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Drug-induced gastrointestinal (Gl) toxicity is common, dose-limiting and difficult to predict using conventional Caco-2-based assays
that lack physiological relevance. Here we evaluate a transepithelial electrical resistance (TEER) assay using nontransformed human
intestinal epithelial cells (hIECs), derived from human pluripotent stem cells, which superiorly recapitulated epithelial diversity and
polarity as well as intestinal barrier function. Across 17 clinically relevant compounds (cell cycle inhibitors, tyrosine kinase inhibitors
and nonsteroidal anti-inflammatory drugs), the hIEC TEER assay outperformed ATP cell viability assays, and the Caco-2 TEER assay
(AUC of 0.96 for hIEC TEER, 0.72 for Caco-2 TEER and <0.69 for cell viability assays) correlated with integrated Gl toxicity scores using
a >50% TEER reduction cutoff (sensitivity 92%, specificity 100% and accuracy 94%). Drug exposure was quantified by calculating the
margin of safety (IC;5:Cihax) and a lumen-surrogate margin of safety for oral agents. For mechanistic insight, transcriptomic analysis
using representative chemotherapeutics (paclitaxel and docetaxel) showed the downregulation of cytoskeleton-related pathways,
including cytoskeleton in muscle cells, cell adhesion molecules and extracellular matrix-receptor interaction, linking microtubule-
targeting chemotherapy to intestinal barrier impairment. This platform provides a robust tool that combines predictive accuracy

with the evaluation of cytoskeleton-mediated barrier impairment, enabling the early identification of drug-induced Gl toxicity.

Experimental & Molecular Medicine; https://doi.org/10.1038/512276-025-01635-6

INTRODUCTION

Clinical trials fail primarily because of inaccurate predictions of
drug toxicity, a lack of clinical efficacy, adverse drug effects and
financial constraints'2. Intestinal toxicity is one of the most overt
manifestations of drug administration and substantially reduces
the quality of life. The primary symptoms include vomiting,
abdominal pain, diarrhea, nausea, inflammation, ulcers, immune
suppression and nutrient deficiencies®™®. Gastrointestinal (Gl)
toxicity ranks fourth among clinical failures, following neurotoxi-
city, cardiovascular toxicity and hepatotoxicity’. These data
highlight the urgent need for specific and sensitive evaluation
methods based on models that can predict Gl toxicity to improve
the safety profiles of existing and investigational new drugs and
help prevent drug-induced toxicity.

Historically, drug cytotoxicity has been assessed using cell
viability assays that measure ATP and NADPH concentrations®'°.
These assays can evaluate cellular responses but cannot accurately
distinguish between true cytotoxicity and metabolic fluctuations
induced by drug treatment. In addition, because the intestinal
epithelium has robust tight junction complexes, barrier dysfunc-
tion often precedes cell death®>'", underscoring the need for
methods that can detect barrier integrity disruption rather than
relying solely on cell viability assays.

The Caco-2 cell line is widely used as a model of human
intestinal epithelial cells (hIECs) primarily owing to its ability to
differentiate into absorptive enterocyte-like cells with microvilli,
tight junctions and enzymatic activity'>™'*. However, Caco-2 cells
are immortalized human colorectal adenocarcinoma cells that lack
specialized intestinal cell types and metabolic functions, exhibiting
transepithelial electrical resistance (TEER) values that differ
markedly from those of native intestinal tissue. Thus, Caco-2 cells
and conventional three-dimensional (3D) organoids exhibit
limited physiological relevance for oral absorption and toxicity
studies owing to reduced intestinal cell diversity, limited meta-
bolic capacity, atypical drug-metabolizing and transporter profiles
and nonphysiological barrier functions. Moreover, organoids
restrict access to the apical surface, preventing realistic dosing.
An ideal in vitro intestinal model for assessing drug-induced
toxicity should accurately reflect critical Gl parameters (epithelial
membrane tightness, mucosal structure, epithelial transporter
expression and metabolic enzyme profiles) because these factors
substantially influence drug absorption and tissue responses'”.
Evaluating barrier integrity using these parameters can help
predict Gl toxicity.

We previously derived normal hIECs from human pluripotent
stem cells (hPS cells); hIECs demonstrated greater physiological
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relevance than traditional Caco-2 cell models'®. In addition, this
hIEC model captured key Gl parameters, including barrier
integrity, apical-basolateral polarity, the presence of mucus-
secreting cells, diverse epithelial transporter expression and
enhanced metabolic enzyme activities.

Cytoskeletal organization is central to maintaining intestinal
barrier function as it underpins tight junction stability, cell
adhesion and mechanical integrity'’. The disruption of cytoske-
letal systems underlies barrier disruption and increased intestinal
permeability in various pathological conditions'®'®. Microtubule-
targeting agents such as paclitaxel and docetaxel interfere with
cytoskeletal integrity?®?'; nonetheless, their impact on the
transcriptional regulation of cytoskeleton-related genes in normal
human intestinal epithelium remains poorly characterized. Inte-
grating functional TEER measurements with transcriptomic profil-
ing enables us to correlate drug-induced barrier changes with
underlying cytoskeletal alterations.

In this study, we validated the predictive accuracy of the hlEC-
based TEER assay by evaluating 17 clinically relevant drugs from
three pharmacological classes associated with Gl toxicity. Our
model provides a robust platform for predicting drug-induced
intestinal toxicity, combining high predictive accuracy with the
mechanistic evaluation of cytoskeleton-mediated barrier impair-
ment, thereby guiding preclinical development.

MATERIALS AND METHODS

Generating hlEC progenitors from hPS cells

This study was approved by the Korean Public Institutional Review Board
(approval numbers P01-201409-ES-01 and P01-201609-31-002). hPS cells,
including the H9 hESC line (WA09, WiCell Research Institute) (before
passage 60) and induced pluripotent stem cells, were cultured as
described previously?>?®. Expandable hIEC progenitors were generated
from hPS cells as previously described.

The hIEC progenitors were cultured in hlEC medium 1 containing
DMEM/F12 (Thermo Fisher Scientific, no. 11330), 2% fetal bovine serum
(FBS), 1% penicillin-streptomycin (Gibco, no. 15140-122), 2 mm L-glutamine
(Gibco, no. 25030-081), 15mM HEPES (Gibco, no. 15630-080), 2%
B27 supplement (Thermo Fisher Scientificc no. 12587-001), 1%
N2 supplement (Thermo Fisher Scientific), epidermal growth factor (EGF)
(100 ng/ml; R&D Systems, no. 236-EG-01M), R-spondin 1 (200 ng/mi;
Peprotech, no. 120-8) and insulin (5 pg/ml; Sigma, no. 19278). hIEC medium
1 was replaced every other day. Seven days after seeding, hIEC progenitors
were dissociated using trypsin—-EDTA (Thermo Fisher Scientific, no.
25300062) for 5min at 37°C. The cell pellet was resuspended in fresh
hIEC medium 1 and reseeded onto 1% Matrigel-coated plates at a density
of 134 x 10° cells/cm?. On the first day, 10 uM Y-27632 (R&D Systems, no.
1254/10) was used to enhance cell survival. For cryopreservation, hIEC
progenitors were gently dissociated, slowly frozen in CryoStor CS10
freezing medium (Stemcell, no. ST100-1061) and stored in liquid nitrogen
at —196 °C.

Differentiation of hlEC progenitors into functional hIECs

To establish a mature and functional intestinal epithelium model, hIEC
progenitors were seeded onto 1% Matrigel-coated Transwell inserts
(Corning, no. 3460) at a density of 1.34x 10 cells/cm? in hIEC medium 1
containing 10 uM Y-27632. After confluence, the medium was replaced with
differentiation medium (hIEC medium 2) containing DMEM/
F12 supplemented with EGF (100 ng/ml), 2 uM Wnt-C59 (Selleckchem, no.
$7037), 1 mM valproic acid (Sigma, no. P4543), 2% FBS, 2% B27 supplement,
1% N2 supplement, 2mM L-glutamine, 1% nonessential amino acids
(Thermo Fisher Scientific, no. 11140050) and 15 mM HEPES buffer. During
differentiation, the medium was refreshed every 2days for 6days. To
induce functional maturation via air-liquid interface, the medium was
added only to the lower compartment for an additional 4 days to expose
the apical surface to air. Cells were used at passages previously validated to
retain phenotypic stability after serial culture and post-thaw recovery. Only
mycoplasma-negative hIEC inserts that achieved the prespecified TEER
window (80-240 Q-cm?) at day 14 were included in the assays. Batch-to-
batch reproducibility was confirmed across =5 independent differentiation
runs, which yielded consistent TEER and drug-response profiles®>.
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Caco-2 cell culture and differentiation

Caco-2 cells were cultured following standard protocols to ensure
reproducibility. Cells were maintained in Caco-2 culture medium com-
posed of minimum essential medium (Thermo Fisher Scientific, no. 12571-
071) supplemented with 10% FBS, 1% penicillin-streptomycin and 1%
pyruvate (Gibco, no. 11360-070). The medium was refreshed every 2 days,
and cells were passaged at 80-90% confluence using 0.25% trypsin-EDTA.
For differentiation, Caco-2 cells were seeded on Transwell inserts at a
density of 1.34 x 10° cells/cm? and cultured for 14 days. After seeding, the
medium was replaced every 2 days with Caco-2 culture medium.

TEER measurements

TEER was measured using an epithelial tissue volt/ohmmeter (EVOM2;
WPI). Before beginning the assay, the electrodes were sterilized with 70%
ethanol and washed with Dulbecco’s PBS (DPBS). After measuring TEER in
cell-free inserts, the blank values were subtracted, and TEER was reported
as Q-cm®. TEER was recorded at 0, 24, 48 and 96 h after drug exposure
(data not shown). On the basis of preliminary time course optimization,
96 h was selected as the standard endpoint because it reflected cumulative
barrier disruption and aligned with the 3-5-day renewal cycle of the
intestinal epithelium, representing the physiological turnover period of
differentiated enterocytes. Dose-response curves were generated at
concentrations of 0, 1, 5 10, 50 and 100pM to quantify the
concentration-dependent barrier impairment across the drug panel®*.

Drug selection

In total, 17 drugs (from three pharmacological classes) known to cause
adverse Gl effects were selected on the basis of their clinical relevance,
toxicity profiles and Gl injury mechanisms. The panel included seven
chemotherapeutic agents (paclitaxel, docetaxel, capecitabine, cyclopho-
sphamide, cisplatin, 5-fluorouracil (5-FU) and doxorubicin) with well-known
effects on rapidly dividing intestinal epithelial cells, five tyrosine kinase
inhibitors (TKIls) (gefitinib, crizotinib, sunitinib, sorafenib and lapatinib,
which can cause clinically severe diarrhea) and five nonsteroidal anti-
inflammatory drugs (NSAIDs) (ibuprofen, diclofenac, naproxen, ketorolac
and ketoprofen), which can cause mild Gl mucosal injury.

Drug treatment

After the terminal differentiation of hIECs and Caco-2 cells, drug-containing
medium was added to the upper compartment, whereas drug-free
medium was added to the lower compartment. After 48 h, the apical
chamber received the same drug-containing medium, and the lower
chamber received fresh drug-free medium. After 48 h (total drug exposure:
96 h), monolayers were processed for further analysis.

Reverse transcription—-quantitative polymerase chain reaction
Cells were washed twice with DPBS containing 0.1% diethyl pyrocarbonate
(Sigma, no. D5758). The total RNA was extracted using an RNeasy Kit
(Qiagen), and complementary DNA (cDNA) was synthesized from total RNA
using the SuperScript IV cDNA Synthesis Kit (Invitrogen, no. 18090-050)
according to the manufacturer’s instructions. Quantitative polymerase
chain reaction was performed using a QuantStudio 5 thermal cycler
(Thermo Fisher Scientific). Adult human small intestine RNA (Invitrogen, no.
QS0626) was used as a positive control. Primer sequences are presented in
Supplementary Table 1.

Immunofluorescence analysis

Cells cultured on Transwell inserts were fixed with 4% paraformaldehyde
(Biosesang, no. PC2031-100-00) for 5min at room temperature and
permeabilized using 0.2% Triton X-100 (Sigma, no. T9284) in PBS. After
blocking with 4% bovine serum albumin (Bovogen, no. bsa100) for 1 h, the
cells were incubated with primary antibodies overnight at 4 °C. Then, the
cells were incubated with secondary antibodies for 1h at room
temperature in the dark and counterstained with Hoechst 33342 (Thermo
Fisher Scientific, no. H3570) for 5 min. For vertical imaging of the polarized
epithelium, the cells were cryoprotected by incubation with 30% sucrose
for 48h. Transwell membranes were vertically embedded in OCT
compound (Saruka, no. HIO-0051) for subsequent cryosectioning. The
sectioned samples were mounted onto glass slides, and the standard
immunofluorescence protocol was followed as described above. Cells were
observed under a confocal microscope (Zeiss, no. LSM800). The primary
antibodies used in this study are listed in Supplementary Table 2.
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ATP cell viability assays

Cell viability assays were performed using the CellTiter-Glo Luminescent
Cell Viability Assay kit (Promega, no. G7570) according to the manufac-
turer’s instructions. Cells were seeded into 96-well culture plates (Falcon,
no. 353072) and treated with the indicated drugs for 96 h. After treatment,
wells were washed once with DPBS, and 100 pL of fresh culture medium
was added to each well. Then, an equal volume of CellTiter-Glo reagent
was added to each well and incubated for 20 min at 37 °C. Luminescence
was measured using a SpectraMax M3 microplate reader (Molecular
Devices).

Live-dead assays

For the live-dead staining analysis, we used a Cyto3D Live-Dead Assay Kit
(TheWell Bioscience, no. BM01) according to the manufacturer’s instruc-
tions. The cells were washed once with Hank’s balanced salt solution
(HBSS) containing calcium and magnesium (Gibco, no. 14025-092) and
treated for 20 min with an HBSS working solution containing Cyto3D
reagent diluted 1:50. The cells were imaged under a fluorescence
microscope (Axio Observer 5; Zeiss), and the percentages of live (green)
and dead (red) cells were quantified.

ROS production assay

The reactive oxygen species (ROS) production was measured using the
MitoSOX Red Mitochondrial Superoxide indicator (Invitrogen, no. M36008)
according to the manufacturer’s instructions. In brief, after washing three
times with HBSS containing calcium and magnesium (Gibco, no. 14025-
092), the cells were incubated for 30 min with HBSS containing 500 nm
MitoSOX Red reagent and imaged under a fluorescence microscope (IX51,
Olympus). The fluorescence intensity was analyzed using Image)
version 1.410.

Differential expression and KEGG pathway enrichment
analyses

RNA sequencing (RNA-seq) was performed as described in our previous
study®® using two independent biological replicates per condition. Batch
effects were removed using the ComBat function from the sva package.
Differentially expressed genes (DEGs) between control samples and
samples treated with paclitaxel and docetaxel were identified using the
Wilcoxon rank-sum test (two-sided P<0.05) with a log, fold-
change >0.5.

The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed using the clusterProfiler package in
R. The genes were mapped to Entrez Gene IDs, and the species was set
to ‘Homo sapiens’. Pathways with a Benjamini-Hochberg adjusted P
value (false discovery rate)<0.05 were considered significantly
enriched.

Pearson correlation analysis

To analyze linear correlations among assay performance (% reduction), Gl
toxicity scores and peak plasma concentrations (Cnax), Pearson correlation
coefficients (r) were calculated using GraphPad Prism 10. The pairwise
correlation heat map showed the strength and direction of the correlations
(=1<r<+1).

D v (7 (I
VE -0/ 0 - 77

Calculation of the percent reduction of drug-induced
cytotoxicity

Percent reduction was calculated to quantify drug-induced cytotoxicity,
defined as the relative reduction in TEER or ATP cell viability compared
with untreated controls, measured at the highest tested concentration
(100 uM). The percent reduction was calculated as follows:

(control value — value at 100pm)
X

100.
control value

%Reduction =

For receiver operating characteristic (ROC) analyses, a unified threshold
(=50% TEER reduction) was applied to all assays to ensure a consistent
interpretation of the results.
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Calculation of IC;5 and IC5,

Differentiated hIECs and Caco-2 cells were exposed to different
concentrations of each drug (0, 1, 5, 10, 50 and 100 um) for a total of
96 h. TEER and cell viability at 96 h were normalized to vehicle controls
(100%). Concentration-response relationships were fitted to a four-
parameter logistic model, and inhibitory concentration (IC;s and 1Csg)
values were interpolated from the fitted curves. The four-parameter logistic
equation is

(top — bottom)
(1 + -IO(Iog(ICvaIue)—X)x Hill slope *

Y = bottom +

IC;5 and ICsq values reported as “>100 uM’ indicate right-censored data
where no cytotoxicity or barrier disruption was detected at the highest
tested concentration (100 uM). These cases were considered nontoxic
within the assay range and were excluded from dose-response curve
fitting.

Calculation of the MOS

Crax Values were compiled from peer-reviewed pharmacokinetic studies
and US Food and Drug Administration (FDA) regulatory sources. When
multiple reports were available for a given drug and dosing regimen, Cay
was reported as median (IQR) and ranges (min-max) to two decimal
places; when only a single report was available, IQR was reported as not
available (NA). Reported arithmetic means from preliminary summaries
were replaced, when possible, with steady-state medians. All G, values
were standardized to the specified dose and route and converted to a
consistent unit. The margin of safety (MOS) compares an assay-derived
inhibitory concentration with clinical exposure and was calculated as

MOS = ICvalue/clinical Cax.

An MOS threshold of IC;5:Cnax <1 Was interpreted as a potential clinical
risk, that is, the therapeutic plasma concentration approaches or exceeds
the concentration associated with a 15% decrement in assay values.
IC;5:Cnax Was prespecified as the primary, conservative early toxicity
indicator; 1Cs0:Cnax Was calculated secondarily for completeness.

Calculation of total Gl toxicity scores

We developed a quantitative Gl toxicity scoring framework that combines
severity and incidence. The total score for each drug was calculated as
follows:

Total Gl toxicity score = severity grade score x incidence score.

Common Terminology Criteria for Adverse Events (CTCAE) v5.0 severity
grades (1-4) served as the basis for the severity component. Incidence was
scored as 1 (uncommon), 2 (common) and 3 (very common). The total
score ranged from 1 (grade 1, uncommon) to 12 (grade 4, very common),
and risk was classified as low (<3), moderate (4-8) or high (=9). Gl toxicity
information (for example, diarrhea, mucositis, colitis, ileitis, perforation)
was extracted from FDA labels and guidelines as well as curated sources
(DrugBank, Drugs.com, Mayo Clinic) for short-course, fixed-dose regimens
in patients without preexisting Gl disease and was compared with model
outcomes.

Diagnostic accuracy and ROC analysis

Diagnostic accuracy metrics, including sensitivity, specificity, accuracy,
positive predictive value and negative predictive value, were calculated by
comparing predicted toxicity classifications (on the basis of predefined
thresholds) against clinical toxicity (moderate/high risk versus low risk).
Before constructing ROC curves, the threshold-dependent performance
was evaluated across TEER percent reduction levels to determine the
optimal cutoff. At each threshold, the diagnostic metrics were quantified as
follows:

Youden's J = sensitivity + specificity — 1,
Accuracy = (TP +TN)/(TP + TN + FP + FN),

where TP is true positive, TN is true negative, FP is false positive and FN is
false negative. These metrics were used to identify performance plateaus
and generate threshold plots (Supplementary Fig. 5a,b). ROC curves were
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constructed by plotting sensitivity (TP rate) against 1-specificity (FP rate).
The area under the ROC curve (AUC) quantifies predictive performance,
with values closer to 1 indicating higher predictive accuracy. ROC-AUC
provided a threshold-independent summary of discrimination, whereas
predefined thresholds (=50% TEER reduction, MOS IC;5:Cnax <1 and MOS
1Cs0:Cmax <1) were selected for their clinical relevance in predicting Gl
toxicity. Thus, classification metrics at these thresholds reflected assay
performance at decision points aligned with clinical use. AUCs were
reported with 95% confidence intervals (Cls) calculated using the
nonparametric DeLong method, and statistical significance (AUC >0.5)
was assessed using the Mann-Whitney U test. Prespecified binary decision
rules—at least 50% reduction in TEER or ATP at 100 uM; and IC;5:C\ax ratio
of less than one—served as clinically useful thresholds for risk classifica-
tion. All AUC values, 95% Cls and P values are shown in Supplementary
Table 7.

Statistical analysis

All statistical analyses were performed using Microsoft Excel, Python and
GraphPad Prism version 10 (GraphPad Software). Pairwise comparisons
were performed using Student’s t-test, and multiple groups were
compared using one-way analysis of variance followed by the Holm-Sidak
post hoc test, unless otherwise specified. Continuous variables were
expressed as meanzs.em. The Cls for AUCs were computed using
standard error estimations on the basis of DeLong’s method, and the P
values for ROC curves were calculated using the Mann-Whitney U test.

RESULTS

hPS cell-derived hIECs mimic physiological features better
than Caco-2 cells

We first established intestinal epithelial models of drug-induced Gl
toxicity using hPS cell-derived hIECs and human enterocyte-like
Caco-2 cells (Fig. 1a,b). As previously reported, both cell lines
formed epithelial sheets with clear intercellular junctions, as
observed under brightfield microscopy after differentiation
(Fig. 1b). We compared barrier integrity by measuring TEER.
Caco-2 cells exhibited much higher TEER (400-1,000 Q-cm?) than
hIECs (80 and 240 Q-cm? (Fig. 1c). Physiological TEER in the
intestinal epithelium in vivo is 50-100Q-cm? (ref. 2%). To
characterize cell type diversity and tight junctions in each model,
we conducted immunostaining analyses for intestinal epithelial
markers, including the enterocyte marker villin 1 (VIL1), the
goblet cell marker mucin 2 (MUC2), the endoderm-specific marker
homeobox protein CDX-2 (CDX2), the drug-metabolizing enzyme
CYP3A4 (expressed in small intestine enterocytes) and the tight
junction proteins zona occludens 1 (ZO-1) and E-cadherin (ECAD).

Both cell types expressed VIL1, CDX2, ECAD and ZO-1, whereas
the goblet cell marker MUC2 was detected exclusively in hlECs
(Fig. 1d). CYP3A4 was expressed in hIECs but not in Caco-2 cells
originating from the large intestine (Fig. 1d). VILT expression was
significantly higher in Caco-2 cells than in hIECs (P =0.004). By
contrast, the expression of MUC2 (P = 0.003), MUC13 (P <0.001)
and the enteroendocrine cell marker chromogranin A (CHGA)
(P<0.001) was significantly higher in hIECs (Fig. 1e). The
expression of the adherens junction marker CDH1 (ECAD)
(P=0.006) and other tight junction markers, including ZO-1
(P=0.022), OCLN (P<0.001) and claudin 1 (CLDNT) (P=0.003),
was significantly higher in Caco-2 cells than in hIECs and human
small intestine samples (Fig. 1e).

As the focus of this study was drug-induced GI toxicity, we
compared the expression levels of genes involved in drug
metabolism. CYP3A4 expression was 3.15-fold higher in hIECs than
in Caco-2 cells (P<0.001) (Fig. 1e), consistent with the data
presented in Fig. 1d. The organic anion-transporting polypeptide
1A2 gene (OATP1A2), responsible for the cellular uptake of
chemotherapeutic drugs, was upregulated 4.66-fold in hIECs
(P=0.017) (Fig. 1e). The expression of 20 transporters and
metabolic enzymes was substantially higher in hIECs than that
previously reported in Caco-2 cells'®. We confirmed the
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apical-basolateral polarization patterns of hlECs and Caco-2 cells
using vertically sectioned epithelial sheets on a Transwell
membrane. As expected, both cell types demonstrated polarized
apical VIL1 expression. OATP1A2 was expressed in hlECs but not in
Caco-2 cells (Fig. 1f), consistent with the results shown in Fig. Te.
The basolateral marker Na*/K* ATPase was expressed in both cell
types (Fig. 1f). Caco-2 cells exhibited higher densities (2.04 fold,
P <0.001) and a significantly lower epithelial thickness than hIECs
(1.38 fold, P=0.009), as evidenced by hematoxylin-eosin staining
and immunostaining (Fig. 1g,h). Collectively, these findings suggest
that the hlEC model closely resembles the small intestine and
exhibits greater physiological relevance than Caco-2 cells (Table 1).

The TEER assay was more sensitive in detecting drug-induced
Gl toxicity than ATP cell viability assays

To compare the sensitivity of our TEER assay with conventional
ATP cell viability assays, we screened 17 drugs, including seven
cell cycle inhibitors (paclitaxel, docetaxel, capecitabine, cyclopho-
sphamide, cisplatin, 5-FU and doxorubicin), five TKis (gefitinib,
crizotinib, sunitinib, sorafenib and lapatinib) and five NSAIDs
(ibuprofen, diclofenac, naproxen, ketorolac and ketoprofen). The
Gl toxicity profile for each drug was classified by severity (grades
1-4) according to CTCAE v5.0. Toxicity levels are shown in Table 2
and Supplementary Table 3. Most drugs exhibited dose-
dependent cytotoxicity, revealing a marked difference in sensitiv-
ity between the two assays, particularly for cell cycle inhibitors
(Fig. 2 and Supplementary Fig. 1).

The ATP cell viability assay did not detect the cytotoxic effects
of paclitaxel, docetaxel, capecitabine and cyclophosphamide even
at the highest concentration tested (100 uM), whereas the TEER
assay detected barrier disruption, especially in hlECs (Fig. 2a and
Supplementary Fig. 1a). The TEER assay showed greater sensitivity
in detecting the cytotoxicity of representative chemotherapeutics
(5-FU and doxorubicin) than the viability assay, although cisplatin
exhibited higher cytotoxicity in the latter (Fig. 2a and Supple-
mentary Fig. 1a).

TKls, which can inhibit tyrosine kinase receptors, such as the
EGF receptor and platelet-derived growth factor receptor, showed
severe cytotoxicity in both assays and cell types (Fig. 2b and
Supplementary Fig. 1b), consistent with their clinical profiles
(Table 2). NSAIDs exhibited low-to-moderate cytotoxicity, with the
TEER assay being more sensitive than viability assays, particularly
in hIECs (Fig. 2c and Supplementary Fig. 1c). The results of these
assays are presented in Supplementary Table 4.

To validate the physiological relevance of our findings, we
performed live-dead assays in the presence of cell cycle inhibitors.
Paclitaxel, docetaxel, capecitabine and cyclophosphamide
induced extensive cell death and barrier damage at 100 pM,
which was consistent with the TEER results but not with the cell
viability results (Fig. 2a and Supplementary Figs. 1a and 2).
Cisplatin caused low-to-moderate cell death, in line with the TEER
results; 5-FU and doxorubicin caused severe cell death, which
drastically decreased TEER in both intestinal cell models (Fig. 2a
and Supplementary Figs. 1a and 2). Collectively, these data show
that the TEER assay using hIECs provides a more sensitive and
physiologically relevant method for detecting drug-induced Gl
toxicity than ATP cell viability assays, particularly for cell cycle
inhibitors, and demonstrates superior alignment with toxicity
profiles.

hIECs were better suited for assessing ROS-mediated
cytotoxicity than Caco-2 cells

ROS, a mediator of chemotherapeutic toxicity, was measured in
both cell types®’. For dose-response analyses, we tested three
drugs from distinct pharmacological classes—paclitaxel (micro-
tubule stabilizer), cyclophosphamide (DNA damage inducer) and
gefitinib (TKI). Caco-2 cells exhibited inherently high baseline ROS
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Fig. 1 Characterization of hlEC and Caco-2 intestinal epithelium models. a A schematic illustration of the procedures followed to generate
progenitor and functional hIECs. b The brightfield microscopy images showing the morphology of hIECs and Caco-2 cells. Scale bars, 100 pm.
¢ TEER measurements indicating the barrier integrity of functional hlECs and Caco-2 cells. d The confocal immunofluorescence top-view
images of hIEC and Caco-2 cell epithelial structures. Scale bars, 100 pm. e The relative expression levels of cell type and tight junction markers
and drug metabolism-associated genes. f Cross-sectional confocal immunofluorescence images showing the vertical architecture of hIECs and
Caco-2 cells. Scale bars, 100 pm. g A comparison of cell counts within the indicated regions. h Epithelial thicknesses of the hIEC and Caco-2 cell
models. Images were acquired at 20x magnification. Data are presented as the mean + s.e.m. (n > 4). Statistical analysis was performed using a
t-test in ¢, g and h and by one-way analysis of variance in e. *P < 0.05, **P < 0.01, ***P < 0.001.

Table 1. Characterization of the hlEC and Caco-2 intestinal epithelial models.

Model  Mean TEER References Barrier Origin Cell composition
(Q:cm?+ SEM)*  TEER (Q:cm?) integrity

hIEC 129.6 +40.9 ~80-240 Moderate hPS cell (in Enterocyte, Paneth cell, goblet cell, enteroendocrine cell, stem cell
integrity vitro)

Caco- 695.7 £ 126.1 ~400-1,200 High Cancer cell Enterocyte

2 integrity line (in vitro)

hSI - ~50-100 Moderate (In vivo) Enterocyte, Paneth cell, goblet cell, enteroendocrine cell, Tuft cell,
integrity stem cell, transit amplifying cell (epithelium)

TEER measurements (current study and reference values), barrier integrity levels, cellular origins and cell compositions are summarized.
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Table 2. Clinical Gl toxicity profiles of the analyzed drugs.

Drug Severity grade and score Incidence and score Total Gl toxicity score Clinical toxicity level
(grade x incidence)
Paclitaxel Grade 2 2 Very common 3 6 Moderate
Docetaxel Grade 3 3 Very common 3 9 High
Capecitabine Grade 3 3 Very common 3 9 High
Cyclophosphamide Grade 2 2 Common 2 4 Moderate
Cisplatin Grade 1 1 Very common 3 3 Low-moderate
5-FU Grade 3 3 Very common 3 9 High
Doxorubicin Grade 2 2 Common 2 4 Moderate
Gefitinib Grade 2 2 Very common 3 6 Moderate
Crizotinib Grade 2 2 Very common 3 6 Moderate
Sunitinib Grade 2 2 Very common 3 6 Moderate
Sorafenib Grade 2 2 Very common 3 6 Moderate
Lapatinib Grade 3 3 Very common 3 9 High
Ibuprofen Grade 1 1 Common 2 2 Low
Diclofenac Grade ~1-2 1 Common 2 2 Low
Naproxen Grade ~1-2 1 Common 2 2 Low
Ketoprofen Grade ~1-2 1 Common 2 2 Low
Ketorolac Grade 4 4 Uncommon 1 4 Moderate

Gl toxicity levels (low, moderate and high) were determined using integrated severity grades and incidence categories, as described in the Methods. Clinical Gl
toxicity symptoms were based on FDA guidelines, the DrugBank Database, Drugs.com, information from the Mayo Clinic and relevant literature.

levels in the absence of the drug, limiting the ability to detect
dose-dependent increases in ROS concentrations. By contrast,
hIECs showed low baseline ROS levels with dose-dependent
increases in ROS concentrations and the proportion of ROS-
positive cells following exposure to paclitaxel or cyclophospha-
mide (Fig. 3a-d). Gefitinib increased ROS levels in hIECs up to
10 puM, followed by a decline at higher concentrations, consistent
with severe mitochondrial injury and cell death (Fig. 3ef and
Supplementary Fig. 3). Collectively, these findings support the
suitability of the hIEC model for assessing dose-dependent, ROS-
mediated cytotoxicity and for predicting Gl toxicity.

Cytoskeleton-associated transcriptomic and KEGG pathway
analysis in paclitaxel- and docetaxel-treated hIECs
KEGG pathway enrichment analysis of downregulated DEGs in the
paclitaxel group revealed the 20 most significantly enriched
pathways (Fig. 4a). Among these, cytoskeleton in muscle cells
(adjusted P =0.0135), cell adhesion molecules (adjusted
P =0.00043) and cAMP signaling pathway (adjusted P = 0.0482)
were prioritized for further investigation on the basis of their
relevance to intestinal barrier integrity and statistical signifi-
cance'”"?. Heat maps showed that the expression profiles of these
pathways differed between the paclitaxel and control groups (Fig.
4b). Quantitative PCR (qPCR) analysis indicated that representative
genes (LAMAT1, COL3A1, CLDN16, CLDN19, GIP and GPR119) were
markedly downregulated, in line with the RNA-seq results (Fig. 4c).

In the docetaxel group, the analysis of downregulated DEGs
similarly identified enrichment in cytoskeleton in muscle cells
(adjusted P=1.05x10"%), cell adhesion molecules (adjusted
P=0.00113) and extracellular matrix (ECM)-receptor interaction
(adjusted P=1.85x10"") (Fig. 4d). The heat maps showed that
the expression profiles of these pathways differed between the
paclitaxel and docetaxel groups (Fig. 4e). The gPCR analysis
showed that key genes (SPTBN4, COL3A1, CLDN16, CLDN19, LAMA1
and SPP1) were downregulated, corroborating the transcriptomic
results (Fig. 4f).

A 3D multidimensional-scaling plot of downregulated DEGs
showed a clear separation of the paclitaxel- and docetaxel-treated

SPRINGER NATURE

groups from controls along dimension 2, indicating distinct
transcriptional responses to both taxanes (Supplementary Fig.
4a). The corresponding heat map, (Supplementary Fig. 4b), which
focused on the cAMP signaling pathway and regulation of the
actin cytoskeleton, showed higher expression in controls and
lower expression in drug-treated samples, consistent with
pathway-level downregulation'””'°. The gPCR analysis demon-
strated that representative genes from these pathways (ATP1B2,
GPR119, ADORA2, CACNAID, POMC and FGF9) were downregu-
lated, in line with the transcriptomic results and heat map
(Supplementary Fig. 4c). In line with the transcriptomic enrich-
ment of cytoskeleton- and adhesion-related pathways (Fig. 4), the
gPCR analysis also showed that paclitaxel and docetaxel down-
regulated RHOA, ROCK2, CDC42, ACTG1, ACTNT and ELN (Supple-
mentary Fig. 4d). These results indicate that the taxane-induced
suppression of Rho-GTPase and actin-junction-ECM gene net-
works underlies the observed decline in barrier integrity.

The hlEC-based TEER assay reliably predicts Gl toxicity

We compared the predictive performance of the hlIEC-based TEER
assay, a clinically relevant method to detect Gl toxicity, with that of
the Caco-2-based TEER assay and ATP cell viability assays in both
cell types. Drugs were classified as toxic or nontoxic using two
criteria: MOS threshold (IC;5:Chax< 1) and percent reduction
threshold (=50% decrease in TEER or ATP viability at 100 pm).
The =50% TEER reduction cutoff was supported by threshold
performance analysis (Supplementary Fig. 5a,b), which showed a
broad plateau of high Youden'’s J (=0.92) and accuracy (=0.94) for
the hIEC TEER model at ~50-65%, whereas the Caco-2 TEER model
attained a lower plateau (J=0.75) at >60%. Cnax Values are
summarized as median (IQR) with min-max for each drug, and the
corresponding MOS metrics (median and (min-max)) are pre-
sented in Supplementary Table 5 to show exposure variability
across clinical conditions. The incidence of severe Gl toxicity grade
>3 for the 17-drug panel is summarized in Supplementary Table 6.
The hIEC-based TEER assay recapitulated the clinically observed
range of Gl toxicity levels across and within pharmacological
classes (Supplementary Table 6). The IC;s5, ICso and percent
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Fig.2 Comprehensive drug screening for cell cycle inhibitors, TKIs and NSAIDs using the hlEC and Caco-2 cell models. a-c Drug screening
results for cell cycle inhibitors (a), TKIs (b) and NSAIDs (c) in the hIEC and Caco-2 cell intestinal epithelial models. The TEER assay results for
each drug class are shown (top), and the cell viability assay results (at concentrations of 0, 1, 5, 10, 50 and 100 pM) are shown (bottom). The
corresponding ICsqo values are shown in red for hIECs and gray for Caco-2 cells. Data are presented as the mean + s.e.m. of four independent

experiments and are normalized to vehicle controls.

reduction values derived from both assays in hlECs and Caco-2
cells are summarized in Table 3.

The total Gl toxicity scores showed moderate correlations with
percent reduction (Pearson’s r=0.64 for the hIEC-based TEER
assay; r=0.58 for the Caco-2-cell-based TEER assay; Fig. 5a). By
contrast, the results of ATP cell viability assays correlated weakly
or negligibly with Gl toxicity scores (r=0.25 for hIECs; r = —0.04
for Caco-2 cells; Fig. 5a). Consistent with threshold plots
(Supplementary Fig. 5a,b), the =50% TEER reduction cutoff lay
within the early portion of the performance plateau (~50-65%) for
hIECs, aligning with the physiological onset of barrier loss rather
than late cytotoxicity. These findings indicate that the hlEC-based
TEER assay detects clinically relevant intestinal barrier disruption
rather than general cytotoxicity, as measured in ATP cell viability
assays, demonstrating the utility of TEER assays for the early
detection of intestinal barrier disruption?®2%,

Experimental & Molecular Medicine

Guided by performance plateaus (Supplementary Fig. 5a,b),
toxicity was classified on the basis of the =50% TEER reduction
cutoff (Fig. 5b,c,e,g,i and Supplementary Table 7). All tested drugs
were classified as low risk or moderate/high risk on the basis of a
validated Gl toxicity scoring framework (threshold =4; Table 2 and
Supplementary Table 3). Scatter plots enabled the visual distinc-
tion of TPs, FNs, TNs and FPs for each assay using percent
reduction and MOS (Fig. 5b,c,e,g,i). Using the percent reduction
criterion, the hlEC-based TEER assay achieved superior diagnostic
performance, correctly classifying 11 of 12 toxic drugs (paclitaxel,
docetaxel, capecitabine, cyclophosphamide, 5-FU, doxorubicin,
gefitinib, crizotinib, sunitinib, sorafenib, lapatinib; sensitivity 92%)
and all five low-toxicity drugs (cisplatin, ibuprofen, diclofenac,
naproxen, ketoprofen; specificity 100%), resulting in an overall
accuracy of 94% (Fig. 5b,c and Supplementary Table 7).
Conversely, the Caco-2-based TEER assay had lower sensitivity
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(83%), specificity (60%) and accuracy (76%), notably misclassifying
cyclophosphamide and ketorolac (Fig. 5b,c and Supplementary
Table 7). Both ATP cell viability assays exhibited markedly lower
predictive accuracy (approximately 65%), primarily owing to low
sensitivity (~58%), despite moderate specificity (80%) (Fig. 5b,e
and Supplementary Table 7). Overall, these classification patterns
(Supplementary Table 7) indicate that the hlEC TEER assay had the
smallest number of FP and FN classifications and the highest
predictive accuracy, whereas the Caco-2 TEER and cell viability
assays exhibited progressively higher FN rates and lower accuracy.
Moreover, the paired dot plot in Supplementary Fig. 5¢ parallels
the quadrant separation in Fig. 5c, showing larger and more
consistent TEER reductions in hlIECs among toxic agents while
preserving specificity for low-toxicity drugs. Ketorolac was
identified as nontoxic (FN) using both TEER assays, reflecting the
limitations of these assays for detecting specific Gl toxicity
mechanisms, such as chemical irritation or prostaglandin inhibi-
tion, highlighting the need for complementary assays (Fig. 5c,e
and Supplementary Table 7). The ROC curve analysis showed that
the hIEC-based TEER assay using the >=50% reduction threshold
achieved the highest diagnostic accuracy (AUC of 0.96), out-
performing the Caco-2 TEER assay (AUC of 0.72) and both cell
viability assays (AUC <0.69) (Fig. 5d,f; 95% Cls and Mann-Whitney
P values are reported in Supplementary Table 7 and summarized
in the legend of Fig. 5). Among toxic compounds, cyclopho-
sphamide was detected only in the hIEC-based TEER assay (TP),
whereas the Caco-2 TEER assay yielded FN, consistent with
chemotherapy-induced mucositis and tight junction disruption
(Table 2 and Supplementary Table 7). By contrast, two NSAIDs—
naproxen and ketoprofen—appeared as FPs in the Caco-2 TEER
assay, reflecting acute prostaglandin-dependent permeability
changes rather than true barrier disruption.

The MOS (IC;5:Cinay) threshold of 1 was selected as a
scientifically robust and clinically meaningful criterion, represent-
ing the precise boundary where the minimal drug concentration
causing early intestinal epithelial damage (IC;s) aligns with
clinically achievable drug concentrations (Cyax). Using this MOS
threshold, the hlEC-based TEER assay achieved relatively higher
sensitivity (58%), specificity (80%) and accuracy (65%) than the
other assays. However, the overall accuracy of the MOS threshold
was lower than that of the >50% reduction threshold (Fig. 5g,i and
Supplementary Table 7). This discrepancy highlights the inherent
limitations of systemic exposure-based thresholds, which may
underestimate local mucosal toxicity, particularly for orally
administered drugs (for example, gefitinib, crizotinib, sunitinib
and lapatinib), resulting in FNs (Supplementary Table 7). Moreover,
MOS analyses based on 1C;5:Chax <1 demonstrated substantially
lower predictive accuracy across all assays, confirming that ICsq
values frequently exceed clinically achievable drug concentrations,
thus limiting their predictive utility (Supplementary Table 8).

Collectively, these findings underscore the robust predictive
performance of the hIEC-based TEER assay, particularly when the
percent reduction criterion is applied. This criterion, supported by
previous experimental findings highlighting the early detection of
barrier disruption at biologically relevant concentrations®*>2,
provides a highly sensitive method for assessing drug-induced
Gl toxicity.

DISCUSSION

Our findings established the hIEC-based TEER assay as a highly
effective and clinically relevant platform for assessing drug-
induced Gl toxicity, effectively addressing the critical limitations
of conventional methods. Unlike widely used ATP cell viability
assays or the Caco-2 TEER assay, our hIEC model uses
nontransformed normal hPS cell-derived hIECs to enhance
physiological relevance'®. This crucial difference was evident in
the higher sensitivity and specificity of our assay for detecting
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intestinal barrier disruption caused by diverse classes of pharma-
cological inhibitors, including cell cycle inhibitors, TKIs and
NSAIDs.

The hIEC-based TEER assay demonstrated high predictive
accuracy, accurately identifying drugs associated with Gl toxicity
using rigorous criteria, including symptom severity scores and
incidence rates. Our comprehensive scoring framework based on
CTCAE v5.0 criteria substantially enhanced the translational
validity of in vitro findings, enabling precise stratification of the
tested drugs into clinically meaningful categories based on
toxicity levels (low, moderate or high). ICso values frequently
exceed clinically achievable drug concentrations®?, limiting their
predictive accuracy. Moreover, relying solely on C.x may under-
estimate intestinal mucosal exposure. Therefore, assays using high
drug concentrations (for example, 100 um) are critical for the early
assessment of toxicity, whereas MOS analyses relate assay potency
to clinical exposure. Integrating mucosal exposure data, drug
formulation characteristics and pharmacokinetic profiles is recom-
mended for a comprehensive assessment of Gl toxicity. To address
these gaps, we validated an alternative, physiologically mean-
ingful threshold (=50% TEER reduction at 100 um), which markedly
increased the clinical utility of the hIEC TEER assay. This criterion
detected marked epithelial barrier disruption, reflecting clinically
relevant Gl damage. Consistent with this rationale, we observed a
broad plateau in performance in the hIEC TEER model (Youden's
J=0.92; accuracy of approximately 0.94) across the TEER reduction
range of 50-65% (Supplementary Fig. 5a,b), supporting the use of
a >50% reduction cutoff for the early detection of barrier
disruption. Together, these complementary metrics strengthen
the translational assessment of Gl safety.

The predictive accuracy of the hlIEC-based TEER assay using the
percent reduction criterion was high, demonstrating strong
accuracy for orally administered drugs (TKIs and NSAIDs) directly
exposed to the intestinal mucosa, as well as for intravenously
administered anticancer drugs (cell cycle inhibitors). In addition,
the assay accurately predicted Gl toxicity for all tested drugs,
except for ketorolac (FN), reflecting its broader predictive
applicability despite the need for complementary assays to detect
alternative Gl toxicity mechanisms, such as chemical irritation or
prostaglandin inhibition. The clinical advantage of the hlEC-based
TEER assay was confirmed by percent reduction analysis,
demonstrating that =50% TEER reduction at 100 pm—well above
Cmax—differentiated between safe and toxic drug exposure levels.
Importantly, the hIEC-based TEER assay discriminated between Gl
toxicity levels across and within pharmacological classes (Supple-
mentary Table 6).

An MOS (IC;5:Chax) threshold of 1 was chosen as a clinically
meaningful and scientifically robust criterion, representing the
boundary at which the lowest concentration causing early
intestinal epithelial damage (IC;5)*? coincides with clinically
achievable drug concentrations (Cyax). This threshold serves as a
sensitive indicator of early Gl toxicity, directly linking TEER assay
results to therapeutic exposure. Given the observed sensitivity and
predictive accuracy of the hlEC-based TEER assay, this MOS
threshold is appropriate for conservative, biologically relevant
early risk assessments, particularly in cases of chronic or repeated
drug administration. Accordingly, =50% TEER reduction served as
the primary decision criterion, and MOS (IC;5:C;,ax <1) was used to
aid interpretation of systemic exposure, thereby reinforcing the
role of barrier function measurements as the most reliable
indicators of Gl toxicity. ROC metrics support this hierarchy (Fig.
5 and Supplementary Tables 7 and 8). Furthermore, measurable
disruptions in intestinal barrier integrity often precede overt
cytotoxic effects detected in ATP-based viability assays®*—°,
supporting TEER-based barrier integrity monitoring as an early,
sensitive indicator of Gl injury. This approach prioritizes barrier
function as a predictive marker of Gl manifestations, including
diarrhea and mucositis. Recent advances, such as the RepliGut
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Fig. 3 Dose-dependent changes in ROS production following drug treatment. a-f Representative fluorescence images and corresponding
quantitative analyses of ROS-positive areas in hlECs and Caco-2 cells treated with paclitaxel (a, b), docetaxel (c, d) or gefitinib (e, f).
a, ¢, e, Representative fluorescence images; b, d, f, quantitative analysis of ROS-positive areas. The ROS production was quantified in live cells
using a mitochondria-specific fluorescent probe that reacts with superoxide anions. Data are presented as the mean + s.e.m. from replicate
experiments and are normalized to vehicle controls. a-f show the quantification of ROS-positive areas as a percentage of the total field area.

The images were acquired at 20x magnification. Scale bar, 200 pm.

planar model derived from adult intestinal stem cells*’, emphasize
the importance of patient-specific intestinal epithelial platforms
for predicting drug toxicity. However, adult tissue-derived models
inherently reflect donor variability, potentially limiting general-
izability. By contrast, our hPS cell-derived hIEC platform provides a
scalable and reproducible system that performs consistently
under standardized culture and assay conditions, thereby
improving translational relevance across diverse patient
populations.

Bulk RNA-seq complemented functional assays to identify the
mechanisms underlying barrier disruption. The results showed a
convergent weakness across intestinal structural integrity networks,
including cytoskeletal, junctional and ECM-receptor pathways. We
observed the downregulation of ECM-receptor interactions and
cAMP signaling, consistent with cytoskeletal disruption'”2%2'38,
These patterns suggest that compromised structural integrity is
associated with impaired epithelial function and homeostasis. The
same directional changes were observed for paclitaxel and docetaxel,
indicating a convergent molecular response to microtubule-targeting
agents. In parallel, gene sets essential for intestinal function, including
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those involved in drug metabolism, were markedly downregulated,
consistent with a cascade of dysfunction. The concurrent down-
regulation of genes associated with canonical cytoskeletal and ECM
components (for example, LAMA1, COL3A1, CLDN16, CLDN19, GIP,
GPR119) suggests that chemotherapeutic toxicity compromises
epithelial architecture and the biochemical interactions that sustain
barrier function and homeostasis. Consistent with these results,
studies on cellular aging found significant associations between
cytoskeletal destabilization, metabolic dysfunction and diminished
regenerative capacity®*™*'. Collectively, these findings indicate that
the cytoskeleton underlies the link between chemotherapeutic
exposure and intestinal epithelial injury.

Our results show that measurable intestinal barrier disruption
often precedes overt cytotoxicity determined by ATP cell viability
assays®>%*2, Unlike destructive cell viability and cytotoxicity
assays conducted at the selected endpoint, TEER measurements
are noninvasive and reproducible®2. For instance, ATP cell viability
assays can be temporarily confounded by early increases in ROS
and concomitant elevations in ATP and NADH production that
occur as a compensatory metabolic response before cell death.
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Fig.4 Cytoskeleton-related pathway alterations induced by paclitaxel and docetaxel in hlECs. a The KEGG pathway enrichment analysis of
DEGs between control hIECs and paclitaxel-treated groups. The top enriched pathways are ranked by adjusted P value and gene count. b The
heat maps showing expression profiles of representative DEGs associated with the cytoskeleton in muscle cells, cell adhesion molecules and
the cAMP signaling pathway. ¢ The qPCR validation of representative genes from the pathways shown in b. d The KEGG pathway enrichment
analysis of DEGs between docetaxel-treated and control hlECs. e The heat maps showing expression profiles of representative DEGs
associated with the cytoskeleton in muscle cells, cell adhesion molecules and ECM-receptor interaction. f The qPCR validation of selected
representative genes from the pathways in e. Statistical significance was determined by conducting a t-test. Data are presented as

mean £ s.e.m.; *P < 0.05, **P < 0.01, ***P < 0.001.

Such transient elevations are probably driven by mitochondrial
overactivation, as evidenced by the dose-dependent increase in
ROS (Fig. 3). Metabolic activation may mask cytotoxicity, which
explains the low detection of ROS in viability assays (Fig. 2),
particularly with cell cycle inhibitors, despite evidence of cell
death. By directly quantifying paracellular ion permeability, TEER
serves as a sensitive and functionally relevant early indicator of
intestinal barrier impairment. This finding marks a fundamental
paradigm shift in preclinical toxicity screening, prioritizing barrier
function as a pivotal, predictive marker of Gl manifestations,
including diarrhea, mucositis and severe complications. The hPS
cell-derived hIEC model strengthens these findings by providing
an epithelial model that more closely mimics human intestinal
structure and function. Directed differentiation on monolayer
cultures containing diverse epithelial cell types provides bidirec-
tional (apical-basolateral) access and enables the real-time

SPRINGER NATURE

assessment of barrier function, thereby strengthening the assay’s
translational utility. Therefore, the hIEC model is well-suited for Gl
toxicity screening and mechanistic studies, particularly for ROS-
driven cytotoxicity induced by cell cycle inhibitors*’. By contrast,
elevated baseline ROS in Caco-2 cells limits sensitivity to drug-
induced increases in ROS, whereas hIECs reliably detect dose-
dependent increases in ROS, supporting detailed investigation of
chemotherapy-related Gl toxicity>**™**. The hIEC-based TEER
assay reliably distinguishes highly toxic chemotherapeutics and
TKls from low-toxicity drugs, enabling the early detection of Gl
toxicity, reducing clinical failure rates and improving drug
development efficiency®'%4647.

This study has limitations. First, although the drug screening
panel is comprehensive, it does not encompass the full spectrum
of drug classes currently in clinical use, potentially limiting
generalizability. Second, we prioritized the assessment of acute
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Fig. 5 Diagnostic accuracy and clinical relevance of intestinal toxicity assays. a A heat map showing Pearson correlation coefficients
between the Gl toxicity scores of the indicated drugs (tested at 100 um) and the corresponding assay-derived percent reductions (TEER and
ATP cell viability assays). b Diagnostic accuracy metrics (sensitivity, specificity, accuracy, positive predictive value, negative predictive value and
ROC-AUC) were calculated using 250% TEER reduction and MOS (IC;5:Crax <1). € A scatter plot distinguishing TPs, TNs, FPs and FNs on the
basis of 250% TEER reduction and Gl toxicity scores (threshold of 4). hIECs and Caco-2 cells are represented with red circles and black squares,
respectively; filled symbols indicate high/moderate toxicity, and empty symbols indicate low toxicity. d ROC curves for TEER assay accuracy
using 250% reduction in TEER as a criterion. e Quadrant scatter plots (ATP cell viability assay, >50% reduction) that distinguished TPs, TNs, FPs
and FNs on the basis of Gl toxicity scores (threshold of 4). The symbols are described in ¢, hIECs are shown in orange circles and Caco-2 cells
are shown in gray squares. f ROC curves for assessing the accuracy of call viability assays using >50% reduction. g A scatter plot (TEER assay,
IC15:Cnax <1) distinguishing TPs, TNs, FPs and FNs based on Gl toxicity scores (threshold of 4). The symbols are described in c¢. h ROC curves for
assessing TEER assay accuracy on the basis of 1C;5:Crax <1. i A scatter plot (cell viability assay, 1C;5:Chax <1) showing the distinction between
TPs, TNs, FPs and FNs on the basis of Gl toxicity scores (threshold of 4). The symbols are described in e. j ROC curves for cell viability assay
accuracy on the basis of IC;5:Cax <1. Data are expressed as mean + s.e.m. of four independent experiments. The statistical significance of ROC
analysis was assessed using the Mann-Whitney U test, and 95% Cls were computed using the nonparametric DeLong method. Panel-specific
AUC (95% Cl, DeLong) and P values (Mann-Whitney U) were as follows: for d, hIEC TEER (>50%): 0.96 (0.82-1.00), P < 0.001; Caco-2 TEER (=50%):
0.72 (0.48-0.89), P = 0.036. For f, hIEC ATP (>50%): 0.69 (0.44-0.88), P = 0.049; Caco-2 ATP (=50%): 0.61 (0.37-0.81), P=0.092 (n.s.). For h, hlEC
TEER (MOS IC15:Cihax <1): 0.69 (0.43-0.90), P = 0.042; Caco-2 TEER (MOS): 0.65 (0.40-0.85), P = 0.059 (n.s.). For j, hIEC ATP (MOS): 0.54 (0.32-0.74),
P=0.214 (n.s.); Caco-2 ATP (MOS): 0.40 (0.22-0.58), P =0.308 (n.s.). n.s., not significant. Complete statistics are presented in Supplementary
Table 7.

toxicity over chronic toxicity, which is particularly relevant for incorporate repeated dosing and greater physiological complexity,
long-term medications such as NSAIDs*%, Third, experiments were including the addition of nonepithelial cells, such as immune cells,
conducted using a conventional intestinal model, without to improve the physiological relevance of this assay**°. Fourth, the
accounting for inflammatory or disease-specific contexts that sample size was limited; thus, the validation of the hIEC-based
may influence Gl toxicity in clinical settings. Future studies should TEER system using a broader panel of compounds is warranted.
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By benchmarking our hlEC-based TEER assay system against
conventional methodologies and correlating its findings with
clinical data, we demonstrated its enhanced physiological
relevance for clinical translation and the precision of drug-
induced Gl toxicity assessments. This model accurately recapitu-
lates intestinal epithelial responses, closely mimics in vivo
conditions and provides a reliable and informative platform for
the early screening of drug toxicity. Because of its improved
predictive accuracy, cost-effectiveness and operational efficiency,
this system holds substantial promise for performing Gl safety
assessments, ultimately helping to reduce adverse Gl events and
improve risk management.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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