
Peroxisome proliferator activated receptor g
(PPARg) and retinoid X receptor a (RXRa) bind
to DNA as heterodimer partners (ARF6) and regu-
late ligand-activated transcription of various genes
involved in lipid and carbohydrate metabolism [1,
2]. Various agents identified as PPARg agonists,
such as BRL49653, troglitazone and GW1929, im-
prove insulin action [3±7], glucose up-take and glu-
cose-stimulated insulin release [8] in several rodent
models of Type II (non-insulin-dependent) diabetes
mellitus. Similarly, RXR agonists (e.g. LGD1069
and LG100268) improve glucose tolerance and de-
crease hyperglycaemia, hypertriglyceridaemia and
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Abstract

Aims/hypothesis. Although retinoid X receptor
(RXR) and peroxisome proliferator activated recep-
tor-g (PPARg) agonists have antidiabetic effects in
hyperinsulinaemic animals, little information exists
on their effects after pancreatic beta-cell failure.
Thus, we examined if RXR and PPARg agonists alter
distinct metabolic pathways in animals suffering from
impaired insulin secretion.
Methods. Adverse side effects and antidiabetic re-
sponses were measured in db/db mice treated from
14±16 weeks of age with the RXR agonist, LG100268,
and/or the PPARg agonists, BRL49653 or GW1929.
Results. In animals treated with LG100268 or
BRL49653, serum glucose, glycohaemoglobin and
the cardiovascular risk factor, fibrinogen, decreased
to the same extent. Both of these agonists were
equally effective at increasing insulin accumulation
in beta cells, although neither agent had an effect
on serum insulin concentrations. In contrast, the
RXR agonist was less effective than the PPARg ag-

onists at lowering serum triglycerides and non-ester-
ified fatty acids and increasing interscapular brown
fat and body weight. Further, LG100268 increased
serum alkaline phosphatase and liver mass, hepatic
fat accumulation, lauric acid hydroxylase activity,
catalase-immunostaining and peroxisomal number
more than the PPARg agonists. Moreover, co-treat-
ment with the RXR and PPARg agonists reduced
glucose, triglycerides, non-esterified fatty acids and
cholesterol more than either agent alone.
Conclusion/interpretation. These data suggest 1)
RXR and PPARg agonists decrease islet degenera-
tion, cardiovascular risk and cachexia during later
stages of diabetes, 2) RXR agonists are less effective
than PPARg agonists at decreasing serum lipids and
causing weight gain and 3) RXR agonists have a
more pronounced effect on liver metabolism (e. g.
peroxisome accumulation and hepatomegaly) than
PPARg agonists. [Diabetologia (1999) 42: 545±554]
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hyperinsulinaemia in db/db and ob/ob mice [9, 10].
Thus, identification of agonists that activate RXR
or PPARg may lead to novel agents for treating
Type II diabetes. Although activation of the
PPARg/RXR heterodimer complex is believed to re-
sult in antidiabetic efficacy, it is not clear if distinct
metabolic pathways are affected by agonists for ei-
ther receptor in vivo.

Many diabetic patients are at risk for cardiovascu-
lar disease and, in some cases, the prevention or
treatment of diabetes might reduce the risk of cardio-
vascular disease. Serum insulin, lipids (e. g. cholester-
ol and triglycerides) and blood-clotting factors (e.g.
fibrinogen) may all have a role in the development
of cardiovascular risk factors, such as hypertension,
dyslipidaemia and obesity. As several risk factors are
associated with diabetes, perhaps multiple antidia-
betic agents with distinct mechanisms of action will
be needed to treat cardiovascular disease. Thus, an
understanding of how RXR and PPARg agonists af-
fect these risk factors could be useful in the treatment
of cardiovascular disease.

Studies involving genetic models of diabetes sug-
gest that early in the course of the disease, hyperinsu-
linaemia is a causative factor of tissue insulin resis-
tance [11, 12]. In the C57BL/KsJ strain of db/db
mice, insulin is transiently over-secreted, reaching a
maximum serum concentration by 8 to 10 weeks of
age [11]. In this strain, over-secretion of insulin leads
to beta-cell dysfunction, characterized by beta-cell
necrosis, insulinopenia and severe diabetes [12]. By
3 months of age, male C57BL/KsJ db/db are losing
weight and their death rate increases [11, 12].

Although several studies suggest PPARg and
RXR agonists improve glycaemic control and pan-
creatic function [7±9, 13] possibly by decreasing islet
fat content [14], the effects of these agents on diabe-
tes during beta-cell failure in older animals (i. e. after
the onset of cachexia) is not clear. Further, a compar-
ison has not been made of the effects of PPARg and
RXR agonists on body and organ weight, cardiovas-
cular risk factors (non-esterified fatty acids, choles-
terol and fibrinogen) or liver function. Thus, in our
study, we examined how PPARg (BRL49653 and
GW1929) and RXR (LG100268) agonists altered
these metabolic variables in 16-week-old C57BL/
KsJ-db/db mice.

Materials and methods

Materials. The compounds LG100268, BRL49 653 and
GW1929 (compound 18, [5]) were synthesized by the Medici-
nal Chemistry Department at GlaxoWellcome Inc. (Research
Triangle Park, North Carolina). We chose BRL49 653 and
LG100 268 for these studies because a comparison of both
agents has been reported previously using younger (47 day)
hyperinsulinaemic mice [9]. Moreover, a novel PPARg agonist,
GW1929, which is a tyrosine analogue that does not belong to

the thiazolidinedione class of compounds [5], was included for
comparison in these studies. The structure of these ligands
and potency in transfection assays for RXR and PPARg have
been recorded by others [3, 5, 9].

Experimental animal protocol. Male C57BL/KsJ- + db/ + db
mice (Jackson Labs, Bar Harbor, Me., USA) matched for age
and weight were housed five animals a cage at 22 °C and
50 % relative humidity with a 12 h light and dark cycle and
fed chow diet (NIH R&M/Auto 6F-Ovals 5K67, PMI Feeds,
Richmond, Ind., USA). Animals (12 animals in a group) start-
ing at 14 weeks of age were orally gavaged once daily
(0800±0900 hours) with 0.05 mol/l N-methylglucamine (con-
trol), 20 mg/kg BRL49 653 in 0.05 mol/l N-methylglucamine,
10.0 mg/kg GW1929 in 0.05 mol/l N-methylglucamine, and/or
10 mg/kg LG100 268 in 0.05 mol/l N-methylglucamine. The
doses for BRL49 653 and LG100 268 were selected because
preliminary 2-week dose-response experiments in db/db mice
showed these doses were most effective at lowering serum glu-
cose. For comparative purposes, the same dose (10.0 mg/kg)
of GW1929 and LG100 268 was chosen. After 2 weeks of dos-
ing, the animals were anaesthetized with isofluorane, blood
was drawn by cardiac puncture and non-fasting measurements
of glucose, total cholesterol, triglycerides, non-esterified free
fatty acids (NEFAs), glycerol, alkaline phosphatase, insulin
and glycohaemoglobin (GHB) were obtained. All blood
chemistry tests, with the exception of GHB, insulin and fibrin-
ogen, were determined using an automated chemistry analyser
(Technicon Axon, Tarrytown, N. Y., USA). Glycohaemoglo-
bin measurements were done with Columnmate Analyzer
(Helena Instruments, Beaumont, Tex., USA). Insulin concen-
trations in serum were measured by chemiluminescence using
an Origen Analyzer (Igen, Gaithersburg, Md., USA). Fibrino-
gen was measured following published procedures [15]. Body
weights were recorded at the beginning and end of the study.
Upon necropsy, liver, heart and interscapular brown fat
(IBAT) were excised and the respective weights recorded. In
addition, five animals from each treatment group were placed
in metabolic cages for 48 h at the end of the study for quanti-
tation of food and water consumption and waste production.
Unless stated otherwise, all data were calculated as the mean
and standard error from experiments on 12 animals per treat-
ment group. Two-tailed tests were done to calculate p values.
This research complied with the principles of laboratory ani-
mal care (NIH publication No. 86±23, revised 1985) and com-
pany policy on the care and use of animals and related codes
of practice.

Histology. Monoclonal antibody to human insulin, MAB391P,
derived from mouse ascites fluid was purchased from Innovex
Biosciences (Richmond, Calif., USA). Formalin-fixed, paraf-
fin embedded, deparaffinized tissue sections of pancreas from
control and treated animals were incubated for 20 min with
prediluted primary antibody after quenching endogenous per-
oxidase activity with 3 % H2O2 and blocking with manufactur-
er-supplied blocking reagent for 10 min. Phosphate buffered
saline was used as a negative control. After 20 min incubation
with manufacturer-supplied secondary antibody, chromagen
AEC was added for 5 min, rinsed and counter-stained with
aqueous haematoxylin according to the manufacturer's in-
structions using the Innovex Histo-Stat, 2-step Peroxidase de-
tection kit (Innovex Biosciences). At least three representative
islets were microscopically examined from each section and
evaluated for regularity of islet contours, islet granularity, de-
gree of granule staining and islet cell degeneration. To quantify
the insulin content in pancreas, immuno-stained islet sections
from each treatment group (three animals per group) were ex-
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amined by random stage selection of the first 3 intact islets
from each animal (n = 9). Pax-it images were captured at iden-
tical magnifications and colour and contrast settings. The im-
ages were analysed using the MCID version 3.1 image analysis
software and 32-bit colour display program option (Imaging
Research, St. Catherines, Ontario, Canada). Islets with the
most prominent chromagen label were selected for measuring
insulin content. Measurements included total target area (total
area of cells/grains within the region of interest containing the
maximum insulin) and proportional area (total target/grain
area relative to scan area). The latter measurement adjusts
for differences in islet size. For immunohistochemical exami-
nation of catalase, formalin-fixed, paraffin-embedded sections
of liver were deparaffinized and hydrated. Heat epitope re-
trieval was by DAKO Target Retrieval Solution. Sections
were stained with 1:20-diluted polyclonal sheep anti-catalase
(Biodesign International, Kennebunk, Me., USA) antibody
for 1 h. Immunolabelling was by Innovex Stat-Q, 3-step detec-
tion kit and 3,3-diaminobenzidine (DAB) was used as the
chromogen. Staining in the absence of primary antibody was
used as a negative control. Liver fixation and oil-red O staining
was done according to standard protocols [16]. At least three
representative liver sections were examined microscopically
from each treatment group and evaluated for catalase and oil-
red O staining. Photographs of representative islets and liver
sections from each group were taken at the same magnification
using a Nikon Microphot-FXA microscope, Sony Model
DXC-960MD colour video camera and Pax-it image capture
system (Midwest Information Systems, Franklin Park, Ill.,
USA). Transmission electron microscopy was done using stan-
dard protocols [17]. In sum, 1 mm cubes of formalin-fixed liver
tissue were post-fixed for 24 h in 2.5 % glutaraldehyde in
0.1 mol/l sodium cacodylate buffer (pH 7.3) before processing
and embedding in Spurr resin. Semi-thin sections were cut on
a Reichert-Jung Ultracut E ultramicrotome (Reichert-Jung,
Vienna, Austria), stained with toluidine blue and viewed with
a light microscope. Ultra-thin sections were stained with lead
citrate and uranyl acetate and examined with a Jeol 100C
transmission electron microscope (Jeol, Tokyo, Japan).

Biochemistry. Lauric acid hydroxylase activity was determined
by using published procedures [18]. Protein measurements
were determined using the BCA-Protein Assay according to
the manufacturer's specifications (Pierce, Rockford, Ill., USA).

Results

Insulin, glucose and GHB responses. As BRL49653
[7], GW1929 [5] and LG100268 [9] are agonists of the
PPARg/RXR heterodimer complex, which decrease
serum glucose concentrations in hyperinsulinaemic
animals, we were interested to find if these agents
could also decrease hyperglycaemia in mice that de-
velop pancreatic beta-cell dysfunction and cachexia.
To confirm that the 16-week-old db/db mice used in
our study had a defect in insulin secretion, we com-
pared the serum insulin, glucose and GHB concentra-
tions of 6- and 16-week-old db/db mice. As expected,
due to progression of the disease, the older animals
had less insulin, more glucose and more GHB in serum
than the younger animals (Table 1).

Based on preliminary experiments, we observed
full therapeutic effects on glucose at 3 mg/kg for

BRL49653 in db/db mice, 5 mg/kg for GW1929 in
ZDF rats and 5 mg/kg for LG100268 in ob/ob mice
([5, 7, 9] J. M. Lenhard, unpublished observation). Fur-
ther, at maximum effective doses, PPARg and RXR
agonists exert a full therapeutic effect within 7 days in
db/db mice ([5, 7, 9] J. M. Lenhard, unpublished obser-
vation). Thus, to determine if PPARg and RXR ago-
nists could decrease hyperglycaemia in older mice,
the animals were treated between 14 and 16 weeks of
age with 20 mg/kg BRL49653, 10 mg/kg GW1929,
and 10 mg/kg LG100268. At the end of treatment, se-
rum concentrations of glucose, GHB and insulin were
determined. Serum glucose and GHB were signifi-
cantly decreased after treatment with BRL49653,
LG100268 and GW1929 (Table 1). To determine if
the response to RXR agonists could be further en-
hanced by treatment with PPARg agonists, animals
were treated with LG100268 in the presence or ab-
sence of GW1929. As observed for 7- to 9-week-old
db/db mice [9], combination treatment with both ago-
nists in 14- to 16-week-old mice was more efficacious
on serum glucose concentrations than any of the com-
pounds alone (Table 1).

Given that serum insulin concentrations remained
unchanged in each of the treatment groups, we were
interested in determining if RXR or PPARg agonists
influenced beta-cell insulin content. Thus, after ani-
mals were treated for 2 weeks with LG100268 and
BRL49653, the pancreata were removed, fixed and
processed for immunocytochemistry using prepared
antibodies to insulin. As shown in the micrograph in
Fig.1 and Table 2, there was a large increase in insu-
lin-content in islets from animals treated with
LG100268, BRL49653 and GW1929 compared with
the control mice.

Lipid responses. Although PPARg and RXR agonists
decrease serum triglycerides in hyperinsulinaemic ani-
mals, the hypolipidaemic effect of these agents is not
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Table 1. Antidiabetic effects of RXR and PPARg agonists in
db/db mice

Insulin
(pmol/l)

Glucose
(mmol/l)

% GHB

6-wk Control 2130 ± 315 20.8 ± 2.5 6.60 ± 0.44

16-wk Control 235 ± 90 39.6 ± 1.7 14.07 ± 0.46

16-wk LG100268 265 ± 85
(0.41)

22.5 ± 2.6
(< 0.0001)

11.10 ± 0.26
(0.0003)

16-wk BRL49653 170 ± 70
(0.20)

22.0 ± 2.2
(< 0.0001)

10.93 ± 0.57
(0.0017)

16-wk GW1929 205 ± 75
(0.38)

30.7 ± 1.5
(0.003)

11.25 ± 0.55
(0.005)

LG100268 + GW1929-
16 wk

245 ± 85
(0.38)

15.5 ± 1.7
(< 0.0001)

10.41 ± 0.27
(0.0004)

Numbers in parentheses denote the statistical significance (p
value) of the experimental groups relative to the 16-week-old
control group calculated using Student's t test. wk, week



known in animals with beta-cell degeneration. More-
over, the influence of selective-RXR agonists on
NEFAs and glycerol in rodent models of diabetes has
not been reported. Thus, we measured how
BRL49653, GW1929 and LG100268 alter accumula-
tion of serum triglycerides, NEFAs, cholesterol and
glycerol in 16-week-old db/db mice. In contrast to their
effect on glucose, BRL49653 and GW1929 were much
moreefficacious thanLG100268at loweringserumtri-
glycerides and NEFAs in these mice (Table 3). When
used alone, however, BRL49653, GW1929 and

LG100268 had little influence on serum cholesterol
andglycerol.Todetermineif theresponsetoRXRago-
nists could be further enhanced by treatment with
PPARg agonists, animals were treated with
LG100268 in the presence or absence of GW1929.
Co-treatment with GW1929 and LG100268 was more
effective than either compound alone at decreasing
the triglyceride, NEFA, cholesterol and glycerol con-
centrations in the serum (Table 3).

Clinical toxicology. To compare the relative safety of
LG100268 and BRL49653, we did liver [aspartate
aminotransferase (AST) and alkaline phosphatase
(ALP)], heart/muscle [lactate dehydrogenase
(LDH)] and kidney [blood urea nitrogen (BUN)] bio-
chemical tests (Table 4). Since this was a preliminary
screen, specific isozymes of ALP and LDH were not
analysed. Little difference in the serum concentra-
tions of AST, LDH or BUN was observed when N-me-
thylglucamine (control), LG100268-treated and
BRL49653-treated animals were compared (Table 4).
Serum ALP was, however, raised ninefold after treat-
ment with LGD100268 and threefold after treatment
with BRL49653 compared with control mice (Ta-
ble 4). To analyse further the safety of LG100268 and
BRL49653, we measured the serum concentration of
fibrinogen, a blood-clotting factor synthesized by the
liver and associated with increased cardiovascular
risk. Both LG100268 and BRL49653 decreased the
serum concentration of fibrinogen (Table 4).

Body and organ weights, food and water consump-
tion. The PPARg agonists are anabolic agents that
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Fig. 1 A±E. Islet-staining using antibodies to insulin. Pancreat-
ic islets were fixed, sectioned and stained for insulin from db/
db mice that were treated from 14 to 16 weeks of age with (A)
N-methylglucamine (control), (B) BRL49653, (C) LG100268,
(D) GW1929, or (E) LG100 268 and GW1929. The micro-
graphs are representative data obtained from histological anal-
ysis of five animals per treatment group and at least three islets
per animal

Table 2. Insulin content in islets from 16 week old db/db mice

Mean
(Immunostaining
density)

Variance p

Control 0.0609 0.0050
LG100268 0.1817 0.0119 0.0005
BRL49653 0.2207 0.0167 0.0002
GW1929 0.1424 0.0065 0.0169
LG100268 + GW1929 0.2242 0.0187 0.0376

Insulin was quantified by image analysis of immunostained is-
lets as described in the Methods. Statistics were calculated
using paired Student's t test (n = 9)



promote adipogenesis in vitro and IBAT hypertrophy
in vivo [4, 19, 20]. Thus, we investigated how RXR
and PPARg agonists altered body, IBAT, liver and
heart weight in vivo. The control animals lost weight
between 14 and 16 weeks (Table 5), possibly because
of diabetic neuropathic cachexia that results from
uncontrolled hyperglycaemia. After treatment with
BRL49653 or GW1929, the animals, however, gained
weight. When the animals were treated with
LG100268 alone or in combination with GW1929,
their body weight did not change. When organ weights
were examined, IBAT mass increased in the
BRL49653-treated and GW1929-treated animals,
whereas LG100268 had little affect (Table 5). Al-
though heart weight was greater (37 � 2 mg,
p = 0.0057) in the BRL49653-treated mice when com-
pared with the LG100268-treated mice, these changes
were not statistically different than the control ani-
mals. In contrast, LG100268 was much more effective
than BRL49653 or GW1929 at increasing liver weight
(i. e. causing hepatomegaly) relative to controls.

No statistically significant effects on food or water
intake or fecal production were observed in any of
the treatment groups. Since the treated animals
gained more weight than the control animals, this
suggests RXR and PPARg agonists increase feeding

efficiency (weight gained/calories consumed) in dia-
betic mice.

Liver. As observed in the clinic, hepatomegaly is as-
sociated commonly with fatty infiltration of the liver
and increased serum ALP [21]. Given that treatment
with LG100268 increased liver weight (Table 5) and
serum ALP (Table 4), we looked for fat accumulation
in the liver. As shown in the micrograph in Figure 2,
there was a substantial increase in the size and num-
ber of oil red O-stained fat droplets in the liver of an-
imals treated with LG100268. Although fat accumu-
lation was also observed in animals treated with
BRL49653, these animals had less fat in the liver and
their livers weighed less than those treated with
LG100268. Furthermore, liver weight and oil red
O-staining decreased in animals co-treated with
LG100268 and GW1929 compared with those treated
with only LG100268.

In rodents, peroxisome proliferators (e. g. clofi-
brate and Wy-14,643) induce hepatomegaly and in-
crease CYP4A-lauric acid hydroxylase (LAH) activi-
ty in the liver by activating PPARa [22, 23]. As
LG100268 also caused hepatomegaly, we examined,
by measuring the conversion of lauric acid into 11-hy-
droxy lauric acid and 12-hydroxy lauric acid, if treat-
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Table 3. Effects of RXR and PPARg agonists on plasma lipids in db/db mice

Triglycerides
(mmol/l)

NEFAs
(mmol/l)

Cholesterol
(mmol/l)

Glycerol
(mmol/l)

6-wk Control 1.46 ± 0.14 0.24 ± 0.03 2.95 ± 0.35 2.28 ± 0.32

16-wk Control 1.62 ± 0.06 0.85 ± 0.07 3.45 ± 0.15 3.58 ± 0.22

16-wk LG100268 1.13 ± 0.08
(0.0002)

0.75 ± 0.05
(0.11)

3.20 ± 0.25
(0.21)

3.15 ± 0.22
(0.07)

16-wk BRL49653 0.85 ± 0.05
(< 0.0001)

0.39 ± 0.07
(0.0002)

3.30 ± 0.15
(0.87)

3.37 ± 0.32
(0.22)

16-wk GW1929 0.96 ± 0.08
(< 0.0001)

0.44 ± 0.08
(0.0006)

3.20 ± 0.30
(0.21)

3.80 ± 0.43
(0.28)

LG100268 + GW1929
16 wk

0.73 ± 0.03
(< 0.0001)

0.29 ± 0.02
(< 0.0001)

2.55 ± 0.25
(0.0006)

2.82 ± 0.11
(0.01)

The p values in parentheses denote the statistical significance in the experimental group relative to the 16-week-old control group.
wk, week

Table 4. Plasma health screens in 16-week-old db/db mice

ALP (U/l) AST (U/l) BUN (mmol/l) LDH (U/l) FIB (mmol/l)

Control 11 ± 1 156 ± 32 5.7 ± 0.4 423 ± 80 15.3 ± 2.5

LG100268 91 ± 30
(0.005)

160 ± 26
(0.46)

5.4 ± 0.4
(0.16)

428 ± 81
(0.48)

9.3 ± 0.7
(0.014)

BRL49653 35 ± 4
(< 0.0001)

172 ± 35
(0.36)

7.1 ± 0.7
(0.0001)

418 ± 57
(0.48)

9.6 ± 1.0
(0.05)

GW1929 17 ± 4
(0.066)

213 ± 37
(0.097)

8.5 ± 0.8
(0.002)

660 ± 131
(0.084)

ND

LG100268
+ GW1929

88 ± 9
(< 0.0001)

189 ± 32
(0.25)

9.0 ± 0.6
(< 0.0001)

784 ± 237
(0.088)

ND

FIB, fibrinogen; ND, not determined. Numbers in parentheses are p values calculated using Student's t test and denote the statisti-
cal significance between the experimental and the control group



ment with LG100268 increased LAH activity in the
liver. The activity of LAH increased by 350% in ani-
mals treated with LG100268 (Table 6). In contrast,
BRL49653 had little affect on LAH activity. Thus,
RXR and PPARa agonists [23] but not PPARg ago-
nists induce peroxisomal CYP4A LAH activity in
the liver.

To further evaluate if LG100268 increased peroxi-
some proliferation, liver sections were examined by

electron microscopy or immunostained for catalase
and viewed by light microscopy. Electron microscopic
analysis showed LG100268-treated animals had more
peroxisomes than control animals (compare Fig.3A
and B). Similarly, the LG100268-treated animals had
more catalase in their livers than control animals
(compare Fig. 3C and D). Moreover, catalase-immu-
nostaining was particularly prominent in periportal
locations in the LG100268-treated animals (data not
shown).

Discussion

Given the pleiotropic nature of diabetes, there is a
need for identifying multiple agents with unique
properties for treating this disease. Indeed, combina-
tion therapy is possibly needed for patients with dia-
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Table 5. Effects of RXR and PPARg agonists on body and organ weight

Body weight
change (g)

IBAT % of
body weight

Liver % of
body weight

Heart % of
body weight

Control ±2.7 ± 0.7 1.14 ± 0.10 4.91 ± 0.19 0.27 ± 0.01

LG100268 0.5 ± 0.6
(< 0.0001)

1.05 ± 0.09
(0.15)

9.12 ± 0.58
(< 0.0001)

0.25 ± 0.01
(0.03)

BRL49653 3.2 ± 0.7
(< 0.0001)

2.95 ± 0.48
(< 0.0001)

5.76 ± 0.45
(0.0019)

0.29 ± 0.01
(0.14)

GW1929 3.3 ± 0.5
(< 0.0001)

2.95 ± 0.28
(< 0.0001)

5.80 ± 0.39
(0.0024)

0.26 ± 0.01
(0.25)

LG100268 + GW1929 ±0.2 ± 0.8
(0.0042)

2.79 ± 0.48
(< 0.0001)

7.60 ± 0.47
(< 0.0001)

0.27 ± 0.02
(0.32)

Body weight change was calculated from animals between 14
to 16 weeks of age. Tissue weights were calculated as a percent
of the final body weight at 16 weeks. The p values in par-

entheses denote the statistical significance between the experi-
mental and the control group

Fig. 2 A±E. Oil red O-staining of liver from db/db mice. Liver
from animals that were treated with (A) N-methylglucamine
(control), (B) LG100268, (C) BRL49653, (D) GW1929 or (E)
LG100 268 and GW1929 were fixed, sectioned and stained us-
ing oil red O. Each micrograph is representative data from his-
tological analysis of five animals per treatment group and at
least three liver sections per animal



betes, since they often have poor responses to single-
drug therapy [24]. Thus, in this study we compared
how PPARg (BRL49653 and GW1929) and RXR
(LG100268) agonists influence metabolism in db/db
mice suffering from islet degeneration. Although ap-
preciable beneficial effects of both classes of mole-
cules were observed on serum glucose, GHB,
NEFAs, triglycerides, fibrinogen and accumulation
of beta-cell insulin, the RXR agonist was less effec-
tive than the PPARg agonists at decreasing serum tri-
glycerides and NEFAs or increasing IBAT and body
weight. In contrast, the RXR agonist increased liver
weight, hepatocellular lipid and serum alkaline phos-
phatase more than the PPARg agonists. These differ-
ences suggest that PPARg and RXR agonists differ in
their mode of action and metabolic effects. Alterna-
tively, it is possible the differences in the therapeutic
end points are related to differences in relative poten-
cy and pharmacokinetic considerations. Given the re-
stricted expression pattern of PPARg and the ubiqui-
tous expression pattern of RXR we, however, favour
the former hypothesis. Further, the data suggest there
could be distinct mechanistic advantages, depending
on the desired clinical profile, when using a PPARg
or RXR agonist. For example, possibly PPARg ago-
nists are better as monotherapies for treating diabetic
dyslipidaemia or cachexia whereas RXR agonists are
best used in combination with PPARg agonists to fur-
ther improve antidiabetic efficacy.

Since there were no changes in serum insulin con-
centrations, the hypoglycaemic effects of RXR and
PPARg agonists are likely to be the result of en-
hanced peripheral glucose uptake or suppressed glu-
coneogenesis or both. Indeed, PPARg agonists sup-
press hepatic gluconeogenesis in animal models of di-
abetes and increase insulin responsiveness of periph-
eral tissues and isolated cells [4, 6±8], indicating both
effects are operative. As RXR agonists stimulate
PPARg:RXR heterodimer activity in cell-based as-
says [9], it is possible the hypoglycaemic effects of
LG100268 also result from enhanced peripheral glu-
cose uptake and suppressed gluconeogenesis. A di-
rect comparison between RXR and PPARg agonists
is, however, needed to determine if there is a differ-
ential effect of these agents on glucose uptake and
gluconeogenesis.

When 6-week-old control animals were com-
pared with 16-week-old animals that had been treat-
ed, serum triglycerides were less and NEFAs were
greater in the older animals, suggesting serum
NEFAs secondary to triglycerides. As serum change
insulin was less in the older animals, it is possible
these changes are due to the antilipolytic effect of
insulin. The lack of an effect on serum glycerol in
treated animals indicates, however, that the de-
crease in serum NEFAs may not result from the an-
tilipolytic effects of insulin on adipose tissue. In-
deed, troglitazone action is proposed to be indepen-
dent of adipose tissue [25]. Thus, an alternate hy-
pothesis is serum lipids decreased with treatment
as a result of a reduction in VLDL-associated and
LDL-associated triglyceride production in liver [25].

Fibrinogen is a blood-clotting factor that is synthe-
sized in the liver and, like NEFAs and cholesterol, is
an important risk factor for developing cardiovascular
disease [26]. Although all-trans-retinoic acid increas-
es serum fibrinogen in vivo [27], the effects of selec-
tive RXR and PPARg agonists on fibrinogen in vivo
have not been reported previously. Our data showing
LG100268 and BRL49653 decreased serum fibrino-
gen suggest that RXR and PPARg are involved in
the physiological regulation of fibrinogen. Further,
these data suggest RXR and PPARg agonists may
counter-regulate increases in serum fibrinogen medi-
ated by RAR-agonists [27]. Note that non-steroidal
anti-inflammatory drugs, which are known to bind
and activate PPARg [28], also lower serum fibrinogen
concentrations and suppress platelet aggregation [29].
Furthermore, patients treated with troglitazone bene-
fit from enhanced cardiac output and stroke volume
[30]. We propose that this is perhaps, in part, a result
of decreased peripheral insulin resistance and plasma
fibrinogen, in addition to reduced LDL oxidation
[31]. Recently, others have shown that troglitazone
treatment is associated with a decrease in plasmino-
gen activator inhibitor concentrations in Type II dia-
betic patients, indicating this may lead to beneficial
effects on fibrinolysis [32]. It is not clear if this is a di-
rect effect of these nuclear receptors on transcription-
al regulation, or alternatively, a consequence of in-
creased insulin sensitivity since insulin also lowers se-
rum fibrinogen by inhibiting its synthesis.
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Table 6. Effects of BRL49 653, GW1929, and LG100 268 on liver lauric acid hydroxylase

11-hydroxy lauric acid (nmol × min�1 × mg�1) 12-hydroxy lauric acid (nmol × min�1 × mg�1)

Control 2.25 ± 0.17 6.63 ± 0.78
BRL49653 2.55 ± 0.35 (0.24) 8.73 ± 1.41 (0.12)
LG100268 4.75 ± 0.54 (0.0047) 23.75 ± 3.59 (0.0017)
GW1929 2.67 ± 0.30 (0.047) 9.05 ± 1.16 (0.14)
LG100268 + GW1929 4.72 ± 0.56 (0.0072) 23.90 ± 0.30 (0.0025)

Numbers in parentheses are p values calculated using Stu-
dent's t test and denote the statistical significance in the differ-
ences between the experimental and the control group. Lau-

rate hydroxylate activity is expressed as the rate of lauric acid
generated per mg of protein



Treatment of rodents with agonists for PPARa,
such as clofibrate or gemfibrozil, results in decreased
plasma triglycerides, hepatomegaly, increased per-
oxisomal number and induction of several microsom-
al genes in the liver [33]. Furthermore, trans-activa-
tion of reporter genes by PPARa is stimulated by
the addition of both 9-cis retinoic acid and RXRa
[34]. As LG100268 caused hepatomegaly, increased
peroxisomal number and induced expression of mi-
crosomal lauric acid hydroxylase, we favour the hy-

pothesis that the RXRa/PPARa heterodimer is a tar-
get for LG100268 [10]. Consistent with these obser-
vations, others have reported the RXR-selective ago-
nist, SR11237, induces hepatomegaly in rats [35].
Contrary to our results and others [9, 10], these au-
thors, however, observed an increase in serum triglyc-
erides after treating rats with SR11237 [35]. It is
worth noting that RAR agonists cause hypertriglycer-
idaemia [36], raising the possibility that SR11237
used in the earlier studies [35] may have activated
the RAR/RXR heterodimer. Alternatively, differ-
ences in species (mice vs rats) or the metabolic state
of the animals (normal vs diabetic) may explain the
differences between these studies. Indeed, species-
specific effects on liver have been noted for PPARa-
agonists. Thus, caution should be exercised in com-
paring the effects of RXR agonists on hepatomegaly
in rodents with clinical toxicity.

There are several possible explanations for the
observed increase in serum ALP in the RXR and
PPARg agonist-treated animals. One hypothesis is
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Fig. 3 A±D. Electron microscopic analysis and catalase-immu-
nostaining of liver from db/db mice. Liver from animals that
were treated with (A, C) N-methylglucamine (control) or (B,
D) LG100 268 suspended in N-methylglucamine. Liver sec-
tions were prepared for electron microscopy (A, B) or stained
for catalase and analysed by light microscopy (C, D). The elec-
tron micrographs were of samples magnified 3100-fold and the
inset was magnified 5100-fold (M, mitochondria; P, peroxi-
some; G, glycogen; L, lipid)



that activation of RXR and PPARg may directly in-
duce transcription of ALP in vivo. Although the
isozyme responsible for the raised serum ALP was
not determined in this study, we have previously
shown that activation of this transcription complex
suppresses ALP activity in mesenchymal stem cells
[19] suggesting this explanation could be incorrect.
Alternatively, raised serum ALP could result from
increased hepatocyte hypertrophy and lipid accu-
mulation in the liver. Consistent with this idea, pa-
tients with fatty livers and hepatomegaly have ap-
preciably higher values for liver-derived ALP than
control patients [21]. Since serum ALP concentra-
tions are increased in obstructive jaundice, it is
also possible that obstruction of bile flow causes
ALP increase.

Treatment of db/db mice with GW1929 and
BRL49653 resulted in increased IBAT mass, consis-
tent with published results showing an increase in
IBAT mass of CD-1 rats treated with BRL49653
[20]. Thus, one proposal is that the antidiabetic ef-
fects of PPARg agonists are mediated, in part,
through increased IBAT-mediated thermogenesis
[4, 19, 20, 37]. Although RXR forms a heterodimer
with PPARg [1], LG100268 did not, however, cause
an increase in IBAT mass in vivo. Thus, it is possible
that other tissues, in addition to IBAT, are involved
in the antidiabetic effects of agonists for the
PPARg/RXRa heterodimer. Consistent with this
possibilty, troglitazone has been shown to retain an-
tidiabetic activity in mice whose white and brown
fat is virtually eliminated by fat-specific expression
of diphtheria toxin A chain [25]. It is also possible
that direct activation of PPARg, and not RXR, is
necessary for inducing PPARg/RXR heterodimer
activity and IBAT hypertrophy in vivo.

Although several studies show thiazolidinediones
or rexinoids improve insulin secretion in animals be-
fore the onset of islet degeneration [8, 9], the effects
of both agents on islets has not been compared in an-
imals suffering from beta-cell degeneration. Our re-
sults show that RXR and PPARg agonists increase is-
let insulin content in animals suffering from beta-cell
degeneration. This regranulation was probably due
to reduced secretion pressure that results from de-
creasing overstimulation induced by hyperglycaemia.
In contrast, thiazolidinedione treatment decreases is-
let insulin content in animals treated before the onset
of islet degeneration [8]. Also in contrast to published
results using younger hyperinsulinaemic mice [6, 9],
none of the antidiabetic agents used changed serum
insulin concentrations in the older animals. Thus, the
effects of these agents on islets can vary depending
on progression of the disease (i. e. islet insulin content
is decreased by early treatment and increased by later
treatment in disease progression). Moreover, these
data show that RXR agonists remain efficacious after
the onset of beta-cell dysfunction and cachexia.

Our results also show PPARg and RXR agonists
are able to prevent weight loss during the later stages
of diabetes. Since food consumption did not change,
this suggests RXR and PPARg agonists decreased
malabsorption [38], urinary excretion of carbohy-
drates [39], or metabolic rate (e. g. thermogenesis).
Consistent with the latter hypothesis, we recently
found PPARg agonists suppress thermogenesis in ad-
ipocytes [40]. Although more work is needed to un-
derstand the mechanism underlying the body weight
changes, these observations show that treatment
with RXR and PPARg agonists can prevent diabetic
cachexia in mice.

Since the biological effects were different for RXR
and PPARg agonists, they should be considered as
distinct classes of pharmacological agents. We specu-
late that perhaps PPARg agonists are better for con-
trolling serum lipids and RXR agonists better for reg-
ulating body weight in diabetic animals. Moreover,
combined therapy may provide improved efficacy
relative to mono-therapy. A better understanding of
the action of RXR and PPARg agonists should help
to optimize their use for treating diabetes while mini-
mizing their side effects.
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