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Fibrates and thiazolidinediones are used clinically to treat hypertriglyceridemia and hyperglycemia, respectively. Fibrates bind
to the peroxisome proliferator-activated receptor (PPAR)-«, and thiazolidinediones are ligands of PPAR-vy. These intracellular
receptors form heterodimers with retinoid X receptor to modulate gene transcription. To elucidate the target genes regulated
by these compounds, we treated Zucker diabetic fatty rats (ZDF) for 15 days with a PPAR-a-specific compound, fenofibrate,
a PPAR-y-specific ligand, rosiglitazone, and a PPAR-a/-y coagonist, GW2331, and measured the levels of several messenger
RNAs (mRNAs) in liver by real-time polymerase chain reaction. All 3 compounds decreased serum glucose and triglyceride
levels. Fenofibrate and GW2331 induced expression of acyl-coenzyme A (CoA) oxidase and enoyl-CoA hydratase and reduced
apolipoprotein C-lll and phosphoenolpyruvate carboxykinase mRNAs. Rosiglitazone modestly increased apolipoprotein C-lll
mRNA and had no effect on expression of the other 2 genes in the liver but increased the expression of glucose transporter
4 and phosphoenolpyruvate carboxykinase in adipose tissue. We identified a novel target in liver, mitogen-activated
phosphokinase phosphatase 1, whose down-regulation by PPAR-« agonists may improve insulin sensitivity in that tissue by
prolonging insulin responses. The results of these studies suggest that activation of PPAR-« as well as PPAR-y in therapy for
type 2 diabetes will enhance glucose and triglyceride control by combining actions in hepatic and peripheral tissues.
Copyright © 2001 by W.B. Saunders Company

HE PEROXISOME proliferator-activated receptors (PPARs) high dose$? Whether this is a direct effect on the liver or

are intracellular receptors that heterodimerize with thesecondary to changes in the periphery is not clear. A key
retinoid X receptor (RXR) to modulate gene transcription. determinant of glucose production in liver is phosphoenolpyru-
Ligands for either PPARy (eg, thiazolidinediones [TZDs]) or vate carboxykinase (PEPCK), the rate-limiting enzyme for
RXR (rexinoids) are effective insulin sensitizers in rodent gluconeogenesis. PEPCK activity is primarily determined by
models of type 2 diabetés® and fibrates, which bind to the level of PEPCK messenger RNA (MRNA). PEPCK mRNA
PPAR«, are used to treat hypertriglyceridemia in humans.is up-regulated by PPAR-or -y agonists in adipose tissue to
PPAR-y is highly expressed in adipose tissue, with much lowerprovide glycerol for triglyceride synthesis and storage; insulin
expression in liver and skeletal muscle; while the RXRs areopposes this effeét-22In the liver, PEPCK mRNA is strongly
expressed in most tissué8.PPAR« is highly expressed in repressed by insulin, an effect that is dominant over induction
liver,6 and ligands for either PPAR-or RXR can regulate by glucocorticoids, retinoic acid, and glucag®* We were
hepatic gene expressid®. Because fibrates and TZDs have interested in determining whether PEPCK is a target gene for
overlapping physiologic effects, eg, on decreasing triglycer-the action of PPARx or -y agonists in liver, potentially influ-
ides, and PPARx and+y recognize the same DNA response €ncing hepatic glucose output. Recently, Davies &t lahve
elements, we wanted to determine if target genes are commofigported that troglitazone can inhibit expression of PEPCK
or distinct to each subtype. If subsets of regulated genes ar@RNA in primary hepatocytes cultured from normal or Zucker
found to be specific to PPAR-or -y, further therapeutic value diabetic fatty (ZDF) rats.
might be afforded by combining their activities. Some of the effects of insulin on liver are mediated by the

Fibrates and some TZDs decrease plasma triglyceride level@itogen-activated phosphokinase (MAP kinase) signal-trans-

in rodent models of obesity and insulin resistaho&t least ~ ducing pathway? Insulin also induces expression of a negative
some of the hypotriglyceridemic effect of fibrates is mediatedregulator of MAP kinase activity, MAP kinase phosphatase 1
through the negative regulation of expression of the apoli-(MKP-1)272%In studies using microarray technology, we iden-
poprotein C-1ll (apoC-Ill) gene in live¥-12 ApoC-Ill associ- tifi(.i‘d MKP-1 as a gene Wh0§e mRNA is reduced in the liver 'Of
ates with lipoprotein lipase (LPL) and represses its activig. ~ animals treated with a rexinoid (S. Dana and D. Crombie,
ApoC-Ill expression in the liver of rats is unaffected by treat- UnPublished observation, April 1998). MKP-1 is a member of
ment with rosiglitazone (BRL49653), a potent TZD, and the & family of dual-specificity phosphatases that recognize the
mechanism for triglyceride lowering probably involves induc- MOtif TXY in mitogen- and stress-activated protein kinases.
tion of the LPL gene in adipose tisstfeFibrates also promote
lipid catabolism in the liver by inducing several peroxisomal
genes. Two examples are acyl-coenzyme A (CoA) oxidase From the Department of Pharmacology, Ligand Pharmaceuticals,
(AOX) and the bifunctional enzyme enoyl-CoA hydratase/3- Inc, San Diego, CA; and Department of Cardiovascular Research, Lilly
hydroxyacyl-CoA dehydrogenase (HD), which together cata-Research Laboratories, Indianapolis, IN.
lyze the first 3 steps in thg-oxidation of fatty acids and have ~ Submitted October 9, 2000; accepted January 24, 2001.
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These enzymes dephosphorylate at both threonine and tyrosinePlasma glucose and triglyceride levels were determined colorimetri-
residues to inactivate the kina&eThus, MKP-1 serves as a cally (Sigma).
negative feedback regulator of MAP kinase activity, and down-
regulation might potentiate insulin signaling through this path-
way 27

Clearly both fibrates and TZDs have multiple activities that Frozen tissue (liver, quadriceps, or epididymal fat pad) was homog-

address risk factors associated with cardiovascular disease afffizéd in TRI Reagent (Sigma), and total RNA was isolated according
to the manufacturer’s protocol. RNA concentration was determined by

type 2 diabetes. Compounds have been Idem_lfled that aCtIVatg"bsorbance at 260 nm. Each RNA sample was reverse-transcribed
both PPARe and PPARy=3%2 and these might be more qing 4 superscript preamplification system for first-strand complemen-
effective agents for the treatment of metabolic disorders bytary DNA (cDNA) synthesis (Gibco BRL, Gaithersburg, MD) and
ameliorating both dyslipidemia and hyperglycemia. In particu- oligo(dT) primers according to the manufacturer's protocol. RNA was
lar, the trisubstituted ureidofibrate derivative GW2331 activatesstored at—80°C for Northern blot analysis, and cDNAs were stored at
both PPARea and PPARy in cotransfections using a GAL4 —20°C for real-time polymerase chain reaction (PCR) determinations
reporter and a GAL4 ligand-binding domain chimera generatecf individual mRNA levels.

from the mouse, human, or Xenopus recegfowe treated

ZDF rats with agonists of either PPAR-(fenofibrate) or ) o _
PPAR-y (rosiglitazone), as well as with the PPARy coago- Relative mRNA Ieyels of 5 targe_t genes and_ an |nva_1r|ant transcript,
nist GW2331. We report the effects of these compounds on3684’ were determ'hed by fea"“”?e PBRusing a S'ngle. CDNA

. . . reparation from the liver of each animal. For each transcript sequence
plasma gluco_se and triglyceride levels and on expression Of_ the) be quantified, a TagMan probe and flanking primers (listed in Table
genes encoding AOX, HD, apoC-lil, PEPCK, and MKP-1 in 1) were chosen by Primer Express software (Perkin-Elmer, Foster City,
the livers of treated animals. We find that treatment with cA). No amplicons were positioned further than 2 kb from the poly-
fenofibrate or GW2331 induces AOX and HD mRNAs and adenylation sequence. Individual PCR reactions contained cDNA pre-
reduces the expression of apoC-lll, PEPCK, and MKP-1. Treatpared from 1 ng total RNA and a master mix such that final concen-
ment with rosiglitazone, on the other hand, modestly increase§ations were 100 nmol/L probe, 100 to 900 nmol/L primers optimized
expression of MKP-1 and apoC-Il and does not affect eXpres_for each target, andX TagMan Universal PCR Master Mix (Perkin-

sion of the other 3 genes. However, rosiglitazone increaseEImer’ proprietary). PCR was performed and monitored by the ABI
9 ) ! 9 ﬁRISM 7700 Sequence Detection System (Perkin-Elmer) for 40 cycles

expression of glucose tranSpQrter 4.(GLUT4) and PEPCK Mot amplification at 95°C for 15 seconds and 60°C for 1 minute. One
skeletal muscle and white adipose tissue. Our results suggegbna from each experiment was designated as a standard, and serial
that the mechanisms by which a PPARgonist decreases dilutions were prepared in nuclease-freg0HEach 96-well reaction
glucose and triglyceride concentrations in the ZDF rat areplate contained duplicate no-template controls, duplicate standards of at
distinct from those of a PPAR—specific agonist. Thus, com- least 7 concentrations covegira 2 log or more range, triplicate deter-

bining PPARa and PPARy activities in a single compound minations of each unknown, and a single no-reverse transcription
can be anticipated to provide significant advantages over cure2o! for each unknown (to monitor DNA contamination of RNA
reparations). Quantification of unknowns was performed by Sequence

rent monotherapies for type 2 diabetes and CardlovascuIal%etet:tion Systems 1.6 software (Perkin-Elmer) and was compared with

Preparation of RNA and Complementary DNA From Liver,
Skeletal Muscle, and White Adipose Tissue

Real-Time Fluorogenic PCR Assays

disease. the arbitrary standard of similar composition. The same standard dilu-
tion series was used for all target gene assays within a given in vivo
experiment. Slopes of Ct (threshold cycle, 10 SD over background)
MATERIALS AND METHODS versus (logN) input cDNA concentration (standard curve) varied from
Animals and Treatments —3.3 to —4.0, and the correlation coefficienf) of the linear regres

. . sion was greater than 0.95 for each assay reported.
Male ZDF rats were purchased from Genetic Models, Inc (Indianap- 9 y rep

olis, IN) and housed on a 12-hour light-dark lighting regimen (lights on giatistics
at 6Am). Animals had free access to food (Purina 5008, St Louis, MO) )
Data are presented as mean$SEM and were analyzed by unpaired

and water throughout the study. After 2 weeks of acclimation, 8-week- . . .
old animals were weighed, bled via the tail vein in the nonfasted stateStudent test. Correlations were sought by Pearson regression analysis.

and sorted into treatment groups based on glucose levels and initigh P Value of <.05 was considered statistically significant.
body weights. From the next day, animals received single daily oral RESULTS
treatment (gavage) with vehicle (9.95% polyethylene glycol, 1% car-

boxymethylcellulose, 0.05% Tween 80), fenofibrate (50 to 500 mg/kg/Metabolic Response to Treatment

d), rosiglitazone (0.1 to 10 mg/kg/d), or GW2331 (0.3 to 30 mg/kg/d).  7pF rats were treated daily for 15 days with varying doses
Fenofibrate was purchased from Sigma (St Louis, MO). Rosiglitazone

of fenofibrate, rosiglitazone, or the PPARy coagonist

and GW2331 were synthesized at Ligand Pharmaceuticals; moleculaéw2331 The resulting plasma glucose and triglyceride levels
structure and purity were confirmed by nuclear magnetic resonance T P .
at termination are shown in Fig 1. Glucose was normalized by

before use in vivo. After the 15th dose, food was withheld, and 3 hours . T
eatment with 1 and 10 mg/kg/d rosiglitazone or 30 mg/kg/d

later animals were anesthetized with isoflurane, blood was sampled b : =
cardiac puncture, and animals were killed by Cphyxiation. Tis W2331. Fenofibrate decreased glucose significantly at 250

sues were harvested, rinsed in phosphate-buffered saline (PBSNd 500 mg/kg/d. Triglyceride levels were decreased by feno-
weighed, rapidly frozen in liquid nitrogen, and stored-s80°C. Al fibrate, rosiglitazone, and GW2331. GW2331 decreased tri-
protocols were approved by the institutional animal care and useglyceride levels to 45% of control at 3 mg/kg/d and to 18% of
committee. control at 30 mg/kg/d. Triglyceride lowering was significant at
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Table 1. Primer and Probe Sequences for Real-Time PCR Assays

Target Encoded Protein Probe* Primerst
36B4 60s acidic ribosomal protein PO j-GCTGTGGTGCTGATGGGCAAGAAC-t f AGATGCAGCAGATCCGCAT
r GGATGGCCTTGCGCA
ApoC-lll Apolipoprotein C-llI f-AGCCCAGCAGCAAGGATCCCTCTC-t f CTCTGCCCGAGCTGATGAG
r TTGTTCCATGTAGCCCTGCAT
AOX Acyl-CoA oxidase f-TGCCCGCCGCAGGCCATT -t f TGCTGGCATCGAAGAATGTC
r AATCCCACTGCTGTGAGAATAGC
HD Enoyl-CoA hydratase/3-hydroxyacyl- £-CAAGGGCGGGCCCATGTTCTATG-t £ GCTGGAGCCCAGTGACTACCT
CoA dehydrogenase r TGCCAAGCTTTGCCATTCC
GLUT4 Glucose transporter 4 f-CTGCTTCCTTCTATTTGCCGTCCTCCTG-t f CAGTATGTTGCGGATGCTATGG
r AAATGTCCG GCCTCTGGTTT
LPL Lipoprotein lipase f-CACTTTCAGCCACTGTGCCATACAGAGA-t £ TGTCTAACTGCCACTTCAACA
r CATACATTCCTGTCACCGTCC
MKP-1 MAP kinase phosphatase 1 £-AGCCACCATCTGCCTTGCTTACCT -t £ GCCAGGCCGGCATCTC
r GCCTCTGCTTCACGAACTCAA
PEPCK Phosphoenolpyruvate carboxykinase £-TCATGCACGACCCCTTCGCTATGC -t £ GCAGAGCATAAGGGCAAGGT

r GCCGAAGTTGTAGCCAAAGAAG

NOTE. Sequences are listed 5’ to 3'.

* Fluorescent labels in probes are j, JOE (6-carboxy-4, 7, 2', 7'-tetrachlorofluorescein); f, FAM (6-carboxyfluorescein); t, TAMRA (6-carboxy-N,
N, N’, N’-tetramethylrhodamine).

t Forward primers are designated by f and reverse primers by r.

rosiglitazone doses of 1 and 10 mg/kg/d (to 61% and 30% ofAOX, HD, apoC-Ill, PEPCK, MKP-1, GLUT4, and LPL is
control, respectively). Fenofibrate treatment significantly de-described in Materials and Methods.
creased triglyceride levels to 68% of control at the 500-mg/kg/d

dose. Note that triglyceride lowering appears to be more senppAR Target Genes in Lipid Metabolism Are Differentially
sitive to GW2331 than does glucose lowering. Although all Regulated in Liver in a Subtype-Specific Manner

animals gained weight throughout the study, animals treated _. .

with rosiglitazone gained more weight at all doses than animals Flblrates induce AOX and.HD mRNAs i?d reduce the ex-
treated with vehicle, and both fenofibrate and GW2331 re-Pression of apoC-Ill mRNA in rodent liver:In the present

. . . ; - study, AOX and HD mRNAs were induced by fenofibrate,
h h vehicl h ; 4 . - ) . )
strained weight gain compared with vehicle (data not shown) consistent with the ability of fibrates to induce peroxisomal

Hepatic Gene Expression Profiles in ZDF Rats Treated With Proliferation andB-oxidation of fatty acids (Fig 2). At 50
PPAR Agonists mg/kg/d, this effect was maximal for AOX (5-fold) and near
maximal for HD (23-fold), although this dose was insufficient
to cause a significant decrease in triglyceride levels. In contrast,
rosiglitazone did not alter expression of either of these tran-
scripts at doses at which it was efficacious at lowering triglyc-
erides and glucose. As expected, apoC-lll mMRNA decreased in
a dose-dependent manner with fenofibrate treatment. This

. o . . . . . hange was significant at all doses tested, with a reduction to
identified by a differential expression technique. As determine 9 9

. . . ) 4% at 500 mg/kg/dR < .00001). ApoC-IIl gene expression
by Northern blotting, fenofibrate dramatically induced HD ex'olncreased 1.6-fold with rosiglitazone treatment at 10 mg/kg/d

The liver is a target organ for compounds that activate
PPAR-.34 In vitro DNA binding and transactivation assays
indicate that PPARr and -y recognize the same DR-1 response
elemeng4In preliminary experiments, we compared the effects
of fenofibrate and rosiglitazone on expression in liver of HD, a
marker of PPARa activity, and MKP-1, a novel target gene

pression and reduced MKP-1 expression in the liver (data no P < 0.01).

shoun). Rosiglitazone, on the other hand, slightly increased .0 pp gy coagonist GW2331 induced tifsoxidation
~ expression a ad no apparent efiect o enes, AOX and HD, similarly to the pure PPARagonist

:jevels. To better c]f)rrllpare chlanges n g?nel expr_gssllon \lNlth th enofibrate. Treatment with GW2331 dramatically reduced
OZﬁt.r;StPanesssg Spas::s %scgl‘z € 33 forrlgsy:eenra? ri\éeNSA;nzrepoC-lll MRNA, the level decreasing to 13%® € .001) at 3
an:ere;t I\éeca seyth:/2 comvo r?ds had o vos'n effects c)rr?g/kg/d and to 5.5%RF < .0005) at 30 mg/kg/d compared with
! ) Y : pou pposing vehicle controls. Therefore, this reduction is dominant over any

MKP-1 gene expression and the 2 receptors generally recog; - .
. T nduction via PPARYy.
nize the same response elements, the in vivo effects of a
combined PPARy/y ligand, GW2331, were studied to see if a o )
single pattern of response dominates or if they cancel eachAp_OC'III _mRNA Levels |n_L|ver Correlate V_V'th Plasma
other. Triglyceride Levels for Animals Treated With Fenofibrate
Real-time fluorogenic PCR assays provide a quantitative ang" GW2331
sensitive means of determining levels of multiple transcripts in  In humans and rodents, plasma triglyceride levels correlate
small samples, which is impractical by Northern or nucleasewith circulating apoC-Ill protein level8In this study, triglyc-
protection assays. Development of the real-time PCR assays farides correlated positively with apoC-lll mRNA levels in
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Fig 1. Dose responses of (A) plasma glucose and (B) triglyceride
levels in ZDF rats after 15 days of treatment with vehicle, fenofibrate
(n = 5), rosiglitazone (n = 4), or GW2331 (n = 4). Values are ex-
pressed as means = SEM. (A), fenofibrate (vehicle controls 505 + 12
mg/dL glucose and 653 = 69 mg/dL triglycerides); (m), rosiglitazone
(vehicle controls 411 = 70 mg/dL glucose and 819 = 51 mg/dL
triglycerides); (®), GW2331 (vehicle controls 476 + 36 mg/dL glucose
and 817 *= 57 mg/dL triglycerides). *P < .05; **P < .01; ***P < .001
v vehicle-treated controls.
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isolated rat hepatocytes after treatment with another TZD,
troglitazone2® Regulation of MKP-1 by PPARs has not been
documented. The expression of both PEPCK and MKP-1 in
liver was reduced by the PPAR-agonist fenofibrate, but not
by the PPARy agonist rosiglitazone (Fig 4). We found that
PEPCK mRNA levels varied considerably among animals. This
variance may be a consequence of regulation of this gene by
multiple circulating hormones such as insulin, glucocorticoids,
glucagon, and retinoid®:24 Despite this, PEPCK mRNA was
significantly decreased compared with vehicle at all doses of
fenofibrate, to 12% and 13% of vehicle-treated control values at
250 and 500 mg/kg/d, respectively. In contrast, rosiglitazone
did not significantly alter PEPCK mRNA. MKP-1 mRNA was
also significantly reduced by fenofibrate at all doses, to 11% of
control at the maximal dosé€ (< .00001). Although there was
not a clear dose response, MKP-1 mRNA increased with ros-
iglitazone treatment. This increase was significant at 10 mg/
kg/d, with a 2.9-fold increase over vehicle-treated control val-
ues P < .01).

As with the lipid metabolism targets, PEPCK and MKP-1
mRNAs responded similarly to GW2331 and fenofibrate. Re-
duction of both transcripts was less sensitive to GW2331, but
nevertheless the response was significant for PEPCK at 30

Relative AOX mRNA
»

Rk gk

lative HD mRNA
S

fenofibrate- and GW2331-treated rats (Fig 3). This was most& s -
significant for GW2331-treated animals£€ .89, P < .0001). 0

The correlation was significant for fenofibrate-treated animals

as well ¢ = .46,P < .05). Animals treated with rosiglitazone, «
on the other hand, showed a weak negative correlation betwee& 20 -
triglycerides and apoC-lll mRNAr(= .49, NS, data not ‘
shown). LPL mRNA was induced in a dose-dependent manner%
to 3.2-fold the level of lean controls at 10 mg/kg/d rosiglitago & 1,
(P < .01) in white adipose tissue from these animals (data notg
shown). Increased LPL activity may be at least partly respon-g
sible for the 70% decrease in triglycerides compared with® 0 ] . . i
vehicle-treated control animals (Fig 1). 0 50 250 500 0 01 1 10 0 03 3 30 mghkglday

1 m

PEPCK and MKP-1 Genes Are Regulated by PRAR- Fenofibrate  Rosiglitazone  GW2331

in Liver Fig 2. Dose-responsive gene expression profiling in the liver. Val-
Hepatic levels of PEPCK and MKP-1 mRNAS were moni- uesare normalized to 36B4 mRNA in the same sample and relative to

. . . . icle- + .n=
tored as indicators of glucose metabolism and insulin responyehicle-treated controls and are presented as means + SEM. n = 5
animals for fenofibrate, 4 animals for rosiglitazone, and 4 animals for

SiV_eneSS- PEPCK mRNA is induced by fibrates and TZDs i_nGW2331. Real-time PCR determinations were done in triplicate. *P <
adipocyted!-22and has recently been reported to be reduced inos; **P < .01; ***P < .001 v vehicle-treated controls.



PPAR SUBTYPE-SPECIFIC GENE REGULATION 967

_ Fenofibrate 20 GW2331

2.0
1.5 1.5

1.0 4 1.0 1 .

Plasma Triglycerides
(relative to vehicle control)

.
05{ ¢ ¢ 0.5
. r=0.46 r=0.90
p =0.039 j ‘ p = 0.000004
Fig 3. Correlation between 0.0 i : ‘ : i 0.0 i : . . . .

individual apoC-lll mRNA levels 0.0 0.5 1.0 15 00 0.5 1.0 15
in liver and triglyceride levels in
plasma. All values are relative to .Apo C-Il mRNA _Apo c- T“RNA
vehicle-treated controls. (relative to vehicle control) (relative to vehicle control)

mg/kg/d (19% of vehicle-treated control valu€s< .05) and  PPAR-<—mediated activity. PEPCK and GLUT4 mRNAs were
for MKP-1 at 3 mg/kg/d (26%P < .01) and 30 mg/kg/d (29%, measured in both skeletal muscle and white adipose tissue from
P < .01). the same animals analyzed for liver gene expression. PEPCK
and GLUT4 mRNAs were increased compared with vehicle-
treated controls in both muscle and fat after 15 days of treat-
Rosiglitazone was more potent than either fenofibrate orment with rosiglitazone (Fig 5). These messages were also
GW2331 at glucose lowering and as potent and efficacious asmeasured in tissues from animals treated with GW2331.
GW2331 at triglyceride lowering but did not effect similar GLUT4 mRNA was increased 2.7-fold in white adipose tissue
changes in gene expression in the liver. Because TZD treatmert 30 mg/kg/d GW2331R < 10~°) but not significantly in
is known to stimulate glucose disposal in muscle and fat, it wasskeletal muscle. Surprisingly, PEPCK mRNA was not induced
necessary to document gene expression changes in these tissiesvhite adipose tissue after GW2331 treatment. PEPCK is
to verify that the physiologic changes were associated withinduced by fenofibrate or TZDs in adipocy&<2White adi-

Evidence of PPAR-Activation in Peripheral Tissues

0.5 1

Relative PEPCK mRNA

0.8

0.6
kek
0.4 1
Fig 4. Dose response of
PEPCK and MKP-1 gene expres-
sion in liver. Values determined
by TagMan real-time PCR assays
as in Fig 2. Note the differences

0 03 3 30 mg/kg/day in y-axis scales for MKP-1

Fenofibrate Rosiglitazone GW2331 mRNA. **P < .01; ***P < 001 v

vehicle-treated controls.

0.2 | *kkk P

Relative MKP-1 mRNA
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Skeletal Muscle White Adipose Tissue

pose and muscle tissues were not harvested from the fenofibrafgomoter sequences when cotransfected with a human PPAR-
treatment groups, so we have no data on GLUT4 or PEPCK irexpression plasmid in HepG2 and CV-1 cells (Mukherjee%t al
response to fenofibrate. It can be concluded that rosiglitazonand Patricia Hoener, unpublished results, January 1997). Ros-
treatment is effecting changes in gene expression in skeletaglitazone induces PEPCK gene expression in 3T3-L1 adipo-
muscle and white adipose tissue and that GW2331 is a weakytes, but probably through an upstream enhancer not involved
PPAR-+y agonist in adipose tissue in this rat model. in liver-specific expressio?t-22 Furthermore, rosiglitazone has
been shown to induce LPL mRNA and activity in adipose
DISCUSSION tissue, which is thought to be a mechanism by which it de-
We have examined the differences in gene expression prosreases triglyceride levet8:3> We confirmed rosiglitazone-
files in livers of ZDF rats in response to a PPARspecific  induced regulation of GLUT4, PEPCK, and LPL transcripts in
agonist, fenofibrate, a PPAfRR-specific agonist, rosiglitazone, adipose tissue and also demonstrated induction of GLUT4 and
and a PPARx/y coagonist, GW2331. Both fenofibrate and PEPCK in skeletal muscle. Given the low level of PPAR-
GW2331 induced AOX and HD genes and reduced expressiomxpression in skeletal muscle, it is unclear whether changes in
of apoC-lll, PEPCK, and MKP-1 mRNAs. Furthermore, in muscle are direct or secondary, for example, to signaling via
these treatment groups, apoC-lIl mRNA levels correlated withadipose tissue. Nevertheless, the observed changes in expres-
plasma triglyceride levels. Rosiglitazone had no effect on hesion of these genes in both tissues may contribute to the ability
patic expression of AOX, HD, and PEPCK genes and increasedf rosiglitazone to decrease glucose and triglyceride levels.
apoC-lll and MKP-1 mRNAs. In contrast, it was more potent at Alternatively, other target genes may be involved in mediating
lowering plasma glucose levels than fenofibrate or GW2331these effects.
and more efficacious and potent than fenofibrate at lowering The patterns of expression observed in response to these 3
triglyceride levels. Rosiglitazone activates reporter geneslasses of PPAR modulators are consistent with PRAR-
driven by PPAR response elements derived from AOX and HDpredominant regulation in the liver in this animal model. Both
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apoC-lll and MKP-1 mRNAs were modestly induced in the type 2 diabetes. PTPase 1B and PTPase LAR (leukocyte com-
livers of rats treated with rosiglitazone. Whether the mecha-mon antigen-related) interfere with insulin signaling in skeletal
nism involves direct transactivation by PPARin liver re- muscle by dephosphorylating tyrosine residues on the insulin
mains to be determined. In animals treated with the coagonisteceptor and/or its proximal substrates such as IRS-1 and
GW2331, the dominant response is down-regulation of these 8hc39-42 Consistent with this, a PTPase-1B null mouse has
genes consistent with activation of PPARINn cotransfection  improved insulin sensitivity and is resistant to diet-induced
experiments with an AOX PPRE reporter, GW2331 strongly obesity43 MKP-1 is a distal negative effector of insulin action
activates both PPAR-and PPARy, verifying its activity as a  through the MAPK signaling pathway. Overexpression of
coagonist in vitro (Keith Marschke, personal communication, MKP-1 in a rat fibroblast cell line expressing the human insulin
August 2000), although the binding affinity is higher for receptor decreased insulin-induced MAPK activity and inter-
PPAR-« than for PPARy.30 Induction of GLUT4 in adipose fered with activation of a-fos SRE reporte28 Hyperosmotic
tissue after GW2331 treatment may be via PPARt will be stress induces MKP-1 mRNA in H4lIE celti§favors glycogen
important to follow up with PPARx/y coagonists with better breakdowr?®> and induces PEPCK mRN#. All of these ob-
PPAR-y activity in the ZDF rat. In this experiment, GW2331 servations are consistent with a link between MKP-1 expres-
was equivalent to rosiglitazone in triglyceride lowering and sion and glucose homeostasis in liver. An MKP-1-deficient
equally efficacious but somewhat less potent at glucose lowermouse has been created that develops normally and has no
ing. The results suggest a model in which PPARgonists  obvious phenotypé” It would be important to measure fasting
improve both carbohydrate and lipid metabolism in the liver glucose levels and insulin responses in liver of these animals,
and PPARy agonists improve glucose use in the periphery. A especially following dietary challenges.
combination of both PPAR- and -y activities in a single Whether chronic reduced expression of MKP-1 in response
therapy should improve glycemic control and serum lipid pro-to PPAR« agonists in diabetic rats is a mechanism for im-
files, thereby minimizing the microvascular as well as macro-proved insulin responsiveness in the liver remains to be estab-
vascular complications of type 2 diabetes. Two other novellished. Reducing hepatic MKP-1 activity would increase MAP
insulin sensitizers with the ability to activate both PPARnNd kinase activity and could amplify insulin responses. Liver re-
-y have been reported to improve lipid metabolism in 48  sponses to insulin include regulation of glycogen synthesis,
It would be interesting to compare more balaneggl coago-  glycogenolysis, and gluconeogenesis. The MAP kinase path-
nists to fenofibrate and rosiglitazone after short-term dosing tavay does not appear to be crucial to the immediate effects of
identify primary transcriptional effects in the 3 tissues by insulin on enzymatic activities but is involved in mediating
differential expression technology. changes in gene expression induced by insulin, presumably by
ApoC-Ill protein levels correlate with triglyceride levels in altering the phosphorylation state of transcription facté+s.
plasma, and fibrates are reported to improve hypertriglycerideWe have also measured MKP-1 mRNA in skeletal muscle and
mia in part by decreasing expression of the apoC-Ill gene inwhite adipose tissue from the same animals and see no signif-
liver.10-122\We have confirmed negative regulation of the apoC-icant difference between control and treated levels with rosigli-
Il gene via PPAR« in ZDF rats. Furthermore, we have iden- tazone or GW2331 (Patricia Hoener, unpublished results). Hy-
tified 2 additional genes, PEPCK and MKP-1, whose expresperinsulinemic euglycemic clamp studies would be helpful in
sion in the liver is reduced in response to PPARigands.  determining the relative importance of hepatic glucose produc-
Gervois et &@° have demonstrated that fibrates induce Rev-erbaion and peripheral glucose disposal in glycemic control by
mRNA in liver cells and propose that Rev-erba may function asPPAR modulators.
a mediator of negative gene regulation by PPAREThere are Because we monitored changes in gene expression after 15
AP-1 binding sites in human PEPCK and MKP-1 promoters,days of treatment, it is not clear whether any are primary
suggesting negative interference of AP-1-dependent transcrigranscriptional responses. ditn/dbmice, changes in AOX, HD,
tion as another possible mechanism for repression by thesand MKP-1 mRNAs in liver are seen within 6 hours of a naive
compounds?.38 dose of fenofibrate. ApoC-1ll and PEPCK mRNA levels do not
This report is the first demonstration of negative regulationchange significantly by that time but are reduced after 3 and 14
of the PEPCK gene in liver by a fibrate. Although it is paral- days of oral dosing (J. Bilakovics, S. Dana, P. Hoener, unpub-
leled by a decrease in circulating glucose, further investigatiodished observations, June 1999 and August 2000). In addition,
is needed to determine the extent to which PPARetivation fenofibrate produced similar changes in AOX, HD, apoC-lll,
is directly responsible for the observed reduction in PEPCKand PEPCK mRNAs in nondiabetic animals (h apo Al trans-
mRNA and whether it fully explains the glucose lowering. genic mice)® arguing that the changes in gene expression are
Glucose production in rat hepatoma cells (H4IIE) is reduced bynot secondary to glycemic control (R. Kauffman, S. Dana,
fenofibrate and GW2331, but not by rosiglitazone, supportingunpublished observations, September 1999).
this idea; and this may be a useful model for determining the In summary, we have developed sensitive assays for the
mechanism (J. Bilakovics, unpublished observations, Aprilquantification of gene expression changes to profile tissue-
1999). This may differ for the various TZDs because troglita- specific effects of modulators of the intracellular receptors
zone inhibits expression of PEPCK mRNA in primary rat PPAR« and PPARy in a rat model of type 2 diabetes. In the
hepatocytes?® liver, PPAR« agonists cause significant changes in levels of
We identified a novel potential target gene for PPARA transcripts encoding proteins mediating lipid catabolism, glu-
liver, MKP-1. Two protein tyrosine phosphatases (PTPases) areose production, and intracellular signaling, with examples of
already implicated in insulin signaling and the pathogenesis oboth up-regulated and down-regulated genes. In contrast,
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PPAR-y agonists have minimal effects on expression of thesesensitizers that work through PPAR-alone. Appropriate
genes and may act primarily in the periphery in this model. PPAR«/y coagonists can be expected to afford glycemic con-
Regulation of LPL, GLUT4, and PEPCK and mRNAs in adi- trol while minimizing microvascular and macrovascular com-
pose and muscle tissues substantiate this. Reduction of PEPQnlications, offering improved therapy for type 2 diabetes.
mRNA by PPARe agonists is a novel observation and is
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