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Abstract
We previously reported that in hyperuricemic rats, renal impairment occurred and organic ion transport activity decreased,

accompanied with a specific decrease in the expression of rat organic anion transporters, rOAT1 and rOAT3, and organic cation

transporter, rOCT2. In the present study, we investigated the reversibility of the organic ion transport activity and expression of organic ion

transporters (slc22a) during recovery from hyperuricemia. Hyperuricemia was induced by the administration of a chow containing uric

acid and oxonic acid, an inhibitor of uric acid metabolism. Four days after discontinuance of the chow, the plasma uric acid concentration

returned to the normal level, and renal functions such as creatinine clearance and BUN levels were restored, although the recovery of

tubulointerstitial injury was varied in sites of the kidney. Basolateral uptake of p-aminohippurate (PAH) and tetraethylammonium (TEA),

and both protein and mRNA levels of rOAT1, rOAT3 and rOCT2 in the kidney gradually improved during 14 days of recovery from

hyperuricemia. Basolateral PAH transport showed a higher correlation with the protein level of rOAT1 (r2 = 0.80) than rOAT3 (r2 = 0.34),

whereas basolateral TEA transport showed a strong correlation with rOCT2 protein (r2 = 0.91). The plasma testosterone concentration,

which is a dominant factor in the regulation of rOCT2, was gradually restored during the recovery from hyperuricemia, but the correlation

between the plasma testosterone level and rOCT2 protein expression in the kidney was not significant. These results suggest that the

regulation of organic ion transporters, rOAT1, rOAT3 and rOCT2, by hyperuricemia is reversible, and the organic ion transport activity

restores according to the expression levels of these transporters.

# 2005 Elsevier Inc. All rights reserved.

Keywords: Renal transport; Organic anion transporter; Organic cation transporter; slc22a; Rats; Hyperuricemia
1. Introduction

Urinary excretion of various compounds including

endogenous metabolites, drugs and xenobiotics is an

important physiological function of the renal proximal

tubules. In renal tubules, membrane transport systems

mediate the tubular secretion, and several isoforms of

organic anion and cation transporters have been character-

ized [1,2]. Two organic anion transporters, OAT1 and

OAT3, at the renal basolateral membrane mediated the

renal tubular secretion of several anionic drugs including

p-aminohippurate (PAH), nonsteroidal anti-inflammatory

drugs, methotrexate and cephalosporins [3–8]. On the

other hand, organic cation transporters, OCT1 and

OCT2, were localized to basolateral membranes of renal
Abbreviations: PAH, p-aminohippurate; TEA, tetraethylammonium
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tubular cells, and contributed to the transport of many

cationic compounds including tetraethylammonium (TEA),

cimetidine, monoamines and procainamide [8–12].

We previously reported that renal organic anion and

cation transport activity across the basolateral membrane

was decreased in hyperuricemic rats, accompanied with

decreased expression of some organic ion transporters,

rOAT1, rOAT3 and rOCT2 [13]. In contrast, the renal

expression levels of rOCT1, OAT-K1 and OAT-K2, kid-

ney-specific organic anion transporters, and organic anion

transporting polypeptide 1 (oatp1) were unchanged in

hyperuricemic rat kidney [13]. Renal clearances of meth-

otrexate and cimetidine were also decreased in hyperur-

icemic rats, suggesting that the down-regulation of rOAT1,

rOAT3 and rOCT2 partly accounts for the decreased renal

disposition of these drugs [13].

Altered expression of renal organic ion transporters has

been reported using several animal models with renal

impairment induced by cisplatin and by subtotal nephrect-
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omy [14–17]. However, little information is available on

the alterations in the expression of renal organic ion

transporters during the recovery from renal impairment.

On one hand, renal functions were decreased in hyperur-

icemic rats induced by the administration of a chow

containing uric acid and oxonic acid, an inhibitor of uric

acid metabolism [18]. After administration of the chow

was discontinued, renal functions such as the fractional

reabsorption of sodium and phosphate were improved,

although the urine concentrating ability, calcium reabsorp-

tion and the capacity to excrete ammonium remained

impaired [18]. Therefore, renal functions including renal

organic ion transport might change at different rates during

recovery from hyperuricemia in rats.

In the present study, we examined the alteration of

organic ion transport activity and the expression of organic

ion transporters including rOAT1, rOAT3 and rOCT2 in the

kidney during recovery from hyperuricemia in rats.
2. Materials and methods

2.1. Materials

D-[1-3H(N)]-mannitol (973 GBq/mmol) and p-[glycyl-

1-14C]-aminohippuric acid (1.9 GBq/mmol) were obtained

from Perkin-ElmerTM Life Sciences. [1-14C] Tetraethy-

lammonium bromide (2.04 GBq/mmol) was obtained from

American Radiolabeled Chemicals. Oxonic acid and uric

acid were purchased from Aldrich and Wako Pure Che-

mical Industries, respectively. All other chemicals used

were of the highest purity available.

2.2. Animals

The animal experiments were performed in accordance

with the Guidelines for Animal Experiments of Kyoto

University. The experimental protocol was approved by

the Animal Research Committee, Graduate School of

Medicine, Kyoto University. Male Wistar rats weighing

190–235 g were fed ground rat chow and water freely for

10–24 days. Hyperuricemia was induced with ground

standard rat chow containing 2.5% uric acid and 5% oxonic

acid for 10 days as described in our previous report (0-day

recovery group) [13]. During recovery from hyperurice-

mia, the rats were fed standard rat chow for 4, 7 or 14 days

(4, 7 or 14-day recovery group).

2.3. Biochemical tests

The concentration of blood urea nitrogen (BUN) and

creatinine in plasma and urine were measured by the

urease–indophenol method and Jaffé method using kits

obtained from Wako Pure Chemical Industries, respec-

tively. Plasma uric acid concentration was determined by

high performance liquid chromatography as described in
the previous report [13]. Plasma concentration of testos-

terone was measured with an enzyme immunoassay kit

(Cayman Chemical Company).

2.4. Histological analyses

Kidneys of rats during recovery from hyperuricemia

were removed and immediately fixed for 1 day at room

temperature in carnoy fixative (ethanol:chloroform:acetic

acid = 6:3:1) and preserved in 70% ethanol. Conventional

histological sections were stained with periodic acid-Schiff

reagent [8].

2.5. Uptake of PAH and TEA into renal slices

Renal slices were prepared with a Stadie–Riggs micro-

tome and the uptake of [14C]PAH (5 mM, 0.93 kBq/mL) or

[14C]TEA (5 mM, 1.03 kBq/mL) were measured as pre-

viously described [13]. [3H]Mannitol (5 mM, 22.8 kBq/

mL) was used to calculate the extracellular trapping and

nonspecific uptake of [14C]PAH and [14C]TEA as well as to

evaluate the viability of slices.

2.6. Western blot analyses

Preparation of crude membrane fractions and Western

blot analyses were performed as previously reported [13].

2.7. Northern blot analyses

Total RNA was extracted from the kidney using TRI-

ZOLTM reagent (Invitrogen Co.). Then, Northern blot

analyses were performed as previously described [13].

2.8. Statistical analyses

The statistical significance of differences between mean

values was calculated using the non-paired t-test, or by the

one-way analysis of variance with the Scheffé test for post

hoc analysis. P-values of <0.05 were considered signifi-

cant.
3. Results

Several physiological and biochemical parameters were

measured during the recovery period of hyperuricemia in

rats (Fig. 1). The body weight gradually increased during

recovery for 14 days. Plasma uric acid returned to the

normal level during the initial 4 days of recovery. Improve-

ment of BUN, plasma creatinine and creatinine clearance

during the initial 4 days suggested that renal functions have

been recovered quickly. In contrast, urine volume returned

to normal more slowly than the above parameters.

Histological analyses of the kidney were performed and

shown in Fig. 2. The tubular lumen was dilated in a diffuse
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Fig. 1. Physiological and biochemical parameters during recovery from hyperuricemia. At 4, 7 and 14 days recovery from hyperuricemia, body weight (A),

plasma uric acid (B), BUN (C), urine volume (D), plasma creatinine (E) and creatinine clearance (F) were measured (*). Open circles represent the values of

normal rats. Each point represents the mean � S.E. of 5–13 rats. yP < 0.05, vs. normal rats. *P < 0.05, vs. hyperuricemic rats on day 0.
area filled with detached tubular epithelial cells and was

infiltrated by mono- and poly-nuclear cells in hyperurice-

mic rat kidney (0-day recovery group) as previously

reported [13]. Moreover, inflammatory cells also infiltrated

into the interstitium and in tubules [13]. This tubulointer-

stitial pathology was observed in the diffuse area on day 4,

and visible in the focal area on day 7, which was almost

disappeared on day 14 (Fig. 2).

We then evaluated basolateral organic anion and cation

transport activity by the uptake of PAH and TEA into renal

slices (Fig. 3). The PAH and TEA uptake into renal slices in

the 0-day recovery group were much lower than those in

normal rats. In the 4-days recovery group, PAH and TEA

uptake were significantly increased compared with those in

0-day recovery group. The PAH and TEA uptake in the 14-

days recovery groups achieved similar uptake activity to

those in control group at 30 or 60 min.

The expression of rOAT1, rOAT3 and rOCT2 protein

during the recovery period of hyperuricemic rats was

examined by Western blot analyses (Fig. 4). The expres-

sion of these transporters of 0-day recovery group was

significantly decreased in hyperuricemic rats compared

with normal rats, and the expression levels of rOAT1

and rOAT3 in 7- and 14-days recovery group significantly

increased compared with those in 0-day recovery group.

The expression of rOCT2 protein gradually increased until

14-days of recovery.

The mRNA expression of rOAT1 and rOCT2 during

recovery from hyperuricemia was analyzed by Northern

blot analyses (Fig. 5). The mRNA expression of both

transporters in the 0-day recovery group was much lower

than that in normal rats, and the rOAT1 mRNA expression
significantly increased in the 7- and 14-days recovery

group compared with 0-day recovery group. Recovery

of rOCT2 mRNA expression was significant on day 14.

Moreover, the expression of rOAT1 and rOCT2 protein was

significantly correlated with that of mRNA, respectively

(rOAT1, r2 = 0.66, P < 0.05; rOCT2, r2 = 0.45, P < 0.05).

We investigated the correlation between basolateral

PAH and TEA transport and the protein level of rOAT1,

rOAT3 and rOCT2 (Fig. 6). Initial PAH transport at 15 min

across basolateral membrane showed a high correlation

with the protein level of rOAT1 (r2 = 0.80, P < 0.05), but

not with that of rOAT3 (r2 = 0.34, P = 0.35). On one hand,

basolateral TEA transport showed a high correlation with

the protein level of rOCT2 (r2 = 0.91, P < 0.05).

Finally, we measured plasma concentration of testoster-

one, which was the dominant factor mediating sex-related

difference in the expression of rOCT2 [19]. Plasma tes-

tosterone concentration was decreased in the 0-day recov-

ery group (control, 3.23 � 0.59 ng/mL; 0 day, 1.08 �
0.10 ng/mL; mean � S.E., n = 6) and was gradually

increased during the recovery period of hyperuricemia

(4 days, 1.68 � 0.45 ng/mL; 7 days, 3.61 � 0.24 ng/mL;

14 days, 4.51 � 1.26 ng/mL; mean � S.E., n = 6). How-

ever, plasma testosterone levels and the expression of

rOCT2 protein did not show a significant linear correlation

(Fig. 7, r2 = 0.14, P = 0.14).
4. Discussion

Hyperuricemia is often the first clinical manifestation of

gout and accompanies renal failure. Recently, serum uric
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Fig. 2. Periodic acid-Schiff staining of cortex (A–C), outer medulla (D–F) and inner medulla (G–I) in the serial picture from each typical rat kidney at 4—(A, D

and G), 7—(B, E and H) and 14—(C, F and I) days recovery from hyperuricemia; bar = 100 mm.
acid was found to be an independent risk factor for

development of renal insufficiency in a study of 6403

subjects [20]. Mazaali et al. reported that crystal-indepen-

dent mechanism, mediated in part by activation of the

renin-angiotensin system and downregulation of NO

synthase expression, contributed to renal injury in hyper-

uricemia [21]. Actually, we did not observe urate crystals

in any part of kidneys in our experiments (Fig. 2). We

previously reported that plasma creatinine and BUN levels

increased, and that basolateral organic ion transport activ-

ity decreased, accompanied with specifically decreased

expression of rOAT1, rOAT3 and rOCT2 in the kidney

of hyperuricemic rats [13]. In this study, we investigated
renal organic ion transport activity and the expression of

rOAT1, rOAT3 and rOCT2 in kidney during recovery from

hyperuricemia.

During the initial 4 days, BUN, plasma creatinine and

creatinine clearance were restored significantly (Fig. 1),

suggesting that renal functions recovered quickly. On the

other hand, the recovery of tubulointerstitial injury was

varied in sites of the kidney, probably because of the

different severity of damage as shown in Fig. 2. Organic

anion and cation transport activity across basolateral mem-

branes and the expression of organic ion transporters,

rOAT1, rOAT3 and rOCT2 in the kidney also gradually

improved (Figs. 3 and 4). Interestingly, basolateral PAH
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Fig. 3. Accumulation of PAH (A) and TEA (B) into renal slices during the recovery from hyperuricemia. Renal slices from normal (*) and hyperuricemic rats

at 0: *, 4: ~, 7: ! and 14: ^ days of recovery were incubated at 25 8C in incubation buffer containing 5 mM [14C]PAH or 5 mM [14C]TEA for the periods

indicated. D-[3H]Mannitol was used to estimate the extracellular trapping and non-specific uptake of [14C]PAH and [14C]TEA. Each point represents the

mean � S.E. for 5–8 slices from different rats. yP < 0.05, vs. normal rats. *P < 0.05, vs. hyperuricemic rats on day 0.
transport showed a higher correlation with the protein level

of rOAT1 than that of rOAT3 (Fig. 6), demonstrating that

rOAT1 was a dominant transporter mediating the basolat-

eral uptake of PAH. Basolateral TEA transport showed a

high correlation with the protein level of rOCT2 (Fig. 6).

As far as we know, this is the first report demonstrating the

restoration of renal organic ion transporters (slc22a) during

recovery from renal impairment, accompanying the change

of basolateral uptake of PAH and TEA in the kidney.

The expression of rOCT2 is regulated by testosterone

[19]. In contrast to rOCT2, renal expression of rOAT1 and

rOCT1 was not changed between male and female, sug-

gesting little or no contribution of testosterone in the

regulation of renal rOAT1 and rOCT1 [22]. In addition,
Fig. 4. Western blot analyses of rOAT1, rOAT3 and rOCT2 in crude membran

membrane fractions from the kidneys of normal and hyperuricemic rats at 0, 4, 7 an

and Na+-K+-ATPase a-1 subunit were identified with each antibody. The results in

(C) and rOCT2 (D) density to Na+-K+-ATPase a-1 subunit density. Each point repre

from two experiments. yP < 0.05, vs. normal rats. *P < 0.05, vs. hyperuricemic
both plasma testosterone levels and the expression levels of

rOCT2 decreased in 5/6 nephrectomized rats, where the

expression levels of rOCT2 were restored by the admin-

istration of physiological concentrations of testosterone

[17]. In clinical cases, a lower serum testosterone level was

reported to be associated with chronic renal failure [23,24].

In the present study, both rOCT2 expression and plasma

testosterone concentration decreased in hyperuricemia,

and were restored to normal during recovery from hyper-

uricemia. However, the correlation between rOCT2

expression and plasma testosterone concentration was

not significant. These results suggested that the decreased

plasma testosterone level was one of the determinants of

rOCT2 expression in hyperuricemic rats.
e fractions from the kidneys during recovery from hyperuricemia. Crude

d 14 days of recovery were separated by SDS-PAGE. rOAT1, rOAT3, rOCT2

a typical experiment are shown in panel (A). The ratio of rOAT1 (B), rOAT3

sents the mean � S.E. for three normal (*) and four hyperuricemic (*) rats

rats on day 0.
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Fig. 5. Northern blot analyses of rOAT1 and rOCT2 during recovery from hyperuricemia. Total RNA (5 mg) from the kidneys of normal and hyperuricemic rats

at 0, 4, 7 and 14 days of recovery was hybridized with rOAT1, rOCT2 and GAPDH cDNA probes under high stringency. The results in a typical experiment are

shown in panel (A). Densitometry of rOAT1 (B) and rOCT2 (C) mRNAs was corrected for loading with GAPDH mRNA. Each point represents the mean � S.E.

for two to four normal (*) and four hyperuricemic (*) rats. yP < 0.05, vs. normal rats. *P < 0.05, vs. hyperuricemic rats on day 0.
The dosage regimen of various drugs for patients with

renal insufficiency is generally determined according to the

value of creatinine clearance. However, renal excretion of

ionic drugs into urine is mediated not only by glomerular

filtration but also by tubular secretion via organic anion and

cation transporters. Actually, the dosage schedule based on

creatinine clearance was demonstrated to be inadequate for
Fig. 6. Correlation between protein levels of rOAT1 (A), rOAT3 (B) and rOCT2 (C

during recovery from hyperuricemia. The linear regression was obtained with the m

activity of PAH and TEA. Each point represents the mean � S.E. obtained in Fi
ampicillin and cephalexin dosing in some patients with

renal insufficiency [25]. Recently, we reported that the

elimination rate of cefazolin, which is a substrate of

hOAT3, was significantly correlated with the levels of

hOAT3 mRNA in humans [26]. In the present study,

basolateral uptake of PAH and TEA in the kidney was

significantly correlated with the expression of rOAT1 and
) and initial uptake activity of PAH (A and B) and TEA (C) by the renal slices

ean values of rOAT1, rOAT3 and rOCT2 at protein levels and initial uptake

gs. 3 and 4.
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Fig. 7. Correlation between plasma testosterone and rOCT2 protein levels

in the kidney during recovery from hyperuricemia. The linear regression

was obtained with the plasma concentration of testosterone and rOCT2

protein levels of 17 rats during recovery from hyperuricemia.
rOCT2, respectively. Moreover, the recovery rate of

rOAT1, rOAT3 and rOCT2 expression was slower than

that of creatinine clearance. Based on these findings,

dosage regiments according to the activity of organic anion

and cation transport in addition to creatinine clearance

should be helpful for precise dosage regimen in the patients

with renal dysfunctions.

In conclusion, renal expression of organic ion transpor-

ters, rOAT1, rOAT3 and rOCT2, was reversibly regulated

by hyperuricemia, accompanying the change of organic ion

transport. Although further clinical investigations on the

expression levels of drug transporters in several disease

states are needed, the expression profiles of drug trans-

porters may be useful information for understanding the

alteration of renal drug secretion.
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