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Abstract 

Background: Endothelial dysfunction is one of the underlying causes for vascular diseases. tert-Butyl 
hydroperoxide (t-BHP), a short-chain lipid hydroperoxide analog, has been reported to cause adverse effects in 
different systems. However, the adverse actions of t-BHP on inducing endothelial dysfunction are unclear and 
remain under investigation. Aim of the present study was to identify the pathobiological mechanisms of t-BHP 
in rat aortic endothelial cells and thoracic aorta.  

Methods: Primary cultured cells were treated with vehicle or t-BHP (50, 100, 250, 500, and 1,000 µM). Cells 
were harvested and specific analyses regarding cellular apoptosis, necrosis, and senescence were conducted. 
Additionally, t-BHP (0.1, 0.2, and 0.4 mmol/kg body weight) or vehicle were administered to male rats (the 
young group at 6 weeks of age and the mature adult group at 24 weeks of age) daily through intraperitoneal 
injections. At 10 days after the first drug treatment apoptotic endothelial toxicity was evaluated by biochemical, 
histological, and immunofluorescent staining analyses. 
Results: Dose-dependent effects of t-BHP were observed for the reduction of cell viability, deterioration of 
cell toxicity, initiation of cell cycle arrest, and triggering of apoptosis and necrosis. Moreover, increase of cells 
stained positive for senescence-associated beta-galactosidase (SA-β-Gal), amelioration of telomerase activity, 
and precipitations of necrotic, cell cycle, and apoptotic signaling regulatory proteins were also found in the in 
vitro model. In the in vivo study, results indicated that t-BHP at higher doses enlarged the intima-medial thickness 
of descending aorta in the mature adult group, but led to aortic narrowing in the young group. Increased 
injuries were observed by upregulating endothelial apoptosis- and senescence-positive staining, along with 
caspase-3 activity and down-regulating telomerase activity.  
Conclusion: These results confirmed that t-BHP impaired aortic endothelial cell survival at least partially by 
the activation of p53-mediated signaling pathways, inhibition of cell cycle regulatory proteins, and initiation of 
cellular senescence-related signaling pathways. In conclusion, t-BHP was found to be a major trigger for 
impairing aortic endothelial cell survival and deteriorating vascular dysfunction in experimental practice. 
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Introduction 
Aortic endothelial cells (ECs) are well known for 

their abilities to maintain homeostasis and 
hemostasis in the human cardiovascular system. 
Increased evidence suggested that endothelial 
dysfunction is involved in the initiation and 
progression of many cardiovascular diseases (CVDs) 
[1-3]. The endothelial cells, which form a single 

continuous layer of blood vessels, are a distinctive 
target for cytotoxic or cytostatic effects induced by 
systemic oxidative stress and inflammatory imbalance 
[4-6]. Previous reports demonstrated that dietary 
patterns and age are key factors strongly correlated 
with endothelial dysfunction to influence the early 
onset of coronary artery disease. In particular, the use 
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of additives in processed foods has strong impacts on 
vascular endothelial functions [7-9].  

tert-Butyl hydroperoxide (t-BHP), one of the 
pro-oxidant compounds used as additive in frozen 
seafood, lubricants, bleaching and disinfectant, is a 
free radical initiator that generates epoxidation of 
alpha-olefins with various choices of transition metal 
catalysts [10-11]. It can trigger peroxyl and alkoxyl 
radicals and produce highly OH-radical-type reactive 
oxygen species (ROS) to disrupt cellular membranes, 
and damage cells by reacting with DNA, proteins, and 
lipids [12-14]. There are growing reports also 
implicating t-BHP in the elicitation of acute and 
chronic toxicities in hepatocytes by deteriorating cell 
viability and proliferation, inducing oxidative stress, 
increasing serum levels of alanine aminotranferease 
(ALT) and aspartate aminotransferase (AST), upregu-
lating expressions of apoptotic-related proteins, and 
activating capase-3 signaling pathway [10,12,15-17]. 
Furthermore, it has been found to induce cellular 
injuries in rat astroglial cells [18], human trophoblast- 
derived cells [19], human corneal endothelial cells 
[20], mouse brain endothelial cells [21], mouse brain 
tissues [22], and rat testes [23]. Previous studies also 
indicated that t-BHP trigger vasoconstriction in 
isolated rat thoracic aorta [24] and enhance contractile 
responses in aortic strips of diabetic rats [25], which 
might restrict or reduce blood flow and eventually 
increase the risk of morbidity and mortality.  

Stress-induced premature senescence (SIPS) of 
vascular endothelial cells is implicated in destroying 
the production of vasoconstrictors and vasodilators, 
and triggering the disturbance of inflammatory 
processes. This dysfunctional endothelium in turn 
exacerbates the risk of various cardiovascular diseases 
[26]. Particularly, it has been indicated that t-BHP is 
an inducer in modeling premature senescence, 
enhancing the rate of telomere shortening, inducing 
senescence-associated beta-galactosidase (SA-β-Gal) 
activity, and changing growth responses in WI-38 
fibroblast cells [27] as well as lens epithelial cells [28]. 
Telomerase activity is associated with resistance to 
apoptosis, and oxidative stress-induced DNA 
damage. Within all factors, p53 is the key determinant 
to trigger apoptosis and cellular senescence in 
response to various stressors, and p21 also can enforce 
the initial cell cycle arrest and negatively regulate 
p53-mediated apoptosis [29-30]. Nuclear Factor- 
kappa B (NF-kB) is also considered as another 
component of vascular endothelial dysfunction 
through inflammatory imbalance [6]. The activation of 
NF-kB is indicated to upregulate heat shock protein 60 
(HSP60) expression in cardiomyocytes, stimulate the 
immune response, and further lead to mitochondrial 
apoptosis events [31]. With these aforementioned 

observations, it remains to be seen whether this 
endothelial dysfunction could interrelate with t-BHP 
initiated apoptosis, necrosis-associated inflammatory 
responses, and premature senescence. Accordingly, 
this study addressed the possible dose-response 
effects of t-BHP in rat vascular endothelium on cell 
viability, apoptosis, cell cycle progression, cellular 
senescence, and necrosis mediated signaling 
pathways in rats with in vivo and in vitro experimental 
models to provide a practical approach for evaluating 
the adverse reactions to food additives in the human 
system. 

Materials and Methods  
Chemicals and reagents 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide (MTT), tert-butyl hydroperoxide 
(t-BHP), and antibody against β-actin (Actin) were 
obtained from Sigma (St. Louis, MO, USA). 
Dulbecco’s modified Eagle’s medium (DMEM) and 
fetal bovine serum (FBS) were purchased from GIBCO 
(New York, NY, USA). Propidium iodide (PI) was 
purchased from Molecular Probe (Eugene, OR, USA). 
Antibody against p53 was purchased from Lab Vision 
Corp. (Fremont, CA, USA). HRP-conjugated 
secondary antibodies to mouse, rabbit, and goat 
immunoglobulins were purchased from Invitrogen 
(Carlsbad, CA, USA). All other antibodies were from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA), and 
all other chemicals and reagents used were of the 
highest commercial grades available. 

Animals and in vivo pharmacological 
treatment 

Male Sprague-Dawley rats weighing 150-180 g (6 
weeks of age as the young group) or 300-350 g (24 
weeks of age as the mature adult group) [8,32] were 
purchased from BioLASCO Technology (Taipei, 
Taiwan). They were maintained in a controlled 
environment at room temperature with a 12-h dark/ 
light cycle and acclimatized for at least one week prior 
to use. For dose response experiments, a total of 48 
rats for the young group and 24 rats for the mature 
adult group were randomly assigned to four groups 
and received the intraperitoneal (i.p.) administration 
of t-BHP at doses of 0.1, 0.2, and 0.4 mmol/kg body 
weight (BW) in 400 µl saline every day, for 10 
consecutive injections [8,33]. The cumulative doses 
were equivalent to 45, 90, or 180 mg for a 70 kg 
human, just above the threshold at which t-BHP 
induces cellular toxicity is expected to occur clinically 
[34]. Control rats (Cont) were given the equivalent 
volumes of normal saline (the solvent for t-BHP) daily 
i.p. injections. All animals were euthanized 10 days 
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after the first injection normal saline or t-BHP. The 
thoracic aorta were isolated for morphological and 
biomedical studies. The body weight gains were 
measured and compared with the Cont group. This 
investigation conformed to the Guide for the Care and 
Use of Laboratory Animals published by the US 
National Institute of Health (NIH Publication No. 
85-23, revised 1996). The experimental procedures 
were approved by the Institutional Animal Care and 
Use Committee at Taichung Veterans General Hospi-
tal, Taiwan (No. La-98679, La-98680, and La-98681).  

Isolation of rat aortic endothelial cell and in 
vitro experimental protocol  

Isolation of rat aortic endothelial cells (ECs) from 
primary explants was prepared from male Sprague- 
Dawley rats (4 weeks of age) as previously reported 
[35]. Pure endothelial cells were maintained with 10 % 
FBS/DMEM at 37°C in an incubator with a humidi-
fied atmosphere of 5 % CO2. The confluent cell at 
passage numbers 3-6 exhibited a typical “cobble-
stone” growth pattern [35], which identified with the 
endothelium-specific antibody, von Willebrand Factor 
(vWF) [36] were used for the experiments. A density 
of 4 x105 cells/mL seeded into 10-cm plates were 
treated with vehicle (normal saline) or t-BHP (50, 100, 
250, 400, or 1000 µM) in 2 % FBS/DMEM for 15 min, 
30 min, 1 hour, 2 h, or 24 h according to previous 
studies [10,18-19,35,37].  

Changes of cell morphologies were observed 
under the CKX41 inverted phase-contrast light 
microscope (Olympus, Japan) and the digital images 
were captured by Spot CCD Camera which driven by 
Advanced Spot RT Software version 3.3. The cell 
viability in response to t-BHP treatment was assessed 
by MTT assays as describe by Yeh et al. [38]. The 
optical density (O.D.) values reflected the MTT 
reductase activities and hence the amounts of viable 
cells. Results were expressed with respect the control. 
At least three experiments were conducted for each 
treatment, using the mean value for data analyses. 

Flow cytometric analysis by Propidium Iodide 
staining  

Endothelial cells (ECs) treated with indicated 
concentrations of t-BHP for 24 hours were 
trypsinized, harvested, wash, and then resuspended 
in PBS. Afterwards, the cells were incubated with 
Ribonuclease A (0.1 mg/mL) and PI solution (50 
µg/mL) in the dark for 30 min at 37oC. The stained 
ECs were filtered through a 40 mm nylon mesh and 
then differentiated using BD Biosciences FACScan 
system with CellQuestTM Pro software (BD 
Biosciences, San Jose, CA, USA). The fluorescence 
emission of the PI-stained cells excited by a 488 nm 

argon ion laser was measured at a wavelength of 610 
nm in a FACSVantage flow cytometer. The proportion 
of apoptotic cells in each sample was estimated from 
the subG1 peak in the DNA histogram. At least 10,000 
events were used in calculations for each sample. 
Experiments were repeated a minimum of three 
times, and the average of subG1 peak ratios was 
regarded as the apoptotic index of the sample.  

Apoptosis and necrosis assays using 
fluorescence-conjugated Annexin-V 
(Annexin-V-FITC)/Propidium iodide staining  

To analyze the endothelial cells (ECs) for 
apoptosis and necrosis, cells treated with or without 
t-BHP for 24 hours were trypsinized, pelleted, and 
resuspended in 1 x binding buffer containing both 
Annexin-V-FITC antibody and PI according to the 
manufacturer’s indicated protocol. The samples were 
then analyzed by flow cytometry and the fluorescence 
emission of the FITC-stained cells excited by a 490 nm 
argon ion laser was measured at a wavelength of 525 
nm in a FACSVantage flow cytometer. ECs were 
gated by forward and side scatter measurements. At 
least 10,000 events were used in calculations for each 
sample and the proportion of early apoptosis, late 
apoptosis, necrotic/dead, and viable cells, 
respectively.  

In-situ detection of apoptosis in endothelial 
cells and thoracic aorta  

Apoptosis or programmed cell death was double 
checked by TdT-mediated dUTP-biotin nick-end 
labeling (TUNEL) assay using an In Situ Cell Death 
Detection Kit, Fluorescein (Roche, Basel, Switzerland). 
Tissue cryo-sections of rat aorta (10 µm in thickness) 
and endothelial cells were fixed in 4 % 
paraformaldehyde, digested with proteinase K (20 
µg/ml), and treated with equilibrium buffer. The 
sections from each specimen and cells were 
counterstained with 4’,6-diamidino-2-phenylindole 
(DAPI) and observed under fluorescence microscopy 
(Leica, DMR, Bensheim, Germany). Digital images 
were captured with a Spot CCD Camera driven by 
Advanced Spot RT Software version 3.3 (Diagnostic 
Instruments, Inc., Sterling Heights, MI, USA) to 
determine the proportion of cells positively stained by 
TUNEL. 

Determination of Caspase-3 activity in 
thoracic aorta and endothelial cells 

Activities of caspase-3 in endothelial cells (ECs) 
and aortic tissues were estimated by their cleavage of 
the colorimetric substrate (Z-DEVD-R110) provided in 
the EnzChek® Caspase-3 Assay Kit System 
(Molecular Probes, Eugene, OR, USA). Briefly, fresh 
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aorta samples frozen in nitrogen liquid or pelleted 
endothelial cells (about 5 x 106) centrifuged at 450 x g 
for 10 min, were washed with ice-cold PBS, and 
resuspended in 50 µL of 1 X Cell Lysis Buffer. The 50 
µl supernatants from each sample were transferred to 
individual microplate wells, with 50 μL of the 1 X Cell 
Lysis Buffer and 50 μL of the 2 X substrate working 
solution were added to each well and incubated at 
room temperature for 30 min. The fluorescence was 
measured (excitation/emission 496/520 nm) with 
fluorescence plate reader (Fluoroskan Ascent, 
Labsystems) and it represented the caspase-3 activity 
of this sample. Caspase-3 activity of endothelial cells 
was further evaluated by flow cytometry using a 
Casp-GLOW RED-Active Caspase-3 Staining Kit 
(BioVision, Mountain View, CA, USA) by flow 
cytometry using the FL-2 channel. 

Immunoblotting analysis 
To detect cellular response to the stimulation of 

t-BHP in aspects of apoptotic signaling mediators 
(Bax, Bcl-2, and cytochrome c), inflammatory and 
necrotic regulators (HSP60 and NF-kB), and cell cycle 
regulated proteins (p53, p21) with immunoblotting, 
aortic tissues or pelleted cells were lysed on ice with a 
lysis buffer and were centrifuged at 10,000 x g at 4 oC 
for 10 min. The supernatant was acquired and the 
protein concentration was determined. For the 
analysis of cytochrome c (cyto c), mitochondrial and 
cytosolic fractions were prepared as described 
previously [38]. The density of each protein band was 
scanned using ScienceLab 2001 ImageGauge 4.0 
Software (Fujifilm, Tokyo, Japan) and compared 
between groups by densitometry (Actin as a 
reference). 

Immunofluorescent microscopy 
Endothelial cells (ECs) grown on glass cover 

slides were fixed with 4% paraformaldehyde/PBS for 
30 min and blocking for nonspecific binding. Cells 
were then incubated with primary antibody at 
dilutions of 1:100 for 18 h at 4 oC, washed twice in 
PBS/ 0.05% Triton X-100 solution, and reacted with a 
fluorescein-conjugated secondary antibody for 1 h at 
room temperature. Nuclei were counter-stained with 
DAPI containing mounting medium, and cells were 
then examined with a fluorescence microscope (Leica 
DMR, Bensheim, Germany) at a magnification of 400 
X to determine contents. 

Senescence-associated β-galactosidase staining 
in endothelial cells and aortic tissues 

Senescence-associated β-galactosidase (SA-β- 
Gal) reflects an increase in lysosomal mass during 
replicative aging and is a good marker of senescence 

[30]. Briefly, cryo-sections of aortic sections (10 µm in 
thickness) and/or endothelial cells were washed in 
PBS, fixed for 3-5 mins in Fixative solution, washed, 
and incubated at 37 oC (no CO2) with fresh SA-β-Gal 
stain solution. Staining was observed under a light 
microscope, and then the corresponding digital 
images were captured for later analysis by a Spot 
CCD Camera driven by Advanced Spot RT Software 
version 3.3 (Diagnostic Instruments Inc., MI, USA). 
The total numbers and the positive stained 
endothelial cells were assessed under microscope at 
200 X magnification. 

Telomerase activity 
Telomerase activity was detected by PCR-based 

Telomeric Repeat Amplification Protocol (TRAP) with 
a TRAPeze® XL telomerase detection kit (Millipore, 
Billerica, MA, USA), according to the manufacturer’s 
instructions. The fluorescence was measured 
(excitation/emission 496/520 nm) with a fluorescence 
plate reader (Fluoroskan Ascent, Labsystems) and it 
represented the telomerase activity of this sample.  

Statistical analysis 
All data are expressed as the mean ± standard 

error of the mean (S.E.M.). All experiments were 
repeated at least 3 times (≥ 3 replicates) on each 
specimen and there were 3 specimens from each 
group. The results of all replicates from each specimen 
were averaged, and the mean of averaged values from 
all specimens of a single group was regarded as the 
corresponding value of the whole group. Statistical 
analyses were performed using one-way ANOVA 
followed by Dunnett’s post hoc analysis. The results 
were considered statistically significant if the p value 
was less than 0.05.  

Results 
Effects of t-BHP on body weight and 
morphometric parameters of aorta in 
experiment rats 

All animals from each group were alive and their 
physical activities were near to normal during and/or 
after treatment. However, the dose-response effects of 
t-BHP administration on body weight were observed. 
During the initial day of treatment, there was no 
significant difference in body weight in all rats from 
both the young and mature adult groups. At the end 
of experiments, the body weight gains were 
significantly less in rats treated with higher dose of 
t-BHP (0.2 mmol/kg) (p=0.029 vs. Cont) in the young 
group and with the highest test dose of t-BHP (0.4 
mmol/kg) (p= 0.004 vs. Cont) in the mature adult 
group (Table 1). The intima-medial thickness (IMT) of 
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aortic rings has been reported as a good predictor of 
the risk of cardiovascular events [5]. Our data showed 
that this index were notably decreased by higher 
doses of t-BHP in the young group. The aortic rings 
displayed normal endothelial and vascular 
morphologies in both control groups, while enlarged 
IMT of descending aorta were found in the mature 
adult group. 

 

Table 1. Effects of tert-butyl hydroperoxide (t-BHP) on body 
weight and morphometric parameters of thoracic aorta from 
young and mature adult rats. 

  t-BHP (mmol/kg BW) 
Group Cont 0.1 0.2 0.4 
Young (6-week-old)    
Body weight      
Baseline (g) 159.6±2.0 158.9±0.9 158.5±3.4 159.2±3.3 
Final (g) 253.5±3.0 252.4±4.7 238.6±4.7* 243.1±5.2 
Weight Gain (%) 59.1±2.3 59.1±2.7 50.7±2.2* 52.9±2.5 
Thoracic aorta      
Radius (mm) 2.47±0.11 2.64±0.12 2.33±0.07 2.38±0.09 
Intima-medial 
thickness (µm) 

174.2±5.4 175.5±12.8 146.0±3.1* 149.4±1.4* 

    
Mature adult (24-week-old)    
Body weight      
Baseline (g) 471.5±4.5 470.7±4.3 470.8±2.5 473.0±2.8 
Final (g) 557.3±4.0 576.7±6.1 563.5±10.6 534.6±6.1* 
Weight Gain (%) 18.2±0.7 22.6±1.7 19.7±2.3 13.1±1.4* 
Thoracic aorta     
Radius (mm) 2.87±0.05 2.73±0.08 2.71±0.01 2.96±0.06 
Intima-medial 
thickness (µm) 

189.3±0.5 199.3±0.5** 200.0±2.4* 202.7±2.5* 

Representative values are shown as mean ± S.E.M., (Young group, n=12; Mature 
adult group, n=6); *p<0.05 and **p<0.01, compared to the Cont group. 

 

Effects of t-BHP on endothelial cell viability, 
cell morphology, and cell cycling 

The endothelial cells (ECs) were treated with 
t-BHP (50, 100, 250, 500, or 1000 µM) or vehicle for 
different times and cell viability determined by MTT 
assay demonstrating that t-BHP inhibited the growth 
of ECs almost in time- and dose-dependent manner 
(Figure 1A). At 24 h of t-BHP treatment all cell 
viability decreased significantly and higher test doses 
of t-BHP caused it decreased to below 60 % (59.0 %, 
53.3 %, and 38.0 % at doses of 250, 500, and 1000 µM) 
of the control value. A phase contrast microscopic 
study demonstrated that lower test doses of t-BHP (50 
and 100 µM) treatment for 24 h had no obvious 
adverse effects on cell morphology, whereas higher 
doses of t-BHP (250, 500, or 1000 µM) could diminish 
the cell numbers, round up the cell shapes, and reduce 
the cell size with condensed and vacuolated nuclei 
(Figure 1B). ECs treated with t-BHP were also stained 
with PI and analyzed the cell cycle by flow cytometry. 
Histograms indicated as the distributions of DNA 
contents in ECs administrating with lower doses of 
t-BHP showed no apparent influences in the G0/G1, 

S, and G2/M phases, as well as the proportion of 
apoptotic cells (subG1 phase) compared to the control 
cells (Figure 1C). However, when the concentrations 
of t-BHP increased, the apoptotic index in ECs 
elevated in a dose-dependent manner, associated with 
reduced G0/G1- and G2/M- and raised subG1- and 
S-phase cell populations. Those indicated that the 
induction of cell death and the retardation of cell 
proliferation after exposure to higher test doses of 
t-BHP.  

Effects of t-BHP on endothelial cell apoptosis 
and necrosis 

The cytotoxic mechanism of t-BHP was further 
identified by flow cytometry double stained with 
Annexin V and PI (Figure 2A). Proportion of viable 
cells (low PI and low Annexin V staining) decreased 
significantly in cells treated with doses higher than 
100 µM (93.2 % to 40.0 %) when compared with 
untreated controls (Figure 2B). Cells started to yield 
remarkable early apoptosis (low PI and high Annexin 
V staining) and late apoptosis (high PI and high 
Annexin V staining) when exposed to higher test 
doses of t-BHP. Significantly augmented necrotic cells 
(high PI and low Annexin V staining) were found in 
ECs treated with highest dose of t-BHP (39.0 % vs. 0.3 
% of Cont). It indicated that higher doses of t-BHP not 
only induce apoptosis but also trigger necrotic cell 
death of ECs. 

The effects of t-BHP on apoptosis of ECs (Figure 
3A & B) and descending aortic rings (from the young 
and mature adult rats) (Figure 3C & D) were further 
confirmed by TUNEL assay. Our results showed that 
TUNEL-positive nuclei were hardly observed in the 
Cont groups, but were prevalent when treated with 
t-BHP. Quantitative analyses showed that the 
proportion of apoptotic cells was tremendously 
higher at 250 µM (19.3 %) of t-BHP but declined as the 
highest test doses of 500 µM (17.0 %) and 1000 µM 
(14.6 %), depicting the necrotic effect of t-BHP in ECs 
(Figure 3B). The impacts of t-BHP in aortic tissues 
were also shown that increased percentages of 
positively stained cells from 1.8 % (Cont) to 8.9 % (0.2 
mmol/kg) in the young group and 1.5 % (Cont) to 
10.5 % (0.2 mmol/kg) in the mature adult group 
(Figure 3D). However, the percentages of TUNEL 
positive cells decreased slightly in the dose of 0.4 
mmol/kg. 

Effects of t-BHP on capase-3 activity, 
apoptotic- and cell-cycle regulatory protein 
levels 

To outline the cellular mechanism responsible 
for the pro-apoptotic action of t-BHP, several decisive 
apoptotic regulating mediators were investigated in 
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this study. Firstly, caspase-3 activity was examined by 
colorimetric (Figure 4A) and flow cytometric (Figure 
4B) analyses in ECs treated with t-BHP. Results 
showed that significant up-regulation of these 
indicators were found at the dose higher than that of 
100 µM, and peaked at 250 µM when compared with 

the Cont. In the animal study, results also revealed 
that caspase-3 activities in aorta from the t-BHP 
treated groups (the young and mature adults) were 
significantly activated in a dose-dependent manner, 
and these adverse side effects were more dominant in 
the young rats (Figure 4C). 

 

 
Figure 1. Dose- and time- dependent effects of tert-butyl hydroperoxide (t-BHP) induced cytotoxicity in rat aortic endothelial cells (ECs). The MTT assay 
was employed to assess the cell viability after t-BHP administration. (A) For dose-dependence, t-BHP was given at a concentration of 50, 100, 250, 500 and 1000 µM. The 
endothelial cells (ECs) treated with vehicle were as the Cont. For time-dependence, t-BHP was given for 15 min, 30 min, 1 hour, and 24 hours respectively to induce cell damage. 
Data were collected at least from three independent experiments and represented as mean ± S.E.M. (B) Representative DNA distribution histogram of ECs by flow cytometric 
analysis. The ECs were treated with indicated concentrations of t-BHP for 2 hours and then harvested for staining with Propidium Iodine (PI) for 30 min at 37 oC. Fluorescence 
intensities (FL2-A channel) are presented in arbitrary units on a logarithmic scale as a measure of the amount of staining per cell. Representative photomicrographs of ECs treated 
without or with t-BHP for 2 hours observed with phase-contrast light microscope. Scale bar indicated as 80 µm. (C) Statistical analyses of flow cytometric data. The percentages 
of ECs in SubG1, G0/G1, S, and G2/M phases were represented with mean ± S.E.M. of at least three independent experiments of each group performed in triplicate. The fractions 
of apoptotic cell (SubG1 peak) percentages were increased gradually in t-BHP-treated cells. * p<0.05, ** p<0.01, and *** p<0.001, compared to Cont group. 
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Figure 2. Effects of tert-butyl hydroperoxide (t-BHP) on stimulating apoptosis and necrosis. (A) Representative flow cytometry results of rat aortic endothelial cells 
(ECs). The ECs were treated without or with t-BHP and stained with Annexin V-FITC/PI. Schematic of results expected using this assay to ascertain cells undergoing early 
apoptosis (right lower quadrant), late apoptosis (right upper quadrant), and necrosis (left upper quadrant). (B) Quantification of the data presented in panel A with mean ± S.E.M. 
of at least three independent experiments. * p<0.05, ** p<0.01, and *** p<0.001, compared to Cont group.  

 
The effects of the pro-apoptotic and 

anti-apoptotic proteins in the Bcl-2 family were 
further investigated by immunoblotting and 
immunofluorescent analyses in ECs. Our data 
displayed that t-BHP not only activated the 
pro-apoptotic Bax and decreased the abundance of 
anti-apoptotic Bcl-2 in a dose-dependent manner 
(Figure 4D). Figure 4E also showed the 
immunofluorescent results of cytosolic expressions of 
Bax and Bcl-2 were comparable with those of 
immunoblotting analyses. Moreover, immunoblotting 
analysis of the protein fractions from mitochondria 
and cytosolic further demonstrated that cytosolic 
fraction of cytochrome c (Cyto c) was 27.0 % of the 
total contents (cytosolic plus mitochondrial) in the 
Cont group, increased to 44.2 %, 47.6 %, 48.3 %, and 
47.0 % in ECs treated with t-BHP (at the doses of 100, 

250, 500, and 1000 µM), indicating that t-BHP induced 
redistribution of Cyto c from mitochondria to cytosol 
(Figure 4F). 

Effects of t-BHP on SA-β-Gal staining and 
telomerase activity 

To determine whether t-BHP induces premature 
senescence, we then examined SA-β-Gal activity in 
ECs and aortic tissues. When cells were treated with 
t-BHP, these morphological features of cellular 
senescence emerged (green color) (Figure 5A). 
Quantitative analyses showed that numbers of 
positively-SA-β-Gal stained cells increased and then 
declined along with the doses of t-BHP increased (0.4 
%, 3.2 %, 8.7 %, 6.3 %, and 3.8 % at doses of 50, 100, 
250, 500, and 1000 µM vs. 0.1 % of Cont, all p values 
<0.01 vs. Cont) (Figure 5B). The SA-β-Gal activity was 
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also observed in thoracic aortas obtained from the 
young and mature adult groups of rats (Figure 5C). 
The SA-β-Gal-positive cells were predominately 

located on the luminal surface of aorta from the rat 
treated with higher doses of t-BHP (0.2 and 0.4 
mmol/kg). 

 

 
Figure 3. Effects of tert-butyl hydroperoxide (t-BHP) on apoptosis. TUNEL assay of rat aortic endothelial cells (ECs). TdT-mediated dUTP-biotin nick end represents 
TUNEL-positive (arrowhead), i.e. apoptotic cells. Blue color represents cell nuclei counterstained with DAPI. (A) t-BHP-treated cultured ECs contained more positive cells 
(green color) compared with the controls (Cont). Scale bar indicated as 80 µm. (B) Quantitative analysis of TUNEL-positive to DAPI-stained cell ratio. Significantly higher levels 
were found in cells treated with t-BHP at concentration higher than 100 µM in comparison with the Cont. Data were from at least three independent experiments and 
represented as mean ± S.E.M. * p<0.05, ** p<0.01, and *** p<0.001, compared to Cont group. (C) Representative sections for TUNEL assay of rat aortic rings from t-BHP-treated 
groups. Scale bar indicated as 20 µm. (D) Quantitative results showed more positive TUNEL index, compared with the Cont at 6-week-old (the young group) and 24-week-old 
(the mature adult group). Data were from 4 rats in each group and from three independent experiments. * p<0.05, and ** p<0.01, compared to Cont group. 
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Figure 4. Effects of tert-butyl hydroperoxide (t-BHP) on intrinsic pathway of apoptosis. (A) Caspase-3 colorimetric analysis in rat aortic endothelial cells (ECs). The 
caspase-3 activity t-BHP was significantly elevated (250 µM) by 2.24-fold, compared with the Cont. (B) Flow cytometric study in ECs. Cells treated with t-BHP expressed higher 
caspase-3 activity (peak of caspase-3 activity deviating to the right). (C) Caspase-3 activities in aortic tissues. Higher doses of t-BHP (0.2 and 0.4 mmol/kg BW) amplified 
capspase-3 activities by 7.1 and 12.5 fold (the young group) and 2.4 and 3.8 fold (the mature adult group), compared with the Cont groups. Data were from six animals in each 
group and three independent experiments were performed in triplicate from cells. Data were represented with mean ± S.E.M. * p<0.05, and ** p<0.01. (D) Immunoblotting 
analysis of Bax and Bcl-2 proteins of the Bcl-2 family. t-BHP substantially up-regulates the crucial pro-apoptotic factors (Bax) and down-regulates the key anti-apoptotic proteins 
(Bcl-2). Quantitative results confirmed the increased Bax-to-Bcl-2 ratio in ECs treated with t-BHP. Representative sets of data were from three independent experiments and 
Actin was used as a loading control. The density of Bax/Bcl-2 ratio was converted to grayscale value and normalized to Cont. * p<0.05, and ** p<0.01. (E) Immunofluorescence 
analyses of the cellular distribution of Bcl-2 (green fluorescence) and Bax (red signals) proteins in ECs. Increased expression of Bax and decreased expression of Bcl-2 could be 
clearly observed in t-BHP-treated ECs at concentration higher than 250 µM. Blue color represents cell nuclei counterstained with DAPI. Scale bar indicated as 10 µm. (F) 
Immunoblotting study of mitochondrial and cytosolic cytochrome c. The ample presence of a specific mitochondrial marker, prohibitin, in the mitochondrial extracts and absence 
of this marker in the cytosolic fractions (upper lane) demonstrates the relative purity of both protein fractions. The abundance of cytochrome c was increased in the cytosol (right 
panel, lane 2) in t-BHP-treated ECs at concentration higher than 100 µM. On the right, summary data on the cellular distribution of cytochrome c are presented. Mito, 
mitochondrial fraction of cytochrome c; Cyto, cytosolic fraction of cytochrome c.  
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Figure 5. Effects of tert-butyl hydroperoxide (t-BHP) on senescent phenotype and telomerase activity. (A) Staining for senescence-associated β-galactosidase 
(SA-β-Gal) activity in endothelial cells (ECs). The t-BHP-treated cultured cells contained more positive cells (green color, arrowhead), compared with the Cont. Scale bar 
indicated as 20 µm. (B) Quantitative analysis of cellular senescence in ECs. The ratio of positive labeling cells was significantly higher in t-BHP-treated cells (concentration higher 
than 100 µM), compared with Cont group. (C) Staining for SA-β-Gal activity in rat thoracic aortas. Scale bar indicated as 50 µm. (D) & (E) Quantitative expression levels of 
telomerase activities in ECs and aortic tissues. The t-BHP (100 µM) remarkably inhibited telomerase activity to 41.6% in ECs, compared with the Cont. Additionally, when the 
dose levels greater than 250 µM in ECs conferred an additional benefit. In aorta, the dose levels of t-BHP higher than 0.2 mmol/kg BW soundly suppressed the telomerase 
activities. All data are presented as mean ± S.E.M. (n=3 in each group). Significant difference is indicated by * p<0.05 and **p<0.01, compared to Cont group. 

 
To further determine the role of telomerase in 

the senescence-stimulating action of t-BHP on ECs 
and aortic tissues, telomerase activity (hTERT mRNA 
expression to total mRNA) was also performed by the 

TRAP assay. Results showed that telomerase activity 
was significantly reduced in ECs treated with t-BHP 
in a dose-dependent way (34.2, 24.6, 17.7, and 16.7 at 
doses of 100, 250, 500, and 1000 µM vs. 67.5 of Cont, all 
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p values <0.01 vs. Cont) (Figure 5D). Finally, we 
examined telomerase activity in aorta and results 
indicated that the effective dose of t-BHP to induce 
aortic senescence in rat was higher than 0.2 mmol/kg 
(Figure 5E).  

Effects of t-BHP on cellular adjustments to 
inflammatory-, apoptotic-, and cell 
cycle-regulating proteins 

To determine whether t-BHP could trigger 
inflammatory-induced necrosis and initiate the cell 
cycle- and apoptosis-regulatory function in ECs, 
protein expressions of inflammatory-related and cell 
cycle-mediated proteins were investigated. Immuno-
blotting analysis revealed that NF-kB was obviously 
increased in cells treated t-BHP in a dose-related 
manner, while HSP60 expression was significantly 
induced by higher doses of t-BHP (500 and 1000 µM) 
(Figure 6A). Additionally, both HSP60 and NF-kB 
were markedly up-regulated and co-localized in 

t-BHP-treated ECs as observed by immunofluorescent 
analyses (Figure 6B). Abundance of p53 was also 
found in ECs treated with t-BHP in response to the 
dose, while p21 expression increased at higher doses 
and co-localized with p53.  

Discussion  
t-BHP is typically used as a compound to 

underline the mechanism of cell injury initiated by 
acute oxidative stress not only in in vitro but also in 
vivo studies [12,20,22,23,26,37]. In this study, we have 
for the first time demonstrated that t-BHP, a 
short-chain analog of lipid hydroperoxide, impedes 
survival of aortic endothelial cells by inducing 
inflammatory outcomes of apoptosis, premature 
senescence, and necrosis in a dose-dependent manner 
mediated by apoptotic- and cell cycle-regulator 
proteins.  

 

 
Figure 6. Effects of tert-butyl hydroperoxide (t-BHP) on activation of inflammation and apoptotic signaling. (A) Immunoblotting study of NF-kB, HSP60, p53, and 
p21. The expressions of NF-kB were up-regulated in endothelial cells (ECs) in response to t-BHP treatment, while highest dose levels of t-BHP (500 and 1000 µM) significantly 
stimulated the HSP60 expressions. p53 and p21 in cellular extracts of t-BHP were simultaneously increased by ECs in a dose-dependent manner. (B) Immunofluorescent 
microscopy. Cellular distribution of NF-kB (red signal), HSP60 (green fluorescence), p53 (red signal), and p21 (green fluorescence) in ECs treated with various doses of t-BHP. 
The blue signals represent ECs counterstained with DAPI. Scale bar indicated as 20 µm.  
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t-BHP induces apoptosis, necrosis, and 
inflammatory induced vascular dysfunction 

Vascular endothelial cells play potent roles in 
regulating vessel integrity, immune responses, 
angiogenesis, and other physiological functions. 
Endothelial dysfunction induces several pathophysio-
logical conditions and increase the risk of diabetes, 
atherosclerosis, hypertension, and other vascular 
diseases [1]. Intima-media thickness (IMT) of the 
descending thoracic aorta has been reported to be 
correlated with the blood flow in response to coronary 
artery disease and stroke [6,39]. A previous report 
indicated that isolated rat thoracic aorta treated with 
t-BHP enhanced contraction by about 140 % within a 
short time by disturbing the contractile response to 
Angiotensin II [24]. Other researches also 
demonstrated that t-BHP significantly induced 
endothelium-dependent contraction of thoracic aorta 
in diabetic rats [25,40]. An earlier publication 
indicated that mice given an intra-cerebroventricular 
(ICV) injection of t-BHP (110 mg/Kg) for 24 h caused 
a time-dependent increase in mortality rate and an 
initiation of lipid peroxidation in brain tissue [22]. 
Our in vivo experiments revealed that the thoracic 
aortic diameter (or radius) and wall thickness (IMT) 
were greater in mature adult rats than in young rats. 
Specifically, t-BHP led to aortic narrowing in the 
young group and vascular wall thickening in the 
mature adult group. It is known that the narrowing of 
the blood vessel causes vascular resistance and 
increase cardiac output as well as blood pressure, 
which contributes to the development of early 
hypertension [41]. Another study also proposed that 
increased arterial wall thickness could induce 
endothelial inflammation and might be associated 
with a greater risk of vascular dysfunction [2]. Our 
data supported the hypothesis that an increase in the 
wall lumen ratio induced by t-BHP acted as an 
amplifier in hypertension in mature or elderly adult 
rats. More seriously, t-BHP exacerbated endothelial 
dysfunction in young rats. 

Blood vessels are mainly composed of 
endothelial cells, which form the inner and luminal 
layer to support the surrounding vessel wall. Aortic 
endothelial cells are the most important part involved 
in coordinating the systemic circulation and 
endothelial dysfunction [1,2,41]. Altered endothelial 
cell morphology resulting from external stress has 
been reported to be capable of inducing intrinsic 
pathway-mediated defense mechanisms to avoid cell 
death [42]. Therefore, it is considered to be a key event 
involved in the development and progression of 
many cardiovascular diseases, including hyper-
tension, atherosclerosis, and type II diabetes [2,3,26]. 
Apoptosis, well known as programmed cell death or 

cellular suicide, can lead to activation of caspases and 
induce the human inflammatory diseases and 
cardiovascular dysfunction [43]. Our study exhibited 
a dose-dependent proliferative and cytotoxic effect of 
t-BHP on rat aortic endothelial cells via the induction 
of apoptosis and senescence at relatively high starting 
doses (100 and 250 µM), and initiation of necrosis and 
inflammation at the highest tested doses (500 and 
1000 µM). Similar results showed that human corneal 
endothelial cell treated with t-BHP (0-5000 µM for 2h) 
generated a dose-dependent cytotoxic effect, 
including a decrease in cell viability, change in 
intracellular ROS, and induction of the caspase 
cascade pathway [20]. As we all know, t-BHP is able 
to be a ROS generation agent by inducing lipid 
peroxidation. The details are as follows: mouse brain 
ECs treated with 50 µM t-BHP led to more than 50 % 
of cell death, almost 200 % of lactate dehydrogenase 
(LDH) release, 3.5-fold higher in ROS production, 
4-fold increase in release of Cyto c from the 
mitochondria into the cytosol, 2.5-fold higher in 
caspases activity, and more than 17-fold higher in 
t-BHP-induced apoptosis than in controls [20-21]. 

Further researchers also indicated that when rat 
astroglial cells were treated with 100 µM of t-BHP, 
they exhibited a notable production of cytotoxicity, 
such as increased apoptosis (up to 1.8 fold), aug-
mented oxidative stress (more than 5-fold), decreased 
glutathione (GSH) synthesis (41 %), and diminished 
cytosolic expressions of cAMP-response element- 
binding protein (CREB) and CREB-phosphorylated 
(CREB-P) (27 % & 49 %, respectively), compared to 
untreated control cells [15]. It was suggested that a 
higher dose of t-BHP (500 µM) increases higher cell 
death rates and induces endothelial necroptosis by 
activating the p38 mitogen-activated protein kinase 
(MAPK) signaling pathway, while a lower 
concentration of t-BHP (50 µM) induces the 
endothelial caspase-mediated apoptosis in human 
umbilical vein endothelial cells (HUVECs) [37]. 
Moreover, cultured human trophoblast-derived cells 
administrated with 300 µM of t-BHP showed 
markedly increased apoptotic index (up to 3 times) 
and decreased migration rate (about 40 %) [19]. Ali 
(2018) and colleagues reported that relative biological 
effectiveness of low dose t-BHP (200 µM) induces 
hepatotoxicity by inhibiting HepG2 cell proliferation 
(49 % inhibition compared to the control) [16]. 
Another publication then indicated that t-BHP at the 
concentration of 1000 µM not only induces reduction 
in viability (69 % reduction) but also increases ROS 
formation and cspase-3 activity [12].  

In terms of in vivo research, one animal study 
demonstrated that time- and dose-dependent oxida-
tive stress induced hepatotoxicity in male rats treated 
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with t-BHP, and indicated that one single dose at 1 
mmol/kg is suitable for evaluating the antioxidant 
activity of compounds of interest [33]. Recent study 
showed that male mice treated with a single dose of 
t-BHP (2 mmol/kg) led to elevated ALT and AST 
levels in the liver [12]. Another research also reported 
that t-BHP at a high dose can induce irreversible 
injury to hair-follicle growth in neonatal rats, whereas 
this damage by short-term administration with lower 
concentrations is able to be reversed by antioxidants 
[44]. Of note, it also found mature adult rats that 
received 5 doses of t-BHP (20 µM) for 8 weeks insig-
nificantly increased the serum levels of total choles-
terol, high density lipoprotein, triglycerides, C- 
creative, and lipid peroxidation [45]. These dose- and 
cell type-dependent differential properties from in 
vitro and in vivo studies provided evidence that t-BHP 
at high concentrations induces severe cell damage by 
activation of both intrinsic apoptosis pathway and 
inflammatory responses by ROS-mediated 
mitochondrial pathway, and finally increases its 
susceptibility to cardiovascular diseases (Figure 7). 

t-BHP exacerbates vascular cell senescence 
and inflammatory signaling to promote 
endothelial dysfunction 

Vascular function is related to the vessel 
diameter in response to the endothelium’s ability to 

defend a variety of pathophysiological stimuli [6]. 
Our research showed that higher doses of t-BHP 
exacerbated the cardiovascular dysfunction by the 
induction of arterial wall thickening and initiation of 
cellular senescence, apoptosis, and necrosis in adult 
animals. Aging or premature senescence is known to 
be a potent risk factor in the development of 
cardiovascular diseases, which is attributed to the 
development of vascular endothelial dysfunction 
[1,6]. A broad range of cellular changes and functional 
alterations usually accompanies the senescence 
process and apoptosis. It has been disputed that 
senescence and apoptosis are two independent 
outcomes in cells subjected to oxidative stresses, even 
though the same stressor is often capable of inducing 
either senescence or apoptosis. These two effects do 
share some important elements in their signaling 
cascades, such as being exemplified by the activation 
of p53 tumor suppressor and that exposure of cells to 
oxidative stress-causing agents can directly induce 
p53-medaited cell cycle arrest and apoptosis [30,46]. 

Senescence is considered to be a permanent 
growth arrest, in which cells remain metabolically 
active, but are fully refractory to mitogenic stimuli. 
However, the consequence of senescence and 
senescence-associated changes have been suggested 
to contribute to the loss of normal organ function and 
senescent cells are believed to survive for years under 

 

 
Figure 7. Schematic diagram showing the possible mechanism that tert-butyl hydroperoxide (t-BHP) contributed to initiation of cellular death, necrosis 
and cellular senescence in vascular endothelial cells. 
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appropriate tissue culture environment to resist 
apoptosis [29]. Stress-induced premature senescence 
(SIPS), carried out daily or on alternate days, is a 
common non-lethal treatment used to induce cells to 
undergo chronic oxidative stress and trigger 
premature aging [26,30]. Our data found that high 
doses of t-BHP (100 and 250 µM) trigger cellular 
apoptotic and senescent phenotypes, however the 
higher doses (500 and 1000 µM) not only cause 
apoptosis but even necrosis. Similar to our results, 
lower doses of t-BHP (30 µM) for treating WI-38 
fibroblast cells displayed enlarged cellular appear-
ance, a higher frequency of SA-β-Gal staining, and 
decreased growth rate [27]. Another study also 
pointed out that treatment of t-BHP (100 µM) resulted 
in apoptotic cell death. These apoptosis-inducing 
factors include release of Cyto c, activation of 
caspase-9 by Apaf-1, and initiation of effectors 
caspases, such as caspase-3 [15]. Intrinsic apoptosis is 
known to induce mitochondrial-membrane 
permeability through the opening of the permeability 
transition pore, thus allowing the release of Cyto c 
into the cytosol. Our results suggest that p53/p21 
signaling pathways mediate the process of cell cycle 
arrest as well as premature senescence (Figure 7). It 
also indicated that those apoptotic-related proteins 
(p53, p21, and Bax) were highly upregulated in 
t-BHP-treated cells and ultimately induced vascular 
endothelial cell dysfunction in rats. However, further 
studies are needed to investigate interactions between 
the p53-medaited apoptotic and t-BHP-activated 
inflammatory pathways, especially at the 
senescence-initiation stage.  

ROS plays potential role in modulating cellular 
signaling molecules, such as the NF-kB activity, which 
drives the transcription of inflammatory genes and 
activation of the immune pathways. This event is able 
to accelerate the progression of endothelial damage 
[6]. Furthermore, increased expressions of heat shock 
proteins (HSPs) have been shown to be responsive to 
the ROS and lead to oxidative stress [43]. Most 
importantly, HSP60 is the mitochondrial chaperonin 
that has been shown to interact with the pro-apoptotic 
protein, Bax, as well as mediate the NF-kB-dependent 
survival signaling in cells exposed to oxidative stress 
[47]. It is confirmed that NF-kB activation plays a role 
in age-related endothelial dysfunction. On the other 
hand, the mitochondria was suggested to be a major 
source of ROS generation in aged endothelium; 
therefore, an activated endothelium is considered as a 
component of endothelial dysfunction leading the 
recruitment of circulating inflammatory cells [1,6]. 
Recent studies also reported that when HepG2 cells 
are exposed to higher test dose of t-BHP (200 µM), the 
ROS levels increase to 100 %. In terms of male ICR 

mice administrated with a single dose of t-BHP (2 
mM/kg) would elevate the serum ALT to 446.7 % and 
AST levels to 364.9 % compared to the control group 
[16]. The abovementioned results indicated that t-BHP 
triggers the generation of harmful free radical 
intermediates to induce the production of the highly 
reactive hydroxyl radicals. Additionally, exposure of 
fatty hepatocytes to higher dose of t-BHP (for 60 min 
with 250 µM) significantly induces a 2-fold increase 
of malondialdehyde (MDA) production compared to 
lean hepatocytes [10]. To sum up, t-BHP induces 
oxidative damage which is involved in the activation 
of pro-inflammatory transcriptional pathway and the 
initiation of the intrinsic cell death pathway. This 
occurs through the induction of the transcription of 
nuclear NF-kB, upregulation of caspase-3 activity, and 
suppression of the expressions of Bcl-2 and p38 
MAPK in human fibroblast cells [48] and in human 
umbilical vein endothelial cells [49].  

In conclusion, to the best of our knowledge, this 
study was the first to show that t-BHP exerts various 
growth inhibitory actions on rat aortic endothelial 
cells and aortic tissues stimulating apoptosis, 
senescence, and necrosis in dose-related diversity. 
Accordingly, t-BHP has a great impact in inducing 
different forms of death of endothelial cells, resulting 
in cardiovascular dysfunction. This study provides 
pathobiological evidence and suggests the dose of 
t-BHP should be lowered to avoid any adverse effects. 
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