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Although some guanidine compounds were reported as superior substrates for organic cation
transporter (OCT)2 than OCT1, it was unclear whether this guanidino group was an important factor in
determining the specificity of hOCT1 and hOCT2. Using HEK293 cells transfected with human (h)OCT1 or
hOCT2 cDNA, we assessed the role of hOCT1 and/or hOCT2 in the transport of guanidine compounds such

Keywords: as uremic toxins and therapeutic agents. Guanidine, creatinine and aminoguanidine more markedly
Guanidine inhibited the uptake of [*4C]tetraethylammonium (TEA) by hOCT2 than by hOCT1. [*4C]TEA uptake by
grcr;{?oguamdme hOCT2, but not hOCT1, was trans-stimulated by unlabeled guanidine, methylguanidine, creatinine,
0OCT2 aminoguanidine and phenylguanidine. In patients with renal failure, the impairment of hOCT2 might
Uremic toxins decrease the excretion of guanidine, methylguanidine, and creatinine as uremic toxins. The uptake of
Kidney aminoguanidine, a candidate for an anti-diabetic agent, was enhanced by hOCT2 with the Michaelis

constant (Ky,) of 4.10 & 0.35 mM. Metformin, which was also an anti-diabetic agent, and creatinine more
potently inhibited the uptake of [*4Claminoguanidine by hOCT2 than that by hOCT1. Aminoguanidine had
little impact on the uptake of ['“C]metformin by hOCT1, but inhibited that by hOCT2 with the ICso of
1.49 £ 0.14 mM. These results indicated that the specificity of hOCT1 and hOCT2 was not determined simply
by guanidino group. Among guanidine compounds, aminoguanidine was identified as a new superior
substrate for hOCT2.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction the glomerular filtration rate (GFR), suggesting the contribution of

tubular secretion [15-17].

Organic cation transporters (OCTs) play an important role in the
tissue distribution of a wide variety of positively charged
molecules, including drugs and endogenous substrates. Human
organic cation transporter 1 (hOCT1) is preferentially expressed in
the liver, and mediates hepatic uptake of cationic compounds [1,2].
In contrast, hOCT2 is specifically expressed in the renal proximal
tubules, and is considered to mediate the renal uptake of cationic
compounds [3,4]. Functional studies suggested that these trans-
porters were often similar in substrate specificity [4,5], but in
recent years, the compounds with a guanidino group such as
guanidine, creatinine, and metformin were reported to be better
substrates for OCT2 than OCT1 in rat and/or human [6-8].
However, it was unclear whether a guanidino group was important
in determining the affinity of the two transporters.

Some guanidine compounds have been known as uremic toxins
[9-14]. Other guanidine compounds have been reported as anti-
diabetic agents, in particular, aminoguanidine is positively charged
at physiological pH, and its renal clearance was more than twice
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The aim of this study was to compare the specificity of hOCT1
and hOCT2 for several guanidine compounds, including uremic
toxins and aminoguanidine (Fig. 1).

2. Materials and methods
2.1. Materials

[Ethyl-1-'C]tetraethylammonium bromide (55 mCi/mmol)
was purchased from American Radiolabeled Chemicals (St. Louis,
MO, USA). ['“C]laminoguanidine (51 mCi/mmol) and [biguanidi-
ne-'4C]metformin hydrochloride (26 mCi/mmol) were purchased
from Moravek Biochemicals, Inc. (Brea, CA). [*H]1-methyl-4-
phenylpyridium acetate (MPP) (2.7 TBq/mmol) was purchased
from PerkinElmer Life and Analytical Sciences Waltham, MA).
Creatinine and guanidine hydrochloride were obtained from
Nacalai Tesque (Kyoto, Japan). N,-Acetyl-L-arginine, aminoguani-
dine bicarbonate salt, 1-butylguanidine sulfate, creatine anhy-
drous, 1,1-dimethylguanidine sulfate salt, guanidinoacetic acid,
guanidinosuccinic acid, guanidinovaleric acid hemihydrate,
methylguanidine hydrochloride, N-propylguanidine sulfate, phe-
nylguanidine carbonate salt, 1,1,3,3-tetramethylguanidine, and 1-
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Fig. 1. Chemical structures of guanidine compounds.

methyl-4-phenylpyridium iodide were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). All other compounds used were of
the highest purity available.

2.2. Cell culture

HEK 293 cells (ATCC CRL-1573, American Type Culture
Collection, Manassas, VA) were cultured in complete medium
consisting of Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum in an atmosphere of 5% CO,/95% air at 37 °C, and
used as host cells. The transfectant stably expressing hOCT1 and
hOCT2 were established as described previously [7,8]. The HEK293
cells transiently transfected with pCMV6-XL4 plasmid vector DNA
(OriGene Technologies, Rockville, MD) containing hOCT1, hOCT2
or hOCT3-cDNA were prepared as described previously [7,18]. The
cell monolayers were used at day 3 of culture for uptake
experiments. In the present study, cells were used between the
78th and 90th passages.

2.3. Uptake experiments

The cellular uptake of cationic compounds was measured with
monolayer cultures of HEK293 cells grown on poly-p-lysine-
coated 24-well plates [7,19]. The protein content of the
solubilized cells was determined by the method of Bradford
[20], using a Bio-Rad Protein Assay Kit (Bio-Rad Laboratories,
Hercules, CA) with bovine-globulin as a standard. For the cis-
inhibition study, the uptake of [!“C]tetraethylammonium (TEA),
[**C]Jaminoguanidine, or ['*C]metformin was achieved by adding
various concentrations of unlabeled inhibitors to the incubation
medium. ICsg values were calculated from the inhibition plots

based on the equation, V = V/[1 + ([I]/IC50)"], by a nonlinear least
square regression analysis with Kaleidagraph Version 4.00
(Synergy Software, Reading, PA, USA). V and V, were the uptake
rates of [1*C|TEA, ['*C]aminoguanidine, or [!*C]metformin in the
presence and absence of inhibitor, respectively. [I] is the
concentration of inhibitor, and n is the Hill coefficient. For the

Table 1
The apparent ICsq values of guanidine compounds for ['4C]TEA uptake by hOCT1
and hOCT2.

Guanidine compounds ICs values for ['*C]TEA uptake (mM)

hOCT1 hOCT2
Uremic toxins®

Creatinine N/A 6.06 + 0.98
Guanidine N/A 3.03 +£0.42
Guanidinosuccinic acid 1.54+0.15 1.47 £ 0.20
Methylguanidine 2.36 + 0.06 1.53 £ 0.31
Acetyl arginine N/A N/A
Creatine N/A N/A
Guanidinoacetic acid N/A N/A
Guanidinovaleric acid 0.66 + 0.03 1.18 £0.14°
Butylguanidine 0.21 £0.02 0.12 +0.01°
Dimethylguanidine 0.54 + 0.09 0.36 +0.02
Propylguanidine 0.36 + 0.04 0.29 £ 0.02
Tetramethylguanidine 0.48 +0.08 0.78 £0.13
Aminoguanidine N/A 0.80 £0.11
Phenylguanidine 0.23 £ 0.03 0.26 £ 0.02

See experimental conditions in the legend of Fig. 2. The apparent ICso values were
calculated from inhibition plots (Fig. 2) by nonlinear regression analysis as
described in Section 2. The data represent the mean + S.E. of three independent
experiments. N/A, not available. "P < 0.05, significantly different from the ICs value of
hOCT1.

¢ [18].



N. Kimura et al./Biochemical Pharmacology 77 (2009) 1429-1436 1431

trans-inhibition study, the cells were preincubated with either the
incubation medium (control) or the incubation medium plus the
indicated concentration of unlabeled compounds for 30 min. The
cells were rinsed twice with 1 mL of ice-cold incubation medium
before the uptake experiments. The concentration dependence of
the transport of aminoguanidine by hOCT1 and hOCT2 was
analyzed using the Michaelis-Menten equation; V= Vqax[S]/
(Km +[S]) *+ Kaigr-[S], where V is the transport rate, Vyax is the
maximum transport rate, [S] is the concentration of aminogua-
nidine, K., is the Michaelis constant and Ky is a diffusion
constant. The accumulation of ['*C]aminoguanidine by hOCT1-
and hOCT2-HEK293 cells was measured at various concentrations
(0.1-10 mM) for 2 min at 37 °C (pH 7.4).
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2.4. Statistical analysis

Data were expressed as the mean + S.E. Data were analyzed
statistically using the non-paired Student’s t test or one-way analysis
of variance (ANOVA) and Dunnett’s multiple comparison procedure.

3. Results

3.1. Inhibitory effects of guanidine compounds on TEA uptake by
hOCT1 and hOCT2

To compare the specificity of hOCT1 and hOCT2, the inhibitory
effects of several guanidine compounds on the uptake of ['*C]TEA
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Fig. 2. Effects of guanidine compounds on ['“C]TEA uptake by hOCT1 (a, ¢, e and g) and hOCT2 (b, d, f and h). HEK293 cells transfected with hOCT1 and hOCT2 were incubated
at 37 °C for 2 min with 5 uM ["C]TEA (pH 7.4) in the presence of (a and b); creatinine (open circle), guanidine (closed circle), guanidinosuccinic acid (open triangle), or
methylguanidine (closed triangle), (c and d); acetyl arginine (open circle), creatine (closed circle), guanidinoacetic acid (open triangle), or guanidinovaleric acid (closed
triangle), (e and f); butylguanidine (open circle), dimethylguanidine (closed circle), propylguanidine (open triangle), or tetramethylguanidine (closed triangle), (g and h);
aminoguanidine (open circle), or phenylguanidine (closed circle). Each point represents the mean + S.E. of three independent experiments.
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Fig. 3. Relationship between the calculated hydrophobicity (C log P) of guanidine
compounds and ICsq values for inhibition of ['#C]TEA uptake by hOCT1 and hOCT2.
The relationship between the calculated hydrophobicity (Clog P) of guanidine
compounds and the measured ICso values for inhibition of ['“C]TEA uptake in
hOCT1-HEK293 (open circle) and hOCT2-HEK293 (closed circle) cells. See
experimental conditions in the legend of Fig. 2. The apparent ICso values were
calculated from inhibition plots (Fig. 2) by nonlinear regression analysis as
described in Section 2. Octanol/water partition coefficients (log P) were calculated
using Chem Draw Ultra 7.0 software.

(a typical substrate for the organic cation transporter) were
examined (Table 1, Fig. 2). The inhibitory effects of guanidino-
succinic acid and methylguanidine were comparable between
hOCT1 and hOCT2. Guanidine and creatinine had stronger

inhibitory effects on ['*C]TEA uptake by hOCT2 than by hOCT1,
whereas guanidinovaleric acid inhibited hOCT1 more than hOCT?2.
Guanidinoacetic acid tended to inhibit the uptake of ['*C]TEA by
both hOCT1 and hOCT2, while creatine tended only to inhibit the
hOCT?2. Acetyl arginine did not inhibit ['“C|JTEA uptake by either
transporters. The inhibition curves of alkyl guanidine compounds
for ['“C]TEA uptake showed that alkyl guanidine compounds had
potent inhibitory effects on both hOCT1 and hOCT2, and that only
butylguanidine had moderately higher affinity for hOCT2 than
hOCT1. Phenylguanidine had an inhibitory effect on ['4C]TEA
uptake by both hOCT1 and hOCT2, while aminoguanidine had a
much greater inhibitory effect on hOCT2 than hOCT1. Fig. 3 plots
the relationship between the log of the measured ICsq values
(Table 1) and the calculated log P values (Clog P) of guanidine
compounds.

3.2. Trans-stimulation effects of guanidine compounds on TEA uptake
by hOCT1 and hOCT2

To examine whether these guanidine compounds were sub-
strates of hOCT1 and hOCT2, trans-stimulation experiments were
performed. The transfectants were preincubated with a concen-
tration equivalent to approximately 3-fold the ICso value of the
unlabeled guanidine compounds, or else with 10 mM if the ICsq
value was not available (Table 1) [5]. Then, the ['*C]TEA uptake by
the preincubated transfectants was measured. Fig. 4 shows the

control :I
=Y ——
Creatinine :

Guanidine :ﬂl
Guanidinosuccinic acid [ Ji*x
Methylguanidine
Acetyl arginine ]
Creatine 1]
Guanidinoacetic acid 1
Guanidinovaleric acid j:h sk

(a) (b)

*%

L s L . L
0 100 200 300 400 500 O

L L L L .
100 200 300 400 500

ACCUMULATION (% of control) ACCUMULATION (% of control)

Fig. 4. Trans-stimulation effects of guanidine compounds as uremic toxins on ['4C]TEA uptake by hOCT1 (a) and hOCT2 (b). HEK-hOCT1 and HEK-hOCT?2 cells were incubated
for 2 min at 37 °C with 5 uM ["C]TEA after preincubation with incubation medium (control) or incubation medium containing TEA (5 mM), creatinine (10 mM, hOCT1;
20 mM, hOCT2), guanidine (10 mM, hOCT1; 9 mM, hOCT2), guanidinosuccinic acid (5 mM, hOCT1; 4 mM, hOCT2), methylguanidine (7 mM hOCT1; 5 mM, hOCT2), acetyl
arginine (10 mM), creatine (10 mM), guanidinoacetic acid (10 mM), and guanidinovaleric acid (2 mM, hOCT1; 4 mM, hOCT2) for 30 min at 37 °C, respectively. Data are
expressed as a percentage of the control value. Control values for HEK-hOCT1 and HEK-hOCT2 were 25.6 + 1.4 and 14.5 + 1.2 pmol/mg protein/2 min, respectively. Each column
represents the mean =+ S.E. of three independent experiments. P < 0.05, P < 0.01, significantly different from the control.
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Fig. 5. Trans-stimulation effects of alkyl guanidine compounds, aminoguanidine and phenylguanidine on ['“C]TEA uptake by hOCT1 (a) and hOCT2 (b). HEK-hOCT1 and HEK-
hOCT2 cells were incubated for 2 min at 37 °C with 5 uM ["C]TEA after preincubation with incubation medium (control) or incubation medium containing TEA (5 mM),
butylguanidine (0.6 mM, hOCT1; 0.4 mM, hOCT2), dimethylguanidine (2 mM hOCT1; 1 mM, hOCT2), propylguanidine (1 mM, hOCT1; 0.9 mM, hOCT2), tetramethylguanidine
(1 mM, hOCT1; 2 mM, hOCT2), aminoguanidine (10 mM, hOCT1; 2 mM hOCT2) and phenylguanidine (0.7 mM, hOCT1; 0.8 mM, hOCT2) for 30 min at 37 °C, respectively. Data
are expressed as a percentage of the control value. Control values for HEK-hOCT1 and HEK-hOCT2 were 25.9 + 1.4 and 11.0 + 0.2 pmol/mg protein/2 min, respectively. Each
column represents the mean =+ S.E. of three independent experiments. ‘P < 0.05, “P < 0.01, significantly different from the control.
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Fig. 7. Effects of TEA, creatinine and metformin on ['#CJaminoguanidine transport by hOCT1 (a) and hOCT2 (b). HEK 293 cells transfected with hOCT1 and hOCT2 were
incubated at 37 °C for 2 min with 10 wM ['4Claminoguanidine (pH 7.4) in the absence (open circle) or presence of TEA (closed circle), creatinine (open triangle), or metformin
(closed triangle). Each point represents the mean =+ S.E. of three independent experiments.

trans-stimulation effects of endogenous guanidine compounds as
uremic toxin. Preincubation with unlabeled guanidine, methyl-
guanidine, and creatinine significantly increased the uptake of
[*4C]TEA by hOCT2 but not hOCT1. Meanwhile, preincubation with
guanidinovaleric acid increased the ['*C]TEA uptake by hOCT1 but
not hOCT2. As shown in Fig. 5, we examined the trans-stimulation
effects of the other guanidine compounds. Preincubation with
unlabeled butylguanidine, propylguanidine, dimethylguanidine,
and tetramethylguanidine increased the uptake of ['*C]TEA by
both transfectants. On the other hand, the preincubation with
aminoguanidine and phenylguanidine significantly enhanced the
['“C]TEA uptake by hOCT2 but not hOCT1.

3.3. Uptake of aminoguanidine by hOCT1 and hOCT2

To obtain more information about the substrate specificity
of hOCT2, the transport characteristics of ['#“Claminoguanidine
was compared between hOCT1 and hOCT2. Fig. 6 shows the
concentration dependence of ['#Claminoguanidine uptake by
hOCT1 and hOCT2. The uptake by hOCT2 was greater than that by
hOCT1. The uptake was saturated at high concentrations in
hOCT2-expressing cells, although no such saturation was
observed in hOCT1-expressing cells. The apparent Michaelis-
Menten constant (Kn,) for the uptake of ['4C]aminoguanidine by
hOCT2 was 4.10 + 0.35 mM. The maximal uptake rate (Vpax) in
hOCT2-expressing cells was 4.40 + 0.42 nmol/mg protein/min
(mean + S.E. of three separate experiments). Next, we examined
the inhibitory effects of TEA, creatinine and metformin on the uptake
of ['*C]aminoguanidine by hOCT1 and hOCT2 (Fig. 7). Fig. 7a and b

shows the inhibition curves of TEA, creatinine and metformin in
hOCT1- and hOCT2-expressing cells, respectively. Although TEA,
creatinine and metformin inhibited the uptake of ['*C]Jaminogua-
nidine by both hOCT1 and hOCT2 in a dose-dependent manner, the
uptake by hOCT2 was more inhibited. We calculated the IC5q values of
these cationic compounds from the inhibition plots as described in
Section 2 (Table 2). We also examined the inhibitory effect of
aminoguanidine on the uptake of ['*Clmetformin (Fig. 8). Amino-
guanidine had little impact on the uptake of ['“*C]metformin by
hOCT1, and the ICsy value of aminoguanidine was not estimated
(Fig. 8a). However, aminoguanidine inhibited the ['*C]metformin
uptake by hOCT2 with the ICsq of 1.49 + 0.14 mM (Fig. 8b).

To confirm aminoguanidine as a new substrate selective for
hOCT2, the influence of cis-inhibition and trans-stimulation of
aminoguanidine on the [3H]MPP transport by hOCT3 was

Table 2
The apparent ICso values of cationic compounds for ['#C]aminoguanidine uptake by
hOCT1 and hOCT2.

Inhibitors ICsg values for ['*C]aminoguanidine uptake
(mM)
hOCT1 hOCT2
TEA 1.39 + 0.06 0.16 + 0.02
Creatinine N/A 424426
Metformine 9.48 + 0.56 2.37 +£0.20

See experimental conditions in the legend of Fig. 7. The apparent ICs, values were
calculated from inhibition plots (Fig. 7) by nonlinear regression analysis as
described in Section 2. The data represent the mean =+ S.E. of three independent
experiments. N/A, not available.
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examined in comparison with hOCT2 (Fig. 9a and b). The hOCT3-
mediated uptake of [P H]MPP was little affected by aminoguanidine
in both conditions of cis-inhibition and trans-stimulation. In
addition, the transport of [!4C]aminoguanidine by hOCT2 was the
highest among three OCT isoforms (Fig. 9c).

4. Discussion

Previous reports suggested that guanidine and creatinine,
which had a guadinino group, were predominantly transported by
OCT2 rather than OCT1 [6,7]. We tested the hypothesis that the
guanidino group was a decisive factor in being recognized by
hOCT2, but could not found such selectivity simply by this group.
At the same time, we discovered that aminoguanidine was a new
superior substrate for hOCT2 than hOCT1.

Several guanidine compounds were reported to accumulate in
blood with renal insufficiency, some being described as uremic
toxins [9-14]. Guanidinosuccinic acid and methylguanidine had
the two highest scores for the uremic concentration (Cy)/normal
concentration (Cy) ratio, and there were also significant differences
between the Cy and Cy of guanidine and creatinine [14]. The
plasma concentrations of many cationic drugs increase with renal
failure. It has been considered that the tubular secretion of organic
cations is impaired and the elevated plasma level of alphal acid
glycoprotein prevents the renal excretion in renal failure [21-25].
Based on the present results, it is also possible that the uremic
guanidine compounds inhibit the excretion of cationic drugs
mediated by hOCT.

Fig. 3 shows the relationship between the inhibitory patterns
and the ClogP values of guanidine compounds. In guanidine
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compounds, hydrophobicity was not the major factor in determin-
ing the affinity for hOCT as it was, for example, in n-tetraalk-
ylammonium [5,26,27].

In the trans-stimulation study, we showed that the ['4C]TEA
uptake by hOCT2, but not hOCT1, were increased by preincubation
with unlabeled guanidine, methylguanidine, creatinine, amino-
guanidine and phenylguanidine. Possibly, these compounds are
transported by hOCT2 and the dysfunction of hOCT2 with renal
failure decreases the excretion of guanidine, methylguanidine, and
creatinine as uremic toxins.

Because the three uremic guanidine compounds, guanidino-
succinic acid, methylguanidine and guanidinovaleric acid inhibited
['C]TEA uptake by hOCT1 as well as hOCT2, the pharmacokinetics
of the cationic drugs may be affected in the patients with renal
failure. The ["“C]JTEA uptake by hOCT1 was trans-stimulated by
guanidinovaleric acid, suggesting the hOCT1-mediated transport
of guanidinovaleric acid compensating the impaired renal func-
tion. It might relate to the fact that the serum level of
guanidinovaleric acid in the patients with renal insufficiency
was similar to normal values [10,13].

Among 14 guanidine compounds, aminoguanidine was found
to be a selective substrate for hOCT2 compared to hOCT1 and
hOCT3. A guanidine compound agmatine (1-amino-4-guanidobu-
tane) was reported as a substrate for hOCT2 and hOCT3, but not for
hOCT1 [28], while guanidine was transported by rOCT2, but not by
rOCT1 and hOCT3 [6]. Therefore, aminoguanidine as well as
agmatin and guanidine can be a good probe to examine the
transport activity of hOCT2 in comparison with hOCT1 and hOCT3.

The apparent affinity of aminoguanidine for hOCT2 was similar
to that of creatinine (K, =4.0mM) [7] and lower than that of
metformin (K, =1.4 mM) [19]. Aminoguanidine, which inhibits
many diabetes-related complications, remains under therapeutic
testing [16,17,29]. Because aminoguanidine was excreted into
urine by tubular secretion as well as glomerular filtration and
hOCT2 was the most abundant organic cation transporter in the
basolateral membranes of human kidney [3,15], the secretion of
aminoguanidine may be predominantly mediated by hOCT2.

In ACTION I trial (A Clinical Trial In Overt Nephropathy of Type 1
Diabetics), which included patients with type 1 diabetes mellitus
[17], aminoguanidine reduced significantly secondary measures of
outcome such as proteinuria and had additional effects on diabetic
retinopathy and circulating lipid levels. However, the reduction in
the primary end point of time to doubling of the serum creatinine
concentration was not statistically significant. Although creatinine
clearance is often used for the estimation of GFR, creatinine is also
excreted via tubular secretion mediated by hOCT2 [7,30,31].
Aminoguanidine might inhibit the transport of creatinine by
hOCT2 and increase the serum concentration of creatinine without
inducing renal impairment. Therefore, the other parameters whose
elimination was unaffected by aminoguanidine should have been
used.

Although creatinine and metformin were also excreted into
urine through transport by hOCT2 [7,19], their ICso values for
aminoguanidine uptake by hOCT2 (creatinine, 42.4 mM; metfor-
min, 2.37 mM) were much higher than the physiological con-
centrations of creatinine (about 45-85 M for male and 30-60 uM
for female) and metformin (about 15-25 M) (Table 2, Fig. 7)
[24,32-34]. Therefore, the transport of aminoguanidine mediated
by hOCT2 is not likely to be affected by creatinine and metformin,
and diabetic patients whose plasma creatinine concentrations are
increased or who use metformin may be able to use aminogua-
nidine safely. It was reported that the maximum aminoguanidine
concentration was only 40 wM, during the interdialytic period
[15]. It is also probable that aminoguanidine has little effect on the
transport of metformin mediated by hOCT2, at the physiological
concentrations (Fig. 8).

In this study, we demonstrated that many guanidine com-
pounds examined had relatively equal affinity to hOCT1 and hOCT2
and could not found the selectivity for hOCT2 simply by guanidino
group. Among guanidine compounds, we newly discovered that
aminoguanidine had greater affinity for hOCT2 than hOCT1, in
addition to guanidine and creatinine. Therefore hOCT2 could
function as a transporter for aminoguanidine at the basolateral
membranes of renal proximal tubules. These findings will be
helpful to elucidate the specificity of hOCT2, and clarify the
pharmacokinetics of aminoguanidine.
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