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Introduction: Berberrubine (BRB), an isoquinoline alkaloid, is a major constituent of
medicinal plants Coptis chinensis Franch or Phellodendron chinense Schneid. BRB exhibits
various pharmacological activities, whereas exposure to BRB may cause toxicity in experi-
mental animals.

Methods: In this study, we thoroughly investigated the liver injury induced by BRB in mice
and rats. To explore the underlying mechanism, a study of the metabolic activation of BRB
was conducted. Furthermore, covalent modifications of cysteine residues of proteins were
observed in liver homogenate samples of animals after exposure to BRB, by application of
an exhaustive proteolytic digestion method.

Results: It was demonstrated that BRB-induced hepatotoxicities in a time- and dose-
dependent manner, based on the biochemical parameters ALT and AST. H&E stained
histopathological examination showed the occurrence of obvious edema in liver of mice
after intraperitoneal (i.p.) administration of BRB at a single dose of 100 mg/kg. Slight
hepatotoxicity was also observed in rats given the same doses of BRB after six weeks of
gavage. As a result, four GSH adducts derived from reactive metabolites of BRB were
detected in microsomal incubations with BRB fortified with GSH as a trapping agent.
Moreover, four cys-based adducts derived from reaction of electrophilic metabolites of
BBR with proteins were found in livers.

Conclusion: These results suggested that the formation of protein adducts originating from
metabolic activation of BRB could be a crucial factor of the mechanism of BRB-induced
toxicities.

Keywords: berberrubine, hepatotoxicity, metabolic activation, protein modification

Introduction

Concerns about drug-induced physical toxicity, especially organ injury caused by
natural compounds in herbal medicine have been increasing, due to the rapidly
growing interest in the application of natural products as medical remedies.'™ The
best known example is that aristolochic acids (AAs), found in Aristolochiae, have been
reported to cause severe neurotoxicity, even lead to cancer.*> As we know, nitror-
eductase-mediated biotransformation of the main toxic ingredients AAs into the
corresponding electrophilic metabolites aristololactams, which further covalently com-
bine with DNA, is considered as a pivotal factor in AAs-induced toxicity process.®™®
Recently, exposure to Dioscorea bulbifera L., a widely used herbal medicine was
reported to display hepatotoxicities in human and experimental animals.”'® The main
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toxic ingredients were found to be diosbulbin B (DIOB) and
8-Epidiosbulbin E Acetate (EEA), which both can be meta-
bolized to the cis-enedial intermediate, and the liver injury
correlated with the reaction of these electrophilic intermedi-
ates with cell protein.'' ™ Obviously, metabolic activation
often plays a significantly critical role in the pathogenesis of
the observed toxicities induced by drugs.'*

Berberrubine (BRB), an isoquinoline alkaloid, is isolated
from Berberis vulgaris L."> BRB is a demethylation meta-
bolites of berberine which is a main component occurring in
many common medicinal herbs, such as Berberis vulgaris
L. (family Berberidaceae),"> Coptis chinensis Franch.
Phellodendron
Schneid. (family Rutaceae),'” and Chelidonium majus L.

(family  Ranunculaceae),'® chinense
(family Papaveraceae)."® Despite of the low content of
BRB in Rhizoma Coptidis and other traditional Chinese
medicines, people are susceptible to high exposure of BRB
when they take berberine as a clinical medication. BRB is
reported to possess various biological activities, including
lipid-lowering, antitumorus, bactericidal, antimalaria, and
antidysentery functions.'®>* BRB is also widely distributed
in many preparations of the traditional Chinese medicine
compound, such as Huanglian Jiedu decoction, Huanglian
Shangqing pills and Niuhuang Qingxin pills.** >
Surprisingly, ingestion of BRB was reportedly related to
a high incidence of nephrotoxicity in experimental animals.
Animal studies demonstrated that oral administration of BRB
resulted in abnormal renal function index, along with severe
nephrosis by histopathological examination.”® However, BRB
lacks systematic toxicological evaluation, and the toxic
mechanism remains unknown. According to the chemical
structure of BRB as shown in Figure 1, it is likely that both

Berberrubine

section A and B of BRB can undergo metabolic activation
mediated by drug metabolism enzymes. Given to the fact that
liver, which is abundant of drug metabolism enzymes, espe-
cially of P450 enzyme, is the main organ responsible for
metabolism, we purposed to carefully and thoroughly investi-
gate the hepatotoxicity of BRB in this study. In addition, this
article described the electrophilic metabolic intermediates
resulting from BRB, for the purpose of providing initial foun-
dation for revealing the possible mechanism of toxicity
induced by BRB.

In this study, the acute and sub-chronic hepatoxicities
induced by BRB, were comprehensively investigated in mice
and rats, respectively. Experiments about time-, dose-
dependent toxicities and histopathologic examination were
conducted. Furthermore, studies about metabolic activation
and protein modification resulting from BRB were also per-
formed to reveal the possible mechanism of BRB-induced
hepatotoxicity.

Materials and Methods

Chemicals and Reagents

BRB (purity >98%) was synthesized by our laboratory accord-
ing to a previously published literature.>” Glutathione (GSH),
L-cysteine, and Nicotinamide Adenine Dinucleotide
Phosphate (NADPH) were purchased from Sigma-Aldrich
(St. Louis, MO). Mouse liver microsomes (MLMs) were
purchased from BD Gentest (Woburn, MA). All organic sol-
vents were from Fisher Scientific (Springfield, NJ). All
reagents and solvents were of either analytical or high-
performance LC grade. Alanine aminotransferase (ALT),
aspartate aminotransferase (AST) kits were purchased from
Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

Figure | Chemical structure of berberrubine: Section (A) the methylenedioxyphenyl structure; section (B) the methylated catechol structure.
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Acute Hepatotoxicity Study in Mice

Male Kunming mice (18-20 g) were obtained from Beijing
Vital River Laboratory Animal Technology Co., Ltd.
(Beijing, China). The animals had free access to food and
water, and were kept in a controlled environment (room
temperature and moderate humidity) under 12 h dark/light
cycle and maintained on standard rat chow. Animal care and
procedures are conformed to “The Guide for The Care and
Use of Laboratory Animals by the National Institutes of
Health of China” (Documentation 55,2001) and approved
by the Committee for Animal Care and Use at Tianjin
University of Traditional Chinese Medicine (Permit
Number: TCM-LAEC2013005).

Mice were treated intraperitoneally with BRB dis-
solved in corn oil at doses of 0, 25, 50, or 100 mg/kg.
Blood and liver were harvested 2 h after the treatment
(dose-dependent experiment) or after 1 h, 2 h, 6 h, 10 h,
24 h and 48 h (time-dependent experiment conducted at
the dose of 50 mg/kg) (n=6).

Sub-Chronic Hepatotoxicity Study in Rats
Male Sprague Dawley (SD) rats (160—180 g) were obtained
from Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). The rats were adapted to laboratory
conditions for 4 days, and the rats were randomly divided into
4 groups (n = 8), including control group, low-dose group,
middle-dose group and high-dose group. The BRB-treated
groups were daily treated with BRB dissolved in 0.7% CMC-
Na at doses of 25, 50, or 100 mg/kg/d by gavage administra-
tion. The rats in the control group were administered with the
0.7% CMC-Na solvent. The rats were raised for 6 weeks. On
the last day of each week, SmL of blood was collected from
the posterior orbital venous plexus of rats. Rat liver tissues
were harvested after the last treatment.

Determination of Serum Biochemical

Indexes

The blood samples were allowed to clot at room tempera-
ture for 2 h and then centrifuged at 8000 rpm for 10 min.
The resulting sera were collected for determination of ALT
and AST values by quantitative diagnostic kits on
VITROS ® 5600 Integrated System (Ortho-Clinical
Diagnostics, Rochester, NY) (EnSpire).

Histopathologic Examination
The liver tissues of each animal were divided into two
parts. One part was fixed in 10% formalin then embedded

in paraffin, and sectioned into 5 um thickness to be stained
with H&E staining and observed under a light microscope
(LeicaDM3000, Germany). The remaining organ tissues
were stored at —20°C for further treatment.

Reactive Metabolite Trapping in Mouse

Liver Microsomes (MLMs)

The microsomal incubation mixture was prepared in a final
volume of 0.2 mL phosphate buffer (pH 7.4), containing
MLMs (1.0 mg microsomal protein/mL), BRB (0.5 mM),
MgCl, (0.64 mM), and GSH (10 mM). The incubation
reaction was initiated by the addition of NADPH (final
concentration: 1.0 mM). The control sample contained no
NADPH. After 60 minutes of incubation at 37°C, the
reactions were terminated by mixing with equal volumes
of ice-cold acetonitrile. The resulting mixtures were vor-
tex-mixed and centrifuged at 16,000 rpm for 10 min to
remove precipitated protein. A 2pL aliquot of the super-
natant was injected to LC-MS/MS for analysis. Each incu-
bation was performed in triplicate.

Protein Adduction and Digestion

The mouse liver tissues (0.2 g) were homogenized in
2.0 mL phosphate buffer (pH 7.4). The resulting protein
samples were proteolytically digested by chymotrypsin
and pronase E according to the procedures described
previously.”® The digested mixtures were centrifuged at
16,000 rpm for 10 min, and the supernatants were sub-
jected to LC-MS/MS for analysis. Each incubation was
performed in triplicate.

LC-MS/MS Analysis

The LC-MS system was set up by interfacing a Waters
€2695 LC system (Waters, USA) with a Waters Xevo G2-
S Q/TOF-MS with electrospray ionization (Waters, USA).
The chromatographic separation was achieved on
ACQUITY UPLC BEH Shield RPI8 column (2.1 x
50 mm, 1.7 pm), using 0.1% (v:v) formic acid in acetoni-
trile and 0.1% (v:v) formic acid in water as mobile phases
A and B, respectively. The gradient started at 10% A for 4
min, ramped to 90% A over 17 min, held at 90% A for
Imin, and then returned to 10% Ain 2 min to equilibrate
the column. The flow rate was set at 0.4 mL/min. The Q/
TOF-MS system with an ESI source was performed in
positive ion mode. The optimized parameters were set as
follows: capillary potential, 2500 V; sample cone potential,
30V; source temperature, 100 °C; desolvation temperature,
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400 °C; cone gas flow, 50L/h; desolvation gas flow,
800 L/h. All data were acquired and processed by
Metabolynx XS software under the operating interface of
Masslynx V4.1 (Waters, Milford, MA, USA).

Statistical Analysis

The results of the studies are expressed as mean =+ standard
deviation of the mean. The difference between the control
and treated means were analyzed by using one-way ana-
lysis of variance (ANOVA) and Student’s #-test. p < 0.05
was selected as the minimum criterion for statistically
significant differences.

Results
Evaluation of Acute Hepatotoxicity in
Mice After Single Dose of BRB

Hepatotoxicity of BRB in mice was evaluated by monitor-
ing alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) activities in serum. Intraperitoneal (i.p.)
administration of BRB caused elevations of both serum
ALT and AST activities in a time-dependent manner at the
dose of 50 mg/kg. The hepatotoxicity induced by BRB
reached its peak at 1-2 h post-dose, while the ALT and
AST values exhibited no statistically significant difference
between the control group and the BRB-treated group after
6 h post-administration (Figure 2A and B). The ALT
values also exhibited dose dependency as shown in
Figure 2C. The AST values of the dose-dependent experi-
ment were as shown in Figure 2D. To further confirm the
hepatotoxicity of BRB, H&E staining was performed. As
shown in Figure 2E, a wide range of inflammatory cell
infiltration was observed, which was pointed out by the
black arrows. The histopathologic evaluation (n = 3 each
group) showed moderate edema in the livers of mice given
BRB at 100 mg/kg (Figure 2E), by comparison with the
normal mice liver (Figure 2F). These results suggested that
obvious hepatotoxicity was caused in mice 2 h after
receiving a single dose of BRB (i.p.).

Evaluation of Sub-Chronic Hepatotoxicity
Study in Rats

Sub-chronic hepatotoxicity of BRB in rats was evaluated
by AST and ALT assays in serum. As shown in Figure 3A,
the content of ALT was increased in BRB-treated groups at
the first three weeks, compared with that in the control
group. The AST level was significantly elevated after
administration of BRB at 100 mg/kg for one week

(Figure 3B). With the prolongation of administration,
both ALT and AST levels were gradually reduced.
Obviously, oral administration of BRB at 25, 50 and
100 mg/kg caused elevation of both ALT and AST activ-
ities in a dose-dependent manner. To further confirm the
hepatotoxicity of BRB, H&E staining was performed and
the inflammatory cell infiltration was pointed out by the
black arrows in Figure 3C. The histopathologic evaluation
(n = 3 each group) showed slight edema in the liver of rats
given BRB at 100 mg/kg (Figure 3C), by comparison with
the normal rat livers (Figure 3D). These results indicated
that slight hepatotoxicity was induced in rats after six
weeks of gavage of BRB.

Metabolic Activation of BRB

As a next step, we further explored the underlying
mechanism related to BRB-induced hepatotoxicity. We
proposed that BRB could be metabolized to electrophilic
species, quinone intermediates (M1-M6, scheme 1),
which played an important role in BRB-induced toxici-
ties. Detection of quinone metabolites was achieved by
incubation of BRB in MLMs with glutathione (GSH) as
trapping agents, to form chemically stable GSH conju-
gates, which were analyzed by UPLC-Q/TOF MS. As
a result, a total of four GSH-derived conjugates (M1,
M2, M4 and M5) were detected in the incubation mixture.
M1 (retention time = 10.75 minutes, Figure 4B) showed
its protonated molecule ion at m/z 615.1758 in positive
ion mode, which matches the elemental composition of
C»sH3N40,0S" (calculated protonated molecular mass:
615.1761, Table 1). As shown in Figure 4C, the tandem
mass spectrometry (MS/MS) spectrum of M1 showed the
indicative characteristic fragment ions associated with the
cleavage of the GSH moiety. The product ions at m/z
540.1441 and 486.0742 were derived from the loss of
glycine portion (=75 Da) and y-glutamyl portion (—129
Da) from m/z 615.1761, respectively. Based upon the
characteristic fragment ions: m/z 129.1019 (loss of
CsH,O3N), 177.0352 (loss of CoH;;O,N), 183.1645
(loss of Ci,HoON), 213.1599 (loss of CgH;503N3),
231.0446 (loss of CoH;704N3), 308.0891 (loss of
C1oH1306N3S), 355.0726 (loss of Ci9H;;04NS), M1
was identified as a GSH conjugate derived from meta-
bolic activation of section A (scheme 1) of BRB structure.
No such conjugate was detected in the microsomal incu-
bation system in the absence of NADPH (Figure 4A),
indicating that P450 enzyme was involved in the forma-
tion of M1.
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Figure 2 Acute hepatotoxicity in mice: Time-dependent manner of ALT (A) or AST (B), mice were treated with BRB (i.p.) at 50mg/kg (n=6); dose-dependent manner of
ALT (C) or AST (D), mice were treated with BRB (i.p.) at 0, 25, 50 or 100mg/kg (n=6); representative histopathology of liver from mice in BRB-treated group at 2 h after
administration (E) and control group (F), all processed livers were microscopically (Scale bar=50um) examined.*p < 0.05, **p < 0.01, **p < 0.00] compared with the

control group.

M2 (retention time = 9.77 minutes, Figure 5B) and M4
(retention time = 6.02 minutes, Figure 6B) share the same
protonated molecular ion at m/z 613.1612 and 613.1603 in
positive ion mode, corresponding to the formula of
CosHooN400S"  (calculated protonated molecular mass:
613.1604, Table 1). The MS/MS spectrum of M2 (Figure
5C) in positive mode elicited the indicative characteristic
fragment ions at m/z 129.1030 (loss of CsH,O3N), 231.0453
(loss of CgH;704N3), 235.0217 (loss of CoH,;O4N3),

307.0845 (loss of CioH;706N3S), 308.0877 (loss of
C1oHsO6N3S), 340.0641 (loss of C;;H;403N3S), which
demonstrated that M2 was produced by metabolic activation
of section B (scheme 1) of BRB structure. Interestingly, two
unexpected metabolites named as M4 (retention time = 6.02
minutes, Figure 6B) and M5 (retention time = 9.51 minutes,
Figure 7B) were observed by the LC-Q/TOF MS. We specu-
lated that BRB was easily bioactivated to dehydro-BRB
through dehydrogenation reaction, resulting in formation of
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Figure 4 Identification of metabolite M|: BRB was incubated with mouse liver microsomes fortified with NADPH and GSH at 37 °C for |h, followed by LC-MS/MS analysis.
Extracted ion chromatogram of M| obtained from LC-Q-TOF/MS analysis of MLM incubations containing BRB and GSH in the absence (A) or presence (B) of NADPH; MS/

MS spectrum of MI (C).

more stable conjugated system. The MS/MS spectra acquired
for both M4 and M5 showed the major fragmentations pro-
duced by loss of 75 Da or 129 Da from their protonated
molecular ion, indicating the participation of GSH in the
formation of M4 and M5. Based on the MS/MS spectrum of
M4 as shown in Figure 6C, M4 was considered as a GSH
conjugate resulting from metabolic activation of section
A (scheme 1) of dehydro-BRB. M5 exhibited its protonated
molecule ion at m/z 611.1456, which matches the elemental
composition of C,sH,7N40,0S" (calculated protonated mole-

cular mass: 611.1448, Table 1). By comprehensive analysis of

the MS/MS spectrum of M5 (Figure 7C), it was speculated to
be a GSH conjugate originating from metabolic activation of
section B (scheme 1) of dehydro-BRB. The formation of M2,
M4 and M5 was also found to be NADPH-dependent (Figures
5A, 6A and 7A). Unfortunately, M3 and M6 derived from two
molecules of GSH were not detected in our study.

Cys-Based Protein Adduction by Reactive
Metabolite of BRB

The success in the metabolic activation study in vitro
encouraged us to further perform protein adduction

Table | Mass Spectrometric Profiles of GSH Adducts Derived from Metabolic Activation of BRB

Name Molecular Formula Retention Time(min) Calculated (m/z) Determined (m/z) Error (ppm)
MI CagH3/N4O0S" 10.75 615.1761 615.1758 -0.5

M2 CagH2sN4O0S” 9.77 613.1604 613.1612 1.3

M4 CagH2sN4O0S” 6.02 613.1604 613.1603 0.2

M5 CagH27N4O 05" 9.51 611.1448 611.1456 1.3
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Figure 5 Identification of metabolite M2: BRB was incubated with mouse liver microsomes fortified with NADPH and GSH at 37 °C for |h, followed by LC-MS/MS analysis.
Extracted ion chromatogram of M2 obtained from LC-Q-TOF/MS analysis of MLM incubations containing berberrubine and GSH in the absence (A) or presence (B) of

NADPH; MS/MS spectrum of M2 (C).

detection in vivo. As shown in scheme 2, it was speculated
that the quinone intermediates of BRB (1-6) reacted with
the thiol groups of cysteine residues of cell protein via
Michael addition to form protein adductions. However, it
may be a challenge to detect these protein adductions for
the reason that the structures of proteins are usually com-
plex and their molecular weight is extremely high.
Therefore, the resulting thiol-derived protein conjugates
were proteolytically digested by chymotrypsin and pronase
E. After exhaustive proteolytic digestion, the correspond-
ing cysteine conjugates A1-A6 (scheme 2) produced in the
protein samples can be directly analyzed by LC-MS/MS.
In this section, BRB-treated mouse liver homogenates
were proteolytically digested, followed by LC-MS/MS
analysis. As a result, a total of four cys-based conjugates
(A1, A3, A5 and A6) were detected in the incubation
mixture. Al (retention time = 11.60 minutes, Figure 8B)
had the protonated molecule ion at m/z 429.1142, which

matches the molecular weight of the elemental composi-
tion C,H,N,OS" (calculated protonated molecular
mass: 429.1120, Table 2). The MS/MS spectrum of Al
(Figure 8C) in positive mode elicited the indicative char-
acteristic fragment ions at m/z 146.0284 (loss of CgH,40,
N), 237.0770 (loss of C;sH;;0O,N), 293.2086 (loss of
CigH;505N), 341.0669 (loss of CigH;504NS), 385.1009
(loss of C;9H;5sOgNS). So it was inferred that Al was
derived from protein adductions caused by metabolic acti-
vation of section A of BRB. A3 (retention time = 7.93
minutes, Figure 9B) showed its protonated molecular ion
at m/z 534.0093 in positive ion mode, corresponding to the
formula of C»3H,4N305S," (calculated protonated mole-
cular mass: 534.1005, Table 2), suggesting that A3 was
derived from two molecules of cysteine. By further analy-
sis the MS/MS spectrum (Figure 9C), A3 was identified as
a bis-cys—derived BRB conjugate produced by metabolic
activation of both section A and B.
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Extracted ion chromatogram of M4 obtained from LC-Q-TOF/MS analysis of MLMincubations containing berberrubine and GSH in the absence (A) or presence (B) of

NADPH; MS/MS spectrum of M4 (C).

In addition to Al and A3, another two cys-based con-
jugates (A5 and A6) were detected at retention times of 5.64
minutes and 7.89 minutes (Figures 10B and 11B), respec-
tively. The protonated molecular ion observed for AS (m/z
425.0809) was consistent with the molecular weight of the
elemental composition of C»;H;;N,04S" (calculated proto-
nated molecular mass: 425.0807, Table 2). The MS/MS
spectrum of A5 (Figure 10C) in positive mode showed the
indicative characteristic fragment ions at m/z 307.0873 (loss
of CigHi304N), 322.0799 (loss of C;gH140,N,S or
C1gH1404N5), 354.0072 (loss of CigH1404N,S), 364.0455
(loss of Cy0H;s03N5S), 392.0556 (loss of C,1H604N,S),
407.0776 (loss of C,1H;505N,S), indicating that A5 was
a cys-based conjugate derived from metabolic activation of
section B of dehydro-BRB. A6 exhibited its protonated
molecular ion at m/z 532.0842 in positive ion mode, corre-
sponding to the formula of C,3H,,N304S," (calculated pro-
tonated molecular mass: 532.0804, Table 2), which is 2 Da
lower than A3. Based on the similar rationale as for the
analysis of MS/MS spectra of the above cys-derived

conjugates, A6 (Figure 11C) was proposed to be a bis-
cys—derived conjugate resulting from metabolic activation
of both section A and B of dehydro-BRB (scheme 2). No
such conjugates described above were observed in the sam-
ples before proteolytic digestion (Figures 8A, 9A, 10A,
11A), indicating that the analytes detected solely resulted
from the proteolytic digestion of the adducted protein.

Discussion

BRB, as a major metabolite of berberine, has been
reported to induce kidney toxicities in experimental ani-
mals. Interestingly, the present study demonstrated that
BRB also induced obvious hepatotoxicities in a time-
and dose-dependent manner in mice (Figure 2A and B).
The serum biochemical indexes, including both ALT and
AST, reached maximum 2 h post the administration of
a single dose of BRB, which is consistent with a report
that BRB can be rapidly absorbed in mice and the time to
reach the maximum concentration (Tmax) was about 1 h.*’
The administration doses of BRB were 25, 50, 100 mg/kg,
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Figure 7 |dentification of metabolites M5: BRB was incubated with mouse liver microsomes fortified with NADPH and GSH at 37 °C for |h, followed by LC-MS/MS analysis.
Extracted ion chromatogram of M5 obtained from LC-Q-TOF/MS analysis of MLM incubations containing berberrubine and GSH in the absence (A) or presence (B) of

NADPH; MS/MS spectrum of M5 (C).

which were estimated with reference to the administration

dose of BRB
30,31

in pharmacokinetics or metabolism

studies, as well as the administration dose and LD50
values of berberine, which are reported in the literature.>
With the increase of dose, the ALT levels were increas-
ingly elevated (Figure 2C), while the AST levels were
gradually decreased (Figure 2D). ALT is mainly distribu-
ted in hepatocyte plasma, which reflects the degree of
damage of the liver cell membrane. As for AST, it is
mainly distributed in hepatocyte plasma and hepatocyte
mitochondria, that indicates hepatocyte injury. ALT can
be used as the biochemical index to predict transient
damage caused by drugs. The AST level always indicates
liver cell damage in various liver diseases, including hepa-
titis B cirrhosis, fatty liver, alcoholic liver and other hepa-
tobiliary diseases. ALT is more sensitive and accurate than
AST in the evaluation of liver damage induced by drugs.*?

Furthermore, regulation of AST isozymes during liver
disease is complex, including differential, pretranslational
and translational or posttranslational mechanisms.**
Sub-chronic hepatotoxicity study of BRB in rats
showed that the AST and ALT levels were highest at
the first one week, while these biochemical parameters
were gradually reduced at the following five weeks
(Figure 3A and B). A large number of literature can be
referred to provide the possible reason for this experi-
mental results. This phenomenon is common in drug-
induced hepatotoxicity.’>*® Drug-induced liver disease
(DILD) has been considered as the leading cause of
acute liver failure worldwide.’” The liver is not only
a major organ for metabolism of many drugs, but also
an organ with strong innate immune system, which com-
prises enrichment of innate immune cells (such as macro-

phages, natural killer cells, natural killer T cells, NK
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Table 2 Mass Spectrometric Profiles of Cys-Based Adducts of BRB in Liver Tissues After Exhaustive Proteolytic Digestion

Name Molecular Formula Retention Time(min) Calculated (m/z) Determined (m/z) Error (ppm)
Al Ca1H3N,O(S* 1.6 429.112 429.1142 5.1

A3 Cy3H4N306S," 793 534.1005 534.0093 22

A5 CoH7N,0O,S* 5.64 425.0807 425.0809 0.5

A6 Ca3H3N3OgS," 7.89 532.0804 532.0842 =11

Abbreviations: AAs, aristolochic acids; ALT, alanine aminotransferase; AST, aspartate aminotransferase; BRB, berberrubine; DIOB, diosbulbin B; DILD, drug-induced liver
disease; EEA, 8-Epidiosbulbin E Acetate; GSH, glutathione; MLMs, mouse liver microsomes; NADPH, nicotinamide adenine dinucleotide phosphate; SD, Sprague Dawley.

cells, and NKT cells) and plays an important role in self-
repair.®®*° Once toxic metabolites of xenobiotics were
produced and induced toxicity, this may elicit sensitiza-
tion to the adaptive immune system, inducing an immune
response directed at hepatocytes as a result of hapten
formation.*® Therefore, the repair and regeneration func-
tions of liver may further modulate the development and
severity of toxicity with the prolongation of BRB-

administration.

100

%

Metabolic activation is generally considered as the
initial step in the process of drug-induced toxicities.
Sequential modification of key proteins or DNA by the
electrophilic reactive intermediates is suggested to be an
important mechanism of the toxic actions.*’** A well-
known example should be that metabolic activation of
aristolochic acid I (AAI) either in the liver or directly in
the renal cortex to form a reactive metabolite, a nitrenium/

carbenium ion which can further covalently combine with
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Figure 9 Identification of metabolites A3: BRB-treated mouse liver homogenates were proteolytically digested, followed by LC-MS/MS analysis. Extracted ion chromato-
gram of A3 obtained from LC-Q-TOF/MS before (A) or after exhaustive proteolytic digestion (B); MS/MS spectrum of A3 (C).
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Figure 10 Identification of metabolites A5: BRB-treated mouse liver homogenates were proteolytically digested, followed by LC-MS/MS analysis. Extracted ion
chromatogram of A5 obtained from LC-Q-TOF/MS before (A) or after exhaustive proteolytic digestion (B); MS/MS spectrum of A5 (C).

DNA, is confirmed to be the underlying mechanism of
AAl-induced nephrotoxicity. Except for forming DNA
adducts by reactive metabolites, protein modification is
also an important mechanism of toxic action.

In this study, we not only examined the hepatotoxicity
of BRB, but also made lots of efforts to reveal the possible
mechanism. As the initial step, liver microsomal incuba-
tions were employed to explore the metabolic activation of
BRB. We speculated electrophilic quinone intermediates
produced by oxidation reaction should be the main reac-
tive metabolites of BRB (scheme 1). As expected, four
GSH adducts resulting from metabolic activation of sec-
tion A or B of BRB structure were detected in the micro-
somal incubation system supplemented with GSH as
a trapping agent. However, both M3 and M6 derived
from two molecules of GSH were not detected in our
study. This indicated that it might be difficult for the
reactive metabolite to be attacked by two molecules of

GSH at the same time, which was probably related to
steric hindrance. Generally, these reactive species are cap-
able of alkylating key cellular proteins and then protein
modification by quinone intermediates derived from BRB
was investigated. As a result, four cys-based adducts
derived from reaction of electrophilic metabolites of
BBR and proteins were found in livers. This indicated
that the reactive metabolites of BRB covalently modified
the cysteine residues of proteins in liver, which may be the
possible mechanism of BRB-induced toxicity. Two cys-
based adducts, A2 and A4 were not detected in our in vivo
study. On one hand, the production of protein adducts
in vivo may depend on the physiological conditions and
the steric hindrance. On the other hand, the formation and
detection of cys-based adducts may be related to the pro-
tein digestion process and analysis conditions.
Nevertheless, through the study mentioned above, we can

conclude that both section A and section B of BRB can
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Figure 11 Identification of metabolites A6: BRB-treated mouse liver homogenates were proteolytically digested, followed by LC-MS/MS analysis. Extracted ion

chromatogram of A6 obtained from LC-Q-TOF/MS before (A) or after exhaustive proteolytic digestion (B); MS/MS spectrum of A6 (C).

undergo metabolic activation, resulting in the formation of
the corresponding protein adducts. Moreover, it was deter-
mined that the formation of protein adduction derived
from BRB exhibited dose dependency in vivo (Figure
S3), which is consistent with the dose-dependent trend of
toxicity. Besides, the same quinone intermediates derived
from BRB were also detected in rat liver microsomal
incubations (data not shown).

Berberine, a main bioactive component found in Coptfis
chinensis Franch. (family Ranunculaceae), Phellodendron
chinense Schneid. (family Rutaceae), Berberis vulgaris
L. (family Berberidaceae), or Chelidonium majus L.
(family Papaveraceae) has been widely accepted to be
safe in clinical and significantly effective in the treatment
of some clinical disorders, such as type-2 diabetes melli-
tus, neurodegenerative diseases, cancers and other
diseases.'®**™*> BRB has an extremely similar structure
with berberine, and is a demethylation metabolite of ber-

berine at section B. We have also compared the metabolic

activation of BRB and berberine by using GSH or cysteine

as trapping agent in liver microsomal incubation.
Interestingly, the production of GSH adducts or cysteine
adducts derived from section B of BRB is significantly
more than that of berberine (Figure S1 and S2). This
provided further evidence that metabolic activation and
subsequent protein modification could be one of the main
reasons for BRB-induced toxicity. Moreover, this study
implicated that quinone intermediates derived from section
B of BRB should play a more important role in the toxic

action.

Conclusion

In conclusion, we systematically investigated the hepatotoxi-
city of BRB, and it was found that exposure of BRB in an
early stage can lead to hepatotoxicity. Additionally, the under-
lying mechanism was also clarified in the perspective of
metabolic activation. This study provided clear evidence for
the formation of quinone metabolites from BRB. The
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electrophilic metabolites can further covalently react with
cysteine residues of protein to form protein adducts, which
should be one of the main reasons for BRB-induced
hepatotoxicity.
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