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The Caco-2 cell monolayer model is widely utilized to predict drug permeability across human intestinal
epithelial cells. However, at least 21 days is required for the formation and maturation of a well-tight
Caco-2 cell monolayer, thereby restricting the throughput of the screening model during drug
discovery. To address this challenge, a fast (7 days), and more physiologically relevant screening model
integrating both the Caco-2 cell model and a small intestinal submucosa (SIS) hydrogel was developed in
this study. The 7 day model exhibited desirable phenotype and functional similarity to the conventional
21 day Caco-2 model with respect to paracellular resistance, alkaline phosphatase (ALP) activities, and
the mRNA expression level of three transporters (PEPT1, OATP1A2, and P-gp) as well as their mediated
influx or efflux. Besides, the increased gene expression of two excretive transporters (BCRP, MRP2) and
their enhanced functionality were observed in the current fast model compared to the traditional 21 day
model. More importantly, a strong correlation ( = 0.9458) was obtained between the absorptive Papp
values of 19 model compounds in the 7 day model and those in the conventional 21 day model. These
results revealed the pivotal role of the native extracellular matrix (SIS) in facilitating the differentiation of
Caco-2 cells, leading to the reconstruction of the accelerated 7 day model, which presents a promising
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Introduction

Oral administration is the most popular route for drug delivery
due to its relative convenience, safety, and patient compli-
ance.”” The small intestine is the major absorption site of oral
drugs,>* so poor intestinal absorption is prone to cause higher
probabilities of failure in the early phases of drug discovery;®
hence, the accurate evaluation of oral drug absorption in vitro is
pivotal for drug development.® In spite of the colorectal
adenocarcinoma origin, the Caco-2 cell monolayer exhibits lots
of features associated with absorptive intestinal epithelial cells,
such as polarized differentiation, high levels of expression of
brush border enzymes and transporters, and well-formed tight
junctions, etc.”® Therefore, it is believed to be reliable to predict
the intestinal absorption of new chemical entities in humans
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tool for screening drug permeability in future drug discovery.

from their membrane permeability across the Caco-2 cell
monolayer.'®'* However, it is difficult to accomplish high-
throughput screening with the traditional Caco-2 cell model
due to its long culturing period (21 days) allowing for full cell
differentiation into the enterocyte-like phenotype."> Moreover,
the 21 day culture necessary for Caco-2 cells not only increases
the probability of contamination but also brings undesirable
high costs for drug discovery.*

To provide a more cost-effective high-throughput screening
model for the pharmaceutical industry, several strategies have
been proposed to accelerate the differentiation process of Caco-
2 cells, including coating the transwell insert with collagen,
increasing the cell seeding density, and utilizing differentiation-
inducing agents such as butyric acid, growth factors and
hormones, etc.***> Although to some extent these protocols are
able to speed up the Caco-2 monolayer maturation process, the
additive factors make the Caco-2 cell model more sophisticated
and cost-consuming. More importantly, Caco-2 cells grown in
these conditions are reported to express fewer tight junction
proteins and efflux pumps, which restrict their usefulness in
predicting paracellular permeability and the active transport of
drug candidates.”® Thus, it is imperative to develop a rapid
screening model based on the Caco-2 cell model while keeping
all the transport functions of Caco-2 cells.

This journal is © The Royal Society of Chemistry 2018
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Distinct from the above-mentioned procedures to accelerate
phenotype and functionality development of Caco-2 cells,
physiological microenvironment conditioning is another effec-
tive pathway to facilitate cell differentiation.'® Extracellular
matrix (ECM) and stromal cells are the major microenviron-
ment constituents surrounding intestinal epithelial cells,
thereby eliciting universal cell-ECM and cell-cell interactions
that exist in all kinds of tissues and organs."” It has been widely
demonstrated that such interactions play a crucial role during
the organization and maintenance of all tissues and organs.'®*®
Correspondingly, Visco et al. reported that human fibroblasts
could induce the proliferation and differentiation of intestinal
epithelial cells through the direct paracrine action of keratino-
cyte growth factor.® Small intestinal submucosa (SIS), the
native ECM in the small intestine, is composed of a variety of
biological signaling molecules, including collagen, glycopro-
teins, glycosaminoglycans, and growth factors, etc.>*>* Accu-
mulating evidence indicates that decellularized SIS could
provide beneficial biochemical and biophysical cues for various
types of cells, thereby promoting cell attachment, proliferation,
migration, and differentiation.>® Furthermore, SIS has been
broadly applied in the construction of different tissue grafts and
subsequent reconstructive therapies.” Nevertheless, the exact
effect of this biological ECM derived from the small intestine on
Caco-2 cell differentiation is still unknown. Therefore, it is
reasonable to believe that the combination of SIS and the Caco-
2 cell model might provide the possibility for the implementa-
tion of a novel fast screening model for drug permeability
evaluation.

In the current study, we tested the hypothesis that the
microenvironment provided by biological SIS would effectively
facilitate Caco-2 cell differentiation towards the mature
phenotype of intestinal epithelial cells through cell-ECM
communication, consequently accelerating the formation of
a functional Caco-2 cell monolayer. In this context, the SIS
hydrogel was incorporated into the Caco-2 cell model to
construct a modified 7 day screening model, which was
compared with the traditional 21 day Caco-2 cell model in terms
of proliferation ability, alkaline phosphatase activity, tightness
of the junctions, and active transport as well as metabolism
enzyme activity. Finally, the absorptive permeability of 19
marketed drugs covering a wide range of absorption charac-
teristics and clinical applications were determined with both
the 21 day model and the 7 day fast model, so that the corre-
lation analysis between them could be performed. We hope this
optimized model, possessing both high throughput and
potential functionality, could work as an ideal alternative to the
conventional Caco-2 cell model for accurate drug absorption
prediction.

Materials and methods
Decellularization of porcine small intestine and H&E staining

All animal procedures in this study were performed in compli-
ance with the Guidelines for Care and Use of Laboratory
Animals of Dalian Medical University, and the experiments were
approved by the Animal Ethics Committee of Dalian Medical
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University. Porcine small intestine was obtained from healthy
market pigs (~200 kg) within 4 h of sacrifice and cut into
segments with 20 cm length. After cleaning with phosphate
buffered saline (PBS), jejunum segments were subjected to
decellularization according to the protocol described previ-
ously.>*”” In brief, tunica serosa, tunica muscularis and tunica
mucosa were mechanically removed from the small intestine
successively, followed by thoroughly rinsing with PBS. After
that, the left tunica submucosa with basilar portions of the
tunica mucosa was treated with 0.1% peracetic acid (Sigma, St.
Louis, MO) for 30 min to remove the remaining cells, DNA and
RNA, and then washed thoroughly with PBS. The decellularized
SIS scaffolds were stored at —80 °C.

Fresh jejunum segments and decellularized SIS scaffolds
were fixed with 4% paraformaldehyde (Affymetrix, CA) at 4 °C
overnight, followed by washing three times with PBS. The
paraffin-embedded sections (5 um thickness) were prepared by
the 2nd Medical Center of Dalian Medical University (Dalian,
China) and stained with hematoxylin and eosin dyes (H&E;
EMD Chemicals). Images were acquired using an Olympus
microscope (CKX41).

Preparation of SIS hydrogel and construction of the fast model

The acellular SIS scaffolds were ground in liquid nitrogen and
subjected to enzyme digestion with 0.1% pepsin dissolved in
3% acetic acid under mechanical agitation for 48 h. Then, the
SIS suspension was centrifuged at 13 000 rpm for 30 min.
Subsequently, the supernatant was lyophilized and sterilized
under UV for 1 h. Finally, the swelled SIS was dissolved in 0.2%
acetic acid for construction of the fast absorption model.

Human colon adenocarcinoma cells Caco-2 (passage 45-55;
Cat. no. HTB-37) were purchased from ATCC. Neutral SIS gel
solution (2 mg mL™ ') was pipetted onto the top of 12-well
transwell filter inserts (Cat. no. 3460, Corning) and allowed to
polymerize for 2 h at 37 °C. Thereafter, 1.5 x 10> Caco-2 cells
were seeded onto the surface of solidified SIS gel and cultured
for 7 days (Fig. 2a). Caco-2 cells at the same density were directly
added to each transwell insert and cultured for 21 days, serving
as the control (the traditional Caco-2 cell model). All the cells
were maintained in the high-glucose Dulbecco's modified
Eagle's medium containing 10% fetal bovine serum (FBS), 1%
nonessential amino acid, and 1% penicillin/streptomycin (all
from Invitrogen) at 37 °C in a 5% CO, humidified incubator,
and the medium was replaced every other day.

Cell viability and scanning electron microscopy (SEM)
examination

To assess cell viability in the fast model, Caco-2 cells grown on
the SIS hydrogel for 7 days were stained with calcein-AM/EthD-1
solution (Invitrogen) as described previously.” The samples
were observed using confocal microscopy (Leica SP2). Live cells
were stained green because of ubiquitous intracellular esterase
activity that can digest nonfluorescent calcein-AM into green
fluorescent calcein, whereas dead cells were stained red due to
the EthD-1 entrance through damaged membranes and the
emission of red fluorescence upon binding to nucleic acids.

RSC Adv., 2018, 8, 34514-34524 | 34515
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The decellularized SIS scaffolds were fixed with 2.5%
glutaraldehyde (Sigma) overnight at 4 °C and dehydrated in
a series of graded ethanol (25%, 50%, 75%, 95% and 100%)
before lyophilization. The dried samples were then mounted
onto stubs, sputtered with platinum, and examined with SEM
(XL-30; Philips-FEI).

Proliferation ability and alkaline phosphatase activity
measurement

To compare the proliferation ability of Caco-2 cells in the fast
model and the traditional 21 day model, samples were har-
vested and subjected to DNA quantification analysis at indi-
cated time points as described previously.® Briefly, the DNA
contents were measured using PicoGreen DNA assay following
the protocol provided by the manufacturer (Molecular Probe),
and analyzed by a microplate reader (Synergy™ H1, BioTek®
Instruments, USA) at an excitation wavelength of 480 nm and an
emission wavelength of 530 nm.

The alkaline phosphatase (ALP) activities of Caco-2 cells in
both the fast model and 21 day model were determined
according to the protocol reported previously with minor
modifications.”® In brief, the cells grown on SIS gel or transwell
insert were washed twice with PBS and then incubated with
1 mg mL™" of p-nitrophenyl phosphate (p-NPP) in 0.2 M Tris
buffer (Sigma) at 37 °C. At different time points (5 min, 10 min,
15 min, 20 min), 200 pL of 3 M NaOH were added to each well to
stop the reaction. The released p-nitrophenol (p-NP) content in
the supernatant was determined at 405 nm with a microplate
reader. The cellular protein amount in each sample was quan-
titatively analyzed using the BCA assay kit (Beyotime, Beijing,
China) to standardize the p-NP concentration measured above.

Table 1 List of primers used in the real-time RT-PCR assay
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The ALP activities of all samples were normalized to that of the
21 day control model after reaction with p-NPP for 5 min.

Real-time RT-PCR analysis

To assess the transcript expression level of intercellular junc-
tion proteins (ZO-1, occludin, E-cadherin, claudin-1), trans-
porters (OATP1A2, PEPT1, P-gp, MRP2, BCRP), and metabolism
enzyme (UGT1A1) in both the fast model and the 21 day control
model, total RNA was extracted using RNAiso Plus reagent
(Takara, Dalian) according to the manufacturer's instruction,
and quantified by spectrophotometric analysis at 260 nm.
Subsequently, a portion of 500 ng RNA underwent reverse
transcription in a 10 pL reaction mixture using RT-PCR kit
(Takara, Dalian). Lastly, real-time PCR was conducted with
a SYBR® Premix Ex Taq™ II Kit (Takara, Dalian) using the
StepOne™ Real-Time PCR System (Applied Biosystems, Foster
City, CA). The primer sequences for real-time PCR are listed in
Table 1. The relative expression level for each target gene was
normalized by the CT value of GAPDH (2ACT formula). Each
sample was performed in triplicate.

Functional characterization

The integrity of Caco-2 cell monolayers formed in both the fast
model and 21 day control model was monitored by TEER
measurement with a Millicell-ERS-electrode (Millipore, Bill-
erica, MA). Only cultures with TEER values higher than 400 Q
cm?® were employed in further transport experiments.

The absorptive permeability of marker compounds (all from
Sigma) for paracellular passive transport (fluorescein), active
transport (fexofenadine, cephalexin, digoxin, sulfasalazine,
estradiol-17-G), and transcellular passive transport (listed in
Table 2) were measured as described in our previous study.*®

Gene Primer sequence Reference

Z0-1 Forward 5'-ATGGTGTCCTACCTAATTCAACTCAT-3’ 29
Reverse 5'-GCCAGCTACAAATATTCCAACATCA-3’

Occludin Forward 5-AAGGTCAAAGAGAACAGAGCAAGA-3' 29
Reverse 5'-TATTCCCTGATCCAGTCCTCCTC-3’

E-cadherin Forward 5'-CAGGCTCAAGCTATCCTTGC-3' 30
Reverse 5'-AGTCATGCGTAGTGGTGCAT-3'

Claudin-1 Forward 5-TTCGTACCTGGCATTGACTGG-3' 31
Reverse 5'-GCGCGATATTTCTTCTTGCAG-3'

OATP1A2 Forward 5'-AAGACCAACGCAGGATCCAT-3’' 32
Reverse 5'-GAGTTTCACCCATTCCACGTACA-3’

PEPT1 Forward 5-AATGTTCTGGGCCTTGTTTG-3 33
Reverse 5'-CATCTGATCGGGCTGAATTT-3’

P-gp Forward 5'-CCCATCATTGCATATGCAGG-3' 34
Reverse 5'-GTTCAAACTTCTACTCCTGA-3’

MRP2 Forward 5'-TGCAGCCTCCATAACCATGAG-3’ 35
Reverse 5'-GATGCCTGCCATTGGACCTA-3’

BCRP Forward 5'-CAGGTCTGTTGGTCAATCTCACA-3’ 35
Reverse 5'-TCCATATCGTGGAATGCTGAAG-3'

UGT1A1 Forward 5-GGTGACTGTCCAGGACCTATTGA-3' 36
Reverse 5'-TAGTGGATTTTGGTGAAGGCAGTT-3’

GAPDH Forward 5-CTCTCTGCTCCTCCTGTTCG-3’ 37

34516 | RSC Adv., 2018, 8, 34514-34524

Reverse 5'-GCCCAATACGACCAAATCC-3’

n
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Table 2 Validation set of model compounds
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Primary transport

Papp(A-B) x 107° (cm s™Y)

Papp(A-B) x 107° (cm s ™)

No. Compound mechanism FAY (%) 21 day control fast model Clinical application
1 Reserpine PT 50 3.50 & 0.69 3.60 £+ 0.43 Antihypertensive

2 Atenolol PP 50 3.41 +0.23 4.36 + 0.68 Antihypertensive

3 Sulfadiazine PT 65 9.76 &+ 1.05 9.78 + 1.44 Anti-infective

4 Terbutaline PP 73 15.61 + 1.28 16.55 + 0.70 Adrenergic B-agonist
5 Ketoconazole PT 76 9.61 £ 0.01 8.33 £ 0.93 Antifungal

6 Omeprazole PT 80 12.58 + 2.01 11.43 + 0.47 Anti-ulcer

7 Ethionamide PT and/or PP 80 23.75 £ 0.94 20.45 £ 5.50 Antitubercular

8 Bupropion PT and/or PP 87 16.64 + 0.99 12.89 £ 0.48 Antidepressive

9 Felodipine PT 88 4.34 + 0.63 4.34 + 0.10 Antihypertensive
10 Propranolol PT 90 10.58 + 1.66 9.37 £ 0.03 Antihypertensive
11 Chloramphenicol PT and/or PP 90 8.17 £+ 0.06 7.12 £+ 0.04 Anti-bacterial

12 Metoprolol PT 95 12.05 + 0.39 11.82 + 0.25 Antihypertensive
13 Verapamil PT 95 10.05 £+ 0.10 9.70 £+ 1.70 Anti-arrhythmia

14 Lamotrigine PT and/or PP 98 18.49 + 2.84 17.70 £ 1.14 Antiepileptic

15 Warfarin sodium PT 98 15.31 £ 0.002 14.44 + 0.11 Anticoagulant

16 Naproxen PT 99 15.01 £ 2.37 14.73 £ 0.81 Anti-inflammatory
17 Nifedipine PT 100 10.69 + 0.11 11.69 £+ 0.53 Antihypertensive
18 Ketoprofen PT 100 19.19 £+ 1.93 15.04 £ 1.97 Anti-inflammatory
19 Carbamazepine PT 100 20.85 + 1.93 19.54 + 0.87 Antimaniacal

“ Human absorption fraction (FA) was obtained from the literature.*

Briefly, cell monolayers in the fast model or the conventional
control model were washed twice, followed by preincubation with
Hank's balanced salt solution (HBSS) at 37 °C for 15 min. The
transport experiments were initiated by replacing the transport
buffer in the upper compartment with 25 uM model compounds
dissolved in HBSS. For each sample, 100 puL were taken from the
lower compartment at different time points followed by pre-
warmed HBSS (100 pL) supplement. All the samples were
diluted with an equal volume of methanol and centrifuged at
14 000 rpm for 15 min before loading into an ultra-fast liquid
chromatography system (UFLC, Shimadzu, Kyoto, Japan) with
diode array detection. The amounts of fluorescein in the samples
were measured using a microplate reader at an excitation wave-
length of 488 nm and an emission wavelength of 530 nm.
Apparent permeability coefficients (P,,,) of compounds were
calculated according to the following equation:

Popp = AQI(ALAC)), (1)

where Py, is the apparent permeability coefficient (cm s ™), AQ/
At indicates the permeability rate (umol s~ 1), A represents the
diffusion area of the monolayers (cm?), and C, is the initial
concentration of the substance in the donor compartment (uM).

The glucuronosyltransferase (UGT) activity assay was
performed as reported by Bothe et al.** The cells cultured in
the fast model or 21 day model were washed twice with PBS
and incubated with 100 uM 4-methylumbelliferone (4-MU) in
serum-free medium. After 10 min, 10 puL of supernatant was
collected and mixed with 190 pL of 10 mM NaOH. The fluo-
rescence intensity of all samples was measured by a micro-
plate reader at an excitation wavelength of 390 nm and an
emission wavelength of 460 nm. The UGT activities were

This journal is © The Royal Society of Chemistry 2018

expressed as decreased amounts of 4-MU (pmol) per mg
protein.

Statistical analysis

All reported values were averaged (n = 3) and presented as mean
+ standard deviation (SD). Statistical differences were analyzed
with Student's two-tailed ¢-test, assuming equal variances, and
the value of P < 0.05 was considered statistically significant.

Results
Morphological characteristics of decellularized SIS

As shown in Fig. 1, a thin layer of intact SIS (Fig. 1b and c) was
preserved after the native porcine small intestine (Fig. 1a) was
subjected to a series of decellularization procedures. HE stain-
ing of both the native small intestine and decellularized SIS was
performed to examine the decellularization efficiency and the
results showed that both the epithelial layer and muscle layer
were displayed together with SIS in the native small intestine
(Fig. 1d), whereas only SIS was visible after decellularization
treatment (Fig. 1e). Macroscopically, the mucosal surface of the
longitudinally cut SIS sheet appeared to be more compact than
the serosal surface (Fig. 1f versus Fig. 1g). Correspondingly, SEM
analysis also revealed the disparity in the topography of the
mucosal and serosal surfaces of acellular SIS. Compared with
the relatively smooth mucosal surface (Fig. 1h), the more ragged
appearance of the serosal side (Fig. 1j) was observed from low-
magnification of SEM images. Furthermore, more detailed
ultrastructures of decellularized SIS were demonstrated in high-
magnification SEM images. The mucosal surface was charac-
terized by more densely packed collagen fibers (Fig. 1i), whereas

RSC Adv., 2018, 8, 34514-34524 | 34517
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x1.0k 100 um

Fig.1 Characterization of the decellularized SIS scaffolds. A thin layer of intact SIS (b and c) was preserved after the native porcine small intestine
(a) was subjected to decellularization. HE staining of the native small intestine (d) showed SIS was in between the epithelial layer and the muscle
layer, whereas only SIS could be visible after decellularization treatment (e). Macroscopically, the mucosal surface (f) of the longitudinally cut SIS
sheet appeared to be more compact than the serosal surface (g). Compared with the relatively smooth mucosal surface (h) of SIS, the more
ragged appearance of the serosal side (j) was displayed by low-magnification of SEM images. High-magnification of SEM images exhibited the
more densely packed collagen fibers on the mucosal surface of SIS (i), whereas a network of loosely organized fibers was present in the serosal

surface (k).

a network of loosely organized fibers was present in the serosal
surface (Fig. 1k).

Morphology and cell viability of the newly developed model

After three days of cultivation, Caco-2 cells seeded on the
surface of SIS hydrogel were observed to be completely
confluent under phase contrast microscopy (Fig. 2b). Moreover,
a dense cell monolayer was generated on the top of the SIS
hydrogel incorporated in the fast model on the seventh day

34518 | RSC Adv., 2018, 8, 34514-34524

(Fig. 2¢), indicating that the natural SIS material is favorable for
Caco-2 cell attachment and growth. To further evaluate the
cellular viability of the fast model, Caco-2 cells grown on the SIS
hydrogel were subjected to live/dead staining and the results
showed that Caco-2 cells displayed good viability after one week
of cultivation (Fig. 2d). This suggests that the SIS hydrogel
integrated into the fast absorption model could provide
a beneficial microenvironment to maintain Caco-2 cell viability.
In addition, the uniform topology of the epithelial layer was

This journal is © The Royal Society of Chemistry 2018
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Drug molecules

SIS gel— [——

Apical compartment
Caco-2 cells

Basolateral compartment

Fig.2 Morphology and cell viability of the reconstructed fast model. Caco-2 cells seeded on the surface of the SIS hydrogel (a) were observed to
be completely confluent on day 3 (b). A dense cell monolayer was generated on the top of the SIS hydrogel on day 7 (c). Live/dead staining
showed that Caco-2 cells displayed good viability after one week of cultivation (d). The uniform topology of the epithelial layer formed on the top

of SIS hydrogel was revealed by SEM imaging (e).

revealed by SEM imaging (Fig. 2e), supporting the intercellular
tightness of Caco-2 cells grown on the surface of the SIS
hydrogel.

Proliferation ability and alkaline phosphatase activity of the
newly developed model

Consistent with what was observed in the morphological char-
acterizations mentioned above, DNA quantification analysis
provided further evidence for the SIS hydrogel in promoting
Caco-2 cell proliferation. As shown in Fig. 3a, the DNA content
of the cells in both the fast model and 21 day control model
increased progressively during the first 11 days of cultivation
and then started to gradually decrease, indicating that cell
proliferation reached a plateau. Surprisingly, the proliferation
rate of cells in the fast model was noticeably higher than that of
the 21 day model throughout the culture period, and the most
significant difference between them also appeared on day 11.
To verify whether the SIS hydrogel could synchronously
facilitate both Caco-2 cell proliferation and differentiation in
the fast model, the activities of alkaline phosphatase (ALP) were
measured by the hydrolysis assay of its specific substrate at
different time points. As shown in Fig. 3b, there was no
significant difference between the cell ALP activity in the fast

This journal is © The Royal Society of Chemistry 2018

model and that in the 21 day control model at any indicated
time point, suggesting that the SIS hydrogel has the potential to
facilitate Caco-2 cell differentiation towards matured intestinal
epithelial cells during the 7 days of the cultivation period,
thereby helping the fast model to achieve similar ALP activity to
the traditional Caco-2 cell model.

Cell differentiation and transport function of the newly
developed model

To further identify the potential role of SIS in accelerating the
differentiation process of Caco-2 cells, the mRNA expression
levels of intercellular tight proteins (ZO-1, occludin, E-cadherin,
Claudin-1) and transporters (OATP1A2, PEPT1, P-gp, MRP2,
BCRP) in both the fast model and the 21 day control model were
examined by real-time RT-PCR. Subsequently, paracellular
permeability and transporter-mediated active influx or efflux
across the two models were determined to evaluate the func-
tionality of the Caco-2 cell monolayers. As shown in Fig. 4a,
there existed no significant difference between the ZO-1 and
Claudin-1 mRNA expression levels in the fast model and those
in the 21 day model. Strikingly, the transcript levels of occludin
and E-cadherin in the fast model were even higher than in the
21 day-model. Furthermore, TEER values of the two models

RSC Adv., 2018, 8, 3451434524 | 34519
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Fig. 3 Proliferation ability and ALP activity of the fast model. The
proliferation rate of cells in the fast model was noticeably higher than
that of the 21 day model throughout the culture period, and the most
significant difference between them appeared on day 11 (a). There was
no significant difference between the cell ALP activity in the fast model
and that in the 21 day control model at any indicated time points (b).

were monitored throughout the cultivation period and the data
showed that they both increased gradually until the appearance
of the maximum values at 596 + 48 Q em” and 1081 + 67 Q cm”
in the fast model and 21 day control model, respectively
(Fig. 4b). This result undoubtedly supports the desirable
integrity of the epithelial layer generated by the reconstructed
fast model, in spite of its relatively low level of TEER peak values
compared to the traditional 21 day model. The integrity of the
epithelium in the fast model was further evidenced by the
paracellular permeability of fluorescein, a well-known marker
compound for the paracellular pathway. The absorptive (apical
to basolateral) P,,, value of fluorescein across the fast model
was comparable with that across the 21 day model (Fig. 4c).
Transporters and their mediated active influx or efflux play
another significant role in determining the intestinal perme-
ability of oral drugs. As shown in Fig. 5a, no statistically
significant difference in OATP1A2, PEPT1 and P-gp mRNA
expression levels existed between the fast model and the
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traditional 21 day model. Consistent with the unchanged tran-
scription levels, the three transporters (OATP1A2, PEPT1, P-gp)
were observed to mediate no significant different absorptive
permeability of their respective specific substrates (fex-
ofenadine, cephalexin and digoxin) across the two models
(Fig. 5b). More importantly, in comparison with the 21 day
control model, the mRNA expression levels of two efflux trans-
porters (MRP2 and BCRP) expressed at the apical side of the
intestinal epithelial cells were significantly upregulated in the
fast model (Fig. 5a). As expected, this result is consistent with
the functionality evaluation of MRP2 and BCRP, in which lower
absorptive P,p, values of their respective specific substrates
(sulfasalazine and estradiol-17-G) were observed in the fast
model compared with the 21 day model (Fig. 5b). These results
strongly support the fact that the involvement of the SIS
hydrogel in the Caco-2 cell model could facilitate functional cell
differentiation and consequently accelerate the formation of
Caco-2 cell monolayers.

Gene expression and the activity of metabolizing enzymes in
the fast model

The gene expression level and catalytic activity of UGT1A1
responsible for the glucuronidation of drugs, a metabolism
enzyme widely expressed in intestinal epithelial cells, were
determined to further characterize the functional differentia-
tion of the fast model. Intriguingly, the mRNA expression level
of UGT1A1 in the fast model was 4.24 times higher than that in
the 21 day control model (Fig. 6a). However, the overall UGT
enzyme activity of the cells in the fast model did not signifi-
cantly differ from that in the 21 day model as indicated by the
unchanged metabolism of 4-methylumbelliferone (4-MU),
a well-established UGT substrate (Fig. 6b). In any case, these
results provide further evidence that the SIS hydrogel integrated
into the fast model could contribute to functional Caco-2 cell
differentiation.

The permeability of passively transported model compounds
in the fast model

To further confirm the functionality of the reconstructed fast
model, a series of passively transported marketed drugs (n = 19)
with different absorption fractions in humans were selected
and subjected to transport experiments. Their absorptive Py,
values were determined in the fast model as well as the tradi-
tional 21 day control model, and the two groups of P, values
were both found to rank in the same order as their absorption
fractions (Table 2). In order to clearly compare the transport
function of the two models, the correlation analysis between the
absorptive permeability of these model compounds in the fast
model and that in the 21 day model was performed. As shown in
Fig. 7, a desirable linear correlation between the two groups of
absorptive Py, values was observed, and the correlation coef-
ficient (R*) was 0.9458. This result further validated the fact that
the developed fast model with the SIS hydrogel exhibited
similar transport functionality to the conventional 21 day Caco-
2 cell model.

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Intercellular tight protein expression level, TEER values measurement, and paracellular permeability of the fast model. There was no
significant difference between ZO-1 and claudin-1 mRNA expression levels in the fast model and those in the 21 day model (a), but the transcript
levels of occludin and E-cadherin in the fast model were significantly higher than in the 21 day model. TEER values of both the fast model and the
21 day model increased gradually until the appearance of the maximum values at 596 + 48 Q@ cm? and 1081 + 67 Q cm?, respectively (b),
indicating the desirable integrity of the epithelial layer generated by the reconstructed fast model, in spite of its relatively low level of TEER peak
values compared to the traditional 21 day model. The integrity of the epithelium in the fast model was further supported by the comparable
paracellular permeability of fluorescein across the fast model to that across the 21 day model (c). Data are expressed as mean + SD (n = 3). #ps

0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

Discussion

The Caco-2 cell model has been generally regarded as a valuable
permeability screening model that can be used in the lead opti-
mization process of drug discovery, but at least 3 weeks of culture
is a major obstacle to its access to high-throughput. To address
this issue, the effective combination of native ECM from the
small intestine (SIS) and the traditional Caco-2 cell model was
performed to construct a novel fast screening model for drug
absorption evaluation in the present study. To the best of our
knowledge, the exact effect of SIS on Caco-2 cell proliferation and
differentiation towards matured intestinal epithelial cells has
never been well elucidated, despite the report that Schweinlin
et al. have attempted to integrate the primary SIS sheet into the
transwell to construct the intestinal tissue model.** Our results
have indicated that the SIS hydrogel not only exhibited the
potential to promote Caco-2 cell proliferation resulting in the fast
generation of a fully confluent monolayer, but also significantly
facilitated the cell differentiation and maturation in terms of
similar AP activity, paracellular transport ability, absorptive
transporters-mediated influx, and UGT-mediated metabolism to
the 21 day model, as well as much higher excretive transporters-
mediated efflux than the conventional Caco-2 model. Further-
more, an excellent linear correlation was obtained between the
P,,p values in the fast model and those in the conventional 21 day
Caco-2 model for drugs absorbed primarily by passive diffusion,
which is responsible for the intestinal absorption of at least 80%
of commercial drugs.*? In addition, it is highly worth mentioning
that the native ECM incorporated into the fast model is from
swine jejunum, thus allowing for its low cost and easy procure-
ment. Hence, this study has not only advanced our knowledge of
how SIS contributes to small intestinal epithelial monolayer
formation but also provides the possibility for substituting the
laborious and time-consuming Caco-2 permeability assessment
with the accelerated and cost-effective screening system based on
decellularized ECM.

This journal is © The Royal Society of Chemistry 2018

The fast cell growth profile presents a prerequisite for the
formation of completely confluent and functional epithelial
monolayer in the Caco-2 cell model. Distinct from the strategies
applied in previous studies,” we have innovatively accom-
plished an enhanced cell proliferation through SIS hydrogel
incorporation into the fast model evidenced by the higher total
DNA content when compared with the traditional 21 day Caco-2
cell model. This result is somewhat consistent with a previous
report, where Ahn et al. reported that the SIS sheet could act as
a potential scaffold to enhance the human bone marrow stem
cells proliferation.*® Besides, it is elucidated that the prolifera-
tive activities of human umbilical vein endothelial cells or
human bladder smooth muscle cells were also enhanced when
the cells were exposed to SIS components.* Direct interactions
between bioactive ECM components such as collagen, fibro-
nectin as well as growth factors preserved in SIS and cells might
provide a reasonable explanation for the proliferative effect
exerted by the decellularized ECM, but the detailed underlying
mechanism still needs to be further explored. Overall, SIS is
capable of offering a compatible environment to support the
fast proliferation of intestinal epithelial cells, consequently
enabling the development of an accelerated Caco-2 perme-
ability assay.

In contrast to the existing short-time Caco-2 cell cultures
that have to be compromised due to the incomplete formation
of tight junctions and the inadequate expression of trans-
porters despite their desirable proliferation ability,"” the
present accelerated screening model exhibits similar para-
cellular permeability and transporters-mediated influx or
efflux to the conventional Caco-2 cell model. Unexpectedly, the
expression levels of excretive transporters (MRP2 and BCRP),
as well as their respective transport abilities, were even
significantly elevated as compared to the 21 day model. These
results indicate that the developed 7 day fast model can not
only be potentially utilized to evaluate drug permeability as
a replacement for the 21 day model but can also be applied

RSC Adv., 2018, 8, 34514-34524 | 34521
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Fig. 5 The mRNA expression level of transporters and their mediated
substrate permeability in the fast model. No statistically significant
difference in OATP1A2, PEPT1 and P-gp mRNA levels existed between
the fast model and the traditional 21 day model (a). Consistent with the
unchanged transcript levels, the three transporters (OATP1A2, PEPTY,
and P-gp) were observed to mediate no significantly different
absorptive permeability of their respective specific substrates (fex-
ofenadine, cephalexin, and digoxin) across the two models (b).
Compared with the 21 day control model, the mRNA expression levels
of two efflux transporters (MRP2 and BCRP) were significantly upre-
gulated in the fast model (a). This result is consistent with the func-
tionality evaluation of MRP2 and BCRP, in which the lower absorptive
Papp Values of their respective specific substrates (sulfasalazine and
estradiol-17-G) were observed in the fast model in comparison with
the 21 day model (b). Data are expressed as mean + SD (n=3). P >
0.05, *P < 0.05, **P < 0.01, ***P < 0.001.

efficaciously to screen substrates or inhibitors of MRP2 and
BCRP. Regarding the improvement in paracellular transport,
our findings are somewhat consistent with a report from
Uchida et al. that the collagen coating on inserted systems
made the cell monolayer tighter and accelerated the
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expressed in the fast model. Real-time PCR analysis showed that the
MRNA expression level of UGT1AL in the fast model was 4.24 times
higher than that in the 21 day control model (a). However, the overall
UGT enzyme activity of the cells in the fast model did not significantly
differ from that in the 21 day model as indicated by the unchanged
metabolism of 4-methylumbelliferone (4-MU), a well-established UGT
substrate (b). Data are expressed as mean + SD (n=3). *P > 0.05, *P <
0.05, **P < 0.01, ***P < 0.001.

development of the Caco-2 cell model,** suggesting the
importance of collagen as the major component of ECM in
intestinal epithelium formation. Furthermore, it has been
documented that the epidermal growth factor (EGF)-mediated
activation of the mitogen-activated protein kinase (MAPK)
cascade results in a significant increase in BCRP expression in
multiple cell types at both the mRNA and protein levels,****
which is consistent with our results indicating the potent
inductive effect on BCRP exerted by EGF as a major growth
factor in decellularized SIS.** Likewise, insulin-like growth
factor-I (IGF-I), another growth factor preserved in decellu-
larized SIS,**** was also demonstrated to upregulate MRP2 and
BCRP in the ovarian cancer cell line.*® In addition, Kondo et al.
revealed that the induced mRNA level of UGT1A1 in response
to omeprazole was much higher in human induced pluripo-
tent stem (iPS) cells cultured on Matrigel as compared to the
cells on collagen I, which may be attributed to laminin, a main
component of Matrigel.*” Thus, the potent induced effect of

This journal is © The Royal Society of Chemistry 2018
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Fig.7 The correlation analysis between the absorptive permeability of
19 model compounds in the fast model and that in the 21 day model. A
desirable linear correlation between the two groups of absorptive Py,
values was observed, and the correlation coefficient (R%) was 0.9458.
This result further supported the fact that the reconstructed fast model
with SIS hydrogel exhibited similar transport functionality to the
conventional 21 day Caco-2 cell model.

the SIS hydrogel on UGT1A1 expression level demonstrated in
the current study might also be due to the rich laminin content
in native SIS. Besides, it was observed that hepatocytes on soft
substrates showed higher gene expression of UGT1A1;* thus,
substrate stiffness softening from transwell insert to SIS gel
might provide another reasonable explanation for the
augmented UGT1A1 expression level in the fast model in
comparison with the traditional Caco-2 cell model. The
unchanged metabolism activity of UGT observed in the fast
model compared to the conventional Caco-2 model can be
explained by the fact that the UGT enzyme family encompasses
lots of members and the increased expression of the single
gene (UGT1A1) might not be sufficient to modulate the overall
UGT activity.** Taken together, these findings do not only
implicate the importance of various constituents in native
ECM in facilitating the differentiation of intestinal epithelial
cells, but they also underscore the feasibility of employing the
7 day fast model to assess drug intestinal permeability.

Conclusions

The accelerated 7 day screening model based on native decel-
lularized ECM was shown to provide a valuable and cost-
effective alternative to the traditional 21 day Caco-2 model for
accurate drug absorption prediction. Thus, it is hoped that this
novel physiological assay system would potentially work as
a reliable high-throughput tool for lead optimization in future
drug discovery.

This journal is © The Royal Society of Chemistry 2018
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