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ABSTRACT

Background: Oxidative stress and accumulation of reactive oxygen species may play a role in 
the pathogenesis of cancer. They were reported in precancerous and cancerous cells. 

Methods: An animal model of carcinogenesis was used to detect the effect of oxidative 
stress on mitochondrial ultrastructure by transmission electron microscope and the levels of 
extracellular signal- regulated kinase-1(ERK-1) and hypoxia inducible factor-1 alpha (HIF-1α) by 
immunohistochemistry in mild and severe oral epithelial dysplasia (OED) induced in tongues of 
experimental mice. 

Results: We identified degeneration and enlargement of mitochondria in association with up-
regulation of both ERK-1 and HIF-1α from normal control to mild OED and reached their highest 
values in severe OED.

Conclusions: Degeneration and enlargement of mitochondria in association with up-regulation 
of both ERK-1 and HIF-1α can be indicative features of dysplastic changes and may act as early 
markers for malignancy.

KEYWORDS: Oral epithelial dysplasia; oxidative stress; extracellular signal-regulated  
kinase -1 (ERK-1); hypoxia inducible factor-1 alpha (HIF-1α).



(766) Nermine Raouf Amin, et al.E.D.J. Vol. 62, No. 1

INTRODUCTION 

Oxidative stress implies a cellular state where 
reactive oxygen species (ROS) production exceeds 
the cell’s ability to metabolize them resulting in 
excessive accumulation of ROS which overwhelms 
cellular defenses (Ziech et al., 2011). Elevated 
levels of ROS were reported in precancerous 
and cancerous cells; which is attributed to active 
metabolism and dysregulation of several cellular 
events in these dysplastic cells, thus being finally 
under constant oxidative stresses (Hileman et al., 
2004 and Vairaktaris et al., 2008). 

This constant oxidative stress can activate 
a variety of transcription factors leading to the 
expression of many growth factors, inflammatory 
cytokines, cell cycle regulatory molecules and 
anti-inflammatory molecules (Reuter et al., 2010). 
Moreover, it may cause DNA, protein and/or 
lipid damage, leading to changes in chromosome 
stability, genetic mutation and/or modulation of cell 
growth which may play a role in the pathogenesis of 
cancer (Pavithra, 2014). 

The mitochondrion, the powerhouse of the cell, 
is one of the main sources where production of 
ROS takes place. That’s why it is a primary target 
for oxidative damage, resulting from accumulation 
of ROS in its matrix. Thus, it can function as an 
endogenous oxygen sensor (Wang et al., 2000 and 
Yu, 2011). Recent studies showed that increased level 
of mitochondrial ROS promotes overexpression of 
extracellular signal-regulated kinase-1 (ERK-1) in 
many cancers (Thannickal and Fanburg, 2000) 

ERK-1 is a member of mitogen-activated protein 
(MAP) kinase pathway; it is activated in response 
to various mitogenic factors, differentiation stimuli 
and cytokines. The ERK-1/2 MAP kinase pathway 
has emerged as a central regulator of cell prolifera-
tion by controlling both cell growth and cell cycle 
progression, in addition to inactivation of antipro-

liferative genes (Meloche and Pouysségur, 2007). 
ERK-1 activation is able to directly phosphorlylate 
the carboxy-terminal domain of hypoxia inducible 
factor-1 alpha (HIF-1α) (Lin et al., 2008) and stimu-
late its transcriptional activity (Dimova et al., 2009).

HIF-1α is considered as the master transcrip-
tional regulator of cellular response to hypoxia. 
It accumulates under low-oxygen conditions and 
drives the production of stress-adaptive proteins. 
This response is essential for maintenance of nor-
mal oxidative physiology; however its overexpres-
sion in cancer cells has promoted tumor survival. 
The dysregulation and overexpression of HIF-1α 
have been heavily implicated in cancer biology (Ti-
lakaratne & Nissanka-Jayasuriya, 2011).

Despite the interest in exploring the effect of 
oxidative stress and its underlying molecular changes 
in oral epithelial dysplasia (OED), this field is not 
adequately addressed. Accordingly, our goal was to 
study the effect of oxidative stress on mitochondrial 
ultrastructure in relation to ERK-1 and HIF-1α 
immunoexpression in OED induced in tongues of 
experimental mice in an attempt to understand their 
contribution to the development and progression of 
OED and their potential role as early markers for 
detection of malignant transformation.

MATERIAL AND METHODS

Experimental animals

The current study was carried out on 60 mice 
weighing 250±10gm. They were maintained in the 
animal house as an inbred colony, obtained from 
Faculty of Medicine, Cairo University, Egypt. Their 
ages ranged from 6-8 weeks; they were housed 
in stainless-steel cages, 5 animals per cage. They 
were allowed to grow under the same conditions 
of temperature (20º-26ºC) and humidity (40-70%) 
under a 12/12h light/dark cycle. 
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Experimental design

The selected experimental mice were randomly 
divided into two main groups (30 mice each): Control 
group (C group) and Experimental group (E group). 
In the E group, squamous cell carcinogenesis was 
induced in the tongues of the experimental mice. 
On the other hand, the C group was not exposed 
to any induction of carcinogenesis. Fifteen mice 
from each group were sacrificed ethically at 6-, and 
9-week intervals from the beginning of induction of 
carcinogenesis. 

Induction of squamous cell carcinogenesis

DMBA (7,12-dimethylbenz[a]anthracene) and 
formaldehyde were used to induce carcinogenesis 
in the experimental animals. These carcinogens 
were purchased from Sigma-Aldrich Chemical Pte 
Ltd, Cairo, Egypt. The dorsal and ventral surfaces 
of tongues of the animals were painted with 0.5% 
DMBA in acetone 3 days/week. Two weeks later, 
10% formaldehyde/water was used in combination 
with DMBA. Prior to carcinogens application, mice 
were anesthetized through intramuscular injection 
of Ketalar solution with a dose of 0.3 ml/100gm. 

Experimental animal sacrifice 

The experimental animals were sacrificed by an 
overdose of Ketalar anesthetic solution (1ml/100gm) 
according to the research animal guidelines of 
Euthanasia University of Minnesota (2009). The 
current experimental protocol was approved by 
the Department of Animal Care, Cairo University 
that adhered to the European Communities Council 
guiding principles for the care and use of laboratory 
animals. Besides, an ethical approval was given 
by the ethics committee in the Faculty of Oral and 
Dental Medicine, Cairo University.

Histological assessment of tissue changes

The tongue specimens taken from sacrificed 
animals at different week intervals were prepared 
to obtain paraffin-embedded tissue sections.  Small 
parts of one cubic mm were cut from each specimen 
(areas of interest) to be used for examination 
by the transmission electron microscopy. The 
paraffin-embedded tissue sections were stained 
with hematoxylin and eosin and studied under 
ordinary light microscope to monitor the production 
of epithelial dysplasia and invasive carcinoma. 
The diagnosis and grading of epithelial dysplasia 
was based on a combination of architectural and 
cytological changes as adopted by the WHO criteria 
(Barnes et al., 2005). Then the cases were divided 
into 2 groups: mild dysplasia (MD) and severe 
dysplasia (SD) groups. 

Transmission electron microscopy (TEM)

The small parts of one cubic mm were fixed in 
3% glutaraldehyde in phosphate buffer (pH 7.2) for 
6 hours. The specimens were then washed in three 
changes of phosphate buffer. Secondary fixation 
was achieved in 1% osmium tetra-oxide at 48 о C 
for 1.5 hours and then rinsed in phosphate buffer. 
Specimens were dehydrated in graded series of 
ethanol (50%, 70%, 85%, 95%, and 100%) for 10 
min. at each concentration. The specimens were 
then cleared in propylene oxide and embedded in 
epoxy resin. Semi-thin sections of 1–2 mm were cut 
and stained with 1% toluidine blue and examined 
by light microscope for detection of the site to be 
studied by TEM. Ultra-thin sections were then 
cut using the ultra microtome (Leica, Germany), 
mounted on copper grids and stained with uranyl 
acetate and lead citrate. The grids were examined by 
Joel 1200 EXII electron microscope (Joel, Peabody, 
MA, USA). All the procedure was carried out in the 
National Cancer Institute, Cairo University.
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Immunohistochemistry

Four microns thick paraffin embedded tissue 
sections on positively charged glass slides were 
immunostained with anti-ERK-1 and anti-HIF-1α 
antibodies with super sensitive biotin–streptavi-
din staining technique. Tissue sections were depa-
rafinized, rehydrated, and treated with 0.3% H2O2 
for 30 min. to block endogenous peroxidase activ-
ity. For antigen retrieval, the slides were boiled in 
10mM citrate buffer, pH 6.0 for 10–20min, followed 
by cooling at room temperature for 20 min.. The 
positive test slides were incubated with the primary 
antibodies: mouse monoclonal anti-ERK-1antibody 
(Cat # MA1-13041; Thermo Scientific, Labvision, 
Kalamazoo, MI, USA) and mouse monoclonal anti-
HIF-1α antibody (Cat # MA5-16008; Thermo Sci-
entific, Labvision, Kalamazoo, MI, USA) with the 
appropriate dilution range 1:100 for 30 min. at room 
temperature in a humidified chamber. On the other 
hand, the negative control slides were not exposed 
to the primary antibodies. After washing with phos-
phate buffer solution (PBS), the slides were treated 
with the biotin-labeled link antibody, and then the 
streptavidin conjugated to horseradish peroxidase 
was used. The diaminobenzedine (DAB) chromo-
gen was applied to visualize the antigen antibody 
reaction. All these reagents belong to the universal 
Labeled Streptavidin-Biotin 2 System, Horseradish 
Peroxidase (LSAB 2 system-HRP, code # K0673 
DakoCytomation, Glostrup, Denmark). All the 
slides were immersed in Mayer’s hematoxylin for 
counterstaining. Finally, the sections were covered 
by cover slips using aqueous mounting medium.

Immunohistochemical evaluation

The ordinary light microscope was used 
to detect and localize positive ERK-1 and  

HIF-1α immunostaining. Then, all the sections 
were examined by an image analyzer computer 
system using the software Leica Qwin 500 (Leica 
Microsystems Imaging Solutions Ltd, Cambridge, 
UK). Five random fields in each specimen were 
captured using a magnification (x400) to determine 
the area percentage of the positive cells.

Statistical analysis

The area percentage of both markers, anti ERK-1 
and HIF-1α, in the studied groups, was represented 
as mean values and standard deviations (SD) for 
statistical evaluation. The ANOVA test was used 
to compare the mean values among the control, 
mild dysplasia and severe dysplasia groups. At 
95% confidence interval, P-value was considered 
significant when P < 0.05.

RESULTS

I- Electron microscopic findings

Electron micrographs of C group showed mi-
tochondria containing a dense matrix and well-
organized inner-membrane cristae, predominantly 
oriented transverse to the long axis of the mitochon-
dria. The outer and inner mitochondrial membranes 
appeared intact. Contrarily, mitochondria showed 
slight changes in the MD group and more obvious 
changes in SD group in comparison to the C group. 
In the former group (MD), they showed slight loss 
of matrix density, slight degeneration of mitochon-
drial cristea, as well as being narrower, mis-orient-
ed and reduced in number. On the other hand, SD 
group showed swollen mitochondria with decreased 
electron density within the matrix, the cristae were 
noticeably thinner and often mis-oriented and/or de-
creased in number (fig. 1).
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II-Histopathological findings

a- Hematoxylin and eosin stained sections

The C group (sacrificed at both 6 and 9 week 
intervals) showed normal keratinized stratified 
squamous epithelium covering a connective tissue 
stroma (fig.2a). Concerning the MD group, 100% 
of cases sacrificed at 6 weeks interval showed 
hyperplastic hyperkeratinized stratified squamous 
epithelium. Twelve out of fifteen cases (80%) showed 
clubbing of rete ridges, and some signs of dysplasia 
(increased N/C ratio, nuclear hyperchromatism and 
pleomorphism) restricted to the basal 1/3 of the 
epithelium (fig. 2b). Loss of polarity of the basal 
cell layer and bizzare mitosis were seen in 4 cases 
(fig. 2c). The underlying connective tissue (100% of 
cases) was infiltrated with few chronic inflammatory 
cells (figs. 2b&c). 

About 75% of the cases sacrificed at 9 weeks 
interval showed hyperplastic stratified squamous 
epithelium of the tongue with dysplastic features 
in the form of loss of polarity, cell nest formation, 

increased N/C ratio, nuclear hyperchromatism and 
pleomorphism occupying the whole thickness of the 
epithelium (top to bottom changes) (fig. 3d and e). 
20% of the cases (3/15) showed loss of continuity 
of the basement membrane and presence of few 
epithelial cells in the underlying connective tissue 
(fig. 3f).

b- ERK-1 immunostained sections

Positive ERK-1 immunoreactivity was detected 
in about 75% of both C and MD groups, and 100% 
of SD group. While the ERK-1 positive cells were 
confined to the basal 1/3 of epithelium in both C 
and MD groups, they were observed throughout 
the epithelium in SD group. In C group, ERK-1 
showed faint cytoplasmic and nuclear expression in 
few cells in the basal 1/3 of the stratified squamous 
epithelium (fig.3a). The MD group showed weak 
nuclear immunoexpression in some dysplastic cells 
of the basal 1/3 of the epithelium (fig. 3b). The 
SD group showed strong cytoplasmic and nuclear 
immunoreactivity in dysplastic cells throughout the 
whole thickness of epithelium (fig. 3c). 

Fig. (1)  Electron micrographs showing 
a dense matrix, well-organized cristae 
(arrows) and intact outer and inner 
mitochondrial membranes in (C group) 
(Oig.Mag.X5000), slight loss of matrix 
density and slightly degenerated, 
narrower, misoriented and decreased 
in number mitochondrial cristea 
(arrow) in (MD group) (Oig.Mag.
X10000), swollen mitochondria with 
marked decrease in matrix density and 
noticeably thinner, misoriented and 
decreased number of cristae (arrow) in 
(SD group) (Oig.Mag.X10000).
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Fig. (2) (a) Normal keratinized stratified squamous epithelium of the dorsal surface of the tongue of C group (H&Ex200). (b) 
Hyperplastic hyperkeratinized stratified squamous epithelium with clubbing of the rete ridges and dysplastic features in 
basal 1/3 of MD group (H&E x200). (c) Bizarre mitosis is seen (yellow arrow) in basal 1/3 of epithelium of MD group 
(H&E x400). (d) Dysplastic features are seen throughout hyperplastic epithelium in SD group (H&E x200). (e) Cell nest 
formation (red arrows) in SD group (H&Ex400). (f) Loss of continuity of the basement membrane and presence of small 
epithelial masses in the underlying connective tissue are seen (H&E x200). Note chronic inflammatory cell infiltrate in the 
underlying connective tissue.
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c- HIF-1α immunostained sections

Positive HIF-1α immunoreactivity was detected 
in 80% of C group, 85% of MD group, and 100% of 
SD group. Unlike ERK-1, the HIF-1α positive cells 
were confined to the basal 1/3 of the epithelium in 
C group only, and were observed throughout the 
epithelium in both MD and SD groups (fig. 4). Weak 
cytoplasmic and nuclear HIF-1α immunoexpression 
were observed in few cells in the basal cell 
layer of stratified squamous epithelium of the C 
group (fig. 4a). Strong nuclear and cytoplasmic 
immunoexpression were detected throughout the 
epithelium of both MD and SD groups.  While the 
immnuoreaction was mainly nuclear in the MD 

group (fig. 4b), it was mainly cytoplasmic and 
membranous in the SD group (figs. 4c and d). 

III-Statistical findings

A highly significant difference was obtained 
on comparing the area percentage of positive 
immunoexpression of both ERK-1 and HIF-1α, 
where it increased significantly from normal C 
group to MD group and reached its highest values 
in the SD group (Table 1). Although the HIF-1α 
showed higher levels in normal C group and MD 
groups, the ERK-1 levels exceeded that of HIF-1α 
in the SD group. These values were represented in a 
bar chart (fig.5).

Fig.(3) (a) Faint cytoplasmic and nuclear ERK-1 immunoexpression in the basal 1/3 of 
stratified squamous epithelium of C group. (b)Weak nuclear immunoexpression 
in some dysplastic cells in the basal 1/3 of the epithelium of MD group. (c) 
In SD group, strong cytoplasmic and nuclear expression in dysplastic cells 
throughout the whole thickness of epithelium (anti ERK-1 antibody x200).



(772) Nermine Raouf Amin, et al.E.D.J. Vol. 62, No. 1

TABLE (1) Area percentage of positive immuno-
expression of both ERK-1 and HIF-1α 
among the experimental groups.

Groups C group MD group SD group

Mean± SD of ERK-1  1.984+0.842 9.345+1.21 37.916+4.58

P value 0.001**

Mean± SD of HIF-1α 3.822+1.78 12.34+1.93 20.484+5.34

P value 0.001**

Fig.(4) (a) Weak HIF-1α immunoexpression in few basal epithelial cells of C group.  (b) Strong nuclear and cytoplasmic expression 
in dysplastic cells throughout the epithelium of MD group. (c) Strong cytoplasmic and membranous expression throughout 
the epithelium of SD group (anti HIF-1α x200). (d) Higher magnification of SD group showing nuclear immunoexpression 
(red arrows) (anti HIF-1α x400).  

Fig. (5) A bar chart showing the area percentage of positive 
immunoexpression of both ERK-1 and HIF-1α among 
the experimental groups.
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DISCUSSION 

Comprehension of the underlying pathways 
governing the progression of oral premalignant 
lesions is of utmost importance. Focus on 
preinvasive stages of these lesions will allow us 
to identify early molecular events during cancer 
development (Banerjee, 2005). The development 
of oral cancer is a multistep process which includes 
hyperplasia, dysplasia and finally the tumor. 
The molecular analysis of these multiple steps is 
hampered by the unavailability of biopsies of all 
the stages of carcinogenesis. This highlights the 
significance of animal models of carcinogenesis 
that allow the reproducible isolation of all stages, 
including normal tissues, which are then amenable 
to pathological, genetic and biochemical analyses 
(Vairaktaris et al., 2008). 

In an attempt to develop oral carcinogenesis in 
animals, a number of chemical carcinogens have 
been used as coal tar and cigarette smoke. DMBA 
is one of the widely used potent carcinogens; it 
mediates the carcinogenic process by inducing 
chronic inflammation, over production of ROS and 
oxidative DNA damage (Suresh et al., 2010).

The mitochondria are the primary target 
for oxidative damage, leading to alterations in 
mitochondrial function and morphology (Wang et 
al., 2012). The structural mitochondrial changes 
in the present study revealed mitochondrial 
degeneration, loss of matrix density in addition to 
narrower, disoriented and reduced number of cristae 
in association with dysplastic changes which became 
more obvious in severe dysplasia. These findings 
are in accordance to Tamgadge et al. (2012) who 
illustrated that degeneration of mitochondria and 
disoriented cristae were suggestive of neoplastic 
changes in oral leukoplakia. 

Although mitochondrial morphological changes 
associated with cancer are varied, the finding of 
enlarged swollen mitochondria was also reported in 
pancreatic tumors (Volante et al., 2006) and clear 
cell carcinoma (Kwon et al., 1996). Furthermore, 

Chiche et al. (2010) attributed the unusual enlarged 
mitochondria to limited oxygen microenvironment. 
Although inconsistent reports of structural 
descriptions have rendered TEM valueless in the 
diagnosis and prognosis of oral precancerous and 
cancerous lesions (Tamgadge et al., 2012), our work 
proposed that degenerated mitochondria could be an 
indicative feature of dysplastic changes.

Concerning ERK-1, up-regulation was detected 
in the present study, due to increased levels of 
mitochondrial ROS as adopted by Thannickal and 
Fanburg (2000). Its overexpression appeared to be 
related to malignant potential, as reported in many 
cancerous lesions like OSCC (Mishima et al., 1998), 
melanoma (Zhuang et al., 2005) and breast cancer  
(Bartholomeusz et al., 2012). The results of Dong 
et al. (2014) showed that the increased expression 
of ERK-1 was closely correlated with malignant 
transformation of oral leukoplakia. Nuclear and 
cytoplasmic localization of ERK-1 was detected 
in the examined groups especially the SD group. 
This is in accordance to Furukawa et al. (2003) who 
declared that activation of MAP kinase pathway 
in the cytoplasm led to ERK-1 activation and its 
translocation into the nucleus, where it induces 
various gene expressions leading to cell growth and 
proliferation.

As regards HIF-1α, overexpression was observed 
in the current work. This could be attributed to the 
ability of mitochondria during hypoxia to convey 
signals to HIF-1α directly (Solaini et al., 2010) or 
indirectly through ERK activation which is involved 
in the hypoxia-induced transcriptional activity of 
HIF-1α  (Minet et al., 2000 ). Overexpression of 
HIF-1α was observed in breast cancer (Costa et 
al., 2001), OED and OSCC (Zhang et al., 2013).  
Lin et al. (2008) found that HIF-1α expression 
was significantly associated with tumor invasion, 
lymph node metastasis, clinical stage and prognosis 
of a variety of human cancers. Similarly, nuclear 
and cytoplasmic localization of HIF-1α were 
also detected. This is in agreement with De Lima 
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et al. (2014) who reported HIF-1α accumulation 
in the cytoplasm of premalignant cells, then its 
translocation into the nucleus where it drives the 
production of stress-adaptive proteins. This response 
is essential for maintenance of normal oxidative 
physiology, however it promotes cell survival and 
proliferation in cancer.

Our results showed a highly significant difference 
on comparing the area percentage of both ERK-1 
and HIF-1α immunoexpression, where it increased 
significantly from normal control to mild dysplasia 
and reached its highest values in the severe dysplasia 
group. This is in accordance with Lin et al. (2008) 
who illustrated a significant increase in HIF-1α 
labeling indices in normal oral epithelium through 
oral epithelial dysplasia and OSCC. Although the 
HIF-1α showed higher levels in normal control and 
mild dysplasia groups, the ERK-1 levels exceeded 
that of HIF-1α in the severe dysplasia group. This 
could shed the light on the importance of ERK-
1 as a more potent early predictor of malignant 
transformation.

Taken together, our findings have shown that al-
tered mitochondrial ultrastructure as well as over-
expression of hypoxia related proteins (ERK-1 and 
HIF-1α) could be indicative features of dysplastic 
changes, might play important roles in progression 
of oral carcinogenesis and act as valuable prognos-
tic markers.  Their overexpression represented an 
early event in oral carcinogenesis that could be em-
ployed as new therapeutic strategies in the future.
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