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ABSTRACT para-Aminosalicylic acid (PAS) is a second-line antituberculosis drug
that has been used to treat multidrug-resistant and extensively drug-resistant tuber-
culosis for more than 60 years. Renal secretion and glomerular filtration are the ma-
jor pathways for the elimination of PAS. We comprehensively studied PAS transport
by using cell lines that overexpressed various transporters and found that PAS acts
as a novel substrate of an organic anionic polypeptide (OATP1B1), organic cationic
transporters (OCT1 and OCT2), and organic anion transporters (OAT1 and OAT3) but
is not a substrate of any ATP-binding cassette (ABC) transporters. Net PAS uptake
was measured, and the transport affinities (Km values) for OATP1B1, OCT1, OCT2,
OAT1, and OAT3 were found to be 50.0, 20.3, 28.7, 78.1, and 100.1 �M, respectively.
The net uptake rates suggested that renal OAT1 and OAT3 play relatively major
roles in PAS elimination. The representative inhibitors rifampin for OATP1B1, probe-
necid for OAT1 and OAT3, and verapamil for OCT1 and OCT2 greatly inhibited PAS
uptake, suggesting that PAS is dependent on multiple transporters for uptake. We
also evaluated nonsteroidal anti-inflammatory drugs (NSAIDs), proton pump inhibi-
tors (PPIs), and metformin for the inhibition of PAS uptake via these transporters.
Half-maximal (50%) inhibitory concentrations (IC50s) were kinetically determined and
used to predict the drug-drug interactions (DDIs) affecting these transporters’ activ-
ity toward PAS. We found that rifampin, probenecid, ibuprofen, naproxen, cimeti-
dine, and quinidine each exhibited a significant potential for in vivo DDIs with PAS.
In this study, PAS was found to be a novel substrate of several transporters, and
drugs that inhibit these transporters can reduce PAS elimination.
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The second-line antituberculosis drug para-aminosalicylic acid (PAS) has been used
to treat multidrug-resistant and extensively drug-resistant tuberculosis for more

than 60 years (1). PAS was widely used in combination chemotherapy against Myco-
bacterium tuberculosis. As better-tolerated antibiotics became available, PAS usage
diminished considerably. Later, the widespread appearance of multidrug-resistant
(MDR) tuberculosis (MDR-TB) necessitated the addition of PAS to the current list of
SLDs. Gastrointestinal toxicity, which leads to poor patient compliance, is a significant
drawback to PAS usage. Despite this drawback, PAS has become one of the principal
SLDs for the treatment of MDR-TB (2). An improved (granule) formulation of PAS has
been adopted to treat patients with MDR-TB and patients who are intolerant to first-line
anti-TB medications.
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Despite the long history of PAS usage, it has received little attention, and little is
known about its disposition and other factors that may influence its pharmacokinetics
(PK) and pharmacodynamics (PD). Pharmacokinetic data are key to achieving a PAS
dosage in children that avoids high serum concentrations (which could be toxic) or
concentrations too low to complete the eradication of M. tuberculosis. PAS is an
amphoteric compound which may act as either a base or an acid, depending on its
environment, and it has been reported that food increases PAS absorption, although
orange juice and antacids showed a minor effect (3). The half-life of PAS is about 1 h,
and plasma concentrations after 4 to 5 h are minimal. Its short half-life justifies the use
of relatively high doses of 10 to 12 g in order to maintain bacteriostatic activity. More
than 80% of the drug (parent and metabolite) is excreted by the kidney through
glomerular filtration and tubular secretion (4). PAS is metabolized in the intestines and
the liver via acetylation. The two main products of PAS metabolism are N-acetyl-p-
aminosalicylate (APAS), formed during PAS acetylation by N-acetyltransferase 1 (NAT1),
and p-aminosalicyluric acid (PAA), formed by conjugation with glycine. These major
metabolites account for approximately 70% of the absorbed dose for PAS and 56.4% for
the PAS Na formulation, 57.7% for the PAS Ca formulation, and 54.5% for the PAS K
formulation (5, 6). A considerable proportion of drug metabolism occurs in the gut and
liver before the drug reaches its target. This first-pass effect can considerably affect
achievable blood concentrations. Understanding the molecular mechanism(s) of action
of current drugs (and the mechanisms of drug resistance) will provide new perspectives
and approaches to drug discovery. PAS is a prodrug that targets dihydrofolate reduc-
tase (DHFR) through an unusual and novel mechanism of action. Recently reported
evidence shows that PAS is incorporated into the folate biosynthesis pathway by
dihydropteroate synthase (DHPS) and dihydrofolate synthase (DHFS) to generate a
hydroxyl dihydrofolate antimetabolite, which in turn inhibits DHFR enzymatic activity.
Interestingly, PAS is recognized by DHPS as efficiently as its natural substrate, para-
aminobenzoic acid is. Chemical inhibition of DHPS or a mutation in DHFS prevents the
formation of the antimetabolite, thereby conferring resistance to PAS (7).

PAS causes several adverse effects, including gastrointestinal symptoms (anorexia,
diarrhea, nausea, and vomiting) and hypothyroidism, with the latter occurring more
frequently when PAS is administered concomitantly with ethionamide, although thy-
roid function returns to normal when the drug is discontinued. PAS can cause hypo-
thyroidism by inhibiting iodine organification, a necessary step in thyroid hormone
synthesis (8). PAS therapy was initially discontinued after the introduction of rifampin
and pyrazinamide. PAS was reintroduced in the United States in 1992, following several
outbreaks caused by MDR isolates (9). The use of controlled and targeted release may
be the best choice to minimize side effects and increase the intrinsic half-life of the
drug (10, 11).

Since polypharmacy (the practice of the simultaneous prescription of more than one
drug to treat one or more conditions in a single patient) has become more common,
drug interactions have been cited as a major reason for hospitalization and death (12).
Multiple drugs may be coadministered to a patient to effectively treat a single disease
(e.g., TB, HIV infection) or to treat multiple diseases or disease symptoms. It is known
that drug-drug interactions (DDIs) may have serious and sometimes fatal consequences
(13). Strains causing MDR-TB are resistant to at least two first-line drugs, isoniazid and
rifampin, while strains causing extensively drug-resistant tuberculosis (XDR-TB) are
additionally resistant to fluoroquinolones and at least one of three second-line inject-
able drugs. XDR-TB is associated with high rates of early mortality among HIV-infected
individuals, and the scarcity of effective treatment options against MDR-TB/XDR-TB
prompted the reintroduction of second-line TB drugs, including PAS (14).

Transporter activity is significantly associated with the clinical phenotype and toxic
events (15). The uptake and efflux of drugs and endogenous substrates are facilitated
by the solute carrier (SLC) and ATP-binding cassette (ABC) family transporters. To date,
approximately 400 human transporter genes have been classified into two major
superfamilies (16, 17). Among the members of the SLC superfamily, the organic anionic
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transporter polypeptides (OATPs), organic cation transporters (OCTs), and organic
anion transporters (OATs) play major roles in the disposition of drugs (18). Among the
ABC transporters, permeability glycoprotein (P-gp), breast cancer resistance protein
(BCRP), and multidrug resistance proteins (MRPs) also play major roles in drug dispo-
sition (17). Among TB patients, the coadministration of probenecid increased the PAS
concentration in plasma approximately 2- to 3-fold by decreasing renal clearance
compared with that in patients who did not take probenecid. The coadministration of
diclofenac also increased the level of PAS exposure and the numbers of adverse events
(19–21). The mechanism of these DDIs has yet to be elucidated. It has been hypothe-
sized that hepatic and renal transporters may play a role in PAS disposition, but to date,
no data on the involvement of membrane transporters in PAS transport have been
reported. Therefore, we aimed to characterize the involvement of transporters in the
ABC and SLC families in the disposition of PAS and mechanistically study the possibility
of DDIs with concomitantly administered modulators of transporter activity in vitro in
cell lines.

RESULTS
Uptake of [3H]ES, [3H]E2G, [3H]MPP�, and [3H]ES by HEK cells overexpressing

various transporters. The uptake of the prototype substrates [3H]estrone-3-sulfate
([3H]ES) for OATP1B1, OATP2B1, and OAT3, [3H]estradiol 17�-D-glucuronide ([3H]E2G)
for OATP2B1, [3H]para-aminohippurate ([3H]PAH) for OAT1, and [3H]N-methyl-4-
phenylpyridinium acetate ([3H]MPP�) for OCT1 and OCT2 was determined. The levels of
uptake of the prototype substrates by human embryonic kidney 293 (HEK) cells
overexpressing the transporters OATP1B1, OATP2B1, OATP1B3, OAT1, OAT3, OCT1, and
OCT2 (HEK-OATP1B1, HEK-OATP2B1, HEK-OATP1B3, HEK-OAT1, HEK-OAT3, HEK-OCT1,
and HEK-OCT2 cells, respectively) were 48-, 41-, 44-, 10-, 13-, 17.7-, and 16-fold higher,
respectively, than those by mock-transfected cells (see Fig. S1 in the supplemental
material). Furthermore, the uptake kinetics of each prototype substrate (see Table S1 in
the supplemental material), estimated using nonlinear kinetics, indicated that the
transfected HEK-OATP1B1, HEK-OATP2B1, HEK-OATP1B3, HEK-OAT1, HEK-OAT3, HEK-
OCT1, and HEK-OCT2 cells were suitable for use in the uptake experiments.

Screening for PAS uptake by HEK cells overexpressing the transporters. We
performed a preliminary screen for PAS transport via SLC transporters by using Xenopus
laevis oocytes. This screen revealed that PAS is transported by OATP1B1, OAT1, OAT3,
OCT1, and OCT2 in oocytes injected with cRNA for these transporters at levels 3-, 9-, 5-,
4-, and 6-fold higher, respectively, than those in control oocytes not injected with
transporter cRNA (not shown). In contrast, the level of PAS uptake by oocytes overex-
pressing the transporters OATP2B1, OATP1B3, OCTN1, OCTN2, MATE1, and MATE2K was
negligible (a less than 2-fold increase over that for the control). We found that PAS
uptake by HEK293 cells overexpressing the SLC transporters was also marked higher
than that by control (mock-transfected) cells, consistent with the findings of our
previous screening for uptake by X. laevis oocytes. The level of uptake of PAS by
HEK-1B1, HEK-OAT1, HEK-OAT3, HEK-OCT1, and HEK-OCT2 cells was 3-, 13-, 5-, 4-, and
6-fold higher than that by mock-transfected cells, respectively (Fig. 1). We further
evaluated OATP1B1-, OAT1-, OAT3-, OCT1-, and OCT2-mediated PAS transport in the
presence of representative inhibitors. As expected, a concentration gradient of rifam-
pin, probenecid, and verapamil, representative inhibitors of these transporters, strongly
inhibited PAS transport (Fig. 2 and S4). Next, we evaluated the net uptake kinetics of
these transporters by using a range of PAS concentrations and found Km values of
50.0 � 13.6, 78.0 � 18.2, 100.6 � 23.6, 20.3 � 4.6, and 28 � 6.8 �M for HEK-1B1,
HEK-OAT1, HEK-OAT3, HEK-OCT1, and HEK-OCT2, respectively (Fig. 3 and Table 1).

Transepithelial screening of PAS transport by ABC transporters. We also inves-
tigated whether PAS is a substrate for the ABC transporters P-gp, BCRP, MRP1, and
MRP2 using a bidirectional efflux assay. Cells constructed to overexpress the ABC
transporters showed functional activity with the probe substrate (Fig. S2). The net flux
ratios (NFRs) of the transporters from the apical-to-basal direction and the basal-to-
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apical direction were not markedly different (less than 2-fold) (Fig. 4). These data
suggest that ABC transporters do not play a major role in PAS transport and that PAS
is not a substrate of this ATP-dependent transport. Furthermore, the corresponding
inhibitors did not increase the level of PAS accumulation in cells overexpressing P-gp,
BCRP, MRP1, and MRP2 (Fig. S3).

Effect of NSAIDs on PAS uptake via organic anion and cation transporters. We
evaluated the inhibitory potential of nonsteroidal anti-inflammatory drugs (NSAIDs) on
PAS uptake via OAT1, OAT3, OCT1, and OCT2 in vitro using the stably transfected
HEK293 cells. For this experiment, we tested different NSAIDS for strong inhibition of
OAT- and OCT-mediated PAS uptake. The NSAIDs acetyl-salicylic acid, ibuprofen, di-
clofenac, naproxen, and indomethacin strongly inhibited (50 to 70%) PAS uptake by
HEK-OAT1 and HEK-OAT3 cells compared to the level of uptake by control cells (Fig. 5).
Among the NSAIDs tested, indomethacin and diclofenac showed the highest levels of
inhibition of PAS uptake via OAT1 and OAT3 (Fig. 5). We measured the half-maximal
(50%) inhibitory concentrations (IC50s) of probenecid, acetyl-salicylic acid, indometha-
cin, ibuprofen, diclofenac, and naproxen to be 16.3, 368, 1.91, 5.1, 1.8, and 4.1 �M,
respectively, for OAT1-mediated PAS uptake inhibition and 24.6, 597, 2.18, 1.98, 2.0, and
4.6 �M, respectively, for OAT3-mediated PAS uptake inhibition. In the case of OCT1-
and OCT2-mediated PAS uptake inhibition by the NSAIDs, no significant inhibitory

FIG 1 Screening for uptake of PAS by cells overexpressing SLC transporters. PAS (100 �M) uptake by
stably transfected HEK cells overexpressing SLC transporters and mock-infected cells (control) was tested.
Data are presented as the mean � SDs from three or more independent experiments. Significant
differences compared with the percent uptake for the control (mock-transfected cells) are indicated. **,
P � 0.01; ***, P � 0.001.

FIG 2 Effect of representative inhibitors on the uptake of PAS by stably transfected HEK293 cells.
Positive-control inhibitors of PAS uptake were 20 �M rifampin for OATP1B1, 10 �M verapamil for OCT1,
40 �M verapamil for OCT2, and 30 �M probenecid for OAT1 and OAT3. Data are presented as the means �
SDs from three or more independent experiments. Significant differences compared with the percent
uptake for the control (no inhibitor) are indicated. ***, P � 0.001.
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effect was observed. Ibuprofen, indomethacin, and diclofenac showed mild inhibition
of OCT1- and OCT2-mediated PAS uptake (Fig. 5).

Effect of PPIs on PAS uptake via organic anion and cation transporters. Among
the proton pump inhibitors (PPIs), omeprazole and lansoprazole also strongly inhibited
PAS uptake via the OAT1 and OAT3 transporters (Fig. 5). The estimated IC50s of
omeprazole and lansoprazole for inhibition of PAS uptake via OAT1 were 1.76 and 4.13
�M, respectively, and those for inhibition of PAS uptake via OAT3 were 5.1 and 2.18 �M,
respectively (Fig. 6). Also, omeprazole and lansoprazole inhibited PAS uptake via
OCTs (Fig. 5). The estimated IC50s of omeprazole and lansoprazole for inhibition of PAS
uptake via OCT1 were 17.1 and 25.2 �M, respectively, and those for inhibition of PAS
uptake via OCT2 were 5.5 and 13.0 �M, respectively. Additionally, the inhibitory effects
of metformin and cimetidine on PAS transport via OCT1 and OCT2 were evaluated in
vitro. Again, metformin (200 �M) and cimetidine (100 �M) strongly inhibited PAS
uptake by HEK-OCT1 and HEK-OCT2 cells (Fig. 7). Metformin and cimetidine markedly

FIG 3 Kinetics of PAS uptake by stably transfected HEK-OATP1B1, HEK-OCT1, HEK-OCT2, HEK-OAT1, and HEK-OAT3 cells. The intracellular uptake kinetics of PAS
via OATP1B1 (A), OCT1 (B), OCT2 (C), OAT1 (D), and OAT3 (D) were derived from an in vitro experiment with PAS at concentrations ranging from 1 to 400 �M,
and the results are normalized to those for the control. Data are presented as the means � SDs from three or more independent experiments.

TABLE 1 Kinetic parameters for PAS uptake by stably transfected HEK-OATP1B1, HEK-
OCT1, HEK-OCT2, HEK-OAT1, and HEK-OAT3 cellsa

Transporter Km (�M) Vmax (pmol/min/mg protein)

OATP1B1 50.0 � 13.6 129.7 � 17.5
OCT1 20.3 � 4.6 48.7 � 12.2
OCT2 28.7 � 6.8 70.7 � 9.8
OAT1 78 � 18.2 1,898 � 112
OAT3 100.0 � 23.6 1,572 � 207
aThe intracellular kinetics of PAS uptake were derived from an in vitro experiment with PAS at
concentrations ranging from 1 to 400 �M, and the data are normalized to those for the control. Data are
presented as the means � SDs from three or more independent experiments. Km, Michaelis-Menten
constant; Vmax, maximum rate of uptake.
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decreased the levels of OCT1- and OCT2-mediated PAS uptake by approximately 50 and
56%, respectively. The inhibitory effects of metformin and cimetidine on PAS uptake
were dose dependent, and their IC50s for inhibition of PAS uptake via OCT1 were 179.1
and 107.5 �M, respectively, and those for inhibition of PAS uptake via OCT2 were 125.6
and 116.5 �M, respectively (Fig. 6). We also evaluated the inhibitory effects of vera-
pamil and quinidine on PAS uptake via OCT1 and OCT2. The estimated IC50s of
verapamil and quinidine for inhibition of PAS uptake via OCT1 were 1.2 and 4.84 �M,
respectively, and those for inhibition of PAS uptake via OCT2 were 21.4 and 10.7 �M,
respectively.

Drug-drug interaction index prediction. To assess the clinical relevance of this
study’s outcomes, we estimated the DDI index for the interaction of PAS with inhibitors
of each transporter, using clinical plasma concentrations (Table S2) in a static model-
based approach. The DDI index revealed mild to moderate elevation of the DDI index
values compared to the cutoff values in FDA guidelines (�1.25 for OAT1B1, �0.1 for
OCT and OATs) for PAS uptake inhibition and possible in vivo DDIs. Among the drugs
tested, rifampin showed the highest potential in vivo DDI, with a DDI index value of 6.6
for OATP1B1-mediated PAS uptake inhibition. The estimated DDI index values for the
PAS interaction with probenecid, indomethacin, ibuprofen, diclofenac, and naproxen
were 2.23, 0.02, 0.53, 0.02, and 0.65, respectively, for OAT1 and 1.48, 0.02, 1.35, 0.02, and
0.60, respectively, for OAT3 (Table 2). Similarly, the DDI index values for the PAS
interaction with omeprazole and lansoprazole were 0.05 and 0.03, respectively, for
OAT1 and 0.02 and 0.07, respectively, for OAT3. The DDI index values for the PAS
interaction with verapamil, quinidine, cimetidine, and metformin were 2.85, 1.48, 71.2,
and 0.06, respectively, for OCT1 and 0.002, 0.65, 68.2, and 0.08, respectively, for OCT2,
suggesting a strong possibility of DDIs with PAS in vivo mediated by the OCT trans-
porters (Table 3).

DISCUSSION

In this study, we comprehensively assessed the specificity of PAS as a substrate of
clinically important SLC transporters, including OATP1B1, OATP2B1, OATP1B3, OAT1,
OAT3, OCT1, OCT2, MATE1, MATE2K, OCTN1, and OCTN2, and the ABC transporters
P-gp, BCRP, MRP1, and MRP2. Among the 11 SLC transporters, we found that the
cellular accumulation of PAS was mediated by the OATP1B1, OAT1, OAT3, OCT1, and
OCT2 transporters, as evidenced by 3-, 13-, 5-, 4-, and 6.0-fold increases in the level of
PAS uptake by HEK293 cells overexpressing OATP1B1, OAT1, OAT3, OCT1, and OCT2,
respectively, relative to the uptake by mock-transfected HEK293 cells. We further
confirmed the specificity of PAS uptake by examining OATP1B1-, OAT1-, OAT3-, OCT1-,

FIG 4 Screening of transepithelial transport of PAS via ABC transporters. The rate of transport of 10 �M
PAS in the apical-to-basal and basal-to-apical directions in monolayers of LLCPK cells overexpressing
P-gp, LLCPK cells overexpressing BCRP, MDCKII cells overexpressing MRP1, and MDCKII cells overex-
pressing MRP2 is shown. Each data point presents the mean � SD from three or more independent
experiments.
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and OCT2-mediated PAS uptake in the presence of well-characterized inhibitors of
these transporters. Rifampin, probenecid, and verapamil were selected as inhibitors of
OATP1B1, OATs, and OCTs, respectively. In OATP1B1-overexpressing cells, 20 �M
rifampin inhibited PAS uptake by 93.1%. Similarly, 10 and 40 �M verapamil inhibited
PAS uptake by cells overexpressing OCT1 or OCT2 by 87.1% and 92%, respectively.
Finally, 30 �M probenecid inhibited PAS uptake by OAT1- and OAT3-overexpressing
cells by 95% and 91.1%, respectively (Fig. 2). The different potencies that we observed
for these inhibitors correlated well with their different IC50s. Collectively, these results
show that these transporters are involved in the PAS uptake process.

None of the ABC transporters that we evaluated played a significant role in PAS
efflux. Our bidirectional efflux assay showed that PAS transport in the basal-to-apical
direction was less than or equal to that in the apical-to-basal direction, with a net flux
ratio (NFR) of �2. These data indicate that PAS is not a substrate of the ABC efflux
transporters that we tested (Fig. 4). Despite the results of a previous study indicating
that inhibition of P-gp efflux caused an increased PAS concentration in the brain (22,
23), our in vitro transport data found no involvement of P-gp in PAS transport. The
half-life of orally administered PAS is reported to be 1.5 to 2 h, with the concentration
remaining in plasma within 4 to 5 h after administration of a single conventional dose
being negligible. Within 24 h, more than 80% is excreted in the urine. More than 50%

FIG 5 Inhibitory effects of NSAIDs and PPIs on OAT1-, OAT3-, OCT1-, and OCT2-mediated PAS uptake. The level of uptake of 20 �M PAS
into stably transfected HEK-OAT1 and HEK-OAT3 cells (A) and HEK-OCT1 and HEK-OCT2 cells (B) in the presence or absence of NSAIDs and
PPIs is shown. The levels of PAS uptake via OAT1, OAT3, OCT1, and OCT2 in the absence of any uptake inhibitor as a control and the
inhibition of uptake by the NSAIDs and PPIs in HEK-OAT1, HEK-OAT3, HEK-OCT1, and HEK-OCT2 cells were also determined. Probenecid
(30 �M), verapamil (30 �M), acetyl-salicylic acid (30 �M), ibuprofen (2 �M), indomethacin (5 �M), diclofenac (5 �M), naproxen (5 �M), and
omeprazole were used for inhibition of OAT1- and OAT3-mediated (A) and OCT1- and OCT2-mediated (B) PAS uptake, and lansoprazole
(1, 10, and 50 �M) was used for inhibition of OAT1- and OAT3-mediated (C) and OCT1- and OCT2-mediated (D) PAS uptake. Data are
presented as the means � SDs from three or more independent experiments. Significant differences compared with the percent uptake
for the control (no inhibitor) are indicated: *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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of the excreted PAS is acetylated (24). Half of the PAS remaining after glomerular
filtration is eliminated by tubular secretion (including very effective secretion of its
metabolites), consistent with our results showing that the involvement of renal uptake
transporters may play a major role in the elimination of PAS (4).

PAS resistance is becoming a frequent issue, limiting its efficacy, although the exact
mechanism remains unknown. An early in vitro study reported that low PAS concen-
trations only delayed the emergence of PAS resistance, but higher concentrations
suppressed the growth of resistant mutants (25). Our study revealed possible drug
interactions with PAS that may cause clinical adverse effects in patients. The most
common adverse events in patients administered PAS are gastrointestinal effects
(anorexia, diarrhea, nausea, and vomiting) and hypothyroidism. The latter occurs more
frequently when PAS is administered concomitantly with ethionamide, but thyroid
function returns to normal when the drug is discontinued (26). Hepatitis occurs in 0.3
to 0.5% of cases, and allergic reactions (fever, rash, and pruritus), hemolytic anemia,
agranulocytosis, leukopenia, thrombocytopenia, malabsorption syndrome, and in-
creased thyroid volume are rare, as are cardiovascular adverse effects (pericarditis),
neurological adverse effects (encephalopathy), respiratory adverse effects (eosinophilic
pneumonia), and ocular adverse effects (optic neuritis). PAS should be used with
caution in patients with glucose-6-phosphate dehydrogenase (G6PD) deficiency and in
those who are allergic to aspirin (21).

We also tested for DDIs of PAS with commonly prescribed drugs, such as NSAIDs,
PPIs, metformin, and cimetidine. Our data showed a strong potential DDI with probe-
necid, which may explain clinical reports of increased PAS concentrations and toxicity
in patients also taking probenecid (19, 20). Among the NSAIDs, diclofenac also in-
creased the PAS concentration in plasma in clinical studies. In agreement with the
results of these studies, our in vitro data showed the potent inhibition of PAS uptake by
diclofenac, although the DDI index value did not reach the cutoff value. The potent
inhibition of PAS uptake by diclofenac probably happened owing to the lower un-
bound plasma concentration and was also probably affected by the tissue concentra-
tions. With the exception of the DDI with diclofenac, the DDIs suggest that nonselective
NSAIDS will increase the adverse effects of PAS.

PAS has been reported to increase the hypoglycemic effects of sulfonylurea and to
increase the risk of bleeding when administered in conjunction with oral anticoagu-

FIG 6 Inhibitory effects of metformin and cimetidine on OCT1- and OCT2-mediated PAS uptake. The level
of uptake of 5 �M PAS by stably transfected HEK-OCT1 and HEK-OCT2 cells in the presence or absence
of the inhibitor drugs is shown. The level of OCT1- and OCT2-mediated uptake in the absence of any
uptake inhibitor as a control and the inhibition of uptake by the inhibitor drugs were determined in
HEK-OCT1 and HEK-OCT2 cells. Quinidine (20 �M) and metformin and cimetidine (10, 50, 100 �M) were
used for OCT1- and OCT2-mediated PAS uptake inhibition. Data are presented as the means � SDs from
three or more independent experiments. Significant differences compared with the percent uptake for
the control (no inhibitor) are indicated. **, P � 0.01; ***, P � 0.001.
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lants, thrombolytics, or salicylates (21). On the other hand, although NSAIDs showed
mild inhibition of OCT-mediated uptake, the level of inhibition was minor. In contrast,
extensive studies of omeprazole and lansoprazole have reported the inhibition of renal
OATs and DDIs with methotrexate (a substrate of OATs) in vitro and in vivo (27, 28). We

FIG 7 Evaluation of the concentration-dependent inhibition of OAT- and OCT-mediated PAS uptake by NSAIDs, PPIs, metformin, and cimetidine. The kinetics
of NSAIDs and PPIs on inhibition of 20 �M PAS uptake by stably transfected HEK-OAT1 (�) and HEK-OAT3 (Œ) cells and of cimetidine and metformin on 5 �M
PAS uptake by stably transfected HEK-OCT1 (�) and HEK-OCT2 (Œ) cells were estimated. The NSAIDs, PPIs, metformin, and cimetidine showed potent inhibition
of PAS uptake by HEK-OAT1, HEK-OAT3, HEK-OCT1, and HEK-OCT2 cells according to the concentration gradient. The estimated IC50 was calculated by nonlinear
kinetics using WinNonlin software (version 5.1). Data are presented as the means � SDs from three or more independent experiments and are the level of
uptake as a percentage of that for the control (no inhibitor).

TABLE 2 DDI index values estimated from the kinetics of OAT1- and OAT3-mediated PAS uptake inhibition by NSAIDs and PPIs in vitroa

Inhibitor drug

OAT1 OAT3

IC50 (�M)

DDI index

IC50 (�M)

DDI index

[I] � [I]max [I] � [I]max,u [I] � [I]max [I] � [I]max,u

Probenecid 16.3 � 3.6 14.9 � 2.4 2.23 � 0.96* 24.6 � 4.2 9.91 � 1.21 1.48 � 0.26*
Indomethacin 1.91 � 0.20 2.13 � 0.2 0.02 � 0.001 2.18 � 0.25 1.87 � 0.22 0.02 � 0.002
Ibuprofen 5.1 � 0.78 53.0 � 8.9 0.53 � 0.09* 1.98 � 0.24 135.6 � 18 1.35 � 0.18*
Diclofenac 1.8 � 0.12 5.4 � 0.33 0.02 � 0.001 2.0 � 0.35 4.65 � 0.82 0.02 � 0.003
Naproxen 4.13 � 0.25 65.4 � 4.0 0.65 � 0.04* 4.6 � 0.23 58.4 � 2.91 0.60 � 0.02*
Omeprazole 1.76 � 0.11 1.75 � 0.11 0.05 � 0.003 5.1 � 0.78 0.62 � 0.10 0.02 � 0.003
Lansoprazole 4.13 � 0.26 1.18 � 0.07 0.03 � 0.002 2.18 � 0.25 2.25 � 0.27 0.07 � 0.002
aThe DDI index values were determined using the inhibition constant (IC50) with the maximum concentration in plasma (Cmax; bound plus unbound drug) ([I]max) and
the maximum unbound concentration ([I]max,u) of the anti-TB drugs following the regulatory guidelines described in the text. DDI index values represent means �
SDs obtained from the inhibition constants from three or more independent experiments. *, the result is significant according to FDA guidance for prototypical
substrates, in which the DDI index values are greater than the corresponding cutoff values recommended by the regulatory authorities for an [I]max,u value of �0.1.
The cutoff value is expressed as the value according to the upper limit of the equivalence range suggested by FDA.
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also suspected similar drug interactions based on our in vitro data, which showed that
omeprazole and lansoprazole inhibited OAT1- and OAT3-mediated PAS uptake by more
than 70%. Although it has to be considered that the amount of PAS is markedly lower
than the amount of acetyl-PAS, the hepatic uptake transporters can play a major role
compared to the role played by renal uptake transporters, as we found a higher DDI
index value for rifampin. Perhaps those SLC transporters can play role in its level of
expression and thus its tissue distribution. However, the DDI index value that we
determined failed to reach the cutoff value, suggesting that the DDI between PAS and
NSAIDs has a negligible effect. We have previously published data on the inhibitory
effect of PAS on OAT and OCT transporters, and it seems that these transporters are
strongly associated with its uptake (29).

Metformin is an inhibitor and substrate of OCTs and is extensively used to treat
diabetes. It is also commonly coadministered with anti-TB drugs. In our in vitro study,
metformin potently inhibited PAS uptake via OCT1 and OCT2 (Fig. 3), but its estimated
DDI index value did not support the existence of a clinical DDI. This is in contrast to the
findings described in a recently published study in which we reported a potential DDI
between PAS and metformin and in which PAS inhibited metformin uptake via OCT1
and OCT2 in vitro (29). In this study, verapamil, cimetidine, and quinidine strongly
inhibited PAS uptake via OCT1 and OCT2, and the DDI index values were much higher
than the cutoff values (Table 2), indicating possible clinical DDIs.

PAS concentrations strongly correlate with NAT1 genetic polymorphisms. As was
previously reported from a clinical study, NAT1 genetics and their relationship to serum
PAS concentrations confirmed that the NAT1*14 allele is a loss-of-function allele. In
contrast, there was no evidence that NAT1*10 is associated with decreased activity (30).
These studies suggest that the influence of transporters and NAT must be considered
to fully understand the disposition and pharmacokinetics (PK) of PAS.

As we have discovered that the OATP1B1, OAT1, OAT3, OCT1, and OCT2 transporters
actively transport PAS, genetic polymorphisms in these transporters and their effects on
PAS transport and PK may also be clinically relevant. We have published the findings of
a recent study in which metformin PK were greatly affected by polymorphisms in OCT1
and OCT2 among Koreans (31, 32). In addition to the allelic effects of the metabolic
enzyme (NAT1), interference with the disposition of PAS in the liver and kidney by
drugs inhibiting OATPs, OATs, and OCTs provides a complementary mechanistic ratio-
nale for its DDIs. The static model is widely used for the prediction of DDIs because of
its simplicity; however, it can result in false-negative DDI predictions; also, as described
in the FDA draft guidance, the DDI index for determination of the disposition of a drug
considers only a single route of administration, but clinical DDIs can be impacted by
several routes of administration (33).

To our knowledge, this is the first comprehensive characterization of PAS transport,
in which PAS was revealed to be a novel substrate of several SLC uptake transporters.

TABLE 3 DDI index values estimated from the kinetics of OCT1- and OCT2-mediated PAS uptake inhibition by the inhibitor drugs
in vitroa

Inhibitor drug

OCT1 OCT2

IC50 (�M)

DDI index

IC50 (�M)

DDI index

[I] � [I]max [I] � [I]max,u [I] � [I]max [I] � [I]max,u

Verapamil 1.2 � 0.35 0.28 � 0.01 2.85 � 0.1* 21.4 � 5.2 0.015 � 0.001 0.002 � 0.001
Cimetidine 107.5 � 19.5 89.0 � 17.5 71.2 � 14* 111.5 � 17 85.2 � 13.1 68.2 � 10.5*
Metformin 179.1 � 33 0.06 � 0.01 0.06 � 0.01 125.6 � 18 0.08 � 0.01 0.08 � 0.013
Quinidine 4.84 � 1.4 2.97 � 0.82 1.48 � 0.41* 10.7 � 1.73 1.29 � 0.20 0.65 � 0.10*
Omeprazole 17.1 � 2.25 0.18 � 0.02 0.005 � 0.001 5.53 � 1.31 0.58 � 0.16 0.02 � 0.001
Lansoprazole 25.2 � 3.7 0.21 � 0.02 0.005 � 0.001 13.0 � 3.51 0.41 � 0.10 0.01 � 0.003
aThe DDI index values were determined using the inhibition constant (IC50) with the maximum concentration in plasma (Cmax; bound plus unbound) ([I]max) and the
maximum unbound concentration ([I]max,u) of the anti-TB drugs following the regulatory guidelines described in the text. DDI index values represent means � SDs
obtained from the inhibition constants from three or more independent experiments. *, the result is significant according to FDA guidance for prototypical
substrates, in which the DDI index values are greater than the corresponding cutoff values recommended by the regulatory authorities for an [I]max,u value of �0.1.
The cutoff value is expressed as the value according to the upper limit of the equivalence range suggested by FDA.
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These data suggest a mechanism by which PAS may potentially interact with several
therapeutic classes of drugs. These in vitro data could be useful for further studies of
PAS in vivo to understand its drug interactions in greater detail.

MATERIALS AND METHODS
The chemicals [3H]estrone-3-sulfate ([3H]ES; 1.66 TBq/mmol), [3H]-estradiol 17�-D-glucuronide

([3H]E2G; 1.27 TBq/mmol), [3H]para-aminohippurate ([3H]PAH; 0.166 TBq/mmol), and [3H]N-methyl-4-
phenylpyridinium acetate ([3H]MPP�; 82.1 Ci/mmol) were purchased from PerkinElmer (Waltham, MA,
USA). Probenecid, verapamil, cimetidine, para-aminosalicylic acid (PAS), acetyl-salicylic acid, indometh-
acin, diclofenac, ibuprofen, naproxen, omeprazole, lansoprazole, and rifampin were purchased from
Sigma-Aldrich. The other reagents used in this study were purchased from commercial suppliers offering
the highest purity.

Cell lines preparation and culture. Human embryonic kidney 293 (HEK) cells were stably trans-
fected according to a previously reported method (34), and we have recently published the findings of
a study using such stably transfected cells (29, 31, 35). In brief, stably transfected HEK-OCT1, HEK-OCT2,
HEK-OAT1, HEK-OAT3, HEK-OATP1B1, HEK-OATP2B1, and HEK-OATP1B3 cells were grown in tissue culture
flasks in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS),
1% nonessential amino acids, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin (Invitrogen) at
approximately 37°C in an atmosphere supplemented with 5% CO2. When the cells were at confluence,
cells were harvested using trypsin-EDTA and resuspended in culture medium. This process was repeated
as necessary to obtain sufficient numbers of cells for each experiment.

Synthesis of cRNA for the transport study using Xenopus laevis oocytes. The cRNA synthesis and
uptake experiments were performed as described previously (36). The capped OATP, OAT, and OCT
cRNAs were synthesized in vitro using T7 RNA polymerase with linear plasmid DNA. X. laevis oocytes were
digested in ORII solution, which contained 82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM HEPES, pH 7.4,
and 1.5 mg/ml collagenase, for 90 min at room temperature. After digestion, defolliculated oocytes were
injected with 50 ng of the capped cRNA and incubated at 18°C in Barth’s solution [88 mM NaCl, 1 mM
KCl, 0.33 mM Ca(NO3)2, 0.4 mM CaCl2, 0.8 mM MgSO2, 2.4 mM NaHCO3, 10 mM HEPES, pH 7.4] that
contained 50 ng/ml gentamicin and 2.5 mM pyruvate. After incubation for 2 days, uptake experiments
were performed at room temperature in ND96 solution (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 1 mM
MgCl2, 5 mM HEPES, pH 7.4). The uptake reaction was initiated by replacing the ND96 solution with ND96
solution containing PAS for both control oocytes and oocytes expressing uptake transporters (i.e., OATPs,
OATs, and OCTs) and terminated by the addition of ice-cold ND96 solution after 30 min for OATPs and
OATs and 60 min for OCTs. After the oocytes were washed three times, they were sonicated in 120 �l
of 100% acetonitrile two times at 3°C for 5 s each time and centrifuged at 13,000 � g for 10 min at 4°C.
Aliquots of the supernatant were injected into a liquid chromatography-tandem mass spectrometry
(LC-MS/MS) system for detection of the anti-TB drugs.

Uptake of radiolabeled prototype substrate by transporter-overexpressing HEK cells. Evalua-
tion of the effect of transporter overexpression on the cellular uptake of the labeled transporter
substrates was performed as described previously (37). To measure the cellular uptake of the radiola-
beled substrates, HEK-OATP1B1, HEK-OATP2B1, HEK-OATP1B3, HEK-OCT1, HEK-OCT2, HEK-OAT1, HEK-
OAT3 HEK-OCTN1, HEK-OCTN2, HEK-MATE1, and MATE2K cells were seeded in 24-well culture plates at
a density of 2 � 105 cells/well and incubated at 37°C in an atmosphere supplemented with 5% CO2 for
1 day. After the cells reached 90% confluence, they were washed twice with phosphate-buffered saline
(PBS) and incubated for 20 min in Dulbecco’s modified Eagle medium lacking FBS or penicillin-
streptomycin. The cells were then incubated in medium containing 45 nM [3H]ES, 59 nM [3H]E2G, 25 nM
[3H]MPP�, 25 nM [3H]L-carnitine, 20 �M [14C]tetraethylammonium, or 89 nM [3H]PAH for 5 min at 37°C.
This medium was then aspirated, and the cells were washed three times with ice-cold PBS and lysed
in 1% Triton X-100 for 30 min at room temperature on a shaker. The uptake of substrate by the cells
was quantitated by measuring the radioactivity in the lysate by using a liquid scintillation counter
(PerkinElmer).

Characterization of PAS uptake by HEK cells overexpressing the transporters. The uptake of PAS
was quantitated by methods similar to those described above for the uptake of the prototypical
transporter substrates. Cells were incubated in medium containing 100 �M PAS for 5 min at 37°C, and
then the medium was immediately aspirated. The cells were washed three times with ice-cold PBS, and
lysates were prepared for LC-MS/MS by adding 100 �l acetonitrile (70%) in a 1.5-ml tube, sonicating for
3 to 5 s, and centrifuging at 13,000 rpm for 10 min. An internal standard (IS) for LC-MS/MS was added
to each supernatant. Supernatants were vortexed for 3 s and then transferred to vials for detection by
LC-MS/MS. A 120-�l aliquot of each lysate was analyzed using LC-MS/MS to quantify uptake. In this
experiment, positive-control substrates were [3H]MPP� for OCT1 and OCT2, [3H]ES for OATP1B1 and
OATP2B1, [3H]E2G for OATP1B3, 20 �M [14C]TEA for OCTN1, MATE1, and MATE2K, 25 nM [3H]L-carnitine
for OCTN2, and [3H]PAH for OAT1 and OAT3.

Measurement of transepithelial transport of PAS. For measurement of the transepithelial trans-
port of PAS, we used LLC-PK1 cells overexpressing MDR1 and BCRP and MDCK cells overexpressing
MRP1/2. The cells were grown on tissue culture flasks in DMEM supplemented with 10% fetal bovine
serum, 1% nonessential amino acids, 2 mM L-glutamine, and 100 U/ml penicillin-streptomycin. The cells
were incubated at 37°C in a humidified atmosphere with 5% CO2–95% air. The cells were seeded in
12-well Transwell membranes (pore size, 0.4 �m; filter, translucent; Greiner Bio-One, Alphen aan den Rijn,
The Netherlands) at a density of 2 � 105 cells/insert. The cell monolayer was cultured, and the medium
was refreshed two times over the 5-day period of culture. A vectorial transport study was performed in
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overexpressed cells after a transepithelial electrical resistance (TEER) value of the seeded cells of 200 to
250 � cm2 was reached. Transport experiments were initiated by washing the monolayer three times
with transport medium (Dulbecco’s modified phosphate-buffered saline [DPBS]; sodium bicarbonate,
0.35 g/liter; glucose, 1.95 g/liter, pH 7.4), followed by preincubation of the cell monolayer for 20 min.
Studies of the flux in the apical-to-basal direction and basal-to-apical direction were performed by
introducing 0.5 ml of the drug solution into the apical side and 1.5 ml into the basal side, respectively.
For measurement of the transport of 10 �M PAS in the apical-to-basal direction, the insert was
transferred to a well containing fresh transport medium every 15 min for 1 h. For measurement of
transport in the basal-to-apical direction, the transport medium in the apical side was replaced with 0.35
ml of fresh incubation medium every 15 min for 1 h. A mixture consisting of 20 �l of transport medium
with 90 �l of 100% acetonitrile containing rifabutin as an internal standard (10 �g/ml) was injected into
an LC-MS/MS system for the determination of the PAS concentration. The apparent permeability
coefficient (Papp; in centimeters per second) was calculated using the following equation: (ΔQ/Δt)/AC0,
where ΔQ/Δt is the rate of appearance of the drug in the receiver chamber (in micrograms per minute),
A is the cross-sectional area (in square centimeters) of the semipermeable membrane of the transwell,
and C0 is the initial donor concentration in the apical side (in micrograms per milliliter).

Evaluation of PAS uptake inhibition and possible drug interactions. To evaluate PAS uptake by
specific transporters, we used rifampin to inhibit OATP1B1, verapamil and cimetidine to inhibit OCT1 and
OCT2, and probenecid, proton pump inhibitors (PPIs), and nonsteroidal anti-inflammatory drugs (NSAIDs)
to inhibit OAT1 and OAT3. Cells were incubated in medium containing 100 �M PAS for 5 min at 37°C in
the presence of each transporter inhibitor. PAS uptake was then quantitated as described above. Studies
of the kinetics of these inhibitors were performed using the same methods described above in the
presence of inhibitors at concentration ranging from 1 to 200 �M.

Determination of kinetic parameters. Analysis the of the kinetics of PAS uptake was performed
using a substrate concentration range of 1 to 400 �M. Prior to performance of the experiments
determining the kinetics of PAS uptake, the linearity of cellular uptake over time was determined for each
cell line. The rates of cellular uptake of PAS were normalized by incubation time and the total protein
content. Net uptake rates were calculated as the difference in the rate of uptake by transfected and
wild-type cells for each concentration.

For each study drug for which results are reported, experiments were performed in triplicate under
all conditions. The values obtained in each experiment are expressed as the mean � standard deviation
(SD). To ensure that inhibition of uptake occurred only with the selected transporters, we used
mock-transformed cells and positive controls in all experiments. The kinetic parameters Km and Vmax were
calculated using the Michaelis-Menten equation, as follows: V � (Vmax � S)/(Km � S), where V indicates
the velocity of substrate uptake (in picomoles per minute per milligram of protein), S indicates the
concentration of substrate added in the medium (in micromolar), Km is the Michaelis-Menten constant
(in micromolar), and Vmax is the maximum rate of uptake. Calculations were performed using the Phoenix
software package (WinNonlin, version 5.1; Pharsight Corp., Mountain View, CA, USA).

The half-maximal (50%) inhibitory concentration (IC50) of each inhibitor was determined by measur-
ing the percent inhibition of OCT1-, OCT2-, OAT1-, and OAT3-mediated substrate uptake over a range of
inhibitor concentrations. IC50s were determined using the inhibitory effect model: E � E0 · {1 	 [C/(C �
IC50)]}, where E is the effect, E0 is the baseline effect, IC50 is the concentration that produces a 50%
inhibitory effect, and C is concentration. The values were determined by the use of WinNonlin software
(version 5.1; Pharsight Corp., Mountain View, CA, USA).

The level of uptake of radiolabeled prototypical substrates in vitro was calculated as the amount of
substrate associated with the cells (in disintegrations per minute per well or picomoles per well) divided
by the initial concentration in the buffer (in disintegrations per minute per milliliter or picomoles per
well) and the total amount of protein in each lysate (in milligrams of protein per well). The net uptake
was determined by subtracting the total amount of uptake by control cells from the amount of uptake
by cells overexpressing the transporters and was expressed as a percentage of the amount of uptake by
control cells (referred to as percent of control). The kinetic parameter concentration-dependent uptake
was evaluated by the Michaelis-Menten equation by a previously published method (38).

DDI index prediction using a static model. To add clinical value to our study, we calculated the DDI
indexes of the inhibitor drugs in our in vitro study according to FDA guidance (33) using the maximum
plasma concentration (Cmax) and the maximum unbound plasma concentration (Cmax,u) (clinical phar-
macokinetic data) (see Table S2 in the supplemental material) for each drug at its IC50. According to FDA
guidelines, a different method was used for OATP1B1, OCTs, and OATs (33, 38, 39). Briefly, the method
described by the FDA draft guidance and others is as follows: for OATP1B1, as a first step, we applied the
equation R � 1 � Cmax/Ki, where R is the drug-drug interaction index and Cmax indicates the maximum
concentration of the inhibitor (bound plus unbound) systemically present in the circulation. As a second
step, FDA recommends the use of the following equation: R � 1� [I]u,inlet,max/Ki, where [I]u,inlet,max

indicates the maximum estimated concentration of unbound inhibitor entering the liver. The next
equation is [I]u,inlet,max � fu · [Imax � (Ka · Fa · Fg · dose)/Qh)], where fu is the unbound fraction of an inhibitor
in the systemic circulation, calculated by assuming the blood-to-plasma (B/P) ratio; Imax is the maximum
concentration of an inhibitor present in blood; Ka is the absorption rate constant of the inhibitor; Fa is
the absorbed fraction of the inhibitor; Fg is the fraction of the absorbed inhibitor dose from gut wall
extraction; dose is the dose of the inhibitor; and Qh is the hepatic blood flow rate (97 liters/h) (for the
European Union, from the Committee for Human Medicinal Products, 2012; for Japan, from the Ministry
of Health, Labor, and Welfare, 2014). We determined the R value by using Ka equal to 0.1/min and an Fa

� Fg value of 1 to avoid the risk of false-negative DDI predictions in our study, as described previously.
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For the OCTs and OATs, we simply calculated the drug-drug interaction index using the equation
Cmax/IC50, where Cmax indicates the maximum concentration and Cmax,u indicates the maximum unbound
concentration of the inhibitor present in the systemic circulation (27, 33, 39–41).

Statistical analysis. Two-sided Student’s t tests were used to determine the statistical significance
of the differences between control and test data. Results are expressed as means � SDs. P values
of �0.05 are considered to indicate a statistically significant difference from the value for the control and
were determined using GraphPad Prism software (version 6; San Diego, CA).
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