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ABSTRACT Expression of peroxisome proliferator-
activated receptor « (PPAR«) and enzymes of fatty acid (FA)
oxidation is markedly reduced in the fat-laden, dysfunctional
islets of obese, prediabetic Zucker diabetic fatty (fa/fa) rats
with mutated leptin receptors (OB-R). Leptin, PPARa/
retinoid x receptor ligands, and FA all up-regulate PPAR« and
enzymes of FA oxidation and stimulate [3H]-palmitate oxi-
dation in normal islets but not in islets from fa/fa rats.
Overexpression of normal OB-R in islets of fa/fa rats corrects
all of the foregoing abnormalities and reverses the diabetic
phenotype. PPAR« is a OB-R-dependent factor required for
normal fat homeostasis in islet cells.

Early in the next century more than 100,000,000 Americans
will be obese. Of these, more than 15,000,000 will become
diabetic, making obesity-dependent diabetes one of the most
common American diseases (1). The mechanisms by which
obesity causes diabetes remain obscure. It is well known that
obesity is associated with insulin resistance, and that effective
compensatory hyperinsulinemia initially maintains blood glu-
cose levels within the normal range (2). Ultimately, however,
the ability of the pancreatic 8 cells to compensate for increas-
ing insulin resistance may flag, in which case hyperglycemia
appears. Understanding the mechanism of this obesity-related
B-cell failure is critical to the prevention of adipogenic diabe-
tes.

Current understanding of mechanisms of B-cell failure in
obesity is based almost entirely on studies of rodent models of
the disease. Of these, the Zucker diabetic fatty (ZDF)-drt
(fa/fa) rat has been the most extensively characterized both
genetically and phenotypically (3-6). The fa mutation is a
GlIn-269 — Pro substitution in the leptin receptor (OB-R) (7,
8). B-cell failure is correlated with excessive accumulation of
fat within the pancreatic islets (9). This triglyceride overload
appears to be the result of increased expression and activity of
lipogenic enzymes, coupled with reduced expression and ac-
tivity of enzymes of fatty acid (FA) oxidation (9, 10). The
overabundance of islet fat is associated with a constellation of
islet derangements that have been referred to collectively as
lipotoxicity (9-11). They include decreased B-cell GLUT-2
expression (3), enhanced nitric oxide (NO) formation (12),
impaired B-cell function (3), and apoptosis of a substantial
subgroup of B cells (13). These abnormalities can be prevented
by reducing the islet fat content (14) or by overexpressing the
b isoform of the wild-type OB-R in islets of ZDF rats in which
the only known genetic defect (fa/fa) is the mutated OB-R
(15). Thus, this mutation appears to be the proximal cause of
the entire phenotype.
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The enzymes of FA metabolism that are underexpressed in
islets of ZDF rats (10) are regulated in other tissues by
members of the peroxisome proliferator-activated receptor
(PPAR) family (16-21). Genes encoding enzymes of 8 oxida-
tion, carnitine palmitoyl transferase-1 (CPT-1) and acyl CoA
oxidase (ACO), and those encoding the lipogenic enzymes,
acetyl CoA synthetase, FA synthase, and fatty acyl CoA
synthase, all have PPAR response elements (16-21). Although
PPAR isoforms are expressed in islets (22), their role in islet
cell function is unknown. We suspected that an abnormality of
a crucial PPAR isoform in these islets might account for the
lipid abnormalities. This suspicion was heightened by our
finding that troglitazone, a ligand activator of PPARYy (23),
ameliorates the abnormalities in FA metabolism of ZDF islets
(24) while correcting the B-cell dysfunction (25-27). This study
was designed to test this possibility.

MATERIALS AND METHODS

Animals. Lean wild-type (+/+) male ZDF rats and obese
homozygous (fa/fa) male ZDF rats were bred in our labora-
tory from [ZDF-Drt-fa(Fyo)] rats purchased from R. Peterson
(University of Indiana School of Medicine, Indianapolis).

Islet Isolation and Culture. Pancreatic islets were isolated by
the method of Naber et al. (28) with modifications (12).
Isolated islets were cultured as described previously (12). In
some experiments, islets were cultured with or without 2 mM
long-chain free fatty acids (FFA) (2:1 oleate/palmitate,
Sigma) in the absence and presence of 20 ng/ml of recombi-
nant human leptin (kindly provided by Hector BeltrandelRio
and Gayle Yamamoto, Zymogenetics, Seattle, WA), and in
others with 1 mM clofibrate (CF) plus 1 mM 9-cis-retinoic acid
(RA) (Sigma).

Semiquantification of mRNA. mRNA of each PPAR iso-
form, ACO, and CPT-1 were measured by reverse transcrip-
tion-PCR (RT-PCR) and normalized with 3 actin as described
previously (29). Total RNA was extracted by the TRIzol
isolation with Rnase-free DNase (Promega), and first-strand
cDNA was generated from 1 ug of RNA in a 20-ul volume
using oligo(dT) primer in the first-strand cDNA synthesis kit
(CLONTECH). The following primers were used: PPARq,
5'-AAGCCATCTTCACGATGCTG-3" (sense, 1321-1340)
and 5'-TCAGAGGTCCCTGAACAGTG-3' (antisense,
1811-1830) (GenBank M88592); PPARR, 5'-CTTCAGTGA
CATCATTGAGC-3' (sense, 1221-1240) and 5'-GACAGC-

Abbreviations: PPAR, peroxisome proliferator-activated receptor;
FA, fatty acid; FFA, free fatty acid; ZDF, Zucker diabetic fatty; OB-R,
leptin receptor; CPT-I, carnitine palmitoyl transferase-I; ACO, acyl
CoA oxidase; RT-PCR, reverse transcriptase—PCR; CF, clofibrate;
RA, 9-cis-retinoic acid; AACMV-leptin, adenovirus containing the
leptin cDNA; AdCMV--gal, adenovirus containing bacterial -ga-
lactosidase gene.
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Fic. 1. Representative blot of PPARa, B/8, v, and B-actin mRNA
in normal islets (+/+) and in islets of ZDF rats (fa/fa). Bars represent
the mean of PPAR/B-actin ratios (+SEM) of 3-5 experiments. *, P <
0.01 vs. +/+.

ATGAACAGGAAGTG-3' (antisense, 1751-1760) (GenBank
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(sense, 190-209) and 5'-CCCTTGCATCCTTCACAAGC-3’
(antisense, 502-521) (GenBank U(09138); ACO, 5'-GCCCT-
CAGCTATGGTATTAC-3' (sense, 2891-2910) and 5'-AGG-
AACTGCTCTCACAATGC-3' (antisense, 3505-3524) (Gen-
Bank J02752); CPT-1,5'-TATGTGAGGATGCTGCTTCC-3’
(sense, 3094-3113) and 5'-CTCGGAGAGCTAAGCTTGT-
C-3' (antisense 3703-3722) (GenBank L07736), and B actin,
5'-TTGTAACCAACTGGGACGATATGG-3' (sense,
1552-1575) and 5'-GATCTTGATCTTCATGGTGCTAGG-
-3’ (antisense, 2967-2991) (GenBank J00691). Linearity of the
PCR was tested by amplification of 200 ng per reaction from
20-50 cycles. The linear range was found to be between 20 and
40 cycles. In no case did the amount of total RNA used for PCR
exceed 200 ng per reaction. Two microliters of first-strand
cDNA was amplified for 30 cycles (PPARe, 3, and ), 28 cycles
(ACO and CPT-1), and 25 cycles (B actin) by using the
following parameters: 92°C for 45 sec, 55°C for 45 sec, and
72°C for 1 min. The PCR products were electrophoresed on a
1.5% agarose gel, and Southern blotting was carried out.
Radiolabeled probes for amplified fragments (5'-ACTCGG-
TCTTCTTGATGACCTGCACGAGCT-3' for PPAR«; 5'-C-
TGCGTGCAGCCTTAGTACATGTCCTTGTA-3' for PPA-
RB; 5'-AGAGCTGATTCCGAAGTTGGTGGGCCAGAA-3'
for PPARY; 5'-GCCTGCACTTTCTTCAGCCATCTTCAA-
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FiG. 2. Effect of the PPARa/retinoid x receptor ligand pair, CF, and RA, on (A4) the ratio of ACO, CPT-1 mRNA to B-actin mRNA (n =
3); (B) oxidation of [*H]-palmitate (n = 3); (C) mRNA of PPAR« (n = 3). Representative blots are displayed. Bars in 4 indicate the mean (=SEM)
of mRNA ratio of ACO/and CPT-1/ actin. Bars in B indicate mean (=SEM) of palmitate oxidation.
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FiG. 3. Effect of a 2 mM mixture of oleate/palmitate (2:1) on PPARa, ACO, and CPT-1 mRNA/B-actin mRNA ratios of islets isolated from
wild-type (+/+) and obese (fa/fa) ZDF rats (N+3). *, P < 0.01 vs. CF + RA.

CGA-3' for ACO; 5'-ACTCTGGTTGGAATCTGACTGG-
GTGGGATT-3' for CPT-I, and 5'-GGTCAGGATCTTCA-
TGAGGTAGTCTGTCAG-3' for B actin) were hybridized to
the nylon membrane and quantitated by Molecular Imager
(GS-363, Bio-Rad). Levels of mRNA expression were ex-
pressed as the ratio of signal intensity for the mRNA of interest
relative to that for B-actin mRNA.

[*H]-Palmitate Oxidation. Palmitate oxidation also was
measured by adding 9-10-[*H] palmitate to the culture media
as described previously (10). After 3 days culture, islets were
collected, and palmitate oxidation was assessed by measuring
*H,0 in the medium. Excess [*H] palmitate in the medium was
removed by precipitating twice with an equal volume of 10%
trichloroacetic acid with 2% BSA. Supernatant was transferred
to a 1.5-ml microcentrifuge tube, placed in a scintillation vial
containing 0.5 ml of unlabeled water, and incubated at 50°C for
18 hr. To determine the equilibrium coefficient, 10 ul of SH,O
was added to 490 ul of unlabeled water into 1.5-ml microfuge
tubes in parallel with the experiment samples.

Induction of Hyperleptinemia in Vivo. Hyperleptinemia was
induced by infusing recombinant adenovirus containing the
leptin cDNA (AdCMV-leptin) as described previously (30).
Recombinant adenovirus containing the bacterial p-galacto-
sidase gene (AdCMV-B-gal) was infused as a control. Two
milliliters of either AACMV-leptin or AACMV-B-gal contain-
ing a total of 10'? plaque-forming units was infused into
homozygous (+/+) or (fa/fa) ZDF rats. Animals were studied
in individual metabolic cages, and food intake and body weight
were measured daily. Plasma leptin was assayed by using the
Linco leptin assay kit (Linco Research Immunoassay, St.
Charles, MO).

Overexpression of OB-Rb. As described previously (15),
pancreata of ~10-week-old male ZDF (fa/fa) rats were per-
fused with 1 X 10'2 plaque-forming units of recombinant
adenovirus containing either the full-length OB-Rb cDNA
(AdCMV-OB-Rb) or the B-galactosidase gene (AACMV-B-
gal) in Krebs—Ringer bicarbonate buffer with 4.5% Dextran
T70, 1% BSA, 5.6 mM glucose, and 5 mM each of sodium
pyruvate, sodium glutamate, and sodium fumarate. Pancreatic
islets then were isolated and maintained for 2 days in suspen-
sion culture in 60-mm Petri dishes at 37°C in a humidified
atmosphere of 5% CO, and 95% air as described previously
(15). OB-Rb mRNA expression was determined by RT-PCR
and protein by immunoblotting as described (15).

Statistical Analyses. All values shown are expressed as
mean *SEM. Statistical analysis was performed by unpaired
Student’s ¢ test or by one-way ANOVA.

RESULTS

PPAR Expression in Pancreatic Islets. Because little was
known about PPAR in islets, we first determined which of the
known PPAR isoforms normally are expressed in the endo-
crine pancreas. We semiquantified by RT-PCR the mRNA of
all PPAR isoforms in islets isolated from normal 7-week-old
lean, wild-type (+/+) ZDF rats. As shown in Fig. 14, the a,
B/8, and vy isoforms were expressed in wild-type islets.
PPARB/8 was the most abundant, confirming a previous
report by Braissant ez al. (22). In islets of age-matched obese
(fa/fa) ZDF rats, however, the expression of PPAR« was only
25% of lean + /+ islets, whereas PPARy mRNA was 3.5 times
normal. PPARB/8 expression was the same in islets from the
two groups (Fig. 1). The substantial reduction in PPAR«
mRNA in the fat-laden islets of the obese rats raised the
possibility that the decreased expression of enzymes of FA
oxidation might be secondary to deficient PPAR«. Indeed, the
livers of PPARa-null mice reportedly underexpress genes
encoding enzymes of mitochondrial and peroxisomal FA B
oxidation (31).

Activities of PPAR« Ligand CF and RA in +/+ and fa/fa
Islets. If PPAR« is, in fact, an important transcriptional
regulator of the enzymes CPT-1 and ACO that catalyze B
oxidation of long-chain FAs in normal islets, then the PPAR«
ligand, CF, together with RA, the ligand for its dimerization
partner, retinoid x receptor, should up-regulate them. More-
over, if a PPAR« deficiency and/or defect was responsible for
the underexpression of CPT-1 and ACO in ZDF islets, these
ligands should have little or no effect on their expression in
these animals. Islets from +/+ and fa/fa rats therefore were
cultured in the presence and absence of CF/RA. In the islets
of 4+ /+ rats cultured with CF/RA both the ACO/f actin and
the CPT-1/B actin mRNA ratios were at least twice as high as
the controls (Fig. 24). However, in islets of fa/fa rats CF/RA
was without effect on the expression of either enzyme. Thus,
PPAR«a ligands up-regulate the enzymes of FA oxidation in
islets with a normal PPAR« expression but have no effect in
fa/fa islets with reduced expression of the nuclear receptor.
The lack of even a small effect in these islets implies that if the
underexpressed PPARa mRNA is translated in fa/fa islets the
protein is not functional.
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FIG. 4. In vivo effect of hyperleptinemia on PPAR«/B-actin
mRNA ratio. -gal and leptin refer to islets isolated from rats infused
with AACMV-Bgal or AACMV-leptin. Bars represent mean (=SEM)
of three experiments. *, P < 0.01 vs. B-gal.

To determine whether the CF/R A-induced up-regulation of
the mRNA encoding the enzymes of FA oxidation is associated
with an increase in FA oxidation, we cultured +/+ and fa/fa
islets in [*H] palmitate for 48 hr with and without CF/RA and
measured the accumulation of 3H,O. There was a 42% rise in
oxidation in the +/+ islets but no change in the fa/fa islets
(Fig. 2B), again implying that the underexpressed PPAR« is
functionally inactive.

Effect of CF/RA on PPAR« Expression. It is reported that
in liver PPARa ligands not only activate the receptor, but also
increase its expression (32, 33). To determine whether CF/RA
increases expression of PPAR« in normal islets, the PPARa/
actin mRNA in ratio was measured in islets of both the
CF/RA-responsive +/+ rats and the obese fa/fa rats. It rose
3.2-fold in +/+ islets but was unchanged in fa/fa islets (Fig.
2C). We interpret this as additional evidence that yet another
functional activity of PPARe, its auto-up-regulation, is lacking
in islets of fa/fa rats.

Effects of Long Chain FAs on PPAR«a, ACO, and CPT-1
Expression in +/+ and fa/fa Islets. Long chain FAs in islets
are considered to be endogenous PPARa« activators (19). To
determine whether, like CF/RA, FAs also up-regulate
PPARa, ACO, and CPT-1 expression in normal islets, but not
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in islets from obese (fa/fa) ZDF rats, we cultured both groups
of islets in medium containing 2 mM of a 2:1 oleate/palmitate
mixture. In normal +/+ islets PPARa mRNA was more than
4.5 times more abundant in the presence of FFA than in its
absence and ACO and CPT-1 both were approximately 3.5
times greater (Fig. 34). In islets from fa/fa ZDF rats, by
contrast, FFA had no effect on the depressed levels of PPAR«,
ACO, or CPT-1 mRNA. These findings indicate that in the
presence of the wild-type OB-R FAs up-regulate expression of
PPARa and the enzymes of FA oxidation. However, a mutated
OB-R results in impaired function of underexpressed PPAR«
and in underexpression of the enzymes for which it is a
transcription factor.

Effects of in Vivo Hyperleptinemia on PPAR« Expression in
+/+ and fa/fa Rats. Based on these findings we suggest that
in islets with a normal OB-R the triglyceride content is
maintained at its normal level by regulation of the expression
of islet CPT-1 and ACO so as to assure oxidation of any excess
FAs entering the islets. In fa/fa rat islets, by contrast, fat
accumulates because of the lack of sufficient leptin-induced
FA oxidation. If this is true, hyperleptinemia should up-
regulate PPAR«, CPT-1, and ACO in normal islets but not in
islets of fa/fa rats. We therefore induced hyperleptinemia in
lean +/+ and obese fa/fa rats by infusing AdCMV-leptin.
Control rats were infused with AACMV-Bgal. All AACMV-
leptin-infused rats developed hyperleptinemia in excess of 18
ng/ml, whereas in the AACMV-Bgal controls leptin was less
than 1 ng/ml. As shown in Fig. 4, in +/+ islets, PPAR«
expression was seven times greater than in controls, and
expression of ACO and CPT-1 was increased 2.5- and 2-fold
(data not shown), respectively, confirming previous data (20).
In fa/fa islets, in contrast, the levels of PPARa, ACO, and
CPT1 expression were not altered by the increase in their
hyperleptinemia (Fig. 4).

Effects of Leptin in Vitro on PPAR«a Expression in +/+ and
Jfa/fa Islets. To determine whether the effects of hyperleptine-
mia were exerted via direct action of leptin on islets, in addition
to actions via the hypothalamus, we cultured +/+ and fa/fa
islets for 3 days with or without 20 ng/ml of recombinant leptin
added 24 hr after the start of culture. In +/+ islets, PPAR«
was three times higher in the presence of leptin than in its
absence (Fig. 54). In contrast, in islets of fa/fa rats the initially
low PPARa mRNA level was unaffected by leptin. Leptin also
significantly increased ACO (Fig. 5B) and CPT-1 mRNA (Fig.
5C) in +/+ but not in fa/fa islets.

Effects of OB-Rb Overexpression in fa/fa Islets on PPAR«
Underexpression. The foregoing results imply that overexpres-
sion of wild-type OB-Rb in islets of fa/fa with mutated OB-R
would up-regulate the underexpressed PPAR« and restore the
ability of leptin to up-regulate PPAR and the enzymes of
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FIG. 5. An in vitro effect of recombinant leptin on (4) PPARa, (B) ACO, and (C) CPT-1 mRNA/B-actin mRNA. Islets were cultured for 48
hr either with or without 20 ng/ml of human leptin. Bars represent mean (=SEM) of three experiments. *, P < 0.01 vs. 0 ng/ml of leptin.
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of 20 ng/ml of recombinant leptin. Leptin was added 24 hr after the start of the 3-day culture period. Bars represent mean (xSEM) of three

experiments. *, P < 0.01 vs. 0 ng/ml of leptin.

oxidation. To determine whether this is the case, we perfused
pancreata of fa/fa rats with AACMV-OB-Rb, the full-length
OB-R isoform or AACMV-Bgal. We then isolated and cultured
the islets for 3 days either with or without 20 ng/ml of leptin
added 24 hr after the start of the culture. Islets from pancreata
that had been perfused with AACMV-OB-R expressed OB-R
and protein at a level six times the AdCMV-Bgal-perfused
controls (Fig. 64). As shown in Fig. 6B, PPAR« rose more than
2-fold in OB-R-overexpressing fa/fa islets cultured without
leptin and more than 5-fold in the presence of 20 ng/ml of
leptin. There was no increase in PPAR«a in AACMV-Bgal-
perfused control islets either with or without leptin in the
culture medium. Thus OB-Rb overexpression in fa/fa islets
confers ligand-independent up-regulation of PPAR«, but the
presence of leptin induces further up-regulation.

DISCUSSION

Although the mechanism of the PPAR« up-regulation ob-
served here cannot be firmly established from these data,
others have found that phosphorylated signal transducer and
activation of transcription-3 (STAT-3) is a major mediator of
leptin action (36). STAT-3 is low in fa/fa islets but increases
to normal unstimulated levels when OB-R is overexpressed
islets in the absence of leptin treatment; the addition of leptin
increases it to still higher levels (unpublished observations).

FFA
Clofibrate/9-cis-RA ~

Thus, it is possible that ligand-independent OB-R activation of
STAT-3 maintains a tonic effect on expression of enzymes of
FA oxidation such that islet triglyceride content remains
within a normal range. In obesity the flux of FFAs from
adipocytes into islets is greatly enhanced in proportion to the
obesity. Because leptin levels also rise proportionately to the
obesity (34, 35), we suggest that they stimulate fatty oxidation
in nonadipacytes, thereby preventing excessive accumulation
of triglycerides and lipotoxicity. However, if the islet leptin
receptors are defective, as in ZDF rats, or if the sensitivity of
islets to leptin is substantially diminished by postreceptor
defects, islet fat content in obesity may rise to a lipotoxic level,
in which case adipogenic diabetes will ensue. In ZDF rats the
lipotoxic level of fat content is more than 50 times the normal
fat content. We postulate that this may be the cause of B-cell
failure in obesity (9, 36).

These findings are consistent with a hitherto unrecognized
pathway of intracellular fat homeostasis, the integrity of which
appears to be critical for normal B-cell function. PPAR«
appears to play a central role in this pathway (Fig. 7). On one
hand, depletion of islet fat to levels below 5 ng/islet seems to
“paralyze” the B cells, rendering them incapable of secreting
insulin in response to glucose and amino acids (37). On the
other hand, overabundance of islet fat induces a spectrum of
important changes: a modest increase in triglyceride content
causes hyperinsulinemia that is proportional to the level of

leptin

OBRb ﬁ
STAT3

v

PPAR«

Y o

Fi6. 7. A proposed pathway of triglyceride homeostasis and prevention of overaccumulation of fat in normal islets.
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obesity and obesity-induced insulin resistance, and therefore
plays a compensatory role; more severe fat overload lowers
compensatory hyperinsulinemia and elicits ceramide-
mediated overproduction of NO, which causes B-cell apoptosis
(12, 13). Thus, normal leptin function is required to maintain
normal triglyceride homeostasis in 8 cells. Further, in contrast
to the pathway of leptin regulation of appetite and body
composition, which seems to be largely, if not entirely, medi-
ated via the hypothalamus (38, 39), its lipopenic effects on
islets are, at least in part, direct (40).

The implications of these findings in rodents for the human
adipogenic diabetes cannot as yet be determined, but certain
predictions can be made. First, obesity-dependent diabetes in
humans will involve a heterogeneity of mechanisms rather than
the monogenic etiology of ZDF rats. Second, because the
natural history of the human disorder is measured in decades
rather than in weeks as in ZDF rats, the rate of fat accumu-
lation will be extremely slow in comparison to the rodent
model. Third, the inaccessibility of human islets will prevent
careful study of islet fat content at the onset of diabetes and
thus make it extremely difficult to determine whether lipotoxic
diabetes of ZDF rats has a human counterpart.

Although diet-induced leptin resistance appears to be very
common in humans (41), presumably the result of a postre-
ceptor defect, it has not been determined whether this form of
leptin resistance involves the islets. Nevertheless, troglitazone,
a PPARv ligand (23), lowers islet fat content of ZDF rats (12,
24); the fact that it ameliorates diabetes in both obese humans
(42-45) and obese rodents (25, 26) is perhaps consistent with
a common cause of the B-cell functional abnormality.
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