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Purpose: To investigate the mitochondria-related mechanism of Gynura segetum (GS)-
induced apoptosis and the protective effect of phosphocreatine (PCr), a mitochondrial
respiration regulator.

Methods: First, the mechanism was explored in human hepatocyte cell line. The mitochon-
drial oxidative stress was determined by fluorescence assay. The level of sirtuin 3 (SIRT3),
acetylated superoxide dismutase 2 (Ac-SOD2), SOD2, and apoptosis were detected by Western
blotting. Mito-TEMPO and cell lines of viral vector-mediated overexpression of SIRT3 and
SIRT3"*8Y were used to further verify the mechanism of GS-induced apoptosis. GS-induced
liver injury mice models were built by GS through intragastric administration and interfered by
PCr through intraperitoneal injection. A total of 30 C57BL/6J mice were assigned to 5 groups
and treated with either saline, PCr (100 mg/kg), GS (30 g/kg), or PCr (50 or 100 mg/kg)+GS
(30 g/kg). Liver hematoxylin and eosin (HE) staining, immunohistochemical analysis, and
blood biochemical evaluation were performed.

Results: GS induced hepatocyte apoptosis and elevated levels of mitochondrial ROS in L-02
cells. The expression of SIRT3 was decreased. Downregulation of SIRT3 was associated
with increased levels of Ac-SOD2, which is the inactivated enzymatic form of SOD2.
Conversely, when overexpressing SIRT3 in GS-treated cells, SOD2 activity was restored,
and mitochondrial ROS levels and hepatocyte apoptosis declined. Upon administration of
PCr to GS-treated cells, they exhibited a significant upregulation of SIRT3 and were
protected against apoptosis. In animal experiments, serum ALT level and mitochondrial
ROS of the mice treated with GS and 50 mg/kg PCr were significantly attenuated compared
with only GS treated. The changes in SIRT3 expression were also consistent with the in vitro
results. In addition, immunohistochemical analysis of the mouse liver showed that Ac-SOD2
was decreased in the PCr and GS co-treated group compared with GS treated group.
Conclusion: GS caused liver injury by dysregulating mitochondrial ROS generation via a
SIRT3-SOD2 pathway. PCr is a potential agent to treat GS-induced liver injury by mito-
chondrial protection.
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Introduction

Gynura segetum (GS), called Tusanqi in China, is a herb used in traditional Chinese
medicine and is applied externally after trauma and fractures. However, cases have
consistently been reported that oral intake of GS leads to liver injury,' causing
hepatic sinusoidal obstruction syndrome (HSOS) which is characterized by hepa-
tomegaly, ascites, and jaundice.2 It has also been reported that 16% of the patients

submit your manuscript

Dove n

http:

in 3

Drug Design, Development and Therapy 2019:13 2081-2096 2081

© 2019 Li et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

e 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php

Li et al

Dove

died of liver failure after taking GS.> However, there are
currently few specific and effective therapies available for
GS-induced HSOS.

GS contains high levels of pyrrolizidine alkaloids
(PAs).* PAs can induce acute toxicity, chronic toxicity,
and genotoxicity by reacting with cellular proteins and
DNA after they are metabolized to pyrrolic ester metabo-
lites by the liver cytochrome P450 enzymes.” This toxic
effect can occur in many organs, including the liver, kid-
neys, lungs, and blood vessels, with liver injury being the
most common and severe site of damage.®

Previous studies reported that PAs induce hepatotoxi-
city by dysregulating the cellular redox balance.’” Notably,
the mitochondria are organelles that are closely associated
with PAs
dysfunction,®” including loss of mitochondrial membrane

oxidative  stress. induce mitochondrial
potential and mitochondrial fragmentation, as well as
increased release of cytochrome c¢ into the cytoplasm,
which suggests that mitochondria may be involved in
PA-induced apoptosis and liver injury. However, the
underlying mechanism remains unclear.

Superoxide dismutase 2, mitochondrial (SOD2), a pri-
mary antioxidant located in the mitochondrial matrix, sca-
venges excess mitochondrial reactive oxygen species (ROS)
to maintain mitochondrial function so the cell can efficiently
produce ATP.'° Sirtuin 3 (SIRT3), a member of the mamma-
lian sirtuin family of proteins, exhibits deacetylase activity in
mitochondria."" SIRT3 binds to and deacetylates SOD2,
leading to SOD2 enzymatic activation. Finally, deacetylated
SOD2 exerts its antioxidant effect to maintain the mitochon-
drial oxidation/anti-oxidation balance and normal mitochon-
drial function.'? However, to the best of our knowledge, there
have been no studies regarding the role of the SIRT3-SOD2
pathway in regulating mitochondrial dysfunction induced by
GS. Therefore, we aim to investigate GS-induced liver toxi-
city and explore the underlying mechanism controlling mito-
chondrial dysfunction, caused by dysregulation of the
oxidation/anti-oxidation system in GS-induced hepatocyte
apoptosis.

Several studies demonstrated that phosphocreatine
(PCr) is essential in maintaining membrane stability, reg-
ulating mitochondrial respiration to preserve ATP home-
ostasis, and resisting oxidative damage, thereby
attenuating the occurrence of apoptosis.'>'* These suggest
that it might act as a mitochondrion protective agent.
Therefore, we hypothesized that PCr could act as a pro-
tective agent to prevent mitochondrial damage and

designed experiments to observe the effect of PCr on

GS-induced hepatocyte apoptosis, both in vivo and in
vitro.

Materials and methods
GS extract and quantification of

pyrrolizidine alkaloids

GS was gifted by the patients who were diagosed with a
HSOS after GS taking. To purify the herbal extract for this
study, 100 g dried rhizome of GS was soaked in water
(200 mL) for 1 hr. The solution was then made up to 300
mL and boiled for 1 hr, as previously described.'® After
boiling, the solution was filtered with a 0.22 pum
Ministart® filter (Sartorius, Gottingen, Germany). The
PAs present in GS were analyzed and quantified by
HPLC-UV-MS.'”'® The quantification results are shown
in Table S1. For animal experiments, the GS extract was
concentrated to 2 g/mL for intragastrical administration to
induce a mouse model of HSOS. For in vitro experiments,
the GS solution was pre-frozen in liquid nitrogen, then
placed in a freeze dryer (Labconco, Missouri, USA) and
lyophilized to powder. GS powder was dissolved in
Dulbecco’s Modified Eagle Medium (DMEM) (10-013-
CV, Corning Inc., Corning, NY, USA), and then filtered
with a 0.22 pm Ministart™ filter to sterilize the solution.

Cell culture, plasmid construction, and

transfection

The human normal liver cells L-02 and HEK293T cells
(human embryonic kidney) were kindly provided by Stem
Cell Bank, Chinese Academy of Sciences. The plasmid
pCDH-SIRT3-EF1-Puro was held by our lab. The plasmid
pCDH-SIRT3"2*¥Y_EF|-Puro was constructed by the
method using KOD-Plus (TOYOBO,
Osaka, Japan). The lentivirus was packaged in the plas-

quick-change

mids. After transfection with 10 pg lentivirus-producing
vectors for 6 hrs, 293T cells were cultured with DMEM
for 24 hrs. Then, the virus-containing supernatants were
collected and filtered. L-02 cells were then infected with
high-titration lentivirus and polybrene. Finally, cells were
cultured in medium with 2.5 pg/mL puromycin to obtain
cell lines that stably expressed SIRT3 and SIRT3M24%Y,
respectively.

In vitro experimental protocol

Cells were treated with GS at various concentrations (0, 5,
10, and 15 mg/mL) for 48 hrs. For PCr cotreatment, PCr
(Laiboten, Harbin, China) was dissolved in DMEM to
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produce a 2 M stock solution. Then, the cells were pre-
treated with different concentrations of PCr (0, 2.5, 5, 10,
and 20 mM) for 8 hrs, followed by 15 mg/mL GS stimula-
tion for 48 hrs in the presence of PCr. In functional
experiments, L-02 cells were treated according to the
following groups: (1) Control group: L-02 cells cultured
in DMEM; (2) GS group: L-02 cells exposed to 15 mg/mL
GS for 48 hrs; (3) GS + PCr group: L-02 cells preincu-
bated with 5 mM PCr for 8 hrs followed by 15 mg/mL GS
for 48 hrs in the presence of PCr; (4) PCr group: L-02 cells
treated with 5 mM PCr for 56 hrs; (5) Mito-TEMPO
group: L-02 cells treated with 50 pM Mito-TEMPO
(Sigma, St Louis, MO, USA) for 56 hrs; (6) Mito-
TEMPO+GS group: L-02 cells preincubated with 50 uM
Mito-TEMPO for 8 hrs followed by 15 mg/mL GS for 48
hrs in the presence of Mito-TEMPO.

Cell viability

Cell viability was assessed using the Cell Counting Kit-8
(Beyotime Biotechnology, Jiangsu, China). A total of
3x10% L-02 cells were seeded per well in 96-well plates.
CCK-8 solution was added at 10 uL per well, and cells
were incubated at 37°C for half an hour. Then, the plate
was read using a Microplate Reader (ThermoFisher
Scientific, Waltham, MA, USA) at 450 nm.

Western blotting

The protein concentration of lysates of L-02 cells and
mouse liver tissue were determined using a BCA protein
assay kit (Beyotime) and separated by SDS-PAGE. The
primary antibodies were against caspase-9 (1:1000,
A0281, ABclonal, Woburn, MA, USA), -caspase-9
(1:1000, 9508T, Cell Signaling Technology, Danvers,
MA, USA), caspase-8 (1:1000, 9746T, Cell Signaling
Technology), caspase-3 (1:1000, 9665S, Cell Signaling
Technology), cleaved-caspase-3 (1:1000, 9661T, Cell
Signaling Technology), SOD2 (1:1000, 13141T, Cell
Signaling Technology), SOD2/MnSOD2 (acetyl K68)
(1:1000, ab137037, Abcam, Cambridge, MA, USA),
SIRT3 (1:500, sc-99143, Santa Cruz, Dallas, TX, USA),
and B-Actin (1:2000, Sigma).

Determination of apoptotic cell death

Apoptosis was investigated using the annexin V-fluores-
Detection kit
(DOJINDO, Kumamoto, Japan) in accord with the manu-

cein isothiocyanate (FITC) Apoptosis

facturer’s instructions and analyzed on a BD LSR II flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Determination of cellular ATP

Total cellular ATP content was detected using a CellTiter-
Glo Luminescent Cell Viability Assay (Promega, Madison,
WI, USA). In this assay, 4x10° cells were plated per well
in an opaque 96-well format. A total of 100 uL. Reagent
was added per well to react with cells. After equilibration
of the plate for approximately 30 mins, the results were
measured using an EnVision Multilabel Plate Reader
(Perkin Elmer, Waltham, MA, USA).

Measurement of mitochondrial reactive

oxygen species (ROS) formation

The generation of mitochondrial superoxide was measured
with MitoSOX Red (Invitrogen, Life Technologies,
Carlsbad, CA, USA). First, the cells were incubated with
MitoSOX Red at a concentration of 5 uM for 10 mins at
37°C and washed three times with Hanks Balanced Salt
Solution (HBSS). The images were captured using a Bx51
fluorescence microscope (Olympus, Tokyo, Japan), and
the level of fluorescence was detected using BioTek
Synergy NEO microplate reader (BioTek, Vermont,
USA) at 510/580 nm. For in vivo experiments, freshly
isolated, frozen, and non-fixed mouse livers were incu-
bated with MitoSOX Red (5 uM) for 10 mins at 37°C
after being sectioned by cryostat at 10 pum. Then, the
solution on the slides was removed, and slides were
imaged with an inverted confocal microscope FV1200
(Olympus). Finally, the level of fluorescence was quanti-

fied using Image-Pro Plus 6.0 software (Media
Cybernetics, Inc., Rockville, MD, USA).
Measurement of the mitochondrial
transmembrane potential
Tetramethylrhodamine, methyl ester (TMRM)

(Invitrogen) was used to measure the mitochondrial trans-
membrane potential. Notably, the signal is bright in
healthy cells with functioning mitochondria. Hoechst
33342 was used to stain nuclei in live L-02 cells. Cells
were incubated with 100 nM TMRM for 30 mins at
37°C, after washing 3 times with HBSS, cells were
then incubated with Hoechst 33342 for 10 mins at
37°C. The cells were incubated in DMEM until use and
images were collected on an inverted confocal FV1200
microscope (Olympus). Finally, the fluorescence intensity
was detected using BioTek Synergy NEO microplate
reader (BioTek) at 548/574nm.
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SOD2 activity

Cu/Zn-SOD and Mn-SOD Assay Kit with WST-8 (Beyotime)
was used to determine SOD2 enzymatic activity in accordance
with the manufacturer’s instructions. The protein concentra-
tions were measured by BCA assay. The absorption at 450 nm
was recorded using a Microplate Reader (Thermo).

Quantitative real-time PCR (qPCR)

analysis

Total RNA was extracted from the L-02 cell line using an
RNA simple Total RNA Kit (Tiangen, Beijing, China).
Then, cDNA was produced using Superscript I reverse
transcriptase (TOYOBO). Quantitative PCR amplification
was subsequently performed on a CFX96 real-time PCR
machine (Bio-Rad, Hercules, CA, USA) using SYBR
Green (TOYOBO). GAPDH was used to normalize the
relative abundances of the indicated genes. The primer
sequences are presented in Table S2.

Mouse model establishment and liver
injury assessment

Female C57BL/6J mice (6-8 weeks old) were used in our
study. All
Laboratory (Beijing, China) and were kept in an environmen-

animals were purchased from VitalRiver

tally controlled room with a 12-hr light/dark cycle with ad
libitum access to food and water. All animal experimental
procedures complied with Guide for Care and Use of
Laboratory Animals published by the US National
Institutes of Health (8th edition, revised 2011) and were
approved by the Animal Care and Use Committee of
Zhongshan hospital, Fudan University. After 1 week of
adaptive feeding, 30 mice were randomly divided into 5
groups. They were given normal saline, PCr (100 mg/kg/d),
GS (30 g/kg/d), PCr (50 mg/kg/d)+GS (30 g/kg/d), or PCr
(100 mg/kg/d)+GS (30 g/kg/d), respectively, and were eutha-
nized after 3 weeks of treatment. Liver injury was assessed
by the determination of the serum alanine aminotransferase
(ALT) activity, aspartate transaminase (AST) activity, and
hematoxylin and eosin (H&E) staining of liver sections.
Immunohistochemistry was performed against target mole-
cules on paraffin sections utilizing primary antibody against
Ac-SOD2 (1:100, ab137037, Abcam) and cleaved-caspase 3
(1:200, 9661T, Cell Signaling Technology).

Statistical analysis
All data were analyzed using GraphPad Prism-7 software
(GraphPad Software, La Jolla, CA, USA). Student’s two-

tailed #-test and one-way ANOVA were used to determine
the statistical significance of differences and values of
p<0.05 were considered statistically significant. The
results are presented as the meantSEM. At least three
independent replicates of experiments were collected.

Results
GS induced apoptosis in L-02 hepatocytes

To identify the influence of Gynura segetum in the liver,
L-02 cells were treated with GS at various concentrations.
Notably, GS decreased cell viability in a dose-dependent
manner (Figure 1A). When the cells were exposed to
15 mg/mL GS for 48 hrs, the cell viability was reduced
to 59.1245.15% compared with the control group. Next,
apoptosis was examined. Cells treated with GS had a
decrease in caspase 9, caspase 8§, and caspase 3 levels,
and an increase in cleaved-caspase 9, cleaved-caspase 8,
and cleaved-caspase 3 (Figure 1B). Furthermore, flow
cytometry was performed to verify the effect of GS on
hepatocyte apoptosis. It was found that L-02 cells treated
with 15 mg/mL GS had a significant increase in apoptosis
compared with the control group (p<0.001) (Figure 1C and
D). Accordingly, these results demonstrated that GS
induces apoptosis in a dose-dependent manner.

Mitochondrial reactive oxygen species

mediates GS-induced apoptosis

It has been reported that ROS are involved in apoptosis in
many different diseases'® and that the major component of
GS, PAs, induces mitochondrial dysfunction.9 We hypothe-
sized that GS-induced apoptosis was related to the distur-
bance of mitochondrial stability and especially mitochondrial
ROS. A total of 15 mg/mL GS was adopted to induce marked
apoptosis in the next experiments based on the previous
results. Notably, intracellular adenosine triphosphate (ATP)
levels, mainly generated from mitochondria, were decreased
0.55-fold in the GS group when compared with the control
group (Figure 2A). Importantly, the decrease in ATP reflects
the dysfunction of mitochondria to some extent. To further
explore the changes in mitochondrial ROS, MitoSOX Red, a
fluorogenic dye for highly selective detection of superoxide
in the mitochondria, was used to observe mitochondrial
superoxide levels. L-02 cells treated with GS had higher
levels of mitochondrial ROS accumulation compared with
the control group, as shown by increased MitoSOX Red
staining (Figure 2B and C). Thus, mitochondrial oxidative
stress was observed in the GS group. In addition, the
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Figure | Effect of Gynura segetum on apoptosis in the L-02 human hepatocyte cell line. (A) L-02 cells were exposed to different concentrations of GS for 48 hrs, then cell
viability determined by CCK8. (B) The expression of apoptosis-related proteins was detected by Western blotting under different concentrations of GS. (C and D) Flow
cytometry analysis of apoptosis in L-02 cells treated with 5, 10, and |5 mg/mL GS for 48 hrs. The bar chart shows the proportion of apoptotic cells from three independent
assays. The apoptotic rate was calculated as the second quadrant plus the fourth quadrant. Values are the mean+SEM. *p<0.05, ***p<0.001.

brightness of TMRM fluorescence was

decreased in the GS group, indicating a collapse of mitochon-

significantly

drial membrane potential and mitochondrial dysfunction
(Figure 2D and E). Furthermore, the mitochondria-targeted
antioxidant Mito-TEMPO, which inhibits mitochondria-
derived ROS formation, rescued cells from apoptosis
induced by GS (Figure 2F). Taken together, these data sug-
gested that GS-induced apoptosis correlated with
mitochondrial dysfunction and that mitochondrial ROS
mediated GS-induced cell apoptosis.

GS induced apoptosis via a SIRT3-SOD2-
mitochondrial reactive oxygen species
pathway

Since GS induced increased mitochondrial ROS in cells, we
hypothesized that it might be related to an imbalance of the
system. SOD2,
which localizes to mitochondria and helps to eliminate

mitochondrial oxidation/anti-oxidation

mitochondrial ROS, plays a protective, anti-apoptotic role
against oxidative stress.'®*° We found there was no change
in the levels of total SOD2 mRNA and protein expression
under normal condition (Figure 3A and B). However, GS
treatment significantly decreased SOD2 enzymatic activity
compared with the control (Figure 3C). Acetyl-SOD2 is the
inactivated form of SOD2. When investigating Ac-SOD2
levels, we found that they were increased 2.7-fold in the
GS group compared with the control (Figure 3A). SIRT3
has also been implicated in cell metabolisms, and it possesses
NAD"-dependent deacetylase activity, including the regula-
tion of SOD2 deacetylation.?! Importantly, GS-administra-
tion significantly decreased SIRT3 mRNA and protein levels
(Figure 3D and E). Therefore, the inhibition of SIRT3 might
result in the accumulation of Ac-SOD2 in GS-stimulated L-
02 cells. Ac-SOD2 accumulation may inhibit mitochondria
ROS elimination and thus led to apoptosis.

To further verify the role of SIRT3 in GS-induced apop-
tosis, we stably overexpressed SIRT3 in the L-02 cell line
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Figure 2 Gynura segetum induced apoptosis by increasing mitochondrial ROS. L-02 cells were treated with or without 15 mg/mL GS. (A) The bar chart shows intracellular
ATP levels decreased in the GS group compared with the control. (B) Representative fluorescence images showing mitochondrial ROS (red) and nuclei (blue), stained with
MitoSOX Red and DAPI, respectively. The scale bar is 20 pm. (C) The MitoSOX Red fluorescence was detected by microplate reader in 3 independent assays. (D)
Mitochondrial membrane potential stained with TMRM was observed by confocal microscope in live L-02 cells. Scale Bar, 20 pm. (E) TMRM fluorescence was detected by
microplate reader in 3 independent assays. (F) Cells were preincubated with Mito-TEMPO (50 pM) for 8 hrs and then treated with GS and Mito-TEMPO, the level of
apoptosis was determined. Values are the mean+SEM. *p<0.05, **p<0.01, and ***p<0.001.

using a lentivirus (Figure 3F). When overexpressing SIRT3,
the mitochondrial ROS was decreased (Figure 3G), and
mitochondrial membrane potential was rescued after GS
administration (Figure 3H). The protein level of Ac-SOD2
was decreased, and the SOD2 activity was increased
accordingly after GS administration in overexpressing
SIRT3 cell line (Figure 31, J and Figure S2A). Regarding
apoptosis, there was restoration of caspase 9, 8, and 3 levels
and a decline in cleaved-caspase 9, 8, and 3 (Figure 3K and
Figure S2B), indicating that overexpression of SIRT3
attenuates apoptosis induced by GS in hepatocytes. Next,
the crucial role of the deacetylase activity of SIRT3 in GS-
induced cell apoptosis was validated. SIRT3"2*®Y which
lacks deacetylase activity, was overexpressed in L-02 cells.
Western blotting showed that overexpression of the mutant

SIRT3"2*%Y did not rescue GS-induced apoptosis when
compared with the wildtype (Figure 3L and Figure S2C).
Taken together, these results demonstrated that GS induces
apoptosis through a SIRT3-SOD2-mitochondrial ROS
pathway.

Phosphocreatine ameliorates GS-induced
apoptosis via a SIRT3-SOD2 pathway in L-
02 cells

Many studies have found that PCr can protect cells from
apoptosis induced via the mitochondrial pathway.'*'>** The
predominant role of PCr in the human body is to maintain ATP
for muscular activity. Considering this ability of PCr to restore
ATP levels, the suggested therapeutic usages include
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Figure 3 Sirtuin 3 mediated Gynura segetum induced apoptosis. L-02 cells were treated with or without |5 mg/mL GS. (A) Representative immunoblot bands of SOD2 and
Ac-SOD?2 protein, and quantitative analysis of Ac-SOD2 protein expression. (B) SOD2 mRNA level in control and GS treated cells assessed by reverse transcription-PCR.
(C) SOD?2 activity is shown as a percentage of the control group. (D) Representative immunoblot and quantitative analysis of SIRT3 protein. (E) The mRNA level of SIRT3.
(F) Western blot analysis confirmed the overexpression of SIRT3 protein in L-02 cells through lentiviral infection. (G) Fluorescence intensity analysis of mitochondrial ROS.
(H) Fluorescence intensity analysis of mitochondrial membrane potential. (I) Immunoblot detection of SIRT3, AC-SOD2, and SOD2 protein. (J) SOD2 activity is shown as a
percentage of the control group. (K) Immunoblot detection of apoptosis-related protein in cells overexpressing SIRT3. (L) Immunoblot detection of apoptosis-related
protein in cells overexpressing SIRT3"2*8". Values are the meanSEM. *p<0.05, *p<0.01, and **p<0.001.
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conditions related to energy exhaustion or energy demands
aggravation, such as in ischemic stroke and cardiac bypass
surgery. We therefore explored its potential utility in GS-
induced apoptosis. As shown in Figure 4A and B, PCr rescued
GS-induced apoptosis in L-02 cells at 5 mM, and there was no
effect on cell viability when cells were treated with PCr alone
in the range of 0 to 20 mM. Next, we tested whether PCr
The results of
MitoSOX Red fluorescence staining showed that mitochon-

inhibited mitochondrial oxidative stress.

drial ROS were decreased in the PCr co-treated group com-
pared with the GS-treated group, indicating mitochondrial
ROS formation was reduced by PCr (Figure 4C and D).
Consistent with these results, the collapse of mitochondrial
transmembrane potential was also rescued in GS co-treated
with PCr cells (Figure 4E and F).

We have thus demonstrated that GS induced apoptosis
through the SIRT3-SOD2-mitochondrial ROS pathway and
that PCr could rescue cells from apoptosis induced by GS.
We then considered the effect of PCr on this pathway.
Therefore, we detected the protein levels of SIRT3 and Ac-
SOD?2 in the PCr co-treated group. The administration of PCr
increased SIRT3 expression and caused a consequent reduc-
tion in Ac-SOD2 in GS-treated L-02 cells (Figure 4G).
Overall, these findings suggested that PCr ameliorated GS-
induced apoptosis by increasing SIRT3 expression and Ac-
SOD2 accumulation in L-02 cells.

Phosphocreatine protects against GS-
induced liver injury by a SIRT3-SOD?2

pathway in mice

We established a GS-induced liver injury model in mice via
intragastric GS administration. Considering that hepatomegaly
is a typical clinical symptom of patients with liver injury, we
recorded the ratio of liver weight to body weight of mice.
Importantly, the ratio of liver to body weight in the GS group
was significantly higher than the control group (4.27+0.31%
vs 5.70+0.16%, p=0.004) (Figure 5A). We then performed
H&E staining of liver tissue to observe the liver injury caused
by GS. Notably, GS induced apoptosis, necrosis, vacuolar
degeneration, marked hepatic sinus dilatation, and hemorrhage
(Figure 5D). The damage caused by GS mainly occurred
around the central vein (CV) and spread to the portal vein
(PV). Thus, we have demonstrated that intragastric GS admin-
istration induced liver injury in mice similar in many aspects to
human patients with HSOS, specifically hepatomegaly and the
H&E staining pattern of liver injury. Thus, this model was
adopted to further validate the in vitro results.

To determine whether PCr can protect against GS-
induced liver injury in vivo, mice were co-treated with
PCr (50 or 100 mg/kg) by intraperitoneal injection. The
additional administration of PCr (50 or 100 mg/kg) had no
significant effect on the ratio of liver to body weight com-
pared with the GS-treated mice (Figure 5A). H&E staining,
however, showed significant attenuation of liver injury in
the 50 mg/kg PCr co-treated group (Figure 5D), indicating
that low dose of PCr could protect against GS-induced liver
injury in mice. Furthermore, we tested serum levels of ALT
and AST, both of which are well-established indicators of
liver injury. There was a marked elevation of ALT and AST
in mice administered GS (Figure 5B and C). Treatment with
50 mg/kg PCr significantly decreased ALT levels as com-
pared with the GS group (p=0.0035) (Figure 5B).
Altogether, these results demonstrated that 50 mg/kg PCr
could alleviate GS-induced liver injury in vivo. Therefore,
50 mg/kg PCr group was adopted to the following experi-
ments. As described earlier, PCr attenuated GS-induced
mitochondrial ROS elevation in vitro. To explore the
changes in mitochondrial ROS in vivo, we measured mito-
chondrial ROS levels in mouse liver tissues by using 50 mg/
kg PCr. We observed that mitochondrial ROS were elevated
by GS, but were significantly lower in the PCr co-treated
mice versus the GS group (Figure 5E). Next, we examined
the expression of SIRT3 in the mouse liver and found that
PCr restored the GS-mediated SIRT3 reduction in protein
levels in mice (Figure 5F). Meanwhile, the upregulation of
acetylated-SOD2 induced by GS was also attenuated by
PCr, with the total amount of SOD2 remaining constant
(Figure 5F). Immunohistology analysis of the mouse liver
also validated the changes in Ac-SOD2 protein level in GS-
induced liver injury and PCr co-treated group (Figure 5G).

Western blots and immunohistological analysis showed
that PCr could alleviate GS-induced liver cells apoptosis
(Figure SF and G). Thus, we have successfully established
a GS-induced liver injury mouse model and found that PCr
protects against GS-induced liver injury, via the SIRT3-
SOD2 pathway in mice.

Discussion

GS is widely used in China and more than 600 cases of liver
injury after GS administration have been reported in recent
years.>**** However, there are currently few effective drugs
to cure this disease, resulting in a high mortality rate.
Previous studies have found hepatotoxic PAs cause liver
cell damage and mitochondrial dysfunction.”*> PAs cause
hepatotoxicity through the mitochondria-mediated apoptotic
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Figure 4 Phosphocreatine protected against Gynura segetum-induced apoptosis involving a SIRT3-SOD2 pathway in L-02 cells. (A) Quantitative analysis of apoptosis in L-02
cells treated with |5 mg/mL GS and different concentrations of PCr. (B) Representative Western blot bands of apoptosis-related protein and quantitative analysis of caspase
9, 8, and 3 protein expression. (C) Representative fluorescence images of mitochondrial ROS. (D) Fluorescence intensity analysis of mitochondrial ROS. (E) Representative
fluorescence images of mitochondrial membrane potential. (F) Fluorescence intensity analysis of mitochondrial membrane potential. (G) Representative Western blot bands
and quantitative analysis of SIRT3 and Ac-SOD?2 protein expression in L-02 cells. Values are the mean+SEM. *p<0.05, **p<0.01, and ***p<0.001.
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pathway.”® However, few studies have been undertaken to
uncover the mechanism of PA-induced hepatotoxicity on
mitochondria. In our study, we focused on the specific
mechanism underlying GS-induced hepatotoxicity and
revealed that GS induced apoptosis through SIRT3-SOD2-
mediated mitochondrial oxidative stress.

First, GS was found to cause hepatocyte cytotoxicity in
a dose-dependent manner. Previous studies have shown
that PAs can induce apoptosis.®*” Our result was therefore
consistent with previous studies, and we also found that
GS can induce apoptosis in a dose-dependent manner. GS-
induced hepatotoxicity is attributed to oxidative stress.”>®
Being central to energy metabolism, mitochondria are the
main organelles producing ROS, and high levels of ROS
are harmful to cells.”>** ROS also play an important role
in apoptosis.>’ Therefore, we hypothesized that the
increase in mitochondrial ROS is a key mechanism for
the induction of apoptosis in GS.

Here, we found GS can increase mitochondrial ROS
levels. TMRM signal, which accumulates in active mito-
chondria with intact membrane potentials, was dimmed or
disappeared in GS-treated cells. These findings suggest that
GS causes depolarization and collapse of the mitochondrial
membrane potential. Furthermore, after administration of
Mito-TEMPO, a specific scavenger of mitochondrial super-
oxide, cells were partially rescued from GS-induced apopto-
sis. These results suggest that GS induces apoptosis by
increasing mitochondrial ROS. Applying antioxidants or a
protective agent targeting mitochondrial may be a potential
way to prevent GS-induced cytotoxicity. In addition, since
sinusoidal structure and endothelial cells are also the targets
in GS-induced liver injury based on previous studies,*? it
would be interesting to investigate GS-induced oxidative
stress in the endothelial cells.

We have confirmed that increased mitochondrial ROS
can mediate apoptosis in GS-treated cells, but it was
unclear how GS specifically leads to mitochondrial ROS
elevation. Steady-state regulation of mitochondrial ROS is
affected by the tricarboxylic acid cycle, electron transport
chain, oxidative phosphorylation, and various enzymes
involved in mitochondrial free radical scavenging systems,
among which SOD2, the most important antioxidant in
mitochondria, is involved in maintaining mitochondrial
oxidation/antioxidant system balance.''** Overexpression
of SOD2 can rescue cells from oxidation-induced
apoptosis.’* Here, we found that GS did not alter the
expression of overall SOD2 but affected its activity, with
GS increasing the levels of Ac-SOD2, the form of SOD2

with no antioxidant activity, in L-02 cells. The increased
levels of Ac-SOD2 were further verified by immunohistol-
ogy in liver tissues of patients with liver injury caused by
administration of GS (Figure S1), supporting our hypoth-
esis that GS induces hepatic apoptosis through disrupting
mitochondrial ROS levels.

Ac-SOD2 relies on the deacetylation function of SIRT3
to become active SOD2.%> SIRT3, localized to the mito-
chondria, maintains mitochondrial homeostasis by deace-
tylating its downstream target molecules, including
SOD2.°¢ After GS treatment, the expression of SIRT3
was reduced both at the protein and mRNA level.

To further verify that the reduction in SIRT3 is corre-
lated with GS-induced apoptosis, we applied GS to cell
lines with overexpressing SIRT3. The higher level of
SIRT3 significantly attenuated GS-induced apoptosis,
while SIRT3"2*%Y having lost its deacetylation function,
could not decrease apoptosis. This indicates that SIRT3
inhibits GS-induced apoptosis, potentially through upregu-
lating SOD2’s antioxidation activity with subsequent
clearing of mitochondrial-derived ROS. Because SIRT3
inhibition and SOD2 acetylation play an etiological role
in GS-induced hepatotoxicity, they might serve as thera-
peutic targets to rescue GS-induced apoptosis. In addition,
our experimental results demonstrated that GS-induced
apoptosis could not be prevented by overexpressing
SIRT3 completely, which indicates the reduction of
SIRT3 is just one of the pathways of GS-induced apopto-
sis. GS could also induce apoptosis through another
mechanism such as formation of pyrrole-ATP5B adduct.”’

Moreover, PCr can inhibit the excessive production of
ROS
potential,'>** and PCr has been shown to reduce

in cells and restore mitochondrial membrane

apoptosis.'>~'® Therefore, we tested whether PCr can pro-
tect against GS-induced apoptosis. We found that SmM
PCr attenuated GS-induced apoptosis significantly in L-02
cells. PCr partially reduced mitochondrial ROS and
restored mitochondrial membrane potential caused by
GS. In addition, we found that PCr rescued SIRT3 protein
level in GS co-treated cells. The expression level of Ac-
SOD2 was reduced, and SOD2 activity was partially
restored. These findings suggested that PCr inhibited mito-
chondrial ROS production and rescued cells from apopto-
sis through the SIRT3-SOD2 pathway. However, these
findings require further verification. As for the potential
mechanism by which PCr regulates SIRT3 expression, we
supposed that PCr might facilitate the expression of SIRT3
by activating the PI3K/AKT-PGC1a signaling pathway.*®

Drug Design, Development and Therapy 2019:13

submit your manuscript

2091

Dove


http://www.dovepress.com
http://www.dovepress.com

Li et al

Dove

PCr

Caspase 9
—>Caspase 8 —> W
Caspase 3 l

Liver injury

Figure 6 Proposed model of how phosphocreatine attenuates Gynura segetum-induced liver injury created via a SIRT3-SOD2 pathway.

Then, we verified this hypothesis in vivo. We treated
mice with a dose of 30 g/kg/d GS and 50 or 100 mg/kg/d
PCr, where the dose of GS was consistent with a pre-
viously published paper on GS-induced liver injury.'®
After three weeks of administration, serum ALT and
AST levels, and H&E staining of liver tissues showed
GS induced liver injury and that GS consistently induced
apoptosis. Notably, 50 mg/kg PCr significantly attenuated
the increased level of ALT caused by GS, while 100 mg/kg
PCr did not show a significant rescue effect. Furthermore,
histological analysis also showed that 50 mg/kg PCr mark-
edly reduced the areas of hepatocyte injury with little
effect on hepatic sinus hemorrhage. These data proved
that low dose of PCr attenuates GS-induced hepatotoxicity,
which was consistent with the results in L-02 cells. This
may provide the basis for clinical investigations. As 50
mg/kg PCr showing alleviation for GS-induced liver
injury, the 50 mg/kg PCr group was adopted for the next
experiments. We further detected mitochondrial ROS in
the liver of mice and found that the high level of mito-
chondrial ROS induced by GS was also attenuated by PCr.
Thus, the changes in SOD2, Ac-SOD2, and SIRT3
induced by GS in mice were reversed by PCr, which was
consistent with in vitro results. The proposed model of
how PCr attenuates GS-induced liver injury was shown in
Figure 6. Therefore, PCr attenuates GS-induced liver
injury by acting on mitochondria to rescue mitochondrial
function. Similarly, PCr may possibly be applied to other
types of drug-induced liver injury that damage mitochon-
dria, such as acetaminophen. In addition, PCr was used by
intraperitoneal injection in our study, instead of regular
intravenous injection. Further studies are needed to inves-
tigate the detailed pharmacokinetics of PCr in the

treatment of GS-induced liver injury. Considering that
creatine can synthesize PCr in the liver, oral administration
of creatine may have similar protective effects. However,
this hypothesis needs to be explored.

Conclusion

In summary, we made the novel discovery that GS induces
apoptosis through excessive accumulation of mitochon-
drial ROS. Additionally, the SIRT3-SOD?2 signaling path-
way plays a vital role in modulating GS-induced
mitochondrial ROS formation. More importantly, our
study demonstrated for the first time that PCr protects
against GS-induced liver injury via the SIRT3-SOD2-
mitochondrial ROS pathway. Thus, PCr may be of ther-

apeutic value for GS-induced liver injury in the future.

Abbreviation list

GS, Gynura segetum; PAs, pyrrolizidine alkaloids; ROS,
reactive oxygen species; SIRT3, sirtuin 3; SOD2, super-
oxide dismutase 2; Ac-SOD2, acetyl-SOD2; PCr, phos-
phocreatine; ATP, adenosine triphosphate; ALT, alanine
aminotransferase; AST, aspartate aminotransaminase.
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Table S| The quantification of Gynura segetum
PAs For animals For L-02 cells
Con.(ng/ml) Con.(ng/g)
Seneciphylline N-Oxide 1646 14220
Senecionine 478890 738840
Senecionine N-Oxide 35.45 4901.3
Seneciphylline 242910 1040800

Table S2 qPCR primers used in the study

SOD2 F-primer

5-TTTCAATAAGGAACGGGGACAC-3'

SOD2 R-primer
SIRT3 F-primer
SIRT3 R-primer
GAPDH F-primer
GAPDH R-primer

5-GTGCTCCCACACATCAATCC-3'
5'-GACATTCGGGCTGACGTGAT-3'
5'- ACCACATGCAGCAAGAACCTC-3'
5'-GAGTCAACGGATTTGGTCGT-3'
5-TGGAAGATGGTGATGGGATT-3’

-
[6)]
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Figure S| Representative images of liver sections from patients for immunostaining analysis using an Ac-SOD?2 antibody. Scale bar, 100 pm. *p<0.01.
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Figure S2 Quantitative analysis of Western blot bands. (A) Quantitative analysis of Ac-SOD?2 in cells overexpressing SIRT3. (B) Quantitative analysis of apoptosis-related
protein in cells overexpressing SIRT3. (C) Quantitative analysis of apoptosis-related protein in cells overexpressing SIRT3"2*®Y, Values are the meanSEM. #p<0.05, ¥p<0.01,
and *#p<0.001.
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