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Abstract

 

We have investigated the antidiabetic action of troglitazone

in aP2/DTA mice, whose white and brown fat was virtually

eliminated by fat-specific expression of diphtheria toxin A

chain. aP2/DTA mice had markedly suppressed serum leptin

levels and were hyperphagic, but did not gain excess weight.

aP2/DTA mice fed a control diet were hyperlipidemic, hyper-

glycemic, and had hyperinsulinemia indicative of insulin-resis-

tant diabetes. Treatment with troglitazone alleviated the hy-

perglycemia, normalized the tolerance to intraperitoneally

injected glucose, and significantly decreased elevated insu-

lin levels. Troglitazone also markedly decreased the serum

levels of cholesterol, triglycerides, and free fatty acids both

in wild-type and aP2/DTA mice. The decrease in serum tri-

glycerides in aP2/DTA mice was due to a marked reduction

in VLDL- and LDL-associated triglyceride. In skeletal mus-

cle, triglyceride levels were decreased in aP2/DTA mice com-

pared with controls, but glycogen levels were increased.

Troglitazone treatment decreased skeletal muscle, but not he-

patic triglyceride and increased hepatic and muscle glyco-

gen content in wild-type mice. Troglitazone decreased mus-

cle glycogen content in aP2/DTA mice without affecting

muscle triglyceride levels. The levels of peroxisomal pro-

liferator–activated receptor 

 

g

 

 mRNA in liver increased

slightly in aP2/DTA mice and were not changed by troglita-

zone treatment. The results demonstrate that insulin resis-

tance and diabetes can occur in animals without significant

adipose deposits. Furthermore, troglitazone can alter glu-

cose and lipid metabolism independent of its effects on adi-

pose tissue. (

 

J. Clin. Invest.
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Introduction

 

Non–insulin-dependent diabetes mellitus (NIDDM)

 

1

 

 is char-
acterized by peripheral insulin resistance, increased hepatic

glucose production, and defects in insulin secretion from pan-
creatic 

 

b

 

 cells (1). In skeletal muscle, the tissue responsible for
up to 90% of insulin-stimulated glucose disposal, both oxida-
tive and nonoxidative glucose utilization is impaired (1). The
increase in hepatic glucose production is associated with in-
creased levels of glucagon and an increased utilization of pe-
ripherally derived three carbon gluconeogenic precursors, the
latter of which may be due to skeletal muscle insulin resistance
(2). The 

 

b

 

 cell dysfunction is due to multiple defects including
blunted responses to glucose, changes in insulin secretory pat-
terns, and secretion of incompletely and partially processed in-
sulin (3). Although the underlying cause of these defects in the
majority of patients with NIDDM is unknown there is a strong
correlation with obesity, especially centripetal obesity (4). Ele-
vated levels of triglycerides and FFA are seen in a majority of
patients with obesity, insulin resistance, and NIDDM (2, 5, 6).
These elevated lipid levels have been implicated in the devel-
opment of peripheral insulin resistance, increased hepatic glu-
cose production, and 

 

b

 

 cell dysfunction through a variety of
mechanisms, including a preferential oxidation of fat vs glu-
cose, changes in phospholipid composition of membranes, and
changes in gene expression (2, 5, 6).

Troglitazone is the first of a new class of agents, the thiazo-
lidinediones, recently approved for the treatment of NIDDM.
Troglitazone attenuates the insulin resistance associated with
obesity, hypertension, impaired glucose tolerance, and the
polycystic ovary syndrome in humans, as well as in several ani-
mal models of NIDDM (7, 8). In addition to its antidiabetic ef-
fects on glucose, troglitazone lowers serum insulin, triglycer-
ide, and FFA levels (9). Although the antidiabetic activity of
troglitazone results from improvements in peripheral insulin
sensitivity and insulin secretion, it remains unclear whether
this is due to direct or indirect effects of the drug on muscle,
liver and/or 

 

b

 

 cells.
Thiazolidinediones, including troglitazone, are potent and

specific activators of peroxisome proliferator-activated re-
ceptor 

 

g

 

 (PPAR

 

g

 

), a member of the ligand-activated nuclear
hormone receptor superfamily (10). Indeed, there is a striking
correlation between the clinical activity of the various thiazo-
lidinediones and their ability to activate PPAR

 

g

 

 (11, 12). The
levels of PPAR

 

g

 

 mRNA are 10- to 100-fold higher in adipose
tissue compared to other organs (13–15). In cell culture model
systems thiazolidinediones act as potent adipogenic agents,
(16) reflecting their ability to activate PPAR

 

g

 

 (11). These ob-
servations have led to the suggestion that the antidiabetic ac-
tions of the thiazolidinediones result from their ability to alter
adipocyte differentiation and/or metabolism resulting in lower
serum lipid levels (11, 14) and to possibly decrease the secre-
tion of humoral factors from adipocytes, such as TNF-

 

a

 

, which
would result in the alleviation of insulin resistance (11, 17).

Recently, we have reported on transgenic mice in which
adipose tissue has been genetically ablated through targeted
expression of diphtheria toxin A chain under control of the ad-
ipocyte-specific aP2 promoter (18). When treated with mono-
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sodium glutamate (MSG) these animals exhibited profound
adipose tissue necrosis, hypertriglyceridemia, and fatty livers
(18). We now report that these mice lose virtually all fat tissue
as they age, even in the absence of MSG treatment. Further-
more, these mice develop insulin-resistant diabetes as evi-
denced by elevated serum insulin and elevated blood glucose
levels. These animals provided a model to test the hypothesis
that adipose tissue is central to the antidiabetic effects of trog-
litazone.

 

Methods

 

Animals.

 

The construction and breeding of the DTA transgenic mice
was previously described (18). In brief, an attenuated form of diph-
theria toxin A (DTA) was expressed specifically in brown and white
adipose tissue by placing it under the control of the aP2 promoter.
Strain No. 8 was used in the current studies. Animals were housed in
a conventional facility with a 12:12 light cycle. All experiments were
approved by the Institutional Animal Care and Use Committee at the
University of Chicago, Chicago, IL.

 

Diet and troglitazone treatment.

 

Mice of 8–9 mo of age were fed
standard pelleted mouse chow (No. 5008; Ralston-Purina Co., St.
Louis, MO) until experimentation. Wild-type or heterozygous trans-
genic mice were randomized and divided to receive ground chow or
ground chow containing 16.6 mg troglitazone (Parke-Davis, Ann Ar-
bor, MI) per gram of chow for 5 wk. Mice were housed in groups of
two to five animals/cage and food consumption was assessed every 2 d.
Intake was calculated as an average per mouse per day. Food con-
sumption was unchanged through the duration of the experiment. Be-
fore experimentation fasting serum glucose was determined on a
blood sample obtained by retroorbital bleeding from anesthetized
mice.

 

Body composition.

 

Before death, mice were fasted for 5 h. The
mice were anesthetized with Metofane and serum obtained by car-
diac puncture. Organs were removed, weighed, and frozen in liquid
nitrogen. Sections of the liver, skeletal muscle, and epididymal and
periovarian fat pads (or their remnants) were fixed in Bouin’s solu-
tion for histological examination.

 

Intraperitoneal glucose tolerance test (IPGTT).

 

To ascertain glu-
cose tolerance of the aP2/DTA mice, a separate group of aP2/DTA mice
was fed either control or troglitazone-containing diet for 5 wk. Trans-
genic or wild type mice were injected with 2 mg/kg of glucose intraperi-
toneally and their blood glucose determined from tail vein sampling
at 0, 30, 60, and 120 min using a glucometer (HemoCue, Angelholm,
Sweden). At autopsy, some 2 wk later, one mouse in the aP2/DTA
mice fed control diet group was unexpectedly found to have a signifi-
cant amount of intraperitoneal fat. Since the genotype of this animal
could not be unambiguously related to the IPGTT results, the data
from this animal are included in the graph presented in Fig. 1. aP2/
DTA mice used in all other experiments were devoid of detectable
adipose tissue.

 

Serum chemistries.

 

Serum glucose values were determined using
a serum glucose analyzer (Yellow Springs Instrument Co., Yellow
Springs, OH). Serum triglycerides, cholesterol, and free fatty acids
were determined using commercial kits (Triglycerides/GB and Cho-
lesterol/HP; Boehringer Mannheim, Indianapolis, IN and NEFA C;
Wako Chemicals USA Inc., Richmond VA). Serum leptin levels were
performed with a kit (Eli Lilly Co., Indianapolis, IN) according to the
manufacturer’s protocol. Serum insulin levels were determined by
RIA using mouse insulin as a standard (Linco, St. Charles, MO).

 

Isolation of islets of Langerhans.

 

Islet isolation was accomplished
by collagenase digestion and differential centrifugation through Fi-
coll gradients by procedures previously described (19). After isola-
tion islets were placed into tissue culture plates containing RPMI-
1640 supplemented with 10% fetal calf serum, 100 

 

m

 

U/ml penicillin,
and 100 

 

m

 

g/ml streptomycin and 11.6 mM glucose, and incubated with
95% air: 5% CO

 

2

 

 at 37

 

8

 

C in a humidified incubator for 2 h.

 

Determination of insulin release from perifused islets.

 

Secretion of
insulin from perifused islets was measured using a temperature-con-
trolled multichamber perifusion system (ACUSYST-S; Cellex Bio-
sciences, Inc., Minneapolis, MN). Groups of 25 islets were suspended
in BioGel P2 beads and modified KRB and placed in four parallel
perifusion chambers. KRB contained 2 mM glucose and 5 mg/ml bo-
vine serum albumin. After an equilibration period during which islets
were perifused for 30 min at 37

 

8

 

C with KRB containing 2 mM glu-
cose, sampling of the effluent perifusate was initiated at 1-min inter-
vals. During the first 5 min KRB containing 2 mM glucose was peri-
fused, after which the perifusate glucose concentration was increased
to 20 mM glucose. Effluent perifusate was collected for a further 15
min. The insulin concentration of the effluent perifusate was mea-
sured by RIA as described (20) and expressed as 

 

m

 

U insulin/ml per 25
islets.

 

Agarose gel electrophoresis.

 

Serum samples (2 

 

m

 

l) were electro-
phoresed on 1% agarose gels as recommended by the manufacturer
(Lipoprotein system; CIBA-Corning, Alameda, CA). The gels were
dried and stained for lipid with Fat Red 7B.

 

Lipoprotein profiles.

 

Pooled serum samples from three trans-
genic mice fed control diets and three transgenic mice fed troglita-
zone were chromatographed on two sequential Superose 6 10/50 HR
columns (Pharmacia Fine Chemicals, Piscataway, NJ) equilibrated with
PBS. The column was eluted at a flow rate of 0.2 ml/min and 30 0.8-ml
fractions collected. Cholesterol and triglyceride were measured on
200-

 

m

 

l samples of each fraction using enzymatic kits according to the
manufacturer’s directions (cholesterol, total; [Sigma Chemical Co.,
St. Louis, MO] and triglycerides/GB [Boehringer Mannheim]).

 

Tissue triglyceride and glycogen content.

 

For determination of to-
tal triglyceride content, 

 

z

 

 50-mg fragments of liver or gastrocnemius
were powdered under liquid nitrogen and extracted for 16 h at 4

 

8

 

C in
4 ml CHCl

 

3

 

:MeOH (2:1) after which 2 ml of 0.6% NaCl was added and
the solution centrifuged at 2,000 

 

g

 

 for 20 min (21). The organic layer
was removed and dried under a stream of argon. The resulting pellet was
dissolved in phosphate buffered saline containing 1% Triton X-100
and the triglyceride content determined as described above.

For determination of glycogen, 50-mg fragments of liver or gas-
trocnemius were dissolved in 1 ml of 30% KOH (15). The glycogen
was precipitated by the sequential addition of 100 

 

m

 

l of 2 M Na

 

2

 

SO

 

4

 

and 1 ml EtOH at 

 

2

 

20

 

8

 

C for 16 h. The pellet was collected and
washed twice with 1 ml KOH and 1 ml of EtOH and hydrolyzed in 0.5 ml
4 N H

 

2

 

SO

 

4

 

 at 100

 

8

 

C for 1 h. The solution was neutralized and glucose
determined by the glucose oxidase method (22).

 

Northern blots.

 

Total RNA was isolated from liver and skeletal
muscle using the Trizol reagent (Gibco-BRL, Gaithersburg, MD).
Equal amounts of RNA from three to five animals were combined
and 20 

 

m

 

g RNA was electrophoresed on a 1% agarose-formaldehyde
gel, transferred to nylon, and probed with a 

 

32

 

P-labeled fragment of
mouse PPAR

 

g

 

 which detects both PPAR

 

g

 

1 and PPAR

 

g

 

2 (13). The
blots were washed in 0.1% SDS and 0.1 

 

3

 

 SSC at 55

 

8

 

C. Quantitative
analysis was performed on a phosphoimager (Molecular Dynamics,
Sunnyvale, CA). Blots were normalized after hybridization to 36B4 (23).

 

Statistical analysis.

 

Differences among groups were determined
by Student’s 

 

t

 

 test or analysis of variance using a SAS system for the
PC with Tukey’s Studentized range test applied post-hoc.

 

Results

 

As previously reported, young (2 mo) aP2/DTA transgenic
mice (strain No. 8) have relatively normal amounts of adipose
tissue (18). Adipose tissue depots begin to diminish spontane-
ously at 5–6 mo of age and histological examination demon-
strated extensive atrophy and necrosis of fat, characterized by
monocytic infiltration (data not shown). This adipose tissue
necrosis is similar to the necrosis observed previously in MSG-
treated young mice of this strain (18). By 8–10 mo of age, un-
treated mice have no visible subcutaneous or intraabdominal
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adipose tissue (data not shown). This loss of adipose tissue was
accompanied by a progressive increase in serum glucose and
insulin levels and culminated in the development of frank dia-
betes at 

 

z

 

 8 mo of age (Table I and data not shown).
The finding of insulin-resistant diabetes in aP2/DTA mice

provided an opportunity to examine the effects of the insulin-
sensitizing agent troglitazone, in the absence of significant
amounts of adipose tissue depots. Wild-type and aP2/DTA mice
were fed ground chow with or without troglitazone for 5 wk.
To determine the effect of troglitazone treatment in the whole
animal, intraperitoneal glucose tolerance tests were performed
on 6-h fasted, control diet–fed wild-type mice and aP2/DTA
mice fed either control diet or troglitazone containing diet.
There was a significant elevation in the blood glucose at all
time points in the control diet–fed aP2/DTA mice compared
with wild-type mice. Treatment with troglitazone normalized
the glucose tolerance of the aP2/DTA mice (Fig. 1).

Transgenic mice consumed about 2.3 times more food than
their wild-type counterparts; addition of troglitazone to the
diet did not change the consumption pattern in either wild-
type or aP2/DTA transgenic animals (Table I). The hyperpha-
gia in aP2/DTA mice resulted in increased troglitazone con-
sumption by the transgenic compared with wild-type mice
(91.8 mg/day vs 41.5 mg/day). The body weights of the mice
were no different in any of the groups (Table I). Gonadal fat
pads from both control and troglitazone-fed aP2/DTA mice
were fibrotic as previously seen (18) and interscapular brown
fat was undetectable. The livers of the transgenic aP2/DTA
mice were about threefold larger than wild-types and were
grossly engorged with fat (Table I). Troglitazone-treated aP2/
DTA transgenic mice revealed a trend towards smaller liver
size which was not statistically significant (Table I). The pan-
creas of the transgenic mice was twofold larger than wild-type;
troglitazone supplementation decreased the pancreas size in
aP2/DTA but not wild-type mice (Table I). Finally, the weight
of the hearts in the transgenic animals were larger than the
wild-type controls (Table I).

The observed increased food consumption may be due to
the absence of fat and leptin deficiency. Serum leptin levels were
markedly reduced in aP2/DTA as compared to wild-type mice
(Fig. 2 

 

A

 

). The serum leptin values in the aP2/DTA mice may

be an overestimate, as values were below detection in two
mice from both the control and troglitazone diet groups, but
were scored as being at the detection limit (0.2 ng/ml). Trogli-
tazone addition to the diet resulted in a 45% reduction in the
circulating leptin concentration in wild-type mice as has been
previously reported (24) but did not increase the levels in aP2/
DTA mice (Fig. 2 

 

A

 

). To further examine the depletion of adi-
pose tissue in the transgenic animals, total RNA was prepared
from the perigonadal fat pads from wild-type mice and from
the remnant tissue from the aP2/DTA mice and probed for
PPAR

 

g

 

. PPAR

 

g

 

 mRNA levels were 

 

z

 

 8% of the levels found

 

Table I. Characteristics of Study Animals

 

Treatment group
Wild type,

no troglitazone
Wild type,

troglitazone
aP2/DTA,

no troglitazone
aP2/DTA,

troglitazone

 

(

 

n

 

) 6 6 7 7

Sex (M/F) (2/4) (2/4) (3/4) (2/5)

Prestudy body weight (g) 40.1

 

6

 

3.4 37.5

 

6

 

2.1 41.1

 

6

 

2.3 39.4

 

6

 

2.2

Prestudy serum glucose (mg/dl) 133.7

 

6

 

6.2 121.7

 

6

 

10.9 245.2

 

6

 

30.4* 287.6

 

6

 

36.4*

Chow consumption (g/mouse/day) 2.3

 

6

 

0.5 2.5

 

6

 

0.4 5.4

 

6

 

0.6* 5.5

 

6

 

0.7*

Poststudy body weight (g) 36.5

 

6

 

3.3 35.3

 

6

 

2.8 40.1

 

6

 

2.4 37.0

 

6

 

2.3

Brown fat (g) 0.11

 

6

 

0.01 0.10

 

6

 

0.01 — —

White fat (g) 2.94

 

6

 

0.78 2.84

 

6

 

1.38 0.24

 

6

 

0.03* 0.18

 

6

 

0.02*

Liver (g) 1.56

 

6

 

0.18 1.29

 

6

 

0.25 6.53

 

6

 

1.06* 5.36

 

6

 

0.75*

Pancreas (g) 0.40

 

6

 

0.02 0.40

 

6

 

0.08 0.75

 

6

 

0.07* 0.62

 

6

 

0.06*

Heart (g) 0.13

 

6

 

0.01 0.17

 

6

 

0.04 0.21

 

6

 

0.01* 0.20

 

6

 

0.01*

*

 

P

 

 

 

,

 

 0.05 vs. wild type, no troglitazone.

Figure 1. Intraperitoneal glucose tolerance tests in wild-type and 
aP2/DTA mice. Mice were injected with 2 mg/kg of glucose and the 
blood glucose levels determined at the indicated time points. r—r, 
wild-type mice fed control diet; h—h, aP2/DTA mice fed control 
diet; s—s, aP2/DTA mice fed troglitazone diet. The n for each time 
point is 3–7. * Significantly different from wild-type values (P , 0.05).
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Figure 2. Serum leptin levels and PPARg mRNA form perigonadal 
tissue in wild-type and aP2/DTA mice. (A) Fasting serum leptin lev-
els. (B) Autoradiogram of the indicated samples. Autoradiograms of 
the 36B4-probed filters are inserted as indicated in the figure. Total 
RNA from the indicated groups of animals was separated on agarose 
gels, transferred to nylon membranes, and probed with 32P-labeled 
mouse PPARg and 36B4 and quantitated by phosphoimaging. (C) 
Quantitation of relative levels of PPARg mRNA levels from each 
group normalized to 36B4 levels. n 5 three to five mice in each 
group. Significant differences are indicated by P values. n 5 three to 
seven determinations for each point.

Figure 3. Serum glucose and insulin levels and insulin secretion from 
isolated islets from wild-type and aP2/DTA mice. (A) Fasting serum 
glucose; (B) Fasting serum insulin. Assays were performed on serum 
after feeding control or troglitazone (Tro) diets for 5 wk. Significant 
differences are indicated by P values. n 5 five to seven determina-
tions for each point. (C) Insulin secretion from isolated, perifused is-
lets of Langerhans. Islets were isolated from wild-type mice or aP2/
DTA mice with and without troglitazone treatment and subjected to 
perifusion with a solution containing 2 mM glucose for 5 min (hatched 

bars) after which the glucose in the perfusate was increased to 20 mM 
(solid bars). Each fraction was assessed for insulin by RIA using a 
mouse standard in duplicate. n 5 3–5 for each point. Significantly dif-
ferent values between groups are indicated by P values.
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in the wild-type fat (Fig. 2, B and C). Importantly, troglitazone
had no effect on the levels of PPARg mRNA from either the
wild-type or aP2/DTA mice (Fig. 2, B and C).

aP2/DTA mice fed control diet were hyperinsulinemic and
hyperglycemic at the end of the 5-wk feeding (Fig. 3, A and B).
Troglitazone treatment slightly decreased the serum glucose
levels in wild-type mice (Fig. 3 A). However, the serum glu-
cose levels in the troglitazone-treated aP2/DTA mice were
substantially reduced, and were comparable to the levels ob-
served in wild-type mice (Fig. 3 A). This reduction in glucose
levels was accompanied by a fivefold reduction in serum insu-
lin levels (Fig. 3 B). Although serum insulin did not fall to wild-
type levels, these results and the results of the intraperitoneal
glucose tolerance test are indicative of a substantial increase in
insulin sensitivity.

We observed significant islet hypertrophy in the pancreas
of aP2/DTA mice (data not shown) which is reflected in the in-
crease in pancreas weight in aP2/DTA mice (Table I). Reflect-
ing the islet hypertrophy, increases in basal insulin secretion by
isolated islets from aP2/DTA mice was seen (Fig. 3 C). Trogli-
tazone did not significantly affect the insulin secretion rates in
either group of animals.

The ability of troglitazone to influence lipid and cholesterol
metabolism in the nearly complete absence of adipose tissue is
shown in Fig. 4. The control diet–fed aP2/DTA mice showed
significant elevations in fasting serum triglyceride and choles-
terol levels, though the levels of serum FFA were not altered
in aP2/DTA mice. Other experiments demonstrated that FFA
levels were twofold higher in the postprandial state compared
to wild-type animals (3.260.5 vs 1.560.4 mM, n 5 3 each). Tro-
glitazone treatment markedly reduced fasting serum triglycer-
ide and cholesterol levels in aP2/DTA mice (Fig. 4, A and B).
Indeed, the serum triglyceride levels were reduced to the lev-
els observed in troglitazone-treated wild-type mice and were
below the levels observed in the chow-fed wild-type mice. We
also observed that serum FFA were comparably reduced by
troglitazone in both the wild-type and aP2/DTA mice (Fig. 4 C).

We next examined the triglyceride and cholesterol content
of the various lipoprotein particles. Agarose gel electrophore-
sis demonstrated that troglitazone treatment resulted in a
marked decrease in neutral lipid staining in bands with b and
pre-b mobility in serum from both the wild-type and aP2/DTA
mice (Fig. 5 A). To determine more precisely the effect of tro-
glitazone, FPLC fractionation was performed on pooled serum
samples from aP2/DTA transgenic animals fed control or tro-
glitazone-containing diets. As shown in Fig. 5 B, there was a
small decrease in HDL cholesterol after troglitazone treatment
with minimal changes in LDL cholesterol content. In marked
contrast, there was almost complete elimination of VLDL- and
LDL-associated triglyceride (Fig. 5 C). This demonstrates that
the decrease in neutral lipid staining observed on agarose elec-
trophoresis most likely corresponds to a decrease in triglycer-
ide content of VLDL and LDL.

Consistent with their gross appearance, the triglyceride
content of livers from aP2/DTA mice was increased about
fivefold over the controls (Fig. 6 A). Troglitazone had no effect
on hepatic triglyceride content from control or aP2/DTA mice,
but significantly lowered the triglyceride content in gastrocne-
mius muscle samples from wild-type mice (Fig. 6 B). aP2/DTA
skeletal muscle associated triglyceride was z 35% of wild-type
and was not influenced by troglitazone treatment (Fig. 6 B).
Hepatic glycogen content in wild-type mice was not influenced

Figure 4. Serum cholesterol, triglyceride, and free fatty acid levels in 
wild-type and aP2/DTA mice. Serum cholesterol (A), triglycerides 
(B), and free fatty acids (C) were determined after a 6-h fast. Signifi-
cant differences are indicated by P values. n 5 five to seven determi-
nations for each point.
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by troglitazone (Fig. 6 C). However, hepatic glycogen content
in aP2/DTA transgenic mice was increased twofold compared
with controls (Fig. 6 C) and was slightly decreased by troglita-
zone treatment. By contrast, troglitazone treatment increased
the glycogen content of skeletal muscle in wild-type mice (Fig.
6 D) by z 40%. The muscle glycogen content of aP2/DTA an-
imals was increased nearly twofold compared with wild-type,
and troglitazone treatment decreased these levels to near con-
trol values (Fig. 6 D).

Thiazolidinediones can bind PPARg and activate tran-
scription through the PPAR response elements (11). As previ-
ously reported, the levels of PPARg mRNA was very low in
liver of wild-type mice (Fig. 7) as compared to adipose tissue
(7–10% of adipose tissue levels, not shown). Troglitazone treat-
ment resulted in z 25% reduction in PPARg mRNA levels in
the wild-type animals. The levels of PPARg mRNA increased
z 30% in the livers of aP2/DTA transgenic mice compared
with wild type, and troglitazone treatment increased these
mRNA levels by z 15% in aP2/DTA animals. PPARg mRNA
levels in skeletal muscle was below the limit of detection in all
groups of animals (not shown).

Discussion

The data presented demonstrate that the development of insu-
lin resistance and the actions of troglitazone to alleviate insulin
resistance can occur independent of adipose tissue. The rem-
nant perigonadal tissue weight and PPARg mRNA levels de-
tected in aP2/DTA mice were each 10% or less than that ob-
served in wild-type animals (Table I and Fig. 2, B and C). In
addition to residual adipose cells, the PPARg mRNA may have
come from supporting or inflammatory cells (25) associated
with the necrotic perigonadal tissue. Serum leptin levels were
at the limit of detection in the majority of the aP2/DTA mice
and no increases occurred when troglitazone was added to the

diet, suggesting no stimulation of new adipocyte formation
(Fig. 2 A). Indeed, it may be expected that troglitazone treat-
ment would increase fat cell death since the aP2 promoter
driving the diphtheria toxin A chain in the transgenic construct
contains two PPARg response elements (13, 18). Although we
cannot completely rule out the possibility of microscopic de-
pots of adipose tissue in aP2/DTA mice, our study clearly dem-
onstrates that the antidiabetic action of the thiazolidinediones
in these mice do not necessarily require large adipose depots.
However, our studies do not rule out a potential (and substan-
tial) role for adipose tissue in the antidiabetic actions of thiazo-
lidinediones in obesity-linked diabetes.

As obesity develops in humans and in most animal models
of diabetes, triglyceride, free fatty acid, and insulin levels rise
concurrent with the development of insulin resistance (2, 4, 5).
Although the aP2/DTA mouse model is obviously very differ-
ent than obesity-linked insulin resistance models, they do share
common metabolic abnormalities. For example, aP2/DTA mice
have fasting hypertriglycerideimia and hypercholesterolemia
compared to their wild-type counterparts and develop insulin
resistance. In obesity-related insulin resistance, the increased
availability of lipid has been suggested to play a role in de-
creased capacity of skeletal muscle to take up glucose, perhaps
through the activation of the Randle cycle (4, 5) or a more
proximal action on glucose utilization (26). A further decrease
in glucose tolerance may be due to increased free fatty acid de-
livery to the liver, stimulating hepatic gluconeogenesis (4). Ad-
ditionally, it has been suggested that humoral factors, such as
TNF-a, generated by the expanded adipose mass in obesity
may directly cause insulin resistance (17). While the former
mechanism may be operative in the aP2/DTA mice, the data
presented here demonstrate that insulin resistance can occur in
hyperlipidemic animals that lack substantial amounts of adi-
pose tissue and thus does not necessarily require the secretion
of humoral factors from adipocytes.

Figure 5. Effect of troglitazone on se-
rum lipid profiles in wild-type and
aP2/DTA mice. (A) Samples of serum 
from the indicated fasted mice were sub-
jected to agarose gel electrophoresis and 
stained with Fat Red 7B. The arrow indi-
cated the relative mobility of the indi-
cated lipoprotein. (B) FPLC profile of 
pooled serum from three aP2/DTA mice 
receiving either control or troglitazone 
containing diets. The position of elution 
for VLDL, LDL, and HDL lipoproteins 
is indicated.
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aP2/DTA mice lose adipose tissue and become hyperpha-
gic, likely in part due to a decrease in leptin production (27).
Since the aP2/DTA mice do not gain weight, the disposition of
the excess energy consumed by aP2/DTA mice is uncertain.
Certainly, some of the ingested energy is deposited as fat in the
liver (Fig. 6) and we have detected glycosuria in the aP2/DTA
mice, however, the glycosuria is eliminated by troglitazone
treatment (data not shown) without an increase in body weight
(Table I). Generally, we observed less physical activity in the
transgenic mice and did not recognize evidence of malabsorp-
tion such as diarrhea. The absence of brown adipose tissue
makes it unlikely that classical uncoupling-oxidative phosphor-
ylation is occurring. It will be of interest to examine the role of
UCP2 (28) and UCP3 (29), mitochondrial uncoupling proteins
expressed in multiple tissues, in the apparent adaptation by
aP2/DTA mice.

The molecular mechanism by which troglitazone altered
the metabolic milieu in the aP2/DTA transgenic mice is un-
known. Among the known actions of the thiazolidinediones
are their ability to bind and activate PPARg, a member of the
nuclear hormone receptor family of transcription factors (10,
11). Because PPARg levels are highest in adipose tissue, it has
been suggested that the improved metabolic profile of liver

and skeletal muscle after troglitazone treatment is secondary
to direct effects of the drug on adipocytes or other actions me-
diated through white or brown adipose tissue (11, 14). We ob-
served a small rise in the level of PPARg mRNA expression in
liver of aP2/DTA mice (Fig. 7), however PPARg mRNA ex-
pression was undetectable in skeletal muscle by standard
Northern blotting. The increase in PPARg mRNA levels in
the livers of hyperlipidemic, hyperphagic aP2/DTA mice is
similar to that seen in mouse models of obesity, hyperphagia,
and hyperlipidemia associated with brown fat ablation and
gold thioglucose-induced obesity (30). Because treatment with
troglitazone markedly improves the glucose tolerance of the
aP2/DTA mice, as assessed by the intraperitoneal glucose tol-
erance test (Fig. 1), an improvement in skeletal muscle insulin
sensitivity is proposed. Additional troglitazone-mediated ef-
fects in the livers of aP2/DTA mice, which lead to decreased
hepatic glucose production and the elimination of glucose tox-
icity (31) may also play a role in the improvement of the meta-
bolic milieu of the aP2/DTA mice. Possible mechanisms for
troglitazone action directly in skeletal muscle include either
activation of the small levels of PPARg or activation of an al-
ternative signal transduction pathway secondary to troglita-
zone treatment.

Figure 6. Liver and muscle 
triglyceride and glycogen 
content in wild-type and
aP2/DTA mice. Fragments of 
liver (A and C) or gastrocne-
mius muscle (B and D) (z 50 
mg each) were extracted and 
the mass of triglyceride (A 
and B) and glycogen (C and 
D) determined as described 
in Methods. Significant dif-
ferences are indicated by
P values. n 5 five to seven 
determinations for each 
point.
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Troglitazone is known to decrease circulating VLDL levels
through mechanisms thought to include increased peripheral
clearance and decreased hepatic glucose production (32, 33).
The hepatomegaly and steatosis seen in aP2/DTA mice likely
occurred secondary to increased delivery of dietary free fatty
acids, coupled with augmented triglyceride storage. Troglita-
zone tended to decrease the liver size in the transgenic mice
(although this was not statistically significant) and the drug
markedly reduced peripheral FFA, triglyceride, and choles-
terol levels (Fig. 4). The small decrease in cholesterol was
mainly due to decreased HDL cholesterol (the primary choles-
terol carrier in mice). The most marked change in the lipid
profile induced by troglitazone was the virtual elimination of
triglyceride from the VLDL and LDL fractions in the aP2/
DTA-transgenic mice (Fig. 5). While decreases in the produc-
tion of VLDL by liver due to troglitazone merit consideration,
the observation that the liver triglyceride content was not af-
fected by troglitazone treatment in the aP2/DTA mice concur-
rent with marked decrease in VLDL and LDL triglycerides
suggests that the primary action of the drug is to enhance pe-
ripheral clearance of triglyceride.

There are reports of an association between muscle triglyc-
eride levels and insulin resistance (34, 35). After troglitazone
treatment the triglyceride content of muscle in wild-type mice
decreased by about half, however there was a decrease in
muscle-associated triglyceride in gastrocnemius muscle in un-
treated aP2/DTA and these animals were severely insulin re-
sistant (Fig. 6). To be sure, some of the decrease in tri-
glycerides was due to a decrease in the levels of perimyocyte
fat due to transgene-mediated adipose depletion. The increased
glycogen stores in the muscle of aP2/DTA mice could be ex-
plained by the increased lipid delivery to skeletal muscle lead-
ing to a sparing of glucose oxidation. Indeed, an increase in
skeletal muscle uptake of free fatty acids by overexpression of

lipoprotein lipase in skeletal muscle is associated with in-
creased accumulation of glycogen particles in the myocytes
(36). Troglitazone treatment did not change the levels of tri-
glyceride associated with aP2/DTA skeletal muscle but did
markedly lower the levels of glycogen. Whether the decrease
in circulating triglycerides, or other alterations in the oxidation
of fats after troglitazone treatment leads to an improvement in
glucose oxidation in muscle is unclear. It should be noted that
the levels of triglyceride detected in skeletal muscle from aP2/
DTA mice were at the lower level of detection in our assay
and subtle changes secondary to troglitazone treatment may
have gone undetected.

Finally, the depletion of adipose tissue with aging in aP2/
DTA mice mimics the Lawrence Syndrome form of lipoatro-
phic diabetes (37). These patients have delayed lipoatrophy
and a progressive increase in insulin resistance. This form of li-
poatrophic diabetes is not associated with mutations in the in-
sulin receptor (38), and in general is thought to be a sporadic
disease although familial clustering and consanguinity have
been reported (39). Given the effectiveness of troglitazone in
aP2/DTA mice it will be of great interest to evaluate the clini-
cal effectiveness of troglitazone therapy in these patients.

In summary, mice lacking adipose tissue are hyperphagic
but are able to adapt to the increased nutrient load as wit-
nessed by the maintenance of a similar weight despite the in-
creased energy intake. In addition, it is clear that the action of
the hypoglycemic agent troglitazone does not require signifi-
cant levels of adipose tissue to improve insulin sensitivity. We
present data that suggest a major action of troglitazone is in
skeletal muscle, perhaps modifying the way in which skeletal
muscle utilizes lipids. As agents which simply lower triglycer-
ide and free fatty acids do not necessarily promote increased
insulin sensitivity (40), we propose that the improved utiliza-
tion of lipids by skeletal muscle with troglitazone treatment
lowers peripheral FFA and triglyceride levels in obesity-
related diabetes and allows a secondary improvement in glu-
cose utilization.
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