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According to the 2012 WHO global tuberculosis (TB) report (http://apps.who.int/iris/bitstream/10665/75938/1/9789241564502
_eng.pdf), the death rate for tuberculosis was over 1.4 million patients in 2011, with �9 million new cases diagnosed. Moreover,
the frequency of comorbidity with human immunodeficiency virus (HIV) and with diabetes is on the rise, increasing the risk of
these patients for experiencing drug-drug interactions (DDIs) due to polypharmacy. Ethambutol is considered a first-line antitu-
berculosis drug. Ethambutol is an organic cation at physiological pH, and its major metabolite, 2,2=-(ethylenediimino)dibutyric
acid (EDA), is zwitterionic. Therefore, we assessed the effects of ethambutol and EDA on the function of human organic cation
transporter 1 (hOCT1), hOCT2, and hOCT3 and that of EDA on organic anion transporter 1 (hOAT1) and hOAT3. Potent inhi-
bition of hOCT1- and hOCT2-mediated transport by ethambutol (50% inhibitory concentration [IC50] � 92.6 � 10.9 and
253.8 � 90.8 �M, respectively) was observed. Ethambutol exhibited much weaker inhibition of hOCT3 (IC50 � 4.1 � 1.6 mM);
however, significant inhibition (>80%) was observed at physiologically relevant concentrations in the gastrointestinal (GI) tract
after oral dosing. EDA failed to exhibit any inhibitory effects that warranted further investigation. DDI analysis indicated a
strong potential for ethambutol interaction on hOCT1 expressed in enterocytes and hepatocytes and on hOCT3 in enterocytes,
which would alter absorption, distribution, and excretion of coadministered cationic drugs, suggesting that in vivo pharmacoki-
netic studies are necessary to confirm drug safety and efficacy. In particular, TB patients with coexisting HIV or diabetes might
experience significant DDIs in situations of coadministration of ethambutol and clinical therapeutics known to be hOCT1/
hOCT3 substrates (e.g., lamivudine or metformin).

Ethambutol dihydrochloride (EMB) (Fig. 1) is a potent antimy-
cobacterial agent employed in the treatment of tuberculosis

(TB) and Mycobacterium avium complex infections. The main
pharmacological effect of EMB is to inhibit arabinosyl transferase,
preventing the synthesis of arabinogalactan, which is a vital com-
ponent of the mycobacterial cell wall. EMB, pyrazinamide, isoni-
azid, and rifampin comprise the four first-line antituberculosis
drugs recommended by the World Health Organization (WHO)
(1). EMB is used in the treatment of multidrug-resistant tubercu-
losis to prevent the emergence of isoniazid- or rifampin-resistant
mycobacteria (2). In clinical practice, EMB use is associated with
many adverse effects, including optic neuritis (reported in 1% to
5% of patients) (3) and reduced renal clearance of urate (reported
in about 66% of patients) (4), the incidence of which is higher
when EMB is concomitantly administered with pyrazinamide (5).

The in vivo pharmacokinetic properties of EMB have been well
defined (6–8). In humans, EMB showed high bioavailability
(�80%) and low plasma protein binding (20 to 30%) (9). A peak
serum concentration (Cmax) of �4.5 �g/ml was reported after oral
dosing of 25 mg/kg (6). Only a small portion of EMB (8% to 15%)
is metabolized in the liver to form the final dicarboxylic metabo-
lite, 2,2=-(ethylenediimino)dibutyric acid (EDA) (Fig. 1) (10). Re-
nal elimination is the major clearance mechanism for EMB, with
70 to 84% of an intravenous dose being excreted in the urine as the
unchanged parent compound (9). The renal clearance rate (�417
ml/min) indicates that active net tubular secretion, as well as glo-
merular filtration (120 ml/min), is involved (6). While EMB has
been identified as a substrate of P-glycoprotein (11), based upon
their chemical structures (Fig. 1) and physicochemical properties,
EMB and EDA have the potential to be a substrate and/or inhibi-

tor of organic cation transporters (OCTs) and/or organic anion
transporters (OATs).

The organic cation/anion/zwitterion transporters belong to
the solute carrier 22 (SLC22) family and in vivo mediate the ab-
sorption, distribution, and elimination of a broad variety of
charged endogenous and exogenous organic substances (12–14).
OATs and OCTs are widely expressed in many barrier organs,
such as the intestine, kidney, liver, and brain (12–14). In the in-
testine (Fig. 2), human OCT1 (hOCT1) (SLC22A1) is expressed in
the basolateral membrane and hOCT3 (SLC22A3) is targeted
to the brush border membrane of enterocytes, where they mediate
the cellular entry of cationic compounds (12). hOCT1 and
hOCT3 are both expressed in the sinusoidal membrane (blood
side) of hepatocytes (Fig. 2) and represent the first step in the
hepatic excretion of many substances (12, 15). In the kidney (Fig.
2), hOCT2 (SLC22A2), hOCT3, hOAT1 (SLC22A6), and hOAT3
(SLC22A8) are each expressed on the basolateral sides of proximal
tubule cells and extract drugs from the blood. hOCT1 mRNA has
been detected; however, the protein has not been immunolocal-
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ized (12, 13). Hundreds of important clinical therapeutics are
known substrates and/or inhibitors of OATs and OCTs, such as
chemotherapeutics (e.g., cisplatin and paclitaxel), analgesics (e.g.,
morphine), cholesterol-lowering drugs (e.g., atorvastatin and
pravastatin), antivirals (e.g., cidofovir and lamivudine), and an-
tidiabetic agents (e.g., metformin) (12–14).

Recently, it was reported that TB infection is closely linked to
both human immunodeficiency virus (HIV) and diabetes. Ac-
cording to the WHO, 10% of TB patients also suffer from diabetes
and 13% of the �9 million TB patients newly diagnosed in 2011
were coinfected with HIV (1). Thus, the complexity of these dis-
ease treatment regimens (TB, TB-diabetes, or TB-HIV), in terms
of polypharmacy, raises concerns regarding the potential for
drug-drug interactions (DDIs) involving OCTs and/or OATs. The
aim of the present study was to explore the inhibitory effects of
EMB and its metabolite EDA on hOCT1, hOCT2, hOCT3,
hOAT1, and hOAT3. Potent inhibition was further characterized
by kinetic investigations to estimate IC50s, which were used to
quantitatively evaluate the clinical DDI potential on these trans-
porters during antituberculosis therapy.

MATERIALS AND METHODS
Chemicals. Tritiated p-aminohippuric acid ([3H]PAH), estrone sulfate
([3H]ES), and 1-methyl-4-phenylpyridinium ([3H]MPP�) were pur-

chased from PerkinElmer Life and Analytical Science (Waltham, MA).
Unlabeled ES, MPP�, PAH, probenecid, and ethambutol dihydrochloride
(EMB, �95% purity) were obtained from Sigma-Aldrich (St. Louis, MO).
Quinine monohydrochloride dihydrate was purchased from Acros Or-
ganics (Fair Lawn, NJ). 2,2=-(Ethylenediimino)dibutyric acid (EDA;
�99% purity) was purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA).

Tissue culture. Derivation of stably transfected Chinese hamster
ovary (CHO) cell lines expressing hOAT1 (CHO-hOAT1) and stably
transfected human embryonic kidney 293 (HEK) cells expressing hOAT3
(HEK-hOAT3), hOCT1 (HEK-hOCT1), hOCT2 (HEK-hOCT2), or
hOCT3 (HEK-hOCT3), as well as their corresponding empty vector-
transfected background control cell lines, has been described previously
(16–19). CHO-hOAT1 cells were maintained at 37°C with 5% CO2 in
phenol red-free RPMI 1640 medium (Gibco-Invitrogen, Grand Island,
NY) containing 10% serum, 1% penicillin/streptomycin, and 1 mg/ml
G418. HEK-hOAT3 cells were maintained at 37°C with 5% CO2 in high-
glucose Dulbecco’s modified Eagle medium (DMEM; Mediatech, Inc.,
Herndon, VA) containing 10% serum, 1% penicillin/streptomycin, and
125 �g/ml hygromycin B. The HEK-hOCT1, HEK-hOCT2, and HEK-
hOCT3 cell lines were maintained at 37°C with 5% CO2 in high-glucose
DMEM containing 10% serum, 1% penicillin/streptomycin, and 600
�g/ml G418.

Cell accumulation assay. The procedure for the cell accumulation
assay has been described previously (20, 21). Briefly, cells were seeded into
24-well tissue culture plates at a density of 2 � 105 cells/well (without
antibiotics) for 48 h. On the day of the cell transport experiment, the cells
were equilibrated to serum-free conditions with transport buffer for 10
min (500 �l of Hanks’ balanced salt solution containing 10 mM HEPES,
pH 7.4). Equilibration buffer was replaced with 500 �l of fresh transport
buffer containing 1 �M unlabeled substrate spiked with [3H]PAH (0.5
�Ci/ml), [3H]ES (0.25 �Ci/ml), or [3H]MPP� (0.25 �Ci/ml) in the pres-
ence or absence of test compounds. At the end of the incubation, the cells
were quickly rinsed three times with ice-cold transport buffer and lysed.
The radioactivity of cell lysate was quantified by liquid scintillation count-

FIG 1 Chemical structures of ethambutol (EMB) and its dicarboxylic metab-
olite, 2,2=-(ethylenediimino)dibutyric acid (EDA). MW, molecular weight.

FIG 2 Expression of the examined human OCTs and OATs (SLC22 family) in the intestine, liver, and kidney. Predicted (GI lumen and portal circulation) and
clinically determined (systemic circulation) concentrations of EMB are indicated. Renal expression and targeting of hOCT1 remains controversial, with
conflicting reports about its location in the literature; however, the rat Oct1 ortholog has been immunolocalized to the basolateral membrane of proximal tubule
cells.
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ing, and the uptake profile was normalized by the total protein content
determined by the Bradford method. The intracellular accumulation of
substrates was reported as picomoles of substrate per milligram total pro-
tein. All uptake data were corrected for background accumulation in cor-
responding empty vector-transfected control cells. Substrate concentra-
tion and accumulation time used for kinetic analyses were determined
previously (12, 20). Kinetic calculations were performed using GraphPad
Prism software version 5.0 (GraphPad Software Inc., San Diego, CA). The
half-maximal inhibitory concentrations (IC50s) were calculated using
nonlinear regression with the appropriate model. Results were confirmed
by repeating all experiments at least three times with triplicate wells for
each data point in every experiment.

Drug-drug interaction (DDI) index calculation. The DDI index (22)
was estimated as the ratio of the maximal unbound EMB concentration in
biofluid (unbound Cmax) after therapeutic dosing of EMB divided by
transporter-specific IC50s estimated by in vitro assay. A cutoff value of
�0.1 is thought to indicate the need for a prospective in vivo pharmaco-
kinetic study (22). Specifically, the predicted intestinal lumen concentra-
tion of EMB after oral dosing (25-mg/kg dose, 70-kg patient body weight,
250-ml volume) was used to estimate the DDI index for hOCT3 located in
the apical (luminal) membranes of enterocytes, while the portal venous
plasma concentration (presystemic circulation) of EMB was used to esti-
mate DDI index values for hOCTs in the basolateral membranes of hepa-
tocytes (hOCT1 and hOCT3) and/or enterocytes (hOCT1 and hOCT2),
and the plasma concentration (systemic circulation) of EMB was used to
estimate DDI index values for hOCT1, hOCT2, and hOCT3 in the baso-
lateral membranes of renal proximal tubule cells (Fig. 2). The concentra-
tion of EMB in the intestinal lumen was estimated to be �34 mM, assum-
ing that patients (70 kg) take EMB with 250 ml of water. From clinical
reports, after oral dosing (25 mg/kg) the plasma Cmax of EMB was 22.02
�M, with about 20% being protein bound (6, 9, 23). Accordingly, the
method of Ito et al. can be used to estimate drug concentrations in the
portal vein (24): Cport,vn � Cmax � (ka � D)/(Qh � Fa), where Cport,vn, ka,
D, Qh, and Fa represent concentration in the portal vein, absorption rate
constant, dose, hepatic blood flow rate (�1,200 ml/min), and fraction
absorbed, respectively. For EMB, ka and Fa were reported as 0.48 h�1 and
80% (9, 23). Using an average patient body weight of 70 kg, the predicted
portal venous blood concentration for EMB was �67 �M.

Statistical analysis. The data in the figures and the raw uptake scores
are expressed as means � standard deviations (SD), while IC50 estimates
are means � standard errors of the means (SEM). Statistical differences
were assessed using one-way analysis of variance (ANOVA) followed by
post hoc analysis with Dunnett’s t test (� � 0.05).

RESULTS
Inhibitory effects of EMB on hOCT1-, hOCT2-, and hOCT3-
mediated MPP� uptake. The inhibitory effects of EMB were ex-
amined on three OCT paralogs, hOCT1, hOCT2, and hOCT3,
using MPP� as a prototypical substrate. Significant accumulation
of MPP� (�33-fold) was observed in stably transfected hOCT1-
expressing cells relative to empty-vector-transfected background
control cells (132.6 � 9.9 versus 4.0 � 0.2 pmol/mg protein/10
min, respectively). The known hOCT inhibitor, quinine (200
�M), showed virtually complete inhibition of hOCT1-mediated
MPP� uptake (	90% inhibition) (Fig. 3A). Significant inhibition
(66%) of hOCT1-mediated MPP� transport by EMB (at 100 �M
versus 1 �M MPP�) was observed (Fig. 3A). Subsequent dose-
response (10�7 to 10�3 M EMB) studies were performed to derive
the IC50 for EMB on hOCT1 (Fig. 4, top). The IC50 of EMB for
hOCT1 was estimated as 92.6 � 10.9 �M. Therefore, the DDI
indices were calculated to gauge DDI potency in enterocytes,
hepatocytes, and proximal tubule cells, using the EMB concentra-
tion in gastrointestinal (GI) biofluid, portal venous blood, or the
systemic circulation, as appropriate (Fig. 2 and Table 1).

We next examined the inhibitory effect of EMB on hOCT2-
mediated transport. HEK-hOCT2 cells exhibited marked accu-
mulation of MPP� (93.0 � 5.2 pmol/mg protein/10 min) com-
pared to background control cells (4.0 � 0.2 pmol/mg protein/10
min). Quinine (200 �M) completely blocked (	99%) hOCT2-
mediated MPP� uptake (Fig. 3B). The cell accumulation assay
demonstrated that EMB at 100 �M significantly inhibited
hOCT2-mediated MPP� uptake (21%), and complete inhibition
of hOCT2 transport activity (96%) was observed at 1 mM EMB.
Kinetic studies were conducted to estimate the IC50 for EMB on
hOCT2. Using EMB concentrations ranging from 10�6 to 10�3 M,
the IC50 was estimated as 253.8 � 90.8 �M (Fig. 4, middle). As
shown in Table 1, the DDI index for hOCT2 expressed in kidney
was estimated as 0.1.

Stably transfected hOCT3-expressing (HEK-hOCT3) cells also
showed marked accumulation of MPP� (�30-fold) compared to
empty vector-transfected background control cells (80.3 � 11.3
versus 2.7 � 0.1 pmol/mg protein/10 min). Such active transport
was completely (99%) blocked by quinine at 200 �M (Fig. 3C).

FIG 3 Inhibition profiles of EMB for hOCT1, hOCT2, and hOCT3. (A) Inhi-
bition of hOCT1-mediated MPP� uptake by EMB and quinine (200 �M). (B)
Inhibition of hOCT2-mediated MPP� uptake by EMB and quinine (200 �M).
(C) Inhibition of hOCT3-mediated MPP� uptake by EMB and quinine (200
�M). The concentration of MPP� was 1 �M, incubation time was 10 min, and
data were corrected for nonspecific background. Values are means � SD of
triplicate values. ***, P 
 0.001, determined by one-way ANOVA followed by
Dunnett’s t test.

Role of hOCTs and hOATs in Antituberculosis Therapy

October 2013 Volume 57 Number 10 aac.asm.org 5055

http://aac.asm.org


Though EMB failed to show significant inhibition on hOCT3
transport activity at 100 �M, marked inhibition was observed
with increasing concentrations (Fig. 3C). EMB showed �50% and
�80% inhibition at 1 and 10 mM, respectively. Further dose-
response (10�3 to 10�1 M EMB) studies yielded an estimated IC50

of 4.1 � 1.6 mM (Fig. 4, middle). Due to low EMB concentration
in the presystemic (portal) and systemic circulation, DDI indi-
ces for hOCT3 in liver and kidney were negligible compared to
the 0.1 threshold value (Table 1). However, the high concen-
tration of EMB in the GI biofluid yielded an estimated DDI
index around 8.3.

Inhibitory effects of EDA on hOAT (hOAT1 and hOAT3) and
hOCT (hOCT1, hOCT2, and hOCT3) transport activity. The
zwitterionic dicarboxylic acid metabolite of EMB, EDA, was ex-
amined for interactions with hOAT1, hOAT3, hOCT1, hOCT2,
and hOCT3 (Fig. 5). The standard substrate used for hOAT1 was
PAH, and that for hOAT3 was ES. Stably transfected hOAT1-
expressing (CHO-hOAT1) and hOAT3-expressing (HEK-
hOAT3) cells showed 5-fold- and 3-fold-greater substrate accu-
mulation than empty-vector-transfected background control

cells, respectively (7.5 � 1.6 versus 1.6 � 0.2 pmol/mg protein/10
min for hOAT1 and 4.1 � 0.2 versus 1.6 � 0.1 pmol/mg pro-
tein/10 min for hOAT3). The known OAT inhibitor probenecid
completely blocked (	99%) hOAT1- and hOAT3-mediated sub-
strate uptake (Fig. 5). With the exception of hOAT3 (�17% inhi-
bition), EDA (100 �M) failed to produce any significant inhibi-
tory effects. Despite the modest inhibition of hOAT3, for all tested
transporters IC50s of EDA were expected to be greater than 100
�M, which greatly exceeds the EDA concentration in the systemic
circulation, and further kinetic analysis was not performed.

DISCUSSION

Although numerous antitubercular drugs have been developed
since the 1940s, TB is still a prevalent disease and a common cause
of death worldwide. Recently, the spread of multidrug-resistant
TB strains (MDR-TB; estimated to account for 3.7% of new cases
and 20% of previously treated cases) and the emergence of an
extensively drug-resistant strain (XDR-TB; �9% of MDR-TB
cases) that has proven virtually impossible to successfully treat
have become new challenges to disease management (1, 25). The
appearance of XDR-TB has been reported in 84 countries, and the
threat of its spread is viewed as a significant enough health issue
that the United Kingdom has enacted regulations obligating peo-
ple traveling from regions where TB is prevalent to have a current
chest X-ray in their possession upon arrival in order to be issued a
visa (26). Isolation and therapy may be required for up to 2 years
and can cost upwards of one million U.S. dollars per patient (26).

A further complication in TB therapy arises from the increas-
ing clinical association of TB with diabetes and HIV, with TB
becoming one of the leading causes of mortality among HIV-
infected patients (27, 28). Indeed, of the �9 million new TB pa-
tients diagnosed in 2011, 13% were reported to be coinfected with
HIV, and of the 1.4 million TB deaths, 430,000 were HIV associ-
ated (1). As a result, more TB patients need to be prescribed com-
bination therapies to treat comorbidities or to minimize the de-
velopment of drug resistance, making therapy management and
compliance extremely complex and increasing the risk of patients’
experiencing unintended drug-drug interactions. Indeed, there
are a number of case reports regarding adverse events, including
nephrotoxicity, associated with EMB use during antituberculosis
therapy (29–32). In these patients, discontinuation of EMB re-
sulted in improvement in renal function.

Competition for binding to membrane transporters is one
mechanism resulting in DDIs, and while there is currently insuf-
ficient clinical data to conclusively determine transporter-medi-
ated DDI involvement, it is possible that hOCT-mediated DDIs

TABLE 1 Estimated DDI index values for EMB on hOCT-mediated
transport after an oral dose of 25 mg/kg

hOCT

Drug-drug interaction indexa

GI tract Liver Kidney

hOCT1 0.6 0.6 0.2b

hOCT2 NEc NE 0.1
hOCT3 8.3 
0.1 
0.1
a Drug-drug interaction index is defined as the unbound concentration of drug divided
by the drug IC50 for the transporter of interest. A DDI index value of 	0.1 is thought to
indicate the potential for clinically relevant DDIs.
b Assuming basolateral targeting for hOCT1.
c NE, transporter not expressed in this tissue.

FIG 4 Dose-response curves for EMB on hOCT1, hOCT2, and hOCT3. Rep-
resentative data showing 1-min uptake of MPP� (1 �M) measured in HEK-
hOCT1, HEK-hOCT2, and HEK-hOCT3 cells in the presence of increasing
concentrations of EMB (10�7 to 10�1 M) are shown. Data were corrected for
nonspecific background measured in the empty vector control cells and are
means � SD of triplicate values. IC50s were determined with nonlinear regres-
sion and the “log(inhibitor) versus response” model using GraphPad Prism
software.
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explain some of these cases. As such, potential interactions be-
tween antituberculosis agents and drug transporters have received
increased attention. For example, rifampin was identified as an
inhibitor of P-glycoprotein (ABCB1), OATP1B1 (SLCO1B1), and
OAPT1B3 (SLCO1B3), whereas pyrazinamide was demonstrated
to inhibit hURAT1 (SLC22A12) (33–35). EMB also was reported
as a substrate for P-glycoprotein (11); however, information re-
garding potential interactions with other drug transporters, espe-
cially drug uptake transporters, is virtually nonexistent. Addition-
ally, many anti-diabetic (metformin) and anti-HIV (lamivudine,
raltegravir, tenofovir, and zalcitabine) agents have been identified
as substrates and/or inhibitors of OCTs and OATs (12–14, 36–38).
Therefore, in order to more effectively and safely manage the long-
term therapies of these complicated patient populations, im-
proved understanding of the interactions of these drugs with the
transporters responsible for their absorption, distribution, and
elimination is needed.

A number of preclinical and clinical studies have demonstrated
the role of hOCT1, -2, and -3 in the disposition and efficacy of
metformin, a hypoglycemic agent widely used for the treatment of
type 2 diabetes mellitus (38–41). In humans, subjects carrying a
mutated form of hOCT1 with reduced function exhibited signif-
icantly altered pharmacokinetic properties of metformin that
manifested as increased area under the plasma concentration-
time curve, increased Cmax, and reduced oral volume of distribu-
tion, as well as reduced glucose-lowering effects, i.e., loss of effi-
cacy (40, 41). Given the predicted EMB portal vein concentration
of 67 �M after oral dosing, the rank order of DDI potencies for
hOCT1 was enterocytes (0.6) � hepatocytes (0.6) � proximal
tubule cells (0.2); all the DDI indexes are above the 0.1 threshold
value (Fig. 2 and Table 1). These results indicated that 38% of
hOCT1 transport activity might be inhibited in enterocytes and
hepatocytes during routine EMB therapy, suggesting a strong po-
tential for EMB-metformin interactions in TB-diabetes patients.
The IC50 for hOCT3 was higher (4.1 � 1.6 mM) than those for
hOCT1 and hOCT2 (Fig. 4, bottom). However, given the expected
high luminal GI tract concentration of EMB after oral dosing
(�34 mM after a 1,750-mg dose [25 mg/kg in a 70-kg patient]

diluted in 250 ml GI fluid), hOCT3 may represent an important
pathway for GI absorption of EMB due to its apical membrane
localization in enterocytes (Fig. 2). Furthermore, the estimated
DDI index of 8.3 (Fig. 4, bottom, and Table 1) is 83-fold higher
than the DDI threshold value and is indicative of a marked poten-
tial for EMB to interfere (89% inhibition) with intestinal absorp-
tion of coadministered drugs that are hOCT3 substrates, includ-
ing metformin.

As many anti-HIV agents are also hOCT substrates, the same
DDI potential exists for polypharmacy in TB-HIV patients. Re-
cently, expression of hOCT1 and hOCT2 mRNA was detected in
CD4 cells isolated from patients with HIV (42). Therefore, EMB
present in the systemic circulation also might reduce accumula-
tion of anti-HIV agents in CD4 target cells that serve as a viral
reservoir, resulting in loss of antiviral efficacy via inhibition of
hOCT1 and/or hOCT2 function. Similarly, systemic EMB might
impact hOCT1-mediated (DDI index � 0.2; �20% inhibition)
and/or hOCT2-mediated (DDI index � 0.1; �9% inhibition) re-
nal secretion.

hOCTs are also involved in the pharmacological action of plat-
inum antineoplastics (e.g., cisplatin and oxaliplatin), raising the
possibility for significant DDIs during chemotherapy in TB pa-
tients (43–46). Patients receiving cisplatin therapy frequently ex-
perience cumulative dose-dependent nephrotoxicity involving
the proximal tubule (47–49). Moreover, treatment with inhibitors
of hOCTs (e.g., tetraethylammonium and cimetidine) prevented
accumulation of cisplatin in renal proximal tubule cells, and sub-
sequently, cisplatin was identified as a competitive inhibitor of rat
Oct2 (43, 50–53). Thus, coadministration of EMB and cisplatin or
oxaliplatin might alter their oral absorption, as well as their asso-
ciated hepatic and renal accumulation and toxicity.

In summary, our findings demonstrate the inhibitory effect of
EMB on hOCT1, hOCT2, and hOCT3, while its zwitterionic di-
carboxylic metabolite EDA failed to produce significant inhibition
of hOCT1, -2, and -3, hOAT1, or hOAT3. EMB concentrations in
the GI tract and portal vein after oral administration indicate the
potential for marked DDIs in vivo for hOCT1 expressed in hepa-
tocytes, enterocytes, and potentially renal proximal tubule cells.

FIG 5 Inhibition profile of EDA on hOATs and hOCTs. (A) Inhibition of hOAT1-mediated PAH uptake by EDA (100 �M) and probenecid (1,000 �M). (B)
Inhibition of hOAT3-mediated ES uptake by EDA (100 �M) and probenecid (1,000 �M). (C) Inhibition of hOCT1-mediated MPP� uptake by EDA (100 �M)
and quinine (200 �M). (D) Inhibition of hOCT2-mediated MPP� uptake by EDA (100 �M) and quinine (200 �M). (E) Inhibition of hOCT3-mediated MPP�

uptake by EDA (100 �M) and quinine (200 �M). The concentration of substrates was 1 �M, incubation time was 15 min, and data were corrected for nonspecific
background. Values are means � SD of triplicate values. ***, P 
 0.001, determined by one-way ANOVA followed by Dunnett’s t test.

Role of hOCTs and hOATs in Antituberculosis Therapy

October 2013 Volume 57 Number 10 aac.asm.org 5057

http://aac.asm.org


Human OCT3 in enterocytes exhibited the highest DDI index,
suggesting that EMB might significantly alter cationic drug/nutri-
ent absorption. Renal hOCT2 has a slight possibility of EMB
DDIs. Future investigations encompassing in vivo DDI studies
between EMB and known substrates for hOCT1, hOCT2, and
hOCT3 appear to be necessary in order to optimize clinical safety
and efficacy in these complex patient populations.
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