
1

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7232  | https://doi.org/10.1038/s41598-021-86662-9

www.nature.com/scientificreports

Hypouricemic agents reduce 
indoxyl sulfate excretion 
by inhibiting the renal transporters 
OAT1/3 and ABCG2
Tetsuya Taniguchi1*, Koichi Omura1, Keisuke Motoki1, Miku Sakai1, Noriko Chikamatsu1, 
Naoki Ashizawa1, Tappei Takada2 & Takashi Iwanaga1 

Indoxyl sulfate (IS) accumulates in the body in chronic kidney disease (CKD). In the renal proximal 
tubules, IS excretion is mediated by OAT1/3 and ABCG2. These transporters are inhibited by 
some hypouricemic agents; OATs by probenecid and benzbromarone, ABCG2 by febuxostat and 
benzbromarone. Thus, we evaluated whether hypouricemic agents including dotinurad, a novel 
selective urate reabsorption inhibitor with minimal effect on OATs or ABCG2, affect IS clearance 
in rats. Intact and adenine-induced acute renal failure rats were orally administered hypouricemic 
agents, and both endogenous IS and exogenously administered stable isotope-labeled d4-IS in 
the plasma and kidney were measured. Our results demonstrated that OATs inhibitors, such as 
probenecid, suppress IS uptake into the kidney, leading to increased plasma IS concentration, 
whereas ABCG2 inhibitors, such as febuxostat, cause renal IS accumulation remarkably by suppressing 
its excretion in intact rats. The effects of these agents were reduced in adenine-induced acute renal 
failure rats, presumably due to substantial decrease in renal OAT1/3 and ABCG2 expression. Dotinurad 
did not significantly affected the clearance of IS under both conditions. Therefore, we suggest that 
hypouricemic agents that do not affect OATs and ABCG2 are effective therapeutic options for the 
treatment of hyperuricemia complicated by CKD.

Chronic kidney diseases (CKDs) are the pathology of progressive loss of renal function over time based on a 
gradual decline in the glomerular filtration rate (GFR). The prevalence of CKD is increasing globally; 697.5 mil-
lion cases were recorded in 2017, with a prevalence rate of 9.1%1. Indoxyl sulfate (IS) is a well-known uremic 
toxin that accumulates under renal impairment and is also involved in the progression of CKD and cardiovas-
cular diseases2–4. As for mechanism of action, IS activates NF-κB signaling and increases plasminogen activator 
inhibitor-1 expression, an associated marker of renal diseases, in human renal proximal tubular epithelial cells5. 
IS also activates NADPH oxidase and induces reactive oxygen species production in human vascular smooth 
muscle cells and human umbilical vein endothelial cells6,7. In rat cardiac cells, IS directly increases collagen syn-
thesis and hypertrophy in cardiac fibroblasts and myocytes, respectively8. Furthermore, IS is a ligand of the aryl 
hydrocarbon receptor, a receptor of dioxin, and altered the transcription of drug metabolism genes9.

The kidney has an obligatory role in the excretion of IS from the body, although the involvement of other 
tissues, intestine and liver, is suggested10. For IS excretion from the kidney, the contribution of glomerular 
filtration is limited by its high plasma protein binding ratio, 93% in humans11. Therefore, active transport is 
important for IS excretion in the renal proximal tubules, and it is well-known that organic anion transporter 
1/3 (OAT1/3, also called as SLC22A6/8), which exists in the basolateral membrane, transports IS from blood to 
epithelial cells12. Recently, it has been shown that ATP-binding cassette sub-family G member 2 (ABCG2, also 
called as breast cancer resistance protein; BCRP), which exists in the brush-border membrane, transports IS 
from epithelial cells to lumen10.

Hyperuricemia is known as a risk factor for CKD onset and progression13,14. Although exposure or accumula-
tion of IS in the body is unfavorable for these patients, some hypouricemic agents exhibit potent inhibitory effects 
against OATs or ABCG2, both of which contribute to excrete IS from the body. In fact, probenecid, a uricosuric 
agent also known as an OATs inhibitor, decreased IS excretion in the renal proximal tubules and increased IS 
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systemic exposure in rats15. Recently, it was reported that febuxostat, a xanthine oxidoreductase inhibitor, and 
benzbromarone, a uricosuric agent, are potent ABCG2 inhibitors16. However, the effect of ABCG2 inhibitors on 
IS excretion has not been clarified.

Considering these findings, in the present study, we evaluated renal toxicity risk of hypouricemic agents, 
including dotinurad17, a novel selective urate reabsorption inhibitor with minimal effect on OAT1/3 or ABCG2. 
First, we evaluated hypouricemic agents on the excretion of endogenous IS and exogenously administered sta-
ble isotope-labeled d4-IS in intact rats. We then evaluated whether the effects of hypouricemic agents persist in 
adenine-induced acute renal failure rats. To bridge the differences in the results among these rats, the expression 
of renal transporters was evaluated. We then predict whether these hypouricemic agents interact with OAT1/3 
or ABCG2 in clinical situations using in vivo risk factors. Based on the results, the effects of these transporter 
inhibitors on the kinetics of IS, especially its accumulation in the kidney by an ABCG2 inhibitor will be discussed.

Results
Induction of acute renal failure in rats.  Several lines of evidence suggest that deposition of 2,8-dihy-
droxyadenine, a metabolite of adenine, in the renal distal and proximal tubules occurs in adenine-induced kid-
ney injury, and the same phenomenon is also observed by adenine phosphoribosyltransferase deficiency both 
in mouse and humans18–20. In adenine-induced acute renal failure rats, the plasma creatinine levels at one week 
after the last administration of adenine was 3.4-times higher than that in intact rats (Table 1). Creatinine clear-
ance (CLCRE), an index of renal function, was 3.0-times lower than that in intact rats.

Hypouricemic agents reduced the excretion of endogenous IS in intact rats.  The effects of 
probenecid, febuxostat, benzbromarone, and dotinurad on the plasma concentration of endogenous IS were 
assessed in intact rats. Probenecid and febuxostat significantly increased the plasma IS concentration (Fig. 1A). 
The area under the curve from 0 to 4 h (AUC​0-4 hr) of IS is shown in Table 2. Probenecid and febuxostat increased 
the AUC​0-4 hr by 244% and 85%, respectively, compared with that in control of AUC​0-4 hr, suggesting IS accumula-
tion in blood. On the contrary, benzbromarone and dotinurad did not have any effects on the plasma IS concen-
tration. It is noteworthy that febuxostat increased the kidney IS concentration and kidney-to-plasma partition 
coefficients (Kp) to 15.1- and 4.3-times, respectively, compared with those in control (Fig. 1B and C). Although 
probenecid tended to increase the kidney IS concentration to 1.7-times, it had no effect on the Kp (Table 2). 
Probenecid and febuxostat decreased the plasma concentration-based renal clearance (CLR, plasma) by 73% and 
39%, respectively, compared with that in control. Especially, febuxostat decreased the kidney concentration-
based renal clearance (CLR, kidney) by 93% compared with that of control. These data indicate that plasma and 
kidney concentration-based parameters are highly sensitive to probenecid and febuxostat, respectively.

Hypouricemic agents reduced the clearance of d4‑IS in intact rats.  Exogenously administered IS 
can be used to accurately evaluate IS excretion, because endogenous IS concentration is affected by two factors; 
namely, synthesis and excretion. Therefore, the effects of probenecid, febuxostat, benzbromarone, and dotinurad 
on the plasma and kidney d4-IS concentrations were assessed in intact rats (Fig. 2). Probenecid, febuxostat, and 
benzbromarone decreased the total clearance (CLtot) of d4-IS by 80%, 44%, and 34%, respectively, compared with 
that in control (Table 3). Furthermore, probenecid, febuxostat, and benzbromarone decreased the CLR, plasma of 
d4-IS by 78%, 35%, and 43%, respectively, compared with that in control. Of these three agents, probenecid was 
the most effective on blood concentration-based parameters (CLtot and CLR, plasma), indicating that the inhibition 
of OATs had a large effect on blood concentration-based parameters. In contrast, dotinurad did not have any 
effect on the CLtot or CLR, plasma. It is noteworthy that febuxostat considerably decreased the CLR, kidney of d4-IS 
by 94% compared with that of control, indicating that the inhibition of ABCG2 had a large effect on kidney 
concentration-based parameters.

The effects of hypouricemic agents on the excretion of d4‑IS in adenine‑induced acute renal 
failure rats.  To investigate whether the effects of hypouricemic agents in intact rats were changed in renal 
impairment, especially under conditions of reduced renal function, the effects of probenecid, febuxostat, benz-
bromarone, and dotinurad on the plasma concentration of d4-IS were assessed in adenine-induced acute renal 
failure rats. Probenecid showed moderate but significant increase in the plasma concentration of d4-IS (Fig. 3 
and Table 4). In contrast to the observation in intact rats, febuxostat and benzbromarone did not have any effect 
on the CLtot of d4-IS. Adenine-induced acute renal failure rats show not only a decrease in renal function, but 

Table 1.   Body weight of and renal functions in intact and adenine-induced acute renal failure rats. CLCRE: 
creatinine clearance. CLCRE is calculated using the following equation: CLCRE = [urine creatinine level (mg/
dl) × urine volume (ml/min)] / plasma creatinine level (mg/dl) / body weight (kg). Each value is presented as 
mean ± SD of six animals. **P < 0.01, significantly different from the intact rats according to Student’s t-test.

Intact rats Adenine-induced acute renal failure rats

Body weight (g) 215 ± 6 182 ± 16**

Plasma creatinine level (mg/dl) 0.29 ± 0.03 1.00 ± 0.12**

CLCRE (ml/min/kg) 8.30 ± 1.53 2.78 ± 0.47**
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also a considerable loss of IS secretion capacity. Similar to the findings in intact rats, dotinurad did not have any 
effect on the plasma concentration of d4-IS.

Expression of OAT1/3 and ABCG2 in the kidneys of intact and adenine‑induced acute renal 
failure rats.  The expression of OAT1/3 and ABCG2 was evaluated, because these transporters are consid-
ered to play an important role in IS excretion. In adenine-induced renal failure rats, white colored and larger 
sized kidneys were observed (Fig.  4A). The mRNA expression of OAT1, OAT3, and ABCG2 normalized to 
β2-microgloblin was decreased by 98%, 98%, and 89%, respectively, compared with that in intact rats (Fig. 4B). 
Furthermore, the protein expression of OAT1, OAT3, and ABCG2 was decreased by 48%, 35%, and 81%, respec-

Figure 1.   Effect of hypouricemic agents on endogenous IS concentration in the plasma (A) and kidney (B), and 
Kp (C) in intact rats. IS: indoxyl sulfate, Kp: kidney-to-plasma partition coefficient. Hypouricemic agents or their 
vehicles as controls were orally administered to Wistar rats fasted for 16 h. After 30 min, d4-IS was intravenously 
administered. Blood samples were collected at 0.083, 0.25, 0.5, 1, 2, and 4 h after d4-IS administration. Plasma 
samples were deproteinated, and the endogenous IS concentration was measured by LC–MS/MS. Each value 
is presented as mean + SD (A) or mean ± SD with individual dots (B and C) of four to six animals. **: P < 0.01, 
significantly different from the control group according to Dunnett’s multiple comparison test.

Table 2.   Pharmacokinetic parameters of endogenous IS in intact rats. AUC​0-4 hr: area under the curve from 
0 to 4 h, CLR, plasma: plasma concentration-based renal clearance, CLR, kidney: kidney concentration-based 
renal clearance. Data were analyzed using the Phoenix WinNonlin 6.4 software (Certara, L.P., Princeton, 
NJ) or calculated using the following equations: CLR, plasma = (urine IS concentration × urine volume) / AUC​
0-4 hr, CLR, kidney = (urine IS concentration × urine volume) / (kidney IS concentration at 4 h × 4). Each value is 
presented as mean ± SD of four to six animals. *, **P < 0.05, P < 0.01, significantly different from the control 
group according to Dunnett’s multiple comparison test.

Test article AUC​0-4 hr (ng hr/ml) CLR, plasma (ml/min/kg) CLR, kidney (ml/min/kg)

Control 5841 ± 1178 6.42 ± 1.14 6.00 ± 1.07

Probenecid 20,067 ± 5249** 1.76 ± 0.56** 3.38 ± 1.08**

Febuxostat 10,781 ± 1717* 3.89 ± 0.55** 0.44 ± 0.06**

Benzbromarone 7260 ± 3096 5.18 ± 1.19 5.62 ± 1.30

Dotinurad 5124 ± 661 7.79 ± 1.04 7.59 ± 1.01
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tively, compared with that in intact rats (Fig. 4C). In adenine-induced acute renal failure rats, the expression of 
these transporters was substantially decreased, concurrent with a decrease in renal function.

Discussion
IS is a well-known uremic toxin that accumulates under renal impairment condition and causes toxicity in several 
tissues. OAT1/3, which exists in the basolateral membrane of renal proximal tubules, transports IS from blood to 
epithelial cells and ABCG2, which exists in the brush-border membrane of the renal proximal tubules, transports 
IS from epithelial cells to the lumen, and these transporters are important for the excretion of IS10,12. Probenecid, 
a well-known OATs inhibitor, decreased IS excretion in the renal proximal tubules and increased systemic IS 
exposure in rats15. On the contrary, the effects of ABCG2 inhibitors, such as febuxostat, on IS excretion are not 

Figure 2.   Effect of hypouricemic agents on d4-IS concentration in the plasma (A) and kidney (B), and Kp 
(C) in intact rats. IS: indoxyl sulfate, Kp: kidney-to-plasma partition coefficient. Hypouricemic agents or their 
vehicles as controls were orally administered to Wistar rats fasted for 16 h. After 30 min, d4-IS was intravenously 
administered. Blood samples were collected at 0.083, 0.25, 0.5, 1, 2, and 4 h after d4-IS administration. Plasma 
samples were deproteinated, and the d4-IS concentration was measured by LC–MS/MS. Each value is presented 
as mean + SD (A) or mean ± SD with individual dots (B and C) of four to six animals. **P < 0.01, significantly 
different from the control group according to Dunnett’s multiple comparison test.

Table 3.   Pharmacokinetic parameters of d4-IS in intact rats. T1/2: half-life, AUC​0-4 hr: area under the curve 
from 0 to 4 h, CLtot: total clearance, CLR, plasma: plasma concentration-based renal clearance, CLR, kidney: kidney 
concentration-based renal clearance. Data were analyzed using Phoenix WinNonlin 6.4 software (Certara, 
L.P., Princeton, NJ) or calculated using the following equations: CLR, plasma = (urine d4-IS concentration × urine 
volume) / AUC​0-4 hr, CLR, kidney = (urine d4-IS concentration × urine volume) / (kidney d4-IS concentration 
at 4 h × 4). Each value is presented as mean ± SD of four to six animals. *, **: P < 0.05, P < 0.01, significantly 
different from the control group according to Dunnett’s multiple comparison test.

Test article
T1/2
(hr)

AUC​0-4 hr
(ng hr/ml)

CLtot
(ml/min/kg)

CLR, plasma
(ml/min/kg)

CLR, kidney
(ml/min/kg)

Control 0.61 ± 0.07 812 ± 150 6.25 ± 1.02 3.87 ± 0.24 31.4 ± 1.9

Probenecid 1.01 ± 0.45* 3921 ± 632** 1.23 ± 0.26** 0.85 ± 0.08** 6.3 ± 0.6**

Febuxostat 0.70 ± 0.09 1387 ± 125* 3.51 ± 0.36** 2.53 ± 0.08** 1.8 ± 0.1**

Benzbromarone 0.54 ± 0.03 1300 ± 451 4.10 ± 1.09** 2.19 ± 0.35** 28.9 ± 4.6

Dotinurad 0.54 ± 0.09 894 ± 99 5.62 ± 0.63 3.75 ± 0.35 44.9 ± 4.2**
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known. In this study, effects of hypouricemic agents including inhibitors of these transporters on IS excretion 
were examined using both intact and adenine-induced acute renal failure rats, and we tried to predict whether 
these inhibitions also occurred in clinical situations using the in vivo risk factor.

In the present study, in intact rats, probenecid, febuxostat, and benzbromarone changed endogenous IS and/
or d4-IS parameters. Probenecid potently changed the plasma concentration-based parameters (AUC​0-4 hr, CLtot 
and CLR, plasma). In OAT1 knockout mice and OAT3 knockout mice, the plasma concentration of endogenous 
IS was increased by 9.4- and 3.8-times, respectively, similar to those observed in the present study (1.9–4.5-
times)21,22. These results indicated that probenecid inhibits IS transport from the blood to the kidney via OAT1/3. 
On the contrary, the effects of febuxostat on plasma concentration-based parameters were weaker than those of 
probenecid, whereas febuxostat substantially changed the kidney concentration-based parameters (Ckidney, 4 hr, Kp 
and CLR, kidney). It is noteworthy that the Ckidney, 4 hr of endogenous IS in febuxostat-administered intact rats was 

Figure 3.   Effect of hypouricemic agents on d4-IS concentration in the plasma (A) and kidney (B), and Kp 
(C) in adenine-induced acute renal failure rats. IS: indoxyl sulfate, Kp: kidney-to-plasma partition coefficient. 
Hypouricemic agents or their vehicles as controls were orally administered to Wistar rats fasted for 16 h. After 
30 min, d4-IS was intravenously administered. Blood samples were collected at 0.083, 0.25, 0.5, 1, 2, and 4 h 
after d4-IS administration. Plasma samples were deproteinated, and the d4-IS concentrations was measured by 
LC–MS/MS. Each value is presented as mean + SD (A) or mean ± SD with individual dots (B and C) of five to six 
animals. **: P < 0.01, significantly different from the control group according to Dunnett’s multiple comparison 
test.

Table 4.   Pharmacokinetic parameters of d4-IS in adenine-induced acute renal failure rats. T1/2: half-life, AUC​
0-4 hr: area under the curve from 0 to 4 h, CLtot: total clearance. Data were analyzed using Phoenix WinNonlin 
6.4 software (Certara, L.P., Princeton, NJ). Each value is presented as mean ± SD of five to six animals. 
**P < 0.01, significantly different from the control group according to Dunnett’s multiple comparison test.

Test article
T1/2
(hr)

AUC​0-4 hr
(ng hr/ml)

CLtot
(ml/min/kg)

Control 2.0 ± 0.8 3234 ± 490 1.26 ± 0.40

Probenecid 5.2 ± 3.6 5112 ± 462** 0.49 ± 0.16**

Febuxostat 1.8 ± 0.2 3475 ± 510 1.18 ± 0.24

Benzbromarone 3.0 ± 1.9 3293 ± 458 1.10 ± 0.44

Dotinurad 2.2 ± 0.6 3349 ± 696 1.19 ± 0.39
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higher than that in the vehicle-administered adenine-induced acute renal failure rats (Fig. 1 and Supplemental 
Table 2), indicating that febuxostat largely inhibited IS transport from the epithelial cell to lumen via ABCG2. 
Benzbromarone seems to inhibit OAT1/3, because it only reduced plasma concentration-based parameters 
(CLtot and CLR, plasma). In contrast, dotinurad did not have any effects on these parameters, and can be consid-
ered to hardly inhibit these transporters. These results indicate that the accumulation of IS in the body cannot 
be determined only from blood concentration-based parameters and that, especially under ABCG2-inhibited 

Figure 4.   Photograph of the kidneys (A), renal expression of OAT1, OAT3, and ABCG2 mRNA (B), and 
protein (C) of intact and adenine-induced acute renal failure rats. The kidneys were obtained from Wistar rats 
fasted for 16 h. The total RNA and the total membrane protein were extracted from whole kidney. The PCR 
products of OAT1, OAT3, or ABCG2 gene were normalized to amplified β2-microglobulin, which was used as 
the internal reference gene. The chemiluminescence intensity of OAT1, OAT3, or ABCG2 bands in the PVDF 
membrane was normalized to that of the total protein. The expression of OAT1, OAT3, or ABCG2 in adenine-
induced acute renal failure rats was compared with those in intact rats. Each value is presented as mean ± SD 
with (B) or without (C) individual dots of three to four animals. Each western blotting image (C) is cropped 
from full-length blots (Supplemental Fig. 1). **P < 0.01, significantly different from the control group according 
to Student’s t-test.
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conditions, increase in kidney concentration-based parameters occurs prior to increasing blood concentration-
based parameters.

In adenine-induced acute renal failure rats, the increasing effects on plasma or kidney IS concentration 
of probenecid, febuxostat, and benzbromarone were markedly smaller although the plasma concentrations of 
these drugs were not lower than those in intact rats (Supplemental Fig. 2). This might be caused by the reduced 
contributions of transporters for IS clearance, because the renal mRNA and protein expression of OAT1/3 and 
ABCG2 was considerably decreased compared with that in intact rats. Therefore, adenine-induced acute renal 
failure rats can be regarded as OAT1/3 and ABCG2 down-regulation model. Several studies have reported that 
the mRNA and protein expression of OATs or ABCG2 was reduced in various renal failure rats23–25. There are 
differences in transporter reduction ratios, although these rats exhibited almost the same (3.7–4.4-fold) increase 
in blood creatinine levels compared with that in the control rats, and this is similar to the findings of the pre-
sent study (3.5-fold). Especially, the expression of transporters was substantially affected in the adenine model; 
2,8-dihydroxyadenine, a metabolite of adenine deposited in the distal and proximal tubules18, may contribute to 
the phenotype, although the underlying molecular mechanisms remain unknown. In addition, these important 
results suggest that often-observed decreased clearance of endogenous substances or drugs in CKD conditions 
may be caused by two factors: renal function impairment, which is usually evaluated by blood creatinine levels 
or creatinine clearance, and renal tubular injury, including the expression and/or function of transporters. To 
examine the latter index, endogenous IS measurement is recommended to evaluate the function of OATs or 
ABCG2. In fact, blood IS concentration is associated with the mortality of patients with acute kidney injury, and 
this association remained even after adjusting the serum creatinine levels26.

We tried to predict whether these hypouricemic agents interact with OAT1/3 or ABCG2 in clinical situations 
using published data (Supplemental Table 3). In the drug-drug interaction guideline, an in vivo risk factor at > 0.1 
means possible interaction in clinical settings27. These data indicate that probenecid and benzbromarone have 
OAT1/3 inhibition risk, and febuxostat and benzbromarone have ABCG2 inhibition risk in clinical practice, with 
lesser extent for benzbromarone in both cases. In the past, probenecid was used to sustain the serum concentra-
tion of penicillin, an OAT1/3 substrate28. Recently, it was reported that febuxostat increased the blood concen-
tration of methotrexate and rosuvastatin, which are ABCG2 substrates29,30. In the present study, probenecid and 
benzbromarone should have functioned as OAT1/3 inhibitors and febuxostat as an ABCG2 inhibitor. The less 
remarkable effect of benzbromarone on ABCG2 compared with febuxostat might be due to its low concentration 
at the renal proximal tubules, because it has been reported that benzbromarone is excreted mainly via feces31.

However, in clinical studies, xanthine oxidoreductase inhibitors, including febuxostat, show renal-protective 
effects, and reduce urinary albumin-to-creatinine ratio or serum creatinine32,33. One of the mechanisms involves 
the reduction in reactive oxygen species generated by xanthine oxidase (oxidized form of xanthine oxidoreduc-
tase)34. Recently, an increase in ATP, converted from salvaged hypoxanthine caused by the inhibition of xanthine 
oxidoreductase, was reported to rescue kidney injury in ischemia reperfusion rats35. In the clinical use of febux-
ostat, deteriorating effect on the kidney caused by the accumulation of IS might be offset by these renoprotective 
effects. For the accurate evaluation of renal toxicity caused by ABCG2 inhibition, non-renoprotective ABCG2 
inhibitors are useful.

In conclusion, probenecid, febuxostat, and benzbromarone affected the excretion of IS in different manners 
i.e. OATs or ABCG2 inhibition. In particular, febuxostat, as an ABCG2 inhibitor, increased kidney IS concentra-
tion, but it cannot be presumed only from blood IS concentration. When treating patients with hyperuricemia 
who want to avoid accumulation of IS in the body, a hypouricemic agents that do not inhibit OATs or ABCG2, 
such as dotinurad, are desirable.

Materials and methods
Drugs and materials.  Probenecid, febuxostat, and benzbromarone were purchased from Tokyo Chemi-
cal Industry Co., Ltd. (Tokyo, Japan). Dotinurad was synthesized by Fuji Yakuhin Co., Ltd. (Saitama, Japan). IS 
potassium salt was purchased from Nacalai Tesque, Inc. (Kyoto, Japan). d4-IS potassium salt was purchased from 
Toronto Research Chemicals, Inc. (Toronto, Canada). Methyl cellulose 400 (MC) was purchased from Wako 
Pure Chemical Industries, Ltd. (Osaka, Japan). The TaqMan Fast Universal PCR Master Mix was purchased from 
Thermo Fisher Scientific, Inc. (Waltham, MA). SsoAdvanced Universal SYBR Green Supermix, Precision Plus 
Protein WesternC Standards, Precision StrepTactin HRP-conjugate, and Clarity Western ECL Substrate were 
purchased from Bio-Rad Laboratories, Inc. (Hercules, CA). Tris-SDS sample buffer was purchased from Kishida 
Chemical Co., Ltd. (Osaka, Japan). Primers and antibodies are described in Supplemental Table 4. The other 
drugs used in the present study are commercially available.

Animals and housing.  To evaluate the inhibitory effects on urate secretion transporters, 7-week-old male 
Wistar rats bred in Japan SLC, Inc. (Shizuoka, Japan) were used. The rats were housed in wire-mesh cages in an 
air-conditioned animal room with a 12-/12-h LD cycle at a temperature of 22 °C ± 4 °C and a relative humidity 
of 60% ± 20% as previously described17. The rats that did not develop abnormalities after a 1-week acclimatiza-
tion period were selected for the study. The rats were fed a CE-2 pellet diet (Clea Japan Inc., Tokyo, Japan) and 
received tap water via automatic stainless steel nozzles ad libitum throughout the study. The study was carried 
out in accordance with the ARRIVE guidelines and national animal experiment guidelines, and was approved by 
the Animal Care and Utilization Committee of Fuji Yakuhin Research Laboratories.

Induction of acute renal failure in rats.  Wistar rats were orally administered 600 mg/kg of adenine, 
once daily for 5 days. One week after the last administration, urine samples were collected for 4 h. Furthermore, 
blood samples were obtained from the jugular vein under the isoflurane anesthesia. Plasma was obtained by cen-
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trifuging the blood samples at 1000 × g for 10 min at 4 °C. Creatinine level in the plasma and urine was measured 
using the U-3900 spectrophotometer (Hitachi High-Tech Science Corp., Tokyo, Japan) with the L-type Wako 
Creatinine F kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Creatinine clearance (CLCRE) was calcu-
lated using the following equation: CLCRE = [urine creatinine level (mg/dl) × urine volume (ml/min)] / plasma 
creatinine level (mg/dl) / body weight (kg). Rats were selected based on their weight and serum creatinine level. 
Four days later, the rats were selected based on the weight and serum creatinine level, and used in the study. In 
the intact group, the rats were used 4 days after the urine and blood sampling.

Concomitant treatment of d4‑IS and hypouricemic agents in intact and adenine‑induced acute 
renal failure rats.  Wistar rats that were fasted for 16 h before oral drug administration received 100 mg/
kg of probenecid, 20 mg/kg of febuxostat, 50 mg/kg of benzbromarone, 1.3 mg/kg of dotinurad, and 0.5% MC 
as the control. Drug doses used in the present study were calculated based on their clinically maximal doses 
(Supplemental Table 1) and were same as those in our previous study, in which drug-drug interaction via OAT1 
or ABCG2 was observed, except for dotinurad17. Thirty minutes after drug administration, 0.3 mg/kg d4-IS dis-
solved in saline was intravenously administered via the tail vein to all rats. Blood samples were obtained from the 
jugular vein at 0.083, 0.25, 0.5, 1, 2, and 4 h after d4-IS administration using a heparinized needle and kept on ice, 
and then the kidney was isolated with the rats under isoflurane anesthesia. Plasma was obtained by centrifuging 
the blood samples at 1000 × g for 10 min at 4 °C. To prepare the kidney sample, 4-times volume of saline was 
added to the sample and homogenized.

Determination of endogenous IS and d4‑IS concentrations in the plasma and kidney and 
analysis of pharmacokinetic parameters.  Endogenous IS and d4-IS were determined in these sam-
ples as previously described with slightly modifications10. Briefly, the plasma and kidney homogenates were 
deproteinized using the internal standard containing methanol. These samples were measured using a liquid 
chromatography-tandem mass spectrometry (LC–MS/MS) systems consisting of a Nexera X2 and a Prominence 
instrument (Shimadzu Corp., Kyoto, Japan) coupled with QTRAP4500 (AB SCIEX, LLC., Framingham, MA). 
Pharmacokinetic parameters (AUC​0-4 hr, C0, V0, T1/2, and CLtot) were analyzed using the Phoenix WinNonlin 6.4 
software (Certara, L.P., Princeton, NJ). Some pharmacokinetic parameters were calculated using the following 
equations, in which "IS" means endogenous IS or d4-IS. CLR, plasma = (urine IS concentration × urine volume) / 
AUC​0-4 hr. CLR, kidney = (urine IS concentration × urine volume) / (kidney IS concentration at 4 h × 4). Kp = kidney 
IS concentration at 4 h / plasma IS concentration at 4 h.

Quantitative reverse transcription polymerase chain reaction (qRT‑PCR).  The total RNA was 
extracted from homogenized whole kidney samples using the PureLink RNA mini kit (Thermo Fisher Scien-
tific, Inc., Waltham, MA). RNA concentration was determined by measuring the absorbance at a wavelength of 
260 nm. Thereafter, 1 μg of the total RNA was used to prepare complementary DNA by reverse transcription 
using ReverTra Ace qPCR RT Master Mix (Toyobo Co., Ltd., Osaka, Japan). The levels of mRNA coding for 
OAT1, OAT3, and ABCG2 were measured using the CFX96 Touch real-time PCR detection system (Bio-Rad 
Laboratories, Inc.). The amplified products of the target gene were normalized to amplified β2-microglobulin, 
which was used as the internal reference gene.

Western blotting.  The total membrane extract of the whole kidney obtained using the Minute Plasma 
Membrane Protein Isolation Kit (Invent Biotechnologies, Inc. Plymouth, MN). Twenty micrograms of the total 
membrane extract was incubated for 2 min at 60 °C after adding an equal volume of Tris-SDS sample buffer and 
then subjected to sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). After electropho-
resis, Miniprotian TGX Stain-free gel (4–15% or 7.5%) was activated by ultraviolet light for 1 min and the total 
protein was measured using ChemiDoc XRS Plus (Bio-Rad Laboratories, Inc.). Subsequently, the proteins in the 
gel were transferred onto PVDF membranes using the Trans-Blot Turbo Transfer System (Bio-Rad Laboratories, 
Inc.). The membrane was blocked with 0.5% skim milk or 5% bovine serum albumin in wash buffer (25 mmol/l 
tris buffered saline containing 0.1% Tween 20) for 1 h. The OAT1, OAT3, or ABCG2 antibody in wash buffer 
was added onto the membrane and incubated overnight at 4 °C. After washing, the membrane was incubated 
for 1 h with HRP-conjugated goat anti-rabbit IgG antibody in wash buffer. After washing, the ECL substrate 
was added to the membrane and chemiluminescence was detected using ChemiDoc XRS Plus. The molecular 
weights of OAT1 (63 kDa), OAT3 (65 kDa), and ABCG2 (68 kDa) were determined as previously described 
using rat kidney36–38. The relative amount of proteins and intensity of bands in each lane were determined using 
Image Lab (Bio-Rad Laboratories, Inc.). The intensity of OAT1, OAT3, or ABCG2 bands was normalized to that 
of the total protein.

Statistical analysis.  Mean, standard deviation (SD), CLR, plasma, CLR, kidney, Kp and intensity of the target 
protein to that of the total protein were calculated using Microsoft Excel Office 365 (Microsoft Corporation, 
Redmond, WA). Differences from the control group were analyzed using Dunnett’s multiple comparison test and 
differences between intact and adenine-induced acute renal failure rats were analyzed using Student’s t-test at the 
significance levels of 5% and 1% with JMP 15.1.0 (SAS Institute Inc., Cary, NC).



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:7232  | https://doi.org/10.1038/s41598-021-86662-9

www.nature.com/scientificreports/

Received: 9 December 2020; Accepted: 18 March 2021

References
	 1.	 GBD Chronic Kidney Disease Collaboration. Global, regional, and national burden of chronic kidney disease, 1990–2017: a 

systematic analysis for the Global Burden of Disease Study 2017. Lancet 395, 709–733. https://​doi.​org/​10.​1016/​s0140-​6736(20)​
30045-3 (2020).

	 2.	 Niwa, T. & Ise, M. Indoxyl sulfate, a circulating uremic toxin, stimulates the progression of glomerular sclerosis. J. Lab. Clin. Med. 
124, 96–104 (1994).

	 3.	 Niwa, T. et al. The protein metabolite hypothesis, a model for the progression of renal failure: an oral adsorbent lowers indoxyl 
sulfate levels in undialyzed uremic patients. Kidney Int. Suppl. 62, S23-28 (1997).

	 4.	 Barreto, F. C. et al. Serum indoxyl sulfate is associated with vascular disease and mortality in chronic kidney disease patients. Clin. 
J. Am. Soc. Nephrol. 4, 1551–1558. https://​doi.​org/​10.​2215/​cjn.​03980​609 (2009).

	 5.	 Motojima, M., Hosokawa, A., Yamato, H., Muraki, T. & Yoshioka, T. Uremic toxins of organic anions up-regulate PAI-1 expres-
sion by induction of NF-kappaB and free radical in proximal tubular cells. Kidney Int. 63, 1671–1680. https://​doi.​org/​10.​1046/j.​
1523-​1755.​2003.​00906.x (2003).

	 6.	 Shimizu, H., Hirose, Y., Nishijima, F., Tsubakihara, Y. & Miyazaki, H. ROS and PDGF-beta [corrected] receptors are critically 
involved in indoxyl sulfate actions that promote vascular smooth muscle cell proliferation and migration. Am. J. Physiol. Cell. 
Physiol. 297, C389-396. https://​doi.​org/​10.​1152/​ajpce​ll.​00206.​2009 (2009).

	 7.	 Tumur, Z. & Niwa, T. Indoxyl sulfate inhibits nitric oxide production and cell viability by inducing oxidative stress in vascular 
endothelial cells. Am. J. Nephrol. 29, 551–557. https://​doi.​org/​10.​1159/​00019​1468 (2009).

	 8.	 Lekawanvijit, S. et al. Does indoxyl sulfate, a uraemic toxin, have direct effects on cardiac fibroblasts and myocytes?. Eur. Heart. J. 
31, 1771–1779. https://​doi.​org/​10.​1093/​eurhe​artj/​ehp574 (2010).

	 9.	 Schroeder, J. C. et al. The uremic toxin 3-indoxyl sulfate is a potent endogenous agonist for the human aryl hydrocarbon receptor. 
Biochemistry 49, 393–400. https://​doi.​org/​10.​1021/​bi901​786x (2010).

	10.	 Takada, T. et al. Identification of ABCG2 as an exporter of uremic toxin indoxyl sulfate in mice and as a crucial factor influencing 
CKD Progression. Sci. Rep. 8, 11147. https://​doi.​org/​10.​1038/​s41598-​018-​29208-w (2018).

	11.	 Eloot, S. et al. Spontaneous variability of pre-dialysis concentrations of uremic toxins over time in stable hemodialysis patients. 
PLoS ONE 12, e0186010. https://​doi.​org/​10.​1371/​journ​al.​pone.​01860​10 (2017).

	12.	 Deguchi, T. et al. Characterization of uremic toxin transport by organic anion transporters in the kidney. Kidney. Int. 65, 162–174. 
https://​doi.​org/​10.​1111/j.​1523-​1755.​2004.​00354.x (2004).

	13.	 Obermayr, R. P. et al. Elevated uric acid increases the risk for kidney disease. J. Am. Soc. Nephrol. 19, 2407–2413. https://​doi.​org/​
10.​1681/​ASN.​20080​10080 (2008).

	14.	 Iseki, K. et al. Significance of hyperuricemia as a risk factor for developing ESRD in a screened cohort. Am. J. Kidney. Dis. 44, 
642–650 (2004).

	15.	 Fujita, T. et al. In vivo kinetics of indoxyl sulfate in humans and its renal interaction with angiotensin-converting enzyme inhibitor 
quinapril in rats. J. Pharmacol. Exp. Ther. 341, 626–633. https://​doi.​org/​10.​1124/​jpet.​111.​187732 (2012).

	16.	 Miyata, H. et al. Identification of febuxostat as a new strong ABCG2 inhibitor: potential applications and risks in clinical situations. 
Front Pharmacol. 7, 518. https://​doi.​org/​10.​3389/​fphar.​2016.​00518 (2016).

	17.	 Taniguchi, T. et al. Pharmacological evaluation of dotinurad, a selective urate reabsorption inhibitor. J. Pharmacol. Exp. Ther. 371, 
162–170. https://​doi.​org/​10.​1124/​jpet.​119.​259341 (2019).

	18.	 Klinkhammer, B. M. et al. Cellular and molecular mechanisms of kidney injury in 2,8-dihydroxyadenine nephropathy. J. Am. Soc. 
Nephrol. 31, 799–816. https://​doi.​org/​10.​1681/​ASN.​20190​80827 (2020).

	19.	 Stockelman, M. G. et al. Chronic renal failure in a mouse model of human adenine phosphoribosyltransferase deficiency. Am. J. 
Physiol. 275, F154-163. https://​doi.​org/​10.​1152/​ajpre​nal.​1998.​275.1.​F154 (1998).

	20.	 Stratta, P. et al. Decreased kidney function and crystal deposition in the tubules after kidney transplant. Am. J. Kidney Dis. 56, 
585–590. https://​doi.​org/​10.​1053/j.​ajkd.​2009.​12.​028 (2010).

	21.	 Wikoff, W. R., Nagle, M. A., Kouznetsova, V. L., Tsigelny, I. F. & Nigam, S. K. Untargeted metabolomics identifies enterobiome 
metabolites and putative uremic toxins as substrates of organic anion transporter 1 (Oat1). J. Proteome Res. 10, 2842–2851. https://​
doi.​org/​10.​1021/​pr200​093w (2011).

	22.	 Wu, W., Bush, K. T. & Nigam, S. K. Key role for the organic anion transporters, OAT1 and OAT3, in the in vivo handling of uremic 
toxins and solutes. Sci. Rep. 7, 4939. https://​doi.​org/​10.​1038/​s41598-​017-​04949-2 (2017).

	23.	 Komazawa, H. et al. Renal uptake of substrates for organic anion transporters Oat1 and Oat3 and organic cation transporters Oct1 
and Oct2 is altered in rats with adenine-induced chronic renal failure. J. Pharm. Sci. 102, 1086–1094. https://​doi.​org/​10.​1002/​jps.​
23433 (2013).

	24.	 Liu, T. et al. Changes in expression of renal Oat1, Oat3 and Mrp2 in cisplatin-induced acute renal failure after treatment of JBP485 
in rats. Toxicol. Appl. Pharmacol. 264, 423–430. https://​doi.​org/​10.​1016/j.​taap.​2012.​08.​019 (2012).

	25.	 Naud, J. et al. Effects of chronic renal failure on kidney drug transporters and cytochrome P450 in rats. Drug Metab. Dispos. 39, 
1363–1369. https://​doi.​org/​10.​1124/​dmd.​111.​039115 (2011).

	26.	 Wang, W. et al. Serum indoxyl sulfate is associated with mortality in hospital-acquired acute kidney injury: a prospective cohort 
study. BMC Nephrol. 20, 57. https://​doi.​org/​10.​1186/​s12882-​019-​1238-9 (2019).

	27.	 JP Pharmaceuticals and Medical Devices Agency. Guideline on drug interaction for drug development and appropriate provision of 
information (Pharmaceuticals and Medical Devices Agency, 2019).

	28.	 Burnell, J. M. & Kirby, W. M. Effectiveness of a new compound, benemid, in elevating serum penicillin concentrations. J. Clin. 
Invest. 30, 697–700. https://​doi.​org/​10.​1172/​jci10​2482 (1951).

	29.	 Ikemura, K. et al. Concomitant febuxostat enhances methotrexate-induced hepatotoxicity by inhibiting breast cancer resistance 
protein. Sci. Rep. 9, 20359. https://​doi.​org/​10.​1038/​s41598-​019-​56900-2 (2019).

	30.	 Lehtisalo, M. et al. Febuxostat, but not allopurinol, markedly raises the plasma concentrations of the breast cancer resistance 
protein substrate rosuvastatin. Clin. Transl. Sci. 13, 1236–1243. https://​doi.​org/​10.​1111/​cts.​12809 (2020).

	31.	 Broekhuysen, J., Pacco, M., Sion, R., Demeulenaere, L. & Van Hee, M. Metabolism of benzbromarone in man. Eur. J. Clin. Phar-
macol. 4, 125–130. https://​doi.​org/​10.​1007/​bf005​62509 (1972).

	32.	 Hosoya, T. et al. Effects of topiroxostat on the serum urate levels and urinary albumin excretion in hyperuricemic stage 3 chronic 
kidney disease patients with or without gout. Clin. Exp. Nephrol. 18, 876–884. https://​doi.​org/​10.​1007/​s10157-​014-​0935-8 (2014).

	33.	 Kimura, K. et al. Febuxostat therapy for patients with stage 3 CKD and asymptomatic Hyperuricemia: a randomized trial. Am. J. 
Kidney. Dis. 72, 798–810. https://​doi.​org/​10.​1053/j.​ajkd.​2018.​06.​028 (2018).

	34.	 Asai, R. et al. Two mutations convert mammalian xanthine oxidoreductase to highly superoxide-productive xanthine oxidase. J. 
Biochem. 141, 525–534. https://​doi.​org/​10.​1093/​jb/​mvm054 (2007).

	35.	 Fujii, K. et al. Xanthine oxidase inhibitor ameliorates postischemic renal injury in mice by promoting resynthesis of adenine 
nucleotides. JCI Insight https://​doi.​org/​10.​1172/​jci.​insig​ht.​124816 (2019).

https://doi.org/10.1016/s0140-6736(20)30045-3
https://doi.org/10.1016/s0140-6736(20)30045-3
https://doi.org/10.2215/cjn.03980609
https://doi.org/10.1046/j.1523-1755.2003.00906.x
https://doi.org/10.1046/j.1523-1755.2003.00906.x
https://doi.org/10.1152/ajpcell.00206.2009
https://doi.org/10.1159/000191468
https://doi.org/10.1093/eurheartj/ehp574
https://doi.org/10.1021/bi901786x
https://doi.org/10.1038/s41598-018-29208-w
https://doi.org/10.1371/journal.pone.0186010
https://doi.org/10.1111/j.1523-1755.2004.00354.x
https://doi.org/10.1681/ASN.2008010080
https://doi.org/10.1681/ASN.2008010080
https://doi.org/10.1124/jpet.111.187732
https://doi.org/10.3389/fphar.2016.00518
https://doi.org/10.1124/jpet.119.259341
https://doi.org/10.1681/ASN.2019080827
https://doi.org/10.1152/ajprenal.1998.275.1.F154
https://doi.org/10.1053/j.ajkd.2009.12.028
https://doi.org/10.1021/pr200093w
https://doi.org/10.1021/pr200093w
https://doi.org/10.1038/s41598-017-04949-2
https://doi.org/10.1002/jps.23433
https://doi.org/10.1002/jps.23433
https://doi.org/10.1016/j.taap.2012.08.019
https://doi.org/10.1124/dmd.111.039115
https://doi.org/10.1186/s12882-019-1238-9
https://doi.org/10.1172/jci102482
https://doi.org/10.1038/s41598-019-56900-2
https://doi.org/10.1111/cts.12809
https://doi.org/10.1007/bf00562509
https://doi.org/10.1007/s10157-014-0935-8
https://doi.org/10.1053/j.ajkd.2018.06.028
https://doi.org/10.1093/jb/mvm054
https://doi.org/10.1172/jci.insight.124816


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:7232  | https://doi.org/10.1038/s41598-021-86662-9

www.nature.com/scientificreports/

	36.	 Deguchi, T. et al. Renal clearance of endogenous hippurate correlates with expression levels of renal organic anion transporters 
in uremic rats. J. Pharmacol. Exp. Ther. 314, 932–938. https://​doi.​org/​10.​1124/​jpet.​105.​085613 (2005).

	37.	 Xu, Y. J. et al. Age-associated differences in transporter gene expression in kidneys of male rats. Mol. Med. Rep. 15, 474–482. https://​
doi.​org/​10.​3892/​mmr.​2016.​5970 (2017).

	38.	 Wang, S. et al. The flavonoid-rich fraction from rhizomes of Smilax glabra Roxb. ameliorates renal oxidative stress and inflamma-
tion in uric acid nephropathy rats through promoting uric acid excretion. Biomed Pharmacother 111, 162–168. https://​doi.​org/​
10.​1016/j.​biopha.​2018.​12.​050 (2019).

Acknowledgements
We appreciate Dr. Risa Taguchi and Mr. Akira Kubota, Research Laboratories 2, Fuji Yakuhin Co., Ltd. for their 
assistance of pharmacokinetic evaluation. We appreciate Mr. Takuji Hosoya and Mr. Masaya Matsubayashi, 
Research Laboratories 2, Fuji Yakuhin Co., Ltd. for their advice on experimental design and data analysis.

Author contributions
Participated in research design: T.Taniguchi., T.Takada. and T.I. Conducted experiments: T.Taniguchi., K.O., 
K.M., M.S. and N.C. Performed data analysis: T.Taniguchi, K.O. and K.M. Wrote or contributed to the writing 
of the manuscript: T.Taniguchi., K.O., K.M., N.A., T.Takada. and T.I.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​86662-9.

Correspondence and requests for materials should be addressed to T.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1124/jpet.105.085613
https://doi.org/10.3892/mmr.2016.5970
https://doi.org/10.3892/mmr.2016.5970
https://doi.org/10.1016/j.biopha.2018.12.050
https://doi.org/10.1016/j.biopha.2018.12.050
https://doi.org/10.1038/s41598-021-86662-9
https://doi.org/10.1038/s41598-021-86662-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Hypouricemic agents reduce indoxyl sulfate excretion by inhibiting the renal transporters OAT13 and ABCG2
	Results
	Induction of acute renal failure in rats. 
	Hypouricemic agents reduced the excretion of endogenous IS in intact rats. 
	Hypouricemic agents reduced the clearance of d4-IS in intact rats. 
	The effects of hypouricemic agents on the excretion of d4-IS in adenine-induced acute renal failure rats. 
	Expression of OAT13 and ABCG2 in the kidneys of intact and adenine-induced acute renal failure rats. 

	Discussion
	Materials and methods
	Drugs and materials. 
	Animals and housing. 
	Induction of acute renal failure in rats. 
	Concomitant treatment of d4-IS and hypouricemic agents in intact and adenine-induced acute renal failure rats. 
	Determination of endogenous IS and d4-IS concentrations in the plasma and kidney and analysis of pharmacokinetic parameters. 
	Quantitative reverse transcription polymerase chain reaction (qRT-PCR). 
	Western blotting. 
	Statistical analysis. 

	References
	Acknowledgements


