows that in Pak1~"~
hepatocytes, curcumin cannot stimulate ChREBPa or ChREBPpS
mRNA expression. In addition, in Pak1~" hepatocytes, curcumin
cannot stimulate the expression of the three example genes
(Scd1, mE1, and Fas) that encode the lipogenic enzymes as
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Figure 3 The stimulation on ChREBP expression by curcumin treatment also involves Oct-1 attenuation and it is Akt-independent. (A and B)
Four-hour insulin (INS) or curcumin (CUR) treatment stimulated the activity of the 1.4 kb-ChREBPa-LUC reporter when it was transfected into
mouse primary hepatocytes. (C) Curcumin-stimulated ChREBP expression in mouse primary hepatocytes was blocked by 45 min pre-incubation
with the MEK inhibitor PD98059 (Pd) but not the Akt inhibitor Akti. (D) Overall organization of the mouse ChREBPa gene proximal 5’ flanking
region and the positions of primers utilized for ChIP and qChlP. (E and F) ChIP (E) and qChIP (F) show that curcumin attenuated Oct-1 binding to
ChREBPa promoter in mouse primary hepatocytes can be blocked by MEK/ERK or PI3K inhibition but not by Akt inhibition. (G) Increased ChREBP«
levels in mouse hepatocytes in response to curcumin or insulin treatment (4 h with indicated doses) were associated with reduced Oct-1 levels.
n >3 for A-Cand F. * P < 0.05 vs. the corresponding control. Representative blots of three independent experiments are shown in G.

efficient as that in wild-type hepatocytes (Supplementary
Figure S5). More importantly, Lpk is a downstream target of
ChREBP but not SREBP-1c. In Pak1™ hepatocytes, the stimula-
tory effects of both insulin and curcumin on Lpk expression
were attenuated (Figure 5C). We then compared the stimulatory
effect of insulin and curcumin on ChREBP protein expression in
Pak1™~ mouse hepatocytes and littermate control mouse hepa-
tocytes. As shown in Figure 5D-G, insulin treatment induced

ChREBP expression and ERK activation were both attenuated in
Pak1™~ hepatocytes, while insulin was still able to stimulate
Akt phosphorylation. Figure 5H-K shows that curcumin treat-
ment induced ChREBP expression, ERK activation, as well as Akt
phosphorylation were all attenuated in Pak1™~ hepatocytes. The
above observations collectively suggest that Pak1 is an essential
mediator that conveys the stimulatory effect of insulin and curcu-
min on ChREBP expression, involving MEK/ERK activation.
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level means without a common letter are statistically different.

Discussion

Although the function of ChREBP is mainly activated by glu-
cose elevation via its cytosol-nuclei translocation, we have
reported previously that insulin stimulates ChREBPa transcrip-
tion, involving Oct-1 inactivation (Sirek et al., 2009). Here we
demonstrated that the stimulation is Akt-independent, and
that the dietary polyphenol compound curcumin can also

stimulate ChREBP expression, mediated by a similar Akt-
independent mechanism. The effect of short-term curcumin
treatment on ChREBP expression observed in this current
study is in contrast with long-term dietary curcumin interven-
tion in HFD fed mice (Weisberg et al., 2008; Shao et al., 2012;
Tian et al., 2015; Zeng et al., 2017). We also expanded our
investigation into ChREBPS, a new isoform associated with
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Figure 5 Curcumin-stimulated ChREBP expression is attenuated in Pak1

=/~ hepatocytes. (A and B) Aged Pak1™" mice exhibited reduced

whole-body fat. MRI was performed in aged mice (32 weeks). Adipose tissue was measured and was used to calculate whole-body fat vol-
ume. Representative serial MRI scans of wild-type and Pak1™~ mice are shown in A. WT, n = 4. KO, n = 5. Panel B shows the quantitative
analysis result of Panel A. (C) Pak1™~ hepatocytes show attenuated response to 4 h insulin (10 nM) or curcumin (1 pM) treatment on Lpk
expression. (D-G) Western blotting shows the response to insulin treatment (D) on ChREBPa protein expression, as well as Akt and Erk
phosphorylation in wild-type and Pak1~~ hepatocytes. Panels E-G are densitometric analysis data of Panel D. (H-K) Western blotting show

the response to curcumin treatment (H) on ChREBPa protein expression,

as well as Akt and Erk phosphorylation in wild-type and Pak1~"~

hepatocytes. Densitometric analysis data of H are shown in I-K. For B, E-G, and I-K, * P < 0.05, # P < 0.05 vs. the correspondent control.

For Panel C, level means without a common letter are statistically different.

insulin sensitivity improvement (Herman et al., 2012; Eissing
et al., 2013; Kursawe et al., 2013). Furthermore, we identified
Pak1 as an upstream component of this novel signaling cas-
cade. Finally, this investigation added to our understanding
on the long-term paradoxical observations on hepatic

functions of insulin in regulating glucose versus lipid homeo-
stasis, as discussed in below.

In the liver, postprandial insulin elevation leads to acceler-
ated glycogen synthesis, inhibited gluconeogenesis, but stimu-
lated lipogenesis. Paradoxically, subjects with insulin resistance



show elevated hepatic gluconeogenesis and lipogenesis, in con-
trast to the physiological status that insulin exerts opposite
effects on lipogenesis and gluconeogenesis. It was postulated
that insulin can lose its ability to attenuate glucose production
but retain its ability to stimulate lipogenesis (Li et al., 2010;
Owen et al., 2012). Underlying mechanisms for such ‘selective
insulin resistance/activation’ however need to be further
explored. Although our current study cannot resolve this para-
dox, it supports the recent recognition for the metabolic benefi-
cial effect of ChREBP, added to our understanding on the
‘paradox’. We found exactly that the stimulation on lipogenic
gene expression (this study) and the inhibition on glucose pro-
duction (Tian et al., 2015) in hepatocyte in response to in vitro
or short-term in vivo curcumin treatment were in contrast to the
attenuation of hepatic steatosis along with improved insulin
sensitivity in HFD fed mice with long-term dietary curcumin
intervention. A plausible interpretation for these seemly para-
doxical observations is that ChREBP mediates the physiological
effect of insulin as well as the effect of dietary polyphenols
(with curcumin as an example here) in converting the glycolytic
end-products into the lipogenic process, which is essential for
the long-term beneficial effect of curcumin in maintaining insulin
sensitivity and in preventing the development of abnormalities
on both glucose and lipid homeostasis. Such explanation would

Insulin® -\
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bring us a novel angle in the exploration of mechanisms under-
lying dietary interventions in metabolic disease prevention or
treatment. We suggest that to bring nutrient sensing and dietary
intervention into the investigation is essential for eventually
resolving the paradox of hepatic function of insulin.

The assessment on ChREBP™" mice revealed the requirement
of ChREBP for basal and carbohydrate-induced expression of
hepatic enzymes that are essential for lipid synthesis. ChREBP~/~
mice show reduced lipogenesis (lizuka et al., 2004). In addition,
ob/ob/ChREBP~~ mice showed reduced expression of mRNAs
for all hepatic lipogenic enzymes, resulting in decreased hepatic
FA synthesis, normalized plasma free FA and TG levels, reduced
weight gain and decreased adiposity (lizuka et al., 2006). These
observations have prompted some scientists to wonder whether
ChREBP inhibition serves as a novel therapeutic tool for meta-
bolic syndromes (lizuka et al., 2006). A few recent studies, how-
ever, brought us the opposite view. Firstly, although adenovirus
mediated hepatic expression of active ChREBP in mice led to the
induction of the entire lipogenic and esterification program, the
mice remained insulin sensitive (Benhamed et al., 2012). More
importantly, when ChREBP overexpressing mice were fed with
HFD, they showed improved insulin signaling and glucose toler-
ance, despite persistence of diet-induced hepatic steatosis.
Thus, increased hepatic ChREBP expression can dissociate
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Figure 6 A simplified diagram shows our current understanding of the role of insulin and curcumin on hepatic lipogenesis. Both insulin and
curcumin can repress gluconeogenesis via activating the Akt signaling, which inactivates FoxO1 and the hepatic gluconeogenic pathway.
Curcumin shares with insulin in using the IRS1/PI3K/Akt/TSC1/2/mTORC1 signaling cascade in activating SREBP-1c, although we are still
unclear whether a yet to be defined receptor mediates the function of curcumin (indicated with the question mark). Importantly, both insulin
and curcumin utilize the newly defined Pak1/MEK/ERK/Oct-1 signaling cascade in up-regulating ChREBP« transcription, leading to increased
hepatic lipogenesis. The stimulation of ChREBPp expression by insulin or curcumin is likely mediated by ChREBPa. The existence of possible

feedback loop between Pak1 and Akt are illustrated with dotted arrows.
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hepatic steatosis from insulin resistance, with the improvement
on both glucose and lipid metabolism (Benhamed et al., 2012).
Other studies have also revealed the metabolic beneficial effect
of ChREBP. ChREBPp was identified in white adipose tissues and
its expression appears to predict insulin sensitivity (Herman
et al., 2012). Recently, a study demonstrated that FA binding
protein 4 (FABP4)-Cre mediated expression of constitutively
active ChREBP in mice improved insulin sensitivity and glucose
tolerance in response to HFD challenge (Nuotio-Antar et al.,
2015). We show here that ChREBP is among the hepatic targets
of the dietary polyphenol curcumin, which is in pace with the
current recognition of the metabolic beneficial effects of
ChREBP.

Curcumin, resveratrol and anthocyanin are the three most
studied dietary polyphenols (Anhe et al., 2015; Amiot et al.,
2016). They share a common feature in targeting multiple cell
lineages without a defined receptor. Another common feature
for these plant polyphenols is their low absorption rates in the
gut (Lao et al., 2006). These characteristics have created certain
difficulties in dissecting mechanistic insights of their functions.
The recognition of the direct insulin sensitization effect of curcu-
min, however, has advanced our understanding on its overall
hepatic beneficial effect. As illustrated in Figure 6, insulin or cur-
cumin can utilize the Akt-FoxO signaling cascade to repress hep-
atic gluconeogenesis (Tian et al., 2015). Akt activation can also
lead to the stimulation of mTORC via TSC1/2 inactivation, lead-
ing to SREBP-1c activation (Horton et al.,, 2002; Owen et al.,
2012), although this can occur in mTORC1-dependent and inde-
pendent manners (Yecies et al., 2011). Importantly, both insulin
and curcumin can utilize an Akt-independent but Pak1/MEK/
ERK-dependent signaling cascade to activate ChREBPa transcrip-
tion, involving the inactivation of the transcriptional repressor
Oct-1. As ChREBPS transcription is not under the control of the
promoter with the known OCT binding motif, stimulation on
ChREBPp expression by insulin or curcumin is likely an indirect
response, achieved via ChREBPa elevation (Herman et al.,
2012). It is necessary to point out that we show here for the first
time that short-term curcumin treatment can also lead to
increased SREBP-1c expression. The contribution of this stimula-
tion on hepatic metabolic homeostasis is worth to be further
investigated.

As a ubiquitously expressed POU HD protein, the transcrip-
tional repressive feature of Oct-1 has been well documented dur-
ing the past decade by our team and by others (Schwachtgen
et al., 1998; Tantin et al., 2005; Thum and Borlak, 2008; Sirek
et al., 2009; Wang et al., 2009; Voleti et al., 2012; Lin et al,,
2013). Oct-1 may also serve as a stress sensor (Tantin et al.,
2005) or even a global regulator in maintaining the spatial
organization of chromosomes (Kim et al., 2014). To determine
how MEK/ERK activation leads to reduced Oct-1 content, a sys-
tematic assessment of Oct-1 serine and threonine residue phos-
phorylation is required. Furthermore, it is worth to investigate
whether this signaling cascade functions efficiently or differently
after the development of insulin resistance.

Although group | Paks were initially recognized as effectors
that link the Rho family of GTPases to cytoskeleton reorganiza-
tion, Pak1 activation by insulin has been previously recognized
(Tsakiridis et al., 1996; Sun et al., 2009; Rudich and Klip, 2013).
Pak1 exert its metabolic beneficial effects via its function in mul-
tiple cell lineages, including pancreatic f$-cells, gut endocrine L
cells, and skeletal muscles (Wang et al., 2011; Nie et al., 2012;
Chiang et al., 2013). With the chemical inhibitor IPA3 and
Pak1~~ hepatocytes, we demonstrated its role in mediating the
function of insulin and curcumin on stimulating ERK phosphoryl-
ation and ChREBP expression. Detailed dissection of in vivo
metabolic functions of hepatic Pak1 is desired. However, this
requires the generation of liver specific Pak1™~ mice, as Pak1l
exerts its function in several metabolic organs (Wang et al.,
2011; Nie et al., 2012; Chiang et al., 2013).

Pak1l may possess oncogenic potential while curcumin can
repress its function (Cai et al., 2009; Chen et al., 2014). Many
cancer cell studies were performed with high dosages of curcu-
min (>10 pM). In multi-potent neural progenitor cells (NPC),
curcumin showed biphasic effects. Low dosages of curcumin-
stimulated NPC proliferation while high dosages of curcumin
were cytotoxic (Kim et al., 2008). We show here the biphasic
effect of curcumin on ChREBP expression (Figure 1H). As diet-
ary bioavailability of curcumin is relatively low, it is unlikely
that hepatic curcumin from dietary sources can reach the
levels that repress ChREBP expression.

In summary, our current study defined a novel signaling cas-
cade Pak1/MEK/ERK/Oct-1 in mediating the physiological effect
of insulin and the dietary polyphenol curcumin in up-regulating
ChREBP expression. This investigation further expanded our
understanding on the metabolic beneficial effect of curcumin
from anti-inflammation to the improvement of glucose disposal
via regulating hepatic ChREBP expression, enriched our knowl-
edge on the metabolic regulatory effect of the transcriptional
repressor Oct-1, and opened new windows for assessing meta-
bolic functions of Pakl and dietary polyphenol interventions.
This study has also added to our understanding on the paradox
of hepatic function of insulin. We suggest that to bring dietary
intervention into the investigation is essential for eventually
resolving this paradox.

Materials and methods
Animals

Eight week old C57BL/6) male mice were purchased from
Charles River Laboratories. The generation, genotyping and
characterization of Pak1™~ mice were described previously
(Allen et al., 2009; Chiang et al., 2013). The protocol for curcu-
min gavage and the results of intraperitoneal insulin tolerance
assay (IPITT) were presented previously (Tian et al., 2015).
Briefly, C57BL/6) mice on regular chow diet feeding were
received either curcumin gavage (500 mg/kg body weight per
day) or the gavage with the same amount of solvent for curcu-
min (sesame oil) for 5 days. After one day rest followed by IPITT
(on Day 7), a booster curcumin gavage was performed (on



Day 8). We define this protocol as 6-day curcumin gavage. The
mice were then killed by cervical dislocation on Day 10 for liver
tissue collection. The animal protocol including the euthanasia
method was approved by the University Health Network Animal
Care Committee and was performed in accordance with the
guidelines of the Canadian Council of Animal Care.

Cell cultures and chemical reagents

The growth of the human HepG2 cell line has been previously
described (Ip et al., 2015). Male C57BL/6) mice at the ages of
8-12 weeks were utilized for mouse primary hepatocytes isola-
tion, as previously described (Ip et al., 2015). The group | Pak
inhibitor  2,2’-dihydroxy-1,1’-dinaphthyldisulfide (IPA3) was
obtained from Sigma-Aldrich. Curcumin was purchased from
Sigma-Aldrich for the cell culture experiments or from Organika
Health Products (a 95% standardized curcumin extract) for the
in vivo mouse study. The Akt inhibitor Akti1/2, the MEK inhibitor
PD98059, and the PI3K inhibitor Ly294002 and palmitic acid
were all purchased from Sigma-Aldrich.

Western blotting, RNA extraction, and real-time RT-PCR

Methods for western blotting were previously described (Ip
et al., 2015) with indicated antibodies listed in Supplementary
Table S1. Total RNA from mouse liver tissue, mouse hepato-
cytes, or the human HepG2 cell line was isolated utilizing the
TRI Reagent (Sigma-Aldrich). Real-time PCR (qPCR) was per-
formed with the use of Power SYBR Green Mix (Applied
Biosystems) and a 7900 Fast Real-Time PCR System (Applied
Biosystems) with primers presented in Supplementary Table S2.
GAPDH was utilized as the house keeping gene in qPCR assays
unless specified.

Luciferase assay and ChlIP

The fusion gene construct in which the expression of LUC
reporter is driven by 1.4-kb human ChREBP gene 5-flanking
sequence, designated as 1.4-kb-ChREBP-LUC, was generated
previously (Sirek et al., 2009). LUC reporter assay was con-
ducted as previously described (Ip et al., 2015).

The ChIP and qChIP assays in assessing DNA-protein interac-
tions within the intact cells were performed as we have previous
reported (Sirek et al., 2009). Briefly, mouse hepatocytes or the
human HepG2 cell line were cultured to 90% confluence, pre-
treated with or without an indicated chemical inhibitor for 1 h,
followed by curcumin (1 uM) or insulin (10 nM) treatment for
4 h. Cells were fixed with 1% formaldehyde for 10 min to cross-
link chromatin DNA and nuclear proteins. After a neutralization
procedure, chromatin DNA was sheared by sonication. The Oct-1
antibody was then used (1:200) to precipitate the sheared chro-
matin DNA. After washing, elution, reverse cross-linking, and
DNA purification, approximately one twentieth of purified DNA
(2 pb) was taken for each of the PCR reaction (ChIP) or real-time
PCR (gChIP). DNA sequences of the primers used in the ChIP
and qChlP assays are listed in Supplementary Table S2.
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MRI assessment of total fat mass and lipid content

This was performed by The STTARR Innovation Centre,
Radiation Medicine Program, Princess Margaret Hospital,
University Health Network, Toronto, ON, Canada, as previously
described (Yu et al., 2011).

Statistics

Quantitative results are expressed as mean + SD. For compari-
son of two groups, the Student’s t-test was used. Comparisons
between groups with one treatment were determined by one-
way ANOVA followed by Bonferroni post hoc tests. In instances
of multiple means comparisons, two-way ANOVA followed by
Bonferroni post hoc tests were used. P < 0.05 was considered to
indicate a statistically significant difference.

Supplementary material
Supplementary material is available at Journal of Molecular
Cell Biology online.
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