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Rhein is identified as a major metabolite of diacerein, a prodrug used in the treatment of osteoarthritis.

Methotrexate (MTX) is a highly toxic drug with a low therapeutic index. MTX and diacerein are used

concomitantly in clinical practice for the treatment of rheumatoid arthritis. The purpose of this study was

to investigate organic anion transporters (OAT)-mediated effect of rhein on the disposition of MTX, as

well as to clarify the changes in nephrotoxicity of MTX when given rhein together. Concomitant

administration of rhein could strongly increase the systemic exposure in rats. Similarly, MTX

accumulation was markedly inhibited by rhein in rat kidney slices and hOAT1/3-HEK293 cell, indicating

that OAT1 and OAT3 were involved in the drug–drug interaction (DDI) in the kidney. Additionally,

concomitant administration of rhein attenuated cytotoxic effects of MTX in hOAT1/3-HEK293 cells, and

alleviated nephrotoxicity caused by MTX in rats. In conclusion, rhein decreased renal elimination of MTX

by inhibiting OAT1 and OAT3, and alleviated MTX-induced renal toxicity in vivo.
1. Introduction

Methotrexate (MTX), which is known as an antitumor drug
through anti-metabolism, is extensively used in clinical in the
treatment of rheumatoid arthritis and cancer chemotherapy.1,2

However, MTX is a highly toxic drug with a low therapeutic
index. The side-effects of MTX include gastrointestinal distur-
bance, bone marrow suppression, serious infections, abnormal
liver function and kidney damage, and, rarely, severe and life
threatening pneumonitis.3–5 Given the narrow therapeutic index
of MTX and the frequent requirement for careful individual
patient dose titration, any DDI which signicantly changes the
pharmacokinetic prole of MTX is potentially clinically
important.

Rhubarb (Rheum officinale) constitutes an important food
source and is consumed across the world in form of rhubarb
pie, tarts and crumbles. It is also used in preparation of fruit
wine and many baked food preparations. Rhein, a lipophilic
anthraquinone, is one of themost important active components
of rhubarb, which is widely used for its antidotal, anti-
inammatory, antipyretic and laxative properties in Asian
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countries including China, Korea, and Japan.6,7 This medicinal
herb is also employed to treat diabetic nephropathy.8 It is
identied as a major metabolite of diacerein, a prodrug used in
the treatment of osteoarthritis.9,10 In vivo, diacerein is
completely converted to rhein before entering the systemic
circulation.11 In clinical practice, diacerein is utilized in poly-
pharmacy therapies, e.g., a xed dose of diacerein (50 mg) and
aceclofenac (100 mg) has been approved in India to treat oste-
oarthritis.12 Recently, a phase II clinical trial has been
completed in Thailand to investigate the safety and efficacy of
the combined therapy of diacerein and MTX to treat early
rheumatoid arthritis (http://clinicaltrials.gov/ct2/show/
NCT01264211).

Transporters play an important role in the absorption,
distribution, and excretion of many drugs.13–15 It is well known
that transporter-mediated DDI has been shown to result in
signicant changes in drug disposition, efficacy, and even
toxicity.16–18 Based on previous studies, hOAT1 and hOAT3,
immunolocalized to the basolateral side of proximal tubules,
were suggested to mediate the disposition of MTX.19–21

Furthermore, hOATs involved in the renal clearance of MTX,
and would be a key factor in MTX therapy and nephrotoxicity.22

However, it was also showed that rhein was a potent inhibitor
for hOAT1 and hOAT3, and could interfere with hOAT1- and
hOAT3-mediated renal elimination in vivo, leading to unin-
tended changes in pharmacokinetics, pharmacodynamics and
toxicity of other drugs.23,24 As MTX and rhein are used together
in clinic, the potential DDIs risk associated with the OAT
RSC Adv., 2017, 7, 25461–25468 | 25461
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transporters should be aware. In this study, we investigated the
OAT transporters-mediated effect of rhein on the disposition of
MTX, and to understand the changes in nephrotoxicity of MTX
when the two drugs were co-administered.

2. Materials and methods
2.1. Chemicals

MTX was purchased from Sigma (ST. Louis, Mo, USA). Rhein
and probenecid (PRO) were obtained from Dalian Meilun
Biotech Co., Ltd. (China). MTT was provided by USB Corpora-
tion (Cleveland, OH, USA). All other reagents and solvents were
of analytical grade and were commercially available.

2.2. Cell culture

The stable transfected OAT1-human embryonic kidney (HEK)
293 cells, hOAT3-HEK293 cells and mock-HEK293 cells were
a gi from Professor Gong Likun (Shanghai Institute of Materia
Medica, Chinese Academy of Science, Shanghai, China). The
cells were grown in low-glucose Dulbecco's Modied Eagle's
Medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with
10% (v/v) fetal bovine serum (Invitrogen), 100 U ml�1 of peni-
cillin, and 100 mg ml�1 of streptomycin at 37 �C with a 5% (v/v)
CO2 atmosphere and 95% relative humidity. Culture medium
was changed every other day, and the cells were passaged every
3–5 days by digesting with 0.5% trypsin and 0.02% EDTA at
37 �C.

2.3. Animals

Male Wistar rats weighing 200–250 g, obtained from the
Experimental Animal Center of Dalian Medical University
(Dalian, China; permit number SCXK 2013-0003), were allowed
free access to water and chow diet. The animals were fasted for
12 h before pharmacokinetic experiments.

2.4. Live subject statement

All experiments were approved by the Animal Care and Use
Committee of Dalian Medical University, and the experimental
procedures were strictly carried out in accordance with Legis-
lation Regarding the Use and Care of Laboratory Animals of
China. No experiments involved human subjects.

2.5. In vivo pharmacokinetic interaction in rats

In all cases, rats were fasted overnight but allowed free access to
water prior to pharmacokinetic experiments and were anes-
thetized with pentobarbital (60 mg kg�1, i.p.) before the onset of
each experiment. For oral study, rats received an oral admin-
istration of MTX (5 mg kg�1) dissolved in 2% sodium bicar-
bonate and brought up to volume with normal saline with or
without rhein (10 mg kg�1, dissolved in 0.5% sodium carbox-
ymethyl cellulose). Blood samples (0.2 ml) were collected via
jugular vein at 5, 10, 20, 30 min, 1, 2, 4, 6, 8, 10, 12 and 24 h in
heparin tubes for MTX determination as described before.25 For
i.v. study, rats were received an i.v. administration of MTX (5 mg
kg�1) and/or rhein (1 mg kg�1) dissolved in normal saline
25462 | RSC Adv., 2017, 7, 25461–25468
solution of hydroxypropyl-b-cyclodextrin via the jugular vein.
Then blood samples (0.2 ml) were collected from the jugular
vein at 1, 5, 10, 20, 30 min, 1, 2, 4, 6, 8, 10, 12 and 24 h.

2.6. In vivo renal excretion in rats

Rats were fasted overnight but allowed free access to water prior
to pharmacokinetic experiments and were anesthetized with
pentobarbital (60 mg kg�1, i.p.) before the onset of each
experiment. Then rats were received an i.v. administration of
MTX (5 mg kg�1) and/or rhein (1 mg kg�1) according to the
above process. Bladders were cannulated with polyethylene
tubing for urine collection at 2, 4, 6, 8, 10, 12, 16, and 24 h aer
dosing. The concentrations of MTX in and urine were measured
as described before.26

2.7. In vitro uptake in kidney slices

The kidneys of rats were incised, decapsulated, and immedi-
ately placed into oxygenated Krebs-bicarbonate slicing buffer
(120 mM NaCl, 16.2 mM KCl, 1 mM CaCl2, 1.2 mM MgSO4, and
10mMNaH2PO4/Na2HPO4, pH 7.4) at 4 �C and then rats' kidney
cortical tissues were cut into slices as previously described.27,28

Aer pre-incubation for 3 min in 6-well culture plates with
oxygenated buffer at 37 �C, kidney slices were transferred to 24-
well culture plates containing fresh carbogen-saturated buffer
with MTX (5 mM) or MTX and rhein (2 mM) for further incuba-
tion at 37 �C. The uptake was terminated by removing the buffer
and washing the slices with ice-cold saline at 3, 5, 10, 15 and
30 min. Aer homogenization (IKA-T 10 homogenizer; IKA,
Staufen, Germany), the accumulated concentrations of MTX in
kidney slices were determined by LC-MS/MS.

2.8. In vitro transporter uptake assays

Uptake experiments with hOAT1-HEK293 cells and hOAT3-
HEK293 cells were performed as previously described.29

HEK293 cells were seeded in 24-well culture plates 48 h before
uptake studies. Aer the cells were washed three times and
incubated with transport buffer (118 mM NaCl, 23.8 mM
NaHCO3, 4.8 mM KCl, 1.0 mM KH2PO4, 1.2 mM MgSO4,
12.5 mM HEPES, 5.0 mM glucose, 1.5 mM CaCl2, pH 7.4) at
37 �C for 15 min, uptake was initiated by adding 1 ml transport
buffer containing MTX (5 mM) with or without rhein (0–2 mM).
The uptake was terminated at 2 min upon removal of the
medium and three washes. Then cell monolayers were lysed
with 0.3 ml of 0.1% (v/v) Triton X-100, and then samples were
analyzed by LC-MS/MS. Samples were then analyzed by LC-MS/
MS as described before.

2.9. MTT cytotoxicity assay

Cell viability was determined using an MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
Mock-HEK293, hOAT1-HEK293 and hOAT3-HEK293 cells were
collected and seeded in 96-well plates (4 � 103 cells per well).
Aer 24 h of culture, cells were exposed to a series of concen-
trations of MTX in the presence or absence of rhein (2 mM), and
were cultured at 37 �C for 24 h. Following incubation with MTT
This journal is © The Royal Society of Chemistry 2017
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(5 mg ml�1, 10 ml) for another 4 h, each well was added 100 ml
per well of SDS-isobutanol-HCl solution (10% SDS, 5% iso-
butanol, and 12 mMHCl) and the plate was incubated overnight
at 37 �C. Optical density in each well was measured at 570 nm
with the microplate reader (Bio-Rad, San Diego, CA, USA). The
IC50 values were calculated by Prism (Graphpad Soware, La
Jolla, CA, USA).

2.10. Plasma markers of kidney damage

Rats were divided randomly into 4 groups (n ¼ 3). Control
groups received the vehicle alone via i.v. injection for 5 days.
The MTX group received 5 consecutive daily i.v. injections of
MTX at a dose of 5 mg kg�1 body weight. The rhein group
received 5 consecutive daily i.v. injections of rhein (1 mg kg�1).
The combination group received 5 consecutive daily i.v. injec-
tions of MTX (5 mg kg�1) and rhein (1 mg kg�1). Plasma
markers of kidney function, blood urea nitrogen (BUN) and
creatinine, were determined using a test kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.11. Histopathological staining and analysis

The rats were divided randomly into 4 groups as described
above. Rat kidney cortex was removed for histopathological
examination on the 6th day. Renal cortex was xed in 10%
neutral buffered formalin immediately aer the application of
ether and le in the same xative solution for 24 h before being
embedded in paraffin. Specimens (3 mm) were prepared for
hematoxylin–eosin (H&E) for morphological evaluation.

2.12. TUNEL assay

The rats were divided randomly into 4 groups as described
above. Rat kidney cortex was removed for histopathological
examination on the 6th day. Kidney tissue samples embedded
in paraffin were prepared, and used for TUNEL assay. We
utilized the apoptosis detection kit according to the manufac-
turer's instructions (in situ Cell Death Detection Kit, Fluores-
cein, Roche, Basle, Sweden). 10 microscopic elds within the
view were randomly selected, and the positive cells (green spots)
were counted. The extent of damage was evaluated using the
average number of positive cells.

2.13. LC-MS/MS analysis

An Agilent liquid chromatography system (Agilent HP1200;
Agilent Technologies, Palo Alto, CA) and API 3200 triplequa-
drupole mass spectrometer (Applied Biosystems, Concord, Ont,
USA) was used for LC-MS/MS analysis of MTX. Isocratic chro-
matographic separation was performed on a Hypersil BDS-C18

column (150 � 4.6 mm inner diameter, 5 mm; Dalian Elite
Analytical Instruments Co., Ltd., Dalian, China). The mobile
phase consisted of 20% (v/v) acetonitrile, 10% (v/v) methyl
alcohol, and 70% (v/v) water with 0.1% (v/v) formic acid for
MTX. The ionization was conducted using a TurboIonspray
interface in positive ion mode. The selected transitions of m/z
were m/z 455.2 / 308.2 for MTX. Data acquisition and analysis
was performed with analyst soware (Version 1.4.1).
This journal is © The Royal Society of Chemistry 2017
2.14. Statistical analysis

All statistical analyses were performed using the SPSS11.5
package (SPSS Inc, Chicago IL). Test results are expressed as
means� S.D. The statistical signicance of differences between
mean values was calculated using the non-paired t-test or one
way ANOVA followed by the Newman–Keuls test among
multiple treatments. Values of p < 0.05 were considered to
statistically signicant.

3. Results
3.1. Effects of rhein on the pharmacokinetics of MTX in rats
in vivo

To evaluate the nature and magnitude of DDI between rhein
and MTX, in vivo pharmacokinetic studies in rats were con-
ducted aer intravenously or orally co-administration. When
the two drugs were co-administered orally, the plasma exposure
of MTX was increased signicantly compared to that of control
group (Fig. 1A). In addition, the Cmax and AUC of MTX were
increased by 2.5-, and 4.4-fold, respectively (Table 1). The CL of
MTX was decreased by 66.7%. Nevertheless, when the two drugs
were co-administered intravenously, the plasma concentration
of MTX and pharmacokinetic parameters were also altered
signicantly compared to control group (Fig. 1B, Table 1). The
t1/2b of MTX was prolonged by 86.7% and CLP was decreased by
57.6% (Table 1). Furthermore, the AUC observed aer combi-
nation was increased by 183.4%. Cumulative urinary excretions
over 24 h were 73.7% and 35.8% in the absence and presence
rhein, respectively (Fig. 2A). Cumulative urinary excretions and
CLR of MTX decreased signicantly when the two drugs were co-
administered, indicating an interaction betweenMTX and rhein
as measured by renal excretion.

3.2. Effects of rhein on MTX uptake in rat kidney slices

To conrm the target of the DDI between MTX and rhein, fresh
rat kidney slices were employed to investigate the effect of rhein
on the uptake of MTX. The uptake of MTX in the co-
administrated group decreased by 46.1% compared to the cor-
responding control group (Fig. 2B), indicating that rhein
inhibited the uptake of MTX in the kidney. In the samemanner,
probenecid, a well-known inhibitor of OATs, inhibited MTX
uptake in rat kidney slices (Fig. 2B). The in vitro results sug-
gested that the target of the DDI between MTX and rhein is, at
least in part, located in the kidney, and OATs might be involved
in the DDI.

3.3. Effects of rhein on MTX uptake in hOAT1/3-HEK293
cells

To conrm that the target transporters of the DDI between MTX
and rhein are OATs in the kidney, we investigated the uptake
interaction of MTX and rhein in hOAT1-/hOAT3-HEK293 cells.
Rhein strongly blocked MTX accumulation in hOAT1-/hOAT3-
HEK293 cells. Dose-response studies, applying increasing
concentrations of rhein (0–2 mM), were performed to determine
the IC50 value (Fig. 3). The IC50 values for rhein on hOAT1 and
hOAT3 were estimated as 2 mM and 0.77 mM, respectively. The
RSC Adv., 2017, 7, 25461–25468 | 25463
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Fig. 1 Effects of rhein on the mean plasma concentration-time curves of MTX by oral or intravenous administration in rats. (a) Plasma
concentration of MTX after oral co-administration with MTX (5 mg kg�1) and rhein (10 mg kg�1). (b) Plasma concentration of MTX after intra-
venous administration with MTX (5 mg kg�1) and rhein (1 mg kg�1); data were expressedmean� S.D. (*p < 0.05 vs. control; **p < 0.01 vs. control;
n ¼ 3–5).

Table 1 Pharmacokinetic parameters of MTX after p.o. or i.v.
administration

Parameters MTX MTX + Rhein

p.o. Cmax (mg ml�1) 0.17 � 0.04 0.59 � 0.12a

AUC0/N (mg min ml�1) 131.3 � 53.1 703.7 � 128.6a

Tmax (min) 73.3 � 22.2 126.8 � 53.5
CLp/F (ml kg�1 min�1) 270.4 � 53.2 90.6 � 18.7a

i.v. AUC0/N (mg min ml�1) 283 � 20 802.4 � 83.7a

t1/2 (min) 60.3 � 5.4 112.4 � 13a

CLp (ml kg�1 min�1) 12.5 � 0.6 5.3 � 1.1a

CLR (ml kg�1 min�1) 11.24 � 0.05 5.38 � 0.14a

a p < 0.05 vs. MTX group.
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results indicated rhein showed much higher affinity for hOAT3
than for hOAT1.
3.4. Effects of rhein on cytotoxic activities of MTX in hOAT1/
3-HEK293 cells

To investigate the changes in the cytotoxic activities of MTX in
the presence or absence of rhein in hOAT1-/hOAT3-HEK293 and
mock-HEK293 cells, MTT assay was taken in the present study.
Fig. 2 Effects of rhein on the cumulative urinary excretion curves of MT
uptake into kidney slices (b). (a) Cumulative urinary excretion of MTX after
(b) inhibition effects of rhein (2 mM) and PRO (probenecid, 100 mM) on MT
0.05 vs. control; **p < 0.01 vs. control; n ¼ 3).

25464 | RSC Adv., 2017, 7, 25461–25468
Inhibition of proliferation in hOAT1/3-HEK293 cells was
decreased signicantly aer co-administration of MTX with
rhein (Fig. 4A and B). However, proliferation was almost
unchanged in the mock-HEK293 cells aer co-administration
(Fig. 4C). IC50 values for MTX in hOAT1-HEK293 and hOAT3-
HEK293 cells were increased by 1.84- and 8.29-fold, respec-
tively (Table 2) in the combinated group compared to those in
the corresponding single group. These results indicated that the
cytotoxic activities of MTX were reduced when rhein was co-
incubated with MTX.

3.5. Effects of rhein on MTX-induced renal toxicity in vivo in
rats

To investigate whether the changes of MTX pharmacokinetics
caused by rhein could affect MTX-induced nephrotoxicity, we
measured the levels of creatinine and BUN, which are consid-
ered as the main markers of renal function in the plasma of
MTX-treated rats. Aer 5-day administration of MTX continu-
ously, the plasma concentration levels of creatinine and BUN
were increased by 74.8% and 285.4%, respectively, comparing
to the control group (Fig. 5A and B). However, the levels of
creatinine and BUN in the combination group were decreased
by 25.6% and 34.2%, respectively, comparing to the MTX group.
X after intravenous injection (a) and concentration-time profile of MTX
intravenous administration with MTX (5 mg kg�1) and rhein (1 mg kg�1);
X (5 mM) uptake in kidney slices. Data were expressed mean� S.D. (*p <

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Effects of rhein on the concentration-time profiles of the uptake of MTX in hOAT1-/hOAT3-HEK293 cells. (a and b): Concentration-
dependent inhibition of rhein (0–2 mM) on the uptake of MTX (5 mM) in hOAT1-/hOAT3-HEK293 cells. Data were expressed mean � S.D. (*p <
0.05 vs. control; **p < 0.01 vs. control; n ¼ 3).

Fig. 4 Effects of rhein on the cytotoxicity of MTX in mock-HEK293 cells (a), hOAT1-HEK293 cells (b) and hOAT3-HEK293 cells (c). After treating
HEK293 cells with increasing concentrations of MTX in the presence or absence of rhein (2 mM), cell viability was measured by mtt assay. Data
were expressed mean � S.D. (*p < 0.05 vs. control; **p < 0.01 vs. control; n ¼ 3).

Table 2 Effects of rhein on the cytotoxic activity of MTX in mock- and
hOAT1/3-HEK293 cells

Compound name

IC50 (mM)

mock-HEK293 OAT1-HEK293 OAT3-HEK293

MTX 115.64 � 13.17 5.62 � 2.74 4.55 � 1.08
MTX + rhein 130.49 � 9.74 15.96 � 1.96a 42.27 � 4.44a

a P < 0.01 compared with MTX group in corresponding transfected
HEK293 cells.
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The results indicated that combination of rhein attenuated the
nephrotoxicity caused by MTX in vivo.

Histological damage was further evaluated in the study.
Furthermore, tubular dilatation (arrow in Fig. 6A) with cellular
casts composedmostly of detached cells, mono and polynuclear
inltrating cells and tubulitis were visible in the MTX treatment
group. When rhein was co-administered with MTX, the histo-
logical damage was signicantly alleviated (Fig. 6A). Compared
to the normal group, the number of apoptotic cells stained by
TUNEL in control group was signicantly increased, indicating
an increase in apoptotic degeneration of kidney cells as a result
from MTX intoxication (Fig. 6B). In the combination group,
there was a signicant decrease in TUNEL-positive cells
This journal is © The Royal Society of Chemistry 2017
(Fig. 6B). All the results further showed that rhein alleviated the
MTX-induced nephrotoxicity in rats.

4. Discussion

Transporters play important roles in drug disposition and DDI,
and can inuence pharmacokinetics and pharmacodynamics
(positively or negatively) by affecting drug disposition. In clinic,
the ideal concomitant medication could be used to improve
therapeutically effects while at the same time reducing potential
toxicity. For instance, our previous study indicated that co-
administration of resveratrol enhanced MTX exposure, and
renal damage of MTX was attenuated by resveratrol mediated by
OATs.25 In the present study, we show that OATs involved the
DDI between rhein and MTX, which are co-administrated to
treat rheumatoid arthritis in clinic, and the nephrotoxicity
caused by MTX could be decreased by rhein.

The in vivo pharmacokinetics data suggested the systemic
exposure of MTX in rats was strongly increased when simulta-
neously given rhein. Both the AUC and t1/2b were increased in
rats when MTX and rhein were co-administered intravenously
(Table 1). Nevertheless, the pharmacokinetic parameters such
as CLP and CLR of MTX were decreased. The results implied that
elimination pathway was involved in the DDI between rhein and
MTX in vivo. Indeed, the cumulative urinary excretion of MTX
RSC Adv., 2017, 7, 25461–25468 | 25465
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Fig. 5 Effects of rhein on changes in creatinine (a) and bun (b) levels induced by MTX in rat plasma. The MTX group received 5 consecutive daily
i.v. injections of MTX (5 mg kg�1). The rhein group received 5 consecutive daily i.v. injections of rhein (1 mg kg�1). The combination group
received 5 consecutive daily i.v. injections of MTX (5mg kg�1) and rhein (1 mg kg�1). Data were expressedmean� S.D. (**p < 0.01 vs. control; ##p
< 0.01 vs. MTX only group; n ¼ 3).

Fig. 6 Effects of rhein on changes in kidney histopathological alter-
ation induced by MTX in rats. (a): The protective effect of rhein against
MTX-induced renal damage by hematoxylin and eosin (H&E) in rats
(�200, magnification); (b): the protective effect of rhein against MTX-
induced cell apoptosis though tunel method (�100, magnification).
Green fluorescence indicates apoptotic cells. The MTX group received
5 consecutive daily i.v. injections of MTX (5 mg kg�1). The rhein group
received 5 consecutive daily i.v. injections of rhein (1 mg kg�1). The
combination group received 5 consecutive daily i.v. injections of MTX
(5 mg kg�1) and rhein (1 mg kg�1).
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decreased signicantly when given rhein together (Fig. 2A).
Thus, we hypothesis that kidney might be the target organ for
the DDI. To conrm this speculation, the DDI betweenMTX and
rhein within the kidney was veried by uptake studies using
fresh slices of rats' kidney. The results suggested that rhein
suppressed MTX uptake in the rat kidney, and conrmed
kidney was the target organ for the DDI (Fig. 2B). Rhein
decreased the cumulative urinary excretion (Fig. 2A) and kidney
uptake of MTX (Fig. 2B), and therefore resulted to the plasma
concentration of MTX was increased (Fig. 1A and B).

It is well accepted that MTX is eliminated almost entirely in
an unchanged form in urine, which involves glomerular ltra-
tion and active tubular secretion. The previous results suggest
that hOATsmediate the transport of MTX in the basolateral side
of the proximal tubule. It has been reported that concomitant
administration of inhibitors for these transporters decreases
MTX renal clearance, resulting in a higher plasma concentra-
tion and a longer t1/2.25 Furthermore, it was reported that rhein
25466 | RSC Adv., 2017, 7, 25461–25468
is the potent inhibitor of hOAT1 and hOAT3. Therefore, we
predicted that hOATs would be a possible site involved in the
interactions. To conrm this speculation, we also applied
hOAT1/3-HEK293 cells to clarify the DDI mechanism, and we
found that rhein inhibited the accumulation of MTX (Fig. 3).
With this in mind, OAT1 and OAT3 would be the decisive factors
inuence the DDI between MTX and rhein in the kidney. These
ndings also suggested that compared with hOAT1, hOAT3 had
an overwhelmingly greater role in the DDI between MTX and
rhein. It should be noted that the affinity of different trans-
porters to MTX may largely affect their overall contribution to
the interaction of rhein with MTX. For example, MTX has
a more than 26-fold greater affinity for OAT3 than OAT1.30

Besides, the affinity of rhein to OAT3 was 9.2 times higher than
that of OAT1 as described before.23 Therefore, OAT3 would play
a important role in the DDI between the two drugs.

Actual DDI in vivo is inuenced by multiple extraneous factors
and, as a consequence, the in vivo relevance of in vitro data is
difficult to predict. Therefore, the OATs knockout mice would be
a suitable model to verify the participation or contribution of
OAT1/3 mediated the DDI. For instance, ndings from pharma-
cokinetic studies indicate that MTX elimination or renal creati-
nine secretion is impaired in OAT3 knockoutmice.31,32Hence, the
design of in vivo experiments in wild type and OAT3 knockout
mice could directly examine the contribution of OAT3 in the
elimination of MTX. However, due to the scarcity of OAT1/3
knockout animals, the experiment was not carried out to distin-
guish the contribution of the DDI mediated by OATs. Despite
that, we think that the results from in vitro transport studies in
cells that overexpress OAT1/3, together with results from studies
in knockout animals or (tissues such as kidney slices), and rat
experiments (e.g., aer probenecid treatment) seem reasonably
concordant with available human clinical data.33

The Food and Drug Administration guidance for industry
recommends that DDI potency could be estimated using the DDI
index, calculated as the [unbound] Cmax/Ki (or IC50) ratio.34 Based
on clinical data and the equation, Li Wang et al. indicated that
rhein expressed signicant inhibition potential on hOAT1 (83%)
and hOAT3 (98%) transport activity, resulting in reduced hOAT1-
and hOAT3-mediated renal tubular secretion of co-administered
therapeutics that are OAT substrates. Thus, the possibility of
This journal is © The Royal Society of Chemistry 2017
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pharmacokinetics DDI between two drugs should be aware. It is
worth noting that, besides elimination phase, the absorption
phase of MTX was essentially inuenced by rhein (Fig. 1A). The
results suggested that other target organs might also involve in
DDI between MTX and rhein except kidney when the two drugs
were simultaneously administered orally. For several reasons we
speculated that the small intestine would be also another target
site for the DDI, which may in part explain the increased
absorption phase of MTX caused by rhein. Chi-Sheng Shia et al.
used MDCKII-multidrug resistance-associated protein 2 (MRP2)
cells to evaluate the effect of rhein on the activity of MRP2. The
results suggested that the activity of MRP2 could be inhibited by
rhein.35 Nevertheless, it is well known that MTX is also
a substrate of MRP2.36,37 Therefore, MRP2 would be another
target site for the DDI betweenMTX and rhein. In fact, Chi-Sheng
Shia et al. have found that the serum metabolite of rhubarb, the
main component is rhein, signicantly decreased the trans-
epithelial efflux of MTX in Caco-2 cells, which are derived from
human colorectal adenocarcinoma. Furthermore, the results
suggested that co-administration of rhubarb increased the
systemic exposure of oral MTX and prolonged the mean resi-
dence time, whereas Cmax was not affected. The results might
contradict our hypothesis that absorption process involved in the
DDI. The potential factors would be that the systemic exposure of
rhein was different. Therefore, the serum concentration of rhein
did not reach the Ki value. Nevertheless, further investigation
should be taken to explain the phenomena. All in all, the hidden
risks of interactions between rhein and MTXmediated by MRP2,
warrant more investigations for ensuring drug safety.

As described above, concomitant administration of rhein
could strongly increase the systemic exposure via transporter-
mediated DDI. As we all know, nephrotoxicity is a major
adverse effect of MTX and treatment at high doses may cause
renal failure.38,39 The inhibitors of OATs may reduce the extent of
OAT-induced nephrotoxicity of MTX. Indeed, we rstly con-
ducted MTT assays using mock-HEK293 and hOAT1/3-HEK293
cells, and calculated the IC50 of the MTX in combination with
rhein. When the two drugs were co-administered, the IC50 of
MTX increased in both hOAT1-HEK293 and hOAT3-HEK293
cells (Fig. 4B and C). However, the IC50 showed no signicant
difference in the presence of rhein in mock-HEK293 cells
(Fig. 4A). The results provide evidence that OAT1- and OAT3-
mediated DDI could alleviate the cytotoxicity caused by MTX.
In addition, pathological and histological damage, and an
increase in plasma creatinine and BUN, both markers of renal
damage, were observed in MTX-treated rats in our study (Fig. 5
and 6). Therefore, as expected, MTX could result in serious renal
toxicity in vivo. However, the renal toxicity was alleviated via co-
administration of rhein (Fig. 5 and 6). The results are rational-
ized by considering that OAT1 and OAT3, expressed in the
proximal tubule basolateral membrane, contribute to the uptake
of drugs into renal epithelial cells from the blood side.16 Efficient
OAT-mediated basolateral uptake may result in high intracel-
lular drug concentrations. The inhibition of OATs by rhein
consequently decreases the cellular uptake and renal accumu-
lation of MTX, resulting in reduced exposure of the kidney to
MTX and a subsequent lowering of nephrotoxicity.40 However,
This journal is © The Royal Society of Chemistry 2017
attention should be paid to the increased exposure delayed
elimination of MTX aer combination with rhein, which would
increase the risk of other adverse reactions. Further study should
be taken to clarify whether the increased systemic exposure by
rhein could result in other unexpected toxicity.

It was reported that diacerein, the prodrug of rhein, pro-
tected against doxorubicin-induced nephrotoxicity in rats most
probably due to its antioxidant and anti-inammatory activi-
ties.41 Similarly, Zhao et al. demented that protective effect of
rhein against acetaminophen-induced kidney injuries might
result from the amelioration of oxidative stress.42 Interestingly,
Meng et al. also demonstrated that rhein signicantly alleviated
the symptoms of nephropathy through decreasing the produc-
tion of proinammatory cytokines, including interleukin 1b,
prostaglandin E2, and TNFa.43 Therefore, the protective effects
mediated by the signal pathway would be the inuence factors
mediated the DDI in the pharmacodynamic level. However,
besides pharmacological activity, our results rstly suggested
that rhein could also effectively attenuate the severity of neph-
rotoxicity, at least in part, through OATs-mediated DDI in the
pharmacokinetic level. Further study should be taken to clarify
whether the pharmacological functions of rhein involved the
DDI between rhein and MTX. Nevertheless, rhein or its prodrug
diacerein was optimal choice to use together with MTX in the
treatment of early rheumatoid arthritis. Moreover, rhein was an
effective drug employed to decrease the nephrotoxicity caused
by the toxicities which were the substrates of OATs.

Taken together, our ndings provided the evidence that
a DDI mediated by OAT1/3 might occur when MTX and rhein
were co-administered. Furthermore, concomitant administra-
tion of rhein alleviated MTX-induced renal damage. Therefore,
diacerein, the prodrug of rhein, could be a rational combination
drug for clinical application of MTX in the treatment of rheu-
matoid arthritis.
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