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2005). Metformin uptake in SERT-HEK 293 cells showed
linearity up to 2 minutes, followed by nonlinear uptake; while
metformin uptake in control HEK 293 cells was significantly
lower and linear up to 30 minutes (Fig. 3A). The apparent
K, value for SERT-mediated metformin uptake was estimated
at 4 mM (Fig. 3B).

Paroxetine, a selective serotonin reuptake inhibitor with
a reported K; for SERT of 0.8 nM (Owens et al., 1997),
inhibited OCT1-, 2-, 3-, and SERT-mediated metformin
uptake in single transporter-expressing cell systems with
IC5o valuesof 1.0 = 0.2 uM, 11.9 = 1.2 uM, 6.4 = 1.3 uM, and
6.0 += 0.6 nM, respectively. Hence, a paroxetine concentration
of 0.1 uM was used to selectively inhibit SERT, without
inhibiting OCTs (Table 1).

The contribution of SERT to metformin AP uptake in Caco-2
cell monolayers was evaluated using chemical inhibitors at
concentrations outlined in the modified chemical inhibition
scheme (Fig. 3D) with the results presented in Fig. 3E. The
estimated IC5¢ value for inhibition of metformin uptake into
SERT-expressing cells by mitoxantrone was 977.2 + 1.2 uM
(Supplemental Fig. 2; Table 1); therefore, we can conclude
that mitoxantrone at 25 uM inhibited only OCT1 and did not
significantly inhibit SERT. The selective inhibitor of SERT,
paroxetine, decreased metformin AP uptake into Caco-2 cell
monolayers by ~20%. Because desipramine also inhibits SERT
with a Kj value of 54 + 4.2 nM (Barker et al., 1994), ~65%
decrease in metformin AP uptake by desipramine likely in-
cludes inhibition of SERT in addition to the inhibition of

OCT1 and PMAT. Thus, 65% inhibition of metformin uptake
by desipramine would suggest OCT1, PMAT, and SERT
contribute ~25, ~20, and ~20%, respectively, to metformin
AP uptake.

To account for ~15% remaining transporter-mediated
uptake of metformin, the choline transporter system, which
includes CHT and CTL1-5, was considered as a possible
candidate. Studies have shown that a selective CHT inhibitor,
HC3 can inhibit CHT with greater potency (IC5y = 4 nM) than
CTLs (~100 uM) (Apparsundaram et al., 2000; Lockman and
Allen, 2002). To determine whether HC3 can also inhibit
OCTs and SERT, the potency of HC3 for inhibition of OCTs
and SERT was investigated (Fig. 4A). The IC5o values for
OCT1-, 2-, 3-, and SERT-mediated metformin uptake are
112.2 + 1.5, 131.8 += 1.4, 524.8 = 1.7, and 70.8 * 1.2 uM,
respectively (Table 1). Therefore, 1 uM HC3 can be used to
selectively inhibit CHT-mediated metformin uptake without
affecting the other transporters. In a modified chemical
inhibition scheme (Fig. 4B), HC3 caused ~15% decrease in
the AP uptake of metformin relative to control cells (Fig. 4C).
Desipramine and HC3 together inhibited ~80% of the AP
uptake of metformin, which was not significantly different
from the inhibitory effect of 5 mM MPP* (Fig. 4C). These
results suggested the involvement of CHT, with a relative
contribution of ~15% to the AP uptake of metformin, which
combined with OCT1, PMAT, and SERT, accounts for all of
the transporter-mediated uptake of metformin across the AP
membrane in Caco-2 cell monolayers.

Fig. 3. SERT is a metformin transporter and contributes to the AP uptake of metformin in Caco-2 cell monolayers. (A) Uptake of metformin (1 uM) as
a function of time in SERT- transfected HEK 293 cells (closed symbols) and HEK 293 control cells (open symbols). (B) Uptake of metformin (2 minutes) as
a function of concentration in SERT-HEK 293 cells, corrected for surface binding and uptake of metformin in control HEK 293 cells. A Michaelis-Menten
equation with one saturable component was fit to the corrected uptake rate data and the estimated K,,, and V.« values are presented. (C) Inhibition
curves depicting metformin uptake (10 uM, 5 minutes) by OCTs and SERT in the presence of paroxetine. (D) Modified chemical inhibition scheme to
determine the contributions of OCT1, PMAT, and SERT to metformin uptake into Caco-2 cell monolayers. (E) Inhibition of metformin AP uptake (10 uM,
5 minutes) in the presence of inhibitors considered in (D). Data represent mean *= S.D., n = 3. *P < 0.05, **P < 0.01, ***P < 0.001 compared with the

control; *P < 0.05 compared with each other.
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determined by Western blot analysis.

Protein Expression of the Four Metformin Trans-
porters in Caco-2 Cell Monolayers and Human In-
testine. The genes of all four transporters that have a role in
metformin uptake across the AP membrane of Caco-2 cell
monolayers are expressed in these cells (Fig. 1). However, it is
important to determine if the transporter proteins are also
expressed in Caco-2 cell monolayers. Western blot analysis
showed that all four transporters implicated in metformin
transport, i.e., OCT1, PMAT, SERT, and CHT, are expressed
in Caco-2 cells (Fig. 4E). PMAT and SERT exhibited higher
protein expression levels than OCT1 and CHT (Fig. 4E).
Furthermore, the analysis showed that these transporter

proteins are also expressed in human jejunal tissue (Fig. 4F).
The protein expression level for these transporters in human
jejunal tissue was much lower than that in Caco-2 cells. As
in Caco-2 cells, PMAT and SERT exhibited higher protein
expression levels than OCT1, but unlike Caco-2 cells, CHT
protein expression in the human jejunal tissue was barely
visible (Fig. 4F).

Confirmation of PMAT Contribution to Metformin
AP Uptake with a Stable PMAT-Knockdown Caco-2
Cell Construct. Since the contribution of PMAT in the AP
uptake of metformin in Caco-2 cell monolayers was derived
indirectly by using a combination of inhibitors, neither of
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which was selective for PMAT, it was important to confirm
this result using a distinctly different approach. Hence,
PMAT-knockdown Caco-2 cells were created in which three
clones with normal morphology and growth rate (2, 9, 24),
exhibited attenuation of the PMAT mRNA expression by
>T70% of the control (Fig. 5A) with a corresponding reduction
in the PMAT protein expression (Fig. 5B). OCT1-knockdown
clones [construct 1-clone 43 (1-43), construct 3-clone 21 (3-21),
and construct 3-clone 27 (3-27)] with 70% reduction in the
OCT1 mRNA expression (corresponding reduction in OCT1
protein expression has been shown previously) (Han et al.,
2013) (Fig. 5C) were identified and used as the positive control
for the studies with PMAT-knockdown Caco-2 cells. The AP
uptakes of metformin in PMAT-knockdown (Fig. 5D) and
OCT1-knockdown (Fig. 5E) Caco-2 cell monolayers were ~40
and 20%, respectively, lower than that in the corresponding
wild-type cells; and this is consistent with 25% reduction in
metformin AP uptake caused by mitoxantrone, an OCT1-
specific transporter at the concentration employed.

Discussion

Metformin is known to be a substrate for multiple trans-
porters in the liver/kidney, and many of these transporters
are likely expressed in the AP membrane in Caco-2 cell
monolayers. Therefore, elucidation of the relative contribution
of individual transporter(s) to metformin AP uptake required
the use of a highly selective inhibitor for each transporter.
Alternatively, one could use the relative activity factor method
proposed by Hirano et al. (2004), using selective substrates for

each transporter to estimate the contribution of transporters to
uptake of drugs when multiple transporters are involved.
However, these methods are often not feasible, especially for
cation-selective transporters where the inhibition curves often
overlap across different transporters. Therefore, a novel ap-
proach was conceived in which the use of available transporter-
specific inhibitors was combined with the use of a cocktail of
inhibitors with known but overlapping inhibitory potencies
toward multiple transporters (depicted in Figs. 2—4).

The transporters that were initially considered are
OCT1-3, OCTN2, MATE1, and PMAT (Fig. 2E). Surprisingly,
uptake studies with metformin in OCTN2-expressing CHO
cells revealed that metformin is not a substrate for this
transporter (Supplemental Fig. 1). This finding is highly
significant in that it rules out metformin transport by one of
the most highly expressed AP cation-selective transporters in
both Caco-2 cells and human intestine (Elimrani et al., 2003)
as well as in the heart, liver, and kidney (Tamai et al., 1998;
Wu et al., 1999; Hilgendorf et al., 2007). The studies with the
initial inhibition scheme provided evidence that OCT1 and
PMAT were involved in metformin AP uptake and ruled out
0OCT2, OCT3, and MATE1 (Fig. 2).

The chemical inhibition studies (Fig. 2) revealed that a
significant component of carrier-mediated uptake was un-
accounted for (Fig. 2F), suggesting that in addition to OCT1
and PMAT, another transporter(s) is involved in metformin
AP uptake. Hence, other proteins known to transport cations
were considered, and SERT was chosen for further investiga-
tion for reasons outlined subsequently. SERT is expressed in
both AP and BL membranes, although expression on the AP
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Fig. 5. Metformin AP uptake into PMAT- and OCT1-knockdown Caco-2 cells. (A—C) Expression levels of the PMAT gene (A) and protein (B) in PMAT-
knockdown clones, and the OCT1 gene (C) in OCT1-knockdown clones of Caco-2 cells relative to the control (wild-type Caco-2 cells); gene expression data
represent mean = S.D., n = 3. ¥*P < 0.05, **P < 0.01 compared with the control, and protein expression data are from n = 1. (D and E) Metformin AP
uptake (10 uM, 5 minutes) into (D) PMAT- and (E) OCT1-knockdown clones relative to the control (wild-type Caco-2 cells). Data represent mean = S.D.,

n = 3. *P < 0.05, **P < 0.01 compared with the control.
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side is predominant in the intestine and Caco-2 cell monolayers
(Wade et al., 1996; Martel et al., 2003; Gill et al., 2008), and it
functions as an uptake transporter (Nelson and Rudnick,
1979). The endogenous substrate of SERT is serotonin; how-
ever, SERT and other OCTSs share substrates. In OCT3- and
PMAT-transfected HEK 293 cells, both these transporters
can mediate uptake of serotonin (Duan and Wang, 2010).
Additionally, in SERT-transfected HEK 293 cells, SERT can
mediate uptake of several organic cations such as tyramine,
MPP™, and para-chloroamphetamine (Hilber et al., 2005). Thus,
it was reasonable to consider SERT as the missing transporter
in metformin AP uptake.

In this study, metformin was shown to be a substrate for
SERT with an apparent K,,, of approximately 4 mM, which is
similar to the metformin K, for OCT1 and OCTS3. This is the
first report of metformin being transported by SERT. A second
chemical inhibition scheme was employed (Fig. 3D) in which
paroxetine, a potent serotonin-selective reuptake inhibitor,
was deployed. Studies with this inhibition scheme (Fig. 3)
have suggested that approximately 20% of metformin uptake
into Caco-2 cell monolayers is mediated by SERT. Interest-
ingly, studies deploying the new chemical inhibition scheme
(Fig. 3) did not account for a significant difference (~15%) in
the inhibition of metformin AP uptake by desipramine and
MPP", and thus left open the possibility that yet another
transporter contributes to metformin AP uptake into Caco-2
cell monolayers.

We considered choline transporters in our search for the
identity of the yet unknown transporter that contributes to
~15% of metformin AP uptake into Caco-2 cell monolayers.
This was because choline is a hydrophilic quaternary amine
with a permanent positive charge, thus resembling metformin
in key structural features (Fig. 4D) (Werner and Bell, 1921;
Ing, 1949). The choline transporter system, which includes
CHT and CTLs, plays a significant role in the intestinal ab-
sorption of this essential nutrient (Sanford and Smyth, 1971;
Herzberg and Lerner, 1973; Kuczler et al.,, 1977, Kamath
et al., 2003). HC3 (1 uM), a specific inhibitor of CHT (IC5¢ =
4 nM; Apparsundaram et al., 2000), inhibited metformin AP
uptake into Caco-2 cell monolayers by ~15% (Fig. 4), sup-
porting a role of CHT in metformin uptake. Thus, the AP
uptake of metformin in Caco-2 cell monolayers was reex-
amined by including HC3 in the inhibition scheme (Fig. 4). As
expected, HC3 reduced metformin AP uptake by ~15%, and
a mixture of desipramine and HC3 completely abolished all
carrier-mediated uptake of metformin in Caco-2 cells similar
to the inhibition observed with MPP ™. Direct evidence for CHT
involvement in metformin transport is still lacking; however,
the inhibition data in Fig. 4 strongly suggest the involvement of
this transporter in metformin AP uptake into Caco-2 cell
monolayers. The other choline transport proteins, CTL1-5,
which are highly expressed in the intestine, are not inhibited
by HC3 at 1 uM (ICsq values in the 100 uM range) (Lockman
and Allen, 2002), and therefore are likely not involved in
metformin AP uptake.

Of the four transporters implicated, the contribution of
PMAT toward metformin AP uptake into Caco-2 cell mono-
layers was determined based on a process of elimination
without the use of a selective inhibitor. To confirm the in-
volvement of PMAT and the validity of our chemical inhibition
scheme, stable PMAT-knockdown Caco-2 clones were gener-
ated using an established small interfering RNA sequence
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(Engel et al., 2004). OCT1-knockdown Caco-2 clones generated
previously (Han et al., 2013) were used as a positive control. In
both PMAT- and OCT1-knockdown cells, metformin AP uptake
was decreased by ~40 and ~20%, respectively (Fig. 5, D and E).
This finding, confirming the role of PMAT in metformin
AP uptake, is novel in that this is the first report of PMAT
expression and function in Caco-2 cell monolayers. Together,
these studies corroborate chemical inhibition data that have
provided evidence for the contribution of PMAT toward
metformin AP uptake in Caco-2 cell monolayers.

The studies in this work show that a judicious use of a
cocktail of inhibitors can elucidate the contributions of several
transporters in the uptake or transport of drugs across bio-
logic barriers, and uncover the role of previously unknown
transporters in the transport of a given drug. This is the first
report in which the contributions of four different trans-
porters (OCT1, PMAT, SERT, and CHT) in metformin AP
uptake into Caco-2 cell monolayers (Fig. 6) was established
through a series of studies showing gene and protein ex-
pression of these transporters, metformin uptake, and in-
hibition of the uptake using a cocktail of uptake inhibitors. It
is noteworthy that protein expression of PMAT and SERT is
higher in human jejunal tissue, with lower expression of
OCT1 and trace expression of CHT (Fig. 4F). Establishing the
role of these transporters in Caco-2 cells, and by implication in
human intestinal epithelium, is a significant finding consid-
ering that metformin has been in clinical use for decades
without any recognition that its intestinal absorption may
involve multiple intestinal transporters. Elucidation of the
role of these transporters in the intestinal absorption of
metformin after oral administration to humans will require
consideration and modeling of transporter-mediated uptake
(and efflux) kinetics, the expression of these transporters and
varying metformin concentrations along the length of the
intestine, and mechanisms that drive AP uptake and efflux of
metformin by each transporter (e.g., sodium dependence for
SERT, membrane potential for OCT1, etc.). This work, and

e Metformin

Apical (AP)

15%

25%

Enterocyte *

Basolateral (BL)

20% 20%

Fig. 6. Schematic representation of the contributions of cation-selective
transporters to metformin AP uptake in Caco-2 cell monolayers. OCT1,
PMAT, SERT, and CHT are responsible for 25%, 20%, 20%, and 15% of the
AP uptake of metformin in Caco-2 cell monolayers, respectively. Passive
processes and nonspecific binding likely contribute to the remaining ~20%
of the apparent uptake measured.
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future studies that will be conceived based on this work, will
yield valuable insight into the mechanisms responsible for
the dose-dependent and variable absorption (Noel, 1979;
Tucker et al., 1981), intestinal accumulation, and associated
pharmacology/adverse effects (Stepensky et al., 2002; Bailey
et al., 2008) of metformin. Furthermore, these findings will
lead to critical reexamination of metformin’s potential to
cause intestinal drug-drug interactions. The high dose (e.g.,
500-1000 mg) of metformin may affect oral absorption of co-
administered cationic drugs in which absorption is dependent
on transporters.
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Supplemental Figure 1. Metformin is a substrate for OCT1-3 and not OCTN2. (A-D) Time
profiles of metformin [10 uM] uptake in OCT1, OCT2, OCT3 and OCTNZ2 expressing CHO cells
(solid symbols) and their mock-transfected CHO control (open symbols). (E-G) Concentration
profiles of metformin uptake in OCT1- [5 min], OCT2- [30 sec], and OCT3- [5 min] expressing
CHO cells, respectively. Uptake data is reported as active transport for each transporter, where
the uptake rate from the mock-transfected CHO cells was subtracted from each data point. A
Michaelis-Menten equation with one saturable component was fit to the corrected uptake rate
data obtained in CHO cell experiments and the estimated K, values are presented. Metformin is
a substrate of OCT1, OCT2, and OCT3, with apparent K, values of 3.1 £0.3,0.6 £0.1, and 2.6 £

0.2 mM, respectively, but it is not a substrate of OCTN2. Data represent mean + S.D., n=3.
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23 Supplemental Figure 2. Serotonin uptake by SERT in the presence of mitoxantrone. Data

24 represent mean + S.D., n=3. ICs value is 977.2 £ 1.2 uM.



