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Abstract 

 

Claudin, a tight junction integral membrane protein and a family of proteins, forms the 

actual sealing element of the tight junction.  There are more than 20 members of the 

claudin family with different tissue-specific expression and barrier function.  Thus, a 

family of claudin may be a target for modifying the absorption of drugs.  Here, we 

examined whether modulation of claudin could be used to enhance drug absorption.  In 

the current studies, we used a C-terminal fragment of Clostridium perfringens 

enterotoxin (C-CPE) as a modulator of claudin-4.  The absorption of dextran was 

assessed in an in situ loop assay in rats to evaluate the absorption-enhancing effects of 

C-CPE.  Treatment with C-CPE dose-dependently enhanced the absorption of dextran 

(MW 4,000).  These effects were not accompanied by injury of the intestinal mucosa as 

assessed by leakage of lactose dehydrogenase and histological observation.  C-CPE 

was over 400-fold more potent at enhancing dextran absorption than capric acid, a 

clinically used enhancer of absorption.  C-CPE interacted directly with claudin-4, and 

C-CPE lacking a part the C-terminus neither bound claudin-4 nor enhanced absorption 

in the rat jejunum.  These results suggest that C-CPE enhances the absorption of 

dextran in rat jejunum, apparently through interactions with claudin-4, and this effect 

may represent an effective novel strategy for enhancing the absorption of drugs.     
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Introduction 

 

    Recent progress in genomics and proteomics has made it possible to use not only 

low molecular weight organic compounds but also high molecular weight peptides, 

proteins, and DNA as drugs for clinical therapy.  Efficient delivery is a key issue in the 

clinical use of these higher molecular weight drugs.  Passing across the epithelia is a 

first key step for absorption of a drug, irrespective of oral, intravenous, and interdermal 

administration (Powell, 1981).  There are two pathways for absorption in epithelia: 

transcellular and paracellular.  The former pathway is mediated by transporters, which 

are membrane proteins that regulate the cellular influx and efflux of endogenous 

substrates, including amino acids and fatty acids.  Some drugs that mimic endogenous 

transporter substrates can be taken up through these proteins (Adibi, 1997; Rao et al., 

1999; Edwards, 2001). Uptake via the paracellular pathway, on the other hand, is 

attractive route for the absorption of high molecular weight and large sized drugs.  

Conventional methods for taking up molecules via the paracellular pathway include 

chelating divalent cations and treatment with medium chain fatty acids, including capric 

acid (C10).  These can be toxic in the treated region, and, moreover, the specificity of 

the absorption-enhancing effects are very poor (Yamamoto et al., 1996).  Thus, the 

clinical use of these absorption enhancers remains limited. 

    The primary barrier to the transport of solutes from the apical to the basal side are 

the tight junctions (TJs), specialized membrane domains located at the most apical 

region of polarized epithelial and endothelial cells (Mitic et al., 2000; Anderson, 2001).  

The TJ is a complex of various proteins, including junctional adhesion molecule (JAM), 

occluding, and claudin.  JAM is a junction-associated membrane protein with a 

molecular weight of 40 kDa (Martin-Pardura et al., 1998), and its involvement in the 

barrier function of the TJ remains unclear.  Occludin is an integral membrane protein 

bearing four transmembrane domains and with a molecular mass of 65 kDa. It is 

predicted to play a role not only in the structure but also in the barrier function of the TJ 

(Furuse et al., 1993; Balda et al., 1996; McCarthy et al., 1996; Chen et al., 1997; Wong 

et al., 1997).  However, deletion of occludin does not result in disruption of the TJ 

barrier function (Balda et al., 1996; Saitou et al., 1998), and whether occludin is a major 

constituent of TJs remains uncertain.  In contrast, claudin is now believed to be a major 

constituent of TJ (Morita et al., 1999; Sonoda et al., 1999; Tsukita and Furuse, 2000; 
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Tsukita et al., 2001; Furuse et al., 2002; Nitta et al., 2003).  Claudins, which have 

molecular masses of ~23 kDa, comprise a multigene family consisting of more than 20 

members (Morita et al., 1999; Tsukita et al., 2001).  TJ strands are copolymers of 

heterogeneous claudin species and occludin, and heterogeneous claudin species 

constitute the backbone of TJ strands in situ (Furuse et al., 1999).  Interestingly, the 

localization and barrier function of each member of the claudin varies among tissues.  

For example, loss of function of the blood-brain-barrier is observed in 

claudin-5-deficient mice (Nitta et al., 2003), whereas epidermal barrier function is 

disrupted in claudin-1-deficient mice (Furuse et al., 2002).  Also, in 

claudin-11-deficient mice, TJs are absent in the sertoli cells in the testis (Gow et al., 

1999).  These findings indicate that disruption of claudin function with an inhibitor is a 

promising means for the tissue-specific enhancement of absorption. 

    Clostridium perfringens enterotoxin (CPE) is a 35-kDa protein that causes food 

poisoning in man (McClane, 1994).  The C-terminus of CPE (C-CPE) is involved in 

the binding of CPE to the target cells, whereas the N-terminus is involved in its 

cytotoxicity (Kokai-Kun and McClane, 1997).  Katahira et al. identified the receptor 

for CPE (CPE-R) and found that CPE-R has significant similarity to the rat androgen 

withdrawal apoptosis protein RVP1 (Katahira et al., 1997).  For a while, the biological 

function of CPE-R and RVP1 remained unknown, but Morita and his colleagues (1999) 

recently found that CPE-R is claudin-4 and that RVP-1 is claudin-3.  CPE is cytotoxic 

to claudin-3 and -4-positive cells, but this effect is lost if its N-terminus is removed.  

Interestingly, treatment of the cells with C-CPE reduces the transepithelial electrical 

resistance, a typical measurement of the barrier function of the TJ (Sonoda et al., 1999).  

These findings indicate that C-CPE may be a promising lead compound for the 

development of a novel absorption-enhancing agent.   

    In this study, we investigated whether inhibition of claudin by C-CPE can enhance 

the absorption of dextran in an in situ loop assay and whether this is mediated by 

claudin-4. 
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Materials and methods 

 

Animals, cells and reagents 

    Wistar male rats (250 to 280 g) were obtained from Animal and Material 

Laboratories, Inc. (Tokyo, Japan).  The rats were maintained in an environmentally 

controlled room (23 ± 1.5°C) with a 12-h light/12-h dark cycle and allowed access to 

standard rodent chow and water ad libitum.  The rats were allowed a period of at least 1 

wk to adapt.  Fluorescein isothiocyanate-dextran (FD) with molecular masses of 4,000 

(FD-4), 10,000 (FD-10), 20,000 (FD-20), and 40,000 (FD-40) were obtained from 

Sigma (St. Louis, MO).  Anti-claudin-1, -2, -3, -4, and -5 antibodies were purchased 

from Zymed laboratories (San Francisco, CA), and horseradish peroxide-labeled 

secondary antibodies and anti-His-tag antibody were obtained from Cell Signaling 

Technology (Beverly, MA) and Novagen (Madison, WI), respectively.  Ni-agarose 

resin and a Ni-agarose column were obtained from Invitrogen (Gaithersburg, MD).  All 

reagents were of research grade. 

 

Purification of C-CPE 

    C-CPE was purified as described previously (Katahira et al., 1997). Briefly, the 

DNA fragment corresponding to amino acid residues 184 to 319 of CPE was cloned into 

pET16b vector (Novagen, Madison, WI).  The C-CPE plasmid (pET16bHis10C-CPE) 

was transfected into E. Coli. BL21 (DE3) strains, and the synthesis of C-CPE was 

stimulated by addition of isopropyl β-D-thiogalactopyranoside (WAKO Pure Chemicals, 

Osaka, Japan).  The cells were harvested, resuspended in buffer A (10 mM Tris-HCl, 

pH 8.0, 400 mM NaCl, 5 mM MgCl2, 10% glycerol, 0.1 mM 

[p-amidinophenyl]methanesulfonyl fluoride hydrochloride, and 1 mM 

β-mercaptoethanol), and then lysed by sonication.  The lysates were applied to the 

Ni-column, and C-CPE bound to the Ni-resin was eluted with a 0 to 400 mM imidazole 

gradient in buffer A.  The solvent for C-CPE was changed to phosphate buffered saline 

(PBS) by gelfiltration using PD-10 column (Amersham Pharmacia Biotech, NJ, USA), 

and the resulting C-CPE solution was stored at –80°C until use.  The concentration of 

C-CPE was estimated by a protein assay kit using bovine serum albumin as a standard 

(Bio-Rad, Hercules, CA).  The presence of C-CPE was confirmed by Western blotting 

with a His-Tag antibody (data not shown). 
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Preparation of C-terminal truncated C-CPE 

    C-CPE lacking the C-terminal amino acids 290 to 319 (C-CPE289) or 304 to 319 

(C-CPE303) were prepared as follows.  The C-terminal deficient C-CPEs were cloned 

by PCR amplification using pET16bHis10C-CPE plasmid as a template, a common 

sense primer (5’-ctcgagagatgtgttttaacagttcca-3’, underline indicates the XhoI site), and 

an antisense primer for C-CPE289 (5’-ggatcctatatatcaacataatgatcttt-3’, underline 

indicates the BamHI site) or C-CPE303 (5’-ggatcctaattagctttcattacaagaac-3’, underline 

indicates the BamHI site).25  The resulting C-terminal C-CPE fragment was subcloned 

into the pGEM®T-East Vector (Promega), and the sequence of C-CPE289 and 

C-CPE303 were confirmed.  The XhoI/BamHI fragment of the pTA/C-CPE289 or 

pTA/C-CPE303 was cloned into the pET16b vector at the XhoI/BamHI site.  

His-tagged C-CPE289 and C-CPE303 were then purified as described previously with 

some modifications (Katahira et al., 1997).  Briefly, pET16b plasmid with C-CPE289 

and C-CPE303 was introduced into the E. coli BL21 (DE3) strain, and expression of the 

C-CPE289 and C-CPE303 was induced with 0.1 mM isopropyl 

β-D-thiogalactopyranoside (WakoPure Chemicals).  The E. coli cells were harvested 

and lysed in buffer A containing 8 M Urea.  The lysates were centrifuged, and the 

resulting supernatants were applied to a Ni-NTA resin (Invitrogen, Carsbad, CA).  The 

His-tagged proteins were eluted in a gradient of 0 to 2 M imidazole in buffer A.  The 

purification of the His-tagged C-CPE289 and C-CPE303 were confirmed by 

SDS-PAGE followed by staining the gels with Coomassie Brilliant Blue (CBB) and by 

Western blotting with a His-tag antibody (data not shown).  

 

In situ loop assay 

    The experimental protocol for in situ loop assay was approved by the ethics 

committee of Showa Pharmaceutical University.  Intestinal absorption of FDs was 

examined by in situ loop assay as follows.  Rats were anesthetized with thiamylal 

sodium (Mitsubishi Pharma Co Ltd, Osaka, Japan).  A midline abdominal incision was 

made, and the lumen of the jejunum or colon was washed with saline.  A jejunal or 

colonal loop (5 cm in length) was prepared by closing both ends with sutures.  Test 

samples were dissolved in 200 µl of PBS and then administered into the jejunal or 

colonal loop.  Blood was collected from the carotid vein at the indicated periods.  The 
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plasma concentration of FDs was determined with a fluorescence spectrophotometer 

(Fluoroskan Ascent FL, Labsystems, IL, USA).  The area under the plasma 

concentration-time curve from 0 to 4 h (AUC0-4) was calculated by the trapezoidal 

method. 

 

Side effects of C-CPE on rat intestine 

    After 4 h of administration of C-CPE into the jejunum, the PBS buffer was 

recovered for determination of lactose dehydrogenase (LDH) leakage.  The release of 

LDH was examined using a commercially available kit (Wako Pure Chemicals).  

Histological observation of the intestinal mucosa of the C-CPE-administered rat was 

also carried out.  Briefly, the rat jejunum was removed, fixed with formalin, stained 

with hematoxylin and eosin, and the mucosa was observed under a microscope.  The 

histological damage was scored by the indices as described in Table 1. 

 

Interaction of claudin-4 and C-CPE 

    The mucosa of the jejunum or colon was collected with a scraper and washed twice 

with PBS.  The mucosa was lysed in lysis buffer (1% Triton-X-100, 0.2% SDS, 150 

mM NaCl, 10 mM HEPES (pH 7.4), 2 mM EDTA, and 1% protease inhibitor cocktail 

(Sigma)).  The lysate was mixed with C-CPE at 4ºC for 2 h, and then Ni-resin was 

added.  After a 2-h incubation at 4ºC, the mixture was centrifuged at 5,000 x g for 1 

min, and the sedimented resin and supernatant were recovered.  The resin was washed 

with the lysis buffer, and the supernatant was mixed with SDS-sample buffer and boiled 

for 3 min.  The SDS-solubilized samples were subjected to 15% SDS-PAGE, and 

Western blot analysis was performed using antibodies against claudin and His-Tag.  

Lysate of the jejunum or colon was also used for Western blotting for claudin family 

proteins.  The immunoreactive bands were identified by reaction with HRP-labeled 

secondary antibodies, followed by visualization with enhanced chemiluminescence 

reagents (Amersham Pharmacia Biotech). 

 

Statistical analysis 

    Differences were statistically evaluated using one-way ANOVA followed by 

Dunnett’s method.  The level of significance was set at p<0.05.
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Results 

 

Effect of C-CPE on intestinal absorption in rats 

    To investigate the absorption-enhancing effects of C-CPE, we performed an in situ 

loop assay using fluorescein isothiocyanate-dextran with a molecular mass of 4,000 Da 

(FD-4) as a model of drug absorption in the rat.  FD-4 is absorbed via the paracellular, 

rather than intracellular, pathway (Sallee et al., 1972).  The in situ loop assay allows 

investigation of the absorption of substances from the rat intestine to the systemic blood 

flow.  Substances are administered into the rat intestine ex vivo and returned to the 

intestine in the abdomen.  C-CPE does-dependently enhanced the absorption of FD-4 

(12.6- and 23.6-fold at 0.05 and 0.1 mg/ml, respectively; Figs. 1A and B).  Injection of 

C10 (40 mg/ml), a clinically used enhancer of absorption, caused a 21.3-fold increase of 

absorption. Thus, C-CPE is 400-fold more potent than C10 at enhancing the absorption 

of FD-4.  Next, we investigated the dependence of the absorption-enhancing effects of 

C-CPE on the molecular weight of the dextran.  As shown in Figs. 2A and B, treatment 

with C-CPE enhanced the absorption of dextran with molecular masses of up to 20,000 

Da (16.4-, 15.0-, and 2.3-fold for FD-4, -10, and -20, respectively).  There are the big 

break in C-CPE-induced absorption kinetics between FD-10 versus FD-20, and dextran 

with molecular mass of 40,000 Da was not absorbed. 

    C-CPE consists of the C-terminus of CPE from amino acids 184 to 319 (Katahira et 

al., 1997).  To assess the toxicity of C-CPE in rat jejunum, we investigated LDH 

leakage into the intestinal lumen (Fig. 3A) and performed histological observations 

(Figs. 3B and C; Table 1).  The level of LDH leakage in C-CPE-treated jejunum was 

similar to that in vehicle-treated jejunum, and histochemical analyses did not show 

evidence of toxicity.  Thus, the enhancement of absorption in the rat jejunum by C-CPE 

is not due to a toxic effect.  

 

Involvement of claudin in absorption-enhancing effect of C-CPE 

    Because Rahner et al. (2001) reported the expression of claudin-4 in rat jejunum, we 

investigated the interaction of claudin-4 and C-CPE.  Extract from rat jejunum was 

incubated with C-CPE, and C-CPE and bound proteins were precipitated with Ni-resin.  

As indicated in Fig. 4B, claudin-4 and C-CPE were detected in the fraction precipitated 

by Ni-resin, suggesting that C-CPE interacts with claudin-4 in the rat jejunum. 
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    The C-terminal 30 amino acids of CPE289-319 are responsible for the interaction of 

CPE-R with CPE (Hanna et al., 1991).  We sought to determine whether this region is 

sufficient to promote absorption.  We therefore produced C-CPE289 and C-CPE303, 

which lack the C-terminal 30 and 21 amino acids, respectively (Fig. 4A), and we 

investigated their ability to enhance absorption and to bind claudin-4.  Neither 

C-CPE289 nor C-CPE303 (0.2 mg/ml) enhanced FD-4 absorption (Figs. 4C and D) or 

bound claudin-4 (Fig. 4B).  In contrast, treatment with C-CPE (0.2 mg/ml) resulted in 

an 83-fold increase in absorption of FD-4 (data not shown).  These findings suggest 

that the absorption-enhancing effects of C-CPE are dependent on the interaction of the 

C-terminus of C-CPE with claudin-4. 

 

Specificity of absorption-enhancing effects of C-CPE 

    Finally, we evaluated the specificity of the absorption-enhancing effect of C-CPE by 

comparing its effects on rat jejunum and colon.  Treatment with C10, a reagent 

clinically used to enhance of drug absorption in Japan, elevated the plasma FD-4 levels 

in both jejunum and colon (11.7- and 12.7-fold, respectively).  In contrast, treatment 

with C-CPE enhanced absorption of FD-4 in the jejunum but not the colon (11.4- and 

1.4-fold; Figs. 5A and B).  These results suggested that C-CPE has tissue specific 

effects, possibly because of a difference in claudin expression.  Therefore, we next 

examined expression of claudins in rat jejunum and colon.  As shown in Fig. 5C, 

expression of claudin-4 was observed in both rat jejunum and colon.  There was no 

difference in the expression levels of claudin-4 between jejunum and colon.  To 

investigate whether interaction of C-CPE with claudin-4 differs between jejunum and 

colon, we performed a precipitation assay using lysates extracted from jejunum and 

colon.  As shown in Fig. 6, claudin-4 and C-CPE were co-precipitated by Ni-resin in 

both jejunum and colon, but the amounts of claudin-4.  Thus, interaction of C-CPE 

with claudin-4 was observed in both jejunum and colon. 
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Discussion 

 

    In this study, we proposed a novel strategy for the enhancement of drug absorption 

by the inhibition of claudin, a component of TJs.  Claudins are a family of more than 

20 tetraspan membrane proteins that create the TJ, a selective barrier between epithelia 

and endothelia (Mitic et al., 2000).  C-CPE is the only known inhibitor of the barrier 

function of claudin-4.  Treatment of MDCK cells with C-CPE has been shown to 

specifically inhibit claudin-4, opening TJs, thus elevating the paracellular permeability 

to drugs (Sonoda et al., 1999).  Focusing on this report, we investigated the possibility 

of claudin as a molecular target for the enhancement of absorption using C-CPE.  We 

found that, in rat jejunum, C-CPE enhanced the absorption of dextran with molecular 

weights up to 20,000 Da.  C-CPE was over 400-fold more potent at enhancing 

absorption than C10, an enhancer of drug absorption that is clinically used in Japan, 

Denmark, and Sweden.  Unfortunately, highly effective absorption enhancers, such as 

C10, often cause damage to the intestinal mucosal membrane, and the degree of 

absorption enhancement parallels the damage (Yamamoto et al., 1996).  However, 

treatment with C-CPE did not induce intestinal damage in the current study. 

    CPE is functionally separated into N- and C-terminal domains (N- and C-CPE, 

respectively) (Hanna et al., 1991; Kokai-Kun and McClane, 1997).  N-CPE has been 

shown to be responsible for its cytotoxic activity, whereas C-CPE has been shown to 

mediate its binding to receptors, including claudin-3 and –4 (Hanna et al., 1991; 

Kokai-Kun and McClane, 1997; Sonoda et al., 1999).  Hanna et al. (1991) fully 

investigated the functional region required for binding to claudin-3 and -4 and reported 

that amino acids between 290 and 319 are essential for binding.  We therefore prepared 

C-CPEs lacking the C-terminal amino acids required for claudin binding.  We 

confirmed that removal of the amino acids between 303 and 319 eliminates its binding 

to claudin-3 and -4 and, moreover, that this attenuates the ability of C-CPE to enhance 

absorption.  Taken together, these results indicate that C-CPE elevates the absorption of 

drugs by binding to claudin, which is followed by inhibition of its barrier function. 

    How does C-CPE enhance the absorption of drugs?  As described above, the effect 

is mediated by its binding to claudin-4.  Claudins play a barrier role in the TJ (Sonoda 

et al., 1999; Mitic et al., 2000; Tsukita and Furuse, 2000), and the effects of C-CPE may 

be due to inhibition of the barrier function of claudin-4.  Indeed, Sonoda et al. reported 
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that treatment of MDCK cells with C-CPE inhibits the barrier function of the TJs 

(Sonoda et al., 1999).  We found that absorption of dextran was dependent on its 

molecular weight.  Dextrans with molecular masses of 4,000, 10,000, and 20,000 Da 

were absorbed from rat jejunum, but dextran with molecular mass of 40,000 Da was not 

absorbed.  Stokes radius of FD-4, FD-10, FD-20 and FD-40 are calculated to be 1.4, 

2.3, 3.3 and 4.5 nm, respectively.  The cavity of TJ is estimated to be 0.5 nm in 

physiological condition, and treatment of human epithelial cell lines (Caco-2 and T84 

cells) with an enhancer of absorption resulted in opening TJ up to 1.5 nm (Knipp et al., 

1997; Watson et al., 2001).  Taken together, although further detailed analyses are 

necessary to understand the involvement of TJs in the enhancement of absorption by 

C-CPE, the results suggest that C-CPE can open TJs. 

    Previously, various strategies for enhancing absorption via the TJ pathway have 

been developed.  For example, fatty acids, including C10 and lauric acid, as well as 

nitric oxide donors and ion chelators have been used to open TJs (Lindmark et al., 1998; 

Ye et al., 1999; Lee and Cheng, 2004).  The target of nitric oxide donors in this regard 

is unknown, but it may be due to dilation of the TJs (Salzman et al., 1995; Yamamoto et 

al., 2001).  Calcium chelators open TJs by removal of calcium ions, which are a 

component of TJs.  These previous approaches for opening TJs have poor specificity 

because calcium ions are ubiquitous constituent of TJs.  Furthermore, the enhancement 

of absorption via transporters has limited application.  Claudin, on the other hand, is an 

ideal target molecule the enhancement of absorption because the expression and barrier 

functions of claudin family members are tissue-specific.  For instance, although 

expression of claudin-5 is observed in almost all endothelial cells, a deficiency in 

claudin-5 causes a loss of the barrier function in the blood-brain barrier (Nitta et al., 

2003).  Similarly, the epidermal barrier is lost in claudin-1-deficient mice (Furuse et al., 

2002).  Therefore, an inhibitor of claudin with specificity for a claudin family member 

could be a tissue-specific absorption-enhancer.  Indeed, treatment with C-CPE 

enhanced absorption in rat jejunum but not in rat colon, whereas treatment with C10 

enhanced absorption in both tissues.  The reason for this difference remains to be 

determined, but one possible explanation is the difference of surface area between the 

jejunum and colon.  Because villi develop in jejunum and not in the colon, the surface 

area is much larger in the jejunum.  However, treatment with C10 enhanced absorption 

of dextran in both the jejunum and colon, and the tissue-specific effect of C-CPE cannot 
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be fully accounted for by only the surface area.  Another possible explanation is that 

the expression and combination of claudins are different between the tissues.  Rahner et 

al. indicated heterogeneity in the expression of claudin-2, -3, -4, and -5 in the rat gut 

(Rahner et al., 2001).  The combination and mixing ratios of claudin species is thought 

to be an important determinant of the tightness of the TJ (Furuse et al., 2001).  

However, we did not observe a different pattern of claudin expression between the 

jejunum and colon (data not shown).  Thus, the reason for the tissue specificity of 

C-CPE remains unclear. 

    In summary, we found that C-CPE can enhance jejunum absorption at least partly 

through its binding to claudin-4.  We also found that the amino acids between residue 

303 and 319 play a pivotal role in the absorption of enhancement by C-CPE.  Using the 

information about the claudin-4 binding domain in C-CPE and phage display, new 

inhibitors with specificities for different claudins are being developed.  This is the first 

report to describe the enhancement of absorption by targeting claudins.  These results 

indicate a new possible route for the development of tissue-specific modulators of 

absorption. 
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Figure legends 

 

Figure 1.  Effect of C-CPE on jejunal absorption in rats. 

Rat jejunum was treated with FD-4 (10 mg/ml) in the presence of vehicle or C-CPE 

(0.05 or 0.1 mg/ml).  The FD-4 levels in plasma collected from the carotid artery were 

determined at the indicated points (A) and the AUC0-4h was calculated (B).  Data are 

means ± SE (n=4).  The results are representative of at least three independent 

experiments.  *Significant difference from the vehicle-treated group (p < 0.05). 

 

Figure 2.  Dependence of the enhancement of absorption by C-CPE on the molecular 

weight of dextran. 

Rat jejunum was treated with FD-4, -10, -20, or 40 (10 mg/ml) in the presence of 

vehicle or C-CPE (0.1 mg/ml).  FD levels in plasma collected from the carotid artery 

was determined at the indicated points (A) and the AUC0-4h was calculated (B).  Data 

are means ± SE (n=4).  The results are representative of at least three independent 

experiments.  *Significant difference between vehicle and C-CPE-treated group (p < 

0.05). 

 

Figure 3.  Toxicity of C-CPE against jejunum in rats. 

(A) LDH leakage from the jejunum treated with C-CPE.  After a 4-h treatment with 

C-CPE (0.1 mg/ml) or C10 (40 mg/ml), PBS was added to the jejunum, and the buffer 

was recovered for the determination of LDH leakage.  Data are means ± SE (n=4).  

*Significant difference from vehicle-treated group (p < 0.05).  (B, C) Histological 

analysis of the C-CPE-treated jejunum.  After a 4-h treatment with C-CPE (0.1 mg/ml), 

the jejunum was fixed with formalin and stained with hematoxylin-eosin, and the 

stained jejunum was observed under a microscope (B).  The results are representative 

of at least three independent experiments.  The grade of histological damage in 

C-CPE-treated jejunum was scored by the indices described in Table 1 (C).   

 

Figure 4.  Involvement of claudin-4 in C-CPE-induced jejunal absorption in rats. 

(A) Descriptions of C-CPE289 and C-CPE303.  Slashed column indicates the putative 

CPE receptor-binding site.28 (B) Interaction of C-CPE, C-CPE289, or C-CPE303 with 

claudin-4.  Jejunal mucosa was removed by a scraper, and lysed in lysis buffer.  The 
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lysate was incubated with C-CPE, C-CPE289, or C-CPE303 and then mixed with 

Ni-resin.  After a 2-h incubation at 37ºC, the resulting complex bound to the Ni-resin 

(ppt) and the free fraction (sup) were subjected to SDS-PAGE and analyzed by Western 

blotting with antibodies against claudin-4 and His-tag.  (C) Effect of C-CPE, 

C-CPE289, and C-CPE303 on absorption.  Rat jejunum was treated with FD-4 (10 

mg/ml) in the presence of C-CPE, C-CPE289, or C-CPE303 (0.1 or 0.2 mg/ml).  FD-4 

levels in plasma collected from the carotid artery were determined at the indicated 

points (C) and the AUC0-4h was calculated (D).  Data are means ± SE (n=4).  The 

results are representative of at least three independent experiments.  *Significant 

difference from the C-CPE-treated group (p < 0.05). 

 

Figure 5.  Comparison of absorption-enhancing effects of C-CPE in rat jejunum and 

colon. 

The rat jejunum or colon was treated with FD-4 (10 mg/ml) in the presence of C10 (40 

mg/ml) or C-CPE (0.1 mg/ml).  FD-4 levels in plasma collected from the carotid artery 

were determined at the indicated points (A) and the AUC0-4h was calculated (B).  Data 

are means ± SE (n=4).  The results are representative of at least three independent 

experiments.  (C) Detection of TJ-constituted proteins.  The mucosa from the jejunum 

or colon was recovered, lysed in lysis buffer, and the lysates were analyzed by Western 

blotting.  The results are representative of three independent experiments. 

 

Figure 6.  Comparison of the interaction of C-CPE with claudin-4 between rat jejunum 

and colon. 

Jejunum or colon mucosa was removed with a scraper and lysed in lysis buffer.  The 

lysate was incubated with C-CPE and Ni-resin.  After a 2-h incubation at 4 ºC, the 

resulting complex bound to Ni-resin (ppt) and the free fraction (sup) were subjected to 

SDS-PAGE and analyzed by Western blotting with antibodies against His-tag and the 

indicated TJ proteins.  Data are representative of three independent experiments.  
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                       Table 1  Score for histological evaluation of mucosa  

     
     
 Score                           Appearance  
     
     
 0  Normal appearance  
     
 1  Epithelium intact, columnar enterocytes, goblet cells present, slight edema, slight 

increase of inflammatory cells in lamina propria and submucosa 
     
 2  Epithelium intact, increase of number of cuboidal enterocytes, disappearance of goblet 

cell vacuoles, slight increase of inflammatory cells in lamina propria and submucosa 

     
 3  Localized detachment of enterocytes from the surface, increase of number of cuboidal 

enterocytes, disappearance of goblet cell vacuoles, localized edema, increase of 
inflammatory cells in lamina propria and submucosa 

     
 4  Localized detachment of enterocytes from the surface, increase of number of cuboidal 

enterocytes, disappearance of goblet cell vacuoles, generalized edema, increase of 
inflammatory cells in lamina propria and submucosa 

     
 5  Localized detachment of enterocytes from the surface, increase of number of cuboidal 

enterocytes, disappearance of goblet cell vacuoles, generalized edema, increase of 
inflammatory cells in lamina propria and submucosa and external muscular layers 

     
 6  Generalized detachment of enterocytes and goblet cells, generalized edema, increase 

of inflammatory cells in lamina propria and submucosa 
     
 7  Generalized detachment of enterocytes and goblet cells, generalized edema, increase 

of inflammatory cells in lamina propria, submucosa and external muscular layers 
     
 8  Generalized detachment of enterocytes and goblet cells, destruction of lamina propria, 

generalized edema, increase of inflammatory cells in lamina propria, submucosa and 
external muscular layers 
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