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Abstract

A sensitive, fast and robust liquid chromatography—-tandem mass spectrometry (LC-MS-MS) method was developed and validated for the deter
mination of usaramine (URM) and usaramine N-oxide (UNO) in rat plasma. The separation was conducted on an ACQUITY UPLC BEH C4g Column
(50 x 2.1 mm, 1.7 um) and gradient eluted with mobile phase A (0.1% formic acid with 5 mM ammonium acetate in water) and B (0.1 % formic acid
in acetonitrile/methanol, 9/1, v/v). The method was linear over the range of 1-2,000 ng/mL for both analytes. The validated method was applied
to investigate the pharmacokinetic behaviors and sex differences of URM and its N-oxide metabolite in rats. After intravenous administration of
URM at 1 mg/kg, the AUCq; values for URM and UNO were 363 + 65 and 172 4= 32 ng/mL*h in male rats, while 744 + 122 and 30.7 & 7.4 ng/mL*h
in females, respectively. The clearance of URM was significantly higher in male rats than in females (2.77 £0.50 vs 1.354+0.19 L/h/kg, P < 0.05).
After oral administration of URM at 10 mg/kg, the AUCq; values of URM and UNO were 1,960 + 208 and 1,637 £ 246 ng/mL*h in male rats,
while 6,073 4488 and 300 462 ng/mL*h in females, respectively. The oral bioavailability of URM in female rats (81.7%) was much higher than
in males (54.0%). In conclusion, sex-based differences were observed in the pharmacokinetics, N-oxide metabolism and oral bioavailability of

URM.

Introduction

Pyrrolizidine alkaloids (PAs, Figure 1A) are a class of toxic
secondary metabolites that are produced by over 6,000 plants
in the world, representing about 3-5% of flowering plants
(1, 2). To date, more than 660 PAs and their N-oxides
have been identified from more than 13 plant families (3, 4).
PAs with 1,2-unsaturated necine bases exhibit hepatotoxicity,
pneumotoxicity, cytotoxicity, genotoxicity and neurotoxicity
(5-9). The main PA-induce acute toxicity is hepatic sinusoidal
obstruction syndrome that is a distinctive and potentially fatal
form of hepatic injury that occurs predominantly (10, 11).
Recently, several studies demonstrated that PA N-oxides exert
toxicity via intestinal and hepatic biotransformation to the
corresponding PAs (10, 12-14). Currently, the major sources
of PAs to humans include herbal medicines, (herbal) teas, food
supplements, honey and milk (15-20). A report on occurrence
of PAs in food in six European countries published by Mulder
et al. (16) revealed that PAs were found in 6% of milk sam-
ples at low concentration levels (0.05-0.17 ug/L), in 91% of
the (herbal) teas with an average PA content of 454 ug/kg and
in 60% of the food supplements (16, 19). The occurrence of
PAs in food supplements was highly diverse, ranging from the

highest content up to 2.4 g/kg in the supplements (16), based
on known PA-containing plants, to the relatively low content
at 1846 ug/kg in bee pollen (20). A representative report on
PA in honey samples demonstrated that 94% of the retail hon-
eys originated in various countries were contaminated with
PAs, with the average PA content of 26 ug/kg (20).
Usaramine (URM), a retronecine-type PA, is mainly found
in Gynura divaricata (Compositae family) (21, 22). Gynura
divaricata, also named as “Bai Zi Cai” or “Bai Bei San Qi”,
is a new source of food approved by National Health Com-
mission (China) in 2010 (21). It is also a traditional Chinese
medicine, which used for the treatment of diabetes, hyperten-
sion and hyperlipidemia (21, 23-25). Despite the toxicity of
this retronecine-type PA, few metabolic studies of URM have
been reported. Moreover, clear sex differences in toxicity or
metabolism of other PAs such as riddelliine (26, 27), senecio-
nine (SCN) (28-30), seneciphylline (29) and clivorine (31, 32)
were reported. Consequently, the following studies were con-
ducted:(i) a sensitive, fast and robust LC-MS-MS method was
developed to quantify URM and usaramine N-oxide (UNO)
in Sprague-Dawley (SD) rat plasma; (ii) pharmacokinetic
behaviors of URM and its N-oxide metabolite in rats were
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Figure 1. Structures of PAs. (A) Common structures of pas; (B) URM; (C) UNO and (D) senecionine (IS).

investigated and (iii) the sex differences in oral bioavailability
of URM in rats were compared.

Materials and Methods
Chemicals and reagents

URM (Figure 1B, purity >98%) was purchased from Absin
Bioscience Inc. (Shanghai, China). UNO (Figure 1C,
purity >98%) and SCN (Figure 1D, purity>98%) were
purchased from Chengdu Biopurify Phytochemicals Ltd.
(Chengdu, China). High-performance liquid chromatog-
raphy (HPLC) grade acetonitrile, HPLC grade methanol
and liquid chromatography coupled with mass spectrome-
try (LC-MS) grade ammonium acetate were purchased from
Sigma-Aldrich (St. Louis, MO, USA). LC-MS grade formic
acid (purity >98%) was obtained from J&K Technology Co.,
Limited (Beijing, China). Deionized water was prepared by
a Milli-Q ultra-pure water purification system (Millipore,
Molsheim, France).

Preparation of stock solutions, calibration and
quality control samples

The stock solutions of URM, UNO and SCN were prepared
in methanol at 2 mg/mL, respectively. A series of calibration
standards of URM and UNO were prepared in rat plasma
as follows: 1, 2, 10, 30, 100, 300, 1,000 and 2,000 ng/mL.
Quality control (QC) samples were diluted in rat plasma at
concentration of 1, 3, 150, 750 and 1,500 ng/mL using a
separate stock solution. SCN (internal standard, IS) work-
ing solution at 100 ng/mL was diluted in methanol/water (1/1,
viv).

Sample preparation

A 10-pL aliquot of plasma sample was mixed with 10 pL of IS
working solution (100 ng/mL of SCN) in a 96-well microwell
plate (Nunc, Copenhagen, Denmark) and mixed for 1 min.
Then, 90 uL of acetonitrile/methanol (1/1, v/v) was added for

protein precipitation. The mixtures were vortexed for 5 min,
and then, centrifuged for 5 min at 4,000 rpm. A 40-puL aliquot
of supernatant was transferred to a 384-well conical-bottom
plate (Greiner Bio-One, Frickenhausen, Germany), and then,
1 uL was injected to LC-MS-MS for analysis.

Instrumentation and LC-MS-MS conditions

Plasma levels of URM and UNO in rat plasma were deter-
mined on a SCIEX Triple Quad™ 5500 mass spectrome-
ter with Turbo V™™ source (AB SCIEX, Concord, Ontario,
Canada) coupled with Waters Acquity'™ I-class system
(Waters Corp, Milford, MA, USA). The chromatographic sep-
aration was performed on a Waters UPLC BEH Cg column
(50x2.1mm, 1.7 um; Waters Corp), and the column was
maintained at 45°C. The mobile phase consisting of (A) 0.1%
formic acid with 5§ mM ammonium acetate in water and (B)
0.1% formic acid in acetonitrile/methanol (9/1, v/v). Analysis
was performed using the following gradient elution at a flow
rate of 0.5 mL/min: 0-0.2 min, 10% B; 0.2-1.0 min, 10% B to
60% B; 1.0-1.1 min, 60% to 95% B; 1.1-1.5 min, maintained
at 95% B; 1.5-2.0 min, re-equilibration with initial condition.
The injection volume was 1 pL.

The MS was operated in positive ionization mode with elec-
trospray voltage 5,500V, source temperature of 550°C and
collision activation dissociation of 7 psi. The detection was
performed in the multiple reaction monitoring (MRM) mode
at m/z 352.1—120.0 (collision energy (CE) 37 V) for URM,
368.1—120.0 (CE 42¢eV) for UNO and 336.1—120.1 (CE
36¢eV) for SCN (IS), respectively, and declustering potential
was 150V for the analytes and IS. Data were acquired and
processed in Analyst 1.6.3 software (AB SCIEX, Concord,
Ontario, Canada).

Method validation

The method validation conducted in accordance with the US
Food and Drug Administration (FDA) Guidance for Method
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Figure 2. Representative chromatograms in rat plasma (A) blank plasma, (B) plasma spiked with analytes (1 ng/mL, LLOQ) and IS (100 ng/mL) and (C) 1 h

post-dose plasma sample after oral administration of 10 mg/kg URM.

Validation (33). The items for method validation included:
selectivity, matrix effect, linearity, sensitivity, carryover,
accuracy, precision, recovery and stability of plasma samples.

Selectivity was evaluated by analyzing six different sources
of blank plasma to confirm whether there was endogenous
interference at the retention times of URM, UNO and IS. The
peak areas of the analytes in blank samples should be no more
than 20% of the corresponding mean peak area of the lowest
limit of quantification (LLOQ) samples, and the peak area of
IS in blank samples should be less than 5%.

The matrix effect was evaluated by the comparison of the
peak area ratio in the presence of matrix from six different
sources to the peak area ratio in the absence of matrix at low
and high QC concentrations. The inter-source variability of
matrix effect per concentration level should be no more than
15%.

The linearity was evaluated over the concentration range of
1-2,000 ng/mL for URM and UNO, respectively. Each con-
centration level samples of calibration curve were analyzed in
duplicate. Calibrators should have back-calculated concentra-
tion within +15.0% of nominal except at the LLOQ where
+20.0% of the nominal is acceptable.

Carryover was evaluated by the blank sample immediately
injected after ULOQ samples.

Within-run and between-run accuracy and precision were
assessed six replicate QCs at LLOQ, low, low-mid, mid and
high QCs for three independent runs conducted over 2 days.

The overall accuracy bias should be within +15.0% of nom-
inal concentration, except 20.0% at LLOQ. The precision
should be no more than 15%, except 20.0% at LLOQ.

The recovery was assessed at low, low-mid, mid and high
QC concentrations. The recovery values of URM, UNO and
IS were calculated by dividing the mean peak area of extracted
spiked samples by the mean peak area of blanks with the
analytes and IS post-extraction.

The stability experiments of URM and UNO were per-
formed in three replicates at low and high QC concentra-
tions for bench-top, freeze-thaw and long-term stability. The
acceptable stable results were the accuracy bias of nominal
concentration at each level within +£15.0%.

Pharmacokinetic study

Ten male (180-220g, 6-9 weeks) and 10 female (160-200 g,
6-9 weeks) SD rats were obtained from HFK Bio-technology
Co. Ltd (Beijing, China). After being kept in fast but with
free access to water for 12h, rats were assigned to two
groups (five animals/sex/group) randomly. A group of rats
received a single intravenous administration of 1 mg/kg URM
via tail vein, while another group of rats received a single
oral administration of 10 mg/kg URM. For both intravenous
and oral administrations, URM was dissolved in saline. Blood
samples (~ 50 uL) were collected via saphenous vein into hep-
arinized tubes at the time points of 0.05, 0.167, 0.5, 1, 2,
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4, 8 and 24 h after intravenous treatment, while at 0.167,
0.333, 0.667, 1, 2, 4, 8 and 24 h after oral treatment, and
centrifuged for 10 min at 10,000 rpm to harvest plasma sam-
ples. The plasma samples were stored at < -60°C before
analysis.

The animal study was conducted in compliance with
the Guide for the Care and Use of Laboratory Animals
(34) and was approved by Institutional Animal Care and
Use Committee (IACUC) of Shanghai Institute of Mate-
ria Medica, Chinese Academy of Sciences (IACUC number
2020-02-YY-10).

A non-compartmental pharmacokinetic analysis of URM
and UNO was performed using Phoenix WinNonlin 6.4
(Pharsight Corporation, Mountain View, CA, USA). The
maximum concentration (Cmax) and time to reach Cpax
(Tmax) were determined from the plasma concentration ver-
sus time data. The area under the plasma concentration—
time curve from time O to the time of the last mea-
surable concentration (AUCy_) was determined using the
linear trapezoidal method. The area under the plasma
concentration-time curve from time O to infinity concen-
tration (AUCy_o,) was determined using the linear trape-
zoidal method. The elimination half-life (Ty;) was calcu-
lated using In (2)/ke. The clearance (CL) was the ratio of
the dose to the AUCy. The oral bioavailability (F) was
the ratio of the dose-corrected AUC for oral to intravenous
administration.

Statistical analysis of pharmacokinetic parameters
between male and female rats was performed by Student’s
t-test, and P-values<0.05 were considered statistically
significant.

Results and Discussion

Method development

The chromatographic conditions were optimized to obtain
reproducible symmetric peak shapes with a short run time.
During method development, four-type columns from Waters
including ACQUITY BEH Cyg, HSS T3, CORTEST Cig,
and CSH C;3 were tested with various solvent and buffers
as mobile phases. Finally, a mobile phase consisted of 0.1%
formic acid with 5 mM ammonium acetate and 0.1% formic
acid with acetonitrile/methanol (9/1, v/v) using a Waters
ACQUITY BEH C;g column (50 x2.1 mm, 1.7 pum) provided
satisfactory peak shapes, resolution and a short run time
(2 min). Further, the gradient program was optimized to elim-
inate the carryover. For 0-0.2min, 10% of mobile phase
B was adopted to improve the solubility of analytes in ini-
tial mobile phase and eliminate the carryover in the injection
system.

Method validation
Selectivity and matrix effect

No endogenous interferences were observed at the reten-
tion times of URM (0.77min), UNO (0.79 min) and IS
(0.89 min). The representative chromatograms are shown in
Figure 2.

The matrix effects ranged from 96.1 to 98.7% for URM
and 95.2-98.1% for UNO, while the coefficient of vari-
ations (CVs) for the analytes were less than 8.0%. The
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results indicated the impact of the matrix was considered
negligible.

Linearity, sensitivity and carry-over
The calibration curves were linearity in rat plasma over
the concentration ranges of 1-2,000 ng/mL for URM and
UNO with correlation coefficient (#?) greater than 0.990,
respectively. The accuracy bias of the nominal concentra-
tions at all concentration levels in three validation runs
ranged from -5.3% to 3.1% and the CVs were less
than 7.5%. The LLOQ was 1.0ng/mL for both URM
and UNO. The typical equations of URM and UNO
in plasma were y=0.00365x+0.00053 (# =0.9974) and
y=0.0026x + 0.00004 (2 = 0.9950), respectively.

The acceptable carryover of analytes and IS in the blank
samples immediately after ULOQ samples were observed in
all test runs.

Accuracy and precision
The within-run and between run accuracy and precision were
within acceptable ranges, and the results are summarized
in Table 1. It was demonstrated the developed method was
accuracy and reliability.

Table I. Accuracy and Precision for URM and UNO in Rat Plasma

URM UNO

Spiked Accuracy Precision Accuracy Precision
(ng/mL) (%) (%) (%) (%)
Within run

(n=6)

1 105.8 6.7 96.8 6.5

3 102.6 51 98.2 8.7

150 99.9 2.5 101.7 2.5

750 99.6 1.5 100.2 3.0

1,500 101.0 2.3 97.0 2.7
Between run

(n=18)

1 105.9 10.6 96.2 11.6

3 101.0 52 99.4 6.8

150 100.4 2.4 102.0 2.9

750 100.7 2.3 99.8 3.1

1,500 98.7 3.9 96.7 3.4
Table II. Stability of URM and UNO in Rat Plasma

URM UNO
Mean Mean

Conc. accuracy accuracy
(ng/mL) (%) CV (%) (%) CV (%)
Room temperature for 8 h

3 101.0 6.9 101.4 2.7

1,500 99.7 1.0 97.3 4.6
Three freeze-thaw cycles

3 101.7 2.1 104.8 4.5

1,500 102.2 3.1 99.2 2.6
<-60°C for 2 weeks

3 100.8 6.8 98.4 4.8

1,500 101.8 2.0 97.8 3.5
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Figure 3. Mean plasma concentration-time curves in male and female rats (n=>5). (A) URM after 1 mg/kg intravenous administration; (B) UNO after
1 mg/kg intravenous administrations; (C) URM after 10 mg/kg oral administration (B) UNO after 10 mg/kg oral administration. The graphs are expressed
as the mean 4 SD.

Table lll. Pharmacokinetic Parameters of URM and UNO in Rats

Intravenous (1 mg/kg)

Oral (10 mg/kg)

URM UNO URM UNO
Parameters Male Female Male Female Male Female Male Female
Tmax (h) 0.074+0.05 0.05 +0.00 0.604+0.22 0.81+0.43 0.600+0.149 0.800+0.182 0.8004+0.182 0.867+0.182
Cmax 452 4 54N5 548 +78 102 +192 12.3+3.9 1,089 +136* 2,386 +297 943 £ 1332 117 +£27
(ng/mL)
AUC, 363 + 65 744 £122 172+ 322 30.7+£7.4 1,960 +208* 6,073 +488 1,637 +246* 300+62
(ng/mL*h)
AUC) oo 368 + 65 757 £123 177 £302 36.6 £6.5 1,985 +208* 6,093 +491 1,654 4+£253* 311+59
(ng/mL*h)
Ty (h) 0.944+0.29 1.76 £0.88 1.10+0.19 1.95+0.79 2.414+1.84 3.18£0.39 2.74+1.4 3.65+1.7
MRT,, (h)  0.90+0.14  1.864+0.57 - - 1954034 2854022 - -
MRTg., (h) 0.97+0.12 2084073 - - 2134046 2944025 - -
CL (L/h/kg) 2.774+0.502 1.35+0.19 - - - - - -
Vd (L/kg) 2.694+0.58 2.714+0.54 - - - - - -
F (%) - - - - 54.0 81.7 - -

—: Not applicable.
Indicates the PK parameter is significantly difference (P <0.05) between male and female rats.
NS: not significant.

Recovery

The mean recovery of URM and UNO from plasma
ranged from 87.2 to 90.2% and 87.9 to 94.4%, and
the mean recovery of IS was 91.7%. The CVs for the
analytes at all concentration levels and IS were less than

6.6%.

Stability

at <-60°C for 2 weeks.

The stabilities of URM and UNO in rat plasma samples were
analyzed under various conditions. The results are shown
in Table I, which demonstrated the analytes were stable at
room temperature for 8 h, after three freeze-thaw cycles and
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Pharmacokinetics

The validated analytical method was successfully applied to
study the pharmacokinetic behavior and sex differences of
URM in rats after intravenous and oral administrations.

The plasma concentration profiles of URM and UNO after
intravenous or oral administration in male and female rats are
plotted in Figure 3. The PK parameters of URM and UNO are
listed in Table III.

Statistical analysis indicated significant differences
(P-values<0.05) of both AUCjy. and CL of URM in
male and female rats after intravenous administration. The
AUCy., of URM in male rats (363 4+ 65 ng/mL*h) was lower
than females (744 4122 ng/mL*h), and the CL of URM
in male rats (2.7740.50 L/h/kg) was higher than females
(1.354+0.19L/h/kg). Regarding metabolite UNO, its Cmax
and AUC. also showed significant differences. The higher
levels of UNO in male rats indicated a higher conversion rate
of URM than females.

After oral administration, the Cnax and AUCy., of both
URM and UNO also showed sex-based differences. The Cpax
and AUC. of URM were 2.2 and 3.1 times lower in male
rats than females, while the Cnax and AUC,.; of metabolite
UNO were 8.1- and 5.5-fold higher in male rats than females,
respectively.

Significantly higher oral bioavailability of URM was
observed in female (81.7%) rats relative to males (54.0%),
which could be explained by lower rate and extent of
metabolism of URM in female rats than males. The
UNO/URM ratios for AUC,. after intravenous and oral
administration were 47.4 and 83.5% in male rats, respec-
tively. This indicates in addition to formation in the liver,
UNO may also be formed in the intestine.

As previously reported on riddelliine (26), a retronecine-
type PA, male rats showed higher levels to riddelliine N-oxide
than females, while inverse relationship for riddelliine. In cur-
rent study on URM, we also found the similar sex differences
in rats. The metabolic patterns and DNA adduct profiles of
riddelliine in liver microsomes were report by Xia et al. (27),
which showed a linear relationship between the formation
rates of riddelliine N-oxide and the toxic metabolite-derived
DNA adducts in both rat and human. The results indicated
that formation of N-oxide could partly reflect the toxic risk
and the toxic mechanism in rats was relevant to humans.

It has been reported that hepatic cytochrome P450 (CYP)
3A subfamily is the major metabolic enzyme for PAs to exert
toxicity in rats (27, 30, 35). It is well known that the abun-
dance of CYP3A (especial CYP3A1 and CYP3A2) is higher
in male rats than females (36, 37), which could lead to the
sex-based differences in the pharmacokinetics and toxicol-
ogy. However, such sex differences in rats are unlikely to
occur in humans. Because the expressions of CYP3A4/5, the
responsible metabolic enzymes of PAs in humans, possess
considerable inter-individual variations (38). PA intoxication
could exhibit greater individual differences rather than sex dif-
ference. Moreover, as the activity of CYP3A4 may be induced
by many drugs (such as rifampin) (39), foods (such as St.
John’s wort) (40), as well as alcohol (41), the toxic risk may
increase by concurrent intake of PA-containing products and
the above-mentioned drugs or foods.

Conclusion

A sensitive and rapid LC-MS-MS method for URM and UNO
in rat plasma has been established and applied for the study
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of pharmacokinetic of URM in rats. A sex-based difference in
pharmacokinetic behavior and N-oxide metabolism pathway
was observed of URM and UNO after intravenous or oral
administration in male and female rats.
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