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ABSTRACT 

 

Development and Evaluation of Alternative Testing Methods  

for Intestinal Toxicity Tests 

 

Bokyeong Ryu, D.V.M. 

 

Department of Veterinary Pathobiology and Preventive Medicine 

(Laboratory Animal Medicine) 

Graduate School of Seoul National University 

 

Supervisor: Prof. Jae-Hak Park, D.V.M., Ph.D. 

 

Alternative testing methods should be developed for intestinal toxicity 

evaluation. With the international awareness of animal welfare, laboratory 

animal usage for toxicity assessment is gradually discouraged. Additionally, 

extrapolation from animal to human is difficult due to the interspecies 
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difference between human and animal, which would be a reason for the 

restricted usage of laboratory animals from now on. To break these limits of 

the laboratory animals, there were efforts to apply commercialized in vitro cell 

models to toxicity evaluation. However, because most of the commercialized 

cell lines were derived from tumors, the cells barely could be a model to 

predict the response of normal organs. Therefore, there is a need to develop 

new alternative testing methods for toxicity evaluation to replace or 

supplement the limitations of these models. To meet the need, the in vivo 

zebrafish model and the in vitro pluripotent stem cell-derived model were 

developed as new intestinal toxicity evaluation models. Firstly, the zebrafish, 

which is one of the lower vertebrates and could be an alternative for rodents, 

was compared with the widely used toxicity evaluation models; rodent rats 

and the commercialized Caco-2 cell line. When exposed to representative 

enterotoxic substances, the zebrafish intestine showed similar tendencies of 

molecular and morphological changes with the rat small intestines and Caco-

2 cells within general toxicity indicators such as oxidative stress, apoptosis, 

inflammation, and structural changes. On the other hand, the cytochrome 

P450 3A enzymes, which were reported to involve in toxic reactions through 

intestinal metabolism, changed more similar to those of human cells than 

those of rats. These results suggest that the zebrafish might be worthy to be 

developed as an intestinal toxicity model. However, there could be still 

limitations that animal sacrifice must be accompanied even they are lower 

vertebrates, and interpretation is difficult due to the interspecies difference 
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between the human and the zebrafish. Therefore, in order to completely 

exclude animals from the test systems and to overcome interspecies 

differences, enterocytes derived from pluripotent stem cells were developed. 

The differentiation protocol of human embryonic stem cell-derived enterocyte-

like cells (hESC-ELCs) was established. The hESC-ELCs were compared 

with the in vivo rat and the in vitro Caco-2 cells as intestinal toxicity models. 

Prior to exposure to toxicants, the hESC-ELCs were assessed using next-

generation sequencing techniques and showed a stronger correlation with the 

in vivo models, compared to Caco-2 cells. Besides, when exposed to 

representative enterotoxic substances, the hESC-ELCs showed similar 

tendencies in molecular and morphological changes with the rats and Caco-

2 cells in general toxicity indicators such as oxidative stress, cell death, 

inflammation, and structural changes. Importantly, the hESC-ELCs were 

superior to Caco-2 cells in the indicators for intestinal metabolism. 

Comprehensively, the hESC-ELCs showed a stronger correlation with the in 

vivo model than with the Caco-2 cells. These results suggest the potential for 

the development of hESC-ELC as an intestinal toxicity model. Further studies 

could help advance the developed intestinal toxicity models to get more 

improved intestinal toxicity evaluation models.  
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Student number: 2016-21768  
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GENERAL INTRODUCTION 

 

Alternative testing methods for intestinal toxicity assessment should 

be developed. The testing methods for evaluating the intestinal toxicity of 

newly developed substances are firstly needed in the new drug development 

field because the intestine is the frontmost line barrier which the orally 

administered foreign substances could encounter in the human body and 

would be absorbed and metabolized (1). Therefore, the degree of intestinal 

damages could affect the whole body. In this situation where the need for 

intestinal toxicity evaluation is emerging, however, controversies have been 

raised about toxicity evaluation using rodents.  

The rodents would be the most world widely used laboratory animals 

for toxicity evaluation. However, within the 3R principles which means 

Replacement, Reduction, and Refinement (2), international awareness for 

animal welfare is being reinforced. As a result, the use of laboratory animals 

is gradually being discouraged. Besides, the laboratory animals are different 

from the human in the aspects of species. Due to these interspecies 

differences, it would be difficult to extrapolate results derived from the animals 

to predictions for human bodies (3). These ethical and scientific reasons could 

be the reasons why the laboratory animal usage would become increasingly 

limited in the future.  
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There have been efforts to develop commercialized in vitro cell lines 

as toxicity evaluation methods on behalf of the laboratory animals. One of the 

advantages of using the in vitro cell line is that the sacrifice of the animals 

could not be required. The human-derived cell lines also could show the 

toxicological reactions of human cells. In most cell line models, however, the 

responses from only one type of cell could be observed (4). Based on this 

reason, the commercialized cell lines would not be suitable for predicting the 

systemic response of the human body that occurs when various types of cells 

interact. Additionally, since most commercialized cell lines are derived from 

tumors, it might be difficult to predict the response of normal human organs.  

Since the toxicity evaluation models have clear limitations mentioned 

above, it is necessary to develop new alternative testing methods for toxicity 

evaluation to replace or supplement these models (5). The in vivo zebrafish 

model and the in vitro pluripotent stem cell-derived model could be introduced 

as the new intestinal toxicity evaluation models (6).  

The in vivo zebrafish model has already been recognized as an 

alternative method in many fields (7). Along with other in vivo models such as 

Drosophila melanogaster (fruit fly) and Caenorhabditis elegans, it could be 

one of the alternative models for the rodents. Particularly, unlike fruit flies and 

C. elegans, the zebrafish has the advantage of being a vertebrate. At the 

same time, there is an advantage of the reduced total pain because the 

zebrafish are known to have fewer C fibers, which transmit signals from 
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nociceptors, compared to rodents. Nevertheless, most of the testing methods 

based on the zebrafish are being focused on the methods using embryos. 

The methods using only the embryos could have the technical limitations to 

evaluate the specific organ toxicities. Therefore, a toxicity model using adult 

zebrafish should be a candidate for methods of specific organ toxicity 

evaluation.  

The in vitro pluripotent stem cells are being used not only in toxicity 

evaluation, but also in developmental research, biomarker research, and 

disease research (8). Firstly, using human-derived pluripotent stem cells 

could provide an answer to the problem of the interspecies differences 

between the laboratory animals and the human, which are inevitable in the 

animal models. Additionally, the cell characters could be dramatically different 

depending on the differentiation protocol which means the models from the 

pluripotent stem cells could become more similar to the human bodies (9). It 

could solve the problem of predictability for human bodies, which is being 

pointed when the commercialized cell line models are used.  

The emergence of the newly developed in vivo and in vitro models 

could be the starting point of the development of intestinal toxicity evaluation 

models with high predictability for the human body.  
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LITERATURE REVIEW 

 

Needs for the development and validation of alternative testing methods 

The need is increasing day by day for the development and validation 

of alternative methods for animal testing. Of the elements that make up our 

modern society, there are countless materials that require animal testing. In 

particular, when an evaluation is needed for specific substances, such as drug 

candidates, toxicity tests using laboratory animals should be conducted. 

Animal testing is almost inevitable for reasons of efficacy validation and safety 

verification (10). For example, considering a traditional immortalized cell line 

model, it is too much more sensitive to the effects of drugs than the animal 

model. Thus, it is difficult to replace the animal model with a traditional single 

layer cell model, which cannot show the combination of various cell types to 

form three-dimensional structures and to give comprehensive results via 

systemic physiological phenomena unlike animal models (4). However, in 

scientific and ethical aspects, the development of alternative testing methods 

to replace animal testing is being urged. It is clear that experimental animals 

are models that are difficult to accurately predict materials’ effects on human 

body because of the interspecies differences between humans, from 

iatrogenic disasters of thalidomide (3) or benoxaprofen (Opren) (11). In 

addition, the global trend to avoid the use of laboratory animals in the aspects 
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of ethics is growing, thus the needs for alternative testing methods to replace 

experimental animals are increasing.  

Based on the 3Rs principles, various attempts continue these days 

to develop alternative methods for animal testing. The 3Rs principles refer to 

the animal protection principles of replacement, reduce and refinement. The 

concepts were published by Russell and Burch in The Principles of Humane 

Experimental Technique in 1959 (2), and the development and use of 

alternative methods in research has increased dramatically over the last three 

decades (5). Note that the term '3Rs' itself recognizes not only the complete 

exclusion of animals but also the partial exclusion of animals when developing 

alternative tests. In addition to using no animals at all, such as completely 

replacing animals with in silico models (12) or in vitro models (13), replacing 

rodents with invertebrates or lower vertebrates (14), even using the same 

animals but reducing the number of animals used could be acceptable to the 

3Rs principles (6).  
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Replacement of rodents with invertebrates or lower vertebrates 

Replacement of rodents with invertebrates or lower vertebrates is one 

of the representatives of existing alternative testing methods. It the 

advantages of the in vivo models cannot be given up during following the 3Rs, 

there are traditional alternatives such as Caenorhabditis elegans (15, 16), fruit 

flies (Drosophila melanogaster) (17), zebrafish (Danio rerio) (7). These C. 

elegans and fruit flies are invertebrates, so they have limitations such as 

having an undeveloped organ system and no adaptive immune system (18). 

In contrast, because zebrafish is one of vertebrates, it has a more similar 

system to humans and rodents than invertebrates. Zebrafish has advantages 

of in vivo models, such as being able to observe toxic reactions in a whole 

body system. In addition, it is almost transparent at the early stage of 

development, which makes visual analysis easy, and the size is small, and 

the life cycle is short. Due to its advantages, it is widely used as an existing 

alternative testing method (7).  
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In silico modeling and screening methods 

In silico modeling and screening methods such as quantitative 

structure-activity relationship (QSAR) or in vitro culture could be used to 

exclude animals more strictly and completely from toxicity testing. QSAR 

methods could predict drug toxicogenomics, molecular interactions 

(ligand/receptor), biokinetics, biodynamics, and even bioactivity at a lower 

cost and in the early stages of drug development, but they have limitation that 

experimental design should be made in consideration of cross-correlated 

physicochemical parameters and false correlation can occur because it can 

be based only on biological data (19, 20). Traditional in vitro cultures can also 

be used in researches including toxicology, carcinogenesis, microbiology, and 

gene therapy, but single layer cell culture has the disadvantage that it is 

difficult to simulate in vivo biological situation (21). Nevertheless, in silico 

modeling and screening, deep learning, which is appropriate for finding the 

best statistical model for predicting biological activity and for classifying 

thousands of compounds, is used to develop more efficient tools (22, 23), and 

also in case of in vitro culture, there are developing three-dimensional models 

and stem cell-derived models rather than the traditional single layer models 

(24, 25).  

  



8 
 
 

Stem cells and stem cell-derived enterocyte like cells 

Stem cells and stem cell-derived tissue-specific cells have 

advantages as alternative testing methods for toxicity test. They are in vitro 

models completely excluding animals from toxicity tests, and they can avoid 

the difficulties of extrapolation from laboratory experimental results to human 

body because they are originated from human. They also have possibilities 

to mimic human body more likely according to improvement of differentiation 

protocols. For these reasons, stem cells are being developed as alternative 

methods for developmental toxicity, genotoxicity, and tissue-specific toxicity 

(8). Differentiated cells or organoids are constantly being developed for 

human brain (26-28), liver (29, 30), kidney (31-33), gall bladder (34), lung (35, 

36), heart (37, 38), blood vessel (39), testis (40), and intestine (41-43). These 

organoids can be used in studies for developmental research, biomarker 

research, and disease model development and toxicity tests such as drug 

screening (44). In addition, based on microfluidic technologies of organ-on-

chip concepts which load several cells and organoids into a single system, 

stem cell-based models have the potential to further enhance in vivo mimicry 

(9). In conclusion, the stem cell models are the next-generation alternative 

testing models that can replace animal experiments in a wide range.  
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Toxicity studies for intestines 

In this situation, realistically in practice, the use of stem cell-based 

alternatives in the toxicological field should prioritize toxicity studies in the 

intestines. As mentioned above, when the stem cells are used, the 

differentiating techniques to make specific tissues or organs have been 

developed rather than making complete individuals. In addition, in the context 

of the toxicity screening, the existence of a model that can rule out specific 

organ toxicity is of practical use. Among toxicity studies in specific organs, a 

particularly notable organ is the intestine. The intestines have the 

characteristics of being the first barrier and the metabolic site to orally 

administrated materials (1). Because of these reasons, the state of the 

systemic state changes depending on the state of the intestine (45), and the 

intestine is significant in toxicity assessment. Nevertheless, that's why it was 

difficult to assess intestine accurately in traditional in vitro alternative assays. 

Therefore, intestinal toxicity studies need to be developed specifically. In this 

study, zebrafish as one of the representative existing alternatives and stem 

cells as one of the representative next-generation alternatives would be 

evaluated to determine they are suitable to be developed as toxicity testing 

methods, mainly on intestinal toxicity.  
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CHAPTER I 

 

Development of an Alternative Zebrafish Model  

for Drug-induced Intestinal Toxicity 
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1. INTRODUCTION 

Evaluation of intestinal toxicity is important, especially with the high 

probability of orally ingesting chemicals that can be potentially toxic. The 

gastrointestinal tract serves as the first physiological barrier for foreign 

materials orally ingested. Among the many parts of the gastrointestinal tract, 

the small intestine can absorb a considerable amount of materials owing to 

its large surface area (46, 47) and can metabolize the foreign materials with 

enzymes like cytochrome P450 (CYP). Moreover, the small intestine is also 

exposed to metabolites of xenobiotics because of enterohepatic circulation 

(48); it, therefore, has an important role in maintaining systemic physiological 

homeostasis. In addition, all of chemicals not only by oral administration but 

also by other routes can have effects on the intestines. For this reason, the 

evaluation of intestinal toxicity induced chemicals has become an important 

issue.  

The Organization for Economic Co-operation and Development 

(OECD) recommend the use of rats as animal models for testing toxicity 

through OECD Test Guidelines (TG) 423 and OECD TG 425. Therefore, many 

studies evaluating new candidates of Non-Steroidal Anti-Inflammatory Drugs 

(NSAIDs) (49), chemotherapeutic agents (50), and intestinal tract protectants 

have used rat models for the evaluation of intestinal toxicity (51-53). However, 

the use of rodents such as rats to test intestinal toxicity is both time consuming 
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and expensive. Moreover, because of ethical concerns, alternative methods 

aiming to reduce rodent experiments are being recommended globally (14, 

54, 55). In addition, it has been proved that rat CYP3A1, which is most 

abundantly expressed in the liver and the gastrointestinal tract like human 

CYP3A4, has only a limited similarity with human CYP3A4 and this validates 

the limitations of rats as an intestinal toxicity model (56-58). To overcome the 

differences between humans and laboratory animals, alternative methods 

using human cell lines have been developed. For instance, the in vitro Caco-

2 cell line has been used frequently for intestinal toxicity studies. However, in 

vitro test methods have limitations as they do not have a systemic 

physiological system. Furthermore, the Caco-2 cell line has been proved to 

limitedly express human CYP3A4, which is importantly expressed in the 

human small intestine; therefore, a new alternative method is urgently needed 

to appropriately estimate human intestinal toxicity.  

Zebrafish are easy to keep because they have small body length, as 

short as 3 cm. They can produce many progenies from one breeding, their 

hatching time is very short and their generation is short too. In addition, while 

nociceptors of teleost including zebrafish are physiologically similar with 

higher vertebrates, the number of their C nerve fibers, which are responsible 

for some aspects of nociception, are fewer than mammals to make them feel 

less painful (59). They do not require skilled hand technologies as they can 

be exposed to a chemical through an aquatic exposure method, they are 
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resistant to lower than 0.1% of dimethyl sulfoxide (DMSO) that can be used 

as a carrier solvent of lipophilic materials (60), and they can be easily and 

economically cared for in mass (61). Zebrafish can be used as an animal 

model for human genetics because it has 70% genetic homology with the 

global human genome and over 86% homology with human protein-coding 

genes (62). Against this background, it is thus possible to substitute rodent 

models with zebrafish models in several research fields (63-65). Zebrafish 

intestines express greater quantities of CYP3A65, which have a 54% 

correlation with human CYP3A4 (66). Although rat CYP3A1 is more similar to 

human CYP3A4 (72% identities) than zebrafish CYP3A65 to human CYP3A4 

(56% identities) in the simple comparison of the protein sequences, zebrafish 

CYP3A65 has advantages in reproducing the human CYP3A4 response that 

cannot be observe in rats (67, 68). In addition, they constitute a complete 

body system like other mammalian models. For these reasons, I tried to 

develop zebrafish as a novel model for intestinal toxicity test.  

In this study, I validated the possibility of using zebrafish as an animal 

model to evaluate intestinal toxicity in humans. Indomethacin, diclofenac and 

methotrexate were used to induce intestinal toxicity in zebrafish. 

Indomethacin is a representative of intestinal toxicants that can cause lesions 

in the gastrointestinal tract by direct mucosal irritation and by inhibition of 

prostaglandin synthesis (69). Diclofenac and methotrexate are also 

representative intestinal toxicants causing the ulcer, bleeding or inflammation 
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of the small intestine. (70, 71) I compared zebrafish against rats and Caco-2 

cell lines models as an alternative model for drug-induced intestinal toxicity. 
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2. MATERIALS AND METHODS 

2.1. Drugs and Chemicals 

Dimethyl sulfoxide (DMSO), ethyl 3-aminobenzoate 

methanesulfonate (MS-222), indomethacin (INM; CAS number, 53-86-1; 

product number, I7378), sodium bicarbonate and 3-(4,5-dimethylthiazol-2-yl)-

2,5-diphenyltetrazolium bromide (MTT) were obtained from Sigma (MO, USA). 

Diclofenac (DIC; CAS number, 15307-86-5; product number, D3748) was 

obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). 

Methotrexate (MTX; CAS number, 59-05-2; product number, M1067) was 

obtained from Biosesang (Gyeonggi, Korea). Fetal bovine serum (FBS) and 

phosphate buffered saline (PBS) were obtained from Gibco (NY, USA). 

Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F-12) was 

obtained from Welgene (Gyeonggi, Korea).  

 

2.2. Drug-induced intestinal toxicity in zebrafish 

A total of 54 healthy male zebrafish over 3 months of age with a 

mean±SD weight of 0.210±0.030 g were used for the study. Zebrafish were 

purchased from a local supplier. Zebrafish were maintained under an artificial 

14:10-h light:dark cycle at a constant temperature of 28.5 ± 1 ℃  and 

conductivity of 400±30 μS/cm. Zebrafish were fed three times per day with a 
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combination of flake named Aqua Tech Small (CJ; Seoul, Korea) and hatched 

brine shrimp, Artemia salina.  

Each of lethal concentration 50 (LC50) for 96 hours of indomethacin 

and methotrexate in male zebrafish was analyzed and LC50 of diclofenac was 

searched. LC50 of indomethacin and methotrexate were 76.30 mg/L and 

792.50mg/L, respectively (Figure 1). LC50 of diclofenac was reported as 

155.18 mg/L (72).  

Indomethacin-induced intestinal toxicity: Zebrafish were placed in a 

density of 1 fish per 200 mL of indomethacin 42.66 mg/L in 0.05% (v/v) DMSO 

(five zebrafish for RNA extraction and 4 zebrafish for tissue fixation), which 

was calculated using quarter-log units from LC50, 76.30 mg/L, following a 

recommendation of OECD TG No. 425, for 96 hours. After indomethacin 1 

g/L stock was made, 42.66 mg/L indomethacin solution was prepared using 

0.05% (v/v) DMSO and ‘fish water’, which was water from fish tank. Control 

group was placed in vehicle, 0.05% (v/v) DMSO for 96 hours (five zebrafish 

for RNA extraction and 3 zebrafish for tissue fixation). In the indomethacin 

group and the control group, the test solution was replaced with a fresh 

solution once every 24 hours. Three independent trials were performed.  

Diclofenac-induced intestinal toxicity: Zebrafish were placed in a 

density of 1 fish per 200 mL of diclofenac 49.07 mg/L in 0.05% (v/v) DMSO, 

which was calculated using half-log units from LC50, 155.18 mg/L, for 24 hours. 

After diclofenac 1 g/L stock was made, 49.07 mg/L diclofenac solution was 
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prepared using 0.05% (v/v) DMSO and fish water. Control group was placed 

in vehicle, 0.05% (v/v) DMSO for 24 hours. Three independent trials were 

performed.  

Methotrexate-induced intestinal toxicity: Zebrafish were placed in a 

density of 1 fish per 200 mL of indomethacin 250.61 mg/L in fish water with 

sodium bicarbonate (pH 7.8), which was calculated using half-log units from 

LC50, 792.50 mg/L, for 24 hours. After methotrexate 1 g/L stock was made, 

250.61 mg/L methotrexate solution was prepared using fish water with 

sodium bicarbonate (pH 7.8). Control group was placed in vehicle, fish water 

with sodium bicarbonate (pH 7.8) for 24 hours. Three independent trials were 

performed.  

Animals were sacrificed 96 hours after indomethacin exposure or 24 

hours after diclofenac or methotrexate exposure using MS-222 120 mg/L. 

Whole intestine was quickly excised and treated with 10% neutralized 

formalin at 4℃ for fixation of the tissues. Reverse transcription real-time 

polymerase chain reaction (RT-qPCR) analysis was conducted with each 

intestine sample.  
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Figure 1. Concentration-lethality curve for lethal concentration 50 (LC50) 

for 96 hours in adult male zebrafish of indomethacin and methotrexate 

Adult male zebrafish were placed in a density of 1 fish per 200 mL of various 

concentrations of (A) indomethacin or (B) diclofenac in 0.05% (v/v) DMSO or 

methotrexate in fish water with sodium bicarbonate (pH 7.8) for 96 hours. 

Control groups for indomethacin and diclofenac were exposed to 0.05% (v/v) 

DMSO and control group for methotrexate was exposed to fish water with 

sodium bicarbonate (pH 7.8).  
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2.3. Drug-induced intestinal toxicity in rats  

A total of 21 healthy male Sprague-Dawley (SD) rats aged 6 weeks 

with a mean±SD weight of 195.3±12.9 g were used for the study, following 

OECD TG 423. The rats aged 5 weeks were obtained from Orient Bio Co. 

(Gyeonggi, Korea) and maintained under an artificial 12-h light:dark cycle at 

a constant temperature of 22±1℃ and humidity of 55±10%. The rats were 

kept in their own cages for one week for acclimatization to the laboratory 

conditions.  

Indomethacin-induced intestinal toxicity: Rats were administered with 

a single oral dose of indomethacin, 20 mg/kg body weight in 0.9% (w/v) saline 

with sodium bicarbonate (pH 7.8) (73) (n=4). Control animals received the 

vehicle, 0.9% saline with sodium bicarbonate (pH 7.8) alone (n=3). Animals 

were sacrificed 24h after indomethacin treatment using CO2 chamber. Two 

independent trials were performed.  

Diclofenac-induced intestinal toxicity: Rats were administered with a 

single oral dose of diclofenac, 40 mg/kg body weight in 0.9% (w/v) saline with 

sodium bicarbonate (pH 7.8) (n=4) (74). Control animals received the vehicle, 

0.9% saline with sodium bicarbonate (pH 7.8) alone (n=3). Animals were 

sacrificed 24h after diclofenac treatment using CO2 chamber. Two 

independent trials were performed.  
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Methotrexate-induced intestinal toxicity: Rats were administered with 

a single intraperitoneal dose of methotrexate, 20 mg/kg body weight in 0.9% 

(w/v) saline with sodium bicarbonate (pH 7.8) (n=4) (75). Control animals 

received the vehicle, 0.9% saline with sodium bicarbonate (pH 7.8) alone 

(n=3). Animals were sacrificed 72h after diclofenac treatment using CO2 

chamber. Two independent trials were performed.  

The small intestine was quickly excised and treated with 10% 

neutralized formalin for fixation of the tissues. RT-qPCR analysis was 

conducted with samples collected 24h after indomethacin or diclofenac 

administration or 72h after methotrexate administration.  

 

2.4. Ethics statement  

All animal experimentation was performed according to the 

guidelines for the care and use of laboratory animals approved by Institutional 

Animal Care and Use Committee, Seoul National University. Permission to 

use zebrafish and rats was granted from Institutional Animal Care and Use 

Committee, Seoul National University. (Permission number: SNU-160504-10-

3)  
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2.5. Drug-induced intestinal toxicity in Caco-2 cells  

The human colonic adenocarcinoma cell line, Caco-2 (ATCC® HTB-

37) from Korean Cell Line Bank (lot no. 26877), was used at near 80% 

confluence; cells were maintained in a DMEM/F-12 plus 10% FBS medium 

and cultured at 37℃ with 5% condition.  

Each of LC50 for 24 hours of indomethacin, diclofenac and 

methotrexate in Caco-2 cells was analyzed and cell viabilities were 

determined using MTT. LC50 of indomethacin, diclofenac and methotrexate 

were 40.46 μg/L, 3.89 mg/L and 418.31 mg/L, respectively (Figure 2).  

Indomethacin-induced intestinal toxicity: Cells were exposed to 

indomethacin 40.46 μg L-1 in 0.05% (v/v) DMSO in DMEM/F-12 media for 30 

min. Control group was exposed to a vehicle, 0.05% DMSO in media. 

Diclofenac-induced intestinal toxicity: Cells were exposed to diclofenac 3.89 

mg L-1 in 0.05% (v/v) DMSO in media for 60 min. Control group was exposed 

to a vehicle, 0.05% DMSO in media. Methotrexate-induced intestinal toxicity: 

Cells were exposed to methotrexate 418.31 mg L-1 in 0.05% (v/v) DMSO in 

media for 30 min. Control group was exposed to a vehicle, 0.05% DMSO in 

media.  

RT-qPCR analysis was conducted with samples collected 30 min 

after indomethacin or methotrexate exposure or 60 min after diclofenac 

exposure. 



22 
 
 

 

Figure 2. Concentration-cell viability curve for lethal concentration 50 

(LC50) for 24 hours in Caco-2 cells of indomethacin, diclofenac and 

methotrexate 

Caco-2 cells were exposed to various concentrations of (A) indomethacin, (B) 

diclofenac or (C) methotrexate in 0.05% (v/v) DMSO in DMEM/F-12 media for 

24 hours. Control groups were exposed to 0.05% (v/v) DMSO in DMEM/F-12 

media.  
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2.6. MTT assay  

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] assay is based on the protocol previously described (76). Briefly, 

7×104 cells per well were seed in 96-well plates and were exposed with 

various concentration of indomethacin, diclofenac or methotrexate for 24 

hours. All of media were removed and the cells were incubated with 200 μL 

of 0.5 mg/mL MTT solution, dissolved in PBS, at 37℃ for 4 hours. Removal 

of 100 μL of MTT solution was followed by the addition of 100 μL of DMSO 

to each well, and the plates were gentle shaken for 10 min to achieve 

complete dissolution. Aliquots of the resulting solution were transferred in new 

96-well plates and absorbance was recorded at 570 nm using Epoch 

Microplate Spectrophotometer (Bio-Tek; VT, USA).  

 

2.7. Biomarkers of GI toxicity  

The potential gene markers indicating intestinal damages were 

checked using RT-qPCR. Genes related to drug-induced small intestine 

damages and related to functions of the small intestine were selected (Table 

1).  
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Table 1. Biomarkers selected to monitor metabolism, oxidative stress, apoptosis, inflammation and intestinal 

structural changes in zebrafish, rats and human Caco-2 cells 

Genes 
Accession number 

Reference 
Zebrafish Rat Human 

Metabolism CYP3A 
(CYP3A65) 

NM_001037438.1 
(CYP3A1) 

NM_013105.2 
(CYP3A4) 

NM_017460.5 
(58) 

Oxidative stress 

iNOS AY324390.1 AY211532.1 NM_000625.4 (77-80) 
Hmox1 NM_001127516.1 NM_012580.2 NM_002133.2 (81) 
Sod1 NM_131294.1 NM_017050.1 NM_000454.4 (82) 
Gpx1 NM_001007281.2 NM_030826.4 NM_000581.3 (83) 

Apoptosis 

Bax BC164990.1 U49729.1 NM_001291428.1 (84) 
Bcl-2 NM_001030253.2 NM_016993.1 NM_000633.2 (85) 

Casp9 NM_001007404.2 NM_031632.1 NM_001229.4 (81) 
p53 NM_001271820.1 NM_030989.3 NM_000546.5 (86) 

Inhibition of apoptosis NF-κB XM_005156814.2 NM_001276711 M58603.1 (85, 87) 

Inflammation 

IL-1β NM_212844.2 NM_031512.2 M15330.1 (77, 88) 

TNF-α BC165066.1 X66539.1 NM_000594.3 
(77, 78, 

80, 85, 88) 
Tlr2 NM_212812.1 NM_198769.2 NM_001318789.1 (89) 

Intestinal tight junction Occludin NM_212832.2 NM_031329.2 NM_001205255.1 (90) 
Internal reference β-actin AF057040.1 NM_031144.3 NM_001101.3  
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2.8. RNA extraction and cDNA synthesis  

At each time point, total RNA was isolated from the tissues or cells 

using GeneAll® Hybrid-R™ (Seoul, Korea). One microgram of RNA was 

reverse transcribed using products from Enzynomics (Daejeon, Korea) to 

obtain cDNA according to the manufacturer's protocol. Briefly, 1 μg of RNA 

and 1 μL of 100 μM random hexamer were mixed and the mixture was 

incubated in T100™ Thermal Cycler (Bio-Rad; CA, USA): 5 min at 70℃, and 

placed on ice. Two microliter of 10X M-MLV RT buffer, 1 μL of M-MLV 

reverse transcriptase (200 units/μL, 2 μL of dNTP mixture (2 mM each), 0.5 

μL of RNase inhibitor and sterile water up to 20 μL were added to each 

sample and incubated in T100™ Thermal Cycler following protocol: 10 min at 

25℃, 60 min at 42℃, 5 min at 94℃, and holding at 4℃.  

 

2.9. Determination of Relative mRNA Expression by Real-time 

PCR  

Real-time PCR was performed with a Real-time PCR System CFX 

Connect™ (Bio-Rad; CA, USA) using TOPreal™ qPCR 2X PreMIX (SYBR 

Green with low ROX) (Enzynomics; Daejeon, Korea) according to the 

manufacturer's protocol. Briefly, PCR was performed in a final volume of 20 

μL including 1 μL sample cDNA, 1 μL forward primer and 1 μL reverse 
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primer, 10 μL TOPreal™ qPCR 2X PreMIX and sterile water up to 20 μL. 

PCR reactions consisted of an initial denaturing cycle at 95℃ for 15 min, 

followed by 40 amplification cycles of 10 sec at 95℃, 15 sec at Tm and 30 

sec at 72℃.  

The primers were purchased from Cosmogenetech (Seoul, Korea). 

Gene-specific primers are shown in Table 2. The expression levels of CYP3A, 

inducible nitric oxide synthase (iNOS), heme oxygenase 1 (Hmox1), 

superoxide dismutase 1 (Sod1), glutathione peroxidase 1 (Gpx1), BCL2 

associated X (Bax), B-cell lymphoma 2 (Bcl-2), caspase 9 (Casp9), tumor 

protein p53 (p53), nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB), interleukin 1 beta (IL-1β), tumor necrosis factor alpha (TNF-α), 

toll-like receptor 2 (Tlr2) and occludin were normalized using β-actin as an 

internal control (ΔCt=Cttarget gene-Ct -actin; Ct, cycle threshold). Analysis was 

carried out in biological triplicate. Relative fold changes in the expression of 

target genes were accomplished using the comparative 2  method, 

whereas ΔΔCt=ΔCttreated-ΔCtcontrol (91).  

Additionally, correlations between the models were assessed using 

the non-parametric Spearman rank correlation coefficient (rs) (92-94) and 

Mann-Whitney U test after testing for normality. To determine the strength of 

associations, the correlation coefficient rs was interpreted as follows: 0.90 – 

1.00 or -0.90 – -1.00), very highly correlated; 0.70 – 0.90 or -0.70 – -0.90, 

highly correlated; 0.50 – 0.70 or -0.50 – -0.70, moderately correlated; 0.30 – 
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0.50 or -0.30 – -0.50, weakly correlated; and 0.00 – 0.30 or 0.00 – -0.30, 

negligibly correlated (95). Significance was assigned to differences with a p < 

0.05.  
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Table 2. Gene-specific primers of zebrafish, rats and human Caco-2 cells 

Species Genes 
Primer sequence 

Ref. 
Forward Reverse 

Zebrafish 

CYP3A65 ATGGTGCCGACCTACGCCCTC GGGCCCAGACCGAACGGCAT (96) 

iNOS GGAGATGCAAGGTCAGCTTC GGCAAAGCTCAGTGACTTCC (97) 

Hmox1 GGAAGAGCTGGACAGAAACG CGAAGAAGTGCTCCAAGTCC (98) 

Sod1 GTCGTCTGGCTTGTGGAGTG TGTCAGCGGGCTAGTGCTT (99) 

Gpx1 AGATGTCATTCCTGCACACG AAGGAGAAGCTTCCTCAGCC (99) 

Bax GGCTATTTCAACCAGGGTTCC TGCGAATCACCAATGCTGT (100) 

Bcl-2 TCACTCGTTCAGACCCTCAT ACGCTTTCCACGCACAT (101) 

Casp9 AAATACATAGCAAGGCAACC CACAGGGAATCAAGAAAGG (99) 

p53 GCTTGTCACAGGGGTCATTT ACAAAGGTCCCAGTGGAGTG (102) 

NF-κB CCAAATCCCAAAAGGTTAGAGATTT CCTCTTAGGGCTGAGCGAATT (103) 

IL-1β CGCAGCGGCGGATCT GCACTGGGCGACGCATAT (103) 

TNF-α ACCAGGCCTTTTCTTCAGGT TGCCCAGTCTGTCTCCTTCT (104) 

Tlr2 TGTCTCCCACCCTGAAACTC GCCACTCTCCTATCCCAACA (105) 

Occludin ACCATTACTGCGTGGTGGA ACCCAGTCCTCCACATCTTG (106) 

β-actin ATGGATGAGGAAATCGCTGCC CTCCCTGATGTCTGGGTCGTC (107) 
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Species Genes 
Primer sequence 

Ref. 
Forward Reverse 

Rat 

CYP3A1 GGAAATTCGATGTGGAGTGC AGGTTTGCCTTTCTCTTGCC (108) 

iNOS CACCACCCTCCTTGTTCAAC CAATCCACAACTCGCTCCAA (109) 

Hmox1 CACGCATATACCCGCTACCT AAGGCGGTCTTAGCCTCTTC (110) 

Sod1 ACACAAGGCTGTACCACTGC CCACATTGCCCAGGTCTCC (111) 

Gpx1 GTCCACCGTGTATGCCTTCTCC TCTCCTGATGTCCGAACTGATTGC (111) 

Bax AAGAAGCTGAGCGAGTGTCT CAAAGATGGTCACTGTCTGC (112) 

Bcl-2 ACTGAGTACCTGAACCGGCATC GGAGAAATCAAACAGAGGTCGC (113) 

Casp9 AGCCAGATGCTGTCCCATAC CAGGAGACAAAACCTGGGAA (114) 

p53 GTTCCGAGAGCTGAATGAGG TTTTATGGCGGGACGTAGAC (115) 

NF-κB CTTCTCGGAGTCCCTCACTG CCAATAGCAGCTGGAAAAGC (116) 

IL-1β CTTGTCGAGAATGGGCAGTCT TGTGCCACGGTTTTCTTATGG (117) 

TNF-α TCGTAGCAAACCACCAAGCA CCCTTGAAGAGAACCTGGGAGTA (118) 

Tlr2 CGCTTCCTGAACTTGTCC GGTTGTCACCTGCTTCCA (119) 

Occludin AGTACATGGCTGCTGCTGATG CCCACCATCCTCTTGATGTGT (120) 

β-actin AACCTTCTTGCAGCTCCTCCG CCATACCCACCATCACACCCT (121) 

Human 
CYP3A4 GAAACACAGATCCCCCTGAA CTGGTGTTCTCAGGCACAGA (122) 

iNOS CTCTATGTTTGCGGGGATGT TTCTTCGCCTCGTAAGGAAA (123) 
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Species Genes 
Primer sequence 

Ref. 
Forward Reverse 

Hmox1 CTCAAACCTCCAAAAGCC TCAAAAACCACCCCAACCC (124) 

Sod1 CTGAAGGCCTGCATGGATTC CCAAGTCTCCAACATGCCTCTC (125) 

Gpx1 TGGCTTCTTGGACAATTGCG CCACCAGGAACTTCTCAAAG (126) 

Bax CCTGTGCACCAAGGTGCCGGAACT CCACCCTGGTCTTGGATCCAGCCC (127) 

Bcl-2 TTTTAGGAGACCGAAGTCCG AGCCAACGTGCCATGTGCTA (128) 

Casp9 CTCAGACCAGAGATTCGCAAAC GCATTTCCCCTCAAACTCTCAA (129) 

p53 CCCAAGCAATGGATGATTTGA GGCATTCTGGGAGCTTCATCT (130) 

NF-κB CCTCTGTGTTTGTCCAGCT CCGAAAAATTGGGCATGAGC (131) 

IL-1β ACAGATGAAGTGCTCCTTCCA GTCGGAGATTCGTAGCTGGAT (132) 

TNF-α ACAAGCCTGTAGCCCATGTT AAAGTAGACCTGCCCAGACT (133) 

Tlr2 ATCCTCCAATCAGGCTTCTCT ACACCTCTGTAGGTCACTGTTG (134) 

Occludin TCAGGGAATATCCACCTATCACTTCAG CATCAGCAGCAGCCATGTACTCTTCAC (135) 

β-actin CATCGAGCACGGCATCGTCA TAGCACAGCCTGGATAGCAAC (136) 
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2.10. Histopathological evaluation of GI toxicity  

Histopathological evaluation of indomethacin, diclofenac or 

methotrexate treated intestines of zebrafish or small intestines of rats was 

compared with tissues from control groups. The intestines of zebrafish and 

small intestines of rats were freshly excised and were fixed in 10% neutralized 

formalin (zebrafish tissues at 4℃  and rat tissues at room temperature), 

routinely processed using Tissue-Tek® VIP™ 5 Jr. Tissue Processor 

(SAKURA; Staufen, Germany) and embedded in paraffin using HistoCore 

Arcadia (Leica; Wetzlar, Germany). Paraffin blocks were cut into 4 μm and 

the sections were stained with Hematoxylin and Eosin (H&E), or Periodic Acid 

Schiff (PAS). The sections were examined under a light microscope Olympus 

PROVIS AX70 (Tokyo, Japan) to detect any morphological changes of the 

tissue using camera Nikon DS-Ri2 (Tokyo, Japan) and NIS-Elements BR 

4.50.00 software (Tokyo, Japan).  

The intestinal villus height in zebrafish tissues and the ratio of villus 

height to crypt depth in rat tissues, the percentage of blunted villi and the 

percentage of erosion or ulcer were analyzed with H&E stained sections. In 

addition to, goblet cells per villus in ten well-oriented villi were counted with 

PAS stained sections (137).  
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2.11. Statistical analyses 

All relative mRNA expression results are presented as the group 

mean ± standard error. And all histopathological evaluation results are 

presented as the group mean±standard deviation. All statistical analyses 

were performed by Student's t-test using computer program GraphPad 

Software version 5 (CA, USA). p values of < 0.05 were considered significant. 
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3. RESULTS 

3.1. Relative changes of mRNA expression of CYP3A 

The expression levels of cytochrome P450 mRNA were measured in 

zebrafish, rats, and Caco-2 cells, using RT-qPCR. As shown in Figure 1, 

transcript levels of zebrafish CYP3A65 and human CYP3A4 in Caco-2 cells, 

as indicators of xenobiotics metabolism, increased by all of indomethacin 

(Figure 3-A1), diclofenac (Figure 3-A2) and methotrexate (Figure 3-A3), but 

the corresponding levels of rat CYP3A1 did not increase by indomethacin 

(Figure 3-A4) or methotrexate (Figure 3-A6).   
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Figure 3. Relative mRNA expression levels of cytochrome P450 (CYP) 

3A in zebrafish intestine, rat small intestine and Caco-2 cells 

Indomethacin, diclofenac or methotrexate treated zebrafish intestine, rat 

small intestine tissues and Caco-2 cells were analyzed with RT-qPCR. (A1-

3A) Zebrafish were exposed with indomethacin 42.90 mg/L for 96 h, 

diclofenac 49.07 mg/L for 24 h or methotrexate 250.61 mg/L for 24h. (A4-A6) 

Rats were treated with indomethacin 20 mg/kg, diclofenac 40 mg/kg or 

methotrexate 20 mg/kg. (A7-A9) Caco-2 cells were exposed with 

indomethacin 40.46 mg/L for 30 min, diclofenac 3.89 mg/L for 60 min or 

methotrexate 418.31 mg/L for 30 min. (A1-A3) Relative mRNA expression 

levels of CYP3A65 in zebrafish, (A4-A6) CYP3A1 in rats, (A7-A9) CYP3A4 in 

Caco-2 cells. Data shown are mean±SE. *; **; ***, statistically significant as 

compared with the control group (* P<0.05; ** P<0.01; *** P<0.001). 
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3.2. Relative changes of mRNA expression oxidative stress 

indicating genes 

Transcript levels of iNOS, Hmox1, Sod1 and Gpx1 were monitored to 

determine oxidative stress in intestinal tissues. As shown in Figure 4, iNOS, 

Hmox1, Sod1 and Gpx1 levels increased in zebrafish and rats with 

indomethacin, diclofenac and methotrexate. Zebrafish showed more 

pronounced and significantly greater changes in Hmox1 (Figure 4-B1 - B3), 

Sod1 (Figure 4-C1 - C3) and Gpx1 (Figure 4-D1 - D3) than rats (Figure 4-B4 

– B6, C4 – C6, D4 - D6). Moreover, Caco-2 cells also showed elevated iNOS 

(Figure 4-A7, A9), Hmox1 (Figure 4-B7 - B9), Sod1 (Figure 4-C7 - C9) and 

Gpx1 levels (Figure 4-D7 - D9), but iNOS level with treatment of diclofenac 

was decreased (Figure 4-A8).  
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Figure 4. Relative mRNA expression levels of oxidative stress indicating 

genes in zebrafish intestine, rat small intestine and Caco-2 cells 

Indomethacin, diclofenac or methotrexate treated zebrafish intestine, rat 

small intestine tissues and Caco-2 cells were analyzed with RT-qPCR. (1-3) 

Zebrafish were exposed with indomethacin 42.90 mg/L for 96 h, diclofenac 

49.07 mg/L for 24 h or methotrexate 250.61 mg/L for 24h. (4-6) Rats were 

treated with indomethacin 20 mg/kg, diclofenac 40 mg/kg or methotrexate 20 

mg/kg. (7-9) Caco-2 cells were exposed with indomethacin 40.46 mg/L for 30 

min, diclofenac 3.89 mg/L for 60 min or methotrexate 418.31 mg/L for 30 min. 

(A1-A3) Relative mRNA expression levels of inducible nitric oxide synthase 

(iNOS) in zebrafish, (A4-A6) iNOS in rats, (A7-A9) iNOS in Caco-2 cells. (B1-
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B3) Relative mRNA expression levels of heme oxygenase 1 (Hmox1) in 

zebrafish, (B4-B6) Hmox1 in rats, (B7-B9) Hmox1 in Caco-2 cells. (C1-C3) 

Relative mRNA expression levels of superoxide dismutase 1 (Sod1) in 

zebrafish, (C4-C6) Sod1 in rats, (C7-C9) Sod1 in Caco-2 cells. (D1-D3) 

Relative mRNA expression levels of glutathione peroxidase 1 (Gpx1) in 

zebrafish, (D4-D6) Gpx1 in rats, (D7-D9) Gpx1 in Caco-2 cells. Data shown 

are mean±SE. *; **; ***, statistically significant as compared with the control 

group (* P<0.05; ** P<0.01; *** P<0.001).   
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3.3. Relative changes of mRNA expression of apoptosis 

indicating genes 

Oxidative stress is known to be able to induce apoptosis; therefore, I 

evaluated transcript levels of Bax, Bcl-2, Casp9 and p53 as an indicator of 

apoptosis, and NF-κB, as an indicator of inhibition of apoptosis. As shown in 

Figure 3, in zebrafish, Bax (Figure 5-A1 - A3), Bcl-2 (Figure 5-B1 - B3), Casp9 

(Figure 5-C1 - C3) and p53 showed a dramatic increase (Figure 5-D1 - D3) 

and NF-κB showed a decrease (Figure 5-E1 - E3), and these trends were 

observed in rats. Furthermore, in Caco-2 cells, Bax (Figure 5-A7 - A9), Bcl-2 

(Figure 5-B7 - B9), Casp9 (Figure 5-C7 – C9) and p53 levels were significantly 

increased (Figure 5-D7 – D9) and NF-κB levels were decreased (Figure 5-E7 

– E9).   
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Figure 5. Relative mRNA expression levels of apoptosis indicating 

genes in zebrafish intestine, rat small intestine and Caco-2 cells 

Indomethacin, diclofenac or methotrexate treated zebrafish intestine, rat 

small intestine tissues and Caco-2 cells were analyzed with RT-qPCR. (1-3) 

Zebrafish were exposed with indomethacin 42.90 mg/L for 96 h, diclofenac 

49.07 mg/L for 24 h or methotrexate 250.61 mg/L for 24h. (4-6) Rats were 

treated with indomethacin 20 mg/kg, diclofenac 40 mg/kg or methotrexate 20 

mg/kg. (7-9) Caco-2 cells were exposed with indomethacin 40.46 mg/L for 30 
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min, diclofenac 3.89 mg/L for 60 min or methotrexate 418.31 mg/L for 30 min. 

(A1-A3) Relative mRNA expression levels of BCL2 associated X (Bax) in 

zebrafish, (A4-A6) Bax in rats, (A7-A9) Bax in Caco-2 cells. (B1-B3) Relative 

mRNA expression levels of B-cell lymphoma 2 (Bcl-2) in zebrafish, (B4-B6) 

Bcl-2 in rats, (B7-B9) Bcl-2 in Caco-2 cells. (C1-C3) Relative mRNA 

expression levels of caspase 9 (Casp9) in zebrafish, (C4-C6) Casp9 in rats, 

(C7-C9) Casp9 in Caco-2 cells. (D1-D3) Relative mRNA expression levels of 

tumor protein p53 (p53) in zebrafish, (D4-D6) p53 in rats, (D7-D9) p53 in 

Caco-2 cells. (E1-E3) Relative mRNA expression levels of indicator of 

apoptosis inhibition, nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-𝛋B) in zebrafish, (E4-E6) NF-𝛋B in rats, (E7-E9) NF-𝛋B in Caco-2 

cells. Data shown are mean±SE. *; **; ***, statistically significant as compared 

with the control group (* P<0.05; ** P<0.01; *** P<0.001).  
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3.4. Relative changes of mRNA expression of inflammation-

related genes 

To identify secondary inflammation following oxidative damage and 

apoptosis, transcript levels of IL-1β, TNF-α and Tlr2 were measured (Figure 

6). In zebrafish, rats, and Caco-2 cells, the levels of all of IL-1β, TNF-α and 

Tlr2 increased with indomethacin, diclofenac and methotrexate, although 

more pronounced and significantly greater changes in TNF-α and Tlr2 were 

noted in zebrafish (Figure 6-B1 – B3, C1 – C3) and Caco-2 cells (Figure 6-B7 

– B9, C7 – C9) than in rats (Figure 6-B4 – B6, C4 – C6).   
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Figure 6. Relative mRNA expression levels of apoptosis indicating 

genes in zebrafish intestine, rat small intestine and Caco-2 cells 

Indomethacin, diclofenac or methotrexate treated zebrafish intestine, rat 

small intestine tissues and Caco-2 cells were analyzed with RT-qPCR. (1-3) 

Zebrafish were exposed with indomethacin 42.90 mg/L for 96 h, diclofenac 

49.07 mg/L for 24 h or methotrexate 250.61 mg/L for 24h. (4-6) Rats were 

treated with indomethacin 20 mg/kg, diclofenac 40 mg/kg or methotrexate 20 

mg/kg. (7-9) Caco-2 cells were exposed with indomethacin 40.46 mg/L for 30 

min, diclofenac 3.89 mg/L for 60 min or methotrexate 418.31/mg L for 30 min. 

(A1-A3) Relative mRNA expression levels of interleukin 1 beta (IL-1𝛃 ) in 

zebrafish, (A4-A6) IL-1𝛃  in rats, (A7-A9) IL-1𝛃  in Caco-2 cells. (B1-B3) 

Relative mRNA expression levels of tumor necrosis factor alpha (TNF-𝛂) in 

zebrafish, (B4-B6) TNF-𝛂 in rats, (B7-B9) TNF-𝛂 in Caco-2 cells. (C1-C3) 
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Relative mRNA expression levels of toll-like receptor 2 (Tlr2) in zebrafish, (C4-

C6) Tlr2 in rats, (C7-C9) Tlr2 in Caco-2 cells. Data shown are mean±SE. *; **; 

***, statistically significant as compared with the control group (* P<0.05; ** 

P<0.01; *** P<0.001).  



44 
 
 

3.5. Relative changes of mRNA expression of Occludin and 

correlation analysis between zebrafish, rat, and Caco-2 cells 

Subsequently, for the confirmation of structural damages, transcript 

levels of occludin, a tight junction intestinal protein, was measured. As shown 

in Figure 7, a higher decrease in occludin levels was noted in zebrafish than 

in rats when treated with indomethacin (Figure 7-A1 in zebrafish, A4 in rats), 

although levels with diclofenac (Figure 7-A2) and methotrexate were not 

significantly decreased in zebrafish (Figure 7-A3). Caco-2 cells showed 

decrease with indomethacin (Figure 7-A7), diclofenac (Figure 7-A8) and 

methotrexate (Figure 7-A9).  

Relative expressions of genes related with metabolism, oxidative 

stress, apoptosis, inflammation, and intestinal structures are scattered as 

dots to draw correlograms with the significance values between zebrafish 

intestine, rat small intestine tissues, and Caco-2 cells (Figure 8). Zebrafish 

showed the correlation coefficient rs = 0.55 with the rat which means a high 

correlation while the rs is 0.33 between Caco-2 cells and rat meaning a weak 

correlation.   
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Figure 7. Relative mRNA expression levels of occluding and correlation 

analysis in zebrafish intestine, rat small intestine and Caco-2 cells 

Indomethacin, diclofenac or methotrexate treated zebrafish intestine, rat 

small intestine tissues and Caco-2 cells were analyzed with RT-qPCR. (A1-

3A) Zebrafish were exposed with indomethacin 42.90 mg/L for 96 h, 

diclofenac 49.07 mg/L for 24 h or methotrexate 250.61 mg/L for 24h. (A4-A6) 

Rats were treated with indomethacin 20 mg/kg, diclofenac 40 mg/kg or 

methotrexate 20 mg/kg. (A7-A9) Caco-2 cells were exposed with 

indomethacin 40.46 mg/L for 30 min, diclofenac 3.89 mg/L for 60 min or 

methotrexate 418.31/mg L for 30 min. (A1-A3) Relative mRNA expression 
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levels of occludin in zebrafish, (A4-A6) occludin in rats, (A7-A9) occludin in 

Caco-2 cells. Data shown are mean±SE. *; **; ***, statistically significant as 

compared with the control group (* P<0.05; ** P<0.01; *** P<0.001). (B) 

Correlogram with the significance values between zebrafish intestine, rat 

small intestine tissues, and Caco-2 cells. The relative gene expressions of the 

three models are scattered as dots and their distribution is shown on the 

diagonal. Bivariate scatter plots with a fitted line are displayed on the bottom 

of the diagonal, and the values of the correlation and their significance level 

are displayed on the top of the diagonal (p = 0, ***; p < 0.001, **; p < 0.01, *).  
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3.6. Histopathological evaluation of intestinal toxicity in 

zebrafish and rats 

Histopathological evaluation of zebrafish and rats correlated with the 

results of gene transcript levels that indicates xenobiotics metabolism, 

oxidative stress, apoptosis, inflammation and intestinal structural damage. 

Representative images of zebrafish midguts and small intestines of rats, 

stained with H&E and PAS, are shown in Figure 6A and 6B. As shown in 

Figure 6C, the intestinal villus height in zebrafish tissues and the ratio of villus 

height to crypt depth in rat tissues were decreased with treatment of 

indomethacin (Figure 6-C-a1, a4), diclofenac (Figure 6-C-a2, a5) and 

methotrexate (Figure 6-C-a3, a6), although the blunted villi (Figure 6-C-c1 – 

c6) and the erosion or ulcer were increased (Figure 6-C-d1 – d6). In addition 

to, PAS-positive goblet cells were counted per villus, as the number of these 

cells is known to decrease with intestinal epithelial damage (138). As shown 

in Figure 6-C-b1 – b6, the quantity of PAS-positive goblet cells decreased 

comparatively in both midguts of zebrafish and small intestines of rats that 

were treated with diclofenac and methotrexate, especially with indomethacin.  
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(Continued) 
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Figure 8. Representative images of histopathological slides and 

histopathological evaluation of zebrafish midguts and rat small 

intestines stained with Hematoxylin and Eosin (H&E) and Periodic Acid 

Schiff (PAS) 

(A2-A4, B2-B4, a1-a3, b1-b3, c1-c3, d1-d3) Rats were treated with 
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indomethacin 20 mg/kg, diclofenac 40 mg/kg or methotrexate 20 mg/kg. (A6-

A8, B6-B8 a4-a6, b4-b6, c4-c6, d4-d6) Zebrafish were exposed with 

indomethacin 42.90 mg/L for 96 h, diclofenac 49.07 mg/L for 24 h or 

methotrexate 250.61 mg/L for 24h. Indomethacin, diclofenac or methotrexate 

treated zebrafish intestine and rat small intestine tissues were cut into 4 𝛍m, 

were stained with H&E and PAS and were evaluated under a light microscopy. 

(A1) Representative image of rat small intestine in control group stained with 

H&E and (B1) stained with PAS. (A2) Representative image of rat small 

intestine treated with indomethacin 20 mg/kg stained with H&E and (B2) 

stained with PAS. (A3) Representative image of rat small intestine treated 

with diclofenac 40 mg/kg stained with H&E and (B3) stained with PAS. (A4) 

Representative image of rat small intestine treated with methotrexate 20 

mg/kg stained with H&E and (B4) stained with PAS. (A5) Representative 

image of zebrafish midgut in control group stained with H&E and (B5) stained 

with PAS. (A6) Representative image of zebrafish midgut exposed with 

indomethacin 42.90 mg/L for 96 h stained with H&E and (B6) stained with 

PAS. (A7) Representative image of zebrafish midgut exposed with diclofenac 

49.07 mg/L for 24 h stained with H&E and (B7) stained with PAS. (A8) 

Representative image of zebrafish midgut exposed with methotrexate 250.61 

mg/L for 24h stained with H&E and (B8) stained with PAS. (a1-a3) Ratio of 

villus height to crypt depth in rat tissues, (a4-a6) villus height in zebrafish 

tissues. (b1-b3) Goblet cells per villus counted in rat tissues stained with PAS, 

(b4-b6) goblet cells per villus counted in zebrafish tissues. (c1-c3) Blunted villi 
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in rat tissues, (c4-c6) blunted villi in zebrafish tissues. (d1-d3) Erosion or ulcer 

in rat tissues, (d4-d6) erosion or ulcer in zebrafish tissues. Scale bar is 100 

𝛍m. Data shown are mean±SD. *; **; ***, statistically significant as compared 

with the control group (* P<0.05; ** P<0.01; *** P<0.001).  
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4. DISCUSSION 

Zebrafish has been developed as an alternative model to rodents for 

multiple purposes. As an intestinal toxicity model, zebrafish have an 

evolutionary advantage with an anatomically conserved entero-hepato-

cholangiotic structure that resembles that of humans (139). The anatomical 

similarities between the zebrafish and human enterohepatic systems prove to 

be advantageous to the development of an intestinal toxicity model. This is 

more relevant considering that the lesions induced by indomethacin or 

diclofenac are not only triggered by direct mucosal irritations (140), excessive 

ROS production (141), and inhibition of prostaglandin synthesis (142), but 

also by the inflow of bile with metabolites into the intestinal lumen (143, 144). 

In addition to, 7-hydroxy-methotrexate, the metabolites of methotrexate, was 

reported to be excreted by bile (145).  

In terms of genes related to metabolism, zebrafish have a higher 

expression of CYP3A65. CYP3A4 is known to be importantly expressed in 

the human small intestines and liver, although zebrafish and rats do not have 

the same exact CYP3A isoform as humans do. Only zebrafish CYP3A65 (66) 

and rat CYP3A1 (58) are highly expressed in their intestines and liver, 

respectively, similar to the expression of human CYP3A4. Moreover, 

zebrafish CYP3A65 has been known to share synteny with human CYP3A-

se1, –se2 and is 54% identical to human CYP3A4 (68, 146). Furthermore, rat 
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CYP3A1 has been known to be induced by glucocorticoids such as human 

CYP3A4 (147-149). When human CYP3A4 is selectively induced by 

rifampicin (150), it is known that rat CYP3A1 is not induced by it (67, 147, 

151), but it can induce the zebrafish CYP3A65 (68). Our results confirmed 

such a tendency. When intestinal toxicity was induced by indomethacin, 

diclofenac or methotrexate in zebrafish, rats, and Caco-2 cells, the mRNA 

expression of zebrafish CYP3A65 and human CYP3A4 was increased with 

all of indomethacin, diclofenac and methotrexate, whereas that of rat CYP3A1 

was not increased with indomethacin or methotrexate but only with diclofenac. 

These results suggest that zebrafish can emulate human biochemical 

reactions in aspects like induction of CYP3A, unlike rats. A zebrafish model 

can be a candidate for human intestinal toxicity.  

The most important finding of this study was that zebrafish exhibited 

significant reactions as much as when rats were used as intestinal toxicity 

models. Indomethacin, diclofenac or methotrexate-induced lesions show an 

increased expression of genes, which are increased when oxidative stress is 

increased, iNOS (152), Hmox1 (153), Sod1 (154) and Gpx1 (155). Zebrafish 

showed sensitivity related to oxidative damage like rat did, in iNOS, Hmox1 

and Gpx1 levels. Although, Caco-2 cells also showed significant increases in 

iNOS levels treated by indomethacin or methotrexate, Sod1 levels treated by 

indomethacin or diclofenac, all of Hmox1 and Gpx1 levels, Caco-2 cells did 

not show any increase in iNOS levels with diclofenac. These results may be 
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regarded as a limitation of in vitro system as they do not replicate in vivo 

systems (156).  

Regarding the results of changes in the expression of iNOS, Hmox1, 

Sod1 and Gpx1, zebrafish showed significant changes related to oxidative 

stress as much as rats did. The decrease of NF-κB expression can be one of 

the reasons for the relatively worse oxidative stress observed in zebrafish 

treated by indomethacin or diclofenac. The activation of NF-κB is known to 

block apoptosis by the interaction with the inhibitor of the apoptosis protein 

(IAP) family of genes (157-159). Zebrafish showed decreased NF-κB mRNA 

expressions with indomethacin or diclofenac. This might explain the severe 

damage caused by oxidative stress in zebrafish and rats. In addition to, Caco-

2 cells showed decreases in expression of NF-κB.  

Oxidative stress can cause mucosal epithelial damages and 

apoptosis; moreover, it has been reported that a higher expression of Bax 

(160), Bcl-2 (161), Casp9 (162) and p53 (163) could be an indicator of 

apoptosis. As shown in Figure 3, zebrafish exhibited a significant response 

as much as rats did and the same direction with Caco-2 cells in the aspect of 

all of Bax, Bcl-2 and Casp9 levels and p53 level treated by indomethacin.  

Moreover, inflammation and structural dysfunction can secondarily 

be induced by oxidative stress after cellular damage and apoptosis develop 

(164, 165). In our study, zebrafish showed a significant increase of mRNA 

expression for IL-1β, TNF-α and Tlr2 like rat and Caco-2 cell models.  
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On the other hand, occludin is one of the proteins that integrates the 

intestinal tight junction and can be used, with other proteins like ZO-1 and 

claudins, to characterize intestinal functionality (166). It has also been 

reported that the quantity of occludin expression is decreased by 

indomethacin (167) and methotrexate (168). While zebrafish showed a 

decrease of occludin mRNA expression only with indomethacin, rats and 

Caco-2 cells showed more pronounced decreases with diclofenac and 

methotrexate. These results indicate that although zebrafish can be a 

developable model as an alternative for rats and Caco-2 cells in relation with 

oxidative stress and intestinal inflammation, zebrafish should be more 

evaluated in the aspect of functional impairment.  

Regarding the increases in expression of genes related to oxidative 

stress, apoptosis and inflammation, zebrafish responded in a similar way with 

the rats, which provides an idea to compare the sensitivities of zebrafish and 

rats. The doses used in our zebrafish experiment were less than the doses of 

zebrafish extrapolated from the doses of rats: applying the Dubois and Dubois 

formula to calculate body surface area (BSA) for mathematical extrapolation 

of doses (169), the BSA of the rats is about 0.025 m2 and the BSA of the 

zebrafish is about 0.00043 m2. Using BSA, Km factor for calculating equivalent 

doses for interspecies can be obtained. Km factor is the body weight (kg) 

divided by BSA (m2) (170), 6 for rats and 0.46862 for zebrafish, and Zebrafish 

Equivalent Dose (ZED) extrapolated from dose of rat is following:  
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ZED (mg/kg)  =  
(𝑑𝑜𝑠𝑒 𝑜𝑓 𝑟𝑎𝑡) × (𝐾  𝑜𝑓 𝑟𝑎𝑡)

(𝐾  𝑜𝑓 𝑧𝑒𝑏𝑟𝑎𝑓𝑖𝑠ℎ)
 

Assuming that the densities of the solutions used in our experiment 

were the same as that of water (1 g/m3) and that the concentrations of the 

drugs in the water and the body of zebrafish were the same, to simplify the 

calculation, ZED of indomethacin, diclofenac and methotrexate are 256.07 

mg/L, 512.14 mg/L and 256.07 mg/L, respectively. The actual doses used 

were indomethacin 42.66 mg/L (16.7% of ZED), diclofenac 49.07 mg/L (9.6% 

of ZED) and 250.61 mg/L (97.9% of ZED), respectively. In addition, while rats 

were administrated with indomethacin 20 mg/kg (133.3% of known LD50), 

diclofenac 40 mg/kg (75.5% of known LD50) and methotrexate 20 mg/kg 

intraperitoneally (34.5% of known subcutaneous LD50) respectively, zebrafish 

were treated with indomethacin 42.66 mg/L (55.9% of LC50), diclofenac 49.07 

mg/L (31.6% of LC50) and methotrexate 250.61 mg/L (31.6% of LC50), 

respectively. The difference of sensitivities, however, is hard to mention in our 

results in zebrafish and rats because of the different dosing methods in 

zebrafish and in rats in the experiments. From this perspective, additional 

researches on the value of zebrafish in development of more sensitive 

alternative models are needed.  

Concerning intestinal metabolic indicators, oxidative stress, 

apoptosis and inflammation, zebrafish showed drastic changes when 

compared to rats, and showed a similar trend as the Caco-2 cells, although 
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the aspects of sensitivity are not mentioned. Based on these results, zebrafish 

can be proposed as a useful animal model in intestinal toxicity. 

Regarding anatomical structures and CYP3A induction, zebrafish are 

a model for human intestinal toxicity worth of being developed. In our study, 

zebrafish as an intestinal toxicity model showed not only a sharp increase of 

CYP3A65 but also significant changes in the expression of indicator genes of 

intestinal toxicity, such as iNOS, Hmox1, Sod1, Gpx1, NF-κB, Bax, Bcl-2, 

Casp9, p53, IL-1β, TNF-α, and Tlr2. The variations identified in zebrafish 

showed similar trends as observed in rats and Caco-2 cells. These results 

ascertain that the zebrafish model is sufficiently worthy of being developed as 

an intestinal toxicity model that can replace or compensate the rat model or 

Caco-2 cell model. 
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CHAPTER II 

 

Next-Generation Intestinal Toxicity Model  

of Human Embryonic Stem Cell-Derived  

Enterocyte-Like Cells 
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1. INTRODUCTION 

This should include introductory information that lays out the clinical 

problem addressed by the research and that explains other background 

necessary for understanding the study. There is a need to develop models for 

intestinal toxicity assessment, as proper models for evaluating toxicity and 

predicting the effects of chemicals in human body are not available, despite 

the fact that the gastrointestinal tract (GIT) is one of the body defense lines. 

The most common form of exposure to drugs and chemicals occurs through 

the oral route through inhalation, ingestion, and skin absorption (171). Orally 

administered substances are first metabolized by the GIT (172), and the 

original materials and their metabolites are absorbed in the GIT (173). During 

these metabolic and absorption processes, the original substances or their 

metabolites may cause damage to the GIT (174, 175). The barrier function, 

known as intestinal permeability, depends on the degree to which the GIT 

remains functional (176). An increase in GIT permeability can result in the 

degradation of systemic defenses (177-179). Therefore, it is necessary to 

eliminate substances that may have toxicological effects on the GIT among 

newly developed or currently used substances. Since intestinal toxicity may 

ultimately result in systemic toxicity, screening of potential intestinal toxicants 

may result in the identification of substances that cause systemic toxicity. 
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Human intestinal slides, despite having the correct three-dimensional 

architecture and physiological complexity (180), are not easily accessible to 

most researchers. Currently available intestinal toxicity assessment models, 

other than human intestinal slides, include in vivo rodent models and in vitro 

cell lines. The rodent model has been widely used (181), and animal models 

can be used to observe systemic responses, in both specific organs as well 

as related organs; thus, the development of an appropriate animal model can 

result in efficient prediction of drug behavior in the human body (182). 

However, species differences exist between humans and animals. Rodents 

differ from humans both physiologically and biochemically; their anatomical 

structures, such as the morphological structure of the stomach and shape of 

the small intestinal villi are different (183). Their metabolism also differs from 

that of humans in terms of the expression and catalytic activities of xenobiotic-

metabolizing enzymes such as CYP (184-186). Additionally, the use of 

experimental animals has been criticized from an ethical perspective based 

on the 3R principle of replacement, reduction, and refinement (187) and 

experimental animal maintenance is costly. Therefore, a model that can be 

used as a substitute or supplement for laboratory animals is needed. A model 

mimicking in vivo rodent responses to intestinal toxicants would be a suitable 

alternative model to rodents.  

An in vitro model such as the Caco-2 cell line may be useful as an 

alternative to in vivo rodents by improving predictability typically resulting from 
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species differences and minimizing ethical concerns. Commercially available 

immortalized cell line models can be used to observe the responses of 

human-derived cells. Additionally, these cells can be used to screen for toxic 

substances and are relatively convenient to maintain under constant 

experimental conditions using high-throughput approaches (188). However, 

conventional cell culture models cannot be used to predict organ specific 

toxicity because reproducing the in vivo structure and physiological conditions 

using cells is difficult (189, 190).  

Stem cells are used not only for studying the differentiation and 

development of organs based on their pluripotency (191, 192), but also to 

prepare organ-like models (193-195). Human embryonic stem cells (hESCs) 

can be used to develop a functional in vitro intestinal model to complement 

existing laboratory animals and immortalized cell lines. hESCs have been 

reported to differentiate into enterocytes, which can closely mimic the adult 

intestinal epithelium while showing comparable expression levels of mature 

intestinal markers as well as increased intestine-specific functional activities 

(196). In the present study, I conducted our experiments on the following three 

models: rats as a representative in vivo model, Caco-2 cells as a 

representative in vitro model, and hESC-derived enterocyte-like cells (hESC-

ELCs) with eight representative intestinal toxicants. Subsequently, I 

compared the toxicological responses in these models to determine the utility 

of hESC-ELCs as an intestinal toxicity evaluation model.   
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2. MATERIALS AND METHODS 

2.1. Drugs and Chemicals 

Chloramphenicol (CAS number, 56-75-7; product number, C0857; 

CHL), cycloheximide (CAS number, 66-81-9; product number, 1810; CHX), 

cytarabine (CAS number, 147-94-4; product number, PHR1787; Ara-C), 

diclofenac (CAS number, 15307-79-6; product number, D6899; DIC), 

fluorouracil (CAS number, 51-21-8; product number, F6627; 5-FU), 

indomethacin (CAS number, 53-86-1; product number, I7378; INDO), 

methotrexate (CAS number, 59-05-2; product number, A6770; MTX), 

oxytetracycline (CAS number, 2058-46-0; product number, O5875; OTC), 

and dimethyl sulfoxide were obtained from Sigma (St. Louis, MO, USA). Fetal 

bovine serum and phosphate-buffered saline were obtained from Gibco 

(Grand Island, NY, USA) and Dulbecco's modified Eagle medium: Nutrient 

Mixture F-12 (DMEM/F-12) was obtained from Thermo Fisher Scientific 

(Waltham, MA, USA). 

 

2.2. Animal Experiments  

Fourty-five healthy male Sprague–Dawley rats aged 7 weeks with a 

mean ± standard deviation (SD) body weight of 257.5 ± 19.84 g were used in 

this study, following the OECD TG 423 recommendations for toxicity testing. 
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Rats aged 6 weeks were obtained from Orient Bio Co. (Gyeonggi-do, Korea) 

and maintained under an artificial 12-h light/dark cycle at a constant 

temperature of 22 ± 1°C and humidity of 55 ± 10%. The rats were housed 

individually in cages for 1 week for acclimatization to the laboratory conditions. 

Forty-five rats were randomly divided into 9 groups: a control (CONT) group 

and the following 8 treatment groups: CHL, CHX, Ara-C, DIC, 5-FU, INDO, 

MTX, and OTC.  

To compare the rat model, Caco-2 cells, and hESC-ELCs, the 

dosages in each model were calculated based on lethal dose 50 (LD50) in vivo 

and lethal concentration 50 (LC50) in vitro. Rats in the treatment groups were 

administered a single oral dose of a quarter unit of LD50 (LD50/100.25) (n = 5), 

while rats in the CONT group were administered the vehicle consisting only 

of 0.9% normal saline (n = 5). The conditions of drug administration are shown 

in Table 3. Animals were sacrificed at 24 h after treatment in a CO2 chamber 

and the proximal part of the small intestine, 5 cm from pylorus, was excised 

to extract total RNA and for histopathological examination.  
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Table 3. Lethal dose 50 (LD50) in rats and lethal concentration 50 (LC50) in Caco-2 cells and hESC-ELCs 

Drugs 
CAS 

number 

Routes of 
admini-
stration 

Mole-
cular 

weight 
(g/mol) 

Rat oral administration Caco-2 cells treatment hESC-ELCs treatment 

LD50  
(mg/kg) 

LD50/100.25 
(mg/kg) 

LC50  
(uM) 

LC50/100.25 
(uM) 

LC50  
(uM) 

LC50/100.25 
(uM) 

CHL 56-75-7 Per os 323.13 2500.00 1405.85 2710.19 1524.05 1081.43 608.14 

CHX 66-81-9 Per os 281.35 2.00 1.12 703.07 395.37 613.76 345.14 

Ara-C 147-94-4 Per os 243.22 5000.00 2811.71 28.84 16.22 101.16 56.89 

DIC 15307-86-5 Per os 318.13 53.00 29.80 4645.15 2612.16 824.14 463.45 

5-FU 51-21-8 Per os 130.08 230.00 129.34 24.95 14.03 2349.63 1321.30 

INDO 53-86-1 Per os 357.79 15.00 8.44 217.77 122.46 446.68 251.19 

MTX 59-05-2 Per os 454.45 135.00 75.92 1823.90 1025.65 4560.37 2564.48 

OTC 2058-46-0 Per os 460.44 5063.00 2847.13 1370.88 770.90 43151.91 24266.10 

Abbreviation: LD50, lethal dose 50; LC50, lethal concentration 50; hESC-ELC, human embryonic stem cell derived 

enterocyte like cells; CHL, Chloramphenicol; CHX, Cycloheximide; Ara-C, Cytarabine; DIC, Diclofenac; 5-FU, 

Fluorouracil; INDO, Indomethacin; MTX, Methotrexate; OTC, Oxytetracycline. 
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2.3. Ethics Statement for Animal Experiments 

All animal experiments were performed according to the guidelines 

for the care and use of laboratory animals approved by the Institutional Animal 

Care and Use Committee, Seoul National University. Permission to use rats 

was granted by the Institutional Animal Care and Use Committee, Seoul 

National University (permission number: SNU-170310-3-1). 

 

2.4. In Vitro Experiments  

The human colonic adenocarcinoma cell line, Caco-2 (ATCC® HTB-

37) from the Korean Cell Line Bank (lot no. 26877), was used at near 80% 

confluence; the cells were maintained in DMEM/F-12 medium containing 10% 

fetal bovine serum medium and cultured at 37°C with 5% CO2.  

The H9 hESC line (WiCell Research Institute, Madison, WI, USA) 

was cultured as described previously (196, 197), and hESC-ELCs were 

generated from hESCs via definitive endoderm (DE) and hindgut (HG) 

differentiation steps (198). Briefly, hESCs were maintained on γ-irradiated 

mouse embryonic fibroblasts in hESC medium containing 80% DMEM/F-12 

medium, 20% knockout serum replacement (Thermo Fisher Scientific, 

Waltham, MA, USA), 1% nonessential amino acids (Thermo Fisher Scientific), 

1% GlutaMAX™ Supplement (Thermo Fisher Scientific), 55 μM β-



66 
 
 

mercaptoethanol (Thermo Fisher Scientific), and 8 ng/mL basic fibroblast 

growth factor (R&D Systems, Minneapolis, MN, USA).  

hESC-ELCs were generated from hESCs as described previously 

(198). Briefly, hESCs were differentiated into definitive endoderm (DE) by 

treatment with 100 ng/mL Activin A (R&D Systems, Minneapolis, MN, USA) 

for 3 days, and then further differentiated into hindgut (HG) by 250 ng/mL 

FGF4 (R&D Systems) and 50 ng/mL Wnt3a (R&D Systems) treatment for 4 

days. HG cells were single cells that were dissociated and re-seeded for 

differentiation into hESC-ELCs in DMEM/F-12 containing 2% FBS, 2% B27 

supplement (Thermo Fisher Scientific), 1% N2 supplement (Thermo Fisher 

Scientific), 2 mM L-glutamine (Thermo Fisher Scientific), 1% non-essential 

amino acid (Thermo Fisher Scientific), and 20 ng/mL epidermal growth factor 

(R&D Systems). Culture media were replaced with fresh differentiation 

medium every other day and passaged every 7 days.  

The hESCs and hESC-ELCs were monitored by quantitative real-

time polymerase chain reaction (qPCR) and immunofluorescence analyses 

to characterize the cells. To prepare total RNA and cDNA synthesis of the 

cells, The RNeasy Kit (Qiagen, Hilden, Germany) and Superscript IV cDNA 

synthesis Kit (Thermo Fisher Scientific) were used. qPCR was performed with 

a 7500 Fast Real-time PCR system (Applied Biosystems, Foster City, CA, 

USA). Information for the primers used in this study is listed in Table 4.  
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To conduct the immunofluorescence analysis, hESCc and hESC-

ELCs were fixed with 4% paraformaldehyde (Sigma Aldrich, St. Louis, MO, 

USA) for 15 min. The fixed cells were permeabilized with 0.1% Triton X-100 

prior to blocking with 4% bovine serum albumin (Sigma Aldrich). Samples 

were incubated with primary antibodies (Table 5) diluted in 4% bovine serum 

albumin at 4°C overnight, and then secondary antibodies were treated for 1 h 

at room temperature. DAPI staining was performed for nuclei visualization. 

To mount the slides, DAKO Fluorescent Mounting Medium (DAKO, 

Carpinteria, CA, USA) was used. Samples were examined with an FV1000 

Live confocal microscope (Olympus, Tokyo, Japan).  

After confirming that hESCs differentiated into hESC-ELCs, the 

hESC-ELCs were used for RNA sequencing and drug-induced toxicity 

analysis. To compare the in vivo model and the in vitro models, the dosages 

in each model were calculated based on LD50 in vivo and LC50 in vitro. In 

addition, the in vitro dosages used in this study were determined as the 

concentration that would maintain the stabilities of in vitro experiments, 

considering the clinical human dose. Each LC50 for 24 h of all drugs used to 

treat Caco-2 cells and hESC-ELCs was analyzed, and cell viabilities were 

determined by MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] assay. The LC50 values of the drugs are shown in Table 3 and Fig 

9-10; LC50 of each drug in Caco-2 cells in Fig 9, and LC50 of each drug in 

hESC-ELCs in Fig 10. After measuring the LC50, the cells were exposed to 
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each drug at a quarter unit of the LC50 (LC50/100.25) for 24 h. Morphological 

examination and total RNA extraction were conducted using samples 

collected 24 h after drug administration.   
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Table 4. Primers used for hESCs and hESC-ELCs 

Target gene Primer (Forward) Primer (Reverse) 

GAPDH GAAGGTGAAGGTCGGAGTC GAAGATGGTGATGGGATTTC 

CDX2 CTGGAGCTGGAGAAGGAGTTTC ATTTTAACCTGCCTCTCAGAGAGC 

VIL1 AGCCAGATCACTGCTGAGGT TGGACAGGTGTTCCTCCTTC 

SI GGTAAGGAGAAACCGGGAAG GCACGTCGACCTATGGAAAT 

ZO-1 TGTGAGTCCTTCAGCTGTGGAA GGAACTCAACACACCATTG 

OCLN CATTGCCATCTTTGCCTGTG AGCCATAACCATAGCCATAGC 

CLDN1 CCCAGTCAATGCCAGGTACG GGGCCTTGGTGTTGGGTAAG 

CLDN3 CAGGCTACGACCGCAAGGAC GGTGGTGGTGGTGGTGTTGG 

CLDN5 GCAGCCCCTGTGAAGATTGA GTCTCTGGCAAAAAGCGGTG 

 

Table 5. Antibodies used for hESCs and hESC-ELCs 

Antibodies Catalog No. Company Dilution 

anti-CDX2 ab15258 abcam 1:100 

anti-Villin1 sc-7672 Santa Cruz 1:50 
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Figure 9. Lethal concentration 50 (LC50) for 24 h of all drugs in Caco-2 

cells 

Caco-2 cells were treated with six serial concentrations of eight drugs. Cell 

viabilities depend on logarithmic concentration of (A) CHL, (B) CHX, (C) Ara-

C, (D) DIC, (E) 5-FU, (F) INDO, (G) MTX, and (H) OTC. Data shown are the 

mean ± SD. CHL, Chloramphenicol; CHX, Cycloheximide; Ara-C, Cytarabine; 

DIC, Diclofenac; 5-FU, Fluorouracil; INDO, Indomethacin; MTX, Methotrexate; 

OTC, Oxytetracycline.   
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Figure 10. Lethal concentration 50 (LC50) for 24 h of all drugs in human 

embryonic stem cell-derived enterocyte-like cells 

Human embryonic stem cell-derived enterocyte-like cells (hESC-ELCs) were 

treated with six serial concentrations of eight drugs. Cell viabilities depend on 

logarithmic concentration of (A) CHL, (B) CHX, (C) Ara-C, (D) DIC, (E) 5-FU, 

(F) INDO, (G) MTX, and (H) OTC. Data shown are mean ± SD. CHL, 

Chloramphenicol; CHX, Cycloheximide; Ara-C, Cytarabine; DIC, Diclofenac; 

5-FU, Fluorouracil; INDO, Indomethacin; MTX, Methotrexate; OTC, 

Oxytetracycline.  
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2.5. MTT Assay for LC50 Measurement 

The MTT (CAS number, 298-93-1; product number, M2128; Sigma) 

assay was conducted as previously described (199). Briefly, 7 × 104 cells per 

well were seeded into 96-well plates and exposed to various concentrations 

of all drugs for 24 h. All media were removed and the cells were incubated 

with 200 μL of 0.5 mg/mL MTT solution and dissolved in phosphate-buffered 

saline at 37°C for 4 h. Removal of 100 μL of MTT solution was followed by 

addition of 100 μL of dimethyl sulfoxide to each well, and the plates were 

gently shaken for 10 min to achieve complete dissolution. Aliquots of the 

resulting solution were transferred into new 96-well plates and absorbance 

was recorded at 570 nm using an Epoch Microplate Spectrophotometer (Bio-

Tek, Winooski, VT, USA). 

 

2.6. Ethics Statement for In Vitro Experiments 

The hESCs used in this study were reviewed and approved by the 

Public Institutional Review Board designated by Ministry of Health and 

Welfare (P01-201409-ES-01). 
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2.7. RNA Extraction and Sequencing  

RNA-seq was conducted to compare basic gene expression levels in 

untreated rat small intestine, Caco-2 cells, and hESC-ELCs. To this end, total 

RNA was extracted from the intestinal tissues and cells using GeneAll® 

Hybrid-R™ (Seoul, Korea) according to the manufacturer’s protocol. All RNA 

samples were of high and comparable quality as determined by the Agilent 

2100 Bioanalyzer System (Böblingen, Germany). cDNA libraries were 

generated according to standard procedures using a Lexogen QuantSeq 3′ 

mRNA-Seq Library Prep Kit (Vienna, Austria). Libraries were sequenced on 

an Illumina NextSeq500 (San Diego, CA, USA) in single-end (SE) 75-base 

mode. Each set of RNA-seq data was derived from a single biological sample.  

Illumina reads were trimmed to only retain reads with values higher 

than the average Q20 in Phred quality score using BBDuk (part of BBtools). 

The remaining reads were mapped to the respective reference genome 

sequences (hg19 and rn6; genome database: USCS) using Bowtie2 (200). 

Calculation reads were counted using Bedtools 

(https://bedtools.readthedocs.io/en/latest/). I then quantified and quantile 

normalized gene expression levels using edgeR (201). Read mapping and 

expression quantification were performed separately for each sample.  

The datasets could be found in online repositories. The name of the 

repository and accession number is below: NCBI BioProject Accession 

PRJNA649090.  
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To compare gene expression in samples derived from human and rat, 

I matched each homologue gene from two species using the Ensemble 

Genes 95 database (GRCh38.p12). Genes annotated to cell differentiation, 

secretion, immune response, and inflammatory response were compared to 

determine the similarity of hESC-ELCs to the in vivo model. 

 

2.8. qPCR Analysis  

To perform qPCR of drug-treated samples from in vivo rats, Caco-2 

cells, and hESC-ELCs, 1 μg of extracted RNA from each treated sample was 

reverse transcribed using products from Enzynomics (Daejeon, Korea) to 

obtain cDNA according to the manufacturer’s protocol. Briefly, 1 μg of RNA 

and 1 μL of 100 μM random hexamer were mixed and incubated in a T100™ 

Thermal Cycler (Bio-Rad, Hercules, CA, USA) for 5 min at 70°C and then 

placed on ice. Two microliters of 10X M-MLV RT buffer, 1 μL of M-MLV 

reverse transcriptase (200 U/μL, 2 μL of dNTP mixture (2 mM each), 0.5 μL 

of RNase inhibitor, and sterile water up to 20 μL were added to each sample, 

and the samples were then incubated in the T100™ Thermal Cycler using the 

following protocol: 10 min at 25°C, 60 min at 42°C, 5 min at 94°C, and holding 

at 4°C.  

qPCR was performed with a qPCR System CFX Connect™ (Bio-Rad) 

and CFX Manager 3.1.1517.0823 software (Bio-Rad) using TOPreal™ qPCR 
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2X PreMIX (SYBR Green with low ROX) (Enzynomics) according to the 

manufacturer's protocol. Briefly, qPCR was performed in a final volume of 20 

μL containing 1 μL cDNA, 1 μL forward primer and 1 μL reverse primer, 10 

μL TOPreal™ qPCR 2X PreMIX, and sterile water up to 20 μL. The PCR 

program consisted of an initial denaturing cycle at 95°C for 15 min, followed 

by 40 amplification cycles of 10 s at 95°C, 15 s at the melting temperature, 

and 30 s at 72°C. Primers were purchased from Macrogen (Seoul, Korea) 

and their sequences are listed in Table 6. The results were normalized to the 

level of β-actin, which was used as an internal control (ΔCt = Cttarget gene - Ct -

actin; Ct, cycle threshold). Each sample was measured in triplicate. Relative 

fold-changes in the expression of target genes were determined using the 

comparative 2−ΔΔCt method, with ΔΔCt = ΔCttreated – ΔCtcontrol (202). 
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Table 6. Primer list of metabolism-, oxidative stress-, apoptosis-, inflammation-, and tight junction structure-

related genes and β-actin as a reference gene in human and rat 

Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

Human         

Meta-
bolism-
related 
genes 

CYP1A2 
Cytochrome P450 
family 1 subfamily 

A member 2 

NM_00076
1.5 

CTTCGCTACCT
GCCTAACCC 

GACTGTGTCA
AATCCTGCTC

C 
243 60 (203) 

CYP2B6 
Cytochrome P450 
family 2 subfamily 

B member 6 

NM_00076
7.5 

TGGCCGGGGA
AAAATCGCCA 

GAAGAGCTCA
AACAGCTGGC

CGAA 
373 60 (204) 

CYP2C8 
Cytochrome P450 
family 2 subfamily 

C member 8 

NM_00077
0.3 

CCGTGTTCAA
GAGGAAGCTC 

AGTGGGATCA
CAGGGTGAAG 

73 60 Primer3 

CYP2C9 
Cytochrome P450 
family 2 subfamily 

C member 9 

NM_00077
1.4 

CCTCTGGGGC
ATTATCCATC 

ATATTTGCACA
GTGAAACATA

GGA 
137 60 (205) 

CYP2C19 
Cytochrome P450 
family 2 subfamily 

C member 19 

NM_00076
9.4 

CAACAACCCT
CGGGACTTTA 

GTCTCTGTCC
CAGCTCCAAG 

132 64 (206) 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

CYP2D6 
Cytochrome P450 
family 2 subfamily 

D member 6 

NM_00010
6.6 

CTAAGGGAAC
GACACTCATC

AC 

CTCACCAGGA
AAGCAAAGAC

AC 
289 60 (207) 

CYP2E1 
Cytochrome P450 
family 2 subfamily 

E member 1 

NM_00077
3.3 

GCAAGAGATG
CCCTACATGG

A 

GGGCACGAGG
GTGATGAA 

64 62 (208) 

CYP3A4 
Cytochrome P450 
family 3 subfamily 

A member 4 

NM_01746
0.5 

GAAACACAGA
TCCCCCTGAA 

CTGGTGTTCT
CAGGCACAGA 

161 62 (209) 

CYP24A1 

Cytochrome P450 
family 24 

subfamily A 
member 1 

NM_00078
2.4 

GGCAACAGTT
CTGGGTGAAT 

TATTTGCGGA
CAATCCAACA 

249 60 Primer3 

CES2 
Carboxylesterase 

2 
NM_00136

5405.1 
CATGTTTGTGA

TCCCTGCAC 
AGTTGCCCCC
AAAGAAACTT 

176 64 Primer3 

MAOA 
Monoamine 
oxidase A 

NM_00024
0.3 

CACACCTTTTG
GGAAATGCT 

TGGACTGGCA
TTCATTTTGA 

204 60 Primer3 

NAT 
N-

acetyltransferase 2 
XM_01701

2938.1 

ACGTCTCCAA
CATCTTCATTT

ATAACC 

TCAACCTCTTC
CTCAGTGAGA

GTTTTA 
161 60 (210) 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

Oxida-
tive 

stress 
indi-

cators 

Catalase Catalase 
NM_00175

2.3 

GAACTGTCCC
TACCGTGCTC

GA 

CCAGAATATTG
GATGCTGTGC

TCCAGG 
156 62 (211) 

PXR 
Nuclear receptor 

subfamily 1 group I 
member 2 

NM_00388
9.3 

CTGGAGGTGA
GACCCAAAGA 

CACATACACG
GCAGATTTGG 

133 60 (212) 

SOD1 
Superoxide 
dismutase 1 

NM_00045
4.4 

CTGAAGGCCT
GCATGGATTC 

CCAAGTCTCC
AACATGCCTCT

C 
186 60 (209) 

GPx1 
Glutathione 

peroxidase 1 
NM_00058

1.3 
TGGCTTCTTG
GACAATTGCG 

CCACCAGGAA
CTTCTCAAAG 

530 54 (209) 

HO1 
Heme oxygenase 

1 
NM_00213

3.2 
CTCAAACCTC

CAAAAGCC 
TCAAAAACCAC

CCCAACCC 
220 62 (209) 

iNOS 
Nitric oxide 
synthase 2 

NM_00062
5.4 

CTCTATGTTTG
CGGGGATGT 

TTCTTCGCCTC
GTAAGGAAA 

179 60 (209) 

Apop-
tosis-

related 
genes 

Bad 
BCL2 associated 

agonist of cell 
death 

NM_00432
2.3 

CCCAGAGTTT
GAGCCGAGTG 

CCCATCCCTT
CGTCGTCCT 

249 60 (213) 

Bax 
BCL2 associated 

X, apoptosis 
regulator 

NM_00129
1428.1 

GTCAGCTGCC
ACTCGGAAA 

AGTAACATGG
AGCTGCAGAG

GAT 
81 60 (214) 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

Bcl-2 
BCL2, apoptosis 

regulator 
NM_00063

3.2 

TCAGAGACAG
CCAGGAGAAA

TCA 

CCTGTGGATG
ACTGAGTACC

TGAA 
131 60 (215) 

Bcl-XL BCL2 like 1 
NM_13857

8.2 
ATGGCAGCAG
TAAAGCAAGC 

CGGAAGAGTT
CATTCACTACC

TGT 
149 60 (216) 

Bid 
BH3 interacting 
domain death 

agonist 

NM_19796
6.2 

ACTGGTGTTT
GGCTTCCTCC 

ATTCTTCCCAA
GCGGGAGTG 

159 60 (217) 

Casp3 Caspase 3 
NM_00135

4777.1 

AACTGCTCCTT
TTGCTGTGATC

T 

GCAGCAAACC
TCAGGGAAAC 

130 60 (218) 

Casp7 Caspase 7 
XM_01701

6763.1 

AGTGACAGGT
ATGGGCGTTC

G 

GCATCTATCC
CCCCTAAAGT

GG 
274 60 (219) 

Casp8 Caspase 8 
XM_00524

6885.2 
CATCCAGTCA
CTTTGCCAGA 

GCATCTGTTTC
CCCATGTTT 

128 62 (220) 

Casp9 Caspase 9 
XM_00524

6014.2 
TTCCCAGGTTT

TGTTTCCTG 
CCTTTCACCG
AAACAGCATT 

143 60 (221) 

Fas 
Fas cell surface 
death receptor 

NM_00004
3.5 

AGTTGGGGAA
GCTCTTTCACT

T 

CAGTCTTCCTC
AATTCCAATCC 

163 60 (222) 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

PUMA 
BCL2 binding 
component 3 

NM_00112
7240.2 

GGGGGACTTT
CTCTGCACCA 

CCGTCCCTCT
CCTGGCTTCT 

157 60 Primer3 

TGF-β1 
Transforming 

growth factor, beta 
1 

NM_00066
0.5 

CACGTGGAGC
TGTACCAGAA 

CAGCCGGTTG
CTGAGGTA 

60 60 (223) 

p53 Tumor protein p53 
NM_00054

6.5 

CCCAAGCAAT
GGATGATTTG

A 

GGCATTCTGG
GAGCTTCATCT 

91 62 (209) 

APC 
APC, WNT 

signaling pathway 
regulator 

NM_00003
8.5 

CTGTCCTGCT
GTGTGTGTTC 

TGCTTTCACAC
TTCCAACTTCT 

376 60 Primer3 

Inflam-
mation-
related 
genes 

IL-1β Interleukin 1-beta M15330.1 
ACAGATGAAG
TGCTCCTTCCA 

GTCGGAGATT
CGTAGCTGGA

T 
73 60 (209) 

IL1RN 
Interleukin 1 

receptor 
antagonist 

NM_00057
7.4 

GAGCTTCTGG
CACTTGGAGA

CT 

TAGGGAACTTT
GCACCCAACA

T 
195 60 (224) 

IL-6 Interleukin 6 
NM_00060

0.4 
GTAGCCGCCC

CACACAGA 

CATGTCTCCTT
TCTCAGGGCT

G 
101 66 (225) 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

NF-𝜅B 
Nuclear factor 
kappa-B DNA 

binding subunit 
M58603.1 

CCTCTGTGTTT
GTCCAGCT 

CCGAAAAATT
GGGCATGAGC 

135 60 (209) 

TNF-α 
Tumor necrosis 

factor 
NM_00059

4.3 
ACAAGCCTGT
AGCCCATGTT 

AAAGTAGACC
TGCCCAGACT 

428 66 (209) 

TLR2 Toll like receptor 2 
NM_00131

8789.1 
ATCCTCCAATC
AGGCTTCTCT 

ACACCTCTGTA
GGTCACTGTT

G 
163 61 (209) 

TLR4 Toll like receptor 4 
NM_00326

6.3 

TGGAAGTTGA
ACGAATGGAA

TGTG 

ACCAGAACTG
CTACAACAGAT

ACT 
147 60 (226) 

Tight 
junc-
tion 

struc-
ture-

related 
genes 

OCLN Occludin 
NM_00120

5255.1 

TCAGGGAATA
TCCACCTATCA

CTTCAG 

CATCAGCAGC
AGCCATGTAC

TCTTCAC 
189 64 (209) 

CLDN1 Claudin 1 
NM_02110

1.4 
CGATGAGGTG
CAGAAGATGA 

CCAGTGAAGA
GAGCCTGACC 

174 65 (227) 

CLDN3 Claudin 3 
NM_00130

6.3 
CCAACCTGCA
TGGACTGTGA 

TCGACGGGGT
GGTCAAGTAT 

80 60 (228) 

VIL1 Villin 1 
NM_00712

7.2 
CAAGACAGGC
TCACTCACCA 

TGTCATAGGA
CAGGCTGCTG 

203 60 Primer3 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

TJP1 
Tight junction 

protein 1 
NM_00130

1025.2 

CTCACCACAA
GCGCAGCCAC

AA 

ACAGCAGAGG
TTGATGATGCT

GGG 
141 65 (229) 

Refe-
rence 
gene 

β-actin Actin beta 
NM_00110

1.3 
CATCGAGCAC
GGCATCGTCA 

TAGCACAGCC
TGGATAGCAA

C 
211 64 (209) 

Rat         

Meta-
bolism-
related 
genes 

Cyp1a2 
Cytochrome P450, 
family 1, subfamily 

a, polypeptide 2 

NM_01254
1.3 

AGGGACACCT
CACTGAATGG 

CCGAAGAGCA
TCACCTTCTC 

182 60 (203) 

Cyp2b1 
Cytochrome P450, 
family 2, subfamily 

b, polypeptide 1 

NM_00113
4844.1 

TGAGAACCTC
ATGATCTCCCT

GC 

AGGAAACCAT
AGCGGAGTGT

GG 
81 60 (230) 

Cyp2c7 
Cytochrome P450, 
family 2, subfamily 

c, polypeptide 7 

NM_01715
8.2 

ACGGGGAGAA
GTTTTCTGGT 

TGTGCTTCCTC
TTGAACACG 

181 60 Primer3 

Cyp2c11 
Cytochrome P450, 

subfamily 2, 
polypeptide 11 

NM_01918
4.2 

AAAAGCACAAT
CCGCAGTCT 

GCATCTGGCT
CCTGTCTTTC 

216 60 (203) 

Cyp2c6v1 
Cytochrome P450, 
family 2, subfamily 

NM_00101
3904.1 

ATTGTCCGGG
AAGTCATACG 

TGTTGTCTCTG
TCCCAGCAG 

233 60 Primer3 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

C, polypeptide 6, 
variant 1 

Cyp2d3 
Cytochrome P450, 
family 2, subfamily 

d, polypeptide 3 

NM_17309
3.1 

ATGAGGTCAT
AGGGCAGGTG 

TCAGCACTGA
GGACAGGTTG 

204 60 Primer3 

Cyp2e1 
Cytochrome P450, 
family 2, subfamily 

e, polypeptide 1 

NM_03154
3.1 

CCTACATGGA
TGCTGTGGTG 

CTGGAAACTC
ATGGCTGTCA 

171 60 (231) 

Cyp3a2 
Cytochrome P450, 
family 3, subfamily 

a, polypeptide 2 

NM_15331
2.2 

AGTGGGGATT
ATGGGGAAAG 

CTCCAAATGAT
GTGCTGGTG 

242 60 (203) 

Cyp24a1 

Cytochrome P450, 
family 24, 

subfamily a, 
polypeptide 1 

NM_20163
5.3 

GCATGGATGA
GCTGTGCGA 

AATGGTGTCC
CAAGCCAGC 

269 60 (232) 

CES2 
Carboxylesterase 

2H 
NM_00104

4258.2 
GTTGGCCTCT
GCTGACTTTC 

ATTCAGGAGG
CCACATCATC 

176 60 Primer3 

MAOA 
Monoamine 
oxidase A 

NM_03365
3.1 

GCCAAAGTTC
TGGGATCTCA

AGAAGC 

CACCAGTGAT
CTTGAGCAGA

CCAG 
388 64 (233) 

NAT 
N-

acetyltransferase 1 
NM_00103

7315.1 
GAGGCCACTT
TTGACCACAT 

AAGGTGGACC
ATTTCACTGC 

168 60 Primer3 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

Oxida-
tive 

stress 
indi-

cators 

Catalase Catalase 
NM_01252

0.2 

ACAACTCCCA
GAAGCCTAAG

AATG 

GCTTTTCCCTT
GGCAGCTATG 

76 60 (234) 

PXR 
Nuclear receptor 

subfamily 1, group 
I, member 2 

NM_05298
0.2 

GCAGCTGCGC
GGAGAA 

TTTCCCGTCG
CTCTTGGA 

64 60 (235) 

SOD1 
Superoxide 
dismutase 1 

NM_01705
0.1 

ACACAAGGCT
GTACCACTGC 

CCACATTGCC
CAGGTCTCC 

103 60 (209) 

GPx1 
Glutathione 

peroxidase 1 
NM_03082

6.4 

GTCCACCGTG
TATGCCTTCTC

C 

TCTCCTGATGT
CCGAACTGAT

TGC 
218 66 (209) 

HO1 
Heme oxygenase 

1 
NM_01258

0.2 
CACGCATATA
CCCGCTACCT 

AAGGCGGTCT
TAGCCTCTTC 

227 66 (209) 

iNOS 
Inducible nitric 
oxide synthase 

AY211532.
1 

CACCACCCTC
CTTGTTCAAC 

CAATCCACAA
CTCGCTCCAA 

132 60 (209) 

Apop-
tosis-

related 
genes 

Bad 
BCL2-associated 

agonist of cell 
death 

NM_02269
8.1 

CAGGCAGCCA
ATAACAGT 

CCATCCCTTCA
TCTTCCTC 

100 60 (236) 

Bax 
BCL2 associated 

X, apoptosis 
regulator 

U49729.1 
AGGGTGGCTG

GGAAGGC 
TGAGCGAGGC

GGTGAGG 
93 66 (209) 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

Bcl-2 
BCL2, apoptosis 

regulator 
NM_01699

3.1 

ATCGCTCTGT
GGATGACTGA

GTAC 

AGAGACAGCC
AGGAGAAATC

AAAC 
134 60 (209) 

Bcl-XL Bcl2-like 1 
NM_00103

3670.1 
GGTCGCATTG
TGGCCTTCTT 

CTCTCGGCTG
CTGCATTGTT 

197 60 (237) 

Bid 
BH3 interacting 
domain death 

agonist 

NM_02268
4.1 

CGACGAGGTG
AAGACATCCT 

AGCAGAGATG
GTGCATGACT 

108 60 (217) 

Casp3 Caspase 3 
NM_01292

2.2 

AGTCTGACTG
GAAAGCCGAA

A 

TCTGTCTCAAT
ACCGCAGTCC 

77 60 Primer3 

Casp7 Caspase 7 
NM_02226

0.3 
CAACGACACC
GACGCTAATC 

GGTCCTTGCC
ATGCTCATTC 

161 60 (238) 

Casp8 Caspase 8 
NM_02227

7.1 
CTGGGAAGGA
TCGACGATTA 

CATGTCCTGC
ATTTTGATGG 

117 65 (239) 

Casp9 Caspase 9 
NM_03163

2.1 
AGCCAGATGC
TGTCCCATAC 

CAGGAGACAA
AACCTGGGAA 

124 60 (209) 

Fas 
Fas cell surface 
death receptor 

NM_13919
4.2 

ACCTGGTGAC
CCTGAATCTG 

TGATACCAGC
ACTGGAGCAG 

231 60 Primer3 

PUMA 
Bcl-2 binding 
component 3 

NM_17383
7.2 

CTGGAGCCCC
AGAAATGGAG 

AGGGTCCCCC
AAGTCCGTAT 

236 63 Primer3 



86 
 
 

Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

TGF-β1 
Transforming 

growth factor, beta 
1 

NM_02157
8.2 

ATGACATGAA
CCGACCCTTC 

ACTTCCAACC
CAGGTCCTTC 

177 66 (240) 

p53 Tumor protein p53 
NM_03098

9.3 
GTTCCGAGAG
CTGAATGAGG 

TTTTATGGCG
GGACGTAGAC 

125 66 (209) 

APC 
APC, WNT 

signaling pathway 
regulator 

NM_01249
9.1 

AAACGAGCAC
AGCGAAGAAT 

GCTTTCTGCC
ACTCCTTGAC 

174 60 Primer3 

Inflam-
mation-
related 
genes 

IL-1β Interleukin 1 beta 
NM_03151

2.2 

CTTGTCGAGA
ATGGGCAGTC

T 

TGTGCCACGG
TTTTCTTATGG 

85 62 (209) 

IL1RN 
Interleukin 1 

receptor 
antagonist 

NM_02219
4.2 

CTTATTGCCTC
TGCCCTCTG 

TGATTGGTCT
GGACTGTGGA 

208 62 Primer3 

IL-6 Interleukin 6 
NM_01258

9.2 

TCCTACCCCA
ACTTCCAATGC

TC 

TTGGATGGTC
TTGGTCCTTAG

CC 
79 66 (241) 

NF-κB 
Nuclear factor 

kappa B subunit 1 
NM_00127

6711 
CTTCTCGGAG
TCCCTCACTG 

CCAATAGCAG
CTGGAAAAGC 

366 60 (209) 

TNF-α 
Tumor necrosis 

factor-alpha 
X66539.1 

TCGTAGCAAA
CCACCAAGCA 

CCCTTGAAGA
GAACCTGGGA

GTA 
151 60 (209) 
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Cate-
gories 

Abbr. Gene 
Accession 

number 
Forward primer Reverse primer 

Product 
size (bp) 

Tm 

(℃) 
Ref. 

TLR2 Toll-like receptor 2 
NM_19876

9.2 
CGCTTCCTGA

ACTTGTCC 
GGTTGTCACC

TGCTTCCA 
286 66 (209) 

TLR4 Toll-like receptor 4 
NM_01917

8.1 

GATTGCTCAG
ACATGGCAGT

TTC 

CACTCGAGGT
AGGTGTTTCT

GCTAA 
135 66 (119) 

Tight 
junc-
tion 

struc-
ture-

related 
genes 

OCLN Occludin 
NM_03132

9.2 

AGTACATGGC
TGCTGCTGAT

G 

CCCACCATCC
TCTTGATGTGT 

127 60 (209) 

CLDN1 Claudin 1 
NM_03169

9.2 
CACTTCCAGA
CTCCACCACC 

CCAGGAGGTT
AGCGCTGATA 

92 62 Primer3 

CLDN3 Claudin 3 
NM_03170

0.2 
TTTCTCCCATG
GTGAAGAGG 

TCTGAGACTG
GGTTGGCTCT 

154 60 Primer3 

VIL1 Villin 1 
NM_00110

8224.2 
GCTCTTTGAGT

GCTCCAACC 
GGGGTGGGTC
TTGAGGTATT 

199 62 (242) 

TJP1 
Tight junction 

protein 1 
NM_00110

6266.1 
GCACAGCAAT
GGAGGAAACA 

CCCACTTTTCC
TTAGCTGCTG 

269 62 Primer3 

Refe-
rence 
gene 

β-actin Actin, beta 
NM_03114

4.3 
AACCTTCTTGC
AGCTCCTCCG 

CCATACCCAC
CATCACACCC

T 
193 60 (121) 
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2.9. Histopathological Analysis  

Intestinal tissue samples obtained at the point 5 cm from the pylorus 

were assayed. For histopathological evaluation with a light microscope, 

intestinal tissues were freshly excised and fixed in 10% neutralized formalin. 

The tissues were then processed by routine tissue techniques using a Tissue-

Tek® VIP™ 5 Jr Tissue Processor (SAKURA, Staufen, Germany) and 

embedded in paraffin using HistoCore Arcadia (Leica, Wetzlar, Germany). 

Paraffin-embedded specimens were cut into 4- μ m-thick sections. The 

sections were mounted on slides and stained with haematoxylin and eosin. 

The slides were examined to detect any morphological changes in the tissue 

using an Olympus PROVIS AX70 light microscope (Tokyo, Japan), Nikon DS-

Ri2 camera (Tokyo, Japan), and NIS-Elements BR 4.50.00 software (Tokyo, 

Japan). 

 

2.10. Statistical Analysis 

All statistical analyses were carried out using GraphPad Prism 5.01 

software (GraphPad Software, Inc., La Jolla, CA, USA), R 3.5.2 (The R 

Foundation for Statistical Computing c/o Institute for Statistics and 

Mathematics, Vienna, Austria), and TIGR MultiExperiment Viewer (MeV) 

4.9.0 (The Institute for Genomic Research, and ArrayAssist software, 
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Stratagene, http://www.tm4.org/mev) (243). To identify genes with significant 

differential expression between groups, one-way analysis of variance and 

Dunnett’s multiple comparison test were performed using GraphPad Prism 

software. A p < 0.05 was considered to indicate significance. Hierarchical 

clustering of genes to visualize expression patterns was performed using 

Pearson correlation and average linkage after log2 transformation in TIGR 

MeV. Additionally, correlations between the in vitro models and in vivo model 

were assessed using the non-parametric Spearman rank correlation 

coefficient (rs) (92-94) and Mann-Whitney U test after testing for normality. To 

determine the strength of associations, the correlation coefficient rs was 

interpreted as follows: 0.90–1.00 or -0.90–-1.00), very highly correlated; 

0.70–0.90 or -0.70–-0.90, highly correlated; 0.50–0.70 or -0.50–-0.70, 

moderately correlated; and 0.00–0.30 or 0.00–-0.30, negligibly correlated (95). 

Significance was assigned to differences with a p < 0.05. 
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3. RESULTS 

3.1. Differentiation of Human Enterocytes from hESCs 

The hESCs were efficiently differentiated into DE, HG, and hESC-

ELCs (Figure 11A), as indicated by their altered morphologies (Figure 11B). 

Next, the efficiency of hESC-ELC differentiation was examined based on 

marker expression, intestinal enterocyte-specific markers including the 

intestinal transcription factor CDX2, enterocytes markers VIL1 and SI, and 

tight junction markers ZO-1, OCLN, CLDN1, CLDN3, and CLDN5, which were 

significantly enhanced in hESC-ELCs compared to in hESCs (Figure 11C). 

The enhanced expression were observed in the enterocyte marker proteins 

CDX2 and VIL1 in hESC-ELCs by immunofluorescence analysis (Figure 11D). 

These results demonstrate that hESCs effectively differentiated into hESC-

ELCs, as revealed by the marked increase in the expression of intestinal 

enterocyte-specific marker genes and proteins. 

  



91 
 
 

 

Figure 11. Differentiation of human embryonic stem cells into human 

enterocytes 

(A) Scheme of the differentiation protocol of human embryonic stem cell-

derived enterocyte-like cells (hESC-ELCs) from hESCs. (B) Representative 

morphological changes during differentiation from hESCs to DE, HG, and 

hESC-ELCs. Scale bars are 100 m. (C) Expression levels of gut specific 

marker, enterocyte markers, and tight junction markers in hESCs and hESC-

ELCs assessed by qPCR analysis. Data are presented as mean ± SEM. **p 

< 0.01, and *p < 0.05 according to t-test. (D) Immunofluorescent staining of 

hESCs and hESC-ELCs with CDX2 and VIL1. Scale bars are 20 μm. 
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3.2. RNA-Seq and Comparison of hESC-ELCs with In Vivo and 

In Vitro Models 

Gene expression in the rat small intestine, Caco-2 cells, and hESC-

ELCs was compared and heat-maps were drawn showing the expression 

levels of categorized genes (Figur 12A–12B). The hESC-ELCs were more 

similar to the in vivo model than the in vitro model in case of cell differentiation 

(Figure 12A) and secretion (Figure 12B). In contrast, the hESC-ELCs were 

correlated with Caco-2 cells rather than the rat small intestine for genes 

annotated to the immune response or inflammatory response (Figure 13).  
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Figure 12. Heat-maps in which genes are clustered hierarchically to 

visualize the general expression patterns of rat small intestines, Caco-

2 cells, and hESC-ELCs 

Rat small intestines, Caco-2 cells, and hESC-ELCs were sampled without any 

treatment for (A) and (B). Heat-maps of genes annotated to (A) cell 

differentiation and (B) secretion were represented by three models (columns) 

and their genes (rows). The colour scale at the top represents the expression 

level, where yellow, blue and black colors indicate upregulation, 

downregulation and unaltered expression, respectively.  
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Figure 13. Heat-maps clustering hierarchically genes annotated to 

immune response or inflammatory response to visualize expression 

patterns of rat small intestines, Caco-2 cells, and hESC-ELCs 

Rat small intestines, Caco-2 cells, and hESC-ELCs were sampled without any 

treatment. The expression profiles are represented by three models (columns) 

and their genes (rows). Genes annotated to (A) immune response and (B) 

inflammatory response are listed. The color scale at the top represents the 

expression level, where yellow, blue, and black colors indicate upregulation, 

downregulation, and unaltered expression, respectively.   
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3.3. Relative Changes in mRNA Expression  

To assess the general responses to drug-induced toxicity, the 

transcript levels of metabolism-, oxidative stress-, apoptosis-, inflammation-, 

and tight junction structure-related genes were monitored. While the general 

tendencies in the changes were similar in the rat intestines, Caco-2 cells, and 

hESC-ELCs, the overall results determined in heat-map analysis showed that 

hESC-ELCs more closely mimicked the in vivo reaction of the rat intestines 

than of Caco-2 cells (Figure 14A). As shown in Figure 14B–14H, the relative 

expression levels of metabolism-related genes, such as hCYP2C9/rCyp2c11, 

hCYP2C19/rCyp2c6v1, hCYP2D6/rCyp2d3, hCYP2E1/rCyp2e1, 

hCYP3A4/rCyp3a2, MAOA, and NAT2, were generally increased in the rat 

intestines and hESC-ELCs except for in the 5-FU- and MTX-treated groups. 

The relative expression of the heme oxygenase-1 gene as an oxidative 

stress-related gene showed similar changes in the rat intestines and hESC-

ELCs (Figure 14I), and the ratio of Bax/Bcl-2 as an indicator of apoptosis was 

increased in all groups (Figure 14J). Additionally, the relative expression of 

inflammation-related genes including IL1RN and tumor necrosis factor-α was 

similarly changed in rat intestines and hESC-ELCs (Figure 14K–14L). In 

contrast, the relative expression of hCYP24A1/rCyp24a1 was decreased in 

all groups of Caco-2 cells and hESC-ELCs and increased in the rat intestines 

treated with CHL, CHX, Ara-c, DIC, INDO, and OTC (Figure 14M). These 

results demonstrate that general metabolic and toxic responses of hESC-ELC 
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following exposure to intestinal toxicants are more similar to those in in vivo 

rat intestines than to those in Caco-2 cells despite the expression differences 

in some genes.  
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(Continued) 
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(Continued)  
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Figure 14. Relative mRNA expression levels in rat small intestines, 

Caco-2 cells, and hESC-ELCs. Rat small intestines, Caco-2 cells, and 

hESC-ELCs were sampled after treated with vehicle, CHL, CHX, Ara-C, 
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DIC, 5-FU, INDO, MTX, or OTC 

(A) Heat-map of the entire set of genes was represented by three models 

(columns) and their genes treated with each drug (rows). The colour scale at 

the top represents the expression level, where red, green and black colors 

indicate upregulation, downregulation and unaltered expression, respectively. 

Relative expression of (B) human CYP2C9 and rat Cyp2c11, (C) human 

CYP2C19 and rat Cyp2c6v1, (D) human CYP2D6 and rat Cyp2d3, (E) human 

CYP2E1 and rat Cyp2e1, (F) human CYP3A4 and rat Cyp3a2, (G) MAOA, (H) 

NAT2, (I) HO1, (K) IL1RN, (L) TNF-α, (M) human CYP24A1 and rat Cyp24a1 

were monitored in all groups. Also, (J) ratio of Bax/Bcl-2 were calculated in all 

groups. Data shown are mean ± SEM. *, **, and *** mean statistically 

significant as compared with the CONT group (*, p<0.05; **, p<0.01; ***, 

p<0.001). CONT, control group; CHL, chloramphenicol-treated group; CHX, 

cycloheximide-treated group; Ara-C, cytarabine-treated group; DIC, 

diclofenac-treated group; 5-FU, fluorouracil-treated group; INDO, 

indomethacin-treated group; MTX, methotrexate-treated group; OTC, 

oxytetracycline-treated group. 
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3.4. Correlation between In Vitro Models and In Vivo Model  

To determine the correlation between the in vitro models, Caco-2 

cells, and hESC-ELCs with the in vivo rat intestinal model, Spearman rank 

correlation coefficient (rs) was calculated. The rs between rat intestines and 

Caco-2 cells was -0.0143, indicating a negligible correlation (Figure 15A), 

while rs between rat intestines and hESC-ELCs was 0.566, indicating a 

moderate correlation (Figure 15B). The results showed that hESC-ELCs and 

rat intestines were significantly correlated (p = 0.0000000431), while Caco-2 

cells and rat intestines were not (p = 0.898).  
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Figure 15. Correlation between Caco-2 cells and hESC-ELCs, and rats 

Rat small intestines, Caco-2 cells, and hESC-ELCs were sampled after 

treated with vehicle, CHL, CHX, Ara-C, DIC, INDO, or OTC. (A) Relative gene 

expression of Caco-2 cells are plotted against relative gene expression of rat 

intestines. (B) Relative gene expression of hESC-ELCs are plotted against 

relative gene expression of rat intestines. The strength of association between 

in vitro models and in vivo model are shown with Spearman rank correlation 

coefficient (rs) and associated p value. CHL, chloramphenicol; CHX, 

cycloheximide; Ara-C, cytarabine; DIC, diclofenac; INDO, indomethacin; OTC, 

oxytetracycline.  
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3.5. Morphological Changes in Rat Small Intestines, Caco-2 

Cells, and hESC-ELCs 

Following treatment with the drugs, the morphological changes in 

each group were observed by microscopy. As shown in Figure 16, rat small 

intestine tissues exhibited damaged architectures with decreased villus height 

and blunted villi, consistent with in vitro cellular damage such as cell 

shrinkage and detachment of cells from the cell culture substratum for Caco-

2 cells and hESC-ELCs. In all models, the severity of structural changes was 

most significant in the INDO-treated groups followed by in the DIC-, 5-FU-, 

and OTC-treated groups. The CHL-, CHX-, and MTX-treated groups showed 

mild changes, while the Ara-c-treated groups exhibited subtle changes in all 

the models. 
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Figure 16. Representative morphological changes in rat small intestines, 

Caco-2 cells, and hESC-ELCs 

Rat small intestines, Caco-2 cells, and hESC-ELCs were sampled after 

treated with vehicle, CHL, CHX, Ara-C, DIC, 5-FU, INDO, MTX, or OTC. The 
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rat tissues were stained with haematoxylin and eosin (H&E). Arrows indicate 

damaged intestinal architectures in rat intestines, and arrowheads indicate 

characteristics of apoptotic cell death in Caco-2 cells and hESC-ELCs. All 

scale bars are 100 μm. CHL, chloramphenicol; CHX, cycloheximide; Ara-C, 

cytarabine; DIC, diclofenac; 5-FU, fluorouracil; INDO, indomethacin; MTX, 

methotrexate; OTC, oxytetracycline.  
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4. DISCUSSION 

Stem cells can be developed into toxicological models for various 

organs because of their pluripotency (244). Commercialized cell lines lack the 

ability to mimic in vivo reactions and it is difficult to predict systemic reactions 

in the human body, which is required in tests related to metabolism or toxicity 

(245). Stem cell-based models can complement these conventional models. 

Additionally, models derived from stem cells can be utilized not only in drug 

development but also in disease modeling. Therefore, stem cells may be 

developed as next-generation toxicity models. In this study, hESC-ELCs and 

the in vivo model showed similar patterns in gene expression changes related 

to metabolism, oxidative stress, apoptosis, inflammation, and tight junction 

structure. In addition, the morphological changes following intestinal toxicant 

treatment were similar between the stem cells and rodent model compared to 

the commercialized cell line model, Caco-2 cells. Particularly, hESC-ELCs 

(|𝑟 |, 0.566) were found to be significantly more similar to in vivo rats in 

toxicological responses than Caco-2 cells (|𝑟 |, 0.0143). Moreover, all the 

three models showed severe structural changes when treated with INDO, 

followed by DIC, OTC, and 5-FU; mild changes when treated with MTX, CHX, 

and CHL, and subtle changes with Ara-C.  

Notably, hESC-ELCs exhibited a similar pattern to the in vivo model 

of the small intestine in terms of genes annotated to cell differentiation and 
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secretion within basic expression and metabolism-related genes with toxic 

substances. Secretion is among the main functions of small intestines (246). 

Additionally, metabolic processes in toxicological models are important 

because the severity of the toxic response may depend on the ability to 

produce metabolites (247); chemically reactive metabolites in addition to the 

original material may be toxic. In this study, the expression of genes involved 

in metabolism was increased following treatment with drugs such as DIC, 5-

FU, and OTC in rats and hESC-ELCs. DIC is metabolized to produce 

metabolites such as 4-hydroxy diclofenac, 5-hydroxy diclofenac, diclofenac 

acyl glucuronide, or diclofenac glutathione thioester (248), OTC is 

metabolized to produce 4-epi-oxytetracycline (249), and 5-FU can produce a 

small amount of 5-fluorouridine 5′-triphosphate or 5-fluoro-2′-deoxyuridine 5′-

triphosphate (250). These chemically active metabolites may affect overall 

toxicity.  

Among metabolism-related factors, cytochrome P450 (CYP) is an 

important superfamily and includes heme-thiolate proteins that catalyze the 

biotransformation of drugs and other xenobiotics (251). For CYPs, CYPs in 

enterocytes play an important role in the metabolism and excretion of the 

drugs, while hepatic P450 plays the most important role (252). For example, 

it has been reported that the intestine contributes to drug metabolism 

equivalently to hepatic CYP3A by first-pass metabolism (253-255), although 

the expression of CYP3A level in the intestine is approximately 1% of that 
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observed in the liver (256). In the development of artificial enterocytes, 

CYP3A is the most abundant P450 in the human small intestine, followed by 

CYP2C9, CYP2C19, and CYP2D6 (251). These drug-metabolizing enzymes 

were reported to be expressed in the basal state in tissues without induction, 

and the expression level was increased by exposure to xenobiotics (257). 

Thus, CYP expression should be considered when developing an intestinal 

toxicity model.  

In currently used commercialized cell models, the expression of 

CYPs do not mimic in vivo patterns. In a typical culture environment, Caco-2 

cells, which are derived from human colorectal adenocarcinoma, do not 

express a substantial amount of CYP3A4 (258), CYP2C9 (259), or CYP1A 

and express a small amount of CYP2D6 (260). In T84 cells, which are derived 

from human colorectal carcinoma and thought to be a potential alternative to 

Caco-2 cells (261), the expression of CYP3A4 is controversial (262), while 

CYP2B6, CYP2C9, CYP2C19, and CYP2E1 expression is lacking (263). 

Additionally, FHC cells, derived from the human colon, and HT29 cells, 

derived from human colorectal adenocarcinoma, cannot express CYP2B6, 

CYP2C9, CYP2C19, or CYP3A4 (263). Unlike commercialized cell models, 

hESC-ELCs can similarly reproduce in vivo metabolic functions, indicating 

that hESC-ELCs can be developed as a toxicity assessment model.  

During drug-induced reactions, CYP24A1 expression was increased 

in the in vivo model and decreased in the two in vitro models, and thus, the 
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changes in Caco-2 cells and hESC-ELCs coincided. While the expression of 

CYP24A1 can affect the degree of cell division (264), its expression may be 

decreased by an apoptosis mechanism initiated by oxidative stress (265). 

This phenomenon, in which CYP24A1 expression was not correlated in rats 

and hESC-ELCs, indicates that hESC-ELCs are limited as an in vitro model 

like conventional commercialized cell lines such as Caco-2 cells. In contrast, 

differences in general gene expression were observed between rat intestines 

and hESC-ELCs treated with anticancer drugs including 5-FU and MTX. 5-

FU has been reported to decrease CYP activities (266), while other anticancer 

drugs increase these activities (267). Additionally, definitive differences 

between species were reported in anticancer drug metabolism (268-270). 

Considering the uncommon effects of anticancer drugs on CYPs and species 

differences between humans and rats, the inconsistent results observed in rat 

intestines and hESC-ELCs treated with 5-FU or MTX require further 

examination.  

The hESC-ELCs showed responses similar to in vivo rats, in contrast 

to Caco-2 cells, when treated with intestinal toxins such as CHL, CHX, Ara-

C, DIC, 5-FU, INDO, MTX, and OTC. Particularly, the gene expression of 

enzymes involved in metabolism had a remarkably similar tendency with in 

vivo model, demonstrating that hESC-ELC cell lines may serve as a next-

generation intestinal toxicity evaluation model.  
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For further studies, developing a hepatotoxicity model to combine 

with the hESC-ELCs is necessary for toxicological evaluation (271). Since 

substances absorbed by the intestine are transferred through the portal vein 

to the liver, and the intestine and liver are closely interconnected by 

enterohepatic circulation (173), it is difficult to consider the liver and intestine 

separately in terms of systemic toxicity. Therefore, a functional intestinal 

model should be developed which can assess the toxicity of substances 

towards the integrated liver and intestine system.  
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GENERAL CONCLUSION 

To develop and validate the alternative testing methods for intestine 

toxicity screening, two of promising models were examined in this study. The 

zebrafish was chosen for its systemic responses with its whole in vivo body 

and metabolic enzyme expressions which were reported to be similar with the 

human. Additionally, the pluripotent stem cell-based methods could be one of 

the options based on their specialized functions to differentiate into any kind 

of organs depending on the differentiation protocols.  

Regarding anatomical structures and CYP3A induction, zebrafish are 

a model for human intestinal toxicity worth of being developed. In our study, 

zebrafish as an intestinal toxicity model showed not only a sharp increase of 

CYP3A65 but also significant changes in the expression of indicator genes of 

intestinal toxicity, such as iNOS, Hmox1, Sod1, Gpx1, NF-κB, Bax, Bcl-2, 

Casp9, p53, IL-1β, TNF-α, and Tlr2. The variations identified in zebrafish 

showed similar trends as observed in rats and Caco-2 cells. These results 

ascertain that the zebrafish model is sufficiently worthy of being developed as 

an intestinal toxicity model that can replace or compensate the rat model or 

Caco-2 cell model. 

On the other hand, the hESC-ELCs showed responses similar to in 

vivo rats, in contrast to Caco-2 cells, when treated with intestinal toxins such 

as CHL, CHX, Ara-C, DIC, 5-FU, INDO, MTX, and OTC. Particularly, the gene 
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expression of enzymes involved in metabolism had a remarkably similar 

tendency with in vivo model, demonstrating that hESC-ELC cell lines may 

serve as a next-generation intestinal toxicity evaluation model. 
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국문 초록 

 

장독성시험을 위한 대체시험법의 개발 및 검증 

 

유 보 경 

 

서울대학교 대학원 

수의병인생물학 및 예방수의학 전공 (실험동물의학) 

지도교수: 박 재 학 

 

장독성 평가의 대체시험법을 개발하여야 한다. 설치류를 

이용하는 현재의 독성 평가는 동물복지에 대한 국제적인 각성과 함께 그 

사용이 점차 지양되고 있다. 또한 인간과 실험동물 사이의 종간차이로 

인한 외삽의 어려움이 대두되어 차후 그 사용은 더욱 제한적일 것으로 

예상된다. 때문에 실험동물을 대체하기 위하여 상업화된 시험관내 세포 

모델을 독성평가에 적용하려는 노력이 지속되어 왔으나, 상업화된 
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세포주는 대부분 종양 유래이기에 정상 장기의 반응을 예측하기 

어렵다는 난점이 존재한다. 때문에 현존하는 모델들의 한계를 보완 및 

대체하기 위하여 새로운 독성평가 대체시험법이 필요한 것이다. 이를 

위하여, 새로운 장독성 평가 모델로서 생체내 모델인 제브라피쉬와 

시험관내 모델인 전분화능줄기세포 유래 장세포를 제시하였다. 먼저 

제브라피쉬는 설치류를 하등 척추동물로 대체할 수 있는 

대체시험법으로서, 장독성 모델로서 대체 가능성 평가를 위하여 

현용하는 설치류 랫드 및 상업화된 세포주 Caco-2 세포주와 비교평가 

하였다. 대표적인 장독성물질에 노출하였을 때, 제브라피쉬의 장은 

산화적 스트레스, 세포사, 염증, 구조적 변화와 같은 일반적인 독성 

지표에 있어서, 랫드의 소장과 Caco-2 세포에 대하여 분자생물학적 및 

형태학적으로 동일한 방향성의 변화를 보였다. 또한, 장의 대사를 

통하여 독성 반응에 관여하는 cytochrome P450 3A 효소에 대하여, 

랫드보다도 사람의 세포와 더 유사한 변화를 보였다. 이러한 결과는 

장독성 모델로서 제브라피쉬의 개발 가능성을 시사한다. 다만 

하등동물이라도 동물의 희생이 수반되어야 하고, 사람과 제브라피쉬 

사이의 종간차이 때문에 해석에 어려움이 있다는 한계는 여전하다. 

때문에, 시험계에서 실험동물의 완전한 배제와 종간차이 극복을 위하여, 

전분화능줄기세포를 이용한 장세포를 제작하였다. 사람 배아줄기세포 

유래 장세포 유사 세포 (hESC-ELC)의 분화 프로토콜을 확립하였으며, 
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장독성 모델로서 대체 가능성 평가를 위하여 현용하는 설치류 랫드 및 

상업화된 세포주 Caco-2 세포주와 비교평가 하였다. 독성물질에 

노출하기 전, hESC-ELC 는 Caco-2 세포에 비하여 생체내 동물 모델과 더 

강한 상관성을 보였다. 그리고 대표적인 장독성물질에 노출하였을 때, 

hESC-ELC 는 산화적 스트레스, 세포사, 염증, 구조적 변화와 같은 

일반적인 독성 지표에서 in vivo 모델 및 Caco-2 세포와 유사한 경향을 

보였다. 그리고 무엇보다 장의 대사 측면에서, Caco-2 세포보다 

우수하였다. 장독성물질에 노출되었을 때, hESC-ELC 는 종합적으로 Caco-

2 세포보다도 in vivo 모델에 대하여 강한 상관성을 보였다. 이러한 

결과는 장독성 모델로서 hESC-ELC 의 개발 가능성을 제시한다. 개발된 

장독성 모델에 대한 지속적인 개선을 위한 후속 연구를 통하여, 보다 

우수한 장독성 평가 모델을 개발할 수 있을 것이다.  

  

주요어: 대체시험법, 개발, 검증, 독성시험  

 

학번: 2016-21768  
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