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[ABSTRACT] Diterpenoid lactones (DLs), a group of furan-containing compounds found in Dioscorea bulbifera L. (DB), have been
reported to be associated with hepatotoxicity. Different hepatotoxicities of these DLs have been observed in vitro, but reasonable ex-
planations for the differential hepatotoxicity have not been provided. Herein, the present study aimed to confirm the potential factors
that  contribute  to  varied  hepatotoxicity  of  four  representative  DLs (diosbulbins  A,  B,  C,  F). In  vitro toxic  effects  were  evaluated in
various cell models and the interactions between DLs and CYP3A4 at the atomic level were simulated by molecular docking. Results
showed that DLs exhibited varied cytotoxicities, and that CYP3A4 played a modulatory role in this process. Moreover, structural vari-
ation may cause different affinities between DLs and CYP3A4, which was positively correlated with the observation of cytotoxicity. In
addition, analysis of the glutathione (GSH) conjugates indicated that reactive intermediates were formed by metabolic oxidation that
occurred on the furan moiety of DLs, whereas, GSH consumption analysis reflected the consistency between the reactive metabolites
and the hepatotoxicity. Collectively, our findings illustrated that the metabolic regulation played a crucial role in generating the varied
hepatotoxicity of DLs.
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Introduction

Furan is  a  powerful  toxin used in the synthesis  of  phar-
maceuticals. With the increasing focus on drug safety issues,
the cases  of  severe  adverse  effects  caused  by  furan,  particu-
larly  hepatotoxicity,  have  been  frequently  reported [1-2].  The
furan  ring  moiety  is  considered  to  be  a  structure  that  is
flagged with  an  alert  for  medicinal  chemists  and  risk  as-
sessors [3]. Naturally, there has been concern regarding furan-
containing Chinese herbal medicines (CHMs) because the ap-
plications  of  CHMs  have  been  increased  for  the  prevention
and treatment  of  various illnesses.  Several  studies have con-
firmed that furan-containing compounds, viz. (R)-(+)-mentho-
furan [4-5],  toosendanin [6] and  dictamnine [7] are  responsible
for the CHMs-induced liver injuries. However, not all furan-
containing  molecules  are  toxic [8].  Some  furan-containing

compounds in CHMs exhibit  strong hepatoprotective activit-
ies,  anti-inflammatory  activities [9] and activation  of  osteo-
blasts [10]. Therefore, clarifying the general mechanism of the
toxicity and providing reasonable explanations for the varied
toxic  effects  among  these  furan-containing  compounds  are
necessary.

The  tuber  of Dioscorea  bulbifera L.  (DB)  (Fig.  1A),
termed as “huangyaozi” in Chinese, has been widely used in
China  as  a  treatment  for  tumors,  cancers  and  thyroid  gland
diseases [11-12].  Nevertheless, a series of reports have recently
demonstrated  that  long-term and  excessive  use  of  DB could
cause  severe  hepatotoxicity [13-14].  Among  the  components
isolated  and  characterized  from  DB,  it  was  determined  that
the  diterpenoid  lactones  (DLs)  containing  a  furan  ring,
namely  diosbulbins  A –P  (DIOA –DIOP)  and  8-epi-diosbul-
bin  E  acetate [15-16] may  cause  potential  hepatotoxicity.  It
is  widely  accepted  that  furan  is  metabolically  activated  to
reactive  intermediate via a  cytochrome  P450-dependent
process [17-18] and the  intermediate  reacts  with  cellular  pro-
teins  or  nucleophiles  to  exert  toxicity [19].  Similarly,  as  the
most abundant DL in DB, DIOB has been confirmed as one
of the main hepatotoxic constituents [20]. Current studies have
demonstrated  that  hepatotoxicity  elicited  by  diosbulbin  B  is
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attributed  to  the  metabolic  oxidation  of  the  furan  ring [21-22]

and CYP3A4 is the most effective enzyme for catalyzing the
formation  of  the  electrophilic  intermediate [23].  Furthermore,
recent  findings  suggested  that  DIOB-GSH  conjugates  were
detected both in vitro [24] and in vivo [25]. However, the know-
ledge regarding  the  hepatotoxicity  of  other  DLs  is  still  lim-
ited.

In order to confirm the crucial factors that lead to differ-
ences in hepatotoxicity, four DLs (DIOA, DIOB, DIOC, DI-
OF) (Fig. 1B) were examined in the present study by evaluat-
ing the in vitro cytotoxicity of these compounds in L02 nor-
mal human liver cells, HepG2 hepatocarcinoma cells, HepG2
hepatocarcinoma cells  with over expression of CYP3A4 and
L02 cells with over expression of CYP3A4. Lactate dehydro-
genase (LDH) release activity was also determined. Molecu-
lar docking was carried out to simulate the different  interac-
tions between these DLs and key metabolic enzymes and val-
idate the  regulatory  role  of  metabolism  and  metabolic  en-
zymes in  differential  hepatotoxicity.  Furthermore,  ultra  li-
quid chromatography quadrupole time-of-flight mass spectro-
metry  (UPLC-QTOF-MS)  and  ultra  liquid  chromatography
triple-quadrupole  tandem  mass  spectrometry  (UPLC-QqQ-
MS) were  used  to  analyze  the  intermediates  that  were  pro-
duced  from  the  DLs  and  quantify  GSH  consumption  during
the metabolism, respectively. Based on the obtained results of
this study, we found that reactive intermediates played an im-
portant  role  in  DLs-induced  toxicity  and  the  regulation  of
metabolism  may  be  the  crucial  determinant  to  explain  the
toxic mechanism and varied hepatotoxicity of DLs.

Materials and Methods

Reagents and materials
The  DB  sample  was  purchased  from  Yunnan  Province,

China. The sample was authenticated by Prof. LI Hui-Jun and
deposited at  the State Key Laboratory of Natural  Medicines,
China  Pharmaceutical  University.  In  our  previous  research,
four  DLs  (DIOA,  DIOB,  DIOC  and  DIOF)  were  isolated

from  DB,  and  their  chemical  structures  were  confirmed  by
mass  spectrometry, 1H  and 13C  NMR.  The  purity  of  each
compound  was  determined  to  be  greater  than  98% by  high
performance  liquid  chromatography.  Ketoconazole  (KTZ),
acetaminophen  (AP)  and  dimethyl  sulfoxide  (DMSO)  were
purchased  from  Sigma-Aldrich  (St.  Louis,  MO,  USA).  The
Cell Counting Kit-8 (CCK-8), reduced glutathione (GSH) and
glutathione  reduced  ethyl  ester  (Internal  Standard,  IS)  were
available  from  MCE  (Shanghai,  China).  Antibodies  against
CYP3A4  were  obtained  from  ABclonal  (Abclonal,  China)
and β-actin  was  purchased  from  Servicebio  Technology
Company (Wuhan, China). HPLC-grade acetonitrile, methan-
ol,  and  formic  acid  were  obtained  from  Merck  (Damstadt,
Germany).  Deionized  water  was  prepared  using  a  Milli-Q
purification system (Millipore, Milford, MA, USA).
Cell culture

HepG2 cells  were  originally  obtained  from the  Americ-
an Type Culture Collection (ATCC), and the L02 normal hu-
man liver  cells  were  purchased  from  the  Institute  of  Bio-
chemistry  and  Cell  Biology  Sciences  (Shanghai,  China).
CYP3A4  overexpressed  L02  cells  and  HepG2  cells  were
obtained  from  our  previous  study [7].  Dulbecco ’s  modified
Eagle’s medium (DMEM) and fetal bovine serum (FBS) were
obtained  from Gibco  (Grand  Island,  NY,  USA).  These  cells
were  cultured  in  (DMEM)  supplemented  with  10% FBS,
100  U·mL–1 penicillin,  and  100  μg·mL–1 streptomycin  at
37 °C in a humidified atmosphere with 5% CO2.
Preparation of Samples

The  DLs  standards  and  AP  were  each  dissolved  in
DMSO to a concentration of 200 mmol·L–1 and AP was used
as the positive control to evaluate the cytotoxicity. GSH was
diluted with DMEM to a final concentration of 10 mmol·L–1

to capture  the  metabolic  intermediates  of  the  DLs.  The  con-
centrations  of  DMSO did  not  exceed  0.5% in  all  of  the  cell
experiments.
Western Blot Analysis

HepG2 cells, L02 cells and CYP3A4 overexpressed L02
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Fig. 1    Dioscoreae Bulbiferae (A) and chemical structures of DIOA, DIOB, DIOC, DIOF (B)
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cells  were  seeded  in  6-well  plates  at  the  density  of  2  ×  105

cells per well and cultured in 5% CO2 at 37 °C for 24 h. All
of the cells were lysed with ice-cold lysis buffer. Protein con-
centrations were measured using a protein assay kit (Bio-Rad,
Hercules, CA, USA) according to the manufacturer’s instruc-
tions.  Extracted  proteins  were  subjected  to  sodium  dodecyl
sulfate-polyacrylamide  gel  electrophoresis  (SDS-PAGE)  and
transferred  to  polyvinylidene  difluoride  (PVDF)  membranes
(Millipore,  Billerica,  MA,  USA).  The  immunoblot  was
probed  with  rabbit  anti-CYP3A4  antibody  diluted  1:1000,
and  mouse  anti-β-actin  antibody  diluted  1  :  1000.  Proteins
were detected by chemiluminescence.
Cytotoxicity of L02, HepG2, CYP3A4 overexpressed L02 and
HepG2 cells

Cell viability was determined by the CCK-8 assay. Cells
were seeded in 96-well  plates  at  the density of  1 × 104 cells
per well and cultured in 5% CO2 at 37 °C for 24 h. Then, the
L02  cells,  HepG2  cells,  CYP3A4  overexpressed  L02  and
HepG2  cells  were  treated  with  four  DLs  standards  (12 –
400 μmol·L–1), and the other three groups in this experiment
were  set  as  follows:  the  solvent  control  group  with  0.5%
DMSO, the  positive  control  group with  1  mmol·L–1 AP,  the
DLs + KTZ group with 12–400 μmol·L–1 DLs and 10 μmol·L–1

KTZ (KTZ was added 2 h before the CYP3A4 overexpressed
L02 and  HepG2  cells  were  treated  with  the  DLs).  After  in-
cubation for 48 h, the cells were treated with CCK-8 solvent
of 10 μL per well for another 1 h, then the cells were detec-
ted with a microplate reader (BMG POLAR star Omega, Ger-
many) to obtain the absorbance at 450 nm. The cell viability
was  calculated  as  follows:  cell  viability  (%)  = OD of  DLs
group  or  positive  control  group/OD of  solvent  control
group × l00. The OD is presented as the means ± SD (n = 3)
from three independent experiments.
LDH Assay

Lactate dehydrogenase leakage from cells was applied to
estimate the toxic potential of harmful compound at the cellu-
lar level. CYP3A4 overexpressed L02 cells were seeded into
24-well  plates  at  a  density  of  1  ×  105 cells  per  well.  After
24 h, CYP3A4 overexpressed L02 cells were exposed to DLs
at the concentration of 100 μmol·L–1 for another 48 h. At the
end of  treatment,  culture  medium  was  collected  and  centri-
fuged at 3 000 r·min–1 for 5 min in order to obtain a cell free
supernatant.  The  CYP3A4  overexpressed  L02  cells  in  each
well were  also  collected  and  washed  twice  with  cold  phos-
phate  buffered  saline  (PBS)  solution  and  Triton-X  100  was
added at a final concentration of 1% to lyse the cells. Further-
more,  a  cell  free supernatant  was obtained after  centrifuging
at 13 000 r·min–1 for 10 min. Cell supernatants underwent an
LDH assay using a commercially available kit  from Nanjing
Jiancheng  Bioengineering  Institute.  The  percentage  of  LDH
leakage was calculated with the equation: LDH leakage (%) =
[LDH activity  in  supernatant/LDH activity  in  (supernatant  +
cells)] × 100.
Molecular modeling of P450 3A4 and DLs docking studies

The 2D structures of the 4 ligands were drawn in Chem-

BioDraw 2013  and  converted  to  3D in  Molecular  Operating
Environment  (Molecular  Operating  Environment  software,
Chemical  Computing  Group  Inc.,  Canada)  through  energy
minimization. The  CYP3A4  protein  structure  was  down-
loaded from the Research Collaboratory for Structural Bioin-
formatics (RCSB) Protein Data Bank (PDB code: 5A1R) and
prepared with the Structure Preparation workflow in MOE to
fix  structural  issues  such  as  missing  residues/atoms  or  non-
standard atom names. The protonation state of the protein and
the orientation of the hydrogens were optimized by LigX, at
the pH of 7 and temperature of 300 K. Prior to docking, the
force  field  of  AMBER10:  EHT  and  the  implicit  solvation
model of Reaction Field (R-field) were applied. The flexible
docking workflow was  carried  out  using  MOE-dock follow-
ing the “induced fit” protocol, in which the side chains of the
receptor  pocket  were  allowed  to  move  according  to  ligand
conformations,  with  a  constraint  on  their  positions.  The
weight  used  for  tethering  side  chain  atoms  to  their  original
positions  was  10.  For  each  ligand,  all  docked  poses  were
ranked by London dG scoring first, and then, a force field re-
finement  was  carried  out  on  the  top  50  poses  followed by  a
rescoring of  GBVI/WSA  dG,  respectively.  The  top  10  re-
maining poses were further evaluated by visual inspection.
Trapping the GSH-conjugates in CYP3A4 overexpressed L02
cells
The UPLC-QTOF-MS method

UPLC-QTOF-MS  analysis  to  screen  the  GSH-conjug-
ates  was  carried  out  on  a  Waters  Synapt  G2  Q-TOF system
(Waters, Manchester, USA) with an Acquity UPLC HSS C18
column (2.1 mm × 100 mm, 1.8 μm; Waters) and the column
temperature was set at 35 °C. The mobile phase consisted of a
mixture of 0.1% formic acid in water (phase A) and acetoni-
trile  (phase  B)  at  a  flow rate  of  0.2  mL·min–1.  The  gradient
elution program was optimized as follow: 95%–70% solvent
A  for  16  min,  followed  by  70%–15% solvent  A  for  4  min,
and  15%–95% solvent  A for  5  min.  The  solvent  delay  time
was  set  to  5  min  and  the  injection  volume  was  set  at  2  μL.
The  mass  spectrometer  was  operated  in  positive  ion  mode
with electrospray ionization (ESI) source and the mass spec-
trometer  parameters  were  set  as  follow:  capillary  voltage,
3.0  kV;  cone  voltage,  20  V;  source  temperature,  120  °C;
desolvation temperature, 400 °C; cone gas flow, 50 L·h–1; and
desolvation  gas  flow,  600  L·h–1.  The  data  were  analyzed  by
MassLynx V4.1.
Sample preparation

The CYP3A4 overexpressed L02 cells were seeded in 6-
well  plates  at  the  density  of  2  ×  105 cells per  well  and  cul-
tured in 5% CO2 at 37 °C for 24 hours. Then, the cells were
treated with four DLs and GSH, with the final concentration
of  the  DLs  in  the  cell  system at  100  μmol·L–1 and  the  final
concentration of GSH (dissolved in DMEM) at 10 mmol·L–1.
After 12 h  of  post-treatment,  the  GSH-conjugates  were  isol-
ated  by  collecting  the  cell  supernatant  from  the  CYP3A4
overexpressed  L02  cells.  To  remove  precipitated  protein,
ice-cold  acetonitrile  was  added  to  the  collected  supernatant.
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The  reaction  mixture  was  vortex  mixed  and  centrifuged  at
13  000  r·min–1 for  10  min.  The  supernatants  (800  μL)  were
air-dried  with  nitrogen  and  residues  were  reconstituted  with
10% acetonitrile (100 μL). The resulting samples were injec-
ted into the UPLC-QTOF-MS for analysis.
GSH consumption assay in CYP3A4 overexpressed L02 cells
UPLC-QqQ-MS/MS analytical condition and method valida-
tion

Detections were carried out on an Agilent 1290 LC sys-
tem  coupled  with  an  Agilent  6460  QqQ  Mass  Spectrometer
(Agilent Technologies, Palo Alto, CA, USA). For separation,
samples analysis was performed with an Acquity UPLC HSS
C18 column (2.1  mm ×  100  mm,  1.8  μm;  Waters).  The  mo-
bile phase adopted for this study was 0.1% formic acid in wa-
ter  (phase  A)  and  acetonitrile  (phase  B)  (10  :  90, V/V)  at  a
flow rate of 0.4 mL·min–1. The mass spectrometer was oper-
ated  in  positive  ion  mode  with  an  electrospray  ionization
(ESI)  source.  Multiple-reaction  monitoring  (MRM)  was
chosen  to  quantify  the  GSH.  The  main  mass  spectrometer
parameters were: drying gas temperature, 325 °C; drying gas
flow, 10 L·min–1; sheath gas temperature, 300 °C; sheath gas
flow,  10  L·min–1;  nebulizer  pressure,  35  psi;  and  capillary
voltage, 3.5 kV. Data collection and processing were conduc-
ted with  MassHunter  Workstation  5.00  (Agilent  Technolo-
gies, CA, United States).

The  stock  solution  of  GSH  and  IS  were  prepared  in
acetic  acid-ammonium  acetate  buffer  solution  (pH = 4).
Working  standard  solutions  were  prepared  by  diluting  the
stock  solution  into  different  concentrations  ranging  from  10
to  5000  ng·mL–1 and  each  also  contained  1  μg·mL–1 of  IS.
Quality control  (QC)  samples  at  low,  middle,  and  high  con-
centrations were also prepared in the same way. All working
solutions  were  stored  at  4  °C  before  use.  The  method  was
fully validated according to the US Food and Drug Adminis-
tration (FDA) guidelines in terms of selectivity, linearity, lim-
it of quantification (LOQ), accuracy, precision, extraction re-
covery and matrix effect.
Sample preparation

Cellular  GSH  was  determined  using  a  UPLC-QqQ-MS

method. The CYP3A4 overexpressed L02 cells that seeded in
6-well plates were treated with four DLs standard solutions at
the  concentration  of  100 μmol·L–1 for  another  48  h,  and the
control  group  was  treated  with  0.5% DMSO.  At  the  end  of
the incubation, cell samples were washed with PBS twice and
collected.  The  GSH  of  cells  was  extracted  with  acetic  acid-
ammonium  acetate  buffer  solution  (pH  =  4)  after  ultrasonic
treatment and then centrifuged at 13 000 r·min–1 for 10 min at
4  °C.  Acetonitrile  (450  μL)  was  added  to  the  supernatant
(150 μL)  to  precipitate  the  protein  and  the  obtained  super-
natant was dried under nitrogen. The residues were reconstit-
uted  with  100  μL  of  ammonium  acetate  solution.  After
vortex-mixing  for  1  min,  the  samples  were  centrifuged  at
13 000 r·min–1 for 10 min at 4 °C. The resulting supernatant
was  injected  into  the  UPLC-QqQ-MS  system  for  analysis.
The protein concentration was determined with protein quan-
tification kit and the GSH levels are expressed as ng·mL–1 per
mg protein.
Statistical analysis

All  data  are  expressed  as  the  mean  ±  SD.  Figures  were
obtained  with  GraphPad  Prism  5  (GraphPad  Software,  Inc.,
CA,  USA).  Statistical  analyses  were  performed  using  SPSS
19 (IBM Corp.,  NY, USA).  The statistical  analysis  was per-
formed  using  one-way  analysis  of  variance  (ANOVA)  with
Dunnett ’s  post  hoc  test  to  determine  the  significance  of  the
differences between the individual groups. In the case of non-
normally  distributed  data,  Tamhane ’s T2  statistics  was  per-
formed.  A  value  of P <  0.05  was  considered  as  statistically
significant.

Results

CYP3A4  enzyme  expression  and  cytotoxicity  of  DLs  in  L02,
HepG2, CYP3A4 overexpressed L02 and HepG2 cells

In  our  previous  study,  we  constructed  L02  and  HepG2
cells that overexpressed CYP3A4 enzyme. In order to verify
the  expression  of  the  CYP3A4  enzyme  in  these  cells,  the
western  blot  assay  was  used. Fig.  2 clearly  shows  that  the
CYP3A4  expression  level  in  CYP3A4  overexpressed  L02
and  HepG2 cells  was  higher  than  that  in  wild-type  L02  and
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Fig. 2    Wild-type HepG2, L02 and stable CYP3A4 overexpressed L02, HepG2 cells underwent Western blot with CYP3A4 anti-
body(A). Statistical analysis. Expression of each protein was adjusted to actin as the loading control (B). All the experiments were
repeated three times. ***P < 0.01 vs wild-type HepG2 cells; ###P < 0.01 vs wild-type L02 cells
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HepG2 cells.
The  investigation  results  of  the  suitable  administration

time are shown in the supplementary materials (Fig. S1). The
cytotoxicity  results  showed  that  after  treated  with  DIOA  or
DIOF  for  48  h,  the  cell  viability  of  CYP3A4  overexpressed
L02  cells  was  decreased  more  significantly  than  that  treated
with  DIOA or  DIOF for  24  h.  To  assess  the  cytotoxicity  of
DLs in wild-type L02 cells and CYP3A4 overexpressed L02
cells, the DLs were separately administered at concentrations
from 12–400 μmol·L–1 for 48 h. The cell viability was com-
pared  with  the  wild-type  L02  cells  treated  with  DLs  and
CYP3A4  overexpressed  L02  cells  treated  with  DLs  +  KTZ.
The results are shown in Fig. 3. The cell viability of CYP3A4
overexpressed L02 cells treated with DIOA was decreased in
a concentration dependent manner compared with the control
group and  a  highly  significant  statistical  difference  was  ob-
served among the  wild-type L02 cells  and CYP3A4 overex-
pressed L02 cells  treated with  DIOA at  the  concentration of
12 –400  μmol·L–1.  When  the  CYP3A4  overexpressed  L02
cells were treated with DIOA + KTZ (10 μmol·L–1), the cyto-
toxicity  of  DIOA  (12 –400  μmol·L–1)  co-treated  with  KTZ
was  significantly  decreased  by  7.79%–39.19% in comparis-
on with the DIOA sole group (Fig. 3A). While significant dif-
ferences  in  cell  viability  among  the  wild-type  and  CYP3A4

overexpressed L02 cells exposed to DIOB was not seen until
concentrations exceeded 25 μmol·L–1. When the KTZ was ad-
ded and co-treated with DIOB in the CYP3A4 overexpressed
L02 cells,  the  cytotoxicity  of  DIOB  was  significant  de-
creased at the concentration of 50, 100, 200 and 400 μmol·L–1

(Fig.  3B).  The  effect  of  DIOC  on  the  cell  viability  of
CYP3A4 overexpressed  L02  cells  was  significantly  de-
creased only at concentrations of 200 and 400 μmol·L–1 com-
pared  to  the  control  group.  Additionally,  the  cytotoxicity  of
these two types of cells exposed to DIOC showed significant
differences  at  200  and  400  μmol·L–1 and  in  the  presence  of
KTZ,  the  cell  viability  of  CYP3A4  overexpressed  L02  cells
was remarkably increased (Fig. 3C). After treatment with DI-
OF,  the  CCK-8  assay  showed  that  DIOF  elicited  significant
cytotoxic  effects  on  the  CYP3A4  overexpressed  L02  cells
compared  with  the  wild-type  cells  and  the  cell  viability  was
decreased  in  a  concentration-dependent  manner.  At  the
same  time,  it  was  clear  that  when  CYP3A4  overexpressed
L02  cells  were  co-treated  with  DIOF  and  KTZ,  the  cell
viability  significantly  increased  at  each  dose  from  12 –
400 μmol·L–1 (Fig. 3D).

Furthermore,  the DLs were also separately administered
at concentrations from 12–400 μmol·L–1 for 48 h in wild type
HepG2 and  CYP3A4  overexpressed  HepG2  cells.  The  res-
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Fig. 3    Cytotoxicity of various concentrations of DLs on wild-type L02 cells, CYP3A4 overexpressed L02 cells and effect of vari-
ous concentrations of DLs + KTZ on CYP3A4 overexpressed L02 cells. The CYP3A4 overexpressed L02 cells treated with DLs vs
the control group, △P < 0.05, △△P < 0.01; The CYP3A4 overexpressed L02 cells treated with DLs vs the wild-type L02 cells, *P <
0.05, **P <  0.01;  The  CYP3A4  overexpressed  L02  cells  treated  with  DLs vs the  CYP3A4  overexpressed  L02  cells  treated  with
DLs + KTZ, #P < 0.05, ##P < 0.01 Data are represented as mean ± SD of three independent experiments.
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ults are shown in Fig. 4. The cell viability of CYP3A4 over-
expressed HepG2  cells  treated  with  DIOA  at  the  concentra-
tion  higher  than  50  μmol·L–1 was  significantly  decreased
compared  with  the  wild  type  HepG2  cells.  When  the
CYP3A4 overexpressed HepG2 cells were treated with DIOA
and KTZ, the cytotoxicity of DIOA was decreased (Fig. 4A).
While significant differences in cell viability among the wild-
type and CYP3A4 overexpressed HepG2 cells exposed to DI-
OB was not seen until concentrations exceeded 100 μmol·L–1.
When  the  KTZ was  added  and  co-treated  with  DIOB in  the
CYP3A4 overexpressed HepG2 cells, the cytotoxicity of DI-
OB was also significant decreased (Fig. 4B). However, DIOC
showed no significant  toxic effect  both on wild type HepG2
and  CYP3A4  overexpressed  HepG2  cells  (Fig.  4C).  After
treated with  DIOF,  the  CCK-8  assay  showed that  DIOF eli-
cited significant  cytotoxic  effects  on  the  CYP3A4  overex-
pressed  HepG2  cells  compared  with  the  wild-type  cells.  It
was  also  obvious  that  KTZ  could  significantly  increase  the
cell  viability  and  decreased  cytotoxicity  of  DIOF  (Fig.  4D).
These  results  suggested  that  the  cytotoxicity  of  DLs  was
strengthened  in  CYP3A4  overexpressed  cells  and  the  toxic
effects  were  weakened  when  the  CYP3A4  overexpressed
activity was inhibited by KTZ.

The  IC50 values  of  the  DLs  in  CYP3A4  overexpressed
L02 cells were calculated (Supplementary Table S1). It is ob-

vious  that  the  order  of  IC50 is  as  follow:  DIOC  >  DIOB  >
DIOA  >  DIOF.  As  an  important  basis  for  investigating  the
cytotoxicity of compounds in cell lines, we can preliminarily
infer  that  the  toxic  effects  of  DLs  on  over  expressed  L02
cells.
LDH Release Assay

For further  investigating  the  relationship  between  tox-
icity and  reactive  metabolites  of  these  compound,  we  selec-
ted the concentration of 100 μmol·L–1 for subsequent experi-
ments  according  to  the  IC50 values  of  the  DLs  in  CYP3A4
overexpressed L02 cells. Here, the LDH release was another
indicator of cell membrane damage and combined with cyto-
toxicity experiments were aimed to make the in vitro toxicity
results  more  reliable.  The  results  were  shown  in Fig.  5A.
LDH release increased in different levels with 100 μmol·L–1

DLs  treatment  compared  with  solvent  control  group  (*P <
0.05, **P < 0.01).  As  the  positive  control,  the  significant  in-
crease  of  LDH release  induced  by  AP(1  mmol·L–1) was  ob-
served.  In  the  main  time,  the  values  of  LDH release  among
the  DLs  showed significant  differences  and  can  be  arranged
in the following order: DIOF > DIOA > DIOB > DIOC. As a
reference,  the  cell  viabilities  of  the  CYP3A4  overexpressed
L02  cells  treated  by  different  DLs  at  100  μmol·L–1 were
shown in Fig.  5B.  As  expected,  it  also  showed  a  significant
difference and the toxic effects of the compounds obtained by
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Fig. 4    Cytotoxicity of various concentrations of DLs on wild-type HepG2 cells, CYP3A4 overexpressed HepG2 cells and effect of
various concentrations of DLs + KTZ on CYP3A4 overexpressed HepG2 cells. The CYP3A4 overexpressed HepG2 cells treated
with  DLs vs the  control  group, △P <  0.05;  The  CYP3A4 overexpressed  HepG2 cells  treated  with  DLs vs the  wild-type  HepG2
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the CCK8 assay  showed the  same trend with  the  results  ob-
tained from the LDH assay. Therefore, we could initially de-
termine  the  strength  of  toxicity  between  these  DLs  at  100
μmol·L–1.
Interactions of DLs bound to CYP3A4: different binding abil-
ities

Through  molecular  docking  of  the  four  ligands  with
CYP3A4 (PDB code: 5A1R). The binding site of 5A1R was
reported to be the peripheral site [26-27]. The estimated binding
free  energies  indicated  by  GBVI/WSA  dG  scoring  and  the
key residues  of  interactions  are  listed  in Table  1.  DIOF was
predicted  to  be  more  potent  (lower  binding  free  energy
scores) than the other compounds, and the trend is relatively
consistent with our experiments.

To  study  the  active  binding  mode  and  structure  activity
relationship  (SAR),  we  compared  the  binding  poses  of  the
four compounds. The molecular surface for the binding pock-
et was also rendered and colored by polarity and hydrophobi-
city, as shown in Fig. 6. The secondary structure of the pock-
et  is  depicted  as  a  ribbon  representation.  In  general,  DIOF
and DIOA fit the pocket well in shape and form, with hydro-
phobic  interactions  at  both  the  left  and  right  sides  of  the
pocket.  Especially  the  methyl  group  to  the  right  end  of  the
pocket may form hydrophobic interactions with L482.  Evid-
ence  for  this  was  that  DIOC is  similar  to  DIOA in  structure
except  for  the  lack  of  this  methyl  group,  and  DIOC  cannot

maintain  the  similar  conformation,  which  was  the  probable
reason for  its  inferior  potency.  Also,  DIOB cannot  fully  oc-
cupy  the  two  sides  of  the  pocket,  which  lead  to  relatively
weak affinity compared with DIOF and DIOA. Additionally,
the  carbonyl  group  of  DIOF  formed  strong  hydrogen  bond
with Asp214,  which  was  conserved  in  the  co-crystal  struc-
ture  of  PDB 5A1R and  probably  renders  DIOF more  potent
than  others.  The  docking  results  of  DLs  bound  to  CYP3A4
showed a  consistent  relationship  between  the  strength  of  af-
finity and the intensity of toxicity.
Identification of DLs-GSH conjugates

Several  studies  have  confirmed  that  toxicity  caused  by
compounds  with  a  furan  ring  requires  metabolism,  and  that
the reactive metabolite is efficiently trapped with GSH [28-30].
We subsequently speculated that  the furan ring of DLs is an
important factor in DLs-induced liver injury, and specifically,
that DLs were metabolized to the corresponding cis-enedione.
The resulting electrophilic metabolite was responsible for the
hepatotoxicity, and therefore, GSH was added to capture the
active intermediates.  As shown in Fig.  7, the  adducts  gener-
ated by binding to GSH are summarized according to the res-
ults.  The  mass  spectral  data  for  all  the  metabolites  and  the
prototype of the DLs are listed in Table 2.

Several studies have confirmed that the mass fragmenta-
tion patterns  of  metabolites  are  similar  to  the  parent  com-
pound, therefore the analysis of fragmentation pattern of par-
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Fig. 5    Cytotoxicity was evaluated on CYP3A4 overexpressed L02 cells by LDH release assay, each DLs was at the concentra-
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Table 1    Summary of docking results

Ligands
Total score
(kcal·mol–1)

Interaction

H-bond Key residues (4.5 Å)

DIOF –6.63 Asp214
Asp214, Asp217, Arg212, Cys239, Ile238, Lys209, Leu482, Leu211,

Pro242, Phe213, Phe219, Phe220, Val240

DIOA –6.13 None
Asp214, Asp217, Arg212, Cys239, Ile238, Lys209, Leu482,

Leu211, Phe213, Phe219, Phe220, Val240
DIOB –5.89 None Asp214, Asp217, Arg212, Cys239, Lys209, Leu482, Phe213, Phe219, Phe220, Val240

DIOC –5.79 None
Asp214, Asp217, Arg212, Cys239, Lys209, Leu482, Leu211,

Phe213, Phe219, Phe220, Phe241, Pro242, Val240
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ent compound is very important for the metabolite character-
izations [31].  The  typical  total  ion  chromatograph  (TIC)  and
product ion spectrum of DIOA to DIOF are shown in Supple-
mentary Fig. S2–S5. For example, DIOA provided a sodium
adduct  ion  [M  +  Na]+ at m/z 399,  and  the  mass  spectrum
showed  major  fragment  ions  at m/z 331  ( –CH2O2),  271
(–C2H4O2), 253 (–H2O) and 159 (–C6H6O). The metabolites
named A1, A2, A3 and A4 were observed at m/z 664.7 [M +
H]+ with  a  chemical  formula  of  C30H37N3O12S  by  Q-TOF-
MS, which indicated that one molecule of GSH might be con-
jugated to DIOA (Fig. 8A). The MS/MS spectra showed three
major  fragment  ions  (Fig.  8C),  indicating  that  the  product

ions at m/z 647 and 589 were derived from the loss of the hy-
droxyl  (–17 Da)  and the  glycine portion (–75 Da)  from m/z
664,  while  another  fragment  ion  at m/z 561  was  derived
from the loss of the carbonyl (–28 Da) from m/z 589. Accord-
ing to the synthesis of conjugates of teucrin A with N-acetyl
lysine [32], the configuration of C12 in DIOA could change in
the metabolites. Thus, A1 to A4 might be isomers with con-
figurations  changed  in  C12.  In  addition,  another  metabolite
A5 was detected,  and showed its  molecular ion at m/z 971.3
[M  +  H]+ (Fig.  8B);  its  formula  was  C40H54O18N6S2.  The
formation  of  bis-GSH  adducts  of  furan,  indicated  that  two
molecules of GSH might conjugate to DA. The m/z 896 and
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Fig. 7    Metabolic profile of DLs trapped by GSH
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664 were the two major fragment ions derived from the loss
of the glycine portion (–75 Da) and a part of GSH (–307 Da)
from m/z 971.3  (Fig.  8D). Unfortunately,  the  yield  of  meta-
bolites is extremely low and it is not possible to collect a suf-
ficient amount  for  nuclear  magnetic  resonance  characteriza-
tion.

In  all,  five  mono-GSH  adducts  (B1 –B5)  and  one  bis-
GSH–derived  conjugate  (B6)  of  DIOB were  detected  in  the
incubation  system  in  the  presence  of  GSH  (Supplementary
Fig.  S6).  In  the  incubation  system  of  DIOC  and  DIOF,  one
mono-GSH adduct (C1 and F1) as well as a bis-GSH adduct
(F2) were respectively detected (Supplementary Fig. S7–S8).
All  the  GSH adducts  were  detected  and  characterized  based
on accurate  mass  measurement,  the  fragmentation  pattern  of

the  parent  compounds  and  relevant  drug  biotransformation
knowledge.
Method Validation for UPLC-QqQ-MS/MS

Representative MRM  chromatograms  of  the  blank  hep-
atocytes  sample,  blank  hepatocytes  sample  spiked  with  the
standard  solutions  and  the  hepatocytes  sample  treated  with
DLs are shown in Supplementary Fig. S9. No endogenous in-
terfering  peaks  were  observed  in  the  hepatocytes  sample  at
the measured mass transitions and retention times of the ana-
lytes and IS for the highly selective MRM mode.

The results  for  linearity,  LOQ,  accuracy,  precision,  re-
coveries  and  matrix  effect  are  exhibited  satisfactory  results
(Supplementary Table S2 –S4).  Calibration  exhibited  satis-
factory linearity ranging from 0.01 to 5 μg·mL–1 with correla-
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Fig. 8    Extracted ion (m/z 664) (A), (m/z 971) (B) chromatograms obtained from UPLC-QTOF-MS analysis of CYP3A4 overex-
pressed  L02  cells  incubations  containing  DIOA,  GSH.  (C)  MS/MS  spectrum  of  A1-A4,  generated  in  incubations  system.  (D)
MS/MS spectrum of A5 generated in incubations system
 

 
Table 2    Mass spectral data for the metabolites and DLs

Compound Formula Adduct type Exptl (m/z) Calcd (m/z) Error (ppm) Fragment ions (m/z)

DIOA C19H24O7 [M + Na]+ 399.1394 399.1414 –5.0 331.1, 313.1, 295.1, 281.1, 253.1

A 1–A 4 C30H37O12N3S [M + H]+ 664.2118–664.2163 664.2171  –4.2a 647.2, 589.2, 561.2

A5 C40H54O18N6S2 [M + H]+ 971.2943 971.3009 –6.8 896.2, 664.2, 159.2

DIOB C19H20O6 [M + NH4]+ 362.1581 362.1604 –6.4 317.1, 299.1, 271.1, 253.1, 161.1

B 1–B 5 C29H33N3O11S [M + H]+ 632.1879–632.1901 632.1914  –3.9a 615.2, 557.2, 529.2, 231.2

B 6 C39H50O17N6S2 [M + H]+ 939.2722 939.2747 –2.7 864.2, 810.2, 632.2

DIOC C19H22O7 [M + Na]+ 385.1229 385.1263 –8.8 317.1, 299.1, 253.1, 159.1

C 1 C29H35N3O12S [M + H]+ 650.1980 650.2041 –9.4 633.2, 575.2, 547.2, 159.2

DIOF C20H24O7 [M + H]+ 377.1585 377.1595 –2.7 345.1, 299.1, 281.1, 271.1, 253.1

F 1 C30H37O12 N3S [M + H]+ 644.2081 664.2130 –7.4 647.2, 589.2, 561.2

F 2 C40H54O18N6S2 [M + H]+ 971.2981 971.3009 –2.9 926.2, 896.2, 664.2
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tion coefficient (r) at 0.997. The LOQ of GSH was 10 ng·mL–1.
The  intra-  and  inter-day  precision  and  accuracy  were  less
than  15%,  indicating  that  the  accuracy  and  precision  of  the
method  were  acceptable  for  quantitative  analysis.  The  mean
recoveries  of  GSH  ranged  from  91.50% to  98.68% at  three
concentration levels.  This  demonstrated  that  the  sample  pre-
paration method could ensure the acquisition of accurate and
consistent data. The matrix effect was between 104.38% and
109.44%,  which  suggested  that  there  was  no  significant  ion
suppression in this method.
Effects of DLs on the Hepatocytes Concentrations of GSH

The  concentrations  of  GSH  in  the  hepatocytes  samples
were  measured by UPLC-QqQ-MS. The results  of  the  assay
were then adjusted to protein and the final intracellular GSH
content is expressed as the amount of GSH per mg of protein.
The remaining GSH in the system after treatment with DLs at
the same condition is shown in Fig. 9. We observed a signi-
ficant decrease in the GSH content in the cells compared with
the control group and there were significant differences in the
GSH content in cells treated with the four DLs. The values of
GSH consumption could be arranged in the following order:
DIOF > DIOA > DIOB > DIOC. Compared with the results
of  CCK-8 and LDH analysis,  the most  significant  revelation
from the measurements was that GSH consumption was pos-
itively correlated with the effects of toxicity.

Discussion

The  present  study  attempted  to  confirm  the  potential
factors that impact the toxicity of DLs to provide reasonable
explanations for  the  differential  hepatotoxicity.  The cytotox-
icity of DLs was evaluated in vitro. The results of cell experi-
ments showed that the toxic effects were not obvious on wild-
type L02 and HepG2 cells compared to the CYP3A4 overex-
pressed L02 and HepG2 cells. When the CYP3A4 enzyme in
the CYP3A4 overexpressed cells was inhibited, the toxic ef-
fects were  significantly  decreased  because  the  KTZ  is  a  se-
lective CYP3A4 inhibitor [33]. Our observation was in accord-
ance with  previous  studies  that  reported  the  CYP3A4  en-
zyme in the cells enhanced the toxicity of DIOB [34]. It indic-

ated that the mechanism of toxicity may be closely related to
metabolism and metabolic enzymes play an important role in
the  regulation  of  toxicity.  In  addition,  other  studies  have
shown  that  DB  exhibited  significant  antitumor  activity  in
mice  inoculated  with  180 sarcoma cells,  but  no activity  in  a
tumor  cell  line in  vitro due  to  low  CYP  expression  in  cell
lines [35]. It was also reported that cytotoxicity is usually diffi-
cult to predict in vitro due to the differences in CYP expres-
sion  caused  by  drug-metabolizing  enzymes [36] and  even  in
liver  cancer  HepG2  cells [37].  The  data  were  consistent  with
our  results  for  wild-type  cells.  Cytotoxicity  results  showed
that  DLs  showed  more  significant  toxic  effects  on  CYP3A4
overexpressed L02  cells  compared  to  CYP3A4  overex-
pressed  HepG2  cells.  Therefore,  we  preferred  to  use  the
CYP3A4 overexpressed L02 cells rather than the normal cell
lines and CYP3A4 overexpressed HepG2 cells to investigate
the differential  cytotoxicity  and  potential  cytotoxic  mechan-
ism of  DLs-induced in  vitro.  The  IC50 values  of  the  CCK-8
assay  for  CYP3A4  overexpressed  L02  cells  preliminarily
demonstrated the difference of toxic effects.

Furthermore, cell  necrosis  or  membrane  damage  pro-
duced by toxicants can lead to leakage of LDH from cells and
result in increased LDH activity in cell supernatant [38]. There-
fore, the LDH activity measured for CYP3A4 overexpressed
L02  cells  was  used  to  further  evaluate  the  cytotoxicity  of
these  DLs  in  order  to  obtain  more  reliable  results.  For  the
LDH activity assay, we only selected the concentration at 100
μmol·L–1 for each DLs, due to the fact that a suitable dose of
the  DLs  should  be  considered  to  use  in  the  subsequent  cell
experiments  according  to  the  IC50 values.  In  addition,  the
main purpose of the LDH assay was to further confirm the in-
tensity of toxic effects at this concentration. As expected, the
results of the LDH assay showed the same trend of cytotox-
icity as that of the CCK-8 assay at 100 μmol·L–1. These res-
ults  provided  accurate  cytotoxicity  data  for  investigating  the
relationship  between  metabolic  intermediates  and  toxicity  in
subsequent experiments.

Molecular  docking  studies  were  used  to  understand  the
interaction between a ligand and a target protein or enzyme at
the atomic level [39]. This method was used in our research to
investigate whether different structures of small molecules af-
fected  the  ability  to  bind  to  an  enzyme,  thereby  influencing
the  oxidation  metabolism  of  a  furan  ring.  As  expected,  the
molecule with  the  preferred  conformation  incorporated  DI-
OF  and  DIOA,  the  combination  of  which  gained  a  higher
score than that for DIOB and DIOC. It was demonstrated that
the  main  goal  of  the  scoring  functions  was  to  estimate  the
binding  affinity  of  a  compound  with  the  protein [39-40]. Ac-
cording  to  the  results  of  molecular  docking,  combined  with
the results verified by cell experiments, we preliminarily con-
firmed that structures with dominant conformation may have
a stronger interaction with metabolic enzymes, which in turn
may promote  the  metabolic  oxidation  of  furan  ring  to  pro-
duce  higher  toxicity.  Unfortunately,  due  to  the  fact  that  the
number  of  compounds  and  the  toxicity  data  are  limited,  we
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Fig.  9    Cellular GSH after treated by DLs (DLs, vs control
on  CYP3A4  overexpressed  L02  cells, **P <  0.01).  Data  are
represented as mean ± SD of three independent experiments.
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can only give a brief explanation about the structure-activity
relationships that DLs with a six-membered ring in the struc-
ture  are  more  likely  to  maintain  a  stable  conformation.
Whether there is a direct link between the structures and hep-
atotoxicity needs further verification.

Adduct formation was thought to be an important trigger
to  the  toxic  effects  with  the  reactive  intermediate ’s  chemi-
cal [8].  Consequently,  to  verify  the  toxic  mechanism of  DLs,
UPLC-QTOF-MS was used to analyze the intermediates that
were produced by the DLs due to its high resolution and sens-
itivity  of,  which  made  it  possible  to  detect  various  types  of
main trace components in complex systems [41]. Because fur-
an epoxide intermediates were difficult to isolate for chemic-
al  characterization,  the  structures  of  the  reactive  metabolites
of DLs were confirmed by the structural elucidations of meta-
bolites in the trapping experiments of GSH and similar meth-
ods that were previously reported [8, 21, 23]. B1–B5 (m/z 632.2)
and B6 (m/z 939.2) were inferred to be DIOB, combined with
one and two molecules of GSH, respectively. In other words,
the two kinds of metabolites were produced by the reaction of
cis-enedial oxidative metabolite with the nitrogen (glutamate
residue) and  the  sulfur  (cysteine  residue)  of  the  same  mo-
lecule of GSH and our observations were in accordance with
previous studies [21, 23]. For other DLs, the cytotoxic mechan-
ism may be similar to that of DIOB because of similar groups
in their molecular structures. Therefore, their structures were
speculated according  to  the  mass  spectrometry  data.  Fortu-
nately,  on the basis of the high-resolution molecular ion and
MS/MS spectra,  we observed two types of  GSH-derived ad-
ducts. One type was mono-GSH reaction products composed
of  one  molecular  of  GSH and  the  parent  compound  such  as
A1-A4, C1and F1-F2. Another type was the DLs conjugated
to bis-GSH, and these were found in the system of DIOA and
DIOF. According to the synthesis of conjugates of teucrin A
with  N-acetyl  lysine [32],  the  configuration  of  C12  in  DLs
could  change  in  the  metabolites  and  it  may  be  a  reasonable
reason  to  explain  the  multiple  mono-GSH  conjugates  of
DIOA  and  DIOB.  As  the  multiple  metabolites  produced  by
DIOA and DIOB are the isomers, the mass spectrum showed
nearly the same major fragment ions. Due to this fact that we
selected  a  representative  mass  spectrum  to  demonstrate  the
structural characteristics  of  the  reactive  metabolites.  Al-
though  it  was  difficultly  to  determine  the  adducts  that  each
peak  corresponded  to,  the  structural  elucidations  from  the
mass data  have shown us  that  the  mechanism of  toxicity  in-
duced by these DLs is mainly related to the oxidation of fu-
ran rings. These results further confirmed that metabolic reg-
ulation is a crucial factor in generating hepatotoxicity.

In  addition,  GSH plays  an  important  role  in  modulating
the toxicity.  In  many  cases,  the  reactive  intermediates  de-
rived  from  furan  ring  oxidation  may  conjugate  to  GSH  to
form an adduct in the absence of glutathione S-transferases [8].
In the  current  study,  the  detection  of  DLs−GSH adducts  re-
vealed  that  GSH  adduct  formation  might  be  a  critical  event
involved  in  the  development  of  DLs-induced  liver  injury.

Due to the reactive intermediates were unstable that we can-
not  quantify  the  metabolic  intermediates  directly.  Based  on
this fact that we determined the amount of intracellular GSH
after  administration  of  the  same  dose  of  DLs  and  compared
the results to the cytotoxicity of DLs to indirectly reflect the
relationship  between  reactive  metabolic  intermediates  and
hepatotoxicity. UPLC-QqQ-MS was used to quantify the cel-
lular  GSH,  and  when  we  analyzed  the  GSH consumption  in
association with the cytotoxicity of DLs, we found that there
was a consistent relationship between them. The system with
more  GSH  consumption  showed  a  stronger  toxic  effect  and
vice versa. As mentioned before, cytochrome P450 catalyzed
the furan ring oxidation to form a cis-enedione, and this was
the  main  metabolic  pathway  that  caused  toxic  effects.  The
results indicated that under the same conditions, the ability of
furan ring oxidation metabolism in DLs to produce different
amount of reactive intermediates, and therefore, the effects of
hepatotoxicity may be correspondingly different.

Currently, except DIOB there are no relevant reports on
the  in  vivo hepatotoxicity  of  the  DLs  that  mentioned  in  this
article.  Study showed that  administration of  DIOB produced
acute liver  injury by biochemical  estimation of  serum mark-
ers  and  histopathological  examination [22]. In  particular,  bio-
transformation of the furan group played an important role in
DIOB  hepatotoxicity [23].  P450  3A  was  the  primary  enzyme
that catalyzes the metabolic activation of DIOB and toxicolo-
gical studies consistently showed that pretreatment with keto-
conazole protected the animals from hepatotoxicity [42]. These
reports  are  consistent  with  the  results  of  the in  vitro hepato-
toxicity in  this  article.  Experiments  on  hepatotoxicity  in-
duced  by  DLs in  vivo  should  be  carried  out  in  subsequent
studies  and  combined  with  the  in  vitro studies  can  help  us
better understand the liver injury induced by DLs.

In  summary,  the  crucial  role  of  metabolic  regulation  in
DLs-induced  differential  hepatotoxicity  was  successfully
confirmed  and  the  toxic  mechanism of  DLs  was  uncovered.
Compounds  with  more  active  intermediates  generated
through  the  pathway  of  furan  ring  oxidation  are  more  toxic
than others and metabolic enzymes play a modulatory role in
this process. This study may be greatly helpful in elucidating
the toxic effects of DLs in DB and provides reference for the
early diagnosis and tracing of possible furanoids-induced liv-
er injury.
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