
Research Article
Tetramethylpyrazine Attenuates the Endotheliotoxicity and the
Mitochondrial Dysfunction by Doxorubicin via 14-3-3γ/Bcl-2

Bin Yang,1Hongwei Li,2 Yang Qiao,2Qing Zhou,2 Shuping Chen,2Dong Yin ,3HuanHe ,2

and Ming He 1,2

1Jiangxi Provincial Institute of Hypertension, the First Affiliated Hospital of Nanchang University, Nanchang 330006, China
2Jiangxi Provincial Key Laboratory of Basic Pharmacology, Nanchang University School of Pharmaceutical Science,
Nanchang 330006, China
3Jiangxi Provincial Key Laboratory of Molecular Medicine, the Second Affiliated Hospital, Nanchang University,
Nanchang 330006, China

Correspondence should be addressed to Huan He; hehuan0118@ncu.edu.cn and Ming He; jxhm56@hotmail.com

Received 26 May 2019; Revised 28 August 2019; Accepted 11 September 2019; Published 3 December 2019

Guest Editor: Patrícia Rijo

Copyright © 2019 Bin Yang et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Doxorubicin (Dox) with cardiotoxicity and endotheliotoxicity limits its clinical application for cancer. The toxicitic mechanism
involves excess ROS generation. 14-3-3s have the protective effects on various injured tissues and cells. Tetramethylpyrazine
(TMP) is an alkaloid extracted from the rhizome of Ligusticum wallichii and has multiple bioactivities. We hypothesize that
TMP has the protective effects on vascular endothelium by upregulating 14-3-3γ. To test the hypothesis, Dox-induced
endotheliotoxicity was used to establish vascular endothelium injury models in mice and human umbilical vein endothelial cells.
The effects of TMP were assessed by determining thoracic aortic strips’ endothelium-dependent dilation (EDD), as well as LDH,
CK, caspase-3, SOD, CAT, GSH-Px activities and MDA level in serum, apoptotic rate, and histopathological changes of vascular
tissue (in vivo). Also, cell viability, LDH and caspase-3 activities, ROS generation, levels of NAD+/NADH and GSH/GSSG,
MMP, mPTP opening, and apoptotic rate were evaluated (in vitro). The expression of 14-3-3γ and Bcl-2, as well as
phosphorylation of Bad (S112), were determined by Western blot. Our results showed that Dox-induced injury to vascular
endothelium was decreased by TMP via upregulating 14-3-3γ expression in total protein and Bcl-2 expression in mitochondria,
activating Bad (S112) phosphorylation, maintaining EDD, reducing LDH, CK, and caspase-3 activities, thereby causing a
reduction in apoptotic rate, and histopathological changes of vascular endothelium (in vivo). Furthermore, TMP increased cell
viability and MMP levels, maintained NAD+/NADH, GSH/GSSG balance, decreased LDH and caspase-3 activities, ROS
generation, mPTP opening, and apoptotic rate (in vitro). However, the protective effects to vascular endothelium of TMP were
significantly canceled by pAD/14-3-3γ-shRNA, an adenovirus that caused knockdown 14-3-3γ expression, or ABT-737, a
specific Bcl-2 inhibitor. In conclusion, this study is the first to demonstrate that TMP protects the vascular endothelium against
Dox-induced injury via upregulating 14-3-3γ expression, promoting translocation of Bcl-2 to the mitochondria, closing mPTP,
maintaining MMP, inhibiting RIRR mechanism, suppressing oxidative stress, improving mitochondrial function, and alleviating
Dox-induced endotheliotoxicity.

1. Introduction

Doxorubicin (Dox) is a broad-spectrum, high efficiency, low
cost and convenient use of anticancer antibiotic [1]. How-
ever, its dose-dependent cardiotoxicity greatly limits its clin-
ical application [2]. In recent years, the damage of Dox to

vascular endothelium, and so-called endotheliotoxicity has
also attracted considerable attention [3].

Many studies have found that there are various reasons
for Dox’s cardiotoxicity or endotheliotoxicity [3, 4]. How-
ever, one of the most important reason is that Dox itself
may induce oxidative stress, resulting in excessive reactive
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oxygen species (ROS) generation [3–6]. In previous studies,
we have shown that Dox toxicity can cause excessive ROS
generation, resulting in severe myocardial damage [7, 8].
However, inhibiting oxidative stress and reducing ROS gen-
eration may alleviate cardiotoxicity or endotheliotoxicity
induced by Dox [9–13]. Phytochemicals are candidate sub-
jects [7, 8, 10–13].

Tetramethylpyrazine (TMP), an alkaloid extracted from
the roots of Ligusticum chuanxiong Hort (LC; Umbelliferae),
a traditional Chinese medicine [14], it has multiple targets
and many biological functions, such as anti-oxidation,
anti-platelet, anti-inflammation, anti-apoptosis and so on
[15–17]. Many studies have shown that TMP has protective
effects on the myocardium, brain, and vascular endothe-
lium, suggesting that TMP has an excellent application
prospect in the prevention and treatment of cardio-
cerebrovascular diseases [16–19]. Recently, we have found
that TMP could up-regulate 14-3-3γ expression, improve
mitochondrial function, and reduce apoptosis induced by
LPS to cardiomyocytes [20].

14-3-3s is a highly conserved acidic protein family com-
posed of seven isoforms [21]. Through phosphorylation, it
interacts with the partner protein and participates in almost
all life activities in cells [22]. Our previous studies found that
14-3-3η and 14-3-3γ participate in acute myocardial injury
and protection. 14-3-3η participates in ischemia/hypoxia
injury and protection, while 14-3-3γ mainly involves infec-
tion or inflammatory injury and protection [20, 23–29].
Recently, we found that curcumin and quercetin could
up-regulate 14-3-3γ expression, improve mitochondrial
function, and protect the myocardium against Dox’s cardi-
otoxicity [7, 8].

Therefore, the aims of the current study were to investi-
gate by in vivo and in vitro 1)Whether TMP protected vascu-
lar endothelium against endotheliotoxicity induced by Dox;
2) Whether up-regulation of 14-3-3γ expression, phosphory-
lation of Bad (S112) and subsequent translocation of Bcl-2 to
the mitochondria were involved in the protection of TMP
against endotheliotoxicity induced by Dox; 3) Whether the
change of 14-3-3γ/Bcl-2 caused by TMP could affect mito-
chondrial oxidative stress that vascular endothelium induced
by Dox endotheliotoxicity; 4) Whether improvement of
mitochondrial function mediated by 14-3-3γ/Bcl-2 was
involved in TMP protecting vascular endothelium against
endotheliotoxicity induced by Dox.

2. Materials and Methods

2.1. Materials, Cells and Animals. Adenovirus pAD/14-3-3γ-
shRNA and negative control (pAD/scrRNAi) were from
GeneChem Co., Ltd (Shanghai, China). TMP, Dox, phenyl-
ephrine (PE), sodium nitroprusside (SNP), acetylcholine
(Ach), atractyloside (Atr), and ciclosporin A (CsA) were
purchased from Sigma-Aldrich (Cat. No. 95162, D1515,
P1240000, PHR1423, PHR1546, A6882, C1832, St. Louis,
MO, USA). Mitoquinone (MitoQ) was from MedChemEx-
press (Cat. No. HY-100116, Shanghai, China). ABT-737
was from Selleck (Cat. No. S1002, Houston, TX, USA). Anti-
bodies directed against 14-3-3γ was purchased from Santa

Cruz (Cat. No. sc-69955, Santa Cruz, CA, USA). Antibod-
ies directed against Bcl-2, Bad phospho-S112, eNOS, eNOS
phospho-S1177, cytochrome C (cyt C), COX4, and β-actin
were purchased from Abcam (Cat. No. ab196495, ab129192,
ab5589, ab184154, ab16381, ab33985, ab8229, Cambridge,
UK). Horseradish peroxidase-conjugated IgG was from
Jackson Immuno Research (Cat. No. 107-035-142, West
Grove, PA, USA).

Human umbilical vein endothelial cells (HUVECs) were
purchased from the China infrastructure of cell line resources
(Shanghai, China). Male Kunming mice (8-10 weeks old,
weighing 20-22 g) were provided by the Animal Center of
Nanchang University (Nanchang, China).

All experimental protocols were performed in accor-
dance with the National Institutes of Health (NIH) Guide-
lines for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, revised 1996), and approved by the
Ethics Committee of Nanchang University (No. 2019-0006).

2.2. In Vivo Experiments.Mice were housed (two per cage) in
a controlled environment at a temperature of 22°C, humidity
of 50%, and a 12-hour light/dark cycle. Water was provided
to animals ad libitum.

2.2.1. Experimental Grouping In Vivo. As shown in Figure 1,
75 mice were randomly divided into five groups: the Dox
group, mice were routinely fed for 3 weeks; then intraperito-
neally injected with six injections of 2.5mg/kg Dox over 3
weeks for a cumulative dose of 15mg/kg [7]; the TMP
+Dox group, mice were administered 6mg/kg TMP [30],
once daily for 6 weeks via intragastric administration, an
hour before Dox administration; the TMP+Dox+pAD/14-
3-3γ-shRNA group, mice were treated with a regimen similar
to the TMP+Dox group for 4 weeks, then injected with
pAD/14-3-3γ-shRNA adenovirus; the TMP+Dox+ABT-
737 group, mice were treated with a regimen similar to
the TMP+Dox group for 5 weeks, then followed by a once
daily intraperitoneal injection with ABT-737 (20 μg/kg)
[31], an hour before TMP administration, for 1 week; and
the Control group, mice were given an equal volume of
phosphate buffered saline (PBS) using a regimen similar
to the TMP+Dox group.

2.2.2. Gene Delivery via Tail Vein. The 14-3-3γ knockdown
model was constructed in Kunming mice via tail vein injec-
tion of a recombinant adenovirus containing the shRNA of
14-3-3γ gene (Genbank ID 22628, target sequence: GCTT
CTGAGGCAGC GTATA) as previously described [32].
Briefly, pAD/14-3-3γ-shRNA adenovirus (2× 1011 plaque-
forming units/ml, 200 μl) was injected into the tail vein.
Two weeks post-injection, mice were killed.

2.2.3. Collection of Blood and Tissue. At the end of the exper-
iment, mice were anesthetized using an intraperitoneal injec-
tion with ketamine (100mg/kg) and xylazine (8mg/kg).
Then, blood was collected in heparinized capillary tubes via
a cardiac puncture and immediately centrifuged for 10min
at 3000 rpm and 25°C for serum separation. Thoracic aorta
rings were harvested in ice-cold physiologic saline solution
(PSS: 0.288 g NaH2PO4, 1.802 g glucose, 0.44 g sodium
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pyruvate, 20.0 g BSA, 21.48 g NaCl, 0.875 g KCl, 0.7195 g
MgSO4 7H20, 13.9 g MOPS sodium salt, and 0.185 g EDTA
per liter solution at pH7.4) and evaluated for vascular reac-
tivity as described previously [33].

2.2.4. Determination of Biochemical and Tissues Injury
Indexes. As a biomarker of tissue injury, the activities of
serum lactate dehydrogenase (LDH), and creatine kinase
(CK) were measured by a microplate reader (Bio-rad 680,
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Figure 1: Schematic representation of the experimental design in vivo and in vitro. In vivo, 75 mice were randomly divided into five different
groups: Dox group, mice were routinely fed for 3 weeks; then intraperitoneal injected with six injections of 2.5mg/kg Dox over 3 weeks for a
cumulative dose of 15mg/kg; TMP+Dox group, mice were administered 6mg/kg TMP, once daily for 6 weeks via intragastric
administration, an hour before Dox administration; TMP+Dox + pAD/14-3-3γ-shRNA group, mice were treated with a regimen similar
to the TMP+Dox group for 4 weeks, then injected with pAD/14-3- 3γ-shRNA adenovirus; TMP+Dox+ABT-737 group, mice were
treated with a regimen similar to the TMP+Dox group for 5 weeks, followed by a once daily intraperitoneal injection with ABT-
737(20 μg/kg), an hour before TMP administration, for 1 week; Control group: mice were given an equal volume of PBS using a regimen
similar to the TMP+Dox group. For the in vitro experimental groupings: HUVECs in the control group were cultured under normal
conditions (37°C, 95% O2 and 5% CO2) over the entire experiment; HUVECs in the Dox group were treated with 1μM Dox for 48 hours;
HUVECs in the TMP+Dox group were treated similar to the Dox group, but cells were also co-incubated with 20 μM TMP for 48 hours,
whereas HUVECs in the TMP+Dox+ pAD/14-3-3γ-shRNA group were treated with pAD/14-3-3γ-shRNA for 2 hours before TMP
treatment; HUVECs in the TMP+Dox +ABT-737 group were treated in a manner similar to the TMP+Dox group, but these cells were
also co-incubated with 2μM ABT-737 for an hour; HUVECs in the TMP+Dox +Atr group were treated in a manner similar to HUVECs
in the TMP+Dox group, but were also co-incubated for 2 hours with 50 μM Atr; HUVECs in the Dox +CsA/MitoQ groups were treated
in a manner similar to the Dox group, but the cells were also co-incubated with 1μM CsA/0.5 μM MitoQ for 48 hours, respectively.
HUVECs that underwent these treatments were combined to form Phase A-C (See the 2.3.2 in the text).
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Hercules, CA, USA) according to the specifications of their
respective assay kit (Nanjing Jiancheng Bioengineering Insti-
tute Co. Ltd., Nanjing, China).

The ferric reducing antioxidant power (FRAP) assay
(Cell Biolabs, Inc. Santiago, CA, USA), which is based on
reduction of the ferric tripyridyltriazine (Fe3+-TPTZ) com-
plex to ferrous (Fe2+-TPTZ), was used to evaluate the anti-
oxidant potential of the serum of mice at an absorption of
560nm [29, 34]. In brief, 5 μl serum and 15μl deionized
water were mixed with 75μl FRAP color solution. The
mixture was incubated for 30min at 25°C and its OD
was measured at a wavelength of 560 nm by a spectropho-
tometer. A ferrous chloride standard was used to prepare
the standard curve. The concentration of samples, indicat-
ing antioxidant potential, was obtained using the equation
of the standard curve.

Malondialdehyde (MDA), superoxide dismutase (SOD),
catalase (CAT), and glutathione peroxidase (GSH-Px) are
vital indexes for estimating oxidative stress [29, 35]. The anti-
oxidant enzyme activities and lipid peroxidation levels in
mice serum were determined according to the manufac-
turer’s instructions. In brief, collected supernatants were
measured using a microplate reader. Kits for measuring
MDA level, SOD, CAT, and GSH-Px activities were pur-
chased from Nanjing Jiancheng Bioenginering Institute Co.
Ltd. (Nanjing, China).

2.2.5. Hematoxylin–Eosin (H&E) Staining and the Terminal
Deoxynucleotidyl Transferase-Mediated Nick End Labeling
(TUNEL) Assay. Freshly harvested thoracic aortas were fixed
in 10% buffered formalin solution embedded in paraffin and
sectioned into 5 μm thick sections that were mounted onto
glass slides. To evaluate morphological changes, H&E stain-
ing was performed. In addition, to detect apoptosis, TUNEL
(Promega, Madison, WI, USA) staining method was per-
formed according to the manufacturer’s guidelines [7].

2.2.6. Vascular Reactivity. Vascular contractility and relaxa-
tion were determined as previously described [33, 36].
Briefly, thoracic aortas were placed in pressure myograph
chambers (DMT Inc., Atlanta, GA, USA), containing warm
PSS, cannulated and secured onto glass micropipettes, and
equilibrated at an intraluminal pressure of 50mmHg for an
hour at 37°C. First, we confirmed that arteries maintained
constriction to phenylephrine (PE: 10-10-10-4M) for the
duration of the experiment until no spontaneous dilatation
occurred during the constriction period (i.e. 5-12min).
Then, the samples were constricted by increasing doses
of PE (10-6M, about EC50), immediately followed by a
dose-response with endothelium-dependent dilator acetyl-
choline (ACh: 10-9-10-4M). After a washout period and
after pre-constriction to PE (10-6M), a dose-response to
the endothelium-independent dilator sodium nitroprusside
(SNP: 10-10-10-4M) was performed. The percent of dilation
was calculated based on the maximal luminal diameter of
each artery.

2.2.7. Determination of Nitric Oxide (NO) Contents. The NO
content in mice’s serum or the culture medium was indirectly

reflected by the contents of nitrite and nitrate [37]. Nitrate is
converted to nitrite by aspergillus nitrite reductase, and the
total level of nitrite was measured using the Griess reagent
(G4410, Sigma-Aldrich), for which the absorbance was deter-
mined at 540nm. The NO content in samples was presented
as the amounts of nitrite and nitrate (μM) per gram protein
of serum or per liter of culture medium.

2.2.8. Western Blot Analysis. The total amount of protein
from thoracic aortas samples, as well as total amount of pro-
tein and the mitochondrial proteins from HUVECs, were
extracted using a protein extraction kit (Applygen Technolo-
gies Inc, Beijing, China), respectively. The protein concentra-
tion was determined by Bradford method. A total of 50 μg of
protein was separated by denaturing SDS-polyacrylamide gel
electrophoresis and transferred to polyvinylidene fluoride
membranes. Membranes were then blocked with 5% skim
milk, washed, incubated with primary antibodies directed
against 14-3-3γ (1 : 1000), Bcl-2 (1 : 500), Bad phospho-S112
(1 : 500), eNOS (1 : 1000), eNOS phospho-S1177 (1 : 1000),
cyt C (1 : 1000), β-actin (1 : 2000), and COX4 (1 : 1000), then
incubated with Horseradish peroxidase-conjugated second-
ary antibody. Subsequently, membranes were incubated with
an enhanced chemiluminescence reagent for 2min at room
temperature, and protein bands were visualized using an
enhanced chemiluminescence method and analyzed with
Quantity One software (Bio-Rad, Hercules, CA, USA) [7].

2.3. Experiments In Vitro

2.3.1. Endothelial Cell Culture and Adenovirus Transfection.
For transfection assays, HUVECs were cultivated in high-
glucose Dulbecco’s modified Eagle medium (DMEM,
Gibco-BRL, Grand Island, NY, USA) supplemented with
10% heat- inactivated fetal bovine serum (FBS, Gibco-BRL),
penicillin (100U/mL), and streptomycin (100 μg/mL) and
cultured at 37°C in a humidified atmosphere at 5% CO2.

Adenovirus pAD/14-3-3γ-shRNA and negative control-
pAD/scrRNAi (shRNA of 14-3-3γ gene, the target sequence:
GCTTCTGAGGCAGCGTATA and the negative control
sequence: TTCTCCGAACGTGTCACGT) were transfected
into HUVECs cultured in fresh DMEM supplemented with
15% FBS. Transfection efficiency was roughly 85% after 48
hours. Transfected cells were incubated at 37°C, 95% O2,
and 5% CO2 for 2 hours before use in the experiments.

2.3.2. Experimental Design (Figure 1)

(1) Phase A. Firstly, we investigated whether TMP-treated
HUVECs confirmed protective effects against the
endotheliotoxicity induced by Dox. As well, the optimal
concentration of TMP-treated was determined.

Cells were randomly divided into the following experi-
mental groups: HUVECs in the control group were cultured
under normal conditions (37°C, 95% O2 and 5% CO2) over
the entire experiment; HUVECs in the Dox group were
treated with 1 μM Dox for 48 hours [7]; HUVECs in the
TMP+Dox group were treated similar to the Dox group,
but cells were also co-incubated with different concentrations
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of TMP (10, 20, 40, or 80μM) for 48 hours. At the end of the
experiments, cell viability and LDH activity were determined.

(2) Phase B. Next, we further confirmed whether 14-3-3γ
expression and Bcl-2 activity could affect the protective
effects of TMP on Dox’s endotheliotoxicity.

Cells were randomly divided into five groups. Thereinto,
the control, and the Dox group were treated with the above
(1). HUVECs in the TMP+Dox group were treated similar
to the Dox group, but cells were also co-incubated with 20
μM TMP for 48 hours, whereas cells in the TMP+Dox
+pAD/14-3-3γ-shRNA groups were treated with pAD/14-
3-3γ-shRNA for 2 hours before TMP treatment; HUVECs
in the TMP+Dox+ABT-737 group were treated similar to
the TMP+Dox group, but these cells were also co-
incubated with 2 μM ABT-737 for an hour [31]. At the end
of the experiments, cell viability, apoptosis, LDH and caspase
3 activities, NO levels in the culture medium, the expression
of 14-3-3γ, Bad phospho-S112, eNOS, and eNOS phospho-
S1177 in the lysate of HUVECs, and Bcl-2 expression in
mitochondria were determined.

(3) Phase C. Finally, we investigated how TMP-treated
HUVECs maintain mitochondrial function and possible
mechanisms.

In brief, HUVECs were randomly divided into six
groups. Thereinto, HUVECs in the control, the Dox, and
the TMP+Dox group were treated with the above (2).
HUVECs in the TMP+Dox+Atr group were treated similar
to cells in the TMP+Dox group, but were also co-incubated
for 2 hours with 50 μM Atr [38]; HUVECs in the Dox
+CsA/MitoQ groups were treated similar to the Dox group,
but the cells were also co-incubated with 1μM CsA/0.5μM
MitoQ for 48 hours, respectively [39, 40].

At the end of the experiments, cell viability and LDH
activity, oxygen consumption rate (OCR), extracellular acid-
ification rate (ECAR), intracellular and mitochondrial ROS
generation, levels of NAD+, NADH, GSH, and GSSG in
mitochondria/intracellular, mitochondrial membrane poten-
tial (MMP), mitochondria permeability transition pore
(mPTP) opening, and cyt C release from mitochondria to
cytoplasm in HUVECs were determined.

2.3.3.3-(4,5-Dimethylthiazol-2-Yl)-5-(3-Carboxymethoxyphenyl)-
2-(4-Sulfophenyl)-2H -Tetrazolium (MTS) Assay. Cells were
plated in 96-well plates at a density of 1× 104 cells/well, incu-
bated at 37°C with 20 μl MTS (5mg/ml, Promega, Madison,
WI, USA) in 100μl of DMEMmedium for 2 hours. Next, the
absorbance of each well was measured at 490nm by a micro-
plate reader (Bio-Rad680). The absorbance was directly pro-
portional to the number of live cells.

2.3.4. Measurement of LDH and Caspase-3 Activities. In
HUVECs, LDH is an intracellular enzyme that is released
into the culture medium upon cell damage [7]. In this study,
at the end of the experiment, the supernatant was collected,
and the LDH activity was determined by a microplate
reader (Bio-rad 680) according to the specifications of the

LDH assay kit (Nanjing Jiancheng Bioengineering Institute
Co. Ltd.).

Caspase-3 activity was measured in the cytosolic fraction
of isolated HUVECs as described previously [7]. Briefly,
caspase-3 activity was determined by measuring the cleavage
of a caspase-3-specific substrate [acetyl-Asp-Glu-Val-
Asp(DEVD)-p-nitroanilide (pNA)(DEVD-pNA)] using a
caspase-3 activity assay kit (R&D Systems, Minneapolis,
MN, USA) according to the manufacturer’s instructions.

2.3.5. Assessment of Endothelial Apoptosis Using Annexin
V-FITC and PI. Assessment of apoptosis of HUVECs was
performed using an Annexin V-EGFP/PI apoptosis detection
kit (BD Biosciences, San Diego, CA, USA). Annexin V-
stained cells were analyzed using a Cytomics FC500 flow
cytometer (Beckman Coulter, Brea, CA, USA) and DCF
fluorescence was determined, which is an index of cellular
damage [7].

2.3.6. Measurement of Intracellular and Mitochondrial ROS.
Intracellular and mitochondrial ROS generation was mea-
sured using a DCFH-DA or mitoSOX probe as previously
method [41]. In brief, cells were harvested and washed with
serum-free DMEM media. Then, cells were mixed with
serum-free media containing 10 μM DCFH-DA probe
(Molecular Probes, Eugene, OR, USA) or 5 μM mitoSOX
probe (Thermo Fisher Scientific, Waltham, MA, USA) and
incubated at 37°C in the dark for 30min with slight agitation
every 5min. Subsequently, cell pellets were collected, washed
three times with PBS, and resuspended in 500μL PBS for
flow cytometry analysis (Cytomics FC500). The induced
green fluorescence from 10,000 cells was documented at
488 or 510nm. Flow Jo software was used to analyze the aver-
age fluorescence intensity.

2.3.7. Evaluation of OCR and ECAR. Mitochondrial respira-
tion is an indicator of the functional bioenergetics capacity
of the mitochondria and overall cellular health [29, 42]. In
the present study, we used an XFp Extracellular Flux Ana-
lyzer (Seahorse Biosciences, North Billerica, MA, USA) to
evaluate the OCR, which was measured as a function of time.
In brief, HUVECs were seeded in Seahorse XFp cell cultured
miniplates at a density of 5,000 cells/well and subjected to the
corresponding treatment. After analysis of basal respiration,
oligomycin (complex V inhibitor, 10 μM), carbonyl-cya-
nide-4-(trifluoromethoxy) phenylhydrazone (FCCP, per-
meabilizes the inner mitochondrial membrane for protons,
2μM), rotenone/antimycin A (inhibitors of complex I and
III, 0.5μM/0.5μM) were added sequentially. Wells without
cells served as background and were used to normalize the
reading of each well to the background noise of the plate.
OCR was normalized to total protein per well.

To monitor glycolytic function, ECAR, expressed as
mpH/min, was determined. The measurement procedure
was similar to that of OCR described above. After measure-
ment of basal ECAR, glucose solution (80mM), oligomycin
(5mM), and 2-DG (100mM) were added sequentially to
determine glycolysis, glycolytic capacity, and the glycolytic
reserve, respectively [42].
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2.3.8. Isolation of Mitochondrial Fractions and Assessment of
Nicotinamide Adenine Dinucleotide Mitochondrial. At the
end of the experiments, HUVECs were collected and washed
twice with cold PBS. The cells were resuspended in 1×Cyto-
sol Extraction Buffer Mix and homogenized on ice. The mix-
ture was left on ice for 15min and centrifuged at 1,300× g for
5min at 4°C. The supernatant was then transferred into a
new tube and spun at 17,000× g for 10min at 4°C to precip-
itate the mitochondria. This pellet was resuspended in 15%
Percoll (Cat. No. P4937, Sigma- Aldrich), and layered onto
a preformed gradient of 22% Percoll, then layered onto 50%
Percoll. The Percoll density gradient was centrifuged at
17,000× g for 10min at 4°C, and purified mitochondria were
collected at the interface between the 50% and 22% gradients.
The purified mitochondrial sample was centrifuged at
7,000× g for 10min at 4°C [27, 43].

Nicotinamide adenine dinucleotide exists in an oxidized
(NAD+) form and a reduced (NADH) form. Total NAD+

and NADH levels in the purified mitochondrial samples were
quantified using an NAD+/NADH quantification kit accord-
ing to the manufacturer’s instructions (Biovision, Milpitas,
CA, USA) [43]. Total NAD+/NADH levels were assessed by
converting all NAD+ in the samples to NADH using the
NAD Cycling Enzyme Mix and NADH Developer included
in the kit. Nicotinamide adenine dinucleotide reduced-only
concentrations were achieved by heating the mitochondrial
samples to 60°C for 30min to decompose NAD+. Reduced
nicotinamide adenine dinucleotide was measured at OD
450nm using a spectrophotometer microplate reader (Bio-
Tek Instruments, Winooski, VT, USA). Known concentra-
tions of purified NADH were used to generate standard
curves and to calculate mitochondrial concentration. Values
of NAD+ were generated by subtracting the NADH-only
value from the total NAD+/NADH value.

2.3.9. Assessment of Intracellular GSH, GSSG, and GSH/GSSG
Ratio. Reduced glutathione is the most abundant intracellu-
lar thiol. The intracellular redox state is reflected by the levels
of oxidized (GSSG) and reduced (GSH) glutathione. The
GSH/GSSG ratio is also an essential indicator of cellular
health [44, 45]. Measurements were performed according to
the manufacturer’s instructions using supernatants from cells
lysed after treatment. GSH, GSSG, and GSH/GSSG ratio
assay kits were purchased from Beyotime Institute of Bio-
technology (Haimen, Jiangsu, China).

2.3.10. Assessment of MMP. Flow cytometry analysis was
used to assess the loss of MMP using the fluorescent indica-
tor, JC-1 (5, 5’, 6, 6’-tetrachloro-1,1’,3,3’-tetraethyl-benz-
imidazole carbocyanine iodide, Invitrogen, Carlsbad, CA,
USA). HUVECs were harvested and the cell suspension was
incubated with JC-1 (200 μM) at 37°C for 20min followed
by two rounds of washing with PBS to remove the remaining
reagents. Fluorescence was measured with a Cytomics FC500
flow cytometer with initial excitation and emission wave-
lengths (ex/em) of 530 and 580nm (red), followed by ex/em
at 485/530 nm (green). The ratio of red to green fluorescence
intensity of cells indicated the level of MMP [7].

2.3.11. Opening of mPTP. In cell apoptosis, mPTP opening
plays a major role and the Ca2+ induced mitochondria swell-
ing assay can be used to determine mPTP opening. The iso-
lated mitochondria were resuspended in swelling buffer
(KCl 120mM, Tris-HCl 10mM, MOPS 20mM, KH2PO4
5mM), and poured into a 96-well microtiter plate. The addi-
tion of 40 μl of CaCl2 solution (200 nM) to each well served as
a stimulant of mPTP opening and resulted in a steady decline
in mitochondrial density. The absorbance at 520nm was
measured every minute until stable values were observed.
To measure the extent of mPTP opening, changes in absor-
bance were calculated [7].

2.4. Statistical Analysis. All values were expressed as the
means ± standard error of mean (SEM). One-way analysis
of variance (ANOVA) was employed to test the significance
of differences in the biochemical data across groups, followed
by post hoc testing for individual differences. The results
were considered significant at a value of P< 0.05.

3. Results

3.1. TMP-Treated Alleviates Vascular tissue’s Damage
Induced by Dox Toxicity in Mice. As shown in Figure 2(a),
as expected, the activities of serum LDH and CK in the Dox
group were significantly increased (P< 0.01), which were sig-
nificantly decreased following TMP-treated (P< 0.01), and
restored mostly when combined with pAD/14-3-3γ-shRNA
or ABT-737 (P< 0.01), indicating that Dox had caused tissue
and/or organ damage in mice, TMP could effectively resist
it, but which depended on 14-3-3γ expression and Bcl-2
activity.

Histopathological examination of mice’s thoracic aortas
also confirmed the protective effects of TMP on Dox-
induced vascular toxicity. As shown in Figure 2(c), in the
Dox’s mice, some inflammatory changes, such as inflamma-
tory infiltration, and cell swelling, were found in the thoracic
aorta’s tissue. However, tissue injury was significantly
reduced with TMP-treated. Further, the apoptosis of thoracic
aorta’s tissue was assayed using TUNEL staining
(Figure 2(d)). In microscopy, the Dox group clearly pro-
moted apoptosis of the thoracic aorta’s tissue, which was sig-
nificantly reversed by TMP-treated. However, when
combined with pAD/14-3-3γ-shRNA or ABT-737, the above
protective effects of TMP were mostly canceled.

As illustrated in Figure 2(b), the serum contents of NO in
the Dox’s mice were much lower (P< 0.01), which were sig-
nificantly reversed by TMP-treated (P< 0.01). This change
could be mostly completely counteracted by pAD/14-3-3γ-
shRNA or ABT-737 (P< 0.01). Furthermore, we detected
the expression of eNOS and p-eNOS of the thoracic aorta’s
tissue in all mice, respectively. As illustrated in Figures 3(c)
and 3(g), the aortic tissue in the Dox’s mice, the p-eNOS/e-
NOS ratio was reduced (P< 0.01), which significantly
reversed by TMP-treated (P< 0.01), but it could be only
partly counteracted by pAD/14-3-3γ-shRNA or ABT-737
(P< 0.01). The above results indicated that TMP-treated
could promote the phosphorylation of eNOS in the aortic
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tissue, increase NO synthesis, which also only partly
depended on 14-3-3γ expression and Bcl-2 activity.

3.2. TMP-Treated Protects the Vascular endothelia’s Function
against the Endotheliotoxicity by Dox in Mice. Generally, the
control experiments of endothelium-dependent dilation
(EDD) with Ach and endothelium-independent dilation
(EID) with SNP are noteworthy criteria for judging whether
the vascular endothelium’s function normally or not [33].
As shown in Figures 3(a) and 3(b), EDD in the Dox group
was markedly impaired (P< 0.01), and area under the curve

(AUC) of dose-effect relationship decreased to 34.3% of the
control group (P< 0.01). TMP-treated improved EDD such
that dilation was significantly increased at several doses of
Ach (P< 0.01), and AUC also recovered to 78.6% of the
control group (P< 0.01), but it could be mostly also reversed
by pAD/14-3-3γ-shRNA or ABT-737 to 42.5% and 45.5% of
the control group, respectively (P< 0.01). Similarly, EID in
the Dox group was significantly impaired, and the AUC
was 28.3% compared to the control group, TMP-treated
improved could also reverse the related changes (P< 0.01,
Figure S1A and B of the section of Supplementary
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Figure 2: TMP-treated alleviates vascular tissue’s damage induced by Dox toxicity in mice. (a) The activities of mice’s serum LDH and CK.
(b) Serum contents of NO. (c) H&E staining was performed for morphological analysis in the thoracic aortas tissue. Blue arrow: spotty
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Figure 3: TMP-treated protects VECs’ function against the endotheliotoxicity by Dox in mice. (a) Endothelium-dependent dilation (EDD)
of the thoracic aortic strips. (b) Area under of the curve for EDD of the thoracic aortic strips. (c) Western blot’s banding of related
proteins in the aortic tissue. (d) Histogram of 14-3-3γ expression in the cytoplasm. (e) Histogram of p-Bad expression in the
cytoplasm. (f) Histogram of Bcl-2 expression in the mitochondria. (g) Histogram of p-eNOS/eNOS expression in the cytoplasm. On
(c), from left to right, lane 1: control; lane 2: Dox; lane 3: TMP+Dox; lane 4: TMP+Dox + pAD/14-3-3γ-shRNA; lane 5: TMP+Dox +ABT-
737. Data are presented as the mean± SEM. for fifteen individual experiments. a: P< 0.01, versus control group; b: P< 0.01, versus Dox
group; c: P< 0.01, versus TMP+Dox group.
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materials). This indicated that TMP-treated could
significantly alleviate vascular endothelium’s damage by
Dox toxicity, it also has considerable to ease harm to
vascular smooth muscle, of course, which also depended on
14-3-3γ expression and Bcl-2 activity.

As illustrated in Figures 3(c)–3(f), it was interesting that
in the aortic tissue TMP-treated up-regulated 14-3-3γ
expression and promoted the phosphorylation of Bad,
especially upregulation of mitochondrial Bcl-2 expression
(P< 0.01). However, ABT-737, a specific Bcl-2 inhibitor
[31], did not affect up-regulation of 14-3-3γ expression and
Bad phosphorylation by TMP-treated (P> 0.05), but could
significantly reduce Bcl-2 expression by TMP-treated in
mitochondria (P< 0.01).

3.3. TMP-Treated Protects HUVECs against the
Endotheliotoxicity Induced by Dox. Cell viability and LDH
leakage generally serve as indexes of cell injury [7]. To eval-

uate the effects of TMP-treated, we tested different concen-
trations of TMP-treated on HUVECs that were subjected
to Dox toxicity. As shown in Figure S2A and B of the
section of Supplementary materials, HUVECs subjected to
Dox toxicity showed a decrease in cell viability (P< 0.01)
and an increase in LDH activity (P< 0.01). TMP-treated
significantly increased cell viability and reduced LDH
activity (P< 0.01) in a concentration-dependent manner.
The optimal concentration of TMP-treated was determined
to be 20 μM by chosen for subsequent experiments.
Interestingly, co-treatment by pAD/14-3-3γ-shRNA or
ABT-737 mostly abolished the protective effects of TMP-
treated (Figures 4(a) and 4(b), P< 0.01).

When compared with the control group, cell viability and
LDH activity did not change when using TMP alone, CsA
alone, MitoQ alone, pAD/scrRNAi alone, TMP+ pAD/14-
3-3γ-shRNA, TMP+pAD/scrRNAi, TMP+ABT-737, and
TMP+Atr (P> 0.05), however, treatment with pAD/14-3-
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Figure 4: TMP-treated protects HUVECs against the endotheliotoxicity induced by Dox. (a) Cell viability of HUVECs. (b) LDH activities in
culture media. (c) Histogram of the caspase-3 activity in HUVECs. (d) Flow cytometry dot plots (x-axis: annexin V-staining, y-axis: PI
staining), and the quantitation of apoptotic cells. Data are presented as the mean± SEM. for eight individual experiments. a: P< 0.01,
versus control group; b: P< 0.01, versus Dox group; c: P< 0.01, versus TMP+Dox group.

9Oxidative Medicine and Cellular Longevity



3γ-shRNA alone, ABT-737 alone or Atr alone, cell viability
was lower and LDH activity was higher compared to that of
the control group (P< 0.01, Figure S3A and B of the section
of Supplementary materials), indicating that 14-3-3γ
expression, Bcl-2 activity, and mPTP closing play a vital
role in maintaining normal HUVECs function. This was
also the case for the pAD/14-3-3γ-shRNA+Dox, the ABT-
737+Dox, and the Atr +Dox groups compared with the
Dox group (P< 0.01). But cell viability and LDH activity
did not change when using pAD/scrRNAi+Dox (P> 0.05,
Figure S4A and B of the section of Supplementary
materials), indicating that could aggravate HUVECs
injury using pAD/14-3-3γ-shRNA downregulates 14-3-3γ
expression, or ABT-737 inhibits Bcl-2, or Atr opens the
mPTP. However, pAD/scrRNAi as a negative control could
not affect cell viability and LDH activity.

As shown in Figure 4(c), the caspase-3 activity in the Dox
group was significantly increased when compared to that in
the control group (P< 0.01), whereas TMP-treated signifi-
cantly inhibited the caspase-3 activity when compared to
the Dox group (P< 0.01). The caspase-3 activities of
increased upon TMP plus pAD/14-3-3γ-shRNA or ABT-
737 (P< 0.01).

The degree of HUVECs apoptosis was evaluated using
Annexin V/PI double staining, then analyzed by flow cytom-
etry (Figure 4(d)). The results showed that when compared
with the Dox group, apoptosis by TMP-treated was signifi-
cantly reduced (P< 0.01). However, a higher rate of apoptosis
was observed in cells with TMP plus pAD/14-3-3γ-shRNA or
ABT-737 (P< 0.01).

3.4. TMP-Treated Alters the Expression, Phosphorylation,
or Sublocalization, or Metabolism of the Related Active
Proteins in HUVECs of Dox Injury. As illustrated in
Figures 5(a)-5(d), in HUVECs TMP-treated significantly
up-regulated 14-3-3γ expression and promoted the phos-
phorylation of Bad, especially upregulation of mitochondrial
Bcl-2 expression (P< 0.01), TMP plus pAD/14-3-3γ-shRNA
could completely reverse the above changes. However,
ABT-737 had no effect on up-regulation of 14-3-3γ expres-
sion and Bad phosphorylation by TMP (P> 0.05), but could
significantly reduce Bcl-2 expression in mitochondria caused
by TMP-treated (P< 0.01).

When compared with the control group, 14-3-3γ expres-
sion did not change when using pAD/scrRNAi alone-treated,
as same as using TMP+pAD/scrRNAi+Dox and TMP+Dox
(P> 0.05, Figure S5 of the section of Supplementary
materials), indicating that pAD/scrRNAi did not affect 14-
3-3γ expression as a negative control.

As illustrated in Figures 5(a), 5(e) and 5(f), in HUVECs,
the p-eNOS/eNOS ratio increased significantly (P< 0.01)
after TMP-treated, and NO content increased significantly
(P< 0.01) as a follow-up result, but pAD/14-3-3γ-shRNA or
ABT-737 could partly counteract it (P< 0.01). The above
results indicated that TMP-treated could promote the phos-
phorylation of eNOS in HUVECs, increase NO synthesis,
which also only partly depended on 14-3-3γ expression and
Bcl-2 activity.

3.5. TMP-Treated Preserves the Intracellular/Mitochondrial
Balance between ROS Generation and Their Neutralisation
in HUVECs. It has previously been shown that oxidative
stress plays a key role in Dox toxic injury [7, 8]. First, we
found that HUVECs were treated by 1 μM Dox added
1μM CsA [39], a mPTP closing agent, or 0.5μM MitoQ
[40], a mitochondria-targeted CoQ-10 antioxidant co-incu-
bation, cell viability increased and LDH activity in the culture
medium decreased, these results indicated that CsA and
MitoQ alleviate caused HUVECs injury by Dox toxicity.
However, 50μM Atr, a potent mPTP opener, could
completely reverse the protective effects of 20μM TMP, that
is, it could decrease cell viability and increase LDH activity in
the culture medium (P< 0.01, Figure S6 A and B of the
section of Supplementary materials).

After adding Dox for 48 hours, the peak of intracellular/-
mitochondrial ROS in HUVECs was significantly moved to
the right, indicating both significant increase in intracellu-
lar/mitochondrial ROS generation of the Dox group
(P< 0.01, Figure 6(a)). Moreover, adding TMP/CsA/MitoQ
co-incubation caused a significant shift of the peak of intra-
cellular/mitochondrial ROS in HUVECs to the left, which
indicated a significant decrease in intracellular/mitochon-
drial ROS generation when compared with the Dox group
(P< 0.01). However, adding Atr co-incubation could reverse
TMP’s effect (P< 0.01), this strongly suggests that mPTP is
open or closed and plays an important role in intracellular/-
mitochondrial ROS generation.

Several small molecular markers such as NAD+/NADH
[43, 45] and GSH/GSSG [44, 46] in mitochondria/intracellu-
lar are useful indexes of redox state and redox balance [47].
In HUVECs, the content of NADH and GSH, GSH/GSSG
ratio increased significantly (P< 0.01) and the content of
NAD+ and GSSG, NAD+/NADH ratio decreased (P< 0.01)
in TMP treatment (Figures 6(b) and 6(c)); these results were
similar to that achieved with CsA and MitoQ treatment.
This results further confirm that TMP, like CsA or MitoQ,
could significantly reduce oxidative stress and ROS genera-
tion in mitochondria. The effects were also found to directly
relate to mitochondrial mPTP opening as Atr, a potent
mPTP opener, could almost completely cancel the effect of
20 μM TMP (P< 0.01). This phenomenon was consistent
with the changes in cell viability and LDH activity men-
tioned above.

Usually, in animal serum, MDA content, SOD, CAT, and
GSH-Px activities are determined to assess the level of oxida-
tive stress [7, 29], and FRAP assay is used to evaluate the anti-
oxidant potential [29, 34]. In this study, as shown in Table 1,
in mice’s serum after TMP-treated, SOD, CAT, and GSH-Px
activities were significantly increased and MDA content was
decreased (P< 0.01). Consistent with the lower level of oxida-
tive stress, the FRAP results indicated a high antioxidant
potential in the TMP group (P< 0.01), however, the above
protective effects of TMP-treated could be mostly counter-
acted by pAD/14-3-3γ-shRNA or ABT-737 (P< 0.01).

3.6. TMP-Treated Maintains Mitochondrial Function in
HUVECs. To explore the protective effects of TMP on mito-
chondrial respiration, OCR was measured using a Seahorse
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XF analyzer in HUVECs. The OCR of cells treated with
20 μM TMP remained higher than those treated with 1μM
Dox (P< 0.01, Figure 7(a)). As shown in Figure 7(b), basal
respiration before the addition of oligomycin, ATP produc-
tion after the addition of oligomycin, maximal respiration
after the addition of FCCP, and spare respiratory capacity
after the addition of rotenone/antimycin A were significantly
higher in HUVECs following TMP treatment than Dox treat-
ment. The proton peak was, however, significantly lower with
TMP treatment than Dox treatment (P< 0.01).

ECAR was used to determine the changes in glycolytic
rate in HUVECs. As illustrated in Figure 7(c), the ECAR

of TMP-treated cells remained higher than in Dox cells
(P< 0.01). Basal rates of glycolysis and glycolytic capacity
were significantly higher in HUVECs by TMP-treatment
following oligomycin injection (P< 0.01). In contrast, non-
glycolytic acidification increased slightly (Figure 7(d)).
These findings suggest that the energetic demand of
HUVECs was increased and intracellular acidosis was cor-
rected after TMP treatment due to better maintenance of
the mitochondria.

Loss of MMP occurs in the early stages of apoptosis. In
live cells, JC-1 accumulates in the mitochondrial matrix and
only exists in its monomeric form in apoptotic and dead cells
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Figure 5: TMP-treated alters the expression, phosphorylation, or sublocalization, or metabolism of the related active proteins in HUVECs of
Dox injury. (a) Western blot’s banding of the related proteins in HUVECs. (b) Histogram of 14-3-3γ expression in the cytoplasm. (c)
Histogram of p-Bad expression in the cytoplasm. (d) Histogram of Bcl-2 expression in the mitochondria. (e) Histogram of p-eNOS/eNOS
expression in the cytoplasm. (f) The contents of NO in culture medium. On (a), from left to right, lane 1: control; lane 2: Dox; lane 3:
TMP+Dox; lane 4: TMP+Dox + pAD/14-3-3γ-shRNA; lane 5: TMP+Dox +ABT-737. Data are presented as the mean± SEM. for eight
individual experiments. a: P< 0.01, versus control group; b: P< 0.01, versus Dox group; c: P< 0.01, versus TMP+Dox group.
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because of the loss of MMP [7]. As shown in Figure 8(a),
MMP was kept after TMP-treated because the peak of
MMP levels significantly shifted to the right (P< 0.01). Simi-
larly, CsA or MitoQ treatment also resulted in a significant
increase in MMP (P< 0.01), but the addition of Atr, co-incu-

bation, resulted a substantial loss in MMP, because of a shift
of the peak of MMP to the left (P< 0.01).

mPTP opening is a primary cause in cellular apoptosis.
The status of mPTP opening was determined by Ca2+-
induced swelling of mitochondrial [7]. Figure 8(b) shows that
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Figure 6: TMP-treated preserves the intracellular/mitochondrial balance between ROS generation and their neutralisation in HUVECs. (a)
Intracellular/mitochondrial ROS generation of HUVECs after different treatments. Left: Intracellular ROS generation; middle: mitochondrial
ROS generation; right: histogram of the intracellular/mitochondrial ROS generation at various treatments. MFI: mean fluorescence intensity.
C-ROS: intracellular ROS. M-ROS: mitochondrial ROS. (b) mitochondrial nicotinamide adenine dinucleotide levels of HUVECs after
different treatments. Left: histogram of mitochondrial NAD+ levels at various treatments; middle: histogram of mitochondrial NADH
levels at various treatments; right: histogram of mitochondrial NAD+/NADH ratio at various treatments. (c) Intracellular glutathione
levels of HUVECs after different treatments. left: histogram of intracellular GSH levels at various treatments; middle: histogram of
intracellular GSSG levels at various treatments; right: histogram of intracellular GSH/GSSG ratio at various treatments. Data are presented
as the mean± SEM for eight individual experiments. a: P< 0.01, versus control group; b: P< 0.01, versus Dox group; c: P< 0.01, versus
TMP+Dox group.

Table 1: TMP preserved the ferric reducing antioxidant power, the activities of antioxidant enzymes and reduced the levels of lipid
peroxidation in the mice’s serum against Dox’s endotheliotoxicity.

Groups
FRAP

(mmol Fe2+/L)
SOD activity
(U/g protein)

GSH-Px activity
(U/g protein)

CAT activity
(U/g protein)

MDA content
(nmol/g protein)

Control 4.92± 0.21 96.1± 5.2 26.3± 1.8 17.5± 1.1 33.2± 2.0
Dox 1.56± 0.06 a 22.8± 1.9 a 5.2± 0.3 a 4.7± 0.4 a 151.6± 14.1 a

TMP+dox 3.60± 0.23 b 66.1± 3.9 b 17.1± 1.5 b 13.6± 1.2 b 55.7± 5.1 b

TMP+dox + pAD/14-3-3γ-shRNA 1.85± 0.07 b,c 27.3± 2.4 b,c 8.2± 0.5 b,c 7.6± 0.6 b,c 115.2± 12.2 b,c

TMP+dox +ABT-737 1.95± 0.09 b,c 29.2± 3.1 b,c 9.1± 0.8 b,c 7.9± 0.8 b,c 102.5± 11.5 b,c

Values were presented as mean ± SEM. for fifteen individual experiments. a: P < 0.01, versus control group; b: P < 0.01 versus Dox group; c: P < 0.01 versus
TMP +Dox group.
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when compared with the Dox group opening of the mPTP
was inhibited after TMP-treated (P< 0.01). CsA or MitoQ
treatment also lead to similar effects; however, with the addi-
tion of ATR, the effect of TMP-treated on the opening of
mPTP was reversed (P< 0.01).

On the release of mitochondrial cyt C into the cytosol of
HUVECs cells were evaluated using Western blot analysis.
As shown in Figure 8(c), Dox injury resulted in a significant
accumulation of cyt C in the cytosol (P< 0.01) and cyt C in
the cytosol was significantly reduced when cells were treated
with TMP, or CsA, or MitoQ (P< 0.01), but with the addition
of ATR, the effect of TMP-treated was canceled (P< 0.01).

4. Discussion

Dox is a chemotherapeutic drug to treat, including breast
cancer, bladder cancer, Kaposi’s sarcoma, lymphoma, and
acute lymphocytic leukemia [1]. However, in a dose-

dependent manner, Dox could cause the irreversible cardio-
myopathy [2, 10–12]. In addition to cardiotoxicity, many
kinds of cytotoxicity induced by Dox have gradually attracted
great attention, especially endothelial dysfunction [3, 4, 48,
49]. It has been noted that the toxicity of Dox to the myocar-
dium and vascular endothelium is often accompanied by and
may even cause and effect each other [3–6]. In this study, we
could observe the endotheliotoxicity of Dox on vascular
endothelium whether in vivo or in vitro, whether related
enzymatic indexes, endothelial function indexes, cell sur-
vival, and apoptotic indexes, or morphological indexes
(Figures 2–5).

TMP is a main biologically active ingredient purified
from the rhizome of Ligusticum wallichii [14]. Recently,
people has found abundant TMP in mature vinegar and
old vinegar [15]. It had been explored many pharmaco-
logically activities of TMP, such as scavenging free radi-
cals, blocking calcium overload, protecting mitochondria,
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Figure 7: TMP-treated defends mitochondrial respiration and metabolize in HUVECs. (a) Mitochondrial oxygen consumption rate (OCR)
curves obtained from different treatme. (b) Histogram of OCR important parameter from different treatme. (c) Mitochondrial extracellular
acidification rate (ECAR) curves obtained from different treatme. (d) Histogram of ECAR important parameter from different treatme. Data
are presented as the mean± SEM. for three individual experiments. a: P< 0.01, versus Dox group.
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improving energy metabolism, inhibiting cell apoptosis,
inducing cytoprotection and so on [15–17]. Many studies
have shown that TMP and its derivatives or compatibility
with salvianic acid A/resveratrol possess functional cardio-
protection/neuroprotection after myocardial ischemia-
reperfusion/ischaemic stroke through interfering with
PI3K/Akt/GSK3β, PGC1α/Nrf2, BDNF/Akt/CREB pathway,
up-regulating Nrf-2 and HO-1 expression, maintaining
Ca2+ homeostasis, and inhibiting inflammatory reaction,

etc. [18–20, 50–52]. Some researchers have shown that
TMP and prescriptions as mentioned above can attenuate
injury Dox-induced cardiotoxicity and nephrotoxicity by
inhibiting oxidative stress, cell autophagy and apoptosis
[53, 54]. TMP and the prescriptions can also reverse multi-
drug resistance induced by Dox in breast cancer, bladder can-
cer, hepatocellular carcinoma through regulating the
expression and function of P-gp, MRP2, MRP3, MRP5,
MRP1, GST, Bcl-2, and TOPO-II, or directly enhance the
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Figure 8: TMP-treated maintains mitochondrial function in HUVECs. (a)MMP levels were evaluated by JC-1. The results of the fluorescence
peak on the x-axis was used to assess the level of MMP. (b) Ca2+-induced swelling of mitochondria was used to determine mPTP opening.
The changes in absorbance at 520 nm were detected every 2 minute. The data were accessed by the following equation: ΔOD=A5200min-
A520 20min. (c) Western blot analysis and histogram of cyt C expression in the cytosol. From left to right, lane 1: control; lane 2: Dox;
lane 3: TMP+Dox; lane 4: CsA+Dox; lane 5: MitoQ+Dox; lane 6: TMP+Dox +Atr. Data are presented as the mean± SEM. for eight
individual experiments. a: P< 0.01, versus control group; b: P< 0.01, versus Dox group; c: P< 0.01, versus TMP+Dox group.
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anti-cancer effect of Dox [55–58]. In the study, TMP revers-
ing the vascular endothelium injury induced by Dox-
endothelio- toxicity could be confirmed through reducing
LDH and CK activities in serum, maintaining EDD, causing
a reduction in caspase-3 activity, apoptotic rate, and histo-
pathological changes of vascular endothelium (in vivo,
Figures 2 and 3). Furthermore, TMP increased cell viability,
decreased LDH and caspase-3 activity, and apoptotic rate
(in vitro, Figures 4 and 5). These results indicate that TMP
could reverse or alleviate the damage of Dox toxicity to vas-
cular endothelium in vivo and in vitro.

Studies have shown that TMP is a multi-target and
multi-mechanism ingredient [14], that regulates signaling
pathways and affects the expression and activity of specific
proteins is one of its prominent mechanisms [14–17]. Our
previous work has also found that TMP could up-regulate
14-3-3γ expression, phosphorylate Bad (S112), translocate
Bcl-2 to the mitochondria, improve mitochondrial function,
and reduce apoptosis ultimately against LPS injury in car-
diomyocyte [20]. Coincidentally, in this study, both in vivo
and in vitro, with the protective effects on vascular endothe-
lium, TMP could significantly up-regulate 14-3-3γ expres-
sion, phosphorylate Bad (S112), and Bcl-2 expression,
especially in mitochondria. However, pAD/14-3-3γ-shRNA,
an adenovirus knocking down intracellular 14-3-3γ expres-
sion, not only knocked down 14-3-3γ expression and inhib-
ited Bad phosphorylation, but also significantly decreased
Bcl-2 expression in mitochondria (Figures 3(c)-3(f) and
5(a)-5(d)). Concurrently, the protective effects of TMP on
vascular endothelium were lost (Figures 2–5). Interestingly,
ABT-737, a specific inhibitor of Bcl-2, could not change
the up-regulation of 14-3-3γ expression and promote Bad
phosphorylation. However, it could cancel TMP’s effect of
Bcl-2 expression in the mitochondria (Figures 3(c)–3(f)
and 5(a)–5(d)) and its protective effects on the vascular
endothelium (Figures 2–5). Studies have confirmed that
Bcl-2 and Bad usually combine to form a complex in the
cytoplasm [59]. When stimulated by certain stimuli, at
Ser-112 and/or Ser-136 sites, 14-3-3s phosphorylate Bad,
Bcl-2 dissociates from the complex and translocate targeting
to mitochondria to exert corresponding physiological effects
[60]. Combining with the above results of predecessors and
ourselves, we could conclude that TMP can significantly
up-regulate 14-3-3γ expression. Owing to Dox toxicity,
14-3-3γ phosphorylates Bad, releases Bcl-2, and translo-
cates targeting mitochondria, reverses or alleviates the vas-
cular endothelial damage. In other words, TMP against the
endotheliotoxicity of Dox depends on the 14-3-3γ expres-
sion and Bcl-2 activity. In addition, some studies have
found TMP induces the phosphorylation of eNOS
Ser1177 and protects the myocardium [61], in the study,
pAD/14-3-3γ-shRNA or ABT-737 could not completely
inhibit or cancel the effects of TMP on improving p-eNO-
S/eNOS ratio and NO content (Figures 2(b), 3(g) and 5(e),
5(f)), or that part of the effect of TMP did not depend
entirely on14-3-3γ expression and Bcl-2 activity.

A growing evidence demonstrate that in Dox-induced
cytotoxicity ROS generation caused by triggers subsequent
pathophysiological changes [3–6, 10–12]. Studies have

shown that Dox accumulates through the reduction of the
redox cycling in complex I of electron transport chain
(ETC) in mitochondria, thereby increasing ROS generation
[62]. Furthermore, mitochondrial NADH-dependent enzymes
reduce Dox to corresponding semiquinone radicals, which
undergo redox cycles to form superoxide radicals and hydro-
gen peroxide [63]. In this study, we found that mice after
injected Dox, the antioxidant potential was weakened
(Table 1, FRAP), the level of oxidative stress was enhanced
(Table 1, MDA content, SOD, CAT, and GSH-Px activities).
In HUVECs that were treated by Dox, both intracellular/mi-
tochondrial ROS generation significantly increased, NAD+,
GSSG, and NAD+/NADH increased, NADH, GSH, and
GSH/GSSG decreased, MitoQ, a mitochondria-targeted
CoQ-10 antioxidant, could completely reverse the above
changes (Figure 6), indicating that increased oxidative stress
was responsible for HUVECs damage, moreover, it provides
an experimental basis for “excessive ROS comes from mito-
chondria” [62]. This result is consistent with the mainstream
literature reports. Subsequently, TMP could significantly
reverse the increase of oxidative stress induced by Dox,
resulting in the antioxidant potential was enhanced, the level
of oxidative stress was weakened (in vivo, Table 1), a signifi-
cant decrease in both intracellular/mitochondrial ROS gener-
ation, a significant increase in NADH, GSH, and GSH/GSSG,
and a significant decrease in NAD+, GSSG, and NAD+/-
NADH (in vitro, Figure 6). More interestingly, the above
effects of TMP are very similar to those of MitoQ, and CsA,
a mPTP closing agent, and can be completely reversed by
Atr, a potent mPTP opener (Figure 6). It is generally believed
that TMP has a certain antioxidant capacity in the cytoplasm
[12, 17]. There is no evidence that TMP can scavenge free
radicals in mitochondria like MitoQ. Therefore, it is inappro-
priate to explain the above effects of TMP by its direct antiox-
idant capacity. Considering the similarity between TMP and
CsA, and the reversal of the above effects of TMP after open-
ing mPTP with Atr, we can use the “ROS-induced ROS
release” (RIRR) hypothesis to explain it. The hypothesis
[64] suggests that when mitochondrial ROS increases,
MMP becomes unstable and mPTP opens continuously, then
mitochondria swell and rupture, irreversibly damaging mito-
chondria. Therefore, ROS are released from its matrix into
the cytosol and absorbed rapidly by adjacent normal mito-
chondria, which induces similar changes in adjacent mito-
chondria, and cascade-like positive feedback amplification,
which ultimately leads to apoptosis [65]. Therefore, mPTP
openness plays an important role in RIRR, and ROS is the
most important stimulus for mPTP opening [66], which
forms a vicious circle. TMP could promote the translocation
of Bcl-2 to mitochondria. Like CsA, TMP could close mPTP,
stabilize MMP, suppress RIRRmechanism, inhibit ROS burst
(Figures 6 and 8), terminate vicious cycle, attenuate ulti-
mately the injury of vascular endothelium induced by Dox.

Mitochondria are multifunctional organelles, and can
actively or passively drive cellular dysfunction or demise [29,
67]. Indeed, its structural and functional integrity is funda-
mental to cellular life [29, 68]. In the study, when TMP helps
Bcl-2 to translocate in mitochondria, mitochondrial function
improves markedly. These include: increased mitochondrial
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respiration and glycolytic function (the abilities of oxidative
phosphorylation and ATP production), corrected intracellular
acidosis, normalized energy metabolism (Figure 7), stable
MMP, inhibited mPTP opening, and markedly reduced cyt C
release into the cytoplasm (Figure 8). Therefore, we can con-
clude that mitochondria are the ultimate target organelles for
TMP to protect vascular endothelium from Dox toxicity.

5. Conclusion

In summary, Dox-induced excessive mitochondrial ROS
generation, activating RIRR mechanism, weakening MMP,
opening mPTP, inducing ROS burst, leading to mitochon-
drial dysfunction, which in turn damages vascular endo-
thelium. TMP upregulated 14-3-3γ expression of vascular
endothelium, promoted the translocation of Bcl-2 into
mitochondria, closed mPTP, kept MMP, inhibited RIRR
mechanism, suppressed oxidative stress, thereby improved
mitochondrial function, and alleviated Dox-induced endothe-
liotoxicity (Figure 9).
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Supplementary Materials

Figure S1: Effects of TMP on vascular reactivity of mice’s tho-
racic aortas (endothelium-independent dilation, EID). (A)
Endothelium-independent dilation (EID) of the thoracic aor-
tic strips. (B) Area under of the curve for EID of the thoracic
aortic strips. Data are presented as the mean ± SEM. for fifteen
individual experiments. a: P<0.01, versus control group; b:
P<0.01, versus Dox group; c: P<0.01, versus TMP+Dox group.
Figure S2: TMP protects HUVECs against the endotheliotoxi-
city induced by Dox. TMP-treated significantly increased cell
viability and reduced LDH activity (P<0.01) in a
concentration-dependent manner. (A) Histogram of the cell
viability. (B) Histogram of the LDH activity. Data are pre-
sented as the mean ± SEM for eight individual experiments.
Data are presented as the mean ± SEM for eight individual
experiments. a: P<0.01, versus control group; b: P<0.01, versus
prior dosage. Figure S3: Effects of TMP/CsA/MitoQ, or down-
regulated 14-3-3γ expression, or inhibited Bcl-2 activity on the
cell viability and LDH activity of normal HUVECs. Cell viabil-
ity and LDH activity did not change by using MP alone, CsA
alone, MitoQ alone, pAD/scrRNAi alone, TMP+pAD/14-3-
3γ-shRNA, TMP+pAD/scrRNAi, TMP+ABT-737, and TMP
+Atr when compared with the control group (P>0.05). How-

ever, the cell viability of treatment with pAD/14-3-3γ-shRNA
alone, ABT-737 alone or Atr alone were lower and the
LDH activity was higher compared to that of the control
group (P<0.01), indicating that 14-3-3γ expression, Bcl-2
activity, and mPTP closing play an important role in main-
taining normal cell function, and pAD/scrRNAi as a nega-
tive control couldn’t affect cell viability and LDH activity.
(A) Histogram of the cell viability. (B) Histogram of the
LDH activity. Data are presented as the mean ± SEM for
eight individual experiments. Data are presented as the
mean ± SEM for eight individual experiments. a: P<0.01,
versus control group. Figure S4: Effects of downregulated
14-3-3γ expression, or inhibited Bcl-2 activity on the cell
viability and LDH activity of HUVECs by Dox injury.
The cell viability of treatment with pAD/14-3-3γ-shRNA
+Dox, ABT-737+Dox, and Atr+Dox were lower and the
LDH activity was higher compared to that of the Dox
group (P<0.01) , however, cell viability and LDH activity
did not change when using pAD/scrRNAi+Dox (P>0.05),
indicating that treatment with pAD/14-3-3γ-shRNA down-
regulated the expression of 14-3-3γ, or using ABT-737
inhibited Bcl-2, or allowing Atr to open the mPTP, thereby
aggravating HUVECs injury, and pAD/scrRNAi as a nega-
tive control couldn’t affect cell viability and LDH activity.
(A) Histogram of the cell viability. (B) Histogram of the
LDH activity. Data are presented as the mean ± SEM for
eight individual experiments. a: P<0.01, versus control
group. Figure S5: Effects of TMP, pAD/14-3-3γ-shRNA
and pAD/scrRNAi on 14-3-3γ expression of normal
HUVECs. TMP could significantly up-regulated 14-3-3γ
expression of normal HUVECs, pAD/14-3-3γ-shRNA could
selectively silence 14-3-3 expression effectively, and
pAD/scrRNAi as a negative control couldn’t affect 14-3-3
expression. Data are presented as the mean ± SEM for five
individual experiments. a: P<0.01, versus control group, b:
P<0.01, versus TMP group Figure S6: Effects of TMP/CsA/-
MitoQ, or TMP added 50 μM Atr on the cell viability and
LDH activity of HUVECs injuried by 1 μM Dox.
TMP/CsA/MitoQ with 1 μM Dox co-treat HUVECs, the
cell viability increased and LDH activity decreased, however
added 50 μM Atr could reverse the related effects of TMP.
(A) Histogram of the cell viability. (B) Histogram of the
LDH activity. Data are presented as the mean ± SEM for
eight individual experiments. a: P<0.01, versus control
group; b: P<0.01, versus Dox group; c: P<0.01, versus
TMP+Dox group. (Supplementary Materials)

References

[1] G. Bonadonna, S. Monfardini, M. De Lena, and F. Fossati-Bel-
lani, “Clinical evaluation of adriamycin, a new antitumour
antibiotic,” British Medical Journal, vol. 3, no. 5669, pp. 503–
506, 1969.

[2] P. Vejpongsa and E. T. Yeh, “Prevention of anthracycline-
induced cardiotoxicity: challenges and opportunities,” Journal
of the American College of Cardiology, vol. 64, no. 9, pp. 938–
945, 2014.

[3] A. Soultati, G. Mountzios, C. Avgerinou et al., “Endothelial
vascular toxicity from chemotherapeutic agents: preclinical

17Oxidative Medicine and Cellular Longevity

http://downloads.hindawi.com/journals/omcl/2019/5820415.f1.pdf


evidence and clinical implications,” Cancer Treatment
Reviews, vol. 38, no. 5, pp. 473–483, 2012.

[4] D. Cappetta, F. Rossi, E. Piegari et al., “Doxorubicin targets
multiple players: a new view of an old problem,” Pharmacolog-
ical Research, vol. 127, pp. 4–14, 2018.

[5] Y. Octavia, C. G. Tocchetti, K. L. Gabrielson, S. Janssens, H. J.
Crijns, and A. L. Moens, “Doxorubicin-induced cardiomyopa-
thy: from molecular mechanisms to therapeutic strategies,”
Journal of Molecular and Cellular Cardiology, vol. 52, no. 6,
pp. 1213–1225, 2013.

[6] T. Wojcik, E. Szczesny, and S. Chlopicki, “Detrimental effects
of chemotherapeutics and other drugs on the endothelium:
a call for endothelial toxicity profiling,” Pharmacological
Reports, vol. 67, no. 4, pp. 811–817, 2015.

[7] H. He, Y. Luo, Y. Qiao et al., “Curcumin attenuates
doxorubicin-induced cardiotoxicity via suppressing oxidative
stress and preventing mitochondrial dysfunction mediated by
14-3-3γ,” Food & Function, vol. 9, no. 8, pp. 4404–4418, 2018.

[8] X. Chen, X. Peng, Y. Luo et al., “Quercetin protects cardiomyo-
cytes against doxorubicin-induced toxicity by suppressing
oxidative stress and improving mitochondrial function via
14-3-3γ,” Toxicology Mechanisms and Methods, vol. 29,
no. 5, pp. 344–354, 2019.

[9] E. Mira, L. Carmona-Rodríguez, B. Pérez-Villamil et al.,
“SOD3 improves the tumor response to chemotherapy by sta-
bilizing endothelial HIF-2α,” Nature Communications, vol. 9,
p. 575, 2018.

[10] A. I. Abushouk, A. M. A. Salem, A. Saad et al., “Mesenchymal
stem cell therapy for doxorubicin-induced cardiomyopathy:
potential mechanisms, governing factors, and implications of
the heart stem cell debate,” Frontiers in Pharmacology,
vol. 10, p. 635, 2019.

[11] M. M. Abdel-Daim, O. E. Kilany, H. A. Khalifa, and A. A. M.
Ahmed, “Allicin ameliorates doxorubicin-induced cardiotoxi-
city in rats via suppression of oxidative stress, inflammation
and apoptosis,” Cancer Chemotherapy and Pharmacology,
vol. 80, no. 4, pp. 745–753, 2017.

[12] A. I. Abushouk, A. Ismail, A. M. A. Salem, A. M. Afifi, and
M. M. Abdel-Daim, “Cardioprotective mechanisms of phy-
tochemicals against doxorubicin-induced cardiotoxicity,”
Biomedicine & Pharmacotherapy, vol. 90, pp. 935–946,
2017.

[13] X. Wang, L. Chen, T. Wang et al., “Ginsenoside Rg3 antago-
nizes adriamycin-induced cardiotoxicity by improving endo-
thelial dysfunction from oxidative stress _via_ upregulating
the Nrf2-ARE pathway through the activation of akt,” Phyto-
medicine, vol. 22, no. 10, pp. 875–884, 2015.

[14] P. O. Donkor, Y. Chen, L. Ding, and F. Qiu, “Locally and
traditionally used Ligusticum species - A review of their
phytochemistry, pharmacology and pharmacokinetics,” Jour-
nal of Ethnopharmacology, vol. 194, pp. 530–548, 2016.

[15] J. Chen, J. Tian, H. Ge, R. Liu, and J. Xiao, “Effects of tetra-
methylpyrazine from Chinese black vinegar on antioxidant
and hypolipidemia activities in HepG2 cells,” Food and Chem-
ical Toxicology, vol. 109, Part 2, pp. 930–940, 2017.

[16] G. Zhang, F. Zhang, T. Zhang et al., “Tetramethylpyrazine
Nitrone improves neurobehavioral functions and confers neu-
roprotection on rats with traumatic brain injury,” Neurochem-
ical Research, vol. 41, no. 11, pp. 2948–2957, 2016.

[17] H. P. Chen, M. He, Q. R. Huang, G. H. Zeng, and D. Liu,
“Delayed protection of tetramethylpyrazine on neonatal rat

cardiomyocytes subjected to anoxia‐reoxygenation injury,”
Basic & Clinical Pharmacology & Toxicology, vol. 100, no. 6,
pp. 366–371, 2007.

[18] Y. Zhao, Y. Liu, and K. Chen, “Mechanisms and clinical appli-
cation of Tetramethylpyrazine (an interesting natural com-
pound isolated from Ligusticum Wallichii): current status
and perspective,” Oxidative Medicine and Cellular Longevity,
vol. 2016, Article ID 2124638, 9 pages, 2016.

[19] G. Zhang, T. Zhang, N. Li et al., “Tetramethylpyrazine nitrone
activates the BDNF/Akt/CREB pathway to promote post‐isch-
aemic neuroregeneration and recovery of neurological func-
tions in rats,” British Journal of Pharmacology, vol. 175,
no. 3, pp. 517–531, 2018.

[20] B. Huang, J. You, Y. Qiao et al., “Tetramethylpyrazine attenu-
ates lipopolysaccharide-induced cardiomyocyte injury via
improving mitochondrial function mediated by 14-3-3γ,”
European Journal of Pharmacology, vol. 832, pp. 67–74, 2018.

[21] A. Aitken, “14-3-3 proteins: a historic overview,” Seminars in
Cancer Biology, vol. 16, no. 3, pp. 162–172, 2006.

[22] M. J. van Hemert, H. Y. Steensma, and G. P. van Heusden,
“14‐3‐3 proteins: key regulators of cell division, signalling
and apoptosis,” BioEssays, vol. 23, no. 10, pp. 936–946,
2001.

[23] M. He, J. X. Zhang, L. J. Shao et al., “Upregulation of 14‐
3‐3 isoforms in acute rat myocardial injuries induced by
burn and lipopolysaccharide,” Clinical and Experimental
Pharmacology and Physiology, vol. 33, no. 4, pp. 374–380,
2006.

[24] H. P. Chen, M. He, Y. L. Xu et al., “Anoxic preconditioning up-
regulates 14-3-3 protein expression in neonatal rat cardiomyo-
cytes through extracellular signal-regulated protein kinase
1/2,” Life Sciences, vol. 81, no. 5, pp. 372–379, 2007.

[25] J. Huang, Z. Liu, P. Xu et al., “Capsaicin prevents mitochon-
drial damage, protects cardiomyocytes subjected to anoxia/r-
eoxygenation injury mediated by 14-3-3η/Bcl-2,” European
Journal of Pharmacology, vol. 819, pp. 43–50, 2018.

[26] Z. Liu, L. Yang, J. Huang et al., “Luteoloside attenuates
anoxia/reoxygenation-induced cardiomyocytes injury via
mitochondrial pathway mediated by 14-3-3η protein,” Phy-
totherapy Research, vol. 32, no. 6, pp. 1126–1134, 2018.

[27] Z. Y. Zhang, H. He, Y. Qiao et al., “TanshinoneIIA pretreat-
ment protects H9c2 cells against anoxia/reoxygenation injury:
involvement of the translocation of Bcl-2 to mitochondria
mediated by 14-3-3η,” Oxidative Medicine and Cellular Lon-
gevity, vol. 2018, Article ID 3583921, 13 pages, 2018.

[28] D. Liu, B. Yi, Z. Liao et al., “14-3-3γ protein attenuates
lipopolysaccharide-induced cardiomyocytes injury through
the Bcl-2 family/mitochondria pathway,” International Immu-
nopharmacology, vol. 21, no. 2, pp. 509–515, 2014.

[29] Y. Luo, Q. Wan, M. Xu et al., “Nutritional preconditioning
induced by astragaloside IV on isolated hearts and cardiomyo-
cytes against myocardial ischemia injury via improving Bcl-2-
mediated mitochondrial function,” Chemico-Biological Inter-
actions, vol. 309, article 108723, 2019.

[30] J. R. Sheu, G. Hsiao, Y. M. Lee, and M. H. Yen, “Antithrom-
botic effects of tetramethylpyrazine in in vivo experiments,”
International Journal of Hematology, vol. 73, no. 3, pp. 393–
398, 2001.

[31] C. Chen, H. He, Y. Luo, M. Zhou, D. Yin, andM. He, “Involve-
ment of Bcl-2 signal pathway in the protective effects of
Apigenin on anoxia/Reoxygenation- induced myocardium

18 Oxidative Medicine and Cellular Longevity



injury,” Journal of Cardiovascular Pharmacology, vol. 67, no. 2,
pp. 152–163, 2016.

[32] C. Chen, Y. Weifeng, W. Shan et al., “Crosstalk between
Connexin 32 and mitochondrial apoptotic signaling pathway
plays a pivotal role in renal ischemia reperfusion-induced
acute kidney injury,” Antioxidants & Redox Signaling,
vol. 30, no. 12, pp. 1521–1538, 2018.

[33] D. M. Lee, M. L. Battson, D. K. Jarrell et al., “SGLT2 inhibition
via dapagliflozin improves generalized vascular dysfunction
and alters the gut microbiota in type 2 diabetic mice,” Cardio-
vascular Diabetology, vol. 17, p. 62, 2018.

[34] A. Rapacz, J. Sapa, K. Pytka et al., “Antiarrhythmic activity
of new 2-methoxyphenylpiperazine xanthone derivatives
after ischemia/reperfusion in rats,” Pharmacological Reports,
vol. 67, no. 6, pp. 1163–1167, 2015.

[35] D. Qu, J. Han, H. Ren et al., “Cardioprotective effects of astra-
galin against myocardial ischemia/ reperfusion injury in iso-
lated rat heart,” Oxidative Medicine and Cellular Longevity,
vol. 2016, Article ID 8194690, 11 pages, 2016.

[36] J. Wu, Z. Jiang, H. Zhang et al., “Sodium butyrate attenuates
diabetes-induced aortic endothelial dysfunction via P300-
mediated transcriptional activation ofNrf2,” Free Radical Biol-
ogy & Medicine, vol. 124, pp. 454–465, 2018.

[37] Y. Wu, J. J. Zhang, T. B. Li et al., “Phosphorylation of non-
muscle myosin light chain promotes endothelial injury in
Hyperlipidemic rats through a mechanism involving down-
regulation of Dimethylarginine Dimethylaminohydrolase 2,”
Journal of Cardiovascular Pharmacology and Therapeutics,
vol. 21, no. 6, pp. 536–548, 2016.

[38] X. G. Zhang, L. Zhao, Y. Zhang et al., “Extracellular Cl−-free-
induced cardioprotection against hypoxia/reoxygenation is
associated with attenuation of mitochondrial permeability
transition pore,” Biomedicine & Pharmacotherapy, vol. 86,
pp. 637–644, 2017.

[39] G. Teixeira, M. Abrial, K. Portier et al., “Synergistic protective
effect of cyclosporin A and rotenone against hypoxia- reoxy-
genation in cardiomyocytes,” Journal of Molecular and Cellu-
lar Cardiology, vol. 56, pp. 55–62, 2013.

[40] Y. Imai, B. D. Fink, J. A. Promes, C. A. Kulkarni, R. J. Kerns,
and W. I. Sivitz, “Effect of a mitochondrial‐targeted coenzyme
Q analog on pancreatic β‐cell function and energetics in high
fat fed obese mice,” Pharmacology Research & Perspectives,
vol. 6, no. 3, article e00393, 2018.

[41] Y. H. Zuo, Q. B. Han, G. T. Dong et al., “Panax ginseng
polysaccharide protected H9c2 cardiomyocyte from hypox-
ia/Reoxygenation injury through regulating mitochondrial
metabolism and RISK pathway,” Frontiers in Physiology,
vol. 15, p. 699, 2018.

[42] Y. Pan, W. Zhao, D. Zhao et al., “Salvianolic acid B improves
mitochondrial function in 3T3-L1 adipocytes through a path-
way involving PPARγ coactivator-1α (PGC-1α),” Frontiers in
Pharmacology, vol. 15, p. 671, 2018.

[43] K. C. Morris-Blanco, C. H. Cohan, J. T. Neumann, T. J. Sick,
and M. A. Perez-Pinzon, “Protein kinase C epsilon regulates
mitochondrial pools of Nampt and NAD following resveratrol
and ischemic preconditioning in the rat cortex,” Journal of
Cerebral Blood Flow & Metabolism, vol. 34, no. 6, pp. 1024–
1032, 2014.

[44] G. M. Enns and T. M. Cowan, “Glutathione as a redox bio-
marker in mitochondrial disease–implications for therapy,”
Journal of Clinical Medicine, vol. 6, no. 5, article E50, 2017.

[45] T. S. Blacker and M. R. Duchen, “Investigating mitochondrial
redox state using NADH and NADPH autofluorescence,” Free
Radical Biology & Medicine, vol. 100, pp. 53–65, 2016.

[46] M. Marí, A. Morales, A. Colell, C. García-Ruiz, and J. C.
Fernández-Checa, “Mitochondrial glutathione, a key survival
antioxidant,” Antioxidants & Redox Signaling, vol. 11, no. 11,
pp. 2685–2700, 2009.

[47] A. J. Kowaltowski, “Strategies to detect mitochondrial oxi-
dants,” Redox Biology, vol. 21, article 101065, 2019.

[48] A. Pugazhendhi, T. N. J. I. Edison, B. K. Velmurugan, J. A.
Jacob, and I. Karuppusamy, “Toxicity of doxorubicin (dox)
to different experimental organ systems,” Life Sciences,
vol. 200, pp. 26–30, 2018.

[49] M. B. Wolf and J. W. Baynes, “The anti-cancer drug, doxorubi-
cin, causes oxidant stress-induced endothelial dysfunction,” Bio-
chimica et Biophysica Acta, vol. 1760, no. 2, pp. 267–271, 2006.

[50] H. Chen, J. Cao, Z. Zhu et al., “A novel Tetramethylpyrazine
derivative protects against glutamate-induced cytotoxicity
through PGC1α/Nrf2 and PI3K/Akt signaling pathways,”
Frontiers in Neuroscience, vol. 12, p. 567, 2018.

[51] S. Hu, H. Hu, S. Mak et al., “A novel Tetramethylpyrazine
derivative prophylactically protects against glutamate-
induced excitotoxicity in primary neurons through the block-
age of N-methyl-D-aspartate receptor,” Frontiers in Pharma-
cology, vol. 9, p. 73, 2018.

[52] X. Luo, Y. Yu, Z. Xiang et al., “Tetramethylpyrazine nitrone
protects retinal ganglion cells against N‐methyl‐d‐aspartate‐
induced excitotoxicity,” Journal of Neurochemistry, vol. 141,
no. 3, pp. 373–386, 2017.

[53] F. Tang, X. Zhou, L. Wang et al., “A novel compound DT-
010 protects against doxorubicin-induced cardiotoxicity in
zebrafish and H9c2 cells by inhibiting reactive oxygen
species-mediated apoptotic and autophagic pathways,” Euro-
pean Journal of Pharmacology, vol. 820, pp. 86–96, 2018.

[54] C. Y. Cheng, Y. M. Sue, C. H. Chen et al., “Tetramethylpyra-
zine attenuates adriamycin-induced apoptotic injury in rat
renal tubular cells NRK-52E,” Planta Medica, vol. 72, no. 10,
pp. 888–893, 2006.

[55] L. Wang, J. Y. Chan, X. Zhou et al., “A novel agent enhances
the chemotherapeutic efficacy of doxorubicin in MCF-7 breast
Cancer cells,” Frontiers in Pharmacology, vol. 7, p. 249, 2016.

[56] S. Wang, T. Lei, and M. Zhang, “The reversal effect and its
mechanisms of Tetramethylpyrazine on multidrug resistance
in human bladder Cancer,” PLoS One, vol. 11, no. 7, article
e0157759, 2016.

[57] X. B. Wang, S. S. Wang, Q. F. Zhang et al., “Inhibition of
tetramethylpyrazine on P-gp, MRP2, MRP3 and MRP5 in
multidrug resistant human hepatocellular carcinoma cells,”
Oncology Reports, vol. 23, no. 1, pp. 211–215, 2010.

[58] Y. Zhang, X. Liu, T. Zuo, Y. Liu, and J. H. Zhang, “Tetramethyl-
pyrazine reverses multidrug resistance in breast cancer cells
through regulating the expression and function of P-glycopro-
tein,” Medical Oncology, vol. 29, no. 2, pp. 534–538, 2012.

[59] J. Fan, G. Xu, D. J. Nagel, Z. Hua, N. Zhang, and G. Yin, “A
model of ischemia and reperfusion increases JNK activity,
inhibits the association of BAD and 14-3-3, and induces apo-
ptosis of rabbit spinal neurocytes,” Neuroscience Letters,
vol. 473, no. 3, pp. 196–201, 2010.

[60] M. Pozuelo-Rubio, “Proteomic and biochemical analysis of 14‐
3‐3‐binding proteins during C2‐ceramide‐induced apoptosis,”
FEBS Journal, vol. 277, no. 16, pp. 3321–3342, 2010.

19Oxidative Medicine and Cellular Longevity



[61] W. Huang, Y. Yang, Z. Zeng, M. Su, Q. Gao, and B. Zhu,
“Effect of Salvia miltiorrhiza and ligustrazine injection on
myocardial ischemia/reperfusion and hypoxia/reoxygenation
injury,” Molecular Medicine Reports, vol. 14, no. 5, pp. 4537–
4544, 2016.

[62] K. Renu, V. G. Abilash, P. B. Tirupathi Pichiah, and
S. Arunachalam, “Molecular mechanism of doxorubicin-
induced cardiomyopathy - An update,” European Journal of
Pharmacology, vol. 818, pp. 241–253, 2018.

[63] S. Shabalala, C. J. F. Muller, J. Louw, and R. Johnson, “Polyphe-
nols, autophagy and doxorubicin-induced cardiotoxicity,” Life
Sciences, vol. 180, pp. 160–170, 2017.

[64] D. B. Zorov, M. Juhaszova, and S. J. Sollott, “Mitochondrial
ROS-induced ROS release: an update and review,” Biochimica
et Biophysica Acta (BBA) - Bioenergetics, vol. 1757, no. 5-6,
pp. 509–517, 2006.

[65] N. R. Brady, A. Hamacher-Brady, H. V. Westerhoff, and R. A.
Gottlieb, “A wave of reactive oxygen species (ROS)-induced
ROS release in a sea of excitable mitochondria,” Antioxidants
& Redox Signaling, vol. 8, no. 9-10, pp. 1651–1665, 2006.

[66] J. J. Lemasters, A. L. Nieminen, T. Qian et al., “The mitochon-
drial permeability transition in cell death: a common mecha-
nism in necrosis, apoptosis and autophagy,” Biochimica et
Biophysica Acta (BBA) - Bioenergetics, vol. 1366, no. 1-2,
pp. 177–196, 1998.

[67] X. Tang, Y. X. Luo, H. Z. Chen, and D. P. Liu, “Mitochondria,
endothelial cell function, and vascular diseases,” Frontiers in
Physiology, vol. 5, p. 175, 2014.

[68] A. Szewczyk, W. Jarmuszkiewicz, A. Koziel et al., “Mitochon-
drial mechanisms of endothelial dysfunction,” Pharmacologi-
cal Reports, vol. 67, no. 4, pp. 704–710, 2015.

20 Oxidative Medicine and Cellular Longevity


	Tetramethylpyrazine Attenuates the Endotheliotoxicity and the Mitochondrial Dysfunction by Doxorubicin via 14-3-3γ/Bcl-2
	1. Introduction
	2. Materials and Methods
	2.1. Materials, Cells and Animals
	2.2. In Vivo Experiments
	2.2.1. Experimental Grouping In Vivo
	2.2.2. Gene Delivery via Tail Vein
	2.2.3. Collection of Blood and Tissue
	2.2.4. Determination of Biochemical and Tissues Injury Indexes
	2.2.5. Hematoxylin–Eosin (H&E) Staining and the Terminal Deoxynucleotidyl Transferase-Mediated Nick End Labeling (TUNEL) Assay
	2.2.6. Vascular Reactivity
	2.2.7. Determination of Nitric Oxide (NO) Contents
	2.2.8. Western Blot Analysis

	2.3. Experiments In Vitro
	2.3.1. Endothelial Cell Culture and Adenovirus Transfection
	2.3.2. Experimental Design (Figure&ebsp;1)
	2.3.3. 3-(4,5-Dimethylthiazol-2-Yl)-5-(3-Carboxymethoxyphenyl)-2-(4-Sulfophenyl)-2H -Tetrazolium (MTS) Assay
	2.3.4. Measurement of LDH and Caspase-3 Activities
	2.3.5. Assessment of Endothelial Apoptosis Using Annexin V-FITC and PI
	2.3.6. Measurement of Intracellular and Mitochondrial ROS
	2.3.7. Evaluation of OCR and ECAR
	2.3.8. Isolation of Mitochondrial Fractions and Assessment of Nicotinamide Adenine Dinucleotide Mitochondrial
	2.3.9. Assessment of Intracellular GSH, GSSG, and GSH/GSSG Ratio
	2.3.10. Assessment of MMP
	2.3.11. Opening of mPTP

	2.4. Statistical Analysis

	3. Results
	3.1. TMP-Treated Alleviates Vascular tissue’s Damage Induced by Dox Toxicity in Mice
	3.2. TMP-Treated Protects the Vascular endothelia’s Function against the Endotheliotoxicity by Dox in Mice
	3.3. TMP-Treated Protects HUVECs against the Endotheliotoxicity Induced by Dox
	3.4. TMP-Treated Alters the Expression, Phosphorylation, or Sublocalization, or Metabolism of the Related Active Proteins in HUVECs of Dox Injury
	3.5. TMP-Treated Preserves the Intracellular/Mitochondrial Balance between ROS Generation and Their Neutralisation in HUVECs
	3.6. TMP-Treated Maintains Mitochondrial Function in HUVECs

	4. Discussion
	5. Conclusion
	Abbreviations
	Data Availability
	Conflicts of Interest
	Acknowledgments
	Supplementary Materials

