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Abstract  Original Research Article 
 

The SLC22 transporter family, which belongs to the secondary active transporters, consists of many members that are 

expressed in the kidney, liver, small intestine and other tissues. Among them, organic cation transporter (OCT) 1 and 

OCT2, which transport many important substances, are physiologically important transporters. On the other hand, after 

organ transplantation, the transplanted organs (tissue) are exposed to ischemia/reperfusion (I/R) injury. Moreover, 

patients must undergo immunosuppressive therapy and are exposed to many drugs in many cases. Herein, we 

examined changes in mRNA expression levels of OCT1 and OCT2 in the rat small intestine during intestinal I/R. An 

intestinal I/R model was made by occluding the superior mesenteric artery and vein in rats using surgical-sutures and 

spring balance for 60 min, followed by reperfusion. In both the jejunum and ileum, a significant change in OCT1 and 

OCT2 mRNA expression was observed, and the changes in the ileum continued for at least 24 hr after reperfusion. The 

changes in expression level of mRNA differed between OCT1 and OCT2, as well as between the jejunum and ileum. 

Data on the changes in expression level of the transporters during intestinal I/R is very important from the viewpoint 

of drug therapy. 
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INTRODUCTION 

Membrane-bound transporter proteins translocate 

molecules over cellular membranes. Most transporters 

belong to three major groups [1]; "channels, facilitated 

transporter" that move solutes down their 

electrochemical gradient, "primary active transporters" 

that use ATP to generate an ion/solute gradient to 

establish transportation, and "secondary active 

transporters" that utilize existing energy to transport 

materials [2]. 

 

The SLC22 transporter family, which belongs to 

the secondary active transporters, consists of many 

members that are expressed in the kidneys, liver, small 

intestine and other tissues. A recent evolutionary 

analysis found that SLC22 transporters fall into at least 

six subfamilies: OAT (organic anion transporter), OAT-

like, OAT-related, OCT (organic cation transporter), 

OCTN (organic cation/carnitine transporter), or 

OCT/OCTN-related [3]. These transporters, especially 

OAT1, OAT3, OCT1 and OCT2, are actively studied 

by many researchers. 

 

OCT1 and OCT2 transport tetraalkylammoniums 

(tetramethylammonium, tetrabutylammonium), 

neurotoxins and monoamines (histamine, serotonin, 

dopamine, adrenaline), endogenous cations (thymine, 

choline, guanidine), and cationic drugs (imipramine, 

amiloride, cimetidine, chlorpheniramine, 

diphenhydramine) [4]. Moreover, OCTs transport some 

anticancer drugs such as imatinib and cisplatin [5, 6]. 

Thus, OCT1 and OCT2, which transport many 

important substances, are considered to be 

physiologically important transporters. 

 

After organ transplantation, patients must 

undergo immunosuppressive therapy. Moreover, as 

patients have decreased immunity, they are more likely 

to develop complications. Therefore, patients are 

exposed to many drugs in many cases. In particular, 

after small bowel transplantation, organ (tissue) 

dysfunction due to ischemia/reperfusion (I/R) often 
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occurs [7]; therefore, it is important to elucidate the 

changes in expression of transporters, including the 

OCT family. In this study, we evaluated the changes in 

mRNA expression of OCT1 and OCT2 in the rat small 

intestine during intestinal I/R. 

 

MATERIALS AND METHODS 

Materials 
All reagents were of analytical grade or higher. 

 

Animals 

Eight-week-old Male Wistar rats were 

purchased from Tokyo Laboratory Animals Science 

Co., Ltd. (Tokyo, Japan). The animals were housed in a 

clean room maintained at 23 ± 2°C, with a relative 

humidity of 55 ± 10% and a 12 hr light-dark cycle. The 

animals were fasted for 16-18 hr before starting the 

experiment. The animals had free access to water 

during fasting. All animal experiments were performed 

according to the guidelines of Tokyo University of 

Pharmacy and Life Sciences.  

 

We previously reported the in vivo intestinal 

I/R model established using a spring balance and 

surgical sutures [8, 9]. Briefly, the superior mesenteric 

artery (SMA) and vein (SMV) in rats were occluded by 

hanging using surgical-sutures (Shirakawa, Tokyo, 

Japan) connected to a spring balance for 60 min 

(ischemia condition), followed by reperfusion by 

cutting the sutures (reperfusion condition). The hanging 

force on the SMA and SMV during ischemia was 50 g 

(50-g load group; I/R 50 g) or 100 g (100-g load group; 

I/R 100 g). All experiments were performed under 

anesthesia with Somnopentyl
®
 (pentobarbital sodium, 

50 mg/kg), and the body temperature was maintained at 

37°C with a heat lamp. 

 

Preparation of total RNA and cDNA synthesis 
Total RNA was isolated from small intestinal 

specimens using TRIzol
®
 reagent (Invitrogen Co. Ltd., 

Paisley, UK) according to the manufacturer’s 

instructions. Complementary DNA (cDNA) was 

prepared from total RNA using GeneAmp9600 

(Applied Biosystems, Foster City, CA, USA) for real-

time PCR according to the manufacturer’s instructions. 

The two-step reaction mixture contained 2 g of RNA, 

100 ng of random hexamers, 0.5 mM dNTP mix (dATP, 

dCTP, dGTP, and dTTP), 10 mM Tris-HCl (pH 8.4), 25 

mM KCl, 5 mM MgCl2, 10 mM DTT, and 10 units of 

RNaseOUT recombinant ribonuclease inhibitor. 

 

Analysis of the gene expression level in the intestine 

by quantitative real-time reverse transcription 

polymerase chain reaction (RT-PCR) 
To perform real-time RT-PCR, 96-well 

reaction plates with optical adhesive covers and the ABI 

PRISM 7000 Sequence Detection System (Applied 

Biosystems, Foster City, CA, USA) were used. Assay-

on-Demand Gene Expression Products were purchased 

for OCT1, OCT2, ezrin, radixin, moesin, and 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 

(Table-1).   

 

Table-1: Sequences of primers used for real-time RT-PCR 
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Reverse transcription was performed for 1 g 

of RNA using a cDNA High Capacity Archive kit 

(Applied Biosystems, Foster City, CA, USA) and 

random hexamers as primers. Quantitative PCR was 

performed on an ABI PRISM 7000 system from 

Applied Biosystems using SYBR
®
 qPCR Mix. The 

PCR conditions were 10 min at 90°C, followed by 40 

cycles of 15 sec at 95°C and 1 min at 60°C. All assays 

were RNA-specific (spanning exon-exon junctions) pre-

designed SYBR green Gene Expression Assays from 

Applied Biosystems. 

 

Statistical analysis 

All results are expressed as the mean ± 

standard error (S.E). Significance between groups was 

analyzed using the Student’s t-test; P < 0.05 was 

considered significant. 

 

RESULTS AND DISCUSSION 

Confirmation of Regional Difference in the 

Expression Levels of OCT1 and OCT2 in the Rat 

Small Intestine 
As there was no information on the regional 

difference in OCT expression level in the small 

intestine of Wistar rats, we confirmed a regional 

difference in the mRNA expression of OCT1 and OCT2 

(Fig-1). All parts of the small intestine were removed 

and divided into 10 segments (Upper: 1, 2, 3, 4, 5, 6, 7, 

8, 9, 10: Lower). The mRNA expression level of OCT1 

in the upper region of the small intestine was higher 

than that in the lower region. In contrast, the mRNA 

expression level of OCT2 in the lower region of the 

small intestine was higher than that in the upper region. 

For both OCT1 and OCT2, the lowest expression level 

was observed in the middle segment. 

 

 
Fig-1: mRNA expression level of OCT1 and OCT2 in the rat small intestine.  Results are presented as the mean ± 

S.E. (n = 6) 

 

In the human small intestine, the mRNA 

expression levels of OCTs are very low compared with 

those in the colon, kidney, and liver [10, 11]. As the 

mRNA expression level of OCTs is very low in normal 

conditions, the change in expression due to disease may 

have a greater influence. 

 

Changes in the mRNA Expression Level of OCT1 

and OCT2 by Intestinal I/R 

Next, we examined changes in the mRNA 

expression level of OCT1 and OCT2 by intestinal I/R 

(Fig-2). In the jejunum (the segment of No.1), the 

OCT1 mRNA level was decreased in a load-force-

dependent manner during intestinal ischemia. This 

decrease was observed until 1 hr after reperfusion and it 

returned to the control level by 3 hr after reperfusion 

(Fig-2a). In contrast, the changes in the mRNA 

expression level of OCT2 were not observed until at 

least 1 hr after reperfusion, and it increased at 3 to 6 hr 

after reperfusion (Fig-2b). OCT 1 and OCT 2 exhibited 

opposing changes. 

 

On the other hand, ileal (the segment of No. 

10) OCT1 and OCT2 mRNA expression was increased 

at the early stage of intestinal I/R, and decreased at the 

late stage (Fig-3a, 3b). Thus, similar behaviors were 

observed in the ileum. 
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Fig-2: mRNA expression level of OCT1 (a) and OCT2 (b) in the rat jejunum during intestinal I/R. Results are 

presented as the mean ± S.E. (n = 6). *P < 0.05 vs. each control condition (CTRL) 
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Fig-3: mRNA expression level of OCT1 (a) and OCT2 (b) in the rat ileum during intestinal I/R. Results are 

presented as the mean ± S.E. (n = 6). *P < 0.05 vs. each control condition (CTRL) 

 

As our intestinal I/R model was made by 

occlusion of the SMA and SMV near the duodenum, the 

influence of I/R likely differs between the upper part of 

the small intestine and the lower part. The OCT1 and 

OCT2 mRNA expression levels were markedly 

different between the jejunum and ileum, and further 

investigation is needed to clarify the detailed regulatory 

mechanism of OCT mRNA during intestinal I/R. 

Furthermore, we only examined mRNA, and 

examination of changes in the OCT protein amount is 

necessary. 

 

Our research group previously reported 

changes in the mRNA and protein expression levels of 

P-glycoprotein (P-gp) and multidrug resistance-

associated protein 2 (MRP2), which are typical and 

important ABC transporters during intestinal I/R [12, 

13]. Even if these results are considered together, as the 

expression levels of these transporters are not similar, 

independent transcription regulation pathways may 

exist for each transporter. Moreover, these transporters 

may thus be affected by intestinal I/R via different 

pathways. 

 

Changes in the mRNA Expression Levels of Ezrin, 

Radixin, and Moesin by Intestinal I/R 

Many factors, including nuclear receptors, 

such as PXR, have been reported to be involved in the 

regulation of transporter expression [14, 15]. Among 

them, it was reported that ezrin, radixin, and moesin 

(ERM) scaffold proteins have very important roles in 

cell adhesion and signal transduction, as well as in 

regulating transporters such as P-gp and MRP2 [16-18].  

 

Lastly, we examined the changes in the mRNA 

expression levels of ERM proteins during intestinal I/R 

(Fig-4). In the 100-g ischemia group, the jejunal radixin 

mRNA expression level was significantly increased 
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during intestinal I/R (Fig-4c), but no significant change 

in the other mRNA expression levels was observed in 

the jejunum or ileum (Fig-4a, 4b, 4d, 4e, 4f). From 

these results, as the ERM mRNA expression level was 

not dependent on intestinal I/R, the effects of intestinal 

I/R on the mRNA expression level of ERM proteins are 

unclear. Moreover, the relationship between OCT and 

ERM proteins during intestinal I/R was not clarified. 

Further investigation on regulation mechanisms of 

transporters during some disease conditions is necessary 

for safer drug therapy. 

 

 
Fig-4: mRNA expression level of ezrin (a, b), radixin (c, d), and moesin (e, f) in the rat jejunum (a, c, e) and ileum 

(b, d, f) during intestinal I/R.  Results are presented as the mean ± S.E. (n = 6). *P < 0.05 vs. each control condition 

(CTRL) 

 

CONCLUSION 

This is the first report of changes in OCT1 and 

OCT2 mRNA expression levels in the rat small 

intestine during intestinal I/R. The changes in mRNA 

expression differed between OCT1 and OCT2, and 

between the jejunum and ileum. Data on the changes in 

expression levels of the transporters during disease 

conditions is very important from the viewpoint of drug 
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therapy; therefore, further studies are required in the 

future. 
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