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Abstract

Environmental chemicals such as inorganic arsenic (iAs) significantly contribute to redox toxicity
in the human body by enhancing oxidative stress. Imbalanced oxidative stress rapidly interferes
with gut homeostasis and affects variety of cellular processes such as proliferation, apoptosis, and
maintenance of intestinal barrier integrity. It has been shown that gut microbiota are essential

to protect against iAs3*-induced toxicity. However, the effect of microbial metabolites on iAs3*
induced toxicity and loss of gut barrier integrity has not been investigated. The objectives of

the study are to investigate impact of iAs on gut barrier function and determine benefits of gut
microbial metabolite, urolithin A (UroA) against iAs3*-induced adversaries on gut epithelium. We
have utilized both colon epithelial cells and in a human intestinal 3D organoid model system to
investigate iAs3* -induced cell toxicity, oxidative stress and gut barrier dysfunction in the presence
or absence of UroA. Here, we report that treatment with UroA attenuated iAs3*-induced cell
toxicity, apoptosis, and oxidative stress in colon epithelial cells. Moreover, our data suggest that
UroA significantly reduces iAs3*-induced gut barrier permeability and inflammatory markers in
both colon epithelial cells and in a human intestinal 3D organoid model system. Mechanistically,
UroA protected against iAs3*-induced disruption of tight junctional proteins in intestinal epithelial
cells through blockade of oxidative stress and markers of inflammation. Taken together, our
studies for the first time suggest that microbial metabolites such as UroA can potentially be used
to protect against environmental hazards by reducing intestinal oxidative stress and by enhancing
gut barrier function.
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Introduction

The gastrointestinal (GI) tract harbors trillions of microbes (microbiota), which maintain

a symbiotic relationship with the host in part by regulating essential metabolic processes.
Microbes and their dietary metabolites strongly influence the homeostasis within the gut
and are critical for the maintenance of an intact gut barrier [1]. The use of gut microbial
metabolites has emerged as a novel treatment strategy to restore gut barrier homeostasis.
Current evidence reveals that numerous environmental factors induce microbial dysbiosis
in the human gut leading to loss of beneficial commensal microbiota and potentially their
metabolites [2]. Altogether, such effects ultimately contribute to the etiology and severity of
several diseases. Ongoing studies are defining the importance of microbiota in ameliorating
adverse outcomes of exposure to environmental pollutants [3]. For example, GI microbiota
can metabolize environmental chemicals such as metals (arsenic, bismuth etc.), polycyclic
aromatic hydrocarbons (PAH), polychlorobiphenyls and pesticides [4, 5].

Inorganic arsenic induced toxicity causes major damage to human health following chronic
or acute exposure. In the environment, trivalent (iAs3*) and pentavalent (iAs®*) forms of
inorganic arsenic are abundant. Trivalent iAs3* is more toxic to humans compared to iAs>*
[6, 7]. Chronic exposure to iAs3* leads to an increase in both the onset and progression

of several human diseases targeting multiple organs (liver, kidney, bladder, skin, intestines,
and central nervous system), which is referred to as ‘arsenicosis’ [8—14]. Arsenic exposure
is a major public health concern effecting over 225 million people globally [15, 16] and
classified as a group | carcinogen by the International Agency for Research on Cancer
(IARC). The susceptibility to arsenicosis varies among individuals despite similar level of
arsenic exposure, which is attributed to host genetics, age, gender, and dietary habits [17,
18]. Interestingly, gastrointestinal symptoms and distress have been widely documented in
human subjects exposed to arsenic chronically, acutely, or therapeutically. In a study on

a chronically arsenic-exposed population from West Bengal, India, ~60% of all the study
participants presented gastrointestinal symptoms [19]. In addition, gastrointestinal distress is
a well-characterized effect of acute arsenic poisoning [20, 21]. A variety of clinical studies
on subjects treated with As,O3 demonstrate that gastrointestinal symptoms are common side
effects of such therapeutic use [22, 23].

Recent studies highlight the importance of gut microbiota in modulating As-induced
toxicity [24, 25]. Studies have reported that populations exposed to iAs3* exhibit gut
microbial dysbiosis [26—28]. Importantly, arsenic exposure in mice following the depletion
of microbiota or in germ free mice led to significant arsenic accumulation in tissues with
concomitant reduction in its excretion [25]. The gut microbiome significantly influences
arsenic metabolism and the outcome of arsenicosis [24, 29-32]. Though microbial dysbiosis
is often reported in iAs3* exposed individuals or in animal models [33-36], the functional
dynamics of human gut microbiota in arsenic toxicity remain poorly explored.

Gut microbes modulate several facets of arsenic metabolism including the status of
oxidation, methylation, thiolation, bioavailability and excretion [11]. Oxidative stress is a
potent mechanism by which iAs3* exposure induces its toxic effects, especially at high doses
[37]. Such heightened oxidative stress causes cell damage, cell death and loss of cellular
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homeostasis [38]. Moreover, physiological imbalance of oxidative stress is also related to
impairment of gut barrier function, which contributes to the pathogenesis of many Gl-related
diseases [39]. It has been demonstrated employing cell line models that acute exposure to
both iAs3* and iAs®* leads to generation of oxidative stress along with a concomitant loss

of tight junction protein ZO-1, resulting in alteration of membrane permeability [35, 40].
Therefore, inhibition of oxidative stress-induced loss of barrier integrity might be a crucial
therapeutic target for arsenic induced toxicity.

Recent emerging studies suggest that microbial metabolites as promising therapeutics
against the loss of gut barrier integrity [1, 41, 42]. However, it is not well understood
whether gut microbial metabolites have protective effects against arsenic-induced

oxidative stress and gut barrier dysfunction. Therefore, we undertook examination of

one such beneficial microbial metabolite, urolithin A (UroA), which we previously
demonstrated has gut barrier protective and anti-inflammatory activities [41, 43]. UroA (3,8-
dihydroxybenzo[c]chromen-6-one) is derived from ellagic acid and ellagitannins (major poly
phenolic components in berries and pomegranate) by gut commensal bacteria [44]. UroA
exhibits a high rate of intestinal absorption [45] and exerts anti-inflammatory, anti-oxidative,
and anti-ageing activities [43, 46—49]. The current study reports the efficacy of UroA against
adverse effects of trivalent arsenic on human gut epithelia and potential mechanisms of
action. These studies will pave a pathway for preventive and therapeutic applications to
mitigate arsenic-elicited adverse health effects, which are currently unavailable.

Materials and Methods

2.1

Reagents and chemicals

General laboratory chemicals and reagent solutions were purchased from Sigma-Aldrich
(St. Louis, MO) or VWR (Radnor, PA). ELISA kits for 1L-8 and was procured from
Bio-legend (San Diego, CA). Annexin V: FITC Apoptosis Detection Kit was purchased
from BD biosciences (San Jose, CA). JC-1 Mitochondrial Membrane Potential Assay Kit
was from Cayman chemicals (Ann Arbor, MI). LDH-Glo™ Cytotoxicity Assay Kit and
GSH/GSSG-Glo™ Assay were procured from Promega (Madison, W1). All antibodies were
purchased from Santacruz unless otherwise specified. UroA was custom synthesized as
previously described [41, 43]. Sodium arsenite (NaAsO,, CAS 7784-46-5, > 99% pure) was
obtained from Spectrum Chemical (New Brunswick, NJ). Sodium arsenite was used as a
source of iAs3* in all the experiments. Sodium arsenite was handled in accordance with the
NIH Guidelines for the Use of Chemical Carcinogens. List of the antibodies and respective
dilution for each method are provided in Table 1.

2.2. Cell culture

The human colon epithelial carcinoma cell line T84 (ATCC # CCL-248™)) was

maintained in DMEM: F-12 Medium (Cytiva # SH30261.01), supplemented with 10% fetal
bovine serum, 1X penicillin-streptomycin solution (100 U/ml penicillin, and 100 pg/ml
streptomycin (Sigma Aldrich) in a humidified atmosphere (at 37 °C in a 5% CO» incubator).
The cells were seeded in 96-, 12- or 6-well plates at a density of 1 x 10° cells/mL using
volumes of 100 uL, 1 mL, or 2 mL respectively, and cells were allowed to adhere overnight.
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2.3. Monolayer Culture

Human colon epithelial cell monolayers were generated using T84 cells. The cells (2 x

10 cells/cm?) were seeded in 24-well Transwell® plates (Corning; USA) on 6.5 mm tissue
diameter (surface area= 0.33 cm?) 0.4 um pore sized polyester membrane filters. Culture
medium was added to both apical and basal chambers and the medium was changed every
other day up to 12 days for T84 cells. Each monolayer was assessed for the development
of trans-epithelial electrical resistance (TEER) using a voltmeter (EVOMZ2, Epithelial
\olt/Ohm meter, World Precision Instruments, Inc., Sarasota, Florida, USA) and STX2
electrode (World Precision Instruments, Inc., Sarasota, Florida, USA). T84 cell monolayers
showing TEER more than 1000 Q.cm? were used for permeability studies.

2.4. Primary human small intestinal epithelial cultures

Epilntestinal 3D microtissues (SMI-100 and SMI-196) were obtained from MatTek
Corporation (Ashland, MA, USA) and cultured according to the manufacturer’s instructions
(24-well and 96-well format respectively) in a specially formulated culture medium (MatTek
Corporation). Normal human 3D Small Intestinal Epithelium (SMI-196) were custom grown
on 0.19 cm tissue diameter (surface area= 0.11 cm?2) 0.4 um pore sized Transwell™ inserts.
For SMI-100, individual tissues were custom grown on 9 mm tissue diameter (surface

area= 0.6 cm?) 0.4 um pore sized Transwell™ inserts. All intestinal tissues for these studies
were derived from a single healthy donor. Briefly, intestinal tissue cultured on Transwell™
inserts were received in agarose packaging and immediately transferred to a 96-well

tissue culture plate containing 250 pl pre-warmed maintenance medium (SMI-100-MM).
Following transfer to the 96-well plate, 20 ul SMI-100-MM was added to the apical surface
and intestinal cultures, heretofore referred to as primary human small intestinal epithelial
barriers, were incubated overnight in a 37 °C in a 5% CO5 incubator. For SMI-100, tissues
were cultured with 5ml medium in HNG-TOP-12 plate supplied by manufacturer with

100 pL of media on apical side as per instructions. Each primary human small intestinal
epithelial barrier was assessed for the development of TEER using an EVOMZ2 voltmeter.
An STX100 electrode (World Precision Instruments, Inc., Sarasota, Florida, USA) was used
for measurement of TEER in 96-well format and an STX2 electrode was used for 24 well
format.

2.5. Cell viability

T84 cells were seeded at a density of 2x104 cells/well in 96 well plates (quadruplicate

for each assay condition). 24 h post-seeding, the cells were treated with increased doses
of iAs3* (0-100 uM) in the presence of UroA at indicated doses. Treatments were carried
out for 24, 48 and 72 h respectively, followed by removal of arsenic containing media and
replacement with fresh media (180 pL) containing alamar blue reagent (20 pL/well). Cells
were allowed to incubate for 4 h with the alamarBlue reagent (ThermoFisher Scientific,
Rochester, NY) at 37 °C and readings were taken (OD at 570 nm) subsequently as per
manufacturer’s instruction as described previously [50].
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2.6. Determination of apoptosis by the annexin V/PIl assay

The Annexin V-FITC Apoptosis Detection Kit with PI from BD Biosciences was used to
identify cells undergoing apoptosis. The protocol was carried out as per instructions by the
manufacturer. Then, a minimum of 30,000 cells per sample were acquired by flow cytometry
(BD FACSCanto, BD biosciences, USA). Data was analyzed using the FlowJo v10 software.

2.7. Measurement of reactive oxygen species generation

Reactive oxygen species (ROS) generation was determined by utilizing an oxidation-
dependent fluorescence dye with 6-carboxy-2",7”-dichlorodihydroxy fluorescein diacetate
(DCFDA). After 30 min incubation with DCFDA (2 pg/ml) in a 37°C 5% CO, incubator,
cells were washed twice with PBS. The ROS generation as green fluorescence was measured
at excitation and emission wavelengths of 485 nm and 535 nm respectively by a Synergy

HT Microplate Reader (Biotek, VT, USA), fluorescence imaging by Sapphire Biomolecular
Imager (Azure Biosystems, USA), and flow cytometry (BD FACSCanto, BD biosciences,
USA). Quantification of images was done using AzureSpot (Azure Biosystems, USA) and
flow cytometry data was analyzed using the FlowJo v10 software.

2.8. Determination of GSH/GSSG

The ratio of reduced GSH and oxidized glutathione (GSSG) was quantified by using a
GSH/GSSG-Glo™ Assay Kit (Promega, WI, USA). The samples were prepared according
to the manufacturer’s manual and the change in luminescence recorded using a microplate
reader (FLUOstar Omega, BMG Labtech).

2.9. Lactate Dehydrogenase (LDH) release assay

The release of LDH in the cell culture medium was determined with an LDH-Glo™
Cytotoxicity Assay Kit (Promega) as per manufactures instruction. The change in the
luminescence was recorded using a microplate reader (FLUOstar Omega, BMG Labtech).
LDH release (% control) was calculated from the equation:

(Relative Luminescence Units) treatment

(Relative Luminescence Units) control x 100%

% control =

2.10. Measurement of mitochondrial membrane potential (Ay).

JC-1 mitochondrial membrane potential assay kits (Cayman Chemicals, MI, USA) were
used to measure the mitochondrial membrane potential according to the manufacturer’s
protocol. JC-1 activity related change in fluorescence was measured either in 96 well black
plates using a Synergy HT Microplate Reader (Biotek, VT, USA) or fluorescence imaging
using a Sapphire Biomolecular Imager (Azure Biosystems, USA). Fluorescence imaging
was performed in 96 well clear bottom black plates and 8-well chambered slides (Nunc®
Lab-Tek™ Il Chamber Slide™ System). JC-1 aggregates (Red fluorescence) were measured
at excitation and emission wavelengths of 540 nm and 570 nm respectively. JC-1 monomers
(Green fluorescence) were measured at excitation and emission wavelengths of 485 nm and
535 nm respectively. Changes from red to green fluorescence indicate the decline in cell
health as the monomeric form of JC-1 represents depolarization. The ratio of fluorescent
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intensity of J-aggregates and J-monomers (Red: Green) was used as an indicator of cell
health. Quantification of image was done using AzureSpot (Azure Biosystems, USA).

In vitro permeability study

For in vitro cellular permeability studies, T84 cell monolayers or Epilntestinal 3D
microtissue were treated as required for each experiment. After treatment, the monolayer
or microtissue was washed with PBS twice and 200 L of FITC-Dextran (FD-4; Sigma
Aldrich, USA) solution (1 mg/mL in medium) was added. After 2 h incubation in a

37 °C 5% CO; incubator, a 100 pL sample from the basal chamber was analyzed for
FD4 concentration. The change in fluorescence was determined along with FD4 standard
dilutions using a Synergy HT Microplate Reader (Biotek, VT, USA).

2.12. Quantitative real-time polymerase chain reaction (QPCR)

2.13.

Total RNA was isolated from cells using Maxwell® 16 LEV simplyRNA tissue kits
(Promega) and reverse transcribed with a High-Capacity cDNA Reverse Transcription

Kit with RNase Inhibitor (Applied Biosystems, CA, USA). The transcribed cDNA (after
dilution) was mixed with 100 nM gene specific primers (Real time primers LLC) and 1X
SYBR green reaction mix (PowerUp™ SYBR™ Green Master Mix; Applied Biosystems,
CA, USA). Changes in gene expression of ZO-1, Occludin and Cldn4 were analyzed using
CFX96TM Real-Time System (Bio Rad) and fold change in expression was calculated using
the “AACT method using GAPDH/B-actin as a housekeeping gene control and normalized to
the untreated control.

Immunohistochemistry

T84 cells (50,000 cells/well) were grown overnight on to 8-well chambered slides (Nunc®
Lab-Tek™ Il Chamber Slide™ System). The next day, the cells were induced with vehicle
(0.01% DMSO) or iAs3* (5 uM or 10 uM) with or without UroA (25 pM) for 24h

and fixed with chilled methanol. The respective proteins were stained in the cells with
primary anti-bodies (1:200 dilution) for ZO-1, Occludin, or Cldn4 followed by fluorescently
labeled (Alexa flour 594 for Cldn4 and Alexa flour 488 for ZO-1 and Occludin) secondary
antibodies (1:500 dilution; ThermoFisher Scientific). Stained cells were mounted with
VECTASHIELD HardSet™ antifade mounting medium with DAPI (Vector Laboratories).
The confocal images were captured using a Nikon A1R confocal microscope using x60
magnification lenses with appropriate laser channels.

2.14. Western blot analysis

For immunoblotting, total protein lysates were collected and processed as described [41].
The immunoblots were probed with ZO-1, Occludin, Cldn-4 and GAPDH antibodies
followed by respective secondary antibody conjugated with horseradish peroxidase
(Proteintech, IL, USA). The protein bands were detected with chemiluminescent substrate
and imaged using a Sapphire Biomolecular Imager (Azure Biosystems, USA). Densitometry
analysis of bands were done using ImageJ software [51]. Anti-bodies for ZO-1, Occludin
and GAPDH were purchased from Proteintech and Cldn4 from Santa Cruz Biotechnologies
(USA).
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2.15. Measurements of cytokines

For measurement of cytokine production via ELISA, after experimental time points and
appropriate doses, the supernatant was collected form T84 monolayer or Epilntestinal 3D
microtissue. Cytokines were quantified from supernatant using human TNF-a and 1L-8
specific ELISA kits (Biolegend) following manufacturer’s instruction.

2.16. Histopathology and immunohistochemistry for Epilntestinal 3D microtissue.

The Epilntestinal 3D microtissue were fixed in 10% buffered formaldehyde solution
overnight followed by 70% alcohol. Fixed tissues were subjected to standard
histopathological processing for paraffin embedding and 5um paraffin sections were cut
by Horus Scientific (MA, USA).

For ZO-1 staining, paraffin-embedded slides were processed as per standard methodology
as described elsewhere [52]. ZO-1 was stained with primary anti-bodies (1:200 dilution)
followed by Alexa flour 488 secondary antibody (1:500 dilution). Stained sections were
mounted with VECTASHIELD HardSet™ antifade mounting medium with DAPI (Vector
Laboratories). The confocal images were captured using a Nikon A1R confocal microscope
using x60 magnification lenses with appropriate laser channels.

2.17. Intracellular arsenic measurements:

Intra-cellular arsenic levels in T-84 cells treated with or without UroA in the presence of
As3* were determined from cell extracts. Briefly, T-84 cells were grown in 6-well plates up
to 90-95% confluence and then treated with vehicle (0.05% DMSO) or iAs3* (5 uM) or
UroA (25 pM) or iAs3* (5 uM) + UroA (25 pM) in quadruplicates for 24 h. The cells were
washed twice with ice cold PBS and lysed using a solution of 10 mM Tris—HCI pH 7.4,

1 mM ethylenediaminetetraacetic acid (EDTA), 0.1% sodium dodecyl sulfate (SDS), 1 mM
phenylmethylsulfonyl fluoride (PMSF), 1 mM sodium vanadate and 1X protease inhibitor
cocktail (Thermo Fisher Scientific). Lysates were sonicated and centrifuged at 4 °C for 15
min to remove insoluble debris. The protein was estimated using Pierce-BCA protein assay
kit (ThermoFisher Scientific). Samples were diluted at 1 pg/ul in lysing solution and total of
50 pg of protein was used to determine arsenic levels. The protein extracts (50 pg in 50 pl)
were mixed with 300 ul of 70% nitric acid (Fisher Scientific Cat#A509P500) and incubated
in a shaking incubator at 65 °C for 3 h. Next, the samples were allowed to cool in the

hood and then mixed with 100 pl of 30% H202 (Sigma Cat#95321) followed by incubation
for an additional 3 h in a shaking incubator at 65 °C. The digested samples were allowed

to cool down to room temperature and each sample was added to 4 ml of deionized (DI)
water to bring the total volume up to 4.45 mL. Total arsenic was assayed using an Agilent
7800 ICP-MS instrument. The read counts were converted to concentrations by employing
a standard curve (0-100 ppb), which was obtained by serial dilution of a commercially
available standard stock solution (Cat # 1\V-STOCK-50, Inorganic Venture, Virginia USA).
The limit of detection of arsenic for this instrument is 0.01 ppb.

2.18. Statistical analyses

Statistical analysis was performed using GraphPad Prism 9 (GraphPad Software, San Diego,
USA) using ANOVA followed by Tukey’s Multiple Comparisons Test with p < 0.05 taken as
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significant. Details of the specific statistical tests are provided in the figure legends. Data are
shown as mean + SEM from triplicate determinations, unless otherwise stated in the figure
legends.

All authors had access to the study data and had reviewed and approved the final manuscript.

Results

3.1. UroA protects against iAs3* induced cytotoxicity.

The cytoprotective activities of UroA against iAs3*-induced cytotoxicity were examined in
colon epithelial cells. Briefly, T84 cells (colon epithelial cells) were treated with iAs3* (0.1-
100 pM) in the presence or absence of UroA (25 uM) for 24 h (Figure 1A), 48 h (Figure
1B), or 72 h (Figure 1C) and cell viability were evaluated. As shown in Figure 1, treatment
with iAs3* induced significant cytotoxic effects at all three time points studied. However,
co-treatment with UroA significantly protected the cells against iAs3*~induced toxicity at
each time point. Unexpectedly, UroA significantly protected the colon epithelial cells against
even the highest dose of iAs3* (100 pM) and the longer exposure time (72 h). These results
suggest that microbial metabolites such as UroA has beneficial activities against iAs3*
induced cytotoxicity. The experiments were performed using micromolar concentrations
because UroA serum levels can reach up to micromolar levels without displaying toxicity

in humans upon consumption of ellagic acid (EA)- or ellagitannins (ET)-rich diets [45,
53-56]. UroA levels in humans vary significantly among individuals based on dietary habits
of consumption of EA/ET-containing diets such as pomegranate juice, walnuts and berries
and the presence of UroA-producing bacteria. We and others have tested the effects of UroA
atl,5, 10, 25 and 50 pM doses and reported anti-inflammatory activities, induction of tight
junction proteins, and mitophagy in /n7 vitro models [41, 48].

3.2. UroA abrogates iAs3* induced apoptosis of colon epithelial cells.

Exposure to iAs3* effectively induces DNA damage and leads to apoptosis, which is
potentially responsible for its cytotoxic effects and cell death [57, 58]. To investigate

the effects of UroA on the regulation of iAs3*~induced apoptosis, we performed dose
dependent apoptosis assays. The characteristic feature of apoptosis i.e., translocation

of phosphatidylserine (PS) from inner to outer leaflet was evaluated by Annexin V/PI
assay. The total apoptosis was determined as cumulative percentage of early apoptosis
(Annexin V+/PI-) and late apoptosis (Annexin V+/Pl+). As shown in Figure 2A and
Supplementary Figure 1, UroA significantly protected colon epithelial cells against iAs3*-
induced apoptosis. Moreover, disruption of mitochondrial function during iAs®* medicated
cellular apoptosis depends on the modulation of mitochondrial transmembrane potential
(Ay) [59]. The dissipation of the mitochondrial electrochemical potential gradient (Ay)

is an early event in apoptosis. Changes in mitochondrial inner-membrane electrochemical
potential in living cells can be measured using the cationic, lipophilic dye, JC-1. In
healthy cells, JC1 aggregates in the mitochondrial membrane matrix space and generates
red fluorescence. In case of unhealthy (apoptotic) cells, JC1 released into the cytosol emits
green fluorescence. Thus, the red to green ratio is a proxy for the level of apoptosis. As
shown Figure 2B, treatment with iAs3* decreased the red/green ration in a dose dependent
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manner, whereas UroA reversed the iAs3*-mediated changes. These results suggest that
UroA ameliorates iAs3*- induced apoptosis in colon epithelial cells.

3.3. UroA impairs iAs3* induced ROS generation and protects against oxidative stress.

Numerous studies suggested that enhancement of oxidative stress leads to an increase

in the generation of reactive oxygen species (ROS) and a decrease in mitochondrial
transmembrane potential, ultimately triggering apoptosis [60, 61]. It is also well documented
that induction of ROS generation through the mitochondrial transport chain contributes

to arsenic triggered cellular toxicity [38, 60, 61]. Previously, we and others showed that
UroA can act as an anti-oxidative and anti-inflammatory agent [43, 62]. To examine the
effects of UroA on iAs3* induced ROS production, we measured ROS production and
related levels of oxidative stress. iAs3*-induced ROS in dose dependent manner in T84 cells,
but co-treatment with UroA (25 pM) significantly reduced iAs3*-induced ROS production
(Figure 3A and Supplementary Figure 2).

We also measured the levels of iAs3*-induced lactate dehydrogenase (LDH) release in the
presence or absence of UroA. Previous studies showed that oxidative stress in general and
iAS3* specifically triggers elevated LDH activity, suggesting that LDH levels positively
correlate with cell damage [63, 64]. As shown in Figure 3B, treatment with iAs3* led to
increased LDH activity in T84 cells, whereas co-treatment with UroA significantly reduced
iAs3*-induced LDH levels. Similarly, we sought to measure the levels of reduced glutathione
(GSH) in iAs3*-treated cells, which is an important scavenger of ROS. In healthy cells, GSH
and oxidized glutathione (GSSG) both exist, with a high GSH to GSSG ratio. The GSH/
GSSG ratio is indicative of the extent of oxidative stress. We found that iAs3* treatment
reduced the GSH/GSSG ratio in a dose dependent manner (Supplementary Figure 3),
whereas UroA co-treatment significantly blocked the iAs3*-induced decrease in the GSH/
GSSG ratio (Figure 3C), suggesting that GSH may play an important role in UroA-mediated
rescue from cell death. Treatment with UroA alone at 10 uM, caused modest but significant
increase in the GSH/GSSG ratio suggesting it has a beneficial physiological function.
Therefore, we suggest that UroA-mediated anti-oxidative properties may be responsible for
its protective activities against iAs®*-induced oxidative stress in colon epithelial cells.

3.4. UroA ameliorates iAs3* induced intestinal permeability and disruption of tight
junctional proteins.

Previously, we showed that UroA induces the expression of intestinal tight junction
proteins and protects the intestinal epithelium from inflammation-induced increases in gut
permeability [41]. Since increased ROS levels are known to enhance intestinal permeability
[39], we determined whether exposure of iAs3* leads to changes in the permeability

of T84 monolayers grown on transwell membranes [65]. We utilized a transwell FITC-
dextran permeability assay to monitor barrier function (Figure 4A). We found that iAs3*
exposure led to a dose dependent increase in permeability. However, co-treatment with UroA
significantly mitigated iAs3*-induced permeability (Figure 4B and Supplementary Figure
4) as well as enhancing transepithelial electrical resistance (TEER) (Figure 4C). Further
investigation of LDH release revealed that UroA also protected against iAs3*-induced
oxidative stress in the T84 monolayers (Figure 4D).
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ROS-triggered signaling pathways have been shown to be involved in the progression of
inflammatory disorders and that inflammation in turn contributes to gut barrier dysfunction
[66]. Measuring the levels of inflammatory cytokines such as IL-8 release by T84 monolayer
revealed that UroA downregulated iAs3*-triggered inflammation (Figure 4E). To elucidate
potential underlying molecular mechanisms of barrier integrity maintenance, we examined
expression of the tight junction (TJ) proteins zona occludin 1 (ZO-1), claudin 4 (Cldn4)
and occludin (Ocln) in T84 monolayers treated with iAS3*. As shown Figure 5A and 5B,
UroA blocked iAs3*-induced downregulation of TJ proteins both at the protein and mRNA
levels. Moreover, immunofluorescent confocal imaging confirmed that UroA treatment
resulted in enhanced levels of intercellular TJ proteins in iAs3*-treated T84 monolayers
(Figure 5C). Collectively, the results described in this section demonstrate that treatment
with UroA significantly rescues T84 colonic monolayer cells from iAs3*-induced oxidative
stress, enhanced gut barrier permeability, TJ protein disruption, and increased levels of
inflammation.

3.5. UroA mitigates the barrier damage induced by arsenic exposure in a human 3D small
intestinal tissue model.

MatTek Life Sciences, Inc. has developed a unique technology to grow 3-D human
intestine tissues in transwell membranes that can be used to examine gut barrier activities
and inflammation (https://www.mattek.com/products/epiintestinal/) [67]. This 3D intestinal
model incorporates enterocytes, Paneth cells, M cells, tuft cells and intestinal stem cells
into a highly differentiated, polarized epithelium as well as an underlying lamina propria
containing normal human intestinal fibroblasts. This “Epilntestinal ™" model recapitulates
many aspects of normal intestinal function including gut barrier, metabolism, inflammatory
and toxicity responses [68]. Epilntestinal™ organoid 3D tissue cultures were grown on
transwell plates for 21 days and then supplied to our laboratory by MatTek Life Science.
These 3D tissues with TEER values at ~1000-1200 per well (24 well or 96 well) were
exposed to iAs3* in the presence or absence of UroA in a dose dependent manner. At 24

or 48 h post exposure, we evaluated permeability using FITC-dextran. As shown in Figure
6A and 6C, iAs3* exposure increased permeability of the Epilntestinal tissue in a dose
dependent manner both at 24 and 48 h. However, similar to the results described above
with T84 monolayer cells, co-treatment with UroA significantly reduced iAs3*-induced
intestinal permeability in a dose dependent manner at both 24 and 48 h (Figure 6B and
6D). UroA treatment alone either at 10 or 25 uM concentrations did not alter FITC-dextran
permeability suggesting that UroA treatment did not cause any additional stress leading to
barrier dysfunction. In agreement with these permeability data, exposure of the Epilntestinal
tissue to iAs3* disrupted the levels of ZO1, whereas treatment with UroA increased the
expression of ZO1 (Figure 7). Moreover, LDH levels were also significantly upregulated in
iAs3* treated Epilntestinal tissues, whereas UroA treatment resulted in a decrease in LDH
levels (Figure 8A). UroA also effectively reduced the levels of iAs3*-induced inflammatory
cytokines such as IL-8 and TNF-a. in the Epilntestinal tissue (Figure 8B and 8C). These
results are consistent with the T84 monolayer data described above, showing that UroA
significantly reduces iAs3*-induced gut barrier dysfunction, enhances TJ protein expression,
decreases oxidative stress, and reduces inflammatory markers.
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3.6. UroA protects gut barrier against iAs3* chronic exposure.

Finally, we asked whether UroA provides long-term protection against chronic exposure to
low doses of iAs3*. For this purpose, we exposed Epilntestinal™ 3D organoid tissues to
iAs3* (1 or 5 uM) for 7 and 14 days in the presence or absence of UroA (10 uM). As shown
in Figure 9, exposure to iAs3* induced increased permeability over time in a dose dependent
manner. At day 14 there was a significant loss of barrier for both iAS3* doses. However,
UroA treatment reduced the levels of iAs3*-induced permeability (Figure 9A). Further, to
confirm the health of cells, we measured LDH levels in pooled corresponding supernatants
that were collected during experimental period. As shown in Figure 9B, treatment with
UroA alone was similar to vehicle. suggesting that UroA is not toxic. As expected, we
observed that treatment with iAs3* at 1 uM or 5 uM led to an increase in LDH levels

over the control treatment, suggesting that iAs3* led to cell damage/cytotoxicity of the
intestinal organoids. Treating with UroA significantly attenuated iAs3*-induced cell damage/
cytotoxicity suggesting UroA-mediated protective activities against iAs3* toxcity (Figure
9B). Importantly, UroA treatment also reduced iAs3*-induced inflammatory cytokines levels
in the supernatants (Figure 9C and 9D), suggesting its long-term protective activity against
chronic exposure of iAs3*.

Discussion

Epidemiological and clinical reports suggest that arsenic exposure, whether chronic, acute
or therapeutic leads to gastrointestinal disorders in humans [14, 19-21, 23, 69, 70]. While
a handful of studies have attempted to understand the underlying mechanisms by which
arsenic induces gut barrier dysfunction [35, 36, 40, 71], a detailed understanding of the
mechanisms of action of arsenic toxicity in the gut are poorly understood. Furthermore,

no therapeutic intervention strategy currently exists to reverse arsenic-induced adverse
health outcomes. Reducing source of exposure is the only available mitigation strategy
[72]. However, removal of arsenic is often difficult to achieve and sustain especially

from widespread implementation and economic feasibility standpoints, especially in the
developing countries [72-76]. This necessitates the study and development of putative
therapeutic interventions to combat the effects of arsenic exposure and toxicity. In this vein,
the current study focused on examining the effect of the gut microbial metabolite UroA on
iAs3*-induced adverse activities on gut barrier function.

UroA is a microbial metabolite derived from ellagitannins/ellagic acid rich diets (e.g.,
pomegranate, berries, walnuts etc.). It was reported that UroA can only be detected in ~ 30—
40% of the population upon consumption of EA containing diets [54, 77-84]. Importantly,
UroA can reach up to micromolar levels both in serum and urine without exerting any
toxicity. Therefore, we tested the effects of UroA at micromolar concentrations, which
appears to be a physiologically relevant dose in certain individuals. Phase | clinical study
reported that human oral consumption of UroA, either as a single dose or multiple doses
(500 mg and 1000 mg daily) over a 4-week time period by healthy or sedentary elders

was not toxic and showed favorable safety profiles [85]. Recent human studies highlighted
that direct supplementation of UroA overcomes limitations of dietary exposure (e.g., EA or
ET containing diets) and gut microbiome variability in healthy adults to achieve consistent
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levels of UroA [86]. Importantly, they demonstrated that UroA producers display more
bacterial diversity compared to non-producers [86]. Our group has recently elucidated the
molecular mechanism by which UroA enhances gut barrier function. We showed that UroA
treatment upregulated gut epithelial tight junction proteins in an aryl hydrocarbon receptor
(AhR)- nuclear factor erythroid 2—related factor 2 (Nrf2) dependent manner and attenuated
chemical induced colitis [41]. Many studies have shown that exposure to iAs3* induces cell
death and apoptosis and enhances oxidative stress in cellular systems [38, 87, 88]. As shown
in Figure 1, iAs3* induced cell death (T-84 cells) in a dose dependent manner, whereas
co-treatment with UroA protected against iAs3* induced cell death. UroA showed protective
activities against iAs3* even at relatively high doses at longer time period. Arsenic is known
for induction of ROS in various cell types, which leads to increased oxidative stress and
mitochondrial dysfunction [38, 88-90]. It has been suggested that iAs3*-induced apoptotic
cell death is mediated through mechanisms involving the production of ROS. In addition,
several studies suggest that redox-active enzymes such as LDH get elevated in response to
oxidative stress induced damage in mitochondrial respiration [64]. Under oxidative stress
anaerobic glycolytic enzymes like LDH reversibly convert pyruvate to lactate for ATP
production.

Interestingly, UroA effectively countered iAs3*-mediated modulation of mitochondrial
transmembrane potential, ROS and LDH production in gut epithelial cells (Fig. 2-3).

It is possible that targeting iAs3*-induced adverse events by supplementing with the non-
toxic microbial metabolite UroA may provide protective activities. Moreover, our data
demonstrate that exposure to iAs3* significantly decreased GSH/GSSG in a dose-dependent
manner indicating that iAs3* induces oxidative stress in colon epithelial cells. Glutathione
(GSH), a tripeptide antioxidant is a vital mediator for cellular defense against oxidative
stress. Previously, we have demonstrated that UroA upregulates and activates Nrf2 and its
dependent pathways in colon epithelial cells and macrophages leading to induction of heme
oxydenase-1 (HO1), Glutamate-Cysteine Ligase Modifier Subunit (GCLM) and NAD(P)H
Quinone Dehydrogenase 1 (NQO1) [41]. Activation of Nrf2 leads to production of anti-
oxidative mediators and protects the host cells from oxidative stress. In agreement with these
observations, UroA significantly reduced iAs3*-induced oxidative stress and rescued loss of
GSH/GSSG levels in a dose-dependent manner in colon epithelial cells (Figure 3C). It is
possible that UroA-dependent activation of Nrf2 is responsible for anti-oxidative properties
and cytoprotective activities against iAs3*-induced oxidative stress. This hypothesis requires
further investigation by knocking down AhR/Nrf2 in colon epithelial cells and evaluating
iAs3* and UroA mediated activities.

Gut epithelial cells form a single cell layer gut barrier that separates the host from

external challenges in the gut. A comprehensive body of literature demonstrates that
exposure to iAs3* at chronic, sub-chronic, acute or therapeutic levels induce several G-
related symptoms of dyspepsia, gastroenteritis and chronic diarrhea [19-21, 23]. Our study
employed iAs3* dosage of 0.1-100 pM for most of the experiments. To put this dose into
perspective, subjects treated with As,O3 for APL have a plasma arsenic level of 5 uM [91],
while those exposed chronically through drinking water have a mean blood arsenic level of
~100 nM [92-94]. We acknowledge that iAs concentrations above 5 UM are supratherapeutic
and may not be physiologically or toxicologically relevant. Our experiments were designed
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(with doses below and above 5 pM of iAs) to demonstrate the efficacy of UroA as

a mitigation strategy. Our data show unequivocally that UroA treatment is capable of
mitigating variety of toxic cellular effects of subtherapeutic to supratherapeutic iAs exposure
to a considerable extent. In general, iAs-induced toxic effects in humans are seen upon
chronic exposure to low doses for extended time periods lasting as long as several years. It
would be challenging to recapitulate these chronic low dose exposures using cellular models.
Therefore, we tested doses as low as 1 uM for 14 days using intestinal organoids (Figure

9), where we observed that UroA attenuated iAs-induced cellular damage. We postulate

that iAs3*-induced ROS could potentially have significant impact on gut barrier function.
Previous studies showed that enhanced oxidative stress can induce gut barrier permeability
leading to gut barrier dysfunction in various models [39, 95]. Our results demonstrate that
exposure to iAs3* increased permeability and decreased TEER in T84 monolayered cells in
a dose-dependent manner. UroA treatment protected against iAs3*-induced permeability and
loss of TEER (Figure 4). Epithelial tight junction (TJ) proteins such as ZO1, CInd4 and Ocln
play an important role in maintenance of gut barrier function [96, 97] (Figure 5). TJ proteins
form a barrier to entry of external insults such as allergens, toxins and pathogens across the
epithelium into the interstitial tissues including Gl tract. It is possible that iAs3*-induced
disruption of TJ proteins could lead to increased gut permeability and inflammation [1, 98,
99]. Mounting evidence suggests that disruption of TJ proteins and increased paracellular
permeability play a critical role in pathogenesis of numerous Gl-related disorders including
IBD, alcoholic liver disease, infectious enterocolitis, necrotizing enterocolitis etc. [100-
103]. We postulated that iAs3*-induced permeability is potentially a consequence of down
regulation of TJ proteins or disruption of TJ barriers. As predicted, iAs3* treatment
significantly downregulated TJ proteins both at protein and mRNA levels. Further, we
confirmed the disruption TJ proteins by immunofluorescence staining and confocal imaging.
Treatment with UroA rescued the downregulation and disruption of TJ proteins mediated

by iAs3* exposure. These results suggest that UroA provides gut barrier protection against
iAs3*-induced barrier dysfunction in colon epithelial cells. Further, we determined whether
UroA-mediated mitigation of iAs3*-induced damage is due to altered ability of iAs3* to
enter the cells. To address this question, we determined intra-cellular arsenic levels in T-84
cells treated with or without UroA (25 uM) in the presence of As3* (5 uM) for 24 h as
described in Methods. As expected arsenic was not detected in lysates of control cells
treated with Vehicle or UroA alone (Supplementary Figure 5). We found a significant
increase in arsenic levels in cell lysates treated with iAs3* or iAs3* + UroA suggesting that
UroA treatment did not affect arsenic entry into cells. In fact, we unexpectedly observed
that intracellular arsenic levels were modestly increased in cells co-treated with UroA. We
postulate that increased intracellular iAs3 in iAs3* + UroA samples could be attributed to
UroA-mediated down regulation of drug transporters, which was observed in colon cancer
cell lines in an independent study (unpublished results from our laboratory). Previously, it
was shown that arsenic efflux transporters are responsible for efflux of iAs3* from variety
of cells. These efflux systems include members of the multidrug resistance ATP binding
cassette (ABC) transporters protein family and the bacterial exchangers Acr3 and ArsB
[104, 105]. UroA-mediated regulation of these proteins and the correlation with increased
intracellular arsenic level require further investigation. We postulate that despite a slight
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increase in arsenic levels, UroA treatment mitigates arsenic-induced cell damage/toxicity
potentially through its anti-oxidative and some unknown mechanisms.

To recapitulate human intestinal tissue physiology, we established the MatTek’s 3D
Epilntestinal™ tissue model of the human small intestine and tested the effects of iAs3*
exposure on gut barrier function. The major advantages of this model system over
monolayer 2D cell cultures are that this system incorporates enterocytes, Paneth cell, M
cells, tuft cells and intestinal stem cells into a highly differentiated, polarized epithelium.
This system recapitulates many aspects of normal intestinal function including gut barrier,
metabolism, inflammatory and toxicity responses, similar to native human intestinal tissue
[68]. Acute exposure of Epilntestinal ™ tissues grown on Transwell chambers to iAs3* led
to an increase in permeability in a dose-dependent manner (1 to 50 uM). Importantly, UroA
treatment significantly reduced iAs3*-induced permeability in a dose-dependent manner (5
to 50 uM) suggesting potential translational applications. Moreover, we also tested effects
of iAs3* chronic exposure for 14 days in this system on gut permeability and inflammation
(Figure 9). Again, as expected, lower doses of iAs3* (1 and 5 pM) for longer time (14 days)
induced excessive permeability and cell damage. Co-treatment with UroA protected from
iAs3*-induced permeability, cell damage and inflammation in all these conditions indicating
benefits of UroA as a therapeutic or preventive agent.

Pro-inflammatory cytokines such as IL-8 and TNFa which are induced during oxidative
stress mediated epithelial injury and are downregulated upon UroA treatment with iAs3*
exposure. Evaluation of LDH activity revealed the similar results, confirming protective
effect of UroA on iAs3* induced oxidative damage. Additionally, TJ protein analysis
suggests that UroA significantly increased expression of ZO1 and protected from iAs3*-
induced disruption in these 3D colon organoids. In summary, these results provide strong
evidence for microbial metabolite mediated gut barrier protective activities against iAs3*
~induced adverse effects. It is possible that iAs3* -induced ROS and activation of ERK/1/2,
MAPK and JNK might have significant impact on apoptosis of gut epithelial cells. The
literature shows that oxidative stress induced by various ROS species including hydrogen
peroxide, nitric oxide, peroxynitrite and hypochlorous acid disrupt the gut epithelial tight
junctions culminating in increased permeability [106, 107]. Mechanistically, it was shown
that oxidative stress-induced disruption of TJ protein includes internalization as well as
protein modification such as thiol oxidation, phosphorylation, nitration and carbonylation
(reviewed [107]). Treatment with UroA reduced iAs3*~induced oxidative stress and ROS
production, thereby potentially blocking apoptosis and permeability (Figure 10). We
acknowledge there are many complex mechanisms that might be regulating each of these
physiological processes modulated by iAs3* exposure as well as UroA. The in-depth
mechanistic studies and supporting pre-clinical models are under investigation.

One of limitations of this study is that arsenic doses that were employed at certain conditions
are in micromolar range and may not reflect chronic exposure in nanomolar ranges in
humans. The pathways that are regulated by iAs3* potentially may differ at different doses.
These aspects require further investigation in the context of gut epithelium and co-treatment
with UroA using pre-clinical models. However, the data from this study demonstrates from
multiple cellular model systems that replicates gut barrier disruptive effects of arsenic
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exposure, which is rescued by treatment with microbial metabolite, UroA. We are currently
extending these studies to develop a model for chronic exposure employing environmentally
and toxicologically relevant dose and time of exposure using the same cell line and
Epilntestinal™ tissue model.

One of the long-standing challenges in arsenic research area is the lack of appropriate
pre-clinical mouse models to investigate the adverse effects of arsenic and interventions

to mitigate the effects [108]. Well documented differences exists in arsenic metabolism,
efflux and detoxification between humans and rodent models [108]. iAs is methylated

by arsenic methyltransferase (AS3MT) and controls detoxification and modulates risks of
iAs-induced diseases. Detoxification of iAS in mice is greater than humans and attributed to
higher rate of iAs methylation by mouse AS3MT compared to human AS3MT [109, 110].
Therefore, it is an uphill task to overcome this interspecies differences iAs metabolism and
recapitulate human iAs exposure phenomena in mouse models. In fact, even in AS3MT
knockout mice, 25-100 ppm iAs exposure (250-1000 fold higher than mean blood iAs
concentration of chronically exposed human populations) was required to see adverse health
effects [111]. Recently, Styblo group has developed a humanized mouse model, where
mouse AS3MT gene is replaced by human AS3MT gene [112]. These humanized mice were
able to successfully detoxify 400 ppb of iAs3* for up to 4 weeks of exposure. Thus, this
newly developed humanized AS3MT mice hold potential for the development of an /n vivo
chronic iAs exposure model in the near future, the results from which could be successfully
translated to human populations. Therefore, we adopted human intestinal organoid 3D tissue
model system to closely recapitulate human iAs exposure (chronic, up to 14 days) to
investigate gut barrier function.

In summary, our results show that treatment with UroA efficiently protected against
iAs3*-induced toxicity and loss of gut barrier homeostasis on colon epithelial barrier
model system potentially through regulating apoptotic and oxidative pathways (Figure 10).
Overall, this study identifies a novel role of microbial metabolite, UroA, where treatment
reduces the environmental toxin (arsenic)-mediated adverse effects on gut epithelium and
restores gut barrier integrity suggesting a possible new strategy to combat the toxicities

of environmental toxins. Given its efficacy against arsenic toxicity together with high
bioavailability through oral administration, UroA supplementation represents a promising
approach towards development of a preventative and/or curative strategy to combat arsenic
toxicity.
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Highlights

. The gut microbial metabolite Urolithin A (UroA) enhances cell viability
during inorganic arsenic (iAs3*) exposure and prevents arsenite-induced cell
death in colon epithelial cells.

. UroA reduced iAs3*-induced oxidative stress in intestinal epithelial cells.

. UroA alleviated iAs3*-induced barrier dysfunction in both colon epithelial
cell monolayers and a human 3D small intestinal tissue model.

. The protective effect of UroA is associated with enhanced accumulation
of tight junctional proteins including Zonula occludens-1, Occludin and
Claudin-4 to repair iAs3*-induced intestinal barrier damage.
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Figure 1:
UroA protects against iAs3* induced cytotoxicity in colon epithelial cells. T84 cells (2 x

10%) per well were grown O/N in 96 well plate. Next day, cells were treated with iAs3* (0.1,
0.3, 1, 3, 10, 30, 100 pM) in the presence of UroA (25 pM) or vehicle (DMSO, 0.05%)

for (A) 24 h, (B) 48 h and (C) 72 h. Cell viability was determined using alamarBlue assay.
Percent control cell viability against iAs3* dose were plotted (log(inhibitor) vs. normalized
response (variable slope) curve fit). **p<0.01, ***p< 0.001, Two-way Repeated Measures
ANOVA with Geisser-Greenhouse’s Correction followed by Tukey’s Multiple Comparisons
Test between iAs3* and iAs3*+UroA. Each point in each curve represents the mean + SD
from three independent experiments.
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Figure 2: UroA protects colon epithelial cells against iAs3* induced apoptosis and loss of
mitochondrial membrane potential.

(A) T84 cells were treated with iAs*™3 (0, 1, 5, 10, 50, 100 pM) in presence of vehicle
(DMS0-0.01%) or UroA (25 uM) for 48 h. Bar graph and images representing apoptosis in
T84 cells after the indicated treatment estimated by Annexin V/PI assay. (B) Representative
fluorescence image of JC1 stained T84 cells representing the effect of iAs* in presence

of vehicle or UroA on mitochondrial permeability (red to the green shift of fluorescence).
Bar graphs showing the detection of JC-1 fluorescence as J aggregates (red) vs J monomers
(green). Results are representative of three independent experiments. *p < 0.05, **p < 0.01,
*#*4) < 0.001, Statistics performed using 2way ANOVA in GraphPad Prism software. Error
bar, mean = SEM (n=4-5)
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Figure 3: UroA impairs iAs3* induced ROS generation and protects against oxidative stress.
(A) T84 cells were treated with iAs*3 (0, 0.05, 0.1, 1, 5, 10, 50, 100 pM) in presence of

vehicle (DMS0-0.01%) or UroA (25 uM) for 12 h. Representative fluorescence image and
bar graph are showing ROS generation as green fluorescence from DCFDA stained T84
cells. (B) LDH release after 24 h incubation of T84 cells with iAs*2 (5, 10, 20 uM) in
presence of vehicle (DMS0-0.01%) or UroA (25 uM) (C). T-84 cells were treated with
UroA (10, 25 uM). T84 cells were treated with iAs*3 (10 uM) and different concentration of
UroA (0, 0.01, 0.1, 1, 5, 10, 25 uM) for 24 h. The levels of GSH and GSSG were measured
and the GSH/GSSG ratio was calculated. Untreated (UT) cells were used as control (100%).
Results are representative of three independent experiments. Statistics performed using 2way
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ANOVA in GraphPad Prism software. *p< 0.05, **p< 0.01, ***p< 0.001, ****p < 0.0001.
Error bar, mean £ SEM (n=4-8)
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Figure 4: UroA mitigates iAs3™ mediated oxidative stress, inflammation and impairment of gut
barrier permeability.
(A) Schematic representation of /in vitro permeability study with T84 monolayers (B) and

(C) Monolayer T84 cells on transmembrane were treated with iAs*3 (0, 1, 5, 10, 20 uM) in
presence of vehicle (DMS0-0.01%) or UroA (25 uM) for 24 h. FITC-dextran was added to
these cells (top of the membrane) and incubated for 2 h at 37°C and FITC-dextran levels

in the bottom chamber well was measured. TEER values were also measured. (B) LDH
release after 24 h incubation of T84 monolayer cells with iAs*3 (5, 10, 20 uM) in presence
of vehicle (DMS0-0.01%) or UroA (25 uM) (C) T84 monolayer cells were incubated with
iAs*3 (5, 10 uM) without or with UroA (0, 10, 25 uM) for 24 h. IL-8 levels in supernatants
were measured. *p < 0.05, **p< 0.01, ***p < 0.001, Statistics performed using 2way
ANOVA in GraphPad Prism software. Error bar, mean = SEM (n=4).
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Figure 5: UroA protects gut barrier from iAs3* mediated permeability through regulation of
tight junction proteins.

T84 cells were treated with iAs™ (0, 5, 10 uM) in presence of vehicle (DMS0-0.01%)

or UroA (25 uM) for 24 h. (A) Protein expression of Zona occludens 1 (ZO1), claudin 4
(Cldn4) and occludin (Ocln) in T84 cells were determined by immunoblots. (B) The fold
changes in mRNA levels of ZO1, Cldn4, Ocln, and ZO1 in T84 cells were determined by
RT PCR method. (C) T84 cells were grown on chambered slides and treated with iAs*3

(10 uM) in presence of vehicle (DMSO-0.01%) or UroA (25 uM) for 24 h. The cells were
stained with rabbit anti ZO-1, rabbit anti Ocln and mouse anti-Cldn4, followed by secondary
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antibody tagged with anti-rabbit Alexa 488 for ZO-1, Ocln and anti-mouse Alexa-594 for
cldn-4. Nucleus was stained using DAPI. The confocal images were captured. Scale bars for
T84 cells indicate 20 um respectively. The fluorescence intensity (n = 15-20 cell membrane
regions) was measured. Results are representative of three independent experiments. *p <
0.05, **p<0.01, ***p < 0.001, Statistics performed using one-way ANOVA in GraphPad
Prism software. Error bar, mean + SEM (n=3-5).
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Figure 6: UroA ameliorates iAs3* mediated gut barrier permeability in human 3D small
intestinal tissue model.

(A) and (C) iAs™3 (0, 1, 5, 10, 20, 25, 50 uM) (B) and (D) iAs*3 (25 pM) with UroA (0,
5, 10, 25, 50 pM) were added to the apical compartment of Epilntestinal 3D microtissues
grown on Transwell inserts and incubated at 37 °C for 24 h and 48 h, respectively. FITC-
dextran was added to these cells (apical compartment) and incubated for 2 h at 37°C and
FITC-dextran levels in the bottom chamber well (basal compartment) was measured. *p <
0.05, **p<0.01, ***p < 0.001, Statistics performed using one-way ANOVA in GraphPad
Prism software. Error bar, mean + SEM (n=4).
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Figure 7: UroA protects from iAs3* induced TJ protein disruption in primary human 3D tissue
organoids.

Microphotographs Epilntestinal3D microtissues treated with iAs*3 (10 uM) in presence
or absence of UroA (25uM) were stained with rabbit anti ZO-1 followed by secondary
antibody tagged with anti-rabbit Alexa 488. Nucleus was stained using DAPI. The confocal
images were captured. Scale bars indicate 50 pum. The fluorescence intensity (n = 15-20
cell membrane regions) was measured. Results are representative of three independent
experiments. *p< 0.05, **p< 0.01, ***p < 0.001, Statistics performed using one-way
ANOVA in GraphPad Prism software. Error bar, mean + SEM (n=4).
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Figure 8: UroA reduces iAs3* induced oxidative stress and inflammatory cytokines in human
intestinal organoids.

Epilntestinal3D microtissues were treated with iAs*3 (5,10,20 uM) in presence or absence of
UroA (25uM) for 24h. (A) LDH release (B) IL-8 levels and (C) TNFa levels in supernatants
were measured. *p < 0.05, **p< 0.01, ***p < 0.001, Statistics performed using 2way
ANOVA in GraphPad Prism software. Error bar, mean = SEM (n=4).
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Figure 9: Chronic iAs3* exposure induces barrier disruption and inflammation in human
intestinal organoids and UroA provides protection against it.

For chronic exposure of iAs*3 in human intestinal organoids, iAs*3 (0, 1, 5 uM) with

or without UroA (10 uM) were added to the apical compartment of Epilntestinal 3D
microtissues grown on Transwell inserts and incubated at 37 °C for 14 days. Fresh
treatments were added every alternate days and supernatants were stored. (A) On 7t and
14t day, FITC-dextran was added to these cells (apical compartment) and incubated for 2

h at 37°C and FITC-dextran levels in the bottom chamber well (basal compartment) was
measured. (B) Epilntestinal 3D microtissues were treated with iAs3* (1, 5 uM) in presence
or absence of UroA (10uM) for 14 days. The supernatants were collected every 3 days for 14
days and pooled. LDH release in these cumulative supernatants at day 14 was measured. (C)
IL-8 levels and (D) TNFa levels in supernatants were measured. *p < 0.05, **p< 0.01, ***p
< 0.001, Statistics performed using one-way ANOVA in GraphPad Prism software. Error
bar, mean = SEM (n=4).
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Figure 10:
Reduction of inorganic arsenic mediated oxidative stress and enhanced barrier integrity by

microbial metabolite, UroA protects the human gut from iAs3* induced intestinal damage.
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Table 1:

List of Antibodies:
Antibody Company Catalogue number | Method® | Dilution
Z0-1 Antibody ProteinTech | A21773-1-AP WB IHC | 1:1000, 1:100
claudin-4 Antibody (A-12) HRP SCBT sc-376643 HRP WB 1:500
Occludin Rabbit Polyclonal antibody ProteinTech | 3409-1-AP WB, IHC | 1:1000, 1:100
HRP-Conjugated Beta Actin Antibody ProteinTech | RP-60008 WB 1:5000
Goat anti-mouse 1gG (H+L), HRP conjugate ProteinTech | SA00001-1 WB 1:5000
Goat anti-rabbit 1gG (H+L), HRP conjugate ProteinTech | SA00001-2 WB 1:5000
19G2a Cross-Adsorbed Goat anti-Mouse, Alexa Fluor® 594, Invitrogen™ Invitrogen A21135 IHC 1:200

_ i i ®

IgQ (H+L)TMCross Adsorbed Goat anti-Rabbit, Alexa Fluor® 488, Invitrogen A11008 IHC 1:200
Invitrogen
Claudin-4 Antibody (A-12): sc-376643 SCBT sc-376643 IHC 1:50

WB: Western blot; IHC: Immunohistochemistry
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