
Introduction
PPARγ is a nuclear receptor that heterodimerizes with
retinoid X receptor α and activates genes involved in
lipid storage and metabolism. It is required for lipid
homeostasis (1, 2). Immortalized fibroblasts lacking
PPARγ lose the potential for differentiation to mature
adipocytes (3), indicating that PPARγ is absolutely
required for differentiation of preadipocytes to
mature adipocytes. PPARγ also plays a critical role in

the regulation of cholesterol homeostasis in the
macrophage (4, 5). PPARγ–/– embryos die at embryon-
ic day 9.5–10 due to placental dysfunction (6). There-
fore, determination of the physiological function of
PPARγ in mice has been limited to the study of het-
erozygous PPARγ+/– animals (7, 8).

PPARγ is expressed at the highest level in adipose tis-
sue (9, 10), colon epithelium (11–13), and macrophages
(14, 15). In contrast to these tissues or cells, the expres-
sion of PPARγ in liver is very low (10, 15, 16). PPARγ is
normally expressed in both human and murine liver at
only 10–30% of the level in adipose tissue (10, 15, 16).
The function of PPARγ in liver is not clear. However, it
is noteworthy that PPARγ is expressed at elevated levels
in the liver of a number of murine models of diabetes
or obesity, including aP2/DTA (17), A-ZIP/F1 (18),
ob/ob (19, 20), db/db (19), KKA (21), and 5-HT2cR (19)
mutant mice. Levels of hepatic PPARγwere elevated by
seven- to ninefold in ob/ob and db/db mice compared
with wild-type mice. The elevation in expression of the
UCP2 and CD36 genes, known target genes of PPARγ,
suggests that PPARγ in ob/ob liver is functional (19).
However, the physiological role of hepatic PPARγ
remains to be clarified.

To determine the role of hepatic PPARγ in a diabetic
mouse model and to circumvent the embryonic lethal-
ity of a standard gene knockout model, conditional-
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To elucidate the function of PPARγ in leptin-deficient mouse (ob/ob) liver, a PPARγ liver-null mouse
on an ob/ob background, ob/ob-PPARγ(fl/fl)AlbCre+, was produced using a floxed PPARγ allele,
PPARγ(fl/fl), and Cre recombinase under control of the albumin promoter (AlbCre). The liver of
ob/ob-PPARγ(fl/fl)AlbCre+ mice had a deletion of exon 2 and a corresponding loss of full-length PPARγ
mRNA and protein. The PPARγ-deficient liver in ob/ob mice was smaller and had a dramatically
decreased triglyceride (TG) content compared with equivalent mice lacking the AlbCre transgene
(ob/ob-PPARγ(fl/fl)AlbCre–). Messenger RNA levels of the hepatic lipogenic genes, fatty acid synthase,
acetyl-CoA carboxylase, and stearoyl-CoA desaturase-1, were reduced in ob/ob-PPARγ(fl/fl)AlbCre+

mice, and the levels of serum TG and FFA in ob/ob-PPARγ(fl/fl)AlbCre+ mice were significantly high-
er than in the control ob/ob-PPARγ(fl/fl)AlbCre– mice. Rosiglitazone treatment exacerbated the fatty
liver in ob/ob-PPARγ(fl/fl)AlbCre– mice compared with livers from nonobese Cre– mice; there was no
effect of rosiglitazone in ob/ob-PPARγ(fl/fl)AlbCre+ mice. The deficiency of hepatic PPARγ further
aggravated the severity of diabetes in ob/ob mice due to decreased insulin sensitivity in muscle and
fat. These data indicate that hepatic PPARγ plays a critical role in the regulation of TG content and
in the homeostasis of blood glucose and insulin resistance in steatotic diabetic mice.

J. Clin. Invest. 111:737–747 (2003). doi:10.1172/JCI200317223.

Received for publication October 19, 2002, and accepted in revised form
January 7, 2003.

Address correspondence to: Frank J. Gonzalez, Building 37,
Room 2A19, National Institutes of Health, Bethesda, Maryland
20892, USA. Phone: (301) 496-9067; Fax: (301) 496-8419; 
E-mail: fjgonz@helix.nih.gov.
Martin Haluzik’s present address is: Department of Medicine,
Faculty of Medicine, Charles University, Prague, Czech Republic.
Gilles Lambert’s present address is: INSERM U539, Nantes,
France.
Marc L. Reitman’s present address is: Merck Research
Laboratories, Rahway, New Jersey, USA.
Conflict of interest: The authors have declared that no conflict of
interest exists.
Nonstandard abbreviations used: Cre recombinase under control
of the albumin promoter (AlbCre); malic enzyme (MAL); ATP-
citrate lyase (ACL); glycerol-3-phosphate acyltransferase (GPAT);
triglyceride (TG); fatty acid synthase (FAS); acetyl-CoA carboxylase
(ACC); stearoyl-CoA desaturase-1 (SCD1); liver X receptor (LXR);
peroxisome proliferator response element (PPRE).



null mice were created using the Cre-loxP strategy and
a Cre transgene derived from the interferon α/β pro-
moter (MxCre) (4). The resultant PPARγ(fl/fl)MxCre
mice lacked expression of PPARγ in liver, but also in
other tissues, including spleen and kidney. To produce
a liver-specific PPARγ-null mouse model, a liver-specif-
ic albumin promoter–driven Cre transgene, AlbCre, was
used to generate PPARγ(fl/fl)AlbCre mice. These mice
were bred with ob/ob mice to obtain liver-specific dis-
ruption of PPARγ in ob/ob mice. Here we show that
ob/ob mice with a liver-specific disruption of PPARγ
exhibited a dramatic improvement in fatty liver but had
exacerbated hyperglycemia and insulin resistance.

Methods
Generation of liver-specific PPARγ conditional-null mice.
PPARγ(fl/fl) mice, produced as described (4), were
bred with a mouse containing the AlbCre transgene
(22), kindly provided by Derek LeRoith of the
National Institute of Diabetes and Digestive and
Kidney Diseases, NIH. This transgene was used in an
earlier study to create an HNF4α liver-null mouse
(23). Heterozygous (fl/+) animals carrying one copy
of AlbCre were then interbred with fl/+ littermates
lacking Cre to generate liver-specific PPARγ condi-
tional-null mice and littermate control mice.
PPARγ(fl/fl)AlbCre+ or PPARγ(fl/fl)AlbCre– mice were
intercrossed with heterozygotic C57BL/6J-Lepob mice
obtained from The Jackson Laboratory (Bar Harbor,
Maine) to generate double heterozygotes (PPARγ
fl/+, OB/ob). Since mouse PPARγ and leptin are both
on chromosome 6, the double heterozygotes were
crossed until recombination occurred to generate
OB/ob-PPARγ(fl/fl) genotype mice. The OB/ob-
PPARγ(fl/fl)AlbCre+ or OB/ob-PPARγ(fl/fl)AlbCre–

mice were then crossed to generate ob/ob-PPARγ-
(fl/fl)AlbCre+ or ob/ob-PPARγ(fl/fl)AlbCre– mice. Mice
were reared on a 12-hour light/dark cycle and fed
water and a pellet chow diet (NIH-07) ad libitum.
For rosiglitazone (SmithKline Beecham Pharmaceu-
ticals, West Sussex, United Kingdom) treatment, a
powdered diet (AIN-93G; Dyets Inc., Bethlehem,
Pennsylvania, USA) was blended with the drug and
administered for 3 weeks at approximately 3 mg/kg/
day. The National Cancer Institute Animal Care and
Use Committee approved all animal studies, which
were carried out in accordance with Institute of Lab-
oratory Animal Resources (ILAR) guidelines.

DNA and RNA analysis. Southern and Northern blot
analysis and RNase protection assays were performed as
previously described (4). The cDNA probes used for
Northern blotting were described in previous reports (4,
23) except for the probes indicated below. cDNA probes
for malic enzyme (MAL), ATP-citrate lyase (ACL), and
glycerol-3-phosphate acyltransferase (GPAT) were
amplified by PCR from a mouse liver cDNA library
using gene-specific primers and cloned into pGEM-T
Easy Vector (Promega Corp., Madison, Wisconsin,
USA). The primers used for PCR were as follows. MAL

5′, CGATGATAAGGTCTTCCTCACCAC and 3′, TCCTATG-
GAGTGTTTGGGTTCG. ACL 5′, GGTCAATCTCTCTCTG-
GATGGAGT and 3′, GGATGGTCTTGGCATAGTCATAGG.
GPAT 5′, CGAAGGTCACTACAATGGCGAAC and 3′,
GGTCTCTTTGAAAACCCCGATG. The identities of the
probes were confirmed by nucleotide sequencing.

Measurement of lipids, lipoprotein lipase activity, VLDL
export, and insulin. Serum lipid levels and lipoproteins
were analyzed as previously described (4). The clearance
rate of exogenous triglyceride (TG) was measured in
mice fasted for 4 hours and then gavaged with 400 µl
of olive oil. Blood was taken at 0, 60, 90, 270, and 390
minutes after administration of oil, and plasma TGs
were measured. For liver TG and cholesterol concen-
trations, total lipids were extracted from 100 mg liver
as previously described (24) and the extracts were used
for the measurement of each lipid class. Postheparin
lipoprotein and hepatic lipase activities were assayed in
triplicate using 14C-labeled triolein substrate as previ-
ously described (25). Postheparin plasma was collected
as previously described (25). VLDL export rates were
measured according to an earlier method (26). Plasma
insulin was measured with a radioimmunoassay kit
(Linco Research Inc., St. Charles, Missouri, USA).

Glucose levels and glucose tolerance tests. Glucose toler-
ance tests, performed on conscious mice following a 
6-hour fast, were done by intraperitoneal administra-
tion of glucose (2 mg/g). Blood samples were taken at
0, 30, 60, 90, and 120 minutes from the tail vein and
were analyzed for glucose concentrations using a Glu-
cometer Elite (Bayer Corp., Elkhart, Indiana, USA).

Histology. Livers from 7- to 8-week-old representative
mice were fixed in 10% neutral buffered formalin and
embedded in paraffin. Sections were cut at a thickness
of 4–6 µm and stained with H&E.

Hyperinsulinemic-euglycemic clamp. The clamp studies
were performed using 5-week-old male ob/ob mice
using the protocol previously described (27).

Results
Production of a liver-specific PPARγ-null mouse on an ob/ob
background. The conditional floxed allele of the PPARγ
gene (Figure 1a) was described in a previous report (4).
No difference in phenotype was noted between 15-week-
old PPARγ(fl/fl)AlbCre– and PPARγ(fl/fl)AlbCre+ mice,
probably reflecting the low level of PPARγ expression in
liver of nonobese wild-type mice (10, 15, 28). To elucidate
the role of PPARγ in liver, PPARγ(fl/fl)AlbCre mice were
crossed with ob/ob mice. The ob/ob-PPARγ(fl/fl)AlbCre–

and ob/ob-PPARγ(fl/fl)AlbCre+ mice thus obtained had a
distribution of offspring genotypes that followed the
predicted mendelian frequencies. These crosses also gen-
erated lean mice, wild type for the leptin gene, from the
same litter, designated OB/OB-PPARγ(fl/fl)AlbCre– and
OB/OB-PPARγ(fl/fl)AlbCre+.

To examine liver-specific deletion of the floxed exon 2
of the PPARγ gene, the recombination event was ana-
lyzed by Southern blotting of genomic DNA isolated
from various tissues using a 3′ probe (Figure 1a). Dele-
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tion of exon 2 was found to occur in liver in a Cre+-spe-
cific manner, as indicated by the presence of an 8-kb
hybridizing band that represents the PPARγallele lack-
ing exon 2. However, in addition to the deleted band,
the intact floxed exon 2 allele, represented by a 10-kb
band, was also detected in the PPARγ(fl/fl)AlbCre+ mice
(Figure 1b). The incomplete deletion is probably the
result of nonparenchymal cells such as Kupffer,
endothelial, and stellate cells that do not express the
albumin promoter, as noted in previous reports (22, 29).
The loss of full-length PPARγ mRNA and the presence
of a truncated PPARγmRNA product was confirmed in
ob/ob-PPARγ(fl/fl)AlbCre– and ob/ob-PPARγ(fl/fl)AlbCre+

liver using RNase protection assays (Figure 1c). The
truncated PPARγ transcripts were detected only in Cre+

mice. Using an β-actin riboprobe to normalize for the
amount of total RNA, the mRNA levels of PPARγ in
ob/ob-PPARγ(fl/fl)AlbCre– mice were shown to be
markedly higher than in OB/OB-PPARγ(fl/fl)AlbCre–

mice. In addition, PPARγ(fl/fl)AlbCre+-derived mRNA
levels in both OB/OB and ob/ob mice were significantly
lower than native PPARγ transcripts, suggesting the
possibility that the truncated mRNA is inherently less
stable than wild-type PPARγ mRNA (4) or that PPARγ
expression is self-regulated (30).

The deficiency of liver-specific PPARγ improves fatty liver
in ob/ob mice. The ob/ob genetic background causes
severe obesity and a fatty liver. To assess the potential
effects of liver-specific PPARγdeficiency, body and tis-
sue weights were measured. For a period of 8 weeks
after birth, no significant difference in body and white
adipose weight was observed between ob/ob-
PPARγ(fl/fl)AlbCre– and ob/ob-PPARγ(fl/fl)AlbCre+

mice (Table 1). However, the liver weight of ob/ob-
PPARγ(fl/fl)AlbCre+ mice was significantly lower than
that of ob/ob-PPARγ(fl/fl)AlbCre– mice; the OB/OB-
PPARγ(fl/fl)AlbCre– and OB/OB-PPARγ(fl/fl)AlbCre+

livers were not different. These results suggest that
PPARγhas a physiological function in the liver of ob/ob
mice. Livers in the ob/ob-PPARγ(fl/fl)AlbCre– mice were
significantly enlarged relative to those of OB/OB-
PPARγ(fl/fl)AlbCre– mice and were yellowish in appear-
ance, typical of fatty liver (Figure 2a). However, ob/ob-
PPARγ(fl/fl)AlbCre+ mice had a dramatically improved
fatty liver. Therefore, the elevated PPARγexpression in
ob/ob liver appears to be a pathophysiological response
to the state of severe obesity and diabetes. At this time,
no phenotypic differences have been seen between
OB/OB-PPARγ(fl/fl)AlbCre– and OB/OB-PPARγ(fl/fl)-
AlbCre+ mice. Histological analysis of the liver from
each genotyped mouse revealed the presence of
numerous hepatocyte vacuoles in the ob/ob-PPARγ-
(fl/fl)AlbCre– liver; hepatocyte vacuoles observed in the
ob/ob-PPARγ(fl/fl)AlbCre+ liver were much smaller and
less numerous than those seen in ob/ob-PPARγ-
(fl/fl)AlbCre– liver (Figure 2, b–e). These vacuoles were
positive for the presence of lipid as revealed by oil red
O staining (data not shown) or measurement of hepat-
ic TG content. The hepatic TG content of ob/ob-

PPARγ(fl/fl)AlbCre+ mice was also significantly lower
(75% lower) than that of ob/ob-PPARγ(fl/fl)AlbCre–

mice (Figure 2f). Rosiglitazone treatment of ob/ob-
PPARγ(fl/fl)AlbCre– mice caused a marked increase in
hepatic TG content and size compared with ob/ob-
PPARγ(fl/fl)AlbCre+ mice (Figure 2g). Histological
data also revealed numerous large hepatocyte vac-
uoles (Figure 2, h–k). However, these effects of rosigli-
tazone on liver were not observed in Cre+ mice. The
TG content and liver weight in ob/ob-PPARγ(fl/fl)-
AlbCre+ mice were 8.5% and 33% that of rosiglitazone-
treated ob/ob-PPARγ(fl/fl)AlbCre– mice, respectively
(Figure 2, l and m). These results strongly suggest that
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Figure 1
Gene targeting and conditional deletion of exon 2 of the PPARγgene.
(a) Restriction maps of the wild-type allele, targeting vector, targeted
allele, floxed allele, and null allele. The indicated 3′ probe was used to
assess recombination events by Southern blot analysis. Open boxes
represent exons and are numbered as indicated. PGK neomycin (PGK
Neo) and thymidine kinase (TK) are positive and negative selection
cassettes, respectively. Restriction sites: B, BamHI; E, EcoRI; S, SacI. (b)
Southern blot analysis of BamHI-digested genomic DNA isolated from
brain (B), liver (L), colon (C), spleen (S), kidney (K), white adipose
(W), and tail (T) in ob/ob-PPARγ(fl/fl)AlbCre+ or ob/ob-PPARγ-
(fl/fl)AlbCre– mice. Fragments hybridizing with 3′ probe from the wild-
type, floxed, and deleted alleles migrate at approximately 14, 10, and
8 kb, respectively. (c) RNase protection analysis of PPARγ mRNA in
OB/OB- or ob/ob-PPARγ(fl/fl)AlbCre mouse livers. Total RNA from
three separate mouse livers in each genotype were hybridized with
riboprobes for β-actin and PPARγ. The products were then separated
on a 5.0% polyacrylamide gel. The size of the protected mRNA frag-
ments for PPARγ and β-actin is as follows; wild-type PPARγ, 195 nt;
null PPARγ, 165 nt; and β-actin; 250 nt.



hepatic PPARγ is involved in the development of fatty
liver in ob/ob mice.

Hepatic PPARγ controls the expression of lipogenic genes in
ob/ob mice. The PPARγ-mediated transactivation of
several genes involved in lipid metabolism and trans-
port has been demonstrated (4, 10). However, these
studies analyzed adipose tissue or macrophages that
highly express PPARγ. PPARγ-regulated gene expres-
sion in liver remains unclear. To uncover genes regu-
lated by hepatic PPARγ and to determine the mecha-
nism of the decrease in hepatic TGs in ob/ob mice
lacking expression of PPARγ, mRNA from livers of
untreated (Figure 3a) and rosiglitazone-treated (Fig-
ure 3b) mice was analyzed. The mRNA levels of the
fatty acid synthase (FAS), acetyl-CoA carboxylase
(ACC), ATP-citrate lyase (ACL), malic enzyme (MAL),
glycerol-3-phosphate acyltransferase (GPAT), and
stearoyl-CoA desaturase-1 (SCD1) genes in ob/ob-
PPARγ(fl/fl)AlbCre+ mice were clearly lower than that
of ob/ob-PPARγ(fl/fl)AlbCre– mice. However, their
expression levels were unchanged in OB/OB-PPARγ-
(fl/fl)AlbCre– or OB/OB-PPARγ(fl/fl)AlbCre+ mice.
Rosiglitazone treatment additively induced the ex-
pression of ACC, MAL, GPAT, CD36, and aP2 mRNA
in ob/ob-PPARγ(fl/fl)AlbCre– mice but not in Cre+ mice
(Figure 3b). The aP2 gene was not expressed in ob/ob-
PPARγ(fl/fl)AlbCre– livers of untreated mice (data not
shown). The mRNA levels of genes associated with
glucose metabolism, apolipoprotein receptors, and
apolipoproteins were unchanged by loss of PPARγ
(data not shown). Since the lipogenic genes that were
induced in ob/ob-PPARγ(fl/fl)AlbCre– mice are direct-
ly or indirectly involved in fatty acid and TG synthe-
sis, these results suggest that hepatic PPARγ in ob/ob
mice regulates TG content by controlling lipid syn-
thesis. Further, other transcription factors that regu-
late the expression of lipogenic genes were analyzed.
However, no difference in expression between ob/ob-
PPARγ(fl/fl)AlbCre– and Cre+ mice was observed for

the SREBP, liver X receptor-
α (LXRα), or PPARα genes
(Figure 3, a and b).

The deficiency of liver-specif-
ic PPARγcauses accumulation
of VLDL and an elevation of
FFA content in the ob/ob
mouse. The serum lipid con-
tents of ob/ob-PPARγ(fl/fl)-
AlbCre– and ob/ob-PPARγ-
(fl/fl)AlbCre+ mice are
summarized in Table 1.
Levels of all lipid classes
(TG, FFA, cholesterol, and
phospholipids), of ob/ob-
PPARγ(fl/fl)AlbCre+ mice
were significantly higher
than those of ob/ob-PPARγ-
(fl/fl)AlbCre– mice after 24
hours of fasting. Contrary

to this result, no significant difference was observed
in the two OB/OB-PPARγ(fl/fl)AlbCre mouse groups.
To more precisely characterize the nature of the
serum lipids and their associated lipoproteins in
ob/ob-PPARγ(fl/fl)AlbCre+ mice, FPLC analysis was
performed on 24-hour fasting serum. The elution
profile by TG content revealed that the majority of the
serum TG in ob/ob-PPARγ(fl/fl)AlbCre+ mice results
from VLDL (Figure 4a). Consistent with these data,
Western blot analysis of the apolipoprotein content
of the VLDL, LDL, and HDL fractions revealed that
ob/ob-PPARγ(fl/fl)AlbCre+ mice have increased apoB,
apoE, and apoA in the VLDL fractions compared with
ob/ob-PPARγ(fl/fl)AlbCre– mice (Figure 4b, inset). Elu-
tion profiles determined by cholesterol content
revealed that LDL and HDL are also elevated in ob/ob-
PPARγ(fl/fl)AlbCre+ mice (Figure 4b). The elevation of
these lipoproteins appears to explain the elevation of
cholesterol and phospholipid content in ob/ob-
PPARγ(fl/fl)AlbCre+ mice (Table 1). The accumulation
of VLDL in ob/ob-PPARγ(fl/fl)AlbCre+ mice raised
questions about the potential for catabolism of exoge-
nous TG-rich apolipoproteins as chylomicrons. To
investigate this possibility, mice were gavaged with
olive oil, and serum TG was sequentially measured
(Figure 4c). The elevated rate of serum TG in ob/ob-
PPARγ(fl/fl)AlbCre+ mice showed a tendency toward
slower clearance than in Cre– mice, although this dif-
ference did not reach statistical significance. These
results suggest that the deficiency of hepatic PPARγ
causes an impairment of TG-rich lipoprotein clear-
ance. Furthermore, to elucidate potential mecha-
nisms for increased serum TG and FFA in ob/ob-
PPARγ(fl/fl)AlbCre+ mice, lipase activities and VLDL
export rates were measured. However, no significant
differences in the lipoprotein lipase (Figure 4d) and
VLDL export rates (Figure 4e) were observed between
ob/ob-PPARγ(fl/fl)AlbCre– and ob/ob-PPARγ(fl/fl)-
AlbCre+ mice. However, hepatic lipase activity was sig-
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Table 1
Tissue weight and blood parameters in hepatic PPARγ–deficient ob/ob mice

OB/OB ob/ob

Cre – + – +

Age (weeks) 7.30 ± 0.25 (9) 7.81 ± 0.20 (23) 7.75 ± 0.47 (8) 7.72 ± 0.17 (24)
Body weight (g) 16.8 ± 0.59 (9) 17.7 ± 1.3 (23) 30.2 ± 1.6 (8) 31.5 ± 1.2 (24)
Liver weight (g) 0.61 ± 0.1 (9) 0.71 ± 0.1 (23) 1.5 ± 0.1 (8) 1.2 ± 0.1 (24)A

Liver/body (%) 4.08 ± 0.1 (9) 3.89 ± 0.2 (9) 4.92 ± 0.4 (8) 3.94 ± 0.1 (24)C

Epididymal fat (g) 0.28 ± 0.0 (9) 0.30 ± 0.0 (23) 1.8 ± 0.3 (8) 2.1 ± 0.1 (24)
Inguinal fat (g) 0.07 ± 0.0 (9) 0.09 ± 0.0 (23) 0.4 ± 0.1 (8) 0.5 ± 0.0 (24)
β-HBA (mg/dl) 21.8 ± 3.8 (6) 22.7 ± 6.2 (6) 13.9 ± 3.2 (6) 11.6 ± 3.2 (6)
Serum FFA (mM) 1.29 ± 0.05 (6) 1.26 ± 0.20 (6) 1.18 ± 0.20 (6) 1.88 ± 0.30 (6)A

Serum TG (mg/dl) 58.1 ± 4.3 (6) 61.5 ± 5.1 (6) 63.6 ± 10 (6) 144 ± 28 (6)A

Serum CHO (mg/dl) 97.3 ± 13 (6) 142 ± 14 (6) 189 ± 13 (6) 220 ± 14 (6)B

Serum PL (mg/dl) 148 ± 20 (6) 202 ± 15 (6) 227 ± 9.7 (6) 298 ± 17 (6)B

Values are mean ± SE. Numbers of animals are indicated in parentheses. After a 24-hour fast, animals were sac-
rificed. HBA, hydroxybutyrate; TG, total TG; CHO, total cholesterol; PL, phospholipid. AP < 0.05; BP < 0.01; 
CP < 0.001, Cre– vs. Cre+.



nificantly increased in ob/ob-PPARγ(fl/fl)AlbCre+ mice
(Figure 4d). The result of Northern blotting showed
that, with the exception of one mouse, hepatic lipase
mRNA in ob/ob-PPARγ(fl/fl)AlbCre– liver is lower than
in OB/OB-PPARγ(fl/fl)AlbCre– mice. This result is in
agreement with an earlier report (31). Furthermore,
the deficiency of hepatic PPARγ resulted in recovery
of hepatic lipase expression to levels similar to those
found in OB/OB-PPARγ(fl/fl)AlbCre– mice (Figure 4f),
suggesting that the different activities between ob/ob-
PPARγ(fl/fl)AlbCre– and Cre+ mice result from the dif-
ferences in transcriptional levels.

Deficiency of liver-specific PPARγaggravates hyperglycemia
and insulin resistance in ob/ob mice. To assess the effects of
deficiency of liver-specific PPARγon glucose homeosta-
sis, the level of blood glucose was measured (Figure 5a).
Glucose levels of ob/ob-PPARγ(fl/fl)AlbCre+ mice were sig-
nificantly higher than those of ob/ob-PPARγ(fl/fl)AlbCre–

mice. To further characterize glucose metabolism, glu-
cose tolerance tests were performed following an exoge-
nous load of glucose. The glucose levels in ob/ob-
PPARγ(fl/fl)AlbCre– mice were higher than those in the
OB/OB-PPARγ(fl/fl)AlbCre– mice (Figure 5, b and c). Sur-
prisingly, in ob/ob-PPARγ(fl/fl)AlbCre+ mice of both age
groups, there was a significant elevation in blood glucose
levels at all timepoints compared with ob/ob-PPARγ(fl/fl)-
AlbCre– mice. However, the elevated glucose levels in
ob/ob-PPARγ(fl/fl)AlbCre+ mice were improved by treat-
ment with rosiglitazone, suggesting that the effect of
rosiglitazone on glucose levels does not depend on
hepatic PPARγ (Figure 5, j and l).

No difference in insulin levels was observed between
ob/ob-PPARγ(fl/fl)AlbCre– and ob/ob-PPARγ(fl/fl)Cre+

mice (Figure 5e), suggesting that exacerbated hyper-
glycemia and glucose intolerance of liver PPARγ–defi-
cient mice may be caused by further impairment in
insulin sensitivity. To directly measure the changes in
insulin sensitivity in ob/ob-PPARγ(fl/fl)AlbCre– and
ob/ob-PPARγ(fl/fl)AlbCre+ mice, a hyperinsulinemic-eug-
lycemic clamp study was performed (Figure 5, f–i).
Whole-body glucose uptake (g) under hyperinsulinemic
conditions is largely considered a measure of muscle
insulin sensitivity. This variable was approximately 40%
higher in ob/ob-PPARγAlbCre– mice than in ob/ob-
PPARγ(fl/fl)AlbCre+ mice, indicating a worsening of
muscle insulin sensitivity in ob/ob-PPARγ(fl/fl)AlbCre+

mice. The measurement of tissue glucose uptake
revealed that white adipose (h) and muscle (i) glucose
uptake was also lower in ob/ob-PPARγ(fl/fl)AlbCre+ mice
than in ob/ob-PPARγ(fl/fl)AlbCre– mice. In contrast,
ob/ob-PPARγ(fl/fl)AlbCre+ mice had more pronounced
suppression of endogenous glucose production during
the clamp, suggesting that liver insulin sensitivity is
improved by the deficiency of hepatic PPARγ.

Rosiglitazone improves the plasma diabetic syndromes in
hepatic PPARγ–deficient mice. Finally, we examined the
effect of rosiglitazone on symptoms of diabetes aggra-
vated in hepatic PPARγ–deficient mice. The glucose
and TG levels were elevated and the glucose intoler-
ance observed in ob/ob-PPARγ(fl/fl)AlbCre+ was sig-
nificantly improved by treating with rosiglitazone
(Figure 5, j–l and o). Treating with rosiglitazone

The Journal of Clinical Investigation | March 2003 | Volume 111 | Number 5 741

Figure 2
Effect of hepatic PPARγ deficiency in ob/ob and OB/OB mice. (a–f)
Nontreatment mice. (a) Liver of littermates. Livers of 8-week-old mice
were used. (b–e) Histology of livers from OB/OB-PPARγ(fl/fl)AlbCre–

(b) and ob/ob-PPARγ(fl/fl)AlbCre– (d) or OB/OB-PPARγ(fl/fl)AlbCre+

(c) and ob/ob-PPARγ(fl/fl)AlbCre+ mice (e). H&E staining was per-
formed for liver sections (original magnification, ×100) from each
genotyped mouse. (f) Total cholesterol and TG content in OB/OB-
PPARγ(fl/fl)AlbCre– (n = 5: 2 males and 3 females), OB/OB-PPARγ-
(fl/fl)AlbCre+ (n = 4: 2 males and 2 females), ob/ob-PPARγ(fl/fl)-
AlbCre– (n = 6: 3 males and 3 females), and ob/ob-PPARγ(fl/fl)AlbCre+

(n = 15: 8 males and 7 females) mice. (g–m) Rosiglitazone-treated
mice. (g) Rosiglitazone-treated livers. (h–k) H&E staining of livers
from rosiglitazone-treated OB/OB- PPARγ(fl/fl)AlbCre– (h) and
ob/ob-PPARγ(fl/fl)AlbCre– (j) or OB/OB- PPARγ(fl/fl)AlbCre+ (i) and
ob/ob-PPARγ(fl/fl)AlbCre+ mice (k). (l) Body and liver weight in
rosiglitazone-treated and control mice. For control groups: OB/OB-
PPARγ(fl/fl)AlbCre–, n = 4 (2 males and 2 females); OB/OB-
PPARγ(fl/fl)AlbCre+ (n = 3, males); ob/ob-PPARγ(fl/fl)AlbCre–, n = 7
(3 males and 4 females); and ob/ob-PPARγ(fl/fl)AlbCre+, n = 5 
(3 males and 2 females). Rosiglitazone groups: OB/OB-PPARγ-
(fl/fl)AlbCre–, n = 5 (2 males and 3 females); OB/OB-PPARγ(fl/fl)-
AlbCre+, n = 4 (3 males and 1 female); ob/ob-PPARγ(fl/fl)AlbCre–, 
n = 10 (6 males and 4 females); and ob/ob-PPARγ(fl/fl)AlbCre+, n = 9
(5 males and 4 females). (m) Total cholesterol and TG content in
rosiglitazone-treated mice. The mouse number for each genotype
was described in l. Data are mean ± SE.  *P < 0.001, **P < 0.01 com-
pared with Cre– mice. Rosi, rosiglitazone.



showed a tendency to lower insulin and FFA levels,
though this did not reach statistical significance (Fig-
ure 5, m and n). These results suggest that the effect
of rosiglitazone on the symptoms of diabetes aggra-
vated in hepatic PPARγ–deficient mice does not sole-
ly depend on hepatic PPARγ. 

Discussion
Deficiency of liver-specific PPARγ in ob/ob mice. Southern
blot analysis of tissue DNA from ob/ob-PPARγ(fl/fl)-
AlbCre– and ob/ob-PPARγ(fl/fl)AlbCre+ mice revealed
over 80% deletion in the Cre+ liver, with no indication
of recombination in other tissues. The detection of
alleles that were not recombined in PPARγ(fl/fl)-
AlbCre+ mice is similar to results of Southern blot
analysis in AlbCre+ mice generated in other studies (22,
29). This failure to recombine is believed to result from
the existence of nonparenchymal cell types in the liver
that do not express the albumin promoter and hence
do not express Cre recombinase (29). It is known that
the content of nonparenchymal cells in rat liver is
approximately 30% of total cells (32). Indeed, quanti-
tation of Southern blot signals revealed that the band
representing the unrecombined floxed allele band (10
kb) in ob/ob-PPARγ(fl/fl)AlbCre+ mouse liver represents

29.2% ± 1.1% (n = 5) of the total alleles
(10 kb + 8 kb), a result that is in agree-
ment with parenchymal cell–specific
deletion mediated by the AlbCre trans-
gene. RNase protection further revealed
that PPARγ mRNA in PPARγ(fl/fl)-
AlbCre+ mice is less than 5% that found
in livers of PPARγ(fl/fl)AlbCre– mice.
Although truncated transcripts appar-
ently derived from the recombined
allele are detected, PPARγ proteins are
not expected to be expressed since these
transcripts have a reading frame that
results in a new stop codon at amino
acids 87 (PPARγ1) or 117 (PPARγ2).
Bands corresponding to the expected
translation products of PPARγ mRNA

lacking exon 2, which are approximately 10 kDa
(PPARγ1) and 13 kDa (PPARγ2), did not appear on
Western blots, perhaps due to instability of the pre-
maturely truncated proteins (4).

Hepatic PPARγ is critical for the development of fatty liver
in ob/ob mice. The mechanisms for hepatic steatosis in
ob/ob mice are not well understood, but some evi-
dence indicates that elevation of hepatic lipogenesis
is involved (33). The expression of genes encoding
enzymes involved in lipogenesis — FAS, ACC, MAL,
SCD1, GPAT, and ACL — is increased in ob/ob liver (34).
In fact, de novo fatty acid synthesis activity measured
using 3H2O in ob/ob liver is eightfold higher than in
lean mice (34).

In the present study, hepatic PPARγ was found to
have a role in development of fatty liver in ob/ob mice.
The results of Northern blot analysis showed that
expression of the lipogenesis genes induced in ob/ob-
PPARγ(fl/fl)AlbCre– mice was attenuated in ob/ob-
PPARγ(fl/fl)AlbCre+ mice. The expression levels of these
genes in ob/ob-PPARγ(fl/fl)AlbCre+ mice returned to the
basal levels found in OB/OB-PPARγ(fl/fl)AlbCre– mice.
These results indicate that hepatic PPARγ may modu-
late the amount of hepatic TG by regulating the expres-
sion levels of lipogenic genes. Rosiglitazone is repre-
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Figure 3
Northern blot analysis to assess the effect of PPARγ
deficiency on hepatic gene expression in untreated
and rosiglitazone-treated ob/ob mice. Total RNA was
isolated from nonfasting male mice and 20 µg was
subjected to electrophoresis on a 1.2% agarose gel,
transferred to a nylon membrane, and hybridized
with the indicated 32P-labeled cDNA probes. (a)
Northern blot of untreated ob/ob mice liver. (b)
Northern blots of rosiglitazone-treated ob/ob mice
liver. Quantitation of the bands was performed
using the PhosphorImager from Molecular Dynam-
ics and are expressed as the fold change, after cor-
rection for GAPDH levels, relative to OB/OB-
PPARγ(fl/fl)AlbCre– mice. Values are averages
obtained from two animals.



sentative of a class of antidiabetic agents that act by
increasing insulin sensitivity (35); these drugs are also
agonist ligands for PPARγ (36). Rosiglitazone treat-
ment of ob/ob-PPARγ(fl/fl)AlbCre– mice caused exacer-
bation of the development of fatty liver and increased
liver size; this was not observed in Cre+ mice, indicating
a correlation between the activation of hepatic PPARγ
and the development of fatty liver. Furthermore,
rosiglitazone induced the expression of the ACC, GPAT,
CD36, and aP2 genes in ob/ob-PPARγ(fl/fl)AlbCre– mice
compared with untreated ob/ob-PPARγ(fl/fl)AlbCre–

mice. Therefore, the elevation of fatty acid and TG syn-
thesis, uptake of fatty acids, and lipid accumulation in
liver may be included in possible mechanisms that
result in more severe fatty liver in rosiglitazone-treated
ob/ob-PPARγ(fl/fl)AlbCre– mice.

It should be noted that no obvious phenotypes were
observed for OB/OB-PPARγ(fl/fl)AlbCre+ mice. Howev-
er, the mice were not observed beyond 13 weeks of age.
Therefore we cannot rule out the existence of a small,
subtle phenotype yet undetected in these mice. Perhaps
older mice or mice on special (high-fat) diets may cause
more noticeable phenotypes to emerge.

SREBP1 proteins are basic helix-loop-helix leucine
zipper family transcription factors that mainly regulate
the expression of lipogenesis genes, including FAS,
ACC, MAL, SCD1, GPAT, and ACL (37). Overexpression
of SREBP1 in transgenic mice results in fatty liver.

SREBP1-null mice on the ob/ob genetic background
(lepob/ob × Srebp1–/– mice) were produced and fatty livers
were markedly attenuated (38). Similar to ob/ob-
PPARγ(fl/fl)AlbCre+ mice, the mRNA levels of lipogenic
enzymes such as FAS, SCD1, GPAT, S14, and ACL were
decreased in lepob/ob × Srebp1–/– mice. These results indi-
cate that SREBP1 is also an important factor for the
development of fatty liver in ob/ob mice.

Regulation of lipogenesis genes by hepatic PPARγ. To our
knowledge, no prior study has directly shown that
PPARγ regulates the expression of the FAS, ACC, MAL,
SCD1, GPAT, and ACL genes in vivo. It remains
unclear whether PPARγdirectly or indirectly regulates
the transcription of these genes. It was shown that
MAL (39) and SCD1 (40) are regulated by PPARα and
have the peroxisome proliferator response element–
like (PPRE-like) sequence in their promoter regions.
Transfection analysis revealed a PPRE located at posi-
tion –664 to –642 bp of the SCD1 promoter, suggest-
ing that PPARγcan directly bind to a PPRE in the pro-
moter of this gene. However, this raises questions
about why PPARγ can specially regulate the expres-
sion of these genes when PPARα is predominantly
expressed in liver of ob/ob-PPARγ(fl/fl)AlbCre+ and
ob/ob-PPARγ(fl/fl)AlbCre– mice. Treatment of wild-
type and PPARα-null mice with the highly selective
PPARγ agonist rosiglitazone induces acyl-CoA oxi-
dase, fatty acid–binding protein, and CYP4A mRNA’s,
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Figure 4
Effect of PPARγdeficiency on the catabolism of serum TG in the ob/ob mouse. Lipoproteins were separated from 60 µl of pooled mouse plas-
ma samples (n = 6 for each genotype) by FPLC. The concentration of TG (a) and cholesterol (b) in each eluted fraction is indicated on the y
axis. Inset: immunoblot analysis of apoB, apoE, apoA-I, and apoA-II contained within the VLDL (V), LDL (L), and HDL (H) top fractions
from each mouse genotype. (c) Measurement of serum TG after gavage with oil. The clearance rate of exogenous TG was measured in mice
fasted for 4 hours as described in Methods. (d and e) Measurement of plasma lipase activities (d) and VLDL export rates (e). In d, for ob/ob-
PPARγ(fl/fl)AlbCre– mice, n = 7; ob/ob-PPARγ(fl/fl)AlbCre+, n = 10. In e, for ob/ob-PPARγ(fl/fl)AlbCre–, n = 7; ob/ob-PPARγ(fl/fl)AlbCre+, 
n = 6. Each assay was performed as described in Methods. LPL, lipoprotein lipase; HL, hepatic lipase. (f) Northern blotting for hepatic lipase.
The Northern blot was performed as described in the legend to Figure 3. All data are mean ± SE. *P < 0.01, Cre– vs. Cre+ mice.



all known PPARα target genes (41). These results indi-
cate that although expression of PPARγ in liver is
lower than PPARα , it appears that residual PPARγ is
capable of mimicking PPARα function with activa-
tion by potent agonist.

PPARγ is known to activate the expression of LXRα
in macrophages (4, 5). Furthermore, SREBP1c expres-
sion is markedly increased in an LXR-dependent man-
ner (42, 43). Therefore, Northern blotting was per-
formed to elucidate whether LXRα , SREBP1, and
PPARα are mediating some of the PPARγ-dependent

phenotypes in liver. However, no difference in expres-
sion between ob/ob-PPARγ(fl/fl)AlbCre– and Cre+ mice
was observed for the SREBP1, LXRα, or PPARα genes,
suggesting that, at least at the mRNA level, these genes
are not associated with the phenotypes obtained with
the PPARγ liver-null ob/ob mice. Interestingly, SREBP1
mRNA in rosiglitazone-treated ob/ob mice were elevat-
ed in a PPARγ-independent manner. These results raise
the possibility that rosiglitazone modulates the
expression of these transcriptional factors through
non–PPARγ-dependent pathways.
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Figure 5
Effect of PPARγ deficiency on glucose home-
ostasis in the ob/ob mouse. (a) Blood glucose
concentrations were measured in 10-week-old
mice after no fasting and after 6 hours or 24
hours of fasting. For OB/OB-PPARγ(fl/fl)-
AlbCre– mice, n = 15; OB/OB-PPARγ(fl/fl)-
AlbCre+, n = 16; ob/ob-PPARγ(fl/fl)AlbCre–, 
n = 16; and ob/ob-PPARγ(fl/fl)AlbCre+, n = 11.
(b and c) Glucose tolerance test. 10-week-old
(b) and 6-week-old (c) mice were injected with
glucose (2 mg/g). For 10-week-old mice,
OB/OB-PPARγ(fl/fl)AlbCre– mice, n = 8;
OB/OB-PPARγ(fl/fl)AlbCre+, n = 9; ob/ob-
PPARγ(fl/fl)AlbCre–, n = 19; and ob/ob-PPARγ-
(fl/fl)AlbCre+, n = 15. For 6-week-old mice,
ob/ob-PPARγ(fl/fl)AlbCre–, n = 9; and ob/ob-
PPARγ(fl/fl)AlbCre+, n = 8. (d and e) Effect of
rosiglitazone on glucose and insulin levels.
Both of these measurements were performed
using the same samples. For 20-week-old mice,
ob/ob-PPARγ(fl/fl)AlbCre–, n = 13; ob/ob-
PPARγ(fl/fl)AlbCre+, n = 8. For 7-week-old
mice, ob/ob-PPARγ(fl/fl)AlbCre–, n = 11; ob/ob-
PPARγ(fl/fl)AlbCre+, n = 6. (f–i) Hyperinsuline-
mic-euglycemic clamp. Measurements of (f)
whole-body glucose uptake (g) suppression of
basal endogenous glucose production (EGP)
(h) white adipose glucose uptake, and (i) mus-
cle glucose uptake. Male 5-week-old mice were
used in this experiment. For ob/ob-PPARγ(fl/fl)-
AlbCre– mice, n = 4; ob/ob-PPARγ(fl/fl)AlbCre+,
n = 6. All data are mean ± SE. *P < 0.05, Cre –

vs. Cre+ mice. (j–o) Effect of rosiglitazone on
glucose levels (j and l), glucose tolerance (k),
insulin levels (m), FFA (n), and TG (o) in ob/ob
mice. The legend to Figure 2l describes the con-
ditions for rosiglitazone treatment in the glu-
cose analysis studies (j). For rosiglitazone-treat-
ed mice: ob/ob-PPARγ(fl/fl)AlbCre–, n = 11;
ob/ob-PPARγ(fl/fl)AlbCre+, n = 4. For control
mice: ob/ob-PPARγ(fl/fl)AlbCre–, n = 10; ob/ob-
PPARγ(fl/fl)AlbCre+, n = 4. All data are 
mean ± SE. *P < 0.05, **P < 0.01, ***P < 0.001,
rosiglitazone-treated vs. control Cre– mice. 
†P < 0.05, ††P < 0.01, †††P < 0.001, rosiglita-
zone-treated vs. control Cre+ mice. Rosi, rosigli-
tazone; Cont, control.



Elevation of serum TG and FFA levels in hepatic
PPARγ–deficient mice. Levels of TG and FFA in ob/ob-
PPARγ(fl/fl)AlbCre+ mice were significantly higher than
in ob/ob-PPARγ(fl/fl)AlbCre– mice. High levels of serum
TG and FFA appear to be derived from elevated VLDL
in blood. In addition, ob/ob-PPARγ(fl/fl)AlbCre+ mice
have a tendency to accumulate not only VLDL but also
chylomicrons as exogenous TG-rich lipoproteins.

The mechanism of elevated FFA and TG levels in
hepatic PPARγ-null ob/ob mice remains to be defined.
We believe the mechanism may be mediated by hor-
mone-sensitive lipase in white adipose that results in
decreased insulin sensitivity in hepatic PPARγ-null
ob/ob mice. This severe insulin resistance would prevent
the antilipolysis effect of insulin and may cause lipoly-
sis in adipose, although high levels of TG are not
accounted for by this mechanism.

In addition, VLDL and chylomicron accumulation in
blood suggests that the hepatic PPARγ-null ob/ob mice
have an impairment in TG-rich lipoprotein clearance.
These results raise the possibility that the deficiency of
hepatic PPARγ indirectly causes the decrease of lipopro-
tein lipase activity, which has a crucial role in the catab-
olism of TG-rich lipoproteins. However, no significant
differences in lipoprotein lipase activity were observed,
although hepatic lipase activity was significantly
increased in ob/ob-PPARγ(fl/fl)AlbCre+ mice. Hepatic
lipase elevation in ob/ob-PPARγ(fl/fl)AlbCre+ mice does
not appear to significantly affect TG and FFA levels
because hepatic lipase preferentially hydrolyzes TG
from HDL and IDL/LDL, and not from VLDL (44).
Even if hepatic lipase contributes to the catabolism of
TG-rich lipoproteins, the increased activity will gener-
ate an opposite situation from the high TG level
observed in ob/ob-PPARγ(fl/fl)AlbCre+ mice. Therefore,
the low TG clearance rate may result from impaired
uptake. We could not observe a difference in expression
of LDL receptor, scavenger receptor class B type I, or
apoE between ob/ob-PPARγ(fl/fl)AlbCre– and ob/ob-
PPARγ(fl/fl)AlbCre+ liver. However, we cannot rule out
other factors that mediate the uptake of lipoproteins
and their remnants, including TG. Further studies are
needed to determine the mechanism for elevation of
TG and FFA in ob/ob-PPARγ(fl/fl)AlbCre+ mice.

In lepob/ob × Srebp1–/– mice, plasma cholesterol levels
were decreased (38), while the plasma cholesterol levels
in ob/ob-PPARγ–null mice were increased compared
with ob/ob mice. It is known that SREBP1 positively
regulates expression of the LDL receptor through sterol
regulatory element-1 in the promoter region (45). How-
ever, SREBP1-null mice had decreased plasma choles-
terol levels (46) like SREBP1-deficient ob/ob mice. It is
thought that SREBP2, which is increased by a defi-
ciency in SREBP1, compensates for the loss of SREBP1
(46). Therefore, SREBP1-deficient mice achieve
decreased cholesterol levels by mediating uptake
through increased LDL receptor. The same mechanism
could account for the phenotype of lepob/ob × Srebp1–/–

mice. Contrary to the SREBP1 study, we did not

observe a difference in expression of LDL receptor
mRNA between ob/ob-PPARγ(fl/fl)AlbCre– and ob/ob-
PPARγ(fl/fl)AlbCre+ mice (data not shown).

Deficiency of liver-specific PPARγ improves liver insulin
sensitivity but further aggravates hyperglycemia and muscle
and fat insulin resistance. The ob/ob mouse is a valuable
model for insulin resistance and type 2 diabetes. The
relationship between PPARγand insulin sensitivity is
highly controversial (47, 48). In our studies, the defi-
ciency of hepatic PPARγ aggravated the hyper-
glycemia and glucose intolerance in ob/ob mice. This
result was surprising, since reduction in hepatic
steatosis would be expected to increase liver insulin
sensitivity and therefore improve glycemic control.
The clamp study revealed that while liver insulin sen-
sitivity in PPARγ-deficient ob/ob mice was relatively
improved, fat and muscle insulin resistance was, to
the contrary, further aggravated.

The mechanism of how hepatic PPARγ influences
glucose clearance or insulin resistance is likely complex.
One possible factor is high lipids in the blood. In agree-
ment with a role for systemic FFA in the development
of type 2 diabetes, it was shown that elevation of plas-
ma FFA induces peripheral insulin resistance in
humans and in rodent models within a few hours (49,
50). In addition, it was shown that FFA can have posi-
tive or negative effects on insulin secretion, depending
on the experimental conditions used (51, 52). Thus,
FFA might have a direct impact on glucose homeosta-
sis via systemic insulin sensitivity and possibly through
effects on insulin secretion.

The basal endogenous glucose production in PPARγ-
null ob/ob mice was significantly higher than in ob/ob
mice (92.75 ± 2.78 µmol/kg/min vs. 128.67 ± 6.36
µmol/kg/min, P < 0.01). However, endogenous glucose
production does not always correlate well with liver
insulin sensitivity as measured under standardized
clamp conditions with comparable insulinemia and
glycemia. PPARγ deletion “protects” liver against lipid
overload, thus blunting the negative effects of circulat-
ing or hepatic lipids on liver insulin sensitivity. This leads
to improvement in liver insulin sensitivity, i.e., relatively
greater suppression of endogenous glucose production
under clamp (hyperinsulinemic) conditions. This is in
agreement with other studies showing that tissue lipid
levels (53), rather than circulating lipid levels, is the prin-
cipal determinant of tissue insulin sensitivity.

It was demonstrated that PPARγ+/– mice were pro-
tected from the development of high fat diet–induced
insulin resistance (7). After 15 weeks on a high-fat
diet, blood glucose levels tended to be lower in
PPARγ+/– mice, and in a glucose tolerance test, the
response of PPARγ+/– mice was lower than in the wild
type. In the present report, deficiency of liver-specific
PPARγshowed an opposite phenotype with respect to
glucose metabolism. However, it should be noted that
the mice generated in the present study and by earlier
work (7) differ in at least two points. The ob/ob-
PPARγ(fl/fl)AlbCre+ mice are deficient in liver-specific
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PPARγ and do not have functional leptin. Therefore,
the data obtained with the two mouse lines are not
directly comparable.

The mechanism of how hepatic PPARγ is induced in
ob/ob mouse liver remains elusive. It is known that the
expression of hepatic PPARγ is increased in some
obese and diabetic model mice (17–21). These mice
have phenotypes common to diabetic syndromes.
This raises the possibility that longer periods of expo-
sure to high insulin or glucose induces PPARγ in liver.
In vitro studies have demonstrated that insulin
induces PPARγexpression (54). Furthermore, a recent
report revealed that PPARγ is not expressed in fatty
livers induced by starvation or by choline-deficient
diets (55). These observations clearly demonstrate
that hepatic fatty change itself is not enough to
induce PPARγ. Further experimentation is needed in
order to determine the mechanism by which PPARγ is
activated in ob/ob mouse liver.

In summary, liver-specific disruption of PPARγ in dia-
betic mice dramatically decreased hepatic TG and sys-
temically aggravated insulin resistance. However, the
effect of rosiglitazone on glucose levels did not depend
on hepatic PPARγ. Results in this report and other
reports (18) suggest that adipose tissue is required for
the antihyperglycemic effect of rosiglitazone.
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