The Novel Hypoglycemic Agent YM440 Normalizes Hyperglycemia Without
Changing Body Fat Weight in Diabetic db/db Mice
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To determine the relationship between hypoglycemic activity and body weight gain induced by insulin sensitizers, we
compared the effects of thiazolidinedione analogs (troglitazone and pioglitazone) and the oxadiazolidinedione analog
{2)-1,4-bis|4-[(3,5-dioxo-1,2,4-oxadiazolidin-2-yl)methyllphenoxy|but-2-ene (YM440) in diabetic db/db mice. Oral treatment
with Y440 (100 mg/kg) for 28 days decreased the blood glucose concentration (control v YM440, 418 + 12 v243 = 44 mg/dL).
The hypoglycemic activity of this agent was comparable to that of troglitazone (300 mg/kg) and pioglitazone (100 mg/kg).
There were no changes in food intake among the groups. Troglitazone and pioglitazone, but not YM440, significantly increased
body weight gain during treatment (control, 7.2 = 0.5 g; YM440, 7.5 = 0.8 g; troglitazone, 10.9 = 0.8 g; and pioglitazone,
14.5 = 1.1 g). To further assess whether the increase in body weight by troglitazone or pioglitazone was due to adipogenesis,
the weight of intraabdominal fat tissue (epididymal, retroperitoneal, and perirenal) was determined. There were no differences
in the total weight of visceral fat between the control and YM440 treatment (3.53 = 0.23 and 3.60 = 0.16 g). In contrast,
troglitazone and pioglitazone significantly increased the fat weight (4.31 = 0.13 and 4.66 = 0.19 g). Thiazolidinediones are
known as ligands for peroxisome proliferator-activated receptor v (PPARy), a nuclear receptor responsible for adipogenesis.
Troglitazone and pioglitazone activated PPARy and increased triglyceride accumulation and mRNA expression of fatty
acid-binding protein (FABP} in 3T3-L1 cells. However, YM440 had no effect on these indices for adipocyte differentiation. These
results suggest that the mechanism is different for the hypoglycemic action of YM440 versus the thiazolidinediones. YM440
ameliorates hyperglycemia without changing PPARYy activity, adipocyte differentiation, or fat weight. Thus, YM440 could be a
useful hypoglycemic agent for the treatment of non-insulin-dependent diabetes mellitus {(NIDDM) without affecting body

weight.
Copyright © 2000 by W.B. Saunders Company

NSULIN AND SULFONYLUREAS have been used in the
management of hyperglycemia in patients with non—insulin-
dependent diabetes mellitus (NIDDM), but both agents are
associated with side effects including hypoglycemia and weight
gain.! Recently, a new family of antidiabetic agents, the
thiazolidinediones, has attracted considerable attention. One
member of this family, troglitazone, has been shown to have
potent effects to reduce hyperglycemia and hyperinsulinemia in
diabetic patients and diabetic animals with insulin resistance.??
However, this agent has also been reported to increase the mean
weight gain in patients with NIDDM.* The mean weight gain
observed in patients receiving troglitazone at a dose of 200 or
600 mg was 1.9 and 3.6 kg for 26 weeks, respectively, whereas
the placebo group had a mean weight gain of 1.5 kg. These
findings suggested that the activation of insulin action is
normally accompanied by weight gain. However, the relation-
ship between the improvement of insulin resistance and weight
gain induced by insulin sensitizers remains to be elucidated,
because metformin was shown to improve insulin sensitivity
without increasing body weight gain in both animal models and
clinical studies.>6 Since obesity is one of the recognized risk
factors for development of NIDDM, the management of obesity
is important in the treatment of diabetes.”® Some thiazolidine-
diones activate the nuclear receptor peroxisome proliferator—
activated receptor (PPAR'y), which induces the differentiation
of preadipocytes to adipocytes.>!! These effects may be attribut-
able to adipogenesis and weight gain in rats and mice treated
with thiazolidinedione insulin sensitizers.

In this study, we compared two different types of insulin
sensitizers, ie, troglitazone, pioglitazone, and the oxadiazolidine-
dione analog (Z)-1,4-bis|4-[(3,5-dioxo-1,2,4-oxadiazolidin-2-
yhmethyl]phenoxylbut-2-ene (YM440), with respect to their
potency for improving hyperglycemia and body weight gain in
diabetic db/db mice. We also examined the relationship between
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body weight gain and adipogenesis. To investigate the potential
mechanism of action of YM440, we examined its effects on the
ligand activity of PPAR+y and adipocyte differentiation in
cultured cells.

MATERIALS AND METHODS
Materials

All reagents used in the study were of analytical grade and were
obtained commercially. YM440, troglitazone, and pioglitazone hydro-
chioride (pioglitazone) were synthesized at Yamanouchi Pharmaceuti-
cal (Tokyo, Japan) (Fig 1).

Animals and Experimental Design

Male C57BL/Ksl-db/db and db/+ mice were purchased from Charles
River Japan (Tokyo, Japan) and maintained under a 12-hour light/dark
cycle. The animals were fed a moderately high-calorie laboratory chow
(CMF, 373 kcal/100 g; Oriental Yeast Industry, Tokyo, Japan). YM440
(30, 100, and 300 mg/kg), troglitazone (30, 100, and 300 mg/kg), and
pioglitazone (10, 30, and 100 mg/kg) were administered orally to db/db
mice at 8 weeks of age for 28 days, and blood samples were collected
from the tip of the tail vein 16 hours after the last dosing. Glucose
concentrations were determined by the glucose oxidase method!>13 on
days 0, 4, 14, 22, 29, 31, and 36. The mice were killed and the weight of
intraabdominal fat tissue (epididymal, retroperitoneal, and perirenal)
was determined 16 hours after the last dosing.
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Fig 1. Chemical structure of YM440, troglitazone, and pioglita-
2one.

Analysis of Cell Differentiation and Triglyceride Content in
3T3-L1 Cells

3T3-L1 preadipocytes (American Type Cell Collection, Rockville,
MD) were grown in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100
pg/mL streptomycin at 37°C in a humidified atmosphere of 5% CO? in
air.!0 To evaluate the effects of test compounds on the differentiation of
3T3-L1 preadipocytes to adipocytes, confluent 3T3-L1 preadipocytes in
6-well culture plates were incubated in the presence of 0.5 mmol/L
isobutylmethylxanthine and 0.25 pmol/L dexamethasone for 48 hours
and then with various concentrations of the test compound and 0.01
pg/mL insulin for a further 96 hours. The triglyceride concentration in
the cells was quantified using colorimetric assay kits (Wako Pure
Chemicals, Osaka, Japan) after solubilization in 0.1% sodium dodecyl
sulfate.

RNA Extraction and Hybridization

The expression levels of mRNAs encoding fatty acid-binding protein
(FABP), a marker of adipose differentiation,' and B-actin in 3T3-L1
cells were determined as follows. Briefly, total RNA was extracted from
the cells using Isogen, a mixture of acid guanidium isothiocyanate:
phenol:chloroform, according to the manufacturer’s instructions (Nip-
pon Gene, Toyama, Japan). Extracted RNA (10 pg) was hybridized to
[«-*2P]uridine triphosphate-labeled antisense riboprobe at 50°C over-
night. 32P-labeled antisense riboprobes were prepared as described
elsewhere.!’ Samples were digested with RNase A/T1 according to the
manufacturer’s instructions (Ambion, Austin, TX) at 37°C for 1 hour
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and analyzed by electrophoresis on a 3.5% polyacrylamide gel includ-
ing 8 mol/L urea. The bands were detected with a BAS2000 bioimaging
analyzer (Fuji Film, Tokyo, Japan). The length of the protected
fragments of FABP and B-actin was 150 (bp 192 to 342, Accession No.
M23384) and 135 (bp 675 to 809, Accession No. X03672) nucleotides,
respectively. The signal for FABP was normalized against that for
B-actin.

PPARvy Activation Assay

The following two plasmids were prepared and transfected into CV-1
monkey kidney cells.!6 The GAL4-PPARv~y receptor expression vector
contained the GAL4 DNA binding domain and murine PPAR~y ligand
binding domain!” in the pSGS5 expression vector (Stratagene, La Jolla,
CA). The reporter plasmid 17m2-G-CAT contained two GAL4 17M
binding sites and the (B-globin promoter region upstream of the
chloramphenicol acetyltransferase (CAT) gene.'® CV-1 cells were
plated at 1.5 X 10%/well in 12-well plates in DMEM containing 10%
FBS. After 24 hours, the cells were transfected using Lipofect AMINE
reagent (GIBCO-BRL, Gaithersburg, MD). The transfection mixes
contained 200 ng reporter plasmid, 20 ng receptor expression vector,
400 ng B-galactosidase expression vector pCH110 (Pharmacia, Uppsala,
Sweden) as an intemnal control, and 400 ng carrier plasmid. Following
transfection, the cells were incubated for 48 hours with the test agent.
Cell extracts were prepared and the activities of CAT and -galactosi-
dase were determined.

Statistical Analysis

Comparisons between experimental groups were made using 1-way
ANOQVA, followed by Dunnett’s multiple-range test. Differences were
considered significant at a P level less than .05.

RESULTS

Effects of YM440, Troglitazone, and Pioglitazone on Blood
Glucose, Body Weight, and Intraabdominal Fat Weight in
Diabetic db/db Mice

YM440, troglitazone, and pioglitazone decreased blood glu-
cose (Fig 2). The hypoglycemic activity of YM440 (100 mg/kg)
was comparable to that of troglitazone (300 mg/kg) and
pioglitazone (100 mg/kg). The hypoglycemic effect of YM440
was still observed 7 days after cessation of treatment, but the
other two agents had no effect on glucose levels at this time
point. Although food intake was not significantly different
among the groups (Table 1), pioglitazone significantly in-
creased the body weight and body weight gain (Fig 3).
Troglitazone (300 mg/kg) also increased the body weight gain,
but YM440 (up to 300 mg/kg) had no significant effect on these
parameters. Troglitazone and pioglitazone, but not YM440,
increased the weight of intraabdominal fat (Table 1).

Effects of YM440, Troglitazone, and Pioglitazone on PPARy
Reporter Activity

Troglitazone and pioglitazone can serve as ligands of PPARvy,
one of the important nuclear receptors for adipogenesis. These
two agents dose-dependently increased the transcriptional activ-
ity mediated through PPARy in CV-1 cells expressing the
PPARy reporter gene (Fig 4). However, YM440 did not
increase the transcriptional activity, suggesting that YM440 is
not a ligand of PPARYy.
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Fig 2. Effects of YM440, troglitazone, and pioglitazone on blood glucose in diabetic db/db mice. Male db/db mice were treated with YM440,
troglitazone (30, 100, and 300 mg/kg), or pioglitazone (10, 30, and 100 mg/kg) orally once per day for 28 days: 0, 0 mg/kg; V¥, 10; ®, 30; A, 100; &,
300. Hypoglycemic activity was measured 16 hours after the last dosing. Arrows indicate the end of treatment. Data are the mean + SEM (n = 6).
*P < .05, **P < .01, ***P < .001 vuntreated control at the same time point.

Effects of YM440, Troglitazone, and Pioglitazone on FABP
mRNA Expression and Triglyceride Accumulation in 3T3-L1
Cells

Troglitazone and pioglitazone increased FABP mRNA expres-
sion (Fig 5) and cellular triglyceride accumulation (Fig 6) in a
dose-dependent manner, indicating that these agents stimulated
adipocyte differentiation. In contrast, YM440 had no significant
effect on these parameters related to adipocyte differentiation.

DISCUSSION

The severity of hyperglycemia in db/db mice increases with
age.!? At an early stage, the mice exhibit hyperphagia, marked
obesity, hyperglycemia, and hyperinsulinemia, which are char-
acteristic of insulin resistance. However, plasma insulin in
db/db mice eventually decreases because of islet degeneration
of pancreatic B cells, and then severe hyperglycemia devel-

ops.? Several laboratories have reported that insulin sensitizers
such as ciglitazone and troglitazone ameliorate hyperglycemia
in db/db mice.?!2 In this study using diabetic db/db mice, we
compared two types of insulin sensitizers, thiazolidinedione
analogs (troglitazone and pioglitazone) and an oxadiazolidinedi-
one analog (YM440), with respect to their potency in improving
hyperglycemia and body weight gain. We also examined the
relationship between body weight gain and adipogenesis.
YM440 significantly decreased blood glucose concentrations in
db/db mice. Its hypoglycemic activity was comparable to that of
troglitazone and pioglitazone reported previously as insulin
sensitizers.!0232¢ However, the reduction in blood glucose by
YM440 was not dose-dependent, and especially the effect at the
maximal dose (300 mg/kg) was saturated. The dose range used
in this study might be too high, since this agent caused
dose-related hypoglycemic effects in other diabetic mouse

Table 1. Effects of YM440, Troglitazone, and Pioglitazone on Food Intake and Intraabdominal Fat Weight in db/db Mice

YM440 Troglitazone Pioglitazone
Parameter Control {100 mg/kg) {300 mg/kg) {100 mg/kg)
Food intake (g/d) 6.43 + 0.55 5.87 £ 0.24 6.02 + 0.14 6.66 = 0.25
Intraabdominal fat weight {g)
Epididymal 2.46 + 0.17 2.45 £ 0.10 2.82 * 0.06 299 £ 0.11*
Retroperitoneal 0.65 = 0.05 0.71 = 0.05 0.90 * 0.03t 0.96 *+ 0.06%
Perirenal 0.41 *+ 0.04 0.45 x 0.02 0.60 * 0.06 0.71 * 0.04%
Total 3.53 +0.23 3.60 = 0.16 431+ 0.13 4.66 * 0.19%
Per body weight (%)
Epididymal 5.59 * 0.14 5.43 + 0.12 5.50 = 0.10 5.51 + 0.11
Retroperitoneal 1.48 + 0.07 1.56 + 0.07 1.76 + 0.06* 1.75 = 0.08*
Perirenal 0.93 + 0.05 0.99 * 0.03 1.16 + 0.08* 1.30 = 0.05%
Total 8.00 + 0.17 7.97 = 0.18 8.41 + 0.08 8.56 * 0.14*

NOTE. Each value represents the mean = SEM of & mice.

+P< .05, tP< .01, #P < .001 vcontrol.
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Fig 3. Effects of YM440, troglitazone, and pioglitazone on (A) body weight and (B) body weight gain in diabetic db/db mice. Male db/db mice
were treated with the test compound orally once per day for 28 days. Each bar shows the mean + SEM of 3 mice. *P < .05, **P < .01, ***P < .001

v untreated control.

models (KK mice and ob/ob mice, data not shown). An
improvement of hyperglycemia by these agents was not due to a
reduction of food intake, since food consumption was not
significantly different among the groups. Furthermore, pioglita-
zone (=30 mg/kg) and troglitazone (300 mg/kg) significantly
increased body weight gain, leading to a significant increase in
body weight in pioglitazone-treated mice. In contrast, YM440
(=300 mg/kg) had no significant effect on body weight or body

40

30

20+

CAT activity (Arbitrary units)

—rrT — — T T

0 107 10 10°5

Concentration (M)

107

Fig 4. Effects of YM440, troglitazone, and pioglitazone on PPARy
activation in CV-1 cells. (O) YM440, (W) troglitazone, or (A) pioglita-
zone were incubated with CV-1 cells expressing the plasmid contain-
ing the DNA binding domain of GAL4, ligand binding domain of
PPARYy, and reporter plasmid containing GAL4 binding element,
B-globin promoter region, and CAT gene. CAT activity was deter-
mined after a 48-hour incubation with the test compound. Data are
the mean + SEM (n = 3).

weight gain. The body weight gain in each group was compared
under conditions in which the three agents were equipotent in
decreasing blood glucose (YM440 and pioglitazone 100 mg/kg
and troglitazone 300 mg/kg; Fig 2), and YM440, troglitazone,
and pioglitazone increased the body weight gain by 113%.
151%, and 201%, respectively, compared with the control
(100%). Fujiwara et al®' reported similarly that troglitazone
(200-mg/kg dosing for 3 weeks) did not affect food intake but
caused a small but significant increase in body weight in db/db
mice. These findings clearly indicate that YM440 had no effect
on body weight or body weight gain under conditions in which
YM440 and the other two thiazolidinedione insulin sensitizers
ameliorated the hyperglycemia.

Troglitazone and pioglitazone significantly increased the
body weight gain in this study, but it remains to be determined
which organ is mainly responsible for body weight gain. We
measured the weight of some intraabdominal fat tissues in this
study (Table 1). Pioglitazone (100 mg/kg) significantly in-
creased the weight of intraabdominal fat from a control value of
3,53 £ 023 gto 4.66 = 0.19 g (132% of control), and also
increased the ratio of intraabdominal fat weight to body weight
from 8.00 = 0.17 to 8.56 = 0.14 (107% of control). Troglita-
zone also tended to increase these parameters, but YM440 had
no effect at all. These findings suggest that increases in
intraabdominal fat weight are correlated with body weight gain.
However, these results could partially explain the body weight
gain in pioglitazone- or troglitazone-treated mice, since if we
calculate the net increase in body weight gain in each group
(total body weight gain in each treated group minus that in the
control group), about 8%, 21%, and 16% of the net increase in
total body weight gain was due to increases in intraabdominal
fat in YM440-, troglitazone-, and pioglitazone-treated groups,
respectively. Rebuffé-Scrive et al?® determined the effect of a
high-fat, high-carbohydrate diet on the distribution of visceral
and subcutaneous fat in C57/BL/6J mice, one of the best-
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Fig 5. Effects of YM440, troglitazone, and pioglitazone on FABP
mRNA levels in 3T3-L1 preadipocytes. 3T3-L1 celis were incubated for
48 hours with 0.5 mmol/L IBMX and 0.25 pmol/L dexamethasone
followed by a further 72-hour incubation with various concentrations
of (O) YM440, (M) troglitazone, or (A} pioglitazone in the presence of
0.01 pg/mlL insulin. (A} Representative autoradiographs of FABP
mRNA. (B) Relative abundance of FABP mRNA. The signal for FABP
was normalized against that for B-actin. Data are the mean + SEM
{n = 3).**P < .01, ***P < .001 vcontrol.

characterized models of NIDDM.2® The subcutaneous fat was
1.9- to 2.1-fold heavier than the visceral fat in mice fed either a
standard diet or a high-fat, high-carbohydrate diet. Based on
these values (about 2-fold), about 24%, 63%, and 48% of the net
increase in total body weight gain may be attributable to the
increases in total visceral and subcutaneous fat in YM440-,
troglitazone-, and pioglitazone-treated groups, respectively.
Yamashita et al?” demonstrated that the volume and distribution
of body fat has an important role in the incidence of metabolic
complications such as diabetes and hyperlipidemia. Further
studies are needed to determine the changes in the volume and
distribution of intraabdominal and subcutaneous fat and the
relationship between fat accumulation and insulin resistance.
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Troglitazone and pioglitazone can serve as ligands of PPARYy,
one of the most important nuclear receptors for adiposity.?8-*
These agents dose-dependently increased the transcriptional
activity through PPARYy in CV-1 cells expressing the human
PPARYy reporter gene. In addition, these agents increased FABP
mRNA expression and cellular trigiyceride accumulation, indi-
cating that they stimulated adipocyte differentiation through
PPARy. On the other hand, YM440 did not increase the
expression of PPARy reporter gene and had no significant effect
on adipocyte differentiation, supporting the idea that YM440 is
not a ligand for PPARYy. The lack of effect of this agent on
PPARYy was also observed in other cell types, such as NIH3T3
cells expressing mouse PPARy reporter gene (data not shown).
Thus, the properties of this agent were totally distinct from
those of troglitazone or pioglitazone. Recently, Reginato et al*!
reported that MCC-555 is a novel thiazolidinedione ligand for
PPARYy. Although this agent showed higher potency than
BRL49653 in improving hyperglycemia in the mouse KXK-AY
model of obesity and diabetes, its binding affinity for PPARy
was less than one fiftieth that of BRL49653. This agent induced
adipogenesis but showed lower potency than BRL49653. We
believe it is unlikely that YM440 is a partial agonist for PPARvy,
as this agent had no effect at all with respect to PPARy
activation and adipocyte differentiation in vitro. In contrast,
MCC-555 activated PPARy but with lower potency than
BRL49653, suggesting that this agent functioned as a partial
agonist of PPARy activation and adipocyte differentiation.
There have been no previous reports showing the effect of
MCC-555 on body weight gain in vivo. When such information
becomes available, more detailed comparisons between the two
compounds will be possible.

Paulik et al,*? using infrared thermography, have reported
that troglitazone and the other related PPARy agonists suppress
thermogenesis in adipocytes. They also observed that the
mitochondrial uncouplers, such as carbonyl cyanide p-
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Fig 6. Effects of YM440, troglitazone, and pioglitazone on triglyc-
eride accumulation in 3T3-L1 preadipocytes. Experimental conditions
are the same as in Fig 5. O, YM440; W, troglitazone; A, pioglitazone.
Data are the mean = SEM (n = 3). **P < .01, ***P < .001 v control.
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(trifluoromethoxy)phenylhydrazone and rotenone, and B3-
adrenoceptor agonists increase thermogenesis. These findings
may indicate a possibility that PPARy agonists increase fat
accumulation by reducing thermogenesis, presumably by inhib-
iting uncoupling protein (UCP) expression in the mitochondria
of adipocytes. In contrast, there are several reports showing that
PPAR-y agonists increase UCP mRNA in vitro and in vivo.33-35
Thiazolidinedione BRL49653 increased UCP1 in human preadi-
pocytes.33 Furthermore, our previous report demonstrated that
pioglitazone increased UCP2 mRNA but decreased UCP3
mRNA levels in skeletal muscle of diabetic KK mice.3* The role
of thermogenesis or UCP expression in the hypoglycemic
effects of PPAR'y agonists remains to be elucidated, and further
study will be required to examine the relationship between UCP
expression and the hypoglycemic effect of YM440.

In conclusion, we have examined the relationship between
hypoglycemic activity and body weight gain induced by insulin
sensitizers in diabetic db/db mice. Thiazolidinedione analogs
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decreased blood glucose but increased the body weight gain. In
contrast, YM440, an oxadiazolidinedione analog, showed hypo-
glycemic activity without affecting body weight gain. The
increase in body weight gain induced by troglitazone or
pioglitazone may be accounted for, in part, by the adipogenesis
in intraabdominal fat tissue. Troglitazone or pioglitazone, but
not YM440, activated PPARy and promoted adipocyte differen-
tiation in cultured cells. Therefore, it is highly likely that the
mechanism of the hypoglycemic action of YM440 is different
from that of thiazolidinediones. Although the precise mecha-
nism by which YM440 ameliorates hyperglycemia in diabetic
animals remains unknown, our recent study using a euglycemic-
hyperinsulinemic clamp technique indicates that this agent
ameliorates the impaired regulation of hepatic glucose output in
obese Zucker rats by improving insulin sensitivity (R. Nakano,
E. Kurosaki, unpublished observations, June 1998). YM440
improves hyperglycemia without inducing adiposity and may
be a useful hypoglycemic agent in the treatment of NIDDM.
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