range of interindividual differences in the hepatic clearance
and/or the extent of transporter-mediated DDI. Human
hepatocytes may represent an important experimental sys-
tem in the near future for evaluating the genetic and envi-
ronmental factors that may be responsible for the interindi-
vidual differences in transporter functions.

In the present study, CER was shown to be a substrate of
human CATP2 (Fig. 3), like pravastatin (Hsiang et al., 1999;
Nakai et al,, 2001). OATP2-mediated uptake of [“*C]CER
-was also inhibited by CsA (Fig. 4), and the obtained K, value
(0.24 uM) was within the same range as the values obtained
in the inhibition study using human hepatocytes (0.28-0.69
puM) (Fig. 2). These results suggest that the inhibition by CsA
on the uptake of CER in human hepatocytes is partly due to
OATP2-mediated transport. Since OATP2 accepts a wide
variety of compounds as substrates (Abe et al., 1999; Hsiang
et al., 1999), these substrates in addition to CER may possi-
bly exhibit DDI. Indeed, a DDI between pravastatin, a sub-
strate of OATP2, and CsA was reported, which could also be
due to OATP2-mediated uptake in the liver (Regazzi et al.,
1993). To avoid this kind of DDI, the characterization of
transporters, which are responsible for the drug uptake, and
their contributions to total hepatic uptake are very important
(Kouzuki et al., 1999ab; Kusuhara and Sugiyama, 2002;
Mizuno and Sugiyama, 2002; Shitara et al., 2002). The in-
crease in the plasma concentration of drugs associated with a
transporter-mediated DDI may be quantitatively predicted
from in vitro studies that determine the extent of inhibition
of transport in hepatocytes andfor in transporter-expressing
cells (Ueda et al., 2001).

We also examined the effect of CsA on the metabolism of
[**C)CER in human micresomes (Fig. 6a). CsA did not mark-
edly reduce the metabolic rate of [**C]JCER up to a concen-
tration of 3 uM, and 10 to 30 pM CsA reduced it only to 70%
of the control value (Fig. 6a). On the other hand, 30 uM CsA
markedly reduced testosterone 68-hydroxylation, which was
mediated by CYP3Ad4, to 30% of the control value (Fig. 6b). To
explain this different effect of CsA on the metabolisms of
CER and testosterone, we examined the effect of ketocon-
azole, a potent CYP3A4 inhibitor (Kawahara et al., 2000). As
the K; values of ketoconazole for the inhibition of CYP2C8
and CYP3A4 functions are 2.5 and 0.03 uM, respectively
(Kawahara et al., 2000; Ong et al.,, 2000), 0.2 uM ketocon-
azole should be enough to inhibit most of the CYP3A4-medi-
ated metabolism of [**C]CER and have only a slight effect on
that mediated by CYP2C8. Indeed, we have confirmed that
0.2 uM reduced the CYP3A4-mediated metaholism of testos-
terone to 7% of the control value, However, 0.2 uM ketocon-
azole reduced the metabolism of [**C]CER only to 72% of the
control (Fig. 6a). This study supports that CYP3A4 plays a
limited role in the metabolism of CER as previously reported
by Miick (2000}, and CYP3A4 inhibitors, such as ketocon-
azole and CsA, reduce the metabelism of CER to only a
limited extent. From the present study, the contribution of
CYP3A4 to the total metabolism of CER is estimated to be
approximately 38% (Fig. 6a). We also examined the effect of
quercetin, a CYP2CS inhibitor (Ohyama et al., 2000). As the
K, value of quercetin for the inhibition of CYP2C8-mediated
metabelism is 1.3 uM (Rahman et al., 1994), 10 M quercetin
should be enough to inhibit most of the CYP2C8-mediated
metabolism of [“*CICER, although it alse reduces the
CYP3A4-mediated metabolism of testosterone to 50% of the
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control value (Fig. 6b). In the presence of 10 uM quercetin,
the metabolism of [**C]CER was reduced to 63% of the con-
trol value (Fig. 6a). This result supports a contribution of
CYP2C8 to the metabolism of CER is less than 37%, consid-
ering that the CYP3A4-mediated metabolism is partly inhib-
ited by 10 pM quercetin (Fig. 6b). The present study suggests
that at low concentrations (<3 uM), CsA does not inhibit the
metabolism of CER (Fig. 6a), although it does inhibit its
transporter-mediated hepatic uptake with a much lower con-
centration (<1 uM) (Fig. 2). This confirms that it is less likely
that the DDI between CER and CsA is due to the metabolism
of CER.

Recently, a severe DDI between CER and gemfibrozil was
reported, and in the USA, 31 deaths from severe rhabdomy-
olysis in patients taking CER were reported, of whom 12
were taking concomitant gemfibrozil (Charatan, 2001). This
resulted in the withdrawal of CER from the market. It is still
unknown whether this severe DDI is mainly due to the phar-
macokinetic event (i.e., the change of the plasma concentra-
tion of CER caused by gemfibrozil) or due to the nonpharma-
cokinetic event (for example, an increased formation of toxic
metabolites of CER or the effects on the energy of the cell,
which may lead to rhabdomyolysis). In the present study,
however, we tried to clarify the mechanism of the effect of
CsA on the pharmacokinetics of CER and found that the
inhibition of the OATP2-mediated hepatic uptake of CER by
CsA was the major mechanism. There is also a report that
the AUC of CER was increased 4.2-fold when coadministered
with gemfibrozil (Mueck et al., 2001), which may be one
mechanism of this serious DDI. At the time of this report,
Prueksaritanont et al. (2002) reported that both oxidation
and glucuronidation of CER in human liver microsomes were
inhibited by gemfibrozil with IC;, values of 82 and 87 to 220
M, respectively, which at least in part explains the mecha-
nism of DDI between CER and gemfibrozil. However, consid-
ering the relatively high plasma protein binding of gemfibro-
zil (plasma unbound fraction of 1.4-3%; Todd and Ward,
1988), the unbound therapeutic concentration of gemfibrozil
is estimated to be less than 7.5 M (total C,,_,, up to 250 uM;
Prueksaritanont et al., 2002), which is much lower than the
recently reported IC;, values (80-220 pM) for CER metabo-
lism. Therefore, the increase in the AUC of CER caused by
the DDI may not necessarily be accounted for only by the
inhibition of metabolism. Although there has been no report
concerning the effect of gemfibrozil on the transporter-medi-
ated hepatic uptake of CER, this should also be examined in
a future study. In conclusion, we should pay more attention
to DDI that may originate from the inhibition of transporter-
mediated hepatic uptake, since it may occur with a large
number of drug combinations when their elimination (metab-
olism and/for hiliary excretion) takes place following trans-
porter-mediated hepatic uptake.
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ABSTRACT

Metformin, a biguanide, is widely used as an oral hypoglycemic
agent for the treatment of type 2 diabetes mellitus, The purpose
of the present study was to investigate the role of organic
cation transporter 1 (Oct1} in the disposition of metformin.
Transfection of rat Oct1 cDNA results in the time-dependent
and saturable uptake of metformin by the Chinese hamster
ovary cell line with K, and V,,,, values of 377 uM and 1386
pmol/min/mg of protein, respectively. Buformin and phen-
formin, two other biguanides, were also transported by rOct1
with a higher affinity than metformin: their K,,, values were 49
and 18 uM, respectively. To investigate the role of Oct1 in the
disposition of metformin, the tissue distribution of metformin

was determined in Qct1 gene-knockout mice after i.v. admin-
istration. Distribution of metformin to the liver in Octi(—/-)
mice was more than 30 times lower than that in Oct1(+/+)
mice, and can be accounted for by the extracellular space.
Distribution to the small intestine was also decreased in
Oct1(—/—) mice, whereas that to the kidney as well as the
urinary excretion profile showed only minimal differences. In
conclusion, the present findings suggest that Oct1 is respon-
sible for the hepatic uptake as well as playing a role in the
intestinal uptake of metformin, whereas the renal distribution
and excretion are mainly governed by other transport mecha-
nism{s). - .

Metformin, a biguanide, has been used for the treatment of
hyperglycemia in patients with type 2 diabetes mellitus. It
was developed during the late 1950s, first marketed in Eu-
rope in 1959 and available in the United States in 1995.
Metformin seems to ameliorate hyperglycemia by improving
peripheral sensitivity to insulin, reducing gastreintestinal
glucose absorption and hepatic glucose production (Caspary
and Creutzfeldt, 1971; Hundal et al, 2000; Borst and
Snellen, 2001), although the exact mechanism for its phar-
macological action has not yet been fully determined. In
recent years, metformin has also become available for the
treatment of polycystic ovary syndrome (Velazquez et al,,
1994; Nestler, 2001) and has been found to improve vascular
function (Katakam et al., 2000), prevent pancreatic cancer
(Schneider et al., 2001), and reverse fatty liver diseases (Lin
et al.,, 2000} in experimental animals. Thus, a reevaluation of
its pharmacological activity is now underway.

This work was supported by Core Research for Evolutional Science and
Technology of Japan Science and Technology Corporation, J.W.J, was sup-
perted by Grant NKI 97-1434 of the Dutch Cancer Society.

Article, publication date, and citation information can be found at
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DOT: 10.1124/pet.102.034140.

Metformin is extensively eliminated from the kidney via
glomerular filtration and tubular secretion, approximately
79 to 86% of an intravenous dose being recovered in urine in
humans (Sirtori et al.,, 1978; Tucker et al., 1981). However,
despite its long clinical usage, the mechanism underlying its
systemic elimination is still unknown. Inhibition of the renal
tubular secretion of metformin occurs during its coadminis-
tration with cimetidine, resulting in increased systemic ex-
posure of metformin (Somogyi and Gugler, 1987). Cimeti-
dine, a cationic compound, is also known to be cleared via
tubular secretion (Somogyi and Gugler, 1983). Grundemann
et al. (1999) reported that cimetidine is a substrate of rat
organic cation transporters (rOctl and rQct2), leading to the
possibility of the involvement of organic cation-specific trans-
porters in the urinary excretion of metformin.

Octs are a family of polyspecific organic cation transporters
responsible, at least in part, for the uptake of organic cations,
including xenobiotics and endogenous compounds from the
systemic circulation, maintaining body fluid homeostasis,
and acting as a defense system against toxic agents. Because
rOctl (Sle22al) was first cloned from the kidney by Grunde-
mann et al. (1994), at least two other members of the OCT

ABBREVIATIONS: Oct, organic cation transporter; rOct, rat organic cation transporter; CHO, Chinese hamster ovary; HPLC, high-performance
liquid chromatography; TEA, tetragthylammonium; CL., Systemic clearance; CL onan renal clearance; AUG, area under the concentration-time

curve,
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family, Qct2/0CT2 (S1c22a2/SLC22A2) and Oct3/0CT3
(S1e22a3/SLC22A3), have been identified in rats, mice, and
humans (Koepsell et al.,, 1999; Inui et al., 2000). rOctl is
expressed in the liver and kidney, whereas rQOct2 is ex-
pressed mainly in the kidney. Based on these findings, in the
present study, we attempted to investigate the possible in-
volvement of Octl in the disposition of metformin. Transfection
of rOct1 cDNA resulis in the saturable uptake of metformin as
well as two other biguanides, buformin and phenformin, in a
Chinese hamster ovary (CHO) cell line, suggesting that these
biguanides are substrates of rOctl. Because the Octl gene-
knockout mouse has recently been developed by Jonker et al.
(2001), further investigations with this mouse were also per-
formed to determine the contribution of Octl to the tissue
distribution of metformin.

Experimental Procedures

Chemicals and Materials. Metformin, phenformin hydrochlo-
ride, and cimetidine were purchased from Sigma-Aldrich (St. Louis,
MO). Buformin hydrechloride, acetonitrile of high-performance lig-
uid chromatography (HPLC) grade, and diethyl ether were pur-
chased from Wako Pure Chemicals (Osaka, Japan). Saline used for
infusion was purchased from Otsuka Pharmaceutical Co. Ltd. (To-
kyo, Japan) and pentobarbital was from Dainippon Pharmaceutical
(Osaka, Japan), Deionized and distilled water, successively purified
by the Milli-Q system (Millipore, Bedford, MA), was used for reagent
preparation. All other chemicals were analytical grade and commer-
cially available,

Cell Culture and Transfection. The parent CHO-K1 cells
(JCRB9018) purchased from Japanese Health Science Research Re-
sources Bank (Osaka, Japan) were cultured in Dulbecco’s modified
Eagle’s medium/F-12 (Invitrogen, Carlshad, CA) supplemented with
10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100
pg/ml) at 37°C with 5% CO, and 95% humidity. The cDNA fragment
was amplified by reverse transeription-polymerase chain reaction
with the total RNA of rat liver using an RNA-PCR kit (Takara Shuzo,
Osaka, Japan). For polymerase chain reaction, the primers were
prepared based on the sequence reported previously (Grundemann et
al.,, 1994). The sequences of the forward and reverse primers were
5'-TTTCGCCTGCTGCAGGGCATGGTC-3' and 5'-TGATGAAGGC-
CGCGGGGAATTCCA-3', respectively. The amplified fragment was
used for library screening. For cDNA screening, the ¢DNA Ybraries
were constructed from Sprague-Dawley rat liver using the Super-
Script Choice system (Invitrogen). Briefly, poly(A)* RNA was frac-
tionated by sucrose density gradient and fractions containing RNA
at approximately 2 kilobase pairs were used as a template for cDNA
construction using reverse transcriptase and Oligo(dT} primer. After
two rounds of screening, single positive colonies were isolated. After
coinfection with the M13 helper phage (ExAssist; Stratagene, La
Jolla, CA), the cDNA was excised in a pBlueseript IT SK(—) plasmid
and rescued by SOLO strain. The insert was subcloned into the
vector pcDNA3.1 (Invitrogen) cut with the restriction enzymes Xho-I
and 8al-I. The nuclectide sequence of the subcloned ¢cDNA insert was
determined using a fluorescence DNA sequencer 377 (Applied Bio-
systems, Foster City, CA). The rOct1l/pcDNA3.1 so prepared and
pcDNA3.1 alone were transfected inte CHO-K1 cells with Lipo-
fectAMINE (Invitrogen) according to the manufacturer's protocol,
and stably transfected cells were selected by G418 (0.6 mg/ml) (In-
vitrogen) in the culture medium. Then, 7 to 14 days after transfec-
tion, several colonies were selected both by Northern blot analysis
and by uptake of tetraethylammonium (TEA), a typical substrate of
the OCT family. After selection, the cells were maintained by adding
G418 (0.4 mg/ml) to the culture medium.

Uptake Study. Uptake of biguanides by the cells was measured
using 12-well cell culture dishes (BD Biosciences, Franklin Lakes,
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NJ). Cells were seeded onto plates at a density of 1.0 X 10° cellsfwell.
The incubation buffer for the uptake experiments contained 145 mM
NaCl, 3 mM KCI, 1 mM CaCl,, 0.5 mM MgCl,, 5 mM p-glucose, and
5 mM HEPES pH 7.4, and the uptake study was performed at 37°C.
After removing the culture medium, cells were washed twice with
incubation buffer and preincubated for 5 min. Then, substrate solu-
tion was added to the dish and, at designated times, uptake was
terminated by adding 1 ml of ice-cold buffer. The medium was rap-
idly aspirated and cells were rinsed twice. Cells were lysed with 300
plAwell of 0.56% SDS at 37°C for 1 h, and 200 ul was used for HPLC
determination after deproteination with 3 times velume of acetoni-
trile. The remaining 25 pl of cell lysats was used to determine the
protein concentration by the method of Lowry (1951), with bovine
serum albumin as a standard. Uptake was given as the ratio of the
amount of ligand associated with the cells divided by the medium
concentration. Because the initial velocity of uptake of metformin,
buformin, and phenformin was linear up fo 5 min, uptake was
terminated at 5 min to estimate K, and V_,, by the following
equation:

VIS = Voo /(K + 8) (1)

where V is the initial uptake velocity and 8 is the substrate concen-
tration.

Tissue Distribution of Metformin., Female Octl({—/~) and
Octl(+/+) FVB mice (12-16 weeks old) were used in the present
study (Jonker et al., 2001). Mice were housed at a room temperature
of 24 * 1°C and allowed food and water ad libitum, After anesthesia
with intraperitoneal sodium pentobarbital (50 mg/kg), the bladder
was catheterized for urine collection. Metformin (5.0 mg/kg) was
administered via the tail vein in a volume of 0.1 ml/10 g of body
weight. Blood samples were collected by cardiac puncture from an
angular vein at 1, 5, and 10 min after administration. Urine was
collected by washing the bladder with 0.2 ml of saline. Mice were
killed and liver, kidney, small intestine, and colon were removed
immediately. Each segment of the small intestine and colon was
rapidly washed twice with ice-cold saline to remove residues and
then dried with filter paper. The duodenal segment was obtained
from the first 5-cm portion of the intestine closest to the stomach.
The ileum was cbtained from the final 5§ cm of the intestine, just
proximal to the cecum. The middle 10 cm of the rest of the segment
was designated as the jejunum. The colon was a segment 3 cm in
length immediately after the cecum. All the tissues were weighed,
and portions were then homogenized with 4 velumes of PBS. Both
the homogenized tissues and blood samples were deproteinized with
acetonitrile as described above and evaporated to dryness, Pellets
were dissolved in 200 pl of water for HPLC analysis. In the other
groups of mice, urine was collected up to 1 h at 20-min intervals. The
systemic clearance (CL,,,) and renal clearance (CL,,,,} were esti-
mated, respectively, from the following equations:

CLyoi1 = Dose/AUC, .y (2)
CLrena] =

where AUCy_.., and AUCy_gq are the area under plasma concen-
tration-time curve up to infinity and 60 min, respectively, and these
values were calculated by integration of the biexponential equation,
which was obtained by fitting to the plasma concentration profile.
X rineto—s0y 18 the cumulative urinary excretion up to 60 min.
Coinfusion of Metformin with Cimetidine. Male Sprague-
Dawley rats (8 weeks old, 250-280 g of body weight; Charles River
Japan, Kanagawa, Japan) were anesthetized with diethyl ether and
both the femoral vein and bladder were catheterized with polyeth-
ylene tubing for infusion and urine collection, respectively. Infusion
was performed by a basic syringe pump (Harvard Apparatus, Hol-
liston, MA). Metformin dissolved in saline was administered at a
loading dose of 0.5 mg/kg of body weight, followed by constant infu-
sion at 0.9 mgkg/h for 4 h. Cimetidine was administered at the

ariven 60/ AUC 0 60) (3
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loading dose of 24 mg/kg and an infusion rate of 50 mg/kg/h. The
administered volume of saline was 8.0 ml/kg/h. Blood samples were
collected from the cervieal vein at 60, 120, 180, and 240 min. Urine
was collected by washing the bladder with 0.5 ml of saline at 1-h
intervals. Blood samples, deproteinized with 4 volumes of acetoni-
trile, and urine were subjected to HPLC.

HPLC Analysis, The HPLC system involved a model L-7100
pump and a model L-7400 UV monitor (Hitachi, Tokyo, Japan) with
300- X 3.9-mm i.d. C,; pBondapak (10 pm) purchased from Waters
(Milford, MA}. The mobile phase consisted of 0.01 M phosphate
buffer (pH 6.5)/acetonitrile (30:70) at the flow rate of 1 ml/min. The
wavelength of the UV detection was at 236 nm. The volume used for
HPLC was 50 pl.

Statistical Analysis. Statistical analysis was performed by Stu-
dent’s ¢ test to identify significant differences between various treat-
ment groups.

Results

Uptake of Biguanides in rOctl-Transfected CHO
Cells. The time profile for the uptake of metformin (100 M),
buformin (10 pM), and phenformin (1.0 M) by rOctl- and
vector-transfected CHO cells is shown in Fig. 1, A, C, and E,
respectively. Uptake was much higher in rOctl-transfected
cells than in vector-transfected cells (Fig. 1, A, C, and E).
Because the uptake of each compound was linear up to 5 min
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Fig. 1. Uptake of metformin in rOctl-transfected (open symbols) and
pcDNA3.1-transfected (closed symbols) CHO cells. The time profile (A, C,
and E) and concentration dependence (B, D, and F) of the uptake of
metformin (A and B), buformin {C and I}, and phenformin (E and F} are
shown. The inset in B, D, and F represents Eadie-Hofstee plots. Results
are mean * S.E. {n = 3). Error bars for some points lie within the
gymbols.

(Fig. 1, A, C, and E), the initial uptake was assessed as the
uptake for 5 min at various substrate concentrations (Fig. 1,
B, D, and F). Saturation of uptake was observed in rQctl-
transfected cells, and an Eadie-Hofstee plot revealed a single
saturable component for each compound (Fig. 1, B, B, and F}.
The kinetic parameters for the uptake of metformin, bu-
formin, and phenformin are shown in Table 1. Phenformin
has a much higher affinity, but a lower capacity, for rOctl
than metformin, and the intrinsic clearance (V,,, /K. )} of
phenformin was ~2 to 3 times higher than that of metformin
(Table 1). TEA, used in the present study as a positive con-
trol, exhibited K, and V., values of 84 uM and 320 pmol/
min/mg of protein, respectively. This K_, was not very differ-
ent from that found in previous reports (47-100 uM;
Urakami et al., 1998; Dresser et al., 2000).

Plasma Concentration and Tissue Distribution of
Metformin in Octl{-/-} and Octl(+/+) Mice. The time
profiles of the plasma concentration and tissue distribution of
metformin at 10 min in Oct1(—/-) and Oct1(+/+) mice are
shown in Fig. 2. The plasma concentration of metformin at 5
and 10 min was almost comparable for Qectl(—/—) and
Octl(+/+) mice, whereas a small (less than 2-fold) but sig-
nificant difference was observed at 1 min (Fig. 2A). The
difference at these earlier time points suggests that there is
a smaller distribution volume in Qctl(—/-) mice than in
Oct1{(+/+) mice. The liver concentration of metformin was
approximately 30 times higher in Oect1(+/+) mice than
Oct{—/-) mice (Fig. 2B). The amount of metformin associated
with the liver at 10 min was 24.0 = 2.4 and 0.690 = 0.065%
of dose in Oct1(+/+) and Oct1{—/—) mice, respectively. A 3- to
7-fold higher distribution in Octl1(+/+) than Qct(—/—) mice
was also observed in the duodenum, jejunum, and ileum (Fig.
2B). On the other hand, the distribution of metformin to the
kidney was almost identical for the two types of mice and the
difference in the distribution to the colon was minimal (Fig.
2B). The amount of metformin associated with the kidney
was 34.2 £ 6.7 and 32.1 = 7.0% of dose in Octl(+/+) and
Octl{—/—) mice, respectively.

Urinary Excretion of Metformin in Qctl{—/-) and
Oct1(+/+) Mice. The urinary excretion of metformin was
chased in Oct1(—/-) and Oct1(+/+) mice (Table 2). In all, 55
to 70% of the dose was recovered in the urine up to 60 min
after i.v. administration. There was only a minimal differ-
ence in both the CL,,,,, and CL,,.,, between Octl(—/—) and
Oct1(4+/+) mice (Table 2).

Coinfusion of Metformin with Cimetidine. To demon-
strate the cation-specific renal excretion of metformin in
rodents, the effect of coadministration of cimetidine on the
urinary excretion of metformin was investigated in rats (Fig.
3). The plasma concentration of metformin was much higher
in the presence of cimetidine than in its absence (Fig. 3A). On

TABLE 1

Kinetic parameters for the uptake of biguanide compounds in the
rOctl-transfected CHO cell line

K, and V. values were determined by nonlinear regression analysis. Data are
shown as mean + S.E. (n = 3).

Compounds K, Vinax VieadEm
M pmol/min{mg protein
Metformin 877 + 38 1386 + 101 3.68 % 0.46
Buformin 488 = 8.9 282 + 25 5.78 = 0.96
Phenformin - 15611 150 = 7 9.62 +0.81
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(B)

Fig. 2. Plasma concentration profile (A}
and tissue distribution (B) of metformin in
Oct1(—/-) (open symbols) and Qct1{+/+)
mice (closed symbeols). Metformin was in-
jected intravenously at 5.0 mg/kg, and tis-
sues were excised at 10 min. Results are
mean * S.E. (n = 3-4). =, significant dif-
ference {p < 0.05).

Liver KidneyDuodenumJejunum lleum Colon

Time (min)

TABLE 2
Renal clearance analysis of metformin in Oct1(+/+) and (—/-) mice

Tissue

Metformin was intravencusly injected at a dose of 5.0 mg/kg. Data are shown as mean * S.E. (n = 3).

Recovery (% of dose)
CL wnalio-60 CLotu
0~20 min 20—40 min 40-60 min
mlimin/lkg
Octl{+/+) 383 =20 109+ 34 573 £0.23 14.0=x 3.1 183 x 1.7
Octl(—/-} 47435 138 4.2 894 = 0.19 14727 16.1 £ 1.7
- *
1 ( A) N T 10007 (B) " . *

g % T * X
= c J I Fig. 3. Plasma concentration {A) and uri-
E 0.75] 5= 750 1 nary excretion (B} of metformin in the
s _ = % presence and absence of cimetidine in
SF 0.5 S 500 rats. Metformin was infused intrave-
oF 3 % T nously at 0.9 mg/kg/h after a loading dose
o3 P . - of 0.5 mg/kg with (closed symbols) or
E « T 1 1 without (open symbols) coinfusion of ci-
] 0.25] £ 2507 o - metidine at 50 mg/kg/h after a loading
o ] dose of 24 mg/kg. Results are mean = S.E,

(n = 3~4). %, significant difference {p <

L1}, T Y T 1 [iRe; T T T 0.05).
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Infusion time (hr)

the other hand, the urinary excretion of metformin was sig-
nificantly reduced in the presence of cimetidine (Fig. 3B).

Discussion

Despite the widespread use of the biguanide metformin in
the treatment of hyperglycemia, the mechanism(s) underly-
ing its disposition has not yet been clarified. Renal excretion
is the major elimination pathway for metformin in humans
and is much higher than the glomerular filtration rate (Pen-
tikainen et al., 1979), suggesting involvement of tubular se-
cretion systems, although the detailed mechanism has not
vet been determined. Metformin exerts its antidiabetic ef-
fects, at least partly, via a direct and/or indirect inhibitory
effect on complex 1 of the mitochondrial respiratory chain in
hepatocytes (El-Mir et al., 2000). Considering that biguanide
compounds are positively charged at physiological pH, there
may be membrane transport system(s) for these compounds
in the liver. Thus, it is important to clarify their disposition
mechanism(s) to understand the factors that may affect the
pharmacokinetics and pharmacodynamics of biguanides.

Infusion time (br)

Gene knockout mice for Octl, which accepts a variety of
types of organic cations as substrates, have recently been
established (Jonker et al., 2001). Considering that bigua-
nides are also cationic compounds, the involvement of Octl in
the disposition of biguanides was investigated in the present
study using rOct1-transfected cells and knockout mice as the
first step to clarify the pharmacokinetic mechanism(s). The
increase in the saturable uptake of the three biguanides by
10ctl transfection suggests that these compounds are sub-
strates of rOct] (Fig. 1; Table 1). The distribution of met-
formin to the liver and three segments of the small intestine
is much lower in Octl{-/-) mice, compared with Qct1(+/+)
mice, suggesting that Octl may be involved in the distribu-
tion to these tissues (Fig. 2). In the liver and duodenum of
Octl{—/=) mice, the Kp values of metformin were 0.13 and
0.14, respectively, these values heing comparable with the
extracellular volume of these tissues (Tsuji et al., 1983).
Because the plasma concentration at this time point (5-10
pgml corresponding to 30-60 pM) is much lower than the
K, of metformin for Octl, Octl-mediated transport may not
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be saturated. Thus, the distribution of metformin to these
tissues seems to be mainly governed by Octl at least under
linear conditions. These results are compatible with previous
observations {(Grundemann et al., 1994; Schweifer and Bar-
low, 1996; Jonker et al., 2001) and suggest that Octl local-
ization in the basolateral membrane in the liver may explain
its possible function as an uptake mechanism for organic
cations (Meyer-Wentrup et al., 1998; Urakami et al., 1998;
Karbach et al., 2000). Although the localization of Octl in the
small intestine has not been clarified yet, the present find-
ings suggest that it has a possible role in the basolateral
uptake of biguanides, although further studies are needed to
demonstrate this hypothesis.

On the other hand, neither the distribution of metformin to
the kidney nor its renal excretion showed any clear difference
between Octl (=/=) and Oct1 (+/+) mice (Fig. 2B; Table 2),
suggesting that Octl is not the major transporter involved in
the renal uptake of metformin. Because the intrinsic trans-
port activity (V_,./K,,) of metformin by rOctl is comparable
with that of TEA, and the renal uptake of TEA is very similar
to the blood flow rate, the renal uptake of metformin may
also be limited by the blood flow, suggesting that the change
in intrinsic renal uptake due to the lack of Octl may result
only in a minimal difference in renal uptake in vivo. There-
fore, the result obtained in vivo does not fully exclude the
possible role of Octl in the renal uptake of metformin, Nev-
ertheless, cimetidine inhibits the urinary excretion of met-
formin and increases its systemic exposure in rats (Fig. 3). A
similar drug-drug interaction has also been reported in hu-
mans (Somogyi and Gugler, 1987), suggesting that a cation-
specific mechanism(s) is involved in the urinary excretion of
metformin, irrespective of the species. However, the differ-
ence between the dose of cimetidine and metformin was more
than 50-fold in rats (Fig. 3), whereas the difference in hu-
mans was less than 2-fold (Somogyl and Gugler, 1987).
Therefore, the mechanism underlying this drug interaction
both in humans and rats should be discussed once additional
studies have been performed. rOct2 and rOct3 are also ex-
pressed in kidney (Sugawara-Yokoo et al., 2000; Wu et al.,
2000) and may be involved in the uptake and/or secretion of
cationic compounds. rOct2 is also expressed in the basolat-
eral side of the kidney (Karbach et al., 2000; Sugawara-Yokoo
et al., 2000}, although the substrate recognition of rOct2 has
not yet been clearly distinguished from that of rQctl
(Urakami et al., 1998; Arndt el al., 2001). In a recent study
using Oct3 (—/—) mice, no difference in the renal disposition
of 1-methyl-4-phenylpyridinium was observed (Zwart et al.,
2001). Based on this information, Oct2 is the most likely
candidate for the control of the renal excretion of metformin,
and additional studies are now being performed in our labo-
ratory to test this hypothesis.

The present findings highlight the importance of Octl as
the mechanism for the hepatic distribution of metformin, Its
pharmacological actions include a reduction in glucose pro-
duction and inhibition of the mitochondrial respiratory chain
in hepatocytes (El-Mir et al., 2000; Hundal et al., 2000; Owen
et al., 2000). The existence of the uptake system for met-
formin may be compatible with the previous finding that a
lower metformin concentration is required to inhibit the re-
spiratory chain in isolated hepatocytes than in isolated mi-
tochondria (Owen et al., 2000). However, the metformin con-
centration (1-5 mM) that inhibits oxygen consumption in rat

hepatocytes is higher than the K for rOctl (Table 2), sug-
gesting that rOctl might be, at least partly, saturated at such
an effective concentration. Therefore, further studies are re-
quired to clarify the functiona! relationship between the
transport of biguanides by rOctl and their pharmacological
action in hepatocytes.
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ABSTRACT

Biguanides are a class of drugs widely used as oral antihyper-
glycemic agents for the treatment of type 2 diabetes mellitus,
but they are associated with lactic acidosis, a lethal side effect.
We reported previously that biguanides are good substrates of
rat organic cation transporter 1 (Octl1; Sfc22a1) and, using
Oct1(—-/-) mice, that mouse Oct1 is responsible for the hepatic
uptake of a biguanide, metformin. In the present study, we
investigated whether the liver is the key organ for the lactic
acidosis. When mice were given metformin, the blood lactate
concentration significantly increased in the wild-type mice,
whereas only a slight increase was observed in Octi(—/-)
mice. The plasma concentration of metformin exhibited similar
time profiles between the wild-type and Oct1(—/—) mice, sug-
gesting that the liver is the key organ responsible for the lactic
acidosis. Furthermore, the extent of the increase in blood lac-

tate caused by three different biguanides {metformin, buformin,
and phenformin) was compared with the abilities to reduce
oxygen consumption in isolated rat hepatocytes. When rats
were given each of these biguanides, the lactate concentration
increased significantly. This effect was dose-dependent, and
the EC5, values of metformin, buformin, and phenformin were
734, 119, and 4.97 uM, respectively. All of these biguanides
reduced the oxygen consumption by isolated rat hepatocytes in
a concentration-dependent manner. When the concentration
required to reduce the oxygen consumption to 75% of the
control value (from 0.40 to 0.29 umol/min/mg protein) was
compared with the EC5, value obtained in vivo, a clear corre-
lation was observed among the three biguanides, suggesting
that oxygen consumption in isclated rat hepatocytes can be
used as an index of the incidence of lactic acidosis.

Metformin, a biguanide, is used for the treatment of hy-
perglycemia in patients with type 2 diabetes mellitus. It was
developed during the late 1950s, first marketed in Europe in
1959, and has been available in the United States since 1995
(Davidson and Peters, 1997). Metformin seems to ameliorate
hyperglycemia by improving peripheral sensitivity to insulin,
reducing gastrointestinal glucose absorption and hepatic glu-
cose production (Caspary and Creutzfeldt, 1971; Hundal et
al., 2000; Borst and Snellen, 2001). Recently, metformin has
also become available for the treatment of polycystic ovary
syndrome (Velazquez et al., 1994; Nestler, 2001) and has
been found to improve vascular function (Katakam et al,
2000), prevent pancreatic cancer (Schneider et al., 2001}, and
reverse fatty liver diseases (Lin et al., 2000) in experimental
animals. Thus, a re-evaluation of its pharmacological activity
1s now underway. Lactic acidosis is a severe adverse effect of
biguanides, and phenformin was withdrawn from the market

This work was supported by Core Research for Evolutional Science and
Technology {CREST) of Japan Science and Technology Corporation, Tokyo,
Japan.

in the 1970s for this reason (Assan et al.,, 1975; Kwong and
Brubacher, 1998). Lactic acidosis is a life-threatening condi-
tion characterized by low arterial pH (<7.35) and elevated
arterial lactate levels (5.0 mEqg/! in humans), and more than
50% of the patients died when lactic acidosis took place under
phenformin administration (Brown et al., 1998; Kwong and
Brubacher, 1998). Metformin also associated with lactic aci-
dosis in the lower incidence of approximately 3 cases per
100,000 patients per year, compared with a 10- to 20-fold
higher incidence for phenformin (Pearlman et al., 1996; La-
lau and Race, 2000; Kruse, 2001). Lactic acidosis is observed
in patients with renal dysfunction, and because renal secre-
tion is the major elimination route of bignanides (Davidson
and Peters, 1997), renal dysfunction will cause a significant
increase in plasma biguanide concentration, resulting in lac-
tic acidosis. Metformin has been shown to reduce the oxygen
consumption and glucose production in isclated hepatocytes
in a concentration-dependent manner (El-Mir et al., 2000;
Owen et al., 2000). This has been explained by the inhibition
of mitochondrial respiratory complex I, although whether

ABBREVIATIONS: Oct1, organic cation transporter 1; rOct1, rat organic cation transporter 1: AUC, area under the concentration-time curve;

HPLC, high-performance liquid chromatography.
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this oceurs via direct or indirect inhibition remains unknown

(El-Mir et al., 2000; Owen et al., 2000). Excessive inhibiticn
of mitochendrial respiration by biguanide may cause lactic
acidosis.

Recently, we demonstrated that the biguanides are good
substrates of rat organic cation transporter 1 (Octl; Slc22a1)

(Wang et al.,, 2002). Octl is a polyspecific transporter for -

small and hydrophilic organic cations such as tetraethylam-
monium and 1-methyl-4-phenylpyridinium (Grundemann et
al.,, 1994; Dresser et al,, 2000; Inui et al., 2000). Octl is
abundantly expressed in the liver and, to a lesser extent, in
the kidney, where it is localized in the basolateral membrane.
Previously, we demonstrated that the order of the transport
activity (V. /K_} of biguanides by rOctl is phenformin >
buformin > metformin. Although no significant reduction
was observed in the urinary excretion of metformin, the
hepatic uptake of metformin was reduced markedly in
Oct1(—/-) mice, and the distribution volume of metformin in
the liver of Oct1{—/—) was very close to the hepatic extracel-
lular space (Wang et al., 2002). Therefore, the Octl(—/—)
mouse is a good animal model in which to examine whether
the liver is a key organ in the increase of blood lactate
concentration.

In the present study, the inerease in blood lactate concen-
tration was compared in wild-type and Oct1(~/~) mice when
metformin was given by constant intravenous infusion. The
increase in lactate concentration was investigated in rats
after the infusion of biguanides (phenformin, buformin, and
metformin) at different rates, and their potency was com-
pared with that in the reduction in oxygen consumption in
isolated rat hepatocytes.

Matérials and Methods

Animals and Materials. Male Sprague-Dawley rats (8 weeks
old, 250-280 g of body weight; Charles River Japan Inc., Kanagawa,
Japan) and male Octl{~/—) and wild-type FVB mice {12-16 weeks
0ld} used in the present study {Jonker et al., 2001) were housed at a
room temperature of 24 *+ 1°C with food and water ad libitum.
Metformin and phenformin were purchased from Sigma Chemical
(8t. Louis, MO). Buformin and perchloric acid (60%) were purchased
from Wako Pure Chemicals (Osaka, Japan). Pentobarbital was from
Dainippon Pharmaceutical {Osaka, Japan). The L{+)-lactate kit was
purchased from Sigma Diagnosties (St. Louis, MO), and the model
5300 biological oxygen monitor was purchased from YSI Inc. (Yellow
Springs, OH). All other chemieals were of analytical grade and were
commercially available, ’

Lactic Acidosis Study of Metformin in Mice. Mice were anes-
thetized with intraperitoneal sodium pentobarbital (50 mgfkg), and
the femoral vein was catheterized with polyethylene tubing for in-
fusion. Infusion was performed using a basic syringe pummp (Harvard
Apparatus Inc., Holliston, MA). Metformin dissolved in saline was
administered at a rate of 8.0 mlh/kg and a dose of 150 mg/h/kg for
3.5 h. Blood samples used for the determination of metformin were
collected from an angular vein at 90, 150, and 210 min. After cen-
trifugation, the plasma samples were deproteinized with four times
their volume of acetonitrile and then subjected to HPLC. Blood
samples used for the determination of lactate concentration were
collected from the tail vein. Whole blood was mixed with double the
volume of perchloric acid (8%) and vortexed. After centrifugation, the
upper salution was used for lactate determination according to the
manufacturer’s protocol. After sampling at 210 min, the mice were
killed, and the liver and femoral muscles from the opposite femur
that had not been catheterized were removed immediately. The
removed liver and muscles were homogenized with 4 volumes of
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phosphate-buffered saline, deproteinized with acetonitrile, and evap-
orated to dryness. Pellets were dissolved in 200 ul of water for HPLC
analysis.

Lactic Acidosis Study of Biguanides in Rats. Rats were anes-
thetized with diethyl ether, and the femoral vein was catheterized
with polyethylene tubing for infusion, Infusion was performed using
the basic syringe pump. Metformin, buformin, and phenformin dis-
solved with saline were administered for 4 h. The constant infusion
doses were 250, 175, 100, 50, and 25 mg/h/kg for metformin, 50, 25,
12.5, 5, and 2.5 mg/h/kg for buformin, and 25, 12.5, 5, 2.5, and 1.0
mg/h/kg for phenformin, respectively. The administration rate of the
saline was 8.0 ml/h/kg. Blood samples used for the determination of
biguanides were drawn from the cervical vein at 150, 180, and 210
min. Sample treatment, determination of biguanides, and blood lac-
tate concentrations were performed as described above. AUCs of the
blood lactate concentration until 240 min were calculated by the
linear trapezoidal rule, and EC,, values were estimated by the
equation (E,,, model) AUC = AUC,,, SAEC,, + 8), where S repre-
sents unbound biguanide plasma concentrations. The fitting was
carried out by an iterative nonlinear least-squares method.

Respiratory Chain Inhibitory Effect of Biguanides in Iso-
lated Rat Hepatocytes. Hepatocytes were isolated from rats by the
procedure described previously (Yamazaki et al,, 1992). The experi-
ment was prepared from the report of E-Mir et al. (2000). Briefly,
hepatocytes (final protein concentration of 1.0 mg/ml) were incu-
bated in closed vials at 37°C in a shaking water bath in 5 m! of
Krebs-bicarbonate buffer (120 mM NaCl, 4.8 mM KCl, 1.2 mM
MgS0,, 24 mM NaHCO;, 1.3 mM CaCl,, pH 7.4) saturated with a
mixture of O,/CO, (95%/5%) supplemented with 20 mM lactate, 2
mM pyruvate, 4 mM eoctanoate, and different concentrations of bij-
guanides. Oxygen consumption for up to 30 min was monitored and
used for data analysis. The concentration of biguanides caused a
reduction of oxygen consumption to 0.29 pmol/min/mg protein of
hepatoeytes (75% of control value} was calenlated by linear estima-
tion.

HPLC Analysis. The HPLC system involved a model L-7100
pump and a model L-7400 UV monitor (Hitachi, Tokyo, Japan) with
a 300 X 3.9 mmi.d. C;s nBondapak (10 prn) column purchased from
Waters (Milford, MA). The components of mobile phase consisted of
0.01 M phosphate buffer, pH 6.5, and acetonitrile at the ratio of
30:70. The flow rate was 1 ml/min. The wavelength for UV detection
was 236 nm. The sensitivity was 1.5 ng for metformin and 3 ng for
buformin and phenformin. The retention time was approximate 14,
11, and 9 min for metformin, buformin, and phenformin, respec-
tively. The reproducibility was almost 90%, and no internal standard
was used in the study. Biguanides were detected directly.

Statistical Analysis. Statistical analysis was performed by one-
way analysis of variance followed by Fisher's ¢ test or Student’s ¢ test
to identify significant differences between various treatment groups.

Results

Lactic Acidosis Induced by Metformin in Wild-Type
and Octl(—/~) Mice. The time profiles of the blood lactate
concentrations in wild-type and Qct1{—/~) mice at a constant
infusion of a dese of 150 mg/h/kg of metformin are shown in
Fig. 1A, and the simultaneously determined plasma concen-
trations of metformin are shown in Fig. 1B. There was a
marked difference in the response to metformin between
wild-type and QOctl(-/—) mice after 180 and 210 min of
intravenous infusion of metformin, although the plasma con-
centrations of metformin were comparable. At 210 min, the
blood lactate concentration was 25.6 + 2.2 mg/dl in met-
formin-treated wild-type mice, which was sigmificantly in-
creased compared with that in saline-treated mice (5.07 =
1.05 mg/dl), whereas there was no statistical difference in the
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blood lactate concentration between metformin and saline-
treated Oct1(—/~) mice (10.2 = 1.1 and 5.25 = 0.17 mg/d],
respectively). The blood lactate concentration in metformin-
treated wild-type mice was 2 5-fold greater than that in met-
formin-treated Oct(—/~) mice. After the mice were sacrificed,
the concentration of metformin in the liver and skeletal mus-
cle was determined (Table 1). In contrast to the significant
reduction in metformin concentration in the liver of
Octl{—/-) mice, the concentration of metformin in muscle
was similar in both groups.

Lactic Acidosis Induced by Biguanides in Rats. The
time profiles of the lactate concentration induced by constant
intravenous infusion of phenformin, buformin, and met-
formin in rats are shown in Fig. 2. Compared with adminis-
tration of saline, the blood lactate concentration was in-
creased after each dose of metformin, buformin, and
phenformin (Fig. 2, A-C). The correlation between increase in
lactate AUC and the steady-state unbound plasma concen-
tration of biguanides is shown in Fig. 2D. Taking the highest
blood lactate AUC as 100%, the EC;, values of the biguanides
were determined to be 734 = 168, 119 = 18, and 4.97 = 0.87
uM for metformin, buformin, and phenformin, respectively
{Table 2). There were 7- and 140-fold differences in the ECy,
values for lactic acidosis between phenformin and buformin
and between phenformin and metformin, respectively (Fig.
2D} (Table 2).

Oxygen Consumption Inhibition Study in Isolated
Rat Hepatocytes. The effect of metformin, buformin, and
phenformin on the oxygen consumption was examined using
isolated rat hepatocytes. The control value of oxygen con-
sumption by isolated rat hepatocytes was 0.389 * 0.093
pmol/min/mg protein of hepatocytes. The concentration de-
pendence of the reduction in oxygen consumption is shown in
Fig. 3A. Oxygen consumption was decreased in the presence
of biguanides in a concentration-dependent manner. Con-
cerning the reduction in oxygen consumption, phenformin
was the most potent drug. The concentrations of biguanides
causing a reduction in oxygen consumption to 75% of the
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Fig. 1. Time profile of lactate concentration (A) and metformin plasma
concentration (B) in wild-type and Octl(—/~) mice during iniravenous
infusion of 150 mg/h/kg. Metformin was administered by constant intra-
venous infusion at a rate of 150 mg/h/kg. The whole blood lactate con-
centration in wild-type (00) and Octl(—/-) mice {7 was compared with
those in saline-treated wild-type and Oct1{—/-) mice {2, A). B, there was
no marked difference in the metformin plasma concentration. Statistical
analysis was performed by one-way analysis of variance followed by
Fisher’s ¢ test. ¥, different tendency (p = 0.1; metformin-treated wild-type
versus Octl{—/—} mice at 180 min); significant difference at p < 0.05: +
and ++, metformin-treated versus saline-treated wild-type mice at 180
and 210 min, respectively; ®*, metformin-treated wild-type versus
Octl{—/—) mice at 210 min. Results are shown as mean * S.E. of three
wild-type and four Octl(—/-) mice.

contrel value (0,29 pmol/min/mg protein) of rat hepatocytes
were 1020 = 136, 173 = 15, and 7.25 = 1.58 xM, and they
correlated with the EC,, values determined in vivo for the
increase of blood lactate (Fig. 3B).

Discussion

The present study investigated whether the liver is the key
organ for lactic acidosis, and it examined whether oxygen
consumption by isolated hepatocytes can be used as an index
of the incidence of lactic acidosis. Lactate, produced in the
gut, liver, and peripheral tissues such as erythrocyte and
skin, is used to form glucose in the liver (Cori cycle) (Radziuk
and Pye, 2001). Two possible mechanisms for lactic acidosis
caused by biguanides have been proposed: 1) increased lae-
tate preduction in the peripheral tissues, becanse metformin
increases the glycolytic lactate production in peripheral tis-
sue (Borst and Snellen, 2001); and 2) inhibition of lactate
metabolism/transport in the liver and other tissues such as
heart and muscle. Octl{—/~) mice provide a good animal
model to examine these possibilities because the hepatic con-
centration of metformin is drastically reduced in these miece
at similar plasma concentrations. The importance of the in-
trahepatic concentration of metformin was shown by compar-
ing the effect of metformin on the lactate concentration be-
tween wild-type and Oct1(—/-) mice (Fig. 1). At 210 min, the
blood lactate concentration was significantly increased in
metformin-treated wild-type mice compared with that in sa-
line-treated mice, whereas there was no statistical difference
in the blood lactate concentration between metformin and
saline-treated Octl{—/—) mice (Fig. 1A). The blood lactate
concentration in metformin-treated wild-type mice was 2.5-
fold greater than that in metformin-treated Oct(—/—) mice
{Fig. 1A). The plasma concentration-time profiles of met-
formin were similar in wild-type and Octl(~/—) mice (Fig.
1B). As summarized in Table 1, the hepatic concentration of
metformin in Octl(—/~) mice was much reduced, whereas its
concentration in the skeletal muscle was comparable be-
tween Octl(—/—) and wild-type mice. These results indicate
the importance of the intrahepatic metformin, which may
inhibit the lactate metabolism in the liver in causing lactic
acidosis. Buformin and phenformin have been shown to be
substrates of Octl, with greater transport activity than met-
formin (Wang et al., 2002). Because Octl is responsible for
the hepatic uptake of organic cations (Jonker et al,, 2001;
Wang et al,, 2002}, it is very likely that the hepatic uptake of
bufermin and phenformin is also accounted for by Octl, and
the lack of Octl-mediated hepatic uptake will reduce their
inducibility of blood lactate.

The study using Oct1(—/—) mice thus indicates that lactic
acidosis should be ascribed to the effect of biguanides on the
liver. El-Mir et al. (2000) demonstrated that metformin re-
duced the oxygen consumption in a concentration-dependent
manner in isolated rat hepatocytes. The relationship be-
tween the inhibition of oxygen consumption by the bigua-
nides and the inducibility of blood lactate was investigated to
determine the correlation between them. An increase in
blood lactate was investigated in rats that were given bigua-
nides at different infusion rates. Increasing the infusion rate
of metformin, buformin, and phenformin caused a significant
increase in bloed lactate concentration (Fig. 2). Phenformin
was the most potent drug to cause an increase in blood
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Plasma concentration and tissue accumulation of metformin after i.v. infusion at the dose of 150 mg/h/kg for 210 min

Metformin was administered by constant intravenous infusion at a rate of 150 mgh/kg. Plasma was obtained at the end of infusion at 210 min, After bloud sampling, liver
and muscle were isolated to determine metformin concentration. Data are shown as mean = S.EM. of three wild-type and four Octi (/-1 No significant differences were

observed in metformin concentration and K, in muscle.

Liver Muscle
Cptonma Cliver™ K. Conuncle K,
ugiml velg nglg
Wild-type 102 x 11 417 = 178 408 =180 153 + 18 1.50 = 0.24
Qct{-/-) 977+ 16.1 493 > 104 0.505 = 0.132 107 £ 17 110 x 024

* Significant difference, as determined by Student’s ¢ test, between wild-type and Octl(—/—) mice (p < 0.05),

lactate concentration. The EC;, values of phenformin, bu-
formin, and metformin were determined using their unbound
plasma concentration at steady state and the AUC of blood
lactate. As summarized in Table 1, there was a 7-fold and
140-fold difference in the ECy, values between phenformin
and buformin and between phenformin and metformin, re-
spectively. As shown in Fig. 3, biguanides reduced oxygen
consumption in isolated rat hepatoeytes in a concentration-
dependent manner. The EC;, values determined in vivo us-
ing unbound plasma concentration of biguanides were com-
pared with their concentration needed to cause 75% of control
value of oxygen consumption in isolated rat hepatocytes (Fig.
3). There was a clear linear correlation among the three
biguanides examined in this study (Fig. 3), indicating that
the reduction of oxygen consumption can be used as an index
of the incidence of lactic acidosis. It is possible that excessive
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Fig. 2. Time profiles of the lactic acid increase induced in rats by met-
formin (A}, buformin (B}, and phenformin (C) and the relationship be-
tween the induced lactate AUC and the plasma concentration of bigua-
nides (D). The whole blood lactate increase induced by metformin (A),
bufermin (B), and phenformin (C) is shown. The constant infusion doses
were 25 (&), 50 (£), 100 (2), 175 (£), and 250 mg/h/kg (O) for metformin;

2.504),5(2),12.5 (D), 25 {9 }, and 50 mgMh/kg (3 for buformin; and 1{<),

25(2), 5(3), 12.5(¢9), and 25 mg/h/kg (0) for phenformin. The lactate
was significantly increased in biguanide-treated animals compared with
control (B), and this increase was dose-dependent. D, the inerease in
lactate AUUC with regard to steady-state unbound plasma concentration
of biguanides; &, phenformin: &, buformin; O, metformin. Phenformin
was the most potent inducer of blood lactate, and metformin was the
least. Results are shown as the mean = SE. of three rats,

inhibition of mitochondrial respiration in the liver causes
lethal reduction in the hepatic clearance of lactate. This
should be examined in future studies, including an examina-
tion of the relationship between oxygen consumption and
glucose production rate from lactate. Recently, human hepa-
tocytes have become available for preclinical research, and
these should allow the incidence of lactic acidosis to be pre-
dicted in humans.

The present study highlights two important issues, namely
the transport activity of Octl and the saturation of hepatic
uptake. Hepatic uptake is one of the main factors for deter-
mining the intrahepatic concentration of drugs. Basically, a
biguanide that is transported more efficiently by Octl will
achieve a higher intrahepatic concentration. Therefore, even
though the IC,, value for the intrahepatic component, which
plays a major role in lactie acidosis, is the same, a biguanide
that is transported more efficiently by Octl will increase the
blood lactate at lower plasma concentrations. Saturation of
the hepatic uptake process may prevent increasing the intra-
hepatic concentration of biguanides to lethal levels. The IC,,
values of metformin and phenformin for mitechondrial res-
piration that were determined with the use of isolated rat
mitochondria were 15 mM and 50 uM, respectively (Owen et
al_, 2000). According to our previous report, the K, values of
metformin and phenformin for rOctl were 377 and 16 uM,
respectively (Wang et al., 2002). Taking the key role of Octl
in the hepatic uptake of metformin into consideration, the X
value determined in rOct1 expressing Chinese hamster ovary
cells is very close to the K, values for the uptake of bigua-
nides by hepatocytes. The IC;, value of metformin for mito-
chondrial respiration is much greater than the X, value for
the hepatic uptake process, whereas the ICg, and K, values
of phenformin are quite similar. Increasing the plasma con-
centration of metformin saturates the hepatic uptake process
initially, and, therefore, this limits the increase in intrahe-
patic concentration of metformin. However, in the case of
phenformin, the XK, value and 1C,, values are very similar,
and even the concentration that causes saturation of the
hepatic uptake process may lead to a significant reduction in
oxygen consumption, The EC;, values of phenformin, bu-
formin, and metformin obtained in this study are comparable

TABLE 2
EC,, of lactic acidosis induced by biguanide compounds in rats

Blood lactate contentralion was determined after the administration of biguanides
at five different doses by constani intravenous infusion. The EC,, was enlculated
from the increase in lactate AUC and steady-stale unbound plasma condentration of
biguanides.

Biguanide Compounds Metformin Buformin Phenformin

EC., (z M) 734168 119+ 18 497+ 0.87
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Fig. 3. Respiratory chain inhibitory effect in isolated rat hepatocytes (A)
and the correlation between lactic acidesis {in vivo} and respiratory chain
inhibition {in vitro) (B). The inhibitory effect of biguanides on the mito-
chondrial respiration was determined in isolated rat hepatocytes. The
reduction in oxygen consumption was taken as the index of respiratory
chain inhibition. The oxygen consumption was reduced by biguanides
compared with the control value of 0.389 * 0.098 pmol/min/mg protein of
hepatocytes. Metformin (70) showed the lowest inhibitory effect and phen-
formin (A) the highest. Buformin () showed an inhibitory effect between
those of metformin and phenformin. A correlation between the concen-
tration of biguanides caused a reduction of oxygen consumption to 0.29
pmolmin/mg protein of hepatocytes (75% of control value), and their
EC,, values for lactic acidosis is shown in B. Results are the mean + S.E.
of three determinations. Error bars for some points lie within the sym-
bols. :

with those of their K, values for rOct1 (18, 50, and 377 M,
respectively). Taken from the results of the present study,
two conditions need to be satisfied for the development of
safer biguanides: 1) low transport activity by Oct1/OCT1, and
2} K, value for hepatic uptake process that is smaller than
the IC,, value for mitochondrial respiration. '

In conclusion, the Octl-mediated hepatic uptake of bigna-
nides plays an important role in lactic acidosis. Oxygen con-
sumption and OCT1 cDNA-transfected cells can perhaps be
used to evaluate the incidence of lactic acidosis in vivo.
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I RBAE

1 K- REBHH

[“CI-CER & & U'JE ik © CER 43 Bayer AG
# (Wuppertal, Germany) X bft5 a3, @it
b iF#fE 4 In Vitro Technologies 1 (Baltimore, MD
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USA) X h#t5Ih#9, ersony—ai3g—
LR FER) L hAF L%, Cyclolsporin A T
DT i Sigma-Aldrich (St. Louis, MO, USA) k& b
AFLT%,
2 b hAARZAVWEIRDAKZRER

bt IR AFEE L 7218, Krebs—Henseleit buffer
T L, 2X10%cells/mL mFBIL, &5 ABRY
WAEL 7, BRI L 7RSI RERBRIAERT E T 4°C
THREFL 2 B DAL KEREIARETIC 37°C o ERMIC
L, 397[ preincubation 217> 7%, fIEREK
LEED [MC]-CER B L UHERZ & A Ek%
MA B2 &0, MYRHEBRERA L, WMDRAR
EERBAMAEE 0.5, 2 DT, MITLSRENE R L TH
FH1015 AL A4 Ve AN F 2 — FIcHE
LT, BLoMTss el eMiaeoL, M
@it a g [MC]-CER L EHEFIZE -
[“C]-CER DAHEMEEAE L 72,
3 bk OATP2 RIRREBWICEDAHEEE

bt I OATP2 #H %% AW/ LTI, OATPZ %
B A L 7= MDCKII # J'V#% Cell Culture Insert™
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{BD Biosciences, Bedford, MA) IZ#ZEEL, 2 H#EIC
B E 10mM BEEE + U Y LB NA 85 & iR
L, 20BHIKWYAAFER LT, #Mig%
Krebs-Henseleit buffer ¢ 2 [8] wash L 7:#, Krebs-
Henseleit buffer %1 Z T 10 4R 37°C T preincuba-
tion # fT\», [MC]-CER & X UHHEH %M 2 %
buffer & E#a32 Z L CHYIAAEREZRARKL /-,
B D AARFETEIZIE, buffer ZWELD, HRINFE
% 4°C Krebs-Henseleit buffer ¢ 4 [ wash L 7z,
MR 0. INNaOH ZMMAC 1 B2 2 Lo X
HEML, 0N HCLChRIL 224, Ml DAL
nBENEE R RIEL &, 74, MlEARERY
TEOER®fT- 7,
4 bEbEoOV—LZERVWEABER

L=V FE oY —A5% 33mM MgCl,, 3.3
mM glucose-6-phosphate, 0.4 U/mL glucose-6-
phosphate dehydrogenase, 1.3 mM NADPH, 0.8 mM
NADH 2% 100mM Y BE K /3y 7 7 — T, B
PEEE 0.5 mg protein/mL 2% 5 & S FHRL 7=, 8 7
0y — LB E 10 9 37°C T preincubation L
7zdk, [MCI-CER (final 1uM) M2 2 Z &°fR
HEELZRIRL 72, 45 RICERO7 =YL
BMAS L TCRIGERILESD, BDLTHE LE LR
LT, TLC (Kieselgel 60F,;, Merck KGaA, Darm-
stadt, Germany) IZ & - T ["C]-CER & R#{D
%47 o 7, [(¥C]-CER 8 X U REME, TLC i
Lo TRoNi Ny Fi BAS2000 (BE74 L4,
HE) THRIFTsZLicEhERLE,
5 TR

[(“C]-CER DEL D A&, ERHLEDAANRE
LN SHERE TR DA TN [MC]-CER DEHE
# (dpm/10° cells & 7= i3 dpm/mg protein) %, incuba-
tion buffer FOBHTEYE (dpm/ul) TRTZZ &I
EF2TRONIWMHARY YT F A (UL/10° cells
¥ 728 pul/mg protein) 2 ko TEL 7, HERMK
FRET I3, [MC1-CER M WARYIEE R BT OR
(1) 2 BTRHT, BAZFEE 7055 A MULTI?
ZRAWVT fitting SHE2TH itk o T, EHEAS
A—FERDTI,
Vot S
K,+5
2L, v BEUDARYIEE, SIIEE (CER)

= +Pd.lf. S......(l)
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a3 CsA DHENSR

t ki~ ® [“C]-CER oMb As % gl

L, 2T 5 CsA DHENREZTRT,

(2) It v b HH-088 %, (b) I2v v } HH-117

BRHVWEEEZOBRERT,

HRIE, n=20FHEER T, EHI fitted

line 377,

B2, Shitara Y, et al. ] Pharmacol Exp Ther (acce-

pted) Z5|HLTw3,

HE, K, 13 CER @HLh A HIZH T 5 Michaelis &
B, Vo3 ARELD ABWEE, PuddJEfE{EE D
ABRIIT I REBHET,

T/, CAW K BMHEERTIE, Bon-HhA
HINVT 7 A%RDA (2) AL, MULTI i2
IO ETRSIHERTI L, HEESHK K) %
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3 OATP2 SSBISNSIC 347 3 [1C)-CER DRI

H3AH
OATP2 31 MDCK Il i8Iz 54} 2 [“C)-CER R b
AL (M, )BT 2oL E LT, OATP2 cDNA
EZEERVHEBAY Y —DREBA L LMIE~0Hb
is (@, O) 277,
Bz o25uMa [YCl-CERZ2MA A EE0MmMH AR
(M, @) BLU30uM DIEEERCER 204 L XD
(MCI-CER oM hia# (O, O) 73T,
F=%i2n=3 DEHMHELSE TtH 2,
R4, Shitara Y, et al. J Pharmacol Exp Ther (accepted)
ZHRALTw3,

BHL-,
C e ( .I ""Pj
L= 2 LT )
72721, Cluypuer CLypge (control) i, Zhr#h
HERHFETB X UHEEET COWMDRARZ V7S
YA, LiZHEABES#T,

o # 8]

1 EMEFRRBIKEFS [MCI-CER ORD A& LU
CsA DEE
2EDORLRZZ P —h¥ok FFFME (oy b

HH-088, HH-117) # R\ Tl Y AARLEE 2T 7-

(B2). wFhouay FcBwTd [“C]-CER @

BRNLZRDARBEEZ SN, A2 CER 0t

HREZEZ DL, BEERIISA—F2HEE
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4 OATP2 Z4rL 7 [MC]-CER DELY A%
15 CsA DIREME

OATP2 BN 11 3 [MC)-CER O h A&

N5 CsA DRESHRL T,

Wik OATP2 Bl Oikayvibtn—no2

F—DAEEANL B~ OM DAL TT,

FT—=7idn=3 ODFHMHE+SE °H 3,

[ 42, Shitara Y, et al. ] Pharmacol Exp Ther (accep-

ted) 231HL T3,

L7z I35, K Vi Pu®IEIZ, HH-088 i,
18.3£6.9 uM, 5200+ 1970 pmol/min/10° cells, 70.2+
13.9 uL/min/10° cells, HH~117 Ti, 3.72£1.29 uM,
362 %120 pmol/min/108 cells, 41.7+3.4 tL/min/10°
cells Th-ot, ThéZHoDoy FOIFHEESE An
T, CER OHLDAARIINT 5 CsA DT rEEL
e, CORR, WThooy MoBwTh, BEK
FRZHESRSA SN, BShi K ik, HH-
088, -117 D Z L F i B » T, 0.280%0.215,
0.685+0.286 M (mean=SE) TH -7,
2 Eb OCATPZ HIRRICHITS [MC]-CER OELDIA

HFBELV CsA DRE

OATP2 #HAICH1 5 [MC]-CER OELh A&k %
HELR (F3), ZORE, OATP2 REAIzEW
T, RV —0HZEHEA L2y Fu— i
HRTHEECHVIRDAZBA SN, 2 27T,
OQATP2 #HFAICE1F 3 [MC]-CER OHLD A& I
5 CA K BHEDRZEB L, JOE
BRENLZAENRBEA L (H4), Bohr:
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8 bFFIZovy—2aickits [MC]-CER oS+ 2R 0BT
BHAHFAFET CRMb > e MFE 20V —Adi0to [YC]-CER ORBEEES T3,
REEEERRT, (FLp<001) F—Fitn=3 OEHMLSE TH 2,

B, Shitara Y, et al. ] Pharmacol Exp Ther {accepted) %#3/HL T\ 3,

Kfitit% 0.238+0.1294M (mean+SE) CH -7z,

3 EbE/OYV—-LTO [MCI-CER OBHZHT 2
CsA DEE
Eb7—NFE2uy—na%RALT, [MC]-CER

DRBEZHEL, ZHiTNT 5 CsA DEBITH>WT

BlEL: (R5). TOE 10uM B ED CsA %

MZT & BICRAEBASNE BDD, ICfHHIT 30

uM BLET, FERICIFOREMRERCH -,

m & =®

SEIOHE T, CER & CsA DMHEMFMAD A H
ZAXLEHOPICT R EREBNELT, Hic
CER Dt M~ OI b AARBRICNT 2 CsA
DEBIC >THEH2T o7/, & FFME~D
[“C]-CER OHU D AAZHEL & L 2 5, SEAW
EOFTROT Y Mo T O EARIEOER D AR
HIhi:, TOZELLS, CERMBFFVAR—F—
2 LT FIFMISICIRDIAE N Z E SRS R
72 Vi/Kn TREINZ ML L Py, TRIN S
FEMMMOMEX E OHBIC L D, HERENK LD
FHHNE O B BT, 70~80% I3 RATIME DR T
H5IERBALPIZE 57, CER OEFKMhisEE
BaM A —%—tH b8 BHECAVLNATLS
CERDIF~OWMDRAARILH LT FI 2 HE—
F—DNHELEBHEZRALTLIIENTERY A

7

CsA DEBIL>VLTHRE L L 2 5, Ffiz~D
HYRAZCI LT, FEFITED K (03~0.7uM) T
HEN&R S, —7F, CsA DEKTOEERM+ I
B Cou TR IuM TH 3%, L L&d85, CsA
RIFTIEE 0% BEBERIESLTE Y, Bk
HERD CADARIL S Vv AE—FY —DBEESH
FT D EFELBAE, BTLLEECEERA
TWLEYRNEERAESAT I LIZ TR v,
L LRds, BEMEEORELAE 20, FA
D OEOMEF B LTI, BRnFORELD
LbECR2TOAAESE L oW — ok
IR EERERTEE, FIVAR—-F—BAHLE
WORAERICHT 2AEL, BETREIhTL
LEORMAEEHOL L Eb—2>0ERIcAD 5
Do

OATP2 HERZHWTH Y AAREB LT &
ChH, NIV —DHRBHAL MR TESI
RO AARMEEEINAZ L» S, CER
OATP2 DEFICH 2 Z L RBE L=, OATP2 %
LRI DRARIZHTT B CsA ORIz >l
Lt ls, e MiFfilgic s 2D RARCHT 2
FRELHBRED K EToRESH SN, 25D
&6, bt MTMETAS N CER O H A&
DD ELIMIENICIE OATP2 # AL T ENT
W35 I, BLUCER & CsA DHFERIC OATP?
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ZHLHDALERGES L Tw 3 AREEYNS 2
LEMBTRENE, IhFETit, ZLokEaEYs
OATPR2 iz k » THEHITh 2 Z L HEINTW
2I6~19) %7 pravastatin @ & 5 12 BTN OATP2
DHEBELLEDZELBEINT VB, pravasta-
tin b F 7z CsA L HAFAZRGT, MPREXE
BTl rofiEances?y Zhbihk
OATP2 2/ LU A ABRVBERE ko TE
o TWBAEEELSH 5, Ak 0ATP2 iIZk T
FRICHBE I N2 HEMIz>» TR, BECAA=X LI
Lo THEFRDIEC 2GBTS B O THEREDISH
Hebs,

LED®ET & D, CER & CsA OFEWIIMHAIER
BT, FIVAR—F =8N LTDiARR
BTOBREY, P Lb—20BHIZR-Tw3
Z Db, OATP2 K k- THEI N5 {3
MOV THEROEER R 2 2T +2
wEZoD, REOEYEBEAZEZRICES
7=Hicdh, BYOBHRICrIboTHWE MR
R=F =i OoWTHLMII LT I ENLEBTH
%,

(8] EBHRE2TY 5420 ERtbs L UEERED
cerivastatin 2885 LT ¢ #Z& 12 F L7 Bayer AG 8 & (F34
IBEMERICEREN R LE T, £, b MATERRREL T
¢ 72 & v & L 72 In Vitro Technologies # @ Albert P Li {4+
{31 : Phase 1 Molecular Toxicology #t) iEFM» L3, 3
7=, QATP2 (OATP-C, LST-1) BEZERMAML, WHROL
TOSRZZMELToTTF A wE L AR A SR
RIRM OSSR BRI S L CTHERS IR &« AR
K, OATP2 (QATP-C, LST-1) cDNA ##t5 L T # X\
L BiEREEER O MR i e L T,
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