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a  b  s  t  r  a  c  t

Pyrrolizidine  alkaloid  (PA)-containing  plants  are  widespread  in  the  world  and  are  probably  the  most
common  poisonous  plants  affecting  livestock,  wildlife,  and  human.  PAs  require  metabolic  activation  to
generate  pyrrolic  metabolites  (dehydro-PAs)  that  bind  cellular  protein  and  DNA,  leading  to  hepatotoxicity
and  genotoxicity,  including  tumorigenicity.  In this  study  we report  that  UVA  photoirradiation  of  a series
of  dehydro-PAs,  e.g.,  dehydromonocrotaline,  dehydroriddelliine,  dehydroretrorsine,  dehydrosenecio-
nine,  dehydroseneciphylline,  dehydrolasiocarpine,  dehydroheliotrine,  and  dehydroretronecine  (DHR)
at 0–70  J/cm2 in  the  presence  of a  lipid,  methyl  linoleate,  resulted  in  lipid  peroxidation  in a  light
dose–responsive  manner.  When  irradiated  in  the  presence  of  sodium  azide,  the  level  of  lipid peroxida-
tion  decreased;  lipid  peroxidation  was  enhanced  when  methanol  was  replaced  by  deuterated  methanol.
These  results  suggest  that  singlet  oxygen  is  a photo-induced  product.  When  irradiated  in  the  presence
of  superoxide  dismutase,  the  level  of  lipid  peroxidation  decreased,  indicating  that  lipid  peroxidation  is
also mediated  by superoxide.  Electron  spin  resonance  (ESR)  spin  trapping  studies  confirmed  that  both
singlet  oxygen  and  superoxide  anion  radical  were  formed  during  photoirradiation.  These  results  indicate

that  UVA  photoirradiation  of dehydro-PAs  generates  reactive  oxygen  species  (ROS)  that  mediated  the
initiation  of  lipid  peroxidation.  UVA  irradiation  of  the  parent  PAs  and  other  PA  metabolites,  including  PA
N-oxides,  under  similar  experimental  conditions  did  not  produce  lipid  peroxidation.  It is known  that  PAs
induce  skin  cancer  and  are  secondary  (hepatogenous)  photosensitization  agents.  Our  results  suggest  that
dehydro-PAs  are  the  active  metabolites  responsible  for  skin  cancer  formation  and  PA-induced  secondary

photosensitization.

. Introduction

Pyrrolizidine alkaloids (PAs) are hepatotoxic and tumorigenic
hytochemicals present in twelve higher plant families of the
ngiosperms (Fu et al., 2002, 2004, 2010; IPCS, 1989; Mattocks,
986). It has been reported that about 3% of the world’s flow-
ring plants contain toxic PAs (Smith and Culvenor, 1981). To

ate, more than 660 PAs and PA N-oxides have been identified in
ver 6000 plants grown worldwide, and about half of them are
epatotoxic. Toxic PA-containing plants grow in South Africa, Cen-

Abbreviations: PA, pyrrolizidine alkaloid; DHP, (±)6,7-dihydro-7-hydroxy-1-
ydroxymethyl-5H-pyrrolizine; DHR, dehydroretronecine or (−)R-6,7-dihydro-7-
ydroxy-1-hydroxymethyl-5H-pyrrolizine; NCTR, National Center for Toxicological
esearch.
� This article is not an official US Food and Drug Administration (FDA) guidance
r  policy statement. No official support or endorsement by the US FDA is intended
r  should be inferred.
∗ Corresponding author. Tel.: +1 870 543 7207; fax: +1 870 543 7136.

E-mail address: peter.fu@fda.hhs.gov (P.P. Fu).

378-4274/$ – see front matter Published by Elsevier Ireland Ltd.
oi:10.1016/j.toxlet.2011.06.020
Published by Elsevier Ireland Ltd.

tral Africa, the West Indies, China, Jamaica, Canada, Europe, New
Zealand, Australia, and the United States. It is highly possible that
PA-containing plants are the most common poisonous plants
affecting livestock, wildlife, and humans (Fu et al., 2002, 2004;
IARC, 1976; Li et al., 2008; Mattocks, 1986; Roeder, 1995, 2000;
WHO, 1988). There are a number of PAs that have been found to
induce tumors in experimental animals (Fig. 1) (Fu et al., 2002,
2004; Mattocks, 1986). In 1989, the International Programme on
Chemical Safety (IPCS) determined that PAs are a threat to human
health and safety (IPCS, 1989).

PAs require metabolic activation to exert toxicities. The
metabolic activation pathways leading to hepatotoxicity and geno-
toxicity have been extensively studied (Fu et al., 2002, 2004, 2007,
2010; Li et al., 2008; Zhou et al., 2010). Using riddelliine as an
example, there are three principal metabolic pathways (Fig. 2). The
first pathway is hydrolysis of the ester group to form retronecine.

The second pathway is N-oxidation of the necine base to form
riddelliine N-oxide, which may  undergo reduction and be con-
verted back to riddelliine. The third metabolic pathway is oxidation
to form dehydroriddelliine, a pyrrolic ester. Pyrrolic metabolites

dx.doi.org/10.1016/j.toxlet.2011.06.020
http://www.sciencedirect.com/science/journal/03784274
http://www.elsevier.com/locate/toxlet
mailto:peter.fu@fda.hhs.gov
dx.doi.org/10.1016/j.toxlet.2011.06.020
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Fig. 1. Names and structures

re chemically and biologically very reactive, capable of binding
ellular macromolecules, such as protein and DNA, to generate
NA adducts, protein adducts and DNA and protein cross-links

o exert toxicity, including hepatotoxicity, tumorigenicity, muta-
enicity, and teratogenicity (Fig. 2). Dehydro-PAs can also bind to
ne or two molecules of glutathione to form glutathione conjugates
or excretion, or are hydrolyzed into (±)-6,7-dihydro-7-hydroxy-1-
ydroxymethyl-5H-pyrrolizine (DHP) (Fig. 2).

The mechanism by which PAs induce tumors was not known for
bout 50 years until we reported in 2001 that riddelliine, one of the
umorigenic PAs, induced liver tumors through a genotoxic mech-
nism mediated by the formation of DHP-derived DNA adducts
Yang et al., 2001). Subsequent studies on riddelliine and other
As showed that DHP-derived DNA adducts were also formed from
etabolism of other tumorigenic PAs in vivo and in vitro (Chou et al.,

003; Chou and Fu, 2006; Fu et al., 2004, 2007, 2010; Xia et al., 2003,
004, 2008). On the other hand, although it has been reported that
As and dehydro-PAs can induce cancer in the skin (Rao and Reddy,
978; Mattocks and Cabral, 1982), the mechanism is yet not known.

PAs have been shown to be the most important phytochemi-
als that, upon metabolism in the liver, can cause secondary (or
epatogenous) photosensitization in animals (Knight and Walter,
003). It was proposed that the liver damaged by PAs is unable to
liminate phylloerythrin, which is a bacterial breakdown product

f chlorophyll. When the accumulated phylloerythrin in the blood
nd skin is exposed to sunlight, the resulting fluorescent material
an cause oxidative injury to the blood vessels and skin tissues
Clare, 1955). To date, the mechanism of causing phylloerythrin
resentative tumorigenic PAs.

accumulation by PAs is not known. Since dehydro-PAs are highly
reactive, we propose that when they circulate to the skin, they can
lead to photosensitization in the skin. Or, they may  be metabol-
ically formed in the skin, eliciting skin tumors by a phototoxic
effect.

As a continuation of our studies, we investigated the pho-
totoxicity of a series of parent PAs and their metabolites
under UVA irradiation. These include five parent PAs (riddel-
liine, monocrotaline, retrorsine, lasiocarpine, and senkirkine);
four PA N-oxides (riddelliine N-oxide, monocrotaline N-oxide,
retrorsine N-oxide, and heliotrine N-oxide); seven dehydro-
PAs (dehydroriddelliine, dehydromonocrotaline, dehydroretror-
sine, dehydrosenecionine, dehydroseneciphylline, dehydrolasio-
carpine and dehydroheliotrine), retronecine, dehydroretronecine
(DHR), 7-(deoxyguanosin-N2-yl)dehydrosupinidine (DHP-dG-1),
and 7-glutathionyl-6,7-dihydro-1-hydroxymethyl-5H-pyrrolizine
(7-GSH-DHP). DHP-dG-1 is one of the PA-derived DNA adduct
detected in vitro and in vivo (Fu et al., 2010) and 7-GSH-DHP is a
metabolite of PAs formed in vivo (Lin et al., 2000). DHP is a racemic
mixture and DHR is its enantiomer with the 7-hydroxyl group pos-
sessing an R-absolute configuration. We  found that, in the presence
of a lipid (methyl linoleate), while all the dehydro-PAs and 7-GSH-
DHP induced lipid peroxidation, all the parent PAs and the other
metabolites did not. Mechanistic studies, both with free radical

inhibitors and enhancers and with electron spin resonance (ESR)
spin trapping techniques, revealed that UVA photoirradiation of
these compounds generated reactive oxygen species (ROS) that
mediated the initiation of lipid peroxidation.
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Fig. 2. Metabolism of riddelliine leading to he

.  Materials and methods

.1. Materials

Monocrotaline, retrorsine, retrorsine N-oxide, glutathione (GSH), o-bromanil
3,4,5,6-tetrabromo-o-benzoquinone), o-chloranil (3,4,5,6-tetrachloro-o-
enzoquinone), methyl linoleate (ML), sodium azide (NaN3), 1,2-dimethoxyethane,
iethylene-triaminepentaacetic acid, superoxide dismutase (SOD), and 2,2,6,6-
etramethyl-piperidine (TEMP) were purchased from Sigma–Aldrich Chemical Co.
St. Louis, MO). Heliotrine was  purchased from Accurate Chemical & Scientific
orporation (Westbury, NY). Riddelliine was a gift from Dr. Po-Chuen Chan, the US
ational Toxicology Program. Lasiocarpine was  gift from Dr. John A. Edgar, CSIRO
ivestock Industries, Australia (Xia et al., 2006). Senecionine and seneciphylline

ere a gift from Dr. Russell J. Molyneur, Western Regional Research Center,
gricultural Research Service, The US Department of Agriculture. Riddelliine
-oxide and monocrotaline N-oxide were synthesized as described previously

Wang et al., 2005). Heliotrine N-oxide was  similarly prepared. The nitrone spin
rap, 5-tert-butoxycarbonyl 5-methyl-1-pyrroline N-oxide (BMPO) was  purchased
xicity, tumorigenicity, and GSH-DHP adducts.

from Applied Bioanalytical Labs (Sarasota, FL). AX® 1-X8 anion exchange resin
was from BIO-RAD Laboratory (chloride form, 200 to 400 dry mesh) and was
transformed into hydroxyl form (following the transformation instruction provided
in  the handbook with the product). All other reagents were obtained through
commercial sources and were HPLC grade.

2.2. Preparation of dehydropyrrolizidine alkaloids, DHP-dG-1, and 7-GSH-DHP

Dehydromonocrotaline was synthesized following the method of Mattocks
(Mattocks et al., 1989) with modification. Briefly, a solution of monocrotaline (1.0 g,
3.08 mmol), dissolved in 200 mL chloroform in a 500 mL round bottom flask and
placed in an ice bath, was added dropwise 1.37 g o-bromanil (3.2 mmol) in 5 mL  of
cold chloroform with shaking. After the reaction mixture was agitated for 1–2 min,

60  g hydroxy form AX® 1-X8 anion exchange resin was introduced into the flask,
followed with strong shaking. The reaction mixture was filtered through a Buchner
funnel, followed by removal of the solvent (chloroform) under reduced pressure in
a  rotary evaporator. The resulting crude dehydromonocrotaline, a yellowish solid,
was  dissolved in ethyl ether. Upon filtration and removal of ethyl ether from the fil-
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methyl linoleate hydroperoxide formation with those from controls
(photoirradiation of methyl linoleate alone) indicated that pho-
toirradiation of monocrotaline did not generate lipid peroxidation
significantly higher than the control (Table 1).

Table 1
UVA photoirradiation of 0.1 mM PAs, PA N-oxides, dehydro-PAs, retronecine, DHR,
DHP-dG-1, and 7-GSH-DHP in the presence of methyl linoleate. Data are expressed
as  means ± SD (n = 3).

Chemical Methyl linoleate hydroperoxide (mM)

UVA 14 J/cm2 UVA 35 J/cm2 UVA 70 J/cm2

Methyl linoleate (ML) 2.83 ± 0.24 4.02 ± 0.35 6.84 ± 0.81
Dehydromonocrotaline 9.32 ± 0.30 21.22 ± 0.65 37.51 ± 5.28
Dehydroriddelliine 10.24 ± 0.74 21.47 ± 1.56 37.37 ± 6.89
Dehydroheliotrine 9.05 ± 0.89 19.53 ± 1.62 34.41 ± 1.86
Dehydrolasiocarpine 7.40 ± 0.11 15.59 ± 0.99 27.53 ± 0.91
Dehydroretrorsine 9.34 ± 0.20 18.47 ± 0.11 31.51 ± 0.66
Dehydrosenecionine 8.91 ± 0.34 18.46 ± 0.63 30.49 ± 0.15
Dehydroseneciphylline 8.48 ± 0.05 18.62 ± 0.34 30.79 ± 2.49
DHR 2.27 ± 0.25 2.90 ± 0.53 4.60 ± 1.41
Monocrotarline 4.07 ± 0.34 4.78 ± 0.59 5.83 ± 0.29
Riddelliine 4.02 ± 0.34 4.84 ± 0.44 6.65 ± 0.35
Heliotrine 4.50 ±  0.30 5.92 ± 0.65 8.04 ± 1.10
Retronecine 4.18 ± 0.27 5.06 ± 0.52 6.45 ± 0.82
Lasiocarpine 3.91 ± 0.23 5.32 ± 0.27 7.01 ± 0.64
Senkirkine 3.65 ± 0.29 4.13 ± 0.29 5.62 ± 0.38
Monocrotaline N-oxide 2.89 ± 0.21 4.06 ± 0.47 6.75 ± 0.37
Riddelliine N-oxide 2.98 ± 0.18 3.95 ± 0.28 6.58 ± 0.46
Y. Zhao et al. / Toxicolog

rate, dehydromonocrotaline was obtained as white solid in 920 mg  (92% yield);
.p. 86–88 ◦C (dec.) (Culvenor et al., 1970, 85–90 ◦C); UV �max 235 nm (in 1,2-

imethoxyethane).
The other dehydro-PAs, dehydroriddelliine (86% yield), dehydroheliotrine

85% yield), dehydrolasiocarpine (75% yield), dehydroretrorsine (75% yield),
ehydroseneciphylline (70% yield), and dehydrosenecionine (70% yield) were syn-
hesized, either similarly to the preparation of dehydromonocrotaline described
bove, or used o-chloranil, followed by washing with hydroxy resin as described by
ulvenor et al. (1970) or Kim et al. (1995).  The identity and purity of all the synthe-
ized dehydro-PAs were validated by UV–visible and LC/MS spectral analysis. These
ompounds kept cold (−20 ◦C) until used.

DHP-dG-1 and 7-GSH-DHP were prepared as previously described (Fu et al.,
010; Lin et al., 2000). DHR was prepared by barium hydroxide catalyzed hydrolysis
f  monocrotaline followed by dehydrogenation of the resulting retronecine with
-bromanil (Yang et al., 2001).

.3. Light sources

The UVA light box was  custom made using 4 UVA lamps (National Biologics,
winsburg, OH) (Chiang et al., 2010). The spectral irradiance of the light box was
etermined using an Optronics OL754 Spectroradiometer (Optronics Laboratories,
rlando, FL), and the light dose was routinely measured using a Solar Light PMA-
110 UVA detector (Solar Light Inc., Philadelphia, PA). The maximum emission of the
VA light box was determined to be between 340 and 355 nm.  The light intensities at
avelengths below 320 nm (UVB light) and above 400 nm (visible light) are approx-

mately two orders of magnitude lower than the maximum in the 340–355 nm
pectral region (Chiang et al., 2010).

For the UVA light-induced lipid peroxidation by PAs, their metabolites, and dG
dduct, the UVA-irradiation doses were 14, 35, and 70 J/cm2, which were obtained
y  approximately 46, 115, and 230 min  exposure at the dose rate of 5 mW/cm2.
0  J/cm2 of UVA equates to about 2 h exposure at noon sunny summer days, based
pon observations of UVA intensity of 3.6 mW/cm2 in Jackson, MS, USA, in August
Yu  et al., 2001) and 5.4 mW/cm2 in Paris, France, in July (Jeanmougin and Civatte,
987).

.4. Photoirradiation of PAs, PA-N-oxides, retronecine, dehydro-PAs, DHR,
-GSH-DHP, and DHP-dG-1 with UVA light in the presence of methyl linoleate

Experiments were conducted using a solution of 100 mM methyl linoleate and
.1  mM PAs, dehydro-PAs, or other PA metabolites in methanol. Samples were placed

n  a UV-transparent cuvette and irradiated with 0, 14, 35, or 70 J/cm2 of UVA light.
fter irradiation, the methyl linoleate hydroperoxide products were separated by
PLC using a Prodigy 5 �m ODS column (4.6 mm × 250 mm,  Phenomenex, Torrance,
A)  eluted isocratically with 10% water in methanol (v/v) at 1 mL/min. The levels of

ipid peroxidation were determined by HPLC and were quantified by monitoring
PLC peak areas at 235 nm (Chiang et al., 2010) followed by conversion to concen-

rations based on the molar extinction coefficient (at 235 nm)  reported by Gibian
nd  Vandenberg (1987).

.5. UVA light-induced lipid peroxidation by 7-GSH-DHP and dehydroriddelliine
n  the presence of a free radical scavenger or enhancer

The experiments were carried out as described above, with parallel experiments
onducted in the presence of NaN3 or SOD. The concentration of SOD was 200 U/mL
nd NaN3 was 20 mM.

It has been established that the lifetime of singlet oxygen is longer in deuterated
olvents, such as deuterated water or methanol, than in protic solvent (Ogilby and
oote, 1983). Photoirradiation of 7-GSH-DHP and dehydroriddelliine in the presence
f  CH3OH and CH3OD was  studied similarly.

.6. Detection of free radicals formed following photoexcitation of
ehydromonocrotaline and dehydroriddelliine by electron spin resonance
pectroscopy (ESR) with spin trapping

ESR with spin trapping was  used to detect superoxide anion radicals (O2
•−)

ormed during photoexcitation of the alkaloid samples. Dehydromonocrotaline or
ehydroriddelliine at 1.8 mM in 90% CH3CN was  mixed with 25 mM BMPO (Zhao
t  al., 2001) and transferred to a 50 �L quartz capillary tube. The capillary tube was
laced into the microwave cavity of a Bruker EMX  ESR Spectrometer (Billerica, MA).
he  tube was  irradiated at 345 nm in the microwave cavity using light emitted from

 500 W Xe arc lamp directed through a McPherson monochromator, model DM200
Chelmsford, MA). ESR spectra were collected during irradiation at 5, 12, 20, 30,
nd 40 min. All ESR measurements were carried out at ambient temperature (27 ◦C)
sing the following settings for detection of the spin adduct between BMPO and
2

•− (BMPO–•OOH) (Rinalducci et al., 2004): 20 mW microwave power, 100 G scan

ange, 1 G field modulation amplitude, and 100 kHz modulation frequency. The data
ere obtained with errors of less than 10%.

For detection of singlet oxygen, samples containing 1.8 mM dehydromonocro-
aline (or dehydroriddelliine) and 20 mM TEMP in 95% CH3CN were irradiated at
40  nm,  and ESR spectra were recorded after 20, 30, and 40 min  of irradiation. Con-
rs 205 (2011) 302– 309 305

trol samples did not contain any dehydromonocrotaline or dehydroriddelliine. The
resulting typical ESR profile of TEMPO was determined according to previously pub-
lished by Rinalducci et al. (2004). ESR instrument and instrument settings were
identical to those used for detection of superoxide anion radicals.

2.7. Statistical analysis

Data are presented as mean ± SD. One-way analysis of variance (ANOVA) fol-
lowed by pairwise-comparisons using Dunnett’s t-tests was  used to determine
the  significance of difference in photoinduced hydroperoxidation between samples
with PA metabolites and a control sample (methyl linoleate only). The difference
was  considered statistically significant when the P value was less than 0.05.

2.8.  Instrumentation

For the separation and purification of the methyl linoleate hydroperoxide prod-
ucts,  HPLC analysis was  conducted on an AllianceTM HPLC system consisting of
Waters 2690 Separations Module and a Waters 996 diode array spectrophotometric
detector. For organic synthesis, adducts (DHP-dG-1 and 7-GSH-DHP) were sepa-
rated on a Waters HPLC system consisting of Waters 600 pump and controller and
a  Waters 996 diode array spectrophotometric detector.

LC/MS conditions.  A Shimadzu HPLC system, consisting of a SCL-10Avp controller,
a  SPD-M10Avp photodiode array detector, and 2 Shimadzu LC-10ADvp pumps, was
used for the analysis of the dehydro-PAs and DHP-dG adducts.

3. Results

3.1. Photoirradiation of PAs, PA-N-oxides, dehydro-PAs,
retronecine, DHR, 7-GSH-DHP, and DHP-dG-1 in the presence of
methyl linoleate

Photoirradiation of PAs in methanol with UVA light in the
presence of methyl linoleate was studied to determine whether
photoirradiation of PAs can initiate lipid peroxidation. Photoirradi-
ation of 100 mM methyl linoleate alone, and a mixture of 100 mM
methyl linoleate and 0.1 mM  monocrotaline with 0, 14, 35, and
70 J/cm2 of UVA light were conducted in parallel. The extent of lipid
peroxide formation following irradiation was measured by calcula-
tion of the amount of methyl linoleate hydroperoxide based on the
HPLC peak areas detected at 235 nm.  Comparison of the results of
Heliotrine N-oxide 3.32 ± 0.42 3.96 ± 0.22 6.31 ± 0.57
Retrornecine N-oxide 2.60 ± 0.24 3.12 ± 0.34 6.14 ± 0.63
7-GSH-DHP 7.43 ± 0.95 17.41 ± 2.42 33.29 ± 0.43
DHP-dG-1 2.33 ± 0.21 2.80 ± 0.54 3.70 ± 0.59
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Fig. 3. Induction of lipid peroxidation by photoirradiation of seven 0.1 mM dehydro-
PAs (dehydromonocrotaline, dehydroriddelliine, dehydroheliotrine, dehydroretro-
sine, dehydrosenecionine, dehydroseneciphylline, and dehydrolasiocarpine), DHR,
7-GSH-DHP, and DHP-dG-1 in methanol in the presence of methyl linoleate (ML)
with UVA light at light dose of 0, 35, and 70 J/cm2, respectively. The levels of per-
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Fig. 4. Effects of deuterated methanol, NaN3, and SOD on peroxidation of methyl
linoleate initiated by UVA photoirradiation of 0.1 mM (A) 7-GSH-DHP and (B) dehy-
droriddelliine. The levels of peroxidation were measured by HPLC monitoed at

The commonly used specific spin trap TEMP was employed
xidation were measured by HPLC monitored at 235 nm.  The symbol * indicates
ignificant difference from control (ML  only) (p < 0.05).

UVA photoirradiation of other four parent PAs (riddelliine,
asiocarpine, heliotrine, and senkirkine), seven dehydro-PAs, four
A N-oxides, retronecine, DHR, 7-GSH-DHP, and DHP-dG-1 was
onducted under similar experimental conditions (Table 1). Sim-
lar to monocrotaline, all the parent PAs, the four PA N-oxides,
etronecine, DHR, and DHP-dG-1 did not induce lipid peroxidation
ignificantly higher than the control (methyl linoleate) (Table 1).

On the other hand, the seven dehydro-PAs, including dehy-
romonocrotaline, dehydroriddelliine, dehydroheliotrine, dehy-
rolasiocarpine, dehydroretrorsine, dehydroseneciphylline, and
ehydrosenecionine, as well as 7-GSH-DHP, induced lipid per-
xidation significantly higher than the control, and in a light
ose-dependent manner (Table 1 and Fig. 3).

.2. Peroxidation of methyl linoleate initiated by photoirradiation
f dehydroriddelliine and 7-GSH-DHP in the presence of a free
adical scavenger or CH3OD

The involvement of free radical intermediates in the pho-
oinduced peroxidation of methyl linoleate in the presence of
ehydroriddelliine and 7-GSH-DHP was examined. The superoxide
ree radical scavengers SOD and NaN3 were employed for study.
aN is a common free radical scavenger especially for singlet oxy-
3
en (1O2) (Basu-Modak and Tyrrell, 1993) and hydroxyl radical
•OH) (Sortino et al., 1998). Because singlet oxygen has a longer
alf-life in deuterium solvents (Ogilby and Foote, 1983), methanol
235  nm.  The symbol * indicate significant difference from negative control (p < 0.05).
The symbols @, #, and & indicate significant difference between the groups with and
without a free radical scavenger or an enhancer (p < 0.05).

was  replaced by CH3OD to determine whether or not lipid peroxi-
dation would be enhanced.

The results shown in Fig. 4A clearly indicated that peroxida-
tion of methyl linoleate by 7-GSH-DHP was significantly (P ≤ 0.05)
inhibited by NaN3 and SOD as compared to the photoirradiation of
7-GSH-DHP. On the other hand, replacement of CH3OH by CH3OD
significantly (P ≤ 0.05) enhanced peroxidation (Fig. 4A) at a light
dose of 70 J/cm2. These results suggested that both singlet oxygen
and superoxide free radical were involved in lipid peroxidation by
photoirradiation of 7-GSH-DHP.

Similar inhibition and enhancement results were found in the
photoirradiation of dehydroriddelliine (Fig. 4B). The overall results
suggested that UVA photoirradiation of 7-GSH-DHP and dehydror-
iddelliine generated singlet oxygen and superoxide, both of which
initiated lipid peroxidation.

3.3. Detection of reactive oxygen species (ROS) using ESR

To confirm further the involvement of ROS in the induction
of lipid peroxidation from UVA photoirradiation of dehydro-PAs
and 7-GSH-DHP, the ERS spin trapping technique was employed
to determine whether or not UVA photoirradiation of dehy-
dromonocrotaline and dehydroriddelliine generates singlet oxygen
and/or superoxide.
for probing singlet oxygen formation (Lion et al., 1976; Xia et al.,
2006). In the study, a solution (CH3CN/H2O = 95/5) of 1.8 mM
dehydromonocrotaline (or dehydroriddelliine) containing 20 mM
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Fig. 5. (A) A solution of 1.8 mM dehydromonocrotaline and 20 mM TEMP-1 in 95% CH3CN was irradiated at 340 nm, and ESR signals were recorded after 10, 20, and 30 min
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Fig. 6. A solution of 1.8 mM (A) dehydromonocrotaline and (B) dehydroriddelliine
and  25 mM BMPO in 90% CH3CN was irradiated at 345 nm, and ESR signals were
xposure. (B) A solution of 1.8 mM dehydroriddelliine and 20 mM TEMP-1 in 95% C
xposure. ESR instrument settings were as follows: 20 mW microwave power, 100 

EMP was photoirradiated under UVA at wavelength of 340 nm.
pon UVA irradiation for 5 min, singlet oxygen was  generated
nd trapped by TEMP to produce an ESR spectral profile which is
ypical of TEMPO (data not shown) (Rinalducci et al., 2004). The
ntensity of these ESR signals progressively enhanced when pho-
oirradiation time increased from 5 up to 30 min  (Fig. 5A). These
esults provided direct evidence that photoirradiation of dehy-
romonocrotaline with UVA light generated singlet oxygen and
hat the quantity of singlet oxygen formed was dependent on the
ight dose.

A study with dehydroriddelliine was conducted similarly. Upon
xposure to UVA light up to 40 min, singlet oxygen was generated,
ith the intensity of TEMPO ESR signals progressively enhanced

Fig. 5B). These results provided direct evidence that photoirradia-
ion of dehydroriddelliine with UVA light generated singlet oxygen
nd that the quantity of singlet oxygen formed was dependent on
he light dose.

To determine whether or not photoirradiation of dehy-
romonocrotaline with UVA light generates superoxide radical
nion, BMPO, a trapping agent that efficiently traps superoxide rad-
cal anion (Rinalducci et al., 2004), was employed. The advantage of
MPO is that once BMPO-superoxide adduct (i.e., BMPO–•OOH) is

ormed from reaction of BMPO with superoxide radical anion, the
esulting adduct is highly stable and does not decompose into the
orresponding hydroxyl adduct (i.e., BMPO–•OH) (Rinalducci et al.,
004).

Photoirradiation of dehydromonocrotaline with UVA light
345 mm)  in the presence BMPO for 5 min  produced ESR spec-
ral signals (Fig. 6A). The ESR spectral profiles were typical of
MPO–•OOH (Xia et al., 2006), confirming that the generated
SR profile was identical to that of BMPO-superoxide adduct (i.e.,
MPO–•OOH). Similar to the formation of singlet oxygen, the

ntensity of these ESR signals progressively increased when pho-
oirradiation time increased to 12, 20, 30, and 40 min  (Fig. 6A).

hese results provided direct evidence that superoxide radical
nion was generated from photoirradiation of dehydromonocro-
aline by UVA light and that the quantity of superoxide radical anion
ormed was dependent on the light dose.

recorded after different time intervals. ESR instrument settings were as follows:
20  mW microwave power, 100 G sweep width, 1 G field modulation amplitude,
and 100 kHz modulation frequency. (A and B) The shorter bar at 40 min was the
experiment with SOD (500 units) incorporated into the reaction mixture.
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Fig. 7. Proposed mechanism of lipid peroxidati

Similar results were obtained from photoirradiation of dehy-
roriddelliine, the intensity of ESR signals progressively increased
hen photoirradiation time increased from 5 to 12, 20, 30, and

0 min  (Fig. 6B). These results confirmed that superoxide radical
nion was generated from photoirradiation of dehydroriddelliine
ith UVA light and that the quantity of superoxide radical anion

ormed is dependent on the light dose. The only difference from
he photoirradiation of dehydroriddelliine was that the intensities
f ESR signals from photoirradiation of dehydroriddelliine were
eaker than those from dehydromonocrotaline.

. Discussion

Liver metabolism of PAs generate PA N-oxides, retronecine,
HP, and dehydro-PAs as primary metabolites. Dehydro-PAs are
ighly reactive, capable of reacting with cellular DNA and pro-
ein to form DNA adducts, protein adducts, and DNA–DNA and
NA-protein adducts, resulting in hepatotoxicity, mutagenicity,

eratogenicity, and tumorigenicity (Fu et al., 2010; IARC, 1976;
attocks, 1986). In the present study, we demonstrated that upon
VA irradiation, dehydro-PAs can generate ROS leading to induc-

ion of lipid peroxidation. This is the first demonstration of the
VA-induced phototoxic activity exerted by dehydro-PAs in con-

rast to their well-known metabolism-dependent adverse effects.
e determined the mechanism of lipid peroxidation mediated by

OS by two distinct approaches. The involvement of singlet oxy-
en in UVA light-induced lipid peroxidation by dehydroriddelliine
nd 7-GSH-DHP was determined by the inhibition effect by sodium
zide and the enhancement by deuterated methanol (Fig. 4). The
nhibition of lipid peroxidation by superoxide dismutase suggested
hat lipid peroxidation was mediated by superoxide (Fig. 4). Fur-
hermore, the formation of single oxygen and superoxide from UVA
hotoirradiation of dehydroriddelliine and dehydromonocrotaline
as validated by ESR spin trapping studies (Figs. 5 and 6).

Based on the results, a mechanism of UVA photoirradiation of
ehydro-PAs leading to formation of singlet oxygen and superoxide
nd induction of lipid peroxidation is proposed (Fig. 7). Taking pho-
oirradiation of dehydromonocrotaline as an example, upon UVA
rradiation, dehydromonocrotaline is photoexcited to form dehy-
romonocrotaline* which serves as the initiating species and is
ound in both the excited singlet state (1dehydromonocrotaline*)
nd excited triplet state (3dehydromonocrotaline*). The excited
inglet state of dehydromonocrotaline (1dehydromonocrotaline*)
ransfers an electron to molecular oxygen to generate superoxide

adical anion (Type I mechanism) (Foote, 1991). The excited triplet
f dehydromonocrotaline (3dehydromonocrotaline*) can transfer
nergy to molecular oxygen to generate singlet oxygen (Type II
echanism) (Foote, 1991). In the presence of a lipid, both the gen-
 dehydromonocrotaline under UVA irradiation.

erated superoxide radical anion and singlet oxygen can initiate the
lipid peroxidation leading to PA-associated phototoxicity.

It is well established that both ROS and lipid peroxidation in
humans are associated with many age-related diseases including
cancer, athereosclerosis, ischemia, inflammation, liver injury, and
aging (Floyd et al., 2001; Stadtman and Berlett, 1997). Skin is the
organ that can concomitantly be exposed to both dehydro-PAs and
light. The results from this study suggest that when dehydro-PAs
are present in the skin, they can induce phototoxicity, via gen-
eration of ROS and lipid peroxidation, leading to enhancing skin
damage, including skin cancer.

PAs can cause secondary (hepatogenous) photosensitization in
animals (Knight and Walter, 2003). By definition, secondary (hep-
atogenous) photosensitization agents require metabolism in the
liver and the reactive metabolites cause photosensitization in the
skin. This is different from the primary photosensitization agents,
such as St. John’s wort, which upon uptake, circulate to the skin,
expose to UV light, fluoresce, and cause skin damage (Knight and
Walter, 2001).

To date, the cause of photosensitization by PAs is not clear. It was
proposed that the liver damaged by PAs is unable to eliminate phyl-
loerythrin, which is a breakdown product of chlorophyll. When the
accumulated phylloerythrin in the blood and skin is exposed to sun-
light, the resulting fluorescent material can cause oxidative injury
to the blood vessels and skin tissues (Clare, 1955). From our study,
among all the PAs and PA metabolites so far tested, dehydro-PAs
and the 7-GSH-DHP adduct are the compounds exhibiting photo-
toxicity. Thus, on the basis of our present results, we  propose that
there are three pathways that dehydro-PAs and 7-GSH-DHP adduct
can cause photosensitization in the skin. The first pathway is that
dehydro-PAs and 7-GSH-DHP formed in the liver are trans-located
to the skin, and on exposure to light, lead to skin damage (Fig. 7). The
second pathway is that PAs circulate to the skin and skin can metab-
olize PAs to the corresponding dehydro-PA metabolites leading to
photosensitization (Fig. 7). The third pathway is that dehydro-PAs
can cause liver damage, leading to phylloerythrin accumulation in
the blood and skin, and skin damage (photosensitization) (Fig. 7).
All these proposed mechanisms warrant further investigation.
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