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Metabolic characterization of a potent natural neuroprotective
agent dendrobine 1n vitro and in rats

Hong Pan'?, Fu-guo Shi?, Chao Fang' and Jing-shan Shi?

Dendrobine is the main sesquiterpene alkaloid of Dendrobium nobile Lindl, which exhibits potent neuroprotective activity. However,
its metabolism and disposition are little known. In this study, we investigated the metabolic characteristics of dendrobine in vitro
and in rats. The metabolic stability and temporal profile of metabolites formation of dendrobine were assayed in human/rat liver
microsomal and S9 fractions. Dendrobine metabolites were separated and identified mainly by UPLC-Q/Orbitrap MS. After oral
administration of dendrobine (50 mg/kg) to rats, the accumulative excretion rate of dendrobine in feces, urine, and bile was 0.27%,
0.52%, and 0.031%, respectively, and low systematic exposure of dendrobine (AUC,_., = 629.2 + 56.4 ng-h/mL) was observed. We
demonstrated that the elimination of dendrobine was very rapid in liver microsomal incubation (the in vitro elimination t;/, in rat
and human liver microsomes was 1.35 and 5.61 min, respectively). Dendrobine underwent rapid and extensive metabolism;
cytochrome P450, especially CYP3A4, CYP2B6, and CYP2C19, were mainly responsible for its metabolism. Aldehyde dehydrogenase,
alcohol dehydrogenase and aldehyde oxidase were involved in the formation of carboxylic acid metabolites. By the aid of in-source
fragmentation screening, hydrogen/deuterium exchange experiment, post-acquisition processing software, and available reference
standards, 50 metabolites were identified and characterized in liver microsomal incubation and in rats. The major metabolic
pathways of dendrobine were N-demethylation, N-oxidation, and dehydrogenation, followed by hydroxylation and glucuronidation.
Collectively, the metabolic fate of dendrobine elucidated in this study not only yields benefits for its subsequent metabolism study
but also facilitates to better understanding the mode of action of dendrobine and evaluating the pharmacologic efficiency of the
high exposure metabolites.
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INTRODUCTION

Dendrobium nobile Lindl is a famous and valued Traditional
Chinese Medicine that is recorded as a source of Dendrobium in
Chinese Pharmacopoeia 2020 volume | [1]. Alkaloids are the
major bioactive components of Dendrobium nobile Lindl [2].
Dendrobine is the characteristic and the most predominant
alkaloid in Dendrobium nobile Lindl [3] and has been strongly
indicated to have protective effects against the central nervous
system (CNS) neurodegenerative diseases such as Alzheimer
disease via the inhibition of tau protein phosphorylation,
reduction of amyloid-beta deposition and induction of autop-
hagy [4-6]. Dendrobine is deemed to be a potent natural
neuroprotective agent.

Although the pharmacologic efficiency of dendrobine is widely
studied, little is known about its pharmacokinetic properties and
metabolic fate. It has been reported that the elimination half-life
(t;,2) of dendrobine was short (0.7 h) and the systematic exposure
(AUCq_y, 234 ng-h/mL) was rather low after intravenous injection of
2mg/kg dendrobine in rats [7]. Abundant metabolites of
dendrobine in rats have been reported roughly, but research
elucidating their structure and the enzymes that mediate their

metabolism have remained lacking [8]. Structurally, there are
several potential “soft” metabolic sites, including tertiary amine,
lactone and aliphatic hydrocarbon, in the structure of dendrobine.
Hence, we put forward the hypothesis that the poor pharmaco-
kinetic properties of dendrobine may be related to its extensive
and rapid metabolism. The pharmacological efficacy of a drug
depends on its intrinsic activity as well as the residence time and
concentration in the target organ. Therefore, poor pharmacoki-
netic properties restrict the drug efficiency. Pharmacokinetics and
metabolism studies are of great significance for the in-depth
understanding of the mode of action of drugs, their active or toxic
metabolites, and their safety.

In this study, the metabolic stability and the temporal profile of
metabolites formation of dendrobine were assayed in incubation
with human/rat liver microsomal and S9 fractions. The metabolic
profiles of dendrobine were also investigated in rat bile, urine,
feces, and plasma after oral administration. The metabolites were
characterized mainly by ultra-high-performance liquid chromato-
graphy plus Q-Exactive Orbitrap tandem mass spectrometry (UPLC-
Q/Orbitrap MS). Several other approaches including hydrogen/
deuterium (H/D) exchange experiment, in-source fragmentation (ISF)
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screening, and postacquisition processing strategies, including the
multiple mass defect filter (MMDF) technic_iue combined with
Compound Discovery software and MetWorks™ Metabolite Identi-
fication Software, were comprehensively employed for metabolite
identification and structure elucidation. Moreover, the multifarious
metabolizing enzymes involved in dendrobine biotransformation
were investigated by a special chemical inhibitor method and
individual recombinant enzyme incubation.

The purposes of the present study were as follows: (1) to
characterize dendrobine metabolism, including metabolic stability
and metabolites, in vitro and in rats, and (2) to identify the
involvement of metabolic enzymes in dendrobine biotransforma-
tion. The results help to elucidate the reason for its poor
pharmacokinetic properties and to explain how dendrobine exerts
its potent pharmacological efficacy in drug metabolism and
disposition aspect.

MATERIALS AND METHODS

Chemicals and reagents

Dendrobine with 100% purity was obtained from Chengdu
Herbpurify Co. Ltd. (Chengdu, China). N-demethylated dendrobine
(purity 98%) and dendrobine N-oxide (purity 98%) reference
standards were kindly provided by associate professor Mao-sheng
Zhang from Zunyi Medical University. B-Nicotinamide adenine
dinucleotide-phosphate reduced tetrasodium salt (NADPH) was
purchased from Roche Diagnostic GmbH (Mannheim, Germany).
Uridine 5 diphosphoglucuronic acid trisodium salt (UDPGA),
magnesium chloride (MgCl,), 1-aminobenzotriazole (ABT), ticlopi-
dine hydrochloride, and phenacetin were purchased from Sigma-
Aldrich (St. Louis, MO, USA). Sulfaphenazole and disulfiram were
purchased from DR. Ehrenstorfer Gmbh (Augsburg, Germany).
Quinidine and ketoconazole were obtained from TCl (Shanghai,
China). a-Naphthoflavone was obtained from Acros Organics.
Formepizole, furafylline and alamethicin were purchased from
Toronto Research Chemicals (Toronto, Canada). Menadione was
purchased from AccuStandard (New Haven, USA). Deuterium
oxide (99.8 atom % D) and 6f3-hydroxytestosterone were obtained
from J&K Scientific (Beijing, China). Methimazole and testosterone
were obtained from Aladdin (Shanghai, China). Letrozole (internal
standard, IS) and acetaminophen were purchased from the
National Institutes for Food and Drug Control (Beijing, China).
Pooled human liver microsomes (HLMs) (50 donors, equal sex
mix), pooled human liver S9 (50 donors, equal sex mix) and
recombinant human P450 enzymes (CYP1A2, 2B6, 2C9, 2C19, 2D6,
2E1, 3A4) were purchased from RILD Research Institute of Liver
Diseases Co., Ltd (Shanghai, China). Fresh rat liver homogenates
and rat liver microsomes (RLMs) were prepared from male
Sprague-Dawley rats as previously described elsewhere [9, 10].
Phosphate-buffered saline (PBS, pH=7.4, 1 M) was purchased
from Beyotime Biotechnology (Shanghai, China). Methanol and
acetonitrile of mass spectrometry grade were obtained from
Thermo Fisher Scientific (Fair Lawn, NJ, USA). Formic acid for mass
spectrometry was purchased from Honeywell Fluka (Seelze,
Germany). Purified water was prepared by using a Milli-Q System
(Millipore, Billerica, MA, USA).

Instrumentation and measurement conditions

The chromatographic separation and mass identification of
dendrobine and its metabolites were achieved using a Thermo
UltiMate3000 ultra-HPLC system interfaced with a Thermo Fisher
Q/Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham,
MA). Separation was conducted at 40 °C on a Thermo Scientific™
Hypersil GOLD™ C18 column (150x2.1mm, 1.9pum) with a
matching Thermo Scientific™ UHPLC filter (4 mmXx2.1 mm,
0.2 um). The UPLC mobile phases consisted of 0.1% formic acid
(solvent A) and methanol (solvent B) with the optimal gradient
elution programs or isocratic elution maintained at 0.3 mL/min.
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The gradient elution for metabolic identification was as follows:
1 min, initial 5% B; 1-5min, 5%—20% B; 5-20 min, 20%-45% B;
20-30 min, 45%-60% B; 30-45min, 60%-70% B; 45-47 min,
70%-90% B; 47-48 min, 90%-100% B; 48—52min, 100% B;
52-52.5min, 100%-5% B; and 52.5-55min, 5% B to re-
equilibrate the column. The gradient elution for the metabolic
enzyme phenotyping quantification of dendrobine was as follows:
0-0.6 min, 20% B; 0.6—6.5min, 20%—65% B; 6.5—8.5min,
65%—90% B; 8.5—9min, 90%—20% B; 9—12min, 20% B. The
isocratic elution for the metabolic stability study consisted of 70%
A and 30% B for 4 min. The injection volume was 3 pL.

For data acquisition, MS analyses were carried out using
electrospray ionization in positive ionization mode. The mass
spectrometer parameters were as follows: electrospray ionization
voltage at 3.5 kV, the capillary temperature at 300 °C, and aux gas
heater temperature at 350 °C. The sheath gas, aux gas, and sweep
gas flow rates were set to 35, 12, and 2 kV, respectively. The MS
datasets were acquired using full mass/dd-MS2 mode with
collision energy (CE) of 25, 30, and 38 at a scan range from m/z
150—650, respectively. Data analyses were carried out using
Thermo Xcalibur 2.1. Compound Discoverer software Version
2.1.0.398, and MetWorks 1.3 SP4 (Thermo Fisher Scientific, San
Jose, CA USA) were used as an aid to explore unknown and known
metabolites and metabolic pathways.

Hydrogen/deuterium exchange experiment

The H/D exchange experiment was performed as described
previously [11]. The mobile phases consisted of deuterium oxide
containing 0.1% formic acid (A) and acetonitrile (B) with gradients
programmed as follows: 0—0.6 min, 10% B; 0.6—6.5 min, 10%—45% B;
6.5—8.5 min, 45%—80% B; 8.5—8.8 min, 80%—10% B; 8.8—12min,
10% B to re-equilibrate the column. The other LC-MS conditions were
the same as those applied in metabolite identification. The remaining
solvent in the LC system was fully washed and replaced with a
deuterated mobile phase before injection of the sample. On the basis
of the presence, number, and position of exchangeable hydrogen
atoms, the structures of all metabolites were further elucidated.

ISF examination

The ISF of analytes was examined by screening the possible ISF
products in the MS spectra of each analyte and comparing the
chromatographic retention time of the ISF products with that of
the parent form under different elution programs of the UPLC
system. The changes in the mass response between ISF products
and the parent compound were also assayed when the capillary
temperature and aux gas heater temperature of the ion source
were 150 °C and 150 °C, respectively [12].

In vitro metabolic stability in liver microsomal incubation

The metabolic stability of dendrobine was determined by RLM
and HLM incubation at 37 °C. The reaction in the incubation
system containing 1puM of dendrobine, 1mg/mL of liver
microsomes, and 100 mM PBS (pH 7.4) was initiated by the
addition of NADPH (2 mM) after 5 min of preincubation. The
total incubation volume was 200 uL. The reaction was termi-
nated at predefined time points (0, 5, 15, 30, 45, and 60 min for
HLM and 0, 3, 6, 9, 15, 30, 45, and 60 min for RLM). The
incubations were conducted in triplicate.

The data were calculated using a linear fit of the natural
logarithm of the ratio of the dendrobine peak area to the IS peak
area against time. The elimination of dendrobine can be assumed
to be fitted to a first-order reaction in a certain period of time, and
the well-stirred model was used to calculate in vitro metabolic
stability parameters, including the elimination rate constant (k),
elimination half-life (t;,,), in vitro intrinsic clearance (in vitro CL;,),
in vitro intrinsic hepatic clearance (in vitro CLint giver, in vivo)s
hepatic extraction rate (Ey), and predicted in vivo clearance
(in vivo CLjny) [13].
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Metabolite identification and profiling in liver microsomal and
liver S9 fractions

The in vitro metabolism assays were carried out in RLM, HLM, and
rat/human liver S9 fractions. Dendrobine (10 uM) was precondi-
tioned for 5 min at 37 °C in a mixture containing 100 mM PBS (pH
7.4) and 1 mg/mL of liver microsomes or liver S9. The total volume
of incubation was 100 pL. The reaction was initiated by adding
NADPH (2 mM). The reaction mixture was shaken at a constant
temperature of 37 °C for 60 min. For glucuronidation incubation,
a mixture containing dendrobine (10 uM), liver microsomes
(1 mg/mL), alamethicin (50 pg/mL), and MgCl, (3mM) was
preincubated on ice for 15 min. Then, NADPH (2 mM) and UDPGA
(5mM) were added to the mixture and incubated at 37°C for
60 min. Negative controls were performed in parallel, including (a)
without dendrobine, (b) without NADPH, (c) without liver
microsomes or S9, (d) without incubation (incubation for 0 min),
and (e) without UDPGA (for glucuronidation incubation). The
probe substrates of CYP3A and CYP1A, testosterone (50 uM) and
phenacetin (200 uM) were incubated in parallel as positive
controls. Each incubation was performed in duplicate.

Metabolizing enzymes involved in the metabolism of dendrobine
Chemical inhibitor. Selective P450 enzyme inhibitors were
employed to define the role of individual P450 subfamilies in
the metabolism of dendrobine in liver microsome incubation. The
selective inhibitors for human P450 isoforms were ketoconazole
(0.1, 1, and 10uM) for CYP3A4, a-naphthoflavone (1uM) for
CYP1A2, sulfaphenazole (1 uM) for CYP2C9, ticlopidine (3 and
25 uM for CYP2C19 and CYP2B6), disulfiram (1 pM) for CYP2E1 and
quinidine (2 uM) for CYP2D6 [14]. Different selectivity of chemical
inhibitors for human P450 isoforms toward the corresponding rat
P450 isoforms was reported [15]. Hence, only furafylline (1 pM, for
CYP1A2), sulfaphenazole (1 uM, for CYP2C6) and ketoconazole
(0.1, 1, and 10 pM, nonselective inhibitor) were used to evaluate
the role of rat P450 isoforms. The nonselective P450 inhibitor ABT
was also used to define the role of P450 in the metabolism of
dendrobine at a final concentration of 2mM during incubation
[16]. The incubation mixtures consisted of dendrobine (1 uM), liver
microsomes (1 mg/mL) and individual chemical inhibitors at
various concentrations in 100 mM PBS (pH 7.4). The reactions
were initiated by the addition of NADPH (2 mM) and incubated at
37 °C for 45 min (HLM) or 15 min (RLM). Ticlopidine and furafylline
are the mechanism-based inhibitors, and they were preincubated
for 10 min and 30 min, respectively, with liver microsomes in the
presence of NADPH before the addition of dendrobine. Each
incubation was performed in triplicate. Controls containing no
chemical inhibitors were also included. The inhibitory effects of
a-naphthoflavone (for HLM), furafylline (for RLM) and ketocona-
zole on the metabolism of phenacetin and testosterone were
performed as positive controls. The remaining dendrobine and the
production of major metabolites were monitored and quantified
by UPLC-Q/Orbitrap MS to determine the contributions of the
individual CYP enzymes to the metabolism of dendrobine.

Recombinant enzyme incubations. Individual recombinant human
P450 enzymes were also employed to define the relative
contributions of various CYP isoforms to the metabolism of
dendrobine [17]. Dendrobine (1 pM) was incubated in triplicate at
37°C for 60 min with a panel of recombinant human P450
enzymes (CYP1A2, 2B6, 2C9, 2C19, 2D6, 2E1, 3A4) at 100 pmol/mL
and NADPH (2 mM) in 100 mM PBS at pH 7.4 after preincubation in
the absence of NADPH. Incubations lacking NADPH were used as
the control group.

The role of flavin-containing monooxygenase (FMO) in metabolism.
To investigate the contribution of FMO to the metabolism of
dendrobine, incubations were conducted in HLMs subjected to
heat inactivation or the alternate competitive substrate inhibition
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by methimazole. Liver microsomes were heated at 55 °C for 1 min
in the absence of NADPH for the heat inactivation of FMO. After a
5-min preincubation of control and heat-inactivated liver micro-
somes (1 mg protein/mL) in 100 mM PBS (pH 7.4) in the presence
of NADPH (2 mM), the reaction was initiated by dendrobine
(1 uM). In parallel, the normal liver microsome system was also
coincubated with methimazole (500 uM). The involvement of FMO
was determined by comparing control incubations with incuba-
tions where methimazole or heat inactivation was used.

Enzyme phenotyping of carboxylic acid metabolites. Fresh rat liver
homogenate (25 uL) was preincubated with dendrobine (10 uM)
for 5 min in 0.1 M PBS. The reactions were initiated by the addition
of NADPH (2 mM) or an equal volume of PBS. The total medium
volume was 100 uL. After incubation for 60 min, the reactions
were quenched by cold methanol. For the inhibitor experiments,
ABT (2mM), fomepizole (a selective aldehyde dehydrogenase
(ADH) inhibitor, 50 and 250 pM), disulfiram (an alcohol dehydro-
genase (ALDH) inhibitor, 20, 100, and 300 uM) or menadione
(a selective aldehyde oxidase (AO) inhibitor, 1 and 10 uM) was
separately coincubated to identify the enzymes responsible
for carboxylic acid metabolites [18, 19]. The experiments were
performed in triplicate.

Animal experiment. The animal experimental procedures were
conducted in accordance with the guidelines of the Institutional
Animal Use and Care Committee of Zunyi Medical University.
Specific pathogen-free (SPF) male Sprague Dawley rats (200—220
g) were purchased from Liaoning Changsheng Biotechnology Co.,
Ltd. (Certificate No. SCXK 2015-0001, Benxi, China). The rats were
acclimatized for 7 d with water and food ad libitum at a
temperature of 22 + 2 °C, relative humidity of 50% + 5%, and 12 h
light and dark cycles. The rats were fasted overnight before the
experiment. Dendrobine was dissolved in corn oil. The rats were
randomly assigned to seven groups (n=3 per group). Group 1
and Group 2 rats were orally administered dendrobine at a single
dose of 50 mg/kg to collect urine, feces and bile. Group 3 rats were
orally treated with ABT (100 mg/kg) for 2 d, dendrobine (50 mg/
kg) was orally administered 0.5 h after the last treatment with ABT,
and then the bile samples were collected. Group 4 rats received an
oral dose of 50 mg/kg dendrobine, and plasma samples were
collected at 0, 0.5, 1, and 4 h after treatment. The rats in the
control groups (groups 5 and 6) received an equivalent volume of
corn oil to collect blank bile, urine, and fecal samples. The bile
samples were collected via bile duct cannulation with polyethy-
lene tubing (PE-10) at the following time points: 0 (predose), 0-2,
2-4, 4-8, and 8-12 h after administration. Urine and fecal samples
were collected using metabolism cages at the following intervals:
0-2, 2-4,4-8,8-12, 12-24, and 24-36 h. The total fecal weight and
bile and urine volumes were recorded. The pharmacokinetic study
was conducted in group 7. Aliquots of 100 L blood samples were
obtained from the suborbital vein and placed in heparinized tubes
at 0 (predose), 0.083, 0.25,0.5, 1, 1.5, 2, 2.5, 3,4, 6, 8,12, and 24 h
after a single oral dose of 50 mg/kg dendrobine.

Sample preparation. All the in vitro incubation samples were
prepared using the same method. That is, incubation reactions
were stopped by adding three volumes of ice-cold methanol
containing 50 ng/mL letrozole as an IS. Then, the samples were
vortexed for 3 min and centrifuged at 13000 rpm for 10 min at 4 °C
to remove the protein. The supernatant was diluted with three
volumes of the mobile phase (80% water containing 0.1% formic
acid and 20% methanol) and then injected into UPLC-Q/Orbitrap
MS system.

Aliquot of 100 uL of urine and bile samples and 5puL of IS
solution (500 ng/mL) were precipitated with 300 uL of methanol,
and then the mixtures were vortexed for 3 min and centrifuged at
13000 rpm for 10 min at 4 °C. The fecal samples at each timepoint
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The metabolic stability of dendrobine. The temporal elimination of dendrobine and formation of two major metabolites, M1 and M2,

Table 1. Metabolic stability parameters of dendrobine calculated after incubation with liver microsomes.

Liver microsomes k (min~") t1/2 (Min) In vitro CLyne In vitro CLint giver, in vivo) En In vivo CLi,.
(uL'min~"-mg~" protein) (mL-min~"kg ) (mL-min~"kg™")

Human 0.12 5.61 1234 1111 0.84 17.66

Rat 0.52 1.35 515.2 927.3 0.94 51.92

were dried and pulverized into powder. Weighed powder (0.1 g)
was ultrasonically extracted in 0.5 mL of methanol-water (2:1, v/v)
for 30 min. The extracted solution was centrifuged at 13,000 r/min
for 10 min. The remaining protocol was similar to that of the urine
and bile samples. After preparation, the bile, urine, and fecal
samples were diluted 10-fold with mobile phase (95% water
containing 0.1% formic acid and 5% methanol) to elucidate the
metabolites. To quantify the dendrobine in the bile, urine, and
fecal samples, the samples were diluted 10-, 50-, and 50-fold,
respectively, with mobile phase (80% water containing 0.1%
formic acid and 20% methanol) after sample preparation.

Aliquot of 20 uL plasma sample was mixed with 2 yL of IS
solution (500 ng/mL) and 60 pL of methanol. The mixture was
vortexed for 3 min and centrifuged at 13,000 rpm for 10 min. The
supernatant was directly injected into the instrument for
metabolite elucidation and quantification of dendrobine under
different LC-MS conditions. All samples were frozen and
maintained at -80 °C before preparation for metabolite profiling
and identification.

Statistical analysis

The pharmacokinetic parameters of dendrobine were calculated
via non-compartmental analysis of DAS (Drug and Statistics)
Version 3.0 (BioGuider Corporation, Shanghai, China). The data
acquired from this study are presented as mean * standard
deviation (SD).

RESULTS

Metabolic stability

The elimination of dendrobine in liver microsomal incubation was
found to be very rapid. Only 0.22% dendrobine remained in RLM
incubation for 15min, and the value after 45min in HLM
incubation was 0.81% (Fig. 1). The calculated in vitro t;,, values
were 1.35 and 5.61 min for rat and human liver microsomal
incubation, respectively. As shown in Table 1, the observed in vitro
Ciine Values in rat and HLMs were 927.3 and 111.1 mL-min~'kg ™',
respectively. Therefore, dendrobine could be categorized as
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having high hepatic extraction (>0.7) [20]. The data indicated
that the metabolic stability of dendrobine in liver microsomal
incubation was very poor and that it may undergo rapid and
extensive metabolism in vivo.

Metabolite formation in liver microsomal incubation

Three major metabolites, N-demethylated dendrobine, dendro-
bine N-oxide, and dehydrogenated dendrobine (metabolite
identification is described below), were formed and reached a
rapid peak after 6 min of incubation of 1 uM dendrobine with RLM
(Fig. 1a). The concentrations of N-demethylated dendrobine and
dendrobine N-oxide at 6 min were 0.39 £+ 0.01 uM and 0.05 £ 0.00
MM, respectively, which were calculated from the standard curve
prepared by spiking the standard reference into blank RLM. We
could not provide the exact concentration of dehydrogenated
dendrobine due to the lack of a reference compound. However,
we roughly estimated its concentration from the standard curve of
dendrobine determined by UPLC-Q/Orbitrap MS since its chemical
structure was extremely similar to that of dendrobine. The value
was ~0.42%0.01 uyM after 6 min of incubation. The residual
concentration of dendrobine was 0.05uM. Furthermore, trace
amounts of other metabolites were found after 6 min of
incubation (~10% of the peak area of the parent drug’s mass
response at 0min). The three metabolites underwent further
metabolism, such as hydroxylation, and consequently, the
concentration was decreased (Fig. S1). In the positive control
study, the formation rates of 68-hydroxytestosterone in RLM and
HLM incubation were 1782+ 156 and 782 + 58 pmol(min-mg) ',
respectively, and those of acetaminophen in RLM and HLM
incubation were 762.6 +76.2 and 196.8 +78.3 pmol(min~mg)_1,
respectively. The results indicated that the liver microsomal
incubation system was useful for studying dendrobine metabo-
lism. Similar results were observed in HLM incubation; however,
the formation and elimination rates of the three major metabolites
were slower than those in RLM incubation (Fig. 1b). Collectively,
the data indicate that dendrobine was rapidly converted to N-
demethylation, N-oxidation and dehydrogenation metabolites in
liver microsomal incubation.
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Fig. 3 The pharmacokinetics of dendrobine in rats. The mean
plasma concentration-time profile of dendrobine after oral adminis-
tration of 50 mg/kg dendrobine (n = 3).

Cumulative urinary, fecal, and biliary excretion

After the oral administration of 50 mg/kg dendrobine to rats, the
cumulative urinary and fecal excretion of dendrobine for 36 h was
0.52% and 0.27%, respectively (Fig. 2a), and the cumulative biliary
excretion for 12 h was 0.031% (Fig. 2b). The very low recoveries of
the parent compound in urine, feces, and bile indicated that
dendrobine underwent extremely extensive metabolism in rats
after oral administration.

Pharmacokinetic study

The mean plasma concentration-time profile of dendrobine after a
single oral dose of 50 mg/kg dendrobine is shown in Fig. 3. The
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multiple-peak plasma concentration phenomenon was observed.
The maximum concentration (Cnaxi, Cmax2) and time to reach Cpax
(Tmax1, Tmax2) were 130.0 + 12.8 ng/mL and 107.9 + 44.3 ng/mL and
0.92+0.63 h and 3.17 £ 0.76 h, respectively. The elimination half-
life (t;,») and mean residence time (MRT) were 3.20+0.72 h and
4.75 £ 1.33 h, respectively. The area under the curve (AUCy_..) was
629.2 £ 56.4 ng- h/mL. Dendrobine showed very low systemic
exposure in rats after oral administration.

Metabolic profile of dendrobine in vivo and in vitro

A total of 32 and 26 metabolites of dendrobine were found in rat
and human microsomal incubation, respectively. The metabolites
of dendrobine generated in liver S9 fractions were closely
consistent with those in liver microsomes. The predominant
metabolites were N-demethylated, N-oxidative, and dehydroge-
nated dendrobine, which underwent further hydroxylation and
glucuronidation as described above.

Totals of 43, 50, 50, and 46 metabolites were observed in rat
plasma, urine, bile, and feces, respectively. In the plasma samples,
M1, M3, M4, M5, M9, M10-2, M10-3, M20, and M21 were dominant
metabolites according to the relative mass response. In the bile
samples, the major metabolites were M1, M7-2, M9, M10-3, M11-1,
M20, M21, M26-1, M29-2, and M30-3. The cumulative bile
excretion rate of M1 was 3.25%, and the other major metabolites
mentioned above occupied ~90% of the total peak area of all
metabolites at 2-4h postdose. In urine, the predominant
metabolites were M1, M2, M5, M10-2, M10-3, M11-1, M11-2, and
M26-2, which represented 75.3% of the total mass response of all
metabolites during 0-24 h postdose. In feces, the major metabo-
lites M1, M5, M7-2, M11-1, and M11-2 accounted for over 70% of
the total mass response of all metabolites. Table 2 lists the
characteristics of the metabolites of dendrobine in liver micro-
somal incubation and in rats, including their retention times,
formula, main MS/MS fragments, and identification. The typical
metabolic profiles in plasma and in urine, bile, and feces are
shown in Fig. 4 and Fig. S3, respectively.

In summary, dendrobine undergoes extensive metabolism,
and the metabolic reactions include N-oxidation, dehydrogena-
tion, N-demethylation, mono-hydroxylation, di-hydroxylation, tri-
hydroxylation, carboxylation, and glucuronidation. N-demethylation,
N-oxygenation, and dehydrogenation were the initial steps in
dendrobine biotransformation, followed by hydroxylation and
glucuronidation (Scheme 1).

Structural elucidation of dendrobine metabolites

The metabolites were identified by analyses of their high-
resolution parent ion and product ion spectra in both raw and
MMDF-fileted MS/MS datasets. The Compound discovery software
workflow, named Metabolism with Statistics Expected with Fish
Scoring and Unknown with Pattern and Compound Class Scoring,
was used to filter the potential differential substances between
predose and postdose biosamples. The N-oxidation and hydro-
xylation metabolites were distinguished by the H/D exchange
method. Some metabolites were validated by the available
reference standards. The ISF behavior of each metabolite was
examined to prevent the false identification or underestimation of
metabolites since some metabolites, such as N-oxide or glucur-
onide conjugates, may fragmentize to the parent form in an ion
source [21, 22]. The metabolites that underwent ISF are labeled in
Table S1, and typical results of ISF examination are shown in the
supplementary materials (Fig. S4). The structural elucidation of
typical metabolites is described below. and the others are
presented in the supplementary materials.

MO The protonated molecule ion of dendrobine at [M + H]*
m/z 264.1955 was found at a retention time of 12.6 min. The
fragmentation behavior of dendrobine has been reported by a
previous study [23]. In this study, the MS/MS dataset was acquired
by a Q/Orbitrap mass spectrometer under different CE conditions.
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Dendrobine was not well dissociated under low CE conditions
(below 35). At the CE values ranging from 38 to 50, dendrobine
produced abundant fragment ions. In general, dendrobine can be
readily fragmented into lactone, isopropyl, and pyrrole ring, which
were defined as x, y, z cleavage in this study, respectively. The
diagnostic product ions at m/z 218.1908, m/z 176.1431, and m/z
133.1009 were produced by the successive loss of HCOOH
(—46.0047 Da, cleavage x), CzHe (—42.0477 Da, cleavage y), and
CH, + CH3N (—43.0422 Da, cleavage z). The product ions in the
low m/z zone in the product ion spectrum were mainly generated
by the cleavage of the carbon-carbon bond in the skeleton and
the proposed fragmentation pathway is depicted in Fig. 5.

M1 M1 was a major metabolite of dendrobine found in liver
microsomes, plasma, urine, feces, and bile samples in rats at an
elution time of 13.7 min. The protonated molecule ion of M1 at [M
+HI" m/z 250.1797 was 14.0158 Da (—CH,) less than that of MO,

] NL: 5,69E6
] TIC FFTMS +p
804 ESIFulms

Relative Abundance

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Time (min)

o

P NL: 2.24E7
TIC F: FTMS +p
ESIFulms

Relative Abundance

7 8 9 10 11 12 13 14 15 16 |?r18(|_9)2021222324252627282930
Fig. 4 Metabolic profile of dendrobine in rat plasma. (a) blank-
control sample and (b) plasma sample collected 1 h after an oral
administration of 50 mg/kg dendrobine detected by UPLC-Q/Orbitrap
MS after MMDF filtering.
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indicating that it is a demethylation metabolite of dendrobine. The
characteristic product ions at m/z 204.1747 and m/z 162.1275
derived from x and y cleavage were also 14.0154 Da less than the
corresponding product ions of MO, whereas the product ions of z
cleavage (m/z 133.1012) were the same as those of MO, which
further indicated that M1 was a N-demethylation metabolite of
dendrobine. The chemical structure of M1 was finally verified by
comparing the fragmentation behavior and retention time with
those of the reference standard (Fig. 6). In the H/D exchange
experiment, the parent drug MO has no exchangeable hydrogen
atom deduced from a 1Da increase in mass of the deuterated
molecular ion [M(d)+D]" compared to the corresponding [M +
H]". Compared with MO, the increase of 2 mass units for [M(d)
+D]" of M1 indicated that an exchangeable hydrogen atom was
formed by N-demethylation. The details of the results of the H/D
exchange experiment are exhibited in Fig. S5 and Table S1 in the
supplementary materials.

M2 M2 was a major metabolite found in liver microsomes,
plasma, urine, feces, and bile samples at an elution time of 14.4
min. M2 had a protonated molecule mass of 280.1912, which is
15.9958 Da (+0) higher than that of M0. The product ions of M2 at
m/z 262.1794, 220.1327, 192.1376 resulted from the successive
neutral loss of H,0, CsHg, and CO. The product ion at m/z 192.1376
was the x and y cleavage product of the parent ion, which
underwent further loss of CH, and CO to generate the product
ions at m/z 178.1219 and 164.1432. The fragment of m/z 192.1376
further underwent the loss of CO rather than H,O, which
supported that M2 may be an N-oxide metabolite of dendrobine.
Importantly, M2 exhibited the same fragmentation behavior and
retention time as the dendrobine N-oxide reference standard,
which provided strong evidence that M2 is the N-oxide metabolite
of dendrobine. No exchangeable hydrogen in the M2 structure
examined by the H/D exchange study was consistent with the
results of M2 structural elucidation. The product ion spectra of M2
and other typical metabolites are shown in Fig. S6 in the
supplementary materials. The details of the structural elucidation
of other metabolites are also given in the supplementary
materials.
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Fig. 5 The structural elucidation of dendrobine. (a) the proposed fragmentation pathway and (b) the product ion spectrum via UPLC-Q/

Orbitrap MS.

M3—-M7 M3 was the dehydrogenated metabolite of M0. M4
was the N-oxide metabolite of M3. M5 was the hydroxylation
metabolite of M4. M6-1, M6-2, and M6-3 were three hydroxylation
metabolites of M5. M7-1 and M7-2 were two unusual carboxyl
metabolites of M4 and the carboxylation metabolism site was at
the isopropyl group. M8-1, M8-2, and M8-3 were three hydro-
xylated metabolites of M7.

M9—M12 M9 was a dehydrogenated metabolite of N-demethy-
lated dendrobine (M1). M10-1, M10-2, and M10-3 were three
monohydroxylated metabolites of M9. M11-1 and M11-2 were two
hydroxylation and N-oxide metabolites of M9. M12 was the
hydroxylation metabolite of M11.

M13—-M16 M13-1 and M13-2 were two dehydrogenated
metabolites of M9. M14 was the N-oxide metabolite of M13.
M15 was a hydroxylation and N-oxide metabolite of M13. M16-1,
M16-2, and M16-3 were three hydroxylation metabolites of M15.

M17—-M19 M17 was a hydroxylation metabolite of M1 while
M18 was a dihydroxylated metabolite of M1. M19 was a
hydroxylation metabolite of M2.

The metabolites from M20 to M31 were the glucuronide conjugate
of the corresponding phase | metabolites, as shown in Scheme 1.
M21 was the glucuronide conjugate of the N-oxidation metabolite of
M1, whereas the unconjugated form (N-oxidation of M1) was not
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detected in any biosamples. M22 was the glucuronide conjugate of
the hydroxylation and N-oxidation metabolite of M1, and the
unconjugated form was likewise undetectable in the biosamples.

Identification of CYP enzymes involved in dendrobine metabolism
Pretreatment with the nonspecific P450 inhibitor ABT strongly
inhibited metabolite formation and increased the amount of the
parent compound found in rat bile samples compared to that in
the dendrobine-only group (Fig. S7). The data indicated that P450
plays a critical role in the metabolism of dendrobine in rats.
Individual recombinant CYP enzymes and specific P450 chemical
inhibitors were employed to further define the role of
P450 subfamilies in dendrobine metabolism.

In @ human recombinant CYP enzyme phenotyping study,
CYP3A4, CYP2B6, and CYP2C19 were the major CYP subfamilies
responsible for the hepatic metabolism of dendrobine (Fig. 7a).
After normalization for the relative hepatic abundance of P450
enzymes [24], the relative contributions of CYP3A4, CYP2B6 and
CYP2C19 were calculated to be 64%, 24%, and 5%, respectively.
For individual metabolite formation, N-demethylated dendrobine
(M1) was mainly catalyzed by recombinant CYP2C19, followed
by CYP3A4, CYP2B6, and CYP2C9. Dendrobine N-oxide (M2)
was mainly mediated by CYP3A4. Dehydrogenated dendrobine
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Fig. 6 The structural elucidation of N-demethylated dendrobine (M1). (a) The proposed fragmentation pathway and (b) the product ion

spectrum via UPLC-Q/Orbitrap MS.

(M3) was mediated by CYP3A4 and CYP2B6 (Fig. 7b). The
hydroxylation reaction was mainly catalyzed by CYP3A4 and
CYP2B6 (data not shown).

The P450 enzymes involved in the metabolism of dendrobine
were further confirmed by specific chemical inhibitor studies. In
the positive controls, the formation of acetaminophen and 6f3-
hydroxytestosterone after application of the corresponding
chemical inhibitors was decreased to 28.5% +2.5% and 15.8% +
2.1% in RLM incubation and 35.2% +3.8% and 20.8% + 5.8% in
HLM incubation, respectively, compared to the control group
without inhibitor. Compared with the control group, treatment
with ABT powerfully inhibited the metabolism of dendrobine,
indicating the predominant role of P450 in the metabolism of
dendrobine in liver microsomal incubation. The metabolism of
dendrobine in HLM was also strongly inhibited by the selective
CYP3A inhibitor ketoconazole and somewhat inhibited by the
CYP2B6/CYP2C19 inhibitor ticlopidine, as evidenced by the
amounts of dendrobine remaining and the typical metabolite
formation in the presence of the selective inhibitors (Fig. 7c, d).
Microsome heat inactivation or methimazole inhibition did not
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have a marked effect on the dendrobine metabolism in HLM
incubation (Fig. S8). The results suggested that FMO may have
contributed to microsomal metabolism, but the contribution
was very minor. The inhibition results in RLM incubation
showed that ketoconazole inhibited dendrobine metabolism in a
concentration-dependent manner, while furafylline and sulfaphe-
nazole had no effect on dendrobine metabolism (data not shown).
In summary, CYP enzymes played conclusive roles in the
metabolism of dendrobine, and the predominant isoforms in
HLM incubation were CYP3A4, followed by CYP2B6 and CYP2C19.

Metabolic enzymes involved in the formation of carboxylation
metabolites

M7-1 and M7-2, proposed as carboxylic acid metabolites, were
abundantly found in rat bile and feces, and their formation could
be inhibited by ABT pretreatment (Fig. S7). M7-1 and M7-2 were
undetectable in liver microsome incubation or liver S9 fraction
incubation, whereas they could be observed in incubation with
fresh rat liver homogenate. The in vitro results showed that the
addition of ABT to the incubation mixture completely inhibited
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Fig. 8 The metabolic enzymes involved carboxylation metabo-
lites formation. Effects of various metabolic enzyme inhibitors on
the formation of the carboxylic acid metabolite M7-2 in NADPH-
fortified rat fresh liver homogenates.

their formation. Moreover, the addition of the non-P450 oxidative
enzyme inhibitors disulfiram, menadione, and fomepizole also
inhibited their formation in a concentration-dependent manner.
The results indicated that the two carboxylic acid metabolites
were formed via dehydrogenation and N-oxidation followed by
carboxylation. After the H/D exchange experiment, M7-1 and M7-2
had one exchangeable hydrogen atom deduced from a 2 Da mass
higher than that of the corresponding [M+ H]", which also
supported that a carboxyl group and N-oxide were formed. The
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metabolic enzyme phenotyping was consistent with the structural
characterization findings that M7-1 and M7-2 were two carboxylic
acid metabolites of dendrobine after N-oxidation and dehydro-
genation (Fig. 8).

DISCUSSION

In this study, the metabolic characteristics of dendrobine were
investigated in vitro and in rats. Dendrobine was rapidly metabo-
lized in liver microsomal incubation. The fecal, urinary, and biliary
recoveries of dendrobine in rats were only 0.27%, 0.52%, and 0.031%
after oral treatment with 50 mg/kg dendrobine. The dendrobine
concentration in systemic circulation was much lower than that of
the major metabolites, and similar patterns were observed in the
plasma, fecal, urine, and bile samples. Dendrobine was not
metabolized in the intestinal lumina (Fig. S9). The rapid and
extensive hepatic metabolism of dendrobine seemed to be
responsible for the low systemic exposure as well as extremely
low fecal and urinary recoveries in vivo. The major metabolic
pathways of dendrobine were N-demethylation, dehydrogenation,
N-oxidation, hydroxylation, carboxylation, and subsequent hydro-
xylation and glucuronide conjugation. Multiple P450s, mainly CYP3A,
CYP2B6, and CYP2C19, were responsible for dendrobine metabo-
lism. In addition, some non-CYP oxidative enzymes, ALDH, AO, and
ADH, contributed to the formation of carboxylic acid metabolites,
two major metabolites found in rat bile and fecal samples.

Various mass spectrometric platforms were used for metabolite
identification and profiling studies, which are highly dependent
on the characteristic fragmentation pattern of analytes [25]. Due
to the lack of characteristic fragment ions or neutral loss
molecules in dendrobine, the dendrobine-related components in
biological samples were carefully and artificially screened by their
accurate precursor ions in MS/MS datasets and identified by
MMDF-fileted MS/MS datasets. To ensure the accuracy of the
identification results, the ISF behaviors of all metabolites were
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examined. Several metabolites were found to undergo ISF and
their ISF products may have been misdiagnosed as other
metabolites when they had the same parent and product ion.
For example, the glucuronide conjugate of the N-demethylated
dendrobine (M20) was completely converted to N-demethylated
dendrobine after in-source dissociation (Fig. S4). Furthermore, the
stability of all analytes in biological samples under various
conditions was examined, and they were stable during the
analysis period (data not shown).

In this study, we found that dendrobine can be readily
fragmented into lactone, isopropyl, and pyrrole ring, which was
defined as x, y, z cleavage. In addition, some common fragment
ions were also found to result from the cleavage of the skeleton.
Therefore, the metabolites can be identified by their fragmenta-
tion behaviors according to accurate MS/MS spectra. Analyses of
the mass unit changes of typical product ions cleaved from
different moieties in MS/MS spectra are the common strategy to
identify metabolic sites [25]. However, additional metabolic sites
were not well identified in this study because the polycyclic
bridged-ring system of dendrobine was not well dissociated at low
CE levels, and few diagnostic product ions were cleaved from the
skeleton of dendrobine at high CE levels. Another question was
that the N-oxide and hydroxylation metabolites of dendrobine
underwent the same mass unit shift (+15.9949 Da). By the aid of
H/D exchange experiment, the N-oxide and hydroxylation
metabolites as well as the conjugate site of glucuronic acid were
distinguished. The identification strategy was also confirmed by
available reference standards.

N-oxygenation, dehydrogenation, N-demethylation, hydroxyla-
tion, and glucuronide conjugation were the major metabolic
pathways for dendrobine. The tertiary amine is a major active
metabolic site for dendrobine, and the hydroxylation reaction may
occur mainly at aliphatic hydrocarbons. The lactone ring did not
undergo hydrolysis. N-demethylated dendrobine (M1) seems to be
a predominant metabolite because its circulation concentration
was 9.4- and 14.7-fold higher than that of dendrobine in rats at 0.5
and 4 h after an oral dose of dendrobine (data not shown). The
data show that metabolites with high systemic concentrations
may play a role in the pharmacological efficiency of dendrobine.
The details of their pharmacological effects and pharmacokinetic
behavior need to be further investigated in the future.

Interestingly, the study detected two unusual carboxylic acid
metabolites (M7-1 and M7-2) in rats that were metabolized in the
liver and then excreted into the bile and urine. It has been
reported that the isopropyl can be oxidized to carboxy groups
[26-28]. The formation of carboxy groups involves a wide range of
metabolic enzymes [19, 29, 30]. In this study, we found that the
formation of carboxylic acid metabolites was catalyzed by P450
and cytosolic enzymes, including ALDH, AO, and ADH. ADH is a
family of oxidative enzyme systems that catalyze the oxidation of
alcohols to corresponding aldehydes, while ALDH and AO are
major oxidases in hepatic cytosols that can oxidize an aldehyde to
a carboxylic acid [31]. Hence, the carboxylic acid metabolites were
formed by at least three successive metabolic steps (dehydro-
genation, N-oxidation, hydroxylation, and oxidation) in different
metabolic enzyme systems.

In summary, this study demonstrated that dendrobine under-
went rapid and extensive metabolism in liver microsomal
incubation and in rats after oral administration. A total of 50
metabolites were identified and characterized. The major meta-
bolic reactions were N-demethylation, N-oxidation, dehydrogena-
tion, and the subsequent hydroxylation and glucuronide
conjugation. The biotransformation of dendrobine was mediated
largely by cytochrome P450 enzymes, mainly CYP3A4, CYP2B6,
and CYP2C19. Cytosolic non-CYP oxidative enzymes were also
involved in its metabolism. The results of this study not only
explained the pharmacokinetics properties of dendrobine, but
also provided a better understanding of the pharmacological
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efficiency of dendrobine and an evaluation of the role of the high-
exposure metabolites.
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