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Effects of enzyme inducers and inhibitors on the
pharmacokinetics of metformin in rats: involvement
of CYP2C11, 2D1 and 3A1/2 for the metabolism

of metformin

YH Choi and MG Lee

College of Pharmacy and Research Institute of Pharmaceutical Sciences, Seoul National University, Kwanak-Gu, Seoul, South Korea

Background and purpose: The types of hepatic microsomal cytochrome P450 (CYP) isozymes responsible for the metabolism
of metformin in humans and rats have not been published to date. Therefore, a series of experiments using various inducers
and inhibitors of CYP isozymes was conducted to find out what types of CYP isozymes are involved in the metabolism of
metformin in rats.

Experimental approach: Metformin at a dose of 100 mgkg~' was administered intravenously to rats. The rats were pretreated
with CYP inducers such as 3-methylcholanthrene, orphenadrine, isoniazid, and dexamethasone (major inducers of CYP1A1/2,
2B1/2, 2E1, and 3A1/2, respectively, in rats), or CYP inhibitors such as SKF-525 (a non-specific inhibitor of CYP isozymes),
and sulfaphenazole, quinine, and troleandomycin (major inhibitors of CYP2C11, 2D1, and 3A1/2, respectively, in rats). The
time-averaged non-renal clearance (CLng) of metformin was compared with that of controls.

Key results: In rats pretreated with dexamethasone, the CLyr was significantly faster (57% increase) than for the controls. In
rats pretreated with SKF-525-A, sulfaphenazole, quinine, and troleandomycin, the CLyr was significantly slower (24.3, 62.9,
77.6, and 78.7% decrease, respectively) than for the controls. However, the CLyx values did not significantly different in the
rats pretreated with 3-methylencholanthrene, orphenadrine, and isoniazid compared with the controls.

Conclusions and implications: Our data suggest that metformin was metabolized mainly via CYP2C11, 2D1, and 3A1/2 in
rats. This result could contribute to understanding of the possible changes in metformin pharmacokinetics in disease models
where CYP2C11 and/or 3A1/2 are altered.
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Clg, time-averaged renal clearance; DX, dexamethasone; IN, isoniazid; 3-MC, 3-methylcholanthrene;
MRT, mean residence time; OP, orphenadrine; QN, quinine; SK, SKF 525-A; SP, sulfaphenazole; TM,
troleandomycin; Vi, apparent volume of distribution at a steady state

Introduction

Metformin, a biguanide antihyperglycemic agent, is widely
used in the management of type II diabetes mellitus. It
lowers the blood glucose concentration without causing
hypoglycemia (Scheen, 1996). After intravenous (i.v.) admin-
istration of metformin at doses of 0.25-1.0g to healthy
volunteers, the terminal half-life of the drug was 1.5-4.5h,
and 79-100% of the dose was excreted in urine via active
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renal tubular secretion (Scheen, 1996 and references there-
in). After oral administration of metformin at doses of 0.5-
1.5g to healthy volunteers, absorption was not complete
(20-30% of the oral dose was recovered from feces) possibly
due to an active, saturable absorption process, and the
absolute oral bioavailability was 33-55% (Scheen, 1996 and
references therein). Metformin does not bind with human
plasma proteins (Sirtori et al., 1978; Pentikdinen et al., 1979;
Tucker et al., 1981). Metabolism of metformin was suggested
in humans (Scheen, 1996), based on its incomplete recovery
in the urine after its i.v. administration (Sirtori et al., 1978)
and on a further study in which 20% of the dose was not
accounted for (Tucker et al., 1981). Studies in vitro incubating



metformin with the 9000¢ supernatant fractions of livers
from male Sprague-Dawley rats showed that approximately
20% of the added metformin (10ug) disappeared after
30-min incubation (Choi et al., 2006). This suggested that
rat liver could metabolize metformin.

However, the types of hepatic microsomal cytochrome
P450 (CYP) isozymes responsible for the metabolism of
metformin in humans and rats have not yet been identified.
Therefore, this study was performed to find out what types
of CYP isozymes are responsible for the metabolism of
metformin in rats. Our results show that CYP2C11, 2D1 and
3A1/2 were involved in the metabolism of metformin
in male Sprague-Dawley rats.

Methods

Animals

Male Sprague-Dawley rats (weighing 195-300g) purchased
from Taconic Farms Inc. (Samtako Bio Korea, O-San, South
Korea) were housed in a light-controlled room (light: 0700-
1900 hours, dark: 1900-0700 hours) kept at a temperature of
22+2°C and a relative humidity of 55+ 5% (Animal Center
for Pharmaceutical Research, College of Pharmacy, Seoul
National University, Seoul, South Korea). The rats were
housed in metabolic cages (Tecniplast, Varese, Italy) with a
supply of filtered pathogen-free air, and food (Samyang
Company, Seoul, South Korea) and water ad libitum. The
protocol of this study was approved by the Animal Care and
Use Committee of the College of Pharmacy of Seoul National
University.

Pretreatment with enzyme inducers and inhibitors

The rats received a single i.v. injection of 80 mg (2ml)kg ' of
sulfaphenazole (dissolved in distilled water with a minimum
amount of NaOH to yield a pH of approximately 8.0 in the
SPT group (Ogiso et al., 1999)), a single intraperitoneal (i.p.)
injection of 50mg (3.3ml)kg~! of SKF 525-A (dissolved in
0.9% NaCl-injectable solution in the SKT group (Conney,
1971)), 500mg (5ml)kg ' of troleandomycin (dissolved in
0.9% NaCl-injectable solution, acidified to pH 4.0 with HCI
in the TMT group (Sinclair et al., 2000)), 20 mg (5 ml) kg~ ' of
quinine hydrochloride (dissolved in 0.9% NaCl-injectable
solution in the QNT group (Tomkins et al., 1997)), three daily
i.p. injections of 50mg (5ml)kg™' of dexamethasone
phosphate (dissolved in 0.9% NaCl-injectable solution in
the DXT group (Arlotto et al., 1987; Ross et al., 1993; Correia,
19935)), 150mg (3ml) kg‘1 of isoniazid (dissolved in 0.9%
NaCl-injectable solution in the INT group (Ryan et al.,
1985)), or 60mg (5ml)kg ' of orphenadrine (OP) citrate
(dissolved in 0.9% NaCl-injectable solution in the OPT group
(Murray et al., 2003)), or four daily i.p. injections of 20 mg
(3.3ml)kg ! of 3-methylcholanthrene (3-MC) (dissolved in
corn oil in the MCT group (Williams et al., 1979; Choi et al.,
1991)). Control groups received an i.p. (or i.v.) injection of
5mlkg™' of a 0.9% NaCl-injectable solution for the TMC,
SKC, SPC, QNC, OPC, PBC or INC groups, or 3.3ml kg’1 of
corn oil for the MCC group. “T” and ‘C’ refer to pretreatment
and control, respectively. During the pretreatment, the rats
had free access to food and water.
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Intravenous study

In the early morning, the jugular vein (for drug administra-
tion) and the carotid artery (for blood sampling) of each rat
were cannulated with a polyethylene tube (Clay Adams,
Parsippany, NJ, USA), while each rat was under light ether
anesthesia (Kim et al., 1993). Both cannulae were exterior-
ized to the dorsal side of the neck, where each cannula was
terminated with a long silastic tube (Dow Corning, Midland,
MI, USA). Both silastic tubes were inserted into a wire sheath
to allow free movement of the rat. Each rat was housed
individually in a rat metabolic cage (Daejong Scientific
Company, Seoul, South Korea) and allowed to recover from
the anesthesia over 4-5h before the study was begun. They
were not restrained during the study. An experiment was
performed just after the injection for the SPC and SPT groups
(Ogiso et al., 1999; Bae et al., 2004), during the first hour for
the SKT and SKC groups (Conney, 1971) and the QNC and
QNT groups (Tomkins et al., 1997), after 2 h for the TMC and
TMT groups (Wrighton et al., 1985; Arlotto et al., 1987;
Sinclair et al., 2000), on the fourth day for the DXC, DXT,
INC, INT, OPC and OPT groups (Ryan et al., 1985; Arlotto
et al., 1987; Ross et al., 1993; Sinclair et al., 2000; Murray
et al., 2003), and on the fifth day for the MCT and MCC
groups (Williams et al., 1979; Choi et al., 1991).

Metformin (metformin hydrochloride was dissolved in a
0.9% NaCl-injectable solution) at a dose of 100 mgkg ™' was
administered i.v. over 1min via the jugular vein of the
control groups (n=6 for the MCC group, n=_8 for the DXC,
INC, OPC, SKC and QNC groups, n=9 for the TMC and SPC
groups), and the pretreatment groups (n =8 for the SPT, DXT
and INT groups, n=9 for the OPT, TMT, QNT and MCT
groups, n =12 for the SKT group). The total injection volume
was approximately 0.6 ml. Blood samples (approximately
0.12 ml) were collected via the carotid artery at O (to serve as
a control), 1 (at the end of the infusion), 5, 15, 30, 60, 90,
120, 180, 240, 360, 480, 600 and 720 min. About 0.25ml of a
heparinized 0.9% NaCl-injectable solution (20Uml ') was
used to flush the cannula after each blood sample to prevent
blood clotting. The blood samples were immediately
centrifuged at 16000¢ for 10min, and a 50-ul aliquot of
each plasma sample was stored in a -70°C freezer (Model
DF8517, Ilshin Laboratory Company, Seoul, South Korea)
until the high-pressure liquid chromatography (HPLC)
analysis of metformin (Hale et al., 2002). At the end of
24 h, each metabolic cage was rinsed with 20ml of distilled
water, and the rinsed material was combined with the 24-h
urine sample. After the exact volume of the combined urine
sample was measured, a 50-ul aliquot of the sample was
stored in a -70°C freezer until the HPLC analysis of
metformin (Hale et al., 2002). At the same time (24 h), each
rat was killed by cervical dislocation and exsanguinated.

Plasma protein binding of metformin using the equilibrium
dialysis technique

Plasma protein binding of metformin in the control rats with
or without the presence of quinine (QNT) or sulfaphenazole
(SPT) was measured using the equilibrium dialysis technique
(Shim et al., 2000). One milliliter of plasma was dialyzed
against 1 ml of isotonic Serensen phosphate buffer (pH 7.4)
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containing 3% (w/v) dextran in a 1-ml dialysis cell (Spectrum
Medical Industries, Los Angeles, CA, USA) using a Spectra/
Por 4 membrane (molecular weight cutoff of 12 000-14 000,
Spectrum Medical Industries). After 24h incubation, two
50ul aliquots were removed from each compartment and
stored in a -70°C freezer until the HPLC analysis of
metformin (Hale et al., 2002).

HPLC analysis of metformin

The concentrations of metformin in the above samples were
determined from a slight modification of a reported HPLC
method (Hale et al., 2002), and ipriflavone instead of
hydrocodeine was used as the internal standard. A 50ul
aliquot of the biological sample was deproteinized with a
100 pl aliquot of acetonitrile, and a 50 ul aliquot of methanol
that contained 10 ugml™' of ipriflavone (an internal stan-
dard) was added. After vortex-mixing and centrifugation at
16000g for 10min, a 50-ul aliquot of supernatant was
injected directly onto a reversed-phase (C;g) HPLC column.
The mobile phases (pH=6), 10 mM KH,POy: acetonitrile, at
the ratios of 47.8:52.2 (v/v) for the rat plasma samples and
28:72 (v/v) for the urine samples were run at a flow rate of
1.5mlmin~'. The column effluent was monitored with an
ultraviolet detector set at 235 nM.

Pharmacokinetic analysis

The total area under the plasma concentration-time curve
from time zero to time infinity (AUC) was calculated using
the trapezoidal-rule-extrapolation method. This method uses
the logarithmic trapezoidal rule (Chiou, 1978) to calculate
the area during the phase of declining plasma level, and the
linear trapezoidal rule for the phase of rising plasma level.
The area from the last datum point to time infinity was
estimated by dividing the last measured plasma concentra-
tion by the terminal phase rate constant.

Standard methods (Gibaldi and Perrier, 1982) were used to
calculate the time-averaged total body (CL), renal (CLg) and
non-renal (CLyg) clearances, the terminal half-life (t;,,), the
total area under the first moment of the plasma-concentra-
tion-time curve from time zero to time infinity (AUMC), the
mean residence time (MRT), and the apparent volume of
distribution at a steady state (V) (Kim et al., 1993). The
mean values of each clearance (Chiou, 1980), V, (Chiou,
1979) and t;,, (Eatman et al., 1977) were calculated using the
harmonic mean method.

Statistical analysis

A P-value of less than 0.05 was considered to be statistically
significant using the unpaired t-test. All the results are
expressed as mean +s.d.

Materials

Metformin hydrochloride and ipriflavone (an internal
standard for HPLC analysis of metformin) were supplied by
Dalim Medical (Seoul, South Korea) and Research Laboratory
of Dong-A Pharmaceutical Company (Yongin, South Korea),
respectively. 3-MC, OP citrate, isoniazid and dexamethasone

British Journal of Pharmacology (2006) 149 424-430

phosphate (major inducers of CYP1A1/2, 2B1/2, 2E1 and
3A1/2, respectively, in rats (Williams et al., 1979; Ryan et al.,
1985; Arlotto et al., 1987; Choi et al., 1991; Ross et al., 1993;
Correia, 1995; Murray et al., 2003)), and SKF 525-A,
sulfaphenazole, quinine hydrochloride and troleandomycin
(a nonspecific inhibitor of CYP isozymes and inhibitors of
CYP2C11, 2D1 and 3A1/2, respectively, in rats (Conney,
1971; Wrighton et al., 1985; Correia, 1995; Tomkins et al.,
1997; Ogiso et al., 1999; Tyndale et al., 1999; Sinclair et al.,
2000)) were purchased from Sigma-Aldrich Corporation
(St Louis, MO, USA). Other chemicals were of reagent or
HPLC grade.

Results

Pharmacokinetics of metformin in rats pretreated with various
enzyme inducers

The mean arterial plasma concentration-time profiles of
metformin after 1min i.v. administration at a dose of
100mgkg~"' to rats pretreated with 3-MC, orphenadrine,
isoniazid or dexamethasone and to their respective control
rats are shown in Figure 1, and some relevant pharmacoki-
netic parameters are listed in Table 1. After i.v. administra-
tion, the plasma concentrations of metformin declined in
a polyexponential manner for all groups of rats.

In rats pretreated with 3-methylcholanthrene (MCT),
orphenadrine (OPT) and isoniazid (INT), the pharmaco-
kinetic parameters of metformin listed in Table 1 were
comparable to those in their respective control rats. How-
ever, in rats pretreated with dexamethasone (DXT), the AUC
was significantly smaller (27.6% decrease), CL and CLyy were
significantly faster (39.6 and 57.0% increase, respectively)
and MRT was significantly shorter (29.4% decrease) than in
the controls. Note that the body weight decreased signifi-
cantly in the rats with OPT, INT and DXT compared with
the controls.

Pharmacokinetics of metformin in rats pretreated with various
enzyme inhibitors

The mean arterial plasma concentration-time profiles of
metformin after 1min i.v. administration at a dose of
100mgkg~! to rats pretreated with SKF 525-A, sulfaphena-
zole, quinine or troleandomycin and to their respective
control rats are shown in Figure 2, and some relevant
pharmacokinetic parameters are listed in Table 2. After i.v.
administration, the plasma concentrations of metformin
also declined in a polyexponential manner for all groups
of rats.

In rats pretreated with SKF 525-A (SKT), quinine (QNT),
sulfaphenazole (SPT) and troleandomycin (TMT), the AUC
was significantly greater (42.8, 67.8, 106 and 192% increase
for SKT, QNT, SPT and TMT, respectively) than in the
controls. The CL (32.1, 39.4, 51.3 and 65.8% decrease,
respectively), CLr (36.7, 33.8, 45.6 and 59.9% decrease,
respectively) and CLyr (24.3, 77.6, 629 and 78.7%
decrease, respectively) were significantly slower than in the
controls. Note that the contribution of AUCq or 12h- tO the
total AUC was below 5.6% in all the rats studied.
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Figure 1 Arterial plasma concentration—time profiles of metformin after 1-min i.v. administration at a dose of 100mgkg ™" to rats pretreated
with various enzyme inducers (open circles), 3-methylcholanthrene (a), orphenadrine (b), isoniazid (c) or dexamethasone (d) and their

respective control rats (filled circles). Data are presented as mean +s.d.

Table 1

Pharmacokinetic parameters of metformin after i.v. administration at a dose of 100 mgkg ™" to rats pretreated with various enzyme inducers,

3-methylcholanthrene (MCT), orphenadrine (OPT), isoniazid (INT) and dexamethasone (DXT), and their respective control rats (MCC, OPC, INC and

DXC)
Parameter McCC MCT OPC oPT DXC, INC INT DXT
Initial body weight (g) 246+12.8 246+10.1 251+46.09 243+4.53 239+411.3 235+8.64 242+9.49
Final body weight (g) 270+16.1 261+4.43 283+10.7 261+5.63* 263+11.6 243114.1* 2224 7.99*
AUC (ug minml~") 584041040 570041230 52204945 561041050 52204680 473041350  3780+460*
t1/> (min) 183+43.2 158+45.0 176+67.8 180+38.7 218+31.8 185+44.8 212+473.0
MRT (min) 44.7416.2 36.2+7.28 28.9+8.56  22.4+4.18 54.0+13.1 44.8+12.3 38.1+14.6%4*
Vis (ml kg™ 657+448 608+ 237 642+ 256 387+114 814+ 252 858+185 766+222

CL (mimin~"kg™") 17.2+3.21 17.6+4.25 18.842.77  17.8+3.64 19.2+2.50 21.249.12 26.8+3.52%
CLg (mImin~"kg™") 10.5+3.01 12.3+5.45 11.842.09  12.0+4.00 11.3+2.58 11.7+5.46 14.0+2.99
Clag (MImin~"kg™ ") 5.94+1.93 4.48+2.03 6.53+2.03  5.10+1.38 7.58+0.723  8.93+4.50 11.9+2.46*
Aeo_zan (% of iv. dose)  63.0+11.2 72.946.33 63.6+7.74  69.7+9.60 60.2+6.52 56.8+8.29 54.2+47.67

Abbreviations: AUC, total area under the plasma-concentration-time curve from time zero to time infinity; CL, time-averaged total body clearance; CLyg, time-
averaged non-renal clearance; CLg, time-averaged renal clearance; MRT, mean residence time.

Data are expressed as mean +s.d. (MCC, n=6; OPC, DXC, INC, INT and DXT, n=8; MCT and OPT, n=9). Significant difference from respective control, *P<0.05
and ***P<0.001.
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Figure 2 Arterial plasma concentration-time profiles of metformin after 1-min i.v. administration at a dose of 100 mgkg~" to rats pretreated
with various enzyme inhibitors (open circles), SKF525-A (a), sulfaphenazole (b), quinine (c) or troleandomycin (d), and their respective control
rats (filled circles). Data are presented as mean+s.d.

Table 2 Pharmacokinetic parameters of metformin after i.v. administration at a dose of 100 mgkg ™" to rats pretreated with various enzyme inhibitors,
SKF525-A (SKT), quinine (QNT), sulfaphenazole (SPT) and troleandomycin (TMT), and their respective control rats (SKC, QNC, SPC and TMC)

Parameter SKC SKT QNC QNT SPC, TMC SPT ™T
Final body weight (g) 260+10.0 266+9.04 283+10.7 261+5.63** 308+9.35 310+8.45 308+9.34
AUC (ugminml~T) 465041003 6640 +1500** 52204945 87604+1610** 4350+634 8960+ 1650** 12700+ 10400*
t1/2 (min) 173+22.6 234+55.6 176+67.8 147 +30.5 164+51.0 146+33.5 1354+51.2
MRT (min) 36.7+9.46 52.8+19.8 28.9+8.56 22.9+4.37 27.749.21 23..8+10.2 70.2+71.6
Vis (ml kg’1) 844+367 568+434 642+256 184+86.7** 5664307 225+ 192%** 4414180
CL (mImin”kg”) 21.5+4.75 14.64+3.30** 18.8+2.77 11.4412.6** 23.0+3.48 11.242.42* 7.874+6.61**
Clg (mImin~"kg™") 13.4+2.96 8.48+2.33* 11.8+2.09 7.81+1.96** 12.8+3.02 6.96 +2.38** 5.13 +4.34%*
CLyg (mImin~! kg”) 7.68+2.46 5.81+1.85* 6.53+2.03 1.464+2.96** 9.61+2.07 3.5741.29%** 2.05+£2.97**=
Aeo_z4h (% of i.v. dose) 62.8+6.88 55.3+5.38 63.6+7.74 70.6+14.3 57.0+7.89 64.9+11.4 65.0+9.82

Abbreviations: AUC, total area under the plasma-concentration-time curve from time zero to time infinity; CL, time-averaged total body clearance; ClLng,
time-averaged non-renal clearance; CLg, time-averaged renal clearance; MRT, mean residence time.
Data are expressed as mean+s.d. (SKC, QNC and SPT, n=8; QNT, SPC, TMC and TMT, n=9; SKT, n=12). Significant difference from respective control,
*P<0.05, *P<0.01 and ***P<0.001.
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Plasma protein binding of metformin

The plasma protein binding (bound fraction) values of
metformin in the rats with QNT and SPT and in the control
rats were 18.6+10.1, 11.2+3.90 and 5.96+1.63%, respec-
tively. The values in the rats with QNT and SPT were
significantly greater (88 and 211% increase, respectively)
than in the controls. The adsorption of metformin to an
equilibrium dialysis apparatus, which included the semi-
permeable membrane, was almost negligible, and 90.9-109%
of the added amounts of metformin were recovered from the
plasma and buffer compartments. The binding of metformin
to 4% human serum albumin was independent of metformin
concentrations ranging from 1 to 200 ugml~'. The mean
value was 10.1% (Choi et al., 2006). Hence, a 10;1gml’1
concentration of metformin was arbitrarily chosen in this
plasma protein binding study.

HPLC analysis of metformin

The retention times of metformin and the internal standard
in the plasma samples were approximately 4 and 6.5 min,
respectively, and the corresponding values in the urine
samples were approximately 12 and 6 min. The quantitation
limits of metformin in the rat plasma and urine were 0.05
and 0.1ugml!, respectively. The inter- and intra-day
coefficients of variation were below 9.91 and 8.35% for the
plasma and urine samples, respectively, in the concentration
ranges of 0.05-5000 ugml~! and 0.1-1000 ugml~! for the
plasma and urine samples, respectively.

Discussion

The AUC values of metformin were dose-proportional after
both the i.v. and oral dose ranges (50, 100 and 200mgkg ')
studied (Choi et al., 2006). Hence, a dose of 100mgkg ! of
metformin was chosen in this study. After i.v. administra-
tion, metformin was mainly excreted via the kidney. The
total amounts of metformin excreted in 24-h urine as an
unchanged drug (Aep,4n) were 54-73% of the i.v. doses
(Tables 1 and 2). After i.v. administration, the contribution of
the gastrointestinal (including biliary) excretion of the
unchanged metformin to the CLyr of metformin was small.
After i.v. administration of metformin at doses of 50, 100 and
200 mgkg !, the total amounts of metformin recovered from
the entire gastrointestinal tract (including its contents and
feces) were less than 1.75% of the i.v. dose (Choi et al., 2006).
Note that these small amounts of metformin were not due to
the chemical and enzymatic degradation of metformin in
the gastrointestinal tract. Rather, metformin has been found
to be stable in rat gastric juices, rat bile juices and various
buffer solutions with pH values ranging from 1 to 13 (Choi
et al., 2006). Moreover, it was found that the percentage of
i.v. metformin at a dose of 100 mgkg ! excreted in 8-h bile as
an unchanged drug was less than 0.3% in six rats (Choi et al.,
2006). The above data indicate that the CLyr of metformin
listed in Tables 1 and 2 could represent the metabolic
clearance of metformin. Hence, the changes in the CLxg of
metformin with the administration of various enzyme
inducers (Table 1) and inhibitors (Table 2) could indicate
changes in the metabolism of metformin in rats.
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To find out whether or not CYP isozymes are involved in
the metabolism of metformin in rats, SKF525-A, a nonspe-
cific inhibitor of CYP isozymes in rats, was administered to
the rats. In the rats pretreated with SKF525-A (SKT), the CLng
of metformin was significantly slower than in the controls
(Table 2), indicating that metformin is metabolized via CYP
isozymes. Hence, various inducers or inhibitors of CYP
isozymes were administered to find out which CYP isozymes
were involved in the metabolism of metformin in rats. In rats
pretreated with 3-methylcholanthrene (MCT), orphenadrine
(OPT) and isoniazid (INT), the CLyg values of metformin did
not significantly differ from those in the controls (Table 1).
However, in those rats pretreated with dexamethasone
(DXT), the CLyg of metformin was significantly faster than
in the controls (Table 1). The above data suggest that
CYP3A1/2 could contribute to the metabolism of metformin
in rats. In rats pretreated with sulfaphenazole (SPT),
troleandomycin (TMT) and quinine (QNT), the CLnr of
metformin was significantly slower than in the controls
(Table 2). This suggests that CYP2C11, 3A1/2 and 2D1 could
contribute to the metabolism of metformin in rats. Note that
the enzyme inducers and inhibitors used in this study had
effects on various CYP isozymes, but only those CYP
isozymes that significantly changed are mentioned in this
study. Hence, the results are confined to the main CYP
isozymes changed by the enzyme inducers and inhibitors.

After i.v. administration of metformin to rats pretreated
with QNT and SPT, the Vi of metformin turned out to
be significantly smaller than in the controls (Table 1).
However, this could not be mainly due to a significant
increase in the free (unbound to plasma proteins) fractions
of metformin in plasma in the rats with QNT and SPT.
Although the protein binding values of metformin increased
significantly, the free fractions of metformin in the rats with
QNT and SPT increased by only 13.4 and 5.5%, respectively,
whereas the Vi in the rats with QNT and SPT decreased by
71.3 and 60.2%, respectively, compared with the controls
(Table 2). Although the exact reason is not clear, the smaller
Vs of metformin in the rats with QNT and SPT could be
due to the smaller affinity of rat tissues to metformin
with the administration of quinine and sulfaphenazole,
respectively.

The present results would predict changes in the CLyg of
metformin in rat models of disease in which CYP activities
are also altered. These would include rats with protein—
calorie malnutrition, who, after having been fed for 4 weeks
on a 5% casein diet exhibited lower expressions and mRNA
levels of CYP2C11 and 3A1/2 (Cho et al., 1999). Also in rats
with acute renal failure induced by uranyl nitrate (U-ARF),
CYP2C11 expression and mRNA level are decreased, whereas
the expression of CYP3A1 is increased (Moon et al., 2003).
Furthermore, in rats with diabetes mellitus induced by
alloxan or streptozotocin, the expression and mRNA level
of CYP2C11 decreased whereas those of 3A1 increased (Kim
et al., 2005). Because several CYP isozymes are involved in
metformin metabolism, there may be many more conditions
where the relevant CYP isozymes and hence metformin
pharmacokinetics are changed.

In conclusion, our results show that metformin was
metabolized mainly via CYP2C11, 2D1 and 3A1l/2 in
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rats. It would clearly be of importance to determine the
CYP isozymes involved in metformin pharmacokinetics
in humans.
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