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Riddelliine is a representative pyrrolizidine alkaloid, a class of
naturally occurring toxic phytochemicals present in plant species
worldwide. Human exposure to pyrrolizidine alkaloids occurs
through consumption of herbal dietary supplements, including
comfrey, and through contaminated livestock products (e.g.,
milk). A recently completed 2-year bioassay of riddelliine carcino-
genicity showed that male and female rats and male mice, but not
female mice, developed liver tumors. The toxicokinetics of riddel-
liine and two metabolites, the N-oxide and retronecine, were de-
termined in serum following an oral gavage dose in male and
female rats and mice using a validated liquid chromatography–
electrospray mass spectrometric method. The results are consis-
tent with extensive metabolism of riddelliine and its more polar
metabolites prior to excretion. It is concluded that factors other
than toxicokinetics are responsible for the observed species/sex
specificity of gross toxicity or liver tumor induction in rats and
mice.

Key Words: riddelliine; pyrrolizidine alkaloid; mass spectrome-
try; toxicokinetics.

Riddelliine (see Fig. 1 for structures) belongs to a clas
naturally occurring compounds known as pyrrolizidine a
loids that are contained in many plant species around the
(International Agency for Research on Cancer, 1976). Rid
liine has been isolated from plants of the generaCrotalaria,
Amsinckia, andSenecio, which are present in the rangeland
the western United States. The high toxicity of these c
pounds has caused great loss of free-ranging livestock d
liver and pulmonary lesions (Mattocks, 1986). More disturb
is the possible contamination of human food stuffs suc
meat, milk, honey, and herbs (Chanet al., 1994). Commer
cially available comfrey dietary supplements and the herba
“gordolobo yerba,” popular in the American Southwest,
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contain pyrrolizidine alkaloids (Hironoet al., 1976; Huxtable
1980; Betzet al., 1994; Roeder, 1995). Based on these pos
hazards to human health, the U.S. Food and Drug Admin
tion nominated riddelliine for genotoxicity and carcinogeni
testing conducted by the National Toxicology Program (N
The NTP 2-year study showed that riddelliine induced l
hemangiosarcomas in both male and female rats and
mice, hepatocellular adenomas and carcinomas in male
female rats, and lung alveolar adenomas in female mice
tional Toxicology Program, 2001). The genotoxic effects
riddelliine, and presumably other pyrrolizidine alkaloids,
thought to arise through metabolic activation of the pa
compounds by hepatic cytochromes P450 (Yanget al., 2001b)
Dehydroretronecine, the reactive metabolite of riddell
forms several DNA adducts that have been quantified u
32P-postlabeling analysis (Yanget al., 2001a). Scheme 1shows
the proposed metabolic reactions leading from riddelliin
DNA adducts.

A critical role of oxidative metabolism in the carcinoge
bioactivation, and conversely the hydrolytic detoxication
pyrrolizidine alkaloids was supported by many previous in
tigations (cf. Yanget al., 2001b). In addition, clear sex a
species differences in the toxicity of riddelliine to rodents w
reported by Chanet al. (1994). For these reasons, it w
important to compare the metabolism of riddelliine in b
sexes of rats and mice and to determine the toxicokineti
riddelliine and metabolites in both species to understand b
the biological mechanisms affecting the tumorigenic proc
These studies required development and validation of an
line solid phase extraction procedure for sample purifica
coupled with a sensitive liquid chromatography–electros
mass spectrometric (LC/ES–MS) method for concurre
quantifying riddelliine and its two major metabolites fr
serum. This approach facilitated a more detailed investig
of the metabolism and disposition of a pyrrolizidine alka
than that possible using a radiolabeled substrate.

MATERIALS AND METHODS

Reagents. The riddelliine used was the same as that previously char
ized (Chanet al., 1994) and a current LC/MS analysis indicated no det
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ration in composition or purity. Solvents were of HPLC grade, and water was
purified using a MilliQ apparatus (Waters Associates, Milford, MA) and all
buffer salts were analytical reagent grade provided by Sigma Chemical Co. (St.
Louis, MO).

Solid phase extraction. Serum sample preparation was performed using
Empore C18 solid-phase extraction (SPE) high-performance disk cartridges (7
mm � 3 mL, 3M Corp., St. Paul, MN). The cartridge was activated with 2 �
1 mL washes of methanol followed by 2 � 1 mL washes with H2O. Serum
samples (10–50 �L) were diluted with 100 �L sodium phosphate buffer (25
mM, pH 9). The cartridge was then washed with 2 � 1 mL H2O, and eluted
with 2 � 1 mL washes of methanol. The eluate was reduced to dryness using
a centrifugal vacuum concentrator, reconstituted into 200 �L of 20% methanol
in H2O containing 4 ng monocrotaline as an internal standard, and 50 �L was
injected onto the LC column.

Liquid chromatography. The LC separation was performed using a
Dionex GP40 pump (Dionex, Sunnyvale, CA) and a Dionex AS3500 autosam-
pler. Chromatographic separation was achieved on a Prodigy C18 column (2 �
250 mm, 5-�m particle size, Phenomenex, Torrance, CA) using gradient
elution (95% of 1 mM ammonium acetate, pH 9.0/5% of acetonitrile to 60%
acetonitrile in 15 min). The flow rate for all analyses was 0.2 mL/min, and the
entire effluent was delivered to the electrospray probe.

Mass spectrometry. A Platform II single quadrupole mass spectrometer
(Micromass, Manchester, UK) equipped with an electrospray interface was
used with an ion source temperature of 150°C. Positive ions were acquired in
the selected ion monitoring mode (dwell time � 0.2 s and interchannel delay
time � 0.02 s). The base peak of each spectrum was monitored and, in all
cases, corresponded to the respective protonated molecule [M�H]�. Opti-
mized cone-skimmer potentials were used as follows: riddelliine N-oxide
(m/z 366) at 30 V, riddelliine (m/z 350) at 35 V, monocrotaline internal
standard (m/z 326) at 45 V, and retronecine (m/z 156) at 35 V. Confirmatory
fragment ions were monitored for all analytes at m/z 136, 120, and 118 using
80 V and the proposed fragmentation reactions leading to these ions are shown
in Scheme 2. Analyte quantification was achieved using the response ratio
between the peak areas for internal standard and analyte. Figure 2 shows
representative chromatograms for riddelliine and metabolites.

Animal handling procedures. For the toxicokinetics studies, ad libitum-
fed Fisher rats and B6C3F1 mice of both sexes at 6–8 weeks of age were
administered by oral gavage riddelliine (4 mg/mL in 0.1 M phosphate buffer)
at a dose of 10 mg/kg body wt (0.3 mL/100 g body wt for rats, 0.1 mL/10 g
body wt for mice). After dosing, blood samples were collected at times
selected from preliminary studies (0.5–24 h). In the rat studies, six sequential
blood samples were collected into serum separation tubes from individuals
through tail cuts (females, n � 5; males, n � 3). In the mouse studies,
replicate animals were dosed and then blood was collected at euthanasia by
cardiac puncture (n � 6 mice per time point for males and females). Serum
was produced by centrifugation after clotting at room temperature and stored
at �20°C until analyzed. Serum concentrations of riddelliine and metabolite
were determined using LC–ES/MS from aliquots of 10–100 �L that were
analyzed in duplicate for each determination.

Toxicokinetic analysis. Plots of serum analyte concentrations vs time
were prepared for individual rats or groups of mice (see Figs. 3–6) and were
analyzed using the model-independent spreadsheet approach of Ritschel
(1986). Natural log-linear plots were fit to two phases attributed to distribution
and elimination (see below). The first-order elimination rate constant (k�) was
determined from the slope of the terminal phase of the In-linear blood con-
centration–time curve. A first-order distribution rate constant was determined

FIG. 1. Structures for pyrrolizidine alkaloids.

SCHEME 1. Proposed metabolic transformations of riddelliine.

SCHEME 2. Proposed fragmentation reactions for riddelliine and metab-
olites.
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from mean blood concentration–time plots after subtracting contributions from
the terminal portion of the curve. Exposure to riddelliine and metabolites over
time [area under the time–concentration curve from zero to infinity (AUC0–�)]
was estimated for individual rats or groups of mice using the trapezoidal rule
(Ritschel, 1986). The apparent volume of distribution for riddelliine (Vd/f ) was
calculated from dose/(AUC � k�). Insufficient amounts of the riddelliine
metabolites were available for full toxicokinetic determinations, so measure-
ments of Vd/f were not made. The two-tailed t test was used to assess statistical
significance ( p � 0.05).

RESULTS AND DISCUSSION

Method Validation

It was necessary to use an internal standard to obtain accu-
rate and precise quantification and stable labeled analogs were
not available; for these reasons, monocrotaline was selected
because of its close structural homology with riddelliine and
similar chromaographic behavior. The recoveries of analytes

from spiked serum were determined to be 102 � 10, 79 � 7,
and 51 � 16% for riddelliine, the N-oxide, and retronecine,
respectively (mean � SD, n � 4–6). The limits of quantifi-
cation in 100 �L serum, approximated by extrapolating to a
signal/noise ratio of 10:1, for riddelliine and its N-oxide were
0.1 ng/mL and for retronecine 5 ng/mL. Although the sensi-
tivity for LC/MS detection of an aqueous retronecine standard
was equivalent to the other analytes, the higher polarity of this
compound led to a greater degree of interference from serum
constituents. In addition, the presence of serum caused signif-
icant peak broadening over that seen for standards alone. The
net result of these complications was lower overall sensitivity
for retronecine in serum. The analytical method was validated
for all three analytes at different concentrations by replicate
analysis of spiked control rat serum (100 �L) through the SPE
and LC/MS procedures on different days. Table 1 shows the

FIG. 2. LC–ES/MS chromatograms for riddelliine and metabolites in mouse serum (A) The set of protonated molecule chromatograms for riddelliine (m/z
350), monocrotaline internal standard (IS, m/z 326), riddelliine N-oxide (m/z 366), and retronecine (m/z 156) for untreated female mouse serum. (B) The
analogous chromatograms for serum collected at 0.5 h from a female mouse gavaged with 10 mg/kg riddelliine.
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results for the three analytes. The interday and intraday preci-
sion were acceptable for riddelliine, the N-oxide, and ret-
ronecine, but the accuracy for retronecine analysis was affected
by the above-mentioned serum interferences at low concentra-
tions. It was not possible to determine serum concentrations of
the important metabolite dehydroretronecine (DHR) because of
its instability in aqueous solutions, especially in serum. Mass
balance studies using riddelliic acid, the ester hydrolysis prod-
uct formed concomitantly with DHR and retronecine, is a
possible future avenue of investigation to better quantify acti-
vation vs detoxication pathways.

Toxicokinetic Analysis

The 10 mg/kg dose of riddelliine and the oral route of
administration were selected based on results obtained from a
13-week toxicity test in rats (10 mg/kg) and mice (25 mg/kg,
Chan et al., 1994). Toxicokinetics were not determined for
other doses. Analyte concentrations in serum were determined
using the LC/MS method described above and model-indepen-

dent analysis of the data was performed. Figures 3–6 show the
plots of mean serum concentrations of riddelliine and metab-
olites for rats and mice. The mean rat data shown are repre-
sentative of the individual data. These plots show that riddel-
liine was completely absorbed from the gavage dose within 30
min in all rats and mice. The plots also show rapid and
extensive conversion of riddelliine to the N-oxide, with the
exception that female rats produced lower serum concentra-
tions of the N-oxide. All rodents produced small amounts of
retronecine. Table 2 shows the compilation of toxicokinetic
parameters for all compounds in rats and mice. Note that
values shown with SDs were determined from plots using
individual rat serum concentration data and those without SDs
were determined from plots using averages from six individual
mouse serum samples at each time point. Distribution and
elimination rate processes were observed except for ret-
ronecine for which the ln-concentration vs time plots were
consistent with a single rate process of elimination.

The elimination half-times increased in the following order:
riddelliine � retronecine � N-oxide consistent with metabo-

FIG. 4. Toxicokinetic plots for riddelliine and metabolites in female rat
serum. The concentrations of analytes in serum were determined using the
LC–ES/MS method for five individual rats and means were plotted either as
the concentration (bottom) or the natural logarithm of concentration (top) vs
time following gavage dosing with 10 mg/kg of riddelliine.

FIG. 3. Toxicokinetic plots for riddelliine and metabolites in male rat
serum. The concentrations of analytes in serum were determined using the
LC–ES/MS method for three individual rats and means � SD were plotted
either as the concentration (bottom) or the natural logarithm of concentration
(top) vs time following gavage dosing with 10 mg/kg of riddelliine.
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lism of parent compound. Internal exposures (AUC0-�) in-
creased in the order: retronecine � riddelliine � N-oxide, with
male rats as the exception. The small body weight-normalized
volume of distribution (Vd/f ) for riddelliine is consistent with
limited tissue distribution. Half-times for the apparent distri-
bution processes of riddelliine and the N-oxide were compa-
rable for mice and rats. Taken together, these findings are
consistent with extensive metabolism of riddelliine and subse-
quent elimination of the polar metabolites.

The half-time for riddelliine elimination from male and
female rats was similar. The half-time for riddelliine elimina-
tion from male and female mice was similar, although faster
than that observed in rats. The half-time for distribution of
riddelliine was comparable for all rats and mice. The internal
exposure (AUC0–�) for the N-oxide was greater than that for
riddelliine in male rats, but this relationship was reversed in
female rats. This observation is consistent with related studies
using isolated liver microsomes in which male rats produced
approximately five-fold more riddelliine N-oxide and dehydro-
retronecine than females (data not shown). This parallel sug-

gests that oxidative hepatic metabolism of riddelliine results in
a diminished internal exposure to the parent compound and
increased exposure to the N-oxide and dehydroretronecine
metabolites. This conclusion is supported by the previous
finding of apparent greater sensitivity of male rats, relative to
females, to the toxic effects of riddelliine in a 13-week expo-
sure study (Chan et al., 1994). The greater Vd/f for riddelliine
in male rats relative to females, which correlates with increased
distribution of riddelliine into tissues, is also consistent with
the increased toxicity seen in male rats. The Vd/f for riddelliine,
and the AUC for either riddelliine or the N-oxide, were similar
in male and female mice; however, the AUC for N-oxide was
greater than that for riddelliine in both mouse groups. Although
mouse liver microsomal incubations with riddelliine were not
performed, the AUC comparison predicts that similar rates of
N-oxide formation would occur in both males and females. No
species or sex differences in the half-time of elimination and
AUCs for retronecine were observed.

FIG. 6. Toxicokinetic plots for riddelliine and metabolites in female
mouse serum. The concentrations of analytes in serum were determined using
the LC–ES/MS method for six mice per time point and means � SD were
plotted either as the concentration (bottom) or the natural logarithm of con-
centration (top) vs time following gavage dosing with 10 mg/kg of riddelliine.

FIG. 5. Toxicokinetic plots for riddelliine and metabolites in male mouse
serum. The concentrations of analytes in serum were determined using the
LC–ES/MS method for six mice per time point and means � SD were plotted
either as the concentration (bottom) or the natural logarithm of concentration
(top) vs time following gavage dosing with 10 mg/kg of riddelliine.
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The slower elimination of riddelliine N-oxide from serum,
relative to riddelliine, increases the extent to which additional
metabolism of the N-oxide could occur, including microsomal
reduction back to the parent amine. This is a possible mecha-
nism for extending exposures to parent pyrrolizidine in the
tissues and enhancing toxicity through subsequent metabolism
to dehydroretronecine. This notion is consistent with our find-
ings that administration of riddelliine N-oxide to rats led to
formation of the same DNA adducts in liver as seen from either
the parent compound or the activated metabolite dehydroret-
ronecine (Fu et al., 2001). This conclusion is important be-
cause it has been widely presumed that pyrrolizidine N-oxides
are nontoxic metabolites. On the other hand, the hydrolysis of

riddelliine to form retronecine, albeit in small quantities, is a
detoxification process because DNA adduct formation was not
observed following microsomal metabolism of retronecine (Fu
et al., 2001). Scheme 1 summarizes these proposed metabolic
transformations of riddelliine.

A previous study of pyrrolizidine toxicokinetics in rats was
performed using radiolabeled monocrotaline (Estep et al.,
1991). This study showed rapid urinary (�80%) and biliary
(�10%) excretion of total monocrotaline-derived radioactivity.
Approximately 60% of the radioactivity in urine was due to the
parent compound and �4% was from the N-oxide. Little parent
compound or N-oxide was observed in bile, although products
associated with metabolic conversion to reactive pyrroles (pos-

TABLE 1
Method Validation Summary

Day 1 precision
(RSD)

Day 1 accuracy
(% of amount added)

Day 2 precision
(RSD)

Day 2 accuracy
(% added)

[Riddelliine] (ng/mL)
2 1.9 � 0.1 (7.2) 95 1.8 � 0.1 (3.5) 90
5 6.0 � 0.6 (10.6) 120 5.0 � 0.1 (1.5) 100
40 39.6 � 2.5 (6.3) 99 43.1 � 4.1 (9.4) 108

[Riddelliine N-oxide] (ng/mL)
2 2.0 � 0.3 (15.4) 100 1.7 � 0.1 (6.4) 85
5 5.0 � 0.6 (12) 100 5.2 � 0.6 (11.4) 104
40 39.0 � 0.7 (1.9) 98 44.9 � 3.9 (8.7) 90

[Retronecine] (ng/mL)
5 7.0 � 0.7 (10) 140 5.7 � 0.3 (5.3) 114
40 33.0 � 3.3 (9.9) 83 31.9 � 3.0 (9.4) 80

Note. Serum from untreated rats was spiked with various concentrations of riddelliine and metabolites and analyzed on two separate days. The values shown
are means � SD with the relative standard deviation (RSD � 100 � SD/mean) expressed as a percentage shown in parentheses.

TABLE 2
Compilation of Toxicokinetic Determinations for Riddelliine and Metabolites

Elimination t1/2

(h)
Distribution t1/2

(h)
AUC0–�

(ng h/mL)
Vd/f

(L/kg body wt)

Riddelliine
Rat male 4.2 � 0.3 0.35 516 � 80* 120 � 16*
Rat female 4.2 � 1.0 0.55 1267 � 395 53 � 29
Mouse male 3.2 0.34 1307 35
Mouse female 3.0 0.24 1064 41

Riddelliine N-oxide
Rat male 7.0 � 1.3 0.55 1494 � 367*
Rat female 11.9 � 7.2 0.37 714 � 405
Mouse male 15.4 0.35 1753
Mouse female 28.9 0.33 2746

Retronecine
Rat male 8.2 � 1.0 NA 88 � 24
Rat female 6.7 � 1.8 NA 135 � 36
Mouse male 6.9 NA 128
Mouse female 8.1 NA 217

Note. NA, not applicable.
* Significant sex difference ( p � 0.05).
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sibly dehydroretronecine) were observed in bile. These results
are also consistent with the notion that further metabolism of
the N-oxide is required prior to excretion.

Preliminary results from the 2-year carcinogenicity bioassay
of riddelliine in male and female rats and mice showed that all
species/sex combinations were susceptible to hemangiosarco-
mas and hepatocellular tumors, with the exception of female
mice. Although the toxicokinetic data presented here are in
agreement with the gross toxicity results in male and female
rats (Chan et al., 1994), it is clear that additional factors (e.g.,
dehydroretronecine formation) are responsible for the species/
sex differences seen in tumorigenic susceptibility.
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