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Abstract

6-Phosphogluconate dehydrogenase (6PGDH) constitutes the pentose phosphate pathway and produces NADPH. 6PGDH is
also considered as a lipogenic gene since NADPH is a pivotal cofactor for lipogenesis. Thus, it is important to elucidate how
6PGDH is regulated by various signals related to energy homeostasis. Here, we provide several evidences that ADD1/SREBP1c
regulates the expression of mouse 6PGDH gene. DNase I footprinting assay and point mutation studies revealed that the E-box
(CANNTG) motif in the promoter of mouse 6PGDH is an important cis-regulatory element for ADD1/SREBP1c. 6PGDH mRNA
is highly expressed in white adipose tissue and tightly modulated by nutritional status. Furthermore, we found that ADD1/
SREBP1c mediates insulin-dependent 6PGDH expression and that PI3-kinase is an important linker for its regulation. Taken
together, these data suggest that ADD1/SREBP1c is a key transcription factor for 6PGDH gene expression and would coordinate
glucose metabolism and lipogenesis for energy homeostasis.
� 2005 Elsevier Inc. All rights reserved.
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6-Phosphogluconate dehydrogenase (6PGDH:
EC1.1.1.44) is an enzyme involved in the pentose phos-
phate pathway (PPP). 6PGDH and glucose 6-phosphate
dehydrogenase (G6PDH), another enzyme of the PPP,
are the main sources of NADPH in non-photosynthetic
cells [1]. NADPH provides the reducing power for bio-
synthetic processes such as elongation of fatty acids,
de novo synthesis of cholesterol [2,3]. Reducing power
is also required to maintain the redox potential which
is crucial for protection against oxidative stress and reg-
ulation of cellular proliferation and survival [4–6]. Since
6PGDH plays an essential role in maintaining cellular
NADPH pool, any change of 6PGDH activity would af-
fect energy homeostasis, growth rate, and cellular sur-
vival [7]. Both expression level and enzymatic activity
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of 6PGDH are regulated by diet and several hormones
[8,9]. Furthermore, the fact that lipogenesis consumes
large amounts of NADPH implies that 6PGDH is re-
quired to be activated when lipogenesis is stimulated
[10].

ADD1/SREBP1c (adipocyte determination- and dif-
ferentiation-dependent factor 1/sterol-regulatory ele-
ment binding protein 1c) is a member of SREBP
transcription factors. The SREBPs constitute a family
of basic helix–loop–helix (bHLH) transcription factors
and three isoforms have been identified [11–13]. A un-
ique feature of SREBPs is dual DNA binding specificity
to both classical palindromic E-box (CANNTG) and
non-palindromic sterol-regulatory elements (SREs:
ATCACCCCAC) [11,14,15]. Among three SREBPs,
ADD1/SREBP1c plays a crucial role in fatty acid
metabolism and insulin-dependent gene regulation espe-
cially in the regulation of lipogenic gene expression in fat
and liver [16–19].
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Regulation of gene expression by insulin has been in-
tensely studied for many years. It has been revealed that
insulin regulates the expression of several key enzymes
in fatty acid synthesis such as fatty acid synthase
(FAS) and acetyl-CoA carboxylase (ACC) [18,20,21].
Following insulin-induced insulin receptor (IR) auto-
phosphorylation, insulin receptor substrate proteins
are phosphorylated and mediate the transmission of in-
sulin signaling pathway. Insulin signaling is also associ-
ated with several second messengers including
phosphatidylinositol 3-kinase (PI3-kinase) and mito-
gen-activated protein kinase (MAPK) [22]. Phosphati-
dylinositol 3,4,5-phosphate regulates the activity or
subcellular localization of phosphatidylinositol-depen-
dent kinase and protein kinase B (also known as PKB/
Akt) [23,24], and consequently modulates a number of
target proteins including glycogen synthetase kinase-3
(GSK3), transcription factors, and coactivators. Re-
cently accumulated evidences suggest that the effects of
insulin on the expression of lipogenic genes are mediated
by ADD1/SREBP1c [17,18,25]. Although further stud-
ies are required, it has been reported that ADD1/
SREBP1c is stimulated by the PI3-kinase pathway as
well as repressed by GSK3 to link insulin action to its
target gene expression [26,27].

Although NADPH produced by 6PGDH is associ-
ated with lipogenesis in fat and liver, the transcription
factor(s) responsible for 6PGDH expression has not
been thoroughly investigated. In this study, we demon-
strate that 6PGDH is highly expressed in fat tissue
and its expression is enhanced by ADD1/SREBP1c
via E-box motif in the proximal promoter region of
mouse 6PGDH (m6PGDH) gene. Moreover, we reveal
that ADD1/SREBP1c is also involved in insulin-de-
pendent 6PGDH expression. These results suggest that
ADD1/SREBP1c is a key transcription factor linking
insulin signal and 6PGDH gene expression during
lipogenesis.
Materials and methods

Animal treatment. Male C57BL/6J mice were housed (5 mice per
cage), and water was given ad libitum, with 12 h light–dark cycle
beginning at 07:00 a.m. In experiments, food was withdrawn during
the daylight (12 h) before onset of the dark cycle.

Cell culture. 3T3-L1 and RatI-IR cells were grown in Dulbecco�s
modified Eagle�s medium (DMEM) supplemented with 10%(v/v) bo-
vine calf serum (BCS, Jeil Biotech, Daegu, South Korea) and 100 U of
antibiotic–antimycotic at 10% CO2 and 37 �C. Differentiation into
adipocytes was achieved by allowing the cells to reach confluence be-
fore the addition of DMEM supplemented with 10% fetal bovine
serum (FBS, JBI), 0.5 mM 3-isobutyl-1-methylxanthine, 1 lM dexa-
methasone, and 5 lg/mL insulin at 5% CO2 and 37 �C. After 2 days
and every 2 days thereafter, fresh medium (DMEM plus 10% FBS and
5 lg/mL insulin) was changed. Human embryonic kidney 293
(HEK293) cells were maintained in DMEM supplemented with 10%
FBS and 100 U of antibiotic–antimycotic and cultured at 37 �C in a
10% CO2 incubator.
Cloning of mouse 6PGDH promoter and construction of luciferase

reporters. Mouse genomic DNA was isolated from 3T3-L1 cells using
lysis buffer (50 mM Tris, pH 7.5, 50 mM EDTA, 100 mM NaCl, and
2% SDS). The primers used for polymerase chain reaction (PCR) were
as follows: �978 to +163 bp fragment—forward, 5 0-CGT GGT ACC
ACA TGC CTT-3 0 and reverse, 5 0-CCG GGC CCG ACT ACG CGT
GTC GTC ACT CAC TGG GCC ATG-3 0; �646 to +163 bp frag-
ment—forward, 5 0-TAC AAG CTT AAG GTA CCA CTC ACT TCC
AGT CTT GCC-3 0; �345 to +163 bp fragment—forward, 5 0-GTA
CAA GCT TAG GTA CCC ACA GAT AGG ACA GAC-3 0. The
primers included the sequences for the KpnI and MluI restriction en-
zyme sites. The PCR products were digested with KpnI and MluI, and
cloned into the pGL3 basic vector (Promega).

Electrophoretic mobility shift assay. Electrophoretic mobility shift
assays (EMSAs) were performed in 20 lL volume containing purified
recombinant ADD1/SREBP1c protein (20 ng) in the reaction buffer
(10 mM Tris, pH 7.6, 50 mM KCl, 2.5 mM MgCl2, 0.05 mM EDTA,
0.1%(v/v) Triton X-100, 8.5%(v/v) glycerol, 1 lg of poly(dI–dC),
1 mM dithiothreitol, and 0.1 mg/mL non-fat dried milk). 32P-labeled
probe (0.1 pmole) was added into the reaction mixture and incubated
at RT for 20 min. The samples were resolved in a 4% polyacrylamide
gel with 0.25· Tris–borate–EDTA (TBE) buffer, and the gels were
processed for autoradiography. For competition assays, unlabeled
oligonucleotides (100-fold molar excess) were added into reaction
mixture prior to the addition of radioisotope labeled probe. The DNA
sequences of the double-stranded oligonucleotides were used as the
following (only one strand is shown): ARE7, 5 0-GAT CTG TGA ACT
CTG ATC CAG TAA G-3 0; SRE, 5 0-GAT CCT GAT CAC CCC
ACT GAG GAG-3 0.

DNase I footprinting assay. DNA fragments of m6PGDH promoter
were labeled in one strand and purified as described in below.
m6PGDH promoter fragment was isolated by serial digestion with
PstI and NheI to obtain 5 0- and 3 0-overhanging ends. Subsequent
DNA was labeled with Klenow fragment and [a-32P]dCTP, and then
purified by PAGE. DNA–protein binding reactions were performed
with 50,000 c.p.m. of probe per reaction in the solution containing
10 mM Hepes, pH 7.9, 60 mM KCl, 1 mM EDTA, pH 8.0, 7%(v/v)
glycerol, 1 mM dithiothreitol, 2 lg of poly(dI–dC), and indicated
amount of recombinant ADD1/SREBP1c protein. After 30 min of
incubation on ice, 5 U of DNase I, freshly diluted in a solution con-
taining 10 mM Hepes, pH 7.6, 60 mM KCl, 25 mM MgCl2, 5 mM
CaCl2, and 7%(v/v) glycerol, was added to the reaction and then kept
at RT for 2 min. Digestion reactions were stopped by the addition of
80 lL of stop solution containing 20 mM Tris–HCl, pH 8.0, 20 mM
EDTA, 250 mM NaCl, 0.5% SDS, 4 lg of yeast tRNA, and 10 lg of
proteinase K. The samples were incubated for 1 h at 45 �C, extracted
with phenol/chloroform, precipitated with ethanol, and resuspended in
formamide dye. The samples were resolved in 6%(w/v) polyacryl-
amide/7 M urea sequencing gel. The protected regions were mapped
with reference to the migration of Maxam-Gilbert A + G sequencing
products.
Results

6PGDH is predominantly expressed in fat tissue and is

induced during adipogenesis

In order to examine the tissue distribution of mouse
6PGDH mRNA expression, we performed Northern
blot analysis. 6PGDH mRNA was highly expressed in
white adipose tissue, and low amounts of 6PGDH were
detected in several tissues including liver, spleen, kidney,
and lung (Fig. 1A). Furthermore, we observed that the



Fig. 1. Expression of 6PGDH in mouse tissue and adipocytes. (A)
Tissue distribution of 6PGDH mRNA expression. Total RNA was
isolated from several tissues of lean C57BL/6J mice. B, brain; F, white
adipose tissue; K, kidney; M, muscle; Lu, lung; Li, liver; S, spleen; H,
heart. Northern blot analysis was performed with each radiolabeled
cDNA probe. (B) Induction of 6PGDH mRNA during adipogenesis.
During 3T3-L1 adipocyte differentiation, total RNA was isolated at
the indicated time points and Northern blot analysis was performed.
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expression of 6PGDH mRNA increased during adipo-
genesis (Fig. 1B). The increment of 6PGDH mRNA is
comparable to the induction of other adipocyte marker
genes. These results implicate that 6PGDH might be
regulated by adipogenic transcription factors in fat
tissue.

ADD1/SREBP1c binds to mouse 6PGDH promoter

directly

To investigate the regulatory mechanisms of 6PGDH
gene expression, we decided to characterize the proximal
promoter region of the m6PGDH gene. We cloned and
analyzed the nucleotide sequence of m6PGDH pro-
moter to search for the transcription factors that might
regulate its expression. Within 0.98 kb upstream pro-
moter region of the m6PGDH gene, there are several
putative cis-elements including a Sp1 binding site and
C/EBP binding sites (Fig. 2). In addition, four E-box
(CANNTG) motifs were identified at �796, �468,
�457, and �8 bp upstream regions. Among E-box bind-
ing transcription factors, ADD1/SREBP1c is well
known to regulate many lipogenic genes in hepatocytes
and adipocytes [16–18].

These findings have prompted us to ask whether
ADD1/SREBP1c is involved in the regulation of
m6PGDH expression. To answer this question, several
luciferase reporter constructs containing m6PGDH pro-
moter regions were generated and cotransfected into
HEK293 cells with ADD1/SREBP1c expression vectors.
As shown in Fig. 3A, ADD1/SREBP1c efficiently trans-
activated �345m6PGDH-Luc, suggesting that the
proximal region (�345 to +163 bp) of m6PGDH pro-
moter contains enough cis-regulatiory elements for
ADD1/SREBP1c. In parallel, binding ability of
ADD1/SREBP1c to the m6PGDH promoter was exam-
ined by electrophoretic mobility shift assay (EMSA).
Recombinant ADD1/SREBP1c protein formed a stable
DNA–protein complex with the probe containing
m6PGDH promoter region from �345 to +163 bp
(Fig. 3B). To precisely pinpoint the ADD1/SREBP1c
binding site within m6PGDH promoter, we performed
DNase I footprinting assay. As shown in Fig. 3C, re-
combinant ADD1/SREBP1c protein protected the E-
box motif at �8 bp of m6PGDH promoter (Fig. 3C).
Together, these results indicate that ADD1/SREBP1c
is able to bind and transactivate m6PGDH promoter.

ADD1/SREBP1c transactivates m6PGDH promoter via

the E-box at �8 bp upstream region

It is well known that ADD1/SREBP1c exhibits un-
ique dual DNA binding specificity to both SRE and
E-box motifs [15]. Within �345 bp region of the
m6PGDH promoter, there is one E-box, and no con-
served SRE motif is found (Fig. 2). Furthermore, DNase
I footprinting assays showed that ADD1/SREBP1c spe-
cifically bound to the E-box motif (Fig. 3C). To examine
whether ADD1/SREBP1c recognizes the E-box motif of
m6PGDH promoter, we tested wild-type (WT) and a
point mutation form of ADD1/SREBP1c (ADD1
Y fi R), which recognizes only E-box motif [15,18]. As
shown in Fig. 4A, m6PGDH promoter was effectively
transactivated by ADD1 Y fi R as well as by ADD1
WT. This result clearly indicates that ADD1/SREBP1c
transactivates m6PGDH promoter by recognizing the
E-box motif as the major responsive element rather than
SRE motif.

To verify the idea that ADD1/SREBP1c stimulates
m6PGDH promoter activity via the proximal E-box
motif, we examined the promoter activity of
�345m6PGDHmutE-Luc reporter construct containing
m6PGDH promoter with a mutation in the E-box motif.
As shown in Figs. 4A and B, ADD1/SREBP1c did not
transactivate the mutated m6PGDH promoter. We also
performed EMSA with several DNA oligonucleotides
containing the m6PGDH E-box or the point mutated
m6PGDH E-box as competitors (Fig. 4C). Excessive
cold m6PGDH E-box oligonucleotides abolished the
formation of protein–DNA probe complexes (Fig. 4C,
lanes 5 and 6). However, oligonucleotides containing
mutated E-box failed to compete with the radiolabeled



Fig. 2. The putative cis-regulatory elements in the mouse 6PGDH promoter. The nucleotide sequence of m6PGDH promoter from �978 bp to
translation initiation site is shown. This sequence is numbered relative to the computer-aided transcription initiation site. Four E-boxes, putative
three C/EBP sites, and one Sp1 binding site are marked with arrows.
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probe (Fig. 4C, lane 7). Thus, it is very likely that the E-
box at �8 bp is important for induction of m6PGDH
promoter by ADD1/SREBP1c.

6PGDH expression in adipose tissue is influenced by

nutritional state

It has been demonstrated that enzyme activity of
6PGDH changes upon nutritional conditions [28,29].
To investigate how nutritional states affect expression
of 6PGDH mRNA, we performed Northern blot analy-
sis with mouse fat tissue isolated under several different
nutritional conditions. As shown in Fig. 5A, 6PGDH
mRNA dramatically decreased upon fasting. On the
contrary, normal-chow refeeding condition recovered
6PGDH mRNA expression close to the control feeding
condition. As previously reported, ADD1/SREBP1c
and FAS mRNA levels were markedly decreased in
the fasting status and significantly induced under refeed-
ing status in white adipose tissue (Figs. 5A and B). These
results suggest that 6PGDH expression is also tightly
regulated by nutritional status, and ADD1/SREBP1c
would regulate the expression of 6PGDH to coordinate
energy homeostasis in fat tissue.

Insulin stimulates 6PGDH gene expression via ADD1/

SREBP1c

Since ADD1/SREBP1c plays a crucial role in mediat-
ing insulin-dependent lipogenic gene expression, it



Fig. 3. Binding of ADD1/SREBP1c to the m6PGDH promoter. (A) Diagram of luciferase reporter constructs containing serially deleted m6PGDH
promoter region and some putative transcription factor binding sites is shown on the left. Each reporter construct, �967m6PGDH-Luc,
�646m6PGDH-Luc, or �345m6PGDH-Luc, was cotransfected with ADD1/SREBP1c expression vector and pCMV-bgal into HEK293 cells. The
luciferase activities were normalized by b-galactosidase assays and error bars indicate standard deviations (n = 2). (B) Binding of ADD1/SREBP1c to
the m6PGDH promoter. DNA fragments corresponding to the m6PGDH promoter (from �345 to +163 bp) were radiolabeled with [c-32P]ATP and
incubated with (lanes 2–4) or without (lane 1) recombinant ADD1/SREBP1c protein. For competition assays, 100-fold molar excess of unlabeled
ARE7 (lane 3) or SRE (lane 4) oligonucleotides were used. DNA–ADD1/SREBP1c protein complexes and free probe are indicated by closed and
open arrowheads, respectively. (C) DNase I footprinting analysis of the mouse 6PGDH promoter. Lanes 1 and 7, G/A ladder; lanes 2 and 6, DNase I
treatment of the mouse 6PGDH promoter in the absence of recombinant ADD1/SREBP1c protein; lanes 3–5, in the presence of increasing
concentration of recombinant ADD1/SREBP1c (0.5, 1, and 2 lg).

Fig. 4. Transactivation of m6PGDH promoter by ADD1/SREBP1c via E-box motif. (A) Transactivation of m6PGDH promoter by ADD1/
SREBP1c via E-box. The �345m6PGDH-Luc was cotransfected with either ADD1 WT (lane 2) or ADD1 Y fiR (lane 3) and pCMV-b gal into
HEK293 cells. (B) Luciferase reporter constructs, m6PGDH-E-box-Luc and m6PGDH-mutE-Luc, were cotransfected with ADD1/SREBP1c
expression vector and pCMV-bgal into HEK293 cells. The luciferase activities were normalized by b-galactosidase assays and error bars indicate
standard deviations (n = 2). (C) Binding specificity of ADD1/SREBP1c to E-box of m6PGDH promoter. The DNA fragment of m6PGDH promoter
(�345 to 163 bp) was radiolabeled with [c-32P]ATP and incubated with (lanes 2–7) recombinant ADD1/SREBP1c protein or without (lane 1). In
competition assays (lanes 3–7), 100-fold molar excess of unlabeled ARE7 (lane 3), SRE (lane 4), oligonucleotides of E-box region of m6PGDH (lane
5, 10-fold; lane 6, 100-fold molar ratio), and mutated E-box region (lane 7, 10-fold molar ratio) were added in the reaction mixture. Nucleotide
sequences of E-box region of the m6PGDH promoter and mutated E-box motif are shown.
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would be interesting to examine whether ADD1/
SREBP1c is involved in insulin-dependent 6PGDH
expression in adipocytes. We conducted Northern blot
analysis and luciferase reporter assays to elucidate how
insulin stimulates 6PGDH gene expression in adipo-
cytes. As shown in Fig. 6A, insulin treatment of 3T3-



Fig. 5. Regulation of 6PGDH gene expression by nutritional status in
mouse white adipose tissue. (A) Nutritional regulation of ADD1/
SREBP1c, FAS, and 6PGDH mRNA expression. Each mRNA
expression level was analyzed by Northern blot analysis. The feeding
controls were allowed free access to food (lane 1). The fasting group
was restricted from food access for 16 h (lane 2). The refeeding group
was allowed for free access to food for 8 h after 16 h of fasting (lane 3).
(B) Relative expression levels of each mRNA for feeding, fasting, and
refeeding groups were quantified and normalized to 28S rRNA.

Fig. 6. Insulin-dependent 6PGDH expression through ADD1/SREBP1c.
(A) Time-dependent insulin-induced expression of ADD1/SREBP1c,
FAS, and 6PGDH in 3T3-L1 adipocytes. Fully differentiated 3T3-L1
adipocytes were incubated overnight in serum-free low glucose
DMEM containing 0.5% BSA and treated with insulin (100 nM).
mRNA levels were examined by Northern blot analysis. 28S rRNA
was used to normalize RNA loading. (B) Transactivation of the
mouse 6PGDH promoter by ADD1/SREBP1c. �345m6PGDH-Luc
reporter construct was cotransfected with or without ADD1/
SREBP1c expression vector into RatI-IR cells. After transfection,
cells were incubated overnight in serum-free DMEM with 0.5% BSA
and treated with insulin (100 nM) for 24 h. Then the cells were
harvested and assayed for luciferase activity and b-galactosidase
activity. (C) Inhibitory effect of PI3-kinase blocker on insulin induced
expression of 6PGDH in 3T3-L1 adipocytes. Insulin was added after
1 h preincubation of either LY 294002 (50 lM) or rapamycin
(100 nM). The cells were harvested and total RNA was isolated after
24 h incubation with insulin.
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L1 adipocytes enhanced the expression of 6PGDH
mRNA. Next, RatI-IR cells, which stably overexpress
IR, were cotransfected with m6PGDH-Luc reporter
and ADD1/SREBP1c expression vector in the absence
or presence of insulin treatment. Insulin significantly in-
creased the promoter activity of 6PGDH gene in the
presence of ADD1/SREBP1c while insulin barely chan-
ged basal 6PGDH promoter activity (Fig. 6B). There-
fore, these results indicate that 6PGDH mRNA
expression is promoted by insulin through ADD1/
SREBP1c in adipocytes.

To elucidate how kinase signaling cascades mediate
insulin-stimulated 6PGDH expression, we tested the ef-
fects of several kinase inhibitors on the insulin-depen-
dent expression of 6PGDH. As shown in Fig. 6C,
LY294002, a specific inhibitor of PI3-kinase, and rapa-
mycin, an inhibitor of mTOR, evidently suppressed
the insulin-stimulated 6PGDH expression. Thus, it ap-
pears that PI3-kinase activity is necessary for the induc-
tion of 6PGDH by insulin. This result is also consistent
with the previous report that activation of ADD1/
SREBP1c by insulin is mediated by PI3-kinase pathway
[30]. Taken together, these results suggest that ADD1/
SREBP1c is the responsible transcription factor which
mediates insulin-induced 6PGDH expression in
adipocytes.
Discussion

In the present study, we demonstrated that m6PGDH
gene expression is regulated by ADD1/SREBP1c. There
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are several lines of evidence to support the above idea.
First, the nucleotide sequence analysis revealed that the
promoter of m6PGDH gene contains a putative E-box
motif. Second, in vitro EMSA showed that recombinant
ADD1/SREBP1c protein bound to the m6PGDH pro-
moter in a sequence specific manner. Third, m6PGDH
promoter was significantly transactivated by ADD1/
SREBP1c. Furthermore, activation of m6PGDH pro-
moter was successfully recapitulated by ADD1 Y fi R
mutant, evidently indicating that activation of m6PGDH
promoter by ADD1/SREBP1c is mediated through the
E-box motif. Additionally, mutation studies of the
6PGDH promoter and DNase I footprinting analysis
confirmed the above observations. Consistent with these
results, it has been reported that ADD1/SREBP1c over-
expressing transgenic mice exhibit markedly increased
6PGDH mRNA level in liver while ADD1/SREBP1c
knockout mice show reduction of 6PGDH mRNA level
[19,31]. Together, these data strongly suggest that
6PGDH is a target gene of ADD1/SREBP1c, and the
E-box motif at the proximal promoter region of
m6PGDH is the responsible cis-element.

Interestingly, 6PGDH gene expression is closely cor-
related with the expression pattern of ADD1/SREBP1c.
Like many adipogenic marker genes, 6PGDH mRNA
was highly expressed in adipose tissue and increased
during adipocyte differentiation (Fig. 1). This result im-
plies that 6PGDH expression may play a role, at least, in
lipid metabolism by supplying reducing power,
NADPH. ADD1/SREBP1c is also abundantly ex-
pressed in adipose tissue and its expression is detected
at the early stage of adipocyte differentiation [13,16].
Thus, it appears that ADD1/SREBP1c might be associ-
ated with adipogenic induction of 6PGDH gene similar
to other ADD1/SREBP1c target genes.

In addition, 6PGDH mRNA expression is modulated
by nutritional status; feeding increased 6PGDH mRNA
expression whereas fasting reduced it in adipose tissue,
which is similar to that of ADD1/SREBP1c (Fig. 5A).
In fact, not only ADD1/SREBP1c but also most lipo-
genic enzymes such as FAS, ACC, and SCD, which
are also target genes of ADD1/SREBP1c, are regulated
by the nutritional status [18,21,25]. Thus, it is likely that
increased expression of 6PGDH by refeeding is stimu-
lated through the activation of ADD1/SREBP1c. Fur-
thermore, expression of 6PGDH mRNA was enhanced
by insulin. It has been reported that expression of lipo-
genic genes including ADD1/SREBP1c and FAS is
tightly modulated by insulin [17,20,21], and insulin stim-
ulates expression of ADD1/SREBP1c via PI3-kinase in
liver and adipose tissue [30]. Inhibitory effects of
LY294002 and rapamycin on insulin-dependent
induction of 6PGDH were very similar to those of
ADD1/SREBP1c (Fig. 6C) [30,32]. Cumulative evidence
suggests that ADD1/SREBP1c is a crucial transcription
factor to orchestrate both fatty acid and glucose metab-
olisms to maintain energy homeostasis in an insulin-de-
pendent manner [17,33]. Insulin has, at least, dual effects
on the regulation of ADD1/SREBP1c at the levels of
transcription and post-transcription [18,33]. Also, insu-
lin is able to augment transcriptional activity of
ADD1/SREBP1c by post-translational modification
such as phosphorylation [30].

As insulin sensitive tissues, adipose tissue and liver
are crucial to synthesize and store large amounts of en-
ergy sources in the form of triglycerides and glycogen,
respectively, and are able to utilize these sources to re-
spond to environmental changes. For example, after
meals, blood glucose level reaches high enough to block
gluconeogenesis and induce lipogenesis [34–36]. Simul-
taneously, excess supply of glucose is metabolized via
glycolysis and glucose shunt pathways. To initiate these
physiological changes, ADD1/SREBP1c plays a pivotal
role to coordinate both carbohydrate and lipid metabo-
lism in liver and fat [18,33,37]. When pancreatic beta
cells secrete more insulin, activated ADD1/SREBP1c
suppresses hepatic glucose production and stimulates
most lipogenic genes to store surplus energy sources into
fat and liver, which needs large amounts of NADPH
[17,38]. To satisfy these physiological demands, the
expression of 6PGDH might be promoted by ADD1/
SREBP1c. Therefore, it is feasible to speculate that
ADD1/SREBP1c would regulate 6PGDH gene expres-
sion to coordinate both carbohydrate and lipid metabo-
lism in an insulin-dependent manner.
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