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Abstract: A number of drugs and herbal compounds have been documented to cause
hepatoxicity. Schisandrin B (Sch B) is an active dibenzocyclooctadiene isolated from Schisandrae
Sfructus, with a wide array of pharmacological activities. However, the potential hepatotoxicity
of Sch B is a major safety concern, and the underlying mechanism for Sch B-induced liver toxic
effects is not fully elucidated. In the present study, we aimed to investigate the liver toxic effects
and the molecular mechanisms of Sch B in mouse liver and macrophage cells. The results have
shown that Sch B exhibits potent grow inhibitory, proapoptotic, and proautophagic effects in
AML-12 and RAW 264.7 cells. Sch B markedly arrested cells in G, phase in both cell lines,
accompanied by the down-regulation of cyclin dependent kinase 2 (CDK2) and cyclin D1 and
up-regulation of p27 Kipl and checkpoint kinase 1. Furthermore, Sch B markedly increased
the apoptosis of AML-12 and RAW 264.7 cells with a decrease in the expression of B-cell
lymphoma-extra-large and (Bcl-x1) B-cell lymphoma 2 (Bcl-2), but an increase in the expres-
sion of B-cell lymphoma 2-associated X protein (Bax). Sch B promoted the cleavage of caspase
3 and poly-adenosine diphosphate-ribose polymerase (PARP) in both cell lines. Additionally,
Sch B significantly induced autophagy of AML-12 and RAW 264.7 cells. Sch B inhibited the
activation of phosphatidylinositol 3-kinase (PI3K)/protein kinase B (Akt)/mammalian target of
rapamycin (mTOR) signaling pathway, as indicated by their altered phosphorylation, contributing
to the proautophagic effect of Sch B. Taken together, our findings show that the inducing effects
of Sch B on cell cycle arrest, apoptosis, and autophagy may contribute to its liver toxic effects,
which might provide a clue for the investigation of the molecular toxic targets and underlying
mechanisms for Sch B-induced hepatotoxicity in herbal consumers. More studies are warranted
to fully delineate the underlying mechanisms, efficacy, and safety of Sch B for clinical use.
Keywords: herbal medicine, liver toxicity, mTOR, Bcl-2, AML-12 cell, RAW 264.7 cell

Introduction

Hepatotoxicity is the most common cause of liver injury and failure,"? and there
are over 900 therapeutic drugs, toxins, and herbs that have been reported to cause
hepatotoxicity.* Hepatotoxicity is one of the main reasons for the withdrawal of a drug
from the market.* Hepatotoxicity can induces hepatocellular necrosis, apoptosis, or
sensitization to cytokines and inflammatory mediators produced by non-parenchymal
cells.’ The estimated annual incidence of hepatotoxicity induced by therapeutic drugs,
toxins, and herbs is 13.9-24.0 per 100,000 incidences worldwide.® In the United States,
therapeutic drug-, toxin-, and herb-induced hepatotoxicity accounts for approximately
50% of the cases of acute liver failure.” In People’s Republic of China, therapeutic drug-,
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toxin-, and herb-induced hepatotoxicity is also the leading
cause of acute liver failure.® However, the toxicity-related
protein molecules and underlying mechanisms for xenobiotic-
induced hepatotoxicity are not fully understood.”!°
Notably, the naturally occurring herbs or compounds are
usually considered to be “safe”, and herb medicines/products
have become increasingly popular all over the world to man-
age numerous aliments and improve body function.'' How-
ever, there is now growing evidence showing that herbs may
cause adverse reactions, leading to organ toxicities including
hepatotoxicity, nephrotoxicity, neurotoxicity, skin toxicity,
and bone marrow toxicity.'? It has been reported that there
are a number of herbal supplements can induce potential
hepatotoxicity." In the United States, the proportion of liver
injury cases resulting from herbal products has increased
significantly in the last decade." In People’s Republic of
China, herbal products have become the second most com-
mon etiology of drug-induced liver injury." Therefore, the
investigation of herbal product-induced hepatotoxicity has
drawn intensive attention. However, assessing potential
hepatotoxicity of herbal products is challenging due to their
multiple components and the complex composition.'s!”
Moreover, herbal products are often co-administered with
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conventional therapeutic drugs to enhance the therapeutic
effect, but this may result in severe consequences.'® Hence,
there is a need to determine the organ toxicity, identify the
potential targets related to the toxic effects, and delineate
the underlying mechanisms for herbal products.

Schisandrin B (Sch B; Figure 1 A) is the most abundant,
active dibenzocyclooctadiene derivative isolated from
Schisandrae fructus (“Wu-Wei-Zi” in Chinese), and it is
commonly used in traditional Chinese medicine with a
notable liver protective effect.'”* However, our previous
studies have shown that Sch B treatment concentration- and
time-dependently increased hepatic weight, malondialde-
hyde level, and serum alanine transaminase activity in mice,
indicating that Sch B possesses substantial hepatotoxic
effects in vivo.?"> Moreover, studies have shown that Sch
B could kill various types of cells in vitro,*2® but the under-
lying mechanisms for the cell-killing effects are largely
unknown. In the present study, we aimed to investigate the
hepatotoxic effects of Sch B with a focus on cell prolifera-
tion, cell cycle distribution, apoptosis, and autophagy, and
to dissect the possible molecular mechanisms responsible
for the cytotoxic effects of Sch B in mouse liver and
macrophage cells.
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Figure | The chemical structure of Sch B (A), and the cytotoxic effects of Sch B on mouse AML-12 (B) and RAW 264.7 cells (C).
Notes: Cells were treated with Sch B at concentrations of I, 5, 25, 50, 100, 150, and 200 uM for 24, 48, and 72 hours, and the effect of Sch B on the viability of AML-12 and

RAW 264.7 cells was determined by the MTT assay.

Abbreviations: hr, hour; Sch B, schisandrin B; MTT, 3-(4,5-dimethylthiazol-2-YI)-2,5-diphenyltetrazolium bromide.
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Materials and methods

Chemicals and reagents

Sch B was purified from the petroleum ether extract of dried
S. fructus by silica gel column chromatography as previously
described.” The purity of Sch B was >95%, which was
determined by high performance liquid chromatographic
analysis. Dulbecco’s Modified Eagle’s Medium (DMEM)
and Dulbecco’s Modified Eagle’s Medium Nutrient Mixture
F-12 (DMEM/F-12) were obtained from Corning Cellgro
Inc. (Herndon, VA, USA). Dulbecco’s phosphate-buffered
saline (D-PBS), RNase A, propidium iodide (PI), (4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT), 4-(2-hydroxyethyl) piperazine- 1 -ethanesulfonic acid
(HEPES), dexamethasone, phosphatase and protease inhibi-
tor cocktails, and fetal bovine serum (FBS) were purchased
from Sigma-Aldrich Co. (St Louis, MO, USA). Cyto-ID®
autophagy detection kit was bought from Enzo Life Sciences
Inc. (Farmingdale, NY, USA), and annexin V:phycoerythrin
(PE) apoptosis detection kit was purchased from BD Bio-
sciences Inc. (San Jose, CA, USA). The polyvinylidene
difluoride membrane was purchased from EMD Millipore
Inc. (Bedford, MA, USA). Western blotting substrate was
obtained from Thermo Fisher Scientific Inc. (Waltham, MA,
USA). The Bio-Rad protein assay kit was bought from Bio-
Rad Laboratories Inc. (Hercules, CA, USA). Primary antibod-
ies against cyclin D1, cyclin B1, cyclin dependent kinase 2
(CDK2), p27 Kipl, cytochrome ¢, cleaved poly-adenosine
diphosphate-ribose polymerase (PARP), cleaved caspase 3,
phosphatidylinositol 3-kinase (PI3K) p85, phosphorylated
(p-) PI3K at Tyr 458, 5’-adenosine monophosphate-activated
protein kinase (AMPK), protein kinase B (Akt), p-Akt at
Ser473, mammalian target of rapamycin (mTOR), p-mTOR
at Ser2448, phosphatase and tensin homolog (PTEN), PI3K
class II1, beclin 1, cytosolic microtubule-associated protein
1A/1B-light chain 3 (LC3-I), and the membrane-bound LC3-
phosphatidylrthanolamine conjugate (LC3-II) were purchased
from Cell Signaling Technology Inc. (Beverly, MA, USA).
The primary antibodies against mouse E2F transcriptional
factor 1 (E2F1), proliferating cell nuclear antigen (PCNA),
checkpoint kinase 1 (Chkl), B-cell lymphoma 2 (Bcl-2),
B-cell lymphoma-extra-large (Bcl-x1), Bel-2-like protein 4/
Bcl-2-associated X protein (Bax), and B-actin were obtained
from Santa Cruz Biotechnology Inc. (Dallas, TX, USA).

Cell lines and cell culture

The alpha mouse liver 12 (AML-12) and RAW 264.7 cell
lines were obtained from American Type Culture Collection
(ATCC; Manassas, VA, USA). The AML-12 cell line was
established from hepatocytes from a mouse (CD1 strain, line

MT42) transgenic for human transforming growth factor-o.
These cells exhibit typical hepatocyte features such as peroxi-
somes and bile canalicular like structure. RAW 264.7 is mouse
leukemic monocyte macrophage cell line and was established
from a tumor induced by Abelson murine leukemia virus and
shows typical macrophage functions. AML-12 cells were
cultured in DMEM/F-12 medium containing L-glutamine,
HEPES, insulin-transferrin-selenium (100x), and dexametha-
sone (40 ng/mL) supplemented with 10% heat-inactivated
FBS and 1% penicillin-streptomycin. RAW 264.7 cells were
cultured with DMEM containing 4.5 g/L glucose, L-glutamine,
and sodium pyruvate supplemented with 10% heat-inactivated
FBS and 1% penicillin-streptomycin. All cells were maintained
in a 5% CO,/95% air humidified incubator at 37°C.

Cell viability assay

The effect of Sch B on the viability of AML-12 and RAW
264.7 cells was determined using the MTT assay. Briefly,
AML-12 and RAW 264.7 cells were seeded into 96-well
plates at a density of 6,000 cells/well. After 24-hour incuba-
tion, the cells were treated with Sch B at concentrations of
1,5,25,50, 100, 150, and 200 uM for 24, 48, and 72 hours.
Following the Sch B treatment, 10 uL of MTT solution
(5 mg/mL) was added to each well and cells were incubated
for 3 hours at 37°C. The medium was carefully aspirated,
and 100 pL dimethyl sulfoxide (DMSO) was added to dis-
solve the crystal. The samples were incubated 10 minutes
at 37°C in the dark. Then, the absorbance was measured
using a Synergy™ H4 Hybrid microplate reader (BioTek
Instruments Inc., Winooski, VT, USA) at a wavelength of
570 nm. The concentration required for 50% inhibition
of the growth (IC, ) was determined from concentration—
response curves obtained in multi-replicated experiments
by nonlinear regression analysis using the GraphPad Prism
6 software (GraphPad Software Inc., La Jolla, CA, USA).

Determination of cell cycle distribution

using flow cytometry

The effect of Sch B on the cell cycle distribution was examined
using PI as the DNA stain to determine DNA content by flow
cytometry as described previously.?® Briefly, AML-12 and
RAW 264.7 cells were treated with Sch B at concentrations
of 0.1, 1, 10, and 25 uM for 24 hours. In separate experiments,
AML-12 and RAW 264.7 cells were treated with 25 uM Sch B
for 6, 24,48, and 72 hours. Following the Sch B treatment, cells
were collected, washed by D-PBS, and fixed in 70% ethanol
at —20°C overnight. Then, the cells were resuspended in 1 mL
D-PBS containing | mg/mL RNase A and 50 pg/mL PI. Cells
were incubated in the dark for 30 minutes at room temperature.

Drug Design, Development and Therapy 2015:9

submit your manuscript

2003

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhang et al

Dove

The cells were subjected to cell cycle analysis using a flow
cytometer (BD™ LSR II; Becton Dickinson Immunocytometry
Systems, San Jose, CA, USA). The flow cytometer collected
20,000 events for analysis.

Quantification of apoptosis

Apoptotic cells were quantitated using the flow cytometer
with the annexin V:PE apoptosis detection kit after cells were
treated with Sch B at concentrations of 0.1, 1, 10, and 25 uM
for 24 hours. In separate experiments, AML-12 and RAW 264.7
cells were treated with 25 uM Sch B for 6, 12, 24, and 48 hours.
Cells were collected and washed twice with cold D-PBS, and
then cells were resuspended at a concentration of 1x10° cells/mL
in 1x binding buffer. A quota of the cells (100 uL) was trans-
ferred to a 5 mL clean culture tube with the addition of 2.5 uL
annexin V:PE and 2.5 UL 7-amino-actinomycin D (7-AAD).
The cells were gently mixed and incubated in the dark for
15 minutes at room temperature and then subjected to the flow
cytometric analysis.”® Cells that stain positive for annexin V:PE
and negative for 7-AAD are undergoing apoptosis; cells that
stain positive for both annexin V:PE and 7-AAD are either in the
end stage of apoptosis, are undergoing necrosis, or are already
dead; and cells that stain negative for both annexin V:PE and
7-AAD are alive and not undergoing measurable apoptosis that
collected 20,000 events for analysis.

Autophagy analysis using flow cytometry
AML-12 and RAW 264.7 cells were seeded at a density of
4x10° cells/dish. The cells were treated with fresh medium
alone, control vehicle alone (0.05% DMSO, v/v) or Sch B
(0.1, 1, 10, and 25 uM) for 24 hours at 37°C. At the end of
the treatment, the cells were collected and pelleted by cen-
trifugation at 1,200x g for 5 minutes. The diluted Cyto-ID®
green fluorescent stain solution (250 uL) (Enzo Life Sciences
Inc.) was added to each sample and mixed well. Cells were
incubated for 30 minutes at 37°C in the dark. After the incuba-
tion, cells were washed with 1x assay buffer and resuspended
in 250 puL fresh 1x assay buffer. Thereafter, cells were ana-
lyzed using the green fluorescence (FL1) channel of the flow
cytometer that collected 20,000 events for analysis.

Western blotting analysis

AML-12 and RAW 264.7 cells were washed with cold D-PBS
after 24-hour treatment with Sch Bat 0.1, 1, 10,and 25 uM, lysed
with the lysis buffer consisting of 50 mM HEPES at pH 7.5,
150 mM NaCl, 10% glycerol, 1.5 mM MgCl,, 1% Triton-X 100,
1 mM ethylenediaminetetraacetic acid at pH 8.0, 10 mM sodium
pyrophosphate, 10 mM sodium fluoride, and 1% phosphatase and
protease inhibitor cocktails. The supernatant was collected after

the cell lysate was centrifuged at 14,000x g for 15 minutes at 4°C.
Protein concentration was measured using the Bio-Rad protein
assay kit. Equal amount of protein sample (30 |1g) was resolved
by sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) sample loading buffer and denatured for 10 min-
utes at 95°C. Subsequently, the samples were electrophoresed on
8%—15% SDS-PAGE mini-gel and transferred onto immobilon
polyvinylidene difluoride membrane at 80 V for 3 hours at 4°C.
Membranes were probed with indicated primary antibodies over-
night at 4°C and were then blotted with respective horseradish
peroxidase-conjugated secondary anti-mouse or anti-rabbit anti-
body. Visualization was performed using Bio-Rad ChemiDoc™
XRS system (Bio-Rad Inc.) with enhanced-chemiluminescence
substrate, and the blots were analyzed using Image Lab 3.0
(Bio-Rad Inc.). Protein level was normalized to the matching
densitometric value of the internal control B-actin.

Statistics analysis

Data are presented as mean * standard error of the mean
(SEM). Comparisons of multiple groups were evaluated by
one-way analysis of variance (ANOVA) followed by Dun-
nett’s multiple comparisons test. Values of P<<0.05 were
considered statistically significant. Assays were performed
at least three times independently.

Results
Sch B inhibits the proliferation of AML-12
and RAWV 264.7 cells

To investigate the cytotoxic effect of Sch B on mouse liver
and macrophage cells, we first examined the effect of Sch B
on cell proliferation in AML-12 and RAW 264.7 cells using
the MTT assay. As shown in Figure 1B and C, Sch B sig-
nificantly inhibited the growth of AML-12 and RAW 264.7
cells in concentration- and time-dependent manners. When
AML-12 cells were treated with Sch B at 1, 5, 25, 50, 100,
150, and 200 uM, the percentage of cellular viability over
the control cells (100%) was 94.0%, 96.9%, 94.0%, 94.9%.,
61.6%,41.7%, and 33.1% for 24-hour treatment, respectively
(Figure 1B); the percentage of cellular viability over the
control cells (100%) was 106.8%, 106.2%, 107.5%, 102.1%,
39.4%,31.1%, and 16.1% for 48-hour treatment, respectively
(Figure 1B); and the percentage of cellular viability over the
control cells (100%) was 101.4%, 95.5%, 92.4%, 83.1%,
15.3%, 9.3%, and 5.0% for 72-hour treatment, respectively
(Figure 1B). The IC, jvalues were 152.1,111.3, and 57.6 uM
after AML-12 cells were incubated with Sch B for 24, 48,
and 72 hours, respectively (Figure 1B). Similarly, when
RAW 264.7 cells were incubated with Sch B at 1, 5, 25, 50,
100, 150, and 200 puM, the percentage of cellular viability
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over the control cells (100%) was 91.0%, 99.2%, 93.6%,
97.7%, 35.0%, 25.2%, and 21.0% for 24-hour incubation,
respectively (Figure 1C); the percentage of cellular viability
over the control cells (100%) was 100.2%, 101.3%, 109.2%,
104.1%, 21.8%, 7.1%, and 5.3% for 48-hour incubation,
respectively (Figure 1C); and the percentage of cellular
viability over the control cells (100%) was 98.0%, 107.4%,
101.1%, 83.7%, 5.0%, 1.1%, and 1.1% for 72-hour incuba-
tion, respectively (Figure 1C). The IC, values were 93.6,
70.7, and 57.3 uM after RAW 264.7 cells were incubated
with Sch B for 24, 48, and 72 hours, respectively (Figure 1C).
Taken together, these results indicate that Sch B exhibits
concentration- and time-dependent inhibitory effects on the
growth of AML-12 and RAW 264.7 cells.

Sch B induces GI arrest in AML-12
and RAW 264.7 cells

Since we had observed an inhibitory effect on cell growth
of AML-12 and RAW 264.7 cells, we next determined the effect
of Sch B on cell cycle distribution in both cell lines using flow
cytometric analysis. As shown in Figures 2 and 3, treatment of
AML-12 and RAW 264.7 cells with Sch B concentration- and
time-dependently arrested cells in G, phase. At basal level, the
percentages of AML-12 and RAW 264.7 cells in G, phase were
59.2% and 54.6%, respectively (Figure 2A and B). Treatment of
AML-12 and RAW 264.7 cells with 25 uM Sch B for 24 hours
resulted in a substantial increase in the cell number in G, phase.
In comparison to the control cells, the percentages of cells
arrested in G, phase were 66.8% and 62.9% in AML-12 and
RAW 264.7 cells, respectively, resulting in 12.8% and 15.1%
increases in the cell number in G, phase, respectively (2<<0.01 by
one-way ANOVA; Figure 2B). Lower concentrations of Sch B
(0.1-10 uM) did not significantly alter the numbers of AML-12
and RAW 264.7 cells in G, phase (P>0.05 by one-way ANOVA;
Figure 2B). In contrast, Sch B concentration-dependently
decreased the number of AML-12 cells in S and G,/M phases.
There were 20.2% and 17.4% decreases in cell numbers in S
and G/M phases, respectively, when treated with 25 uM Sch B,
compared to the control cells (P<<0.001 or P<<0.05 by one-way
ANOVA,; Figure 2B). In RAW 264.7 cells, treatment of cells
with Sch B at 10 uM and 20 uM markedly decreased the number
of cells in S phase by 15% and 24%, respectively (P<<0.05 or
P<0.001 by one-way ANOVA; Figure 2B). However, exposure
of RAW 264.7 cells to Sch B at concentrations ranging from
0.1-25 uM for 24 hours did not significantly affect the number
of cells in G,/M phase (Figure 2B).

We further conducted separate experiments to evaluate
the effect of Sch B on cell cycle distribution in AML-12 and
RAW 264.7 cells over 72 hours. Compared to the control cells,

the percentage of AML-12 cells in G, phase was markedly
increased from 42.8% at basal level (zero time) to 51.1%,
51.2%, and 71.6% after 24-, 48-, and 72-hour treatments with
25 UM Sch B, respectively (Figure 3A and B). These treatments
yielded increases of 19.3%, 19.6%, and 67.2% in the number
of AML-12 cells in G, phase compared to the control cells
treated with DMSO only, respectively (P<<0.01 or P<<0.001 by
one-way ANOVA,; Figure 3A and B). Treatment of AML-12
cells with Sch B at 25 uM significantly reduced the number of
cellsin S and G,/M phases (Figure 3A and B). The numbers of
cells in S phase were decreased by 12.9%, 11.1%, and 59.7%
in AML-12 cells when treated with Sch B at 25 uM for 24,
48, and 72 hours, respectively (P<<0.05, P<<0.01 or P<<0.001
by one-way ANOVA; Figure 3A and B). The percentage of
AML-12 cells in G, phase was reduced by 10.7%, 18.8%, and
50.0%, respectively, when cells were treated with Sch B at
25 uM for 24, 48, and 72 hours (P<<0.05, P<<0.01, or P<<0.001
by one-way ANOVA; Figure 3A and B).

Similarly, Sch B remarkably altered the cell cycle distribu-
tion over a 72-hour period of treatment in RAW 264.7 cells
(Figure 3A and B). The percentage of RAW 264.7 cells in G,
phase was increased from 63.2% at basal level (zero time) to
68.4%, 69.5%, and 72.3% when cells were exposed to 25 uM
Sch for 24, 48, and 72 hours, respectively (P<<0.01 or P<<0.001
by one-way ANOVA; Figure 3A and B). Sch B treatment led
to varying alterations in the number of RAW 264.7 cells in
S phase. Sch B at 25 uM markedly increased the number of cells
in S phase by 23.0% after 6-hour treatment (P<<0.01 by one-way
ANOVA; Figure 3A and B); however, there was no significant
change in S phase when RAW 264.7 cells were treated with
25 UM Sch B for 24, 48, and 72 hours. Moreover, the percentage
of RAW 264.7 cells in G /M phase was markedly decreased by
15.9%, 23.4%, 41.2%, and 38.0% after 6-, 24-, 48-, and 72-hour
treatment with 25 UM Sch B, respectively (P<<0.05, P<<0.01, or
P<0.001 by one-way ANOVA,; Figure 3A and B). Collectively,
the results show that Sch B possesses a potent inhibitory effect
on cell cycle progression in AML-12 and RAW 264.7 cells.

Sch B induces G, arrest via regulation
of cell cycle G,/S checkpoint signaling
pathway in AML-12 and RAWV 264.7 cells

To further investigate the molecular mechanism for Sch
B-induced cell cycle arrest in AML-12 and RAW 264.7 cells,
the expression levels of CDK2, cyclin B1, cyclin D1, p27
Kipl, Chkl, PCNA, and E2F1 in AML-12 and RAW
264.7 cells were examined by Western blotting assay. As
shown in Figure 4A and B, Sch B treatment resulted in
varying alterations in the expression of these key cell cycle
regulators in both cell lines. Compared to the control cells,
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incubation of AML-12 cells with Sch B significantly altered
the expression levels of cyclin D1, p27 Kipl, Chk1, PCNA,
and E2F1, whereas there were no significant changes in
the expression levels of CDK2 and cyclin B1. There were
43.7% and 44.0% decreases in the expression level of
cyclin D1 when AML-12 cells were treated with 10 and
25 UM Sch B, respectively (Figure 4A and B), and there was
a 96.8% increase in the expression level of p27 Kipl when
AML-12 cells were treated with 25 uM Sch B (P<<0.01 by
one-way ANOVA; Figure 4A and B). Treatment of AML-
12 cells with Sch B at 1, 10, and 25 uM resulted in a 109.1%,
89.6%, and 69.2% increase in the expression level of Chkl
(P<<0.05 or P<0.01 by one-way ANOVA). In RAW 264.7
cells, Sch B significantly altered the expression levels of p27
Kipl and PCNA, whereas there was no significant alteration
in the expression levels of CDK2, cyclin B1, cyclin D1, Chkl,
and E2F1 (Figure 4A and B). There was a 251.9% increase in
the expression level of p27 Kipl when RAW 264.7 cells were
treated with 25 uM Sch B (P<<0.01 by one-way ANOVA).
The expression level of cyclin D1 in RAW 264.7 cells was
decreased by 19.3%, 5.6%, 24.6%, and 53.3% when cells
were treated with Sch B at 0.1, 1, 10, and 25 uM, respectively,
but there was no statistical significance compared to control
cells (P>0.05 by one-way ANOVA; Figure 4A and B).

Furthermore, the effect of Sch B on the expression
levels of PCNA and E2F1 was also examined, due to
their important roles in the regulation of gene expression
at the G,/S boundary of the cell cycle.”* As shown in
Figure 4A and B, the expression levels of PCNA and E2F1
significantly decreased in both AML-12 and RAW 264.7
cells treated with Sch B. Treatment of AML-12 and RAW
264.7 cells with 25 uM Sch B for 24 hours significantly
decreased the expression level of PCNA by 90.5% and
47.7%, respectively, compared to the control cells (P<<0.01
by one-way ANOVA; Figure 4A and B). SchB at 1, 10, and
25 uM significantly down-regulated the expression level
of E2F1 by 34.9%, 31.0%, and 43.2% in AML-12 cells,
respectively, compared with the control cells (P<<0.05 or
P<0.01 by one-way ANOVA; Figure 4A and B). In RAW
264.7 cells, although the expression level of E2F1 was not
significantly changed when treated with Sch B, the expres-
sion of E2F1 was decreased 19.4%, 4.1%, and 56.9% with
the treatment of Sch B at 1, 10, and 25 uM, respectively
(P>0.05 by one-way ANOVA). Taken together, these find-
ings show that the inducing effect of Sch B on cell cycle
arrest in AML-12 and RAW 264.7 cells may be ascribed
to the modulating effects of Sch B on the expression of the
key regulators in the cell cycle progression.
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Sch B induces the apoptosis of AML-
12 and RAWV 264.7 cells via activation

of the mitochondrial pathway

In order to further test the hepatotoxicity of Sch B, the effect
of Sch B on programmed cell death was examined. We first
examined the apoptosis-inducing effect of Sch B in AML-12
and RAW 264.7 cells; the number of apoptotic cells was quan-
tified using flow cytometric analysis. Treatment of AML-12
and RAW 264.7 cells with Sch B-induced apoptosis in con-
centration- and time-dependent manners (Figure SA and B;
Figure 6A and B). The percentages of apoptotic cells were
3.5% and 1.8% in AML-12 and RAW 264.7 cells treated with
the control vehicle only (0.05% DMSO, v/v), respectively
(Figure SA and B). When AML-12 cells were treated with
Sch B at 10 uM and 25 uM for 24 hours, the total percent-
ages of apoptotic cells (early + late apoptosis) were increased
to 5.9% and 6.8%, with a 69.5% and 94.3% rise compared
to the control cells, respectively (P<<0.05 or P<<0.01 by one-
way ANOVA; Figure 5A and B). Treatment of AML-12 cells
with 25 uM Sch B for 6, 12, 24, and 48 hours increased the
total percentage of apoptotic cells by 43.4%, 78.1%, 84.2%,
and 110.5%, respectively (P<<0.01 by one-way ANOVA;
Figure 6A and B). Similarly, when RAW 264.7 cells were
treated with Sch B at 10 uM and 25 uM for 24 hours, the
total percentages of apoptotic cells were markedly increased
24.5% and 34.0%, respectively (P<<0.05 or P<<0.01 by one-
way ANOVA; Figure 5A and B). However, treatment of
RAW 264.7 cells with Sch B at 25 uM markedly increased
the total percentage of apoptotic cells from 4.2% at basal level
t0 4.4% and 5.4% after 12- and 24-hour treatment, which then
declined to 2.5% after 48-hour treatment of Sch B (P<<0.01 or
P<0.001 by one-way ANOVA; Figure 6A and B).

Since we had observed the pro-apoptotic effect of Sch B
in AML-12 and RAW 264.7 cells, we further investigated
the underlying mechanism for Sch B-induced apoptosis in
AML-12 and RAW 264.7 cells. We evaluated the expres-
sion levels of Bcl-xl, Bel-2, Bax, cytochrome c, cleaved
PARP, and cleaved caspase 3 in these two cell lines treated
with Sch B at 0.1, 1, 10, and 25 uM for 24 hours. We first
examined the effects of Sch B on the expression levels of the
pro-apoptotic protein Bax, the anti-apoptotic proteins Bcl-2
and Bcl-x1, and the Bax/Bcl-2 ratio by using Western blot-
ting analysis. Treatment of AML-12 and RAW 264.7 cells
with Sch B at 0.1, 1, 10, and 25 uM increased the expres-
sion level of Bax but decreased the expression level of
Bcl-2, resulting in a significant decrease in Bax/Bcl-2 ratio
in a concentration-dependent manner (Figure 7A and B).
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Incubation of AML-12 cells with Sch B at both 10 and 25 uM
significantly increased the level of Bax by 66.4% and 81.4%,
respectively (P<<0.05 by one-way ANOVA; Figure 7A
and B). In contrast, the expression level of Bcl-2 was
reduced by 17.4%, 26.4%, and 23.3% when AML-12 cells
were treated with Sch B at 1, 10, and 25 uM, respectively
(P>0.05 by one-way ANOVA; Figure 7A and B). The ratio
of Bcl-2/Bax was significantly decreased 39.3%, 42.0%, and
58.5% when AML-12 cells were treated with Sch B at 1, 10,
and 25 UM, respectively (P<<0.05 or P<<0.01 by one-way
ANOVA; Figure 7A and B). Similarly, exposure of RAW
264.7 cells to Sch B at 1, 10, and 25 uM significantly
increased the expression level of Bax by 98.8%, 116.0%, and
160.7%, respectively, compared with control cells (P<<0.05
or P<<0.01 by one-way ANOVA; Figure 7A and C), but
decreased the level of Bcl-2 by 19.7%, 54.9%, 45.6%, and
59.6%, after cells were treated with Sch B at 0.1, 1, 10, and
25 uM, respectively. The Bcl-2/Bax ratio in RAW 264.7
cells was significantly reduced 53.7%, 78.5%, 75.2%, and
84.4% when treated with Sch B at 0.1, 1, 10, and 25 uM,
respectively (P<<0.01 or P<<0.001 by one-way ANOVA;
Figure 7A and C). In AML-12 cells, the expression level of
Bcl-xl was remarkably decreased by 38.6% and 53.3% when
treated with Sch B at 10 and 25 uM, respectively (P<<0.05 by
one-way ANOVA; Figure 7A and B). In RAW 264.7 cells,
the expression level of Bel-x1I was slightly decreased, without
statistical significance, when treated with Sch B for 24 hours
(P>0.05 by one-way ANOVA; Figure 7A and C).

We also evaluated the effect of Sch B on the release of
cytochrome ¢ from mitochondria to cytosol in both AML-12
and RAW 264.7 cells. Treatment of AML-12 and RAW
264.7 cells with Sch B significantly increased the release of
cytochrome ¢ from mitochondria to cytosol. Incubation of
AML-12 cells with Sch B at 0.1, 10, and 25 puM markedly
increased the cytosolic level of cytochrome ¢ by 41.8%,
51.2%, and 53.7%, respectively (P<<0.05 by one-way
ANOVA; Figure 7A and B). In RAW 264.7 cells, treatment
of cells with Sch B at 1, 10, and 25 uM markedly elevated
the cytosolic level of cytochrome c by 78.4%, 66.0%,
and 89.4%, respectively (P<<0.05 by one-way ANOVA;
Figure 7A and C). Subsequently, we observed a significant
increase in the activation of cleaved caspase 3 and cleaved
PARP in both AML-12 and RAW 264.7 cells (Figure 7).
Incubation with 25 uM Sch B significantly elevated the
level of cleaved PARP by 40.2% and 95.7% in AML-12 and
RAW 264.7 cells, respectively, compared to the control cells
(P<<0.05 by one-way ANOVA,; Figure 7). Treatment of Sch B
at 0.1 and 25 uM also markedly increased the level of cleaved

48

24

N
-

0

Time (hours)

A

FL-1 (annexin V:PE)

AML-12 cells

(avv-2) z14

RAW 264.7 cells

2012 submit your manuscript
Dove

Drug Design, Development and Therapy 2015:9


www.dovepress.com
www.dovepress.com
www.dovepress.com

Schisandrin B-induced cytotoxicity in mouse liver and macrophage cells

Dove

'sIgap ‘| O ‘@ uPAwoundeoulwe-/ ‘Qyy-/ ‘UYIAIa02Ayd ‘4 ‘@ouelieA JO sisAleue “YAONY ‘UBSW 33 JO JOJID PJIBPUEIS ‘IS ‘g ULPUESIYDS ‘g YdS :SUOIIRIARIqqY

"VAONY ABM-3UO Aq | 00°0>>dssx PUB [ 0°0>dss :G0°0>ds SIUSWILIDdXS 3uspuadapul 934y Jo ||3S F Ueaw oy a.e e3eq *(g) SINoY gf pue b7 ‘7| ‘9 404 T §T 38 g YdS YaIM pa1ea.d |92 /' H97 AAVY PUB Z|-TWV Ul s||92 dioadode jo
a3eauad.ad aya Buimoys sydeus aeg *() sanoy gf PUe ‘b7 ‘7| ‘9 410} W1 §T 38 g Y2S UM Paiea.d S|[92 /497 AAVY PUB |-V @show ul (sisoadode o3| pue ‘sisoadode Ajues ‘aAl)) suonejndod |2 o1129ds jo s10|d 51139W01Ad MoO|{ :s930N
'SINOY T/ J9A0 S|[93 £$9T AV PUB 7|V dshow ul yaesp |92 dnoadode ssonpul g yas 9 a4ndig

SII99 L'Y9¢ MV

sinoy) swl sinoy) swl
y) swip ) swiL
514 e cl 0 cl
HEEE O “
"ﬁl"lunu- ' 1
o, ® s | :
e "¢ 9 s “ X
> pesq m=m I ? o
o dod p - 7 -
M T sisojdode |ejol ezz 1 % 9
° n o
S - i’ g sisojdode Ajeg = "" =
\ | m. sisoydode aje mmm b .m
_ : _ o (sugep) 1O = 2
XXX =3 [°) -3 —
= Q
» =3
—_ o
(0]% I% =01 =2
-l -Z
(sanoy) awi (sanoy) sy
8y cl 9 0
0 =0
X
LW C)
s . o IS
S > 9
S pesq m=m -
% -V .m sisoydode [e10] ez 7 ®
LN NN - -
% . Lo m." sisojdode Aeg = " .m
e 3) sisojdode o)e] == .m
|
e _ A (sugep) LO = o =
EX33 — [=r
1 ] () (e}
*x¥ =01 \0/)0 =0l =
=l =-Cl

SII92 ZL- TNV

2013

submit your manuscript

Drug Design, Development and Therapy 2015:9

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com

Zhang et al

Dove

caspase 3 (17 kDa) by 71.1% and 133.4%, respectively, in
AML-12 cells (P<<0.05 and P<<0.01, respectively, by one-way
ANOVA; Figure 7A and B). Moreover, the level of cleaved
caspase 3 (19 kDa) was significantly elevated by 117.0% when
AML-12 cells were treated with Sch B at 25 uM (P<0.05
by one-way ANOVA; Figure 7A and B). Although the level
of cleaved caspase 3 increased in RAW 264.7 cells, there was no
significance with Sch B at any tested concentration (P>0.05 by
one-way ANOVA; Figure 7A and C). These results indicate that
Sch B induces remarkable activation of caspase 3 and PARP,
and eventually leads to apoptotic death in AML-12 cells.

Sch B induces autophagy in AML-12 and
RAW 264.7 cells with the involvement
of PI3K/Akt/mTOR signaling pathway

Autophagy is a primary morphologically distinctive mode
of programmed cell death, which is an important process
involving the engulfment and degradation of non-essential or
abnormal cellular organelles and proteins in living cells.?!*
To determine the effect of Sch B on autophagy, we deter-
mined autophagic AML-12 and RAW 264.7 cells using
flow cytometric analysis. Treatment of AML-12 and RAW
264.7 cells with Sch B induced remarkable autophagic cell
death (Figure 8A and B). In AML-12 cells, the percentage
of autophagic cells at basal level was 7.3%; treatment with
Sch B at 10 uM and 25 uM for 24 hours markedly increased
the autophagy by 72.6% and 171.2%, respectively (P<<0.05
or P<0.01 by one-way ANOVA; Figure 8A and B).
In RAW 264.7 cells, the percentage of autophagic cells at
basal level was 10.3%; incubation of the cells with 25 uM
Sch B for 24 hours remarkably increased the autophagy by
67.6% (P<<0.01 by one-way ANOVA; Figure 8A and B).
Moreover, treatment of AML-12 and RAW 264.7 cells with
rapamycin at 500 nM for 24 hours significantly elevated the
autophagy by 158.0% and 161.3%, respectively (P<<0.001
by one-way ANOVA; Figure 8A and B).

Next, we examined the effect of Sch B on the expression
level of PI3K class III, beclin 1, LC3-I, and LC3-II. As shown
in Figures 9 and 10, treatment of AML-12 cells with Sch B
at 25 uM markedly increased the expression level of PI3K
class III by 139.5%, compared to the control cells (P<<0.001
by one-way ANOVA). There were 38.9%, 140.6%, 100.8%,
and 161.5% increases in the expression level of PI3K class 111
in RAW 264.7 cells treated with 0.1, 1, 10, and 25 uM Sch
B for 24 hours, respectively (P<<0.01 by one-way ANOVA;
Figures 9 and 11). After 24 hours treatment with Sch B at
25 uM, the expression level of beclin 1 in AML-12 cells
was increased 62.3%, compared to the control cells (P<<0.01
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AML-12 cells RAW 264.7 cells
SchB(uM) 0 01 1 10 25 0 01 1 10 25
p-PI3K p85 . D el - . S 85 kDa
PISK p85 | wwws s s i s S S e e e | 85 kDa
AMPK | s s s i e S R s e e | 62 kDa
p-Akt | S R R | 60 kDa
AKE | s——————— lw 60 kDa
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Figure 9 Sch B modulates the phosphorylation of PI3K,Akt,and mTOR, and the expression of AMPK, PTEN, PI3K class IlI, beclin I, LC3-l,and LC3-Il in mouse AML-12 and

RAW 264.7 cells.

Notes: Cells were treated with Sch B at 0.1, I, 10, and 25 uM for 24 hours and the protein samples were subject to Western blotting assay. Representative blots of p-PI3K,
PI3K, p-Akt, Akt, p-mTOR, mTOR, AMPK, PTEN, PI3K class lll, beclin I, LC3-I, and LC3-Il in mouse AML-12 and RAW 264.7. 3-Actin was used as the internal control.

Abbreviations: Sch B, schisandrin B; p, phosphorylated; PI3K, phosphatidylinositol 3-kinase; AMPK, 5’-adenosine monophosphate-activated protein kinase; Akt, protein
kinase B; mTOR, mammalian target of rapamycin; PTEN, phosphatase and tensin homolog; LC3-1, cytosolic microtubule-associated protein |A/IB-light chain 3; LC3-II, LC3-

phosphatidylethanolamine conjugate (membrane-bound).

by one-way ANOVA; Figures 9 and 10). In RAW 264.7
cells, treatment with Sch B at 1, 10, and 25 uM resulted in
a 71.5%, 120.0%, and 169.2% increase in the expression
of beclin 1, respectively (P<<0.05 or P<<0.01 by one-way
ANOVA,; Figures 9 and 11). Furthermore, in the present
study, our Western blotting analysis revealed two clear bands
of LC3-I and LC3-IT in RAW 264.7 cells after Sch B treat-
ment. However, only one distinct band of LC3-I could be
detected in AML-12 cells (Figure 9). Compared to control
cells, treatment of AML-12 cells with Sch B at 10 uM and
25 uM for 24 hours significantly increased the level of LC3-1
by 73.6% and 96.2%, respectively (P<<0.05 or P<<0.01 by
one-way ANOVA; Figures 9 and 10). In RAW 264.7 cells,
the expression level of LC3-1 was markedly increased by
81.2%, 89.2%, and 166.1%, respectively, when treated with
SchBat0.1, 10, and 25 uM for 24 hours (P<<0.05 or P<<0.01
by one-way ANOVA; Figures 9 and 11). In addition, the
level of LC3-II was significantly increased 3.8-, 4.8-, and
3.6-fold when RAW 264.7 cells were treated with Sch B at

0.1, 10, and 25 uM, respectively. Treatment of RAW 264.7
cells with Sch B at 0.1, 1, 10, and 25 uM increased the ratio
of LC3-II/LC3-1, although the difference was not significant
(P>0.05 by one-way ANOVA; Figures 9 and 11).

To further elucidate the effect of Sch B-induced
autophagy in AML-12 and RAW 264.7 cells, we subsequently
observed that Sch B treatment significantly decreased the
phosphorylation of PI3K p85 at Tyr458 in both AML-12
and RAW 264.7 cells in a concentration-dependent manner
(Figures 9—11). With increasing concentrations of Sch B,
a decreasing level of p-PI3K at Tyr458 was observed
in a concentration-dependent manner. Treating AML-12 cells
with Sch B at 10 uM and 25 uM for 24 hours decreased the
level of p-PI3K at Tyr458 by 38.2% and 49.4%, respectively
(P<<0.05 by one-way ANOVA; Figures 9 and 10), whereas
exposure of AML-12 cells to Sch B did not significantly
affect the expression of total PI3K. The p-PI3K/PI3K ratio
was decreased from 1.10 at basal level to 0.72, 0.62, and 0.62,
when AML-12 cells were treated with Sch B at 1, 10, and
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Figure 10 Sch B modulates the phosphorylation of PI3K, Akt, and mTOR, and the expression of AMPK, PTEN, PI3K class Ill, beclin I, LC3-I, and LC3-Il in mouse AML-12 cells.
Notes: Bar graphs show the ratio of p-PI3K/PI3K, p-Akt/Akt, and p-mTOR/mTOR, and the relative levels of AMPK, PTEN, PI3K class Ill, beclin I, LC3-l, and LC3-Il in mouse

1

25

Sch B concentration (M)

AML-12 cells. Data are the mean + SEM of three independent experiments. ¥P<<0.05; **P<<0.01; and ***P<<0.001 by one-way ANOVA.

Abbreviations: p, phosphorylated; Sch B, schisandrin B; PI3K, phosphatidylinositol 3-kinase; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; mTOR, mammalian
target of rapamycin; AMPK, 5’-adenosine monophosphate-activated protein kinase; PTEN, phosphatase and tensin homolog; LC3-l, cytosolic microtubule-associated protein

I A/1B-light chain 3; LC3-Il, LC3-phosphatidylethanolamine conjugate; SEM, standard error of the mean; ANOVA, analysis of variance; AML, o mouse liver.
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Figure || Sch B modulates the phosphorylation of PI3K, Akt, and mTOR, and the expression of AMPK, PTEN, PI3K class lll, beclin I, LC3-l, and LC3-Il in mouse RAW 264.7

cells.

Notes: Bar graphs show the ratio of p-PI3K/PI3K, p-Akt/Akt, and p-mTOR/mTOR, and the relative levels of AMPK, PTEN, PI3K class Ill, beclin I, LC3-I, and LC3-Il in mouse
RAW 264.7 cells. Data are the mean + SEM of three independent experiments. *P<<0.05; **P<<0.01; and ***P<<0.00| by one-way ANOVA.

Abbreviations: p, phosphorylated; Sch B, schisandrin B; PI3K, phosphatidylinositol 3-kinase; Akt, protein kinase B; mTOR, mammalian target of rapamycin; AMPK, 5’
adenosine monophosphate-activated protein kinase; PTEN, phosphatase and tensin homolog; LC3-l, cytosolic microtubule-associated protein |A/IB-light chain 3; LC3-II,
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25 uM, respectively (P<<0.05 by one-way ANOVA; Figures 9
and 10). Similarly, incubation of RAW 264.7 cells with Sch B
at 0.1, 1, 10, and 25 uM resulted in a 34.7%, 58.5%, 53.2%,
and 89.2% reduction in the level of p-PI3K at Tyr458, respec-
tively (P<<0.05 by one-way ANOVA; Figures 9 and 11),
whereas there was no significant alteration in the expression
level of total PI3K. The p-PI3K/PI3K ratio was decreased
from 0.95 at basal level to 0.35, 0.53, and 0.14 when RAW
264.7 cells were treated with Sch B at 1, 10, and 25 uM,
respectively (P<<0.05 or P<<0.01 by one-way ANOVA;
Figure 11). Moreover, the expression level of PTEN was
significantly increased by 81.5% and 66.8% after AML-12
cells were treated with Sch B at 10 uM and 25 uM for
24 hours, respectively (P<<0.05 by one-way ANOVA; Figures 9
and 10). Incubation of RAW 264.7 cells with SchB at 0.1, 1,
10, and 25 uM increased the level of PTEN, but no significant
change was observed when compared to the control cells
(P>0.05 by one-way ANOVA; Figures 9 and 11). Further-
more, exposure of AML-12 cells to Sch B at 10 uM and 25
UM elevated the expression level of AMPK by 58.0% and
71.2%, respectively (P<<0.05 by one-way ANOVA; Figures 9
and 10). Similarly, treatment of RAW 264.7 cells with Sch B
at 10 uM markedly increased the level of AMPK by 89.3%
(P<<0.05 by one-way ANOVA,; Figures 9 and 11).

We further investigated the activation of Akt after Sch B
treatment. Incubation of AML-12 cells with Sch B for
24 hours significantly reduced the phosphorylation of Akt
at Ser473 in a concentration-dependent manner. Treatment
of AML-12 cells with Sch B at 0.1, 1, 10, and 25 uM mark-
edly decreased the p-Akt levels by 54.4%, 72.2%, 60.0%,
and 51.0%, respectively (P<<0.05 by one-way ANOVA;
Figures 9 and 10). However, exposure of RAW 264.7 cells to
Sch B at 0.1 uM to 25 uM for 24 hours did not significantly
alter the expression level of Akt, compared to the control
cells (P>0.05 by one-way ANOVA; Figures 9 and 11).
The ratio of p-Akt/Akt in AML-12 cells was significantly
decreased from 0.73 at basal level to 0.34, 0.14, 0.17, and
0.24 when AML-12 cells were treated with Sch B at 0.1, 1,
10, and 25 uM, respectively (P<<0.05 or P<<0.01 by one-way
ANOVA,; Figures 9 and 10). Although treatment of RAW
264.7 cells with Sch B at 0.1, 1, 10, and 25 uM decreased
the ratio of p-Akt/Akt, there was no significant difference
compared to the control cells (P>0.05 by one-way ANOVA;
Figure 11).

As showed in Figures 9 and 10, treatment of AML-12
cells with Sch B at 25 uM for 24 hours significantly
decreased the phosphorylation of mTOR at Ser2448 by
52.2%, when compared to the control cells (P<<0.01 by

one-way ANOVA; Figures 9 and 10). However, there was
no detectable change in total mMTOR compared to con-
trol cells. The ratio of p-mTOR/mTOR was significantly
decreased from 0.96 at basal level to 0.47 when AML-12
cells were treated with 25 uM Sch B for 24 hours (P<<0.05
by one-way ANOVA; Figures 9 and 10). Treatment of RAW
264.7 cells with Sch B at 0.1, 1, 10, and 25 uM decreased
the level of p-mTOR, but there was no significant difference
in the ratio of p-mTOR/mTOR compared to the control cells
(P>0.05 by one-way ANOVA; Figures 9 and 11). These
results suggest that PI3K/Akt/mTOR signaling pathway
is involved in Sch B-induced autophagy in AML-12 and
RAW 264.7 cells.

Discussion

The liver is a central site for the metabolism of the majority
of endogenous and exogenous agents, and it can detoxify
the xenobiotics but also can metabolically activate toxic
agents with the involvement of a number of Phase I and
Phase II drug metabolizing enzymes.?33* A reactive toxic
agent may bind to cellular macromolecules, disrupting
the cellular processes and leading to a toxic effect on
hepatocytes, such as intracellular stress or mitochondrial
impairment.*>3® Subsequently, the macrophages in the
liver, such as Kupffer cells, can be stimulated and can
promote the transcription of proinflammatory cytokines
and chemokines, as well as production of reactive oxygen
and nitrogen species, which induce further hepatic injury
with substantial apoptosis and necrosis of hepatocytes.’’
In the present study, we employed RAW 264.7 cells and
AML-12 cells to test the effect of Sch B, with a focus on
cell growth, cell cycle distribution, and programmed cell
death. We observed that Sch B exhibited a potent inhibi-
tory effect on the growth of these two cell lines, and that
Sch B remarkably induced cell cycle arrest in G, phase
and promoted apoptotic and autophagic cell death in both
AML-12 and RAW 264.7 cells.

Given the complex architecture of liver tissue, the interplay
between two or more types of cell is a common phenomenon;
in particular, the interaction between the hepatocytes and
macrophages commonly occurs in the liver. Thus, reliable
models are required to investigate the pathogenesis of xeno-
biotic-induced hepatotoxicity in vitro. Previous studies have
shown that morphological features, phagocytic properties, or
reactivity to external stimuli (eg, lipopolysaccharide) were
similar in both RAW 264.7 macrophages and Kupffer cells. ¥
Therefore, in this study, RAW 264.7 cells were used as an
in vitro experimental model mimicking Kupffer cells.
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Cell cycle control is the major regulatory mechanism
in the cell growth process. Many cytotoxic agents and
DNA-damaging agents can arrest the cell cycle at the G/
G,, S, or G,/M phase, and then induce cell apoptosis.*"*
G /S progression is highly regulated by cyclin D1, which
combines with CDK4/6 and hyper-phosphorylates tumor
suppressor retinoblastoma protein, leading to its dissociation
from the E2F complex and permitting the transcription of
key S phase-promoting genes.*? Loss of cyclin D1 can induce
G, phase arrest, and can lead to apoptosis in both tumoral
and non-tumoral cells.** Moreover, CDK2 regulates cell
cycle G/S transition and modulates cellular events in the
S phase, such as DNA replication and centrosome duplication,
in coordination with cyclin E/A.** In addition, another key
factor, PCNA, also plays an important role in the regulation
of'the cell cycle; PCNA coordinates cell cycle progression by
interacting with several cell cycle-regulating proteins, such as
cyclin—CDK complexes*“¢ and p21 Cip1.4* In the present
study, we found that Sch B remarkably arrested AML-12
and RAW 264.7 cells in G, phase. We further explored the
effect of Sch B on the key regulators in cell cycle checkpoints
including CDK2, cyclin D1, E2F1, PCNA, and cyclin B1 in
both cell lines. The CDK2—cyclin E, CDK4/6—cyclin D, and
E2F complexes play pivotal roles in the regulation of the G/
S phase transition and mitosis.** We observed a significant
decrease in the expression level of cyclin D1 and CDK2 in
AML-12 and RAW 264.7 cells treated with Sch B, which
provides an explanation for the inducing effect of Sch B on
G, phase arrest in both cell lines. Furthermore, the decrease
in the expression level of E2F 1 induced by Sch B indicates a
repression of E2F complex. Additionally, the level of PCNA
was down-regulated by Sch B, linking PCNA to the cell
cycle-regulating machinery in both cell lines. It is well known
that the progression of cells from G, to M phase is regulated
by the activation of CDK1.* However, the expression level
of cyclin B1 was not significantly changed in AML-12 and
RAW 264.7 cells in the present study. This may be attributed
to the inducing effect of Sch B on cell cycle arrest in G, phase,
instead of G, phase. As a proliferation inhibitor, p27 Kip1
blocks the progression of G,/S phase initiation by binding to
and inhibiting the CDK2 activity.*>* Chk1, which is widely
known as a DNA damage checkpoint signaling protein,
has been reported to induce G, phase arrest by inhibition
of Cdc25A activity.*®! In our study, treatment of AML-12
and RAW 264.7 cells with Sch B markedly increased p27
Kipl levels in a concentration-dependent manner, which
probably contributes, at least in part, to the inhibitory effect
of Sch B on cell proliferation and the inducing effect of Sch

B on cell cycle arrest in AML-12 and RAW 264.7 cells. The
expression level of Chkl was concentration-dependently
increased in AML-12 cells, but not in RAW 264.7 cells.
This may be related to the DNA damage that partially inac-
tivates this protein kinase in RAW 264.7 cells. Notably, the
differential responses to the Sch B treatment in AML-12
and RAW 264.7 cells may be attributed to the differences
between cell types. Taken together, these results indicate
that Sch B promotes the expression of anti-proliferative
regulators p27 Kipl and Chkl1, but inhibits the expression
of pro-proliferative modulators CDK2, cyclin D1, PCNA,
and E2F1, resulting in the G, phase arrest in mouse liver
and macrophage cells.

Apoptosis, a type I programmed cell death, is an active
form of cell death, which is linked intimately with both physi-
ological and pathological processes in a variety of cellular
systems.” The dysregulation of apoptosis is important in
the pathogenesis of a wide range of liver diseases, includ-
ing autoimmune disease, viral infections, tissue injury, and
malignancy.> Mitochondria, which play a key role in the
process of apoptosis, frequently represent the main toxic
target of many drugs.* Dysfunction of this vital cell organelle
results in impairment of energy metabolism and relevance
of intracellular oxidant stress, which leads to irreversible
injury and death of the affected cells. Bcl-2 family proteins
have emerged as critical regulators of mitochondria-mediated
apoptosis by functioning as either promoter (eg, Bax) or
inhibitor (eg, Bcl-2 and Bcl-x1).> Increases in the level of
Bax and/or decreases in the level of Bel-2 lead to the loss of
mitochondrial membrane potential, which is a key event in the
induction of apoptosis that causes the release of cytochrome ¢
from mitochondria to cytosol.”? Cytochrome c, a key protein in
electron transport, activates apoptotic protease activating fac-
tor-1, which triggers the activation of caspase 3 that will sub-
sequently catalyze proteolytic cleavage of many key proteins,
such as the PARP.> In vitro studies have shown that Sch B
induces apoptosis via the activation of the mitochondria-
mediated intrinsic caspase pathway in different cancer cell
lines.?*> In our study, we found that treatment of AML-12
and RAW 264.7 cells with Sch B for 24 hours resulted in a
marked decrease in the level of anti-apoptotic proteins Bel-x1
and Bcl-2, and simultaneously led to a remarkable increase in
pro-apoptotic protein Bax. This alteration may be responsible
for the concomitant execution phase of apoptosis, which
includes the disruption of mitochondrial membrane potential
and the release of cytochrome c to cytosol. Furthermore, this
effect of Sch B leads to a remarkable activation of cleav-
age of caspase 3 and PARP. These data indicate that Sch B
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induces mitochondria-dependent apoptosis in mouse liver
and macrophage cells.

Autophagy can be a survival response to stress stimuli,
allowing the elimination of toxic metabolites, intracellular
pathogens, and damaged proteins and organelles, and pro-
viding energy and amino acids necessary for vital functions
during metabolic stress.’*” Normal liver function requires
hepatocellular basal autophagy, due to the high biosynthetic
activity and the role of the liver in protein and carbohydrate
storage.>® However, excessive autophagy may crumple the
hepatocyte functions and induce cell death directly.3¢57
Beclin 1 and LC3 are two specific markers of autophagy, and
both of them are closely involved in autophagic processes.
Beclin 1 has largely been characterized in the context of
autophagy; it modulates the lipid kinase activity of PI3K
class III catalytic unit vacuolar sorting protein 34, which
generates phosphatidylinositol 3-phosphate, enabling the
recruitment of a number of autophagy proteins involved in
the nucleation of the autophagosome.’*>” LC3, a mammalian
homologue of yeast autophagy-associated protein 8 (Atg8),
has been used as a specific marker to monitor autophagy.**’
LC3 proteins can be divided into two forms: LC3-1 (18 kDa)
and LC3-II (16 kDa). During autophagy, cytosolic LC3
(LC3-]) is conjugated to phosphatidylethanolamine to form
LC3-I1, which is recruited to autophagosomal membranes.>
Because the amount of LC3-II correlates with the number
of autophagosomes, the level of LC3-II can be used as an
autophagosomal marker to measure autophagic activity.*
In our study, we found that Sch B treatment concentration-
dependently induced autophagy in AML-12 and RAW
264.7 cells. We also found that Sch B remarkably increased
the expression of LC3-I and LC3-II, as well as the ratio
of LC3-II over LC3-I in RAW 264.7 cells, but that Sch
B concentration-dependently elevated the level of LC3-1
in AML-12 cells only. Furthermore, there was a striking
increase in the expression levels of beclin 1 and PI3K class
I in both AML-12 and RAW 264.7 cells.

Furthermore, to understand the underlying mechanism
for the autophagy-inducing effect of Sch B, we investigated
the effect of Sch B on the classic PI3K/Akt/mTOR signaling
pathway. mTOR is the catalytic subunit of two structurally
and functionally distinct complexes, referred to as mTOR
complex 1 (mTORC1) and mTOR complex 2.°® The major
regulator of autophagy is mTORCI, which in the presence
of nutrients and growth factors strongly inhibits the initia-
tion of autophagy.® mTORCI inhibits autophagy directly
via phosphorylation, and suppresses ULK1/Atg13/FIP200,
a kinase complex critical for autophagy initiation and

autophagosome formation.*® As an upstream positive regula-
tor of mTOR, Akt inactivates tuberous sclerosis complex 2 by
phosphorylating it on four residues; the resulting compound
is a negative regulator of mTOR, thereby activating mTOR.%
In addition to Akt, one of the main mTOR regulators is
AMPK, which also communicates directly with mTORCI1
by phosphorylating raptor, leading to 14-3-3 binding and
the allosteric inhibition of mMTORC1.%' Moreover, PI3K is a
heterodimeric protein containing an 85 kDa regulatory and
a 110 kDa catalytic subunit.®> Active PI3K phosphorylates
phosphatidylinositol (3,4)-bisphosphate (PIP2), converting it
to phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which
recruits Akt and 3-phosphoinositide-dependent protein
kinase 1 (PDK1) to the plasma membrane, enabling PDK1
to phosphorylate Akt at Ser308 and leading to the activation
of Akt.’#0-62 PIP3 formation is negatively regulated by the
well-known tumor suppressor PTEN, which converts PIP3 to
PIP2 and has an ability to antagonize PI3K/Akt signaling.®
In the present study, Sch B significantly reduced the phos-
phorylation of PI3K at Tyr 458, Akt at Ser473, and mTOR
at Ser2448 in both AML-12 and RAW 264.7 cells. How-
ever, the total PI3K, Akt, and mTOR were not significantly
changed when AML-12 and RAW 264.7 cells were treated
with Sch B. Furthermore, the expression levels of PTEN and
AMPK were concentration-dependently increased. These
results suggest that Sch B induces a down-regulation in
the phosphorylation of PI3K, Akt, and mTOR, but induces
an up-regulation of PTEN and AMPK, contributing to the
autophagy-inducing effect of Sch B in mouse liver and
macrophage cells.

In summary, the present study showed that Sch B inhib-
ited cell proliferation, induced G, phase arrest, activated the
mitochondria-dependent apoptotic pathway, and promoted
autophagy with the involvement of PI3K/Akt/mTOR signal-
ing pathway in mouse liver and macrophage cells (Figure 12).
These results demonstrate that Sch B may represent a
remarkable cytotoxic agent at high concentration in vivo.
However, the interplay between apoptosis and autophagy,
and the contribution of autophagy to Sch B-induced cell death
is still not clear. Therefore, more studies are needed to fully
elucidate the crosstalk between apoptosis and autophagy,
and to identify the targets and molecular mechanisms for
Sch B-induced hepatotoxicity.
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