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Abstract

We investigated the effects of thymoquinone (TQ) on the expression of liver microRNAs
(miRNAs), liver histopathology and oxidative stress in Ehrlich acid solid tumor model induced
mice. We used 24 male BALB/c mice divided randomly into three groups. Control (C) group
mice were injected intraperitoneally (i.p.) with 0.5 ml saline for four weeks. Tumor (T) group
mice were injected i.p. with 0.5 ml saline for four weeks, then Ehrlich acid tumor cells were
injected subcutaneously into the neck to induce solid tumor formation. TQ (T + Tq) group mice
injected i.p. with 10 mg/kg TQ for four weeks, then Ehrlich acid tumor cells were injected
subcutaneously into the neck of the mice in this group to induce solid tumor formation. At the
end of the study, liver from all groups were removed for histopathological and miRNAs
analysis, and oxidative stress measurement. We found that the expression of miR-206b-3p
was up-regulated and the oxidative stress and necrosis increased in the liver tissue of mice
with Ehrlich acid solid tumor. TQ application decreased the oxidative stress, prevented necro-
sis, increased regeneration and down-regulated the expression of miR-206b-3p in the liver
tissue.
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Cancer causes many deaths; therefore, it is
important to establish experimental cancer mod-
els to understand better its cellular mechanisms.
One such model is the Ehrlich acid solid tumor.
This model is a mouse specific model that is
widely used. The resulting solid tumor is malig-
nant, grows rapidly and eventually causes death
(Saad et al. 2017). Cancer cells multiply and
develop by evading apoptosis. Apoptosis occurs
by either extrinsic or intrinsic pathways and is a
basic biological mechanism that causes the acti-
vation of the caspase cascade to eliminate

damaged or unneeded cells in tissues (Green
and Reed 1998, Jiang et al. 2017, Li et al. 2017).

It is thought that oxidative stress is among the
causes of cancer. Therefore, investigation of the
protective and curative effects of herbal antioxi-
dants on cancer has increased. Thymoquinone
(TQ) is a bioactive compound derived from
Nigella sativa oil; it has been investigated earlier
for its therapeutic potential in cancer. It has been
reported that TQ exhibits anti-inflammatory effects
and that it increases the cytotoxic activity induced
by apoptosis, inhibits angiogenesis, and produces
cell cycle arrest (El Mahdy et al. 2005, Roepke et al.
2007, Banerjee et al. 2010). The protective effect of
Nigella sativa oil has been reported in diseases in
which free radicals are involved including brain
and heart anoxia and ischemia, arteriosclerosis
and cancer (El Tahir et al. 1993, Badary et al.
2000, Peng et al. 2013). All cells living under
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aerobic conditions are exposed continuously to a
large number of oxidants from both endogenous
and exogenous sources. These oxidants are
referred to collectively as reactive oxygen species
(ROS). ROS are recognized to be deleterious at
high levels. For example, lipid oxidation occurs as
a result of membrane damage caused by ROS.
Although free radicals have very short life spans,
they are highly destructive due to their high activ-
ity. Oxidative stress occurs in cells or tissues when
ROS concentration exceeds antioxidant protection
mechanisms (Houghton et al. 1995).

MicroRNAs (miRNAs) are small endogenous,
single-chain, non-coding RNAs composed of
21 − 23 nucleotides. miRNAs regulate gene expres-
sion by either inhibiting translation of mRNA or
increasing degradation of mRNA (Lu et al. 2005,
Griffiths-Jones et al. 2006). Molecular cloning and
bioinformatics analysis have identified hundreds of
similar miRNAs in plants, animals and viruses
(Bushati and Cohen 2007, Liu, Li et al. 2014).
miRNAs are post-transcriptional regulators in eukar-
yotic organisms; they participate in physiological
processes including growth, development, differen-
tiation, reproduction and apoptosis. Abnormal
expressions of miRNAs are closely related to
human diseases (Krol et al. 2010, Wahid et al. 2010,
Pritchard et al. 2012). It has been suggested also that
miRNAs secreted into the blood in circulating secre-
tory macrovesicles may be transported to target cells
and taken up by these cells, thus regulating intracel-
lular gene expression of distant target cells (Valadi
et al. 2007, Skog et al. 2008, Zhang et al. 2010).

We investigated the effect of TQ on the expres-
sion of liver miRNAs, liver histopathology and
oxidative stress in Ehrlich acid solid tumor
model-induced mice.

Material and methods

Experimental groups

We used 24 25 − 30 g male BALB/c mice. Animals
were obtained from and housed in the Bezmialem
Vakif University Experimental Animal Centre
under standard laboratory conditions with 12 h
light:12 h dark cycle and constant temperature
(25 ± 1º C) and humidity (50 − 60%). Animals were
allowed free access to food and water. All animal
use procedures were approved by the Laboratory
Animals Ethical Committee, Bezmialem Vakıf
University. At the beginning of the study, the mice
were divided randomly into three groups. Control
(C) group mice (n = 6) were injected

intraperitoneally (i.p.) with 0.5 ml saline for four
weeks (Monday− Friday, 5 days/week). Tumor (T)
group mice (n = 9) were injected i.p. with 0.5 ml
saline for four weeks (Monday−Friday, 5 days/
week), then approximately 1.5 x 105 Ehrlich tumor
cells obtained from the peritoneal cavity of donor
mice at Bezmialem Vakif University Experimental
Animal Centre were injected subcutaneously into
the neck of mice in this group to induce solid
tumor formation. During the course of solid tumor
formation (approximately 9 days), saline injections
continued to be given to animals 5 days/week. TQ
treated (T + Tq) group mice (n = 9) were injected i.p.
with 10 mg/kg TQ for 4 weeks (Monday−Friday,
5 days/week), then approximately 1.5 x 105 Ehrlich
acid tumor cells obtained from the peritoneal cavity
of the donormice were injected subcutaneously into
the neck of mice in this group to induce solid tumor
formation. During the course of solid tumor forma-
tion (approximately 9 days), TQ injections were
continued for 5 days/week.

Sample preparation

At the end of the study, liver tissue samples were
taken from mice in all groups under general
anesthesia with 100 mg/kg ketamine and 10 mg/
kg xylazine. Because the RNA degrades readily,
the liver samples were cut immediately into small
pieces and frozen in liquid nitrogen. Tissue sam-
ples were stored at −86º C in a freezer (U410; New
Brunswick Scientific, New Brunswick, Canada)
until the day of study.

Homogenization of liver tissues

Liver tissues were homogenized using ceramic
beaded DNase- RNase-free tubes (Lysing Matrix
D, 2 ml tube, MP Biomedicals Irvine, CA). We
added 400 μl phosphate buffer saline, pH 7.4
(PBS) to the tubes, which were placed on ice.
Then, 50 mg liver tissue was added and the tissues
were homogenized using the FastPrep®-24 sample
preparation system (MP Biomedicals, Irvine, CA).
The homogenate then was centrifuged (Hettich
220R, Tuttlingen, Germany) at 24,900 x g for
10 min. The clear supernatant was transferred to
a separate test tube and stored at −80° C until
analysis.

RNA isolation

Total RNA in the homogenate was isolated using
total RNA isolation kit GenUPTM Total RNA kit
(Biotechrabbit, Hennigsdorf Germany). The
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amount and the purity of total RNAs isolated from
tissue samples were measured using spectrophoto-
metry. The absorbance values of RNA samples
were read against distilled water at 260 and
280 nm. One optical density (OD) reading at
260 nm for RNA measurement corresponded to a
concentration of 40 μg/ml. Therefore, the RNA
concentrations (C) of the samples were calculated
using the formula:

C μg=ml
� �¼ absorbance value OD260ð Þ x 40:

The OD260/OD280 ratio then was calculated to
determine the purity of the isolated RNAs.

Pools were made by mixing equal amounts of
isolated RNA from the liver tissue of each mouse in
the experimental and control groups so that 50 ng/μl
RNA was present in each tube. The Affymetrix
arrays were used to screen the entire genome from
the pool of miRNAs expression. GeneChip®miRNA
4.0 Array genechips (Affymetrix) were used to mea-
sure gene expression. Target preparation, hybridiza-
tion, washing and scanning were performed
according to the manufacturer’s instructions.
Experimental and control samples were measured
in duplicate.

We used real-time quantitative RT-PCR to
measure the expression of miRNAs for validation
of microarray results. The protocol was based on
polyadenine tailing and reverse transcription of
mature miRNAs to obtain a cDNA form. A uni-
versal 3ʹ-tag sequence was incorporated during
reverse transcription to enable miRNA expres-
sion analysis by quantitative PCR. The reverse
primer was universal and provided by the
qScript microRNA cDNA Synthesis kit (Quanta
Biosciences, Gaithersberg, MD). The forward
sense primer of mir-206-3p was 5-’acatgcttcttta-
tatcctcata-3ʹ designed by using the sequence of
the mature miRNA converted into DNA
sequence according to mirbase data (http://
www.mirbase.org/).

Real-time PCR amplifications were performed
following the manufacturer’s protocol using
PerfeCTa SYBR Green FastMix (Quantabio-US).
Real-time PCR was performed using a CFX
Connect™ Real-Time PCR Detection System
Thermal Cycler (Bio-Rad Laboratories, Richmond,
CA). Thermal cycling conditions were at 95°C for
30 sec followed by 40 cycles at 95°C for 5 sec, 60°C
for 15 sec, and 72°C for 15 sec. Each sample was
measured in duplicate. Expression levels of each
miRNA were evaluated using a comparative
threshold cycle (Ct) method. These results were
normalized to those of U6snRNA, a housekeeping

gene for each sample (ΔCt). The relative expression
level of each mir-206-3p gene to U6snRNA was
described by the equation:

ΔCt ¼ Ct mir-206-3p-Ct U6snRNA
� �

Fold changes between control and tumor cells were
calculated using the ΔΔCt method, because a
decrease in each Ct unit was equivalent to a two-
fold increase in the starting amount of cDNA. The
fold change of expression of the miRNA gene of
the experimental sample compared to the control
sample was expressed as 2−ΔΔCT. The cutoff value
was set at the 35th cycle and a gene was considered
undetectable when Ct > 35.

Measurement of total antioxidant status (TAS)

The TAS was measured spectrophotometrically
(Thermo Fisher Scientific, East Grinstead, UK)
using a commercial kit (Rel Assay Diagnostic,
Gaziantep, Turkey) and following the manufac-
turer’s protocol. Antioxidants in the sample reduce
dark blue green colored 2,2′-Azino-bis (3-ethylben-
zothiazoline-6-sulfonic acid) diammonium salt
(ABTS) radical to colorless reduced ABTS form.
The change of absorbance at 660 nm is related
with total antioxidant level of the sample. Total
antioxidant activities were expressed in mmol
Trolox equiv/l.

Measurement of total oxidant status (TOS) level

The TOS level was measured spectrophotometri-
cally (Thermo Fisher Scientific,) using a commer-
cial kit (Rel Assay Diagnostic, Gaziantep, Turkey)
and following the manufacturer’s instructions.
Oxidants in the sample oxidize the ferrous ion
chelator complex to ferric ion. The oxidation reac-
tion is prolonged by enhancer molecules in the
reaction medium. The ferric ion forms a color com-
plex with the chromogen in an acidic medium. The
color intensity, which can be measured spectro-
photometrically, is related to the total amount of
oxidant molecules present in the sample. Results
are expressed as μmol H202 equiv/l.

Calculation of the oxidative stress index (OSI)

The OSI was calculated according as follows:

OSI arbitrary units
� � ¼ ðTOS; μmolH2O2equiv=lÞ=

TAS; mmol Trolox equiv=l
� �
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Histopathological evaluation

The liver tissues were fixed in 10% neutral buffered
formaldehyde, dehydrated through an ascending
alcohol series, cleared in xylene and embedded in
paraffin. Sections were cut at 5 μm and stained
with hematoxylin and eosin (H & E) staining
method (Cardiff et al. 2014). Samples were exam-
ined using a Nikon Eclipse i5 light microscope
with Nikon DS-Fi1c camera and the Nikon NIS
Elements version 4.0 image analysis system
(Nikon Instruments Inc., Tokyo, Japan).

Statistical analysis

The results were expressed as means ± SEM. One-
way Anova with post hoc Tukey’s multiple compar-
ison test was performed to determine the differ-
ences of the parameters among groups. Values for
p ≤ 0.05 were considered statistically significant.

Results

The microarray analysis indicated that expression of
123 genes was altered in liver cells of the T + Tq
group compared to control; of these genes, 119
were up-regulated and four were down-regulated.
Based on the microarray analysis results, nine
miRNA genes with a fold change > 3 (p < 0.05)
were selected for validation studies: six from the
most up-regulated miRNAs and three from the
most down-regulated miRNAs. Up-regulated genes
were miR-125a-5p, miR-133a-3p, miR-193b-3p, miR-
532-3p, miR-711 and miR-210-3p, while down-regu-
lated genes were miR-127-3p, miR-206b-3p andmiR-
296-5p (Table 1). Primer sequences of genes used for
validation after miRNA microarray analysis are
shown in Table 2. Only the expression of miR-206b-3p among

other miRNAs could have been validated by
qPCR. Fold changes of miR-206b-3p in the experi-
mental groups are shown in Fig. 1. Compared to
controls, the miR-206b-3p gene was expressed at
1.5-fold higher levels in the T group (up-regula-
tion), while it was expressed at 1.9-fold lower
levels in the T + Tq group (down-regulation). We
also found that miR-206b-3p expression was 2.8-
fold lower in the T + Tq group than the T group
(p < 0.05), which indicated that TQ administration
suppressed the expression of miR206-3p in liver
cells of mice with Ehrlich acid solid tumor.

Liver tissue TOS values are shown in Fig. 2.
Compared to the control, the TOS value increased
in the T group (p < 0.05) and TQ application brought
the liver tissue TOS value closer to the control value.

Table 1. Disregulated miRNAs according to microarray
analysis

Disregulated miRNAs Fold change Regulation

Mir-125a-5p 9.28 up
Mir-133a-3p 17.56 up
Mir-193b-3p 5.94 up
Mir-210-3p 8.12 up
Mir-532-3p 6.35 up
Mir-711 8.25 up
Mir-127-3p −4.39 down
Mir-206-3p −4.02 down
Mir-296-5p −3.05 down

Table 2. Primer sequences of genes used for validation
after miRNA microarray analysis

miRNAs Primer sequences

mmu-miR-125a-
5p

TCCCTGAGACCCTTTAACCTGTGA

mmu-miR-133a-
3p

TTTGGTCCCCTTCAACCAGCTG

mmu-miR-193b-
3p

AACTGGCCCACAAAGTCCCGCT

mmu-miR-532-3p CCTCCCACACCCAAGGCTTGCA
mmu-miR-711 GGGACCCGGGGAGAGATGTAAG
mmu-miR-210-3p CTGTGCGTGTGACAGCGGCTGA
mmu-miR-127-3p TCGGATCCGTCTGAGCTTGGCT
mmu-miR-206b-
3p

TGGAATGTAAGGAAGTGTGTGG

mmu-miR-296-5p AGGGCCCCCCCTCAATCCTGT

Up-regulated genes were miR-125a-5p, miR-133a-3p, miR-
193b-3p, miR-532-3p, miR-711 and miR-210-3p; down-regu-
lated genes were miR-127-3p, miR-206b-3p and miR-296-5p
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Fig. 1. Expression of miR-206b-3p. Bar graph shows fold
changes of miR-206b-3p. #Difference between T and T +
Tq groups (p < 0.05). Data are means ± SEM.
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There was no difference in the liver tissue TOS value
between the control and the T + Tq groups.

The liver tissue TAS values are shown in Fig. 3.
Compared to controls, liver tissue TAS values were
significantly lower in both T and T + Tq groups
(p < 0.05).

The liver tissue OSI values are shown in Fig. 4.
Compared to controls, the liver tissue OSI value
increased in the T group (p < 0.05) and TQ applica-
tion significantly decreased the OSI value in
tumor-induced mice (p < 0.05). There was no sig-
nificant difference in OSI value between the control
and T + Tq groups.

Histopathological results are shown in Fig. 5.
Although necrotic areas were observed in the
livers of the T group, they were not observed in
the livers of the C or T+ Tq groups. Many

double-nucleus cells indicating regeneration
were observed in the livers of the C and T + Tq
groups.

Discussion

miRNAs are a class of small endogenous RNAs of
21–25 nucleotides that play an important regulatory
role in animals and plants by targeting specific
mRNAs for degradation or repression of translation.
miRNA regulation is implicated in etiology of some
diseases (Wahid et al. 2010). miRNA dysregulation is
associated with disease, especially cancer, because
miRNA can function as oncogenes or tumor suppres-
sors (Macfarlane and Murphy 2010).

We investigated how TQ affects the expression
of liver and circulating miRNAs, and liver oxida-
tive stress in Ehrlich acid solid tumor model
induced mice. We found that the expression of
miR-206b-3p was up-regulated in the liver cells of
the T group and that TQ administration signifi-
cantly down-regulated the expression of this gene.

miR-206, the homolog of which in mice is
termed miR-206-3p, is a muscle specific miRNA
that is important for development of skeletal mus-
cles (Mu et al. 2015). McCarthy (2008) reported that
miR-206 is expressed only in skeletal muscle and
that it has profound effects on myogenesis,
embryonic muscle growth, cardiac function and
hypertrophy. This investigator also proposed addi-
tional roles for miR-206 in satellite cell specifica-
tion, sarcopenia and circadian rhythms. It now is
known that miR-206 is expressed in not only mus-
cle tissue, but also in the pancreas, intestine, brain
and liver (Vinod et al. 2016).
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Fig. 2. Liver tissue TOS values. *Significant difference
between C and T groups (p < 0.05). Data are means ±
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Fig. 3. Liver tissue TAS values. *Significant difference
between C and T groups (p < 0.01). +Significant differ-
ence between C and T + Tq groups (p < 0.01). Data are
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Fig. 4. Liver tissue OSI values. *Significant difference
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means ± SEM.

Thymoquinone effects on liver miRNAs and oxidative stress 305



Altered expression of miR206 (up-regulation or
down-regulation) has profound effects on the
pathophysiology and etiology of many diseases.
Alzheimer’s disease (AD) patients and AD models
exhibit have high levels of miR-206-3p in the brain,

which contributes to memory impairment by sup-
pressing the brain-derived neurotrophic factor
(BDNF) expression in the brain (Wang et al.
2017). Shan et al. (2009) reported that miR-206
expression was up-regulated significantly after
myocardial infarction and proposed that the ele-
vated levels might contribute to apoptosis of myo-
cardial cells. It has been reported that miR-206,
which is known to participate in the maintenance
of neuromuscular connectivity in amyotrophic lat-
eral sclerosis (ALS) mice, is elevated in the affected
muscle of both male and female mice, in the
plasma of these animals and in serum samples
from human ALS patients. Therefore, miR-206
levels in circulating blood may be useful as a
potential biomarker for ALS (Toivonen et al. 2014).

Although miR-206 has been implicated in a
large number of cancers including breast, lung,
colorectal, ovarian and prostate, its role in tumor
development remains unknown. Although
decreased levels of miR-206 may contribute to
development of many cancer types, its elevated
levels may prevent tumor cell proliferation, metas-
tasis and invasion (Georgantas et al. 2014, Liu, Xu
et al. 2014, Sun et al. 2015, Cai et al. 2016). miR-206
overexpression promotes apoptosis, causes cell
cycle arrest and inhibits migration of human hepa-
tocellular carcinoma HepG2 cells (Liu, Xu et al.
2014). These investigators also suggested that
delivery of miR-206 to HepG2 cells may contribute
to development of novel therapeutic strategies for
human hepatocellular carcinoma and that miR-206
might be a potential therapeutic agent for human
tumors; This is worthy of further investigation
(Liu, Xu et al. 2014).

We found that the expression of miR-206b-3p
was up-regulated in the liver cells of the T group
and that TQ administration down-regulated the
expression of this gene significantly. We also deter-
mined that the TQ application decreased oxidative
stress, prevented necrosis and increased regenera-
tion of liver tissue in mice with Ehrlich acid solid
tumor.

We have found in the literature only a few
reports of a relation between the oxidative stress
and miRNA expression in cancer (Loft and Poulsen
1996, Moller and Wallin 1998, Tu et al. 2014). It has
been suggested that the ROS promotes gastric car-
cinogenesis by decreasing antioxidant enzyme
activity, producing oxidative DNA damage and
up-regulating miR-21 expression in gastric cancer
cells (Tu et al. 2014). Somatic cells are exposed
constantly to the cytotoxic action of ROS.
Oxidative stress due to excessive production of
ROS has been shown to participate in

Fig. 5. Histology of liver tissue. A) Control. B) Tumor
group. C) Tumor + TQ group (↑) double-nucleated cells,
*necrotic area. H & E staining. 200 x, scale bar = 100 μm.
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carcinogenesis (Leufkens et al. 2012). Increased
production of ROS may alter inflammatory
response, which causes DNA damage (Piechota-
Polanczyk and Fichna 2014). Oxidative DNA
damage is an important mutagenic and carcino-
genic factor (Loft and Poulsen 1996). ROS are
assumed to be involved in both the initiation and
progression of cancer (Moller and Wallin 1998).
Although altered expression of specific miRNAs
may play a role in oxidative stress induced inflam-
mation, the effects of ROS on miRNAs expression
or the role of miRNAs in ROS-mediated injury on
carcinogenesis are uncertain.

We found that expression of miR-206b-3p was
up-regulated and that oxidative stress and necrosis
formation increased in the liver tissue of mice with
Ehrlich acid solid tumor. Application of TQ
decreased oxidative stress, prevented necrosis,
increased regeneration and down-regulated the
expression of miR-206b-3p in the liver tissue of
mice with Ehrlich acid solid tumor.
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