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Influx of excess fatty acids and the resultant accumula-
tion of intracellular triglycerides are linked to impaired
insulin secretion and action in the pathogenesis of type
2 diabetes. Sterol regulatory element-binding protein
(SREBP)-1c¢ is a transcription factor that controls cel-
lular synthesis of fatty acids and triglycerides.
SREBP-1c is highly expressed in high-energy and insu-
lin-resistant states. To investigate effects of this syn-
thetic lipid regulator on insulin secretion, we generated
transgenic mice overexpressing nuclear SREBP-1¢ un-
der the insulin promoter. B-Cell-specific expression of
SREBP-1c caused reduction in islet mass and impaired
glucose-stimulated insulin secretion and was associated
with accumulation of triglycerides, suppression of pan-
creas duodenal homeobox-1, and upregulation of uncou-
pling protein 2 gene expression. The mice presented
with impaired glucose tolerance that was exacerbated
by a high-energy diet. Taken together with enhanced
insulin secretion from SREBP-1-null islets, these data
suggest that SREBP-1c and endogenous lipogenesis
could be involved in f-cell dysfunction and diabetes.
Diabetes 54:492-499, 2005

he main pathophysiological features of type 2
diabetes are defects in insulin secretion and
action. The involvement of lipid accumulation in
nonadipose tissue has been implicated in both
pathologies, which is often referred to as “lipotoxicity,”
although the molecular mechanism remains to be fully
understood (1,2). Together with insulin resistance in insu-
lin-sensitive peripheral tissues, the lipotoxicity in B-cells
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leading to impaired insulin secretion is also thought to
precipitate the development of type 2 diabetes. B-Cell
lipotoxicity has been extensively explored in association
with high-plasma free fatty acids (FFAs) often observed in
obesity. In vitro, long-term exposure of B-cells to FFAs
results in elevated basal insulin secretion with a concom-
itant suppression of glucose-stimulated insulin secretion
(GSIS), elevated production of reactive oxygen species,
inhibition of insulin biosynthesis, and potential induction
of B-cell death both in vivo and in vitro (1,3,4). Similar
changes associated with the impairment of 3-cell function
were observed in the Zucker diabetic fatty rat (5). Long-
term exposure to fatty acids could also affect the coupling
of glucose metabolism to insulin secretion. Uncoupling
protein (UCP)-2 has been implicated as a causative factor
in this process by dissociating glucose consumption and
mitochondrial ATP production, resulting in a reduction of
insulin release (6,7).

Sterol regulatory element-binding protein (SREBP)-1c
is a member of the SREBP famiily, which has been estab-
lished to possess transcription factors regulating tran-
scription of genes involved in cholesterol and fatty acid
synthesis (rev. in 8). Three isoforms of SREBP, SREBP-1a,
-1c, and -2, are known. Whereas SREBP-2 plays a crucial
role in the regulation of cholesterol synthesis, SREBP-1c
controls gene expression of lipogenic enzymes (rev. in
9-11). In vivo studies demonstrated that SREBP-1 plays a
crucial role in the dietary regulation of most hepatic
lipogenic genes (12,13) and that SREBP-1c¢ expression
itself is nutritionally regulated {12,14-19).

In addition to plasma fatty acid levels, factors modifying
cellular fatty acid metabolism, such as hormone-sensitive
lipase, have been shown to affect insulin secretion in
B-cells in vivo (20). However, B-cell lipotoxicity has never
been tested in terms of endogenous fatty acid synthesis. In
the current study, effects of overproduction of the active
form of SREBP-1c were estimated in transgenic mice to
investigate potential roles of endogenous lipogenesis in
pancreatic B-cell function.

RESEARCH DESIGN AND METHODS

The techniques used for generating transgenic mice were previously described
(21). An expression plasmid-based vector containing a c¢cDNA encoding
nuclear human SREBP-1c (amino acids 1-436) (22), which is the constitu-
tively active form under control of the rat insulin I promoter (RIP; bp —715 to
31), followed by a 3' polyadenylation signal from the human growth hormone
(hGH) cDNA, was constructed and designated pRIP-SREBP1¢436. The Notl-
Xnhol fragment (Fig. 1A) of pRIP-SREBP1c436 was microinjected into C57BL6/
J X SJL hybrid eggs. Founder mice were subjected to pancreatectomy and
truncated human SREBP-1, as determined by RT-PCR, and two lines of
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FIG. 1. Specific overexpression of human SREBP-1c¢ in pancreatic
B-cells. A: A DNA construct for microinjection to generate transgenic
mice for an active (nuclear) form of human SREBP-1¢ (nuc-hSREBP-1c¢,
cDNA encoding amino acids 1-436) in pancreatic B-cells. The hybrid-
adenovirus-immunoglobulin intron (Intron) and 3’ poly A signal from
the human growth hormone (hGH poly-A tail) were used. B: Expression
of transgene (hSREBP-1) and insulin in islets from a high-expression
line (line H) and a low-expression line (line L) of transgenic mice and
wild-type (WT) controls, as estimated by Northern blot analysis.
Loading controls were by 18S ribosomal RNA. C: hSREBP-1¢c mRNA
levels in islets from the two transgenic lines and controls by real-time
quantitive PCR. mRNA levels of cyclophillin were measured as an
internal control. D: Nuclear SREBP-1c protein was detected in whole-
cell extracts of islets by immunoblotting using SREBP-1 antibody. Left
panel: Islets from wild type (WT) and high-expression line (line H).
Right panel: Islets from C57B16 mice incubated in the presence (PA) or
the absence (Cont) of palmitate (200 pmol/1) for 48 h. All values are
means *+ SE.

SREBP-1c transgenic mice under the control of rat insulin promoter (TgRIP-
SREBPIc) were established. SREBP-1 knockout mice used for islet investiga-
tions were as described (23).

The mice were fed a normal rodent diet (MF; Oriental yeast, Tokyo, Japan)
or a synthetic high-fat/high-sucrose (HFHS) diet containing 30% (wt/wt) fat
and 20% (wt/wt) sucrose (24) and were housed in colony cages and main-
tained on a 12-h light/12-h dark cycle. The Animal Care Committee of the
University of Tsukuba approved animal care and procedure.

Intravenous glucose tolerance tests. Glucose (1 g/kg body wt) was
administered intravenously through tail vein after an overnight (12-h) fast. Blood
samples were obtained from the retro-orbital plexus before (0 min) and 5, 15, and
30 min after glucose injection for plasma preparation by centrifugation.
Isolation of mouse pancreatic islets. After sacrifice by cervical dislocation,
pancreatic islets were isolated by collagenase digestion of the total pancreas
as previously described (25). A freshly separated batch of islets was used for
content of triglyceride determination, and the remaining islets were put in
culture for 2 h at 37°C in a humidified atmosphere containing 5% CO, and in
regular RPMI-1640 medium supplemented with 10% FCS.

Preparation of islet RNA and estimation of gene expression. Total RNA
extraction with the TRIzol reagent (Invitrogen, Carisbad, CA) and DNase-I
treatment using the RNeasy Micro kit (Qiagen, Hilden, Germany) were
performed according to the manufacturer’s instructions. Northern blot anal-
yses were performed with the indicated ¢cDNA probes using Rapid-hyb buffer
(Amersham Biosciences).

cDNA was synthesized with ThermoScript (Invitrogen) and real-time
fluorescent detection PCR or TagMan (Applied Biosystems, Foster City, CA)
quantitative PCR (50°C for 2 min and 95°C for 10 min, followed by 40 cycles
of 95°C for 15 s and 60°C for 1 min) was performed with the ABI Prism 7000
PCR instrument (Applied Biosystems) to amplify samples for the human
SREBP-1c¢ (transgene), mouse SREBP-1c, fatty acid synthase (FAS), stealyl
CoA desaturase (SCD)-1, carnitine palmitoyltransferase (CPT)-i, UCP-2, pan-
creas duodenal homeobox (Pdx)-1, NK6 transcription factor related, locus 1
(Nkx6.1), and cyclophillin genes. Primers and probes were as follows:
5'-GGTGAGTGGCGGAACCATC-3' and 5-GAGCCGGTTGATAGGCAGC-3’
with fluorescent detection for human SREBP-1¢, 5'-CGGCGCGGAAGCTGT-3’
and 5'-TGCAATCCATGGCTCCGT-3' with 5-CGTCTGCACGCCCTA-3’
TAQMAN probe for mouse SREBP-1¢, 5-ATCCTGGAACGAGAACACGATCT
GGT-3' and 5'-AAGTCCAGGAGTGACACGTCTCT-3' with 5'-GGAGCGTATAT
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GTGAACAGCGCA-3' probe for FAS, 5'-AGATCTCCAGTTCTTACACGACCA
C-3' and 5'-CTTTCATTTCAGGACGGATGTCT-3' with 5'-TCTTCACCTTCTCT
CGTTCATTTCCGGA-3' probe for SCD-1, 5'-CCTGGGCATGATTGCAAAG-3'
and 5-GGACGCCACTCACGATGTT-3' with 5'-ACCCTAGACACCACTGGCCG
CATGT-3' probe for CPT-I, 5'-GACCTCATCAAAGATACTCTCCTGAA-3" and
5'-ATCTCGTCTTGACCACATCAACAG-3’ with 5-TGACAGATGACCTCCCTT
GCCACTTCA-3' probe for UCP-2, 5-AGTCCCACATCGGGCTTGAAG-3’ and
5-GGTCTGCACGGATGACCTTAG-3' with 5'-CCTTCAAGTCAGCCAGCCCCC
TG-3' probe for insulin receptor substrate (IRS)-2, 5" TCCCTGTAAGGCACG
AAGACAT-3' and 5'-ATTGCCACCACATCCATCTCA-3’ with 5’-CTCTTGATAG
CATCTCGGAGAAGTCCCA-3' probe for GK, 5-GAAGAGCCCAACCGCGT-3'
and 5'-TTGTTTTCCTCGGGTTCCG-3’ with 5'-CTCCTGCCCACTGGCCTTTCC
A-3' probe (antisesnse) for Pdx-1, 5'-TTCGGAGAATGAGGAGGATGA-3" and
5 -AAAAGCACAAATCGAGCGGT-3’ with 5'-ACAAACCTCTGGACCCGAACTC
TGACG-3’ probe for Nkx6.1, and 5-TGGCTCACAGTTCTTCATAACCA-3' and
5'-ATGACATCCTTCAGTGGCTTGTC-3' with 5'-TCCATGCCCTCTAGAACTTT
GCCGAA-3' probe for cyclophilin.

Western blot analysis of islets. Isolated islets were dissolved in Triton-X
lysis buffer (25 mmol/l HEPES, 50 mmol/1 KCl, 6% glycerol, 5 mmol/l EDTA, 5
mmol/l EGTA, 0.5% Triton-X100, 50 pmol/l NaF, 40 mmol/l glycerophosphate,
and 25 mmol/l sodiumpyrophosphate with proteinase inhibitors) with needles
passing. Total protein was measured (BCA protein assay; Pierce, Rockford,
IL), and 15 g protein were fractionated by SDS-PAGE and electrophoretically
transferred onto nitrocellulose membranes (Immobilon-P; Millipore, Bedford,
MA). The primary antibody used was rabbit anti-SREBP-1 (human, mouse)
antibody (H-160; Santa Cruz Biotechnology, Santa Cruz, CA), and the second-
ary antibody was a horseradish peroxidase—conjugated anti-rabbit immuno-
globin G prepared in goat (Amersham Biosciences). Detection was performed
using an ECL advance Western blotting detection kit and Hyperfilm ECL
(Amersham Biosciences).

Insulin secretion experiments of islets. A group of 10 islets was preincu-
bated in Krebs-Ringer bicarbonate buffer with 10 mmol/l HEPES (KRBH; pH
7.4) containing 0.5% BSA at 2.8 mmoll glucose and submitted to three
consecutive 30-min incubations in 1 ml KRBH with 0.5% BSA at 2.8 mmol/l
glucose (low glucose), 20 mmoll glucose (high glucose), and 2.8 mmol/l
glucose with 20 mmol/1 KCL. At the end of the incubation period, media were
withdrawn for insulin determination followed by total islet insulin extraction
by 0.5 ml cold acid ethanol mixture (75% ethanol with 0.2 moll HCD.
Hoechst-33258 staining to sonicated islets was performed to determine the
islet DNA content.

Determination of ATP and triglyceride contents of islets. A batch of 10
islets was resuspended in 500 pl of 5% trichloroacetic acid and neutralized by
NaOH. ATP was measured by a CellTiter-Glo luminescent cell viability assay
kit (Promega, Madison, WI). Triglycerides were measured by extracting lipids
with the Folch’s method followed by triglyceride determination with the
GPO-trinder kit (Sigma, St. Louis, MO).

Glucose oxidation and glucose incorporation into lipids in islets. Glucose
oxidation was determined as production of "*CO, after incubation of the islets
with [U-C]glucose (20). After terminating the glucose oxidizing reaction,
inactivated islets were washed with PBS and then the lipids were extracted
from islets by Folch’s method and the radioactivity was counted.

The size of pancreatic islets from transgenic mice and controls. The
freshly isolated pancreatic islets were visualized under a light microscope at
40X magnification using a charge-coupled device camera (CoolSNAP; Roper
Scientific, Trenton, NJ). The areas of islets (n = 100 from each group) were
measured by numbers of pixels using the Adobe Photoshop software package
(Adobe Systems, San José, CA). The islet volume was estimated as a mean of
(pixel numbers of each islet)™.

In the animals that were fed a HFHS diet for 3 months, the islet size was
determined by microscopic examination of multiple histological sections of
whole pancreas after HE staining. The areas of islets (r = 100) and nonislet
region in multiple slides were measured by numbers of pixels, as described
above.

Immunohistochemistry. Immunohistochemistory with anti-insulin antibody
was performed as previously described (26).

RESULTS

Transgene expression in islets of TgRIP-SREBPlc
mice. Two transgene-expressing lines have been estab-
lished following microinjection of the construct, as de-
picted in Fig. 14, to create pancreatic B-cell-specific
transgenic mice overexpressing nuclear human SREBP-1c¢
under the control of RIP. These were designated as
TgRIP-SREBP1c. The higher expresser (line H) exhibited
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FIG. 2. Glucose (A-D) and insulin (E) tolerance tests on the TgRIP-SREBP1c mice and controls. Plasma glucose (A and C) and plasma insulin (B
and D) levels of high expressers (line H, 4 and B, n = 20) and low expressers (line L, C and D, r = 15) of TgRIP-SREBP1c (@) and respective
nontransgenic littermate controls (A, n = 20 in controls for line H and n = 15 for line L littermates) were measured before (0 min) and at
indicated time points (in minutes) after intravenous administration of glucose (1g/kg body wt) following an overnight fast. E: Plasma glucose
levels after intraperitoneal injection of human insulin (0.5 units/kg) to five line H mice (@) and littermate controls (A). All values are means *

SE. #P < 0.05 and *P < 0.01 vs. littermate controls.

detectable transgene mRNA levels by Northern blot anal-
ysis of isolated islets and was roughly seven times higher
than that in low expressers (line L), as estimated by
RT-PCR (Fig. 1B and C). Insulin gene expression was
similar among these transgenic and nontransgenic litter-
mate control mice (Fig. 1B), suggesting that use of RIP did
not markedly compromise functions of mouse endogenous
insulin promoters. The human SREBP-1c protein from the
transgene was highly induced in islets of line H of TgRIP-
SREBP-1c at the level comparable to that of endogenous
SREBP-1c induced by incubation with a saturated fatty
acid (Fig. 1D).

Impaired glucose tolerance in TgRIP-SREBP1e¢ mice.
When transgenic mice were fed a normal diet, they exhib-
ited impaired glucose tolerance (IGT). Line H showed a
slightly higher plasma glucose level at fasting, followed by
significantly higher elevations after intravenous glucose
loading compared with wild-type controls (Fig. 2A4). A
rapid increment in plasma insulin levels observed in wild
type after glucose injection was markedly impaired in high
expressers of TgRIP-SREBP1c, indicating impaired insulin
secretion (Fig. 2B). Glucose tolerance testing in the lower
expression line (line L) revealed lower insulin levels only
at 5 min, with no significant difference in plasma glucose
levels at other time points from littermate controls. This
impairment in the early response of insulin secretion to
glucose in the lower line mimics the oral glucose tolerance
test pattern observed in patients with IGT or those at an
early stage of type 2 diabetes. These data demonstrate that
SREBP-1c overexpression in B-cells causes IGT in a dose-
dependent manner. These transgenic mice did not show
any difference in body weights and plasma cholesterol,
triglycerides, and FFAs levels from control mice (data not
shown). Insulin tolerance tests showed no significant
difference between line H mice and wild-type littermates,
indicating no signs of peripheral insulin resistance in the
transgenic mice (Fig. 2F).
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Reduction in the number and size of islets from
TgRIP-SREBP1c mouse. In isolation of islets from whole
pancreas, the numbers of islets from TgRIP-SREBPlc
were significantly decreased compared with control ani-
mals (Fig. 3A4). In addition, islets from line H were consid-
erably smaller than controls, even when taking into
account intrinsic variability in islet sizes. Microscopic
examination of isolated islets indicated that volume of
islets was also significantly lower in transgenic animals
(Fig. 3B). The reduction of islet mass was related to the
levels of transgene expression and could partially explain
the impaired insulin response to glucose that was ob-
served in vivo. We also compared the size of islets from
SREBP-1-null mice and did not observe a significant
difference from that of wild-type mice. Insulin staining of
reicroscopic sections demonstrated that line H showed a
similar pattern to that of wild type, indicating that there
was not a marked reduction in the number of B-cells per
islet, although there was a slight decrease in intensity-of
insulin immunoreactivity (Fig. 3C).

Disturbed GSIS from isolated islets of TgRIP-
SREBP1c¢ mouse. Insulin secretion was estimated from
isolated islets of similar sizes. Basal insulin secretion in
low-glucose medium (2.8 mmol/1) was slightly decreased
in line L, but not in line H, as compared with wild-type
islets. GSIS in high-glucose medium (20 mmol1) was
significantly impaired in both line H and L (Fig. 3D).
Conversely, islets from SREBP-lc-null mice showed a
trend to a higher insulin secretion in glucose response. In
contrast to reduced GSIS, insulin secretion stimulated by
KCl was not impaired in islets from TgRIP-SREBPlc.
Insulin content was decreased in islets from TgRIP-
SREBPI1c¢, which also partially explains the GSIS suppres-
sion (Fig. 3E). Consistent with disturbances in GSIS, ATP
content was decreased in SREBP-lc—-expressing B-cells
(Fig. 3F). The glucose oxidation in islets from TgRIP-
SREBP1c was also reduced, supporting the impaired ATP
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FIG. 3. Analyses on islets isolated from TgRIP-SREBP-1¢ and wild-type controls. A: Islets were isolated from six mice of each line at age 26 weeks,
and the number isolated was counted. B: In some other sets of animals, isolated islets were prepared and relative islet volume to wild type (WT)
was estimated from a digital microscopic image of 100 islets from each group, as described in RESEARCH DESIGN AND METHODS. C: Islets were
immunostained by anti-insulin antibody and visualized using fluorescein isothiocyanate-labeled secondary antibody. D: Glucose- or KCI-
stimulated insulin secretion per DNA contents of islet. Ten isolated islets with similar sizes from each group (six batches in each genotype) were
sequentially incubated in 1 ml KRBH containing 2.8 mmol/1 glucose (Jow glucose [LG]), 20 mmol1 glucose (high glucose [HG]), and 20 mmol/1 KCI
for 30 min at 37°C, with preincubation at each interval in 2.8-mmol/l glucose buffer for 30 min. Insulin contents in the buffer were determined by
enzyme-linked immunosorbent assay and corrected by DNA contents of islets. E: Insulin was extracted by the acid-ethanol method from six
batches in each genotype and measured by enzyme-linked immunosorbent assay. F: ATP contents from 10 isolated islets were measured and
corrected by DNA contents (r = 6). G: Glucose oxidation of islets was detected by radioactivity of **CO, oxidized from [U-'*C]glucose (n = 6).
H: The amount of triglyceride was measured from lipid extraction from 100 isolated islets (three mice in each genotype) and corrected by
estimated volume of islets. I: Incorporation of [U-**Clglucose into lipids was measured (r = 6). All values are means = SE. #P < 0.05 and *P <

0.01 vs. wild type.

production (Fig. 3G). Reflecting forced expression of
human nuclear SREBP-1c in B-cells, contents of triglycer-
ides from pancreatic islets, corrected for by relative islet
volume, were increased in TgRIP-SREBPIc in a transgene
expression—dependent manner (Fig. 3H). In contrast, is-
lets from SREBP-1-null mice contained markedly less
triglycerides than those from wild type. Glucose incorpo-
ration into lipid was increased in the islets from TgRIP-
SREBPlc mice (Fig. 3I). These data suggest that
SREBP-1c could regulate islet triglycerides content
through regulation of endogenous synthesis and play a
negative role in GSIS in B-cells. The disturbance was
located prior the ATP-sensitive K™ channel level.

UCP-2 is upregulated and Pdx-1 is downregulated in
SREBP-1c-overexpressing islets. Expression of vari-
ous genes in islets was estimated by RT-PCR to elucidate
the molecular mechanism for insulin secretion distur-
bance in TgRIP-SREBPIc (Fig. 4). The endogenous mouse
SREBP-1c mRNA level did not show significant changes in
wild type and the two transgenic lines. Consistent with
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increased triglyceride contents, mRNA levels of FAS and
SCD-1, key enzymes for synthesis of fatty acids and major
transcriptional target genes of SREBP-1c¢, were also mark-
edly elevated in TgRIP-SREBPlc islets in a transgene
expression—dependent manner. UCP-2, recently estab-
lished as a regulator for ATP production and a marker for
mitochondrial stress, has been reported to negatively
regulate insulin secretion in B-cells (6,27). Gene expres-
sion of UCP-2 was dose dependently upregulated by
SREBP-1c overexpression, explaining ATP depletion in
TgRIP-SREBPIc islets. It was also found that Pdx-1, a
homeodomain product that plays an important role in
pancreatic islet genesis and insulin gene regulation (28—
30), was dose dependently downregulated by SREBP-1c.
Nkx6.1, a transcription repressor that is also important for
B-cell differentiation (31), was upregulated by SREBP-1c
overexpression. Conversely, these genes are regulated in
opposite directions by SREBP-1 depletion. Expression of
IRS-2, an important insulin signaling mediator, was sup-
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FIG. 4. Gene expression profile in islets from TgRIP-SREBPle¢ and
SREBP-1 null mice. mRNA amounts of indicated genes in islets were
estimated by RT-PCR. Cyclophillin mRNA level was expressed as
amounts of molecular copies estimated from the quantitive PCR signal
and used as an internal control for each gene expression: Relative
expression ratio to wild-type control is shown. All values are means *
SE.

pressed in TgRIP-SREBP-1c islets, consistent with our
previous observation in livers (32).

Suppression of hyperinsulinemia and exacerbated
IGT in TgRIP-SREBP1c mice by a high-energy diet. To
overload requirement for insulin secretion, TgRIP-
SREBP1c mice were put on a HFHS diet. This high-energy
diet induced an insulin-resistant state with obesity and
hyperinsulinema, as evidenced by gradual increases in
body weight, fasting plasma glucose, and insulin levels in
wild-type mice (Fig. 54, B, and C). Whereas line H of
TgRIP-SREBP1c mice also exhibited a similar time course
change in body weight, hyperinsulinemia was markedly
suppressed, highlighting an insulin secretion defect in
these mice. An intravenous glucose tolerance test was
performed at 16 weeks after the HFHS diet, at the time
point when increased blood glucose level was significant.
TgRIP-SREBP1c became more diabetic, showing evidently
higher plasma glucose levels than wild type (Fig. 6A4). In
the transgenic mice on HFHS diet, plasma insulin levels
did not respond to glucose loading and instead were
decreased (Fig. 6B). Consistent with exacerbation in IGT,
islets from the transgenic mice on a high-fat diet essen-
tially lost glucose response to insulin secretion, whereas in
normal mice, insulin secretion on HFHS diet was en-
hanced (Fig. 6C). Triglyceride contents in islets were
increased in both wild type and TgRIP-SREBP1c by HFHS
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FIG. 5. Changes of body weight (A), plasma glucose (B), and plasma
insulin (C) levels of TSRIP-SREBP1c on a high-energy diet. Male line H
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at indicated weeks after an overnight fast. All values are means + SE.
#P < 0.05 and *P < 0.01 vs. littermate controls.

diet, and the difference was still appreciable (Fig. 6D).
HFHS-induced obesity and insulin resistance was followed
by hyperinsulinemia from enlarged islets in wild-type mice
(Fig. 6F). Consistent with insulin secretion defect, this
islet enlargement was markedly suppressed in TgRIP-
SREBP1c on HFHS diet. The number and size of islets
were appreciably reduced on hematoxylin-eosin staining
of microscopic examination (Fig. 6F and F), implicating
that SREBP-1c could play a negative role in -cell growth.

DISCUSSION

Current studies clearly demonstrate that activation of
SREBP-1c in B-cells caused the onset of IGT or mild
diabetes due to impaired insulin secretion. Reduction in
B-cell mass, indicated by decreases in both the number
and size of TgRIP-SREBPIc islets, at least partially con-
tributes to these phenotypes. Retarded growth of islets by
SREBP-1c was more obvious with marked impairment in
insulin response to glucose when the high-energy diet
evoked obesity-induced peripheral insulin resistance, en-
hancing insulin requirement for these mice. Meanwhile, in
comparison with islets of similar size, GSIS from TgRIP-
SREBP1c was significantly decreased compared with that
from control mice. Suppression of GSIS by SREBP-1c is
consistent with previous data on B-cell lines (33). Thus,
impaired insulin secretion of TgRIP-SREBP-1c in vivo is
featured by two abnormalities: islet volume loss and
dysfunction of @3-cells.

The amount of SREBP-lc expression was positively
associated with triglyceride content of islets and nega-
tively with GSIS in a wide range from SREBP-1c—null mice
to high expressers. As established in livers and adipose
tissue, SREBP-1c activates expression of lipogenic genes,
such as FAS and SCD-1 in B-cells, whereas expression of
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FIG. 6. Investigations on TgRIP-SREBP1c mice
fed a high-energy diet. Six male TgRIP-
SREBP1c mice (line H, @) and nontransgenic
littermate controls (O) were fed a HFHS diet
for 14 weeks. Rlasma glucose (4) and insulin
(B) levels were measured before (0 min) and
at indicated time points (in minutes) after
intravenous administration of glucose (lg/kg
body wt) following an overnight fast (n = 6).
C: Glucose-stimulated insulin secretion from
isolated islets obtained from indicated HFHS-
fed mice (n = 3). D: Triglyceride content per
islet from TgRIP-SREBP1c and their wild-type
(WT) littermates (n = 3). E: Light microscopic
# findings of hematoxylin-eosin stain (HE; upper
panels) and immunostaining with insulin anti-

body detected by fluorescein isothiocyanate

(insulin; lower panels). F: Islet volume esti-

mated by area ratio of islets to whole pancreas
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CPT-I and PPAR« was slightly increased (Fig. 4 and data
not shown), suggesting that triglyceride accumulation in
B-cells from TgRIP-SREBPIc is due to enhanced synthesis
rather than decreased degradation of fatty acids. More-
over, the glucose incorporation into lipid was accelerated
in islets from TgRIP-SREBPlc. These data suggest that
SREBP-1c¢ led to impaired insulin secretion through lipo-
toxicity by activation of fatty acid and triglyceride synthe-
sis. Lipotoxicity in B-cells was originally proposed to be a
result of influx of high-plasma fatty acids often associated
with obesity. TgRIP-SREBP1c mice were not obese, and
plasma FFA levels were not elevated. Thus, these mice
provide a new model for B-cell lipotoxicity, the etiology of
which is extended to increased endogenous lipogenesis.
Accelerated lipogenesis by SREBP-1c is associated with
consuraption of acetyl-CoA and glucose, which could lead
to diminished ATP production.

UCP-2 upregulation in TgRIP-SREBPIc islets could play
an important role in molecular mechanisms, by which
SREBP-1c causes B-cell dysfunction, as already noticed in
cultured cells (34-36). It has been recently demonstrated
that UCP-2 negatively regulates insulin secretion (6,27).
Activation of UCP-2 by fatty acids was suggested to play
an important role in obesity-induced B-cell dysfunction
induced by exogenous fatty acid or triglyceride loading as
the inducer of lipotoxicity (20,27). In addition to fatty
acid~-mediated induction, SREBP was reported to directly
activate UCP-2 transcription (37,38). Considering that we
saw no change in UCP-2 expression in SREBP-1 knockout
islets, SREBP-1c may not be involved in physiological
expression of UCP-2, but impaired insulin secretion by
activated SREBP-1c in B-cells might be mediated through
UCP-2 activation.

Downregulation of Pdx-1 could explain the reduction in
islet volume and possibly the disturbed insulin secretion in
TgRIP-SREBP1c (39). Expression of Pdx-1 was inversely
correlated to that of SREBP-1c in a range from SREBP-1c
knockout to transgenic mice, suggesting that SREBP-1c
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TgRIP- TgRIP-SREBPlc mice fed a HFHS diet. All
values are means = SE. #P < 0.05 and *P <
SREBP-1¢ 0.01 vs. littermate controls.

could regulate Pdx-1, although the molecular mechanism
is still under investigation. Nkx6.1 activation in the trans-
genic islets could be a compensatory response to Pdx-1
suppression. Gene expression profile of B-cells from
TgRIP-SREBP-1c is essentially consistent with the previ-
ous report on short-term overexpression of SREBP-1¢ in
INS-1 cells by the Tet-On inducible system. Overall,
SREBP-1¢ could function as a toxic gene for B-cells by
increasing intracellular fatty acids (lipotoxicity), and by
directly modulating transcription of key genes such as
Pdx-1 and UCP-2, which could provide a new role for
SREBP-1c¢ in B-cells. In addition, we recently reported that
SREBP-1c suppresses insulin signaling in liver by repres-
sion of IRS-2 gene expression (32). Suppression of IRS-2
expression was also observed in TgRIP-SREBPI1c islets,
which could lead to impaired insulin secretion, as already
suggested in B-cell-specific insulin receptor knockout or
IRS-2 knockout mice (33,40).

The potential for endogenous SREBP-1¢ to be involved
in the pathophysiology of B-cells is highly relevant and
needs to be studied to verify the significance in the current
data of our ectopic expression experiments. In several
insulin-resistant animals, such as Zucker fatty rats and
0b/ob mice, SREBP-1c is highly expressed in both liver and
islets (41). Also, it has been reported that endogenous
nuclear SREBP-1c was upregulated by exposure to a
high-glucose medium in hepatocytes and B-cell lines
(19,42). Hyperglycemia, as observed in STZ-induced dia-
betic, insulin-depleted mice, could stimulate SREBP-1c
expression in the liver (26). B-Cells and hepatocytes take
up glucose through insulin-independent GLUTZ2, which
prompts us to speculate that endogenous SREBP-1c¢ in
B-cells could be activated and involved in glucolipotoxicity
in diabetic states with severe hyperglycemia. An opposite
phenotype in islets of SREBP-1 knockout mice compared
with TgRIP-SREBPIc islets strongly supports the involve-
ment of SREBP-1c in B-cell lipotoxicity. Thus, these mice
are not only a good model for IGT and type 2 diabetes but
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also a useful tool to investigate a novel mechanism of
insulin secretion defects. Further studies are needed to
investigate the more precise molecular mechanism by
which SREBP-1c could cause B-cell dysfunction and
growth impairment and to seek potential roles for
SREBP-1c in clinical relevance to some clinical categories
of type 2 diabetes, such as nonobese Japanese patients
(43).
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