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a b s t r a c t

Pyrrolizidine alkaloids (PAs) are carcinogenic phytochemicals, inducing liver tumors in

experimental rodents. We previously determined that (±)-6,7-dihydro-7-hydroxy-1-

hydroxymethyl-5H-pyrrolizine (DHP), 7-glutathione-DHP, 7-cysteine-DHP, 7-N-acetylcys-

teine-DHP, and 1-CHO-DHP are DNA reactive pyrrolic metabolites potentially associated

with PA-induced liver tumor initiation. In this study, we developed an LC/MS/MS multiple

reaction monitoring (MRM) mode method to identify and quantify these metabolites

formed from the metabolism of senecionine, a carcinogenic PA, by mouse, rat, and human

liver microsomes, and primary rat hepatocytes. Together with the chemically prepared

standards of these metabolites, this represents an accurate and convenient LC/MS/MS

analytical method for quantifying these five reactive pyrrolic metabolites in biological

systems.

Copyright © 2019, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Pyrrolizidine alkaloids (PAs) are widespread and toxic phyto-

chemicals [1,2]. There are more than 6000 PA-containing

plants in the world, which are probably the most common

poisonous plant species affecting livestock, wildlife, and

humans [1e4]. PAs have been found to induce liver tumors in

experimental animals [3,5e9]. Monocrotaline, riddelliine, and

lasciocarpine are classified as possible human carcinogens by

the International Agency for Research on Cancer (IARC) [7,8].

PAs require metabolic activation to exert toxicity, including

carcinogenicity [1e4]. Metabolism of toxic PAs generates

primary pyrrolic metabolites (dehydro-PAs), which are

easily hydrolyzed to produce (±)-6,7-dihydro-7-hydroxy-1-
hydroxymethyl-5H-pyrrolizine (DHP [1e3]. Both dehydro-PAs

and DHP can bind to cellular DNA to form exogenous DNA

adducts leading to liver tumor initiation.
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Recently, we established a common genotoxic mechanism

mediated by a set of DHP-DNA adducts leading to PA-induced

liver tumor initiation (Fig. 1) [5,10e15]. This mechanism has

been common, involved in the metabolism of a series of

hepatocarcinogenic PAs and riddelliine N-oxide in rats in vivo

[1,5,10,15], in the livers of male mice dosed retrorsine [16], in

the livers of cows accidently fed with PA-contaminated hay

[4], and in liver microsomal metabolism of PAs and pyrrolic

metabolic metabolites in vitro [11,13,17]. Based on these find-

ings, we proposed that these DHP-DNA adducts are potential

biomarkers of PA exposure and liver tumor initiation

[5,10,11,14,15].

We recently determined that besides DHP, four secondary

pyrrolic metabolites, 7-glutathione-DHP (7-GS-DHP), 7-

cysteine-DHP, 7-N-acetylcysteine-DHP (7-NAC-DHP), and 1-

CHO-DHP are also DNA reactive metabolites. These results

suggest thatmultiple activation pathways exist, leading to the

formation of DHP-DNA adducts [5,10e12,15]. In the present

study, with the use of the synthetically prepared standards of

these five pyrrolic metabolites, we developed an LC/MS/MS

selected reaction monitoring (SRM) mode method to accu-

rately and conveniently quantify these metabolites formed

in vitro and in rat primary hepatocytes. By this analytical

method, the pyrrolicmetabolites formed from themetabolism

of senecionine, a carcinogenic PA, by rat, mouse, and human

liver microsomes and by primary rat hepatocytes were iden-

tified and quantified.

2. Experimental procedures

2.1. Chemicals

Senecionine and senecionine N-oxide were purchased from

Cerilliant Corporation, (Round Rock, TX). DHP, 7-glutathione-

DHP (7-GS-DHP), 7-cysteine-DHP, 7-N-acetylcysteine-DHP (7-

NAC-DHP), and 1-CHO-DHP were synthesized as previously

described [11,12,18,19]. The structures of these pyrrolic com-

pounds are shown in Fig. 2. Male Fischer 344 rat, male mouse,

and male human liver microsomes were purchased from

BioreclamationIVT (Baltimore, MD).

2.1.1. Animal care and isolation of rat hepatocytes
Male Fischer 344 rats at the age of 10e12 weeks were obtained

from the U.S. FDA National Center for Toxicological Research

(NCTR) breeding colonies. Animal care and experimental

procedures were performed in accordance with the National

Institutes of Health “Guide for the Care and Use of Laboratory

Animals” and was authorized by the NCTR Institutional Ani-

mal Care and Use Committee.

Rat hepatocytes were isolated by the in situ two-step

perfusion method [20] with modifications [21]. After an

intraperitoneal injection of pentobarbital, the liver was

perfused with buffer containing 2 mM CaCl2, 0.03% collage-

nase, and 0.01% soybean trypsin inhibitor. The digested liver

Fig. 1 e The proposed general metabolic activation pathways of carcinogenic PAs mediated by the formation of DHP-DNA

adducts leading to PA-induced liver tumor initiation.
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was collected and the resulting suspension was centrifuged to

collect the hepatocytes, which were further purified using a

90% Percoll solution. Cell viability was routinely >90% as

measured by trypan blue exclusion, and the average cell yield

was usually 2e3 � 108 cells per rat.

2.1.2. Metabolism of senecionine by male rat, mouse, and
human liver microsomes
The metabolism of senecionine by male rat, mouse, and

human (50-donor pooled) liver microsomes was conducted in

a 1 mL incubation volume containing 100 mM sodium phos-

phate buffer (pH 7.4), 5 mM magnesium chloride, 1 mM

NADPH, 500 mMsenecionine, and 1mg of human,mouse or rat

liver microsomes at 37 �C for 30 min. After incubation the

mixture was centrifuged at 105,000 g for 30 min at 4 �C to

remove microsomal proteins. The supernatant was collected

and analyzed via HPLC or LC/MS/MS.

2.1.3. Metabolism of senecionine by male primary rat
hepatocytes
The isolated hepatocytes were cultured in William’s E medium

supplemented with 10 mM HEPES, 1% linoleic acid-albumin,

5 mg/mL insulin, 5 mg/mL holo-transferrin, 25 nM dexametha-

sone, 5 ng/mL sodiumselenous acid, and 5%FBS. The cellswere

Fig. 2 e Structures of senecionine, its five secondary pyrrolic metabolites, and three other identified metabolites.
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seeded at a density of 4 � 105 cell/mL into 150 cm2 culture

dishes, which were coated with 1 mg/ml PureCol (bovine

collagen I) 24 h prior to use. The cells were allowed to attach for

4 h at 37 �C in a humidified atmosphere containing 5% CO2,

then the cells were exposed to vehicle control (0.1% DMSO in

DMEM) or test chemicals at 50 mM for 24 h. After exposure the

cells were washed quickly with 10 mL PBS three times, then

were scraped into 6 mL H2O and disrupted using a freeze-thaw

lysis method (cells were frozen in liquid nitrogen and subse-

quently thawed cyclically three times). After removing protein

by adding two volumes of acetonitrile, the resulting suspension

was centrifuged at 8000 rpm and the supernatant was collected

and concentrated for LC/MS/MS SRM analysis.

2.2. Quantitation of pyrrolic metabolites by LC-ES-MS/
MS analysis

LC-ES-MS/MS analysis was conducted as previously described

[12].

2.3. Standard characterization and calibration curves

For quantitation of each pyrrolic metabolites, the standard

curves (8 points) of themetabolites were generated by plotting

the amounts of synthetic standard compounds against the

peak-area ratios at the maximum absorption wavelengths

(Table 1). Injection volumewas 10 mL for each sample (Table 1).

3. Results

3.1. Metabolism of senecionine by male rat, mouse, and
human liver microsomes and primary rat hepatocytes

The metabolism of senecionine by male mouse liver micro-

somes was conducted and the metabolites were separated by

reversed-phase HPLC (Fig. 3). The chromatographic peak

eluting at 38.7 min in Fig. 3 was the recovered senecionine

substrate. The material in the chromatographic peak eluting

at 34.1 min had the HPLC retention time, UVevisible-absorp-

tion spectrum, mass full scan profile, and mass product ion

scan profile identical to those of the synthetic standard sen-

ecionine N-oxide. By comparison to the mass and spectral

data previously reported by Eastman and Segall (1982) [22], the

material eluted at 34.7 min was identified as 19-

hydroxysenecionine (19-OH-senecionine). Similarly, based

on the comparison of their HPLC-UV retention times,

UVevisible spectra, and mass spectrometric data, the me-

tabolites eluted at 21.8, 22.5, 24.4, 24.8, and 26.4 min were

identified as 7-CYS-DHP, 7-GS-DHP, DHP, 7-NAC-DHP, and 1-

CHO-DHP, respectively.

The identification of all the above-described metabolites

from the metabolism of senecionine by rat and human liver

microsomes, as well as from primary rat hepatocytes, was

similarly conducted (data not shown).

3.2. Quantitation of pyrrolic metabolites formed from
the metabolism of senecionine by LC/MS/MS SRM mode
analysis

The pyrrolic metabolites obtained from the metabolism of

senecionine bymale rat, mouse, and human livermicrosomes

was identified by comparison of their LC/MS/MS SRM mode

profiles with those of the synthetic standards (Fig. 4). LC/MS

SRM chromatograms of the synthetic standards 7-cysteine-

DHP, DHP, 1-CHO-DHP, 7-GS-DHP, and 7-NAC-DHP are shown

in Fig. 4A. Fig. 4B shows the four of five pyrrolic metabolites

formed from the metabolism of senecionine by rat liver mi-

crosomes. The metabolite of 7-NAC-DHP was not formed.

Similar resultswere generated from themetabolism bymouse

(Fig. 4C) and human liver microsomes (Fig. 4D). Differently,

Table 1 e Regression equation, correlation coefficients, linearity range and limit of detection (LOD) for the five PA
metabolites.

Compounds Regression equation Linear range (nM) R2 LOD (nM)

DHP Y ¼ �55575.2 þ 19962.5X 6.1e3125 0.9941 3.3

7-GS-DHP Y ¼ �205265 þ 48877.3X 12.2e6250 0.9975 1.5

7-cysteine-DHP Y ¼ 2365.2 þ 1932.4X 48.8e100000 0.9964 22.7

7-NAC-DHP Y ¼ �90630.4 þ 109046X 3.1e6250 0.9963 0.4

1-CHO-DHP Y ¼ �380014 þ 256738X 12.2e3125 0.9968 3.1

Fig. 3 e HPLC-UV profile of identified metabolites produced from the mouse liver microsomal metabolism of senecionine

measured at 220 nm.
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incubation of senecionine with primary rat hepatocytes

generated all five pyrrolic metabolites (data not shown).

For quantitation, the LC/MS SRM chromatograms of each

pyrrolic metabolite were compared to the corresponding

standard characterization and calibration curves. The sum-

marized data are listed in Table 2. The levels of secondary

pyrrolic metabolites formed from the metabolism of sen-

ecionine with rat, mouse, and human liver microsomes are in

the order: mouse > human > rat.

4. Discussion

The primary pyrrolic metabolites, dehydro-PAs, are highly

unstable and cannot be isolated from the metabolism or any

other biological systems. In the past, DHP was the only reac-

tive pyrrolic metabolite that could be isolated from the

metabolism. Recently, we demonstrated that five DNA reac-

tive pyrrolic metabolites (DHP, 7-GS-DHP, 7-CYS-DHP, 1-CHO-
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Fig. 4 e LC/MS SRM chromatograms of 7-CYS-DHP, DHP (DHR), 1-CHO-DHP, 7-GS-DHP, and 7-NAC-DHP from (a) synthetically

prepared, and formed from the male (b) rat, (c) mouse, and (d) human liver microsomal metabolism of senecionine. The SRM

scheme was employed involving transitions of the [M þ H]þ precursor ions to selected product ions with the values: /m/z

257 / 152 for 7-CYS-DHP; 154 / 106 for DHP; m/z 152 / 134 for 1-CHO-DHP; m/z 443 / 118 for 7-GS-DHP; and m/z

281 / 118 for 7-NAC-DHP.

j o u r n a l o f f o o d and d ru g an a l y s i s 2 8 ( 2 0 2 0 ) 1 6 7e1 7 4 171



DHP, and 7-NAC-DHP) are commonly generated from the

metabolism of toxic PAs [10e13,15,17]. In this study, we

developed a convenient LC/MS/MS SRM mode method for the

quantitation of these DNA reactive pyrrolic metabolites pro-

duced from the metabolism of senecionine in vitro, by rat,

mouse, and human liver microsomes; and from the incuba-

tion of senecionine in primary rat hepatocytes. This method

requires the use of synthetically-prepared pyrrolic standards

to construct calibration curves so that the pyrrolicmetabolites

can be chemically characterized and accurately quantified.

Besides the metabolism of senecionine, this method can be

conveniently utilized to quantify these five DNA reactive

pyrrolic metabolites produced from the metabolism of other

toxic PAs as well.

To date, the reports on the quantitative metabolism of PAs

are few. The most popular quantitation method so far re-

ported is to use the carbon-14 labelled parent PAs, specifically

[14C] monocrotaline [23e26]. The preparation of carbon-14

labelled PAs requires PA-containing plants grown with 14CO2

in a closed system. In addition, the radioactive materials in

both plant growth and biological studies require careful

handling. Thus, our LC/MS/MS SRM method is more conve-

nient and much safer to use.

Senecionine is one of the most studied hepatotoxic and

carcinogenic Pas [1e3,10,22,27]. In the present study, up to five

DNA reactive pyrrolic metabolites were formed from the

metabolism of senecionine. Since these five secondary pyr-

rolic metabolites can bind to DNA to form the same set of

DHP-dG-3/4 and DHP-dA-3/4 adducts [11,13,18,28], these re-

sults further support our previous findings that there exist

multiple activation pathways leading to the formation of DHP-

DNA adducts in vitro and in cells [10,28]. Based on this study, as

shown in Fig. 5, we propose the metabolic activation of sen-

ecionine leading to the formation of DNA reactive secondary

pyrrolic metabolites and potentially resulting in PA-induced

liver tumor initiation.

Metabolism of senecionine produced 19-OH-senecionine

(Fig. 3) formed from mouse hepatic microsomes in vitro [22]. It

is apparent that furthermetabolism of 19-OH-senecionine can

also produce dehydrosenecionine, which, in turn, can be

metabolized into DHP, 7-GS-DHP, 7-CYS-DHP, 7-NAC-DHP,

and 1-CHO-DHP (Fig. 4). Thus, the metabolic formation of

these pyrrolic metabolites should be contributed by the

metabolism of both senecionine and 19-OH-senecionine.

The P450-catalyzed oxidative metabolism at the necine

base to form pyrrolic metabolites is considered the

Table 2 e Quantitation of metabolites from metabolism of senecionine with liver microsomes by LC-ESlMS/MS.a

Metabolite Quantitation of Metabolite (nM)

Rat Mouse Human Primary rat hepatocytes

DHP 81 ± 11 392 ± 53 257 ± 39 154 ± 13

7-CYS-DHP 10 ± 1.5 17 ± 2.1 162 ± 27 994 ± 25

7-GS-DHP 6.4 ± 0.7 58 ± 10 NDb 628 ± 44

9-CHO-DHP 3 ± 0.5 387 ± 41 119 ± 10 109 ± 10

7-NAC-DHPc ND ND ND 1138 ± 63

a The data are represented as the mean ± SD, n ¼ 3.
b Not detected.
c 7eNACeDHP detected when NAC was added in the reaction system.

Fig. 5 e The proposed metabolic activation of senecionine by male rat, mouse, and human liver microsomal metabolism

leading to the formation of five DNA reactive secondary pyrrolic metabolites resulting in the PA-induced liver tumor

initiation.
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predominant activation pathway; whereas the others, such as

hydrolysis of the ester linkage to produce DHP and N-oxida-

tion of the necine base to produce the corresponding PA N-

oxides, are detoxification pathways [1e3,10,29]. It has been

established that PA-induced cytotoxicity is highly species

specific in livestock and laboratory animals [1,2]. In general,

rats, mice, and humans are highly susceptible to PA intoxi-

cation. Thus, species difference in susceptibility to the PA

toxicity is that the susceptible species show high formation

rates for producing pyrrolic metabolites [30,31].

As the results summarized in Table 2 indicate, the levels of

secondary pyrrolic metabolites formed from the metabolism

of senecionine with rat, mouse, and human liver microsomes

are in the order: mouse > human > rat. This study represents

the first to report the species specificity in liver microsomal

metabolism of the carcinogenic PA, senecionine, leading to

the formation of five different DNA reactive secondary pyr-

rolic metabolites.
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