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Abstract. The aim of the present study was to evaluate sex 
differences in tumorigenesis by assessing the number of 
Ki‑67‑positive cells [Ki‑67(+)] in urethane‑induced mice 
lung tumors and the effect of sodium valproate (NaVP) in 
BALB/c mice. Gonad‑intact and gonadectomized female and 
male mice were divided into the following groups: i) Treated 
with urethane, ii)  treated with urethane and NaVP and 
iii) gonad‑intact or gonadectomized control. Urethane (total 
50 mg/mouse) was injected intraperitoneally. The NaVP 0.4% 
solution was administered orally for 6 months. Histologically, 
lung tumors were divided into adenomas and adenocarcinomas 
and assessed immunohistochemically using antibodies against 
Ki‑67. The Ki‑67(+) was calculated per one mm2 of a tumor. 
In adenomas, Ki‑67(+) in the urethane‑treated gonad‑intact 
males was significantly higher than in females (P=0.001) 
and in castrated males (P<0.01); Ki‑67(+) in adenomas of the 
urethane‑treated gonad‑intact males was significantly higher 
than in urethane‑NaVP‑treated ones (P<0.04). No significant 
differences were found in analogous female groups. In adeno-
carcinomas, Ki‑67(+) in urethane‑treated gonad‑intact males 
was significantly higher than in females and gonadectomized 
mice of both sexes (P<0.001), and in ovariectomized females 
was significantly higher than in ovary‑intact group (P=0.01). A 
significantly higher number of Ki‑67(+) cells were observed in 
gonad‑intact adenocarcinomas of the urethane‑NaVP‑treated 

females compared with the urethane‑treated ones (P<0.001). 
Comparing between urethane‑NaVP‑treated gonadectomized 
males and females in adenocarcinomas, determined that 
Ki‑67(+) was significantly lower in females (P=0.005). In 
adenocarcinomas, Ki‑67(+) in urethane‑NaVP‑treated gonad-
ectomized males and females was significantly lower than in 
gonad‑intact mice of the same sex (P<0.001). In summary, 
gonadectomy with NaVP treatment decreased Ki‑67(+) in 
adenocarcinomas for mice of both sexes. The results of the 
present study indicate sex‑related differences in mice lung 
tumorigenesis, and a sex‑related effect of NaVP on progression 
in urethane‑induced BALB/c mice lung tumors. 

Introduction

Lung cancer is the leading cause of cancer‑associated mortality 
in many parts of the world (1) and the epidemiology of human 
lung cancer differs between men and women (2). There are 
two main types of lung cancer: Small cell lung cancer and 
non‑small cell lung cancer (NSCLC). Approximately 80% of 
all lung cancers are classified histologically as NSCLCs, of 
which adenocarcinoma is the most common type (3,4). The 
proportion of histological types denotes sex‑related differences, 
with adenocarcinoma being more common among women, and 
differing survival rates between men and women (5,6). A large 
prospective study of men and women from the general popula-
tion of Denmark revealed that increased blood testosterone 
level was associated with an increased risk (30‑80%) of early 
death following cancer diagnosis (7). A 2008 study in humans 
revealed that androgens may serve a greater role in lung carci-
nogenesis than previously thought (8). Androgen‑regulated 
target genes are involved in several biological processes of 
the lungs in both sexes of mice (9). Estrogen, progesterone, 
androgen receptors are present in malignant lung tissue, 
indicating that gonadal hormones serve a role in lung cancer 
biology (8‑14).

Urethane‑induced lung tumor mice models have been 
accepted for use in investigations of human lung adenocarci-
noma, and in mouse models of lung tumors urethane has been 
used as a carcinogen that specifically induces the development 
of lung adenoma and adenocarcinoma from alveolar type 
II pneumocytes and Clara cells  (15,16). Chemo‑preventive 
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studies have been performed using the urethane‑induced 
lung cancer mouse model to study lung adenomas or 
adenocarcinomas (4,17).

The histone deacetylase inhibitor sodium valproate 
(NaVP) has potent antitumor effects in a variety of in vitro 
and in vivo systems, and has demonstrated encouraging results 
in early clinical trials in monotherapy and in combination 
with demethylating and/or cytotoxic agents  (18,19). It was 
also demonstrated that NaVP could interact with estrogen 
and androgen receptors in cell culture (20). A recent study by 
the present authors reported sex‑related NaVP effect particu-
larities of the urethane‑induced mouse lung tumorigenesis 
initiation in BALB/c mice (21). NaVP in the urethane‑induced 
BALB/c mouse model was found to synergistically enhance 
urethane lung tumorigenicity in testes‑intact male mice. When 
comparing the number of tumors per mouse in non‑castrated 
urethane‑treated and urethane‑NaVP‑treated males, tumors 
were found significantly more often in males treated with 
urethane in combination with NaVP compared with females, 
where no such NaVP effect was observed (21). Comparing 
the number of tumors per mouse in urethane‑NaVP‑treated 
ovary‑intact and urethane‑NaVP‑treated ovariectomized 
females, lung tumors were found significantly more often in 
urethane‑NaVP‑treated ovariectomized females and NaVP was 
associated with a significant decrease in the number of adeno-
carcinomas in ovariectomized BALB/c female mice (22).

The Ki‑67 protein is a well‑established prognostic marker 
for various types of cancer including NSCLC (23‑25). Ki‑67 is 
expressed in proliferating cells throughout the cell cycle, but 
not in quiescent (G0) cells (26). Ki‑67 serves an important role 
in acquiring biological malignant potential in early‑stage of 
lung adenocarcinoma (27) and it has been demonstrated that 
high levels of Ki‑67 in tumor cells are a poor prognostic factor 
for 3‑year overall survival among these patients (28).

The aim of the present study was to evaluate sex differences 
in urethane‑induced mice lung tumorigenesis by investigating 
the effect of NaVP on the expression of Ki‑67‑positive cells 
[Ki‑67(+)] in urethane‑induced lung adenomas and adeno-
carcinomas of gonad‑intact and castrated male and female 
BALB/c mice groups, and in non‑treated and NaVP‑treated 
mice of both sexes. The results of the present study indicate 
the sex‑related differences in the progression of tumorigenesis 
and the effect of NaVP on these processes in urethane‑induced 
BALB/c mice.

Materials and methods

Animal model. The BALB/c mouse lung tumor model is one 
of the assays used to investigate cancer modulative agents. A 
total of 180 BALB/c mice were purchased from the Animal 
Facility of the Lithuanian University of Health Sciences 
Veterinary Academy (Kaunas, Lithuania). All experiments 
were performed in compliance with the relevant laws and 
institutional guidelines. The permission of the State Food 
and Veterinary Service of Lithuania (Vilnius, Lithuania) to 
use experimental animals for the current study was obtained 
(No. 2; 25/07/2013). Mice were housed in standard colony 
cages and acclimated for 1 week prior to the study; they were 
housed at 21±1˚C with constant humidity and a 12 h light/dark 
cycle. A commercial pellet diet was provided ad libitum. In 

total, 180 BALB/c mice were used in the experiment, divided 
into 12 groups (n=15 in each group). Intact mice were divided 
into male and female groups, each of which was randomly 
divided into the following 3 groups: i) Treated with urethane; 
ii)  treated with urethane and NaVP; and iii)  intact control. 
Ovariectomized female mice and castrated male mice were 
divided into the same groups. Mice gonadectomy was performed 
prior to begining of the experiment at the age of 5‑6 weeks: 
Male gonadectomy was performed by orchiectomy using the 
scrotal approach, and female ovariectomy was performed by 
midline laparotomy. The following preparations for anesthesia 
were used for gonadectomy: Sedator 1  mg/kg intramus-
cular injection (i.m.) (Eurovet Animal Health B.V., Bladel, 
Netherlands), Bioketan 75 mg/kg i.m. (Vetoquinol Biowet, 
Gorzów, Poland), and Atipam 2 mg/kg i.m. as an antidote of 
Sedator (Eurovet Animal Health B.V.). In the urethane‑treated 
groups, 10 mg urethane/mouse (Sigma‑Aldrich; Merck KGaA, 
Darmstadt, Germany) in 0.2 ml 0.9% sodium chloride solu-
tion (AB Sanitas, Kaunas, Lithuania) was administered twice 
per week via intraperitoneal injection (5 doses; total dose 
50 mg/mouse). Four of the urethane‑treated groups were also 
treated with NaVP (Sigma‑Aldrich; Merck KGaA). The total 
duration of the experiment and NaVP treatment was 6 months. 
The NaVP 0.4% aqueous solution was the only source of 
drinking water offered to NaVP‑treated animals ad libitum 
in aluminum foil‑wrapped bottles to avoid light decomposi-
tion. Controls and non‑NaVP urethane‑treated groups were 
provided with fresh drinking water ad  libitum. Male and 
female mice were studied simultaneously under the same 
conditions; the urethane‑NaVP‑treated castrated male and 
ovariectomized female mice were first provided with NaVP 
one week following castration, together with the first injection 
of urethane, at 6‑7 weeks of age.

Mice were euthanized in CO2 cages (19.05x12.71x29.21 cm). 
The CO2 flow rate was 1.5  l/min and the final concentra-
tion of CO2 was 20%. Rapid unconsciousness was achieved 
with minimal distress to the animals. Lungs were carefully 
removed and fixed in a 10% neutral buffered formalin solution 
at room temperature for 2 weeks and taken for macroscopic 
evaluation as previously described (21,22). The percentage of 
animals with lung tumors and the mean number of tumors per 
tumor‑bearing mouse were recorded only in mice that survived 
up to the end of the experiment in each group. Some animals 
died naturally during the first five months of the experiment. 
The numbers of mice that survived in each group are shown 
in Table I.

Histological and immunohistochemical investigation of 
lungs. Following macroscopic examination, lungs were 
divided into lobules. Lobules were embedded in paraffin 
and cut into 3  µm sections using a LEICA RM 2155 
microtome (Leica Microsystems, Inc., Buffalo Grove, IL, 
USA). Standard hematoxylin and eosin (HE) staining was 
performed. A light microscope was used to visualise the 
slides. Immunohistochemical staining using Ki‑67 antibodies 
was performed as follows. Histological samples were added 
to Superfrost adhesion histological slides (Thermo Fisher 
Scientific, Inc., Waltham MA, USA), straightened in a water 
bath, dried on a heating board and placed in a thermostat at 
37˚C for 24 h. Slides had been stored at 56˚C for 2 h prior 
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to staining. A standard deparaffinisation technique was 
conducted. Briefly, slides were placed into xylene for 5 min 
three times at room temperature and then into ethanol of 
different concentrations (90% ethanol for 2 min, 80% ethanol 
for 2 min, 70% ethanol for 2 min). The slides were placed in 
distilled water for 1 min three times. Epitope retrieval was 
performed using an epitope retrieval solution (pH 9; Dako; 
Agilent Technologies, Inc., Santa Clara, CA, USA) in a pres-
sure cooker (110˚C for 3 min at 15 psi). Slides were stained 
using the Thermo Shandon cover plate system (Thermo Fisher 
Scientific, Inc.). Peroxidase blocking was performed with a 
peroxidase blocking solution (Dako REAL™; Dako; Agilent 
Technologies, Inc.) with a Tween 20 wash buffer for 10 min 
at room temperature (Dako; Agilent Technologies, Inc.). 
Primary antibody solution (anti‑Ki‑67 [SP6]; 1:50; ab16667, 
Abcam, Cambridge, UK) was added with incubation for 1 h 
at room temperature. Slides were washed with Tween 20 wash 
buffer, and the secondary antibody was added (EnVision™ 
FLEX+ MOUSE (LINKER), K8002 K8021; Dako; Agilent 
Technologies, Inc.) which was followed by the FLEX/HRP 
(EnVision™ FLEX/HRP SM802 REF K8000 K8002 K8023; 
Dako; Agilent Technologies, Inc.), both with incubation for 
30 min at room temperature. Slides were again washed with 
Tween 20, a 3,3'diaminobenzidine chromogen (Dako; Agilent 
Technologies, Inc.) was added, and slides were washed once 
more. Slides were counterstained using Mayer's hematoxylin 
and covered with covering glasses. Histological slides were 
evaluated using an OLYMPUS BX 40F4 microscope 
(Olympus Corporation, Tokyo, Japan) supplied with the XC30 
digital camera (Olympus Corporation). A magnification of x4 
was used to evaluate the tumor size and position in the lobule 
and a magnification of x40 was used to evaluate the tumor type 
and malignancy. Histomorphometric analysis was performed 
by two independent researchers using the Cellsens Dimension 
2010 software (version 1.3; Olympus Corporation).

Mice lung tumors were divided into two groups according 
to their morphology (Fig 1): Adenoma (Fig. 1A and C) and 
adenocarcinoma (Fig. 1B and D). The criteria used to divide 
urethane‑induced mice lung tumors into adenoma and adeno-
carcinoma were as previously described (29‑31).

Proliferating cell count. A total of 5 tumors were randomly 
selected from each group. The number of proliferating cells 
was counted by calculating the number of Ki‑67 positive cells 
[Ki‑67(+)] in each field for adenoma and adenocarcinoma 
using the Olympus XC30 microscopic camera (magnification, 
x40; Olympus Corporation) and the Cellsens Dimension 2010 
software. When calculating the Ki‑67(+), all fields of vision 
were tested. Tumors were of unequal size and they contained 
different numbers of visual fields. The calculation was 
performed for all fields, which caused there to be an unequal 
number of fields calculated in each group. The area of each 
field was 23817 µm2, and the number of Ki‑67(+) was recalcu-
lated per 1 mm2.

Statistical analysis. Statistical analysis was performed using 
SPSS version 20.0 (IBM SPSS, Armonk, NY, USA). Data on 
Ki‑67(+) were expressed as the median and range and evalu-
ated as nonparametric data. The Kruskal‑Wallis test was used 
to evaluate differences among the groups. The Mann‑Whitney 

U‑test was used to compare Ki‑67(+) expression and to calcu-
late the differences between the adenoma and adenocarcinoma 
scores among the groups. P<0.05 was considered to indicate a 
statistically significant difference.

Results

Survival of mice in investigated groups. Of the 180 mice 
in the current study, 154 mice survived until the end of the 
study. All mice of both sexes in the intact control and intact 
NaVP‑treated groups survived until the end of the experi-
ment 6 months later. In the male urethane‑treated group, 
from 15 mice, 13 survived; in the urethane‑NaVP male group, 
11  mice survived; in the female urethane‑treated group, 
10  mice survived; in the urethane‑NaVP‑treated group, 
13 mice survived. Autopsies of the mice that succumbed 
during the fifth month revealed that in intact urethane‑ and 
urethane‑NaVP‑treated groups, benign lung tumors had 
developed in all cases and data from these animals were not 
included in the statistical assessments.

All castrated control males survived until the end of the 
experiment. A total of 12 control ovariectomized female mice 
survived, 12 female mice in the urethane‑treated group survived, 
and 9 castrated male mice in the urethane‑NaVP‑treated group 
survived until the end of the experiment. Data from surviving 
mice is presented in Table I.

Lung tumor initiation in gonad‑intact, gonadectomized 
urethane‑ and urethane‑NaVP‑treated mice groups. Lung 
tumors were not observed in intact control male and female 
mice or in the control gonadectomized female mice, following 
both macroscopic and microscopic evaluation. Small (<1 mm), 
sporadic tumors were found in the lungs of 2 mice from 
the castrated male control group (2 tumors in one mouse 
and 1 in the lung of the other mouse). All gonad‑intact and 

Table I. Tumor induction in the investigated mice groups.

		   	 Mice with 
Groups	 Sex	 Number	 tumors (%)

Gonad‑intact			 
  Control	 Male	 15	 0
	 Female	 15	 0
  Urethane‑treated	 Male	 13	 100
	 Female	 10	 100
  Urethane‑NaVP‑treated 	 Male	 11	 100
	 Female	 13	 100
Gonadectomized			 
  Control	 Male	 15	 13.3
	 Female	 12	 0
  Urethane‑treated	 Male	 15	 100
	 Female	 12	 100
  Urethane‑NaVP‑treated	 Male	 9	 100
	 Female	 14	 100

NaVP, sodium valproate.
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gonadectomized urethane‑treated mice of both sexes devel-
oped lung tumors (Table I).

Lung adenoma and adenocarcinoma in mice groups by histo‑
logical examination data. HE‑stained slides of mouse lung 
lobules were examined histopathologically and tumors in each 
group were divided into adenomas and adenocarcinomas (Fig. 1). 
Adenomas were characterized as having clear borders, cells and 
nuclei of a similar size, and no compression of neighboring 
tissues (Fig. 1A and C). Adenocarcinomas compressed the 
neighboring tissues and nuclear pleomorphism was observed; 
cells also differed in size and shape (Fig. 1B and D). As shown in 
Fig. 1E, Ki67 (an indicator of cell proliferation) was observed in 
the adenoma of gonad‑intact urethane‑NaVP‑treated male mice. 
As shown in Fig. 1F, Ki‑67 antibody was also observed in the 
adenocarcinoma of gonad‑intact urethane‑NaVP‑treated male 
mice. In adenocarcinoma‑type tumors, mitotic figures were 
observed, some nuclei looked ‘empty’, and their size differed 
(Fig. 2A), the nuclei were atypical, the position and number of 
nucleoli were different in various cells (Fig. 2B), hemorrhage 
was observed (Fig. 2C) and part of the adenocarcinoma was 
surrounded by cuboidal epithelial cells (Fig. 2D).

Ki‑67(+) in adenomas of mice groups. The number of fields 
investigated for adenoma and adenocarcinoma tumors in mice 
groups is presented in Table II. Ki‑67(+) in the gonad‑intact 
male urethane‑treated group adenomas was significantly 
higher than in the adenomas of urethane‑treated gonad‑intact 
females (P<0.001). In the urethane‑treated groups, Ki‑67(+) was 
found to be significantly higher in adenomas of gonad‑intact 
males compared with castrated males (P<0.01), whereas no 
significance difference was found between analogous female 
groups. In the gonad intact males, Ki‑67(+) was significantly 
higher in the urethane‑treated group compared with the 
urethane‑NaVP‑treated group (P<0.04), and no significant 
difference was found between analogous female mice groups. 
There was no significant difference in Ki‑67(+) between 
adenomas in urethane‑NaVP‑treated non‑castrated males and 
gonad‑intact urethane‑NaVP‑treated female groups (Table II).

Ki‑67(+) in adenocarcinomas of mice groups. There was a 
significant sex‑related difference in Ki‑67(+) between the 
adenocarcinomas of urethane‑treated gonad‑intact males and 
females; Ki‑67(+) was significantly higher in male compared 
with female mice (P<0.001; Fig. 3A). No significant sex‑related 
difference in number of proliferating cells in adenocarcinomas 
was found between urethane‑NaVP‑treated gonad‑intact males 
and females (Fig. 3B).

Ki‑67(+) was significantly higher in adenocarcinomas of 
urethane‑treated gonad‑intact males than in urethane‑treated 
castrated males (P<0.001; Fig. 3A). By contrast, Ki‑67(+) in the 
urethane‑treated ovariectomized female mice was found to be 
significantly higher than in the gonad‑intact urethane‑treated 
females (P=0.01; Fig. 3A).

A significantly higher Ki‑67(+) was observed in the 
gonad‑intact urethane‑NaVP‑treated female group than in 
gonad‑intact urethane‑treated females (P<0.001; Table  II). 
No significant difference in Ki‑67(+) was found between 
urethane‑treated and urethane‑NaVP‑treated testes‑intact 
males (Table II).

Figure 1. Adenoma and adenocarcinoma type tumors. HE staining and 
immunohistochemistry with Ki‑67 antibody. (A) Adenoma. Arrow indi-
cates that there is no compression to neighboring tissues. HE staining, 
magnification x4. Scale 200 µm. (B) Adenocarcinoma. Arrows indicate 
compression to surrounding tissues. HE staining, magnification x4. Scale 
200 µm. (C) Adenoma. Arrows indicate cell nuclei that are of the same size 
and shape. Cells also are of similar size and shape. Cytoplasm is eosino-
philic. HE staining, magnification x40. Scale 20 µm. (D) Adenocarcinoma. 
Arrows indicate cell nuclei that are of different size and shape. Cells also are 
of different shape and size. HE staining, magnification x40. Scale 20 µm. 
(E) Adenoma of gonad‑intact urethane‑NaVP‑treated male mice. Arrows 
indicate mitotic (proliferating) cells. Immunohistochemistry with Ki‑67 anti-
body, magnification x40. Scale 20 µm. (F) Adenocarcinoma of gonad‑intact 
urethane‑NaVP‑treated male mice. Arrows indicate mitotic (proliferating) 
cells. Immunohistochemistry with Ki‑67 antibody, magnification x40. Scale 
20 µm. HE, hematoxylin and eosin; NaVP, sodium valproate.

Figure 2. Adenocarcinomas. hematoxylin and eosin staining, magnification 
x40. Scale 20 µm. (A) Arrows indicate ‘empty’ cell nuclei, black arrowheads 
indicate mitotic figures in the cells. (B) Arrows indicate atypical nuclei of 
different size and shape. Arrowheads indicate nuclei with different number 
of nucleoli. Nucleoli are of different size, shape and position in the nucleus. 
(C) Arrows indicate hemorrhage in the tumor. (D) Arrows indicate cuboidal 
epithelium that covers the tumor.
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A similar Ki‑67(+) in adenocarcinomas was found for 
the urethane‑treated gonadectomized males and females 
(Fig. 3A). However, a significant sex‑related difference was 
found between urethane‑NaVP‑treated gonadectomized males 
and females; Ki67(+) was significantly lower in female adeno-
carcinomas (P=0.005; Fig. 3B; Table II).

For both male and female mice, Ki‑67(+) was significantly 
lower in the gonadectomized urethane‑NaVP‑treated groups 
compared with the gonad‑intact groups (both P<0.001; Fig. 3B). 
No significant difference was observed when comparing Ki‑67(+) 
between urethane‑ and urethane‑NaVP‑treated males in the 
adenocarcinomas from castrated male mice; however, Ki‑67(+) 
was significantly decreased in the urethane‑NaVP‑treated 
ovariectomized female adenocarcinomas compared with the 
urethane‑treated female group (P<0.001; Table II).

A comparison of Ki‑67(+) in adenomas and adenocarcinomas 
of the same group revealed significantly higher Ki‑67(+) in adeno-
carcinomas compared with adenomas in the urethane‑treated 
ovariectomized females (P=0.01), urethane‑NaVP‑treated 
gonad‑intact males (P<0.003), and females (P<0.001; Table II), 
as well as gonadectomized males (P<0.02). Increased Ki‑67(+) 
in adenocarcinomas vs. adenomas was noted in all groups apart 
from urethane‑NaVP‑treated gonadectomized females.

Discussion

Sex differences of lung cancer pathogenesis in mouse models 
have previously been reported (32,33). Carcinogen‑induced 

sex‑related lung cancer and spontaneous pulmonary adenomas 
in mice are determined by multiple genetic loci (34). Compared 
with human lung adenocarcinoma, the mouse‑urethane model 
exhibits similar histological features and molecular changes, 
and serves as a valuable tool for understanding basic lung 
tumor biology and developing novel tumor intervention 
strategies (17,35). BALB/c mice are considered susceptible 
to the tumorogenetic effects of urethane (36), which initiates 
the development of lung tumors in the airway epithelial cells 
of mice (35). In this system, tumor development follows a 
well‑characterized pattern: Hyperplasia, adenoma and adeno-
carcinoma manifest at ~8, 16, 40 weeks following urethane 
treatment, respectively, and some of the adenomas develop 
into adenocarcinomas over time (21,29,35,37). To date, there 
have been few studies investigating the effect of medicinal 
products on this transformation and of sex‑related differences 
on tumorigenesis initiation or progression.

Ki‑67 expression serves as an indicator of increased 
proliferation of lung cancer cells in experimental and clinical 
models  (38,39). Previous immunohistochemical studies 
demonstrated that carcinogen‑induced Ki‑67 expression 
in the lung tissue is associated with the progression of lung 
tumors (40,41). Ki‑67 is expressed in the nuclei of prolifer-
ating cells during all active cell cycle phases (G1, S, G2, and 
mitosis) but not in quiescent cells (G0). This makes it a reli-
able marker for tumor progression assessment (41) and it has 
been used to evaluate cancer treatment strategies (42). The 
effects of medicinal products on progression or suppression of 

Table II. The numbers of Ki‑67 cell in lung adenomas and adenocarcinomas of investigated mice groups. 

	 Adenoma	 Adenocarcinoma
	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑ 
		  Tested	 Ki‑67(+) per mm2, 	 Tested	 Ki‑67(+) per
Groups	 Sex	 fields, n	 median (range)	 fields, n	 mm2, median (range)

Gonad intact					   
  Control	 Male	 0	 0	 0	 0
	 Female	 0	 0	 0	 0
  Urethane‑treated	 Male	 26	 314.90a,b,c (0.00‑755.76)	 56	 335.89h (41.99‑713.78)
	 Female	 26	 104.97 (0.00‑545.83)	 48	 125.96i (0.00‑671.79)
  Urethane‑NaVP‑treated 	 Male	 14	 125.96d (0.00‑461.86)	 35	 377.88 (0.00‑755.76)
	 Female	 21	 83.97e (0.00‑335.89)	 83	 293.91 (0.00‑797.75)
Gonadectomized					   
  Control	 Male	 0	 0	 0	 0
	 Female	 0	 0	 0	 0
  Urethane‑treated 	 Male	 23	 125.96 (0.00‑545.83)	 30	 146.95 (0.00‑671.79)
	 Female	 20	 104.97f (0.00‑419.87)	 34	 230.93j (41.99‑545.83)
  Urethane‑NaVP‑treated	 Male	 12	 83.97g (0.00‑293.91)	 26	 230.93k (41.99‑419.87)
	 Female	 24	 125.96 (0.00‑377.88)	 74	 125.96 (0.00‑335.90)

aP<0.04 vs. adenoma of gonad‑intact urethane‑NaVP‑treated males, bP<0.001 vs. adenoma of gonad‑intact urethane‑treated females, cP<0.01 vs. 
adenoma of gonadectomized urethane‑treated males, dP<0.003 vs. adenocarcinoma of urethane‑NaVP‑treated gonad‑intact males, eP<0.001 vs. 
adenocarcinoma of urethane‑NaVP‑treated gonad‑intact females, fP=0.01 vs. adenocarcinoma in the urethane‑treated ovariectomized females, 
gP<0.02 vs. adenocarcinoma of urethane‑NaVP‑treated gonadectomized males, hP<0.001 vs. adenocarcinoma of gonad‑intact urethane‑treated 
females, iP<0.001 vs. adenocarcinoma of gonad‑intact urethane‑NaVP‑treated females, jP<0.001 vs. adenocarcinoma of gonadectomized 
urethane‑NaVP‑treated females, kP<0.005 vs. adenocarcinoma of gonadectomized urethane‑NaVP‑treated females. NaVP, sodium valproate; 
Ki‑67(+), Ki‑67 positive cell.
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tumor cell proliferation, or the mechanisms responsible for the 
transformation of adenomas to adenocarcinomas, remain to be 
elucidated. To the best of our knowledge, there are currently 
no data concerning sex‑related differences in Ki‑67 expression 
at various stages of lung tumors in BALB/c mice.

NaVP is recognized as a histone deacetylase (HDAC) 
inhibitor, which induces the differentiation of transformed 
cells and exhibits antitumor properties in clinical and preclin-
ical studies via modulation of multiple pathways including 
cell cycle arrest, cell differentiation and apoptosis (19,43‑45). 
The sex‑related differences in HDAC regulation of cells have 
previously been reported (46). In mice models, HDAC serves 
a dual role in tumorigenesis; it is oncosuppressive in the early 
stages and oncogenic in established tumor cells (47).

The results of the present study found that all 
urethane‑treated BALB/c mice groups developed tumors with 
no sex‑related differences in the number of tumors detected per 
mouse. To the best of our knowledge, there are no published 
data on sex‑related differences in urethane‑induced tumori-
genesis initiation in BALB/c mice. It has been reported that 
urethane‑induced lasting lung inflammation and DNA injury 
in BALB/c mice is associated with glycolytic stress, with an 
increase in lactate and reactive oxygen species (ROS) in the 
lungs (48). The primary candidates that cause DNA damage 
and urethane‑promoted epithelial‑mesenchymal transition 
are glycolytic levels and related ROS; these processes are not 
only secondary side effects of cancer transformation, they 
also directly initiate tumorigenesis (48). In the present study, 
NaVP + urethane increased the number of tumors per mouse 
in testes‑intact BALB/c male; however, no such synergistic 
effect was observed in gonad‑intact female mice. These data 
indicate that testosterone, together with urethane, may serve 
an important role in the initiation of tumorigenesis in male 
testes‑intact BALB/c mice. The NaVP action mechanism may 
also be associated with the effect of gonadal hormones; NaVP 
treatment was associated with an increase in testosterone 
levels and a reduction in estrogen serum levels in the absence 
of significant effects on gonadotropins (49).

There is experimental evidence demonstrating the effect 
of NaVP on ROS and the potential role of oxidative stress 
in NaVP‑associated toxicity  (50). Compared with females, 

males express lower levels of antioxidants and consequently 
experience a higher rate of oxidative damage by ROS (51‑53). 
Genetic overexpression of antioxidant enzymes in females 
may be associated with the activation of estrogen recep-
tors (54) and testosterone appears to diminish the efficacy of 
the defense system against oxidative stress (55). NaVP causes a 
significant increase in the number of tumors in ovariectomized 
urethane‑NaVP‑treated BALB/c female mice compared with 
ovariectomized urethane‑treated BALB/c female mice (22). 
It has been demonstrated that serum estradiol concentration 
in female mice significantly decreases following ovariectomy, 
whereas testosterone concentration is slightly increased, 
as secretion from the adrenal cortex may be augmented 
in ovariectomized female mice (56,57). This imbalance in 
gonad hormones, with an increased testosterone level in 
urethane‑NaVP‑treated ovariectomized female mice, may be 
responsible for the increased initiation of lung tumors in such 
mice. The increased initiation of mice lung tumors may also be 
associated with the absence of the estrogen receptor‑β (ERβ) 
tumor expression in gonadectomized mice, as the decreased 
expression of ERβ in mouse lungs is recognized as a lung 
tumor‑related factor (58). The ERß is the predominant form of 
estrogen receptor expressed in mouse lungs (59). Ovariectomy 
in mice increases their vulnerability to oxidative damage; 
however, decreased estrogen level does not fully explain the 
differences in antioxidant defenses (55).

The present study found that Ki‑67(+) in gonad‑intact male 
urethane‑treated adenomas was significantly higher than in the 
adenomas of urethane‑treated gonad‑intact females; however 
no such sex difference was observed in Ki‑67(+) in adenomas 
from gonadectomized mice. NaVP treatment decreased 
Ki‑67(+) in gonad‑intact male adenomas only, and Ki‑67(+) 
was significantly higher in adenomas of urethane‑treated 
gonad‑intact males compared with castrated males. These data 
indicate that testosterone is involved together with urethane 
in the tumorigenesis of testes‑intact BALB/c mice via activa-
tion of adenoma cell proliferation. Ki‑67 is a proliferating 
cell nuclear antigen that is closely correlated with DNA 
synthesis and is thus an important indicator of the tumor 
cell proliferation (60). In various types of cancer, including 
lung cancer (61), the level of Ki‑67 expression represents the 

Figure 3. Ki‑67(+) cells in 1 mm2 of tumor in the urethane‑ and urethane‑NaVP‑treated, gonad‑intact and gonadectomized male and female mice groups in 
adenocarcinoma. (A) Urethane‑treated mice groups. (B) Urethane‑NaVP‑treated mice groups. Ki‑67(+), the number of Ki‑67 positive cells; NaVP, sodium 
valproate.
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proliferation index and Ki‑67 overexpression is a predictor of 
tumor progression (42).

The mechanisms by which Ki‑67 regulates cancer progres-
sion are unclear. The results of the present study suggest a 
significant sex‑related difference in Ki‑67(+) of adenocarci-
nomas in urethane‑treated gonad‑intact males and females: The 
number of Ki‑67(+) was higher in adenocarcinomas in males 
compared with adenocarcinomas in females. Testosterone 
has previously been reported to stimulate the growth of lung 
cancer cells that express androgen receptors (12). Furthermore, 
Mikkonen et al (11) suggested that androgen nuclear receptors 
serve a role in lung cancer biology, and that castration signifi-
cantly decreases Ki‑67(+). According to data of the present 
study, ovariectomy, conversely, had the opposite effect‑Ki‑67 
expression increased in adenocarcinomas of gonadectomized 
urethane‑treated females as compared with gonad‑intact 
urethane‑treated females. These data support the suggestion 
that testosterone may be important not only for the initiation of 
urethane‑induced tumorigenesis, but also for its progression in 
males. This may also be the case in urethane‑treated ovariec-
tomized BALB/c female mice; although estradiol serum levels 
significantly decrease following ovariectomy, testosterone 
concentration is augmented in ovariectomized female mice 
due to increased secretion from the adrenal cortex (51,52). 
Ovariectomy decreases ERβ expression in the cells and this 
may inhibit the progression of tumorigenesis (53). A previous 
study determined that urethane‑induced mice lung tumors 
in the estrogen treatment group increased the expression of 
ERβ and that estrogen receptor antagonists prevented the 
progression of urethane‑induced mice lung tumors  (62). 
Moreover, preclinical data suggest that estrogen is a driver of 
lung cancer (13). Estrogen promotes the development of lung 
adenocarcinoma and this may be associated with the activa-
tion of signaling pathways in which ERs serve an important 
role in the progression of lung tumors in mice  (63,64). In 
the present study, lung tumor progression in mice was found 
to be sensitive to estrogen, indicating that tumor grade was 
higher in ovary‑intact than in ovariectomized mice (63). The 
G‑protein‑coupled ER mediates the 17β‑estradiol‑induced 
progression of NSCLCs  (65). It has been reported that 
17β‑estradiol and IL‑6 may act synergistically to enhance 
the sex bias in experimental inflammation and tumor 
progression (66); overexpression of IL‑6 may induce chronic 
inflammation, leading to the progression of urethane‑induced 
lung cancer in BALB/c mice (67). Estrogen and progesterone 
receptors are present in malignant lung tissue, and the gonadal 
hormones that bind these receptors serve a role in lung inflam-
mation and lung cancer  (10,30). ERα inhibits lung cancer 
proliferation, whereas ERβ increases cell proliferation (30). 
Anti‑estrogens that inhibit ERs and aramatose inhibitors that 
block estrogen production from androgens may prevent the 
formation of lung tumors (14,29). The cytoplasmic estrogen‑ER 
complex transduces nongenomic signals interacting with the 
epidermal factor signaling pathway, leading to DNA synthesis 
and cell proliferation (13).

The results of the present study suggest that NaVP treatment 
has no effect on Ki‑67(+) in urethane‑induced adenocarci-
nomas in males, whereas it increases Ki‑67(+) in gonad‑intact 
female mice. Gonadectomy accompanied by NaVP treatment 
induced a significant decrease in Ki‑67(+) in adenocarcinomas 

of both sexes, whereas a decrease was observed in females only 
when comparing adenocarcinomas of the urethane‑treated and 
urethane‑NaVP‑treated gonadectomized mice groups. These 
data are in agreement with previous reports demonstrating 
that NaVP causes a significant decrease in adenocarcinoma 
numbers in ovariectomized urethane‑NaVP‑treated females; 
the deprivation of estrogens and treatment with NaVP may 
delay the transformation of adenomas into adenocarcinomas 
in ovariectomized urethane‑NaVP‑treated BALB/c mice (22). 
NaVP treatment induces a gonadal hormone imbalance in 
both male and female non‑epileptic rats; in female rats, this 
effect is supported by reduced estradiol and progesterone 
levels combined with unaltered testosterone levels (49,68,69). 
Furthermore, NaVP also interacts with estrogen and 
androgen receptors differently when steroid hormones are 
present (20). Exposure to NaVP resulted in the downregula-
tion of enzyme‑encoding genes in early steroidogenesis (70). 
NaVP enhances the estradiol‑induced activation of both 
estrogen receptor types, with a greater effect in ERβ, and 
treatment with β‑estradiol stimulates the growth of lung 
tumor cells (71). This is consistent with the findings of the 
present study, which suggest that NaVP increases Ki‑67(+) in 
gonad‑intact urethane‑treated female mice adenocarcinomas 
in the presence of estrogen. Due to the complexity of hormone 
homeostasis, there are many potential targets for active chemi-
cals. Therefore, NaVP may affect more than one component 
of tumor progression in the tumorigenetic Ki‑67 system, in 
conjunction with gonadal hormones.

The sex‑related effect of NaVP on Ki‑67 expression in 
mouse lung tumors may also be associated with gamma‑amino-
butyric acid (GABA) modulative functions, as NaVP 
potentiates GABAergic functions (72). The GABA‑A receptor 
subunits form a functional chloride channel, and the GABA‑A 
receptor is rapidly activated by NaVP (73,74). NaVP has been 
shown to enhance the sex‑related urinary excretion of chloride 
in rats (75) and to reduce the activity of GABA‑degrading 
enzymes (76). The effect of NaVP on basal GABA levels in 
cells may be sex‑specific (77). A previous study reported that 
endogenous GABA release in ovariectomized rats was only 
60‑70% of that in intact animals (78). In male rats, castration 
has been reported to decrease the activity of GABAergic 
neurons, and testosterone replacement therapy prevented the 
castration‑induced decrease in GABA (79). GABA has been 
found to inhibit tumor growth in mouse models of NSCLC (80). 
Furthermore, it blocks the proliferation of human airway 
epithelial HPL1D cell enhancement induced by the coop-
erative estrogen‑tobacco carcinogen‑related cyclic adenosine 
monophosphate (cAMP) signaling downstream (81). GABA 
interaction with chloride channels may affect the immune 
response, as lymphocytes have a GABAergic system (82). The 
GABA‑A receptor θ subunit (GABRQ) forms a functional 
ionotropic chloride channel (74). GABA‑A receptors are found 
also in cancer cells  (83,84) and GABRQ is overexpressed 
in hepatocellular carcinoma cells. It has been reported that 
GABA promotes the proliferation of liver cancer cells via the 
GABRQ (84), therefore high expression of the GABA receptor 
gene in NSCLC tissues suggests that GABA receptor pathways 
may serve an important role in the proliferation of these cells. 
An evaluation of the GABA‑A and GABA‑B receptors in 
NSCLC tissues revealed that the expression of GABA receptor 
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phenotypes was correlated with sex‑related differences in 
carcinogenesis and its progression (83,85). Administering a 
combination of estrogen and progesterone resulted in a greater 
reduction in GABA‑A receptor binding in mouse forebrain 
membranes, indicating that gonadal steroids contribute to the 
modulation of GABA‑A receptor binding in both male and 
female mice (85).

Additional factors contributing to the NaVP sex‑related 
induction of cell proliferation in mice lung tumorigenesis may 
include the association between GABA‑related mechanisms 
and K‑Cl cotransport activity. Intracellular chloride regula-
tion and the control of GABA‑A receptor signaling occur via 
the K‑Cl cotransporter (86). The K‑Cl cotransporter exports 
potassium and chloride ions, leading to a decrease in intracel-
lular chloride (87), and the activity of the K‑Cl cotransporter 
was reported as a possible mechanism in the modulation 
of tumor development and progression (88). To the best of 
our knowledge, there are no data on K‑Cl expression in 
urethane‑induced mice lung tumor cells; however, it has been 
reported that expression of the K‑Cl cotransporter is lower in 
male rat neurons compared with female ones (89). It is widely 
recognized that chloride serves an important role in tumori-
genesis, as the intracellular chloride concentration is a critical 
messenger in cell proliferation processes (90,91).

In the current study, a higher Ki‑67(+) was observed in 
adenocarcinomas compared with adenomas for all groups 
apart from urethane‑NaVP‑treated gonadectomized females. 
NaVP treatment increased the expression of proliferating cells 
in lung adenocarcinomas from gonad‑intact mice of both 
sexes. These findings support the suggestion that the syner-
gism of gonadal hormones and NaVP is an important factor in 
the progression of mice lung adenocarcinomas.

In conclusion, the results of the present study have identi-
fied sex differences in the urethane‑induced BALB/c mice 
lung cancer progression pathophysiology. NaVP treatment 
decreases the number of Ki‑67 positive cells in adenomas from 
gonad‑intact males; however, no such effect was observed in 
gonad‑intact females. In females, the effect of NaVP treat-
ment is dependent on the presence of gonadal hormones; 
NaVP stimulates lung adenocarcinoma cell proliferation in 
gonad‑intact urethane‑treated female mice, and suppresses cell 
proliferation in ovariectomized urethane‑treated female mice. 
The deprivation of sex hormones by gonadectomy combined 
with NaVP treatment induced a decrease in the number of 
Ki‑67 positive cells in lung tumors from both sexes of mice, 
which suggests that it is important in adenocarcinogenesis 
suppression. The sex‑related pharmacological mechanisms of 
NaVP effects require further investigation in order to elucidate 
the underlying mechanisms responsible for this.
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