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In the present study, the possible effect of sodium valproate (NaVP) on urethane-induced lung tumors in female mice has been
evaluated. BALB/c mice (𝑛 = 60; 4–6 weeks old, females) were used in the following groups: (1) urethane-treated; (2) urethane-
NaVP-treated; (3) only NaVP-treated; (4) control. In the same groups, ovariectomized female mice (𝑛 = 60) were investigated.
Urethane was given intraperitoneally, with a total dose of 50mg/mouse. In NaVP-treated mice groups, 0.4% aqueous solution
of NaVP was offered to mice ad libitum. The duration of the experiment was 6 months. The number of tumors per mouse in
ovariectomizedmice and in those treated with urethane and NaVP was significantly higher than inmice treated with urethane only
(8.29±0.58 versus 6.0±0.63, 𝑝 < 0.02). No significant difference in the number of tumors per mouse was revealed while comparing
the nonovariectomized urethane- andurethane-NaVP-treated groups (𝑝 = 0.13). A significant decrease of adenocarcinomanumber
in ovariectomizedmice treated with a urethane-NaVP as compared with ovariectomizedmice treated with urethane only was found
(𝑝 = 0.031). NaVP together with low estrogen may have a protective effect on the malignization of adenomas in ovariectomized
mice.

1. Introduction

Urethane-induced lung tumors in mice models were well
characterized and accepted for human lung adenocarcinoma
investigations [1]. BALB/c mice are considered as susceptible
to the development of lung tumor by urethane, and tumors
can be modified by the influence of modulatory agents [2, 3].
Recently, it has been shown that NaVP, used together with
urethane, synergistically enhances urethane tumorigenicity
in lungs of only noncastrated male BALB/c but not in cas-
tratedmalemice [4]. NaVP increases the turnover of gamma-
aminobutyric acid (GABA) and thereby potentiates GABAer-
gic functions [5]. The GABA-A receptor is rapidly activated
by NaVP in cells [6]. GABA may affect cancer growth by

activatingGABA receptors.Thegene expression investigation
of GABA-A and GABA-B receptors in tissues of non-small
cell lung cancers (NSCLC) showed that the gene expression
of GABA receptor phenotypes was correlated with gender-
related differences in cancerogenesis and clinical prognosis
[7]. The GABA-A receptor is an ionotropic receptor; its
subunits form a functional chloride channel [8, 9]. NaVP has
been shown to enhance the gender-related urinary excretion
of chloride in rats [10]. The GABA-A receptor subunits are
expressed in rat kidney proximal convoluted and straight
tubules and in other tissues [7, 11, 12]. Additionally, NaVP
defines a class of histone deacetylases (HDAC) inhibitors that
induce themodulation of tumor growth properties in clinical
and preclinical studies [13–15].
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The present study was designed to determine whether
there are differences in lung tumorigenesis in a urethane-
induced mouse lung tumor model in ovary-intact and
ovariectomized mice and in the effect of NaVP on tumori-
genesis in respective BALB/c female mice groups. The study
data have shown that NaVP together with urethane increases
tumorigenicity in ovariectomized mice but not in intact
urethane-treated female mice, while a significant decrease
of adenocarcinoma number in ovariectomized mice treated
with urethane and NaVP as compared with ovariectomized
treated with urethane only was found. NaVP may have a
protective effect on the malignization of mice adenomas in
ovariectomized rats.

2. Materials and Methods

2.1. Animals. Female BALB/c mice (𝑛 = 60; 5–7 weeks old)
and ovariectomized BALB/c female mice of similar age (𝑛 =
60) were used in the study. The animals were purchased
from the Animal Facility of Veterinary Academy, Lithua-
nian University of Health Sciences (Kaunas, Lithuania). The
experiments were performed in compliance with the relevant
laws. The permissions of the State Food and Veterinary
Service of Lithuania to use experimental animals for research
were obtained (no. 0177/30/04/2008/2 and 25/07/2013). Mice
ovariectomy was performed by removing ovaries at the age of
5-6 weeks.The animals were housed in standard colony cages
with free access to food and acclimatized for one week before
the study; they were housed under conditions of constant
temperature (21 ± 1∘C), humidity, and the light/dark cycle
(12 h/12 h). A commercial pellet diet was provided ad libitum.

2.2. Experiment Protocol. Intact-ovary female mice were
randomly divided into four groups (𝑛 = 15 in a group): (1)
treated with urethane, (2) treated with urethane and NaVP,
(3) treatedwithNaVPonly, (4) intact control. In the same four
groups (𝑛 = 15 per group) ovariectomized female mice were
investigated. In the urethane-treated groups, 10mg urethane/
mouse in 0.2mL sterile physiological solutionwas given twice
a week by intraperitoneal injections (5 doses, a total dose of
50mg/mouse). The second and third groups of mice were
treated per os with NaVP 0.4% aqueous solution (in the sec-
ond group startingweek prior to urethane administration) for
sixmonths.TheNaVP solutionwhichwas their only source of
drinking was offered to animal ad libitum (in aluminum foil-
wrapped bottles to avoid light decomposition). Controls and
urethane groups were given fresh drinking water provided ad
libitum.

NaVP was from Sigma-Aldrich Chemie GmbH, Ger-
many, and urethane (ethyl carbamate) was from Fluka.

2.3. Macroscopic Examination. After 6 months, animals were
killed in a 70% CO

2
camera. Lungs were collected with

tracheas and together with hearts were fixed in a 10%
neutral buffered formalin solution for 2 weeks and taken
for macroscopic evaluation. The percentage of animals with
lung tumors, the mean number of tumors per tumor-
bearingmouse, and tumor growth (examination of tumors in

subgroups according to the diameter of tumor in the groups:
<1mm, 1 to 2mm, and>2mm)were considered in each group
of animals only in mice that survived up to the end of the
experiment.

2.4. Histological Examination. Aftermacroscopical examina-
tion, lungs were divided into lobules, paraffin blocks were
made, and 3 𝜇m sections were performed with a LEICA RM
2155 microtome. Standard hematoxylin-eosin staining was
used. Histological slides were evaluated using the OLYMPUS
BX 40F4 microscope supplied with a digital XC30 camera.
Magnification 4 × 10 was used to evaluate the presence of a
tumor in the lobule. Magnification 40 × 10 was used to eval-
uate tumor type and malignancy. Histological investigation
was performed by two independent researchers. Mice lung
tumors according to their morphology were divided into two
groups: (1) benign adenoma and (2) malignant adenocarci-
noma. Such division of urethane-inducedmice lung tumors is
widely used in scientific investigations [16, 17]. We evaluated
the shape of the nuclei, nuclear pleomorphism, cell size,
different ratio between the cytoplasm andnucleus amount, an
increased number of nucleoli, different nucleoli shape, and a
changed intensity of cytoplasm staining [18].

2.5. Statistical Analysis. The results were counted and ana-
lyzed using the SPSS 20 (IBM) statistical program using
means ± standard error of the mean (SEM). Student’s 𝑡-test
was used to find differences between groups. Differences at
the value of 𝑝 < 0.05 were considered significant.TheMann-
Whitney test (median; range) was used to calculate the signif-
icance of differences in adenoma and adenocarcinoma scores
between the studied groups. The Wilcoxon signed-rank test
was used to compare the number of adenocarcinoma tumors
with adenoma tumors.

3. Results

3.1. Mice Survival in the Study Groups

Nonovariectomized Mice. Mice in control and NaVP-treated
groups survived until the end of the experiment (Table 1). In
the female urethane-treated group, five mice did not survive:
three mice died during the 1st–3rd months, one died during
the 4th month, and one died during the 5th month of the
experiment. In the urethane-NaVP-treated group, two mice
died (one in the 1st month and the other in the 5th month).

Ovariectomized Mice. All mice survived in the NaVP-treated
group. Up to six months of experiment, 12 mice survived in
the control (one mouse died in the 2nd month and two in
the 4th month), 12 mice died in urethane-treated group (one
mouse died in the 3rdmonth and two in the 4th-5thmonths),
and 14 mice died in the urethane-NaVP-treated group (one
mice died in the 2nd month).

Survival data imply that young animals are sensitive to
urethane and urethane-NaVP toxicity. Autopsies of mice
that perished during the 5th month revealed that, in
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Table 1: Incidence of lung tumors in female BALB/c mice of the study groups.

Groups of mice Initial mice number (𝑛) Mice data after 6 months
𝑛 Body weight m ± SD (g) Mice with tumors (%)

Intact control 15 15 24.3 ± 1.1 0
Ovariectomized control 15 12 24.0 ± 3.6 0
Intact U-treated 15 10 21.4 ± 2.9 100
Ovariectomized U-treated 15 12 22.8 ± 3.9 100
Intact U-NaVP-treated 15 13 20.4 ± 3.7 100
Ovariectomized U-NaVP-treated 15 14 21.9 ± 3.7 100
Intact NaVP-treated 15 15 20.0 ± 3.2 0
Ovariectomized NaVP-treated 15 15 25.4 ± 2.4 0

Table 2: Incidence of lung tumors in castrated BALB/c female mice of the study groups in accordance with the tumor diameter.

Groups
Data of mice after 6 months

𝑛

Tumors per mouse in accordance with tumor diameter (m ± SEM)
All <1.0 (mm) 1.0 to 2.0 (mm) >2.0 (mm)

Intact control 15 0 0 0 0
Ovariectomized control 12 0 0 0 0
Intact urethane-treated 10 6.5 ± 0.79 4.1 ± 0.6 2.0 ± 0.45 0.4 ± 0.31
Ovariectomized urethane-treated 12 6.0 ± 0.63 3.5 ± 0.69 2.17 ± 0.41 0.33 ± 0.26
Intact urethane-NaVP-treated 13 8.15 ± 0.55 5.0 ± 0.47 3.08 ± 0.51 0.08 ± 0.08
Ovariectomized urethane-NaVP-treated 14 8.29 ± 0.58∗ 3.86 ± 0.44 3.71 ± 0.53∗∗ 0.71 ± 0.29
Intact NaVP-treated 15 0 0 0 0
Ovariectomized NaVP-treated 15 0 0 0 0
∗

𝑝 < 0.02 in comparison with the ovariectomized urethane-treated group.
∗∗

𝑝 < 0.05 in comparison with the ovariectomized urethane-treated group.

urethane- and urethane-NaVP-treated groups, lung tumors
had developed in all cases, but data on these animals were
not taken for statistical assessment.

3.2. Differences in the Number of Lung Tumors per Mouse
between Intact and Ovariectomized Mice Groups. Mice with
lung tumors were found neither in intact control nor in
the intact NaVP-treated and analogous ovariectomized mice
groups. All urethane-treated mice of both groups (ovary-
intact and ovariectomized) developed tumors (Table 1). Ure-
thane-caused tumors may be found in any lobe of a lung and
are often situated just beneath the pleura and are recognized
by their nodular, pearly, and grey-white appearance contrast-
ing with the more pink color of the normal lung parenchyma
(Figures 1(a) and 1(b)).

When comparing the number of tumors per mouse in
intact urethane-NaVP treated and urethane-NaVP-treated
ovariectomized mice, lung tumors were found statistically
significantly more often in urethane-NaVP-treated ovariec-
tomized females (6.5 ± 0.79 versus 8.29 ± 0.05, 𝑝 < 0.02;
Table 2, Figure 2(a)).

No significant difference in the number of tumors per
mouse was detected when comparing intact urethane-treated
and ovariectomized urethane-treated female groups and in
separate subgroups of these groups according to the diameter
of tumors (Table 2; 𝑝 > 0.2, Figure 2(b)).

No significant difference in the number of tumors per
mouse was revealed also while comparing the intact ure-
thane- and intact urethane-NaVP-treated groups and in sep-
arate subgroups of these groups according to the diameter of
tumors (𝑝 > 0.05; Table 2, Figure 2(b)).

The data show that NaVP in ovariectomized mice treated
with urethane caused an increase in the number of tumors per
mouse in the subgroupwith the tumor diameter 1.0 to 2.0mm
as compared with urethane-NaVP-treated intact-ovary mice
(𝑝 < 0.05; Table 2, Figure 2(b)).

3.3. Frequency of Adenoma and Adenocarcinoma in Intact-
Ovary and Ovariectomized Mice Groups. According to mor-
phology (microscopical investigation of lung lobules), tumors
were divided into adenomas and adenocarcinomas. In ade-
nomas, we observed eosinophilic tumor cells, their structure
was similar to that of hyperplasia, mitosis was very rare, and
nuclear pleomorphism was absent. There was no invasion
into surrounding tissues; alveoli were well preserved (Figures
1(c) and 1(e)). In adenocarcinomas, we observed the pressure
of the surrounding tissues and infiltration into the bronchi-
olar lumen and wall (Figure 1(d)). The nuclei of tumor cells
were pleomorphic; cells of different size and shape could be
spindle-shaped atypical with frequent mitosis (Figure 1(f)).
After evaluation of tumor type, adenocarcinomas and ade-
nomas were counted, and data are presented in Table 3.
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Table 3: Number of adenomas and adenocarcinomas in experimental mice groups.

Group 𝑛

Number of tumors
Adenocarcinoma Adenoma Adenocarcinoma + adenoma

Median (range) Total Median (range) Total Median (range) Total
Intact control 15 0 0 0 0 0 0
Ovariectomized control 12 0 0 0 0 0 0
Intact urethane-treated 10 2 (0–6)∗∗ 25 0 (0–2) 5 4 (1–7) 30
Ovariectomized urethane-treated 12 4 (1–6)‡ 44 1 (0–3) 15 5.5 (2–7) 59
Intact urethane-NaVP-treated 13 4 (0–10)∗∗∗ 47 1 (0–4) 18 6 (1–11) 65
Ovariectomized urethane-NaVP-treated 14 2.5 (1–5)∗ 33 1 (0–7) 28 4 (1–10) 61
Intact NaVP-treated 15 0 (0-1) 1 0 0 1 (0-1) 1
Ovariectomized NaVP-treated 15 0 0 0 0 0 0
∗

𝑝 = 0.031 in comparison with ovariectomized urethane-treated (Mann-Whitney test).
∗∗

𝑝 = 0.024 comparing the median value of adenocarcinoma number with the adenoma in the intact urethane-treated group.
∗∗∗

𝑝 = 0.041 comparing the median value of adenocarcinoma with the adenoma in the intact urethane-NaVP-treated group.
‡

𝑝 = 0.006 comparing the median value adenocarcinoma number with the adenoma in the ovariectomized urethane-treated group.

There was no significant difference in the number of ade-
nomas and adenocarcinomas between treated with urethane
and with urethane-NaVP nonovariectomized mice. Ovary-
intact females exhibited a higher number of adenocarcino-
mas than ovariectomized mice did: we found a significant
decrease of adenocarcinoma numbers in ovariectomized
urethane-NaVP-treated mice as compared with ovariecto-
mized animals treated with urethane only (𝑝 = 0.031;
Table 3).

Comparing themedian value of adenocarcinomawith the
median value of adenoma, the number of adenocarcinomas
was found significantly more often in the intact urethane-
treated group (𝑝 = 0.024; Table 3) as well as in the intact
urethane-NaVP-treated group (𝑝 = 0.041). Comparing the
adenocarcinoma number (median value) with the adenoma
median value in the ovariectomized urethane-treated group,
adenocarcinomas were found significantly more often than
adenomas (𝑝 = 0.006), and no significant difference was
found in the ovariectomized urethane-NaVP-treated group
(𝑝 = 0.671; Table 3).

4. Discussion

Female gender has long been observed to be a positive
prognostic factor regardless of the lung cancer type, stage, and
therapy. Whether these differences are of a biological, behav-
ioral, or environmental nature remains unclear [19–21]. Sex
differences in mouse models of lung cancers were reported
[22]. The importance of lung cancerogenesis in both spon-
taneous and carcinogen-induced gender-related pulmonary
cancers and spontaneous pulmonary adenomas in mice is
determined by multiple genetic loci [23]. Urethane specifi-
cally initiates the development of lung tumors from airway
epithelial cells in mice [1]. BALB/c mice are considered sus-
ceptible to the development of lung tumor by urethane [2].

The study data show that NaVP causes a significant
increase of tumor number in ovariectomized urethane-
NaVP-treated BALB/c female mice as compared to ovariecto-
mized only urethane-treated mice, but a significant decrease

of adenocarcinoma numbers in ovariectomized mice treated
with urethane plus NaVP was found as compared with
ovariectomized animals treated only with urethane.

Many aspects of the contribution of the NaVP pharmaco-
logical mechanisms and their significance in gender-related
tumorigenesis have not been investigated. NaVP increases the
GABA turnover and potentiates the GABAergic functions,
reducing the activity of theGABA-degrading enzymes [5, 24].
The effect of NaVP on cellular mechanisms may be sex-
specific with the differential response to basal GABA levels
in males and females [25]. The GABA-A receptor is rapidly
activated by NaVP in cells [6]. The GABAergic neuronal
activity was about twofold higher in male than female rats
[26]. A comparison between intact female rats and castrated
animals indicated that endogenous GABA release in ovariec-
tomized rats was only 60–70% of that in intact animals, while
basal GABA levels are also significantly reduced in estrogen-
treated ovariectomized rats [27]. In male rats, castration
decreases the activity of GABAergic neurons, suggesting that
GABAergic neurons are tonically stimulated by testosterone.
Testosterone replacement prevents the castration-induced
decrease in GABA [28].

The specificity of NaVP for GABA suggests that this inter-
action may be an important mechanism for NaVP pharma-
cological effects on cellular immunology. Lymphocytes have
a functional GABAergic systemwhichmay operate as amod-
ulator of T-cell activation [29]. GABA-A receptor expression
in human peripheral blood mononuclear cells is regulated by
gender [30].Different subtypes of T cells, CD4 andCD8, from
human, rat, and mice lymph nodes have been also shown to
express mRNA and protein for subunits and had functional
GABA-A channels [31]. NaVP has inhibited the proliferative
capacity of T-lymphocytes by diminishing the gl. thymus
weight and inducing a differentiation of thymic medullar
epithelial cells into Hassall’s corpuscles. The diminishing of
the gl. thymusweight under the influence of NaVPwas signif-
icant in castrated male rats. Gender differences in the Hassall
corpuscles development in gl. thymuswere noted in castrated
rats [32]. The GABA interaction with the channels may affect
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(a) (b)

(c) (d)

(e) (f)

Figure 1: Lung specimens. (a) Control. (b) Urethane-induced lung tumors (white arrowheads). (c) Adenoma, magnification ×4, H &
E staining. There are no signs of pressure to surrounding tissues; alveoli are well preserved (black arrowheads). (d) Adenocarcinoma,
magnification×4,H&E staining. Compression of surrounding alveoli (black arrowheads). Invasion to the lumenof bronchiole (black arrows).
(e) adenoma, magnification ×40, H & E staining. All nuclei are of similar size and shape; no nucleoli are present (black arrowheads). Cells are
of similar size and shape (black arrows). (f) Adenocarcinoma, magnification ×40, H & E staining. Pleomorphic nuclei (black arrowheads),
mitotic figures (black arrow), and different cell shapes and sizes (white arrowheads). Scale bar: (c and d) 200 𝜇m; (e and f) 20 𝜇m.

immune response, but the underlying mechanisms and rele-
vance of GABA signaling in the immune system of tumorige-
nesis is still not clear.

The GABA-A receptors are also found in nonneural cells,
with cancerous cells included [7, 12]. The GABA-A receptor
𝜃 subunit (GABRQ) forms a functional ionotropic chloride
channel [8, 9]. Such extrasynaptic receptors have a high
affinity for GABA and open the chloride channels at low
ambient GABA concentrations. This leads to changes in the

membrane potential [33]. Opening the GABA-A receptor
chloride channels lead to chloride efflux and cell membrane
depolarization [34]. The plasma cell membrane potential
influences cell proliferation [35]. GABA has been shown to
regulate the proliferation of several cell types including stem
cells [36], cortical progenitor cells [37], immune cells [38, 39],
and mouse chondrogenic ATDC5 cells [40].

The high level expression of the GABA receptor gene in
NSCLC tissues compared with the paired noncancerous ones
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Figure 2: Number of tumors in intact and ovariectomized mice groups. (a) Total number of tumors on the surface of the lungs. ∗𝑝 < 0.02
in comparison with the ovariectomized urethane-treated group. (b) Tumors in accordance with tumor diameter. ∗∗𝑝 < 0.05 in comparison
with the ovariectomized urethane-treated group.

implicated that the GABA, GABA-B, and GABA-A receptor
pathways could be an important factor in NSCLC cell prolif-
eration regulation. NSCLC patients with a high gene expres-
sion of the GABA-B receptor subunit 2 and a low expression
of the GABA-A receptor subunit A3 had a significantly
better prognosis, and the GABA treatment suppressed the
proliferation ofNSCLC cells in vitro via theGABA-B receptor
[7, 41]. A correlation between the high expression of the
GABA-B receptor subunit 2 gene and the greater survival rate
in females with NSCLCwas found [7]. In vitro data show that
the high-level GABA-B gene expression is associated with the
inhibition of cancer cell proliferation [42–44]. Furthermore,
the GABA-A receptor subunit A3 gene overexpression was
found in NSCLC tissues [7, 45]. The high level GABA-A
receptor subunit A3 gene overexpression is correlated with
cancer cell development, and these patients had a worse
outcome [12, 46, 47]. The higher gene expression of the
GABA-A receptor subunit A3 was mostly detected in male
patients who had a worse prognosis [7]. It is possible to
suggest that tumor-stimulating effects of GABA-A receptor
whether or not GABA itself or NaVP have tumor promotion
or inhibiting effects will depend on the expression levels of
GABA-A versus GABA-B receptors, which could be affected
by sex hormones.TheGABRQ is overexpressed in hepatocel-
lular carcinoma cells but not in a normal cell line and GABA
in the liver promotes the proliferation of cancer cells through
GABRQ [12].

The study data indicate that NaVP in ovariectomized
BALB/c mice decreases the progression of urethane-induced
mice lung adenomas to adenocarcinomas. Lung tumor pro-
gression in mice was sensitive to estrogen, indicating that the
tumor grade was higher in ovary-intact than ovariectomized
mice [61]. Small airway epithelial cell-derived adenocarci-
noma is the most common human lung cancer and is partic-
ularly prevalent in women.The proliferation of immortalized

human small airway epithelial HPL1D cells is stimulated by
a single dose of the tobacco carcinogen NNK via cAMP
signaling downstream, and estrogen enhances this response.
GABA blocks this cooperative signaling of NNK and of
estrogen inHPL1D cells [48]. GABA inhibits tumor growth in
mouse models of non-small cell lung cancer [41]. The effects
of GABA and GABA receptors show that GABA-associated
pathways could act positively or negatively in regulating can-
cer cell behavior. The injection of a combination of estrogen
and progesterone produced 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 male and female mice cells [49].

There could be other factors that may contribute to
the NaVP gender-related induction of cell proliferation and
tumorigenesis responses, for example, the link of GABA
mechanisms with the ion cotransporter activity expression
regulating the intracellular chloride concentration.The depo-
larizing effects of GABA are promoted by the relative accu-
mulation of chloride inside the cells, leading to chloride efflux
once GABA-A receptor channels open. Intracellular chloride
regulation and the control of GABA-A receptor signaling
are effected through K-Cl cotransporter [50]. To counteract
their effects, the K-Cl cotransporter exports these ions thus
decreasing intracellular chloride [51]. In male rat neurons,
the K-Cl cotransporter is less expressed than in female [52].
The possible mechanisms of K-Cl cotransporter activity were
demonstrated in the modulation of tumor development and
progression [53]. NaVP has been shown to enhance the
urinary excretion of chloride in rats of both genders, but
the 24-hour chloriduretic response in male was significantly
higher than in female rats [10]. Chloride is recognized to have
an important role in tumorigenesis: the intracellular chloride
concentration would be one of the critical messengers in cell
growth/proliferation and differentiation processes [54–56].
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NaVP is recognized as a novel class of HDAC inhibitors
that induce the differentiation of transformed cells and show
antitumor properties in clinical and preclinical studies by
modulating multiple pathways including cell cycle arrest, cell
differentiation, and apoptosis [13, 14, 57, 58]. Recent data
indicate that HDAC play a dual role in tumorigenesis: onco-
suppressive in the early stages and oncogenic in established
tumor cells in mice models [15].

Increased tumor expression of the estrogen receptor 𝛼
(ER𝛼) was a negative prognostic factor in non-small cell lung
cancer, while the absence of ER𝛽 tumor expression was also a
negative prognostic factor [59]. Estrogen acts to promote the
development of lung adenocarcinoma in mice, and this may
be related to the activation of signaling pathways in which
an ER plays an important role [60]. Estrogen functions via
the receptor variants ER𝛼/𝛽. The ER𝛽 is the main ER in the
lungs of mice, and estrogen promotes tumor progression in
themousemodel of lung adenocarcinoma [60, 61]. In the Er𝛽
knockout (−/−) mouse, female but not male offspring were
protected against development of lung tumors after in utero
exposure to the polycyclic hydrocarbon dibenzochrysene
[62].

The serum concentration of estradiol of female mice was
significantly decreased by ovariectomy, while the concen-
tration of testosterone was slightly increased, as secretion
from adrenal cortex may be augmented in ovariectomized
female mice [63, 64]. It was shown that the number of
lung tumors per mouse was significantly more frequent in
the noncastrated male mice group treated with urethane in
combinationwithNaVP as comparedwith the only urethane-
treated male group.This allowed to hypothesize that NaVP in
the noncastrated urethane-treated BALB/c mice could act
synergistically with urethane and testosterone, and testos-
terone is as an oncogenic factor in males in this model.
Such effect of NaVP was not found in the urethane-treated
castrated BALB/c male mice [4]. The present study pointed
to the possibility that urethane-induced lung carcinogenesis
in females may be inhibited by interaction of low level of
estrogen and NaVP effect. Estrogen plays an important role
in lung development, particularly in females [65], and is likely
responsible for the greater susceptibility of women to chronic
pulmonary disease, lung cancer, and the deleterious effects of
carcinogens [66, 67]. ER𝛽 is the predominant form expressed
in mouse lung [65]. Human lung tumors detected ER𝛽 in
more than half of the tumors evaluated, whereas ER𝛼was not
expressed [68, 69]. Furthermore, studies elucidate a critical
role for macrophages in promotion of urethane-induced lung
carcinogenesis inmice [70].The expression of𝛽-estradiol was
mainly localized in inflammatory cells in the lungs. Urethane
elicits strong inflammatory reactions in response to cellular
andDNAdamage;macrophages have been described as being
capable of expressing both ER𝛼 and 𝛽, with local estrogen
production being part of the inflammatory reaction in lungs
exposed to tobacco carcinogens [71].

It is known that the effect of urethane can be related
to benign adenoma or adenocarcinoma lung tumorigenesis
[1, 16].The appearance of adenocarcinoma in the studymodel
depends on the duration of exposure to urethane: such a
model during up to 4 months is related to the development

of lung adenomas which in the course of time develop into
adenocarcinomas [1, 4, 16]. A deprivation of estrogens and
treatment with NaVP slowed down the transformation of
adenoma into adenocarcinoma in ovariectomized urethane-
NaVP-treated mice.

5. Conclusion

In females, urethane-induced lung tumorigenesis was
increased by NaVP treatment and in ovariectomized groups
this increase was significant. The malignant transformation
of lung proliferative lesions tended to be inhibited by a low
estrogen and NaVP effect. The data allow to hypothesize that
NaVP together with sex hormones, by changing the GABA-A
receptor activity and the intracellular chloride level and by
modulating HDAC, plays an important gender-related role
in urethane-induced lung tumorigenesis in the BALB/c mice
model. Additional experiments are ongoing to investigate
gender-related differences of the urethane-NaVP effect in
lung adenocarcinoma pathogenesis in the BALB/c mice
model.
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[5] W. Löscher, “Basic pharmacology of valproate: a review after 35
years of clinical use for the treatment of epilepsy,” CNS Drugs,
vol. 16, no. 10, pp. 669–694, 2002.

[6] J. A. Armijo, I. de las Cuevas, and J. Adı́n, “Ion channels and
epilepsy,”Revista de Neurologia, vol. 30, no. 1, pp. S25–S41, 2000.



8 International Journal of Endocrinology

[7] X. Zhang, R. Zhang, Y. Zheng et al., “Expression of gamma-
aminobutyric acid receptors on neoplastic growth and predic-
tion of prognosis in non-small cell lung cancer,” Journal of
Translational Medicine, vol. 11, no. 1, article 102, 2013.

[8] J.-M. Fritschy and H. Mohler, “GABA(A)-receptor heterogene-
ity in the adult rat brain: differential regional and cellular dis-
tribution of seven major subunits,” The Journal of Comparative
Neurology, vol. 359, no. 1, pp. 154–194, 1995.

[9] M. Bureau, J. Laschet, F. Minier, and P. Chauvel, “Intervention
of GABAergic neurotransmission in partial epilepsies,” Revue
Neurologique, vol. 153, supplement 1, pp. S46–54, 1997.

[10] J. Grikiniene, D. Stakisaitis, and M. Tschaika, “Influence of
sodium valproate on sodium and chloride urinary excretion in
rats, gender differences,” Pharmacology, vol. 75, no. 3, pp. 111–
115, 2005.

[11] S. S. Sarang, M. D. Plotkin, S. R. Gullans, B. S. Cummings,
D. F. Grant, and R. G. Schnellmann, “Identification of the 𝛾-
aminobutyric acid receptor𝛽

2

and𝛽
3

subunits in rat, rabbit, and
human kidneys,” Journal of the American Society of Nephrology,
vol. 12, no. 6, pp. 1107–1113, 2001.

[12] Y.-H. Li, Y. Liu, Y.-D. Li et al., “GABA stimulates human hep-
atocellular carcinoma growth through over expressed GABAA
receptor theta subunit,” World Journal of Gastroenterology, vol.
18, no. 21, pp. 2704–2711, 2012.

[13] M. Göttlicher, S. Minucci, P. Zhu et al., “Valproic acid defines
a novel class of HDAC inhibitors inducing differentiation of
transformed cells,”TheEMBO Journal, vol. 20, no. 24, pp. 6969–
6978, 2002.

[14] R. Kawagoe, H. Kawagoe, and K. Sano, “Valproic acid induces
apoptosis in human leukemia cells by stimulating both caspase-
dependent and -independent apoptotic signaling pathways,”
Leukemia Research, vol. 26, no. 5, pp. 495–502, 2002.

[15] F. Santoro, O. A. Botrugno, R. Dal Zuffo et al., “A dual role for
Hdac1: oncosuppressor in tumorigenesis, oncogene in tumor
maintenance,” Blood, vol. 121, no. 17, pp. 3459–3468, 2013.

[16] R. P. Regala, V. Justilien, M. P. Walsh et al., “Matrix metallopro-
teinase-10 promotes Kras-mediated bronchio-alveolar stem cell
expansion and lung cancer formation,” PLoS ONE, vol. 6, no. 10,
Article ID e26439, 2011.

[17] K. S. Kelly-Spratt, J. Philipp-Staheli, K. E. Gurley, K. Hoon-Kim,
S. Knoblaugh, and C. J. Kemp, “Inhibition of PI-3K restores
nuclear p27𝐾𝑖𝑝1 expression in a mouse model of Kras-driven
lung cancer,” Oncogene, vol. 28, no. 41, pp. 3652–3662, 2009.

[18] “The mouse,” in International Classification of Rodent Tumors,
U. Mohr, Ed., Springer, 2001.

[19] L. Thomas, L. A. Doyle, and M. J. Edelman, “Lung cancer in
women: emerging differences in epidemiology, biology, and
therapy,” Chest, vol. 128, no. 1, pp. 370–381, 2005.

[20] N. Pauk, A. Kubı́k, P. Zatloukal, and E. Křepela, “Lung cancer
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