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Abstract: A tryptophan catabolite, kynurenic acid, is involved in schizophrenia and uremia; there is little information on the mechanism 
of its disposition. Recently, our laboratory showed that kynurenic acid is a good substrate of human organic anion transporters hOAT1 
and hOAT3. In this study, we performed uptake experiment using Xenopus laevis oocytes to characterize the transport of kynurenic acid 
by rat homologs of the transporters, rOAT1, and rOAT3. These transporters stimulated the uptake of kynurenic acid into oocytes, and 
transport by rOAT3 was marked. The Km values of the transport were estimated to be 8.46 µM for rOAT1 and 4.81 µM for rOAT3, and 
these values are comparable to their human homologs. The transport activity of kynurenic acid by rOAT1 was about one quarter of that 
of p-aminohippurate, although they were at the similar levels in hOAT1. A comparative experiment with hOAT1 was added in this study, 
showing that uptake amounts of kynurenic acid by hOAT1-expressing oocytes were 4 times greater than rOAT1-expressing oocytes. 
rOAT3 transported kynurenic acid as efficiently as estrone sulfate; this phenomenon was also observed in hOAT3. In conclusion, trans-
port of kynurenic acid by rOAT1 and rOAT3 was shown. The characteristics of rOAT3 were similar to hOAT3, but low transport activity 
of kynurenic acid by rOAT1 was exhibited compared with hOAT1.
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Introduction
Kynurenic acid is one of the final metabolites of tryp-
tophan and is known to antagonize both the N-methyl 
D-aspartate (NMDA) receptor and the α7 nicotinic 
acetylcholine receptor in the brain under physiologi-
cal conditions.1,2 Clinical studies have shown that 
administration of NMDA receptor antagonists causes 
schizophrenia-like symptoms; several groups have 
also shown the increased concentration of kynurenic 
acid in the brains of schizophrenic patients.3–7 Taking 
these findings together, it is suggested that kynurenic 
acid is one of the key molecules in schizophrenia. 
In addition, it was shown that the serum concentra-
tion of kynurenic acid was elevated in patients with 
developed chronic renal failure.8,9 Its accumulation 
was thought be related to certain uremic symptoms, 
including neurological disturbances, increased sus-
ceptibility to infectious disorders, lipid metabolism 
disorders, and anemia.1,2,8,9 It was shown that a reduc-
tion in kynurenic acid levels enhanced vulnerability 
to an extotoxic insult in the rat striatum; kynurenic 
acid has been considered to have anticonvulsant and 
neuroprotective properties.2 Therefore, the molecu-
lar mechanism of the disposition of kynurenic acid 
is considered to be intriguing, although it remains to 
be elucidated.

In epithelial cells of renal proximal tubules and 
brain capillary endothelial cells, several organic anion 
transporters mediate tubular secretion and efflux from 
the brain of a variety of endogenous metabolites, 
xenobiotics, and drugs.10,11 Organic anion transporter 
1 (OAT1) and OAT3 are expressed in the basolat-
eral membrane of the renal proximal tubule. They 
are responsible for tubular uptake of organic anions 
from blood.10,11 In addition, using rats, OAT3 has been 
shown to be expressed at the abluminal membrane of 
brain capillary endothelial cells and to play an impor-
tant role in the transport of indoxyl sulfate, homova-
nillic acid, benzylpenicillin, and pravastatin from the 
brain to blood.12–15 Goralski et al have shown that renal 
clearance of kynurenic acid is greater than that of crea-
tinine in rats, implying that renal tubular secretion con-
tributes to its urinary excretion.16 In the rat brain, it has 
been reported that a representative inhibitor of organic 
anion transporter, probenecid, escalates the concentra-
tion of kynurenic acid.17,18 These reports propose that 
OAT1 and/or OAT3 might be responsible for the dis-
position of kynurenic acid in the kidney and brain.

Recently, we examined the interaction of kynurenic 
acid with human OAT1 (hOAT1) and hOAT3; it was 
revealed that kynurenic acid is a substrate of both 
transporters.19 In addition, hOAT1 and hOAT3 trans-
ported kynurenic acid as efficiently as their typical 
substrates, p-aminohippurate and estrone sulfate, 
respectively; it is suggested that the transport would 
play an important role physiologically.19 To investigate 
the contribution of these transporters in the handling 
of kynurenic acid in the brain and kidney in detail, 
experiments using animals and tissues should be per-
formed and information on transporter characteristics 
is also required, for the different species. In the pres-
ent study, to characterize the transport of kynurenic 
acid by rat OAT1 (rOAT1) and rOAT3, we conducted 
an uptake experiment with the Xenopus laevis oocyte 
expression system. The obtained results together dem-
onstrate species differences between human and rat 
in the transport of kynurenic acid by OAT1.

Materials and Methods
Materials
[3H]p-Aminohippurate (4.53 Ci/mmol) and [3H]
estrone sulfate (57.3 Ci/mmol) were obtained from 
PerkinElmer Life Science (Boston, MA, USA). [3H]
Aminopterin (35.1 Ci/mmol) and [3H]kynurenic acid 
(50 Ci/mmol) were purchased from Moravek Bio-
chemicals (Brea, CA, USA) and American Radio-
labeled Chemicals, Inc (St. Louis, MO, USA), 
respectively. Unlabeled kynurenic acid was obtained 
from Santa Cruz Biotechnology, Inc (Santa Cruz, CA, 
USA). All other chemicals used were of the highest 
purity available.

Uptake experiment using Xenopus  
laevis oocytes expressing rOAT1, 
rOAT3, or hOAT1
pBK-CMV plasmid vectors containing cDNA of 
rOAT1, rOAT3 or hOAT1 were a kind gift from 
Professor Ken-ichi Inui (Kyoto University Hos-
pital, Kyoto, Japan). The uptake experiment using 
Xenopus laevis oocytes was performed as previ-
ously reported.20 Briefly, capped RNA encoding 
each organic anion transporter was transcribed 
from the appropriate restriction enzyme-linearized 
pBK-CMV containing cDNA of rOAT1, rOAT3 or 
hOAT1, with T3 RNA polymerase. After 50 nL of 
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water or cRNA (25 ng) was injected into defollicu-
lated oocytes, the oocytes were maintained in modi-
fied Barth’s medium (88 mM NaCl, 1 mM KCl, 
0.33 mM Ca(NO3)2, 0.4 mM CaCl2, 0.8 mM MgSO4, 
2.4 mM NaHCO3 and 5 mM HEPES; pH 7.4) con-
taining 50 mg/L gentamicin at 18 °C. Two or three 
days after injection, the uptake reaction was initi-
ated by incubating the oocytes in 500 µL uptake 
buffer (96 mM NaCl, 2 mM KCl, 1.8 mM CaCl2, 
1 mM MgCl2 and 5 mM HEPES; pH 7.4), with each 
radiolabeled compound at room temperature in the 
absence or presence of an unlabeled compound for 
the indicated periods. The uptake reaction was ter-
minated by adding 2 mL ice-cold uptake buffer to 
each well; oocytes were washed three times with 
2 mL ice-cold buffer. After washing, each oocyte 
was transferred to a scintillation counting vial and 
solubilized in 150 µL of 10% sodium lauryl sulfate. 
Two milliliters of scintillation cocktail Clear-sol II 
(Nacalai Tesque, Kyoto, Japan) were added to each 
solubilized oocyte and radioactivity was determined 
using a liquid scintillation counter.

Kinetic analysis
The kinetic parameters of kynurenic acid transport by 
rOAT1 and rOAT3 were calculated using non-linear 
least squares regression analysis from the following 
Michaelis-Menten equation: V = Vmax × [S]/(Km + [S]), 
where V is the transport rate (pmol/oocyte/2 hours for 
rOAT1, pmol/oocyte/hourr for rOAT3), Vmax is the 
maximum velocity by the saturable process (pmol/
oocyte/2 hr for rOAT1, pmol/oocyte/hr for rOAT3), 
[S] is the concentration of kynurenic acid (µM), Km is 
the Michaelis-Menten constant (µM).

Data analysis
Eight to ten oocytes were used in each condition in 
one uptake experiment; the same experiments were 
performed three times with different frogs. The 
mean ± S.E.M. was estimated using the data from 
these 3 experiments. It is shown in Table and Figures.

Data were analyzed by the unpaired t-test or one-
way analysis of variance followed by Dunnett’s test 
using GraphPad Prism, version 5.0 (GraphPad Soft-
ware, San Diego, CA, USA), and by Scheffé’s test 
using KaleidaGraph (Synergy Software, Reading, 
PA, USA). Differences were considered significant at 
P , 0.05.

Results and Discussion
We investigated the transport characteristics of 
kynurenic acid by rOAT1 and rOAT3. Figure 1 shows 
the time dependency of kynurenic acid uptake by the 
transporters. The injection of rOAT1 cRNA stimulated 
the uptake of the compound into oocytes; the rOAT1-
mediated transport of kynurenic acid increased lin-
early up to 2 hours. Time-dependent transport of 
kynurenic acid by rOAT3 was also observed. These 
findings indicate that rOAT1 and rOAT3 recognize 
kynurenic acid as a substrate. The uptake amounts of 
kynurenic acid in the oocytes injected with rOAT3 
cRNA were much greater than those in the oocytes 
injected with rOAT1 cRNA.

Figure 2 demonstrates the dose-dependent uptake 
of kynurenic acid by rOAT1 and rOAT3. Because 
the transport activity of kynurenic acid by rOAT1 
was not high enough, the uptake experiment of the 
compound was performed with an incubation time 
of 2 hours for the transporter. However, an hour-
long incubation was conducted for rOAT3 due to 
the linearity of kynurenic acid transport by rOAT3 
(Fig. 1). The uptake of kynurenic acid by rOAT1 
and rOAT3 elevated concentration-dependently; 
saturation was observed in both transporters. The 
Km values of the transports were calculated to be 
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Figure 1. Time-dependent uptake of kynurenic acid by rOAT1 and 
rOAT3.
notes: Oocytes injected with water (open circle), rOAT1 cRnA (closed 
circle), or rOAT3 cRnA (open triangle) were incubated with 20 nM [3h]
kynurenic acid for the indicated periods. The uptake amounts of [3h]
kynurenic acid in each oocyte were determined. each point represents 
the mean ± S.e.M. of 29 to 30 oocytes from 3 experiments. When an 
error bar is not shown, it is smaller than the symbol.
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8.46 ± 0.30 µM for rOAT1 and 4.81 ± 1.15 µM for 
rOAT3 (mean ± S.E.M. from 3 experiments). The 
Vmax values were estimated to be 9.67 ± 1.22 pmol/
oocyte/2 hours for rOAT1 and 28.0 ± 0.7 pmol/
oocyte/hour for rOAT3.

Table 1 shows the transport activities of kynurenic 
acid by rOAT1 and rOAT3, in addition to those of 
their typical substrates, p-aminohippurate and estrone 
sulfate, respectively. The uptake of kynurenic acid in 

rOAT1 cRNA-injected oocytes was about one quarter 
that of p-aminohippurate. This finding is thought to be 
the most impressive in this study when it is compared 
with the results on the human homolog of OAT1. The 
transport activity of kynurenic acid by hOAT1 was 
comparable to that of p-aminohippurate,19 indicat-
ing a species difference in kynurenic acid transport 
by OAT1. The uptake of kynurenic acid by rOAT3 
was matched to that of estrone sulfate, implying that 
kynurenic acid was transported by rOAT3 as effi-
ciently as estrone sulfate. Equivalence to the trans-
port of estrone sulfate and kynurenic acid by hOAT3 
was also observed.19

To superimpose data representing the transport 
activity of p-aminohippurate and kynurenic acid 
by hOAT1 and rOAT1, we measured their uptake 
amounts in oocytes injected with water or cRNA of 
hOAT1 and rOAT1. Furthermore, transport of anti-
folate aminopterin was added. Aminopterin is a com-
pound structurally related with methotrexate; our 
previous report showed that hOAT1 preferred amin-
opterin to methotrexate.20 As illustrated in Figure 3, 
uptake of all compounds was stimulated by hOAT1 
and rOAT1. No difference was recognized between 
hOAT1 and rOAT1 in the uptake of p-aminohippurate. 
hOAT1 mediated aminopterin uptake into oocytes as 
efficiently as rOAT1. However, the uptake amount 
of kynurenic acid by rOAT1 was nearly one quarter 
of that by hOAT1. These findings clearly show that 
the transport activity of kynurenic acid by rOAT1 is 
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Figure 2. concentration-dependent uptake of kynurenic acid by rOAT1 
(A) and rOAT3 (B). (A) Oocytes injected with rOAT1 cRnA were incu-
bated with [3h]kynurenic acid at various concentrations for 2 hours. 
rOAT1-mediated uptake of [3h]kynurenic acid was determined by sub-
tracting its uptake amount in water-injected oocytes from that in oocytes 
injected with rOAT1 cRnA. (B) Oocytes injected with rOAT3 cRnA were 
incubated with [3h]kynurenic acid at various concentrations for 1 hour.
notes: rOAT3-mediated uptake of [3h]kynurenic acid was deter-
mined by subtracting its uptake amount in water-injected oocytes from 
that in oocytes injected with rOAT3 cRnA. each point represents the 
mean ± S.e.M. of 27 to 30 oocytes from 3 experiments. When an error 
bar is not shown, it is smaller than the symbol.

Table 1. Uptake of p-aminohippurate, estrone sulfate and 
kynurenic acid by rOAT1 and rOAT3

control Uptake (nL/ 
oocyte/hr)
rOAT1 rOAT3

p-aminohippurate 105 ± 6 2961 ± 
190***

n.D.

estrone sulfate 102 ± 6 n.D. 3816 ± 
403***

Kynurenic acid 71.0 ± 3.6 848 ± 
59***

4486 ± 
216***

notes: Oocytes injected with water (control), rOAT1 cRnA, or rOAT3 
cRnA were incubated with 221 nM [3h]p-aminohippurate, 17.5 nM [3h]
estrone sulfate or 20 nM [3h]kynurenic acid for 1 hour. The uptake 
amounts of the radiolabeled compounds in each oocyte were determined 
and divided by their concentrations in uptake buffer. each value is the 
mean ± S.e.M. of 28 to 30 oocytes from 3 experiments. ***P , 0.001, 
significantly different from the control values.
Abbreviation: n.D., not determined. 
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lower than hOAT1. As described above, this study 
estimated the Km value of rOAT1-mediated transport 
of kynurenic acid to be 8.46 µM. The value of hOAT1 
was reported to be 5.06 µM,19 implying no difference 
in the affinity with kynurenic acid. Accordingly, from 
a kinetic aspect, the low maximum velocity of its 
transport is speculated to be the main factor for the 
poor transport of kynurenic acid by rOAT1.

Meanwhile, the Km value of the kynurenic acid 
transport by hOAT3 was calculated to be 4.86 µM 
in the previous study;19 a value compatible to that of 
rOAT3. Including the comparison with the uptake 
activity of estrone sulfate, the transport characteristics 
of kynurenic acid by rOAT3 are identical to those of 
hOAT3.

Thus far, from the species differences perspective, 
transport characteristics of substances by OAT1 and 
OAT3 have not been investigated well. Because the 
amino acid sequence of rOAT1 exhibits 87.8% iden-
tity to that of hOAT1,21 few researchers might suppose 
any existence of a species difference in their function. 
To our knowledge, kynurenic acid is the first com-
pound that shows species difference between humans 
and rats in transport by OAT1.

Kynurenic acid is attracting attention because 
its increased content in the brain has been linked 
to schizophrenia.5–7 Additionally, kynurenic acid is 

accepted as an uremic toxin.22 Accordingly, elucida-
tion of its elimination route is necessary to deepen 
understanding of the molecular mechanism of 
kynurenic acid-involved pathology; the contribu-
tion of OAT1 and OAT3 is therefore interesting. The 
results of our study suggest that consideration should 
be given to whether rOAT3 might play an impor-
tant role in the elimination of kynurenic acid in the 
brains and the tubular secretions of rats. To assess the 
role of rOAT3 in the brain and kidney, experiments 
with the brain efflux index method and renal slices 
are required, respectively.12,23 The final purpose is to 
assess the work of hOAT1 and hOAT3 in the disposi-
tion of kynurenic acid in humans, as well as its rela-
tionship with the pathology. Because the present study 
shows the high transport activity of kynurenic acid by 
hOAT1 in comparison with rOAT1, hOAT1 should 
not be ignored.

conclusion
In conclusion, we investigated the transport of 
kynurenic acid by rOAT1 and rOAT3; the findings 
obtained show that kynurenic acid is their substrate. 
The transport characteristics of kynurenic acid by 
rOAT3, including the Km value and the equivalence 
in the transport efficiencies of kynurenic acid and 
estrone sulfate, corresponded to those of hOAT3. On 
the other hand, the transport activity of kynurenic 
acid by rOAT1 was lower than hOAT1, and a species 
difference was demonstrated. This is a rare example 
exhibiting species differences in the transport of a 
compound by OAT1. The obtained findings provide 
useful information in the consideration of the role of 
OAT1 and OAT3 in the disposition of kynurenic acid 
in rats.

Acknowledgements
We thank Professor Ken-ichi Inui (Kyoto University 
Hospital, Kyoto, Japan) for kindly providing pBK-
CMV plasmid vectors containing cDNA of rOAT1, 
rOAT3 or hOAT1.

Author contributions
Conceived and designed the experiments: YU, HH. 
Analysed the data: YU, HH. Wrote the first draft of 
the manuscript: YU. Contributed to the writing of the 
manuscript: YU, KI. Agree with manuscript results 
and conclusions: YU, HH, KI. Jointly developed the 

U
p

ta
ke

 (
n

an
o

 li
te

r/
o

o
cy

te
/h

r)

p-am
inohippurate

0

1000

2000

3000

4000

Am
inopterin

Kynurenic acid

*
*** ***

***
***

***
***

Figure 3. Uptake of p-aminohippurate, aminopterin and kynurenic acid 
by hOAT1 and rOAT1.
notes: Oocytes injected with water (open column), hOAT1 cRnA 
(hatched column) or rOAT1 cRnA (closed column) were incubated with 
221 nM [3h]p-aminohippurate, 28.5 nM [3h]aminopterin or 20 nM [3h]
kynurenic acid for 1 hr. The uptake amounts of the radiolabeled com-
pounds in each oocyte were determined and divided by their concentra-
tions in uptake buffer. each column represents the mean ± S.e.M. of 26 
to 30 oocytes from 3 experiments. ***P , 0.001, significantly different; 
*P , 0.05, significantly different.

http://www.la-press.com


Uwai et al

6 International Journal of Tryptophan Research  2013:6

structure and arguments for the paper: YU, KI. Made 
critical revisions and approved final version: YU, 
HH, KI. All authors reviewed and approved of the 
final manuscript.

Funding
This work was supported by JSPS KAKENHI Grant 
Number 24790176.

competing Interests
Author(s) disclose no potential conflicts of interest.

Disclosures and ethics
As a requirement of publication author(s) have pro-
vided to the publisher signed confirmation of com-
pliance with legal and ethical obligations including 
but not limited to the following: authorship and 
contributorship, conflicts of interest, privacy and 
confidentiality and (where applicable) protection of 
human and animal research subjects. The authors 
have read and confirmed their agreement with the 
ICMJE authorship and conflict of interest criteria. 
The authors have also confirmed that this article is 
unique and not under consideration or published in 
any other publication, and that they have permission 
from rights holders to reproduce any copyrighted 
material. Any disclosures are made in this section. 
The external blind peer reviewers report no conflicts 
of interest.

References
1. Stone TW. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol 

Rev. 1993;45:309–79.
2. Schwarcz R, Pellicciari R. Manipulation of brain kynurenines: glial tar-

gets, neuronal effects, and clinical opportunities. J Pharmacol Exp Ther. 
2002;303:1–10.

3. Javitt DC, Zukin SR. Recent advances in the phencyclidine model of 
schizophrenia. Am J Psychiatry. 1991;148:1301–8.

4. Adler CM, Malhotra AK, Elman I, et al. Comparison of ketamine-induced 
thought disorder in healthy volunteers and thought disorder in schizophrenia. 
Am J Psychiatry. 1999;156:1646–9.

5. Schwarcz R, Rassoulpour A, Wu HQ, Medoff D, Tamminga CA, Roberts RC. 
Increased cortical kynurenate content in schizophrenia. Biol Psychiatry.  
2001;50:521–30.

 6. Erhardt S, Blennow K, Nordin C, Skogh E, Lindström LH, Engberg G. 
Kynurenic acid levels are elevated in the cerebrospinal fluid of patients with 
schizophrenia. Neurosci Lett. 2001;313:96–8.

 7. Nilsson LK, Linderholm KR, Engberg G, et al. Elevated levels of kynurenic 
acid in the cerebrospinal fluid of male patients with schizophrenia. Schizophr 
Res. 2005;80:315–22.

 8. Swan JS, Kragten EY, Veening H. Liquid-chromatographic study of fluores-
cent materials in uremic fluids. Clin Chem. 1983;29:1082–4.

 9. Pawlak D, Pawlak K, Malyszko J, Mysliwiec M, Buczko W. Accumulation 
of toxic products degradation of kynurenine in hemodialyzed patients. Int 
Urol Nephrol. 2001;33:399–404.

 10. Miyazaki H, Sekine T, Endou H. The multispecific organic anion transporter 
family: properties and pharmacological significance. Trends Pharmacol Sci. 
2004;25:654–62.

 11. Kusuhara H, Sugiyama Y. In vitro-in vivo extrapolation of transporter-
mediated clearance in the liver and kidney. Drug Metab Pharmacokinet. 
2009;24:37–52.

 12. Ohtsuki S, Asaba H, Takanaga H, et al. Role of blood-brain barrier organic 
anion transporter 3 (OAT3) in the efflux of indoxyl sulfate, a uremic toxin: 
its involvement in neurotransmitter metabolite clearance from the brain.  
J Neurochem. 2002;83:57–66.

 13. Mori S, Takanaga H, Ohtsuki S, et al. Rat organic anion transporter  
3 (rOAT3) is responsible for brain-to-blood efflux of homovanillic acid at 
the abluminal membrane of brain capillary endothelial cells. J Cereb Blood 
Flow Metab. 2003;23:432–40.

 14. Kikuchi R, Kusuhara H, Sugiyama D, Sugiyama Y. Contribution of organic 
anion transporter 3 (Slc22a8) to the elimination of p-aminohippuric acid 
and benzylpenicillin across the blood-brain barrier. J Pharmacol Exp Ther. 
2003;306:51–8.

 15. Kikuchi R, Kusuhara H, Abe T, Endou H, Sugiyama Y. Involvement of 
multiple transporters in the efflux of 3-hydroxy-3-methylglutaryl-CoA 
reductase inhibitors across the blood-brain barrier. J Pharmacol Exp Ther. 
2004;311:1147–53.

 16. Goralski KB, Smyth DD, Sitar DS. In vivo analysis of amantadine renal 
clearance in the uninephrectomized rat: functional significance of in vitro 
bicarbonate-dependent amantadine renal tubule transport. J Pharmacol Exp 
Ther. 1999;290:496–504.

 17. Moroni F, Russi P, Lombardi G, Beni M, Carlà V. Presence of kynurenic 
acid in the mammalian brain. J Neurochem. 1988;51:177–80.

 18. Miller JM, MacGarvey U, Beal MF. The effect of peripheral loading 
with kynurenine and probenecid on extracellular striatal kynurenic acid 
concentrations. Neurosci Lett. 1992;146:115–8.

 19. Uwai Y, Honjo H, Iwamoto K. Interaction and transport of kynurenic acid 
via human organic anion transporters hOAT1 and hOAT3. Pharmacol Res. 
2012;65:254–60.

 20. Uwai Y, Iwamoto K. Transport of aminopterin by human organic anion 
transporters hOAT1 and hOAT3: comparison with methotrexate. Drug 
Metab Pharmacokinet. 2010;25:163–9.

 21. Hosoyamada M, Sekine T, Kanai Y, Endou H. Molecular cloning and func-
tional expression of a multispecific organic anion transporter from human 
kidney. Am J Physiol. 1999;276:F122–8.

 22. Vanholder R, De Smet R, Glorieux G, et al. Review on uremic toxins: 
classification, concentration, and interindividual variability. Kidney Int. 
2003;63:1934–43.

 23. Hasegawa M, Kusuhara H, Sugiyama D, et al. Functional involvement of rat 
organic anion transporter 3 (rOat3; Slc22a8) in the renal uptake of organic 
anions. J Pharmacol Exp Ther. 2002;300:746–53.

http://www.la-press.com

