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Diterpenoid lactones (DLs) have been reported to be the main hepatotoxic constituents in Dioscorea bulbifera
tubers (DBT), a traditional Chinese medicinal herb. The acquisition of early information regarding its
metabolism is critical for evaluating the potential hepatotoxicity of DLs. We investigated, for the first time,
the main metabolites of diosbulbin A (DIOA), diosbulbin C (DIOC), diosbulbin (DIOG), diosbulbin (DIOM)
and diosbulbin (DIOF) in adult zebrafish. By using ultra-high performance liquid chromatography-
quadrupole time-of-flight mass spectrometry (UHPLC-QTOF MS), 6, 2, 7, 5 and 4 metabolites of DIOA,
DIOC, DIOF, DIOM and DIOG were identified in the zebrafish body and the aqueous solution, respectively.
Both phase-I and phase-Il metabolites were observed in the metabolic profiles and the metabolic pathways
involved in hydroxyl reduction, glucuronidation, glutathione conjugation and sulfation. The above results
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DOI: 10.1039/c7ral2910f indicated that hepatocytic metabolism might be the major route of clearance for DLs. This study provided
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Introduction

The tuber of Dioscorea bulbifera (DBT), called “Huang-Yao-Zi” in
Chinese, has been widely used in traditional Chinese medicine as
a remedy for leprosy, tumors and cancers, especially for thyroid
diseases.””> Due to analogous morphologies, DBT may be
mistakenly eaten as wild yams.® Early studies have demonstrated
that chronic and excessive use of DBT-containing prescriptions
are associated with toxicity in clinical practice, and liver is the
main toxic target organ.*® Experimental studies have shown that
DBT induces severe liver injury in mice after consecutive admin-
istrations for fourteen days, along with oxidative stress changes.®

It has been reported that diterpenoid lactones (DLs), sapo-
nins, flavonoids and polysaccharides are the major components
of DBT.”® Among these components, DLs namely diosbulbins
A-P (DIOA-P) and 8-epidiosbulbin E acetate (EEA)*** have
attracted much attention due to potential hepatotoxicity. For
instance, DIOB and EEA, two abundant DLs in the herb, have
been known to cause serious hepatotoxicity in experimental
animals."*"” Studies indicated that the DLs-induced liver
injuries required cytochrome P450 (CYP)-mediated metabolism.
Furthermore, recent findings suggested that glutathione (GSH)
conjugate was observed in the bile of rats treated with DIOB.*®
The metabolic generation of six cyclic GSH/N-acetyl lysine
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important information for the understanding of the metabolism of DLs in DBT.

conjugates from EEA were detected both in vitro and in vivo." To
fully understand the hepatotoxicity effects and mechanism of
the DLs, it is essential to obtain early information regarding its
metabolism. However, compared with extensive researches on
DIOB and EEA, the knowledge of the metabolites and metabolic
pathways focusing on other DLs are limited.

Due to the practical limitations of applying metabolism on
human beings, animal models are of great importance in studying
the metabolism of toxicants. In terms of the metabolism studies,
rats are often chosen as the major object.>*** With mammal-like
genes, complex organ system and typical drug-metabolizing
enzymes, the zebrafish model has proven to be a versatile tool
for studying the metabolism of herbal components.**~** Moreover,
zebrafish-based metabolism studies have significant advantages
of less amount of compound needed, lower cost, easier operation
and higher efficiency.”**” Owning to these distinguished charac-
teristics, the zebrafish has become an important animal model
and has provided new insights into metabolism studies.

In the present study, an ultra-high performance liquid
chromatography-quadrupole time-of-flight mass spectrometry
(UHPLC-QTOF MS) method was employed to characterize the
metabolic profiles of DIOA, DIOC, DIOF, DIOG and DIOM in
zebrafish biological samples. The metabolic pathways of these
compounds and the fragmentation patterns of the metabolites
were proposed.

Experimental
Chemicals and materials

The DBT was purchased from Yunnan province, China. The
sample was authenticated by Prof. Hui-Jun Li and deposited at
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Fig. 1 Chemical structures of DIOA, DIOC, DIOG, DIOF and DIOM.

State Key Laboratory of Natural Medicines (China Pharma-
ceutical University). Five DLs including DIOA, DIOC, DIOM,
DIOG and DIOF (Fig. 1) were isolated from DBT in our
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laboratory. Their chemical structures were determined by
extensive spectroscopic analyses.”*****® The purity of each
compound was more than 98%, by normalization of the peak
area detected by UPLC analysis. Dimethyl sulfoxide (DMSO)
was purchased from Sigma-Aldrich (St. Louis, MO, USA). HPLC
grade acetonitrile, methanol and formic acid were purchased
from ROE (Newark, NJ, USA). Deionized water (18 MQ cm ™)
was prepared by distilled water through a Milli-Q system
(Millipore, Milford, MA, USA). Other reagents and solvents
were of analytical grade.

Chromatographic and mass spectrometric conditions

Chromatographic analysis was performed on an Agilent series
1290 UPLC system equipped with a quaternary pump, a degas-
ser, an autosampler and a thermostated column compartment
(Agilent Technologies, Palo Alto, CA, USA). Chromatographic
separation was carried out at 30 °C on an Agilent Zorbax SB-C18
analytical column (4.6 mm id. x 50 mm, 1.8 pum, Agilent
Technologies, Palo Alto, CA, USA). The mobile phase was
a mixture of 0.1% formic acid in water (A) and acetonitrile (B)
with a gradient elution as follows: 5-95% B at 0-20 min. The
flow rate was 0.4 mL min*, and the column temperature was
set at 30 °C.
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Fig. 2 The positive MS/MS spectra and proposed fragmentation pathways of DIOA.
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The mass spectrometric analysis was performed on a 6545
QTOF mass spectrometer (Agilent Technologies, Santa Clara,
CA, USA) equipped with electrospray ionization source in
positive mode. The mass spectrometric conditions were as
follows: nebulizer pressure, 35 psi; capillary voltage, 3500 V;
fragmentor voltage, 135 V; drying gas flow, 10 L min~"; drying
gas temperature, 350 °C; sheath gas flow, 11 L min ™~ '; sheath gas
temperature, 350 °C. The mass rang was recorded from m/z 50
to 1500 Da. Data acquisition was performed with MassHunter
Workstation (Agilent Technologies, Palo Alto, CA, USA). The
TOF mass spectrometer was calibrated every day before sample
analysis using reference masses at m/z 121.0508 and 922.0098.

Animal experiments

Male adult zebrafish (AB strain; 5 month old; weight, 0.4-0.5 g)
were supplied by Nanjing Ezerinka Biotechnology Co., Ltd
(Nanjing, China), and acclimatized to tap water in a glass
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aquarium for at least 10 d preceding experimentation. Fish were
cultured at 25 £ 1 °C in a 12 h:12 h day/night cycle. The fish
were fed daily during the acclimatization period, and were fas-
ted 12 h before the day of the experiment. Animal studies were
conducted in accordance with the Provision and General
Recommendation of Chinese Experimental Animals Adminis-
tration Legislation and were approved by Department of Science
and Technology of Jiangsu Province (License number: SYXK
(SU) 2016-0011).

Drug administration and sample collection

Zebrafish were randomly separated into six groups with six fish
in each group. After fasting for 12 h, the fish was kept individ-
ually in brown glass bottles maintaining at a temperature of 25
+ 1 °C in a water bath with 40 mL solution: one blank control
group was exposed to 0.5% DMSO purified water (blank zebra-
fish group), and five groups were exposed to 40 mL solution of
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Fig. 3 The positive MS/MS spectra and proposed fragmentation pathways of DIOF.
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DIOA (15.41 pg mL '), DIOC (17.03 pg mL '), DIOG (17.08 ug
mL™"), DIOM (16.74 pg mL ") or DIOF (16.55 ug mL™ ") in 0.5%
DMSO purified water (drug-treated groups). Zebrafish body and
the solution were sampled at 24 h. The zebrafish bodies of each
group were combined and washed quickly with purified water
three times, then weighed after sacrifice and removal of fins and
scales of fish and stored at —80 °C until analysis; the solution of
each group were also combined. The combined solutions of
each group were sampled and also stored at —80 °C until
analysis.

Sample preparation

The aqueous solution (40 mL) was freeze-dried to dryness, and
the residue dissolved in 90% (v/v) methanol (1 mL). The solu-
tion was filtered through a 0.22 pm filter and 2 uL was injected
into the UHPLC-QTOF MS system for analysis. The zebrafish
samples were cut with scissors, and 1 g was sampled and
homogenized with physiological saline (5 mL), followed by
centrifugation at 3500 rpm for 15 min, then the supernatant was
mixed by vortexing with methanol at the ratio of 1 : 4 (v/v) three
times, followed by centrifugation at 3500 rpm for 15 min. The
supernatant was evaporated to dryness with nitrogen at room
temperature, and the residue was dissolved in 90% methanol
(1 mL). After filtering through a 0.22 pm filter, 2 pL of the
solution containing 1 g fish tissue per mL was injected into the
UHPLC-QTOF MS system for analysis.

Results and discussion
Mass spectrometric behaviors of DLs

Several studies have confirmed that the mass fragmentation
patterns of metabolites are similar to the parent compound,
therefore the analysis of fragmentation pattern of parent
compound is very important for the metabolite characteriza-
tions.** In the present study, the mass spectrometric behaviors
and fragmentation patterns of the DLs were investigated firstly.
It was noted that the response of ESI (+) mode was much higher
than that of ESI (—) mode, therefore the positive mode was
employed for the rest of the study.

DIOA provided a protonated molecule [M + H]" and sodium
adduct ion [M + Na]" at m/z 377 and 399, respectively. The
product ion at m/z 69 was generated from the furan moiety.
Additionally, the mass spectrum showed major fragment ions at
m/z 159 (C;;Hy;0), 253 (Cy7Hy50,), 271 (C7H140;), 281
(C15H,,03), 295 (C1oH1905), 313 (C1oH,,0,) and 331 (C19H,305).
The product ion spectrum of DIOA under high collision energy
scan and the fragmentation pathways of DIOA are proposed in
Fig. 2. DIOC provided a protonated molecule [M + H]" and the
ammonium adduction ion [M + NH,]" at m/z 363 and 380,
respectively. The mass spectrum showed major fragment ions at
m/z 159 (Cy;H;,0), 253 (C;;Hy70,), 271 (Ci7Hp00;), 281
(C15H;,05), 299 (C13H;60,) and 317 (C;gH,,05) (Fig. S11). As
expected, these observations clearly demonstrated that DIOA
and DIOC shared the same fragment ions and fragmentation
pathways due to their similar chemical skeleton.

7768 | RSC Adv., 2018, 8, 77657773

Table 1 Accurate mass measurement for the ionized molecules of metabolites of DIOA in zebrafish
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DIOF showed [M + H]" ion at m/z 377.1629 in positive mode,
corresponding to the molecular formula C,,H,,0,. The neutral
loss of 60 Da generated from ion at m/z 377 to 317; suggested the
presence of a terminal acetic acid unit (Fig. 3). Apart from the
characteristic ions at m/z 281, 271, and 253 which were also
found in DIOA and DIOC, the predominant ion at m/z 345 (—32
Da) was supposed to be formed by a neutral loss of CH;0H at
the position of ester group.

DIOM provided a protonated molecule [M + H]" and the
ammonium adduction ion [M + NH,]" at m/z 361 and 378,
respectively. DIOM exhibited a series of fragmentation ions at
m/z 159, 251, 297, 315, 333 and 343, and the specific ion at m/z
69 corresponded to furan group. For better understanding of
fragmentation pathway of DIOM, the fragmentation behaviors
are given in Fig. S2.1

DIOG gave precursor ion [M + H]" at m/z 347.1468 (with
6.11 ppm error compared with theoretically calculated value) in
positive mode, suggesting the molecular formula C;oH,,0¢. In
the MS/MS spectra, the parent compound gave a series of
fragmentation ions at m/z 145, 217, 237, 265, 283, 311 and 329.
The fragmentation pathways of DIOG were proposed in Fig. S3.f

The fragment ion of the furan ring at m/z 69 presented in the
MS/MS spectra of all these DLs. The characteristic neutral losses
and product ions from the parent compounds could be used to
identify the metabolites formed in vivo from DIOA, DIOC, DIOF,
DIOG and DIOM.

H3C\

Demethylation  Ho

+Hydroxyl reduction

d
A1, 347.1

Glu—0Q.

A4, 457 .1

Fig. 4 The proposed metabolic pathways of DIOA in zebrafish.
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Structure elucidation of DLs metabolites in zebrafish

As the core of the present study, metabolites of the DLs in
zebrafish were identified using UHPLC-QTOF MS by matching
accurate masses. After comparing the results of drug samples
with the corresponding blank samples, a total of 6, 2, 7, 5 and 4
metabolites of DIOA, DIOC, DIOF, DIOM and DIOG were
detected and identified in the zebrafish body and the aqueous
solution, respectively. The chromatographic retention times
and mass spectrometric data of the parent compounds and
metabolites were listed in Tables 1, 2. In addition, the proposed
metabolic pathways of the five analytes in zebrafish were
depicted in Fig. 4 (DIOA), Fig. 5 (DIOF), Fig. S4t (DIOC), Fig. S5
(DIOG) and Fig. S61 (DIOM), respectively.

Metabolites of DIOA

DIOA, exhibited the protonated molecular ion at 377.1614 in
positive mode, was confirmed by a general analysis of the MS
and MS/MS fragmentation behaviors and retention time. The
parent component was identified and detected in both zebrafish
body and the aqueous solution after the metabolism for 24 h.
The metabolite named as A1 was observed as a protonated
molecule [M + H]" at m/z 347.1485, with a retention time of
6.49 min. The relative abundant fragment ion at m/z 331 was
16 Da less than that of the parent ion, suggesting the existence
of an oxygen-containing group. The characteristics of other

A2, 361.2

Hydroxyl reduction

HO.

-
v

O.

uonepIuINON|S)

AB, 684.2

This journal is © The Royal Society of Chemistry 2018
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Glu—0O

o

F7,792.2

Fig. 5 The proposed metabolic pathways of DIOF in zebrafish.

fragments observed at m/z 313 (M + H-O-H,0]"), 295 (M + H-
0-2H,0]"), 253 ([M + H-O-H,0-CH;0H-CO]"), 235 ([M + H-O-
2H,0-CH;0H-CO]") and 159 (M + H-O-H,0-CH;O0H-CO-
C¢H¢O]"), which shared the same fragmentation pattern as
DIOA.

A2, eluted at 7.72 min, was characterized as the main
metabolite, with the predominant quasi-molecular ion [M + H]"
at m/z 361.1635, which was 16 Da less than that of DIOA, sug-
gesting a dehydration followed by reduction.

A3, eluted at 4.80 min, was observed as a protonated mole-
cule [M + H]" at m/z 363.1438, which was 14 Da less than DIOA,
suggesting a methyl ester of carboxylic acid in the side chain.
The characteristics of other fragments observed at m/z 331.1984
(M + H-20]"), and 159 ([M + H-20-H,0-CH;0H-CO-CH¢O0]").

This journal is © The Royal Society of Chemistry 2018
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The mass fragment of m/z 159.0807 was consistent with the
fragmentation pattern of DIOA.

A4, eluted at 3.36 min, was characterized as the main
metabolite, with the predominant quasi-molecular ion [M + H]"
atm/z 457.1163 (CoH,,010S), which generated a fragment ion at
m/z 377 corresponding to the neutral loss of 80 Da (SO;), sug-
gesting that A4 were deduced as DIOA sulfate conjugate. Simi-
larly, A5 was observed as a protonated molecule [M + H]" at m/z
553.1946, with a retention time of 3.32 min. The product ion at
m/z 377 was corresponding to a neutral loss of 176 Da (C¢HgOg)
from the parent [M + H]" ion. Further analysis of A5 by UHPLC-
QTOF MS demonstrated its protonated molecular ion [M + H]"
at m/z 159.0893 in positive ion mode, which matched the
elemental composition of DIOA. Therefore, A5 was tentatively
identified the glucuronidated metabolite of the DIOA.

RSC Adv., 2018, 8, 7765-7773 | 7771
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A6, eluted at 3.67 min, was characterized as the main
metabolite, with the predominant quasi-molecular ion [M + H]"
at m/z 684.2448. The product ion at m/z 377 was derived from
the loss of GSH moiety (—307 Da) from m/z 684. This indicated
that the participation of GSH in the formation of A6.

Metabolites of DIOC/DIOF/DIOM/DIOG

In all, two metabolites (C1-C2) of DIOC, seven metabolites (F1-
F7) of DIOF, five metabolites (M1-M5) of DIOM and four
metabolites (G1-G4) of DIOG were tentatively characterized by
MS and MS/MS in the zebrafish body and the aqueous solution,
respectively. All metabolites were detected and characterized
based on the accurate mass measurement, the fragmentation
pattern of the parent compounds and relevant drug biotrans-
formation knowledge.

Like mammals, the zebrafish has a serious of drug-
metabolizing enzymes, such as CYP450 isoforms or conjuga-
tion enzymes including glutathione-S-transferase, uridine
diphosphoglucuronyl transferases, and sulfotransferases.*-**
The xenobiotic metabolism is often divided into two phases:
modification (phase-I) and conjugation (phase-II).>* CYP450,
belonging to monoxygenases, is the prevailing group of phase I
enzymes.**” The present study showed that, after 24 h metab-
olism, the phase-I metabolites (such as A1/A2/A3) were detected
in the solution sample of zebrafish. In subsequent phase-II
reactions, these activated xenobiotic metabolites are prone to
be conjugated with charged species such as glutathione (GSH),
sulfate, glycine, or glucuronic acid.*®** The obtained results
indicated that sulfation, glucuronidation and glutathione
conjugations (such as A4/A5/A6) were the main physiological
process of metabolism of the DLs. It should be noted that the
GSH conjugate was found in zebrafish body after metabolism,
which facilitate the metabolic investigation of DB and EEA in
rats.

Structurally, unlike DB and EEA, these DLs have a hydroxyl
group, which might lead to distinction of solubility and
metabolism between DLs. The sulfation, and glucuronidation,
along with hydroxyl reduction products were detected and
identified. Additionally, fewer phase-I metabolites were detec-
ted and identified in DIOC-treated group compared with the
zebrafish given DIOA, which might partly be related to the
solubility difference between the two DLs. Overall, the results
indicated that the hydroxyl group possibly plays an essential
role in the metabolism of the DLs.

Conclusions

In our study, an UHPLC-QTOF MS method was successfully
applied for the analysis of the metabolites of five DLs in
zebrafish. The main phase-lI and phase-Il metabolites,
including hydroxyl reduction metabolites, sulfate conjugated
metabolites, glutathione adducts and glucuronic acid conju-
gated metabolites, were detected and identified on the basis of
the mass-to-charge ratios and fragments. The investigation
confirmed that the reaction pathways for degradation of DLs in

zebrafish involving hydroxyl reduction, glucuronidation,

7772 | RSC Adv., 2018, 8, 7765-7773
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glutathione conjugation and sulfation. Toxic effects of
compounds in an organism are substantially dependent on
their metabolites. The metabolites observed in zebrafish, which
will be greatly helpful in elucidating the potential toxic effects of
DLs in DBT.
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