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ABSTRACT. Veratramine, a major alkaloid from Veratrum nigrum L., has distinct anti-tumor and anti-
hypertension effects. Our previous study indicated that veratramine had severe toxicity toward male rats.
In order to elucidate the underling mechanism, in vivo pharmacokinetic experiments and in vitro
mechanistic studies have been conducted. Veratramine was administrated to male and female rats
intravenously via the jugular vein at a dose of 50 pg/kg or orally via gavage at 20 mg/kg. As a result,
significant pharmacokinetic differences were observed between male and female rats after oral
administration with much lower concentrations of veratramine and 7-hydroxyl-veratramine and higher
concentrations of veratramine-3-O-sulfate found in the plasma and urine of female rats. The absolute
bioavailability of veratramine was 0.9% in female rats and 22.5% in male rats. Further experiments of
veratramine on Caco-2 cell monolayer model and in vitro incubation with GI content or rat intestinal
subcellular fractions demonstrated that its efficient passive diffusion mediated absorption with minimal
intestinal metabolism, suggesting no gender-related difference during its absorption process. When
veratramine was incubated with male or female rat liver microsomes/cytosols, significant male-
predominant formation of 7-hydroxyl-veratramine and female-predominant formation of veratramine-
3-O-sulfate were observed. In conclusion, the significant gender-dependent hepatic metabolism of
veratramine could be the major contributor to its gender-dependent pharmacokinetics.

KEY WORDS: 7-hydroxyl-veratramine; enterohepatic recirculation; gender-dependent

pharmacokinetics; veratramine; veratramine-3-O-sulfate.

INTRODUCTION

Genus Veratrum of Liliaceae, commonly known as
American Hellebore or Black False Hellebore and which
have a variety of Veratrum alkaloids as active components,
has been used for medicinal purposes to treat hypertension,
epilepsy, stroke, excessive phlegm, jaundice, scabies, chronic
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malaria, and wounds in European and Asian countries (1-5).
Veratramine (Fig. 1), a C-nor-D-homosteroidal Veratrum
alkaloid and the key marker compound of Veratrum (6-8),
demonstrated potent anti-tumor (9,10), anti-hypertension
(5,11,12), and anti-platelet (13) activities, and also acted as a
cardiac (14,15) and 5-HT agonist (16). In addition, the
mechanistic properties of its major pharmacological effects
have been elucidated. The inhibition of the hedgehog (Hh)
signaling pathway, a pathway related to the generation of
tumors (17,18), was identified as the anti-tumor mechanism of
veratramine against migration and proliferation (19), and the
blocking of Na® channels and reflex suppression of the
cardiovascular system were related to its anti-hypertension
activity (20). In the clinic, the alternative and complementary
medicines, such as “Ji Ming Zi Pills,” primarily containing
Veratrum alkaloids, were used for the treatment of breast
tumor in China. Veratrum alkaloids have also been used
clinically for the treatment of hypertension in Chinese
hospitals and used medically by Native Americans and
Europeans (3-5,11,21-23). Moreover, the marketed
veratramine containing medicine “San Qi Xue Shang Ning
Capsule” is listed in the Chinese Pharmacopeia (China, 2010)
for the treatment of relieving symptoms of blood congestion.
Although veratramine neither induced teratogenicity like
most of the other Veratrum alkaloids (24), nor had obvious
side effects at the anti-hypertension equivalent dose in
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Gender-Dependent Veratramine Pharmacokinetics

Veratrum alkaloid extracts (6), the potential toxicity of genus
Veratrum shouldn’t be ignored. So far, it has been reported
that some of the alkaloids led to potential gender-dependent
toxicities due to their gender-related pharmacokinetics (25—
29). Male SD rats were shown to be more susceptible to
clivorine (a pyrrolizidine alkaloid) intoxications than female
rats due to the gender-associated metabolism (26-28).
Therefore, the characterization of veratramine pharmacoki-
netic profiles of both gender, particularly in gender-related
metabolism and elimination, is considered essential for the
evaluation of its safety and potential interactions with other
drugs or herbs.

Due to their potent biological activities, steroidal alka-
loids have been investigated for their pharmacokinetic and
pharmacodynamic characteristics (30-33). However, up to
now, few studies evaluated the pharmacokinetic profile of
veratramine and explored its potential gender-associated
pharmacokinetics. It was previously indicated that the struc-
tural site of metabolism for veratramine did not occur at the
common reactive nitrogen-containing side chain but that
reductive and oxidative attacks at rings A and B occurred
during the microbial biotransformation (34). Our recent
metabolic study had identified seven hydroxylated, two
sulfated and two glucuronidated metabolites of veratramine
and indicated that CYP2D6-mediating hydroxylation and
SULT2A1 and SULT1El-mediating sulfation were the two
major metabolic pathways for the formation of 7-hydroxyl-
veratramine (Fig. 1) and veratramine-3-O-sulfate (Fig. 1)
(35). During our preliminary pharmacokinetic investigations
in rats after oral administration of 30 mg/kg of veratramine, it
was surprisingly noticed that male rats easily suffered from
toxic reactions, such as severe trembling, with a fatality rate
of nearly 50%, whereas female rats were all alive without any
toxic response. It is thus hypothesized that gender-dependent
pharmacokinetics of veratramine may exist. Therefore, the
current study was proposed to provide a comprehensive
characterization of the gender-dependent pharmacokinetics
of veratramine in rats with further mechanistic illustrations on
the potential gender-dependent factors, especially gender-
associated metabolism and elimination.

MATERIALS AND METHODS

Materials

Veratramine with purity >99% was purchased from
Chembest Bioscience Inc. (Shanghai, China). Male and
female rat liver microsomes/cytosols (RLMs/RLCs) and
pooled rat intestinal S9 (RIS9) and pooled rat intestinal
microsomes (RIMs) of male donor were purchased from
XenoTech, LLC (KS, USA). p-Nicotinamide adenine dinu-
cleotide 2’-phosphate reduced tetrasodium salt hydrate
(NADPH), 3’-phosphoadenosine-5’-phosphosulfate (PAPS),
and digoxin (internal standard for ultra-performance liquid
chromatography tandem mass-spectrometry (UPLC-MS/MS)
(I.S.)) were obtained from Sigma-Aldrich (MO, USA).
Methanol, acetonitrile, and all other solvents used for high-
performance liquid chromatography (HPLC) were HPLC
grade. Distilled and deionized water was used for HPLC and
preparation of solutions. Other reagents were of at least
analytical grade.
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For cell experiments, Dulbecco’s modified Eagle’s medi-
um, 0.25% trypsin-EDTA, fetal bovine serum, penicillin-
streptomycin, Hank’s balanced salt solution (HBSS), and
non-essential amino acids were purchased from Gibco BRL
Co. Ltd (Carlsbad, CA, USA) and Life Technologies (Grand
Island, NY, USA). Six-well plates with Transwell® inserts
(24 mm, ID, 4.71 cm? polycarbonate filter) were purchase
from Corning Costar Corporation (Corning, NY, USA).

Pharmacokinetics of Veratramine in Male and Female Rats

Animal Experiments

Sprague-Dawley rats (male and female, 200-220 g) were
obtained from Sino-British SIPPR/BK Lab. Animal Ltd., Co.
(Shanghai, China). Rats were housed at 25°C, with a relative
humidity of about 60% and a 12-h cycle of light to dark, and
food and water were provided ad libitum. Rats were fasted
for 12 h with free assess of water prior to drug administration.
The right jugular vein of each SD rat was cannulated 1 day
before experiments and the bile duct was also cannulated in
the hepatobiliary excretion study as previously described
(36). The above procedures were under anesthesia by
intramuscular injection of ketamine. The rats were allowed
free access to food 6 h after oral or intravenous (i.v.)
administration of veratramine. All animal procedures were
performed in accordance with Animal Ethics Committee
guidelines.

For oral administration studies, veratramine, dissolved in
PEG400/saline (1:1, v/v) at a final concentration of 5 mg/mL,
was administered by gavage to male (n=5) and female (n=5)
SD rats at a dose of 20 mg/kg. Blood samples (300 pL) were
collected into heparinized tubes via a jugular vein catheter at
5, 10, 20, 30, 60, 90, 120, 240, 360, 480, 720, 1440, 2160, and
2880 min after oral administration, with a 300-uL saline given
via the indwelling catheter immediately after each blood
collection. The plasma was obtained by centrifugation of
the collected blood at 4000xg for 5 min. In addition, to
characterize the urinary elimination of both veratramine
and its major metabolites, urine was collected at different
time intervals of 240, 360, 480, 720, 1440, 2160, and
2880 min.

For i.v. administration study, veratramine dissolved in
saline containing 5% PEG400 at 50 pg/mL was administrated
to male (n=5) and female (n=5) rats via the jugular vein
catheter at a bolus dose of 50 ng/kg. After the i.v.
administration of veratramine, in order to avoid the contam-
ination during the blood collection process, 100 pL of saline
was immediately injected via the polyethylene tubing to rinse
the drug residue. Such procedure was further verified by the
in vitro test. The post-dose time points to gather blood
samples were 5, 10, 20, 30, 60, 90, 120, 240, 360, 480, 720, and
1440 min. Urine was also collected at different time intervals
of 240, 360, 480, 720, and 1440 min.

To assess the hepatobiliary excretion of veratramine-3-O-
sulfate, the right jugular vein and the bile duct of male (n=>5)
and female (n=5) SD rats were cannulated by a polyethylene
tube (0.5 mm ID, 1 mm OD, Portex Ltd., England), followed by
i.v. (50 pg/kg) or oral (20 mg/kg) administration of veratramine.
Bile was collected at different time intervals of 10, 20, 30, 45, 60,
90, 120, 150, 180, 240, 300, and 360 min post-dosing.



434

HO OH

Veratramine
Fig. 1. Chemical structures of veratramine, 7-hydroxyl-veratramine and veratramine-3-O-sulfate

Sample Preparation

To prepare the plasma samples collected from oral and
i.v. administrations, 400 pL of acetonitrile (ACN)/methanol/
0.1% formic acid water (40:40:20, v/v/v) containing 1 pg/mL
of I.S. was added into 100 pL of plasma, followed by vortex
mixing (Vortex Genie 2; Scientific Industries, Bohemia, NY,
USA) for 2 min. The mixture was then centrifuged for 10 min
at 16,000xg, and the resulting supernatant was evaporated to
dryness under a flow of nitrogen. The residue was then
reconstituted in 100 pL of ACN/0.1% formic acid water
(60:40, v/v). Aliquots (10 pL) were injected into the UPLC-
MS/MS for analysis of veratramine and its major two
metabolites.

To prepare the urine and bile samples, aliquots of 100 uL
urine and 50 pL bile were mixed with different volumes of
ACN/methanol (1:1, v/v) containing I.S. (100 pL for urine and
50 pL for bile), respectively, followed by sonication using
Crest Tru-Sweep sonication bath (Crest Ultrasonics corpora-
tion, NJ, USA) for 5 min and vortex mixing for 2 min. After
centrifugation (16,000xg) of the mixture for 10 min, the
resulting supernatant was then transferred to 2 mL glass vials
and an aliquot of 10 pL. was subjected to UPLC-MS/MS for
analysis.

Exploration of Mechanism of Intestinal Absorption
of Veratramine

Cell Culture

Caco-2 cells, purchased from American Type Culture
Collection, were cultured in Dulbecco’s modified Eagle’s
medium at 37°C, supplemented with 10% fetal bovine serum,
1% non-essential amino acids, 100 U/mL of penicillin, and
100 U/mL of streptomycin in an atmosphere of 5% CO, and
90% relative humidity. Caco-2 cells were subcultured in
0.25% trypsin-EDTA for 5 min, seeded at a density of
2x10° cells/cm? onto Transwell inserts in six-well plates, and
incubated for around 21 days. Transepithelial electrical
resistance (TEER) values were determined to evaluate the
integrity of Caco-2 cell monolayer prior to the final transport
study with TEER values above 600 Q-cm? being acceptable.

Transport Study in the Caco-2 Monolayer Model

Caco-2 cell monolayers were rinsed twice and equilibrated
with HBSS at 37°C for 20 min before the transport studies. For
the bi-directional transport study (37), 6 ug/mL veratramine in
HBSS (pH 7.4) was loaded into the donor side (1.5 mL for the
apical side or 2.6 mL for the basolateral side). Aliquots (0.4 mL)

7-Hydroxyl-veratramine

Veratramine-3-O-sulfate

of samples were collected from the receiver side at 10, 30, 60, 90,
and 120 min, followed by immediate addition of 0.4 mL blank
HBSS into the receiver side. After a 120-min incubation, the
polycarbonate components with Caco-2 cell monolayer were
carefully rinsed twice with blank HBSS, followed by cutting off
these components and lysing the cells with 3 mL. ACN. The
samples collected from receiver side were prepared by the
addition of an equal volume ACN containing I.S. After 2 min
vortex mixing and 15 min centrifugation at 16,000xg, all of the
sample supernatants were immediately injected to UPLC-MS/
MS for analysis.

In Vitro Intestinal Enzymatic Kinetic Study

RIS9 and RIMs Incubation To investigate the metabolic
profiles of veratramine in intestine, veratramine (12.5 pM)
was preincubated for 2 min with RIS9 at a final concentration
of 1 mg/mL in 100 mM potassium phosphate buffer (pH 7.4)
containing 3.3 mM MgCl, at 37°C. The hydroxylation
reaction was initiated by the addition of 1 mM NADPH.
The reaction mixture was incubated at 37°C for 60 min. The
incubation medium for the sulfation of veratramine consisted
of 50 mM potassium phosphate buffer (pH 7.4), 5 mM MgCl,,
200 uM PAPS, and 12.5 uM veratramine with a final RIS9
concentration of 1 mg/mL, and the mixture was incubated at
37°C for 60 min. RIMs were also used to evaluate the
hydroxylation metabolism of veratramine in the presence of
NADPH using the above procedure. All of the reactions
described above were terminated by the addition of an equal
volume of ice-cold ACN, followed by vortex mixing (2 min)
and centrifugation (16,000xg, 10 min). The resulting superna-
tants (10 pL) were subjected to UPLC-MS/MS analysis.

To evaluate the potential hydrolysis of veratramine-3-O-
sulfate, a range of concentrations of veratramine-3-O-sulfate,
collected from the bile of female SD rats after oral
administration of veratramine (20 mg/kg), were incubated
with RIS9 (2 mg/mL) for 30 min in 50 mM potassium
phosphate buffer (pH 7.4) containing 5 mM MgCl,. The
reactions were terminated by the addition of equal amount of
ice-cold ACN containing I.S. after a 30-min incubation,
followed by 2 min of vortex mixing and 10 min of
centrifugation at 16,000xg. The corresponding supernatant
(10 pL) was injected onto UPLC-MS/MS for analysis of the
formation of veratramine due to the hydrolysis of
veratramine-3-O-sulfate.

GI Content Incubation To estimate the stability of
veratramine, a GI content incubation study was performed
as described elsewhere (38). Briefly, simulated fluids of



Gender-Dependent Veratramine Pharmacokinetics

stomach (pH 1.2), small intestine (pH 6.8), and large intestine
(pH 7.4) were prepared as previously reported (39), and the
GI content solutions were prepared from the contents taken
from stomach, small intestine, and large intestine of SD rats
and suspended in 5-fold volumes of the corresponding
simulated fluid. The supernatants containing GI contents
were kept on ice and used for subsequent experiments after
vortex mixing and centrifugation at 8000xg for 5 min. For the
stability study, veratramine (6 pg/mL) or veratramine-3-O-
sulfate (collected in female bile) was incubated with different
simulated fluids and GI content solutions in a shaking water
bath (Selecta Unitronic 320 OR; Selecta, Spain) at 37°C.
Aliquots (200 pL) of samples were continuously collected at
5, 30, 60, 120, and 240 min. The incubation was terminated by
adding 200 pL ice-cold ACN and after standing for 2 min of
vortex mixing and 10 min of centrifugation at 16,000xg. Ten-
microliter aliquots of the resulting supernatants were subject-
ed to UPLC-MS/MS for analysis. The percentage remaining
in each of the different simulated fluids and GI contents,
calculated by comparing the concentration at each different
time point with that at time zero, was used to evaluate the
stability of veratramine and veratramine-3-O-sulfate.

Exploration of Mechanism of Hepatic Metabolism
of Veratramine

To evaluate the hepatic enzymatic kinetics for the
conversion of veratramine to 7-hydroxyl-veratramine, a series
of concentrations of veratramine, ranging from 6.25 to
250 nM, were preincubated for 2 min with pooled male rat
liver microsomes (mRLM) or pooled female rat liver
microsomes (fRLM) in 100 pL of 100 mM potassium
phosphate buffer (pH 7.4) containing 3.3 mM MgCl, at
37°C for 30 min. The optimized protein concentrations of
mRLM and fRLM were both at 0.5 mg/mL. The reaction was
initiated by the addition of NADPH with a final concentra-
tion of 1 mM, and terminated by the addition of an equal
volume of ice-cold ACN-containing I.S. The terminal mixture
was vortex mixed and then centrifuged at 16,000xg for
10 min. The resulting supernatant was immediately analyzed
by UPLC-MS/MS.

To investigate the hepatic enzymatic kinetics for the
formation of veratramine-3-O-sulfate, a range of concentra-
tions of veratramine (1 to 200 nM) were preincubated for
2 min with male rat liver cytosols (mRLC, 0.5 mg/mL) or
female rat liver cytosols (fRLC; 0.2 mg/mL) in 100 pL of
incubation mixture, containing 50 mM potassium phosphate
buffer (pH 7.4) and 5 mM MgCl, at 37°C. The reactions were
performed at 37°C for 30 min after addition of 200 pM PAPS
and terminated by the addition of 100 pL of ice-cold ACN-
containing I.S., followed by 2 min of vortex mixing and
10 min of centrifugation at 16,000xg. Aliquots (10 pL) of the
supernatant were subjected to UPLC-MS/MS for analysis.

UPLC-MS/MS Sample Analyses

For the quantification of veratramine, 7-hydroxyl-
veratramine and veratramine-3-O-sulfate, UPLC-MS/MS
analysis was developed using a series 1290 UPLC system
(Agilent, USA) coupled with an Agilent 6430 triple quadru-
ple mass spectrometer (Agilent, USA). Veratramine, 7-
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hydroxyl-veratramine, veratramine-3-O-sulfate, and L.S. were
separated on a Waters ACQUITY UPLC BEH C18 column
(50x2.1 mm, 1.7 pm particles). A mixture of 0.1% formic
acid water (mobile phase A) and pure ACN (mobile phase
B), with a linear gradient elution program at a flow rate of
0.2 mL/min, were used for separation. The gradient program
was described as following: 0-6 min (10-50% B), 6-8 min
(50-80% B), and 8-10 min (80-10% B), and the injection
volume was 10 pL. Electrospray ion source (ESI) was
performed in positive ion mode. The multiple reaction
monitoring mode, with the transitions of m/z 410— 295
(collision energy (CE), 27 eV) for veratramine, m/z 426 —
311 (CE: 27 eV) for 7-hydroxyl-veratramine and m/z 490 —
392 (CE: 26 eV) for veratramine-3-O-sulfate, were adopted as
the quantification method. The optimized working parame-
ters were: capillary voltage, 4.0 kV; source temperature,
300°C; nebulizer gas, 50 psi; and desolvation gas, 10 L/min.
The results of the bioanalytical method validation of
veratramine including precision, accuracy, recovery, matrix
effect, and stability are shown in Supplemental 1, which
indicated that the assay was acceptable for the determination
of veratramine in vitro and in vivo. Since the authentic
standards of 7-hydroxyl-veratramine and veratramine-3-O-
sulfate were unavailable, the signal strength conversion factor
was used to adjust the standard curve of veratramine for the
quantification of 7-hydroxyl-veratramine and veratramine-
3-O-sulfate as previously described (35,40,41). In brief, rat
liver cytosolic incubations of veratramine with a series of
concentrations were performed in the absence and pres-
ence of PAPS. The molar amount of veratramine-3-O-
sulfate generated was assumed to be equivalent to the
molar amount of veratramine diminished. The signal
strength conversion factor could be calculated as the slope
of the plot made by peak area/IS of veratramine-3-O-
sulfate generated (veratramine-3-O-sulfate/IS) vs. that of
veratramine diminished (veratramine/IS;¢on(ro1—
veratramine/IS,caction). A similar method was conducted
for 7-hydroxyl-veratramine to calculate the signal strength
conversion factor. Due to the lack of the authentic
standards of 7-hydroxyl-veratramine and veratramine-3-
O-sulfate, the incurred sample reassay (42) was performed
to determine the reproducibility with the calculation of
ratio limits (RL) and limits of agreement (LA). Finally,
the RL and LA were 0.98-1.01 and 0.95-1.04 for 7-
hydroxyl-veratramine and 0.96-1.06 and 0.87-1.16 for
veratramine-3-O-sulfate. All the RL and LA results fell
in the acceptance range with the variability lower than
15%, which indicated the assay for preliminary quantifi-
cation of 7-hydroxyl-veratramine and veratramine-3-O-
sulfate could be used.

Data Analysis

Pharmacokinetic Studies

The pharmacokinetic parameters, including the elimina-
tion half-life (¢,), the area under the concentration-time
curve (AUC), and the mean residence time (MRT), were
calculated by non-compartmental method using Kinetica™
(Thermo Electron Corporation, PA, USA). Cp.x values were
obtained from the individual drug plasma concentration-
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time profile. AUC was evaluated using linear trapezoidal
rule. Additionally, to evaluate the gender-related metabo-
lism of veratramine, metabolic ratios (molar concentra-
tions were used for the determination) for the
hydroxylation and sulfation were calculated based on
Eq. 1:

Metabolic ratio

= AUCmetabolite/(AUCmetabolites + AUCparent) (1)

Absorption Studies Using the Caco-2 Monolayer Model

The permeability coefficients (P,pp) (Eq. 2) of
veratramine in the Caco-2 cell monolayer model were
calculated as described before (43):

Papp = (dC/dt x V) /(A x C) (2)

Where dC/dt stands for the changing velocity of concen-
tration in receiver chamber. V is the volume of receiver
chamber. A stands for the membrane area. C is the drug
loading concentration in donor chamber. The corresponding
efflux ratio is calculated by Pa.pp 8-A) VS. Papp (A-B)-

Metabolic Enzyme Kinetics

The reaction rate, expressed as the amount of metabolite
formed per minute per milligram protein, was calculated after
incubations using various hepatic or intestinal subcellular
fractions. The metabolic enzyme kinetics were obtained by
fitting the collected data into the typical form of the
Michaelis-Menten equation (Eq. 3), or the atypical equation
(Eq. 4) based on the characteristic profile of the Eadie-

Lyu et al.

Hofstee plot (44), using GraphPad Prism 5.00 software (CA,
USA).
Typical Michaelis-Menten equation:

V = Vinax % [S]/(Km + [S]) 3)
Atypical Michaelis-Menten equation (substrate inhibition):

V= Vmax/l +Km/[s} + [SVKI (4)

Where V is the velocity, [S] stands for the substrate
concentration, Vi, is the maximal velocity, K, stands for the
substrate concentration at half of the maximal velocity, and K;
is the inhibition constant. The intrinsic clearance (CL;,) was
calculated as a ratio of V.« to K.

Statistical Analyses

All reported values were presented as mean+SD. A
value of p <0.05 was considered to be statistically significant,
using an unpaired ¢ test by SPSS Statistics 16.0 (SPSS Inc.
Chicago, IL, USA).

RESULTS
Gender-Dependent Pharmacokinetics in Rats

Plasma Concentrations vs. Time Profiles

As shown in Fig. 2, veratramine and its major two
metabolites (7-hydroxyl-veratramine and veratramine-3-O-
sulfate) were formed not only in vitro but also in vivo. Plots
of the plasma concentrations vs. time curves of veratramine,
7-hydroxyl-veratramine, and veratramine-3-O-sulfate after
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Fig. 2. Representative extracted ion chromatographs (MRM) of veratramine, 7-hydroxyl-veratramine and veratramine-3-O-sulfate in a plasma
(2 ng/mL of veratramine, 4 ng/mL of 7-hydroxyl-veratramine, and 50 ng/mL of veratramine-3-O-sulfate) and b urine (70 ng/mL of veratramine,
100 ng/mL of 7-hydroxyl-veratramine, and 20 ng/mL of veratramine-3-O-sulfate) after oral administration of 20 mg/kg veratramine; and in
incubations of ¢ fRLCs with veratramine in the presence of PAPS (950 ng/mL of veratramine-3-O-sulfate) and d mRLMs with veratramine in

the presence of NADPH (20 ng/mL of 7-hydroxyl-veratramine)
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oral administration (20 mg/kg veratramine) to both male and
female rats are shown in Fig. 3. The plasma concentrations of
veratramine reached the first peak at 6 h and rapidly declined
to the valley at 8 h, followed by a gradual increasing to a
second, smaller peak near 12 h, and subsequently decreased
slowly until 48 h after oral administration to male rats.
Moreover, double peaks were also noticed in the plasma
concentration vs. time profiles of 7-hydroxyl-veratramine and
veratramine-3-O-sulfate. As shown in Table I, there were
statistically significant differences among the pharmacokinet-
ics parameters for male and female rats after oral dose of
veratramine (20 mg/kg). The C.x and AUCq., of
veratramine were 51.1 ng/mL and 53.5 min pg/mL, respec-
tively, in male rats, and 4.33 ng/mL and 2.74 min pg ' mL™",
respectively, in female rats. The #;, and MRT of veratramine
in male rats were 2-fold longer than that in female rats, and in
comparison with male rats, the CL of veratramine was
significantly higher in female rats, suggesting a significant
gender-related elimination of veratramine from systemic
circulation. The absolute bioavailability of veratramine in
male and female rats was 22.5% and 0.9%, respectively,
which indicated a potent difference in veratramine pharma-
cokinetics between male and female rats. From the plasma
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concentration vs. time profiles of 7-hydroxyl-veratramine and
veratramine-3-O-sulfate, the major two metabolites of
veratramine in plasma, a significant gender-related difference
on the metabolism of veratramine was also revealed.
However, for the i.v. administration of veratramine (Fig. 3),
the gender-dependent pharmacokinetic differences (Table I)
were not obvious.

Urine Excretions

After oral administration of veratramine (20 mg/kg),
veratramine and its two major metabolites were all detected in
urine. The urinary cumulative amounts of these compounds vs.
time were plotted in Fig. 3. In male rats, amounts of
veratramine, 7-hydroxyl-veratramine, and veratramine-3-O-sul-
fate during 48 h post-oral dosing (19.1+6.3,49.1 £8.9, and 3.56 +
2.01 pg, respectively) were all significantly different from those
of female rats (4.28+1.04, 2.40+0.72, and 59.5+13.5 pg,
respectively). As shown in Fig. 3, the cumulative amount of 7-
hydroxyl-veratramine during 24 h in male rats (215+101 ng)
after i.v. administration of veratramine (50 pg/mL) was signif-
icantly higher than that in female rats (22.3+0.9 ng), also
indicating a gender-dependent elimination of 7-hydroxyl-
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Fig. 3. Mean plasma concentrations vs. time profiles and urinary and biliary accumulative
amounts of veratramine, 7-hydroxyl-veratramine, and veratramine-3-O-sulfate in male and
female rats after oral (20 mg/kg) (left column) or intravenous administration (50 pg/kg) (right

column) of veratramine
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Table I. Pharmacokinetic Parameters of Veratramine After Oral (20 mg/kg) and Intravenous (50 pg/kg) Administration to Male and Female
Rats

Oral administration

Intravenous administration

PK parameters Male (n=5) Female (n=5) Male (n=5) Female (n=5)
Crnax (ng/mL) 51193 433 £1.37% 8.81+1.81 13.7+5.7
AUCy, (min pg/mL) 52.6 +£20.5 2.71 £0.86%* 0.460 + 0.080 0.581+0.179
AUCq ., (min pg/mL) 53.5+20.9 2.74 £0.91%* 0.594 +0.083 0.745 +0.339
t1> (min) 493 £130 219 +148%* 68.6+15.5 532+27.1
MRT (min) 833 +214 494 + 109%* 92.2+20.4 72.8+28.6
CL/F (mL/min) 95.4+3.0 1529 + 425%* 19.8+3.1 17.5+58
CLyenal® (mL/min) 0.343 +0.194 1.66 + 0.39%* 0.158 = 0.040 0.126 +0.032

*p <0.05, significant difference; **p <0.01, highly significant difference (vs. the same route of administration for male rats).
“ Calculated by the cumulative amount of parent drug in urine (X,) vs. AUC, ., of parent drug.

veratramine; however, there was no obvious difference on the
cumulative amount of veratramine between male and female
rats, which was different from the results after its oral
administration.

Bile Excretions

After oral and i.v. administrations of veratramine, only
veratramine-3-O-sulfate was observed in bile (Fig. 3). Such
more than 7-fold higher secretion of veratramine-3-O-sulfate
in female rats (about 2100 pg in females vs. 300 pg in males
during the 6-h oral post-dose period, and about 7 pg in
females vs. 1 pg in males during the 6-h i.v. post-dose period)
provided strong evidence for gender-related metabolism and
elimination of veratramine.

Intestinal Absorption of Veratramine Via Passive Diffusion
with Minimal Metabolism

Absorption of Veratramine on the Caco-2 Monolayer Model

Solubility and cytotoxicity assays of veratramine were
performed prior to the bi-directional permeability study.
Consequently, the concentration of veratramine used for
absorptive study was 6 pg/mL. The absorptive P,,, value
(apical-basolateral) in the Caco-2 model was (1.51+0.14) x
107> cm/s, suggesting veratramine as a well-absorbed com-
pound with a high permeability (45). In addition, the P,y
value (basolateral-apical) of veratramine was (1.74 +0.05) x
107 cm/s, with an efflux ratio of 1.15, which indicated
potential passive diffusion during its absorption. Metabolites
of veratramine were not found in either the donor or the
receiver side during the bi-directional transport study. The
enzymatic protein expressions in the differentiated Caco-2
cells were similar to those in human intestine (46), it is thus
suggested that metabolism of veratramine during its absorp-
tion across the intestinal epithelium was supposed to be
minimal. Such conclusion was further verified by a higher
than 99% recoveries calculated based on the mass balance of
veratramine in the bi-directional permeability study.

Intestinal Metabolism of Veratramine in Intestinal Subcellular
Fractions and GI Contents

It has been reported that the expressions and activities of
CYP3A and CYP2D in rat intestine were much lower than
those in liver, and SULT2A was deficient in rat intestine (47—
52). In our study, male RIS9 and RIMs were used to
investigate the stabilities of veratramine in rat intestinal tract.
The results revealed that neither 7-hydroxyl-veratramine nor
veratramine-3-O-sulfate was found. RIMs were also used to
further investigate the potential formation of 7-hydroxyl-
veratramine due to the lower P450 enzyme concentrations in
RIS9. Veratramine was found to be stable in RIMs, without
hydroxylated metabolites generated. After incubation with
GI contents, veratramine was also found to be stable with
about 100% compound remaining after 4-h incubations in
both simulated GI fluids and GI content solutions collected
from stomach, small intestine, and large intestine.

Potential Enterohepatic Recirculation of Veratramine

RIS9 and GI content incubations were further per-
formed on veratramine-3-O-sulfate to determine its stabil-
ity in the gastrointestinal tract. After 4-h incubations, the
parent compound veratramine, potentially generated from
hydrolysis of veratramine-3-O-sulfate, was not detected in
either simulated fluids or in rat gastric/small intestinal/
large intestinal content solutions, indicating that
veratramine-3-O-sulfate was stable in GI contents.
However, when it was incubated with RIS9, the amount
of veratramine gradually increased during 2-h incubations,
suggesting that veratramine-3-O-sulfate was converted
back to veratramine. Further characterization of the
hydrolysis kinetics of veratramine-3-O-sulfate provided
data best fit by the substrate inhibition equation with
K, Viaxs K, and CLy,, values of 0.141+0.069 uM (1.21 +
0.39)x107° nmol min ! mg™!, 0.225 uM and
8.64 nL min! mg!, respectively. These finding suggested
that veratramine-3-O-sulfate excreted from bile could be
further hydrolyzed and converted back to parent
compound during its absorption across rat intestinal
epithelium.
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Gender-Dependent Liver Hydroxylation and Sulfation
of Veratramine

Gender-Dependent Hepatic Metabolism of Veratramine
for the Formation of 7-Hydroxyl-Veratramine Using
mRLMs and fRLMs

To investigate the potential gender-related metabolism
of veratramine for the formation of 7-hydroxyl-veratramine
in rat liver, the enzymatic kinetic parameters were compared
between mRLMs and fRLMs. The typical Michaelis-Menten
equation best fit the data obtained from in vitro incubations
using mRLMs and fRLMs, based on the Eadie-Hofstee plots
as shown in Fig. 4a. The apparent K, Vinax, and CL;,¢ values
were 47.8+32 uM, 0.167£0.004 nmol min' mg™', and
3.48 pL min ' mg ! in incubations with mRLMs, and 81.2 +
10.1 pM (3.05+0.15)x107? nmol min~! mg™!, and
0375 pL min' mg ! in incubations with fRLMs. There
were statistically significant differences in the enzymatic
kinetic parameters between the incubations using mRLMs
and fRLMs, suggesting that the formation of 7-hydroxyl-
veratramine was more active in male rats.
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Gender-Dependent Hepatic Metabolism of Veratramine
for the Formation of Veratramine-3-O-sulfate Using
mRLCs and fRLCs

Extensive metabolism of veratramine for the exclusive
formation of veratramine-3-O-sulfate was observed in both
mRLCs and fRLCs. Based on the Eadie-Hofstee plot of the
incubations with veratramine using RLCs of both genders
(Fig. 4b), substrate inhibition kinetics were clarified with
apparent Ky, Viax K, and CL;, values of 2.90+0.46 uM
(4.04+£0.24)x107% nmol min™' mg™!, 16.2 pM, and
13.9 uL min ! mg’1 in mRLCs, respectively, and 2.27 +
0.27 pM, 0.469+0.016 nmol min ' mg ', 88.0 uM, and
207 pL min ' mg !, respectively, in fRLCs. A significantly
higher CL;,, was noticed in incubations using fRLCs, which
indicated gender-dependent sulfation of veratramine for the
formation of veratramine-3-O-sulfate in rat liver cytosols.

DISCUSSION

In the first instance, the current study characterized the
pharmacokinetics of veratramine in rats. As shown in the
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plasma concentration vs. time profiles of veratramine and the
two major metabolites after oral administration (20 mg/kg
veratramine), distinct bimodal phenomena were observed.
Although the bimodal and multimodal phenomena have also
been observed for other alkaloids, such as berberine,
palmatine (53), and some protoberberine-type alkaloids
(54), the current work elucidated, for the first time, this
phenomenon for Veratrum alkaloids. Re-absorption and
enterohepatic circulation are the most prevailing reasons for
such phenomena. Data now presented showed that
veratramine was a good membrane permeant, underwent
rapid passive diffusion, and had a good stability in the
gastrointestinal tract during its absorption. After absorption,
7-hydroxyl-veratramine and veratramine-3-O-sulfate were
formed in the liver, but only veratramine-3-O-sulfate was
secreted into the bile. Neither veratramine nor 7-hydroxyl-
veratramine was observed in bile, suggesting that they did not
participate in the bimodal enterohepatic circulation of
themselves. To further clarify these mechanisms, a study of
the stability of veratramine-3-O-sulfate revealed that hydro-
lysis occurred when it was absorbed across the intestinal
epithelium. Therefore, the proposed mechanism of bimodal
phenomena of veratramine was described as follows:
veratramine was re-absorbed into systemic circulations fol-
lowing the hydrolysis of veratramine-3-O-sulfate.
Additionally, in the plasma concentration vs. time curves of
veratramine after i.v. administration (50 pg/kg), an extremely
slow elimination of veratramine was observed between 30
and 60 min, suggesting that veratramine-3-O-sulfate (secreted
into GI tract) was supposed to be converted back into
veratramine and re-absorbed into the general circulation.
Based on the results, the proposed in vivo biotransformation
schematic of veratramine is shown in Fig. 5.

The systematic investigations of the gender-dependent
pharmacokinetic behaviors of steroidal alkaloid veratramine
were firstly reported in our study. In the previous published
studies, gender-dependent pharmacokinetics leading to a high
bioavailability of drug in females were frequently reported. It
has been demonstrated that the greater lethality of female
rats in comparison with male rats following nicotine admin-
istration was mainly due to the gender-dependent
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Fig. 5. Proposed in vivo biotransformation schematic of veratramine
in male and female rats
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pharmacokinetics mediated by the slower nicotine metabo-
lism in females (55). For another example, in comparison with
male rats, the much slower elimination and higher bioavail-
ability of schisandrin, schisandrol B, deoxyschisandrin, +y-
schisandrin, and schisantherin A in female rats were reported
(56). However, in our study, an unusual lower absolute
bioavailability of veratramine in female rats than that in male
rats was observed. After oral administration of veratramine
(20 mg/kg), in comparison with male rats, a significantly lower
Cmax (p<0.01), AUCy, (p<0.01), AUCy., (p<0.01), o
(p<0.05), and MRT (p <0.01) and a significantly higher CL
(p<0.01) of veratramine were observed in female rats.
Additionally, the AUC,_, of 7-hydroxyl-veratramine and
veratramine-3-O-sulfate were 10-fold higher and 2-fold lower,
respectively, in male rats (Table IT). The metabolic ratios of 7-
hydroxyl-veratramine and veratramine-3-O-sulfate calculated
in plasma were 27.8 +4.8% and 33.7 +16.7%, respectively, in
male rats compared with 3.4 +1.2% and 93.8 +1.8% in female
rats, which indicated distinct gender differences. Mechanisms
of gender-dependent pharmacokinetics may include differ-
ences in cardiac output, body composition, body weight,
hormonal status, and metabolism between genders (57,58).
One factor commonly known to contribute to gender-related
metabolism, the major reason for gender difference on
pharmacokinetic behavior, is the differential expression of
drug-processing enzymes including phase I and phase II
metabolic enzymes (P450s, sulfotransferases, glutathione
transferases, and UDP-glucuronosyltransferases) (59).

Our previous study manifested that CYP2D and CYP3A
mainly mediated the formation of 7-hydroxl-veratramine in
rats (35). The enzyme activity of CYP2D in male rats was
higher than that in female rats, especially for the male
dominant CYP2D1 (60-62). The expression and activity of
CYP2D2 in SD rats were also slightly greater in males than
that in females with CYP2D5 as the male-specific form (63).
In addition, male rats manifested the greater expression and
activity on CYP3A than female rats (61,64). CYP3Al and
CYP3A2 were the major CYP3A isoforms in rats with
CYP3A2 as a distinct male-specific isoform (64,65). Thus,
the higher formation of 7-hydroxl-veratramine using mRLMs
than that using fRLMs should be explained by the male-
specific or male-dominant expressions and activities of
CYP2D and CYP3A. Additionally, male-specific CYP2C11,
compromising over 40% of the total CYPs in male rat liver, is
one of the major gender-dependent CYPs in rats (66). Since
the contribution of CYP2CI11 for the formation of 7-hydroxyl-
veratramine could not be thoroughly ruled out, the male-
specific CYP2C11 may also partly mediate the significant
gender-dependent formation of 7-hydroxyl-veratramine.
SULT2A1 was the major isozyme mediating the sulfation of
veratramine in humans (35). Based on the similarity in the
sulfation of veratramine in male and female rat liver cytosols
with the existence of rat SULT2A (67-69), it could be
inferred that SULT2A was responsible for the sulfation of
veratramine in rats. The metabolic activity of SULT2A was
substantially greater in female rats than that in male rats, with
15-fold higher amounts in female rat liver (69-71). Thus, the
significantly high formation of veratramine-3-O-sulfate in
female rats was likely due to the high expression and activity
of SULT2A. In the meantime, the lack of metabolism of
veratramine in rat intestine could be explained by the
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Table II. Pharmacokinetic Parameters of 7-Hydroxyl-Veratramine and Veratramine-3-O-Sulfate After Oral (20 mg/kg) Administration to
Male and Female Rats

7-Hydroxyl-veratramine

Veratramine-3-O-sulfate

PK parameters Male (n=5) Female (n=Y5) Male (n=5) Female (n=5)
Chnax (ng/mL) 38.8+8.6 421 +0.52%* 98.8+33.2 148 +40
AUCq, (min pg/mL) 39.5+£10.9 1.83 £ 0.50%* 42.7£11.7 106 + 39*
AUC_, (min pg/mL) 40.1+11.3 4.06 +£2.04%* 68.0+35.2 129 +28*
t1» (min) 411 +159 657 +466 524 +453 453 £ 111
MRT (min) 865 +234 1014 +673 861 + 603 869 + 141

*p <0.05, significant difference; **p <0.01, highly significant difference (vs. the same metabolite for male rats).

extraordinarily limited expressions and activities of CYP2D
and CYP3A as well as no expression of SULT2AI1 in rat
intestine (47,52,72,73). Therefore, the 10-fold higher CL;,, for
the formation of 7-hydroxyl-veratramine using mRLMs
compared with that using fRLMs and the 14-fold lower
CL;, for the formation of veratramine-3-O-sulfate using
mRLCs compared with that using fRLCs were supposed to
be reasonably expected.

After the administration of a rather low iv. dose of
veratramine, a major portion of it was distributed to liver to
form veratramine-3-O-sulfate, which was actively transported
into bile. It was hypothesized that, due to the low amount
formed after i.v. administration, no saturation of biliary
excretion of veratramine-3-O-sulfate occurred and the
formed veratramine-3-O-sulfate was mainly found in bile
rather than blood and urine (Fig. 3). However, due to the
much higher oral dose, the uptake of veratramine-3-O-sulfate
into bile canaliculi may be slower than the formation of
veratramine-3-O-sulfate in the hepatocytes, thus,
veratramine-3-O-sulfate was found in plasma and urine in
addition to bile. Such explanation for the potential route-
dependent disproportionate increase of parent compounds
and metabolites across doses due to saturation of biliary
excretion was also found in previous studies (74,75).
Moreover, although the gender differences on the male-
predominant urinary accumulation of 7-hydroxyl-veratramine
and female-predominant biliary excretion of veratramine-3-
O-sulfate were distinct after both oral and i.v. administration,
the gender differences on veratramine after i.v. administra-
tion were not obvious. Such discrepancy in gender-dependent
pharmacokinetics of veratramine after different routes of
administrations is considered to be mainly due to the
extensive gender-dependent first-pass metabolism after oral
administration. After i.v. administration, all drug directly
entered the systemic circulation without significantly different
pharmacokinetic profiles observed for male and female rats.
One-compartment pharmacokinetic model via Priana esti-
mated the similar pharmacokinetic parameters for male and
female rats (k.=0.677 h™' and V=1.81 L for male rats;
k.=1.03 h™' and V=0.990 L for female rats). Whereas, after
oral administration, due to the fast and extensive first-pass
metabolism in liver, it was observed that a large portion of
veratramine has been transformed into 7-hydroxyl-
veratramine and veratramine-3-O-sulfate with about 35.6%
for males and 2.3% for females of the parent drug (estimated
from ratio of AUCveratramine/(AUcveratramine + AUcveratramine-

3-O-sulfate +AUC7-hydr0xyl-Veratramine)) entered into the SYStemiC
circulation. Such difference during the first-pass metabolism
process could be the major cause of the gender-related
difference in the pharmacokinetic profiles after oral adminis-
tration. In the meantime, based on those portion of
veratramine entered the systemic circulation after oral
administration, one-compartment absorption pharmacokinet-
ic model via Pirana could also be used and similar pharma-
cokinetic parameters for male and female rats (k,=2.14 h™',
k.=0.0434 h™" and V=0.366 L for male rats; k,=2.22 h™',
k.=0.0519 h™! and V=0.264 L for female rats) were
observed, which further supported the above hypothesis.
Gender-dependent pharmacokinetics, due to the higher
expression and activity of SULT2A in female rats, were rarely
reported by others. However, a few studies revealed that
female rats had higher clearance than male rats, which was
due to the higher expression and activity of sulfotransferase
in females, such as anticancer agent PF-02341066 (76). The
pharmacokinetic evaluation of PF-02341066 in rats revealed
the existence of gender-dependent differences with at least 2-
fold higher plasma concentrations of PF-02341066 in male
rats than that in female rats when the identical dose was
administered, and the more extensive formation of the
sulfoconjugated metabolite, mediated by the female-
predominant sulfotransferase, was assumed to be the major
reason for the lower drug exposure of PF-02341066 in females
(76). In addition, the gender-dependent pharmacokinetics in
rats mediated by CYP2D has also been reported. Gender-
dependent pharmacokinetic study on 3,4-
methylenedioxymethamphetamine (MDMA; ecstasy) was
preliminarily investigated by Fonsart et al. to explore why
male rodents were more sensitive to acute toxicity (62). It was
found that MDMA was metabolized to MDA and then to the
more toxic HHA mediated by CYP2D via N-demethylation
and O-demethylenation (62,77). The much higher AUC and
Ciax of MDA in males may lead to more HHA formation
and more toxicity in them (62). Gender-dependent pharma-
cokinetics mediated by rat CYP3A have also been widely
studied such as indinavir. The male-predominant expression
and activity of CYP3A were verified to be the major reasons
for the gender-dependent pharmacokinetics of indinavir in
rats (78). Steroidal alkaloids of Liliaceae mainly possess a Cp;
cholestane carbon skeleton with four or five carbocyclic and
one heterocyclic rings (3,79). Among the Liliaceae family,
genus Veratrum and Fritillaria, two most important steroidal
alkaloids containing herbs, were widely used as folk remedies
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(3). The pharmacokinetics of peimine, peiminine and
verticinone, major steroidal alkaloids from genus Fritillaria
of Liliaceae, were significantly influenced by gender in rats,
and slower elimination of them was observed in male rat
plasma (80,81), which was consistent with the phenomenon
found in pharmacokinetic behavior of steroidal alkaloid
veratramine. The enterohepatic circulation was also reported
after peimine was administrated to rats (80). However, these
studies only hypothesized that sulfation was one of the
reasons for the gender-related pharmacokinetics of steroidal
alkaloids without experimental verification (81). In our study,
it was verified that female-predominant sulfation was the
major reason for the gender-related pharmacokinetics of
steroidal alkaloid veratramine. Therefore, steroidal alkaloids,
especial for the hydroxysteroidal alkaloids, may have gender-
associated pharmacokinetics due to the gender differences on
the metabolism mediated by phase I and phase II enzymes.

Due to the gender differences in drug metabolism being
notoriously species dependent, the limitation of the current
findings should be noted. Our previous study demonstrated that
different enzymes mediated the formation of 7-hydroxyl-
veratramine from veratramine in rats (CYP2D and CYP3A)
and humans (only CYP2D6) (35). It was previously suggested
that CYP2D in rats had gender differences with more predom-
inant expression and activity in males (60,61), whereas no gender
difference for CYP2D6 has been identified in humans.
Additionally, human solely expressed SULT2A1 for the sulfation
of veratramine (35,82), whereas rats expressed four SULT2A
isoforms including the female-predominant SULT2A1 and
female-specific SULT2A3 and SULT2A4 (67,68). The expression
and metabolic activity of SULT2A were substantially greater in
female rats than that in male rats (69-71). Although rats exhibited
dramatic sexual dimorphism, the gender difference on human
SULT2A1 activity was unknown due to few study performed
(83,84). These species differences may limit the direct extrapola-
tion of the findings of veratramine in rats to humans. No matter
how, current study provided a preliminary evaluation on the
potential gender-dependent pharmacokinetics leading to toxic-
ities in rat model. Due to the gender-dependent expression and
activity of SULT2A1 in humans being unclear so far, the potential
gender-dependent pharmacokinetics in humans should not be
overlooked, especially for the narrow therapeutic index drugs
metabolized by SULTS, such as steroidal alkaloids.

CONCLUSIONS

In this study, the gender-dependent pharmacokinetic
behaviors of veratramine with enterohepatic recirculation were
firstly reported. The absolute bioavailability of veratramine in
male rats was much higher than that in female rats after oral
administration of veratramine, leading to its greater toxicity
toward male rats. Further mechanistic studies indicated that
male-predominant formation of 7-hydroxyl-veratramine and
female-predominant formation of veratramine-3-O-sulfate in
liver were the major contributors to such gender-dependent
pharmacokinetics of veratramine in rats.
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