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1 New thiazolidinediones BM13.1258 and BM15.2054 were studied with regard to their PPARY-
agonistic activities and to their acute and chronic effects on glucose metabolism in soleus muscle
strips from lean and genetically obese rats.

2 Both BMI13.1258 and BM15.2054 revealed to be potent PPARy-activators in transient
transfection assays in vitro.

3 In insulin-resistant obese rats, but not in lean rats, 10 days of oral treatment with either
compound increased the stimulatory effect of insulin on muscle glycogen synthesis to a similar extent
(insulin-induced increment in wumol glucose incorporated into glycogen g~ 'h~': control,
+1.19+0.28; BM13.1258, +2.504+0.20; BM15.2054, +2.55+0.46; P<0.05 vs control each).

4 In parallel to insulin sensitization, mean glucose oxidation increased insulin-independently in
response to BM13.1258 (to 191 and 183% of control in the absence and presence of insulin,
respectively; P<0.01 each), which was hardly seen in response to BM15.2054 (to 137 and 124% of
control, respectively; ns).

5 Comparable effects on PPARjy activation and on amelioration of insulin resistance by
BM13.1258 and BM15.2054 were therefore opposed by different effects on glucose oxidation.

6 In contrast to chronic oral treatment, acute exposure of muscles to BM13.1258 or BM15.2054 in
vitro elicited a distinct catabolic response of glucose metabolism in specimens from both lean and
obese rats.

7 The results provide evidence that BM13.1258 and BM15.2054 can affect muscle glucose
metabolism via more than one mechanism of action.

8 Further efforts are required to clarify, to what extent other mechanisms besides insulin
sensitization via the activation of PPARy are involved in the antidiabetic actions of

thiazolidinediones.
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Introduction

Common metabolic diseases like obesity and type 2 diabetes
are associated with insulin resistance and derangement of
glucose homeostasis (DeFronzo, 1988; Olefsky et al., 1982).
During the last decades, major efforts to find new drugs with
insulin sensitizing properties resulted in the development of a
new class of antidiabetic compounds, the thiazolidinediones
(TZD). In various animal models of obesity and type 2
diabetes, chronic oral TZD administration markedly amelio-
rates insulin resistance in association with an improvement of
glucose and lipid metabolism (Bowen et al., 1991; Fujiwara et
al., 1988; Kuehnle, 1996; Oakes et al., 1994; Stevenson et al.,
1990). The precise mechanism via which TZD exert their
metabolic actions is, however, still not completely understood.

TZD are known to bind to and activate the nuclear
peroxisome proliferator-activated receptor y (PPARy), what
leads to the modulation of gene expression rates and triggers
adipocyte differentiation (Okuno et al., 1998; Spiegelman,
1998). During the last years, evidence has accumulated that
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PPARy-dependent modulation of gene transcription is
essential for TZD-induced improvement of metabolic para-
meters (Berger et al., 1996; 1999; Lehmann et al., 1995;
Spiegelman, 1998). In some contrast to that assumption,
several studies document acute responses to TZD within a time
range too short to suggest that the underlying mechanism
involves the modulation of gene transcription rates (Fujiwara
et al., 1988; Fiirnsinn et al., 1997; Kreutter et al., 1990; Lee &
Olefsky, 1995; Okuno et al., 1997). Therefore, it can not be
excluded that TZD affect glucose metabolism via more than
one biochemical mechanism, and that PPARjy-independent
pathways contribute to the various metabolic effects of TZD.

The present study was undertaken to examine the effects of
the new TZD compounds BM13.1258 and BM15.2054 on key
parameters of glucose metabolism in skeletal muscle, which is
the quantitatively most important target tissue of insulin
(Baron et al., 1988; DeFronzo, 1988). To provide evidence for
or against action via more than one mechanism, PPARy
agonistic activities of BM13.1258 and BM15.2054 were
determined and modulation of muscle glucose handling was
examined in response to chronic oral treatment in vivo and
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acute exposure in vitro. To this end, glucose transport rates in
parallel with intracellular glucose flux into glycogen synthesis
and glycolysis were determined in muscle specimens from lean
as well as insulin resistant obese rats. The results suggest that
interaction of the employed TZD compounds with muscle
glucose metabolism may not exclusively rely on PPARy-
dependent insulin sensitization.

Methods
TZD compounds

The TZD compounds BM13.1258, BM15.2054, troglitazone
(CS-045), and rosiglitazone (BRL 49653) were provided by
Boehringer Mannheim (Mannheim, Germany). The chemical
structures of BM13.1258 and BM15.2054 are depicted in
Figure 1 and demonstrate that these compounds belong to the
TZD class.

TZD action on PPARy

Plasmids Mouse PPARy2 cDNA was amplified from a
mouse fat cell cDNA-library (Clonetech) by using the primers
(5'-ATATACCCGGGACCATGGGTGAAACTCTGGGA -
G-3' and 5-GATACGCTAGCCRTAGTACAAGTCCTTG-
TAGATCTCC-3"). The PCR product was subsequently
cleaved with Smal and Nhel and cloned into the SV40 early
promotor-driven expression vector pSG7 (a derivate of pSGS5;
Green et al., 1988). The expression vector pSG5-hRXRa
encoding the human retinoid X receptor & cDNA was a gift
from H. Stunnenberg (EMBL, Heidelberg, Germany). A
PPAR-responsive reporter plasmid was generated by inserting
three copies of a peroxisome proliferator responsive element
(PPRE) consensus binding element (5-AAGCTTACGTT-
GACCTTTGTCCTGGTCCCGTCGAC-3') upstream of a
HSV-thymidine kinase minimal promoter (—109/+ 38) fused
to a luciferase reporter gene. Plasmid p-cytomegalovirus /3
(pCMVp; Clonetech, Heidelberg, Germany) contains the E.
coli beta-galactosidase coding sequence under control of the
CMYV immediate early promoter/enhancer. All plasmids were
verified for their integrity by DNA sequencing.

Transient transfections CV-1 cells (ATCC CCL70) were
cultivated in Dulbecco’s modified Eagle’s medium supplemen-

BM15.2054

Figure 1 Chemical structures of BM13.1258 and BM15.2054. The
structures on the right indicate that the compounds belong to the
class of thiazolidinediones.

ted with 10% Char-coal stripped foetal calf serum at 37°C in a
95% 0,:5% CO, atmosphere. The day prior transfection cells
were seed out at a density of 1 x 10° per 35 mm dish. Cells were
transfected using a modified calcium precipitate technique
(Chen & Okayama, 1988). Twenty hours later cells were
washed and treated for 30— 36 h with the indicated amounts of
TZD (0.1, 0.5, or 1.0 umol 1™") or a dimethyl sulphoxide
(DMSO; from Sigma, Deisenhofen, Germany) vehicle control.
After ligand exposure cells were harvested and assayed for
luciferase and f-galactosidase activity. Luciferase activity was
normalized to p-galactosidase activity which served as an
internal control for transfection efficiency, and is expressed as
fold-activation relative to DMSO-treated control cells. The
amount of DMSO used did not exceed 0.1% (vol vol™'). All
transfections were done in triplicates and repeated at least
twice.

Rats

Male Sprague-Dawley (SD) rats were purchased from the
breeding facilities of the University of Vienna (Himberg,
Austria), genetically obese Zucker rats (fa/fa; HsdOla) were
from Harlan (Borchen, Germany). Rats were kept at an
artificial 12 h light/dark cycle at constant room temperature,
and conventional laboratory diet and tap water were provided
ad libitum until the evening before killing, when only food was
withdrawn. Rats were killed by cervical dislocation between
08:30 and 09: 30 h. All experiments were performed according
to local law and to the principles of good laboratory animal
care.

Chronic oral TZD treatment in vivo

BM13.1258 and BM15.2054 were suspended in 5% arabic gum
solution (2 mg TZD ml~') that was mixed with a Polytron
homogenizer (Kinematica, Luzern, Switzerland) immediately
before use. In the morning, a daily dose of ~4.4 mg TZD kg
body weight™! was administered by gavage during 10
consecutive days to lean SD rats (363 +2 g body weight; daily
oral dose of 0.8 ml containing 1.6 mg TZD) and obese Zucker
rats (458 +5 g body weight; daily oral dose of 1 ml containing
2 mg TZD). Control animals received the same amount of
arabic gum solution without TZD. On day 11, i.e. 24 h after
the last dose of TZD was administered, overnight fasted
animals were killed.

Immediately after killing, two (SD rats) or three (Zucker
rats) longitudinal soleus muscle strips per leg were prepared,
weighed (approximately 25 mg), and tied under tension on
stainless steel clips as previously described (Crettaz et al.,
1980). Muscles were immediately put into 25 ml-Erlenmeyer
flasks coated with BlueSlick solution (Serva, Heidelberg,
Germany) and placed into a shaking waterbath (1 strip/flask;
37°C; 130 cycles min~'). Each flask contained 3 ml Krebs-
Ringer buffer solution (KRB, pH 7.35) supplemented with
5.5 mmol 17! glucose and 1% (wtvol™') bovine serum
albumine (BSA). An atmosphere of 95% O,:5% CO, was
continuously provided within the flasks.

The experiments started with a preincubation period of
30 min. After preincubation, muscles were immediately
transferred into another set of flasks and incubated in 3 ml
of identical buffer solution additionally supplemented with
palmitate as dissolved in ethanol to give final concentrations of
300 umol 7' palmitate and 0.8% (vol vol™') ethanol.
Furthermore, the solution alternatively contained trace
amounts of D-[U-"“Clglucose, [U-'*Clpalmitic acid, or 2-
deoxy-D-[2,6-*H]glucose plus [U'*Clsucrose (all from Amer-
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sham, Amersham, U.K.), and where indicated, human insulin
(Actrapid from Novo, Bagsvaerd, Denmark). After incubation
for 60 min, muscles were quickly removed, blotted, and frozen
in liquid nitrogen. Later, muscle strips were lysed in 1 mol 17
KOH at 70°C, the lysate was then employed for further
analytical procedures as described below.

Acute TZD exposure in vitro

Untreated rats were killed and two (SD rats; ~140 g body
weight) or four (Zucker rats; ~450 g body weight) soleus
muscle strips were immediately prepared. The muscle
incubation procedure was as described for chronic treatment
experiments, except that KRB was always devoid of BSA,
ethanol, and labelled or unlabelled palmitate. Instead, TZD
compounds as dissolved and diluted in DMSO were added to
the medium during the preincubation as well as during the
incubation period to give final TZD concentrations as
indicated. To allow for intraindividual comparison, one muscle
strip from each rat was incubated in the absence of TZD, while
DMSO concentration was identical in all media including
TZD-free control media (0.1%, vol vol™1).

Analytical procedures

Net uptake of 2-deoxy-D-[2,6-*H]glucose, a glucose analogue
which does not enter glycolysis, was determined employing
["*Clsucrose as an extracellular space marker by methods
described previously (Fiirnsinn et al., 1995). Under the applied
experimental conditions, insulin-stimulated *H-2-deoxy-glu-
cose uptake does not reach saturation within the incubation
period of 60 min (data not shown). Net rates of glucose
incorporation into glycogen are referred to as glycogen
synthesis, and were determined measuring the conversion of
[“*Cglucose to [**C]glycogen by methods described previously
(Crettaz et al., 1980). The rates of CO, production from glucose
and palmitate, respectively, were calculated from the conver-
sion of ["*C]glucose or ["*C]palmitate into *CO,, which was
trapped with a solution containing methanol and phenethyla-
mine (1:1) (Fiirnsinn ez al., 1995). Rates of lactate release were
calculated from lactate accumulated in the incubation buffer
during the experiment. Buffer lactate concentration was
determined enzymatically employing the lactate dehydrogenase
method (Engel & Jones, 1978). For the determination of muscle
glycogen content prevailing at the end of the experiment,
glycogen in the muscle lysate was completely degraded to
glucose with amyloglucosidase (Dimitriadis ez al., 1988).
Glucose was then measured enzymatically by a commercial kit
from Human (Taunusstein, Germany).

Statistics

All data are presented as means+s.e.mean and a P<0.05 was
considered significant. Where not stated otherwise, multiple
comparisons with a control were performed as described for
unpaired data by Dunnett (Dunnett, 1964), or with an
analogous test adapted for paired data.

Results
TZD action on PPARy
Transient transfection studies were performed to test for ligand

activities of TZD compounds. To this end, CV-1 cells were
transfected with expression plasmids for PPARy2 and its

heterodimerization partner RXRo along with a PPRE-lucifer-
ase reporter plasmid. All TZD compounds activated PPARy2-
dependent luciferase expression in a dose-dependent manner
(Figure 2). To exclude possible stimulation of RXRa present in
the heterodimer, transfection studies were repeated with RXRa
alone. In this context, no stimulation by the TZD ligands was
observed clearly indicating that the compounds function as
PPARy but not RXRa agonists. In agreement with previous
studies, rosiglitazone exhibited significantly higher PPARy-
agonistic activity than troglitazone (Berger et al., 1996; 1999),
while activation by both BM13.1258 and BM15.2054 tended to
be even superior to rosiglitazone.

Chronic oral TZD treatment, body weight gain

No significant influence of oral TZD administration on body
weight gain was observed both in lean SD rats (body weight
gained during 10 days of treatment: control, +30+3 g;
BM13.1258, +34+4 g; BM15.2054, +28+6 g; ns vs control)
and in obese Zucker rats (control, +43+5 g; BM13.1258,
+56+3 g; BM15.2054, +46+8 g; ns vs control). One obese
Zucker rat for unknown reasons lost 53 g during 10 days of
treatment and was therefore excluded from the study.

Chronic oral TZD treatment, glucose metabolism
(Figures 3 and 4)

Lean rats (Figure 3) In soleus muscle strips prepared from
lean SD rats, the various parameters of glucose metabolism
were not significantly affected by 10 days of oral TZD
administration.

Obese rats (Figure 4) After 10 days of oral treatment with
BM13.1258, *H-2-deoxy-glucose transport in muscle strips
from obese rats was significantly increased in the absence and
presence of insulin, while only non-significant trends were
observed in response to BM15.2054 (Figure 4A). The rates of
glycogen synthesis remained unaffected under basal condi-
tions, but were markedly increased in the presence of insulin
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Figure 2 Activation of PPARy by TZDs. 1x 10> CV-1 cells were
transfected with 100 ng pSGS-hRXRo, 200 ng pSG7-mPPARy2,
300 ng of the PPRE luciferase plasmid and 20 ng of pCMVf as
described. Cells were exposed to the indicated amounts of TZDs for
30-36 h and the relative activation of PPAR-mediated gene
expression is given as fold stimulation compared to DMSO cells.
Means+s.e.mean are indicated from transfections done in triplicates
and repeated at least twice. *P<0.05, **P<0.01 vs troglitazone by
unpaired Student’s -test.



1144 C. Fiirnsinn et al Thiazolidinediones and muscle glucose metabolism

B BM13.1258 [ Control

1000 A £ 2000

< 800 S 3

< = o 1500

© 600 3 2

£ R

E 400 S S 1000

= 200 ~g 500
Q€
s

Glycogen Synthesis Glucose Transport

BM15.2054

MMM

0 0
7 =~ 250
B z
_ 6 g—b 200
E 5 82 150
o 4 B2 400
S 3 e E
E g 50
= O %0
0 £
14
-~
So 12 C m @
‘E% 10 © =
35 ok
Es © <3
o =
o & -
0—6 4 - 3
S E 8
o3 2 -
0

Basal Insulin A

Basal Insulin A

Figure 3 Rates of basal and insulin stimulated (10 nmol 1-') *H-2-deoxy-glucose transport (A), glycogen synthesis (B), CO, production from

glucose (D) and palmitate (E), and lactate release (F) in soleus muscle strips from h
BM13.1258 or BM15.2054 (4.4 mg kg~' d~!) for 10 consecutive days. Control rats re
experiment (C). Means +s.e.mean; n=6 each; no significant differences for treated vs

% Hl BM13.1258 [ Control

£ 700 _ £ 1200
a . 600 % S = 1000
2 = 500 % g
< o 400 é g %
~ E 2 S S 600
® g 300 / e s
8 & 200 Z "2 400
57 100 % S g 200
o 0 7 £ 9%
2 6 —_
& -
2 5 e £
£~ , i)
EE 4 2 Ee
>n / 33
n2 3 o T E
58 % SE
SE 2 é ag
ST 1 7 0's
> o OE
o 0 4 =

25
e C ?
2o 20 8 =
o5 * * x o
c o [ ]
g5 10 23
U’(D - L
o= [T
oo 5§ ©
>E -
63

Basal Insulin A

Figure 4 Rates of basal and insulin stimulated (10 nmol 17 ') *H-2-deoxy-glucose tra

ealthy Sprague-Dawley rats after oral administration of
ceived placebo; glycogen content as determined after the
control rats.

BM15.2054
%

AN

7
%
7
.
%

Basal Insulin A
nsport (A), glycogen synthesis (B), CO, production from

glucose (D) and palmitate (E), and lactate release (F) in soleus muscle strips from genetically obese Zucker rats (fa/fa) after oral administration

of BM13.1258 (n=7) or BM15.2054 (n=10) (4.4 mg kg~ ' d~") for 10 consecutive day

s. Control rats received placebo (n=11); glycogen content

as determined after the experiment (C). Means+s.e.mean; *P<0.05, **P<0.01 vs control rats.



C. Fiirnsinn et al

Thiazolidinediones and muscle glucose metabolism 1145

BM13.1258 BM15.2054 BM13.1258 BM15.2054
g 1000 o * X . =600 1y x%
* *
2 = 800 % T sl kx ¥y %
@ = 7 2 ’
S 3 7 5 % %
£ g oo % 3 1 .
o % o Z '/é
£ 400 7 = 7 %%
g8 é o 1 |V
§Sm g n
© é © 7 7
0‘ xd xa a7/
n 7
3 6 B ?
£ = 8=~ 20 >
€Ec 5 %% 9 = Z
s O
U>)‘ o 4 ['4 g; 15 é
g2 3 F 2 10| P 7
o E 8 7 7
§ ? Em . WV
= 3 w
o ol o L2 %
~ 14 nmol/l
B 1 C 0 30 0 30 |nsulin
£2 10 %% k%
s S *% % s O control
o3 8 72 BN TZD, 1 pmolll
£5 'l -
o0 % 77 TZD, 5 pmol/l
55 ¢ |l
52 % 4 M 12D, 25 pmolll
o3 , %7 %7
nmol/l
0 30 0 30 Insulin

Figure 5 Rates of *H-2-deoxy-glucose transport (A), glycogen synthesis (B), CO, production from glucose (D), and lactate release (E) in soleus
muscle strips from healthy Sprague-Dawley rats exposed to 0, 1, 5, or 25 umol 1~" of the thiazolidinediones (TZD) BM13.1258 or BM15.2054
under basal or insulin-stimulated conditions. Glycogen content as determined after the experiment (C). Means +s.e.mean; *P <0.05; **P<0.01

vs intra-individual control.

with the mean stimulatory (incremental) effect of insulin
augmented to a very similar extent by the two compounds (to
210 and 214% of control by BM13.1258 and BM15.2054,
respectively; Figure 4B). After termination of the incubation
experiment, muscle glycogen content was decreased in muscles
from BM15.2054-treated rats only (Figure 4C). CO, produc-
tion from glucose nearly doubled in BM13.1258-treated obese
rats reaching 191 and 183% of control values in the absence
and presence of insulin, respectively, and hence the
BM13.1258-induced increase in glucose oxidation was in-
dependent of concomitant insulin stimulation (Figure 4D). In
parallel to what was observed for glucose transport, only a
non-significant stimulatory trend occurred with regard to basal
and insulin-stimulated glucose oxidation after treatment with
BM15.2054 (to 137 and 124% of control). Rates of lactate
release and CO, production from palmitate were not affected
by oral TZD treatment for 10 days (Figure 4E,F).

Acute TZD exposure, glucose metabolism ( Figures 5
and 6)

Lean rats (Figure 5) Acute TZD exposure of muscle strips
from lean SD rats resulted in a distinct and dose-dependent
catabolic response of glucose metabolism. Independent of
insulin stimulation, both compounds triggered a significant
increase in the rates of glucose transport and aerobic as well as
anaerobic glycolysis, when used at concentrations of 5 or
25 umol 17! (Figure 5A,D.E). Even 1 umol 17! TZD sufficed
to significantly increase the rates of insulin-stimulated lactate
release under the employed experimental conditions (Figure

SE). With regard to the glycogenic pathway, an inhibitory
effect was indicated by decreases in insulin-stimulated glycogen
synthesis and associated muscle glycogen content at the end of
the incubation. Significance was found with BM15.2054 only,
what may indicate a somewhat more pronounced catabolic
effect of BM15.2054 than BM13.1258 (Figure 5B,C).

Obese rats (Figure 6) Acute TZD treatment of insulin
resistant muscles from obese rats was examined at 5 umol 17!
TZD only and an insulin concentration of 10 nmol 17! was
selected to ensure that potential changes in insulin sensitivity
would become obvious (submaximally effective insulin con-
centration in isolated soleus muscle from obese rats; data not
shown). In parallel to the results from healthy lean rats (Figure
5), BM15.2054 elicited a catabolic response rather than insulin
sensitization (i.e. intracellular glucose metabolism was shifted
from the glycogenic towards the glycolytic pathway) (Figure
6A—E). With BM13.1258, only non-significant trends were
seen.

Discussion
Chronic oral TZD treatment in vivo

Chronic oral treatment with BM13.1258 or BM 15.2054 failed to
significantly affect glucose handling in skeletal muscle from lean
SD rats exhibiting normal insulin sensitivity, what is in line with
little if any metabolic effects of other TZD in healthy rodents
(Bowen et al., 1991; Fujiwara et al., 1988; Kuehnle, 1996; Oakes
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Figure 6 Rates of *H-2-deoxy-glucose transport (A), glycogen synthesis (B), CO, production from glucose (D), and lactate release (E) in soleus
muscle strips from genetically obese Zucker rats (fa/fa) exposed to 0 or 5 umol 1! of the thiazolidinediones (TZD) BM13.1258 or BM15.2054
under basal or insulin-stimulated conditions. Glycogen content as determined after the experiment (C). Means +s.e.mean; *P <0.05, **P <0.01

vs intra-individual control by paired Student’s z-test.

et al., 1994). In soleus muscle from obese Zucker rats, we found
distinct insulin sensitizing action of oral treatment with
BM13.1258 and BM15.2054, whereby the two compounds
exhibited a similar potential to counteract prevailing insulin
resistance. Insulin sensitizing mode of action is indicated by the
rates of glycogen synthesis that were unchanged in the absence of
insulin, but exhibited more than doubled responses to insulin
stimulation in muscles from TZD-treated obese rats as
compared to such from placebo-treated animals. Counteracting
insulin resistance, antidiabetic TZD compounds are often
referred to as insulin sensitizers, but further findings from the
present study indicate that this attribute meets only one out of a
variety of actions exerted on skeletal muscle glucose metabolism
by BM13.1258 and BM15.2054.

Thus, chronic treatment of obese rats with BM13.1258 led
to markedly increased rates of muscle glucose oxidation, which
reached a similar extent under basal and insulin-stimulated
conditions. Although less distinct in amplitude, a parallel trend
was seen with BM15.2054. This finding is in agreement with
what has been observed in other studies employing genetically
obese rodents treated with the TZD compounds englitazone
and troglitazone (Stevenson et al., 1990; and unpublished
results from this laboratory). Completely independent of
concomitant insulin stimulation, the stimulatory effect on
glucose oxidation can not be regarded as a direct consequence
of TZD-induced insulin sensitization. In chronically TZD
treated rats, a causal relationship to augmented expression of
uncoupling protein as described to occur in response to TZD
administration (Aubert et al., 1997; Camirand et al., 1998;
Shimabukuro et al., 1997) is to be considered. Compared to
healthy littermates, soleus muscle from obese Zucker rats is
characterized by decreased rates of uncoupling protein-3

expression (Boss et al., 1998) and glucose oxidation (Crettaz
et al., 1980; Fiirnsinn et al., 1997), and hence, increased CO,
production from glucose may represent another aspect of
TZD-induced amelioration of their obesity-associated meta-
bolic syndrome. Following that line of interpretation,
improved insulin sensitivity and increased glucose oxidation
might be triggered via a single PPARy-dependent mechanism.

At variance to the established hypothesis that PPARy-
activation may suffice to explain metabolic TZD actions,
however, our findings contain relevant evidence that a PPARYy-
independent mechanism is also involved in the responses
elicited by the employed TZD compounds. Thus, a similar
potential of BM13.1258 and BM15.2054 to activate PPARy
and to insulin-sensitize the glycogenic pathway is opposed by
an approximately 3 fold difference in their insulin-independent
potential to affect oxidative glycolysis as well as by different
glycogen content (BM13.1258 vs BM15.2054 by Tukey test:
P<0.05 for both glucose oxidation and glycogen content
under both basal and insulin-stimulated conditions). While it
may be hypothesized that blunted glycogen stores limit
intracellular availability of glucosyl units and therefore are in
a causal relationship to BM15.2054’s relatively lower impact
on glucose oxidation, the lack of correlation between chronic
oral actions on glycogenic and glycolytic fluxes clearly hints at
two independent underlying mechanisms.

One of that two mechanisms is likely to involve activation
of PPARY, because antidiabetic potentials of TZD have been
shown to correlate with their respective PPARy-agonistic
activities (Berger et al., 1996; 1999). Accordingly, BM13.1258
and BM15.2054 revealed to be very potent PPARy-agonists
and doubled muscle insulin sensitivity at daily oral doses,
which are more than 30 fold below the troglitazone doses
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described to improve metabolic parameters in obese Zucker
rats (Fujiwara et al., 1988; Okuno et al., 1998). Taken together,
parallel potentials of BM13.1258 and BM15.2054 for PPARy-
activation and for improvement of insulin-stimulated muscle
glycogenesis suggest the involvement of PPARjy in insulin
sensitization, while the compounds’ differential effects on
muscle glucose oxidation hint at an underlying mechanism
independent of PPARy.

The measurement of glucose transport into isolated insulin
target cells has been used by others to indicate insulin-mimetic
and insulin-sensitizing properties of TZD compounds (Béhr et
al., 1996; Kreutter et al., 1990; Park et al., 1998). In this study,
the extent to which muscle glucose transport is increased by
chronic TZD-treatment of obese Zucker rats obviously reflects
the sum of substrate requirements caused by the insulin-
dependent increase in substrate flux through the glycogenic
pathway plus the insulin-independent increase in glycolytic
flux. Thus, the superior potency of BM13.1258 vs BM15.2054
to insulin-independently stimulate glucose oxidation is
reflected by significantly increased glucose uptake into muscle
of BM13.1258-treated, but not of BM15.2054-treated rats. The
obvious dependency of glucose transport rates on insulin-
independent processes triggered by BMI13.1258 and
BM15.2054 corroborates our previously published view that
substrate flux through the glycogenic pathway is a much more
reliable parameter than glucose transport to quantify insulin-
sensitizing and insulin-mimetic actions in isolated muscle
(Furnsinn et al., 1996; 1997). In that context it is of note that
in the present study, solely relying on glucose transport rates
might have lead to the doubtful conclusion that BM13.1258 is
a more powerful insulin sensitizer than BM15.2054.

Acute TZD exposure in vitro

In a preceding study, we have described non-insulin-like
stimulation of rat muscle glucose catabolism by acute exposure
to the TZD troglitazone (Fiirnsinn et al., 1997). That effect is
obviously not specific for troglitazone, because BM13.1258
and BM15.2054 elicit comparable catabolic responses that are
characterized by markedly increased glycolysis, reduced
glycogen synthesis, and accelerated glucose transport. In-
creased rates of glucose transport in association with a non-
insulin-like catabolic response again emphasize the limitations
of glucose uptake as an appropriate measure of insulin-
mimetic and insulin-sensitizing actions.

Furthermore, different biochemical mechanisms seem to be
responsible for the catabolic effect triggered in vitro vs chronic
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