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Chloroquine (CQ) and hydroxychloroquine (HCQ) are widely used to treat malaria and inﬂammatory
diseases, long-term usage of which often causes severe side effects, especially retinopathy. Solute carrier
transporters (SLCs) are important proteins responsible for the cellular uptake of endogenous and
exogenous substances. Inhibitors competing with transporter substrates for SLCs often results in unfavorable toxicities and unsatisfactory therapeutic outcomes. We investigated the inhibitory effect of CQ
and HCQ on substrate uptake mediated through a range of important SLC transporters in overexpressing
human embryonic kidney (HEK293) cells. Our data revealed that both CQ and HCQ potently inhibit the
uptake activity of organic anion transporting polypeptide 1A2 (OATP1A2). We recently reported
OATP1A2 to be expressed in human retinal pigment epithelium (RPE), where it mediates cellular uptake
of all-trans-retinol (atROL), a key step in the classical visual cycle. In this study, we demonstrate that CQ
and HCQ could markedly impair atROL uptake in OATP1A2-expressing HEK293 cells and more importantly, in primary human RPE cells. Our study shows that CQ and HCQ are novel inhibitors of OATP1A2
and signiﬁcantly impair OATP1A2-mediated substrate uptake, particularly transport of atROL into the
RPE. This effect may compromise the function of the classic visual cycle leading to vision impairment and
contribute to the retinopathy observed clinically in patients using CQ or HCQ.
© 2016 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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Introduction
Chloroquine (CQ) and hydroxychloroquine (HCQ) are 4aminoquinolone derivatives that have long been used in the
prevention and treatment of malaria.1,2 These two agents also
have clinical applications in many inﬂammatory diseases such as
systemic lupus erythematosus, rheumatoid arthritis, dermatomyositis, and Sjogren syndrome.3-5 The chemical structure of
HCQ differs from CQ with a hydroxyl group at the end of N-ethyl
side chain (Fig. 1). Clinically, HCQ is used more frequently than CQ
as it has similar activity to but is less toxic than CQ.2 CQ and HCQ
are often administered orally but can also be given by intravenous
Abbreviations used: SLCs, solute carrier transporters; CQ, chloroquine; HCQ,
hydroxychloroquine; CCK-8, cholecystokinin octapeptide; E3S, estrone-3-sulfate;
PAH, 4-aminohippuric acid; MPPþ, methyl-4-phenylpyridinium acetate; RPE,
retinal pigment epithelium; atROL, all-trans-retinol.
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injection. The common adverse effects of CQ and HCQ include
gastrointestinal upset, mild nausea, and occasional stomach
cramps with mild diarrhea.6 However, since the 1960s, long-term
usage of CQ or HCQ has also been reported to lead to severe
retinopathy and loss of retinal function.7-11 Lack of treatment for
CQ- or HCQ-induced retinopathy results in permanent visual loss
for patients and as such has signiﬁcantly restricted the clinical
applications of these otherwise cost-effective and widely available drugs.12
Inﬂux transporters, primarily the solute carrier transporters
(SLCs), are the membrane proteins responsible for the cellular uptake of various substrates including endogenous and exogenous
substances. SLCs are known to transport a wide range of drugs,
many of which are clinically important.13 SLCs are broadly
expressed in key human organs, such as the kidney, liver, and brain,
where they facilitate drug access to these tissues.13 The transport
activities of these transporters thus largely determine the absorption, distribution, and elimination of drugs, inﬂuencing drug efﬁcacy and toxicity.14 Furthermore, competition between therapeutic
drugs and endogenous substances for a speciﬁc SLC transporter
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Figure 1. Chemical structures of chloroquine (CQ) and hydroxychloroquine (HCQ).

may often lead to disappointing clinical outcomes and unexpected
toxicities.
The organic anion transporting polypeptides (OATPs) encoded
by SLCO genes and the organic anion/cation transporters (OATs/
OCTs/OCTNs) encoded by SLC22A genes represent the most
important SLC members involved with drug transport.13,15 These
SLC transporters interact with a remarkably broad range of substances ranging from endogenous molecules, from hormones to
various xenobiotics, particularly pharmaceutical agents such as
anticancer drugs (e.g., imatinib, methotrexate) and antibiotics (e.g.,
penicillin).13,15-17 SLC transporters are widely expressed in human
tissues. More speciﬁcally, OATP2B1, OCT1, OCT2, OCTN1, and OCTN2
are expressed by enterocytes, whereas organic anion transporting
polypeptide 1A2 (OATP1A2), OAT1, OAT2, OAT3, OAT4, OCT2, OCT3,
OCTN1, and OCTN2 have been identiﬁed in the renal tubule
epithelium.13,15 OATP1B1, OATP1B3, OATP2B1, OAT2, OCT1, and
OCT3 are expressed by hepatocytes, thus facilitating drug access to
the liver for biotransformation, whereas OATP1A2, OATP2B1, OAT1,
OAT2, OAT3, OCT1, OCT2, and OCT3 have been found in the brain,
contributing to central nervous system drug transport.13,15
Recently, we reported that OATP1A2 is expressed in the retinal
pigment epithelium (RPE) within the eye and is capable of transporting all-trans-retinol (atROL), a retinoid essential for the classic
visual cycle.18 Overall, these transporters mediate the cellular inﬂux
of structurally diverse compounds and greatly impact on the
pharmacokinetics of drugs in body. Drugs and endogenous substances competing for SLC transporters have also been widely reported,19-21 and can signiﬁcantly impact on therapeutic outcomes
and toxicities.
To date, the interactions between SLC transporters and CQ or
HCQ remain unclear. This study is the ﬁrst to comprehensively
investigate the inhibitory effect of CQ and HCQ on the substrate
uptake mediated through a range of essential SLC transporters and
contributes to our understanding of the observed therapeutic
toxicity of these agents.
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New South Wales, Australia). HCQ, CQ, and all other chemicals were
obtained from Sigma-Aldrich (Castle Hill, New South Wales,
Australia).
Constructs containing the Open Reading Frames of human OAT1
(reference sequence: NM_004790.4), OAT2 (reference sequence:
NM_006672.2), OAT3 (reference sequence: NM_004254.2), OAT4
(reference sequence: NM_018484.2), OATP1A2 (reference sequence:
NM_005075.1), OATP1B1 (reference sequence: AB026257.1), OATP1B3
(reference sequence: NM_019844), OATP2B1 (reference sequence:
NM_007256), OCT1 (reference sequence: NM_003057.2), OCT2
(reference sequence: NM_003058.2), OCT3 (reference sequence:
NM_021977.2), OCTN1 (reference sequence: NM_003059), and OCTN2
(reference sequence: NM_003060) were purchased or cloned by us as
described before.22
Cell Culture
Human embryonic kidney cells were grown in 75-cm2 tissue
culture ﬂasks in Dulbecco's modiﬁed Eagle's medium (DMEM)
supplemented with 10% fetal calf serum and 5% CO2 at 37 C.
Conﬂuent cells were routinely harvested by trypsinization and
resuspended in culture medium every 3e5 days. For experiments,
HEK293 cells were seeded onto 48-well plates and grown for 24 h
at 37 C. Cells were then transfected with each SLC transporter
plasmid using Lipofectamine 2000 (Invitrogen, Mount Waverley,
Victoria, Australia) and incubated for another 24 h at 37 C.
Isolation of Human RPE Primary Cells
Three postmortem human eyes (aged between 38 and 69 year,
postmortem delay <16 h) were obtained from the Lions NSW Eye
Bank, with consent and ethics approval from The University of
Sydney Human Research Ethics Committee in accordance with the
tenets of the Declaration of Helsinki. Primary RPE cells were isolated as described previously.23-25 Brieﬂy, the anterior segment
(cornea, iris, and lens) was removed followed by gently removing
the vitreous and neurosensory retina from the underlying RPE. The
eyecups were rinsed with phosphate-buffered saline (PBS; 137 mM
NaCl, 2.7 mM KCl, 4.3 mM Na2HPO4, 1.4 mM KH2PO4, 1.0 mM MgCl2,
and 1.0 mM CaCl2, pH 7.4), ﬁlled with 0.25% trypsin and 0.01% EDTA
and incubated at 37 C for 45 min. The RPE was gently removed
from the underlying Bruch's membrane with pipetting and
collected in DMEM with 4.5 g/L glucose, 2 mM L-glutamine, and
20% fetal bovine serum. After pelleting by centrifugation (163g for 5
min), cells were resuspended in fresh medium and initially grown
in 35 mm2 dishes. After reaching conﬂuence, cells were trypsinized
and subsequently grown in 25 cm2 ﬂasks maintained at 37 C with
5% CO2. The primary RPE cells used for experiments were between
passage 2 and passage 5.
Transporter Studies

Materials and Methods
Materials
[3H]-4-aminohippuric acid (PAH; 60 Ci/mmol), [3H]-L-ergothioneine (1.7 Ci/mmol), and [14C]-L-carnitine (56 mCi/mmol) were
obtained from BioScientiﬁc Pty. Ltd. (Gymea, New South Wales,
Australia). [3H]-estrone-3-sulfate (E3S; 57.3 Ci/mmol), [3H]-cholecystokinin octapeptide (CCK-8; 97.5 Ci/mmol), [3H]-atROL (12.5 Ci/
mmol), and [3H]-methyl-4-phenylpyridinium acetate (MPPþ; 82.1
Ci/mmol) were purchased from PerkinElmer (Melbourne, Victoria,
Australia). Human embryonic kidney (HEK293) cell line was obtained from the American Type Culture Collection (Manassas, VA).
Culture media was purchased from Thermo Scientiﬁc (Lidcombe,

Transporter uptake was measured with cells incubated with PBS
containing radiolabeled substrates with or without 10 mM CQ or
HCQ for 8 min. As described previously, speciﬁc substrates were
used for the SLC transporters in our uptake assays.26 In detail, the
concentration of each substrate used was: 5 mM [3H]-PAH for OAT1;
300 nM [3H]-E3S for OAT2, OAT3, OAT4, OATP1A2, OATP1B1, and
OATP2B1; 2 nM [3H]-CCK-8 for OATP1B3; 100 nM [3H]-MPPþ for
OCT1, OCT2, and OCT3; 5 mM [3H]-L-ergothioneine for OCTN1, 5 mM
[14C]-L-carnitine for OCTN2, and 0.1 mM [3H]-atROL for OATP1A2.
After incubation, the substrate uptake was terminated by
rapidly washing cells twice with ice-cold PBS. The cells were then
solubilized in 0.02 N NaOH and neutralized with 0.02 N HCl. The
intracellular accumulation of each radiolabeled substrate was
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determined by liquid scintillation counting. Uptake counts were
standardized to the amount of protein in each well and all uptake
data were subtracted with background counts of vector-transfected
control cells.
Different concentrations of CQ and HCQ (range 1 nM to 100 mM
for E3S inhibition and 1 nM to 200 mM for atROL inhibition) were
tested to assess their IC50 values (the concentration that inhibits
50% of transporter uptake at a speciﬁc substrate concentration) on
substrate uptake of OATP1A2. The inhibitor constant (Ki) values of
CQ and HCQ on E3S uptake in overexpressing HEK293 cells were
further derived. MichaeliseMenten parameters were determined by
nonlinear regression; Ki values and mode of inhibition were determined from LineweavereBurk, Dixon plots, and appropriate replots27
using GraphPad Prism 6.0 (GraphPad Inc., La Jolla, California).
As described previously,18 human primary RPE cells were transfected with scrambled siRNAs (Cat. No.: sc-37007; VWR, Murarrie,
Queensland, Australia) or OATP1A2-speciﬁc siRNAs (Cat. No.: 4392420,
ID: s13099; Invitrogen) using Lipofectamine 2000 reagent (Invitrogen)
following the manufacturer's instructions. atROL uptake was then
measured in the scrambled or OATP1A2-speciﬁc siRNA transfected
primary RPE cells in the presence or absence of 10 mM of CQ or HCQ.
In all the transporter studies above using the HEK293 cells, data
were obtained from three independent experiments, in triplicate
for each experiment. atROL uptake was measured in primary RPE
cell lines isolated from 3 independent donors in triplicate for each
experiment.
Data Analysis and Statistics
Data are presented throughout as mean ± SD. Transporter inhibition studies were analyzed by one-way analysis of variance and
Dunnett's testing. IC50, Ki, and MichaeliseMenten kinetic parameters were determined by nonlinear regression in GraphPad Prism

6.0 (GraphPad Inc., La Jolla, CA). Data are expressed as mean ± SD
with a p value of less than 0.1 considered as signiﬁcant.
Results
Inhibitory Effects of CQ and HCQ on OATs, OATPs, OCTs, and OCTNs
As shown in our previous studies,28 signiﬁcantly increased
accumulation of [3H]- or [14C]-labeled prototypical substrates was
observed in HEK293 cells overexpressing individual SLC transporters compared with the vector-transfected controls.
The inhibitory effects of CQ and HCQ (10 mM) on the substrate
uptake mediated via OAT1, OAT2, OAT3, and OAT4 were assessed. As
shown in Figure 2a, our data demonstrated that mild inhibition was
observed for CQ on the uptake of E3S through OAT2 and OAT3 for
CQ. HCQ also inhibited substrate transport of OAT1, OAT2, and OAT4
(20%e30% of inhibition).
The presence of CQ and HCQ also reduced transporter activity of
the essential OATP isoform OATP1A2. More speciﬁcally, the activity
of OATP1A2 was potently inhibited by HCQ (~52% inhibition of the
control) and moderately affected by CQ (~34% inhibition of the
control) (Fig. 2b). Meanwhile, both CQ and HCQ were observed to
mildly impair the uptake of CCK-8 mediated by OATP1B3 (~20%
inhibition of the control) (Fig. 2b).
The transport activity of OCTs and OCTNs investigated in this
study was not affected by CQ and HCQ (Fig. 2c).
Inhibitory Potency of CQ and HCQ on OATP1A2-Mediated E3S
Uptake
As mentioned above, the uptake of E3S via OATP1A2 was
signiﬁcantly impaired in the presence of 10 mM of HCQ and
moderately inﬂuenced by the presence of CQ at the same

Figure 2. Inhibitory effects of chloroquine (CQ) and hydroxychloroquine (HCQ) on the speciﬁc substrate uptake mediated through the OATs/OCTs and OATPs. Uptake of each
radiolabeled substrate was measured in the absence (black bar) or presence of 10 mM CQ (gray bar) and 10 mM HCQ (dark gray bar). The speciﬁc substrates used were (a) 1 mmol/L
[3H]-PAH for OAT1, 500 nmol/L [3H]-ES for OAT2 (pH 5.5), and 300 nmol/L [3H]-ES for OAT3 and OAT4; (b) 300 nM [3H]-ES for OATP1A2, OATP1B1, OATP2B1, and 2 nM [3H]-CCK-8 for
OATP1B3; (c) 1 mmol/L [3H]-L-ergothioneine for OCTN1, 5 mmol/L [14C]-L-carnitine for OCTN2 and 100 nM [3H]-MPPþ for OCT1, OCT2, and OCT3. All values are mean ± SD (triplicate
in each experiment; each experiment was repeated three times). *p < 0.1, **p < 0.05, different from dimethyl sulfoxide control.
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concentration (Fig. 2b). To further evaluate the inhibitory potency
of CQ and HCQ on the transport activity of OATP1A2, the IC50 and
Ki values of both compounds were derived as described in the
methods (Figs. 3 and 4). We found that the IC50 values of CQ and
HCQ for uptake of 300 nM E3S were 20.55 ± 7.56 and 11.26 ± 2.98
mM, respectively; the Ki values of these two compounds were
15.80 and 8.27 mM, respectively. And our data indicated that CQ
and HCQ competitively inhibited the uptake of E3S through
OATP1A2.

Inhibition Potency of CQ and HCQ on OATP1A2-Mediated atROL
Uptake
Because of the tissue localization of OATP1A2 in the membrane
of RPE cells and its novel role in the transport of atROL and
contribution to the visual cycle, it was important to investigate the
inhibitory effect of CQ and HCQ on OATP1A2-mediated atROL uptake. In OATP1A2-expressing HEK293 cells, we observed signiﬁcantly reduced atROL uptake in the presence of 10 mM CQ and HCQ
with 46% and 56% inhibition of the control, respectively (Fig. 5a).
Further studies conducted on three independent primary RPE cell
lines showed consistent results (Fig. 5b). The IC50 values of CQ and
HCQ inhibition on atROL uptake were also derived in both overexpressing HEK293 cells (5.62 ± 1.42 and 6.48 ± 0.80 mM,
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respectively) and primary human RPE cells (10.96 ± 4.06 and 9.24 ±
1.56 mM, respectively) (Figs. 5c-5f).
Discussion
Chloroquine and HCQ have been widely used to treat malaria,
rheumatoid arthritis, systemic lupus erythematosus, and other
inﬂammatory and autoimmune diseases.1-5 Inﬂux SLC transporters, in particular OATPs, OATs, and OCTs/OCTNs, are broadly
expressed throughout the epithelia of the body and responsible
for drug access to these tissues as well as cellular transport of
many endogenous substances. Drugs that compete with endogenous substances for transporters are one of the primary causes for
therapeutic drug toxicities. Our study is the ﬁrst to investigate the
interaction of CQ and HCQ with these essential SLC transporters.
We found that CQ mildly inhibited the substrate uptake mediated
by OAT2, OAT3, and OATP1B3 but caused a more potent downregulation of OATP1A2-mediated E3S uptake (Figs. 2 and 3). HCQ
also mildly impaired transporter activity of OAT1, OAT2, OAT4,
OATP1B3, and OATP2B1. However, the inhibitory effect of HCQ on
these transporters was less pronounced compared with its effect
on OATP1A2 (Figs. 2 and 4).
Organic anion transporting polypeptide 1A2 is a wellcharacterized human SLC isoform. It can transport many frontline
therapeutic drugs, such as methotrexate and imatinib,16,17,29,30 as

Figure 3. IC50 and Ki values of CQ inhibition of OATP1A2 uptake activity. (a) IC50 values of CQ were determined as the OATP1A2-mediated ES uptake in the presence of CQ
(concentrations ranged from 0 to 100 mM). The IC50 values were calculated by nonlinear regression in GraphPad Prism 6.0. (b) MichaelisdMenten plot of E3S uptake in the presence
of different concentrations of CQ: (C) 0 mM, (C) 10 mM, (:) 25 mM, (;) 50 mM, (A) 75 mM; (B) 100 mM. (c) LineweaverdBurk plot of the data in (b). (d) Dixon plots in the
presence of different concentrations of E3S: (C) 0.5 mM, (-) 1 mM, (:) 1.5 mM, (;) 5 mM, (A) 8 mM, (*) 30 mM, and (þ) 40 mM. (e) Replot of the slopes from the LineweaverdBurk
plot. (f) Replot of the slopes from the Dixon plots. Units of E3S uptake (V) is pmol*min1*mg1 protein. Ki values were estimated by GraphPad Prism 6.0. Values are mean ± SD
(triplicate in each experiment; each experiment was repeated three times).
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Figure 4. IC50 and Ki values of HCQ inhibition of OATP1A2 uptake activity. (a) The IC50 values of HCQ were determined as the OATP1A2-mediated ES uptake in the presence of HCQ
(concentrations ranged from 0 to 40 mM). The IC50 values were calculated by nonlinear regression in GraphPad Prism 6.0. (b) MichaeliseMenten plot of E3S uptake in the presence of
different concentrations of CQ: (C) 0 mM, (C) 2 mM, (:) 5 mM, (;) 15 mM, (A) 25 mM, and (B) 40 mM. (c) LineweavereBurk plot of the data in (b). (d) Dixon plots in the presence
of different concentrations of E3S: (C) 0.5 mM, (-) 1 mM, (:) 2 mM, (;) 10 mM, (A) 15 mM, and (*) 30 mM. (e) Replot of the slopes from the LineweavereBurk plot. (f) Replot of the
slopes from the Dixon plots. Units of E3S uptake (V) is pmol*min1*mg1 protein. Ki values were estimated by GraphPad Prism 6.0. Values are mean ± SD (triplicate in each
experiment; each experiment was repeated three times).

well as a wide range of endogenous substances including bile salts
and biologically active hormone conjugates such as E3S and
estradiol 17b-glucuronide.31 OATP1A2 has been found to be
expressed by enterocytes,32 cholangiocytes,33 renal proximal
tubular epithelial cells,33 and RPE.18 The Cmax (the maximal plasma
concentration) of CQ and HCQ reported in the literature is
approximately 1 mM with repeated doses leading to an elevated
plasma concentration.34,35
More importantly, studies showed that the concentration of
these agents in a speciﬁc tissue could be much higher than their
plasma concentrations, for example, the concentration of CQ in the
retina is more than 1000 times higher than its plasma concentration.36,37 Therefore, it is plausible that the access of OATP1A2 drug
substrates to these tissues may be compromised in the presence of
CQ or HCQ, affecting the pharmacokinetic performance of these
OATP1A2 drug substrates. In favor of enhanced therapeutic effects,
the concomitant usage of CQ or HCQ with other drugs has been
previously suggested38; however, drugedrug interactions have
also been observed. For example, CQ is reported to reduce the
bioavailability of a protypical OATP1A2 drug substrate methotrexate in treating rheumatoid arthritis,39 which effect could be
partially due to its competition with methotrexate for OATP1A2.
Our future studies will further explore this; however, it is beyond
the scope of the current study. Precautions are necessary when
administering CQ or HCQ together with drugs that are transported
through OATP1A2.

The clinical use of CQ and HCQ is largely limited by the
development of irreversible retinal degeneration.40,41 Signs may
include a central dark area surrounded by a hypopigmented zone
in the retina.7,11 The molecular mechanisms underpinning CQ/HCQ
retinopathy have been widely studied but are not fully understood.41,42 Studies have reported that CQ and HCQ can cause
distinctive abnormalities in the perifoveal photoreceptor inner
segment/outer segment junction.42 CQ and HCQ have also been
proposed to induce RPE degeneration through several pathways
including elevation of lysosomal pH,41 increasing RPE permeability,43 and binding to melanin.44 Our recent study showed that
OATP1A2 is expressed in human RPE cells and, more importantly,
that it mediates the uptake of atROL, a critical step in the human
visual retinoid cycle.18 The current study suggests a further novel
molecular mechanism to be involved in CQ/HCQ retinopathy,
through the disruption of atROL uptake, facilitated by human
OATP1A2.
Transporter inhibitors competing for OATP1A2 are likely to
result in a toxic accumulation of atROL outside the RPE cells.
In vivo, this may disrupt the visual cycle with consequences of
retinal degeneration and impaired visual function. The current
study clearly shows that CQ and HCQ are potent inhibitors of
OATP1A2-mediated atROL uptake in overexpressing HEK293 cells
and primary human PRE cells (Figs. 5a and 5b). Therefore, retinal
toxicity because of long-term usage of CQ or HCQ may partially
result from the impaired uptake of atROL through OATP1A2. An
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Figure 5. The inhibitory effect of CQ and HCQ on OATP1A2-mediated [3H]-atROL uptake. CQ and HCQ (10 mM) inhibit the atROL uptake in OATP1A2-expressing HEK293 cells (a) and
in primary human RPE cells (n ¼ 3) transfected with scrambled (black bars) and OATP1A2-speciﬁc siRNA (gray bars) (b). The IC50 values of CQ and HCQ were determined as the
OATP1A2-mediated ES uptake in the presence of CQ (c) and HCQ (d) (concentrations ranged from 0 to 200 mM) in OATP1A2-expressing HEK293 cells or that in the presence of CQ (e)
and HCQ (f) (concentrations ranged from 0e150 mM) in one of the 3 randomly selected human primary RPE cell lines with moderate gene-silencing efﬁcacy (~50%). The IC50 values
were calculated by nonlinear regression in GraphPad Prism 6.0. Values are mean ± SD (triplicate in each experiment; each experiment was repeated three times).

accumulation of atROL external to the RPE can lead to the subretinal lipofuscin accumulation45 and is reported to underlie the
increased fundus autoﬂuorescence observed clinically.46 This is
consistent with observations in patients with CQ- or HCQ-induced
retinopathy.44,47 In addition, the elevated oxidative stress in the
interphotoreceptor matrix caused by atROL accumulation in patients exposed to CQ or HCQ can potentially cause RPE dysfunction
and retinal degeneration.48,49 Furthermore, the characteristic
bull's eye appearance of patients with CQ/HCQ retinopathy is
associated with the degeneration of macular rod and cone photoreceptors with initial sparing of foveal cones.50 This is likely
because cones are more concentrated in the foveal region51 and
the cone-speciﬁc visual cycle between cones and Müller cells is
independent on OATP1A2-mediated atROL uptake, as OATP1A2
was not detected in human Müller cells (unpublished data).
Therefore, CQ/HCQ is less likely to cause the stress of atROL
accumulation within the cone-speciﬁc visual cycle.
Conclusions
In summary, the present study evaluated the inhibitory effects
of CQ and HCQ on the substrate uptake mediated by a number of
important SLC transporters. The most potent inhibition identiﬁed
was for the OATP1A2. We also found that CQ and HCQ are capable of
inhibiting OATP1A2-mediated atROL uptake in primary human RPE.
This may lead to malfunction of human classical visual cycle in vivo
and contribute to the retinal degeneration observed clinically in
patients using CQ and HCQ therapeutically.

Acknowledgments
We thank Mr. R. Devashayam and Dr. M. Zhu, Lions New South
Wales Eye Bank for coordinating access to human eye specimens.
This work was supported by the University of Sydney DVCR
Compact Research Innovation Challenge Research Grant to Fanfan
Zhou. Mark C. Gillies is a Sydney Medical Foundation Fellow and is
supported by the Australian National Health and Medical Research
Council (NH&MRC) Clinical Practitioner Fellowship. Michele C.
Madigan is funded by the National Foundation for Medical Research
and Innovation (NFMRI).
References
1. Finbloom DS, Silver K, Newsome DA, Gunkel R. Comparison of hydroxychloroquine and chloroquine use and the development of retinal toxicity.
J Rheumatol. 1985;12(4):692-694.
2. Tanenbaum L, Tuffanelli DL. Antimalarial agents. Chloroquine, hydroxychloroquine, and quinacrine. Arch Dermatol. 1980;116(5):587-591.
3. Olsen NJ, Schleich MA, Karp DR. Multifaceted effects of hydroxychloroquine in
human disease. Semin Arthritis Rheum. 2013;43(2):264-272.
4. Dijkmans BA, van den Borne BE, Landewe RB, Miltenburg AM, Verweij CL,
Breedveld FC. Chloroquine combined with cyclosporine in rheumatoid
arthritis: more than the addition of 2 drugs alone. J Rheumatol Suppl. 1996;44:
61-63.
5. Wallace DJ. The use of chloroquine and hydroxychloroquine for non-infectious
conditions other than rheumatoid arthritis or lupus: a critical review. Lupus.
1996;5(Suppl 1):S59-S64.
6. Koranda FC. Antimalarials. J Am Acad Dermatol. 1981;4(6):650-655.
7. Shearer RV, Dubois EL. Ocular changes induced by long-term hydroxychloroquine (plaquenil) therapy. Am J Ophthalmol. 1967;64(2):245-252.
8. Percival SP, Meanock I. Chloroquine: Ophthalmological safety, and clinical
assessment in rheumatoid arthritis. Br Med J. 1968;3(5618):579-584.

890

C. Xu et al. / Journal of Pharmaceutical Sciences 105 (2016) 884e890

9. Carr RE, Henkind P, Rothﬁeld N, Siegel IM. Ocular toxicity of antimalarial drugs.
Long-term follow-up. Am J Ophthalmol. 1968;66(4):738-744.
10. Geamanu Panca A, Popa-Cherecheanu A, Marinescu B, Geamanu CD,
Voinea LM. Retinal toxicity associated with chronic exposure to hydroxychloroquine and its ocular screening. Review. J Med Life. 2014;7(3):322-326.
11. Halfeld Furtado de Mendonca R, Maia Jr OO, Yukihiko Takahashi W. Electrophysiologic ﬁndings in chloroquine maculopathy. Doc Ophthalmol.
2007;115(2):117-119.
12. Rynes RI. Antimalarial drugs in the treatment of rheumatological diseases. Br J
Rheumatol. 1997;36(7):799-805.
13. Roth M, Obaidat A, Hagenbuch B. OATPs, OATs and OCTs: The organic anion
and cation transporters of the SLCO and SLC22A gene superfamilies. Br J
Pharmacol. 2012;165(5):1260-1287.
14. DeGorter MK, Xia CQ, Yang JJ, Kim RB. Drug transporters in drug efﬁcacy and
toxicity. Annu Rev Pharmacol Toxicol. 2012;52:249-273.
15. Zhou F, You G. Molecular insights into the structure-function relationship of
organic anion transporters OATs. Pharm Res. 2007;24(1):28-36.
16. Zhou F, Zheng J, Zhu L, Jodal A, Cui PH, Wong M, Gurney H, Church WB,
Murray M. Functional analysis of novel polymorphisms in the human SLCO1A2
gene that encodes the transporter OATP1A2. AAPS J. 2013;15(4):1099-1108.
17. Badagnani I, Castro RA, Taylor TR, Brett CM, Huang CC, Stryke D, Kawamoto M,
Johns SJ, Ferrin TE, Carlson EJ, Burchard EG, Giacomini KM. Interaction of
methotrexate with organic-anion transporting polypeptide 1A2 and its genetic
variants. J Pharmacol Exp Ther. 2006;318(2):521-529.
18. Chan T, Zhu L, Madigan MC, Wang K, Shen W, Gillies MC, Zhou F. Human
organic anion transporting polypeptide 1A2 (OATP1A2) mediates cellular uptake of all-trans-retinol in human retinal pigmented epithelial cells. Br J
Pharmacol. 2015;172(9):2343-2353.
19. Gao B, Vavricka SR, Meier PJ, Stieger B. Differential cellular expression of
organic anion transporting peptides OATP1A2 and OATP2B1 in the human
retina and brain: Implications for carrier-mediated transport of neuropeptides
and neurosteriods in the CNS. Pﬂugers Arch. 2015;467(7):1481-1493.
20. Imamura Y, Tsuruya Y, Damme K, Heer D, Kumagai Y, Maeda K, Murayama N,
Okudaira N, Kurihara A, Izumi T, Sugiyama Y, Kusuhara H. 6beta-Hydroxycortisol is an endogenous probe for evaluation of drugedrug interactions
involving a multispeciﬁc renal organic anion transporter, OAT3/SLC22A8, in
healthy subjects. Drug Metab Dispos. 2014;42(4):685-694.
21. Muller F, Pontones CA, Renner B, Mieth M, Hoier E, Auge D, Maas R, Zolk O,
Fromm MF. N(1)-methylnicotinamide as an endogenous probe for drug interactions by renal cation transporters: studies on the metformintrimethoprim interaction. Eur J Clin Pharmacol. 2015;71(1):85-94.
22. Xu F, Li Z, Zheng J, Gee Cheung FS, Chan T, Zhu L, Zhuge H, Zhou F. The
inhibitory effects of the bioactive components isolated from Scutellaria baicalensis on the cellular uptake mediated by the essential solute carrier transporters. J Pharm Sci. 2013;102(11):4205-4211.
23. McKay BS, Burke JM. Separation of phenotypically distinct subpopulations of
cultured human retinal pigment epithelial cells. Exp Cell Res. 1994;213(1):8592.
24. Zhu M, Provis JM, Penfold PL. Isolation, culture and characteristics of human
foetal and adult retinal pigment epithelium. Aust N Z J Ophthalmol.
1998;26(Suppl 1):S50-S52.
25. Munoz-Erazo L, Natoli R, Provis JM, Madigan MC, King NJ. Microarray analysis
of gene expression in West Nile virus-infected human retinal pigment
epithelium. Mol Vis. 2012;18:730-743.
26. Li Z, Cheung FS, Zheng J, Chan T, Zhu L, Zhou F. Interaction of the bioactive
ﬂavonol, icariin, with the essential human solute carrier transporters. J Biochem
Mol Toxicol. 2014;28(2):91-97.
27. Segel I. Enzyme kinetics: behaviour and analysis of rapid equilibrium and steadystate enzyme systems. New York: John Wiley & Sons; 1975.
28. Li Z, Wang K, Zheng J, Cheung FS, Chan T, Zhu L, Zhou F. Interactions of the
active components of Punica granatum (pomegranate) with the essential renal
and hepatic human solute carrier transporters. Pharm Biol. 2014;52(12):15101517.
29. Konig J, Muller F, Fromm MF. Transporters and drugedrug interactions:
Important determinants of drug disposition and effects. Pharmacol Rev.
2013;65(3):944-966.

30. Kalliokoski A, Niemi M. Impact of OATP transporters on pharmacokinetics. Br J
Pharmacol. 2009;158(3):693-705.
31. Konig J, Seithel A, Gradhand U, Fromm MF. Pharmacogenomics of human OATP
transporters. Naunyn Schmiedebergs Arch Pharmacol. 2006;372(6):432-443.
32. Glaeser H, Bailey DG, Dresser GK, Gregor JC, Schwarz UI, McGrath JS,
Jolicoeur E, Lee W, Leake BF, Tirona RG, Kim RB. Intestinal drug transporter
expression and the impact of grapefruit juice in humans. Clin Pharmacol Ther.
2007;81(3):362-370.
33. Lee W, Glaeser H, Smith LH, Roberts RL, Moeckel GW, Gervasini G, Leake BF,
Kim RB. Polymorphisms in human organic anion-transporting polypeptide 1A2
(OATP1A2): Implications for altered drug disposition and central nervous
system drug entry. J Biol Chem. 2005;280(10):9610-9617.
34. Dua VK, Gupta NC, Kar PK, Nand J, Edwards G, Sharma VP, Subbarao SK.
Chloroquine and desethylchloroquine concentrations in blood cells and plasma
from Indian patients infected with sensitive or resistant plasmodium falciparum. Ann Trop Med Parasitol. 2000;94(6):565-570.
35. Tett SE, Cutler DJ, Day RO, Brown KF. Bioavailability of hydroxychloroquine
tablets in healthy volunteers. Br J Clin Pharmacol. 1989;27(6):771-779.
36. Tanaka M, Takashina H, Tsutsumi S. Comparative assessment of ocular tissue
distribution of drug-related radioactivity after chronic oral administration of
14C-levoﬂoxacin and 14C-chloroquine in pigmented rats. J Pharm Pharmacol.
2004;56(8):977-983.
37. Bunch TW, O'Duffy JD. Disease-modifying drugs for progressive rheumatoid
arthritis. Mayo Clin Proc. 1980;55(3):161-179.
38. Silva MA, Ishii-Iwamoto EL, Bracht A, Caparroz-Assef SM, Kimura E, Cuman RK,
Bersani-Amado CA. Efﬁciency of combined methotrexate/chloroquine therapy
in adjuvant-induced arthritis. Fundam Clin Pharmacol. 2005;19(4):479-489.
39. Seideman P, Albertioni F, Beck O, Eksborg S, Peterson C. Chloroquine reduces
the bioavailability of methotrexate in patients with rheumatoid arthritis. A
possible mechanism of reduced hepatotoxicity. Arthritis Rheum. 1994;37(6):
830-833.
40. Aylward JM. Hydroxychloroquine and chloroquine: Assessing the risk of retinal
toxicity. J Am Optom Assoc. 1993;64(11):787-797.
41. Guha S, Coffey EE, Lu W, Lim JC, Beckel JM, Laties AM, Boesze-Battaglia K,
Mitchell CH. Approaches for detecting lysosomal alkalinization and impaired
degradation in fresh and cultured RPE cells: Evidence for a role in retinal degenerations. Exp Eye Res. 2014;126:68-76.
42. Rodriguez-Padilla JA, Hedges 3rd TR, Monson B, Srinivasan V, Wojtkowski M,
Reichel E, Duker JS, Schuman JS, Fujimoto JG. High-speed ultra-high-resolution
optical coherence tomography ﬁndings in hydroxychloroquine retinopathy.
Arch Ophthalmol. 2007;125(6):775-780.
43. Korthagen NM, Bastiaans J, van Meurs JC, van Bilsen K, van Hagen PM, Dik WA.
Chloroquine and hydroxychloroquine increase retinal pigment epithelial layer
permeability. J Biochem Mol Toxicol. 2015;29(7):299-304.
44. Kellner U, Kellner S, Weinitz S. Chloroquine retinopathy: Lipofuscin- and
melanin-related fundus autoﬂuorescence, optical coherence tomography and
multifocal electroretinography. Doc Ophthalmol. 2008;116(2):119-127.
45. Sparrow JR, Fishkin N, Zhou J, Cai B, Jang YP, Krane S, Itagaki Y, Nakanishi K.
A2E, a byproduct of the visual cycle. Vision Res. 2003;43(28):2983-2990.
46. Sparrow JR, Yoon KD, Wu Y, Yamamoto K. Interpretations of fundus autoﬂuorescence from studies of the bisretinoids of the retina. Invest Ophthalmol Vis
Sci. 2010;51(9):4351-4357.
47. Kellner U, Renner AB, Tillack H. Fundus autoﬂuorescence and mfERG for early
detection of retinal alterations in patients using chloroquine/hydroxychloroquine. Invest Ophthalmol Vis Sci. 2006;47(8):3531-3538.
48. Schraermeyer U, Heimann K. Current understanding on the role of retinal
pigment epithelium and its pigmentation. Pigment Cell Res. 1999;12(4):219-236.
49. Mao H, Seo SJ, Biswal MR, Li H, Conners M, Nandyala A, Jones K, Le YZ,
Lewin AS. Mitochondrial oxidative stress in the retinal pigment epithelium
leads to localized retinal degeneration. Invest Ophthalmol Vis Sci. 2014;55(7):
4613-4627.
50. Michaelides M, Stover NB, Francis PJ, Weleber RG. Retinal toxicity associated
with hydroxychloroquine and chloroquine: Risk factors, screening, and progression despite cessation of therapy. Arch Ophthalmol. 2011;129(1):30-39.
51. Curcio CA, Sloan KR, Kalina RE, Hendrickson AE. Human photoreceptor
topography. J Comp Neurol. 1990;292(4):497-523.

