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Intestinal epithelial cell (IEC) shedding is a fundamental response to
intestinal damage, yet underlying mechanisms and functions have
been difficult to define. Here we model chronic intestinal damage in
zebrafish larvae using the nonsteroidal antiinflammatory drug
(NSAID) Glafenine. Glafenine induced the unfolded protein response
(UPR) and inflammatory pathways in IECs, leading to delamination.
Glafenine-induced inflammation was augmented by microbial colo-
nization and associated with changes in intestinal and environmental
microbiotas. IEC shedding was a UPR-dependent protective response
to Glafenine that restricts inflammation and promotes animal
survival. Other NSAIDs did not induce IEC delamination; however,
Glafenine also displays off-target inhibition of multidrug resistance
(MDR) efflux pumps. We found a subset of MDR inhibitors also
induced IEC delamination, implicating MDR efflux pumps as cellular
targets underlying Glafenine-induced enteropathy. These results
implicate IEC delamination as a protective UPR-mediated response
to chemical injury, and uncover an essential role for MDR efflux
pumps in intestinal homeostasis.
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he intestine is lined with a single layer of polarized intestinal

epithelial cells (IECs), which function both to absorb dietary
nutrients and to provide a physical barrier against microbiota
residing in the intestinal lumen. The diversity of physical,
chemical, and biological signals present in the intestinal envi-
ronment can exert stresses on IECs, and coordinated epithelial
renewal and barrier function is essential for maintenance of in-
testinal homeostasis. The intestinal epithelium is one of the most
rapidly proliferating tissues and cellular turnover is tightly con-
trolled. Dysregulation of IEC renewal is associated with a
number of pathological conditions and diseases (1), yet rigorous
investigation of these processes in vivo has remained challenging
with mammalian models.

Xenobiotics are introduced into the intestine through the oral
route as dietary components or pharmaceuticals. IECs play es-
sential roles in orally delivered pharmaceutical biology, func-
tioning as primary sites of absorption, metabolism, and excretion
(2-4). As the front line of the host-xenobiotic interface, the in-
testinal epithelium is also a primary site of action for xenobiotic
toxicity. Multidrug resistance (MDR) efflux pumps are 1 mech-
anism by which eukaryotes minimize intestinal toxicity of xeno-
biotics. MDR efflux pumps are ancient, evolutionarily conserved
active transporters expressed on both apical and basolateral
surfaces of IECs, which act on a variety of substrates (5). A
growing number of xenobiotics (including many pharmaceuti-
cals) have been identified as MDR efflux pump substrates;
however, the impact of these transporters and their ligands on
intestinal homeostasis remains unclear (6, 7). IECs are known to
possess additional means for mitigating xenobiotic and other
environmental stressors, including phase I metabolism (8) and
activation of the unfolded protein response (UPR) (9) and in-
flammatory pathways (10). However, the role of these pathways
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in mediating intestinal responses to injury remains poorly un-
derstood for most xenobiotics.

Gastrointestinal pathology is common in people using phar-
maceuticals, including nonsteroidal antiinflammatory drugs
(NSAIDs) (11). While gastric ulceration has historically been a
defining clinical presentation of NSAID-induced enteropathy,
small intestinal pathology has also been observed, although the
incidence may be underreported due to diagnostic limitations
(e.g., the small bowel is less accessible to endoscopy than the
stomach) (12). Both acute and chronic NSAID exposure in-
creases intestinal inflammation, ulceration, and intestinal per-
meability in murine models (13). However, in vivo investigation
of dynamic molecular and cellular responses to xenobiotic tox-
icity in the intestine has remained problematic, as experimental
endpoints in rodent models are typically terminal. While a
number of mechanisms of action have been ascribed for NSAID
intestinal toxicity (including mitochondrial damage, intercalation
into lipid bilayers, decreased mucus production, and increased
intestinal permeability) (13, 14), NSAIDs are a diverse class of
drugs and other mechanisms remain possible.

Significance

The intestinal epithelium is a protective barrier against ingested
pharmaceuticals and microbiota. Delamination of intestinal epi-
thelial cells (IEC) is a common feature of pharmaceutical-induced
enteropathies, but physiological functions and underlying mech-
anisms remain unknown. Using zebrafish, we define the mech-
anisms underlying intestinal toxicity of a human pharmaceutical,
the NSAID Glafenine. Glafenine induced IEC delamination in-
dependent of microbiota colonization, yet Glafenine treatment in
colonized animals caused inflammation and microbiota dysbiosis.
Glafenine-induced IEC delamination was mediated by the un-
folded protein response and protected from excessive inflam-
mation and mortality. Glafenine toxicity resulted not from NSAID
activity but from off-target inhibition of multidrug-resistance ef-
flux pumps. These results reveal the mechanisms of Glafenine
toxicity, and implicate IEC delamination as a protective response
to pharmaceutical-induced enteropathies.
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In the past decade, it has become increasingly apparent that
intestinal microbiota serve important functions in drug phar-
macology and metabolism, affecting both efficacy and tolerability
(3, 15, 16). For example, microbial metabolism contributes to the
retoxification of certain pharmaceuticals, including NSAIDs
(e.g., diclofenac and ketoprofen) (13, 17) and chemotherapeutic
agents (e.g., irinotecan) (18), leading to intestinal pathology.
However, potential interactions between microbiota, pharma-
ceuticals, and host physiology remain unexplored for the vast
majority of xenobiotics.

There is therefore a pressing need for improved animal
models to elucidate the complex relationships between host,
microbiota, and xenobiotic compounds. Here, we investigate
mechanisms underlying xenobiotic-induced intestinal toxicity by
leveraging the strengths of the zebrafish model system, including
in vivo imaging, genetic tractability, and facile chemical and
gnotobiotic manipulations. We previously demonstrated that
acute (12 h) exposure of zebrafish larvae to the NSAID Glafenine
elicited dramatic IEC sloughing (19). Our present study provides
a substantial vertical advance in understanding intestinal toxicity,
microbiota responses, as well as the physiological significance of
IEC delamination following Glafenine exposure. Glafenine was
used as an oral over-the-counter analgesic in Europe and the
Middle East for more than 30 y before global withdrawal due to
hepatic and renal toxicity, as well as anaphylaxis, yet the un-
derlying mechanisms of toxicity were never defined (20-22).
Intestinal pathology, however, was not reported in individuals
taking Glafenine. Using a serial exposure regimen relevant to
human chronic NSAID use, we demonstrate here that
Glafenine-induced IEC loss is associated with a robust inflam-
matory response and UPR, as well as shifts in both host and
environmental microbiotas. Our data indicate that IEC de-
lamination depends on intact UPR signaling through the sensor
Irela, and that delamination is a protective response that serves
to limit inflammation and mortality. Finally, we provide evidence
that Glafenine-induced pathology is caused not by its NSAID
activity but instead by its off-target effects as an MDR efflux
pump inhibitor.

Results

Serial Glafenine Exposure Results in IEC Delamination. To establish a
chronic intestinal injury model in larval zebrafish, we devised a serial
exposure regimen in which animals are dosed with Glafenine at 24-h
intervals from 3 to 6 days postfertilization (dpf) (Fig. 14). Consistent
with acute Glafenine exposure (19), we observed positive staining
with the vital dye acridine orange (AO) in debris accumulating in
the intestinal lumen as well as the liver (Fig. 1B and SI Appendix,
Fig. S14) (23) and quantitative analysis revealed a strong correlation
between Glafenine concentration and AO" intestinal material up to
the 45-uM limit of solubility in zebrafish media (Fig. 1C and SI
Appendix, Fig. S1 A-D). While survival was typically >90%, we
noted minor alterations in standard developmental metrics, in-
dicating serial Glafenine exposure causes slight developmental delay
in zebrafish larvae (SI Appendix, Fig. S2).

Based on survival and solubility data, we selected a Glafenine
dose of 30 pM for all subsequent experiments (Fig. 1C). Kinetic
analysis revealed a significant increase in intestinal AO fluores-
cence as early as 36 h into the exposure regimen, typically
reaching peak intensity by 48 h, and persisting until the experi-
mental endpoint at 72 h (Fig. 1D). Thus, serial Glafenine ex-
posure results in time- and dose-dependent accumulation of
AO" material in the intestinal lumen. We hypothesized that the
material accumulating in the intestinal lumen of Glafenine-
treated larvae was composed of dead or dying IECs. Analysis
of transgenic zebrafish ubiquitously expressing a secreted
AnnexinV-tdTomato fusion protein [Tg(ubb:seca5-tdTomato)™?],
which labels apoptotic cells, revealed accumulation of seca5-
tdTomato™ signal in the intestinal lumen. This indicates that the
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AO™ material indeed contains apoptotic cells (SI Appendix, Fig.
S1 E and F and Movie S1).

Microscopic analysis revealed nucleated cells labeled with the
absorptive cell marker 4ES in the intestinal lumen of Glafenine-
treated larvae (SI Appendix, Fig. S3B). On numerous occasions
we observed the mass of apoptotic material passed out of the
intestine (SI Appendix, Fig. S34). We reasoned that if IECs are
the predominant component of this mass, and enterocytes con-
stitute a majority of IECs, we could detect enterocyte-specific
epitopes in the surrounding media. Dot blot analysis of media
samples with the enterocyte antibody 4E8 (24) demonstrated
enrichment of reactive epitopes in media from Glafenine-treated
animals at 24, 48, and 72 h after treatment (SI Appendix, Fig. S3
C and D), indicating that enterocytes are shed and passed out of
the intestine following Glafenine treatment.

We next tested whether initiation of apoptosis or necroptosis
in IECs precedes their exit from the epithelial layer. Coexposure
with neither pan-caspase inhibitors nor the Ripkl inhibitor Nec-1
altered the accumulation of AO* material in the intestinal lumen
(ST Appendix, Fig. S4 A and B), indicating that caspase- and Ripk1-
dependent cell death pathways are dispensable for Glafenine-
induced IEC loss. This also suggests IEC death occurs after shedding
into the lumen.

Flow cytometry analysis of transgenic zebrafish with fluo-
rescently labeled absorptive enterocytes [7g(-4.5kb fabp2:DsRed)
(25, 26); hereafter referred to as Tg(fabp2:DsRed)], revealed a
15 to 20% reduction in viable fabp2:DsRed* cells after 72 h of
serial Glafenine exposure, further validating enterocyte loss (Fig.
1E and SI Appendix, Fig. S5). Intestinal morphometry revealed
increased lumen area and decreased epithelial thickness in
Glafenine-treated larvae, hallmarks of intestinal injury (SI Ap-
pendix, Fig. S6 A and B). Consistent with our previous findings
following acute Glafenine treatment (19), serial Glafenine ex-
posure did not lead to increased intestinal permeability or pro-
found rearrangements of epithelial junctions, although expression
of genes encoding junctional components was slightly reduced in
fabp2:DsRed* enterocytes (SI Appendix, Fig. S6 C-I). These data
demonstrate that absorptive enterocytes are sensitive to Glafenine
treatment, but that enterocyte loss is achieved without major
impairments to overall epithelial barrier function.

In vivo confocal microscopy imaging of Glafenine-treated
Tg(fabp2:DsRed) larvae yielded further insights into Glafenine-
induced IEC loss (Fig. 1F and Movies S2-S5). IEC shedding
resembled epithelial cell delamination (27), with a stepwise
progression of morphological events proceeding from rounding,
extrusion, tethering, and finally detachment. Given that cell
shedding was Caspase- and Ripk-independent (SI Appendix, Fig.
S4 A and B), our results suggest Glafenine induces live-cell apical
extrusion of IECs (27).

Considering that Glafenine induces profound enterocyte loss
yet modestly effects animal mortality, we asked if IEC pro-
liferation was altered in Glafenine-treated larvae. The pro-
portion of EQU™ epithelial cells as well as cells in the underlying
mesenchyme and muscle (subepithelium) (S Appendix, Fig. S3 E
and F) was markedly increased. These findings suggest that en-
hanced proliferation may be 1 mechanism by which zebrafish
larvae tolerate substantial IEC loss.

Our previous study suggested that the IEC shedding phenome-
non was uniquely elicited by the NSAID Glafenine (19). We ex-
plored this further in our serial exposure model, using a structurally
diverse panel of selective and nonselective NSAIDs and COX in-
hibitors, and found that none of the other NSAIDs evaluated in-
duced IEC shedding at any tested concentration (SI Appendix, Fig.
S7 C and D and Dataset S1). Given this result, we asked if Glafenine
possessed NSAID activity in zebrafish larvae. Considering that
most NSAIDs function by inhibiting COX-dependent prosta-
glandin biosynthesis, we measured PGE metabolite levels in whole
larvae and found significant and comparable reductions with both
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Fig. 1. Serial Glafenine exposure results in IEC delamination. (A) Schematic of dosing regimen used for serial Glafenine (Glaf.) exposure. (B) Representative brightfield
and AO fluorescence images of 6 dpf DMSO- and Glafenine-treated larvae (arrowhead points to AO* material in the intestinal lumen). (C) Glafenine dose-response for
quantified intestinal AO fluorescence (left y axis, blue, 3-parameter least-squares fit) and survival (right y axis, maroon). (D) Kinetics of intestinal AO response with
30 pM Glafenine (n = 20 larvae per condition per time point; significance was determined between treatment groups within each time point by unpaired 2-sided
Student'’s t test; **P < 0.01, ****P < 0.0001). (E) Flow cytometry analysis of relative abundance of viable (7-AAD") Tg(fabp2:DsRed)* enterocytes from DMSO- and
Glafenine-treated larvae (each point is a pool of 20 larvae; significance was determined in by unpaired 2-sided Student’s t test). (F) Sequential frames from live confocal
imaging of Tg(fabp2:DsRed) larvae at 40 h into the treatment regimen. (G) Representative images of dissected larval zebrafish intestines exposed to DMSO or
Glafenine ex vivo at 0 and 4 h (arrow points to mass of apoptotic cells in the intestinal lumen). (H) Quantification of seca5-tdTomato fluorescence in larval intestinal
explants (n = 6 DMSO-treated and 5 Glafenine-treated intestines; 4-parameter least-squares fit; comparison of t;,: P = 0.0002 [extra sum-of-squares F test]).

IMMUNOLOGY AND
INFLAMMATION

Glafenine and Indomethacin treatment relative to controls (S
Appendix, Fig. STE). Supplementation with exogenous PGE,,
however, failed to ameliorate Glafenine-induced IEC shedding (S
Appendix, Fig. STF). These data suggest that while Glafenine does
inhibit COX activity in zebrafish, the mechanism of IEC loss may
be independent of decreased prostaglandin biosynthesis.

Espenschied et al.

To investigate whether intestinal toxicity was a direct effect of
Glafenine, we devised an explant culture assay using dissected
larval zebrafish intestines cultured ex vivo and exposed to DMSO
or Glafenine. Quantification from time-lapse imaging of intestines
from cdhl-YFP;Tg(ubb:seca5-tdTomato) larvae revealed Glafenine
accelerated apoptosis of IECs ex vivo, achieving half-maximal
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fluorescence at 4.2 h (vs. 7.3 h for DMSO-treated intestines) (Fig. 1
G and H and Movies S6 and S7). Although both historical human
data and our previous findings suggested Glafenine induces hepatic
damage, raising the possibility of enterohepatic recirculation me-
diating intestinal injury (19-22), these explant experiments dem-
onstrate that Glafenine can directly induce IEC apoptosis.

Serial Glafenine Exposure Results in Intestinal Inflammation. We next
tested if serial Glafenine exposure resulted in intestinal in-
flammation. Gene-expression analysis of dissected digestive
tracts revealed marked induction of mRNAs encoding proin-
flammatory effectors (il1b, saa, duox, mmp9, mmpl13a, and tnfa)
and regulators of innate immune signaling (stat3, socs3a, socs3b,
and nfkbiaa) (Fig. 24) in Glafenine-treated larvae. Moreover, we
observed intestinal leukocyte infiltration, with increased numbers
of intestine-associated lyz* polymorphonuclear cells (PMNs) (28)
and mpegl* macrophages (29) at 48 h into the treatment regi-
men. By 72 h, PMN numbers typically returned to control levels
(although in some experiments we observed significant PMN
infiltration at this time point) (Fig. 2B and SI Appendix, Fig.
S84), while macrophage numbers remained elevated (Fig. 2C
and SI Appendix, Fig. S8B). Together, these findings demon-
strate Glafenine induces intestinal inflammation concomitant
with IEC loss.

We next investigated whether the inflammatory signatures we
observed in dissected digestive tracts were induced in entero-
cytes. Isolated fabp2:DsRed™ cells from Glafenine-treated larvae
exhibited significantly increased mRNA levels of inflammatory
mediators (il1b, mmp9, mmpl3a, and nfkbiaa) and regulators
(stat3), mirroring our results from dissected digestive tissues (Fig.
2D). In corroboration, we also observed an ~2-fold increase in
the proportion of fabp2:DsRed” enterocytes positive for either
NF-kB (26) or tnfa (30) reporters (Fig. 2 E and F and SI Ap-
pendix, Fig. S54). Serial Glafenine exposure therefore induces
intestinal inflammation, with concomitant activation of innate
immune signaling in enterocytes.

Glafenine Treatment Alters the Intestinal and Environmental
Microbiotas. It is well established that changes in microbiota
composition and activity can augment intestinal inflammation
(31). Furthermore, recent studies in murine models have dem-
onstrated that microbiota potentiate intestinal toxicity observed
with certain pharmaceuticals, including NSAIDs (13, 17, 18). We
first asked if Glafenine exposure was associated with perturba-
tions in host-microbiota interactions. Expression of genes en-
coding antimicrobial proteins (AMPs) rnasel2, rnasel4, pglyrp2,
and pglyrp5 (32) were significantly elevated in digestive tracts
after Glafenine treatment (Fig. 34). We next asked whether
bacterial load was altered by Glafenine treatment by enumer-
ating colony forming units from both dissected digestive tracts
and media of DMSO- and Glafenine-treated larvae and ob-
served increased abundance of culturable bacteria following
Glafenine treatment (Fig. 3 B and C). Even with 50% (vol/vol)
media changes at 24-h intervals, there was a substantial increase
in the concentration of bacteria in media over time with Glafenine
treatment (Fig. 3C). These results suggest that Glafenine treat-
ment modify host-microbiota relationships.

Considering the up-regulated AMP gene expression and ele-
vated bacterial load in digestive tissues and media, we hypoth-
esized that microbiota may potentiate Glafenine-induced
phenotypes. We first asked if microbiota are required for
Glafenine-induced IEC loss by performing serial Glafenine ex-
posure on gnotobiotic zebrafish larvae (33) (SI Appendix, Fig.
S94). IEC delamination was comparable between germ-free
(GF) and conventionalized (CV) larvae, indicating that micro-
biota colonization was not required for Glafenine-induced IEC
loss (Fig. 3D). Moreover, we observed no difference in mortality
or IEC delamination between WT and myd88 mutant zebrafish,
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Fig. 2. Serial Glafenine exposure results in intestinal inflammation. (A) qRT-
PCR analysis of proinflammatory mRNAs from dissected digestive tissues of
Glafenine- and DMSO-treated larvae (20 larval intestines per replicate; sig-
nificance determined by unpaired 2-sided Student’s t test). (B and C)
Quantification of intestine-associated PMNs (lyz:GFP* cells, B) and macro-
phages (mpeg1:UNM" cells, C)) (n = 20 larvae per condition per time point,
statistical comparisons were performed between treatment conditions at
individual time points; significance determined by unpaired 2-sided Stu-
dent’s t test). (D-F) qRT-PCR analysis of FACS-isolated fabp2:DsRed*
enterocytes (D), and flow cytometry analysis of NFkB:EGFP (E) and tnfa:EGFP
(F) reporter activity in fabp2:DsRed* enterocytes (cells isolated from repli-
cate pools of 20 larvae; significance determined by unpaired 2-sided Stu-
dent’s t test).

which have impaired detection of microbiota-derived signals (S
Appendix, Fig. S10) (34). However, we did observe augmented
expression of proinflammatory mRNAs in CV animals treated with
Glafenine (Fig. 3E), suggesting that the microbiota potentiate in-
flammation associated with Glafenine toxicity in zebrafish.

Previous studies have established that intestinal microbiota are
able to metabolize and transform some xenobiotics, including
pharmaceuticals (17, 18, 35, 36). Considering the relatively low
nutrient availability in zebrafish media, we predicted that
Glafenine may serve as a nutrient source that could affect microbial
growth and ecology. Indeed, we found that Glafenine alone was
sufficient to promote bacterial growth in media, and that the
addition of zebrafish hosts and their associated products had an
additive effect (Fig. 3F).

We hypothesized that Glafenine-induced changes in microbiota
composition may undetlie host inflammatory responses. We therefore
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serially exposed CV zebrafish larvae (inoculated with a conven-
tional microbiota at 3 dpf) to DMSO or Glafenine, and used 16S
rRNA gene sequencing to assess bacterial community composition
in media and digestive tracts 72 h later (6 dpf) (SI Appendix, Fig.
S9). To distinguish between fish-dependent and -independent ef-
fects of Glafenine on the media microbiota, we also used the same
microbiota inoculum to colonize sterilized zebrafish media that
lacked zebrafish (“fish-free”) (SI Appendix, Fig. SOB). Glafenine did
not affect bacterial richness (a-diversity) in the gut but did signifi-
cantly reduce richness in the media in both the presence and ab-
sence of zebrafish (Dataset S2). Principal coordinates (PC) analysis
of community similarity (Jaccard index) revealed expected (37)
compositional differences between gut and media samples, sepa-
rating along the primary axis (PC1) (Fig. 3G and Dataset S3).
PC2 separated DMSO- and Glafenine-treated samples, indicating
Glafenine alters composition of the larval zebrafish microbiota.
Surprisingly, this also altered community composition in the fish-
free samples, demonstrating that the aquatic microbial community
is directly responsive to Glafenine (Fig. 3 G and H, SI Appendix,
Figs. S11 and S12, and Datasets S2-S5).

Examination of bacterial taxa that were affected by Glafenine
administration uncovered a marked increase in the relative
abundance of Pseudomonas spp. in all Glafenine-treated sample
groups (Fig. 3H, SI Appendix, Fig. S11, and Datasets S4 and S5).
We previously found that Pseudomonas spp. are sufficient to
evoke robust proinflammatory responses in zebrafish larvae
compared to other tested commensal bacteria (26, 38, 39). Since
Glafenine exposure was associated with increased abundance of
Pseudomonas spp. in the fish-free condition, we asked if other

taxa were affected by Glafenine in a fish-independent manner.
Indeed, we found that Magnetospirillum spp. increased with
Glafenine treatment, while Peredibacter spp., and Aquicella spp.
were depleted in Glafenine-treated media samples (SI Appendix,
Figs. S11B and S12 A4, B, and F). We also identified taxa that
were affected by Glafenine only in the presence of fish: Shewa-
nella spp. increased appreciably only in gut samples following
Glafenine treatment, and Fluviicola spp. only increased in fish
media samples (but not fish-free samples) with Glafenine
treatment (SI Appendix, Figs. S11B and S12 E and G). These
data demonstrate that microbiota alterations, including enrichment
of potentially proinflammatory taxa, are associated with Glafenine-
induced intestinal injury. Moreover, our fish-free experiments
demonstrate that aquatic microbial community composition re-
sponds to the presence of Glafenine even in the absence of larval
zebrafish hosts. Thus, Glafenine treatment of zebrafish leads to
alterations of both host and environmental microbiotas, which may
potentiate the host inflammatory response.

Irela Mediates Glafenine-Induced IEC Delamination to Restrict
Inflammation and Mortality. Because Glafenine-induced IEC
shedding was microbiota-independent, we sought to identify
other mechanisms by which Glafenine could regulate IEC loss.
We previously observed organellar damage in IECs from
Glafenine-treated larvae (19), and thus reasoned that Glafenine
may induce endoplasmic reticulum (ER) stress. Three sensors
(ATF6, PERK, and Irela) (Fig. 44) span the ER membrane and
respond to disrupted proteostasis in the ER lumen by initiating
the UPR, which restores homeostasis by suppressing translation

& $ PC2: 10.39%
A ® o & B C § ¢ G
37 S & S 100 150 ISy »
c /,Q Nt v D Q/’ ‘{
P < S P=0.0045
» A Q IS} 5 —_
0 ® 7 105+ ] a
o ™ 2 Q o E
5 & 5, = = 100
H o S o 1044 s -8 Glafenine
281 < 2 10 ¥ x o DMSO
5 "1 E u 2 50 3
25 o
R 1024 (8]
81 -~ r—--— T y. N §
a 100 | o
) & n: 18 18 24 48 72 .
& @ P S S @ i PC3: 6.551% my = PC1:19.33%
& NG RN Time (hours) -
QQ & © o@ %@(‘ \ &
: X
3 DMSO W Glafenine o Inoculum B DMSO Fish Media
4 DMSO Gut ¥ DMSO Fish-free Media
D E F & Glafenine Gut W Glafenine Fish Media
30 - 10 V¥V Glafenine Fish-free Media
20004 B
= . D mm GFDMSO . c H 100
) ) i 2
ES. 1500] 2@ 251 =3 GF Glafenine o B & o 8 Z
g B e =3 CVDMSO 6] A 2B S8y *
e c ] . =] o oo 104 *
ES v 27 20 mm CV Glafenine i T ol
- 9 10004 O N 10 o Ar~ad T © £
2 25 's) 24 E5E
E5 A A o EE 6 g I
E 64
22 5004 = 38 4] = 24 _§~§g
£ £
£2 9 Lo g 1 0 § § % 0.1 3
0-— T - . (-]
n: 24 24 24 24 o h"‘ i 6 f ® o1
o @ <& i - “'h'3'6 66 33
0@ ‘@(\‘ oéa" ‘@o‘ Glafenine - * + m x 2 R
& o S o® Microbiota * * * oM sgb &
& & <& &
<~ &
&
Q\

Fig. 3. Glafenine treatment alters the intestinal and environmental microbiotas. (A) gRT-PCR analysis of dissected digestive tracts from 6 dpf DMSO- and
Glafenine-treated larvae for mRNAs encoding antimicrobial peptides (significance determined by unpaired 2-sided Student’s t test). (B and C) Quantification
of culturable bacteria from dissected digestive tracts and media (in C, statistical comparisons performed between treatment groups at individual time points;
significance determined by unpaired 2-sided Student’s t test). (D) Quantification of intestinal AO staining in GF and CV DMSO- and Glafenine-treated larvae
(significance determined by 2-way ANOVA; letters indicate significantly different groups). (E) gRT-PCR analysis of dissected digestive tracts. (F) Media bac-
terial load at 72 h from the indicated groups. (G) Principal coordinates analysis of Jaccard p-diversity. (H) Relative abundance of Pseudomonas spp. from the
indicated samples (significance was determined with LEfSe; asterisk indicates log;o LDA > 4.5). For E and F, significance was determined by 1-way ANOVA with
Tukey’s multiple-comparison test; letters indicate groups determined to be statistically different. CFU, colony-forming unit.
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Ire1a mediates Glafenine-induced IEC delamination to restrict inflammation and mortality. (A) Schematic of UPR sensors and small-molecule antagonists. (B)

gRT-PCR analysis of UPR target gene expression in isolated fabp2:DsRed" enterocytes (n = 5 replicates per group; significance determined by unpaired 2-sided
Student'’s t test). (C) Flow cytometry analysis for percent xbp1-5-GFP* of fabp2:DsRed" cells (n = 4 replicates per condition, >5,000 cells per replicate; significance
determined by unpaired 2-sided Student's t test). (D) scara3 expression in isolated fabp2:DsRed™ enterocytes (n = 4 replicates per group; >5,000 cells per replicate;
significance determined by unpaired 2-sided Student’s t test). (E) Proportion CellROX" of fabp2:DsRed* enterocytes (determined by flow cytometry; n = 4 replicates
per group; >5,000 cells per replicate; significance determined by unpaired 2-sided Student’s t test). (F) Intestinal AO quantification from larvae treated with
Glafenine or UPR inhibitors. (G) xbp1 splicing assay from fabp2:DsRed* enterocytes isolated from larvae treated as indicated. (H) gRT-PCR analysis of inflammatory
mRNAs in fabp2:DsRed* enterocytes isolated from larvae treated as indicated (n = 3 replicates for DMSO and KIRAS, 4 replicates for Glafenine and Glafenine+KIRA6). (/)
Quantification of intestine-associated lyz:GFP* PMNs. (J) Survival of larvae treated as indicated. (K) Representative confocal micrographs of transverse sections
from larvae of the specified treatment groups immunostained with the brush border reactive antibody 4E8. For F, H, and |, significance was determined by
1-way ANOVA with Tukey’s multiple comparison test; letters indicate groups determined to be statistically different.

and up-regulating chaperone expression. Under conditions of
unmitigated ER stress, however, the UPR sensors initiate apo-
ptosis (40). We first asked if a UPR transcriptional signature was
up-regulated in enterocytes following Glafenine treatment. qRT-
PCR analysis of fabp2:DsRed” enterocytes revealed a dramatic
increase in UPR target gene mRNAs (41), including those
encoding chaperones (bip and grp94), transcription factors (atf4,
atf6, and xbp1), and translational regulators (dnajc3 and eif2ak3)
(Fig. 4B), suggesting activation of all 3 UPR sensors.
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When activated, the UPR sensor Irela functions both to splice
xbpl mRNA as well as to degrade a canonical set of cellular
mRNAs through regulated Irela-dependent decay (RIDD) (42).
We observe increased spliced xbp! (xbpI-s) mRNA in entero-
cytes from Glafenine-treated larvae, which was confirmed by an
increase in the proportion of enterocytes positive for an xbpl
splice reporter (43) (Fig. 4 B and C). Moreover, we detected an
~40% decrease in expression of the RIDD target scara3 (42)
(Fig. 4D). Collectively, these data demonstrate that Glafenine
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elicits UPR activation and Irela activity in enterocytes with
distinct phenotypic outcomes compared to other ER stressors,
which did not induce IEC delamination (SI Appendix, Fig. S13).

Since elevated intracellular reactive oxygen species levels are
intimately related to ER protein folding and can lead to UPR
activation (44), we asked if Glafenine perturbed enterocyte re-
dox homeostasis. Indeed, flow cytometry analysis revealed a
significant increase in the proportion of fabp2* cells that were
positive for the total intracellular reactive oxygen species probe
CellROX (Fig. 4E).

We next assessed the role of distinct UPR sensors in
Glafenine-induced enteropathy using pharmacological inhibitors
of PERK and Irela. While the small-molecule PERK inhibitor
ISRIB (45) had no effect on IEC delamination, coexposure with
the Irela inhibitor KIRAG significantly attenuated IEC loss (Fig.
4F). The zebrafish Ireloa amino acid sequence is highly con-
served, with predicted cytosolic kinase and endonuclease do-
mains, and conserved residues required for inhibitor activity
(K599/600 and K907/909 [human/zebrafish]) (SI Appendix, Fig.
S14 A, C, and D). RT-PCR analysis of isolated fabp2:DsRed*
enterocytes confirmed that 500 nM KIRAG6 reduced Glafenine-
induced xbp1 splicing (Fig. 4G).

Genetic and biochemical studies in mice and humans have
linked Irelo signaling and autophagy in the intestine (46, 47).
We asked whether Glafenine elicited an autophagic re-
sponse. We utilized double-transgenic 7g(CMV:GFP-LC3) (48)
Tg(fabp2:DsRed) zebrafish to visualize autophagic structures in
enterocytes (SI Appendix, Fig. S154). We observed an ~2-fold
increase in autophagic punctae in enterocytes with Glafenine
treatment, which was suppressed in larvae cotreated with KIRA6
(SI Appendix, Fig. S15B). Thus, serial Glafenine induced auto-
phagy in IECs is downstream of Irela activity.

While optimizing inhibitor dosage, we observed a concentration-
dependent increase in mortality and concomitant developmental
delay in larvae cotreated with Glafenine and each of 3 different
Irela inhibitors: KIRA6, 4u8c, and STF-083010 (42, 49-52) (Fig.
4H and SI Appendix, Fig. S14 E and F and H-M). Surprisingly,
gene-expression analysis of isolated enterocytes revealed that
cotreatment with Glafenine and KIRA6 exacerbated Glafenine-
induced induction of proinflammatory genes, and was associated
with increased intestinal PMN infiltration (Fig. 4 I and J). Whereas
Glafenine treatment alone did not markedly affect intestinal ar-
chitecture, cotreatment with Glafenine and the Irelo inhibitor
KIRAG led to a strikingly aberrant mesh-like patterning of the in-
testinal brush border (Fig. 4K). Moreover, we observed reduced
expression of genes encoding the brush border components sucrase
isomaltase (si), solute carrier family 5 member 1 (slc5al), and in-
testinal alkaline phosphatase (alpi.1) in digestive tracts from larvae
cotreated with Glafenine and KIRA6 (SI Appendix, Fig. S14G).
Remarkably, we noted no alteration in intestinal permeability in
larvae treated with both Glafenine and KIRA6 (SI Appendix,
Fig. S61).

Taken together, these data suggested 2 possible scenarios: 1)
failed IEC delamination associated with Irela inhibition drives
an augmented inflammatory response, or 2) elevated inflam-
mation induced in larvae by treatment with both Glafenine and
Irela inhibitors suppressed IEC delamination. In order test the
possibility that inflammation suppresses cell shedding, we coex-
posed zebrafish larvae to combinations of Glafenine, KIRA6,
and the antiinflammatory glucocorticoid Dexamethasone and
quantified intestinal AO fluorescence (SI Appendix, Fig. S16A4).
Since therapeutic concentrations of Dexamethasone (53) did not
restore AO signal in larvae treated with Glafenine and KIRAG6 to
levels observed in larvae treated Glafenine alone, we concluded
that elevated inflammation was secondary to reduced IEC de-
lamination. Together, these data demonstrate that Irela signal-
ing is essential for proper IEC delamination and maintenance of
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intestinal architecture during Glafenine challenge, limiting in-
flammation and promoting animal survival.

In Vivo Screening ldentifies MDR Efflux Pump Inhibitors Which
Phenocopy the Effects of Glafenine. Since Glafenine was the only
NSAID we tested that induced profound IEC loss (SI Appendix,
Fig. S7 B-D), we sought to define the essential chemical features
required for this effect. We initially noted that the chemical
structure of Glafenine was distinct from the other NSAIDs we
had tested, belonging to the class of anthranilic acid-derived
NSAIDs (SI Appendix, Fig. S714). We undertook in vivo struc-
ture—activity relationship studies with the aim of identifying es-
sential molecular features required for Glafenine-induced
intestinal toxicity and applied our AO-based IEC delamination
assay to larvae treated with compounds structurally similar to
Glafenine (see Dataset S1 for Tanimoto coefficients and maxi-
mum common substructure scores). Floctafenine and 7-chloro-
(4-hydroxyanilino)quinolone exhibited poor solubility in zebrafish
media, restricting maximum doses to 10 and 20 pM, respectively (SI
Appendix, Fig. S17). However, none of these Glafenine-related
compounds were able to induce IEC delamination to the extent
of Glafenine (SI Appendix, Fig. S17).

We next wondered whether Glafenine metabolic products
could elicit IEC delamination. We predicted that the ester
linkage in the 2,3-dihydroxypropyl acetate side chain of Glafenine
could be cleaved by carboxylesterases (CES), yielding Glafenic
acid and propylene glycol (PG) (SI Appendix, Fig. S184). How-
ever, neither Glafenic acid nor PG could elicit IEC loss to the
same extent as Glafenine (SI Appendix, Fig. S17B). Moreover,
neither of the CES inhibitors, BNPP (54) or Paraoxon (55), were
sufficient to alter Glafenine-induced IEC loss at tolerated doses (S7
Appendix, Fig. S18 B and C), indicating that CES metabolism of
Glafenine is not required for IEC delamination.

Although Glafenine was developed as an NSAID, 2 previous
cell-culture screens identified Glafenine having an off-target
effect as an inhibitor of the MDR efflux pumps MRP4 and
ABCG?2 (56, 57). MDRs belong to the family of ATP binding
cassette (ABC) transporters, and are expressed in privileged
tissues (e.g., the blood brain barrier) as well as mucosal surfaces
(e.g., the intestine), where they function to eliminate xenobiotics
(58, 59). Considering that other NSAIDs did not induce IEC
delamination, and PGE, supplementation failed to rescue
Glafenine-induced IEC loss, we asked if MDR efflux pump in-
hibition could be an alternate mechanism underlying IEC de-
lamination. We screened 9 structurally diverse MDR efflux
pump inhibitors with various target specificities and identified
3 compounds that induced IEC delamination responses similar
to Glafenine: Elacridar, Tariquidar, and CP100356 (Fig. 54 and
B, SI Appendix, Fig. S19 A-C, and Movie S8). While Glafenine
induced AO staining in the intestine and liver (Fig. 1B and S/
Appendix, Fig. S14), we also observed AO fluorescence in the
skin and other tissues of larvae treated with Elacridar and
Tariquidar, suggesting that these drugs may have broader effects
than Glafenine (Fig. 54). Flow cytometry analysis of fabp2:DsRed”*
larvae revealed that both Elacridar and Tariquidar treatment led to
reduced enterocyte abundance (although the Elacridar’s effect was
not as strong as Glafenine or Tariquidar) (Fig. 5C). Similar to the
effects of Glafenine, we observed significantly elevated proin-
flammatory and UPR mRNA levels (Fig. 5D). There was also a
significant increase in the abundance of intestine-associated mac-
rophages in Elacridar-treated larvae compared to controls, which
positively correlates with the increased proinflammatory mRNA
levels (Fig. 5E). Thus, our findings indicate that MDR efflux pump
inhibitors can drive IEC delamination, activation of the UPR, and
intestinal inflammation. Collectively, these data support a model
wherein Glafenine-dependent IEC delamination is NSAID-
independent and instead driven by off-target activity of Glafenine
against MDR efflux pumps.
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Fig. 5. A subset of MDR efflux pump inhibitors phenocopy the effects of Glafenine. (A) Representative fluorescence images of AO-stained larvae from the
indicated treatment groups (arrowheads indicate AO* material in the intestinal lumen). (B) Intestinal AO quantification for larvae treated with DMSO, Glafenine,
or the indicated MDR inhibitors (each dot corresponds to an individual larva; significance determined by 1-way ANOVA with Tukey’s multiple comparison test). (C)
Relative abundance of fabp2:DsRed" enterocytes from (n = 4 replicates group, 20 larvae per replicate). (D) qRT-PCR analysis of inflammatory and UPR mRNAs (n =
4 replicates per condition, >5,000 cells per replicate). (£) Quantification of intestine associated macrophages (mpeg1™ cells) from DMSO- and Elacridar-treated
larvae (each point corresponds to an individual larva; significance determined by unpaired 2-sided Student’s t test). For B, C, and D, significance was determined by
1-way ANOVA with Tukey’s multiple comparisons test; letters indicate groups determined to be statistically different. (F) Proposed model of Glafenine-induced
intestinal toxicity (solid lines indicated experimentally confirmed direct interactions, while dashed lines indicate relationships that may be indirect).

Discussion

Applying pharmacological, molecular, and microbiological ap-
proaches in zebrafish larvae, this work yielded in vivo insights into
the mechanisms underlying a model of pharmaceutical-induced en-
teropathy. Before its global withdrawal in the early 1990s, Glafenine
was used as an over-the-counter oral analgesic in Europe and the
Middle East for nearly 3 decades until global withdrawal due to
hepatic and renal toxicity (20). We leveraged the strengths of the
larval zebrafish model in combination with a robust and stereotyped
phenotypic response to Glafenine to investigate underlying molecular
and cellular mechanisms of pharmaceutical-induced intestinal injury.
We designed a serial Glafenine exposure protocol to model hu-
man drug usage patterns in zebrafish larvae. Notably, our exposure
regimen complements previous reports which adapted murine col-
itogenic agents (trinitrobenzenesulfonic acid [TNBS] and dextran
sodium sulfate [DSS]) to study chemically induced enterocolitis in
zebrafish (60, 61). While these TNBS and DSS studies demon-
strated promise, the broad range of injury to the host limits the
utility of these agents for specific study of intestinal damage. Indeed,
immersion exposure of zebrafish to TNBS (an acid) or DSS (a
detergent) elicits inflammatory responses in the skin and other tis-
sues. In contrast, Glafenine exposure is a more specific zebrafish
intestinal injury model, as we find it induces injury restricted to
digestive organs and is sufficient to induce IEC apoptosis ex vivo.
Our work establishes an experimental platform that recapit-
ulates a subset of the clinical manifestations associated with

16968 | www.pnas.org/cgi/doi/10.1073/pnas.1902596116

pharmaceutical-induced enteropathy (epithelial cell loss, dis-
ruption of epithelial redox homeostasis, and inflammation), and
offers improved tissue specificity for investigation of intestinal
injury in zebrafish. While gastric and duodenal ulceration is a
common clinical manifestation of NSAID-induced enteropathy,
we observed no evidence of bleeding following Glafenine treat-
ment. Glafenine-induced IEC loss was NSAID-independent and
refractory to supplementation with exogenous PGE,.

We were surprised that Glafenine had direct effects on mi-
crobial community composition, an observation with 3 important
implications. First, Glafenine treatment altered microbiota
composition in the zebrafish gut and media, including enrichment
of Pseudomonas spp., which have been shown to be proin-
flammatory (38). While Glafenine-induced IEC delamination was
microbiota-independent, microbial colonization enhanced the
inflammation driven by Glafenine. Second, a subset of Glafenine-
driven alterations in the environmental microbiota were zebrafish-
independent, suggesting that Glafenine can act directly on
bacteria. Although xenobiotic exposure has been associated with al-
tered microbiota composition in mammals (16), to our knowledge this
has not been demonstrated in zebrafish. Our findings demonstrate the
ability of xenobiotics to alter host-associated and environmental
microbiotas is a conserved feature. Third, zebrafish have been used as
a pharmacologically tractable model system for many years, for both
directed pharmacological interventions and small-molecule screens
(62, 63). Our results underscore that studies using pharmaceuticals or
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other chemical compounds in zebrafish and other animals should be
interpreted carefully with attention to the potential reciprocal rela-
tionships between chemicals, microbiota, and host (64). For example,
evaluation of chemical impacts on gnotobiotic or germ-free zebrafish
and on the microbial community composition alone can be used to
determine if the microbiota respond to the presence of study com-
pounds and/or mediate their effects on the host.

While our gene-expression data indicate that all 3 arms of
UPR signaling are activated in Glafenine-treated larvae, we
found that Irela signaling is required for epithelial cell loss
following Glafenine exposure. Our findings are congruent with
reports from mice demonstrating that Irelo/Xbpl signaling in
the intestine is protective both at baseline and following DSS-
induced colitis (46, 47). The requirement for Irela could be at-
tributed to the fact that, unlike the other canonical UPR sensors,
Irela also signals to a number of other cellular pathways: Acti-
vating JNK to potentiate apoptotic programs, binding filamin A to
regulate cytoskeletal dynamics and cell migration (65), inducing
autophagy, promoting inflammasome formation (66), and activa-
tion of cellular innate immune pathways (9). Despite its pleio-
tropic functions, our pharmacological interventions offer some
insight into how it may affect delamination: While all 3 of the
Irelo inhibitors we tested suppress Glafenine-induced IEC de-
lamination, 2 inhibit both kinase and nuclease functions (KIRA6
and 4u8c) (42, 50) and 1 (STF-083010) only inhibits endonuclease
activity (51), suggesting that RNA processing by Irela is essential for
Glafenine-induced IEC loss. Importantly however, induction of ER
stress alone is insufficient to promote delamination (SI Appendix,
Fig. S13). While the molecular events leading to IEC delamination
downstream of Irela activation in this model have yet to be defined,
our results show that this phenomenon depends on the effects
Glafenine likely through inhibition of MDR efflux pumps.

It is curious that Irelo inhibition in the context of Glafenine
exposure is associated with increased proinflammatory gene ex-
pression, including regulators of NF-xB (nfkbiaa and nfkbiab) (Fig.
4H), since Irela signaling has been demonstrated to promote NF-xB
activity through TRAF2 (67). We propose that failed IEC delami-
nation in larvae cotreated with Glafenine and Irela inhibitors leads
to a local increase in the concentration of damage-associated mo-
lecular pattern molecules, which may augment the inflammatory
response (SI Appendix, Fig. S16). Thus, our findings demonstrate a
protective function of Irela signaling in the intestine.

Our results establish that Glafenine-induced intestinal injury
in zebrafish is not mediated by its NSAID activity but may in-
stead be caused by off-target inhibition of MDR efflux pumps.
The MDR efflux transporters are a large gene family in verte-
brates, and act on a diverse set of substrates (5). Eukaryotic
MDR efflux pumps belong to the ABC gene superfamily, which
can be subdivided into as many as 8 subfamilies (depending on
the species); 3 subfamilies include genes known to encode active
drug transporters as well as proteins whose substrates have yet to
be identified (68). Comparative genomic analyses identified 52
ABC genes in zebrafish (69), although the majority have not
been functionally characterized. The Mdrla™~ (Abchla) mouse
develops spontaneous colitis (70), and the development of pa-
thology in this model can be accelerated by colonization with
pathogenic bacteria (71) or chemical insult (72). Glafenine was
previously identified as an off-target inhibitor of MRP4
(ABCC4) and BCRP (ABCG2) in mammalian cell-culture
screens using heterologous expression constructs. From the
27 structurally and functionally related chemicals that we tested
in this study, the only 3 that induced IEC delamination similar to

1. M. E. Delgado, T. Grabinger, T. Brunner, Cell death at the intestinal epithelial front
line. FEBS J. 283, 2701-2719 (2016).

2. J. E. Bisanz, P. Spanogiannopoulos, L. M. Pieper, A. E. Bustion, P. J. Turnbaugh, How to
determine the role of the microbiome in drug disposition. Drug Metab. Dispos. 46,
1588-1595 (2018).
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Glafenine were MDR inhibitors. The 2 MDR inhibitors that
most robustly induced IEC delamination in zebrafish larvae,
FElacridar and Tariquidar, have submicromolar BCRP inhibitory
activity (127 nM and 100 nM ICs, respectively). Additionally, a
selective MRP4 inhibitor (Ceefourin 1) failed to induce IEC loss,
suggesting that Glafenine-induced intestinal injury may be due to
inhibition of BCRP (ABCG2) homologs (Fig. 5 4 and B and SI
Appendix, Fig. S19D). The abcg2 family members a and b (as well
as ¢, although at lower levels) are expressed in zebrafish IECs
(73), as is abce4 (73, 74). Our results predict 1 or more of these
proteins have critically important roles during intestinal ho-
meostasis, perhaps including efflux of endogenous molecular
substrates that are toxic to IECs at high concentrations.

These data also suggest that Glafenine, Tariquidar, Elacridar,
and perhaps other MDR efflux pump inhibitors share a phar-
macophore, which selectively inhibits zebrafish MDR pumps. It
is noteworthy that exposure to Elacridar and Tariquidar led to
variable induction of proinflammatory mRNA in enterocytes
(Fig. 5D), and that while Elacridar had no profound effects on
intestinal architecture, Tariquidar exposure was associated with
aberrant localization of brush border components to basolateral
membranes (SI Appendix, Fig. S19). These phenotypic variations
in zebrafish larvae treated with different MDR efflux pump in-
hibitors remain unclear but could be due to differences in target
affinity or specificity. We note that Elacridar most accurately
phenocopied Glafenine treatment overall, but both Tariquidar
and Elacridar could now be pursued as new enteropathy models
in zebrafish. Collectively, our data demonstrate that IEC de-
lamination following pharmaceutical-induced enteropathy is a
host-protective response and functions to limit inflammation and
death, as experimental manipulations that block epithelial cell
delamination are associated with increased inflammation and
mortality (Fig. 5F). Our results also suggest that export of un-
known molecular substrates by members of the ABCG2/BCRP
family is required for maintenance of intestinal homeostasis.

Materials and Methods

Zebrafish Experiments. All zebrafish experiments were performed in accordance
with NIH guidelines and protocols approved by the Duke University Medical
Center Institutional Animal Care and Use Committee (protocol numbers A115-
16-05 and A096-19-04). Detailed methods are available in S/ Appendix.

Statistical Analysis. Statistical analyses were performed with GraphPad Prism v.7.
All data are presented as mean + SEM. For comparison between 2 groups, an
unpaired 2-tailed Student’s t test was performed. For comparison between >3
groups, a 1-way ANOVA with Tukey’s multiple comparison test was applied. P <
0.05 was considered significant. Outcomes of statistical tests are defined in the
figure legends. For 1-way ANOVA, groups with the same letter are not signifi-
cantly different from each other. Where indicated, a 3- or 4-parameter least-
squares regression was calculated. Data shown are representative of at least
3 independent experiments. Sample sizes are reported in figures and legends.
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