
400

Journal of Food and Drug Analysis, Vol. 15, No. 4, 2007, Pages 400-415 藥物食品分析　第十五卷　第四期

Detection, Hepatotoxicity, and Tumorigenicity of Pyrrolizidine 
Alkaloids in Chinese Herbal Plants and Herbal Dietary 

Supplements
PETER P. FU1*, QINGSU XIA1, MING W. CHOU1 AND GE LIN2*

1. Division of Biochemical Toxicology, National Center for Toxicological Research, Jefferson, Arkansas 72079, U.S.A. 
2. Department of Pharmacology, The Chinese University of Hong Kong, Shatin, Hong Kong Special Administrative Region

(This article is not an official U.S. Food and Drug Administration guidance or policy statement.   
No official support or endorsement by the U.S. Food and Drug Administration is intended or should be inferred.)

ABSTRACT 

Since the U.S. Congress passed the Dietary Supplement Health and Education Act (DSHEA) in 1994, herbal products, including 
herbal dietary supplements, represent the fastest growing segment of the vitamin, mineral supplements, and herbal products 
industry. To ensure consumer health protection, the quality and safety of raw herbal plants used for dietary supplement prepara-
tions have to be determined. To date, safety issues concerning the hepatotoxic and tumorigenic ingredients in many raw herbs and 
herbal dietary products are quite limited.  Pyrrolizidine alkaloids are a class of hepatotoxic and tumorigenic phytochemicals present 
in more than 6000 plants and have been detected in herbal plants and dietary supplements.  In this review, the human exposure, 
metabolic activation leading to hepatototoxicity and tumorigenicity of the pyrrolizidine alkaloid-containing Chinese herbal plants, 
and analytical methods used to identify and quantify pyrrolizidine alkaloids in herbal plants and commercial samples are discussed.  
Suggestions for future research are provided.
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INTRODUCTION

Traditional Chinese medicine, predominantly being 
derived from herbal plants, has been used in China for 
treating illness and improving health for more than 2000 
years(1).  During the last two decades, the use of herbal 
plants as natural remedies, functional foods (mixing 
functional herbs in conventional food), and dietary 
supplements in Europe, Australia, and North America for 
health care has been dramatically increasing(2).  Howev-
er, to date, safety issues concerning the hepatotoxic and 
genotoxic, particularly tumorigenic, ingredients in many 
raw herbal plants and herbal products are limited.

Pyrrolizidine alkaloids are a class of genotoxic and 
tumorigenic phytochemicals present in more than 6000 
plants(2-6).  The International Programme on Chemi-
cal Safety (IPCS) determined that pyrrolizidine alka-
loids present in food are a threat to human health and 
safety(7,8).  Because toxic and tumorigenic pyrrolizidine 
alkaloids were found in herbal plants, regulatory deci-
sions have been made in several Western countries.  
For example, in 1992 the Federal Health Department of 
Germany restricted the manufactures and use of phar-

maceuticals which contain pyrrolizidine alkaloids with 
an unsaturated necine base.  The herbal plants “may be 
sold and used only if daily external exposure to no more 
than 100 µg pyrrolizidine alkaloids and internal expo-
sure to no more than 1 µg per day for no more than six 
weeks a year”(2,6).  In 1994, the U.S. Congress passed the 
Dietary Supplement Health and Education Act (DSHEA) 
that amended the U.S. Federal Food, Drug, and Cosmetic 
ACT (FFDCA) and created a new regulatory category, 
safety standards, and other rules for the U.S. Food and 
Drug Administration (FDA) to regulate dietary supple-
ments.  Since then the use of dietary supplements and 
functional foods has grown rapidly in the United States 
and many other countries.  Under such a circumstance, it 
is important to ensure the therapeutic efficacy and safety 
of commercial herbal products.  In this review, the origin, 
identification, human exposure, and mechanisms leading 
to hepatototoxicity and tumorigenicity of pyrrolizidine 
alkaloids in Chinese herbal plants and herbal dietary 
supplements are described.     

SOURCES OF PYRROLIZIDINE  
ALKALOID-CONTAINING PLANTS

Pyrrolozidine alkaloids contain a necine base with a 
characteristic bicyclic nitrogen-containing heterocyclic 
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ring(2,3).  Pyrrolizidine alkaloids are phytochemicals that 
are not involved in the normal growth, development, or 
reproduction of plants.  Instead, pyrrolizidine alkaloids 
are constitutively produced by plants as secondary metab-
olites for exerting a defense mechanism against insect 
herbivores and are deterrent and toxic to most verte-
brates(9-14).  The production of pyrrolizidine alkaloids 
by the plants is mediated through the chemical ecologi-
cal interactions between the plant and insect herbivores.  
As such, generalist insect herbivores potentially play an 
important role in the evolution and maintenance of the 
diversity of pyrrolizidine alkaloids(15).  Thus, it is essen-
tial that pyrrolizidine alkaloids are common constituents 
of hundreds of plant species of different unrelated botani-
cal families distributed in many geographical regions in 
the world(2,5,8,16-19).  To date, more than 660 pyrrolizidine 
alkaloids and their corresponding pyrrolizidine alka-
loid N-oxides have been identified in over 6,000 plants 
and about half of them exhibit toxic activities(2,3,20).   It 
has been reported that about 3% of the world’s flowering 
plants contain toxic pyrrolizidine alkaloids(17).  Pyrro-
lizidine alkaloids are found in more than twelve higher 
plant families of the Angiosperms, among which three 
families, Compositae (Asteraceae), Boraginaceae, and 
Legumionsae (Fabaceae), contain the most toxic pyrroli-
zidine alkaloids.  Toxic pyrrolizidine alkaloid-containing 
plants grow in South Africa, Central Africa, West Indies, 
China, Jamaica, Canada, Europe, New Zealand, Austra-
lia, and the United States(20,21).  Because toxic pyrroli-
zidine alkaloid-containing plants are widely distributed 
in the world, the risk to human health posed by exposure 
to these compounds has been a concern.  

PYRROLIZIDINE ALKALOIDS IN  
CHINESE HERBAL PLANTS

Pyrrolizidine alkaloids have long been found as 
contaminants in many human food sources, such as wheat, 
milk, honey, and herbal teas(4,22-29).  Since the early 1960s, 
pyrrolizidine alkaloids have been found in Chinese herbal 
plants(30-32).  In 1992, Edgar et al.(33) estimated that there 
are more than 50 Chinese herbal plants containing pyrroli-
zidine alkaloids.  In 2000, Roeder(2) found about 90 pyrro-
lizidine alkaloids from 38 tranditional Chinese medicinal 
herb plants, which is in agreement with that reported by 
Zhao et al. in 1998(31).  The recent study by Lin et al.(30) 
in Hong Kong and Wang et al.(30) in China identified addi-
tional 11 pyrrolizidine alkaloid-containing Chinese herbal 
plants that all belong to Ligularia genus of the Asteraceae 
(Compositae) family.  Thus, a total of 49 species of pyrro-
lizidine alkaloids-containing Chinese herbal plants have 
been identified.  All these plants are listed as tranditional 
Chinese medicine (TCM) herbs in Traditional Chinese 
Dictionary published in 1979(32). 

Among the more than 90 pyrrolizidine alkaloids 
identified as herbal plants in China, 15 pyrrolizidine 

alkaloids and one pyrrolizidine alkaloid N-oxide have 
been found to be capable of inducing tumors in experi-
mental animals.  The names and structures of these 15 
compounds are shown in Figure 1.  These tumorigenic 
pyrrolizidine alkaloids are present in 19 Chinese herbal 
plants.  The names of these herbal plants and their medic-
inal usefullness are listed in Table 1.  

The detection and identification of pyrrolizidine 
alkaloids in herbal plants have not been extensively stud-
ied, and only a few pyrrolizidine alkaloids have been 
examined for their tumorigenicity.  Consequently, it is 
highly probable that there are many more Chinese herbal 
plants containing pyrrolizidine alkaloids that have yet 
to be characterized.  This is supported by study of Lin 
and co-workers that 11 pyrrolizidine alkaloid-contain-
ing Chinese herbal plants were identified in the Ligu-
laria genus of the Asteraceae (Compositae) family(30).  
Compositae (Asteraceae) is the largest family of plants 
in the world, including in China. The Compositae family 
consists of more than 900 genera and 20,000 species, 
among which the Ligularia genus is of the Asteraceae 
(Compositae) family.  The finding by Lin et al. implicates 
that there should be many more pyrrolizidine alkaloid-
containing Chinese herbal plants grown in China.  Lin 
et al.(34) determined that clivorine, a tumorgen in rats, is 
among the pyrrolizideine alkaloids identified in these 11 
species from Ligularia.  Since the identification of tumor-
igenic pyrrolizidine alkaloids in Chinese herbal plants 
in China has never been intensively pursued, the human 
health risk posed by consumption of pyrrolizidine alka-
loid containing Chinese herbal plants and the products 
(dietary supplements and functional foods) made from 
these Chinese herbal plants is a serious concern.

Pyrrolizidine alkaloid-containing herbal plants, 
including comfrey, coltsfoot, and borage, have been sold 
as dietary supplements(2,5,16,24-26).  Comfrey and coltsfoot 
are Chinese herbal medicine and produced in many coun-
tries including China, and borage is produced in Chile, 
Mexico, France, Spain, Turkey, and USA.  It is not known 
whether pyrrolizidine alkaloids are present in any of the 
other commercial dietary supplements.  Since the use of 
dietary supplements and functional foods has increased 
rapidly in the world, the risk of human exposure to toxic 
pyrrolizidine alkaloids by taking dietary supplements 
needs to be determined. 

TOXICITY OF PYRROLIZIDINE ALKALOIDS 

Livestock and human poisoning upon consum-
ing pyrrolizidine alkaloid-containing plants have been 
reported in many areas of the world.  The poisoned animal 
species include horses, cattle, sheep, goats, swine, chick-
ens, quails, and doves(35,36).  Acute poisoning causes 
massive hepatotoxicity with hemorrhagic necrosis.  Chron-
ic poisoning takes place mainly in liver, lungs, and blood 
vessels, and in some instances kidneys, pancreas, gastro-
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intestinal tract, bone marrow, and brain.  Exposure over a 
longer period of time causes cell enlargement (megalocyto-
sis), veno-occlusion in liver and lungs, fatty degeneration, 
nuclei enlargement with increasing nuclear chromatin, loss 
of metabolic function, inhibition of mitosis, proliferation 
of biliary tract epithelium, liver cirrhosis, nodular hyper-
plasia, and adenomas or carcinomas(6,37). 

Pyrrolizidine alkaloids themselves are not toxic, and 
require metabolic activation to the “pyrrolic” metabolites 
to exert acute, chronic toxicity, and genotoxicity, includ-

ing DNA binding, DNA cross-linking, DNA-protein 
cross-linking, sister chromatid exchange, chromosomal 
aberrations, mutagenicity, and carcinogenicity(4,5,18,22,38-
62).  Some pyrrolizidine alkaloids, including clivorine, 
heliotrine, lasiocarpine, retrorsine, senkirkine, seneci-
phylline, and riddelliine, have been found to be muta-
genic in Salmonella typhimurium TA100 in the presence 
of hepatic S9 activation enzyme system(63-66).  Pyrroli-
zidine alkaloids are among the first naturally occurring 
carcinogens identified in plants(5).  
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Figure 1. Names and structures of tumorigenic pyrrolizidine alkaloid identified in Chinese herbal plants in China.
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Table 1.  List of the tumorigenic pyrrolizidine alkaloid-containing Chinese herbal plants grown in Chinaa

Plant Herb name in  Chinese Medicinal purpose
Tumorigenic 
pyrrolizidine 
alkaloids

References

1. Family compositae (Asteraceae)

Ageratum conyzoides L. Sheng hong ji Common colds, fever, malaria Lycopsamine (67)

Chromolaena odorata R. M. King &  
H. Rob. Fei ji cao Hemostatic Intermidine (5)

Eupatorium cannabinum L . Pei lan Influenza, cerebral stroke Lycopsamine, 
intermidine (5,67)

Eupatorium japonicum Thunb. Hua zhe lan and  
Cheng gan cao

Measles, rheumatic bone pains 
and colds 

Lycopsamine, 
intermidine (5,67)

Crassocephalum crepidioides S. Moore Jia tong hao Cold, dysentery, gastroenteritis, 
urinary infection Jacobine (2)

Emilia sonchifolia DC Yang ti cao, 
Yi dian hong

Antipyretic, diarrhea, hemop-
tysis Senkirkine (2)

Farfugium japonicum Kitam Lian peng cao Colds and flu Petasitenine, 
senkirkine (2)

Gynura bicolor DC Guan yin xian Dysmenorrhea, 
tuberculous hymoptysis Retrorsine (35)

Gynura segetum Merr. Ju shan qi, 
Tu san chii

Hemoptysis, peripheral blood 
circulation disorder

Senecionine,  
seneciphylline (2,68)

Ligularia hodgsonnii Hook Antitussive Clivorine   (69)

Senecio argunensis Turcz. Yu yie qian li guang, 
Zhan long cao

Folk medicine, 
dysentery

Senecionine, 
seneciphylline (2)

Senecio chrysanthemoides DC Chien li kuang, 
Tsang tu san chi

Traumatic injury, breast 
abscesses Seneciphylline (2)

Senecio nemorensis Huana wan Enteritis, hepatitis, boils Senecionine (2)

Senecio scandens Quian li guang,  
Chiu li ming Oral and pharyngeal infection Senecionine, 

seneciphylline (2)

Tussilago farfara L . Kuan dong hua,  
Chien hua

Chronic bronchitis, asthma, 
influenza

Senecionine,  
senkirkine (2)

2. Family Boraginaceae

Heliotropium indicum L . Da wei yao Ulcer, wounds and local inflam-
mations

Heliotrine, 
lasiocarpine (2)

Lappula intermedia M. Popov. He shi Ascariasis, oxyuriasis,
infantile malnutition Lasiocarpine (2)

Lithospermum erythrorhizon Sieb. et 
Zucc. Zi cao Antipyretic and antiphlogistic Intermidine (5)

3.  Family Legumionsae (Fabaceae)

Crotalaria assamica Benth Zi xiao rong
(Nung gi li) Folk remedy Monocrotaline  (70)

Crotalaria mucronata Zhu zi tou Folk medicine Monocrotaline, 
retrorsine (1)

Crotalaria sessiliflora L.
or Crotalaria assamica Benth

Ye bai he Folk medicine Monocrotaline (70)

aMost of the data obtained from(2). In most cases, the major tumor type is hepatocarcinoma.
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METABOLIC ACTIVATION OF  
PYRROLIZIDINE ALKALOIDS  

LEADING TO HEPATOTOXICITY

It has been found that most of the pyrrolizidine alka-
loids that exhibit toxic effects are derived from esters of 
basic alcohols, the necine bases, and with a double bond 
between the C1 and C2. The retronecine-, heliotridine-, 
and otonecine-type pyrrolizidine alkaloids that have a 
double bond at the C1 and C2 positions of the necine base 
exhibit high levels of toxicity, including hepatotoxicity 
and carcinogenicity (Figure 1).  Consequently, studying 
on toxicity and tumorigenicity, the most attention has 
been focused on these three types of toxic pyrrolizidine 
alkaloids(2,4,6,16,22,25).

Metabolic activation of pyrrolizidine alkaloids lead-
ing to hepatotoxicity and genotoxicities, including tumor-
igenicity has been extensively studied(3,5,16,22,34,37,58,71-
95). The retronecine-type and heliotridine-type 
pyrrolizidine alkaloids, which are enantiomers at the 
C7 position, exhibit three principal metabolism path-
ways.  Using riddelliine as an example(37), the three 
pathways include: (i) hydrolysis of the ester functional 
groups to form the necine bases and acidic metabolites; 
(ii) N-oxidation of the necine bases to the corresponding 

N-oxides; and (iii) formation of the corresponding dehy-
dropyrrolizidine (pyrrolic) derivatives through hydroxyl-
ation at the C-3 or C-8 position of the necine base to form 
3- or 8-hydroxynecine derivatives followed by dehy-
dration (Figure 2).  As to otonecine-type pyrrolizidine 
alkaloids, the principal metabolic pathways of involve: 
(i) hydrolysis of the ester functional groups to form the 
corresponding necine bases and acids; and (ii) forma-
tion of the corresponding dehydropyrrolizidine (pyrro-
lic) derivatives through oxidative N-demethylation of 
the necine base followed by ring closure and dehydration 
(Figure 3)(34,82,84). 

Formation of dehydropyrrolizidine (pyrrolic) metab-
olites is generally recognized as the metabolic activation 
pathway responsible for the genotoxic and tumorigenic 
activities of pyrrolizidine alkaloids.  This is evidenced by 
the fact that dehydropyrrolizidine (pyrrolic) compounds 
can bind with DNA leading to DNA cross-linking, 
DNA-protein cross-linking, and DNA adduct forma-
tion(5,8,16,51,52,86,96).  The pyrrolic metabolites also bind 
with glutathione, catalyzed by glutathione S-transferase, to 
produce glutathione conjugates.  This enzymatic reaction 
is possibly a major detoxification pathway(34,82,97-99).  Lin 
and co-workers studied rat liver microsomal metabolism of 
clivorine(34,82) and identified dehydroclivorine (the pyrrolic 

Figure 2. Three major metabolic pathways of a representative retreonecine-type pyrrolizidine alkaloid, riddelliine
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ester) as a reactive metabolite that covalently bound to the 
tissue constituents in the liver and induced liver damage.  
This metabolite can further react with glutathione to form 
four glutathione conjugates and this biotransformation is 
considered as a detoxification process (Figure 3).  Thus, 
factors that can modulate the metabolic rates of pyrrolic 
ester and glutathione conjugations formation play the key 
roles in clivorine genotoxicity(83,84,100).  

Metabolism of pyrrolizidine alkaloids of all three 
toxic types to form dehydropyrrolizidines is mainly cata-
lyzed by cytochrome P-450 monooxygenases, specifically 
the CYP3A and CPY2B6 isoforms(34,71,73-77,83,91,100,101).  
Metabolism of pyrrolizidine alkaloids of the retronecine- 
and heliotridine-type pyrrolizidine alkaloids to produce 
the corresponding pyrrolizidine alkaloid N-oxides is 
catalyzed by both cytochrome P-450 and flavin-contain-
ing monooxygenases(72,76,101,102).  Hydrolysis of the ester 
groups to form the corresponding necine base and acidic 
metabolites is mainly mediated by liver microsomal carbo-
xylesterases(71,73-77,91,100). 

Species difference in susceptibility to the pyrroli-
zidine alkaloid toxicities is mainly due to the variations 
in the balance between the formation of the toxic pyrro-

lic metabolites and the detoxification pathways to generate 
hydrolyzed metabolites and/or non-toxic N-oxides(5,103).  
The species difference in susceptibility to clivorine 
induced hepatotoxicity was studied by Lin et al.(84).  The in 
vitro metabolic activation of clivorine in both male rat and 
human was similar but was different from that in guinea 
pig.  The higher activation rates for the reactive pyrrolic 
ester formation followed by forming the toxic tissue-bound 
pyrroles contribute to the high susceptibility of human and 
male rat to clivorine hepatotoxicity. The higher metabolic 
rates for the hydrolysis in combination with a lower rate 
for the formation of toxic tissue-bound pyrroles play a key 
role in guinea pig resistance to clivorine intoxication.   

MECHANISMS LEADING TO  
TUMORIGENICITY

Although it has been known for more than half a 
century(16,37) that pyrrolizidine alkaloids can induce 
tumors in experimental animals, the mechanism of 
tumor induction was not known until our recent find-
ing that riddelliine induces liver tumors through a geno-

Figure 3. Two major metabolic pathways of a representative otonecine-type pyrrolizidine alkaloid, clivorine, and 
glutathione conjugations of toxic intermediate dehydroclivorine as detoxification pathways
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toxic mechanism mediated by 6,7-dihydro-7-hydroxy-
1-hydroxymethyl-5H-pyrrolizine (DHP)-derived DNA 
adduct formation published in 2001(86,87,89).  It was 
determined that riddelliine is metabolized by male and 
female rat liver microsomes to form DHP, which leads 
to the formation of a set of eight DHP-derived DNA 
adducts(16,86).  The levels of DNA adduct formation 
correlated closely with the tumorigenic potencies of the 
mice fed with different doses of riddelliine(86,89,104). 

Metabolism of riddelliine by human liver micro-
somes was reported(105).  The kinetic parameters, Vmax 
and Km, from human liver microsomal metabolism are 
comparable to those from rat liver microsomal metabo-
lism.  The metabolic study in the presence of a human 
CYP3A4 inhibitor strongly suggests that the formation 
of DHP and riddelliine N-oxide is principally catalyzed 
by the CYP3A4 isozyme.  These results strongly indi-
cate that the in vivo and in vitro mechanistic studies with 
experimental rodents(86) are highly relevant to humans.  
Since riddelliine induces liver tumors in male and female 
rats and male mice(104) and the DHP-derived DNA 
adducts are responsible for liver tumor induction, these 
results suggest that riddelliine can be highly genotoxic 
to humans and the genotoxic mechanism is mediated by 
DHP-derived DNA adduct formation.   

To examine the relationship between DNA adduct 
levels and the incidence of hemangiosarcomas, DHR-
derived DNA adduct levels in purified rat and mouse 
liver endothelial cells, the cells of origin for the heman-
giosarcomas, were determined(89).  Riddelliine was orally 
administered to F344 rats at 1.0 mg/kg/day and B6C3F1 
mice at 3.0 mg/kg/day 5 days per week for 2 weeks.  At 
day 1, 3, 7, and 28 after the last dose, the quantities of 
DHR-derived DNA adducts in liver parenchymal and 
endothelial cell fractions were determined by 32P-post-
labeling/HPLC.  DHR-derived DNA adduct levels in 
the endothelial cells were significantly higher than in 
the parenchymal cells, and the DNA adduct levels in rat 
endothelial cells were greater than in the mouse endo-
thelial cells.  These results indicate that the levels of 
riddelliine-induced DNA adducts in specific populations 
of liver cells correlate with the preferential induction of 
liver hemangiosarcomas by riddelliine(89).

A subsequent metabolism study on the tumorigenic 
pyrrolizidine alkaloids, retrorsine, monocrotaline, clivo-
rine, and lasiocarpine, under similar conditions gener-
ated the same set of DHP-derived DNA adducts(106-109).  
Riddelliine, retrorsine, and monocrotaline are retrone-
cine-type tumorigenic pyrrolizidine alkaloids.  Clivo-
rine and lasiocarpine are otonecine- and heliotridine-
type tumorigenic pyrrolizidine alkaloids, respectively.  
As mentioned earlier, all the tumorigenic pyrrolizidine 
alkaloids so far examined belong to these three types of 
pyrrolizidine alkaloids.  Thus, formation of the same set 
of DHP-derived DNA adducts from metabolism of these 
tumorigenic pyrrolizidine alkaloids clearly indicate that 
DHP-derived DNA adducts are potential biomarkers of 

pyrrolizidine alkaloid tumorigenicity as well as pyrroli-
zidine alkaloids exposure.  The proposed general meta-
bolic activation of all the three types of pyrrolizidine 
alkaloids leading to DNA adduct formation and then the 
liver tumor induction is shown in Figure 4.  

TOXICITY AND TUMORICITY OF  
PYRROLIZIDINE ALKALOID N-OXIDES

In the plants, the quantities of pyrrolizidine alka-
loid N-oxides in many cases are greater than the parent 
pyrrolizidine alkaloids and in some cases may be exclu-
sively the N-oxide(5).  Pyrrolizidine alkaloid N-oxides are 
also the major metabolites of the retronecine- and heli-
otridine-type pyrrolizidine alkaloids, and were generally 
regarded as detoxification products.  However, Chou et 
al.(88) have recently determined that rat liver microsomal 
metabolism of riddelliine N-oxide formed DHP, the geno-
toxic metabolite.  When metabolism was conducted in 
the presence of calf thymus DNA, the same set of DHP-
derived DNA adducts formed from metabolism of riddel-
liine in vivo was produced.  These DHP-derived DNA 
adducts were also formed in liver DNA of F344 rats fed 
iddelliine N-oxide(88).  These results indicate that riddel-
liine N-oxide, through its conversion to riddelliine, is 
also a potential genotoxic hepatocarcinogen.

IDENTIFICATION AND QUANTITATION OF 
TOXIC PYRROLIZIDINE ALKALOIDS IN 

HERBAL PLANTS, HERBAL DIETARY  
SUPPLEMENTS, AND BIOLOGICAL SAMPLES 

For human health protection, it is important to insure 
that the use of herbal medicines, herbal teas (as beverage 
and medicine), and herbal dietary supplements (as func-
tional food) is safe.  The widespread distribution of toxic 
and tumorigenic pyrrolizidine alkaloids in the environ-
ment suggests that they can contaminate herbal plants, 
eventually resulting in human health damage.  Conse-
quently, a number of extraction and analytical meth-
odologies have been developed to identify and quantify 
pyrrolizidine alkaloids in herbal plants and commercial 
herbal plant products, such as herbal dietary supple-
ments(5,6,24,25,30,31,69,110-123).  The established methods are 
used to identify (i) toxic pyrrolizidine alkaoids in herbal 
plants, herbal dietary supplements, and food; (ii) their 
active pyrrolic metabolites, such as DHR and pyrrolic 
pyrrolizidine alkaloids; and (iii) the pyrrolizidine alka-
loid derived DNA adducts in vitro and in vivo.  These 
analytical methods are briefly described below:

I. Thin Layer Chromatographic (TLC) and Column Chro-
matographic Methods

Thin-layer chromatography (TLC) coupled with the 
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Ehrlich reagent is a photometric method.  It was original-
ly developed by Mattocks in 1967 and has been used to 
detect pyrrolizidine alkaloids and pyrrolizidine alkaloids 
N-oxides in plants(111).  This method was subsequently 
modified by Roeder’s group to detect otonecine-type 
pyrrolizidine alkaloids, including senkirkine, a refer-
ence pyrrolizidine alkaloid used for gas chromatographic 

determination of pyrrolizidine alkaloids in plants and 
other sources(124).  This method is highly sensitive, and 
able to detect 1 ppm of pyrrolizidine alkaloids present in 
plants.  However, the drawback of this method is that the 
overall reacton yield is not known and the pyrrolizidine 
alkaloids cannot be quantified.  

Yu et al.(125) reported the development of a simple 

Figure 4. Metabolic activation of retronecine-, heliotridine-, and otonecine-type pyrrolizidine alkaloids leading to 
hepatotoxicity and tumorigenicity

Nu: Nucleophlic biological macromolecules, e.g. proteins

Pyrrolic ester

Oxidative
N-demethylation

Riddelliine
(Retronecine-type)

Lasocarpine
(Heliotridine-type) Clivorine

(Otonecine-type)

N

CH2-OH

DHP-DNA adducts

DNA

OxidationOxidation

N

CH2-OHNu

Hepatotoxicity

N

CH2-OHOH

Nus

N

CH2
O

N

CH2
+

Liver tumors

N

O
O

O

O

H3C

CH2

H3C CH2OHH

H

N

O
O

O

O

H3C CH3

C(CH3)2OH

H

CH3

N

O
O

CH3

O

O

O

H2C
CH3

H3C OAc

H3CO

DNA

N

CH2

DHP

Hydrolysis

Carbonium ion

DHP-Nu adducts

DNA

HO



Journal of Food and Drug Analysis, Vol. 15, No. 4, 2007

408

and rapid micellar electrokinetic chromatography method 
for the separation and determination of four toxic pyrroli-
zidine alkaloids, senkirkine, senecionine, retrorsine, and 
seneciphylline in two traditional Chinese herbal medi-
cines, Qian liguang and Kuan donghua.  A buffer consist-
ing of 20 mM borate, 30 mM SDS, and 20% methanol at 
pH 9.1 was used for the separation. Yu et al.(125) claimed 
that this separation method could potentially be an effec-
tive alternative tool for quantitative analysis of herbal 
medicines in pharmaceutical industry.  Another hyphen-
ated online dynamic pH junction-sweeping CE (capillary 
electrophoresis)-UV method was reported to analyze the 
same four toxic pyrrolizidine alkaloids in Kuan donghua 
by the same research group(126). 

II. Gas chromatotraphy/Mass Spectroscopy (GC/MS) Method

An on-line GC/MS method has been an effective 
technique for the detection of pyrrolizidine alkaloids in 
food items, such as honey and milk(5,24,25,123).  GC/MS 
is also a convenient analytical method for detection and 
quantitation of pyrrolizidine alkaloids and pyrrolizidine 
alkaloid N-oxides present in herbal plants and herbal 
dietary supplements(24,123,127).  For example, GC/MS was 
employed to analyze pyrrolizidine alkaloids in the three 
species of the Boraginaceae family(128).  

Betz at al.(24) developed an analytical method for 
detection and quantitation of hepatotoxic pyrrolizidine 
alkaloids and their N-oxides in comfrey-containing prod-
ucts (as capsules, bulk tea, tea bags, bags, tablets, bulk 
powder, and dried leaf) which were purchased in the 
Washington, D.C. area.  This analytical method involved 
extraction, solid-phase concentration, and capillary gas 
chromatographic analysis of the samples.  Nine out of 
the eleven products contained pyrrolizidine alkaloids in 
the range of 0.1 to 400 ppm.  The levels of pyrrolizidine 
alkaloids in bulk comfrey root are higher than in bulk 
comfrey leaf.  The identified pyrrolizidine alkaloids in 
comfrey include intermedine, lycopsamine, 7-acetylin-
termedine, and 7-acetylcopsamine, among which inter-
medine and lycopsamine are tumorigenic (Figure 1).

III. Liquid Chromatography/mass Spectroscopic (LC/MS) 
Method

Liquid chromatography/mass spectroscopy (LC/MS) 
is the most powerful and convenient method for detec-
tion and quantitation of pyrrolizidine alkaloids and their 
N-oxides both in biological samples as well in herbal 
plants and commercial products(5,24,69,119,122,123,129,130).  
Similar to the GC/MS method, prior to LC/MS analy-
sis, an efficient extraction is required to isolate pyrroli-
zidine alkaloids and their N-oxides from the samples.  
Thus, a number of convenient extraction methods have 
been developed for pyrrolizidine alkaloid isolation.  For 
instance, Gray et al.(131) reported a rapid cleanup method 
for the isolation and concentration of pyrrolizidine alka-

loids in comfrey root.  The powdered comfrey root was 
first extracted by sonication and shaking with basic chlo-
roform, followed by a solid-phase extraction method 
employing an Ergosil cleanup column that specifically 
binds the pyrrolizidine alkaloids.  Mroczek et al.(132) 
reported that pyrrolizidine alkaloid in dried plant mate-
rial was extracted with boiling 1% tartaric acid in meth-
anol on an electric basket followed by extraction with 
cation-exchange solid phase extraction.  The semi-puri-
fied extracts containing pyrrolizidine alkaloids were 
separated on Zorbax SB RP18 stationary phase in gradi-
ent of 0.1% formic acid in methanol.

Pyrrolizidine alkaloids and their N-oxides can be 
extracted from the dried plant material using dilute 
aqueous acid. The subsequent integration of strong-
cation-exchange, solid-phase extraction of pyrrolizidine 
alkaloids and their N-oxides from herbal products is a 
common extraction method(133-135).  Since this extraction 
method isolates both pyrrolizidine alkaloids and their N-
oxides from the samples, the N-oxides in the mixture are 
reduced to the parent pyrrolizidine alkaloids and then the 
total pyrrolizidine alkaloids are determined(134-137).

Schaneberg et al.(138) developed a reverse-phase 
HPLC method utilizing evaporative light scattering detec-
tion (ELSD) for the simultaneous detection of hepatotoxic 
pyrrolizidine alkaloids with and without chromophores. 
Thus, riddelliine, senecionine, seneciphylline, retrorsine, 
integerrimine, lasiocarpine, heliotrine, riddelliine N-oxide, 
and senecionine N-oxide contained in five different plant 
species (Senecio spartioides, S. douglasii var. longilobus, 
S. jacobaea, S. intergerrimus var. exaltatus and Symphy-
tum officinale) can be detected simultaneoudly. 

Besides using different experimental conditions for 
HPLC separation, different modes of mass spectrometry 
are also used, including electrospray ionization mass spec-
trometry(136,137,139), thermabeam electron impact mass 
spectrometry(132), atmospheric pressure chemical ioniza-
tion mass spectrometry(112,134,135), and ion trap MS method 
with atmospheric pressure chemical ionization (APCI) 
interface(132).  Wuilloud et al.(140) employed LC-MS/MS 
for identification of pyrrolizidine alkaloids and their N-
oxides.  This method can identify a number of pyrroli-
zidine alkaloids present in each sample, including those 
that were not completely resolved chromatographically.

Lin et al.(130) identified different types of hepatotox-
ic pyrrolizidine alkaloids in plants and biological samples 
using on-line high performance liquid chromatogra-
phy-mass spectrometry with an electrospray interface. 
The developed method has an advantage using either in-
source or in the collision cell CID (collion induced disso-
ciation) to obtain a full scan mass spectrum or tandem 
MS/MS spectrum.  As illustrated in Figure 5, based on 
the specific diagnostic fragment ions obtained from the 
CID spectrum, three types of toxic pyrrolizidine alka-
loids can be identified unequivocally.  Further, using this 
method, the non-toxic pyrrolizidine alkaloids can also be 
definitively distinguished from all three toxic types. 
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IV. Competitive Inhibition Enzyme-linked Immunosorbent 
Assays (ELISA)

For detection of pyrrolizidine alkaloids in biological 
samples, competitive inhibition enzyme-linked immuno-
sorbent assays (ELISA) have been developed as an effective 
methodology for detection of poisoned livestock(113,114,124).  
These simple, rapid, and sensitive methods can accurately 
detect pyrrolizidine alkaloids and pyrrolizidine alkaloid N-
oxides in biological samples.  For example, in 2001, Lee et 
al. utilized the developed enzyme-linked immunosorbent 
assays for detection of the hepatotoxic alkaloids riddelliine 
and riddelliine N-oxide(114).

V. Identification and Quantification of DHR-derived DNA 
Adducts in Biological Samples

(I) Detection in Blood of Rats Treated with Riddelliine

 The measurement of DNA adducts in vivo is 
considered a biomarker for assessing the risk of chemi-
cally induced carcinogenesis.  As described earlier, the 
DHP-derived DNA adducts formed in vivo are poten-
tial biomarkers of pyrrolizidine alkaloid tumorigenic-
ity as well as pyrrolizidine alkaloids exposure.  Yan et 
al.(95) reported the formation of these DHP-derived DNA 
adducts in blood DNA of rats fed riddelliine.  Male and 
female F344 rats were administered riddelliine by gavage 
at a single dose of 10.0 mg/kg body weight in 0.1 M phos-
phate buffer.  The levels of DHP-derived DNA adducts 
in blood and liver were determined by 32P-postlabeling/
HPLC.  During 2 to 7 day time-period, the DHP-derived 
adducts were detected in the blood, with the levels in 
female rat blood 4-fold greater than those in male rats.  In 
the dose-response experiment, female rats were gavaged 
0.1 and 1.0 mg/kg doses of riddelliine for three consecu-
tive days.  The levels of the DHP-derived DNA adducts in 
blood of rats receiving 0.1 and 1.0 mg/kg doses were 12.9 
and 51.8 adducts/107 nucleotides.  These results suggest 
that: (i) leucocyte DNA can bind with DHP to form the 
same set of DHP-derived DNA adducts generated in liver, 

although at a lower level; (ii) since these DNA adducts 
are responsible for liver tumor formation, riddelliine may 
be able to induce leukemia in rats; and (iii) DHP-derived 
DNA adducts in blood can serve as a potential non-inva-
sive biomarkers for assessing the exposure as well as the 
risk that riddelliine poses(95).

(II) Detection from Dietary Supplements and Chinese 
Herbal Plant Extracts Containing Carcinogenic Pyrroli-
zidine Alkaloids In Vivo 

Comfrey and coltsfoot are two naturally occurring 
herbs sold as dietary supplements worldwide.  Comfrey 
has been used for centuries as a wound healer and 
cough suppressant, and dried coltsfoot has been used 
for cough remedy(141,142).  Comfrey contains the hepato-
toxic and tumorigenic pyrrolizidine alkaloids, interme-
dine, symphytine, and lycopsamine, and coltsfoot root 
extract and flos farfara root extract contain the tumori-
genic senkirkine and senecionine(23,27,143).  Chou and 
Fu(144) determined that these DHP-derived DNA adducts 
are formed in the livers of rats fed these dietary supple-
ments and the herbal plant extracts described above.  
These results suggest that these exogenous DHP-derived 
DNA adducts can potentially be employed to detect geno-
toxic and tumorigenic pyrrolizidine alkaloids in dietary 
supplements and herbal medicinal plants, and are poten-
tial biomarkers of pyrrolizidine alkaloid tumorigenicity 
and exposure(144).

VI. Mutation Frequency Pattern

Mei et al.(62) studied mutagenicity of riddelliine in 
female transgenic Big Blue rats gavaged with 0.1, 0.3, and 
1.0 mg riddelliine per kg body weight 5 days a week for 
12 weeks and sacrificed one day after the last treatment.  
The types of mutant frequency in the transgenic cII 
gene of liver DNA was characterized by sequencing the 
mutants.  Molecular analysis of the mutants indicated that 
a significant dose-dependent increase in mutant frequen-
cy and that there was a significant difference between the 
mutational spectra between the riddelliine-treated and 
the control rats.  A G:C --> T:A transversion (35%) was 
the major type of mutation in rats treated with riddelliine, 
whereas a G:C --> A:T transition (55%) was the predomi-
nant mutation in the controls. In addition, mutations from 
the riddelliine-treated rats included an eight percent of 
tandem base substitutions of GG --> TT and GG --> AT 
which was an unusually high frequency. These results 
support that riddelliine is a genotoxic carcinogen in rat 
liver and that the types of mutations induced by riddel-
liine are consistent with riddelliine adducts involving 
G:C base pairs(62).  These results also suggest that the 
unusually high frequency of  tandem base substitutions 
of GG --> TT and GG --> AT may be a signature muta-
tion pattern of riddelliine as well as the other tumorigenic 
pyrrolizidine alkaloids.
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PERSPECTIVES

Since the U.S. Congress passed the Dietary Supple-
ment Health and Education Act (DSHEA) in 1994, herbal 
products represent the fastest growing segment of the VMH 
(Vitamin, Mineral supplements, and herbal products) indus-
try.  To ensure consumer health protection, the quality and 
safety of raw herbal plants used for dietary supplement 
preparations have to be determined.  To date, safety issues 
concerning potential side-effects and toxic contamination 
of herbal products have not been addressed adequately and 
toxicological data on the identification of genotoxic and 
tumorigenic ingredients in many raw herbs are lacking.

Pyrrolizidine alkaloids are the leading hepatotoxic 
and tumorigenic phytochemicals associated with human 
and animal diseases.  Although it has been known since the 
early 1950s that some pyrrolizidine alkaloids are tumorigen-
ic(38,145), the mechanisms by which these compounds induce 
tumors are not known until our findings reported in 2001(86).  
We determined that riddelliine induces liver tumors through 
a genotoxic mechanism mediated by DHP-derived DNA 
adduct formation.  The formation of these DHR-derived 
DNA adducts in vivo has been found to be a general 
biomarker of pyrrolizidine alkaloid-induced tumorigenic-
ity(37,107).  Since pyrrolizidine alkaloid-containing plants 
are widespread in the world and many of these compounds 
are hepatotoxic and tumorigenic, for human health protec-
tion, it is highly important to determine whether or not the 
commercial herbal plants and herbal dietary supplements 
contain toxic pyrrolizidine alkaloids, and to assess the risk 
posed by consumpsion of these commercial products.
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