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Acetaminophen Intoxication Rapidly
Induces Apoptosis of Intestinal Crypt Stem
Cells and Enhances Intestinal Permeability

Daniel M. Chopyk

Manoj Thapal,1 Mark J. Czaja ,*and Arash Grakoui®

. Johnasha D. Stuart,' Matthew G. Zimmerman,>* Jing Wen,* Sanjeev Gumber,” Mehul S. Suthar,>

Acetaminophen (APAP)-induced liver injury is the most common cause of acute liver failure (ALF) in the
Western world. APAP toxicity progresses to multiorgan dysfunction and thus has broader whole-body implications.
Importantly, greater 30-day mortality has been observed in liver transplant recipients following ALF due to APAP-
related versus non-APAP-related causes. Reasons for this discrepancy have yet to be determined. Extrahepatic
toxicities of APAP overdose may represent underappreciated and unaddressed comorbidities within this patient
population. In the present study, rapid induction of apoptosis following APAP overdose was observed in the intes-
tine, an organ that greatly influences the physiology of the liver. Strikingly, apoptotic cells appeared to be strictly
restricted to the intestinal crypts. The use of leucine-rich repeat-containing G protein—coupled receptor 5 (LGRS5)
reporter mice confirmed that the LGR5-positive (+) crypt base stem cells were disproportionately affected by APAP-
induced cell death. Although the apoptotic cells were cleared within 24 hours after APAP treatment, potentially
long-lived consequences on the intestine due to APAP exposure were indicated by prolonged deficits in gut barrier
function. Moreover, small intestinal cell death was found to be independent of tumor necrosis factor receptor signal-
ing and may represent a direct toxic insult to the intestine by exposure to high concentrations of APAP. Conclusion:
APAP induces intestinal injury through a regulated process of apoptotic cell death that disproportionately affects
LGRS5" stem cells. This work advances our understanding of the consequences of APAP toxicity in a novel organ
that was not previously considered as a significant site of injury and thus presents potential new considerations for

patient management. (Hepatology Communications 2019;3:1435-1449).

cetaminophen (APAP) is an extensively used
analgesic both in over-the-counter and pre-
scription medication formulations due to its
generally favorable side effect profile in comparison
to nonsteroidal anti-inflammatory drugs and opiates.

At therapeutic doses, APAP is primarily metabo-
lized by glucuronidation and sulfonation pathways
and therefore is safely tolerated by most individu-
@ .
als.”” However, clearance of excessive amounts of
APAP relies on cytochrome-mediated oxidative
metabolism primarily by hepatocytes, which involves
generation of the highly reactive and toxic metabolite

Abbreviations: +, positive; ALF, acute liver failure; ALT, alanine aminotransferase; APAP, acetaminophen; creERT2, Cre recombinase
estrogen receptor 2 fusion protein; EGFP, enhanced green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein

isothiocyanate; GFP, green fluorescent protein; HEE, hematoxylin and eosin; IgG, immunoglobulin G; IHC, immunobistochemistry; IP,
intraperitoneal; IRES, internal ribosome entry site; LGRS, leucine-rich repeat-containing G protein—coupled receptor 5; PARP, poly (adenosine
diphosphate ribose) polymerase; PBS, phosphate-buffered saline; PUR, puromycin; RT, room temperature; tm1Imx, targeted mutation 1 Immunex
Research and Development Corporation; TINF, tumor necrosis factor; TINFR, tumor necrosis factor receptor; TUNEL, terminal deoxynucleotidy!
transferase—mediated deoxyuridine triphosphate nick-end labeling; W'T, wild type.
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N-acetyl-p-benzoquinione imine (NAPQI).") Thus,
at high doses, APAP causes significant liver injury and
necrosis due to overwhelming oxidative stress, Frotein
adduct formation, and cellular malfunction.®?

APAP overdose as a result of either a “therapeu-
tic misadventure” or intentional self-harm represents
the leading cause of acute liver failure (ALF) in the
United States, Canada, and the United Kingdom.(3)
Despite posing a widespread clinical issue, there is a
lack of effective therapies for APAP-induced hepa-
totoxicity to date. Currently, the standard of care is
supplementation with N-acetylcysteine (NAC), which
limits hepatic accumulation of NAPQI by replenishing
antioxidant glutathione stores. Although it is readily
available, NAC supplementation is often started too
late because the clinical symptoms of APAP-induced
liver failure often do not manifest until the peak of
liver injury has been reached.)

Although some patients are able to survive the
toxic insult and eventually recover due to the natu-
ral regenerative capacity of liver tissue, emergent liver
transplantation is indicated for approximately 20% to
30% of patients due to excessive liver injury. " Even
for those fortunate enough to procure a transplant-
able liver on urgent notice, transplant recipients who

had developed ALF due to APAP toxicity versus ALF
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from non-APAP-related causes were found to suffer
from a lower 30-day survival.” Explanations for this
discrepancy remain unknown, but poorer medical
compliance and greater adverse events related to psy-
chologic comorbidities were speculated causes.
Undoubtedly, the major life-threatening concern
for APAP overdose is widespread liver cell death
that rapidly progresses to ALF. However, APAP
toxicity can also result in eventual multiorgan dys-
function. Thus, there are likely overlooked patho-
logical effects of APAP overdose on target organs
other than the liver that potentially contribute to
the increased morbidity and mortality observed
in APAP-induced ALF transplant recipients. For
example, a few studies have highlighted this pos-
sibility by identifying injury and inflammation in
the brain, lung, and kidney following APAP over-
(68 The intestine is an organ with a partic-
ularly important role in both regulating and itself
being modulated by liver disease due to the close
physiological connections through portal circulation
and hepatic biliary output.(g) Critically, the intes-
tine must maintain a tightly regulated and efficient
barrier to entry for the countless species of bacte-
ria, fungi, and viruses that comprise the gut micro-
biome. As has now been well established, loss of

dose.
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intestinal barrier function is a major contributor to
various modes of liver injury and potentially other
disorders,(g) including those considered to be of
neurologic origin, such as Parkinson’s disease.'”
Importantly, although a few studies have focused
on potential contributions of the gut microbiota
on APAP-induced liver injury,""'? APAP-induced
intestinal damage has not been fully explored.(l3’14)
In this study, we found that, in addition to the
well-characterized liver injury following APAP intox-
ication, damage also occurs within the intestine. Using
a murine model of APAP hepatotoxicity, we demon-
strate that intestinal apoptotic cell death occurs in
the acute phases following APAP intoxication inde-
pendent of tumor necrosis factor (TNF) receptor
(TNFR) signaling. Specifically, our findings indicate
that death of intestinal cells is an early event following
APAP intoxication, is strictly limited to the crypts,
and predominantly affects epithelial stem cell popu-
lations. However, we found that hepatocyte cell death
occurred by an apoptosis-independent mechanism,
a finding that is consistent with previous reports.™®
Together, these observations indicate that APAP
intoxication can induce differential modes of injury
across the intestine and liver and suggest that intes-
tinal injury may be a neglected complication suffered
by patients during APAP-induced ALF with poten-

tial implications on overall outcome.

Materials and Methods

MICE

We purchased 6- to 8-week-old male C57BL6/]
wild-type  (WT) and heterozygous
repeat-containing G protein—coupled receptor 5-
enhanced green fluorescent protein—internal ribosome
entry site—Cre recombinase estrogen receptor 2 fusion
protein (LGR5-EGFP-IRES-creERT2) reporter mice
from the Jackson Laboratory (Bar Harbor, ME). Age-
matched and sex-matched B6.129S-7nfr superfamily,
member 1la targeted mutation 1 Immunex Research and
Development Corporation (sfZa)” "™ Tufrsf16™""/]
mice were originally purchased from the Jackson
Laboratory but were bred and maintained in-house. All
animals were housed in specific pathogen-free housing
in compliance with the Emory Institutional Animal
Care and Use Committee and National Institutes of

Health guidelines.

leucine-rich
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APAP TREATMENT

Mice were fasted for 12 hours before treatment
with 500 mg/kg APAP (Sigma-Aldrich, St Louis,
MO) or an equivalent volume of phosphate-buffered
saline (PBS) vehicle by intraperitoneal (IP) injec-
tion. APAP solution was prepared fresh on the day
of injection by heating 25 mg/mL APAP in PBS at
75°C until fully dissolved (approximately 5 minutes).
APAP solutions were sterile filtered and cooled to
37°C. APAP and PBS control solutions were kept in
a 37°C water bath during injections to prevent precip-
itation. Food was returned to mice immediately after
treatment, and heating pads were provided in cages to
prevent hypothermia. Animals were euthanized 4 or
24 hours after treatment by CO, inhalation.

Following euthanasia, blood was collected by car-
diac puncture. Livers were gently perfused with ice-
cold sterile PBS through the portal vein and harvested
for further analysis. Ileum tissue (approximated as the
most distal third of the small intestine) was excised
and trimmed of associated mesenteric fat. I[leum sam-
ples were opened by a longitudinal cut, and fecal con-
tents were removed by gently shaking the tissue while
immersed in cold sterile PBS. Portions of the liver and
ileum were frozen on dry ice and placed in long-term

storage at -80°C.

INVIVO INTESTINAL
PERMEABILITY ASSAY

To assess intestinal permeability at 4 hours after
APAP treatment, mice were restricted from access
to food and water for 12 hours before APAP injec-
tion. At the time of injection, mice were also orally
gavaged with 1 g of 4-kDa fluorescein isothiocy-
anate (FITC)-dextran (Sigma-Aldrich) per kilo-
gram of body weight. FITC—dextran solution was
dissolved at 160 mg/mL in PBS. Food and water
were returned to mice immediately following gavage,
and 4 hours later mice were euthanized and blood
was collected. To assess intestinal permeability at
24 hours after APAP treatment, mice were restricted
from access to food but had free access to water for
12 hours before APAP injection. After injection,
food was returned to the mice. Mice were restricted
from access to water starting 8 hours after APAP
treatment. The animals were then gavaged with
FITC—dextran as described above at 20 hours after
APAP treatment. Water was returned to the animals
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until 4 hours later (at 24 hours after APAP injection)
when mice were euthanized and blood was collected.

Blood samples were protected from light the entire
time following harvest. Blood was incubated at room
temperature (RT) for at least 1 hour to clot, and
serum was separated by high-speed centrifugation
for 10 minutes. Serum aliquots were diluted 1:1 with
PBS and analyzed in duplicate for fluorescence read-
ings at 488/530 nm. FITC—dextran concentration in
serum samples was determined according to standard
curve values generated from serially diluting (in PBS)
the FITC—dextran solution used at the time of oral
gavage. All serum samples were normalized to control
mouse serum without FITC—dextran, whereas stan-
dard curve wells were normalized to PBS alone.

TISSUE HOMOGENIZATION AND
WESTERN BLOT ANALYSIS

Small portions of frozen animal tissue were lysed
in a modification of Abcam’s intestinal lysis buffer
recipe consisting of 150 mM NaCl, 50 mM Tris-HCl
pH 7.4, 1% Triton X-100, 1% sodium deoxycholic
acid, and 0.1% sodium dodecyl sulfate (SDS) recon-
stituted with 1X protease inhibitor cocktail (Sigma-
Aldrich). Tissues were homogenized either by a
handheld rotary homogenizer (#985370; BioSpec
Products, Bartlesville, OK) or with Lysing Matrix
D ceramic beads in a FastPrep24 5G grinder (MP
Biomedicals, Santa Ana, CA) used at the preregis-
tered settings specified for the respective tissues. All
samples within each experimental set were homog-
enized by the same method to ensure equivalent
comparison of protein contents. Following homog-
enization, samples were cleared of solid debris by
centrifugation in a tabletop centrifuge at maximum
speed for 20 minutes at 4°C. Controls for apop-
totic activation markers were generated by acquir-
ing whole-cell lysates from Raw 264.7 macrophages
(ATCC, Manassas, VA) incubated with media only
or 10 pg/mL puromycin (PUR) for approximately
18 hours. Protein concentration of lysates was quan-
tified by DC protein assay (BioRad, Hercules, CA).
Equal amounts of protein were diluted in 1X sam-
ple loading buffer containing 5% B-mercaptoethanol
and heated at 95°C for 5-10 minutes. Following
reduction, 25-30 pg of each protein sample was
used for SDS—polyacrylamide gel electrophore-
sis and western blot analysis. Blots were incubated
overnight at 4°C in primary antibody solutions at

1438
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the following concentrations in 5% bovine serum
albumin/trishydroxymethylaminomethane-buffered
saline Tween 20 (TBST): rabbit anti-poly (adenos-
ine diphosphate ribose) polymerase (PARP) 1:1,000
(#9532; Cell Signaling Technology, Danvers, MA),
mouse anti-f-actin  1:5,000 (#A2228; Sigma-
Aldrich), mouse anti-p-tubulin 1:5,000 (#T18328;
Sigma-Aldrich), rabbit anti-caspase-9 1:1,000
(#NBP2-67362; Novus Biologicals, Centennial,
CO), rabbit anti-cleaved caspase-8 1:1,000 (#8592;
Cell Signaling Technology). Secondary antibody
solutions consisting of goat anti-rabbit immuno-
globulin (IgG) or goat anti-mouse IgG (Jackson
ImmunoResearch, West Grove, PA) were applied
for 1 hour at RT both at a 1:10,000 dilution in 5%
milk/TBST. Western blots were developed using
Clarity Western ECL blotting substrate (BioRad)
and read using a ChemiDoc XRS+ System and
Image Lab software v6.0.1 (BioRad).

HISTOLOGY AND
IMMUNOHISTOCHEMISTRY

At the time animals were euthanized, mouse ileums
were cleaned as described above and excess fluid was
absorbed by placing ileums on paper towels. Ileums
were adhered to a flat toothpick, gently rolled along
their length from proximal to distal end, and then
transferred into 10% phosphate-buffered formalin for
fixation overnight. Harvested livers were cut into small
sections and also fixed by overnight incubation in 10%
formalin. Tissues were transferred into 70% ethanol
for long-term storage and later paraffin embedded
for sectioning. Sections 10 pm thick were used for all
staining procedures. Hematoxylin and eosin (H&E)
staining and immunohistochemistry (IHC) analysis
of cleaved caspase-3 (#9961, 1:200; Cell Signaling
Technology) were performed by the Pathology Core,
Yerkes National Primate Research Center, Emory
University School of Medicine. Terminal deoxynucle-
otidyl transferase—mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) staining was done using
a commercial kit (#11684817910; Roche, Indianapolis,

IN), and slides were counterstained with hematoxylin.

TISSUE CRYOSECTIONS AND
IMMUNOFLUORESCENCE

Ileum tissue was harvested as described above
and immediately frozen in VWR frozen section
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compound (VWR, Radnor, PA) for sectioning. Frozen
ileum sections were fixed in 4% paraformaldehyde
in PBS for 15 minutes at RT and stained with rab-
bit anti-cleaved caspase-3 (1:400; Cell Signaling
Technology) and biotinylated mouse anti-GFP tag
(#MA515256BTIN, 1:500; Thermo Fisher Scientific,
Wialtham, MA). Goat anti-rabbit IgG (heavy
[H]+light [L] chains)-AlexaFluor 594 (1:500; Jackson
ImmunoResearch) and FITC—conjugated streptavidin
(BD Biosciences, San Jose, CA) were used for sec-
ondary staining. Staining, mounting, and imaging of
slides were done as described.®)

SEROLOGIC MEASUREMENT'S

Serum levels of alanine aminotransferase (ALT)
were measured by the Pathology Core, Yerkes National
Primate Research Center, Emory University School
of Medicine. Quantification of TNFa in serum was
determined using a mouse TNFa enzyme-linked
immunosorbent assay (ELISA) kit (R&D Systems,
Minneapolis, MN) according to the manufacturer’s
instructions. Serum samples were diluted 1:1 with
reagent diluent for TNFa ELISA analysis. Cytokine
array analysis of serum harvested from mice 4 hours
after APAP or PBS treatment was conducted accord-
ing to the manufacturer’s instructions (#ab133993;

Abcam, Cambridge, United Kingdom).

STATISTICAL ANALYSIS

Data are presented as sample means + SEM. The
two-tailed Student # test was performed using GraphPad
Prism 7.0a software (GraphPad Software, La Jolla, CA)

with statistical significance considered as P < 0.05.

Results

ACUTE APAP TOXICITY RAPIDLY
INCREASES INTESTINAL
PERMEABILITY AND APOPTOSIS
OF CRYPT CELLS IN SMALL
INTESTINE

Several recent studies in diverse models of injury,
such as sepsis and radiation injury, have demonstrated
that intestinal injury occurs within remarkably quick
time frames after insult.’”'® Thus, we sought to

CHOPYKETAL.

better understand the early pathological events that
occur following APAP intoxication. To this end, we
treated fasted mice with a toxic dose of APAP and
harvested liver and intestinal tissue 4 hours later for
analysis. This acute 4-hour time point was selected
based off the likely presence of significant early liver
injury. Consistent with previous observations, serum
ALT levels were significantly elevated in APAP-
treated animals versus controls (Fig. 1A; 8,391 + 2,375
vs. 105.7 + 5.69 U/L, respectively). Animals were con-
currently administered FITC—dextran at the time of
APAP treatment to determine whether early changes
in gut permeability occurred during APAP toxicity.
Surprisingly, we observed a roughly 2.5-fold increase
in serum recovery of FITC—dextran by 4 hours after
APAP treatment compared to controls (Fig. 1B;
236 = 0.24 vs. 0.89 = 0.13 pg/mL, respectively).
These data indicate that APAP impacted intestinal
physiology within the same time frame as induction
of liver injury.

We postulated that the enhanced gut permeability
that occurred in response to APAP intoxication was
due to intestinal injury. Therefore, we next investi-
gated protein tissue lysates for cleavage of PARP as
a marker for apoptotic cell death.'?’ Despite the high
serum ALT levels that were consistent with severe
liver injury, western blots of liver tissue revealed the
absence of PARP cleavage above trace detection levels
(Fig. 1C). However, whole ileum lysates unexpectedly
revealed a significant increase of cleaved-PARP signal
in APAP-treated mice when compared to the baseline
amounts detected in controls (Fig. 1D). Because there
was no consequent reduction in the expression levels
of total PARP within ileum lysates, this potentially
suggested that the increase in PARP cleavage arose
from a relatively small population of cells. Thus, in
order to clarify these differential observations between
the liver and ileum, we next examined histopatholog-
ical tissue sections by H&E staining. As expected, in
comparison to PBS-treated mice, liver sections from
APAP-treated animals displayed significant areas of
liver cell death occurring primarily around the cen-
tral vein (Fig. 2A). Corroborating our western blot
analyses, intestinal sections revealed the appear-
ance of small condensed vesicles consistent with the
appearance of apoptotic bodies that were present only
within the crypts of APAP-treated but not control
mice (Fig. 2A). To further confirm whether these

vesicles represent apoptotic cells, we performed IHC
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FIG. 1. Increased intestinal permeability and enhanced PARP cleavage is detected within the ileum during the acute response to
APAP overdose. Six- to eight-week-old male C57BL/6] mice were fasted and restricted from water for 12 hours. Mice were then
treated with 500 mg/kg APAP by IP injection and 1 g/kg 4-kDa FITC—dextran by oral gavage. Water and food were returned to the
animals until they were euthanized 4 hours later. Serum was analyzed for (A) levels of ALT and (B) recovery of FITC—dextran. Data
are represented as means + SEM and are representative of 10-15 mice per group from at least three independent experiments. Statistical
analyses were made using the Student # test; **P < 0.01, ****P < 0.0001. Total protein lysates (25-30 pg) of (C) liver and (D) distal ileum
tissue were analyzed by western blot for PARP cleavage. Lysates of Raw 264.7 macrophages treated with or without 10 pg/mL PUR for
18 hours were included as controls. Arrows indicate cleaved PARP. Breaks in the depicted ileum image represent nonadjacent wells on
the same gel. Western blot images are representative of 10-12 mice per group from at least three independent experiments.

for cleaved/activated caspase-3, the effector molecule
and well-verified marker for apoptosis.™® Consistent
with the lack of detectable PARP cleavage by west-
ern blot, both control and APAP-treated liver tissues
displayed an absence of caspase-3 staining (Fig. 2B).
However, ample positive cleaved caspase-3 staining
was observed within the intestinal crypts of APAP-
treated mice, supporting the hypothesis that the ves-
icles observed by H&E staining were derived from
apoptotic cells (Fig. 2B).

APAP-INDUCED INTESTINAL
APOPTOSIS OCCURS EARLY
FOLLOWING THE ONSET OF
INTOXICATION

The appearance of apoptotic cells within the intes-
tine following acute APAP overdose was strictly lim-
ited to cells within the crypts (Fig. 2A,B). Because
the intestinal crypts are home to various populations
of adult stem cells that are responsible for regulat-
ing the physiological turnover of enterocytes,(zo) we
questioned what changes may occur to the intestine

within a longer period of time after APAP treatment.
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Therefore, we similarly assessed gut barrier function
and investigated PARP cleavage in liver and ileum
lysates at 24 hours after intoxication. In compar-
ison to control animals, ALT levels remained sig-
nificantly elevated in APAP-treated mice (Fig. 3A;
24,276 + 2,593 vs. 96.67 + 2.64 U/L, respectively).
Serum FITC—dextran recovery was also significantly
higher in APAP-treated animals compared to con-
trols (Fig. 3B; 2.62 = 0.71 vs. 0.60 = 0.08 pg/mL,
respectively). PARP cleavage was still undetected in
liver lysates, suggesting that apoptosis was not playing
a significant role in APAP-induced liver cell death
and injury (Fig. 3C). However, although an increase
in PARP cleavage was still observed at 24 hours in
APAP-treated mice ileums versus controls, the effect
was less pronounced compared to results seen at
4 hours (Figs. 1D, 3D). Therefore, in order to deter-
mine whether there were any changes at the tissue
structure level, we again examined histopathological
sections at 24 hours after APAP treatment. By this
time, livers demonstrated extensive regions of late
necrotic death. However, only sparse apoptotic bod-
ies remained within ileum sections without any gross
alteration of crypt—villus structure (Fig. 4A). Cleaved



HEPATOLOGY COMMUNICATIONS, Vol. 3, No. 11, 2019

CHOPYKETAL.

A 4-Hour PBS

4-Hour APAP

B 4-Hour PBS

B

Liver

4-Hour APAP

R s E .

o .
o8 Naies

lleum

FIG. 2. Apoptosis is induced in the ileum but not liver during the acute response to APAP intoxication. Six- to eight-week-old male
C57BL/6] mice were fasted for 12 hours and treated with 500 mg/kg APAP by IP injection. Food was returned to the animals, and they
were euthanized 4 hours later. Formalin-fixed paraffin-embedded sections of liver and distal ileum tissue were analyzed by (A) H&E
staining and (B) IHC staining for cleaved caspase-3. All provided images were taken at magnification x200 and are representative of
at least three mice per group. Scale bars represent 150 pm; arrows indicate apoptotic bodies.

caspase-3 staining was similarly sparse within ileum
sections at 24 hours after APAP treatment (Fig. 4B).
As was the case during the earlier phases of APAP
hepatotoxicity, liver sections were negative for cleaved

caspase-3 staining at 24 hours. Moreover, a 48-hour
time course experiment indicated that apoptotic cells
in the small intestine crypts did not appear until some-
time between 1 and 4 hours after APAP intoxication
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FIG. 3. Intestinal barrier deficits persist at 24 hours after APAP overdose despite a reduction in ileum PARP cleavage. Six- to eight-
week-old male C57BL/6] mice were fasted for 12 hours and treated with 500 mg/kg APAP by IP injection. Food was returned to the
animals, and they were restricted from water access starting from 8 hours after APAP injection. After an additional 12 hours, mice
were gavaged with 1 g/kg 4-kDa FITC—dextran. Water was then returned to the animals until they were euthanized 4 hours later
(a total of 24 hours after APAP treatment). Serum was analyzed for levels of (A) ALT and (B) recovery of FITC—dextran. Data are
represented as means + SEM and n = 9-15 mice per group from at least three independent experiments. Statistical analyses were made
by the Student 7 test; **P < 0.01, ***P < 0.0001. Total protein lysates (25-30 pg) of (C) liver and (D) distal ileum tissue were analyzed
by western blot for PARP cleavage. Lysates of Raw 264.7 macrophages treated with or without 10 pg/mL PUR for 18 hours were
included as controls. Arrows indicate cleaved PARP. Western blot images are representative of 10 to 15 mice per group from at least
three independent experiments.

(14,21

(Supporting Fig. S1). Together, these data suggest serum.!*?) TNFu itself has been shown to play a role

that death of APAP-sensitive intestinal cell popula-
tions occurs early, but not immediately, after overdose
and that clearance of these apoptotic cells is largely
complete by 24 hours. Further, apoptosis does not
appear to be a significant contributor to direct APAP
hepatotoxicity.

APAP-INDUCED SMALL
INTESTINAL APOPTOSIS

OCCURS INDEPENDENT OF TNFR
SIGNALING

The appearance of apoptotic bodies within the
ileum was observed alongside significant liver injury
(Figs. 1A, 2B). It was unclear whether the intestinal
injury occurred as a result of the systemic release of
soluble mediators from the damaged liver tissue or
due to a direct mechanism localized at the intes-
tine. For instance, studies have demonstrated that
APAP-induced liver injury results in the release of

inflammatory and cytotoxic cytokines, such as TNFa
and high-mobility group box 1 (HMGB1), into the

1442

in inducing intestinal injury and increasing intestinal
permeability in various disease models.?*?* For these
reasons, we first focused on investigating potential
roles of TNF« signaling in APAP-induced intestinal
toxicity. As reported,(21 we detected greater concen-
trations of TNFa in the serum of mice 4 hours after
APAP treatment in comparison to PBS-treated con-
trols (Fig. 5A; 64.75 + 22.88 vs. 0.43 + 0.43 pg/mL
TNFa, respectively). However, some variability was
noted in this observation because TNFo remained
undetectable in the serum from approximately 35% of
APAP-treated mice. In order to directly investigate a
potential role of TNFa signaling in mediating APAP-
induced intestinal crypt cell death either by systemic
or localized mechanisms, we employed knockout
mice for both the TNFRa chain and TNFR chain
(TNFR™"). TNFR™" mice were found to suffer sim-
ilar levels of liver necrosis and enhanced intestinal
permeability within the acute response to APAP
intoxication (Supporting Fig. S2). PARP cleavage
was absent in both APAP-treated WT and TNFR™"
mice, as anticipated (Fig. 5B). However, ileum lysates
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FIG. 4. Intestinal apoptotic bodies are cleared within 24 hours after APAP overdose. Six- to eight-week-old male C57BL/6] mice were
fasted for 12 hours and treated with 500 mg/kg APAP by IP injection. Food was returned to the animals, and they were euthanized
24 hours later. Formalin-fixed paraffin-embedded sections of liver and distal ileum tissue were analyzed by (A) H&E staining and
(B) IHC staining for cleaved caspase-3. All provided images were taken at magnification x200 and are representative of at least three mice
per group. Scale bars represent 150 pm; arrows indicate (A) apoptotic bodies and (B) cells with positive staining for cleaved caspase-3.

demonstrated that an increase in PARP cleavage bodies by H&E, IHC staining for cleaved/activated
occurred even in the absence of TNFR signaling caspase-3, and direct staining of apoptotic cells by
(Fig. 5C). Furthermore, the appearance of apoptotic 'TUNEL assay was identical between APAP-treated
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FIG. 5. Apoptotic death of intestinal crypt cells following APAP overdose occurs independent of TNFR signaling. Six- to eight-
week-old male C57BL/6] and age-matched 7NFR™~ male mice were fasted for 12 hours and treated with 500 mg/kg APAP by IP
injection. Food was returned to the animals, and they were euthanized 4 hours later. Serum was analyzed for (A) concentration of
TNFa by sandwich ELISA. Concentrations are represented as means + SEM and are representative of 18-20 mice per group from at
least six independent experiments. Statistical analyses were made using the Student # test; **P < 0.001. Total protein lysates (25-30 pg)
of (B) liver and (C) distal ileum tissue were also analyzed by western blot for PARP cleavage. Lysates of Raw 264.7 macrophages
treated with or without 10 pg/mL PUR for 18 hours were included as controls. Arrows indicate cleaved PARP. Western blot images
are representative of 10-11 mice per group from at least three independent experiments. Formalin-fixed paraffin-embedded sections of
distal ileum tissue were analyzed by (D) H&E staining, IHC staining for cleaved caspase-3, and TUNEL assay. All provided images
were taken at magnification x200 and are representative of at least three mice per group. Scale bars represent 150 pm; arrows indicate

apoptotic bodies. Abbreviation: CL-C3, cleaved caspase 3.

WT and TNFR™" ileum sample sections (Fig. 5D).
Because our observations to this point were restricted
to the small intestine, we additionally investigated
whether the colonic epithelium was injured during
APAP intoxication. Cleaved/activated caspase-3
was detected within the colon 4 hours after APAP
treatment. However, unlike the small intestine, the
colonic epithelium of 7NFR™™ mice demonstrated
significantly less cleaved caspase-3 staining than WT
animals (Supporting Fig. S3). These results indicate
that the apoptotic response of small intestinal crypt
cells, but not colonocytes, that is induced during
APAP intoxication occurs independently from TNF«
signaling.

SMALL INTESTINAL

CRYPT STEM CELLS ARE
DISPROPORTIONATELY
SUSCEPTIBLE TO APAP-INDUCED
CELL DEATH

The small intestines of both WT and 7TNFR™~
mice suffered widespread apoptosis 4 hours after
APARP treatment, yet all cell death remained restricted
to the intestinal crypts. The intestinal crypt base
houses the epithelial stem cell populations, most nota-
bly the rapidly dividing LGRS5-positive (+) crypt base
columnar cells.?” LGR5" cells and other subsets of
small intestinal crypt cells are highly susceptible to
cytotoxic stressors, such as radiation and numerous
chemotherapeutics.?*?”) Therefore, we hypothesized
that the APAP-induced death we observed was dis-
proportionately affecting LGR5" stem cell popula-
tions. To test this hypothesis, we treated heterozygous
LGR5-EGFP-IRES-creERT2  reporter mice with
APAP or PBS and harvested their ileums 4 hours

later. Immunofluorescence analysis of fresh frozen

ileum revealed diffuse expression of GFP in the intes-
tinal crypts of control animals that was reduced in
APAP-treated mice (Fig. 6). Consistent with IHC
staining, apoptotic bodies were detected in the intes-
tinal crypts of APAP-treated animals that had strong
staining for cleaved caspase-3. Merging of these two
channels demonstrated that the majority of these
apoptotic bodies colocalized with strong condensed
GFP* signals (Fig. 6). Together, these data demon-
strate that intestinal toxicity due to high-dose APAP
exposure disproportionately induced death of LGR5"
stem cells.

Discussion

Widespread liver cell death that rapidly progresses
to ALF is without question the definitive threat posed
by APAP toxicity. However, the specific kinetic pro-
gression and mechanistic nature of APAP liver injury
remains incompletely characterized. For instance, a
somewhat controversial topic is the relative contribu-
tions of the various forms of cell death (e.g., apoptosis,
necrosis, pyroptosis).(2’28) Even to this day, publica-
tions report conflicting evidence either in favor of or
against a role of hepatic apoptosis in APAP hepato-
toxicity.1>?*3 Although this topic was not the focus
of the current study, our data provide the strongest
support to the argument that direct hepatic injury due
to APAP toxicity is primarily driven by necrotic cell
death. Instead, we surprisingly found that widespread
apoptosis occurred throughout the crypts of the small
intestine rapidly after APAP overdose. Interestingly,
this observation confirms the speculations made by
Possamai et al."® that serum markers of apoptotic
injury measured in human patient samples were

derived from dying gut cells. Although a few studies
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FIG. 6. APAP-induced intestinal apoptosis disproportionately affects LGRS5" stem cells. Six- to eight-week-old male heterozygous
LGR5-EGFP-IRES-creERT?2 reporter mice were fasted for 12 hours and treated with 500 mg/kg APAP by IP injection. Food was
returned to the animals, and they were euthanized 4 hours later. Frozen ileum sections were stained for expression of GFP and cleaved
caspase-3. All slides were counterstained with DAPI and analyzed by confocal immunofluorescence microscopy. All images except the
2° control are representative of n = 3 mice per group and are magnification x400. Scale bars represent 75 pm; white arrowheads indicate
sites of colocalization of GFP with cleaved caspase-3. Quantification graph indicates analysis of GFP-expressing (GFP*/CI-C3*) and
GFP-nonexpressing (ClI-C3") apoptotic blebs from three APAP-treated animals; ***P < 0.001. Abbreviations: 2° control, secondary
antibody control; CL-C3, cleaved caspase-3; DAPI, 4',6-diamidino-2-phenylindole.
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have demonstrated potential toxicity of APAP on
intestinal cell lines and organoids in vitro,’1% to
our knowledge, this study provides the first direct
evidence that APAP induces regulated cell death to
intestinal cells in vivo.

Our observations highlight the fact that APAP
toxicity is a whole-body issue with pathological effects
beyond liver injury. Previous reports have indicated
APAP induces inflammation and injury of the kidney,
lung, and brain.®® For this study, we focused on the
gut due to the critical role the intestinal physiology
and the microbiome play in regulating chronic con-
ditions of the liver” and potentially other organs.1”
Currently, the role that intestinal barrier function and
intestinal microbiota play in APAP-induced liver
injury is somewhat unclear. On one hand, germ-free
mice were found to be equally susceptible to APAP
liver injury as conventionally housed animals.’? On
the other hand, antibiotic-treated mice were found to
be protected from APAP hepatotoxicity, which was
linked to the contribution of the bacterial metab-
olite 1-phenyl-1,2-propanedione enhancing
injury. 'Y However, because liver injury is the imme-

liver

diate and acute concern with APAP toxicity, an over-
looked and unexplained observation is that APAP
ALF transplant recipients have been found to have
higher short-term mortality rates than patients who
have undergone transplantation for other etiologies
of ALE®) Although the causes for this observation
are currently unclear, greater noncompliance to treat-
ment regimens among APAP ALF transplant recipi-
ents was one speculated cause. However, it is entirely
possible that this increased short-term mortality may
in fact be in part caused by other toxic implications
of APAP overdose beyond those directly on the liver
that are left unaddressed by liver transplantation alone.
To this end, we hypothesize that these toxic insults
on target organs in addition to the liver are comorbid
events with health implications that will become more
important to consider as management of APAP ALF
improves in the future.

In our present observations, APAP-induced small
intestinal cell death was strictly limited to popu-
lations of cells found within the crypts, which is a
pattern of cell death that is strikingly similar to that
induced by radiation exposure, cancer chemotherapy,
and some forms of sepsis."**** This topographic
location along the crypt—villus structure is enriched
in various intestinal epithelial stem cell populations,

CHOPYKETAL.

such as rapidly dividing LGR5" cells and quiescent
B lymphoma Mo-MLYV insertion regionl homolog
expressing (BMI-1") cells. Indeed, use of LGR5-
EGFP-IRES-creERT2 reporter mice demonstrated
that the majority of these dying cells were LGR5"
cells. However, it is currently unclear what percentage
of LGRS5" cells survive APAP toxicity and whether the
apoptotic bodies that did not colocalize with the GFP
reporter tag represent late remnants of LGRS5™ cells or
death of small subsets of LGR5™ cellular populations.
Regardless, the specificity of APAP-induced death
to intestinal stem cells implies that APAP intestinal
injury is likely to have longer lasting effects on overall
intestinal physiology.(20’35) Although this remains to
be fully determined, our observations at least indicate
that enhanced gut permeability is also triggered at an
early stage of APAP toxicity but persists even after
apoptotic cells are cleared from the crypts.
Unfortunately, the direct mechanism of APAP-
induced apoptotic death remains unclear. Although
we originally hypothesized that the intestinal injury
occurred as a secondary result of massive hepatic necro-
sis, our evidence suggests that these events are likely
independent from each other. Our initial focus for test-
ing this hypothesis was TNFa, which has been shown
both in the present work and by previous studies to be
rapidly elevated in the serum following APAP over-
dose.®? However, a significant subset of animals did
not have elevated serum TNF levels at a time point at
which intestinal apoptosis was widespread. Furthermore,
intestinal apoptosis was highly prominent before the
peak of liver injury, as suggested by our ALT" and histo-
logic analyses. By 24 hours after APAP overdose, a time
by which liver injury had further progressed, apoptosis
of intestinal stem cells was no longer present. Therefore,
it seems most likely that APAP induces a direct toxic
insult localized to the intestine itself. Furthermore,
although TNFR™ signaling may contribute to colonic
injury, it does not play a significant role in APAP-
induced injury to the small intestine. Whether other
members of the death receptor family, such as Fas/
FasL, play a role in APAP-induced intestinal injury
remains to be determined. It is also distinctly possible
that APAP may induce cytotoxic stress-related intrinsic
cell death in intestinal stem cells because the gut does
express cytochrome P450 2E1 (CYP2E1), the predomi-
nant metabolic enzyme for production of APAP-related
reactive oxygen species.>***®) Elucidating the relative
roles of intrinsic versus extrinsically induced cell death
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will have to be a focus of future work on extrahepatic
APAP toxicity, including intestinal injury.

In conclusion, we provide the observation that
APAP overdose induces rapid apoptosis of intestinal
stem cells, predominantly of the LGR5" population at
the base of the crypts. The pattern of this intestinal
cell death mimics that observed by radiation-induced
injury and has potential long-term consequences. The
massive acute loss of LGR5" stem cells is possibly a
unique aspect of APAP ALF that distinguishes this
patient population from those suffering ALF from
other causes. Thus, it is possible that comorbid intes-
tinal dysfunction contributes to the greater mortal-
ity observed after transplantation for ALF caused
by APAP versus non-APAP causes. Characterizing
the mechanism of this death and the potential con-
tributions APAP-induced intestinal injury have on
overall morbidity and mortality will be an important
advancement toward improving the management of

patients suffering from APAP toxicity and ALF.
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