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Notchl activation protects against triptolide-induced
oxidative damage and apoptosis in hepatocytes

XIONG Zhewen, WANG Li, KONG Jiamin, WANG Wenwen, CHENG Yisen, SHEN Feihai, HUANG Zhiying
(School of Pharmaceutical Sciences, Sun Yat-sen University, Guangzhou 510006, China)

Abstract; Triptolide (TP), the predominant active component of the traditional Chinese herb Tripterygium wilfordii Hook f.
(TWHF) , has been shown to exert multiple pharmacological effects. However, the clinical applications of TP are limited by its severe
adverse effects, especially hepatotoxicity. The aim of this study was to investigate the potential protective effects of Notchl/NF-E2-re-
lated factor 2 (Nrf2) signaling on TP-induced hepatotoxicity. In the present study, TP caused oxidative stress and cellular apoptosis in
Chang liver cells, which were accompanied by inhibition of the Notchl activation signal. In addition, the activation of Notchl by Jag-
gedl protected against TP-induced cytotoxicity, whereas the inhibition of Notchl by DAPT or Notchl siRNA increased the damage. We
also found that activation of Notchl upregulated Nrf2 and heme oxygenase-1 ( HO-1) expression and that the inhibition of Notchl resul-
ted in the opposite effect. Interestingly, a reduction in Nrf2 almost eliminated the protective effect conferred by Jaggedl, which indica-
ted that Nrf2 was essential in the protection against TP-induced hepatotoxicity through the activation of Notchl. Overall, these results
suggested that Notchl signaling ameliorated the detrimental effects of TP by decreasing oxidative stress and downregulating apoptosis,
and that the Nrf2 signaling pathway was a key downstream mediator of this effect.
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Triptolide (TP) is a diterpenoid epoxide, origi-
nally purified from the medicinal plant Tripterygium
wilfordii Hook f. (TWHF) whose extracts have been
shown to have anti-inflammatory, immunosuppressive,
as well as anti-cancer activity. It has been reported
that theumatoid arthritis, systemic lupus erythemato-
sus, nephritis and psoriasis were successfully trea-
ted"' ', Recently, numerous breakthroughs have been
made in our understanding of the anti-tumor activity of
TP. Preclinical studies indicated that TP inhibits cell
proliferation, induces cell apoptosis, inhibits tumor
metastasis and enhances the effect of other therapeutic
methods in various cancer cell lines. Several groups
have demonstrated the potential value of TP to over-
come chemoresistance in different types of cancer, in-
cluding myeloid leukemia, pancreatic and ovarian
cancer > * %),

Although TP possesses a variety of pharmacologi-
cal effects both in vitro and in vivo, it has been restrict-
ed in clinical application due to its multi-organ toxici-
ty. The CFDA issued a warning in 2012 about this
medicine , urging caution'’’. Clinically, the hepatotox-
icity is one of the most significant adverse effects. Ani-
mal toxicology studies have shown that acute liver fail-
ure is one of the main causes of death associated with
triptolide. The aggravated hepatotoxicity was evidenced
with the lifted levels of alanine aminotransferase
(ALT) and aspartate transaminase ( AST) and re-
markable histopathological changes, such as fat-like le-
sions and the swelling of the renal proximal tubule in

the liver:® "’

. Our previous studies demonstrated that
oxidative stress plays an important role in TP-induced
liver injury in BALB/C mice''"". Although many stud-
ies on the hepatotoxicity of TP have been reported, the
underlying mechanism of TP-induced liver injury has
not been fully elucidated.

The Notch pathway is an evolutionarily conserved
fundamental pathway that regulates cell fate decisions
in animals, such as cell differentiation, survival/apop-
tosis, and cell cycle "', Tt comprises four Notch re-
ceptors (Notchl —4) and two types of Notch ligands
(Jaggedl, 2 and Delta 1, 3, and 4) as well as intra-
cellular proteins that transmit the Notch signal into the

nucleus "', The binding of the Notch ligand to its re

ceptor triggers the +v-secretase-mediated proteolytic
cleavage of the Notch intracellular domain ( NICD).
The NICD translocates into the nucleus, where it con-
verts protein Jk ( RBPJk) from a transcriptional re-
pressor into an activator, which resulted in the tran-
scription of Notch target genes such as hairy and en-
hancer of split 1 (Hesl) and the hairy-related tran-
scription (HRT) factor family "~

Accumulated data has revealed that Notchl acti-
vation exerted protective effects in cardiac injury and
liver injury by decreasing generation of reactive oxygen
species ( ROS). For example, activation of cardiac
Notchl via exogenous administration of Notchl ligand
Jaggedl attenuates myocardial ischemia/reperfusion

91phox :
expression and

(MI/R) injury via inhibiting gp

161 Notchl activation reduced intracel-

0, production
lular ROS and protected hepatocytes from apoptosis af-
ter hepatic ischemia/reperfusion (I/R) injury through
the activation of STAT3 and manganese superoxide dis-
mutase ( MnSOD ) expression. Thus, understanding
the protective effect of Notchl is of great importance for
its clinical application.

It is clear that the Nrf2 pathway is a dominant fac-
tor in the protection of cells against oxidative damage
HTEI8E N s evolutionarily conserved, as is Notchl,
which indicated that cross-talk may occur between the
two pathways. Several studies have shown that signa-
ling in the direction of Notchl to Nrf2 could be ob-
served in vivo and in wvitro. In silico analyses and re-
porter gene assays revealed that RBPJk recognition se-
quences were highly conserved in the Nrf2 promoter re-

19-20 .
'. However, the precise mech-

gions of mammals '
anism underlying the combined action of Notchl-Nrf2
in the protection against hepatocyte damage is un-
known.

This study was designed to determine the role of
Notchl signaling in TP-induced hepatotoxicity using
Chang liver cells as an in vitro model. To characterize
the role of Notchl in TP-induced hepatotoxicity, we
suppressed or increased Notchl expression and studied
the downstream Nrf2 signaling because of these chan-
ges. Our findings suggested that the activation of
Notch1l may offer a novel therapeutic strategy to protect

against TP-induced hepatotoxicity.
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1 Materials and methods

1.1 Reagents and antibodies

TP ( >99% purity) was purchased from DND
Pharm-Technology Co. ( Shanghai, China). N- [ N-
( 3, 5-difluorophenacetyl ) -L-alanyl ] -S-phenylg-
lycine t-butyl ester ( DAPT, >98% purity) was pur-
chased from Sigma-Aldrich (St. Louis, MO, USA).
Recombinant Human Jagged 1 Protein was purchased
from R&D Company ( Minneapolis, MN, USA). Anti-
activated Notchl was purchased from Abcam Biotech-
nology ( Cambridge, MA, USA). Anti-Notchl anti-
body and anti-HO-1 antibodies were purchased from
Sangon Biotechnology ( Shanghai, China). Anti-Bcl-2
antibody, anti-Caspase-3 antibody, and anti-Histone
H3 antibodies were purchased from Cell Signaling
Technology ( Beverly, MA, USA). Anti-Nrf2 antibody
was purchased from Santa Cruz Biotechnology ( Santa
Cruz, CA, USA). All other chemicals were of analyti-
cal grade from and available from commercial suppli-
ers.
1.2 Cell culture and drug dissolution

Chang liver cells were obtained from American
Type Culture Collection ( ATCC, USA). The cells
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM, HyClone, Logan, UT, US) supplemented
with 50 U + mL ™" penicillin, 50 wg + mL~" streptomy-
cin, and 10% fetal bovine serum ( HyClone, Logan,
UT, USA). The cells were grown in a humidified in-
cubator in 5% CO, at 37 °C. TP and DAPT stock solu-
tions were prepared in dimethyl sulfoxide (DMSO) and
were stored at —20 °C. Jaggedl was dissolved in PBS
and stored at —20 C.
1.3 Determination of intracellular GSH

To measure the generation of intracellular reduced
GSH, Chang liver cells (8 x 10* cells -
seeded in 6-well plates and then were exposed to TP
(160 nmol/L) for 24 h. The GSH content was deter-
mined using a GSH Detection Kit ( Beyotime, Jiangsu,

well ') were

China) in accordance with the manufacturer’s instruc-
tions.
1.4 Detection of apoptosis

Chang liver cells (8 x 10* cells -
seeded in 6-well plates and were treated with TP (160

well ') were

nmol/L) for 24 h. The Annexin V-FITC/PI Detection
Kit ( BD Biosciences, San Diego, CA) was used to
determine the level of cellular apoptosis. Chang liver
cells were exposed to TP for 24 h, harvested, washed
twice with cold PBS, and resuspended in 1 X binding
mL™". Sub-

sequently, in accordance with the manufacturer’s in-

buffer at a concentration of 1 x 10° cells -

structions, the cells were stained with annexin V-FITC
and PI for 20 min at 37 °C, and analyzed immediately
using a flow cytometer ( Becton-Dickinson, San Jose,
CA, USA).
1.5 Determination of ROS production

Chang liver cells (8 x 10* cells -
seeded in 6-well plates and were treated with TP (160

well ') were

nmol/L) for 24 h. After treatment, the cells were har-
vested and stained with 10 wmol/L 2", 7" — dichlo-
rodihydrofluorescein diacetate ( Sigma-Aldrich, St.
Louis, MO, USA) at 37 °C for 20 min in the dark.
The fluorescence was measured by using a flow cytome-
ter ( Becton-Dickinson, San Jose, CA, USA) measur-
ing the FITC fluorescence; ROS was quantified using
the mean fluorescence intensity.
1.6 Quantitative real-time PCR analysis

Total RNA was prepared using the RNAiso Plus
(Takara, Japan), and the cDNA was prepared from
the total RNA using the Prime Script RT reagent Kit
( Takara,

manufacturer’s instructions. The sequences of the prim-

Japan ) in  accordance with the
ers are shown in Table 1. The PCR amplification was
conducted on a LightCycler 2. 0 system ( Roche Diag-
nostics, Basel, Switzerland ).
1.7 Gene knockdown using siRNA

Negative control siRNA, Notchl siRNA (5’ -
UGGCGGGAAGUGUGAAGCG -3’ and 3" - ACCGC-
CCUUCACACUUCGC -5") and Nrf2 siRNA (5’ -
GCAACAGGACAUUGAGCAA - 3"and 3' - CGUU-
GUCCUGUAACUCGUU -5") were obtained from Ri-
boBio ( Guangzhou, Guangdong, China). Chang liver
cells were transiently transfected using Lipofectamine
3000 ( Invitrogen, USA ) in accordance with the
manufacturer’s instructions. At 48 h after transfection,
the cells processed and analyzed by western blot analy-

sis.
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Table 1  Primer sequences for PCR amplification
Gene  Species Type Sequence
5" = TGCGAAGTGGAC
Forward primer
ATTGACGA -3’

Notchl

Human

5" - GTGGCCACAC
CATCCTTACA -3’
5" = TTCAGCGAGTG
CATGAACGA -3’

5" = GAGTGCGCAC
CTCGGTATTA -3’
5" - TGACTTGATCCGA
CACATGG -3’

5" = TCCCATCCAT
CCAAAAACAT -3’

Reverse primer

Forward primer
Hesl ~ Human

Reverse primer

Forward primer
GAPDH Human

Reverse primer

1.8 Western blot analysis

The Chang liver cell line was treated with different
drugs. Then, the cells were harvested and washed with
cold phosphate-buffered saline (PBS). The proteins
were extracted with RIPA Cell Lysis Buffer ( Beyotime,
Jiangsu, China) and stored on ice for at least 20 min.
The lysates were centrifuged at 12 000 x g at 4 °C for
20 min, and the supernatant was transferred to a fresh
tube. After the protein concentration was measured u-
sing the bicinchoninic acid ( BCA) method, equal a-
mounts of protein were loaded into each lane of a poly-
acrylamide gel, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and transferred to
polyvinylidene fluoride ( PVDF ) membranes. The
membranes were blocked with 5% non-fat dry milk
powder in 0. 05% tris-buffered saline and Tween 20
(TBST) for 1 h at 25 C. After overnight incubation at
4 °C with antibodies, the membranes were washed
three times and incubated for 1 h at 25 “C with second-

21

ary antibodies *''. The membranes were developed u-

sing an electrochemiluminescence ( ECL) kit ( Thermo
Scientific/Pierce, Rockford, IL, USA) in accordance
with the manufacturer’s instructions or a chemilumines-
cence detection system ( Bio-Rad Laboratories, Hercu-
les, CA, USA). The density of the immunoreactive
bands was analyzed by using Image] 1. 41 ( National
Institutes of Health, Bethesda, MD, USA) .
1.9 Statistical analysis

The software SPSS v16. 0 (SPSS Inc. Chicago,
I, USA) was used for statistical analysis. The data

were expressed as the mean values + S. D. The val-

ues were compared using Student’s ¢-test and a one-way
analysis of variance ( ANOVA), followed by Tukey’s
test. The levels of statistical significance were set at P

<0. 05, <0. 01, or P<0. 001.

2 Results

2.1 TP induces apoptosis and oxidative stress in
Chang liver cells

It has been reported that TP induced cytotoxicity
in both H9¢2 cells and HepG2 cells in our previous
work. TP reduced cell viability in a dose-and time-de-
pendent manner. The IC,, determined after 24 h expo-
sure to TP was 157. 87 nmol/L in HepG2 cells. In ad-
dition, 24 h incubation with various concentrations of
TP markedly induced the release of LDH''®- %2/

In our study, TP-induced hepatotoxicity was as-
sessed in vitro using Chang liver cells treated with vari-
ous concentrations of TP for 24 h. As shown in
Fig. 1A, intracellular ROS increased by 200% ,
260% , and 350% after addition of 80, 160, and 320
nmol/L TP, respectively. The cytotoxicity of TP was
also assessed via the annexin V-FITC/PI double stai-
ning assay. Incubation with various concentrations of
TP (80 ~ 320 nmol/L) for 24 h markedly increased
the percentage of apoptotic cells (Fig. 1B). These re-
sults indicated that oxidative stress and apoptosis were
involved in the response of Chang liver cells to TP
treatment.

2.2 TP suppresses activation of Notchl pathway

Notch controls important aspects of liver homeo-
stasis, metabolism, and vascular physiology. In a pre-
vious study, the conditional gene knockdown of Notchl
and overexpression of NICD confirmed that Notchl and
NICD were dominantly expressed in hepatocytes 2.
To explore the molecular mechanism underlying the
TP-induced effects on Notchl signaling, mRNA and
protein expression of Notchl signaling-related mole-
cules were measured by qPCR and western blotting,
respectively; additionally, NICD and Hesl were ana-
lyzed as markers of Notchl activation and downstream
effector of Notch signaling, respectively.

Western blotting showed that NICD protein levels
began to decrease 3 h after TP treatment. After 24 h of
TP treatment, the values were 60% lower than those of

the control group. Moreover, Notchl protein levels be-
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gan to decline at 6 h and reached the lowest value after
24 h of TP treatment ( Fig. 2A). In addition, after
treatment with TP at various concentrations (0, 40,
80, 160, 320, and 640 nmol/L) for 24 h, NICD pro-
tein expression was lowest in the cells treated with 160
nmol/L. A gradual decline in the Notchl protein level
was also seen after treatment with various concentra-
tions of TP for 24 h (Fig.2B). As shown in Fig. 2C
and D, Notchl and Hesl mRNA transcription in TP-
treated cells was markedly decreased in a time-and
dose-dependent manner, which suggested that Notchl
signaling was inhibited by TP. Collectively, these data

pathway in Chang liver cells.
2.3 Inhibition of Notchl aggravates TP-induced
cytotoxicity
DAPT, a specific inhibitor of vy-secretase, was
shown to block proteolytic processing and reduce the
release of NICD . As shown in Fig. 3A, after treat-
ment with various concentrations of DAPT (0, 5, 10,
20 and 50 wmol/L) for 48 h, the NICD protein ex-
pression was lowest in the cells treated with 50 pmol/
L. In our previous study, 160 nmol/L TP remarkably
reduced the viability of HepG2 cells and H9¢2 cells

U820 Furthermore, 160 nmol/L TP significantly in-

suggested that TP significantly inhibited the Notchl duced ROS production and apoptosis "'***'. In the
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Fig. 1 TP induces oxidative stress and apoptosis in Chang liver cells. Chang liver cells were treated with TP at various concentra-

tions for 24 h. (A) ROS quantification was performed by using flow cytometry and the data are presented as the mean fluorescent

intensity (MFI) after DCFH-DA staining; (B) The proportions of apoptotic cells were determined by annexin V-FITC/PI double

staining. Data are presented as the mean + SD from three independent experiments; P < 0.05 vs control, ** P < 0.01 vs con-

trol, **"P < 0.001 vs control.
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Fig.2 TP suppresses the activation of the Notchl pathway. The effects of TP on the total levels of Notchl and NICD were deter-
mined. Chang liver cells were treated with a fixed dose of TP (160 nmol/L) for different times (0, 3, 6, 9, 12 and 24 h) (A) or
with various concentrations (0, 40, 80, 160, 320 and 640 nmol/L) of TP for 24 h (B). The time (C) and concentration (D)

courses of mRNA expression of Notchl and Hesl in Chang liver cells were also analyzed. Data are presented as the mean = SD

from three independent experiments. “ P < 0.05 vs control, " * P < 0.01 vs control, ***P < 0.001 vs control

present study, the connection between the Notchl
pathway and TP-induced cytotoxicity was investigated
by pretreating Chang liver cells with DAPT (50 wmol/
L) only for 24 h and then co-treatment with TP (160
nmol/L) and DAPT for 24 h. NICD expression was ef-
fectively decreased by DAPT treatment, as shown in
Fig. 3B. More importantly, when Chang liver cells
were treated with both TP and DAPT, the expression of
NICD decreased to a minimum, which indicated that
DAPT enhanced the downregulation of Notchl signaling

after TP treatment.

Oxidative stress is known to contribute to TP-in-

9,24,27,28
!, Therefore, we assessed

duced hepatotoxicity '
oxidative injury by the measurement of ROS production
and the level of cellular GSH, which is a key free radi-
cal scavenger in the protection against the oxidative
processes in cells (Fig. 3C and D). As illustrated in
Fig. 3C, after treatment with both TP and DAPT, the
intracellular ROS level in Chang liver cells was approx-
imately 1. 5-fold higher than that in TP-treated cells.
Additionally, DAPT treatment significantly enhanced

the TP-induced depletion of GSH (Fig. 3D).
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Fig. 3 Inhibition of Notchl aggravates TP-induced cytotoxicity. Chang liver cells were treated with DAPT at various concentrations
(0, 5, 10, 20, 50 pmol/L) for 48 h. (A) Western blotting analysis of NICD expression. Chang liver cells were pretreated with
DAPT (50 pmol/L) for 24 h and then co-treated with TP (160 nmol/L) and DAPT for 24 h; (B) Western blotting analysis of
NICD expression; (C) ROS quantification was performed by using flow cytometry and the data are presented as the mean fluorescent
intensity (MFI) after DCFH-DA staining; (D) The level of GSH was determined by a GSH assay kit; (E) The percentages of ap-
optotic cells were determined by annexin V-FITC/PI double staining; (F) The apoptosis-related proteins were also determined by
western blotting analysis. Chang liver cells were transiently transfected with negative control siRNA (NC), or siRNA targeting
Notchl for 48 h; (G) Western blot analysis of Notchl expression. Chang liver cells were treated with TP (160 nmol/L) for 24 h
after transfection with Notchl siRNA; (H) Western blotting analysis of NICD expression; (I) The total levels of Bel-2 and cleaved-
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< 0.05 vs control, **P < 0.01 vs control, ***P < 0.001 vs control; *P < 0.05 vs control cells treated with the same concen-
tration of TP,™P < 0.01 vs control cells treated with the same concentration of TP, **P < 0. 001 vs control cells treated with the

same concentration of TP
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The evaluation of DAPT-treated cells showed that
the downregulation of NICD expression increased their
susceptibility to TP-induced apoptosis, as indicated by
a higher percentage of apoptotic cells, higher expres-
sion of cleaved-caspase-3, and lower expression of Bel-
2 (Fig. 3E and F). These results indicated that the
Notchl signal blockade exacerbated TP-induced hepa-
tocyte damage.

The role of Notchl in TP-induced cytotoxicity was
also evaluated in Chang liver cells after transfection
with Notchl siRNA. As shown in Fig. 3G, Chang liver
cells were transiently transfected with siRNA targeting
Notchl, negative control siRNA (NC), and vehicle
control. We selected the third siRNA sequence as the
following experimental tool. Notchl siRNA successfully
suppressed NICD protein expression levels by 65%
compared with the vehicle under normal culture condi-
tions ( Fig. 3H). Western blotting revealed that TP-
treated cells transfected with Notchl siRNA demonstra-
ted a two-fold reduction in Bel-2 expression compared
with the TP group. In contrast, the Notchl siRNA-
transfected cells had a higher content of cleaved-
caspase-3 after TP treatment ( Fig. 31). In summary,
these findings provided important evidence that inter-
ference with Notchl expression exacerbated TP-induced
apoptosis in Chang liver cells.

2.4 Activation of Notchl by Jaggedl attenuates
TP-induced cytotoxicity

To confirm the involvement of the Notchl pathway
in the protection against TP-induced hepatotoxicity,
Chang liver cells were pretreated with Jaggedl (200 ng

-mL™") only for 24 h and co-treated with TP (160
nmol/L.) and Jaggedl for 24 h. As expected, incuba-
tion with Jaggedl increased the NICD protein level in
Chang liver cells by approximately 1.7-fold compared
with the control group (Fig.4A).

We hypothesized that Notchl suppressed oxidative
injury after TP treatment. We quantified intracellular
ROS using the fluorescent probe DCFH-DA and evalu-
ated cellular GSH levels in Chang liver cells ( Fig. 4B
and C). The levels of intracellular ROS suggested that
Jaggedl treatment effectively reduced TP-dependent
ROS production, which was consistent with the en-
hanced levels of GSH observed.

The results of the annexin V-FITC/PI double-stai-

ning assays also indicated that treatment with both Jag-

gedl and TP reduced the apoptosis rate by approxi-

mately 43% compared with the TP group (Fig.4D).

Western blot analysis showed that the pre-treatment

with Jaggedl markedly attenuated TP-induced cellular

apoptotic signaling by increasing the expression of Bel-

2 and decreasing the content of cleaved-caspase-3

(Fig. 4E).

2.5 Downregulation of Notchl signaling inhibits
Nrf2 activation and upregulation of Notchl
signaling enhances Nrf2 activation during
TP-induced hepatotoxicity
Nrf2 is a direct transcriptional target of

Notch1™'; however, the precise mechanism underly-

ing the combined action of Notchl and Nif2 in the pro-

tection of TP-induced cytotoxicity is unknown. To ex-
plore the impact of Notchl signaling on Nrf2 activity,
we detected the protein abundance of total cellular

Nrf2 , nuclear Nrf2, and HO-1 in Chang liver cells by

western blotting.

The treatment with DAPT (50 pmol/L) de-
creased the expression of total cellular-Nrf2, nuclear
Nrf2, and HO-1 by 33% , 47% , and 30% compared
with the TP group, respectively (Fig. 5A). Similarly,
Notchl siRNA effectively enhanced the TP-induced in-
hibition the expression of Nrf2-related molecules
(Fig. 5B). In contrast, treatment with Jaggedl in-
creased the protein expression of total cellular Nrf2,
nuclear Nrf2, and HO-1 by 1.9, 1.7, and 1. 4-fold
compared with the TP group, respectively, which indi-
cated that the activation of Notchl effectively counter-
TP-induced of Nrf2
(Fig. 5C). Collectively, these results provided addi-

acted the inhibition signal
tional evidence for cross-talk between the Notchl and
Nrf2 signaling pathways in Chang liver cells during TP-
induced cytotoxicity.
2.6 Knockdown of Nrf2 attenuates Notchl pro-
tection against TP-induced cytotoxicity

To investigate whether the Nrf2 pathway was es-
sential in the hepatoprotective ability of Notchl, Chang
liver cells were treated with TP (160 nmol/L) for 24 h
after the transfection of Nrf2 siRNA in the presence of
Jaggedl. As shown in Fig. 6A, Chang liver cells were
transiently transfected with siRNA targeting Nrf2 , neg-
ative control siRNA (NC) , and vehicle control. We



553 REYTSCAE: Notchl {553 B E B 23 T Y 2R BT UM A e 5 i 4 ) B ATL ]
A 2.0
as!
=15
NICD ™ w— o i %g
TELO
R e — Sk
B~ 0.5 Jagl=Jagged1
Con Jagl TP TP+Jagl
0.0
B
400
] 1: Con
3 1.5
3004
1 =3
4 L oo 3
£ 200 gg °
2 33
&) i % et
100 KD@ 0.54
0- 0.0
Jagl TP TP+Jagl TP TP+Jagl
D
& 3
10~y 10°TAT A2 1.98%
10°+
2101 =
10°4A3e. | A4 ¥
] B0, 509 ¥
0 10° 10! 10? 10° 0 10! 102 1
Annexin-V-FITC Annexin-V-FITC
Con Jagl
10° g 10° 3
AT A2 3.36% Al A2 2.20%
1 3 N
1074 10% + Z15
1 2 E B
A 101 A 10 4 g1
10° 4 10° 4 S
5 1 TP TP+Jagl
100 10t 102 10° 10t 10> 10°
Annexin-V-FITC Annexin-V-FITC
B TP TP+Jagl ##
B2 ———— % '
a
= %
ot i - 9%
Caspase3 : \ &) § *ok e
Ve go
2803 BE9
GAFDH  —— 3
0
Con Jagl TP TP+Jagl 0.0 Jagl TP 0 TP+Jagl

Fig. 4  Activation of Notchl by Jaggedl attenuates TP-induced cytotoxicity. Chang liver cells were pretreated with Jaggedl (200 ng
- mL™") for 24 h and then co-treated with TP (160 nmol/L) and Jaggedl for 24 h. (A) Western blotting analysis of NICD expres-
sion; (B) ROS quantification was performed using flow cytometry and the data were presented as the mean fluorescent intensity
(MFI) after DCFH-DA staining; (C) The level of GSH was determined by a GSH assay kit; (D) The percentages of apoptotic
cells were determined by annexin V-FITC/PI double staining; (E) The apoptotic-related proteins were also determined by Western
blotting analysis; Data are presented as the mean + SD from three independent experiments. “*P < 0.0l vs control, """ P <

0. 001 vs control; *P < 0.05 vs control cells treated with the same concentration of TP, ¥ P < 0.01 vs control cells treated with the

same concentration of TP




114 LRk (ARFHERR) 55 56 %
A
N2 . S - L5 Hith = L5 Téﬁl's‘
HO-1 |- - %%1-0 =€ 10fp £E10
= oz @ g ‘
=) <
GAPDH ememm—— = © 05 1% 05 £505
NS Ny J e p— zfeoo :VOO ;v
Hisone 3 NSNS =~  Con TP DAPT TP+ *"Con TP DAPT TP+ TP DAPT TP+
DAPT DAPT DAPT

Con TP DAPT TP+DAPT

B

—
w
—_
W

T-Nrf2 o —

5 = B
HO-1 RS T %10 5 ST 10{p
o JE =8>
GAPDIl - s T g5 05
Z S oL Z S
N-NIt2  w— e e T T T
B 00 0 Z 00
Con TP Nos TP+Nos Con TP Nos TP+Nos Con TP Nos TP+Nos

tisione 3

Con TP Nos TP+Nos
C

TN — E 1.5 ” i(S) E,\

HO-1 s %@1-0 §§1‘5 28

= = Eg

GAPDI S———  ~ © <810 82

5330.5 = AP

NNt =8 0205 s
N2 — 5 =Rt z

Con Jagl TP TP+Jagl Con Jagl TP TP+Jagl

| Nos=Notchl siRNA

HISIONE 3 s———
Con Jagl TP TP+Jagl

Jagl=Jagged1 |

Fig. 5 Downregulation of Notchl signaling inhibits Nrf2 activation and upregulation of Notchl signaling enhances Nrf2 activation
during TP-induced hepatotoxicity. Chang liver cells were pretreated with DAPT (50 wmol/L) for 24 h and then co-treated with TP
and DAPT for 24 h. (A) The levels of total cellular Nrf2, HO-1, and nuclear Nrf2 were analyzed. Chang liver cells were treated
with TP (160 nmol/L) for 24 h after transfection with Notchl siRNA; (B) The levels of total cellular Nif2, HO-1, and nuclear
Nif2 were assessed by western blotting analysis. Chang liver cells were pretreated with Jaggedl (200 ng + mL™") for 24 h and then
co-treated with TP and Jaggedl for 24 h; (C) The effects of Jaggedl on the expression levels of Nrf2 and its downstream proteins

were determined; Data are presented as the mean + SD from three independent experiments. “ P < 0.05 vs control, ** P < 0.0l

vs control, ***P < 0.001 vs control; *P < 0.05 vs control cells treated with the same concentration of TP, #P < 0.01 vs con-
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chose the third siRNA sequence as the following exper-
iment tool. As shown in Fig. 6B, the antioxidative
effect of Jaggedl was partially abrogated after Nif2 siR-
NA transfection during TP-induced oxidative stress,
which was supported by increased DCF fluorescence in-
tensity. In agreement with this finding, Nrf2 deficiency
mostly eliminated the ability of Jaggedl to protect a-
gainst TP-induced apoptosis ( Fig. 6C). Collectively,
these results illustrated that the Nrf2 pathway was cru-
cial to maintain the actions of the Notchl pathway in
the promotion of hepatocyte survival after TP treat-
ment. The key processes influenced by this protective
mechanism may be the cycle of damage involving ROS

overload and apoptosis.

3 Discussion

As the dominant active component of the Chinese
herb TWHF, TP has been reported to be one of the
most effective anti-inflammatory and immunomodulatory

2]

natural products ever discovered ' However, TP o-

verdose can result in severe hepatotoxicity, and even

‘3) . Therefore,

death, in both animals and humans
the development of therapeutic intervention strategies to
alleviate TP-induced toxicity would be of great clinic
value.

Our previous studies indicated that the mecha-

nisms underlying TP-induced toxicity mainly involved

It has

the regulation of oxidative stress 7' %%

been demonstrated that TP treatment significantly in-

creased the accumulation of ROS and subsequently
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triggered cellular apoptosis by depolarization of the mi-
tochondrial membrane potential, decrease in the ratio
of Bax/Bcl-2, release of cytochrome ¢, and activation
of caspase-3 in cardiomyocytes '"®/. In this study, up-
regulated intracellular ROS production ( Fig. 1A) was
observed in Chang liver cells after TP treatment. In ad-
dition, we found that TP significantly increased cell
apoptosis (Fig. 1B). These results indicated that oxi-
dative stress and apoptosis were involved in the re-
sponse of hepatocytes to TP treatment.

The Notchl signaling pathway regulates various
cellular events, such as cell growth, survival, and ap-

] Recent studies have demonstrated that the

optosis
activation of Notchl signaling may protect against apop-

tosis. For example, the administration of the Notch in-

hibitor may cause caspase-3-dependent apoptosis in a-
dult islets and the activation of Notchl protected a-

%7 Another study indicated that is-

gainst apoptosis
chemia reperfusion-induced necrosis and apoptosis in
cardiomyocytes were attenuated by activated Notchl

B Furthermore, a critical role of Notchl

signaling
signaling has been established in the protection against
oxidative stress. A recent study found that Notchl sig-
naling mitigated oxidative stress during myocardial is-
chemia/reperfusion injury by rescuing cardiac thiore-
doxin system '/,

In order to investigate the mechanism underlying
the TP-mediated inhibition of the Notchl signaling
pathway, we systematically evaluated the expression of

Notchl, NICD, and Hesl (Fig. 2A -D). We found
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Fig. 6 Knockdown of Nrf2 attenuates the protection of Notchl against TP-induced cytotoxicity. Chang liver cells were transiently

transfected with negative control siRNA (Con) or siRNA targeting Nrf2 for 48 h. (A) Western blot analysis of Nrf2 expression.
Chang liver cells were treated with TP (160 nmol/L) for 24 h after Nrf2 siRNA transfection in the present of Jaggedl; (B) ROS

quantification was performed using flow cytometry and the data are presented as the mean fluorescent intensity ( MFI) after DCFH-

DA staining; (C) The percentages of apoptotic cells were determined by annexin V-FITC/PI double staining; Data are presented as

the mean = SD from three independent experiments. “* P < 0.01 vs control, ***P < 0.001 vs control; *P < 0.05 vs control

cells treated with the same concentration of TP and Jaggedl
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that TP not only decreased the mRNA and protein lev-
els of Notchl, but also inhibited the accumulation of
the active form of Notchl, NICD. The disturbance of
Notchl/NICD signal transduction could be an impor-
tant mechanism of the decreased mRNA level of Hesl
in Chang liver cells.

Furthermore, the data from our present study
demonstrated that the downregulation of the Notchl sig-
naling intracellular  ROS
(Fig. 3C) and depletion of GSH ( Fig. 3D ), which
suggested that the Notchl signal blockade aggravated

resulted in increased

TP-induced oxidative stress in hepatocytes. The activa-
tion of Notchl by Jaggedl resulted in the opposite
effect (Fig. 4B and C). Moreover, the pharmacologi-
cal blockade of Notchl promoted TP-induced cell apop-
tosis ( Fig. 3E and F ), whereas the activation of
Notchl  protected TP-induced
(Fig. 4D and E).

We elucidated the relationship between TP and

against apoptosis

Notchl signaling in Chang liver cells. First, the ex-
pression of Notchl-related molecules was significantly
reduced after TP treatment in Chang liver cells. In
contrast, TP-induced oxidative stress and cellular ap-
optosis in Chang liver cells was markedly enhanced
when Notchl was blocked by DAPT, but was reduced
when Notchl was activated by Jaggedl. Therefore, we
concluded that Notchl signaling exerted a protective
effect on TP-induced oxidative damage and cellular ap-
optosis.

The nuclear transcription factor Nrf2 controls the
expression and induction of defensive genes encoding
detoxifying enzymes and antioxidant proteins; HO-1 is

21 Our previous studies

one of these defensive genes
indicated that Nrf2 signaling played a key role in the
protection against TP-induced hepatotoxicity, cardio-
toxicity, and nephrotoxicity "' %

Notchl and Nrf2 signaling pathways may exert a
significant protective effect on TP-induced cytotoxicity
by the mediation of levels of intracellular ROS and ap-
optosis-related molecules. Therefore, previous studies
have raised an interesting question of whether the acti-
vation of the Nrf2 signal by Notchl occurred during TP-
induced cytotoxicity. In the present study, we found

that the inhibition of Notchl by DAPT or Notchl siR-
NA significantly downregulated Nrf2 signaling ( Fig. 5A

and B), whereas the Notchl ligand induced the ex-
pression of Nrf2 and Nrf2 target genes ( Fig.5C),
which suggested cross-talk between Notchl and Nrf2 in
Chang liver cells.

To further elucidate a specific function for Nrf2,
Chang liver cells were treated with TP (160 nmol/L)
for 24 h after transfection with Nrf2 siRNA in the pres-
ent of Jaggedl. These results supported the notion that
Nrf2 deficiency attenuated the ability of Jaggedl to pro-
tect against TP-induced oxidative stress ( Fig. 6B) and
cellular apoptosis ( Fig. 6C). Therefore, we provided
strong evidence that Nif2 was essential for protection a-
TP-induced
Notchl , which possibly occurred through the disruption

gainst the cytotoxicity promoted by
of cellular apoptosis and ROS generation.

Several drugs and hormones were reported to exert
protective effects in cardiac injury through the activa-
tion of Notchl signaling. For example, berberine sig-
nificantly improved cardiac function recovery and de-
creased myocardial apoptosis, infarct size, serum crea-
tine kinase, and lactate dehydrogenase through the ac-
tivation of the Notchl/Hesl signaling pathway **'. Re-
laxin significantly increased cell viability, decreased
apoptosis, and reduced nitroxidative damage in cardiac
muscle cells. These effects were attributable to the a-

bility of relaxin to upregulate Notchl signaling**'. T

n
addition, melatonin supplementation effectively amelio-
rated myocardial ischemia-reperfusion ( MI/R) injury
by the activation of Notchl/Hesl/Akt signaling and
maintenance of the antioxidant balance in these circum-

31 However, it is unclear whether these ma-

stances
terials confer a protective effect in liver injury. There-
fore, we will research this topic in greater depth in the
future.

There are several limitations of our study. The
mechanisms that influence ROS production or apoptosis
after the regulation of the cross-talk between Notchl
and Nrf2 are quite complex. Therefore, it is clear that
Notch1-Nrf2 cross-talk produced a positive effect on
TP-induced cytotoxicity. Nevertheless, several studies
have indicated that Nrf2-Notch cross-talk influenced
the expression of defense systems against various stres-
sors, which enhanced the maintenance of cellular ho-

[20, 36]

meostasis Therefore, we plan to examine the

effects of Nrf2 on Notchl signaling in TP-induced cyto-
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toxicity in our future research. In addition, we consid-
er there is a requirement for in vivo studies investiga-
ting the cross-talk between Notchl and Nrf2 pathways

during TP-induced toxicity in vivo.

4  Conclusion

Several lines of evidence from this study indicated
that the Notchl pathway was significantly inhibited in
Chang liver cells following TP treatment. In addition,
Notchl signaling exerted an endogenous protective
effect on TP-induced hepatotoxicity through an up-reg-
ulation of Bcl-2 expression and cellular antioxidant ca-
pacity, decrease in the level of cleaved-caspase-3, and
suppression of the intracellular ROS generation. Al-
though further study is needed to investigate the de-
tailed mechanisms underlying the interaction between
Notchl and Nrf2 pathways, we proved that Notchl sig-
naling played a key role in the protection of TP-in-
duced cytotoxicity and regulation of Nrf2 signaling
transduction, which is the possible downstream signa-

ling pathway involved in this process.
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