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2-tert-Butyl-4-hydroquinone (TBHQ) is used for inhibition of oxidative rancidity in the food industry.

However, this antioxidant can stimulate cytotoxicity in human umbilical vein endothelial cells (HUVECs).

Thus, potential protective effects of thymoquinone (TQ) against TBHQ-induced cytotoxicity were investi-

gated. Cytotoxicity was evaluated via MTT, flow cytometry, DAPI staining and DNA fragmentation

methods. The obtained results revealed that treatment of HUVECs with TQ enhanced the cell viability rate
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1. Introduction

To maintain quality standards, oxidant inhibitors such as phe-
nolic antioxidants are widely used in the food industry.
However, some of these compounds are considered as toxic
agents at low-doses or even at median lethal doses (LD50), as
monitored by health and regulatory agencies." Since synthetic
phenolic antioxidants can play an important role in food pro-
tection especially via inhibition of the oxidative rancidity of
edible oils, their safety is recognized as one of the greatest
global tasks in the food industry. In this regard, tert-butyl-
hydroquinone (TBHQ) is assumed to be an effective synthetic
antioxidant and preserving agent for oil, fat and meat products
and it is mostly used to inhibit fat rancidity, spoiling, and
color changes.”> TBHQ has also been able to considerably
prevent oxidation of susceptible biomolecules. Even though,
the use of TBHQ has been allowed by the World Health
Organization (WHO) with an acceptable daily intake of
0.70 mg kg~' per body weight. Several studies reported that
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and it had potential to reduce the cytotoxicity effect of TBHQ in cells. Also, in a combined regime of TQ
and TBHQ, apoptosis was reduced compared to the cells treated with TBHQ (p < 0.05). Similarly, TQ had
a protective effect on DNA and chromatin fragmentation of the cells treated with TBHQ. Finally, it can be
concluded that TQ could be used as a protective agent against cytotoxicity induced by TBHQ in HUVECs.

TBHQ at high concentrations can have various adverse effects
such as DNA damage and fragmentation in different cell lines
and the emergence of tumors in various types of animal
tissues.” TBHQ can also induce the generation of 8-hydroxy-
deoxyguanosine in calf thymus DNA by generating reactive
oxygen species (ROS). Moreover, DNA adducts can lead to gene
mutations and cancer.® Therefore, identifying toxic antigen
compounds and discovering their mechanism of action
require special attention due to their impact on human health.
Despite this evidence, TBHQ is widely used due to economic
issues and strong antioxidant activities compared to other
natural and synthetic antioxidants with lower toxicity levels.*
Currently, the pharmaceutical and food industries, particu-
larly those in the areas of biotechnology and biomedicine, are
exploring novel composites that are multi-functional, bio-
active, and harmless.” Thymoquinone (TQ) is known as an
important bioactive component of the volatile oil of black
seed.® The therapeutic and chemo-preventive effects of black
seed, which is known as Nigella sativa, are principally due to
the existence of TQ. Black seed and its derivatives, especially
TQ, have been used for the inhibition of toxicity induced by
different chemical and natural toxins in various tissues.”
Although this mechanism is unclear, the gathered evidence
indicates that TQ enhances the activity of the cell’s intrinsic
antioxidant system by inducing glutathione (GSH), superoxide
dismutase (SOD), catalase and glutathione peroxidase (GPx)
production.® Furthermore, TQ has a protective effect on DNA
and inhibits genetic disorders related to drugs and chemical
toxins. For example, the genoprotective effect of TQ in isolated
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human leukocytes after cell exposure to doxorubicin (DXR)
had been reported.” TQ could also generate a protective
mechanism against cyclophosphamide-induced genetic
damage and DNA strand breaks in human lymphocytes.'
In another study, the protective effect of TQ against lead
acetate and chromium induced DNA damage was found and
delays in the expression of the tumor initiation gene was
demonstrated.">* TQ could similarly increase the viability of
TBHQ treated hepatocytes and modulate antioxidant enzymes
in isolated rat hepatocytes."”> The aim of this paper is to
examine the protective effects of TQ against the cytotoxicity
of TBHQ. So, the protective role of TQ was evaluated on
the growth/death of human umbilical vein endothelial cells
(HUVECS) via MTT assay. To differentiate apoptotic cells from
necrotic ones and estimating cytotoxicity mechanisms, flow
cytometry analysis was applied. Furthermore, DAPI staining
and DNA ladder assays were employed for evaluation of the
changes in the nucleus and DNA fragmentation.

2. Materials and methods
2.1. Materials

HUVECs were obtained from the National Cell Bank of Iran
(Pasteur Institute of Iran). Flasks and cell culture plates were
purchased from the SPL Life Sciences Co., Ltd (Gyeonggi-do,
Korea). TBHQ and TQ were acquired from Sigma-Aldrich
Corporation. Trypsin-(EDTA) solution, fetal bovine serum (FBS)
(catalog number: 10566016), and Roswell Park Memorial
Institute (RPMI) 1640 Medium (catalog number: 11995065)
were obtained from Gibco Co. (Dublin, Ireland). Moreover, an
annexin V-FITC apoptosis kit was provided by Oncogene
Research (San Diego, USA). The other substances were pur-
chased from Merck or Sigma-Aldrich.

2.2. Determination of cell viability

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) method is generally used to determine cell viability
or cell proliferation. To perform MTT assay in this study, the
normal morphology of HUVECs was maintained in enriched
medium containing RPMI with 10% FBS. The cells were
seeded at a density of 1 x 10 cells per cm* on 96-well plates
and incubated for 24 hours under a humidified atmosphere of
5% CO, at 37 °C. After 24 hours, HUVECs were assigned to
several groups: cells incubated with normal RPMI medium
were considered as control cells and the cells treated with 2.5,
5, 10, 15, and 20 pM TQ along with 60 pM TBHQ were con-
sidered as co-treatment cells. It should be noted that the con-
centrations of TQ (2.5, 5, 10, 15, and 20 pM) were similarly
determined in preliminary experiments as protection doses. In
all experiments, 60 pM TBHQ as IC50 was obtained after 24
and 48 h incubation of cells. The cell proliferation amount was
measured by adding 50 pl of MTT (2 mg mL ™" in PBS) to each
well and after that the cells were incubated for 4 hours until
intracellular purple formazan crystals that formed via oxi-
dation of MTT were dissolved in DMSO for 30 minutes. In the
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end-stage, a microplate spectrophotometer reader (BioTek
Instruments Inc., Vermont, USA) was used to measure the
absorbance of ultraviolet light at 570 nm.'*"?

2.3. DAPI staining assay

DAPI (4',6-diamidino-2-phenylindole) is normally used to deter-
mine nuclear fragmentation after treatment with drug or food
additives. DAPI is known as a kind of fluorescent stain that can
strongly attach to DNA strands and then the fluorescence can
be identified using a fluorescence microscope. In this study,
HUVECs were seeded in 6-well plates (15 x 10 cells per well)
and treated with TBHQ, TQ, and a mixture of TQ and TBHQ
with the desired concentrations for 24 hours. HUVECs were first
fixed with paraformaldehyde (PFA; 4%) at room temperature for
2-3 hours and then washed with PBS 3 times. Then the cells
were permeabilized for 5 minutes with 0.3% Triton X-100 and
washed with PBS again 3 times. After that the cells were incu-
bated with 1 ug mL™ of DAPI dye for 15 minutes. At the last
stage, the cells were evaluated via fluorescence microscopy.'®

2.4. FITC-labeled annexin V apoptosis assay

Flow cytometry assay was used to identify apoptotic cell death
from necrotic cell death in the treated cells compared to negative
control cells. Therefore, 25 x 10* HUVECs were seeded in six-well
plates and incubated for 24 hours and then treated with TQ,
TBHQ and a mixture of TQ and TBHQ for 24 hours. After incu-
bation, they were removed by trypsinization and then neutraliz-
ation of trypsin was done with FBS. After that the cells were cen-
trifuged (1000 RPM, 5 minutes, 4 °C) and re-suspended in 200 pl
of annexin V binding buffer containing 2.5 pl of fluorescein iso-
thiocyanate (FITC)-labeled annexin V. Then the cells were incu-
bated at room temperature and in darkness for 20 minutes and
were centrifuged again at 1000 RPM for 5 min at 4 °C. Following
the elimination of the supernatant, 200 pl of annexin V binding
buffer containing 5 pl of propidium iodide (PI) staining solution
was added. Ultimately, they were incubated in the dark at room
temperature for 5 minutes and were evaluated using a Becton
Dickinson FACS Calibur System (San Jose, USA). Even though
our flow cytometry instrument is capable of analysing cells
using 10 000 cells, we prepared 1 million cells in 1 ml and sub-
jected them to FACS flow cytometry.

2.5. DNA fragmentation assay

The DNA ladder test is usually performed as a confirmatory
test for apoptosis. Accordingly, HUVECs were seeded in 6-well
plates and incubated for 24 hours. Then, they were treated
with TQ, TBHQ, and a mixture of TQ and TBHQ for 24 hours.
After incubation, the cells were detached and after addition of
1 mL of lysis buffer they were transferred into a 2 mL micro-
tube and incubated at 56 °C for 1 hour. It should be noted that
10 pL of proteinase K at 56 °C was also added for 30 minutes.
Then, 300 pL of chloroform was added to each microtube and
placed at —21 °C for 20 min. After that, centrifugation was per-
formed at 12 000 rpm for 20 minutes at 4 °C and the upper
phase was transferred into a new 2 mL microtube. Moreover,
800 pL of absolute ethanol was added and then placed at
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—20 °C for 15 minutes. Ethanol was removed after centrifu-
gation at 12 000 rpm for 20 minutes at 4 °C. Finally, electro-
phoresis was performed by loading of extracted DNA in 2%
agarose gel and the DNA loading process in the gel was evalu-
ated using an ultraviolet gel documentation system.'”

2.6. Data analysis and statistics

All data were illustrated as mean + standard deviation (SD) of
three independent experiments. Data were analyzed using
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Fig. 1 (A) Dose-dependent inhibition properties of TBHQ after 24 and
48 h on HUVECs. (B) TQ prevent TBHQ-induced cytotoxicity in HUVCEs.
The cell viability percentage of the HUVCEs treated with normal media
as the control, TBHQ (60 puM), TQ (2.5, 5, 15, 10, and 20 pM) and TQ +
TBHQ for 24 and 48 hours (* shows that p < 0.05).
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Graph pad Prism 7. Two-way analysis of variance (ANOVA) was
also used to analyze the effects of TQ, TBHQ, and a mixture of
TQ and TBHQ on HUVECs. The statistical significance was
considered at p < 0.05.

3. Results
3.1. Effects of TQ on TBHQ induced cell death in HUVECs

To evaluate the effects of the food additives on the viability of
cells during the experiments, the MTT method was employed.
An IC50 of 60 uM for TBHQ after 24 and 48 h of cell treat-
ment was attained (Fig. 1A). Therefore, HUVECs were treated
with TBHQ (60 pM), TQ (2.5, 5, 10, 15, and 20 pM), and a
combination of TQ with the IC50 concentration of TBHQ for
24 and 48 hours and again cell viability was assessed by
the MTT method. HUVECs exposed to TBHQ exhibited a
reduction in cell proliferation and viability compared to the
control cells after 24 hours of incubation but co-treatment
with TQ at different doses could decrease cell death com-
pared to TBHQ-treated cells. However, TQ treatment at con-
centrations more than 15 pM reduced cell viability and syner-
gized with TBHQ to induce cell death after 24 and 48 h of
incubation (Fig. 1B).

3.2. DAPI staining assay

Chromatin and DNA fragmentation are among the important
assays for apoptosis determination. The DNA fragmentation
process was determined by DAPI staining assay. In detail,
induction of apoptosis in cells treated with TQ (10 uM), TBHQ
(60 uM), and a combination of these was examined by micro-
scopic analysis of DAPI stained cells. In Fig. 2, we show the
fluorescence microscopy images of the DAPI-stained cells com-
pared to a negative control after 24 h. TBHQ caused DNA frag-
mentation and chromatin condensation in contracted nuclei
and the anomalous cell morphology in treated cells. Therefore,
morphological changes of the nuclei in cells treated with
TBHQ were more prominent compared to those in cells treated
with TQ and a combination of TBHQ and TQ. Besides, TBHQ
and TQ co-treatment reduced the abnormal cell morphology,
which revealed that TQ treatment effectively reduced apoptosis
induction by TBHQ.

TQ (10 uM)

TBHQ + TQ

Fig. 2 Fluorescence microscopy images of HUVECs stained with DAPI. (a) Cells were treated with normal media as the control, (b) TBHQ (60 pM),
(c) TQ (10 pM) and (d) TBHQ + TQ, respectively. As is clear, treatment with TQ significantly prevented TBHQ-induced apoptosis in HUVECs after

24 h.

1052 | Toxicol Res., 2019, 8, 1050-1056

This journal is © The Royal Society of Chemistry 2019


https://doi.org/10.1039/c9tx00235a

Published on 29 November 2019. Downloaded by RSC Internal on 9/14/2020 12:36:35 PM.

Toxicology Research

View Article Online

Paper

104

103

b ki, d

£ 0.04

10!

102
2 2aamul 3 sassmd 2 sssmml 2 aaa
AN

LALL L S m )

100 10 102 10°

T

100

2.90 247

108

102

0.05 0.05

103

10!

Lo s aaamul 2 saasmd s sssmul

100
=Y
FS

101

102
! aaaamul 2 sassmd 2 saamml 3 a2
e 0] =

(-9

100
_
o

o
=
> ;
_
o
n
o
w
O&

Fig. 3 FITC-labeled annexin-V flow cytometry detection of apoptosis in HUVECs; (A) untreated cells as the control (B, C, and D) and cells treated
with TBHQ (60 pyM), TQ (10 pM) and a combination of TQ and TBHQ, respectively. As is clear, treatment with TQ significantly prevented TBHQ-

induced apoptosis after 24 h.

Table 1 The percentage of viable, necrotic, early and late apoptotic
cells upon treatment with TQ, TBHQ and TQ + TBHQ after 24 h com-
pared to negative control cells. TBHQ was applied at a concentration of
60 pM and compared with the negative control, TQ (10 pM), and TQ +
TBHQ (* shows p < 0.05)

Early Late

Untreated and
treated cells

Viable
cells (%)

Necrotic
cells (%)

apoptotic
cells (%)

apoptotic
cells (%)

Negative control cells 99.76 0.05 0.04**** 0.15
TQ (10 pM) treated cells 66.54 2.90 27.94%*** 2.47
TBHQ (60 pM) treated cells  19.29 0.99 76.25 3.47
TQ (10 uM) + TBHQ 51.54 0.05 48.26**** 0.05

(60 uM) treated cells

3.3. Annexin-V/PI double staining assay

To study the mechanisms of cell toxicity (apoptosis or necro-
sis) and the effects of TQ, TBHQ, and their combination on
cells, the annexin V-FITC and PI assay was used.® The results
of this study showed that TQ (10 uM) did not cause necrosis in
the cell line evaluated by flow cytometry. As illustrated in Fig. 3
and Table 1, treatment with either TQ or TBHQ alone could
induce early apoptosis, while treatment with a combination of
TQ and TBHQ could decrease the induction of apoptosis in
HUVECs and increased cell survival, which confirmed the
MTT assay results.

3.4. DNA ladder assay

As the most valid technique for detecting apoptotic cells from
necrotic ones, DNA ladder assay was performed using agarose
gel electrophoresis. The results (Fig. 4) showed that the cells

This journal is © The Royal Society of Chemistry 2019

Fig. 4 DNA fragmentation patterns on agarose gel. (A) Marker (1 kb
DNA ladder), DNA isolated from (B) normal, and (C) TBHQ (60 pM), (D)
TQ (10 pM) and (E) TQ (10 pM) + TBHQ (60 pM) treated cells, respect-
ively after 24 h. Arrows indicate ladder formation.

treated with TBHQ (60 pM) could increase fragmentation of
DNA compared to the untreated control cells. Based on the
obtained data, TQ decreased DNA fragmentation induced by
TBHQ, which resulted in the formation of low molecular
weight DNA bands in the gel.

4. Discussion

A synthetic antioxidant namely TBHQ was introduced to the
food industry in the early 1970s and became one of the most

Toxicol Res., 2019, 8, 1050-1056 | 1053
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widely used food additive. TBHQ appeared to be more efficient
and cost-effective compared to the existing BHT and BHA anti-
oxidants.'® TBHQ retards oxidative degradation of fats and
other high-fat food products.”® However, the toxic effects of
TBHQ and similar agents that lead to numerous health pro-
blems have been reported. In vitro and in vivo genotoxicity
studies revealed that TBHQ produces single strand DNA breaks
in human cells including HUVECs as a primary endothelial
cell model. They are one of the most commonly used normal
cells in toxicity evaluation.®® In addition, oxidative DNA
damage caused by TBHQ was found to occur in the thymus
cells of calf* where the formation of 8-hydroxy-deoxyguanosine
(8-OHAG) as an indicator of DNA cleavage within the reaction
mixture was approved. The potential cytotoxicity of TBHQ has
been investigated on HUVECs and A549 lung cancer cells and
the attained results showed considerable necrosis and apopto-
sis in the treated cells.® Due to the increasing concerns about
the safety of synthetic antioxidants, the demand for natural
antioxidants has received more attention in recent years. The
search for natural bioactive compounds has led to the intro-
duction of TQ as a new cytoprotective antioxidant agent for
use in the food and drug industries.””** The purpose of our
study was to explore the potential beneficial effects of TQ on
the toxicity induced by TBHQ in HUVECs. The MTT assay
showed that TQ treatment significantly decreased cell cyto-
toxicity caused by TBHQ at concentrations below 15 pM (5, 10
and 15 pM) after 24 and 48 h of treatment. However, when the
TQ concentration increased beyond 15 pM, cell death was pro-
moted in HUVECs. The maximum protection was achieved in
the presence of 10 uM TQ when the incubation time was 24 h.
It is particularly important to discriminate between necro-
sis and apoptosis in order to provide an adequate description
of selective toxicity of chemical compounds. Annexin V/PI
staining was performed to get a better understanding of the
cytotoxic impact of each treatment alone compared to its co-
treatment. Plasma membrane integrity and permeability have
long been considered as crucial characteristics to discriminate
viable, apoptotic or necrotic cell subpopulations.>® The evalu-
ation of morphological features such as alteration of cell
surface markers is important because they have been corre-
lated with the process of apoptosis. Phosphatidylserine (PS)
translocates to the outer membrane of cells when apoptosis
occurrs in the normal cells. Annexin V is a phospholipid-
binding protein with high affinity to PS and thereby cells in
the early stages of apoptosis can be labeled with annexin V.>*
Due to the extensive membrane damage in necrosis, a dye
exclusion test is performed to distinguish cell membrane
integrity in which propidium iodide (PI) for DNA staining is
used, which only penetrates through damaged cellular mem-
branes. Thus, staining of cells with both PI and annexin V
allows the differentiation of necrotic (annexin V—/PI+), early
apoptotic (annexin V+/PI-) and late apoptotic (annexin V+/PI+)
cells from each other.”> Here, HUVECs treated with 60 pM
TBHQ showed a high apoptosis rate of 76%, while with combi-
nation treatment, the population of apoptotic cells decreased
from 76.25% to 48.26%, and the proportion of necrotic cell
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death is significantly reduced in HUVECs. Our finding is in
apparent agreement with the results of Hu et al.>® In this point
of view, TQ is capable of improving cell viability and inhibiting
the apoptosis and necrosis processes in vitro.

Since DNA damage induced cell death by apoptosis, we
examined DNA breakage as a possible mechanism for the
induction of cytotoxicity in cultured HUVECs. The negative
effects of TBHQ that may cause cell injury as a result of DNA
damage have been already characterized by Kashanian et al.*”
They described that the DNA binding ability of TBHQ and its
intercalation in the DNA base pairs led to the interference in
the replication process. The intercalation of TBHQ into DNA,
which involves binding to calf thymus DNA with high affinity
can cause DNA damage in various regions. The results of the
study by Nagai et al. in 1996 demonstrated the formation of
8-hydroxydeoxyguanosine (8-OHdG) in calf thymus DNA upon
interaction with TBHQ. Furthermore, TBHQ is able to interca-
late into the DNA base pairs, which was found from the mole-
cular interactions of TBHQ with native calf thymus DNA.*

We demonstrated that the in vitro cytotoxicity of TBHQ on
HUVECs was greatly attenuated when exposed to a low dosage
of TQ. This is proved by DAPI staining and DNA ladder assays
that were performed both in the presence and absence of TQ.
Other studies supported the conclusion that TQ is beneficial
in decreasing toxin-mediated DNA damage. It was found that
exposure to TQ strongly inhibited neurodegeneration during
ethanol toxicity in primary rat cortical neurons.*®

In conclusion, the obtained results indicated that the sup-
plementation of TQ may prevent initial morphological changes
and subsequent DNA fragmentation of cells upon treatment of
the cells with TBHQ. Although, the mechanism is unknown,
accumulating evidence supports the enhanced activity of the
cell’s intrinsic antioxidant system including glutathione, SOD,
catalase and glutathione peroxidase all of which are known to
be induced by TQ.*® Moreover, it has been reported that TQ
confers protection by different mechanisms other than anti-
oxidant effects. In this context, several studies have proposed
that TQ may be involved in p53-dependent DNA-damage
responses.”® Our results showed that only a minimal dose of
TQ has an inhibition property on TBHQ-evoked cellular
damage, while exposure to overdoses of TQ may create oxi-
dative stress. This may correlate with the production of oxi-
dants by TQ. As a quinone, TQ can undergo one- or two-elec-
tron reduction and produce semiquinone and thymohydroqui-
none, respectively. Subsequent reaction of semiquinone with
oxygen generates the superoxide anion radical thus increasing
reactive oxygen species (ROS) formation and DNA damage.*
We therefore conclude that non-toxic doses of TQ protect cells
against toxicity of TBHQ without compromising its antioxidant
activity.

5. Conclusions

Altogether, the present study demonstrated that TBHQ could
induce cytotoxicity in HUVECs. However, TQ as an antioxidant

This journal is © The Royal Society of Chemistry 2019
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has the capability for protection of HUVECs against TBHQ by
inhibiting cell death and also reducing apoptosis by decreas-
ing chromatin and DNA fragmentation. Our results indicated
that TQ had decreased the amount of early apoptosis in
HUVECs induced by TBHQ. Furthermore, it was observed that
TQ had protective effects in low concentrations but it might
lead to toxic effects and apoptosis at high doses. Therefore, it
can be concluded that TQ could inhibit TBHQ-induced cyto-
toxicity at low doses.
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