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Abstract. Previous studies by our group demonstrated that radix 
Sophorae tonkinensis could induce hepatotoxicity. However, it 
remains unclear which components of this herb may be respon-
sible for its hepatotoxicity. The present study aimed to investigate 
the hepatic toxicity of treatment with matrine (MT) and oxyma-
trine (OMT) alone or simultaneously. Furthermore, the current 
study aimed to identify whether the hepatotoxicity induced by 
OMT is actually the toxic characterization of its metabolite MT. 
Hepatotoxicity was evaluated by biochemical and histopatho-
logical approaches in subchronic toxicity in mice, as well as via 
evaluation of cytotoxicity and enzyme leakage in AML12 liver 
cells. The results indicated that treatment of mice with OMT 
and MT individually or simultaneously resulted in centrilobular 
hypertrophy in the liver at doses equivalent to that contained 
in radix S. tonkinensis at a hepatotoxic dose, suggesting that 
MT and OMT are likely hepatotoxic components of this herb. 
OMT-induced hepatotoxicity may be primarily exerted via its 
metabolite MT in mice. Furthermore, OMT combined with MT 
was observed to be more toxic compared with OMT or MT 
alone. These results extend our understanding of the hepatotox-
icity of radix S. tonkinensis and its active ingredients.

Introduction

Radix Sophorae tonkinensis, the dried roots and rhizomes of 
S. tonkinensis Gapnep., is a well-known traditional Chinese 

medicine (TCM) herb and is primarily distributed in the 
southwest provinces of China (1). It has been widely used in 
clinics to treat sore throats, viral hepatitis and jaundice (1,2). 
Radix S. tonkinensis was first described in Kaibao Materia 
Medica, the earlier Pharmacopoeia of China in Northern 
Song (968-976 AD) (2). In addition to studies investigating 
the molecular mechanisms of its pharmacological activities, 
much attention has recently been focused on the side effects 
of radix S. tonkinensis, including neurological toxicity and 
liver toxicity. Liver toxicities following intoxication with radix 
S. tonkinensis are less well known compared with its neuro-
logical complications (3). However, it has been reported in 
clinical settings that liver function is abnormal, as evidenced 
by an increase in the levels of serum alanine aminotransferase 
(ALT), aspartate aminotransferase (AST) and total bilirubin 
(TBil), after treatment with this herb (4). A recent study by our 
group revealed that single and repeated oral administration 
with extracts of radix S. tonkinensis may induce hepatotoxicity 
and even mortality in mice in a dose-dependent manner (5).

The known major chemical components of radix 
S. tonkinensis include quinolizidine alkaloids, flavonoids 
and triterpenoids (6). However, it remains poorly understood 
which component(s) of this herb is responsible for its hepato-
toxic effects. Oxymatrine (OMT; Fig. 1A) and matrine (MT; 
Fig. 1B) are the two major quinolizidine alkaloids found in 
the herb, and have long been regarded as the main active 
components contributing to the pharmacological properties 
of radix S. tonkinensis (7,8). The hepatotoxicity of OMT and 
MT has been gradually documented in the literature. It was 
reported that treatment with large doses of OMT in mice for 
7 days caused abnormal liver function (9). Furthermore, OMT 
worsened liver damage in patients with hepatitis B (10). Our 
group has demonstrated that single oral administration with 
large doses of OMT or MT induced hepatotoxicity and even 
mortality in mice (11). Taken together, these results indicate 
that OMT and MT may be responsible for the hepatotoxicity 
of radix S. tonkinensis. In addition to the alkaloids, it has 
been reported that the non-alkaloid components of radix S. 
tonkinensis, including flavonoids and triterpenoids, induce 
marked cytotoxicity in zebrafish and HepG2 cells, with lethal 
concentration 50 and half maximal inhibitory concentration 
(IC50) values of 0.43 and 0.98 mg/ml, respectively (12). In 
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that study, the non‑alkaloid part of the herb was identified 
to be the hepatotoxic constituent, while the alkaloid part did 
not exhibit hepatotoxicity (12). To date, no adverse effects or 
toxicity caused by the flavonoids or triterpenoids alone in radix 
S. tonkinensis have been reported. Therefore, it is important to 
verify which components of this herb may be responsible for 
its hepatotoxicity.

To the best of our knowledge, previous studies have exam-
ined the effects of administration of a large dose of OMT, 
MT or the non-alkaloid components to investigate the cause 
of radix S. tonkinensis-induced hepatotoxicity however, no 
studies have reported the toxic effects of the components at 
the equivalent amounts contained in radix S. tonkinensis that 
can induce hepatotoxicity. Since MT and OMT are regarded 
as the ‘marker compounds’ of this herb, and the main clinical 
applications of MT and OMT are treatment of patients with 
cancer, viral hepatitis, cardiac diseases and skin diseases (7,8), 
the current study investigated the hepatotoxicity of MT and 
OMT.

Metabolism is an important pharmacokinetic process 
that influences the biological activity and toxicity of drugs 
in vivo (13). Certain components of a drug can be converted 
to toxic metabolites, while other components are transformed 
to non-toxic metabolites (14). It has been reported that when 
taken orally, the majority of OMT is transformed into the 
more absorbable metabolite MT by intestinal bacteria in the 
gastrointestinal tract (15). The metabolite MT may have phar-
macological and toxicological implications (16,17). However, 
there is little information on the role of the active metabolite 
MT in the toxicity of OMT after oral administration. Therefore, 
it is necessary to compare the hepatic toxicity of OMT with its 
active metabolite MT.

The primary aims of this study were to investigate: 
i) Whether or not MT and OMT are responsible for the 
hepatotoxicity of radix S. tonkinensis; and ii) whether the 
hepatotoxicity induced by OMT in mice is primarily caused 
by OMT itself or by the subsequent transformation to its active 
metabolite MT.

Materials and methods

Materials. OMT (cat. no. 150629) and MT (cat. no. 160930) 
were purchased from Shanghai Winherb Medical Technology 
Co., Ltd. (Shanghai, China) with a purity of ≥99%. Stock 
solutions of OMT (10 mg/ml), MT (10 mg/ml) and OMT + 
MT (10 + 10 mg/ml) were prepared with distilled water and 
stored at ‑20˚C for the subchronic toxicity study. For cell 
cytotoxicity studies, OMT, MT and OMT + MT were sepa-
rately dissolved with phosphate-buffered saline (pH 7.2), and 
then filtered (0.22 µm) to obtain stock solutions (≤400 mM). 
Immediately before use, the stock solution was diluted 
in cell culture medium (DMEM/F-12 supplemented with 
heat‑inactivated 10% fetal bovine serum; each, Gibco; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) to the expected 
concentrations. Commercially biochemical identification 
kits for determining ALT [Reagent (R)-I: cat. no. F661, R-II: 
cat. no. H657], AST (R-I: cat. no. I663, R-II: cat. no. G656), 
TBil (R-I: cat. no. DR066, R-II: cat. no. DR067) and lactic 
dehydrogenase (LDH; R‑I: cat. no. K553, R‑II: cat. no. K554) 
were provided by Shino-Test Corporation (Tokyo, Japan). 

Isoflurane (cat. no. 130302) was obtained from Hebei 
Yipin Pharmaceutical Co., Ltd. (Shijiazhuang, China). 
Dulbecco's modified Eagle's medium/nutrient mixture F-12 
(DMEM/F-12; cat. no. 11330-032), penicillin-streptomycin 
(cat. no. 15140-122) and fetal bovine serum (FBS; cat. 
no. 10099-141) were purchased from Gibco (Thermo Fisher 
Scientific, Inc.). Insulin, transferrin and sodium selenite (ITS) 
liquid media supplement (cat. no. I3146) and dexamethasone 
(cat. no. D4902) were from Sigma‑Aldrich (Merck KGaA, 
Darmstadt, Germany). The Cell Counting Kit‑8 (CCK‑8; cat. 
no. C0037) assay was purchased from Beyotime Institute of 
Biotechnology (Shanghai, China).

Animals. A total of 44 male specific‑pathogen‑free C57BL/6 
mice (certificate no. 2008001653092; age, 35 days; weight, 
18‑20 g), were obtained from Shanghai SIPPR‑BK Laboratory 
Animal Co., Ltd. (Shanghai, China). Mice were housed in 
cages (5 or 6 animals/cage) with ad libitum access to standard 
diet and drinking water under controlled conditions (tempera-
ture, 23±1˚C; relative humidity, 53‑65%; 12‑h light‑dark cycle) 
for at least 2 days prior to the experiments at the Center for 
Laboratory Animals of the Center for Drug Safety Evaluation 
and Research, Shanghai University of Traditional Chinese 
Medicine (Shanghai, China). The experimental procedures 
were approved by the Animal Ethics Committee of Shanghai 
University of Traditional Chinese Medicine (certificate 
no. SZY201504021) and performed in accordance with the 
Guidelines for the Care and Use of Laboratory Animals 
(National Institutes of Health, Bethesda, MD, USA) (18). The 
experiments were also conducted according to the standards of 
The Guidelines of Test Technology for Long-Term Toxicity of 
Chemical Drugs (19).

Subchronic toxicity study. A total of 44 male C57BL/6 mice 
used in this study were randomly divided into four experi-
mental groups, with 11 mice/group. In a previous study by our 
group, moderate centrilobular hypertrophy was observed in 
the mice treated with 2.5 g/kg radix S. tonkinensis extracts, in 
which the calculated contents of OMT and MT were 40.5 and 
69.1 mg/kg, respectively (5). Therefore, these were used as the 
working dosages in the current study. The stock solution was 
diluted immediately prior to the experiment in distilled water 
to the expected concentrations: OMT (2.025 mg/ml), MT 
(3.455 mg/ml) and OMT + MT (2.025+3.455 mg/ml). Each group 
was scheduled for 90-day oral gavage (20 ml/kg body weight). 
Finally, groups were orally treated with OMT (40.5 mg/kg), MT 
(69.1 mg/kg) and OMT + MT (40.5+69.1 mg/kg) for 90 days, 
while the control group was treated with distilled water. During 
the treatment period, mice were weighed each week. At the 
end of the administration period, animals were fasted for 4 h, 
with water ad libitum. They were subsequently anesthetized 
with isoflurane, and blood samples were collected from the 
abdominal vein of all mice for analysis of serum biochemistry. 
After blood collection, the animals were sacrificed and their 
livers were collected for histopathological examination.

Analysis of serum biochemistry. The serum was obtained 
from whole blood centrifuged at 2,010 x g for 15 min at 
room temperature. For the assessment of liver function, ALT, 
AST and TBil levels were determined using a Hitachi 7080 
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automatic biochemistry analyzer (Hitachi, Ltd., Tokyo, Japan) 
following use of the aforementioned kits.

Histopathological examination. Livers were fixed in 10% 
neutral buffered formalin for 3 days at room temperature, 
embedded in paraffin, cut into 4‑µm‑thick sections, deparaf-
finized in xylene at room temperature and serially rehydrated 
in decreasing concentrations of ethanol at room temperature. 
Sections were stained with hematoxylin (10 min) and eosin 
(3 min) at room temperature and examined under a light 
microscope to evaluate tissue structure.

Cell culture. The mouse hepatocyte cell line AML12 was 
generously provided by Dr Qin Feng from Shuguang Hospital, 
Shanghai University of Traditional Chinese Medicine. AML12 
liver cells were cultured in DMEM/F12 medium supple-
mented with 10% FBS, 100 IU/ml of penicillin, 100 µg/ml 
of streptomycin, ITS liquid media supplement and 40 ng/ml 
dexamethasone. All cells were incubated at 37˚C under a 
humidified atmosphere of 5% CO2.

Cell viability and cytotoxicity. The inhibitory effects of OMT, 
MT and OMT + MT on the growth of AML12 cells were tested 
using the CCK‑8 assay, may be more suitable compared with 
MTT for analyzing cell proliferation, as it can be reduced to 
soluble formazan by dehydrogenase in mitochondria and 
induces little toxicity to cells (20). Briefly, cells were seeded at 
a density of 5x103 cells/well in a 96‑well flat‑bottomed plate and 
incubated for 24 h at 37˚C with 5% CO2. Cells were then incu-
bated with culture medium containing various concentrations of 
OMT (10, 20, 30 and 40 mM), MT (10, 14, 18, 22, 26 and 30 mM) 
or OMT + MT (10, 14, 18, 22, 26 and 30 mM each) for further 
24 h. After 10 µl CCK‑8 dye was added to each well, cells were 
incubated at 37˚C for 2 h and the absorbance was finally deter-
mined at 450 nm using a microplate reader (Synergy2; BioTek 
Instruments, Inc., Winooski, VT, USA). Results were expressed 
as a percentage calculated from the ratio of the absorbance of 
treated cells to untreated cells. The concentration that caused a 
50% loss of cell growth, IC50, was used as an indication of OMT, 
MT and OMT + MT growth inhibition potency.

ALT, AST and LDH leakage. The levels of extracellular ALT, 
AST and LDH in the culture medium were measured using 
a Hitachi 7080 automatic biochemistry analyzer. Briefly, 
AML12 liver cells (5x103 cells/well) in a 96‑well flat‑bottomed 
plate were incubated for 24 h, then the cells were incubated 
with culture medium containing various concentrations of 
OMT (18 mM), MT (6, 12 and 18 mM) or OMT + MT (4, 10 
and 16 mM each) for 3, 6, 12 and 24 h. Control cells received 
only solvent (cell culture medium) instead of OMT, MT or 
OMT + MT. Following 3, 6, 12 and 24 h of treatment, cell 
culture media from each of the 96 wells were collected and 
centrifuged at 1,000 x g for 10 min at 4˚C. The supernatant was 
collected for further tests (ALT, AST and LDH determination 
as aforementioned) by a Hitachi 7080 automatic biochemistry 
analyzer (Hitachi, Ltd., Tokyo, Japan).

Cell morphology observation. AML12 liver cells were 
seeded into 6-well plate (5x104 cells/well) and cultured at 
37˚C for 24 h. The culture medium was then removed and 
subsequently replaced with fresh culture medium containing 
MT (18 mM), OMT (18 mM) or MT + MT (16 mM) and 
incubated for a further 6 h, while cells cultured in fresh 
culture medium only served as a control. At 6 h time points, 
cells were observed and photographed immediately with an 
Olympus X51 inverted microscope (Olympus Corporation, 
Tokyo, Japan).

Statistical analysis. SPSS (version 24; IBM Corp., Armonk, 
NY, USA) and SigmaPlot (version 11.0; Systat Software Inc., 
Chicago, IL, USA) software were used for statistical analysis. 
Data are presented as the mean ± standard error. When equal 
variance was assumed, the data were analyzed using one-way 
analysis of variance followed by least significant difference 
(LST) post-hoc test for multiple comparisons. P<0.05 was 
considered as statistically significant. When equal variance was 
not assumed, the data were compared using the non-parametric 
test. To avoid false positives caused by multiple comparisons, 
a Bonferroni's correction was performed to adjust the test 
level (0.05/n). P<0.05 was considered to indicate a statistically 
significant difference.

Figure 1. Chemical structures of (A) oxymatrine and (B) matrine.
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Results

Effects of OMT, MT and OMT + MT on histopathology, 
biochemistry and body weight in mice. Toxicity induced 
by 90-day oral administration of OMT and/or MT in mice 
was studied by evaluating body weight, histopathology and 
biochemistry (Fig. 2). No signs of toxicity (including hypo-
activity and alterations in locomotor activity) or cases of 
mortality were observed during the administration of OMT, 
MT and OMT + MT at doses of 40.5, 69.1 and 40.5+69.1 mg/kg, 
respectively. Since body weight changes and growth rate in 
prolonged toxicity studies are important indicators of adverse 
effects of drugs and chemicals on laboratory animals (21), 
body weight was monitored in the mice used in the current 
study. The body weight of the control group was slightly lower 

prior to day 35 and then exceeded the treated groups following 
day 49, but the differences were not statistically significant 
(P>0.05; Fig. 2E), which suggested that the 90-day oral admin-
istration of OMT, MT and OMT + MT had no obvious effect 
on the normal growth of mice. Serum biochemistry serves 
as an important indicator of physiological abnormalities in 
liver intoxication (22). The values of biochemical indicators 
following 90 days of exposure to OMT, MT and OMT + MT 
are presented in Table I. It was observed levels of serum ALT 
were significantly higher in OMT‑treated mice and levels of 
AST were significantly higher in MT‑treated mice compared 
with control mice (P<0.05; Table I). Although animals treated 
with OMT showed higher ALT and treated with MT exhib-
ited higher AST, compared with the control group, these 
parameters were within normal range for the species utilized 

Figure 2. Comparison of histopathology and body weight after 90 days of treatment with OMT, MT or OMT + MT in mice (magnification, x200). (A) No 
histological changes were observed in the control mice. Mild centrilobular hypertrophy (areas circled with white dotted lines) was observed in (B) OMT and 
(C) MT groups. (D) Moderate centrilobular hypertrophy (area circled with a black dotted line) was observed in OMT + MT-treated mice. (E) Body weights 
of mice treated with OMT, MT or OMT + MT for 90 days. Data are expressed as the mean ± standard error of the mean (n=9-11). OMT, oxymatrine; MT, 
matrine; V, central vein.
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in the current study, which was also congruent to a previous 
study (23). Compared with the control, no significant altera-
tions in TBil levels were observed in OMT, MT or OMT + MT 
groups (Table I). At the end of the sub-chronic toxicity study, 
there were no histological changes observed in the control 
group (Fig. 2A), while mild centrilobular hypertrophy (areas 
circled with white dotted lines) in the liver was observed in 
the OMT (Fig. 2B) and MT (Fig. 2C) groups, and moderate 
centrilobular hypertrophy (area circled with a black dotted 
line) was observed in the OMT + MT group (Fig. 2D). These 
histopathological results are consistent with our previous study 
on radix S. tonkinensis-induced hepatotoxicity (5).

Cytotoxic effects of OMT, MT and OMT + MT on AML12 liver 
cells. To determine the cytotoxicity of treatment with OMT, 
MT and OMT + MT, a CCK‑8 assay was used in AML12 cells 
treated with different concentrations of OMT (10, 20, 30 and 
40 mM), MT (10, 14, 18, 22, 26 and 30 mM) or OMT + MT 
(10, 14, 18, 22, 26 and 30 mM each) for 24 h. A modified log10 
[dose]‑response curve was applied to fit the data and obtain 
the IC50 values. IC50 value is defined as the concentration of a 

molecule that inhibits 50% of the measured response (24). The 
data indicated that cell viability was not significantly altered 
by incubation with OMT for 24 h (10, 20, 30 and 40 mM; 
83.27±0.35, 78.77±0.65, 78.35±0.39 and 77.24±0.46%, respec-
tively; expressed as the percentage of control cells; Fig. 3). 
Treatment with MT and OMT + MT induced cytotoxicity in 
a dose-dependent manner. At the end of the 24-h treatment 
period, incubation with 10, 14, 18, 22, 26 and 30 mM of MT 
reduced cell viability (expressed as percentage of control cells) 
to 79.73±1.04, 72.45±0.49, 62.00±1.42, 43.78±2.21, 19.77±1.61 
and 10.02±0.44%, respectively (Fig. 3). Under the same 
concentration conditions, cell viability of OMT + MT-treated 
cells decreased to 82.59±0.37, 77.28±2.36, 37.39±1.60, 
13.38±0.77, 11.31±1.04 and 8.84±0.09%, respectively (Fig. 3). 
The IC50 values of MT and OMT + MT in this assay, calculated 
using the SigmaPlot 11.0 software, were 18.98 and 16.51 mM, 
respectively. However, the IC50 value for OMT could not be 
determined with the treatment concentrations used in the 
present study. These results suggest that OMT had no marked 
cytotoxic effect on AML12 liver cells compared with MT 
and OMT + MT groups. The left shift in the IC50 value for 

Table I. Comparison of serum biochemistry after 90 days of treatment with OMT, MT or OMT + MT in mice.

Group ALT, IU/l AST, IU/l TBil, mmol/l

Control (n=10) 21.50±0.82 38.10±1.57 1.57±0.09
OMT, 40.5 mg/kg (n=9) 25.11±1.23a 43.33±2.41 1.28±0.07
MT, 69.1 mg/kg (n=11) 22.09±0.84 44.82±2.55a 1.56±0.22
OMT + MT, 40.5+69.1 mg/kg (n=11) 22.27±1.20 39.82±1.55 1.52±0.28 

aP<0.05 vs. control group. OMT, oxymatrine; MT, matrine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TBil, total 
bilirubin.

Figure 3. Comparison of IC50 of OMT, MT or OMT + MT treatment in AML12 liver cells. After 24 h of treatment, cell viability was determined using CCK‑8 
assays. Data were fitted using SigmaPlot 11.0 software to calculate the log10 of the concentration of the inhibitor vs. percentage cell viability. The x-axis values 
are presented as the log of compound concentration (0-40 mM). The IC50 values were 18.98 mM for MT and 16.51 for OMT + MT. The IC50 of OMT could 
not be determined at 24 h. Data are presented as the mean ± standard error of the mean (n=4). OMT, oxymatrine; MT, matrine; IC50, half maximal inhibitory 
concentration.
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treatment with OMT + MT implied a relatively high toxicity 
compared with the MT group, suggesting that OMT with MT 
may have a synergistic effect and enhance the hepatotoxicity 
in AML12 liver cells.

Effects of OMT, MT and OMT + MT on ALT, AST and LDH 
leakage in the culture medium of AML12 liver cells. Light 
microscopy examination revealed different histological altera-
tions in AML12 cells after 6 h of treatment with OMT, MT 
and OMT + MT. Cells exhibited intact morphology and struc-
ture in the control group (Fig. 4A) and following treatment 
with 18 mM OMT (Fig. 4B). Certain pathological alterations, 
including shrinkage, unclear contour and vacuolar degenera-
tion, were observed in the 18 mM MT group (Fig. 4C). In the 
group treated with 16 mM OMT + MT, the cell number was 
visibly reduced (Fig. 4D). These results suggest that MT alone 
or combined with OMT may increase cell injury and cause 
cell death.

Hepatotoxicity in vitro can be directly determined by 
measuring the levels of the aforementioned enzymes released 
into the culture medium (25). Cytotoxic results may provide 
important preliminary data for selecting a dosage for enzyme 
leakage tests in vitro (26). As indicated in Table II, treatment 
with 12 and 18 mM MT significantly increased ALT, AST 
and LDH release (P<0.05 or P<0.01) in a dose-dependent 
manner at 3, 6, 12 and 24 h, with the exception of ALT release 
following treatment with 12 mM MT at 24 h. Furthermore, 
treatment with 4 mM OMT + MT was observed to have no 
effect on ALT, AST and LDH release (Table III). In the cells 
treated with 16 mM OMT + MT, the levels of ALT, AST 
and LDH significantly increased (P<0.01) at 3 h, peaked 
at 6 h, and declined thereafter (Table III). However, in the 

10 mM OMT + MT group, the levels of ALT, AST and LDH 
(P<0.05 or P<0.01) peaked at 3 h, and then decreased gradu-
ally over time (Table III). By contrast, when the cells were 
treated with OMT (18 mM) only, no significant increases 
in the three enzymes were observed over exposure periods 
of 3, 6, 12 or 24 h (P>0.05), with the exception of the level 
of AST, which significantly decreased compared with the 
control at 24 h (P<0.01; Table IV). The above toxic effects 
of MT and OMT + MT may reflect cellular leakage and 
loss of functional integrity of liver cell membranes in a 
dose-dependent manner in AML12 liver cells subjected to 
3, 6, 12 and 24 h of incubation. Consistent with previous 
studies, the increased release of these intracellular enzymes 
indicate membrane damage and instability, owing to injury 
induced by xenobiotics (25,27). The results of the current 
study indicate that MT and OMT + MT, but not OMT, may 
induce cell membrane damage.

Discussion

Several notable observations were made in the current study: 
i) Treatment with OMT, MT and OMT + MT in the equivalent 
amounts contained in radix S. tonkinensis induced hepatotox-
icity; ii) the toxicity of OMT was weaker compared with MT 
in vitro; however, OMT-induced hepatotoxicity was consistent 
with that following treatment with MT in mice; and iii) OMT 
and MT in combination may serve a synergistic role in hepa-
totoxicity. These results support the hypothesis that MT and 
OMT are the toxic constituents responsible for the hepato-
toxicity of radix S. tonkinensis, and the active metabolite MT 
transformed from OMT may be responsible for the toxic effect 
of OMT.

Figure 4. Comparison of cell morphology after 6 h treatment with OMT, MT or OMT + MT in AML12 liver cells (magnification, x200). (A) Control cells 
exhibited normal morphology and uniform distribution. (B) After treatment with 18 mM OMT, the morphology and structure of the cells was generally intact. 
(C) After treatment with 18 mM MT, the cell outline became less distinct, vacuolation occurred and the size of the cytoplasm decreased. (D) After treatment 
with 16 mM OMT + MT, some of the cells were damaged, suspended or missing. OMT, oxymatrine; MT, matrine.
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The increased release of liver enzymes, including 
ALT, AST and LDH, as well as TBiL, is recognized as 
an initial indicator of physiological dysfunction and liver 
toxicity (22,28). However, hepatic histopathological evalu-
ation is currently the standard method for determining the 
degree of liver injury during exposure to xenobiotics (29). 

Levels of serum biochemical parameters may be used to 
predict the level of histological damage in the liver (30,31). 
However, the alterations in the levels of these enzymes 
and TBil in the mice were not dose-dependent and were 
within the normal range for the species utilized in the 
present study (23). Therefore, pathological changes in the 

Table II. Comparison of enzyme activities after 3, 6, 12 and 24 h treatment with MT in AML12 liver cells.

Group Time, h ALT, IU/l AST, IU/l LDH, IU/l

Control  (n=6) 3 0.00±0.00 3.33±0.21 15.83±0.70
 6 0.17±0.17 3.33±0.21 13.83±0.54
 12 0.17±0.17 3.17±0.17 13.33±0.42
 24 0.67±0.21 2.83±0.17 13.33±0.33
MT, 6 mM (n=4) 3 0.00±0.00 2.75±0.63 14.50±1.32
 6 0.00±0.00 3.25±0.48 15.25±0.85
 12 0.00±0.00 3.00±0.41 14.25±0.63
 24 0.00±0.00 2.75±0.25 12.25±0.25
MT, 12 mM (n=4) 3 3.75±1.25b 12.00±2.68b 75.75±17.88a

 6 1.00±0.00a 5.50±0.65a 37.00±6.26a

 12 2.75±1.49a 10.25±4.27b 76.75±36.44a

 24 1.25±0.25 5.00±0.41a 32.75±5.76b

MT, 18 mM (n=4) 3 10.5±1.71b 25.50±3.01b 188.00±23.28a

 6 10.00±0.91b 22.50±1.19b 147.50±10.97a

 12 14.5±1.49b 25.75±2.75b 151.00±32.45a

 24 17.75±2.95b 26.75±1.55b 176.50±20.39b 

aP<0.05 and bP<0.01 vs. control group at a respective time point. MT, matrine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; 
LDH, lactic dehydrogenase.

Table III. Comparison of enzyme activities after 3, 6, 12 and 24 h treatment with OMT + MT in AML12 liver cells.

Group Time, h ALT, IU/l AST, IU/l LDH, IU/l

Control  (n=6) 3 0.00±0.00 3.33±0.21 15.83±0.70
 6 0.17±0.17 3.33±0.21 13.83±0.54
 12 0.17±0.17 3.17±0.17 13.33±0.42
 24 0.67±0.21 2.83±0.17 13.33±0.33
OMT + MT, 4 mM (n=4) 3 0.00±0.00 3.00±0.00 15.50±0.65
 6 0.00±0.00 3.25±0.25 14.75±1.11
 12 0.00±0.00 3.25±0.25 15.25±0.95
 24 0.00±0.00 3.00±0.00 13.00±0.41
OMT + MT, 10 mM (n=4) 3 4.75±1.55b 13.75±3.71b 98.75±26.73a

 6 2.00±0.41b 6.75±0.48b 40.25±2.25b

 12 1.25±0.25a 6.25±0.48b 38.00±2.48a

 24 0.25±0.25 3.25±0.25 17.00±0.71a

OMT + MT, 16 mM (n=4) 3 14.00±0.91b 33.50±1.19b 271.50±4.66b

 6 17.50±1.50b 43.00±3.76b 269.25±9.93b

 12 10.50±2.50b 27.50±4.66b 168.00±33.34b

 24 10.00±2.65b 20.75±6.20b 140.00±44.56b 

aP<0.05 and bP<0.01 vs. control group at a respective time point. OMT, oxymatrine; MT, matrine; ALT, alanine aminotransferase; AST, 
aspartate aminotransferase; LDH, lactic dehydrogenase.
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liver were also evaluated to verify this result. Centrilobular 
hypertrophy, characterized by the enlargement of both the 
cytoplasm and nucleus in the affected hepatocytes (32), was 
consistent with the histopathological results reported previ-
ously in radix S. tonkinensis-induced hepatotoxicity (5). This 
supported the hypothesis that OMT and MT are responsible 
for the hepatotoxicity of radix S. tonkinensis. It has also been 
reported previously that hepatocellular hypertrophy, in the 
absence of other histological findings, is not always associ-
ated with changes in serum ALT activity or other measured 
serum hepatic enzymes (33).

Centrilobular hepatocellular hypertrophy, the most 
common histological change associated with enzyme induc-
tion in animals, may be considered as an adaptive effect (33). 
However, this adaptive response may be overcome following 
exposure to intense or prolonged stimuli, leading to hepatocel-
lular degeneration, necrosis or proliferation (34). The extent 
and degree of hepatotoxicity may depend on the duration 
of exposure (35). Indeed, the duration of exposure in the 
present study may have affected the results. Treatment with 
MT and OMT over 90 days may induce more severe liver 
injury compared with that of centrilobular hepatocellular 
hypertrophy presented in MT, OMT or MT + OMT treated 
groups in the current study. OMT and MT were identified 
in radix S. tonkinensis, Sophorae flavescentis and the above 
ground portion of Sophora alopecuroides, and these herbal 
remedies are also commonly prescribed for a number of 
illnesses (36,37). Therefore, it is recommended that increased 
attention is paid to the hepatotoxicity of herbs containing MT 
and OMT when applying them for an extended period of time, 
as it is generally believed that herbal products are harmless 
and can be taken for a long period of time (38,39).

Having identified that the hepatotoxic effect of radix 
S. tonkinensis is primarily caused by OMT or its metabolite 
MT, the effects on cell viability and the release of three 
enzymes in vitro were subsequently evaluated. The AML12 
cell line was originally established from normal hepatocytes 
obtained from a CD1 male mouse strain, and the cells exhibit 
typical hepatocyte features, including peroxisomes and bile 
canalicular-like structures (40,41). It was observed that MT 
and OMT + MT induced cell membrane damage and insta-
bility in vitro, while OMT had marked cytotoxic effect. It 

has been previously reported that following administration of 
OMT oral solution, the concentration of MT was significantly 
greater compared with OMT, indicating that only a small 
proportion of the oral solution is absorbed by the gastroin-
testinal tract, while most of the OMT is absorbed after it 
arrives in the intestines and is rapidly transformed into the 
metabolite MT (16,42). By contrast, it was reported that only 
a small amount of OMT is transformed into metabolite MT 
following intravenous administration of OMT, as indicated 
by the area under the plasma concentration-time curve (17). 
These results indicate that the active metabolite MT, origi-
nating from OMT, may be the actual toxic substance in radix 
S. tonkinensis.

The combined toxicity of OMT and MT was also of 
interest in the current study. Previous evidence indicated 
that combined treatment with OMT and MT could increase 
the mortality rate in mice during a median lethal dose test, 
suggesting that combined treatment with OMT and MT exhib-
ited a synergistic effect on toxicity (43). Therefore, it may be 
hypothesized that OMT combined with MT is more toxic for 
liver compared with OMT or MT alone.

The current study contributed to the better under-
standing the hepatotoxicity of radix S. tonkinensis and may 
have implications for its application in clinical settings. 
However, the present results are limited to the administra-
tion of MT and OMT for evaluating hepatotoxicity of radix 
S. tonkinensis. The effects of the non-alkaloid part of this 
herb on the liver require further investigation. It will also 
be important to evaluate long-term effects (>3 months) of 
administration of MT and OMT on histological changes in 
the liver. Following prolonged exposure, the liver damage 
may be more severe compared with that observed in the 
current study. In addition, a number of studies reported that 
the increased centrilobular hepatocellular hypertrophy is 
likely due to the observed induction of hepatic cytochrome 
P450 (CYP450) enzymes, notably cytochrome P450 2B 
(CYP2B) (44-46). CYP450 participates in liver injury on 
various levels, including hepatocellular apoptosis, necrosis 
or aberrant proliferation (47,48). Therefore, an evaluation 
of the change in CYP450 and CYP2B may be valuable to 
comprehensively understand the pathogenesis of exposure to 
MT and OMT in our future study.

Table IV. Comparison of enzyme activities after 3, 6, 12 and 24 h treatment with OMT in AML12 liver cells.

Group Time, h ALT, IU/l AST, IU/l LDH, IU/l

Control (n=4) 3 2.50±0.50 6.00±0.41 32.25±1.44
 6 2.25±0.25 6.00±0.41 43.50±4.33
 12 2.50±0.29 7.25±0.25 61.50±15.20
 24 1.25±0.25 8.00±0.00 24.25±0.25
OMT, 18 mM (n=4) 3 2.50±0.29 6.00±0.41 36.00±3.39
 6 2.50±0.29 6.75±0.48 59.50±5.36
 12 2.75±0.25 7.50±0.50 68.75±5.62
 24 1.00±0.00 5.50±0.29a 21.25±1.11 

aP<0.01 vs. control group at a respective time point. OMT, oxymatrine; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, 
lactic dehydrogenase.
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To the best of our knowledge, the current study demon-
strated for the first time that administration of OMT and 
MT alone or simultaneously can induce hepatotoxicity at the 
dose equivalent to that contained in radix S. tonkinensis at a 
hepatotoxic dose, and MT and OMT are likely the hepatotoxic 
components of this herb. The results revealed that OMT 
induced hepatotoxicity in vivo, and this toxic effect may be 
primarily exerted by active metabolite MT. In addition, OMT 
in combination with MT was more toxic compared with MT 
or OMT alone. Since OMT may be transformed into the 
active metabolite MT by intestinal bacteria, the hepatotoxicity 
of OMT should be closely monitored when OMT is admin-
istered orally instead of intravenously. The current results 
improve the understanding of hepatotoxicity induced by radix 
S. tonkinensis, and provide insight into the actual hepatotoxic 
components among its main active ingredients.
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