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Benzalkonium chlorides (BACs) are cationic surfactants present in hundreds of products,
with human exposure rising in recent years. Despite widespread use and unintended ingestion,
the direct effects of BACs on the human intestinal epithelium remain understudied. Primary
human enteroid monolayers from three independent donors were used to assess transcriptional
and barrier responses to acute and chronic BAC exposure. RNA-sequencing revealed that acute
16-hour exposure to a commercially relevant C12/C14/C1s BAC mixture elicited robust
transcriptional responses in two of three donors, including coordinated upregulation of cell cycle
progression, cholesterol biosynthesis, and xenobiotic metabolism pathways. Substantial inter-
donor variability in response magnitude underscores the value of primary human models for

capturing individual differences in susceptibility. In contrast, chronic BAC cocktail exposure



over 16 days showed minimal transcriptional adaptation and barrier integrity changes, consistent
with epithelial adaptation rather than cumulative toxicity. These findings position primary
enteroid monolayers as a valuable platform for intestinal toxicology and highlight the need for

further characterization of BAC exposure at the site of first oral contact.
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1. Introduction

1.1 Quaternary Ammonium Compounds & Benzalkonium Chlorides

Quaternary ammonium compounds (QACs) are a broad class of cationic surfactants
defined by a central nitrogen atom bearing four substituents, yielding a permanently positively
charged structure that has potent disinfectant properties (Merchel Piovesan Pereira &
Tagkopoulos, 2019). Encompassing numerous chemical subclasses, QACs are among the most
widely deployed antimicrobials in modern use, found in household disinfectants, industrial
sanitizers, personal care products, pharmaceutical formulations, and even food processing

facilities (Arnold et al., 2023). In recent years, QACs were formally characterized as a chemical



class of emerging concern by the California Environmental Protection Agency, owing to their
widespread utilization, potential for bioaccumulation, and growing evidence linking systemic
exposure to adverse health outcomes (California EPA, 2024). Critically, QACs are not currently
monitored by the National Health and Nutrition Examination Survey (NHANES), leaving
substantial gaps in our understanding of population-level exposure and associated
epidemiological risk (Arnold et al., 2023; CDC, 2025). Despite widespread commercial use, the
Food and Drug Administration (FDA) has not made a formal determination that QACs are
Generally Recognized As Safe and Effective (GRAS/GRAE), repeatedly deferring rulemaking

and calling for additional safety studies (FDA, 2019).

Among QAC subclasses, benzalkonium chlorides (BACs) have emerged as compounds
of toxicological interest. BACs are characterized by a benzyl group, two methyl groups, and an
alkyl chain ranging from Csg to Cis in length (Figure 2.1). Notably, a commonly used Ci2-16 BAC
mixture (CAS#: 68424-85-1) is present in hundreds of consumer and occupational products:
household disinfectants, surface cleaners, and food-contact surface sanitizers, reflecting
widespread potential for human exposure (EPA, 2026). The COVID-19 pandemic dramatically
accelerated BAC usage, as heightened public concern over surface transmission drove
exponential increases in disinfectant consumption globally (Li et al., 2020). The biological
consequences of this exposure surge were measurable: median blood-serum BAC levels rose by
174% during the pandemic compared to pre-pandemic baselines, a striking indication that
increased use translated directly to elevated systemic concentrations (Zheng et al., 2021).
Specifically, BACs have been detected in human blood-serum in low nanomolar concentrations,
and in human feces from nanomolar to low micromolar levels (Li & Kannan, 2024; Zheng et al.,

2021).



Human exposure to BACs occurs through multiple routes, with oral ingestion
representing a particularly relevant but underappreciated pathway. Hand-to-mouth transfer
following contact with disinfected surfaces, consumption of food prepared on BAC-sanitized
food-contact surfaces, and direct ingestion of BAC residues contribute to oral exposure.
Furthermore, children have age-specific behaviors that may make them more susceptible to oral
exposure to BACs compared to adults (Zheng et al., 2021). BACs have been detected in
consumer products at active ingredient concentrations typically ranging from 0.1% to 0.5%,
while environmental monitoring has identified BAC in surface water, wastewater effluent, and
household dust at concentrations in the low pg/L and pg/g range, respectively (EPA, 2026;
Merchel Piovesan Pereira & Tagkopoulos, 2019). Following oral ingestion, the small intestine
represents the primary site of first-contact exposure, where luminal BAC concentrations may
substantially exceed those in systemic circulation (Lee et al., 2014). Thus, characterizing BAC
disposition in the small intestine is critical for understanding the potential for direct intestinal

toxicity.

The in vitro metabolic fate of BACs has begun to be characterized, though primarily in
hepatic model systems. BACs undergo CYP-mediated oxidative metabolism along the alkyl
chain in human liver microsomes, with metabolic stability increasing with chain length and
hydroxylated metabolites displaying markedly reduced capacity to inhibit cholesterol
biosynthesis relative to the parent compound, suggesting a detoxifying role for CYP-mediated
clearance (Seguin et al., 2019). Furthermore, longer chain BACs have demonstrated inhibition of
renal organic cation transporters hOCT1-3 and hMATE1/2K, yet short-chain congeners (Cg and

Ci0) are substrates of these same transporters (Vieira et al., 2024).



The toxicological profile of BACs has been investigated across multiple organ systems
and exposure contexts, revealing a breadth of adverse effects. Historical case reports have shown
that acute high-dose ingestion of BAC-containing formulations has been associated with fatal
outcomes (Hitosugi et al., 1998; Wilson & Burr, 1975). At lower, more environmentally relevant
concentrations, BAC exposure has been linked to sensitization reactions affecting the skin,
respiratory tract, and immune system, as well as occupational asthma in healthcare and cleaning
workers (AOEC, n.d.; Arnold et al., 2023; Wentworth et al., 2016). In vivo studies have
demonstrated reproductive and developmental toxicity, including reduced fertility and neural
tube defects following ambient QAC exposure (Hrubec et al., 2017; Melin et al., 2014). At a
systemic and biochemical level, BAC exposure has been associated with nephrotoxicity (Brzoska
et al., 2026), inflammation (Hrubec et al., 2021), disruption of gut microbial communities (Lopez

et al., 2024), and alterations in cholesterol, lipid, and bile acid homeostasis (Herron et al., 2019).

There is limited research regarding the direct impact of BACs on the intestine. /n vivo
BAC exposure has been associated with structural intestinal injury including villus impairment,
goblet cell depletion, and upregulation of the tight junction protein claudin-2, as well as
increased tumor cell proliferation and suppressed apoptosis in colorectal tumor tissue,
collectively suggesting BAC bioactivity extends to disruption of intestinal epithelial homeostasis
(Feng et al., 2025; Sanidad et al., 2018). Yet, each of these studies relied on supraphysiological
doses or models not directly translatable to humans. Consequently, whether comparable
responses occur in the human intestinal epithelium at relevant exposure concentrations remains

understudied.



1.2 Small Intestine

The small intestine is a critical site of environmental toxicant disposition and represents
the primary barrier between ingested compounds and systemic circulation. For orally consumed
chemicals, the intestinal epithelium constitutes one of the first points of contact prior to
absorption, where luminal concentrations may far exceed those ultimately detected in blood or
peripheral tissues (Gelberg, 2018). Structurally, the small intestine is divided into three proximal
to distal segments: the duodenum, jejunum, and ileum, each with distinct functional properties
and regional variation in transporter and enzyme expression (Campbell et al., 2019). Beyond its
well-established roles in nutrient absorption and digestion, the small intestine maintains
epithelial barrier integrity, contributes to mucosal immune defense, and participates in the first-
pass extraction of drugs and xenobiotics through expression of drug metabolizing enzymes and
transporters (DMET) (Gelberg, 2018).

The intestinal epithelial cell population is highly dynamic, undergoing complete renewal
approximately every three to five days and being organized into crypt-villus units (Flier &
Clevers, 2009). LGRS5+ intestinal stem cells serve as the progenitor population of the small
intestine, residing and proliferating within the crypts before migrating up the crypt-villus axis as
they differentiate into the specialized cell types lining the villus surface (Clevers, 2013; Flier &
Clevers, 2009). These include columnar enterocytes, which perform the bulk of nutrient
absorption, as well as secretory lineages including goblet cells, enteroendocrine cells, and Paneth
cells (Clevers, 2013). Fully differentiated cells are ultimately shed into the intestinal lumen,
completing the cycle of continuous epithelial renewal. The canonical Wnt/B-catenin pathway
serves as the primary driver of LGR5+ stem cell renewal in the crypt, where its activation leads
to transcription of proliferative target genes including LGRS, CCND1, and MYC (Vanuytsel et

al., 2013). MYC functions as a central downstream effector of canonical Wnt signaling, driving
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cell cycle progression and crypt progenitor expansion, while its deletion has been shown to
mitigate canonical Wnt-driven hyperproliferation (Sansom et al., 2007). Conversely, BMP/TGF-
B signaling acts as a homeostatic brake on stem cell self-renewal with subsequent suppression of
PI3K-Akt activity (Vanuytsel et al., 2013). Maintaining this balance between stem cell
proliferation and terminal differentiation is therefore essential for preserving barrier integrity and
sustaining the absorptive and secretory functions of the small intestine. Disruption of these
pathways has direct toxicodynamic implications for how environmental contaminants perturb

intestinal homeostasis.

The intestinal epithelial barrier is reinforced by tight junction complexes that are critical
regulators of paracellular permeability and barrier integrity. These complexes consist of
transmembrane proteins, including occludin and claudins, anchored to the cytoskeleton via
cytoplasmic scaffolding proteins such as ZO-1 and ZO-3 (Barbara et al., 2021). Beyond their
structural role as a physical barrier, tight junctions facilitate rapid cell-cell communication and
contribute to the maintenance of epithelial polarity along the gastrointestinal tract (Barbara et al.,
2021). Disruption of tight junction integrity is a well-established mechanism of enterotoxicity,
with downstream consequences including increased permeability to exogenous pathogens and
ingested toxicants, dysbiosis of the gut microbiome, and altered bioavailability of drugs. Despite
this vulnerability, the direct effects of QACs such as BACs on the intestinal epithelium remain
poorly characterized, in part due to the absence of physiologically relevant human model systems

capable of capturing both the cellular complexity and barrier properties of the native tissue.

1.3 Primary Human Enteroid Monolayer Model

Addressing this gap requires an experimental model that recapitulates the multicellular

composition, polarized architecture, and barrier function of the human intestinal epithelium. The
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development of intestinal organoid culture systems has fundamentally transformed the study of
intestinal epithelial biology. It was first demonstrated that murine Lgr5+ intestinal stem cells
isolated from crypts could self-organize into three-dimensional (3D) organoids, recapitulating
crypt-villus architecture and cellular diversity in vitro (Sato et al., 2009). This technology has
extended into humans, enabling generation of patient-derived intestinal organoids, referred to as
enteroids, from biopsies (Sato et al., 2011). While 3D enteroid cultures are promising for cell and
molecular biology studies, their enclosed architecture presents a significant limitation for their
pharmacokinetic and toxicological applications. In three-dimensional cultures, the apical surface
of the epithelium faces the inside of each organoid, rendering it largely inaccessible to dosed
compounds without manipulation or microinjection (Sato et al., 2009). While certain techniques
have been shown to evert this architecture (Co et al., 2019), many challenges remain for
microcellular scaling. This is a critical constraint when studying luminal xenobiotics such as

BACs, which encounter the apical surface of columnar enterocytes following oral ingestion.

To overcome these limitations, protocols have been developed to enzymatically or
mechanically dissociate the three-dimensional enteroids and re-plate the resulting single-cell
suspension as two-dimensional monolayers atop collagen-coated Transwell inserts (Arian et al.,
2022). This configuration inverts the orientation of the epithelium, forming properly polarized
monolayers by exposing the apical membrane to the media and the basal surface attached to a
permeable membrane which enables direct dosing of xenobiotics without the need for
microinjection (Arian et al., 2022; O’Mahony et al., 2025). The resulting monolayers retain the
multicellular composition characteristic of the intestinal epithelium in vivo: columnar
enterocytes, goblet cells, enteroendocrine cells, and Paneth cells (Arian et al., 2025). The

functional integrity and utility of human enteroid monolayers have also been demonstrated.
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Barrier formation, as measured by transepithelial electrical resistance (TEER), stabilizes after
differentiation within the Transwell and has been shown to persist for at least 42 days in culture
(Arian et al., 2025). Barrier integrity is also verified with low paracellular permeability by
fluorescent probes such as lucifer yellow (Arian et al., 2025). Beyond structural characterization,
the extended culture viability of enteroid monolayers facilitates long-term exposures and
improves the basis for in vitro-to-in vivo extrapolation (IVIVE), while the Transwell format
enables direct assessment of changes in barrier integrity in response to drugs or toxicants. In
addition to robust barrier integrity, enteroid monolayers maintain expression, inducibility, and
activity of drug-metabolizing enzymes, including CYP3A, and the model has since been applied
to characterize the effects of inflammatory stimuli on intestinal drug transporter expression,
representing a significant advance over historically used in vitro intestinal models (Arian et al.,
2025; Wang et al., 2026). Together, these elements position the human enteroid monolayer as a

functionally stable, physiologically relevant in vitro platform of the intestinal epithelium.

Relative to traditionally used in vitro intestinal models such as Caco-2 cells, human
enteroid monolayers offer critical advantages for toxicological applications. Caco-2 cells are
derived from human colorectal adenocarcinoma and represent a homogeneous, transformed cell
population that incompletely recapitulates the cellular diversity, transporter expression, and
metabolic capacity of the native small intestine (Jeong et al., 2025; Sun et al., 2008). By contrast,
primary enteroid monolayers are non-cancerous cultures derived directly from human biopsies,
preserving the complement of enteric cell types and the donor-specific biological variability
(O’Mabhony et al., 2025). This is consequential for studying environmental toxicants such as
BACs, where inter-individual variation in susceptibility and metabolism represents a key

knowledge gap. Furthermore, human enteroid monolayers are a new approach methodology,
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aligning with the principles of the 3Rs framework: replacement, reduction, and refinement of
animal testing. In the context of the present study, the primary human enteroid monolayer
represents an ideal model system for characterizing the intestinal response to oral BAC exposure.
This system enables apical and basolateral dosing at physiologically relevant concentrations in a

model that recapitulates the structural and functional properties of the human small intestine.

The present study sought to characterize the transcriptional and barrier responses of
primary human intestinal epithelium to benzalkonium chloride exposure using a duodenal
enteroid monolayer model. Specifically, we aimed to: (1) establish and validate primary human
enteroid monolayers as a functionally intact platform for toxicological dosing; (2) define the
acute transcriptional response to exposure with a commercial BAC mixture across a range of
physiologically relevant concentrations; and (3) determine whether chronic, repeated BAC
exposure produces cumulative transcriptional disruption or barrier dysfunction. By integrating
RNA sequencing with additional measures of barrier integrity across multiple human donors, this
study provides insight into how the intestinal epithelium responds and adapts to exposure to a

widely used class of disinfectants at the site of primary contact.

2. Materials and Methods

2.1 Chemicals and Reagents

IntestiCult Organoid Growth Medium (Human) and IntestiCult Organoid Differentiation
Medium (Human) were purchased from STEMCELL Technologies (Vancouver, BC). Individual
benzalkonium chloride congeners were purchased from Sigma-Aldrich (St. Louis, MO): Ci2-
BAC (cat. no. 13380), C14-BAC (cat. no. M401), and C16-BAC (cat. no. B4136). Advanced

Dulbecco's Modified Eagle Medium/F-12 (Advanced DMEM/F12), TrypLE Express, Dulbecco's
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phosphate-buftfered saline with calcium and magnesium (DPBS++), Hanks' Balanced Salt
Solution with calcium and magnesium (HBSS++), Hoechst 33342, ProLong Gold Antifade
Reagent, PureLink DNase, and dimethyl sulfoxide (DMSO) were purchased from Thermo
Fisher Scientific (Waltham, MA). Penicillin-streptomycin (10,000 U/mL) was purchased from
Life Technologies (Carlsbad, CA). Matrigel Growth Factor Reduced Basement Membrane
Matrix (phenol red-free, lactate dehydrogenase [LDH] elevating virus-free), collagen IV, Cell
Recovery Solution (CRS), and 24-well Transwell permeable inserts were purchased from
Corning (Corning, NY). Y-27632 (dihydrochloride) and lucifer yellow (LY) dipotassium salt
were purchased from MedChem Express (Monmouth Junction, NJ). The RNeasy Mini Kit was
purchased from Qiagen (Germantown, MD). Normal goat serum was purchased from Vector
Laboratories (Newark, CA). Triton X-100 was purchased from Research Products International
(Mt. Prospect, IL). Tween-20 was purchased from Fisher Scientific (Hampton, NH). Primary and

secondary antibodies are listed in Supplementary Table 1.

2.2 Three-Dimensional Enteroid Culture

Duodenal crypts from 3 independent donors (Table 2.1) isolated via endoscopy for
clinically indicated conditions, where the upper gastrointestinal tract was endoscopically normal,
were provided by Dr. Mark Donowitz, MD (Johns Hopkins University, Baltimore, MD) and Dr.
Jason Smith (University of Washington, Seattle, WA). The original biopsy samples were
collected in accordance with the institutional review board of John’s Hopkins University
(protocol numbers IRB-NA 00038329 and IRB-00044373). Undifferentiated organoids derived
from these crypts were thawed and cultured in Matrigel domes in 24-well cell culture plates in
the presence of 0.5 mL Intesticult Organoid Growth Medium (Human) supplemented with 1%

(v/v) penicillin-streptomycin (herein referred to as OGM). All organoids were grown in Matrigel
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normalized to a concentration of 4.6 mg/mL and the media was changed every 2-3 days until >
90% confluency (Supplementary Figure 1A). Organoids were passaged every 5-10 days, where
Matrigel domes were broken by adding 0.5 mL of Cell Recovery Solution (CRS), followed by
shaking for 30 minutes at 4 °C on an orbital shaker. The cell slurry was mechanically broken up
by pipetting up and down until approximately 80% of the organoids were dissociated. The cells
were collected, and each well was washed with 0.5 mL Advanced DMEM/F12. The dissociated
cell suspension was centrifuged at 1200 x g for 10 minutes, the supernatant was discarded, and
the resulting pellet was resuspended in Matrigel. Cells were plated in 50 pL Matrigel dome plugs
in 24-well culture plates and incubated at 37 °C for 15-20 minutes to allow Matrigel®
polymerization. The domes were subsequently overlaid with 0.5 mL of OGM, pre-warmed to
37°C, supplemented with 10 uM of Y-27632 (dihydrochloride), a Rho-associated protein kinase
inhibitor, to begin a new passage cycle. Penicillin-streptomycin was added to OGM for thawing,
passaging, and media changes, whereas Y-27632 (dihydrochloride) was supplemented in OGM

only during thawing and passaging.

Table 2.1. Human Intestinal Organoid Donor Characteristics.

Donor Identification Name Age Sex Passage(s) Purveyor
HDOO03 68 Male 23 J. Smith
HDOO07 70 Female 13-19 J. Smith
HDOI11 27 Female 58 M. Donowitz

2.3 Seeding into Two-Dimensional Enteroid Monolayers

Prior to seeding, Transwell inserts were coated with 100 puL Collagen IV diluted to 0.034
mg/mL in DPBS++ and incubated at 37 °C for a minimum of 8 hours to allow coating

adsorption. For monolayer generation, 3D organoid domes were first dissociated by adding 0.5
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mL of Cell Recovery Solution, followed by gentle shaking at 4° C for 30 minutes with an orbital
shaker. The cell suspension was collected, and each well was washed with 0.5 mL Advanced
DMEM/F12, then centrifuged at 1200 x g for 10 minutes and the supernatant discarded. The
pellet was then resuspended in 100 pL of TrypLE Express per well and incubated at 37 °C for 5
minutes. Cell clumps were further dissociated by repeated pipetting, after which a 10-fold
volume of cold DPBS++ was added to quench enzymatic activity. The single-cell suspension was
then centrifuged at 1200 x g for 10 minutes, the supernatant was discarded, and the pellet was
resuspended in IntestiCult Organoid Differentiation Medium supplemented with 1% v/v
penicillin-streptomycin and 10 uM Y-27632 dihydrochloride (herein referred to as ODM). Prior
to seeding the single-cell suspension as monolayers, the remaining DPBS++ was removed from
the apical compartment of the Transwell and 0.5 mL of ODM was added basally. Then, the cells
were seeded at a 1:1 Matrigel dome-to-insert ratio atop each collagen-coated Transwell by

applying 100 puL of cell suspension in ODM to the apical compartment.

2.4 Monolayer Maintenance and Differentiation

Following seeding, media in both the apical and basolateral compartments was replaced
every two days with fresh ODM. For acute exposures, monolayers were cultured for 14 days to
allow for confluence and differentiation, with experiments performed on Day 14 of

differentiation (Supplementary Figure 1B).

For chronic exposures, monolayers were cultured under the same conditions through Day
8 of differentiation, at which point BAC cocktail dosing was initiated. From Day 8 onwards,
media changes were performed every two days with ODM supplemented with BAC cocktail at
50 nM, 500 nM, or 3 uM, or DMSO as a vehicle control. Cells were collected for downstream

assays at Day 16 following the first dosing window and at Day 24 following the second dosing
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window. A graphical abstract of experimental overview and culture conditions is shown in Figure

3.1.

2.5 Transepithelial Electrical Resistance

Transepithelial electrical resistance (TEER) was measured every two days prior to media
changes throughout the 14-day differentiation period using an EVOM2 Epithelial Voltohmmeter
(World Precision Instruments, Sarasota, FL). Prior to each measurement session, the probe was
submerged in 70% ethanol diluted with ultrapure water for sterilization, followed by
equilibration in Advanced DMEM/F12. A blank collagen-IV Transwell insert containing no cells
was measured as a reference. Raw resistance values (2) were corrected by subtracting blank
insert resistance and normalized to the Transwell membrane surface area (0.33 cm?) to yield

reported TEER values expressed in Qecm?,

2.6 Lucifer Yellow Permeability

Paracellular permeability was assessed using lucifer yellow (LY) concurrently with BAC
transport experiments on Day 14 of differentiation. Monolayers were washed three times with
HBSS++ following aspiration of ODM, then dosed either apically with 10 pM LY in 200 uLL
HBSS++ (apical-to-basolateral) or basally with 10 uM LY in 500 uLL HBSS++ (basolateral-to-
apical). All samples were protected from light throughout the assay using aluminum foil.
Following a 60-minute incubation at 37 °C, fluid was collected from both compartments into
microcentrifuge tubes. Samples were transferred to a 96-well plate for fluorescence
measurement; donor compartment samples were diluted 1:1 with HBSS++ while receiving
compartment samples were transferred undiluted, for a final volume of 100 puL per well. LY

fluorescence was measured using a fluorescence plate reader at excitation and emission
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wavelengths of 428 nm and 536 nm, respectively. Paracellular permeability was expressed as

percent diffusion, calculated relative to the apical donor concentration against a standard curve.

2.7 Immunocytochemistry

To evaluate morphology and cell polarity of differentiated enteroid monolayers,
immunocytochemistry (ICC) was performed targeting zonula occludens-3 (ZO-3), occludin,
multidrug resistance-associated protein 3 (MRP3), and Ki-67. Following completion of TEER
measurements and lucifer yellow permeability assays, monolayers were washed three times with
DPBS++ on both the apical and basolateral sides, then fixed with 200 pL 4% paraformaldehyde
in DPBS++ for 15 minutes at room temperature. The monolayers were washed three additional

times with cold DPBS++ and stored at 4 °C for no longer than five days.

Monolayers stained for Ki-67 were permeabilized with 0.1% Triton X-100 in DPBS++
for 5 minutes at room temperature prior to blocking. No permeabilization step was used for the
membrane proteins ZO-3, occludin, and MRP3. All monolayers were blocked with 1% normal
goat serum and 0.05% Tween-20 in DPBS++ for 60 minutes at 4 °C. The following primary
antibodies were diluted 1:100 in blocking solution and incubated overnight at 4 °C: rabbit anti-
Z0-3 (ab181991, Abcam), mouse anti-occludin (ab242202, Abcam), rabbit anti-MRP3
(ab204322, Abcam), and rabbit anti-Ki-67 (ab92742, Abcam). The following day, monolayers
were washed three times with 0.05% Tween-20 in DPBS++, with two washes performed under
gentle agitation. The following secondary antibodies were diluted 1:1000 in blocking solution,
centrifuged at 12,000 x g for 3 minutes to remove aggregates, and applied overnight at 4 °C
protected from light: goat anti-rabbit I[gG Alexa Fluor 594 (A-11037, Invitrogen), goat anti-

rabbit IgG Alexa Fluor 488 (A-11008, Invitrogen), and goat anti-mouse IgG Alexa Fluor 488 (A-
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21141, Invitrogen). Monolayers were washed five times with gentle shaking, protected from
light. Nuclei were counterstained with 0.5 pg/mL Hoechst 33342 (H3570, Invitrogen) in
DPBS++ for 15 minutes at room temperature, followed by three additional washes with gentle
shaking, protected from light. Transwell membranes were excised and mounted basolateral side
down onto glass slides using ProLong Gold Antifade Reagent, and coverslips were sealed.
Images were acquired the same day using a Nikon A1R laser-scanning confocal microscope at
the University of Washington Institute for Stem Cell and Regenerative Medicine (ISCRM).

Primary and secondary antibodies utilized are also listed in Supplementary Table 1.

2.8 Preparation of Benzalkonium Chloride Cocktail
Individual BAC congeners (Ci2-, Cis4-, and C16-BAC) were each dissolved in DMSO to

prepare distinct 50 mM stock solutions, which were stored at room temperature protected from
light. Working solutions were prepared by combining three stocks at a fixed molar ratio of
40:50:10 (C12:C14:Cis; Figure 2.1), consistent with BAC congener distributions reported in
commercial formulations (EPA, 2026), then diluted 1000-fold into ODM or HBSS++ prewarmed
to 37 °C, immediately prior to use. Final BAC cocktail concentrations tested in this study were

50 nM, 500 nM, and 3 pM, with a maximum DMSO concentration of less than 0.1%.

o
C12-BAC N
(40%) CHz CHs
S
c ﬁ/\/\/\/\/\/\/\
C44-BAC N
(500/0) ©€|'\|3 CH3
o
c” &

C1s-BAC N
(10%)) CH3 CH3
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Figure 2.1. Chemical structures and molar composition of the BAC cocktail used in this
study. Ci2-, Ci4-, and C16-BAC congeners are shown with their respective molar proportions
(40:50:10) within the prepared mixture.

2.9 RNA-sequencing

For 16-hour incubations, enteroid monolayers were exposed apically to the BAC cocktail
at 50 nM, 500 nM, or 3 uM in pre-warmed ODM (37°C, 100 puL per Transwell) on Day 14 of
differentiation. For chronic exposures, enteroid monolayers were exposed apically to the same
concentrations every other day, beginning at Day 8 of differentiation. Vehicle controls received
an equivalent volume of DMSO-matched ODM. Following the exposure window, monolayers
were lysed in 300 pL of RLT buffer and RNA was extracted using the Qiagen RNeasy Mini Kit
according to the manufacturer's protocol. DNase treatment was performed using a PureLink
DNase Kit to remove residual genomic DNA. RNA was eluted in 32 uLL. RNase-free water and
quantified by NanoDrop spectrophotometry prior to submission. RNA integrity and
concentration were subsequently confirmed by Novogene (Sacramento, CA) prior to library
preparation. Libraries were prepared using poly-A enrichment and sequenced by Novogene on an
[llumina platform in paired-end mode with 150 bp reads. Raw FASTQ files were assessed for
quality using FastQC and MultiQC. Reads were aligned to the NCBI RefSeq GRCh38 human
transcriptome and summarized to the gene level using the tximport package in R. Differential
expression analysis was performed using limma-voom by the University of Washington EDGE
center. For acute exposures, a significance threshold of FDR < 0.05 was applied. For chronic
exposures, a relaxed threshold of FDR < 0.10 was applied given the limited number of DEGs

detected. All conditions were prepared with four technical replicates.
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3. Results

Chronic BAC Treatment

n =1 donor

BAC Treatment Initiates
at 8 Days of +—
Differentiation in ODM

Prior to Treatment:
o TEER Characterization (Supp. Figure 5)
o Lucifer Yellow (Figure 3.3.2)
o Immunocytochemistry (Figure 3.1.1,
Supp. Figure 2)

After Treatment:
o TEER Characterization (Supp. Figure 5)
o Lucifer Yellow Permeability (Figure 3.3.2)
o RNA-Seq Analysis (Figure 3.3.1)

o

3D Undifferentiated Intestinal
Organoids Grown in Matrigel Plugs
(Supplementary Figure 1A)

0

Dissociate into single cells
and seed

f Acute 16-hour BAC Treatment

I Il n = 3 donors
I Il
Il
| 14 Days of
| J —_— . A
Crroetreens) Differentiation in ODM
2D Differentiated Enteroid Monolayers
Grown Atop 24-well Transwell Inserts
(Supplementary Figure 1B)

Prior to Treatment:
o TEER Characterization (Figure 3.1.2)
o Lucifer Yellow (Figure 3.1.3)

After Treatment:
« RNA-Seq Analysis (Figure 3.2.1 to
3.2.6, Supp. Figure 3, Supp. Figure 4,
Supp. Table 2 to 5)

Figure 3.1. Experimental overview of chronic and acute 16-hour BAC treatment in primary
human enteroid monolayers. Organoids were dissociated and seeded onto Transwell inserts for
differentiation in ODM. Chronic (n = 1 donor) and acute 16-hour (n = 3 donors) BAC treatment
arms were assessed for barrier integrity and transcriptional changes.

3.1 Enteroid Monolayer Model Characterization

Prior to evaluating the intestinal response to BAC exposure, enteroid monolayers were

characterized to confirm structural organization and barrier integrity. Caco-2, an immortalized

colorectal adenocarcinoma line, lacks the multilineage cellular diversity of primary intestinal

epithelium and forms barriers with supraphysiological resistance, limiting its physiological

relevance (Sun et al., 2008). Primary enteroid monolayers retain donor-derived differentiation

and multilineage diversity but require validation to confirm they form a functional epithelial
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barrier. Tight junction organization and barrier function were therefore characterized prior to

BAC exposure.

3.1.1 Tight Junction Protein Localization in Enteroid Monolayers

To assess tight junction architecture, immunocytochemical (ICC) staining was performed
on confluent enteroid monolayers derived from one donor (HDOO7; Table 2.1) for ZO-3, a
cytoplasmic scaffolding protein, and occludin, a transmembrane tight junction component.
Confocal microscopy revealed uniform junctional localization of both proteins, with continuous
staining at cell-cell contacts across the monolayer surface (Figure 3.1.1A, B). Orthogonal views
showed ZO-3 concentrated apically relative to Hoechst-stained nuclei, consistent with its
position at the apical junctional complex (Figure 3.1.1C). Occludin was distributed across both
apical and lateral membranes without a discrete apical band, consistent with its behavior as a
transmembrane protein that extends along the lateral membrane (Figure 3.1.1D). The contrasting
distributions match the distinct roles of the two proteins in junctional organization. Together, the
localization of both proteins indicates that enteroid monolayers form organized, polarized tight
junctions consistent with those of intestinal epithelium. Additional staining for the efflux
transporter MRP3 and the proliferative marker Ki-67 was performed and is presented in

Supplementary Figure 2.
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Figure 3.1.1 Tight junction protein localization in human enteroid monolayers. ICC staining
of ZO-3 [A, C] and occludin [B, D] in enteroid monolayers derived from a single donor. XY
confocal images [A, B] demonstrate uniform intercellular junctional organization of both
proteins across the monolayer surface (green), acquired at 60x magnification with a water
immersion objective. [C] Orthogonal image verifies ZO-3 apical localization relative to Hoechst-
stained nuclei (blue). [D] Orthogonal view confirms apical and lateral placement of occludin
without distinct membrane polarization (green), relative to Hoechst-stain nuclei (blue). Scale
bars: 50 um [A, B]; 15 um [C, D].

3.1.2 Enteroid Monolayers Develop Robust and Stable TEER

Once the monolayers became visually confluent, TEER was measured prior to media
changes every two days from Day 6 to Day 14 of differentiation. All three donors (Table 2.1)
developed measurable resistance by Day 6, with mean values ranging from approximately 1000-
1230 Qecm? at this earliest timepoint (Figure 3.1.2). The cross-donor mean rose to a plateau near
1350 Qecm? through Days 8-12, with peak values exceeding 1700 Qecm?. Resistance declined

modestly by Day 14, with a cross-donor mean of approximately 1055 Qecm?, reflecting inter-

24



donor variation across the differentiation window rather than barrier loss. At the experiment
timepoint of Day 14, all monolayers maintained TEER well above the 100 Qecm? threshold for
intact epithelial barrier function and substantially above blank insert controls, confirming barrier
integrity at the time of BAC exposure. The development of resistance well above this threshold
across three independent donors demonstrates that enteroid monolayers reliably form a

functional epithelial barrier under the differentiation conditions employed.
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Figure 3.1.2 Transepithelial electrical resistance of enteroid monolayers across three
independent donors over the differentiation period. TEER was measured prior to media
changes every two days from Day 6 through Day 14 post-seeding. Raw resistance values were
blank-subtracted and normalized to Transwell surface area (0.33 cm?). Data points represent
mean + SD of 40 technical replicates across three independent donors.

3.1.3 Enteroid Monolayers Restrict Paracellular Permeability to Lucifer
Yellow

Paracellular permeability was assessed on Day 14 of differentiation using lucifer yellow
(LY), a membrane-impermeant fluorescent tracer, applied in both apical-to-basolateral (A—B)
and basolateral-to-apical (B—A) directions. Enteroid monolayers exhibited low percent diffusion
in both directions across all three donors, with mean A—B values ranging from 0.15-0.61% and

mean B—A values ranging from 0.04-0.23% (Figure 3.1.3). Cell-free blanks with collagen IV-
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coated Transwell inserts showed substantially higher diffusion, with mean A—B values of
approximately 12-14% across all donors, confirming that the restricted permeability observed in
monolayers reflects an intact epithelial barrier. Mean B—A diffusion in blank inserts was lower
than A—B (~4.5%), consistent with the differing donor and receiver chamber volumes between
directions rather than any directional barrier property, and remained significantly higher than
diffusion across monolayers (p < 0.0001, one-way ANOVA with Dunnett's post-hoc test). The
uniformly low paracellular flux observed across all three donors demonstrates that enteroid
monolayers maintain a selectively permeable barrier after 14 days of differentiation, supporting

their suitability as a physiologically relevant model for toxicology studies.

*kk%

*k%k%

15+ -~ HDOO7

9 T -o- HDOO03
s 107 -o- HDO11
®
-
=
(=) 5- —
o J
© 154
Q
o 1.0
0.5 &

00110 @ e
A—-B B—-A A—-B B-—->A
Differentiated Cell-Free

Monolayers Blanks

26



Figure 3.1.3 Enteroid monolayers restrict paracellular permeability to lucifer yellow.
Percent diffusion of lucifer yellow (10 uM) was assessed on Day 14 of differentiation in the
apical-to-basolateral (A—B) and basolateral-to-apical (B—A) directions. Cell-free blanks
contained collagen I'V-coated inserts without monolayers. Bars represent mean + SD of 40
technical replicates across three independent donors (HDO07, HDOO03, HDO11). **** p <
0.0001, one-way ANOVA with Dunnett’s post-hoc test.

3.2 Acute BAC Exposure Elicits a Coordinated Transcriptional Response
in Human Enteroid Monolayers

To characterize the transcriptional response of the small intestine upon acute BAC
exposure, enteroid monolayers derived from three independent donors (Table 2.1) were exposed
apically to a BAC cocktail (50 nM, 500 nM, or 3 uM) or a vehicle control for 16 hours. After this
incubation period, RNA-seq was performed as described in Section 2.9. Initial transcriptomic
analysis of a pilot donor revealed that all three BAC concentrations produced broadly similar
transcriptional profiles, with treated samples clustering together and away from vehicle controls,
suggesting that the transcriptional response was already maximal or near-maximal at
concentrations as low as 50 nM (Supplementary Figure 3). Based on this finding, subsequent
sequencing of the remaining two donors was conducted at 3 uM only, still capturing the maximal
response. Across the three donors, BAC exposure elicited a robust and predominantly
upregulated transcriptional response in two donors (HDO07 and HDO11), while the third
(HDOO03) showed no detectable differential expression. The two responding donors differed in
both the magnitude and breadth of differential gene expression (Figure 3.2.1). The following
subsections characterize the convergent transcriptional signatures across responding donors and
describe the functional gene programs implicated in the response to 16-hour BAC exposure.

3.2.1 Multi-donor RNA-seq Reveals a Convergent Transcriptional
Response with Inter-donor Variability
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Upon exposure to a 3 pM BAC cocktail, the transcriptional response between the two
responding donors (HDO11 and HDOO07) differed substantially in magnitude. HDO11 produced
1,349 differentially expressed genes (DEGs), while HDOO7 produced 355, with both donors
exhibiting a predominantly upregulated response; HDOO3 yielded no detectable DEGs under the
same conditions (Figure 3.2.2). Comparison of DEG lists across donors revealed limited overlap,
with 64 genes shared between the two donors (Figure 3.2.2 A; Supplementary Table 2). This
pattern indicates that while both donors mount a transcriptional response of similar
directionality, the quantity and specific gene targets differ considerably between individuals.
However, only 15 of the 64 overlapping genes changed in the same direction across both donors
(Supplementary Table 2), with the remainder regulated in opposite directions. The concordant
upregulated genes included the proliferation-associated CDCA7, DBF4, and WDRS5. The
downregulated set included growth-suppressive and barrier-associated genes such

as IGFBP3, RASSF6, and MUC3A.

Pathway-level analysis reinforced this pattern of donor variability alongside a conserved
core response. iPathwayGuide analysis identified 71 significantly enriched pathways in HDO11
and 78 in HDOO7 (FDR < 0.05), with only 10 pathways shared between donors (Figure 3.2.2 B).
Notably, these shared pathways include cell cycle, p53 signaling, PI3K-Akt signaling, and FoxO
signaling, pointing to a proliferative and stress-related transcriptional program elicited by acute
BAC exposure regardless of donor background. The donor-specific pathways likely reflect

interindividual variability rather than qualitatively distinct toxicodynamic responses.
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Figure 3.2.1. Volcano plots of DEGs following 16-hour BAC exposure across three
independent donors. Each panel displays the transcriptional response of a single donor (A:
HDOO07, B: HDOL11, C: HDOO03) to a 3 uM BAC cocktail relative to vehicle control. Each point
represents a gene, plotted by log> fold change (x-axis) against -log10 adjusted p-value (y-axis).
Upregulated genes are shown in red, downregulated in blue, and non-significant genes in gray.
Dashed lines indicate thresholds for significance (FDR < 0.05). HDOO3 produced no significant
differentially expressed genes.
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Figure 3.2.2. Multi-donor comparison of DEGs and enriched pathways following 16-hour
BAC exposure. [A] Venn diagram showing overlap of significant DEGs (FDR < 0.05) between
HDOO07 and HDO11 at the 3 uM BAC treatment compared to vehicle control. [B] Venn diagram
showing overlap of significantly enriched pathways (FDR < 0.05) between HDO07 and HDO11.
[C] Bar chart showing the total number of upregulated and downregulated DEGs per donor. ND
indicates no significant differential gene expression.
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3.2.2 BACs Induce a Coordinated Cell Cycle and Proliferative Gene
Expression Program

Despite substantial inter-individual differences upon BAC exposure, both HDO07 and
HDO11 showed significant changes in cell cycle and DNA replication pathways following acute
3 uM BAC exposure. These pathways were among the ten shared between donors (Figure
3.2.2B), and in both cases the enrichment was driven predominantly by upregulated genes,

consistent with a pro-proliferative response independent of donor variability in DEG magnitude.

In HDO11, this pathway-level enrichment was reflected in the upregulation of many
individual cell cycle and DNA replication genes (Figure 3.2.3). Among these were the mitotic
kinases CDK 1, AURKB, PLK1, and TTK, and cyclins spanning both G1/S and G2/M phases,
including CCNE1, CCNE2, CCNA2, CCNB1, and CCNB2. Both E2F 1 and E2F2, transcription
factors driving S-phase progression, were upregulated. Replication-specific genes were also
induced, with MCM?2 through MCM7, ORCI1, ORC6, CDC6, CDT1, and PCNA all showing
increased expression (Figure 3.2.3). With the single exception of EP300, every differentially
expressed cell cycle gene in HDO11 was upregulated, pointing to a sweeping and largely

unidirectional activation of the cell cycle and DNA replication in this donor.

In HDOO7, the picture was different but pointed in the same direction. Rather than broad
induction of downstream effectors, HDOO07 showed upregulation of genes earlier in the
proliferative cascade (Supplementary Table 3). MYC was among the most strongly upregulated
genes overall (logoFC = 2.07), alongside CDC254, CDT1, CDK6, and DBF4. At the same time,
the cyclin-dependent kinase (CDK) inhibitors CDKN1A4 and CDKN2B were downregulated along
with GADD454, indicating release of negative regulators of cell cycle progression

(Supplementary Table 3). PI3K-Akt and canonical Wnt signaling pathways were enriched in this
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donor while TGF-P pathway genes were suppressed, which fits with a cellular environment being
pushed toward growth and away from quiescence (Supplementary Figure 4; Supplementary
Table 3). MYC sits downstream of both PI3K-Akt and canonical Wnt signaling and upstream of
the replication factors that dominated the HDO11 response, positioning it as a candidate node

linking the two donor programs.
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Figure 3.2.3 BAC Exposure induces upregulation of cell cycle genes. Heatmap displaying
normalized expression of differentially expressed cell cycle genes following 16-hour exposure to
3 uM BAC cocktail relative to vehicle control with DMSO (n = 1 donor, HDO11). Each column
represents a technical replicate (n = 4) Genes are clustered hierarchically by expression pattern.
Color scale represents log> counts per million (logCPM), with red indicating higher expression
and blue indicating lower expression relative to the row mean. Differentially expressed genes
were identified with a threshold of FDR < 0.05.

3.2.3 Acute BAC Exposure Alters Cholesterol and Lipid Metabolic Gene
Expression

Pathway analysis of the HDO11 acute transcriptional response to 3 uM BAC exposure
revealed significant enrichment of lipid metabolic processes. Among these pathways, steroid
biosynthesis was the most significantly enriched, followed by fatty acid metabolism,
biosynthesis of unsaturated fatty acids, fatty acid degradation, fatty acid elongation, fat digestion
and absorption, glycerolipid metabolism, and steroid hormone biosynthesis (Figure 3.2.4).
Together these findings indicate that acute BAC exposure broadly disrupts lipid metabolic gene
expression in the duodenal epithelium, spanning membrane lipid synthesis, fatty acid processing,

and lipid absorption.

Within the steroid biosynthesis pathway, genes spanning the mevalonate-to-cholesterol
arc were upregulated. Rate-limiting enzymes at the beginning of the pathway including
HMGCSI and HMGCR were upregulated alongside MVK, MVD, FDPS, FDFTI, SOQLE, and
LSS, which encode the enzymes converting acetyl-CoA to lanosterol (Figure 3.2.5;
Supplementary Table 4). Further downstream, DHCR7 and DHCR?24, which catalyze the final
steps to cholesterol, were also upregulated (Figure 3.2.5; Supplementary Table 4). Genes
mediating cholesterol sensing and uptake were also upregulated, including the SREBP?2 targets
LDLR, PCSKY, INSIGI and INSIG2 (Supplementary Table 4), alongside downregulation of the
efflux transporter ABCA I (Figure 3.2.5; Supplementary Table 4). Enrichment of fatty acid

metabolism pathways adds a dimension to this lipid response. Upregulation of genes involved in
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fatty acid elongation and biosynthesis of unsaturated fatty acids suggests membrane composition
remodeling (Supplementary Table 4). Genes contributing to fatty acid degradation and fatty acid
metabolism were also enriched. A complete list of differentially expressed genes across all lipid

homeostasis pathways is provided in Supplementary Table 4.

Steroid Hormone Biosynthesis

Glycerolipid Metabolism

Fat Digestion and Absorption

Fatty Acid Elongation

Fatty Acid Degradation

Biosynthesis of Unsaturated Fatty Acids
Fatty Acid Metabolism
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Figure 3.2.4. Significantly enriched pathways involved in lipid homeostasis. Bar chart
displaying significantly enriched lipid-related pathways identified by iPathwayGuide pathway
analysis following 16-hour exposure to 3 pM BAC cocktail relative to vehicle control (n = 1
donor, HDO11). Pathways are ranked by statistical significance and displayed as negative log-
transformed corrected p-values. Only pathways with FDR < 0.05 are shown.
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Figure 3.2.5. Acute BAC exposure induces transcriptional upregulation of the cholesterol
biosynthetic pathway. Schematic of the cholesterol biosynthesis pathway depicting
differentially expressed genes following 16-hour exposure to 3 uM BAC cocktail relative to
vehicle control (n = 1 donor, HDO11). Gene symbols in green indicate upregulation and red
indicates downregulation. Dashed arrows represent multi-step reactions. Differentially expressed
genes were identified with a threshold of FDR < 0.05.

3.2.4 BACs Elicit Induction of Xenobiotic Metabolism and Transport
Genes

Beyond cell cycle and lipid homeostasis pathways, acute BAC exposure induced broad
transcriptional changes in drug-metabolizing enzymes and transporters (DMET), suggesting the
duodenal epithelium mounted a xenobiotic response. Phase I oxidative metabolism genes were
among the most consistently altered, including upregulation of CYP4F12, which has been shown
to directly metabolize BAC compounds (Seguin et al., 2019), alongside CYP51A41

(Supplementary Table 4), aldo-keto reductases including AKR1C4, and the antioxidant enzyme
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SOD2, while CYP3A45 was downregulated (Figure 3.2.6A). The downregulation of CYP345 is
notable given its status as the predominant intestinal cytochrome P450 and a major mediator of
first-pass xenobiotic metabolism in the small intestine. Phase II conjugation enzymes were also
broadly upregulated, including the glutathione S-transferases GSTA/ and GSTA2, the UDP-
glucuronosyltransferases UGT1A41 and UGTI1A10, and the sulfotransferase SULT1A43 (Figure

3.2.6B). Of these, SULT1A43 showed the largest fold change (log2FC = 4.68).

Membrane transporter expression was also altered in HDO11. Among efflux transporters,
SLC30A10 showed the largest upregulation, encoding a zinc and manganese efflux transporter
expressed in intestinal epithelium, while ABCA1 was downregulated consistent with the
cholesterol retention response described in section 3.2.3 (Figure 3.2.6C; Figure 3.2.5). Among
uptake transporters, SLC6A44, encoding the serotonin reuptake transporter SERT, showed the
highest fold change in this category, alongside upregulation of the fatty acid
transporter SLC27A43 and the amino acid transporter SLC1A4 (Figure 3.2.6 D). Of particular
interest, SLC6A44 was upregulated in HDO11 while SLC19A43, encoding the thiamine transporter
ThTR2, was downregulated in HDOO7 (Supplementary Table 5). Whether these transcriptional
changes reflect compensatory responses to BAC-mediated transporter inhibition remains to be

determined.

In contrast to the broad DMET induction observed in HDO11, HDOO7 did not show a
comparably robust Phase I/II xenobiotic metabolism response, with the acute transcriptional
changes in that donor weighted more toward transporter gene alterations than coordinated drug
metabolizing enzyme upregulation. A complete list of differentially expressed DMET genes

from all donors is provided in Supplementary Table 5.
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Figure 3.2.6. Selected differentially expressed DMETs upon BAC treatment. Bar charts

displaying log> fold change of differentially expressed DMET genes following 16-hour exposure
to 3 uM BAC cocktail relative to vehicle control (n =1 donor, HDO11). [A] Phase I metabolism

genes. [B] Phase II conjugation genes. [C] Efflux transporter genes. [D] Uptake transporters
genes. Axis break in panel B indicates discontinuous scale for SULT1A43. Differentially
expressed genes were identified with a threshold of FDR < 0.05.

3.3 Human Enteroid Monolayers Adapt to Chronic BAC Exposure
Without Significant Barrier Dysfunction

An advantage of human enteroid monolayers is that they can be viable for weeks at a
time. This extended culture time allowed for assessing the effects of chronic exposure to three
concentrations of the same BAC cocktail (Figure 2.1; 50 nM, 500 nM, or 3 uM) or vehicle
control on the intestinal epithelium. These exposure scenarios are relevant to occupational

settings where individuals may encounter these compounds repeatedly over extended periods.
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Chronic BAC exposure was assessed using one donor (HDOO7; Table 2.1), with changes in gene
expression, TEER, and lucifer yellow (LY) permeability evaluated across BAC-treated and
vehicle control conditions. Treatment timepoints and monolayer maintenance for chronic BAC
exposures are detailed in section 2.4.

3.3.1 RNA-seq Reveals Minimal Transcriptional Changes Under Chronic
BAC Exposure

To assess the transcriptional response to chronic BAC exposure, enteroid monolayers
were dosed apically every two days with the BAC cocktail at 50 nM, 500 nM, 3 uM, or vehicle
(DMSO) diluted in ODM, beginning on Day 8 post-seeding. Monolayers were collected after 16
days of exposure (Day 24 of differentiation) for bulk RNA-seq. Differential expression analysis
using a significant threshold of FDR < 0.10 identified 10 DEGs at 3 uM relative to vehicle, with
no significant DEGs detected at 50 nM or 500 nM. Of the 10 DEGs, 9 were upregulated, and

one, BCL2L2-PABPNI1, was downregulated (Figure 3.3.1A).

Although no canonical signaling pathways were significantly enriched (FDR < 0.05) in
iPathwayGuide impact analysis, gene ontology (GO) biological process analysis identified
significant overrepresentation of microvillus organization terms (Figure 3.3.1B). This includes
regulation of microvilli length, microvilli organization, and regulation of cell projection size (p <
0.05), driven by the coordinated upregulation of genes encoding CDHRS and VILI. Consistent
with a differentiation or surface remodeling response rather than cellular stress or damage, four
of the nine upregulated DEGs (KR720, VILI, CDHRS, and SLC17A4) encode proteins with
established roles at the intestinal brush border. Additionally, negative regulation of triglyceride
catabolism was identified as an enriched GO term. These results differ markedly from the acute

transcriptional response in the same donor, which was characterized by coordinated activation of
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proliferative and stress-response programs including PI3K-Akt signaling, canonical Wnt

signaling and cell cycle activation.

A 1.0-
©
25 05-
= C
© O
O
o g0-
O 9
L c
N O
D> 95—
o ° 0.5
-1.0 1 1 | 1 | 1 | 1 1 |
D
SO IR TR
X YL LA
W T EELTER Fy9
V4
V
0\/
Q
B
Negative Regulation of Triglyceride Catabolism
Microvillus Organization
Regulation of Microvillus Organization
Regulation of Cell Projection Size
Regulation of Microvillus Length
I T T 1
0 2 4 6
-log (p-value)

Figure 3.3.1. Transcriptional response to chronic BAC cocktail exposure in enteroid
monolayers. [A] Log: fold change of the 10 DEGs identified following chronic exposure to 3
uM BAC cocktail relative to vehicle control (n = 1 donor, HDOO07; FDR < 0.10). [B] Top 5
enriched GO Biological Process terms associated with the chronic DEG set, ranked by -log(p-
value).

3.3.2 Chronic BAC Exposure Does Not Alter Epithelial Barrier Integrity
at Physiologically Relevant Concentrations
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To evaluate whether repeated luminal BAC exposure disrupted paracellular barrier
integrity, LY permeability assays were performed at three timepoints: prior to BAC exposure
(Day 8 of differentiation), after one week of exposure (Day 16 of differentiation), and at the end
of the two-week exposure period (Day 24 of differentiation). Additionally, TEER was monitored

every two days prior to media changes throughout this time course.

Prior to BAC treatment, untreated HDOQ7 enteroid monolayers exhibited a mean LY
diffusion of 0.181% =+ 0.030%, compared to 12.2% = 0.575% in cell-free blank inserts,
confirming intact barrier function at baseline (Figure 3.3.2 A). After one week of BAC exposure,
LY diffusion remained low and comparable across all concentrations (50 nM: 0.593% + 0.131%;
500 nM: 0.591% + 0.175%; 3 uM: 0.619% = 0.071%; vehicle: 0.567% = 0.044%), with cell-free
blanks showing 17.1% =+ 0.365% diffusion (Figure 3.3.2 B). At the end of the two-week
exposure period, LY diffusion remained similarly low across all conditions (50 nM: 0.504% +
0.143%; 500 nM: 0.627% + 0.046%; 3 uM: 0.430% + 0.075%; vehicle: 0.388% + 0.069%), with
cell-free blanks at 18.4% + 0.298% (Figure 3.3.2 C). Longitudinal tracking across all three
timepoints revealed no increase in paracellular permeability under any BAC concentration, with
a modest convergence toward lower values across most conditions, apart from 500 nM BAC
(Figure 3.3.2 D). Notably, the 500 nM BAC cocktail was the only condition with a net increase
in LY permeability over the second week of exposure (Figure 3.3.2 D). TEER was similarly
maintained above 1000 Q-cm? in all conditions throughout the two-week exposure period, with
no sustained change in resistance in BAC-treated wells relative to DMSO vehicle
(Supplementary Figure 5). Together, these data indicate that chronic luminal BAC exposure at
50 nM, 500 nM, or 3 uM does not significantly compromise epithelial barrier integrity over a

two-week treatment period.
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Figure 3.3.2 Lucifer yellow permeability is maintained in enteroid monolayers throughout
chronic BAC exposure. [A] LY Percent diffusion in untreated enteroid monolayers prior to
BAC exposure (Day 0 of exposure, Day 8 of differentiation). [B] LY percent diffusion following
one week of exposure to a BAC cocktail or vehicle control (one week of exposure, Day 16 of
differentiation). [C] LY percent diffusion following two weeks of exposure to a BAC cocktail or
vehicle control (two weeks of exposure, Day 24 of differentiation). [D] Longitudinal LY percent
diffusion across all three timepoints for each treatment condition. In all panels, cell-free blank
inserts coated with collagen IV are shown as a reference for maximal diffusion in the absence of
an epithelial barrier. Data represents mean + SD; n = 4 technical replicates per condition from a
single donor experiment (HDOO7; 1 biological replicate).

4. Discussion

Primary human duodenal enteroid monolayers mount a robust transcriptional response to
a 16-hour BAC cocktail exposure, characterized by upregulation of cell cycle progression,

cholesterol biosynthesis, and xenobiotic metabolism genes in two of three donors. In contrast,
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chronic repeated dosing over 16 days produced minimal transcriptional disruption and no

significant change in barrier integrity, suggesting adaptation rather than cumulative injury.

Validation of the enteroid monolayer system prior to BAC exposure confirmed that the
model was suitable for toxicological dosing. Tight junction architecture, barrier resistance, and
paracellular permeability were each consistent with prior characterizations of this model (Arian
et al., 2025), indicating monolayers had reached a differentiated, physiologically relevant state
by Day 14 (Figures 3.1.1-3.1.3). Detection of MRP3 established retention of intestinal
transporter expression in differentiated monolayers (Supplementary Figure 2A), consistent with
the DMET gene expression observed in the acute transcriptional response and supporting the
functional relevance of the xenobiotic metabolism findings described below. ICC staining for Ki-
67 at baseline revealed sparse proliferative activity in vehicle-treated monolayers, indicating that
the epithelium was predominantly quiescent at the time of acute BAC exposure (Supplementary
Figure 2B). This baseline is consequential for interpreting the acute transcriptional response: the
pro-proliferative gene program elicited by BAC occurred against a background of low
endogenous proliferation, suggesting it reflects a compound-driven alteration rather than an
artifact of a highly mitotic baseline state. Previous studies on enteroid monolayers similarly
report culture conditions that support minimal growth and extensive differentiation (Arian et al.,
2025). A qualitative increase in Ki-67-positive cells was also observed in monolayers exposed to
500 nM BAC cocktail (Supplementary Figure 2C), providing preliminary protein-level data for
the transcriptional proliferative signal, though confirmation across donors and timepoints is

needed.
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These findings also underscore the advantages of primary enteroid monolayers over other
in vitro models such as Caco-2 cells or iPSC-derived enteroids for intestinal toxicology. Caco-2
cells are derived from colorectal adenocarcinoma and represent a transformed, homogeneous
population that incompletely models the cellular diversity and transporter expression of the
native small intestine (Jeong et al., 2025; Sun et al., 2008). Additionally, current differentiation
protocols for iPSC-derived enteroid monolayers retain a fetal transcriptional signature inherent to
pluripotent stem cell origin that inaccurately reflects adult intestinal gene expression (Bonneau et
al., 2025; Kraiczy et al., 2019). By contrast, primary duodenal enteroid monolayers preserve
donor-specific biology and multicellular composition, which matters for environmental toxicants,
where inter-individual susceptibility is central to risk characterization. The Transwell format
further permits direct apical dosing and simultaneous barrier assessment. These factors support
the application of this model within a new approach methodology (NAM) framework as a
human-relevant alternative for intestinal toxicology, aligning with the principles of the 3Rs by

replacing animal-based models with a primary human system.

Prior evidence of BAC-mediated intestinal injury has come predominantly from models
with limited translational relevance to human intestinal physiology. These studies have
demonstrated structural damage including villus impairment, goblet cell depletion, and
upregulation of claudin-2 following oral BAC exposure (Feng et al., 2025; Sanidad et al., 2018).
Additionally, in vivo BAC exposure has been associated with increased cell proliferation and
suppressed apoptosis in colorectal tissue and disruption of gut microbial communities,
suggesting BAC bioactivity extends beyond the intestinal epithelium (Lopez et al., 2024;
Sanidad et al., 2018). The enzymes responsible for BAC oxidative metabolism, including

CYP4F12, CYP4F2, and CYP2D6, are expressed at substantially lower levels in the intestinal
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epithelium relative to the liver, where CYP3A accounts for the majority of total P450 activity
(Seguin et al., 2019; Xie et al., 2016). This limited oxidative metabolic capacity suggests that
enterocytes may rely less on local CYP-mediated clearance of intracellular BAC, potentially
altering exposure dynamics at the site of first contact. However, whether these responses occur in
the human intestinal epithelium at physiologically relevant concentrations has remained largely

unstudied.

The transcriptomic findings reported here begin to address this gap, showing that acute
BAC exposure elicits a proliferative and metabolic response in primary human enteroid
monolayers. Initial transcriptomic analysis of HDOO7 revealed that all three BAC cocktail
concentrations tested (50 nM, 500 nM, and 3 uM) produced broadly similar transcriptional
profiles, with treated samples clustering together and away from vehicle controls regardless of
concentration (Supplementary Figure 3). The absence of a dose-dependent increase in DEG
magnitude across this range suggests that the transcriptional response is already maximal or
near-maximal by 50 nM (Supplementary Figure 3). Based on this finding, subsequent sequencing
of additional independent donors was conducted at 3 uM only, capturing the maximal
transcriptional response. Upon exposure to a 3 uM BAC cocktail, monolayers from two of three
donors, HDO07 and HDO11, mounted detectable transcriptional responses of differing
magnitude, while HDOO3 produced no significant transcriptional changes under the same

conditions (Figure 3.2.1; Figure 3.2.2).

The substantial DMET transcriptional changes in HDO11 suggest the duodenal
epithelium mounted an active, intestine-specific detoxification program in response to BAC

exposure. Most striking was the induction of SULT1A43 (logoFC = 4.68; Figure 3.2.6B), the
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predominant intestinal sulfotransferase responsible for clearing catecholamines and aromatic
xenobiotics, and UGT1A410 (Figure 3.2.6B), a UDP-glucuronosyltransferase whose expression is
largely restricted to the small intestinal epithelium and absent from the liver and kidney (Basit et
al., 2020; Oda et al., 2017). This intestine-specific conjugation signature points to a
detoxification response that is qualitatively distinct from what would be observed in traditional
hepatic models. Upregulation of CYP4F12 (Figure 3.2.6A), which directly oxidizes BAC along
the alkyl chain (Seguin et al., 2019), alongside induction of glutathione S-

transferases GSTAI and GSTA2 (Figure 3.2.6B), further reflects a coordinated phase I/11
response to BAC exposure. The concurrent downregulation of CYP345 (Figure 3.2.6A), the
dominant intestinal cytochrome P450, may reflect substrate competition or transcriptional
suppression under acute xenobiotic load and warrants further investigation. Among transporters,
previous work has shown that long chain BACs inhibit polyspecific organic cation transporters
hOCT1-3 and hMATE1/2-K (Vieira et al., 2024). Given that the serotonin transporter (SERT)
and thiamine transporter (ThTr2) are also polyspecific cation transporters, BAC may inhibit
them as well. Differential expression of SLC644 (SERT) and SLC1943 (ThTr2) across donors
(Supplementary Table 5) may reflect inter-donor differences in transporter regulation upon BAC
exposure. Moreover, HDO07's DMET response was weighted more toward transporter
alterations than phase I/II induction (Supplementary Table 5), possibly reflecting known age-
associated variation in intestinal DMET expression given the substantial age difference between
donors (27 vs. 70 years; Table 2.1) (Cortreau et al., 2012; Konstandi & Johnson, 2023). These
changes were measured at the transcript level, and whether they translate to increased
conjugative clearance or compensatory transport activity requires direct metabolite

quantification.
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Alongside the xenobiotic metabolism response, acute BAC exposure in HDO11 induced
upregulation of genes spanning the full cholesterol biosynthetic pathway (Figure 3.2.5), from
enzymes HMGCS1, HMGCR, and MVD through the post-squalene steps to DHCR7 and
DHCR24, which catalyze the final conversion to cholesterol. This enzymatic induction was
accompanied by enrichment of canonical sterol regulatory element-binding protein 2 (SREBP2)
target genes LDLR, PCSK9, INSIG1, and INSIG?2 (Supplementary Table 4) (Rasmi et al., 2025;
Rong et al., 2017). Joint induction of synthesis enzymes and the SREBP2 feedback sensors is the
signature of a cell responding to reduced accessible cholesterol (Horton et al., 2002), rather than
a direct transcriptional effect of BAC on individual genes. The concurrent downregulation of
ABCAI (Figure 3.2.5; Supplementary Table 4), which mediates cholesterol efflux from
enterocytes (Brunham et al., 2006), is consistent with a program directed toward restoring

intracellular cholesterol.

This compensatory response is best understood in the context of the enterocyte’s
specialized role in cholesterol handling. Unlike hepatocytes, which regulate circulating systemic
cholesterol, the intestinal epithelium is oriented towards absorption and trafficking of exogenous
cholesterol (Betters & Yu, 2010). Endogenous cholesterol synthesis in the small intestine largely
serves as a homeostatic brake, induced when luminal cholesterol uptake is insufficient to meet
cellular demand (Davis et al., 2004). The induction of ACAT2 (Supplementary Table 4)
alongside the biosynthetic enzymes further suggests an attempt to maintain the cholesterol
esterification and trafficking the enterocyte depends on. Because enterocyte cholesterol
metabolism is weighted toward local membrane maintenance and absorption rather than systemic
supply, a BAC-driven disruption in the small intestine likely exerts a local effect on epithelial

membrane integrity.
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The magnitude of these changes was modest, with most genes shifting between 0.2 and
0.8 log> fold change (Supplementary Table 4), but their convergence across the full pathway
argues against scattered induction from nonspecific stress. Two non-exclusive mechanisms could
account for the reduced accessible cholesterol that drives this response. First, BAC directly
inhibits DHCR7, the terminal enzyme of cholesterol biosynthesis, producing accumulation of its
substrate 7-dehydrocholesterol (7-DHC) (Herron et al., 2016). Enzymatic blockade at this step
would lower cholesterol output and trigger a compensatory SREBP2 feedback response (Horton
et al., 2002), consistent with the transcriptional induction observed here. The induction of
DHCRY itself fits this interpretation, reflecting compensation for inhibition of the enzyme rather
than increased cholesterol production, though the present transcriptomic data cannot directly
confirm 7-DHC accumulation in the cells. Second, the amphiphilic cationic structure of BAC
congeners allows them to intercalate into and destabilize phospholipid bilayers and perturb
membrane cholesterol (Kanno et al., 2023); because SREBP2 responds to ER membrane
cholesterol levels (Yan et al., 2021), this physical disruption could activate the same feedback
loop independently of DHCR7 enzymatic inhibition. Both mechanisms converge on depletion of
the cholesterol pool, consistent with the extensive transcriptional activation observed in enteroid
monolayers upon 3 uM BAC cocktail exposure. A convergent signature of HMGCR
upregulation, ABCAI downregulation, and sterolomically confirmed cholesterol disruption was
independently observed in a BAC-exposed kidney-on-a-chip system (Brzoska et al., 2026), and
transcriptional upregulation of biosynthesis genes following BAC exposure has been reported
previously (Herron et al., 2019), together suggesting a conserved epithelial response across

tissues.
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The response extended beyond cholesterol. Enrichment of fatty acid metabolism
pathways, including upregulation of FASN, SCD, and the elongases ELOVL6 and ELOVL7
(Figure 3.2.4; Supplementary Table 4), indicates concurrent activation of the SREBP1 lipogenic
arm and points to broader membrane lipid remodeling. This is notable given the established role
of lipid composition in maintaining epithelial barrier integrity and intestinal homeostasis, with
disrupted lipid metabolism increasingly implicated in inflammatory bowel diseases including

Crohn's disease and ulcerative colitis (Morelli et al., 2025; Pinelli et al., 2024).

The convergent enrichment of cell cycle and proliferative signaling pathways across both
responding donors points to a pro-proliferative transcriptional response as a hallmark of acute
BAC exposure. In HDOOQ7, this response was characterized by upregulation of upstream
proliferative activators including MYC, CDK6, CDT1, and CDC254, alongside downregulation
of CDK inhibitors CDKNIA and CDKN2B (Supplementary Table 3) (Dang, 2012; Garcia-
Gutiérrez et al., 2019). Additionally, enrichment of PI3K-Akt and canonical Wnt signaling
pathways in this donor, alongside suppression of TGF-f target genes (Supplementary Figure 4),
is consistent with a cellular environment being pushed toward growth and aligns with the known
roles of these pathways in driving crypt progenitor expansion in the intestinal epithelium
(Vanuytsel et al., 2013). These findings are notable given that PI3K-Akt activation has also been
reported in proximal tubule epithelial cells following BAC exposure (Brzoska et al., 2026),
suggesting this response is not unique to the intestinal epithelium. Furthermore, the activation of
these pathways by a common dietary and personal care ingredient warrants attention, as
dysregulated PI3K-Akt, canonical Wnt, and MYC signaling are among the most frequently
implicated drivers of intestinal tumorigenesis (Dang, 2012; Vadlakonda et al., 2013; Vanuytsel et

al., 2013).
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In HDO11, the proliferative signal manifested further downstream, with broad induction
of cyclins spanning the G1/S and G2/M phases (Figure 3.2.3), alongside upregulation of MKI67,
encoding the proliferation marker Ki-67 (Figure 3.2.1B), pointing to a sweeping activation of
cell cycle machinery at the transcriptional level. MYC sits downstream of both PI3K-Akt and
canonical Wnt signaling (Supplementary Figure 4), as well as upstream of the cell cycle genes
induced in HDO11 (Figure 3.2.3), positioning it as a potential mechanistic link (He et al., 1998;
Vadlakonda et al., 2013). Viewed together, the two donors may represent the same MYC-
centered program captured at different points: HDOO7 at the level of upstream activation, with
MYC induced and its repression targets CDKNIA and CDKN2B suppressed, and HDO11 at the
level of downstream output, with broad induction of the cyclins and CDKs that MYC activates

(Bretones et al., 2015).

The basis for this donor-specific variability in pathway activation remains unclear, but
may reflect differences in baseline proliferative activity, receptor expression, or age. That the
transcriptional response converges on a pro-proliferative program regardless of which specific
genes are activated suggests BAC may engage multiple entry points into this pathway rather than
a single toxicodynamic mechanism. This convergence was also evident at the level of individual
genes. Although only 15 genes were differentially expressed in the same direction between
HDOO07 and HDO11 (Supplementary Table 2), several map onto the same proliferative axis. The
MYC target CDCA7 and the MYC cofactor WDRS5 were upregulated in both donors
(Supplementary Table 2), providing two points of contact with the MYC program that dominated
each donor’s response (Osthus et al., 2005; Thomas et al., 2019). On the downregulated side, the
growth-suppressive factors /IGFBP3 and RASSF6 were reduced in both donors upon BAC

exposure, consistent with loss of a pro-apoptotic Hippo-pathway brake (Supplementary Table 2,
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Supplementary Figure 4D) (He et al., 2018). That this small gene set corroborates the MYC,
PI3K-Akt, and cell cycle signals seen at the pathway level reinforces the conclusion that BAC
engages a conserved pro-proliferative program across donors regardless of DEG magnitude.
Whether this pro-proliferative program represents an adaptive compensatory response to BAC-
induced growth inhibition or an early shift toward the dysregulated proliferative signaling
implicated in intestinal tumorigenesis cannot be distinguished from these transcriptional data
alone, particularly given the absence of functional proliferation measurements and the 16-hour

exposure window.

Together, these proliferative and toxicokinetic gene changes point to a shared
compensatory response to membrane stress upon 16-hour 3 uM BAC cocktail exposure. BAC-
induced plasma membrane damage has been shown to trigger G0/G1 arrest in human epithelial
cells via suppression of PI3K-Akt signaling and Cdc6 reduction (Kanno et al., 2023); the pro-
proliferative transcriptional program observed here may therefore represent a compensatory
response to this growth inhibition, with the epithelium simultaneously attempting to detoxify,
restore lipid homeostasis, and resume division. Additionally, other reports have shown that at
sub-toxic doses, higher chain BACs increase viability in Neuro2a cells (Herron et al., 2016),
consistent with a pro-survival effect at concentrations below the cytotoxic threshold. Yet,
whether this response translates to actual proliferation at the protein level warrants further

investigation.

In contrast to the robust acute transcriptional response, chronic and repeated BAC
exposure over 16 days produced minimal transcriptional disruption in HDOO7, with only 10

DEGs detected at the 3 uM cocktail concentration and no significant DEGs at 50 nM or 500 nM
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(Figure 3.3.1A). The predominant GO terms pointed to microvillus organization and brush
border remodeling (Figure 3.3.1B), with upregulation of genes encoding established markers of
differentiated enterocytes including VIL1, KRT20, and CDHRS5, consistent with a differentiated,
adapted epithelial state rather than one of ongoing stress. Paracellular permeability (Figure 3.3.2)
and TEER (Supplementary Figure 5) were maintained across all concentrations throughout the
exposure period, with LY diffusion declining modestly over time in a pattern consistent with
continued monolayer maturation rather than BAC-specific barrier disruption (Figure 3.3.2D).
These findings suggest that enteroid monolayers adapt to repeated luminal BAC exposure
without sustained transcriptional disruption or barrier dysfunction, a marked contrast to the acute
response, and underscore the capacity of the intestinal epithelium for functional resilience to
commercially relevant BAC concentrations. Because maintenance conditions permit ongoing
stem cell differentiation and limited proliferative turnover, it remains possible that continued
exposure over longer timescales could shift this adapted state toward maladaptation. Multi-donor
studies extending the chronic exposure window are warranted to test this possibility. Proteomic
analyses are also needed to determine whether the acute transcriptional response and subsequent

chronic adaptations are reflected at the protein level.

The acute transcriptional response to 3 uM BAC cocktail exposure varied substantially
across donors, ranging from 1,349 DEGs in HDO11 to 355 in HDOO7 to no detectable response
in HDOO3 (Figure 3.2.1; Figure 3.2.2). Rather than a limitation, this variability reflects a strength
of the primary enteroid monolayer system, capturing inter-individual differences in intestinal
biology that would be invisible in homogeneous transformed cell lines and underscoring the
value of human primary models for toxicological risk assessment. This has direct relevance for

population-level risk characterization, where a one-size-fits-all exposure threshold may

50



inadequately protect individuals whose intestinal biology renders them more susceptible to BAC

toxicity.

The regulatory status of BACs remains unsettled and divergent across borders, which
gives intestinal toxicity data added relevance. In the United States, the FDA has not finalized a
GRAS/GRAE determination for BAC-containing antiseptics and continues to defer rulemaking
pending additional safety data (FDA, 2019). The European Union (EU) has taken a more
restrictive position: BACs are no longer approved for several consumer biocidal uses and the
maximum residue level for BAC in food is set to not exceed 0.1 mg/kg (Merchel Piovesan
Pereira & Tagkopoulos, 2019). Furthermore, the California EPA is actively evaluating QACs in
consumer products under its Safer Consumer Products Program (California EPA, 2024). These
parallel reassessments share a common limitation: they rely largely on ecological and animal
toxicity data, with little direct evidence on the human small intestine. The findings presented
here help address that gap and provide mechanistic context relevant to the ongoing evaluation of

this widely used chemical class.

Strengths and Limitations

This study has several limitations worth acknowledging. The acute RNA-seq dataset from
HDOO7 represents a pilot experiment in a single donor, and while the addition of HDO11 and
HDOO3 strengthens the multi-donor characterization, the substantial inter-donor variability and
absence of a response in HDOO03 highlight the need for additional donors to support broader
conclusions. The chronic experiment was conducted in a single donor at a single collection
timepoint; inclusion of earlier timepoints in future studies would help determine when

transcriptional adaptation occurs relative to the onset of exposure. The relaxed significance
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threshold applied to the chronic dataset (FDR < 0.10) and the transcriptomics-only design are
also worth noting, as whether the gene expression programs identified here translate to functional
protein-level responses remains an open question that proteomics or functional proliferation

assays could address.

Despite these limitations, the use of primary human duodenal enteroid monolayers from
three independent donors represents a meaningful advance over transformed cell lines, capturing
donor-specific transcriptional responses and inter-individual variability in a physiologically
relevant human intestinal system. The Transwell format enabled simultaneous assessment of
transcriptional and barrier endpoints under identical exposure conditions, and the inclusion of
both acute and chronic exposure arms allowed direct comparison of short and long-term

epithelial responses to luminal BAC.

Future directions

Expanding this model to additional donors across a broader range of ages and genetic
backgrounds represents a natural next step toward characterizing population-level variability in
intestinal BAC susceptibility. Whether the transcriptional programs identified here translate to
functional responses remains an open question: protein quantification and sterolomics would
establish whether the pro-proliferative and cholesterol biosynthesis signatures correspond to
measurable changes at the protein and lipid level, respectively. Flow cytometry-based cell cycle
analysis could further clarify whether treated monolayers show actual shifts in cell cycle state
distribution. Finally, single-cell RNA-seq or computational deconvolution of bulk data would
resolve whether these responses are uniform across epithelial cell types or concentrated in

specific populations such as progenitors, secretory, or enterocyte lineages.
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Conclusion

This study provides the first transcriptional characterization of the human intestinal
response to BAC exposure using a primary human model system. Acute BAC exposure elicited a
coordinated response involving xenobiotic detoxification, cholesterol biosynthesis, and pro-
proliferative gene programs, which together point to epithelial adaptation to membrane stress.
Chronic repeated exposure produced minimal transcriptional disruption and intact barrier
function, suggesting the intestinal epithelium can adapt to sustained luminal BAC without
cumulative injury. Given the continued rise in BAC use and human exposure, these findings
underscore the importance of characterizing intestinal responses to this class of disinfectants at

the site of first contact, and position primary enteroid monolayers as a valuable tool for doing so.
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Supplementary Figure 1. Brightfield images of undifferentiated organoids and differentiated
enteroid monolayers. [A] Undifferentiated human intestinal organoids grown in Matrigel domes.

[B] Differentiated enteroid monolayer on a 24-well Transwell insert following 14 days of culture.
Both images acquired at 4x magnification on a Nikon Eclipse Ti microscope. Scale bars = 100 pm.

Supplementary Table 1. Primary and Secondary Antibodies for Inmunocytochemistry

Target Host Species Vendor Catalog No. Dilution
70-3 Rabbit Abcam ab181991 1:100
Occludin Mouse Abcam ab242202 1:100

64



MRP3 Rabbit Abcam ab204322 1:100
Ki-67 Rabbit Abcam ab92742 1:100
Goat anti-rabbit IgG, Alexa Fluor 594  Goat Invitrogen A-11037 1:1000
Goat anti-rabbit IgG, Alexa Fluor 488  Goat Invitrogen A-11008 1:1000
Goat anti-mouse IgG, Alexa Fluor 488  Goat Invitrogen A-21141 1:1000
Hoechst 33342 N/A Invitrogen H3570 0.5 pg/mL
Hoescht 33342 Marker Merged
A
MRP3
60x
B
Ki-67
20x
(Vehicle)
C
Ki-67
20x
(500 nM BAC)

Supplementary Figure 2. Immunocytochemical staining of MRP3 and Ki-67 in human
enteroid monolayers derived from a single donor. [A] MRP3 staining (red) at 60x
magnification demonstrates expression of this efflux transporter. [B, C] Ki-67 staining (green) at
20x magnification in vehicle-treated [B] and 500 nM BAC-treated [C] monolayers. Nuclei are

counterstained with Hoechst 33342 (blue). Scale bars: 50 um [A]; 100 pm [B, C].
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A

3 uM BAC Cocktail

Supplementary Figure 3. Clustering of 16-hour BAC cocktail DEGs and MDS plot of

50 nM BAC Cocktail

90

:

dim2
n

e Vehicle Control (DMSO)

50 nM BAC Cocktail
e 500 nM BAC Cocktail
e 3 uM BAC Cocktail

500 nM BAC Cocktail

dim1

HDOO07 RNA-seq samples. [A] Venn diagram depicting the number of differentially expressed
genes (DEGs; FDR < 0.05) unique to and shared across 50 nM, 500 nM, and 3 uM BAC cocktail

conditions relative to vehicle control in HDOO7. [B] Multidimensional scaling (MDS) plot of
HDOO07 samples colored by treatment condition. Each point represents one technical replicate
(n=4 per condition). Ellipses denote approximate grouping of vehicle control and BAC-treated

samples.

Supplementary Table 2. Differentially expressed genes concordant in direction between

HDO07 and HDO11 following 16-hour 3 pM BAC cocktail exposure.

Supplementary Table 3. Differentially expressed genes associated with cell cycle and
signaling pathways in HDOO07 following acute 16-hour exposure to 3 puM BAC cocktail
relative to vehicle control.

HDO07 HDO11
Gene log:FC  adj. p-value log:FC adj. p-value
CDCA7 0.824 1.21E-02 1.028  2.71E-05
DBF4 0.867 9.00E-04 0.737  3.92E-02
TMEMI150C | 0.728 6.00E-04 0.714  2.95E-02
PAIP2B 0.796 4.77E-02 0.523  3.20E-02
TIFA 0.688 1.31E-02 0.428  3.83E-02
SLCI1242 0.483 3.70E-02 0.355 1.63E-02
KCNE3 0.635 1.10E-03 0.34 1.13E-02
WDRS5 0.509 1.13E-02 0.263  2.42E-02
MEF2D -0.508 3.69E-02 -0.206  2.64E-02
RASSF6 -0.606 6.00E-04 -0.209  1.88E-02
1SC22D2 -0.587 7.90E-03 -0.272  3.52E-02
IKZF?2 -0.94 5.00E-04 -0.274  4.78E-02
IGFBP3 -0.877 1.00E-04 -0.277  2.64E-02
MUC34 -0.743 2.59E-02 -0.465  6.50E-03
RAB3B -0.6 2.55E-02 -0.516 1.40E-03
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Gene log:FC adj. p-value
Cell Cycle
MYC 2.067 3.74E-10
DBF4 0.867 9.24E-04
CDK6 0.986 6.97E-08
CDKN2B -1.136 4.84E-05
CCND3 -0.557 4.18E-04
CDKNI4 -0.543 2.42E-03
GADD454 -0.535 3.86E-02
PI3K-Akt Signaling
MYC 2.067 3.74E-10
FGF20 1.546 4.39E-03
MYB 1.188 1.17E-05
IRS1 0.967 1.55E-07
CDK6 0.986 6.97E-08
PIK3RI 0.722 1.78E-07
KITLG 0.609 8.26E-04
FGFR2 0.586 1.13E-03
ITGA6 0.405 4.46E-02
CREB3L3 -1.709 2.21E-05
PIK3R3 -0.943 1.54E-04
SGK2 -0.741 1.30E-02
TGFA -0.499 1.70E-03
CDKNI4 -0.543 2.42E-03
CCND3 -0.557 4.18E-04
Canonical Wnt Signaling
AXIN2 2.79 1.32E-08
MYC 2.067 3.74E-10
NKDI 1.586 6.42E-05
LGRS 1.437 3.07E-03
RNF43 1.182 2.21E-09
ZNRF3 1.112 8.20E-06
BAMBI 1.073 1.61E-02
CDKN2B -1.136 4.84E-05
CCND3 -0.557 4.18E-04
FZD5 -0.471 9.49E-03
TGF-p Signaling
MYC 2.067 3.74E-10
RGMB 1.739 7.88E-09
TGIFI 1.537 2.35E-09
BMP4 1.1 2.45E-08
BAMBI 1.073 1.61E-02
TGFBR2 0.567 3.92E-04
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BMP7 0.527 4.82E-03

BMP?2 -0.766 1.65E-05
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Supplementary Figure 4. Differentially expressed genes in PI3K-Akt, Canonical Wnt, TGF-
B, and Hippo signaling pathways in HDOO07 following 16-hour BAC cocktail exposure. Log>
fold change relative to vehicle control is shown for selected DEGs (p < 0.05) in [A] PI3K-Akt
signaling, [B] Canonical Wnt signaling, [C] TGF-p signaling, and [D] Hippo signaling. Bars
represent 50 nM (light blue), 500 nM (medium blue), and 3 puM (dark navy) BAC cocktail.

Supplementary Table 4. Differentially expressed genes involved in lipid homeostasis in
HDO11 following 16-hour 3 nM BAC cocktail exposure.

Gene log:FC  p-value
Cholesterol Signaling & Feedback
INSIG1 0.459  6.58E-05
INSIG2 0.347  2.00E-03
PCSK9 0.545 1.97E-04
LDLR 0.296  2.00E-03
ABCAl -0.337 1.80E-02
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Cholesterol Synthesis

ACATI 0.547  5.00E-03
ACAT?2 0.654  8.90E-06
HMGCS1 0.632 1.21E-05
HMGCR 0.434 1.85E-04
MVK 0.509  6.19E-04
MVD 0.679  7.91E-06
FDPS 0.501 2.84E-05
IDI1 0.479  3.80E-04
FDFTI 0.457  2.01E-04
SOLE 0.350  5.00E-03
LSS 0.576  8.56E-06
CYP51A1 0.212  2.80E-02
MSMO1 0.318  8.00E-03
NSDHK 0.290  4.90E-02
HSDI7B7 0.704  4.64E-05
EBP 0.353  4.00E-03
LBR 0.214  2.10E-02
DHCR7 0.297  2.00E-03
DHCR24 0.187  2.90E-02
Lipid Metabolism

ACSLI 0.269 1.00E-03
ACOX2 0.688 1.90E-02
HADH 0.602  3.62E-04
HMGCS2 0.403  3.70E-02
FASN 0.335 1.10E-02
SCD 0.287 1.10E-02
ELOVL6 0.278  2.10E-02
ELOVL7 0.236  4.50E-02
LPCATI 0.279  2.00E-03
PLA2G7 1.585  3.00E-02
PLA2G24 0.834  4.40E-02
FILIPIL 0.272 1.60E-02
LIPA 0.516  3.04E-04
LIPG 0.379 1.00E-03

Supplementary Table 5. Differentially expressed genes involved in xenobiotic metabolism
and disposition following 16-hour 3 nM BAC cocktail exposure. *Denotes shared differential
expression between donors.

Class Gene log:FC adj. p-value Donor
Phase I Enzymes
Carboxylesterase (CES) CES1 0.703 2.10E-02 HDO11
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Epoxide hydrolase (EPHX) EPHX2 -0.517 2.10E-02 HDO11
Aldo-keto reductase (AKR) AKRIBI 0.465 3.80E-02 HDOI11
Aldo-keto reductase (AKR) AKRIC3 0.307 2.30E-02 HDO11
Aldo-keto reductase (AKR) AKR7A2 0.207 2.20E-02 HDO11
Aldo-keto reductase (AKR) AKRICH4 1.116 1.20E-02 HDO11
Aldehyde dehydrogenase (ALDH) ALDH741  0.697 1.78E-05 HDOI11
Aldehyde dehydrogenase (ALDH) ALDH941  0.281 3.00E-03 HDOI11
Aldehyde dehydrogenase (ALDH) ALDH? 0.274 2.58E-04 HDOI11
Aldehyde dehydrogenase (ALDH) ALDHI8A1 0.253 1.00E-03 HDOI11
Aldehyde dehydrogenase (ALDH) ALDH3Bl  -0.64 2.00E-03 HDOO07
Cytochrome P450 (CYP) CYP4FI2 0.517 3.10E-02 HDOI11
Cytochrome P450 (CYP) CYP2S1 -0.311 1.60E-02 HDOI11
Cytochrome P450 (CYP) CYP5141 0.212 2.80E-02 HDO11
Cytochrome P450 (CYP) CYP345 -0.208 1.60E-02 HDOI11
Superoxide dismutase (SOD) SOD?2 0.201 2.50E-02 HDO11
Phase II Enzymes
Glutathione S-transferase (GST) GSTA2 1.442 8.00E-03 HDOI11
Glutathione S-transferase (GST) GSTAI 0.627 4.00E-03 HDO11
Sulfotransferase (SULT) SULTIA3 4.678 3.00E-02 HDOI11
SLX1A4-
Sulfotransferase (SULT) SULTIA3 0.467 4.50E-02 HDOI11
UDP-glucuronosyltransferase (UGT) UGTI410  0.271 3.00E-03 HDOI11
UDP-glucuronosyltransferase (UGT) UGTIAI 0.247 1.50E-02 HDO11
Uptake Transporters
Solute Carrier (SLC; ASCT1) SLC1A44 1.068 1.70E-02 HDO11
Solute Carrier (SLC; GLUT3) SLC243 -0.91 1.80E-02 HDO11
Solute Carrier (SLC; LAT2) SLC7A48 0.47 3.00E-03 HDOI11
Solute Carrier (SLC; TaurT) SLC6A46 0.613 9.47E-03 HDOO07
Solute Carrier (SLC; PATI) SLC3641 0.442 1.40E-02 HDO11
Solute Carrier (SLC; ATBO0) SLC6A14 0.315 1.30E-02 HDO11
Solute Carrier (SLC; CAT2) SLC7A42 0.9278 3.81E-02 HDOO07
Solute Carrier (SLC; ASCT2) SLCIAS -0.238 3.00E-02 HDOI11
Solute Carrier (SLC; FATP3) SLC2743 0.611 1.60E-02 HDOI11
Solute Carrier (SLC; SGLT4) SLC5A49 -0.42 4.50E-02 HDO11
Solute Carrier (SLC; G6PT) SLC3744 0.367 1.90E-02 HDOI11
Solute Carrier (SLC; SERT) SLC6A44 1.792 2.00E-02 HDOI11
Solute Carrier (SLC; ThTr2) SLC1943 1.046 3.20E-04 HDOO07
Solute Carrier (SLC; OATV]) SLC1744 -0.7953 2.31E-03 HDOO07
HDOL11,
*Solute Carrier (SLC; NKCC1) SLCI242 0.355, 0.483 1.6E-02,3.7E-02 HDOO7
Solute Carrier (SLC; DIC) SLC25410  -0.308 1.90E-02 HDOI11
Solute Carrier (SLC; MTPPT) SLC25419 009111 1.77E-02 HDOO07
Solute Carrier (SLC; ANT2) SLC2545 -0.283 6.97E-04 HDOI11
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Solute Carrier (SLC; ANT3) SLC2546 -0.197 3.70E-02 HDO11
Solute Carrier (SLC; MCT?2) SLC16A47 0.657 3.40E-02 HDO11
Solute Carrier (SLC; MCTS) SLCI16A2 0.353 4.10E-02 HDO11
Solute Carrier (SLC; CNT3) SLC2843 -0.578 6.65E-04 HDO11
Solute Carrier (SLC) SLC35G1 0.514 2.55E-04 HDO11
Solute Carrier (SLC; AT2) SLC3342 0.343 3.50E-02 HDO11
Solute Carrier (SLC; UGTrel7) SLC35D1 0.285 3.00E-02 HDO11
Solute Carrier (SLC) SLC22423  -0.5478 3.79E-02 HDOO07
Solute Carrier (SLC) SLC37A41 -0.4296 4.78E-02 HDOO07
Solute Carrier (SLC; RFT1) SLC52A41 -1.11 1.33E-02 HDOO07
Solute Carrier (SLC; POMT) SLC45A43 0.263 1.60E-02 HDO11
Solute Carrier (SLC; ZIP8) SLC3948 0.505 2.30E-02 HDO11
Solute Carrier (SLC; ZIP5) SLC3945 0.456 1.20E-02 HDO11
Solute Carrier (SLC; ZIP10) SLC39410  0.6354 1.21E-02 HDOO07
Solute Carrier (SLC; ZIP11) SLC39411  0.209 2.50E-02 HDOL11
Efflux Transporters

ATP-Binding Cassette (ABC) ABCAI -0.337 1.80E-02 HDO11
ATP-Binding Cassette (ABC) ABCB6 0.314 4.50E-02 HDOI11
ATP-Binding Cassette (ABC; MRP5) ABCCS5 -0.266 4.20E-02 HDO11
Solute Carrier (SLC; ZnT10) SLC30410 1.413 3.80E-02 HDO11

Resistance (Q*cm?)

BAC Exposure Begins

| I B N
4 6 8 10 12 14 16 18 20 22 24

Days of Differentiation

¢ ¢ 0

50 nM BAC Cocktail
500 nM BAC Cocktail

3 UM BAC Cocktail
Vehicle Control (DMSO)

Supplementary Figure 5. Transepithelial electrical resistance is maintained throughout
chronic BAC exposure. Adjusted TEER (Q+cm?) measured prior to media changes: every two
days from Day 4 through Day 24 or differentiation. Dashed vertical line indicates onset of apical
BAC cocktail exposure at Day 8 of differentiation. All conditions maintained a mean resistance
above 1000 Qecm? throughout the exposure period, with no sustained change observed in BAC-
treated monolayers relative to vehicle controls. BAC cocktail composed of Ci2-, Ci4-, and Cis-
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BAC at a 40:50:10 molar ratio. Data represents mean + SD; n = 4 technical replicates per
condition from a single donor experiment (HDOO7; 1 biological replicate).
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