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Abstract

Pyrrolizidine alkaloids (PAs) have been found in over 6000 plants worldwide and represent the most common hepatotoxic
phytotoxins. Currently, a definitive diagnostic method for PA-induced liver injury (PA-ILI) is lacking. In the present study,
using a newly developed analytical method, we identified four pyrrole-amino acid adducts (PAAAs), namely pyrrole-
7-cysteine, pyrrole-9-cysteine, pyrrole-9-histidine, and pyrrole-7-acetylcysteine, which are generated from reactive pyrrolic
metabolites of PAs, in the urine of PA-treated male Sprague Dawley rats and PA-ILI patients. The elimination profiles,
abundance, and persistence of PAAAs were systematically investigated first in PA-treated rat models via oral administration
of retrorsine at a single dose of 40 mg/kg and multiple doses of 5 mg/kg/day for 14 consecutive days, confirming that these
urinary excreted PAAAs were derived specifically from PA exposure. Moreover, we determined that these PAAAs were
detected in~82% (129/158) of urine samples collected from~91% (58/64) of PA-ILI patients with pyrrole-7-cysteine and
pyrrole-9-histidine detectable in urine samples collected at 3 months or longer times after hospital admission, indicating
adequate persistence time for use as a clinical test. As direct evidence of PA exposure, we propose that PAAAs can be used
as a biomarker of PA exposure and the measurement of urinary PAAAs could be used as a non-invasive test assisting the
definitive diagnosis of PA-ILI in patients.

Keywords Hepatotoxicity - Pyrrolizidine alkaloids-induced liver injury - Pyrrole-amino acid adducts - Biomarker - Non-
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Introduction

Pyrrolizidine alkaloids (PAs) are a group of the most
common phytotoxins that can produce toxicity in differ-
ent organs, especially in the liver (He et al 2021a; Shrenk
et al. 2020; Song et al. 2020). PAs and their corresponding
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N-oxides are widely present in about 3% of floriferous plants
globally (Mattocks 1986). More than 660 potentially poison-
ous PAs and PA N-oxides have been identified in over 6000
plants (Fu et al. 2004; Yang et al. 2017). Humans are read-
ily exposed to toxic PAs through the consumption of PA-
producing plants used as herbal medicines, herbal teas, and
dietary supplements (Edgar et al. 2015; Kakar et al. 2010),
and PA-contaminated staple foods such as grains, milk, tea,
and honey (Edgar et al. 1999; He et al. 2020; Kempf et al.
2010; Zhu et al. 2018). In humans, ingestion of PAs and
PA N-oxides often results in liver injury, particularly the
severe PA-induced liver injury (PA-ILI) can cause hepatic
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sinusoidal obstruction syndrome (HSOS) with typical symp-
toms of hepatomegaly, jaundice, and ascites (Chojkier 2003;
DeLeve et al. 1999). However, except for the severe injury
with typical HSOS syndrome and higher mortality, the
relatively less severe symptoms of PA-ILI can recapitulate
clinicopathological features of several kinds of acute and
chronic liver diseases, such as viral hepatitis, decompensated
cirrhosis, and Budd—Chiari syndrome (BCS), etc., and thus,
it presents a diagnostic challenge in clinic to confirm that the
liver injury is due to PA exposure.

The first human PA-poisoning cases were reported in
1920 in South Africa with 11 individuals involved and death
of the majority of them (Willmot et al. 1920). Since then,
over 15,000 acute PA-poisoning cases with obvious clini-
cal symptoms have been documented worldwide in many
regions/countries, including Afghanistan, China, Germany,
Hong Kong, India, Jamaica, South Africa, Switzerland, the
United States, etc. (Lin et al. 2011; Ma et al. 2019; Ruan
et al. 2015; Zhu et al. 2020). Nevertheless, the diagnosis of
the majority of these reported poisoning cases was based
on typical symptoms of HSOS with either known history of
exposure to PA-producing herbs or PA-contaminated food-
stuffs or through retrospective investigations to confirm the
PA exposure. It is very likely that much more PA-ILI cases
are unaware, and currently, the risk of PA-ILI has not been
addressed appropriately. Therefore, it is highly needed to
develop a reliable clinical test for specific diagnosis of PA-
ILI via the definitive confirmation of PA exposure.

PAs are esters comprised of a necine base and one or two
ester groups connected at the C7 and C9 positions of the
necine base and are classified into three types: retronecine
(including its 7-aenantiomer), otonecine, and platynecine
(Fig. 1). The former two types possessing unsaturated necine
bases are highly hepatotoxic and genotoxic (Fu et al. 2004;
Mattocks 1982). Retronecine-type PAs commonly co-exist
with their corresponding N-oxides in plants (Cao et al. 2008;
Molyneux et al. 2011; Williams et al. 2011; Yang et al. 2019,
2020). Toxic PAs and PA N-oxides are pro-toxins. Their
metabolic activation, catalyzed by hepatic cytochrome P450
enzymes (CYPs), especially CYP3A4 isozyme, generates
the reactive metabolites, dehydropyrrolizidine alkaloids
(DHPAs). DHPAs are highly unstable and readily react with
nearby constituents to form a series of secondary pyrrolic
metabolites and pyrrolic adducts, such as: (a) reacting with
water to generate the hydrolyzed product ( +)-6,7-dihydro-
7-hydroxy-1-hydroxymethyl-5H-pyrrolizine (DHP) as
the most abundant detectable pyrrolic metabolite (Edgar
et al. 2015; Fu et al. 2004; Mattocks 1986); (b) interact-
ing with cellular proteins to form pyrrole-protein adducts
(PPAs) (Edgar et al. 2015; Lin et al. 2011; Lu et al. 2018;
Mattocks 1986; Ruan et al. 2015); (c) binding with glu-
tathione (GSH) to generate pyrrole-GSH conjugates (Lin
et al. 2000; Ma et al. 2015); (d) reacting with cellular amino
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acids to form pyrrole-amino acid adducts (PAAAs) (He et al.
20164, 2016b; Xia et al. 2018); and (e) binding with cellular
DNA to form pyrrole-DNA adducts (He et al. 2021b; Xia
et al. 2013; Zhu et al. 2017). The above-described pyrrolic
adducts are also produced through reactions with the more
long-lived hydrolysis product, DHP (Edgar et al. 2015; Fu
2017) (Fig. 1). All these pyrrolic adducts have been shown
to be potentially responsible for PA-ILI and/or PA-induced
liver tumor initiation. On the other hand, some of the afore-
mentioned pyrrolic adducts undergo further degradation to
generate PAAAs, which plus initially formed PAAAs via
pathway (f) eventually excrete from urine (Fig. 1).
Previously, we have developed a specific pre-column deri-
vatization method followed by ultra-high-performance liquid
chromatography—tandem mass spectrometry (UHPLC-MS/
MS) analysis to measure pyrrole—plasma protein adducts
in both PA-treated experimental animals and PA-exposed
human samples (Lin et al. 2011; Ruan et al. 2015; The USA
Centers for Disease Control and Prevention (CDC) 2012;
Yang et al. 2017). We further established pyrrole-hemo-
globin adducts, another type of blood PPAs with the advan-
tage of longer persistence in PA-ILI patients for the defini-
tive test of PA exposure (Ma et al. 2019, 2020). However,
the analysis of blood PPAs has the following drawbacks: (1)
an invasive (or a quasi-non-invasive) sample collection pro-
cedure, and (2) the requirement of chemical degradation of
PPAs into derivatives prior to the analysis. Therefore, in the
present study, we developed a UHPLC-MS/MS analytical
method for directly detecting 4 PAAAs in the urine of PA-
treated rats and PA-ILI patients. We propose that these uri-
nary PAAAs can be used as a novel non-invasive biomarker
for assisting the definitive diagnosis of PA-ILI in the clinic.

Experimental section
Chemicals

Retrorsine (RTS) and monocrotaline were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ketamine and xyla-
zine were obtained from Alfasan (Woerden, Holland).
Four PAAA standards, namely pyrrole-7-cysteine, pyrrole-
9-cysteine, pyrrole-9-histidine, and pyrrole-7-acetylcysteine,
were synthesized by our group as reported previously (He
et al. 2016a, b; Ma et al. 2019; Zhao et al. 2011, 2012).
Briefly, monocrotaline was reacted with o-chloranil to pro-
duce dehydromonocrotaline, which was reacted individu-
ally with cysteine, histidine, or N-acetylcysteine, to generate
pyrrole-7-cysteine, pyrrole-9-cysteine, pyrrole-9-histidine,
and pyrrole-7-acetylcysteine. Each of the synthesized PAAA
was purified from the reaction mixture and their structures
were confirmed by MS and NMR spectroscopy. All solvents
used were HPLC grade.
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Animal experiment

The care of rats and all experimental procedures were
reviewed and approved by the Animal Experimental Eth-
ics Committee of the Chinese University of Hong Kong
under the regulations of the Hong Kong Special Adminis-
trative Region government. Male Sprague Dawley (SD) rats
(weight 180-200 g, age 7-8 weeks) were supplied by the
Laboratory Animal Service Center, the Chinese University
of Hong Kong. For the single-dose study, rats (n=35) were
orally administered with a single dose of RTS (a representa-
tive toxic PA to induce PA-ILI in rat models (Lin et al. 2011;
Ruan et al. 2015; Zhu et al. 2017)) at 40 mg/kg and sacri-
ficed onl14 days after dosing. For the multiple-dose study,
rats (n=35) were orally administered 5 mg RTS/kg/day for
14 consecutive days and sacrificed 28 days after the last
dosing. Upon sacrifice, liver tissues were removed for fur-
ther analysis. For both studies, rats (n=5) treated in parallel
with water served as controls. All treated rats were placed
individually in metabolic cages and allowed free access to
water and food. The 24-h (0-24 h) urine samples of indi-
vidual rats were collected daily into sterilized containers
kept on ice throughout the study. Collected urine samples
were stored at — 80 °C until PAAA analysis. The volume
of individual urine samples was measured and recorded. An
aliquot (200 pL) of urine sample was filtered and centrifuged
at 20,000 x g for 15 min at 4 °C. The supernatant was col-
lected, filtered, and subjected to UHPLC-MS/MS analysis.

Hematoxylin and eosin (H&E) staining

Liver samples were fixed in 4% paraformaldehyde (PFA) for
18 h at 4 °C and embedded in paraffin blocks, which were
further sectioned at 5 pm and stained with H&E. The sec-
tions were then examined for liver injury parameters such
as central vein endothelial damage and sinusoidal dilation
with a Q-imaging digital camera and Axiophot 2 upright
microscope (Axioplan 2, Zeiss).

Immunohistochemical staining

The typical features of PA-induced HSOS were evaluated
using our previously reported immunohistochemical staining
method (Li et al. 2018; Yang et al. 2017). Rat liver samples
were embedded in Tissue-Tek® optimum cutting temperature
(O.C.T.) compound, cut into 7-um sections, and mounted
onto positively charged microslides (Super Plus slide, Men-
zel-Glaser). After blocking with 10% goat serum for 1 h,
the liver sections were incubated with anti-endothelial cell
antibody (RECA-1) (1:100 in blocking solution comprising
10% goat serum) overnight at 4 °C. Then, the liver sections
were washed with PBS/0.2% Tween 20 (PBST) and incu-
bated with goat anti-mouse IgG secondary antibody (Alexa
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Flour® 488) for 1 h at room temperature. The resultant tis-
sue slides were stained with 4',6-diamidino-2-phenylindole
(DAPI), followed by observation under a confocal system
with the inverted microscope (Olympus Fluoview FV1000)
with a 40 X objective lens.

Urine samples from PA-ILI patients

After we successfully developed the analysis of urinary
PAAAs in rat models, 64 PA-ILI patients admitted to Nan-
jing Drum Tower Hospital, Nanjing, China, from Janu-
ary to October 2019, were recruited retrospectively or at
admission for the urinary PAAA study after approval by
the ethics committee and acquisition of informed consent.
All patients claimed consumption of herb ‘Tu-San-Qi’
(Gynura japonica) as tonics for self-medication before the
onset of liver injury with similar symptoms as those of our
previously reported PA-ILI patients (Gao et al. 2012, 2015;
Ruan et al. 2015). Diagnosis of PA-ILI from these DILI
patients included that they: (1) met the diagnostic criteria
for DILI with Roussel Uclaf Causality Assessment Method
(RUCAM) score > 5 (Danan et al. 2016; Garcia-Cortés et al.
2011); (2) met the “Nanjing criteria” for PA-induced HSOS
(Zhuge et al. 2019); and (3) claimed a history of the intake of
‘Tu-San-Qi’, a known PA-producing herb (Ruan et al. 2015;
Yang et al. 2017), for self-health improvement; however,
no ingested herbal sample was provided by these patients.
A total of 158 urine samples were collected at different
times from 64 PA-ILI patients for the analysis of PAAAs.
Among these patients, blood specimens were also collected
in 43 patients and had been tested for blood PPAs in our
previously reported study (Ma et al. 2020). The detailed
demographics of these 64 PA-ILI patients, number of urine
samples collected in individual patients, and the indication
of 43 patients with their blood PPAs tested are provided
in Table S1. In addition, urine samples collected from ten
healthy volunteers who did not take ‘Tu-San-Qi’ or any other
PA-containing products were used as controls. All collected
urine samples were stored at — 80 °C until PAAA analysis.
An aliquot (200 pL) of each urine sample was filtered and
centrifuged at 20,000 X g for 15 min at 4 °C. The superna-
tant was collected, filtered, and subjected to UHPLC-MS/
MS analysis.

Analysis of PAAAs in urine samples by UHPLC-MS/
MS

Identification and quantitation of PAAAs were performed on
an Agilent 6460 Triple Quadrupole UHPLC-MS/MS System
using a Waters Acquity BEH C18 column (2.1 X 100 mm,
1.7 pm). A binary LC gradient was applied to the analytical
column to separate PAAAs from the urine sample. Mobile
phase A was 0.1% formic acid in water and mobile phase B
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was 0.1% formic acid in acetonitrile, which were employed
in the LC gradient elution method as follows: 2% B at
0-0.5 min; 2—15% B at 0.5-20 min; 15-18% B at 20—22 min;
18% B at 22—-23 min; 18-60% B at 23—-24 min; and 60% B
at 24-27 min. The flow rate was 0.3 mL/min, the column
temperature was maintained at 45 °C, and the injection vol-
ume was 2 pL.

The mass spectrometer was operated using multiple reac-
tion monitoring (MRM) in positive-ion mode with an elec-
trospray ionization (ESI) interface. The mass spectrometer
parameters used are as follows: gas temperature was 320 °C;
gas flow was 7 L/min; nebulizer gas at 45 psi; and capil-
lary voltage was 4000 V. The MRM used for 4 PAAAs was
designed based on our previous findings (He et al. 2016a,
2016b; Ma et al. 2019; Zhao et al. 2011, 2012). According to
their MS/MS spectrums (Figure S1), both pyrrole-7-cysteine
and pyrrole-9-cysteine were monitored at the [M + H-H,0]*
m/z 239 to [M+H-119]" m/z 120 ion transition, pyrrole-
9-histidine was monitored at the [M +H]* m/z 291 to
[M +H-155]* m/z 136 ion transition, and pyrrole-7-ace-
tylcysteine was monitored at the [M + H-H,0]* m/z 281
to [M +H-163]* m/z 118 ion transition. An Agilent Mass
Hunter Workstation (B.06.00) was used for UHPLC-MS/MS
system operation, data acquisition, and processing.

Analytical method validation

Method validation was performed based on bioanalytical
method validation guidelines for the industry published by
the United State of American (USA) Food and Drug Admin-
istration (Center for Drug Evaluation and Research, USA
Food and Drug Administration 2018). Selectivity of the
method was tested by analyzing PAAA-free urine samples
from 6 untreated SD rats and 10 healthy human volunteers.
Each sample was analyzed for the exclusion of any endog-
enous co-eluting interferences within the peak regions of
the investigated PAAA. Calibration curves were constructed
by plotting the peak area versus the concentration of each
PAAA standard dissolved in distilled water. The limit of
detection (LOD) and limit of quantitation (LOQ) were
determined at a signal-to-noise (S/N) ratio of about 3 and
10, respectively. The intra- and inter-day precisions were
assessed by analyzing three concentrations of standards
within 1 day or for 3 consecutive days, respectively. Preci-
sion was calculated and expressed in terms of % relative
standard deviation (RSD, %). The matrix effect was evalu-
ated at three concentrations, in triplicate, by comparing the
peak area of individual PAAA standards spiked in blank
urine with that spiked in distilled water in triplicate. Method
stability, including freeze—thaw stability, autosampler stabil-
ity at 4 °C, and long-term stability at — 80 °C, was evaluated
in triplicate.

Data analysis

Urine kinetic parameters for both single-dose and multiple-
dose studies in rats were obtained using WinNonlin (Phar-
sight Corporation, Mountain View, CA, USA, version 4.0).
The elimination half-life (t, ;) value was calculated based on
the semi-logarithmic daily excretion rate (AXu/At) versus
the mid-point of collection time interval profile. AXu/At was
calculated by multiplying urinary PAAA concentrations by
the volume of corresponding 0-24 urine samples. Data are
expressed as mean + standard deviation (SD) for the results
of method validation and demographics and mean + standard
error of mean (SEM) for all other measurements. All data
analyses were performed by GraphPad Prism 6.0 (GraphPad
Software Inc, San Diego, CA).

Results
Detection of PAAAs in urine

Four PAAAs, pyrrole-7-cysteine, pyrrole-9-cysteine, pyr-
role-9-histidine, and pyrrole-7-acetylcysteine, were iden-
tified and quantified in the urine of RTS-treated rats and
PA-ILI patients by UHPLC-MS/MS (Figure S2). The fully
validated quantitative method with determined regression
equations, linearity ranges, and correlation coefficients is
summarized in Table S2. Correlation coefficient values (1%)
for the linearity of all calibration curves of 4 PAAAs were all
higher than 0.993, indicating appropriate correlations within
the test ranges. For all PAAAs, LOD and LOQ values were
in the ranges of 0.16-0.81 nM and 0.54 —2.70 nM, and over-
all intra- and inter-day variations (RSD%) were in the range
of 1.34-3.79% and 1.94 —5.36%, respectively. The matrix
did not significantly affect analyses of all PAAAs with
acceptable variation ranges for both rat (88.93-102.81%)
and human (88.16-104.86%) urine samples (Table S3)
under detection conditions. The stability of the 4 PAAAs
was assessed under different preparation conditions. The
results demonstrated that all 4 PAAAs were highly stable
with variations within 9.47% (Table S4).

PAAAs in urine of single-dose RTS-treated rats

Based on our previous studies on RTS-induced liver injury
rat models (Lin et al. 2011; Ruan et al. 2015; Zhu et al.
2017), a single dose of 40 mg RTS/kg was used to induce
hepatotoxicity in rats. H&E and immunohistochemical
staining results showed that RTS induced apparent hepatic
sinusoidal dilation and endothelial cell damage around the
central veins, which are typical features of HSOS (Fig. 2A
and B). Four PAAAs were detected in the urine of all
RTS-treated rats (Fig. 3A) but not in the urine of control
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Control RTS

Single-dose treatment

Multiple-dose treatment

Control RTS

Fig.2 Histological observation of rat liver injury. A Representative
H&E-stained liver sections show sinusoidal dilation () in RTS-treated
rats (200 X magnification; scale bar 100 pm). PT designates portal
vein. CV designates central vein. B The representative immunohis-
tochemical staining on sinusoidal endothelial cells using RECA-1 in

Control RTS

green and nuclei using DAPI in blue of rat liver Sects. (400 X magni-
fication; scale bar 50 pm). indicates that endothelial cells are partly
detached from lumen surface of CV. * indicates that injured sinusoids
have a larger space with wider gaps among individual sinusoids
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Fig.3 Urinary excretion amount-time profiles of pyrrole-7-cysteine,
pyrrole-9-cysteine, pyrrole-9-histidine and pyrrole-7-acetylcysteine
of A rats (n=5) orally administered with 40 mg/kg of RTS and B rats
(n=5) orally administered with 5 mg/kg/day of RTS for 14 consecu-

rats (Figure S2). Considering daily excretion, pyrrole-
7-acetylcysteine was excreted in the greatest amount, and
pyrrole-9-cysteine was excreted in a significantly greater
amount than that of the other 2 PAAAs for all detectable
days (Fig. 3A). About 90% of total pyrrole-7-cysteine and
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tive days. The semi-logarithmic daily excretion rate (AXu/At) ver-
sus the mid-point of collection time interval profiles for individual
PAAAs

pyrrole-9-cysteine excretions occurred within 24 h, while
pyrrole-9-histidine and pyrrole-7-acetylcysteine excretion
showed a slower elimination with most excretion occurring
within 1-4 days followed by a slower phase of final elimi-
nation (Fig. 3A). Except for pyrrole-7-cysteine, which was
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only detected within 2 days after dosing, the persistence of
the other 3 PAAAs was much longer and was estimated to be
about 4, 6, and 50 days for pyrrole-9-cysteine, pyrrole-9-his-
tidine and pyrrole-7-acetylcysteine, respectively (Table 1).
The above results demonstrated that these 4 urinary PAAAs
could be unambiguously identified in the single-dose rat
model with obvious PA-induced hepatotoxicity.

PAAAs in urine of multiple-dose RTS-treated rats

For the multiple-dose study, 5 mg RTS/kg/day for 14 con-
secutive days was used to establish the rat model with low
dose but prolonged exposure to PA, which is common in
human PA-poisoning cases especially induced by PA-con-
taminated foodstuffs. All the treated rats were sacrificed at
28 days after the last dosing. Throughout the entire study,
no animal death or any obvious adverse effects, such as
significant body weight loss, were observed in the rats,
indicating that no obvious severe toxicity occurred. H&E
and immunohistochemical staining results did not show
apparent hepatic morphological changes and sinusoidal
damage (Fig. 2A and B), indicating that a 14-day low
dose of RTS exposure did not yet induce obvious liver
injury. The 4 PAAAs which were found in the single-dose
RTS-treated rats were also detected in the urine samples
of all multiple-dose RTS-treated rats but not in control
rat urine. During the 14-day treatment period, the daily
excretion of all PAAAs fluctuated within different ranges
over the time (Fig. 3B). Similar to the single-dose treated
rats, the daily excreted amount of pyrrole-7-acetylcysteine
was the greatest with at least 100 times more than that of

Table 1 Kinetic parameters of urinary PAAAs in RTS-treated rats

the other 3 PAAAs, and the amount of pyrrole-9-cysteine
was significantly higher than that of pyrrole-7-cysteine
and pyrrole-9-histidine in all days of the treatment period.
After the withdrawal of RTS, pyrrole-7-cysteine and pyr-
role-9-cysteine could not be detected on day 2 and day 5
after the last dosing, respectively, while prolonged uri-
nary excretion of pyrrole-9-histidine and pyrrole-7-ace-
tylcysteine were observed (Fig. 3B). The estimated per-
sistence of pyrrole-7-acetylcysteine, pyrrole-9-histidine,
and pyrrole-9-cysteine were similar to those determined in
the single-dose model (Table 1). While, for pyrrole-7-ace-
tylcysteine, after the last RTS exposure, the elimination
kinetic showed nearly half of the total amount was rapidly
excreted within 2 days; the remainder was then eliminated
at a significantly slower rate and was still detectable on the
last experimental day, i.e. 28 days after RTS withdrawal
(Fig. 3B) with an estimated persistent time of 60 days
(Table 1). The results demonstrated that these 4 PAAAs
could also be detected in the low but prolonged PA expo-
sure rat model with no obvious hepatotoxicity.

Based on the findings from both single- and multiple-
dose rat models, the superiority of 4 PAAAs was ranked
as: pyrrole-7-acetylcysteine > > > pyrrole-9-histidine =
pyrrole-9 cysteine > > > pyrrole-7-cysteine. Furthermore,
the results indicated that daily amounts of urinary excre-
tion of these urinary PAAAs varied significantly along
with sampling time within the same animal and were not
clearly related to the severity of PA-ILI. Therefore, the
determination of these urinary PAAAs could serve as a
specific and reliable test for PA exposure regardless of
the exposed dosage regimen and the severity of the injury.

Single dose (RTS, p.o., 40 mg/kg)

Multiple dose (RTS, p.o., 5 mg/kg/day for 14 consecutive

days)
PAAA t," (day) Persistent time (day) Total excretion t;5" (day) Persistent time (day) Total excretion
(nmol) (nmol)
Observed Calculated® (% dosed PA) Observed Calculated® (% dosed PA)

Pyrrole-7-cysteine  N.A 2 N.A 8.87+1.67 (0.04%) N.A 1 N.A 15.29+2.79 (0.04%)
Pyrrole-9-cysteine  0.76+0.05 7 3.8 78.53+10.55 0.68+0.03 4 34 195.34+16.52

(0.34%) (0.49%)
Pyrrole-9-histidine  1.19+0.07 8 6.0 11.26+2.08 1.99+0.16 9 10.0 10.56 +1.63 (0.03%)

(0.05%)
Pyrrole-7-acetyl- 10.10+£0.43 14°¢ 50.5 2594.73 +408.03 12.12+1.39 28° 60.6 6761.87+572.90

cysteine (11.38%) (16.99%)

*The elimination half-life (t,,) was calculated based on the terminal phase of post-dosing period

®The calculated persistent time (the time after the last dosing) was estimated as five times of t,,

“Pyrrole-7-acetylcysteine was still detectable on the sacrificed day (at 14 and 28 days after withdrawal of RTS in both single- and multiple-dose

studies)

N.A.: not applicable
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Determination of PAAAs in urine of PA-ILI patients

Urine samples were tested from 64 PA-ILI patients (39
males and 25 females) with the median age of 65 years old
ranging from 43 to 80. Demographic and clinical features
of these patients are shown in (Fig. 4A). The patients all
claimed the consumption of a PA-containing herb G. japon-
ica, with decoction as the most common form. The onset of
liver injury mainly occurred after the intake of G. japonica
from 3 days to 5 years. Their RUCAM scores were 6.7% at 5,
60.0% at 6-8, and 33.3% at 9—10, indicating a high possibil-
ity of DILI. About 50% of patients presented as cholestatic
injury, ~26% as hepatocellular injury and ~23% as mixed
injury. Only a part of patients manifested typical symptoms
of PA-induced HSOS, such as ascites (61/64), jaundice
(36/64), and hepatomegaly (31/64), presenting a diagnostic
challenge to the clinicians. Besides, most patients showed no
or mildly elevated levels of conventional serological mark-
ers (ALT, AST, and total bilirubin) in routine liver function
tests, further increasing the difficulties for clinical diagnosis
and identification of the etiology. Furthermore, computed
tomography (CT) scans were performed in limited numbers
of patients, and the representative CT scan images of two
patients indicated apparent pathological changes, such as

Gender Male 60.9 % (39/64)
A -
Decoction 51.5%(33/64)
Herbal wine 20.3%(13/64)
Dosage form Ground powder 14.1%(9/64)
Unknown. 14.1%(9/64)
<7 days J 9.4%(6/64)
10-20 days. 31.3%(20/64)
Duration of intake 1-2 months;
23 months:
Unknown
5 6.2% (4/64)
RUCAM score 6-8: 56.4% (38/64)
910 38.4% (22/64)

35.9%(23/64)
. Cholestatic injury 46.9% (30/64)
Clinical types Hepatocellular injury
of liver injury Mixed injury

10.9%(7/64)
12.5%(8/64)
25.0% (16/64)
21.9% (14/64)
Unknown{ill 6.2% (4/64)

95.3%(61/64)

Clinical 93.8%(60/64)
p : Jaundice S 56.3%(36/64)
48.4%(31/64)
Right quadrant pain N 17.2%(11/64)
<40. 42.2% (27/64)
40-200. 43.8% (28/64)
ALT (U/L) 200600 7.8% (5/64)
>600 3.1% (2/64)
Not available 1 3.1% (2/64)
<35 21.9% (14/64)
35175 61.0% (39/64)
AST (U/L) 175-525. 10.9% (7/64)
>52541 3.1% (2/64)
—— Not available J§ 3.1% (2/64)

5-28 [ 29.7% (19/64)
P 28-340 N 65.6% (42/64)
Total bilirubin (pmol/L) 340} 1.6% (1/64)
Not available §i 3.1% (2/64)
T scan Patchy liver enhancement 96.9% (62/64)
and liver Hepatic vein stenosis 62.5% (40/64)
histology [ Sinusoidal dilation and degeneration 32.8% (21/64)
inati Hemorrhag 31.3% (20/64)

0 20 40 60 80 100 (%)

Fig.4 Demographic and clinical features of 64 PA-ILI patients (A).
Representative CT scan imaging of patient 51 (B) shows (a) hepato-
megaly, mottle-like heterogeneous enhancement in the arterial phase,
thickening of hepatic artery branches, and ascites; (b) heterogeneous,
patchy decreased density of the hepatic parenchyma and ascites. Rep-
resentative CT scan imaging of patient 53 (C) shows (a) hepatomeg-
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hepatomegaly, patchy enhancement in the liver, and ascites,
etc. (Fig. 4B, C), but cannot clearly differentiate damage
severities among the patients or distinguish from other types
of liver diseases.

A total of 158 urine specimens were collected from 64
PA-ILI patients at different times (Table S1). Among them,
53 patients provided urine samples upon their admission to
the hospital, while 11 patients were retrospectively recruited
after discharge from hospital and could not provide urine
samples upon admission. Among these 11 patients, 6
patients provided only one urine sample at 6 (n=4) or 10
(n=2) months after admission. Due to the manner of recruit-
ing patients into the study, the sampling time and number
of urine samples collected from individual patients could
not be as well-controlled as in a conventional well-designed
cohort study. The numbers of samples from each patient
collected over scattered sampling times were: 1 sample (21
patients), 2 samples (15 patients), 3 samples (12 patients), 4
samples (10 patients), 5 samples (5 patients), and 6 samples
(1 patient). Detailed information on the number of urine
samples from individual patients is provided in Table S1.

About 82% samples collected from ~91% of the patients
showed at least one detectable PAAA (Fig. 5), while no
PAAAs were detected in urine from any healthy subject. For

Patient 51

aly, diffuse patchy hepatic enhancement; (b) heterogeneous, patchy
decreased density of the hepatic parenchyma and ascites. RUCAM,
Roussel Uclaf Causality Assessment Method; ALT normal reference
range: <40 U/L; AST normal reference range: <35 U/L; total biliru-
bin normal reference range: 5-28 umol/L (Zhu et al. 2020)
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Fig.5 Concentration and positive rate of pyrrole-7-cysteine (A), pyrrole-9-cysteine (B), pyrrole-9-histidine (C), and pyrrole-7-acetylcysteine
(D), and positive rate of all 4 PAAAs (E) determined in 158 urine samples from 64 PA-ILI patients

the quantitation, different from the animal study, PAAA uri-
nary concentrations rather than total daily excreted amounts
were measured, because small volumes of urine sample
rather than a total 24-h urine sample were collected. The
number of PAAAs and their urinary concentrations in indi-
vidual patients varied significantly, while in general urinary
levels of all 4 PAAAs gradually decreased with time (Fig. 5).
Due to the nature of this non-cohort toxicological study
with scattered sampling times from individual patients, we
selected ten urine samples collected at 3 months after hos-
pital admission, which could be considered as the longest
sampling time with adequate samples, to further estimate the
persistence of individual PAAAs. Results indicated that pyr-
role-7-cysteine (Fig. 5A) and pyrrole-9-histidine (Fig. 5C)
were detected in 40% and 10% of all 3-month urine samples,
while both pyrrole-9-cysteine (Fig. 5B) and pyrrole-7-ace-
tylcysteine (Fig. SD) were not detected in any 3-month urine
samples. In addition, pyrrole-7-cysteine was detected in 1/4

of 6-month and 1/2 of 10-month urine samples (Fig. 5A),
while pyrrole-9-histidine was detected in 1/2 of 5-month
urine samples (Fig. 5C), indicating both pyrrole-7-cysteine
and pyrrole-9-histidine showed significantly longer persis-
tence. However, the numbers (n=8) of samples collected at
5 months or beyond were limited and were the only sample
provided by each of eight patients who were admitted to and
discharged from the hospital prior to the start of the present
study. These patients were recruited and sampled only when
they re-visited the hospital after discharge. Further tests of
more samples repeatedly collected from individual patients
over comparable periods are warranted to confirm such long
persistence of these two PAAAs.

Furthermore, about 2-5 urine samples were repeatedly
collected upon admission until 1 month after admission
in ten patients. Similar to the results of rat studies, both
presence and concentration of urinary 4 PAAAs varied
remarkably at different times. For instances, in the samples
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collected upon or 1 month after admission, the PAAA-pos-
itive rate was 20% or 10% for all 4 PAAAs; 40% or 10% for
3 PAAAs; 10% or 60% for 2 PAAAs, and 20% or 10% for
1 PAAA (Fig. 6A). With the sample availability, 4 of these
patients were selected for further investigation of urinary
PAAA excretion kinetic profiles in 4-5 urine samples. In
general, less numbers of PAAAs were detected along with
time and urinary concentrations of pyrrole-7-acetylcysteine
were significantly lower than that of other 3 PAAAs at all
sampling times in all four patients (Fig. 6B). For individual
PAAAs, scattered urine concentrations were observed along
with time, which were mainly affected by the varied volume
and frequency of bladder emptying, and different excretion
kinetics of individual PAAAs.

Considering all results, especially the maximum
and median concentrations determined in urine col-
lected within 3 months after admission (Table 2), the
order for the determination of 4 PAAAs in humans
appeared to be pyrrole-7-cysteine > pyrrole-9-histidine =

A Admission (n=10)

\g

pyrrole-9-cysteine > > > pyrrole-7-acetylcysteine. Appar-
ently, the detection rank order of 4 PAAAs was different
in human and rats and the reasons for such difference are
explained in the following discussion session. Nevertheless,
based on the findings in human, we suggested that the com-
bined application of all 4 PAAAs with the detection of at
least one of them could be regarded as PAAA-positive, and
such combined PAAA application could remarkably improve
positive detection (Fig. SE).

In addition, the clinic features of the aforementioned 4
representative patients were also compared and found with-
out specific differences in symptoms of liver injury with
no or mildly elevated ALT, AST, and total bilirubin levels
measured upon admission (Table 3). Although the results of
liver CT scans or histological examination indicated appar-
ent pathological changes, the severity varied among indi-
viduals and was indistinguishable from possible diagnoses
from other insults, such as BCS, decompensated cirrhosis,
infection, alcoholic, or other drugs. Furthermore, similar

1 month (n=10)

= No PAAAs tested positive
Il 1 PAAAs tested positive
@@ 2 PAAAs tested positive
3 3 PAAAs tested positive
I All 4 PAAAs tested positive

B Patient 31 Patient 41
- — mm Pyrrole-7-acetylcysteine
) B Pyrrole-9-histidine
3week S Bl pyrrole-9-cysteine
2weok 2week BE pyrrole-7-cysteine
1 week 1week
Admitted Admined-.=
0 20 w0 50 0 20 40 60
Concentration (nM) Concentration (nM)
Patient 50 Patient 53
1 month 1 month
3 week 3 week
2week 2week
1week 1week
Admitted Admitted
; T T i — f T T 1
0 20 40 60 200 0 20 40 60

Concentration (nM)

Fig.6 The percentage of individual PAAAs detected in urine samples
from ten patients collected upon hospital admission and 1 month after
admission (A), and the concentration of individual PAAAs deter-
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Concentration (nM)

mined in urine samples from 4 patients collected at 4 (Patient 31 and
Patient 41) or 5 (Patient 50 and Patient 53) different times (B)
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Table 2 Concentration of
individual PAAAs determined
in PA-ILI patients’ urine
samples collected within

Sampling time

Pyrrole-7-cysteine

Median concentration (concentration
range) (nM)

Pyrrole-9-cysteine  Pyrrole-9-histidine  Pyrrole-7-acetylcysteine

3 months after admission to

hospital Admission 8.97 (3.78-153.37)
1 week
2 weeks 8.24 (4.07-20.94)
3 weeks 6.09 (2.83-46.55)
1 month 5.73 (3.03-58.84)
2 months 4.97 (4.40-5.53)
3 months 5.22 (4.29-10.24)

16.78 (4.91-155.66) 9.07 (1.29-45.54)

12.29 (1.16-35.63) 5.70 (1.33-44.67)
15.61 (1.70-47.18)
7.18 (1.41-26.92)  1.75 (1.66-2.38)
6.18 (1.48-28.99)  3.51 (3.38-3.63)
4.63(245-5.15)  8.43(1.48-21.89) 1.11°
5.60(2.32-8.88)  2.52(1.48-2.96) N.D

N.D 1.56* N.D

1.55 (1.07-11.25)
1.92 (1.11-4.05)
10.55 (3.09-19.55)
6.18 (4.63-7.72)

N.D.: not detected

“PAAA was only detected in one sample

Table 3 The clinic characteristics of four representative patients

Patient code P31 P41 P50 P53
RUCAM score 9 7 8 9

Clinical manifestation

Jaundice \/ \/
Vv

Vv x
Ascites \/ \/ \/
Hepatomegaly \/ \/ X X
ALT (U/L) (NRR: <40 U/L) 118.8 177 1204 198.4
AST (U/L) (NRR: <35 U/L) 699 107 89.5 2593
Total bilirubin (umol/L) (NRR: 223 26.2 64 7175

5-28 umol/L)

CT scan or liver histological examination

Patchy liver enhancement \/ \/ \/ \/

Hepatic vein stenosis \/ X \/ X

Hepatic sinusoidal dilation and degen- \/ X X X
eration

Hemorrhage \/ X X X

NRR: normal reference range (Zhu et al. 2020)

to the results obtained from rat models, the findings also
revealed no obvious correlation between urinary PAAAs
levels and clinical characteristics (such as serum ALT and
AST levels) measured upon admission of 53 PA-ILI patients
(Figure S3). On the other hand, the findings from urinary
test revealed the unequivocal presence of 4 PAAAS in urines
collected at different times from all patients, which provide
reliable evidence for PA exposure, and thus could be used as
a specific test to diagnose PA-ILI in the clinic.

Discussion

In the present study, we reported the development of a non-
invasive approach for the identification of PA-ILI in the
clinic. We first identified and quantified 4 PAAAs, pyrrole-
7-acetylcysteine, pyrrole-9-histidine, pyrrole-9-cysteine, and

pyrrole-7-cysteine, in the urine of rats treated with RTS in
both single- and multiple-dose models. Orders for the excre-
tion amounts of PAAAs were found similar in both models
with pyrrole-7-acetylcysteine being predominant. We fur-
ther confirmed that these 4 PAAAs were also excreted in
the urine of PA-ILI patients with at least 1 PAAA detected
in~91% patients (Fig. 5), while no PAAAs were detected
from urine of healthy people. This developed clinical
approach for testing PAAAs in the urine of PA-ILI patients
requires a low sample volume (200 pl urine), minimal sam-
ple handling and fast sample processing (within 30 min),
and moderate instrument time (27 min in LC gradient), pro-
viding the first non-invasive diagnosis of PA exposure in
patients.

Currently, the causes of formation for these PAAAs are
largely unclear. To date, only pyrrole-7-acetylcysteine has
been detected in the urine of male SD rats administered
4C-monocrotaline or '*C-senecionine (Estep et al. 1990).
Moreover, pyrrole-7-cysteine was identified from human and
rat liver microsomal metabolism of riddelliine via CYPs-
mediated formation of DHPA followed by interaction with
cysteine (He et al. 2016b). Limited available information
suggests that urinary PAAAs can not only be degraded
from PPAs bound with blood proteins and other proteins
in various organs/tissues, but also from the direct binding
of DHPAs with GSH and amino acids in the body (Fig. 1),
which therefore can result in higher concentrations and
longer persistence than that of PPAs in blood. The formation
of xenobiotic-derived GSH adducts followed by sequential
enzymes-mediated degradations to generate cysteinylglycine
adducts, cysteine adducts and acetylcysteine adducts, are
called mercapturic degradation pathway, which is generally
considered as a detoxication pathway for xenobiotics. The
resultant degraded adducts, especially cysteine adducts and
acetylcysteine adducts, which are called mercapturic acids
via N-acetylation of cysteine adducts, are polar and readily
excreted from urine (Hanna et al. 2019). Nevertheless, the
detailed mechanisms underlying the PAAAs formation via
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breakdown from different pyrrole proteins and urinary elimi-
nation are largely unknown and warrant future investigation.

In patient urine, pyrrole-7-cysteine was predominant
with the longest persistence and pyrrole-7-acetylcysteine
showed the lowest concentrations with the shortest persis-
tence, while opposite observations were found in PA-treated
rats. Because these 2 PAAAs are interconverted via N-acet-
ylation and N-deacetylation in the body (Fig. 1), there are
three plausible explanations for the observed species differ-
ence. First, rats have been reported to have a significantly
higher S-conjugate N-acetyltransferase activity than humans
(Chasseaud 1976; Green et al. 2003; Heuner et al. 1991).
Second, aminoacylases, which hydrolyze acetylated cysteine
S-adducts back to cysteine S-adducts via N-deacetylation,
are defective in rat species (Anders et al. 1994; Hanna
et al. 2019). Third, the rate of N-deacetylation was greater
than that of N-acetylation in humans (Altuntas et al. 2002).
Therefore, with lower N-acetylation of cysteine S-adduct but
higher N-deacetylation of acetylated cysteine S-adducts, pyr-
role-7-cysteine was excreted as a predominant form, while
pyrrole-7-acetylcysteine was excreted as a minor form in the
urine of PA-ILI patients. However, for a confirmative com-
parison, both sexes of different species should be involved,
while only male rat was investigated in the present study;
therefore, a more comprehensive investigation with both
sexes of rat and human is warranted in the future study.

Apart from the significant differences in urinary excre-
tion and persistence of pyrrole-7-cysteine and pyrrole-
7-acetylcysteine between PA-ILI patients and PA-treated
rats, quantitative measurements of 4 PAAAs were also dif-
ferent between human and rat urine samples. While daily
excreted amounts of individual PAAAs were determined
from the total urine excreted from rats, more practical for
the clinical test, only small volume of urine was collected
from patients, and thus, concentration rather than total daily
amount of individual PAAAs in urine was determined.
However, concentrations of individual PAAAs in the urine
continuously change with time due to variations of urine
volume and frequency of bladder emptying. Therefore, una-
voidably, the selection of a particular PAAA as the test for
PA exposure may lead to a false-negative result, while the
simultaneous determination of 4 PAAAs would undoubtedly
assist the confirmative identification of PA exposure. Appar-
ently because of the aforementioned species difference, the
study of kinetics of urinary elimination of PAAAs in PA-ILI
patients is significantly challenging and cannot be predicted
from the data determined from PA-treated rats. Nevertheless,
further investigations on human urinary elimination kinetics
of PAAAs are certainly warranted.

The results obtained from both PA-treated rats and PA-ILI
patients demonstrated that either total amounts or concentra-
tions of PAAAs in urine could not be directly correlated to
the severity of PA-ILI. Besides, the levels of urinary PAAAs
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may also vary due to other factors, including (a) amount and
type of PAs consumed, (b) duration of consumption, and
(c) time of specimen sampling. These information are usu-
ally lacking or cannot be provided accurately in most clini-
cal poisoning cases, because it is not a general practice to
properly record such information by consumers who expose
to PA-containing products for self-medication, self-health-
improvement, or accidental consumption of PA-containing
products and/or PA-contaminated foodstuffs. Therefore,
similar to the viral RNA fragment test for the diagnosis
of coronavirus disease 2019 to confirm that the subject is
infected by coronavirus 2 but unrelated to the severity of
the infectious, the detection of PAAAs can only provide the
positive result for PA exposure, but not directly reflect the
severity of liver injury.

The value of any biomonitoring approach depends upon
its ability to accurately classify individuals with disparate
exposures and, ultimately, the risk of disease. Therefore, the
method described here was used to discriminate between
individuals with disparate exposures of PAs.

Currently, there is no officially approved biomarker/test to
definitively identify PA exposure as the cause of liver injury
in patients. On the other hand, our previously developed
blood PPA test, in particular serum/plasma pyrrole—plasma
protein adducts (PPPAs) test, has been applied for clinic test
to confirm PA exposure and confirmative diagnosis of PA-
ILI in many liver injury patients in China (Lin et al. 2011;
Ruan et al. 2015; Yang et al. 2017) and Ethiopia (The USA
Centers for Disease Control and Prevention (CDC) 2012),
and has also been recommended by The Hepatobiliary Dis-
eases Committee of Chinese Society of Gastroenterology
to include blood PPPA test as one of the diagnostic criteria
for PA-induced HSOS, in case patients cannot provide the
history or only provide an ambiguous history of the intake
of drug/herb (Zhuge et al. 2019). Recently, we further devel-
oped a pyrrole-hemoglobin adducts (PHAs) test in red
blood cells (Ma et al. 2019) and revelated that PHAs had
significantly higher level and longer persistence than that of
PPPAs (Ma et al. 2020). In the present 64 PA-ILI patients
with urinary PAAA test, 43 patients have been previously
tested for both PPPAs and PHAs (Table S1) (Ma et al. 2020).
Comparing the results among blood PPPA and PHA tests,
and urinary PAAA test in 43 patients, although the number
of specimens collected and the sampling times for blood
and urine samples were different in many patients, PAAA-
positive results were obtained in all PHAs positive patients,
while about 79% (34/43) patients were PPPAs positive (Ma
et al. 2020). With the limited number of samples collected
at different sampling times, the persistence of urine PAAAs
appeared to be longer than that of blood PHAs; however,
further investigation with adequate number and time for both
biological specimens are required to confirm this finding.
Taken together, the urinary PAAAs test has the advantages
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of a non-invasive approach, simple sample preparation pro-
cess, direct analysis, and potentially longer persistence over
the currently available PA exposure biomarkers, namely
blood PPPAs and PHAs.

In conclusion, a novel and non-invasive test of four uri-
nary PAAAs has been developed for a specific determination
of PA exposure in PA-ILI patients. We propose PAAAs as
the non-invasive biomarker of PA exposure, and the meas-
urement of all 4 PAAAs with the consideration of at least
one detectable PAAA in the urine as the unequivocal iden-
tification of PA exposure in suspected patients for assisting
the definitive diagnosis of PA-ILI in the clinic.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00204-021-03129-6.
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