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Effects of Troglitazone and Metformin on Glucose and

Lipid Metabolism

ALTERATIONS OF TWO DISTINCT MOLECULAR PATHWAYS
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ABSTRACT. Troglitazone and metformin are antidiabetic agents that belong to the thiazolidinedione and
biguanide classes of drugs, respectively. To evaluate how these drugs influence fuel utilization, we compared their
effects on several pathways regulating carbohydrate and lipid metabolism in vitro. Both drugs stimulated glucose
transport and utilization in C3H10T1/2 cells, a cell line capable of differentiating into adipocytes when treated
with thiazolidinediones. However, we observed that these drugs had a number of different in vitro effects. Unlike
metformin, troglitazone stimulated B;-adrenergic receptor-mediated lipolysis, lipogenesis, and transcriptional
activity of the nuclear receptor peroxisome proliferator-activated receptor vy (PPARYy). Further, by using a
mitochondrial-specific fluorescent dye, we found troglitazone to be more effective than metformin at increasing
mitochondrial mass. In contrast to troglitazone, metformin was more effective at increasing mitochondrial fatty
acid B-oxidation, peroxisomal fatty acid B-oxidation, and anaerobic respiration (i.e. lactate production).
Additionally, metformin stimulated and troglitazone inhibited both aerobic respiration and basal lipolysis.
Insulin enhanced the effects of troglitazone, but not those of metformin, on these cells. Taken together, the data
show that troglitazone and metformin affect two distinct metabolic pathways: one that is anabolic (i.e.
troglitazone) and the other that is catabolic (i.e. metformin). Further, these observations suggest that the
metabolic activity of mitochondria may be lower in cells treated with troglitazone than with metformin.
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The thiazolidinediones, including troglitazone (CSO45),
are a new class of oral antidiabetic agents that markedly
improve insulin action, hyperlipidemia, and glucose utili-
zation in diabetic patients [1-3]. Recently, the thiazo-
lidinediones were identified as high affinity ligands for
PPAR~y*, a transcription factor, found in preadipocytes,
that is activated by a variety of long chain fatty acids,
eicosanoids, and non-steroidal anti-inflammatory drugs {4—
7]. Several groups have identified PPAR-binding sites in
the regulatory regions of various genes involved in lipid and
carbohydrate metabolism [8, 9]. Moreover, treatment of
preadipocytes (e.g. C3H10T1/2 cells) with thiazolidinedio-
nes [4, 10, 11] or forced expression of PPAR#y in fibroblasts
enhances adipogenesis [12]. Taken together, these observa-
tions indicate that the antidiabetic action of thiazo-
lidinediones may include PPARy-mediated transcription of
genes involved in lipid and carbohydrate metabolism.
Although several studies suggest that thiazolidinediones
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increase glucose transport and lipogenesis by affecting gene
expression, little information is available on the action of
thiazolidinediones on aerobic or anaerobic respiration,
peroxisomal or mitochondrial fatty acid oxidation, and
basal or catecholamine-mediated lipolysis.

Metformin, which belongs to the biguanide class of oral
antidiabetic agents, has effects similar to those of troglita-
zone in diabetic patients [13, 14]. Unlike the sulfonylureas,
which stimulate insulin secretion, treatment with met-
formin is associated with reduced plasma insulin and
glucose, indicating that biguanides attenuate insulin resis-
tance. Various biological activities for the biguanides have
been reported which may explain in part, their anti-
hyperglycemic effect. These include: (1) reduced glucose
absorption from the gut, (2) suppressed gluconeogenesis,
(3) increased anorexia, (4) enhanced insulin-binding to its
receptor, and (5) enhanced glucose transport in fat [15-17]
and muscle [18, 19]. Moreover, treatment of type 2 diabetes
with metformin is associated with an overall reduction in
plasma free fatty acids and body weight. Although this
suggests that metformin alters lipid metabolism, its effects
on peroxisomal and mitochondrial fatty acid oxidation or
basal and adrenergic-mediated lipolysis remain unclear.
Similarly, the molecular mechanisms involved in the anti-
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hyperglycemic activity of biguanides are far from being
certain.

As both thiazolidinediones and biguanides have been
reported to affect glucose metabolism in various isolated
cell types (e.g. hepatocytes, myoblasts, and adipocytes) and
diabetic patients, we wanted to determine if troglitazone
and metformin shared similar modes of action. A direct
comparison on the metabolic pathways affected by both
drugs in vitro has not been reported. Likewise, an in-depth
analysis of how troglitazone affects fuel metabolism in vitro
has not been reported. Thus, in the present study we
performed a detailed comparison of how troglitazone and
metformin affect the multiple pathways regulating metab-
olism in vitro.

MATERIALS AND METHODS
Lipogenesis and Glucose Transport

C3H10T1/2 mesenchymal stem cells were grown in DMEM
containing 10% fetal bovine serum. The initial concentra-
tion of insulin in the medium was 100 pM. Various
concentrations of either troglitazone, metformin, and/or
insulin were added to the cells 1 day after the cells reached
confluence. [*H|Glucose (0.5 pCifcm?) was added to the
cells after 3 days in culture. On day 7, medium was
removed, cells were extracted with Econofluor-2 (Packard
Inc., Meridan, CT), and radiocactivity in the organic phase
was determined as a measure of lipogenesis. For measure-
ments of glucose transport activity, [PH]2-deoxyglucose (0.5
pCifecm?) was added to the cells after 7 days in culture with
troglitazone, metformin, andfor 200 nM insulin. The cells
were incubated for 30 min at 37° and then were washed
three times with DMEM; cellular radioactivity was deter-
mined by liquid scintillation counting.

Lipolysis

Basal lipolysis was determined by incubating the cells in the
presence of various concentrations of troglitazone or met-
formin for 7 days. Accumulation of glycerol in the medium
was measured using the Sigma Diagnostic Glycerol-Triglyc-
eride kit (i.e. Trinder reagent 337-B; Sigma, St. Louis,
MO). B;-Adrenoreceptor agonist-stimulated lipolysis was
determined by adding fresh DMEM (Gibco, Grand Island,
NY) containing 1% BSA to the cells, incubating the cells
for 5 hr at 37° in the presence of 100 nM CL316243, and

measuring glycerol accumulation in the medium.

Oxidation of Glucese and Palmitoyl-CoA

The oxidation of glucose and [1-'*Clpalmitoyl-CoA into
MC-labeled acid-soluble product was performed as de-
scribed 20, 21]. Mitochondrial and peroxisomal B-oxida-
tions were measured following published methods [22].
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Glucose, Lactate, and pH Determinations

After incubating the cells for 7 days in the presence of drug,
lactate and glucose remaining in the medium were mea-
sured using a model 2700 Biochemistry Analyzer (YSI Inc.,
Yellow Springs, OH). The pH was measured using an
ABL520 Radiometer {(Radiometer American, Inc., West-
lake, OH).

Mitochondrial Staining

C3H10T1/2 cells were incubated for 7 days with various
concentrations of metformin or troglitazone in DMEM
containing 10% fetal bovine serum. Although the uptake of
many mitochondrion-selective dyes is dependent on mito-
chondrial membrane potential, MitoTracker Green FM is a
notable exception enabling the detection of mitochondrial
mass [23]. The cells were stained for 30 min at 37° with 0.5
uM MitoTracker Green FM and prepared for fluorescence
according to the manufacturer’s specifications (Molecular
Probes, Inc., Eugene, OR). Mitochondrial mass was deter-
mined by measuring cellular fluorescence using a Cytofluor
2350 spectrofluorometer with the filters set at 450 nm
excitation and 530 nm emission. The bandwidths were 50
and 25 nm for the excitation and emission filters, respec-
tively. Fluorescence due to accumulation of MitoTracker
Green FM was calculated by subtracting cellular autofluo-
rescence from each data point.

PPARYy Ligand-Binding and Co-Transfection Assays

The PPARYy ligand-binding domain (amino acids 174-
475) was prepared as described [4]. For competition exper-
iments, recombinant PPARYy was incubated with 40 nM
[*HIBRL49653 in the presence or absence of troglitazone or
metformin for 3 hr at 4°. Bound and free radioactivity were
separated by elution through |-mL Sephadex G-25 col-
umns, and bound radioactivity was measured by liquid
scintillation counting. The transient co-transfection assays
were performed as described [4). In this assay, the ligand-
binding domain of PPAR~y was linked to the DNA-binding
domain of the transcription factor GAL4. Expression plas-
mids for the PPARy-GAL4 chimera and secretory-placen-
tal alkaline phosphatase reporter containing five GAL4-
binding sites were co-transfected into CV-1 cells [4].
Each figure presents representative data for experiments
performed on three separate occasions. The mean = SD of
three data points was determined for each experiment.

RESULTS
Troglitazone and Metformin Effects on Glucose
Consumption and Transport Activity In Vitro

We have reported previously that the in vivo antidiabetic
properties of thiazolidinediones with varying potencies
correlate (r > 0.9) with their ability to stimulate differ-
entiation of C3H10T1/2 cells inta adipocytes [24]. Thus,
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FIG. 1. Effects of troglitazone and metformin on glucose con-
sumption and transport. C3H10T1/2 cells (10* cells/cm?) were
cultured in 96-well plates. The cells were incubated with
increasing concentrations of troglitazone or metformin in the
presence or absence of insulin (200 nM). The amount of glucose
remaining in the incubation medium was measured after incu-
bating the cells for 7 days at 37° (A). Glucose transport activity
was determined by measuring the incorporation of [PH]2-
decxyglucose into the cells (B). Representative data of experi-
ments performed in triplicate are given. The mean * SD from
three replicates for each data point is given.

these cells were chosen for this investigation. To compare
directly the effects of troglitazone and metformin in vitro,
we studied their effects on glucose utilization and glucose
transport activity in C3HI10T1/2 cells grown in the pres-
ence or absence of insulin. Exposure of these cells to either
comnpound for 7 days stimulated both glucose utilization
(Fig. 1A) and transport (Fig. 1B) in a concentration-
dependent manner in the presence of insulin. It was found
that insulin enhanced the effects of troglitazone, but not
metformin, on glucose utilization and transport. In the
presence of 2 X 1077 M insulin, the £Cs, values were 10°
M for troglitazone and 107° M for metformin, respectively.
In the presence of 107> M wroglitazone, the Ecs, value for
insulin was 2 X 1077 M. Insulin alone had no effect on
these cells.

Troglitazone and Metformin Effects on Lipogenesis and
Glucose Oxidation

Although troglitazone and metformin stimulated glucose
transport and utilization, glucose metabolism involves the
ccordinated action of several metabolic pathways within
the cell (e.g. aerobic respiration, anaerobic respiration, and
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FIG. 2. Effects of troglitazone and metformin on lipogenesis and
accumulation of cellular triglycerides. Cells were incubated with
increasing concentrations of troglitazone or metformin in the
presence or absence of insulin (200 nM). Incorporation of
[PHlglucose into lipid (lipogenesis) (A) and total cellular tri-
glycerides (B) were measured after 7 days of incubation with
each drug. Representative data of experiments performed in
triplicate are given. Plots are the means £ SD from three
replicates for each data point.

lipogenesis). Thus, we wanted to determine if there was a
difference in the fate of glucose consumed by cells treated
with troglitazone, metformin, and/or insulin. First, we
measured how these agents affected the conversion of
PPHlglucose into cellular lipids (i.e. lipogenesis). As shown
in Fig. 2A, troglitazone enhanced lipogenesis, and this
effect was dependent upon the addition of insulin. Met-
formin had no effect on lipogenesis in the presence or
absence of insulin. Consistent with these observations, we
found that troglitazone, but not metformin, enhanced
insulin-dependent accumulation of total rtriglycerides
within the cell (Fig. 2B).

Litcle information exists on how thiazolidinediones affect
aerobic respiration. Thus, we measured how both anti-
hyperglycemic agents affected the conversion of [M*Clglu-
cose into 14COZ (i.e. aerobic respiration). In contrast to the
effects on lipogenesis, troglitazone inhibited and metformin
stimulated aerobic respiration in the presence of insulin
(Fig. 3). Moreover, we found that troglitazone required
insulin in order to inhibit aerobic respiration.

Troglitazone and Metformin Effects on Extracellular
Lactate (Anaerobic Respiration) and pH

Because biguanides are associated with a well-recognized
risk of lactate acidosis [reviewed in Ref. 13] and there are no
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FIG. 3. Effects of troglitazone and metformin on aerobic respi-
ration. C3H10T1/2 cells were incubated with increasing con-
centrations of troglitazone or metformin in the presence or
absence of insulin (200 nM). Incorporation of ['*Clglucose into
CO, (aerobic respiration) was measured after 7 days of incuba-
tion with each drug. Representative data of experiments per-
formed in triplicate are given. Each data point is the mean = SD
from three replicates.

reports on how troglitazone may affect anaerobic respira-
tion, we compared the effects of troglitazone and metformin
on lactate formation (i.e. anaerobic respiration) and pH in
the extracellular medium. When tested at the concentra-
tions that gave maximal stimulation of glucose consump-
tion (see Fig. 1A), metformin was nearly twice as effective
as troglitazone (in the presence of insulin) at increasing
extracellular lactate (Fig. 4A) and decreasing the extracel-
lular pH (Fig. 4B). Insulin increased the effects of troglita-
zone, but not metformin, on lactate production and acidi-
fication. Taken together, these observations indicate that
metformin has a more pronounced effect on lactate acidosis
(and anaerobic respiration) than troglitazone plus insulin in
vitro.

Analysis of Lipolysis and Palmitoyl-CoA Oxidation in
Cells Treated with Troglitazone or Metformin

Lipid catabolism involves triglyceride hydrolysis to form
glycerol and free fatty acids (lipolysis). The fatty acids are
catabolized further to form acetyl-SCoA and CO, (B-

oxidation). As we were interested in determining how
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FIG. 4. Effects of troglitazone and metformin on extracellular
lactate and pH. The change in anaerobic respiration (lactate
production) was measured after treating the cells for 7 days with
increasing concentrations of troglitazone or metformin in the
presence or absence of insulin (A). Extracellular pH (B) was
measured after 7 days to determine the extent of drug-induced
acidosis. Representative data of experiments performed in trip-
licate are given. Plots are the means %= SD from three replicates
for each data point.

troglitazone and metformin alter lipid catabolism, we mea-
sured their effects on lipolysis and B-oxidation in witro.

To determine the effects of troglitazone and metformin
on basal lipolysis, we measured the accumulation of glycerol
in the extracellular medium. After treating the cells for
7 days, metformin stimulated and troglitazone inhibited
basal lipolysis in a concentration-dependent manner
(Fig. 5A). Lipolysis can also be stimulated by acrivation
of B-adrenergic receptors [25], although it is not clear
how biguanides or thiazolidinediones may affect this
process. To determine if thiazolidinediones or biguanides
affect B-adrenergic-mediated lipolysis, we treated the
cells with troglitazone or metformin for 7 days and
re-treated the cells with fresh medium containing the B,
agonist, CL316243 [25]. CL316243-mediated lipolysis
was stimulated only in the cells pretreated with troglita-
zone and insulin (Fig. 5B).

Since the effects of metformin and troglitazone on
mitochondrial and peroxisomal B-oxidation were un-
known, we measured the effects of these drugs on the
conversion of ['*CJ-palmitoyl-CoA into *C-labeled acid-
soluble products (e.g. acetyl-SCoA) in the presence and
absence of potassium cyanide (an inhibitor of mitochon-
drial B-oxidation but not peroxisomal B-oxidation). As
shown in Fig. 5C, metformin was more effective than
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FIG. 5. Effects of troglitazone and metformin on basal lipolysis
and lipid oxidation. The cells were treated as described in the
legend to Fig. 1. The effects of metformin and troglitazone on
basal lipolysis were determined by measuring the accumulation
of glycerol in the medium after treating the cells for 7 days with
either compound (A). The effects of metformin and troglitazone
on B,-mediated lipolysis were determined after treating the cells
for 7 days with either compound. Subsequently, the cells were
incubated for 5 hr with 100 nM CL316243, and the glycerol in
the medium was measured as described in Materials and Meth-
ods (B). Panel C shows the effects of each drug treatment on
mitochondrial and peroxisomal fatty acid oxidation (i.e. the
generation of acid-soluble products derived from [1-'*Clpalmi-
toyl-CoA). Representative data of experiments performed in
triplicate are given. The mean £ SD from three replicates for
each data point is shown.

troglitazone at stimulating both peroxisomal and mitochon-
drial fatty acid oxidation. Additionally, metformin was
found to be more effective at stimulating mitochondrial
B-oxidation than peroxisomal B-oxidation (Fig. 5C).
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Effects of Troglitazone and Metformin on
Mitochondrial Mass

Mitochondria are the primary site for oxidative metabolism
within the cell. Thus, we studied the effects of troglitazone
and metformin on mitochondrial mass within C3H10T1/2
cells. Cells were pretreated for 7 days with either ant-
hyperglycemic agent, stained using MitoTracker Green FM,
and mitochondrial accumulation of the dye was determined
using a spectrofluorometer. Figure 6 shows that troglitazone
was more effective than metformin at increasing mitochon-
drial mass within these cells. Further, insulin enhanced the
effects of troglitazone on mitochondrial mass. These obser-
vations were confirmed by fluorescence microscopy (data
not shown).

Troglitazone and Metformin Effects on Binding and
Activation of PPARYy

While some thiazolidinediones (e.g. BRL49653 and piogli-
tazone) bind and activate the adipocyte nuclear receptor
PPAR-~ [4], binding of metformin or troglitazone to PPAR~y
has not been shown. Thus, we tested if troglitazone or
metformin could displace binding of the radiolabeled thia-
zolidinedione [*H|BRL49653 to the ligand-binding domain
of PPARy. As shown in Fig. 7A, troglitazone inhibited
binding of [’H|BRL49653 to recombinant PPARYy (K, = 2
wM), while metformin had no effect. As part of the effort
to determine if troglitazone and metformin are PPAR~y
ligands, these compounds were also tested in an established
transient transfection assay for activation of PPARYy [4, 5].
As shown in Fig. 7B, troglitazone activated (Ecs; = 0.4
M) whereas metformin had no effect on PPARYy.

DISCUSSION

As diabetes covers a spectrum of clinical and metabolic
abnormalities linked to multiple cellular defects, it is likely
that various pharmacological approaches will be required
for the trearment of this disease. It is therefore necessary to
understand the underlying mechanisms by which different
therapies (e.g. thiazolidinediones or biguanides) improve
glycemic control. While troglitazone and metformin are
known to enhance glucose disposal in vivo and in witro, it
was unclear whether similar molecular mechanisms medi-
ated these effects. In this report, we compared the effects of
metformin and troglitazone on glucose and lipid metabo-
lism in C3H10T1/2 preadipocytes and evaluated their
capacity to bind to the nuclear receptor PPARYy. The
results, which are summarized in Table 1, demonstrated
clearly that thiazolidinediones and biguanides differ in their
modes of action. In sum, metformin promoted catabolism
(i.e. it stimulated aerobic respiration, basal lipolysis, and
fatty acid oxidation), whereas troglitazone promoted anab-
olism in these cells (i.e. it increased lipogenesis and
mitochondrial mass while inhibiting aerobic respiration
and basal lipolysis in the presence of insulin). The effects of
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FIG. 7. Effects of troglitazone and metformin on binding and
activation of PPARy. Competition-binding experiments were
performed using a histidine-tagged PPARy ligand-binding do-
main and 40 nM [PHIBRL49653 in the presence of vehicle or
increasing concentrations of troglitazone or metformin (A).
CV-1 cells were co-transfected with an expression plasmid
containing PPARY~GAL4 and a reporter plasmid containing
secretory placental alkaline phosphatase (SPAP) (B). Represen-
tative data of experiments performed in triplicate are given. The
mean * SD from three replicates for each data point is given.

effects of metformin in adipocytes, hepatocytes, and myo-
blasts in vitro [4-9], our results indicate that metformin did
not require insulin to stimulate glucose and lipid metabo-
lism in C3H10T1/2 preadipocytes. These observations sug-
gest that two pathways mediate the effects of metformin: an
insulin-regulated pathway present in fat, liver, and muscle,
and an insulin-independent pathway present in stem cells.
Consistent with this hypothesis, treatment of type Il
diabetic patients with metformin improves glycemic con-
trol both in the basal and insulin-stimulated states [26]. In
contrast to metformin, troglitazone required insulin as a
cofactor for maximal stimulation of glucose and lipid
metabolism in C3HIOT1/2 cells. In streptozocin-treated
mice, an insulin-deficient diabetic animal model, troglita-
zone is ineffective at lowering glucose [27]. These data
support the postulate that the antidiabetic effect of trogli-
tazone is attributed to enhancement of insulin action.
Similarly, the antidiabetic effect of insulin may be attrib-
uted to enhancement of thiazolidinedione (i.e. PPARYy)
action.

Treatment of type Il diabetic patients with metformin
results in decreased plasma triglycerides, free fatty acids,
and body weight [28, 29]. Qur in vitro data indicate the
effect of metformin on serum lipids and weight loss may
involve increased basal lipolysis and fatty acid B-oxidation.
The unique observation that metformin stimulated both
mitochondrial and peroxisomal fatty acid B-oxidation in-
dicates that biguanides do not selectively affect either
pathway of facty acid catabolism. This is in contrast to other
hypolipidemic drugs (e.g. fibrates) which appear to selec-
tively increase peroxisomal B-oxidation. How might trogli-
tazone treatment lower serum lipids in vivo [2, 3, 27]? One
possibility is that troglitazone increases lipid accumulation
in preadipocytes by increasing activation of gene transcrip-
tion by PPAR~y and adipogenesis. An alternate explanation
is that increased cellular responsiveness to B-agonists (i.e.
catecholamines) may clear the body of excess fats via
increased lipolysis, mitochondrial B-oxidation, and heat
production [25, 30). The data suggesting that troglitazone
increases CL316243-induced lipolysis and mitochondrial
biogenesis in vitro support the lacter hypothesis. This raises
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TABLE 1. Summary of the in vitro effects of troglitazone and metformin

Assay Troglitazone Metformin
Glucose utilization + +
Glucose transport + +
Insulin requirement + @
Lipogenesis + O
Tortal cellular triglycerides + O
Aerobic respiration - +
Lactate (anaerobic respiration) + ++
Acidosis + + +
Basal lipolysis - +
B;-Adrenergic-mediated lipolysis + O
Peroxisomal B-oxidation O +
Mitochondrial B-oxidation O +
Mitochondrial mass ++ -
PPARYy binding + O
PPARY activation + C

Stimulation of a given acrivity is represented by (=), inhibition is represented by (—), and no significant effecr is represented
by (Q). If both agents stimulated an activity, the agent with greater efficacy was assigned a (++). These data are summarized

from at least three independent experiments.

the intriguing possibility that PPARy may regulate {5-
adrenoreceptor expression and mitochondrial abundance in
vivo.

Several observations indicate that mitochondrial metab-
olism was greater in metformin-treated cells than in trogli-
tazone-treated cells. First, aerobic respiration, which occurs
predominately in mitochondria, was stimulated by met-
formin and inhibited by troglitazone. Second, metformin
was three times more effective than troglitazone at increas-
ing mitochondrial B-oxidation. In contrast, troglitazone
was twice as effective as metformin at increasing mitochon-
drial mass. Thus, when mitochondrial fatty acid B-oxida-
tion is corrected for mitochondrial mass, metformin is six
times more effective than troglitazone at increasing mito-
chondrial B-oxidation. These observations suggest that
changes in mitochondrial mass do not correlate with
changes in mitochondrial activity (i.e. aerobic respiration)
as a result of drug treatment. Although it is unclear if the
effects of metformin and troglitazone on mitochondrial
mass represent a change in size, shape, or number of
witochondria, it is clear that these drugs have different
effects on fuel metabolism within the mitochondria.

As indicated here and in previous work [4, 5, 10, 11, 30],
simulation of adipocyte differentiation with thiazo-
lidinediones is linked to increased insulin sensitivity, glu-
cose transport, and lipid accumularion within the cell.
Thus, the novel effects that we report for troglitazone on
farty acid oxidation, lipolysis, respiration, and mitochon-
drial mass in C3H10T1/2 cells may also be attributed to
increased adipogenesis. While troglitazone appears to en-
hance adipogenesis in vitro, published clinical studies indi-
cate that troglitazone does not cause weight gain [2].
However, recent data indicate that thiazolidinediones in-
crease the mass of intrascapular brown adipose tissue in rats
[31]. Moreover, in vitro thiazolidinediones induce differen-
tation of C3H10T1/2 cells into brown adipocytes [30].

[~deed, the adipogenic effects of thiazolidinediones in

C3H10T1/2 cells correlate with their anti-hyperglycemic
effects in diabetic rodents [24]. This raises the interesting
possibility that troglitazone may improve glucose utilization
without changing body weight by increasing brown adipose
tissue function (i.e. thermogenesis).

It should be noted that the effective concentration of
troglitazone observed in this study is similar to its thera-
peutic concentration in serum [35]. Likewise, the effective
concentration of metformin in this study is similar to its
therapeutic concentration in the intestine [32}], although it
is much greater than that found in the serum [13, 14].
Whereas the use of C3H10T1/2 cells provides detailed
comparative information on the mode of action of trogli-
tazone and metformin, it should be noted that biguanides
and thiazolidinediones may affect other cell types [10,
33-35]. Thus, the differential effects of either drug in vivo
may be due to different tissue sites of action (e.g. preadi-
pocytes, fat, intestine, andfor muscle) as well as distinct
molecular pathways within the same cell.

Although metformin increased free fatty acid oxidation
in C3H10T1/2 cells, in vivo metformin decreases free fatty
acid oxidation [36]. One possibility for this discrepancy is
that metformin may have distinct metabolic effects depend-
ing on the tissue type. Consistent with this, metformin
increases glucose oxidation in muscle [18, 19] while inhib-
iting glucose oxidation in the splanchnic bed [32]. Addi-
tionally, in vivo metformin is likely to affect various endo-
crine systems that regulate whole body homeostasis. These
endocrine systems may not be represented accurately in the
cell culture conditions used in this study. Nonetheless, the
results indicate that metformin and troglitazone act in
different ways at the cellular level.

In summary, troglitazone and metformin altered glucose
and lipid metabolism within C3H10T1/2 cells through
distinct molecular mechanisms. This raises the intriguing
possibility that in combination these antidiabetic agents
may be more efficacious than either drug alone. Clearly,
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future research is needed to more fully understand the
molecular mechanisms underlying the antidiabetic activity
of these agents and whether these drugs could be more
effective if used in combination.
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