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KEY WORDS Abstract Pyrrolizidine alkaloids (PAs) are the most common phytotoxins with documented human
hepatotoxicity. PAs require metabolic activation by cytochromes P450 to generate toxic intermediates
which bind to proteins and form protein adducts, thereby causing cytotoxicity. This study investigated
the role of the gut—liver axis in PA intoxication and the underlying mechanisms. We exposed mice to
retrorsine (RTS), a representative PA, and for the first time found RTS-induced intestinal epithelium dam-
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Intestinal injury; age and disruption to intestinal barrier function. Using mice with tissue-selective ablation of P450 activ-
Liver injury; ity, we found that hepatic P450s, but not intestinal P450s, were essential for PA bioactivation. Besides, in
Gut—liver axis RTS-exposed, bile duct-cannulated rats, we found the liver-derived reactive PA metabolites were trans-

ported by bile into the intestine to exert enterotoxicity. The impact of gut-derived pathogenic factors
in RTS-induced hepatotoxicity was further studied in mice with dextran sulfate sodium (DSS)-induced
chronic colitis. DSS treatment increased the hepatic endotoxin level and depleted hepatic reduced gluta-
thione, thereby suppressing the PA detoxification pathway. Compared to RTS-exposed normal mice, the
colitic mice displayed more severe RTS-induced hepatic vasculature damage, fibrosis, and steatosis.
Overall, our findings provide the first mode-of-action evidence of PA-induced enterotoxicity and high-
light the importance of gut barrier function in PA-induced liver injury.
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1. Introduction

Pyrrolizidine alkaloids (PAs) are secondary metabolites produced
by more than 6000 plant species worldwide'. Approximately
600 PAs and PA N-oxides have been identified, and over half of
them have been reported to be hepatotoxic or pneumotoxic’.
Because of their ubiquitous distribution, people are readily
exposed to PAs via the consumption of PA-containing herbal
remedies or PA-contaminated food products. Ingestion of high
doses of PAs causes acute hepatotoxicity, particularly with severe
liver damage known as hepatic sinusoidal obstruction syndrome
(HSOS), which is characterized by hepatomegaly, hemorrhagic
necrosis, ascites, jaundice, and hepatic veno-occlusion®.
Compared with the acute hepatotoxic manifestations, chronic PA
intoxication is less studied. However, in more common situations,
people are exposed to PAs via ingestion of PA-contaminated food
or dietary supplements, and such exposure level is too low to
cause acute liver injury. Instead, the more commonly occurring
long-term dietary exposure to PAs causes chronic liver diseases
such as liver fibrosis, cirrhosis, and cancer’. Recently, we reported
the first indication between PA exposure and advanced human
liver cancer®. However, progressive intoxication due to chronic PA
exposure needed further evaluation.

PAs require metabolic activation to exert toxicity. After
ingestion, PAs are metabolized by cytochrome P450 (CYP) en-
zymes, especially CYP3A4 isozyme, to generate reactive PA
metabolites, namely dehydropyrrolizidine alkaloids (DHPAs)’.
DHPAs can be hydrolyzed to (&4)-6,7-dihydro-7-hydroxy-1-
hydroxymethyl-5H-pyrrolizine (DHP), and both are reactive PA
metabolites that can bind to cellular proteins to form
pyrrole—protein adducts, thereby causing hepatotoxicity®. DHPAs
can also conjugate with reduced glutathione (GSH) to generate
pyrrole—GSH conjugates which are then excreted from the
body”™'?. Therefore, the conjugation of DHPAs with GSH is
generally regarded as the PA detoxification pathway. Apart from
exerting toxicity in the liver, PAs can also cause toxicities in other
organs such as the lungs'""'>. However, the toxic effects of PAs in
the intestine, which is the first-line defense against orally ingested
chemicals and coordinates with the liver in various biological
processes via the gut—liver axis, were unexplored.

The intestine plays an important role in liver homeostasis, and
gut-derived pathogens contribute to liver pathogenesis'”. One of
the most devastating chronic intestinal disorders is inflammatory
bowel disease (IBD), which encompasses Crohn's disease and
ulcerative colitis'*. As an epidemic intestine disease with
increasing incidence over the recent decades, IBD could have a
significant promoting effect on the susceptibility of the liver to
other insults'. However, the toxicological outcomes of PA
exposure in IBD patients remain unknown.

In the present study, we have investigated the intestinal injury
induced by liver-derived reactive PA metabolites and the effects of
gut-derived bacterial antigens on PA-induced liver injury. We first
characterized the toxicological outcome of chronic PA exposure in
mouse intestines. The roles of hepatic and intestinal P450 en-
zymes in PA bioactivation and the resulting formation of
pyrrole—protein adducts were then determined using mice with

tissue-selective ablation of P450 activity. Transport of liver-
derived reactive PA metabolites into the intestine was confirmed
by examining the bile of PA-exposed rats. Finally, we investigated
the effects of chronic colitis on PA-induced hepatotoxicity in mice
and the underlying factors affecting PA intoxication and detoxi-
fication in the liver.

2. Materials and methods

2.1.  Animal models of chronic colitis and PA exposure

Male C3H mice (18—20 g, 8—12 weeks old) were supplied by the
Laboratory Animal Service Center, the Chinese University of
Hong Kong (Hong Kong, China). The colitis model was estab-
lished by intermittent administration of dextran sulfate sodium
(DSS, 36,000—40,000 Da, MP Biomedicals, Solon, OH, USA)
according to previous studies'™'” with minor modification. The
chronic PA exposure model was established by treatment with a
representative PA, retrorsine (RTS, Sigma—Aldrich, St. Louis,
MO, USA), according to our previous report’. Mice were divided
randomly into four age-matched groups (n = 5 per group): con-
trol, RTS, DSS, RTS + DSS. DSS and RTS + DSS mice received
multi-cycle administration of DSS (3% w/v DSS in drinking
water). One DSS dosing cycle consisted of seven days of DSS-
added drinking water followed by 14 days of normal drinking
water. Control and RTS mice received normal drinking water. For
PA exposure, RTS and RTS + DSS mice were orally administered
with RTS at a non-acute toxic dose (Supporting Information Figs.
S1 and S2) of 20 mg/kg body weight (b.w.)/day for 14 weeks,
while control and DSS mice were orally administered with normal
saline (0.1 mL/10 g b.w.). DSS treatment began at the same time
with RTS administration (Fig. 1A). Procedures involving the care
and handling of mice were reviewed and approved by the Animal
Experimental Ethics Committee, the Chinese University of Hong
Kong (Hong Kong, China).

2.2.  Intestine histology

Mice were euthanized at the end of the 14-week treatment period,
and intestine samples were collected. The lengths of the small
intestines (from 1 cm below the pyloric ring to the cecum) and
colon were measured. The luminal contents were removed by
flushing with normal saline at room temperature. The tissues were
prepared for histological examination using the Swiss roll method
as previously described'®. Briefly, each of the small and large
intestines was gently inflated with ice-cold formalin fixative (4%
formaldehyde in phosphate-buffered saline) by intraluminal in-
jection. The pre-fixed specimens were opened along the mesen-
teric border and unfolded, and the residual contents were cleared
by gently rinsing the mucosa with normal saline. Then the in-
testines were rolled longitudinally using the Swiss roll method,
with the mucosa side inwards and the distal end of the intestine in
the center of the roll, followed by formalin fixation for 12 h. The
rolled tissues were embedded horizontally in paraffin and
sectioned vertically across all layers in the roll. Tissue sections
(5 um thick) were stained with hematoxylin and eosin (H&E). The
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Figure 1 Long-term RTS exposure and intermittent DSS administration induced intestinal injury. (A) C3H mice (4-month old, male) receiving

intermittent administration of DSS in drinking water 3% (w/v) or water alone, and oral administration of RTS (20 mg/kg/day) or saline for 14
weeks were divided into control, DSS, RTS, and RTS + DSS groups. (B) Representative histological changes indicated by H&E staining of
paraffin-embedded mouse jejunum (upper panel) and colon (lower panel) sections. Arrowhead indicates inflammatory neutrophil infiltration. Star
(*) indicates villus or epithelial brush boarder erosion. Plus (+4) indicates crypt or epithelium distortion. Scale bar: 50 pm. (C and D) Length of
mouse small intestines (C) and colons (D). Data plotted as mean £ SD (n = 5). One-way ANOVA with Tukey’s post hoc test was used. #p< 0.05,
#p < 0.01, ¥ p < 0.0001 versus control; **P < 0.01. ns, not significant.

degree of pathological changes that reflect intestinal injury was
scored on five cross sections of small and large intestines for each
mouse according to a modified method as described previously'”.
The assessment of histological changes was done in a blinded
fashion by two independent observers.

2.3.  Alcian blue and periodic acid-Schiff staining

To detect mucin-secreting goblet cells, the prepared mouse in-
testine sections were stained with alcian blue and periodic acid-
Schiff (AB-PAS). For AB staining, sections were deparaffinized in
xylene, rehydrated in ethanol, and brought to distilled water for
5 min. AB 8GX (Biocare Medical, Concord, CA, USA) was
applied to the sections for 15 min, followed by counterstained
with Nuclear Fast Red. For PAS staining, deparaffinized and

rehydrated sections were treated with periodic acid for 5 min.
Slides were washed in distilled water then stained with Schiff’s
reagent for 15 min, followed by a 5-min wash in running tap
water. The sections were then counterstained with hematoxylin,
washed in running tap water for 2 min, followed by dehydration
(twice in 95% ethanol and twice in 100% ethanol) and cover-
slipped.

2.4. Intestinal tight junction analysis

Immunohistochemistry (IHC) analysis was performed on
formalin-fixed mouse intestine sections to investigate the integrity
of intestinal epithelium, which was stained with anti-zonula
occludens-1 (ZO-1) and anti-occludin antibodies (Abcam, Cam-
bridge, MA, USA), and counterstained with hematoxylin.
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2.5.  Measurement of intestinal permeability

Intestinal permeability was assessed according to the method
previously described®’. Fluorescein isothiocyanate-conjugated
dextran of molecular weight 4000 Da (FD4000), a non-
metabolizable macromolecule, was used as the permeability
probe. Mice (n = 5 per group) were orally administered with
FD4000 at 500 mg/kg b.w. 4 h before sacrifice. After 4 h, mice
were sacrificed, and blood samples were collected. The concen-
tration of FD4000 was determined by measuring the fluorescence
intensity using a BioTeK Synergy HI1 spectrophotometer
(Winooski, VT, USA) with excitation wavelength at 485 nm and
emission wavelength at 535 nm.

2.6.  Endotoxin assay

The level of hepatic exposure to endotoxin (lipopolysaccharides)
was determined by measuring endotoxin levels in 20 pL of blood
collected from the mouse portal vein using the ToxinSenso
Chromogenic limulus amebocyte lysate Endotoxin Assay Kit
(GenSecript, Piscataway, PA, USA). Detailed methods are available
in Supporting Information.

2.7.  Toxicokinetic analysis using mice with tissue-specific P450
abrogation

To demonstrate the source of reactive PA metabolites responsible
for PA-induced intestinal injury, we investigated the respective
roles of hepatic and intestinal P450 enzymes in PA metabolic
activation by using cytochrome P450 reductase (Cpr) gene
knockout mice. A functional microsomal P450 system relies on
the electron donor, CPR, and deletion of the Cpr gene abrogates
the activities of all microsomal P450 enzymes”'. Here we used the
liver-specific Cpr-null (LCN) mice with abrogated hepatic P450
activity’' and the intestinal epithelial-specific Cpr-null (IECN)
mice with abolished intestinal P450 activity”>**. LCN and IECN
mice (both on C57BL/6J background), as well as wild type (WT)
CS57BL/6J mice, were obtained from breeding stocks maintained
at the University of Arizona (Tucson, AZ, USA). Procedures
involving mice were approved by the Institutional Animal Care
and Use Committee of the University of Arizona (Tucson, AZ,
USA). Blood samples (20—25 pL) were collected from the tail
vein of each mouse (n = 3 per group) at multiple time points (0,
5, 15, 30, 60, 120, 240, 480, and 1440 min) after the oral
administration of 120 mg/kg b.w. of monocrotaline (MCT, Sig-
ma—Aldrich), a representative PA. Liquid chromatography-
tandem mass spectrometry (LC—MS/MS) analysis was per-
formed to determine the serum level of MCT with detailed
methods available in Supporting Information.

2.8.  Quantitation of pyrrole—protein adducts

Pyrrole—protein adducts are specific markers for PA exposure’.
Using a derivatization method established previously?*, we
determined pyrrole—protein adducts, the biomarker for PA
intoxication, in mouse serum, liver, and small intestine samples.
Detailed methods for pyrrole—protein adducts quantitation are
provided in Supporting Information.

2.9.  Detection of reactive PA metabolites in bile

To investigate the transfer of reactive PA metabolites (e.g., DHPAs
and DHP) from the liver to the gut, we performed the bile
excretion assay to detect the presence of reactive RTS metabolite
in bile. Adult (4-month-old) male Sprague—Dawley rats were
supplied by the Laboratory Animal Service Center, the Chinese
University of Hong Kong (Hong Kong, China). Rats were anes-
thetized by an intraperitoneal injection of a mixed solution con-
taining 37.5 mg/mL of ketamine and 5 mg/mL of xylazine at
0.2 mL per 100 g b.w. Bile duct cannulation was performed in
anesthetized rats, and 70 mg/kg b.w. RTS or normal saline was

intravenously injected into the rats (n = 3 per group). Bile
samples were collected at designated sampling intervals (0—15,
15-30, 30—45, 45-60, 60—75, 75-90, 90—105, and

105—120 min) after RTS or saline administration. After collec-
tion, we immediately divided each of the bile samples into two
equal parts. GSH (0.1 mol/L) and paired saline vehicle were added
into each part of bile samples followed by incubation for 2 min at
37 °C. The stable products, namely pyrrole—GSH conjugates,
were determined by LC—MS/MS analysis with detailed methods
described in Supporting Information. The rat handling protocols
were approved by the Animal Experimental Ethics Committee, the
Chinese University of Hong Kong.

2.10.  Biochemical assay

Alanine aminotransferase (ALT) activity was measured in 50 pL
serum using a kit obtained from Sigma (St. Louis, MO, USA)
following the manufacturer’s instruction. The total bilirubin level
was determined in 200 pL serum using the QuantiChrom™
Bilirubin Assay Kit purchased from BioAssay Systems (Hayward,
CA, USA) following the manufacturer’s protocol.

2.11.  Liver histology

Formalin-fixed, paraffin-embedded mouse livers were stained with
H&E. Detailed information of histological examinations is avail-
able in Supporting Information. The degrees of hemorrhage,
endothelial damage, sinusoidal dilatation, mixed cellular infiltra-
tion, and steatotic hepatocytes of the liver sections were scored on
five cross liver sections of each mouse according to a modified
method described previously”. The assessment of histological
changes was done in a blinded fashion by two independent
observers.

2.12.  Hepatic vasculature imaging

To visualize the vasculature damage, scanning electron micro-
scopy was performed to inspect ultrastructural changes of mouse
hepatic sinusoids. Detailed methods are provided in Supporting
Information.

2.13.  Liver fibrosis assay

The paraffin-embedded mouse liver sections were stained with
Sirius red to visualize fibrotic collagen with details provided in
Supporting Information. The Sirius red positive area was
measured on five cross liver sections of each mouse. Staining



3824

Yisheng He et al.

intensity was then determined by measuring the integrated density
and subtracting the background intensity using ImageJ software
(NIH Image, Bethesda, MA, USA) with details provided in
Supporting Information. The fibrosis severity was scored accord-
ing to a previous report”®. The values (expressed as area%) from
each measurement were averaged and expressed as mean + SD.

2.14.  Steatosis assay

Oil red O staining was performed to visualize lipid droplets in
cryosections of mouse liver with details provided in Supporting
Information. The steatosis level was quantified by determining
oil red O positive area. The percent area occupied by oil red O-
stained fat droplets was estimated on five cross liver sections of
each mouse using Image] software with details provided in
Supporting Information.

2.15.  Metabolic study in mouse liver S9 fraction

The activity of mouse hepatic CYP3A11 (an ortholog of human
CYP3A4) which predominately mediates PA bioactivation’ was
determined by incubating liver S9 fraction prepared from C3H
mice after the 14-week study with 50 pmol/L nifedipine (Sig-
ma—Aldrich). In addition, to test the enzymatic activity toward PA
metabolism, RTS (100 umol/L) was also incubated with mouse
liver S9. Detailed methods are provided in Supporting
Information.

2.16.  Hepatic GSH determination

GSH and glutathione disulfide (GSSG) levels in mouse liver
samples were quantified following a modified reductase recycling
assay”’. Detailed methods are provided in Supporting Information.

2.17.  Reverse transcription-quantitative PCR analysis

Total RNA was extracted from mouse livers using the RNeasy
mini kit (Qiagen, Valencia, CA, USA). The relative levels of
specific mRNAs in the liver were assessed by real-time quantita-
tive PCR on the Applied Biosystems Plus Real-Time PCR System
using the SYBER premix ExTaq kit (TaKaRa, Dalian, China).
Expression levels of target genes were calculated relative to the
level of Gapdh. The PCR primers were obtained from Tech
Dragon Ltd. (Hong Kong, China). Gene expression was analyzed
using the following pairs of primers: tumor necrosis factor-o
(Tnfa: forward, 5'-TATGGCTCAGGGTCCAACTC-3'; reverse, 5'-
AATGGACATTCGAGGCTCCA-3"); interleukin-6 (/16: forward,
5'-CAGAAGGAGTGGCTAAGGA-3"; reverse, 5'-CGTAGAGAA-
CAACATAAGTCAG-3"); interferon-y (Ifng: forward, 5-ACCT-
TTACTTCACTGACCAA-3'; reverse, 5'-GTTACTACCTGACA-
CATTCG-3"); and Gapdh (forward, 5-TCTCCTGCGACTTCAA-
CA-3'; reverse, 5'-CTGTAGCCGTATTCATTGTC-3"). The rela-
tive levels of target genes were quantitated using 22" method.

2.18.  Statistics and data analysis

Kinetic parameters were calculated with WinNonlin 4.0 (Pharsight
Corporation, Mountain View, CA, USA), using a non-
compartmental model. Statistical analyses were performed using
Student’s t-test for comparison of two variables, and one-way
ANOVA or two-way ANOVA with Tukey’s post hoc test for
comparison of multiple variables. Analyses were performed using

GraphPad Prism 8.0.2 (GraphPad Software, San Diego, CA,
USA). P values < 0.05 were considered statistically significant.

3. Results

3.1.  Long-term RTS exposure causes intestinal injury

After the intermittent DSS treatment, DSS mice demonstrated
marked intestinal epithelium disruption, shortened and adhesive
microvilli, inflammatory cell infiltration, and loss of crypts in
small intestine segments: jejunum (Fig. 1B), duodenum, and ileum
(Supporting Information Fig. S3). RTS mice also showed patho-
logical changes similar to those observed in DSS mice. However,
compared to DSS mice, which served as the positive colitis control
and exhibited apparent chronic colitic lesions manifested by
shortening and collapse of crypts, loss of brush boarder epithelial
cells and infiltration with inflammatory cells, RTS mice had less
severe colon lesions (Fig. 1B). Furthermore, compared with RTS
and DSS mice, RTS + DSS mice showed remarkably exacerbated
intestinal lesions, indicated by increased epithelial cell layer
erosions, cellular infiltration into the lamina propria, and extensive
distortion of the crypts, indicating that RTS did exacerbate the
DSS-induced colitic lesions in RTS + DSS mice (Fig. 1B). The
histopathologic assessment demonstrated that the degree of in-
testinal injury in RTS mice was comparable to that in DSS mice,
whereas RTS + DSS mice had the highest score, indicating
apparently additive toxic effects of RTS and DSS on the intestine
(Table 1). Consistent with the histological observations, the small
intestine was shortened in DSS, RTS, and RTS 4 DSS mice
(Fig. 1C), indicating pathological changes in the intestines after
DSS or RTS treatment. For the large intestine, a trend of colon
shortening was also observed in all three treated groups, though a
statistically significant shortening was only demonstrated in the
DSS and RTS + DSS groups (Fig. 1D).

3.2.  DSS administration increases the gut permeability and
endotoxin level in portal blood

With the observation of injured intestines in mice treated with
DSS and/or RTS, we then examined whether the DSS and/or RTS
treatment caused an increase in intestinal permeability, which may
result in exposure of the liver to the gut-derived bacterial antigens.
We investigated the effect of DSS and RTS on the quantity and
function of mouse intestinal goblet cells. The mucins, stained by
AB-PAS, are produced by goblet cells and provide a frontline of
intestinal defense against enteric pathogens, while changes in
goblet cells and mucin levels influence epithelial barrier func-
tion”®. Compared with control mice, DSS, RTS, and RTS + DSS
mice demonstrated reduced density of goblet cells in mouse small
intestines (jejunum, upper panel of Fig. 2A). In mouse colons,
DSS and/or RTS treatment reduced the mucin levels compared
with vehicle control (lower panel of Fig. 2A). We next compared
the tight junction proteins in mouse intestines. Compared with
control mice, DSS, RTS, and RTS + DSS mice showed signifi-
cantly decreased ZO-1 and occludin in both small intestines and
large intestines (Fig. 2B and C). These data indicated the loss of
intestinal epithelial barrier integrity. Consistently, the intestinal
permeability, as measured by the recovery of orally administered
FD4000 in serum, was significantly increased in DSS, RTS, and
RTS + DSS mice, although the increased level induced by RTS-
treated mice was not as high as that in DSS mice (Fig. 2D).
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Table 1  Histological scoring of intestinal injury.

Group Score index”

Epithelium” Villus shape* Villus tip Stroma* Crypt status’ Infiltration®

& & ® & & &

@ ® ® & & &

& & & & & &
- @ & ® & & &

“Each score index is presented as histology pies based on individual mouse intestine sections. Each pie is divided into slices equal to the number

of mice inspected (n = 5 per group).

"Graded on: normal (white), flattened or loss of epithelial continuity (yellow), and severe denudation (orange).
‘Graded on: normal (white), short and rounded (yellow), and extremely short and thick (orange).

dGraded on: normal (white), mildly damaged (yellow), and severely damaged (orange).

°Graded on: normal (white), retracted (yellow), and severely retracted or denudation (orange).

fGraded on: normal (white), amorphic or elongated (yellow), and crypt loss (orange).

€Graded on: normal (white), mild infiltration (yellow), and severe infiltration (orange).

This result indicated that long-term treatment with RTS increased
the intestinal permeability. However, DSS mice and RTS + DSS
mice had similar levels of FD4000 in serum, indicating absence of
additive effect between RTS and DSS. To assess whether
increased intestinal permeability directly led to hepatic exposure
of gut-derived bacterial products, endotoxin levels were further
determined in portal blood samples. Both DSS and RTS mice had
significantly increased portal endotoxin levels compared with
control mice, and RTS 4 DSS mice had the highest level of portal
endotoxin among all groups (Fig. 2E).

3.3.  Hepatic P450 enzymes are essential for PA bioactivation

Because the toxic effects of PAs depend on P450-mediated bio-
activation and the formation of reactive PA metabolites, unravel-
ing the site of PA bioactivation is essential for delineating the
mode of intoxicating action of PAs in the target organs. In our
previous report' !, liver P450 enzymes were shown to be essential
for PA bioactivation, and the liver-derived reactive PA metabolites
were found to be transported into the lungs, where they bind to
pulmonary proteins and exert pneumotoxicity. Conversely, sup-
pression of extrahepatic P450 activities had little effect on PA
intoxication in the lungs. In this study, we further investigated the
roles of hepatic and intestinal P450 enzymes in PA bioactivation.
First, a kinetic study was performed to investigate the effect of
hepatic P450 deficiency on circulating levels of MCT in MCT-
exposed WT, LCN, and IECN mice. After oral administration,
MCT was rapidly absorbed in all mouse groups to reach the
maximum serum concentration at approximately 30 min (Fig. 3A
and Table 2). The kinetic data of WT and LCN mice have been
published in our previous study''. In brief, LCN mice had
significantly higher C,,x and area under the curve (AUC) values
compared with WT mice, indicating a large decrease in hepatic
MCT metabolism in LCN mice. However, compared with IECN
mice, LCN mice also showed significantly higher C,,,x and AUC
values, whereas IECN mice had no significant difference in any
kinetic parameters compared with WT mice. The data indicated
that dysfunctional hepatic P450s largely decreased MCT meta-
bolism, while diminished enteric P450 activity did not alter MCT
metabolism. Furthermore, LCN mice also had lower CL/F values
compared with IECN mice (by > 2-fold in both males and

females), further confirming that deficiency of hepatic P450s
resulted in lower efficiency of metabolic clearance of MCT.

The formation of pyrrole—protein adducts is an indicator of
P450-mediated metabolic activation of PAs and a direct cause of
PA-induced cytotoxicity®. The respective roles of the hepatic and
intestinal P450s in the conversion of MCT into the reactive me-
tabolites were determined by comparing levels of pyrrole—protein
adducts in WT, LCN, and IECN mice. After MCT exposure,
slightly lower levels of pyrrole—protein adducts were found in
serum, liver, and intestine samples from IECN mice compared
with those from WT mice (Fig. 3B), while no significant differ-
ence was observed among these samples except for male IECN
mice which showed significantly lower hepatic pyrrole—protein
adducts level than male WT mice. The data indicated that the
substantial decrease in intestinal P450 activity in IECN mice did
not have a major effect on the generation of reactive metabolites
of MCT. In contrast, compared with WT mice and IECN mice,
LCN mice had significantly lower levels (by > 60%) of
pyrrole—protein adducts in all (serum, liver, and intestine) sam-
ples, a result indicating that liver Cpr deletion markedly inhibited
the metabolic activation of MCT. Of note, IECN mice, with
comparable hepatic P450 activity but much absence of intestinal
P450 activity to WT mice, had only a slightly decreased level of
pyrrole—protein adducts detected in the liver (~1.9 pmol/mg
protein in IECN versus ~2.4 pmol/mg protein in WT) and the
intestine (~1.1 pmol/mg protein in IECN versus ~1.4 pmol/mg
protein in WT). Collectively, these data demonstrated that the
production of the reactive MCT metabolite was predominantly
mediated by hepatic P450s. Furthermore, the finding of compa-
rable pyrrole—protein adducts levels in the intestine of WT and
IECN mice suggested that the reactive PA metabolites generated
in the liver could be transported to the intestine to exert toxicity.

3.4.  Reactive PA metabolites generated in the livers are
transferred into the intestine via bile excretion

We further explored the pathway through which liver-derived
reactive PA metabolites were transported from the liver into the
intestine. To directly prove this, we exposed rats to RTS. Rats
were used, instead of mice, to facilitate surgical collection of bile
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Figure 2  Long-term RTS exposure and intermittent DSS administration disrupted intestinal barrier integrity, increased intestinal permeability and
hepatic endotoxin level. Intestine samples from C3H mice in control, DSS, RTS, and RTS + DSS groups were used. (A) The intestinal mucin indicated
by AB-PAS staining in mouse jejunum (upper panel) and colon (lower panel) sections. Goblet cells in the jejunum samples are indicated by the green
arrowheads, and mucin in the colon is stained blue. Scale bar: 25 pm. (B and C) IHC analysis of tight junction proteins ZO-1 (B) and occludin (C) in
mouse jejunum (upper panels) and colon (lower panels) sections. Scale bar: 50 um. (D) FD4000 concentration in mouse serum samples collected from
mouse peripheral blood. (E) Endotoxin concentration in serum samples collected from mouse portal blood. EU, endotoxin units. Data plotted as
mean + SD (n = 5). One-way ANOVA with Tukey’s post hoc test was used. #p < 0.05, ###p < 0.0001 versus control; **P < 0.01, ****P < 0.0001.
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secreted from the liver. The reactive metabolites of PAs are very
unstable and nearly impossible to directly detect””’. We measured
the reactive metabolites of RTS by adding GSH, as a trapping
reagent™, to freshly collected bile to form stable pyrrole—GSH
conjugates (Fig. 4A). LC—MS/MS detection of pyrrole—GSH
conjugates confirms the presence of reactive RTS metabolites.
Over the 120-min sampling period, pyrrole—GSH conjugates were
detected in both saline-added bile and GSH-added bile collected at
all time intervals, indicating the formation of pyrrole—GSH con-
jugates after RTS exposure. More importantly, compared with the
saline-added counterparts, the addition of GSH to the bile of RTS-
exposed rats led to significant increases in biliary concentrations
of pyrrole—GSH conjugates (Fig. 4B) especially within
0—60 min, a result confirming the presence of the reactive RTS
metabolites in bile.

3.5.  DSS administration exacerbates the chronic liver injury
induced by RTS

3.5.1. Biochemical index

We next assessed the toxicological effects of long-term exposure
to RTS and/or DSS in mice. For both serum ALT activity and
bilirubin level, there were no differences between control and
DSS mice. After the 14-week RTS treatment, the serum ALT
activity of RTS mice was elevated compared to control mice,
although the difference between these groups did not reach a
statistical significance. A significant ALT activity elevation was
observed in RTS + DSS mice compared with control mice
(Fig. 5A), suggesting that DSS exacerbated RTS-induced hepa-
totoxicity. In addition, compared to control mice, the serum levels
of bilirubin were significantly increased in RTS and RTS + DSS
mice but not in DSS mice, and RTS + DSS mice did not differ
from RTS mice in the bilirubin level (Fig. 5B). The results
indicate that RTS exposure mainly contributes to cholestasis in
mice.

3.5.2.  Liver histological changes

Significant liver lesions were observed in mice exposed to RTS
for 14 weeks (Fig. 5C). Compared with control mice, the major
pathological finding in RTS mice was cytologic dysplasia of
hepatocytes, represented by cytomegaly (increased cytoplasmic
volume) and karyomegaly (enlarged nuclei with marginated
chromatin). Cellular changes resulted in disruption of the hepatic
cord architecture, manifested by distended hepatocytes with
vacuolated cytoplasm, which further induced the mild to mod-
erate proliferative lesions and bile duct hyperplasia in RTS mice.
Additionally, necrotic foci were observed in RTS mice man-
ifested by inflammatory neutrophil infiltration localized in the
centrilobular region. Moreover, focal hemorrhage combined with
the coagulative lesion was observed along with dilated cen-
trilobular sinusoids in RTS mice. Compared with control mice,
DSS-treated mice showed slight hepatic pathological changes.
However, RTS 4 DSS mice demonstrated more severe liver le-
sions manifested by pronounced necrotic changes and cytologic
alterations in comparison to RTS mice. The degrees of repre-
sentative pathological lesions of the mouse liver sections were
assessed and scored as previously described”='. The scoring
results are summarized in Table 3. RTS resulted in significant
liver injury in most treated mice, while DSS treatment alone
induced only mild cellular infiltration in mouse livers. Of note,
DSS significantly enhanced the chronic liver lesions induced
by RTS.

3.5.3.  Changes in liver sinusoidal endothelium

Because hepatic microvascular injury derived from sinusoidal
endothelial cell damage has been reported to be the typical
intoxication outcome of PAs>*? we next assessed hepatic
microvascular changes after RTS and DSS treatments. The normal
sinusoidal endothelium in control mice was characterized by
scattered fenestrae-organized sieve plates with diameters of
100—500 nm, which are formed by lining of sinusoidal endothelial
cells (Fig. 5D). Compared to control mice, RTS mice exhibited a
reduced number of fenestrae in liver sinusoids. Additionally, small
holes or gaps developed among sinusoidal endothelium in RTS
mice. The data indicated that long-term RTS exposure caused
sinusoidal endothelial cell damage and sinusoidal wall destruc-
tion. Conversely, the DSS treatment alone did not cause remark-
able sinusoid endothelium damage. However, compared with RTS
mice, RTS + DSS mice demonstrated significantly larger gaps in
sinusoidal endothelium. The results reveal that although DSS
treatment alone could not induce hepatic vasculature damage, co-
exposure to DSS and RTS causes more extensive hepatic sinusoid
injury than RTS exposure alone.

3.5.4.  Liver fibrosis

Control mice exhibited Sirius red-positive collagen only around
large hepatic vessels, whereas RTS mice developed disseminated
collagen accumulation in peri-vascular areas (Fig. 6A). DSS mice
also showed no significant fibrotic collagen. However, the livers of
RTS + DSS mice demonstrated diffusive collagen deposition
particularly in sub-endothelial and adventitial areas (Fig. 6A). The
quantitative results of collagen-stained area indicated mild to
moderate fibrosis (1.2%—1.5%) in the livers of RTS mice, but
severe fibrosis (1.8%—2.4%) in the livers of RTS + DSS mice
(Fig. 6B).

3.5.5. Steatosis

The H&E stained liver sections demonstrated ballooned hepato-
cytes with vacuolated appearance in RTS mice and RTS + DSS
mice (Fig. 5C), suggesting the presence of steatotic lesions.
Hence, we performed oil red O staining to confirm and assess the
lipid accumulation in hepatocytes with representative images
shown in Fig. 6C. In contrast to control mice, RTS mice
demonstrated hepatic lipid droplet accumulation in the liver,
indicating that steatosis has developed after the 14-week RTS
treatment. Notably, the steatotic hepatocytes were more prominent
in RTS + DSS mice, which had both microvesicular and macro-
vesicular appearance, compared to RTS mice. The quantitative
results of lipid accumulation demonstrated that the area occupied
by fat was significantly increased in RTS mice compared to
control mice (averaging 17% versus 5%). Whereas, compared to
the mild degree of steatosis in RTS mouse livers, lipid accumu-
lation was substantially increased in the livers of RTS + DSS mice
(averaging 29% versus 17%) (Fig. 6D).

3.6.  Chronic DSS administration does not further reduce
hepatic CYP3A activity or PA bioactivation in RTS-exposed mice

Because hepatic CYP3A4 (CYP3A11 isoform in mice) is essential
for PA bioactivation, we next examined whether long-term RTS or
DSS administration altered the mouse hepatic CYP3A11 activity.
Mouse liver S9 fractions, which were prepared from different
groups of mice, had significantly higher activity in the generation
of oxidized nifedipine (known metabolite of nifedipine by mouse
CYP3A11) in control mice compared to all three treated groups of
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Table 2

Toxicokinetic parameters of mouse serum MCT after a single oral administration of MCT at 120 mg/kg. C.x, maximum peak

concentration; AUC_,, the area under the concentration versus time curve from zero to the last time point tested; #,,,, elimination half-life
of serum MCT concentration; CL/F, apparent clearance rate. Data from Fig. 3A are used to calculate toxicokinetic parameters. Data are

presented as mean + SD (n

3). Two-way ANOVA followed by Tukey’s post hoc test was used.

Toxicokinetic parameter Male Female

WT* LCN* IECN WT* LCN* IECN
Cinax (ng/mL) 4.06 = 0.87 112 +3.1*° 5.31 + 0.61 4.24 + 0.40 10.1 4+ 1.7%¢ 4.45 £ 1.53
AUCy_, (min x pg/mL) 189 £ 23 746 + 258°F 217 £ 52 207 £+ 41 526 + 46%¢ 196 + 29
t1/> (min) 56.5 &+ 384 60.5 = 16.0 60.4 + 393 55.1 + 364 48.2 +23.1 49.2 + 30.0
CL/F (mL/min) 242 £ 2.1 6.62 4+ 1.9"° 17.6 £ 5.2 17.4 £ 32 6.92 + 0.295" 183 £33

*Kinetic data of WT and LCN mice have been published”.

1p<0.01, °P < 0.001 versus WT male mice; °P < 0.01, 'P < 0.001 versus IECN male mice; 5P < 0.05, °P < 0.01 versus WT female mice; ‘P <

0.05, hp < 0.01 versus IECN female mice.

mice, while there was no difference between RTS mice and
RTS + DSS mice (Fig. 7A). Consistently, the levels of generated
RTS N-oxide (known metabolite of RTS by mouse CYP3A11) and
pyrrole—protein adducts (products of PA bioactivation by mouse
CYP3A11) were also lower in DSS- and/or RTS-treated mouse
liver S9 fractions compared to control mice, but were the same
between RTS mice and RTS + DSS mice (Fig. 7B and C).
Collectively, the data indicated that CYP3Al1 activity was
significantly reduced by the long-term DSS treatment, however
the degree of CYP3A11 reduction caused by DSS was not affected
by concurrent exposure of RTS.

3.7.  DSS administration exacerbates oxidative stress and
enhances inflammation in RTS-exposed mice

Previous studies demonstrated hepatic GSH as an important
detoxification molecule for not only PAs™, but also endotoxin’.
To assess the hepatic detoxification capability, we measured he-
patic GSH level. Compared with control mice, DSS treatment did
not affect the hepatic GSH level in mice; whereas, RTS mice and
RTS + DSS mice had significantly lower hepatic GSH level
compared with control mice, but no significant difference was
observed between these two groups (Fig. 8A). GSH acts as a
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Enterotoxic PA metabolites were generated by hepatic P450 metabolism. (A) Toxicokinetic profiles of serum MCT in WT, LCN, and

IECN mice. Adult male and female mice of various genotypes were treated with a single oral administration of MCT via gavage at 120 mg/kg.
Blood (20—25 pL) was collected via the tail vein at various times (0—24 h) for the analysis of serum MCT levels. Data plotted as mean £+ SD
(n = 3). (B) Pyrrole—protein adducts levels in serum, liver, and intestine samples collected from WT, LCN, and IECN mice at 48 h after oral
treatment with MCT at 120 mg/kg or saline (vehicle control). Data plotted as mean &+ SD (n = 5). <LOQ, below limit of quantification. Two-way
ANOVA with Tukey’s post hoc test was used. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. ns, not significant. Data of toxicokinetic
parameter, and serum, and liver pyrrole—protein adducts of WT and LCN mice have been publishedHA
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potent anti-oxidant and is converted to its oxidized GSSG form
upon sequestering free radicals®*. RTS mice demonstrated a trend
of higher GSSG:GSH ratio compared to control mice, and
RTS + DSS mice showed significantly elevated GSSG:GSH ratio
compared to both control and RTS mice, indicating exacerbated
hepatic oxidative stress by DSS (Fig. 8B). Consistently,
RTS + DSS mice also demonstrated significantly higher expres-
sion of proinflammatory cytokines (7nfa, 116, and Ifng) compared
to RTS mice (Fig. 8C). Collectively, these data indicated that DSS
administration exacerbated the hepatic oxidative damage and
inflammation in RTS-exposed mice.

4. Discussion

Humans are frequently exposed to dietary PAs via the intake of
PA-contaminated foods such as honey and milk, which are derived
from the carry-over PAs in PA-exposed livestock, and this type of
intermittent, low-level dietary exposure is likely to have occurred
in the past and seems increasingly to continue to the present day to
varying degrees in many regions worldwide’*>. Delineation of the
chronic toxicological behavior of PAs is essential for risk man-
agement of these widely available phytotoxins. In this study, we
have provided the first mode-of-action evidence on the enter-
otoxicity of liver-derived reactive PA metabolites and the
hepatotoxicity-enhancing effect of gut-derived endotoxins.

We characterized PA-induced mouse intestinal injury and
found that the lesions were similar to the DSS-induced intestinal
injury which resembles the pathological lesions, though not the
etiology, of human ulcerative colitis’®. This result suggests that
PA-induced intestinal injury may contribute to the development of
IBD, of which the etiology is not fully understood. Notably, apart
from the DSS model, other animal models of IBD exist, such as
the interleukin-10 knockout mouse, which may present additional
pathological features as well as etiological factors of human
IBD?. Future studies incorporating PA exposure in these animal
models are warranted to fully explore the role of PA exposure in
IBD pathogenesis.

Considering that P450-mediated metabolic activation of PAs is
required for their toxic effect’, we further delineated the metabolic
mechanisms responsible for PA-induced enterotoxicity. Although
P450 enzymes are most abundant in the liver, some extrahepatic
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tissues, such as the lungs and small intestine, have been reported
to be highly efficient in target-tissue bioactivation of xenobi-
otics*>**3°_ Cpr-null mouse models that are devoid of P450 ac-
tivity in an organ-specific fashion enable the delineation of the
roles of organ-specific P450s in PA metabolism>"**. Previously
we have demonstrated that extrahepatic P450 enzymes play a
minor role in PA bioactivation'!. In this study, we further
compared the influences of tissue-specific suppression of hepatic
and intestinal P450 activity on PA metabolism. Compared with
WT and IECN mice, hepatic P450 deficiency in LCN mice led to
dramatically lower clearance and higher serum concentrations of
PA, while the suppression of intestinal P450 activity in IECN mice
did not significantly influence PA metabolism, as indicated by the
essentially comparable toxicokinetic parameters between IECN
and WT mice. The pyrrole—protein adducts analysis confirmed
the decreased PA bioactivation in LCN mice. Comparable levels
of pyrrole—protein adducts were found in WT and IECN mice, a
result suggesting that intestinal P450 activity does not have a
dominant role in the overall PA bioactivation in vivo. Notably, the
reason for a lack of contribution of intestinal P450, particularly
CYP3A, may be at least in part due to the rapid absorption of PA
in the intestine®, which results in only limited opportunity for
intestinal CYP3A to act. Compared to WT and IECN mice, LCN
mice showed a significant decrease in the generation of
pyrrole—protein adducts, a result indicating that hepatic P450
ablation resulted in remarkable inhibition of the metabolic acti-
vation of PAs. Notably, because the pyrrole—protein adducts are
the basis of PA-induced cytotoxicity®, their presence in the in-
testines of IECN mice supports the concept that liver-produced
reactive metabolites are responsible for the PA-induced intesti-
nal injury. For the liver-derived reactive PA metabolites, our
previous report has demonstrated that circulating blood can carry
them to other organs (e.g., the lungs) to exert toxicity''. In this
study, we further revealed the presence of reactive PA metabolites
in bile efflux from the livers of PA-exposed rats by exogenously
adding GSH to trap the reactive PA metabolites to form detectable
pyrrole—GSH conjugates. The finding indicated that the bile
served as the carrier for transport of the liver-derived reactive PA
metabolites to the intestine. The finding is consistent with the
histological findings in mouse intestines. Because the small in-
testine receives these bile-borne reactive PA metabolites ahead of
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Liver-derived PA metabolites were transported via bile from the liver into the gut. (A) Sprague—Dawley rats (4-month old, male)

received a single intravenous injection of 40 mg/kg RTS, and bile samples were collected before RTS administration (at O min) and during 0—15,
15—30, 30—45, 45—60, 60—75, 75—90, 90—105, and 105—120 min after RTS administration and processed as illustrated. (B) The concentrations
of pyrrole—GSH conjugates were determined in saline-added or paired GSH-added bile samples. Data plotted as mean £ SD (n = 3). Student’s ¢-
test was used. *P < 0.05, **P < 0.01. <LOQ, below limit of quantification.
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Figure 5  DSS administration exacerbated the chronic liver injury induced by long-term RTS exposure in mice. Serum and liver samples from
C3H mice in control, DSS, RTS, and RTS + DSS groups were used. (A) ALT activity and (B) bilirubin level in mouse serum samples. Data
plotted as mean 4 SD (n = 5). One-way ANOVA with Tukey’s post hoc test was used. **P < 0.01, P < 0.001 versus control. ns, not significant.
(C) Representative histological changes indicated by H&E staining of paraffin-embedded mouse liver sections. Arrowhead indicates inflammatory
neutrophil infiltration. Star (*) indicates cellular dysplasia. Plus (4) indicates hemorrhage. Scale bar: 200 pm. (D) Representative scanning
electron microscopy images of the mouse hepatic sinusoids. Arrows (— ) indicate fenestration gaps. Scale bar: 3.00 pum.
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Table 3  Histological scoring of liver injury.
Group Score index"

Endothelial cell damage  Focal hemorrhage = Mixed cellular infiltration ~ Hepatocyte hyperplasia  Steatotic hepatocyte
Y, & & & &
L, & & & &
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“Each score index is presented as histology pies based on individual mouse liver sections. Each pie is divided into slices equal to the number of
mice inspected (n = 5 per group) and scored based on the severity of individual liver lesions: normal (white), moderate lesion (yellow), and severe
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lesion (orange). Detailed scoring method is available in Supporting Information Table S1.

the large intestine, it can be extrapolated that the small intestine
proteins sequester these reactive metabolites in the first place, the
large intestine thus receives less PA metabolites and thereby
demonstrates weaker intoxication outcomes compared to the small
intestine. Consistently, compared to DSS mice, RTS mice showed
comparable lesions in small intestines but less severe damage in
large intestines. Furthermore, with the same dose of two PA
compounds (0.2 mmol/kg RTS or MCT) in rats, the concentration
of pyrrole—GSH conjugates found in blood in our previous work''
or in bile in this study are similar, which indicates that the reactive
PA metabolites formed in the livers are diffused into blood and
bile without directional preference. Collectively, apart from the
reported blood transport, the bile transport of reactive PA me-
tabolites found in this study reveals another source for PA-induced
enterotoxicity. To this end, our data suggest that PA-induced in-
testinal injury is due to hepatic P450-mediated metabolic activa-
tion to reactive PA metabolites, which are transported by blood
and bile into the intestine and exert enterotoxicity. Future devel-
opment of analytical approaches for direct measurement of reac-
tive PA metabolites in vivo (e.g., in blood or bile samples) is
needed to further support this conclusion.

In support of the gut—liver axis concept, we have proved the
toxic effect of liver-derived reactive PA metabolites on the intes-
tine, and we also delineated the impact of gut-derived bacterial
antigens on PA-induced liver injury. Dietary PA exposure in
prolonged periods is unavoidably accompanied with other diet-
related pathologies, among which IBD is one of the most common
diseases in the digestive system'®. The utility of a DSS mouse
model helps to reveal the impact of gut-derived pathological
factors, such as a compromised gut barrier and the increases in
endotoxin exposure, on PA-induced hepatotoxicity. In this study,
though we found no significant liver injury in mice with DSS-
induced chronic colitis, we discovered that DSS treatment sub-
stantially enhanced the RTS-induced liver injury manifested by
extensive loss of sinusoidal fenestrae, increased fibrotic collagen
and lipid deposition. We then investigated the mechanisms un-
derlying the impact of disrupted gut homeostasis on PA intoxi-
cation and detoxification. Among all gut-derived pathological
factors, endotoxins produced by Gram-negative bacteria have
been reported to induce hepatocyte death and aggravate inflam-
matory liver injury*'. Because the gut epithelium acts as the first

barrier against the translocation of gut microbiota and bacterial
products, normally only a few gut-derived pathogens can reach the
liver in a healthy state**. However, the gut barrier can be disrupted
by various pathological conditions such as IBD. The leaky gut
hypothesis of IBD links the translocation of microbial products
with the onset and progression of liver disease’”. Endotoxins are
considered as one of the critical co-factors of hepatopatho-
genesis”®. Here we observed reduced goblet cell density and
impaired intestinal tight junction proteins after DSS and/or RTS
treatment, which indicated that the goblet cell-derived mucous
membrane in intestinal epithelial surface was disrupted®®. As a
consequence of this impaired mechanical protective barrier, the
intestinal permeability was significantly increased, and hepatic
endotoxin level was elevated in DSS-treated mice. Moreover, the
gut-derived bacterial antigens, typically endotoxins, enter the liver
wherein they are in immediate contact with hepatic sinusoids,
while the fenestrae of sinusoidal endothelium permit the substance
interaction with parenchymal hepatocytes and hepatic immune
cells™. Hepatic sinusoidal endothelial cells and Kupffer cells,
which reside in hepatic sinusoids, act as scavengers for gut-
derived pathogens by forming the reticulo-endothelial sys-
tem”>*°. Hence in physiological conditions, no obvious liver
injury is induced by gut-derived microbial products transferred
into the liver. Here we found that RTS treatment caused hepatic
sinusoidal endothelium damage represented by fenestrae loss and
gap formation. Although DSS treatment alone did not induce
marked sinusoid injury, it synergistically enhanced the sinusoidal
endothelium damage caused by RTS, which indicated deficient
cleansing function of the reticulo-endothelial system in
RTS + DSS mice. This explains that RTS increased the mouse gut
permeability to a lesser extent than DSS, but RTS increased the
hepatic endotoxin level in comparable level with DSS, which
could be ascribed to the compromised sinusoidal endotoxin
clearance in RTS mice. Collectively, the first pathway responsible
for the exacerbated liver injury in RTS + DSS mice is likely due
to i) the elevated gut-derived endotoxins caused by increased in-
testinal permeability and ii) the compromised endotoxin clearance
capability caused by damage in hepatic sinusoids.

Furthermore, as being reported in our previous work'' and
validated in this study, hepatic P450 enzymes are critical for PA
intoxication, and it has also been contemplated that altered
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Figure 6 DSS administration exacerbated liver fibrosis and steatosis induced by long-term RTS exposure in mice. Liver samples from C3H

mice in control, DSS, RTS, RTS + DSS groups were used. (A) Representative images of paraffin-embedded mouse liver sections in which fibrotic
collagen was stained by Sirius red. Scale bar: 200 pm. (B) Percentage of Sirius red stained area in mouse liver sections. (C) Representative images
of cryosections of mouse liver in which lipid and fatty acids were stained by oil red O. Scale bar: 200 um. (D) Percentage of oil red O stained area

in mouse liver sections. Data plotted as mean = SD (n = 5). One-way ANOVA with Tukey’s post hoc test was used. P < 0.0001 versus
control; ****P < (0.0001.

CYP3A4 activity could affect the PA bioactivation and resulting
intoxication outcomes’. Previous studies implicated that DSS-
induced colitis could downregulate the expression of P450s and

activity was reduced in RTS, DSS, and RTS + DSS mice to a
similar extent. Although the reason for no significant enhancement
on CYP3A11 inhibitory effect in the concurrent exposure to DSS

inhibit the activity of CYP3A4 in the acute context>*’. RTS has
been reported to inhibit CYP3A11 activity*®. In chronic situations,
as in this study, the CYP3A1l (CYP3A4 isoform in humans)

and RTS is unknown and needs to be further investigated, we can
at least exclude the possibility that the hepatotoxicity difference
between these two groups was derived from varied PA
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Figure 7  Intermittent DSS administration did not change the hepatic P450 activity in RTS-exposed mice. Liver S9 fractions were prepared

from C3H mice in control, DSS, RTS, RTS + DSS groups after the 14-week study. S9 fractions (equivalent of 2 mg protein/mL) were incubated
with nifedipine (50 pmol/L) or RTS (100 pmol/L) in reaction mixtures containing 100 mmol/L potassium phosphate buffer (pH 7.4), 1 mmol/L
nicotinamide adenine dinucleotide phosphate hydride, and 5 mmol/L magnesium chloride, in a final volume of 400 pL, at 37 °C for 40 min with
nifedipine or 60 min with RTS. The reactions were terminated by adding 800 pL of ice-cold acetonitrile. The levels of (A) oxidized nifedipine and
(B) RTS N-oxide were measured in the supernatants of the reaction mixture. The pyrrole—protein adducts (C) were measured in the precipitated
protein pellets. De-S9 denotes denatured mouse liver S9. Data plotted as mean £+ SD (n = 3 independent duplicates). One-way ANOVA with

Tukey’s post hoc test was used. #p < 0.05, P < 0.01, ™ P < 0.001 versus the S9 fraction from control mice. ns, not significant. <LOQ, below
limit of quantitation.



The gut—liver axis and pyrrolizidine alkaloids toxicity

3833

>

104

6 7-|:7 ns

GSH (umol/g liver)
H*

(@]

Relative mRNA level
Relative mRNA level

&

Figure 8

0.10- s
0.08+
0.06

0.041

GSSG:GSH

0.02 -

® ]
o N
Ifng "
k]
3
<
Z
x
€
2
B
[0}
14
& Q Q9
00 %x
&

Intermittent DSS administration markedly decreased the hepatic GSH level and increased oxidative stress. Liver samples from C3H

mice in control, DSS, RTS, RTS + DSS groups were used. The contents of reduced GSH (A) and ratio of GSSG:GSH (B) in mice livers. (C)
Relative mRNA levels of inflammatory cytokines (116, Ifng, and Tnfa) in mice livers. Data plotted as mean £ SD (n = 5). One-way ANOVA with
Tukey’s post hoc test was used. *P < 0.05, P < 0.01, ¥ P < 0.001, P < 0.0001 versus control. *P < 0.05, ***P < 0.001. ns, not significant.

<LOQ, below limit of quantitation.

bioactivation rate. On the other hand, although DSS did not affect
the hepatic generation of reactive PA metabolites, it significantly
compromised the hepatic GSH-mediated PA detoxification®”.
Hepatotoxins, such as PAs and endotoxins, could induce the
imbalance of normal redox state in liver microenvironment,
thereby exerting toxicity by producing free radicals, and GSH
plays an important role in counteracting such oxidative stress*’. In
this study, DSS treatment synergistically reduced the GSH-
mediated detoxifying capability and enhanced hepatic oxidative
stress in mouse livers, thereby increasing their susceptibility to PA
intoxication.

5. Conclusions

This study highlights the importance of the gut—liver axis in PA-
induced liver and intestinal injury. We provide the first mode-of-
action evidence for a major role of hepatic P450 enzymes, and bile
transport of liver-derived reactive metabolites in PA-induced
enterotoxicity. Considering the prevalence of PA-contaminated
food, our finding warrants further investigation into the possible
roles of PA exposure in human gut diseases, especially IBD with
unknown or unexplained causes. In addition, this study reveals
that enterogenous pathological factors, in turn, exacerbate PA-
induced liver injury via depleting GSH and increasing endotoxin
level in the liver. These findings suggest reducing dietary PA
exposure and maintaining gut homeostasis as preventive in-
terventions against chronic PA intoxication.
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