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of DNA adducts is a common biological biomarker of PA-induced liver tumor formation. In
this study, we determined that rat liver microsomal metabolism of five hepatocarcinogenic
PAs (lasiocarpine, retrorsine, riddelliine, monocrotaline, and heliotrine) and their corre-
sponding PA N-oxides produced the same set of DNA adducts. Among these compounds,
lasiocarpine N-oxide, retrorsine N-oxide, monocrotaline N-oxide, and heliotrine N-oxide
are for first time shown to be able to produce these DNA adducts. These results further
support the role of these DNA adducts as potential common biomarkers of PA-induced
liver tumor initiation.
Copyright © 2017, 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/).

formed from PAs that are not carcinogenic [14]. These four
DNA adducts are a pair of epimers of 7-hydroxy-9-(deoxy-
guanosin-N?-yl)dehydrosupinidine adducts (termed as
DHP-dG-3 and DHP-dG-4) and a pair of epimers of 7-hydroxy-
9-(deoxyadenosin-N°-yl)dehydrosupinidine adducts (termed
as DHP-dA-3 and DHP-dA-4) (Fig. 1). We have proposed that

1. Introduction

Pyrrolizidine alkaloids (PAs) and PA N-oxides are toxic plant
secondary metabolites present in numerous plant species
[1—11]. PA-containing plants are the most common poisonous

plants affectinglivestock, wildlife, and humans, and a number
of PAs are carcinogenic [1,6,7,12,13].

We recently determined that a set of four PA-derived DNA
adducts was formed in the liver of female rats dosed with
seven hepatocarcinogenic PAs and riddelliine N-oxide, but not

* Corresponding author. Fax: +1 870 543 7136.
E-mail address: peter.fu@fda.hhs.gov (P.P. Fu).
http://dx.doi.org/10.1016/j.jfda.2017.09.001

this set of DNA adducts (DHP-dG-3, DHP-dG-4, DHP-dA-3, and
DHP-dA-4) is a common biological biomarker of PA-induced
liver tumor formation [14,15]. We have also found that meta-
bolism of PAs by rat liver microsomes generated four
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Fig. 1 — Formation of DHP—DNA adducts from the metabolism of PAs in vivo and in vitro. DHP designates 6,7-dihydro-7-

hydroxy-1-hydroxymethyl-5H-pyrrolizine.

additional DHP—DNA adducts, designated as DHP-dG-1, DHP-
dG-2, DHP-dA-1, and DHP-dA-2 (Fig. 1) [16].

There are 660 PAs and PA N-oxides present in the plants
and approximately half are toxic and carcinogenic [1,6—11]. At
present, only seven hepatocarcinogenic PAs (riddelliine, ret-
rorsine, monocrotaline, heliotrine, clivorine, senkirkine, and
lasiocarpine) and one PA N-oxide (riddelliine N-oxide) are
known to produce these DHP—DNA adducts (DHP-dG-3, DHP-
dG-4, DHP-dA-3, and DHP-dA-4) in vivo and/or in vitro
[14,17,18]. It is important to study more PAs and/or PA N-ox-
ides to determine whether or not this set of DHP—-DNA ad-
ducts is a common biomarker of PA-induced liver tumor
formation.

In the present study, we investigated the metabolism of
five hepatocarcinogenic PAs (retrorsine, riddelliine, mono-
crotaline, lasiocarpine, and heliotrine) and their correspond-
ing PA N-oxides (retrorsine N-oxide, riddelliine N-oxide,
monocrotaline N-oxide, lasiocarpine N-oxide, and heliotrine
N-oxide) by male F344 rat liver microsomes in the presence of
calf thymus DNA. The structures of these PA N-oxides are
shown in Fig. 2. We found that all these PAs and PA N-oxides
produced the same DNA adducts. The non-carcinogenic PA,
platyphylline, was also included for study.

2. Materials and methods

2.1. Chemicals

Monocrotaline, retrorsine, retrorsine N-oxide, calf thymus
DNA (sodium salt, type I), nuclease P1, micrococcal nuclease
(MN), spleen phosphodiesterase (SPD), and NADPH were pur-
chased from Sigma—Aldrich (St. Louis, MO, USA). Heliotrine
was purchased from Accurate Chemical & Scientific Corpo-
ration (Westbury, NY, USA). Lasiocarpine was purchased from
PhytoLab (Dutendorfer, Germany). Dimethylformamide
(DMF), acetonitrile, potassium carbonate, chloroform, diethyl
ether, and phosphate buffered saline (PBS) were obtained
from Fisher Scientific (Pittsburgh, PA, USA). All solvents used
were LCMS or HPLC grade.

Riddelliine was obtained from Dr. Po-Chan, the National
Toxicology Program (NTP). Platyphylline, which contains 70%
platyphylline and 30% neoplatyphylline, was a gift from Prof.
H.S. Chen at the Department of Phytochemistry, The Secondary
Military Medical University, Shanghai, China. Riddelliine N-
oxide, monocrotaline N-oxide, lasiocarpine N-oxide, and helio-
trine N-oxide were synthesized by N-oxidation of the
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Fig. 2 — The structures of riddelliine N-oxide, retrorsine N-oxide, monocrotaline N-oxide, lasiocarpine N-oxide, and

heliotrine N-oxide.

corresponding PAs with 30% hydrogen peroxide as previously
described [19,20]. DHP-dG-1, DHP-dG-2, DHP-dG-3, DHP-dG-4,
DHP-dA-1, DHP-dA-2, DHP-dA-3, and DHP-dA-4 adducts were
synthesized as previously described [17,21]. Isotopically labeled
DHP-[**N5]dG and DHP-[**Ns »3C;0]dA adducts, used as internal
standards for quantitation of DHP-dG and DHP-dA adducts by
LC/MS/MS, were synthesized as described previously [14,17,21].

2.2. Metabolism of PA N-oxides by male F344 rat liver
microsomes in the presence of calf thymus DNA

The metabolism of PA N-oxides (riddelliine N-oxide, retrorsine
N-oxide, monocrotaline N-oxide, lasiocarpine N-oxide, or
heliotrine N-oxide) by F344 rat liver microsomes was con-
ducted in a 1.0 mL incubation volume containing 100 mM
sodium phosphate buffer (pH 7.6), 5 mM magnesium chloride,
1 mM NADPH, 1 mg/mL rat liver microsomes, 500 uM PA N-
oxide, and 500 pg of calf thymus DNA at 37 °C for 60 min. After
incubation, the reaction mixture was successively extracted
with 1.0 mL of phenol, 1.0 mL of phenol/chloroform/isoamyl
alcohol (v/v/v, 25/24/1), and 1.0 mL of chloroform/isoamyl
alcohol (v/v, 24/1). The DNA in the aqueous phase was
precipitated by adding 1/10 volume of 5 M sodium chloride
followed by 2 volumes of cold ethanol and washed three times
with 70% ethanol. The DNA samples were redissolved at 2 mg/
mL in distilled water, and then enzymatically hydrolyzed to
deoxynucleosides with micrococcal nuclease (MN), spleen

phosphodiesterase (SPD), and nuclease P1 as previously
described [14]. The resulting samples were spiked with inter-
nal standards for LC—ESI/MS/MS analysis. For comparison the
metabolism of five corresponding PAs (riddelliine, retrorsine,
monocrotaline, lasiocarpine, or heliotrine) by F344 rat liver
microsomes was conducted.

2.3.  Identification of metabolites formed from
metabolism of riddelliine N-oxide by male F344 rat liver
microsomes

The metabolism of riddelliine N-oxide by male F344 rat mi-
crosomes was conducted as described above with the excep-
tion that no calf thymus DNA was added. 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 aliquots of 10 pL were directly subjected to LC/MS
analysis.

2.4.  LC—ESI/MS/MS analysis of DHP-dG and DHP-dA
adducts formed in vitro

2.4.1. Liquid chromatography

A Finnigan Surveyor HPLC system was coupled with the TSQ
mass spectrometer. The samples were loaded onto a reverse
phase column (ACE 3 C18, 4.6 mm x 150 mm, 3 um, MAC-MOD
Analytical, Chadds Ford, PA) with mobile phases of methanol
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and water (containing 2 mM ammonium acetate; pH 5.5) at a
flow rate of 0.3 mL/min. The elution gradient began with 15%
methanol for 5 min, followed by a linear gradient up to 65%
methanol over the next 35 min, then methanol was increased
to 95% in 1 min. After holding 95% methanol for 6 min, the
gradient was reset to 15% methanol in 1 min. The column was
equilibrated for 18 min before the next injection. The samples
were maintained at 5 °C in the autosampler during the entire
analysis.

2.4.2. Mass spectrometry

The same TSQ Quantum Ultra Triple Stage Quadrupole ES—MS/
MS System was used for the DHP—-DNA adduct analysis. The
spray voltage was 3000 V, the vaporizer temperature was 400 °C,
and the capillary temperature was 280 °C. The nitrogen pressure
of sheath and auxiliary gases was 30 and 5 (arbitrary units),
respectively. The argon collision gas pressure was 1.5 mTorr, the
collision energy was 17 eV for DHP-dG and its internal standard;
and 21 eV for DHP-dA and its internal standard.

A selected reaction monitoring (SRM) scheme was employed
involving transitions of the [M + H]" precursor ions to selected
product ions, with the following transitions: m/z 403 — m/z 269
for DHP-dG adducts; m/z 408 — m/z 274 for DHP-[**N;]dG in-
ternal standards; m/z 387 — m/z 253 for DHP-dA adducts; and
m/z 402 — m/z 263 for DHP-[*°Ns,'®C;0]dA internal standards.

Data acquisition and reprocessing were performed using
Thermo Xcalibur 2.0 SR2 software.

2.5. Standard characterization and calibration curves

Standard curves were generated by plotting the amount of
standard compounds against the peak-area ratios of DHP-dG/
dA standards to the corresponding labeled internal standards.
Each sample was tested with a 10 pL injection volume con-
taining 60 fmol DHP-["*Ns]dG and 15 fmol DHP-[**Ns,"3C;0]dA
as internal standards. Since DHP-dG-3 and DHP-dG-4 adducts,
as well as DHP-dA-3 and DHP-dA-4 adducts, are intercon-
vertible [21], the levels of DHP-dG-3 and DHP-dG-4 were
combined for quantitation; DHP-dA-3 and DHP-dA-4 levels
were also combined.

2.6. LC—ESI/MS/MS identification of metabolites from
the metabolism of riddelliine N-oxide

2.6.1. Liquid chromatography

A Finnigan Surveyor HPLC system was coupled with a TSQ
mass spectrometer. The samples were loaded onto a Luna
3 pm C18 column (4.6 x 150 mm, Phenomenex) with the mo-
bile phases consisting of (A) water (containing 0.01% formic
acid, pH = 3.5) and (B) acetonitrile at the flow rate of 300 uL/
min. A gradient elution was adopted as follows: 0—10 min, 3%
B; 10—35 min, 3—20% B; 35—45 min, 20-50% B, 45—50 min,
50—90% B. The gradient will then be reset to 3% B and the
column was equilibrated for 18 min before the next injection.
The samples were maintained at 5 °C in the autosampler
during the entire analysis.

2.6.2. Mass spectrometry
A TSQ Quantum Ultra Triple Stage Quadrupole MS/MS System
(ThermoFinnigan, San Jose, CA, USA) was equipped with an

atmospheric pressure ionization (API) electrospray (ESI)
interface. The instrument was operated in positive ion mode.
The spray voltage was set to 3500 V, the vaporizer temperature
to 300 °C, and the capillary temperature to 300 °C. Nitrogen
was used as sheath gas and auxiliary gas, and argon was the
collision gas. Nitrogen pressures of the sheath and auxiliary
gases were set to 30 and 5 (arbitrary units), respectively. Argon
was the collision gas, and was set to 1.5 mTorr. A selected
reaction monitoring (SRM) scheme was employed involving
transitions of the [M + H]* (or [M—H,0 + H]") precursor ions to
selected product ions, with the following values: m/z
154 — 106 for DHP; m/z 443 — 118 for 7-GS-DHP; m/z
239 — 152 for 7-cysteine -DHP; m/z 350 — 120 for riddelliine;
and m/z 366 — 118 for riddelliine N-oxide.

3. Results
3.1. Standard characterization and calibration curves

HPLC—ES—MS/MS calibration curves were generated from the
synthetically prepared DHP-dG-1, DHP-dG-1, DHP-dG-3, DHP-
dG-4, DHP-dA-1, DHP-dA-2, DHP-dA-3, and DHP-dA-4 versus
their respective DHP-[**N5]dG and DHP-[**N; *3C;,]dA internal
standards. The calibration curves were linear over the con-
centration range of 2—40 fmol for DHP-dG-1; 2—40 fmol for
DHP-dG-2; 1—20 fmol for DHP-dA-1; 1—20 fmol for DHP-dA-2;
0.5—40 fmol for DHP-dG-3/4; and 0.4—50 fmol for DHP-dA-3/
4. The best linear fit and least variability for the calibration
curves were achieved with a weighting factor of 1/X, with the
correlation coefficients (r?) for all curves > 0.99.

3.2.  LC—MS/MS analysis of DHP-dG and DHP-dA
adducts formed in vitro

After the metabolism of each PA and PA N-oxide by rat liver
microsomes in the presence of calf thymus DNA, DNA was
isolated, enzymatically hydrolyzed, and the resulting DHP-dG
and DHP-dA adducts were quantified by LC—MS/MS analysis
with the SRM mode. Total samples included those from the
vehicle control, five PA N-oxides, five of their corresponding
PAs, and platyphylline.

Following our previously established LC—MS/MS condi-
tions, DHP-dG-1 and DHP-dG-2 adducts were well separated
from DHP-dG-3 and DHP-dG-4 adducts. Also, DHP-dA-1 and
DHP-dA-2 adducts were separated from DHP-dA-3 and DHP-
dA-4 adducts [14,21]. The overall results of the DHP-dG and
DHP-dA adduct formation from each of treated PAs and PA N-
oxides are summarized in Table 1.

Representative SRM chromatograms of the DHP-dG and
DHP-dA adducts formed from the metabolism of retrorsine
are shown in Fig. 3A. Fig. 3A-1 shows the isotope-labeled in-
ternal standards DHP-[**Ns]dG-1, DHP-[**Ns]dG-2, DHP-[**N;]
dG-3, and DHP-[**Ns]dG-4 adducts, each involving transition
of the [M+H]" precursor ion m/z 408 to selected product ion m/
z 274. Fig. 3A-3 depicts the labeled internal standards DHP-
[°Ns,*3Cy0]dA-1, DHP-[**Ns,*C10]dA-2, DHP-[**Ns,'3C;0]dA-3,
and DHP-[**Ns,*3C;0]dA-4 adducts involving transition of m/z
402 to m/z 263. Fig. 3A-2 and A-4 presents the DHP-dG and
DHP-dA adducts formed from the metabolism of retrorsine,
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Table 1 — LC—-MS/MS analysis of DHP-dG and DHP-dA adducts for metabolism of 50 M PAs and PA N-oxides by rat liver

microsomes in the presence of calf thymus DNA.

Chemicals Levels of DHP-dG and DHP-dA/10® nucleotides?®
DHP-dG-1 DHP-dG-2 DHP-dG-3/4 DHP-dA-1 DHP-dA-2 DHP-dA-3/4 Total DHP-dG and
DHP-dA

Vehicle Control <LOD <LOD <LOD <LOD <LOD <LOD <LOD
Lasiocarpine 4.94 +0.76 7.66 + 1.49 6.44 + 0.74 5.36 + 1.25 2.23 + 0.56 18.93 + 1.87 45.55
Retrorsine 2.02 +0.27 2.80 + 0.47 4.05 + 0.64 1.60 + 0.16 0.55 + 0.08 12.79 + 1.76 23.82
Riddelliine 1.69 +0.31 2.53 +0.37 3.48 +0.26 1.03 +0.23 0.55 +0.12 9.08 + 1.14 18.36
Monocrotaline 1.44 + 0.10 1.33 +£0.20 1.52 + 0.07 0.97 + 0.30 0.46 + 0.10 5.17 + 0.97 10.88
Heliotrine <LOD <LOD 1.86 + 0.16 <LOD <LOD 6.85 + 0.56 8.71
Lasiocarpine N-oxide 1.48 £ 0.22 1.31 +0.40 1.42 + 0.44 0.64 +0.10 0.61+0.13 6.48 + 0.52 11.94
Retrorsine N-oxide <LOD <LOD 1.47 + 0.16 0.44 + 0.03 <LOD 6.19 + 0.47 8.09
Riddelliine N-oxide <LOD <LOD 0.91 + 0.06 0.37 + 0.04 <LOD 1.53 +0.36 2.81
Monocrotaline N-oxide <LOD <LOD 0.74 + 0.05 0.12 + 0.20 <LOD 0.48 + 0.12 1.34
Heliotrine N-oxide <LOD <LOD 0.85 + 0.09 <LOD <LOD 1.60 + 0.16 2.44
Platyphilline <LOD <LOD <LOD <LOD <LOD <LOD <LOD

LOD = limit of detection based upon the analysis of 45 pg DNA by HPLC—ES—MS/MS. Under experimental conditions, the LOD of DHP-dG-1/2 is
0.71, DHP-dG-3/4 is 0.71, DHP-dA-1/2 is 0.14, and DHP-dA-3/4 is 0.14 adducts per 10® nucleotides, separately.
@ Aliquots of DNA (45 ug) were assayed by HPLC—ES—MS/MS. The data are presented as the mean + SD, n = 3.
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with the results indicating that all four DHP-dG and four DHP-
dA adducts were generated in different yields (Table 1).

The SRM chromatograms of retrorsine N-oxide are shown
in Fig. 3B. The yields of the DHP—DNA adducts were lower
than those from retrorsine, with DHP-dG-1, DHP-dG-2, and
DHP-dA-2 being not detected (Table 1, Fig. 3B-2, B-4).

The results summarized in Table 1 indicate that the levels
of DHP-dG and DHP-dA adducts are formed from PAs to a
greater extent than from the corresponding PA N-oxides.

3.3.  LC—MS/MS analysis of metabolites formed from
metabolism of riddelliine N-oxide in vitro

The metabolism of riddelliine N-oxide by male rat liver mi-
crosomes was conducted and its metabolites were identified
by comparison of their LC/MS/MS SRM mode profiles with
those of the synthetic standards (Fig. 4). The LC/MS SRM
chromatograms of the synthetic standards riddelliine, 7-
cysteine-DHP, riddelliine N-oxide, DHP, and 7-GS-DHP are

shown in Fig. 4 Panel A and Panel B. The identified metabolites
include riddelliine (Panel C), 7-cysteine-DHP (Panel D), DHP
(Panel F), and 7-GS-DHP (Panel G).

4, Discussion

We previously proposed that the set of DHP-dG-3, DHP-dG-
4, DHP-dA-3, and DHP-dA-4 adducts is a biomarker
responsible for PA-induced liver carcinogenicity [14—16,22].
To provide more experimental results to support the pro-
posal, we investigated the metabolism of five hep-
atocarciogenic PAs and their corresponding PA N-oxides by
male rat liver microsomes in the presence of calf thymus
DNA. We found that all of these compounds formed the
same set of DHP-dG and DHP-dA adducts (Table 1). Among
these PAs, lasiocarpine N-oxide, retrorsine N-oxide, mono-
crotaline N-oxide, and heliotrine N-oxide have never been
studied before. Thus, besides the 7 hepatocarcinogenic PAs
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and riddelliine N-oxide that have previously been shown to
produce these DHP—DNA adducts in vivo, these four PA N-
oxides are a new addition to this category (formation of
DHP—-DNA adducts).

We previously studied the metabolism of riddelliine N-
oxide by female F344 rat liver microsomes and only two me-
tabolites, riddelliine and DHP, were identified [19]. In the
present study by using LC/MS/MS analysis in SRM mode, we
found that four metabolites, e.g. riddelliine, DHP, 7-
glutathione-DHP (7-GS-DHP), and 7-cysteine-DHP, were
formed from the metabolism of riddelliine N-oxide by male rat
liver microsomes (Fig. 4). Both 7-GS-DHP and 7-cysteine-DHP
have been found to be capable of binding with DNA to produce
these DHP—DNA adducts in vitro and in HepG2 cells [16,18].
Based on our overall findings, we propose an expanded gen-
eral metabolic activation pathway for toxic PA N-oxides
leading to the formation of pyrrolic DNA adducts that poten-
tially induce liver tumors (Fig. 5).

This proposed mechanism involves the formation of four
reactive metabolites (dehydro-PA, DHP, 7-glutathione-DHP (7-
GS-DHP), and 7-cysteine-DHP) that can bind with DNA to
produce this set of DHP—DNA adducts. As such, there exist
multiple activation pathways leading to the DHP—DNA adduct
formation, and potentially PA N-oxide-induced, as well as PA-
induced, liver tumor initiation.

To date, we have obtained the following findings that can
support the role of this set of four DHP-DNA adducts as po-
tential biomarkers of PA-induced (as well as PA N-oxide-
induced) liver tumor formation:

1. Seven hepatocarcinogenic PAs and five PA N-oxide can
produce a set of four DHP—DNA adducts in vivo and/or
in vitro [14].

2. In conjunction with the NTP chronic tumorigenicity study,
these DNA adducts were detected in the liver of female rats
administered riddelliine [17].

3. Both male and female rat liver microsomes can biologically
activate PAs and PA N-oxides to form these DHP—DNA
adducts.

4. These adducts were also formed in the liver of male mice
administered retrorsine [23].

5. The lifetime of the DHP—DNA adducts in the liver exhibited
significant long persistence (up to 8 weeks) in mice in vivo,
supporting their role in serving as biomarkers of PA expo-
sure [23].

6. These four DHP—DNA adducts were also found in the livers
of cows accidentally fed with PA-contaminated hay [24].

These overall experimental results well support our hy-
pothesis that this set of DHP—DNA adducts can potentially be
biomarkers of PA-induced liver tumor initiation. This also
represents the first time that so many toxic xenobiotics are
biologically activated through a common set of exogenous
DNA adduct formation. Since humans are exposed to possibly
300 carcinogenic PAs and PA N-oxides present in our envi-
ronment, for human health protection, further investigations
of additional PAs and PA N-oxides are clearly warranted.
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