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 3 

Abstract 39 

There are several in vitro systems that enable evaluation of the absorption direction, but there are few quantitative 40 

systems that enable easy evaluation of the excretion direction. Enteroids, organoids derived from intestine, have 41 

been frozen and passaged for various research. But it is not clear how the freezing and passaging affect the 42 

expression and function of transporters. We investigated the effects of passage and cryopreservation of enteroids. 43 

We focused on P-gp (P-glycoprotein) and compared the transfer rates of rhodamine 123 (Rh123) into the lumen 44 

of enteroids with and without a P-gp inhibitor. mRNA expression levels did not change significantly before and 45 

after passage and cryopreservation. Accumulation of Rh123 in the lumen of enteroids was observed. With some 46 

P-gp inhibitors, excretion of Rh123 into the lumen of enteroids was inhibited and the nonexcreted Rh123 47 

accumulated in enteroids epithelial cells. The transfer rate of Rh123 into the lumen of enteroids with a P-gp 48 

inhibitor was significantly decreased compared to that of without a P-gp inhibitor. Before and after passage and 49 

cryopreservation, the transfer rate was almost the same as that of primary cultured enteroids. We succeeded in 50 

easily evaluating whether a component is a substrate of P-gp using enteroids.  51 

 52 

Keywords: Enteroids; efflux transporter; P-glycoprotein, cryopreservation; passage.  53 

  54 
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Introduction 55 

 ATP-binding cassette (ABC) transporters including P-glycoprotein (P-gp), breast cancer resistance 56 

protein (BCRP), and multidrug resistance-associated protein (MRP) have been shown to play important roles in 57 

excretion of xenobiotics and biological defense. 1,2 These transporters are expressed wherever needed in tissues. 3-58 

5 Luminal drugs or food ingredients may cause some drug-drug, drug-food and food-food interactions. These 59 

interactions would increase the risk of adverse events and should be avoided. Therefore, it is important to 60 

investigate the absorption and metabolism mechanisms. Methods that have been devised to clarify the mechanism 61 

of gastrointestinal absorption of drugs include methods that enable in vitro evaluation with maintenance of the 62 

physiological state in the gastrointestinal tract in which cells and tissues other than absorbing epithelial cells are 63 

mixed. 6,7 However, there has been few experimental systems that enable easy evaluation of the functions of efflux 64 

transporters.  65 

 Enteroids made from the small intestine are organoids in which stem cells contained in the crypts 66 

differentiate and proliferate into various intestinal epithelial cells, and these cells adhere to each other to self-67 

assemble. 8 Due to the characteristics of the three-dimensional structure, enteroids maintain a physiological state 68 

in which tissues and endocrine, goblet and Paneth cells other than absorbing epithelial cells coexist, so it is 69 

considered that gastrointestinal absorption mimicking the actual small intestine is performed. 8-10 Enteroids have 70 

a closed structure with a gastrointestinal lumen inside. It has been a useful tool for mass transport analysis as an 71 

in vitro system close to the in vivo system. 11-14 We focused on the above-mentioned characteristics of enteroids 72 

and came up with the idea of constructing a simple evaluation system for the involvement of efflux transporters.  73 
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 In addition, although an experimental system using enteroids would have many advantages, it requires 74 

a lot of time and effort to acquire a procedure because it requires many operations that rely on experience in the 75 

isolation process of the small intestinal crypt. Cultured cells have also been used as a tool for transport analysis in 76 

pharmacokinetics. Some cultured cells are given a recommended number of passages because the longer the cells 77 

are in culture, the more they change their characteristics. There are reports of significant increases in P-gp 78 

expression in Caco-2 cells at different numbers of passages. 15 Warrier also reported that the expression revels of 79 

P-gp and MRP2 differ in Caco-2 cells depending on the number of passages, culture days, and culture conditions. 80 

16 It has been known that enteroids can be frozen and passaged. 10,17,18 These reports led us to wonder whether the 81 

expression revels of transporters may also change in organoids depending on passages and cryopreservation. 82 

However, little has been investigated about how the expression of transporters that affect pharmacokinetics 83 

changes in organoids after passage or cryopreservation.  84 

 The aim of this study was 1) to investigate the expression level of efflux transporters in freezing and 85 

passaging of enteroids and 2) to establish a novel mass transport experimental system using enteroids and apply it 86 

to evaluation of the functions of efflux transporters. To evaluate the drug efflux system, we focused on one of the 87 

major efflux transporters, P-gp, that functions by utilizing energy from ATP hydrolysis. We have developed a 88 

simple evaluation system that can quantify the influence of P-gp even if the shape and size of each enteroid are 89 

different. 90 

 91 

Materials and methods 92 

Chemicals 93 
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 94 

 Rhodamine 123 (Rh123), verapamil hydrochloride and Y-27632 dihydrochloride were purchased from 95 

Sigma-Aldrich (MI, USA). Cyclosporin A was purchased from Toronto Research Chemicals Inc. (ON, Canada). 96 

Reagents were purchased from FUJIFILM Wako Pure Chemical Corp. (Osaka, Japan) unless otherwise noted. All 97 

reagents were of the highest grade available and were used without further purification.  98 

 99 

Animals 100 

 101 

Male C57BL/6J mice, aged 6 weeks (20-25 g in weight), were obtained from Jla (Tokyo, Japan). All mice 102 

were housed in plastic cages (360 mm × 120 mm × 160 mm, Natsume Seisakusyo Co., Ltd., Tokyo, Japan). There 103 

were 3-4 mice in each cage. The rearing facilities were specific pathogen-free and were maintained at 23 ± 3ºC 104 

(room temperature) and 50 ± 10% relative humidity with a 12-h light/dark cycle. For acclimation, mice were 105 

allowed free access to food (Picolab® Rodent Diet 20 (Lab Supply Inc., Texas, USA)) and water for at least 1 week 106 

as described previously. 19 The experimental protocols were reviewed and approved by the Hokkaido University 107 

Animal Care Committee in accordance with the “Guide for the Care and Use of Laboratory Animals (18-0044)”. 108 

 109 

Crypt isolation and preparation of organoids 110 

 111 

 Crypts were isolated by a procedure described in a previous report with some modification. 20 The 112 

proximal jejunum of 5 cm in length was removed from mice euthanized by cervical dislocation. The small intestine 113 
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was flushed with ice-cold PBS (phosphate buffer saline) and cut open lengthwise on ice. The villi were scraped 114 

off using a scalpel blade (Feather Safety Razor Co. Ltd., Osaka, Japan), and remaining tissue was washed with 115 

ice-cold PBS (phosphate buffer saline) (137 mM NaCl, 2.68 mM KCl, 8.10 mM Na2PO4, 1.47 mM KH2PO4) and 116 

incubated in 30 mM EDTA (ethylenediaminetetraacetic acid) with Ca2+ and Mg2+ free Hank’s balanced salt 117 

solution (HBSS) and rotated 5 rpm for 10 min at room temperature. The tissue was shaken vigorously 20 times in 118 

fresh ice-cold HBSS to exfoliate crypts followed by transfer to ice-cold fresh HBSS (fraction #1) and the tissue 119 

was shaken 50 times in the same way in fresh ice-cold HBSS (fraction #2) and the shaking step was repeated 120 

(fraction #3). The tissue was shaken 100 times in the same way and fraction #4 was obtained. Each fraction was 121 

centrifuged at 400 g for 4 min at 4ºC and isolated crypts were resuspended in HBSS supplemented with 10 μM Y-122 

27632. Y-27632 is a potent ROCK (Rho-associated coiled-coil forming kinase: Rho-binding kinase) inhibitor that 123 

acts in a specific and ATP antagonistic manner. Ham et al. reported that Y-27632 increased the survival rate of 124 

enteroids in preparation of enteroids and culture, cryopreservation. 18 According to the report, we added Y-27632 125 

in our medium. After counting the crypts of each fraction, the fraction with >80% purity of crypts was centrifuged 126 

at 400 g for 4 min at 4ºC. It is important to ensure high purity of the crypts. The supernatant was removed and a 127 

total of 125 crypts were gently mixed with 12.5 μL of IntestiCult™ OGM (IntestiCult™ Organoid Growth Medium 128 

(mouse) (STEMCELL Technologies Inc., Vancouver, Canada). IntestiCult™ OGM was composed of IntestiCult™ 129 

OGM basal medium/IntestiCult™ OGM Mouse Supplement 1/IntestiCult™ OGM Mouse Supplement 2=90/5/5 130 

(v/v/v) and 100 units/mL of penicillin/streptomycin. Twelve point five μL of Matrigel (Corning Inc., NY, USA) 131 

was then added to this suspension and plated in 48-well plates (Thermo Fisher Scientific, MA, USA) at 37ºC. After 132 

polymerization of Matrigel with incubation for 10 min at 37ºC, 250 μL of IntestiCult™ OGM was added and 500 133 
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μL of PBS at 37ºC was added. Matrigel-embedded crypts were cultured in an atmosphere of 5% CO2/95% air at 134 

37ºC. The culture medium was changed every day or every 2 days. Bright-field microscopic observations of 135 

morphological changes in enteroids from seeding to 7 days later are shown as Supplemental Figure 1. The U-136 

shaped portion of the crypts begin to close about 2 hours after seeding (Supplemental Fig. 1-A), while the villi 137 

fragments do not grow. 1-2 days after seeding, the crypts become spherical (Supplemental Figs. 1-B, C), crypt-138 

like domains appear from day 3 (Supplemental Fig. 1-D), and crypt-like domains proliferate and elongate from 139 

day 4 onward (Supplemental Figs. 1-E, F). 140 

 141 

Cell culture and cryopreservation 142 

 143 

 For passage, IntestiCult™ OGM was removed from the enteroids after 7 days of culture and Gentle 144 

Cell Dissociation Reagent (STEMCELL Technologies Inc.) was added and mixed to crush Matrigel. The enteroids 145 

were centrifuged at 440 × g for 5 min at 4ºC and the supernatant was removed. Ten milliliters of DMEM/F12 with 146 

15 mM HEPES (STEMCELL Technologies Inc.) was added and mixed. The centrifugation and removal of the 147 

supernatant were then repeated. The enteroids were seeded at the density of 150 crypts/well into a new 48-well 148 

plate as described above. For cryopreservation, IntestiCult™ OGM was removed from the enteroids after 7 days 149 

of culture and ice-cold PBS was added and mixed to crush Matrigel. After centrifugation twice as described above, 150 

CryoStor CS10 (STEMCELL Technologies Inc.) with 10 μM Y-27632 was added to the pellet and transferred to a 151 

cryotube (200 crypts/1 mL of CryoStor CS10). The enteroids was preserved in liquid nitrogen after freezing at -152 

80ºC for 24 h. 153 
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 154 

RT-PCR and quantitative real-time PCR analysis 155 

 156 

 RT-PCR (reverse transcription polymerase chain reaction) was performed as described in a previous 157 

report with some modification. 21 Total RNA was prepared from mouse enteroids using RNAiso Plus (Takara Bio 158 

Inc., Shiga, Japan). Single-strand cDNA was made from total RNA by reverse transcription using ReverTra Ace® 159 

qPCR RT Master Mix with gDNA remover (TOYOBO Co. Ltd., Osaka, Japan). PCR was performed with 10 μg 160 

of genetic template DNA using Sapphire Amp Fast PCR Master Mix (Takara Bio) through 30 cycles of 98ºC for 161 

5 sec, 55ºC for 5 sec and 72ºC for 5 sec followed incubation for 1 min at 94ºC. The sequences of the specific 162 

primers are shown in Table 1. The PCR products were subjected to electrophoresis on a 1% agarose gel and then 163 

visualized by ethidium bromide staining with UV light.  164 

 Real-time qPCR was performed with 10 μg of genetic template DNA using TB Green™ Premix Ex 165 

Taq™ II (Tli RNaseH Plus) (Takara Bio) through 2-step PCR with 40 cycles of 95ºC for 5 sec and 60ºC for 30 sec 166 

after preincubation for 30 sec at 95ºC and dissociation reaction were performed after PCR for 5 sec at 95ºC and 167 

for 30 sec at 60ºC. The PCR products were normalized to amplified Gapdh (glyceraldehyde 3-phosphate 168 

dehydrogenase), which was the internal reference gene (housekeeping gene). A standard curve was established 169 

between the threshold cycles (Ct) and the log10 (copy numbers) by using Applied Biosystems sequence detection 170 

system software, version 110.61. The software calculates the relative amount of the target gene to the housekeeping 171 

gene based on the Ct value. 172 

 173 
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Uptake study in enteroids 174 

 175 

 The enteroids were seeded at the density of 150 crypts/well into a new 48-well plate (flat bottom, non-176 

pyrogenic, polystylene). Enteroids of 5-7 days after seeding were used for an uptake assay. At this time, enteroids 177 

with a size of about 50-100 µm and a proliferated and elongated crypt-like domain were used. The medium was 178 

aspirated from the wells to be used for the experiment. Rh123 (final conc. of 1 μM) in Advanced DMEM/F12 179 

(Thermo Fisher Scientific) with or without P-gp inhibitors (cyclosporine A, verapamil and quinidine) (each final 180 

conc. of 20 μM) 22 or Rh123 (final conc. of 1 μM) in transport buffer (140 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl2, 181 

0.8 mM MgSO4, 25 mM HEPES, no glucose, pH 7.5 adjusted with Tris) with or without mitochondrial ATP 182 

production (final conc. of 10 mM) were prepared. These solutions were pre-warmed to 37°C and added at 250 183 

μL/well. They were incubated up to 60 min in an atmosphere of 5% CO2/95% air at 37ºC or 4ºC. After the 184 

designated time, the enteroids were analyzed by using a fluorescence microscope (BZ-9000, KEYENCE Corp., 185 

Osaka, Japan).  186 

 187 

Analytical procedures 188 

 189 

 In a photographic image of enteroids 60 min after uptake taken by the microscope, a two-dimensional 190 

profile plot of pixel intensities along a straight line in the fluorescence image was made using Image J (NIH). For 191 

analysis of the profile of enteroids and calculation of the substrate transfer rate of enteroids to the lumen, an image 192 

taken in a bright field was subjected to negative/positive reversal processing and then colored by pseudo color 193 
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processing, and the fluorescent blur was removed by haze reduction. The concentration gradient on an arbitrary 194 

straight line in the image obtained by these treatments was graphed by ImageJ, and the range from A to B and C 195 

to D was defined as the epithelial cell, and the range from B to C was defined as the lumen. A, B, C and D on an 196 

arbitrary straight line were selected as a contoured signal in the whole enteroid (Supplemental Figure 2). An 197 

arbitrary straight line is drawn so that it passes near the center of the enteroid. It is drawn from any points to include 198 

the epithelial cell and the lumen area. The straight line used when the contour of the enteroid was determined was 199 

fitted to the fluorescence image of the uptake experiment, and the transfer rate of the substrate to the lumen of the 200 

enteroid was calculated on the basis of defined A, B, C and D. Specifically, the concentration in the lumen was 201 

calculated by subtracting the background value from the average value of the fluorescence intensity in the range 202 

of B to C. The concentration in epithelial cells was calculated by subtracting the background value from the average 203 

value of the fluorescence intensities in the ranges of A to B and of C to D. The background value was the average 204 

value of the fluorescence intensity in the area where there was no enteroid. From these calculations, the ratio of 205 

the concentration in the lumen to the concentration in epithelial cells was defined as the transfer rate of the substrate 206 

to the lumen of the enteroid. The formula for calculating the transfer rate was as follows:  207 

Lumen concentration
Concentration in epithelial cells

 208 

=
(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐵𝐵 𝑡𝑡𝑡𝑡 𝐶𝐶) − (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)

(𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝐴𝐴 𝑡𝑡𝑡𝑡 𝐵𝐵 𝑎𝑎𝑎𝑎𝑎𝑎 𝐶𝐶 𝑡𝑡𝑡𝑡 𝐷𝐷) − (𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏)
 209 

 210 

Statistical analysis  211 

 212 

 Student’s t-test was used to determine the significance of differences between two group means. 213 
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Statistical significance among means of more than two groups was determined by one-way analysis of variance 214 

(ANOVA) followed by Dunnett’s test or the Tukey-Kramer test. Statistical significance was defined as p<0.05. 215 

  216 

Results 217 

mRNA expression levels of P-gp, Bcrp and Mrp2 in enteroids 218 

 219 

 In the first part of this study, the mRNA expressions levels of ABC transporters were confirmed. We 220 

had already confirmed the mRNA expression of Mdr1, Mrp2, Bcrp, Gapdh and Villin in our prepared mouse 221 

enteroids. There was no significant difference in the mRNA expression levels of any of the transporters (Mdr1, 222 

Mrp2 and Bcrp) depending on the number of passages and number of culture days (Fig. 1). The expression of 223 

Villin, an intestinal epithelium marker, in primary cultured enteroids was almost the same regardless of the number 224 

of culture days.  225 

 We then evaluated the expression of these transporters before and after cryopreservation of enteroids. 226 

At day 3 of cryopreservation after thawing, the mRNA expression levels of Mdr1 and Mrp2 were significantly 227 

increased compared with the levels before cryopreservation (Fig. 2). The expression of Bcrp tended to increase at 228 

the same time point. There was no significant difference in the relative expression levels of these transporters when 229 

corrected with Villin (data not shown). 230 

 231 

Accumulation of Rh123 and effects of P-gp inhibitors and inhibitors of mitochondrial ATP production on Rh123 232 

accumulation in enteroids  233 
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 234 

 The fluorescence of Rh123, a substrate of P-gp, accumulated in the lumen of enteroids over time when 235 

exposed to enteroids (Fig. 3A). We confirmed that there was no accumulation of Rh123 fluorescence in the enteroid 236 

lumen up to 60 min in accordance with our expectation that transporters would not work at 4ºC (data not shown). 237 

On the other hand, when cyclosporin A as a P-gp inhibitor was exposed in combination with Rh123, it was 238 

observed that the enteroids accumulated not in the lumen but in the outer peripheral part, that is, in epithelial cells. 239 

(Fig. 3B). We then investigated whether similar results could be obtained with inhibitors other than cyclosporine 240 

A. Fig. 4 shows bright and dark field images and a profile plot of fluorescence intensity of Rh123 along the yellow 241 

line in the dark field image. It was confirmed that Rh123 accumulated in epithelial cells of the enteroid in the 242 

presence of P-gp inhibitors (verapamil and quinidine), whereas it accumulated in the lumen of the enteroid in the 243 

absence of a P-gp inhibitor (Figs. 4C, 4D). In addition, we investigated the accumulation of Rh123 using inhibitors 244 

of ATP production and transport buffer (no glucose) in order to confirm that these results were based on the 245 

inhibition of P-gp activity by the inhibition of ATP production. Accumulation of Rh123 in enteroids was similar 246 

to that of P-gp inhibitors even when ATP was depleted (Fig. 4E). These results showed that an ATP production 247 

inhibitor inhibited the activity of P-gp and inhibited the extracellular efflux of Rh123 that accumulated in epithelial 248 

cells.  249 

  250 

Quantitative analysis of Rh123 accumulation in enteroids  251 

 252 

 We next evaluated the effects not only qualitatively but also quantitatively. We analyzed fluorescence 253 
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images by the methods described in analytical procedures in Materials and Methods. The average ratios of the 254 

concentration in the lumen to the concentration in epithelial cells were 0.68, 0.77 and 0.81 for cyclosporine A, 255 

verapamil and quinidine, respectively, in the P-gp inhibitor group and 1.4 in the ATP production inhibitor group, 256 

which were significantly reduced compared to the ratio in the control group (3.0) (Fig. 5A). On the other hand, the 257 

transfer rate of antipyrine, a negative control, 23 was 3.0. There was no significant difference between the control 258 

and antipyrine groups. 259 

 We focused on the effects of passage and cryopreservation on the accumulation of Rh123 in enteroids. 260 

The transfer rates in the control group and the negative control group were about 3.0 even when the enteroids were 261 

used after passage and after cryopreservation (Figs. 5B, 5C). In addition, the values in the P-gp inhibitor groups 262 

were significantly smaller than the value in the control group. Regardless of whether enteroids were used after 263 

passage or cryopreservation, the transfer ratio from the epithelium to the lumen was approximately 1.3 the P-gp 264 

inhibitor combination group (verapamil and quinidine). However, it was shown that the inhibitory effect was 265 

slightly smaller than that of the enteroid in the case of passage after primary culture in conditions (data not shown). 266 

  267 

Discussion 268 

 The enteroid prepared from the small intestine is an organoid in which the stem cells contained in the 269 

crypts grow and differentiate into mainly four types of cells (absorptive, goblet, endocrine and Paneth cells) and 270 

these cells adhere to each other to self-assemble. 8 Enteroids maintain a physiological state in which cells and 271 

tissues other than absorbing epithelial cells coexist, and substance transport mimicking the actual small intestine 272 

has been performed. 8,9 In recent years, there have been increasing reports of studies of ES cell- and iPS cell-273 
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derived organoids and human intestinal organoids. 24,25 Several experimental models using enteroids have been 274 

used as a tool for analysis of various functions of the small intestine as a useful as an in vitro system that is close 275 

to the in vivo system. 20, 26-28 There are some systems that enable evaluation of the absorption direction (apical to 276 

basolateral). 12 Injections into the lumen of the enteroids are necessary to evaluate the direction of absorption. This 277 

injection a solution into an enteroid of about 100 nm would require skillful technique. On the other hand, there are 278 

few systems that enable easy and proper evaluation of the excretion direction (basolateral to apical). Due to the 279 

characteristics of three-dimensional structures and a structure in which the inside of enteroid is closed on the side 280 

of the gastrointestinal lumen, we tried to construct an evaluation system of the influence of efflux transporters. 281 

Although there have been several reports using enteroids to study the influence of efflux transporters, 13,14,29,30 282 

reproducibility, that is, the influence of subculture and cryopreservation of enteroids, has not been investigated in 283 

detail. There are some reports that some cultured cells increase or decrease in transporter expression depending on 284 

the number of passage and days in culture. This suggested the need to confirm the same in enteroids. In this study, 285 

we investigated that expression levels of efflux transporters and the influence of passages and cryopreservation in 286 

murine enteroids.  287 

 Firstly, the mRNA expressions levels of ABC transporters were confirmed by RT-qPCR. There was no 288 

significant difference in the mRNA expression level of any of the transporters (Mdr1, Mrp2 and Bcrp) with 289 

different numbers of culture days (Fig. 1). The expression of Villin, an intestinal epithelium marker, in primary 290 

cultured enteroids tended to decrease daily. There were no significant differences in the mRNA expression level 291 

of Villin in the number of culture days after passage. A comparison before and after passage showed that the 292 

expression of each transporter tended to increase. Liu et al reported that the expression levels of cystic fibrosis 293 
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transmembrane conductance regulator (cftr) and other acid-base transporters were almost the same as the levels 294 

before passage. 10 Our results are almost consistent with their results. We then investigated the expression levels 295 

of these transporters before and after cryopreservation of enteroids. At day 3 of cryopreservation, the mRNA 296 

expression levels of Mdr1 and Mrp2 were significantly increased (Fig. 2). The expression of Bcrp tended to 297 

increase at the same point. However, after correcting these expression levels with Villin, there was no significant 298 

difference for each transporter (data not shown). Fuller et al. reported that crypt expansion and viability of enteroids 299 

after cryopreservation were almost the same as those before cryopreservation. 17 It is thought that transporter 300 

expression was increased due to an increase in the percentage of epithelial cells in enteroids. In the present study, 301 

we found significant differences in the expression of Mdr and Mrp2 at the mRNA level, but the ratio was less than 302 

2, which is not considered a physiologically meaningful difference. 303 

 We focused on P-gp, the major efflux transporter, and analyzed the function in detail. Rh123 304 

accumulated in the lumen of enteroids up to 60 min (Fig. 3). These results are consistent with the results of a 305 

previous study. 11 For additional analysis, we obtained a profile plot of pixel intensities at 60 min after uptake of 306 

Rh123 with or without each P-gp inhibitor. Excretion of Rh123 into the lumen of enteroids was inhibited by several 307 

P-gp inhibitors and the Rh123 that was not excreted accumulated in enteroid epithelial cells (Figs. 4A-4D). As 308 

well as using P-gp inhibitors, almost the same result was obtained even when an inhibitor of ATP production was 309 

used (Fig. 4E). We considered that we could eliminate the effect of glucose-derived ATP production if when using 310 

both substances as an inhibitor and transport buffer without glucose. These are based on that sodium azide inhibits 311 

mitochondrial complex IV, and sodium fluoride inhibits ATP production by inhibiting glycolytic enolase. 31 In Fig. 312 

4-E, the effect of ATP-depletion on the accumulation of Rh123 is less than those of other P-gp inhibitors. In this 313 
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study, we used 10 mM ATP-depleting agents and a transport buffer with no glucose, but glucose was included (4.5 314 

g/L, equivalent to 25 mM) as the constitutive medium (DMEM) of the Matrigel in which the enteroids were 315 

embedded. It is possible that glucose was supplied by this Matrigel and did not create the condition of ATP 316 

depletion that we intended. 317 

 We next evaluated the effects of P-gp inhibitors and an inhibitor of ATP production on the excretion 318 

of Rh123 to lumen of enteroids using a profile plot of pixel intensities (Supplemental Fig. 2). Zhang et al. reported 319 

the functions of Bcrp and Mrp2 using enteroids. 13,14 They measured the fluorescent substrates of these transporters 320 

in whole enteroids containing the lumen and epithelial cells. We then thought that it would be easier to evaluate 321 

by dividing the amount excreted into the lumen of enteroid by the amount accumulated in epithelial cells. We 322 

focused on the effects of passage and cryopreservation on the accumulation of Rh123 in enteroids. When two 323 

parameters of fluorescence, exposure time and excitation light control, were changed at the same time and 324 

fluorescence images were taken, the ratio of the calculated intraluminal concentration to the epithelial cell 325 

concentration was almost the same (data not shown). We therefore considered that the data calculated from a single 326 

fluorescence image could be regarded as almost the same even under different measurement conditions. It is 327 

possible to evaluate the function of an efflux transporter after eliminating the differences in the solidity of the 328 

enteroid and the measurement conditions. We then analyzed the translocation rate of Rh123 into the enteroid lumen 329 

by defining the ratio of luminal Rh123 concentration to epithelial cell concentration. The ratios of the concentration 330 

in the lumen to the concentration in epithelial cells was 0.50, 0.77 and 0.77 were for cyclosporine A, verapamil 331 

and quinidine, respectively, in the P-gp inhibitor group and 1.53 in the ATP production inhibitor group, which were 332 

significantly reduced compared to the ratio in the control group (Fig. 5A). The transfer rates in the control group 333 
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and the negative control group were about 3 even when the enteroids were used after passage and after 334 

cryopreservation (Figs. 5B, 5C). In addition, the values in the P-gp inhibitors group were significantly smaller than 335 

the value on the control group. However, it was shown that the inhibitory effect was slightly smaller than that of 336 

the enteroid in the case of primary culture in both conditions. Although the control and negative control values 337 

were not different before and after passage and cryopreservation, the inhibitory rate of Rh123 lumen transfer by 338 

the inhibitor was slightly lower than that in the primary culture in enteroids after freezing or passage. It is necessary 339 

to further elucidate the reason why the function is slightly decreased despite the fact that the expression level does 340 

not change. These values obtained at this stage should be considered as reference values since the activity of P-gp 341 

may have changed. Since this experimental system showed the same tendency at the time of freezing and passage 342 

as that at the time of primary culture, there is a possibility that it can be used as a simple screening tool. Recently, 343 

Okada et al., reported the establishment of the preparation of human intestinal organoids using cryopreserved 344 

human small intestinal epithelial cells and reported that their properties were similar to those of biopsy-derived 345 

human intestinal organoids. In this study, we have reported the results in mice. 25 Further studies are needed to 346 

investigate the various influences of long-term cryopreservation. 347 

 The effects of passage and cryopreservation on the expression and function of efflux transporters of 348 

enteroids were investigated in this study. There are some surfactants that could be substrates for P-gp among those 349 

contained in emulsions such as Cremophor EL. 32 We previously reported that emulsions and solid dispersions 350 

could significantly improve the absorption of lutein and coenzyme Q10, which are lipophilic nutrients. 33-35 In the 351 

case of a formulation using some new surfactants, 35 it would be necessary to evaluate the effect of the formulation 352 

itself on the small intestine. The technology of injection into the lumen of enteroids may also allow easier 353 
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evaluation of the effects of these formulations such as those administered orally.  354 

 For this study, it is important to use a good fluorescent substrate of the target efflux transporter. Drug-355 

drug interactions and food-drug interactions would increase the risk of adverse events and should be avoided. Our 356 

results should lead a reduction in the number of experimental animals and enable easy evaluation of the possibility 357 

of drug-drug or drug-food interactions. Further studies to apply this system to evaluation of the intestinal 358 

absorption mechanism are in progress.  359 
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Figure legends 469 

Fig. 1 mRNA expression levels of efflux transporters before and after passage of murine enteroids. 470 

Primary cultured enteroids at days 3, 5 and 7 and cultured enteroids at days 3, 5 and 7 after passage were collected. 471 

mRNA expression levels of Villin and efflux transporters (Mdr1, Mrp2 and Bcrp) were measured by real-time 472 

qPCR. The mRNA level was calculated by the relative calibration curve method with the expression level on day 473 

3 of the primary cultured enteroid as the standard. Each column represents the mean with S.D. of 6 measurements.  474 

 475 

Fig. 2 mRNA expression levels of efflux transporters before and after cryopreservation of murine enteroids.  476 

Primary cultured enteroids at days 3, 5 and 7 and enteroids cultured at days 3, 5 and 7 after thawing following 477 

cryopreservation were collected. mRNA expression levels of Villin and efflux transporters (Mdr1, Mrp2 and Bcrp) 478 

were measured by real-time qPCR. The mRNA level was calculated by the relative calibration curve method with 479 

the expression level on day 3 of the primary cultured enteroid as the standard. Each column represents the mean 480 

with S.D. of 8 measurements. *; Significantly different by one-way ANOVA and by the Tukey-Kramer test. 481 

 482 

Fig. 3 Accumulation of Rh123 in enteroids up to 60 min. 483 

The cultured enteroids were treated in 1 μM Rh123 (A) and 1 μM Rh123 + 20 μM cyclosporin A (B) for up to 60 484 

min. Images of the enteroids were taken by a fluorescence microscope at the designated times. Scale bar shows 485 

100 μm. The data shown are typical results from 3 independent experiments.  486 

 487 

Fig. 4 Effects of P-gp inhibitors and an inhibitor of ATP production on the accumulation of Rh123 in 488 
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enteroids. 489 

Cultured enteroids were treated in 1 μM Rh123 (A) and 1 μM Rh123 + 20 μM cyclosporin A (B), + 20 μM 490 

verapamil (C), + 20 μM quinidine (D) and 1 μM Rh123 + 10 mM inhibitor ATP depletion (sodium azide and 491 

sodium fluoride) with buffer without glucose (only (E)) for up to 60 min. Images of the enteroids were taken by a 492 

fluorescence microscope at 60 min after addition of reagents. A bright field image and a dark field image and a 493 

profile plot of pixel intensities obtained by the method described in analytical procedures in Materials and Methods 494 

in each condition are shown. Scale bar shows 100 μm. The data shown are typical results from 3 independent 495 

experiments.  496 

 497 

Fig. 5 Comparison of transfer rates of Rh123 into the lumen of enteroids in the presence of P-gp inhibitors 498 

and an inhibitor of ATP production (A) and effects of passage (B) and cryopreservation (C) on the transfer 499 

rate of Rh123 into the lumen of enteroids. 500 

(A) Cultured enteroids were treated in 1 μM Rh123 only and 1 μM Rh123 + 20 μM cyclosporin A, verapamil, 501 

quinidine (P-gp inhibitors), antipyrine (negative control of P-gp inhibitor) and 1 μM Rh123 + 10 mM inhibitor 502 

ATP depletion (sodium azide and sodium fluoride) with buffer without glucose for up to 60 min. Images of the 503 

enteroids were taken by a fluorescence microscope at 60 min after addition of reagents. The transfer rate of Rh123 504 

to the lumen of the enteroid was calculated by the image. Each column represents the mean ± S.D. with 3-6 505 

measurements.  506 

(B, C) Cultured enteroids were treated in 1 μM Rh123 only and 1 μM Rh123 + 20 μM verapamil, quinidine (P-gp 507 

inhibitors), and antipyrine (negative control of P-gp inhibitor) for up to 60 min. Images of the enteroids were taken 508 
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by a fluorescence microscope at 60 min after addition of reagents. The transfer rate of Rh123 to the lumen of the 509 

enteroid was calculated by the image. Each column represents the mean ± S.D. with 3-5 measurements.  510 

*; significantly different from control p<0.05 by Dunnett’s test 511 

 512 















Table 1 Primer sequences used for qPCR analysis 

 

Primer name Primer sequence Product size 
mGapdh_Fwd 5’-ACAGTCCATGCCATCACTGCC-3’ 

266 bp 
mGapdh_Rev 5’-GCCTGCTTCACCACCTTCTTG-3’ 
mVillin_fwd 5'-CTTCTTCGATGGTGACTGCTAT-3' 

203 bp 
mVillin_rev 5'-AAGTCTCGCTCTCGTTGCCT-3' 
mMrp2_fwd 5’-CGACCATCCGGAACGAGTT-3’ 

57 bp 
mMrp2_rev 5’-GCAGCCTGTGTGCGATAGTG-3’ 
mMdr1_fwd 5’-GGGCACAAACCAGACAACAT-3’ 

117 bp 
mMdr1_rev 5’-TCCGCTCTTCACCTTCAGAT-3’ 
mBcrp_fwd 5’-AAATGCTGTTCAGGTTATGTGGT-3’ 

185 bp 
mBcrp_rev 5’-TCCGACCTTAGAATCTGCTACTT-3’ 
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