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Malignant neoplasms are among the most common diseases and are responsible for the majority of deaths in the
developed world. In contrast to men, available data show a clear upward trend in the incidence of lung cancer in women,
making it almost as prevalent as breast cancer. Women might be more susceptible to the carcinogenic effect of tobacco
smoke than men. Furthermore, available data indicate a much more frequent mutation of the tumor suppressor gene-p53
in non-small cell lung cancer (NSCLC) female patients compared to males. Another important factor, however, might lie in
the female sex hormones, whose mitogenic or carcinogenic effect is well known. Epidemiologic data show a correlation
between hormone replacement therapy (HRT) or oral contraceptives (OCs), and increased mortality rates due to the
increased incidence of malignant tumors, including lung cancer. Interestingly, two types of estrogen receptors have been
detected in lung cancer cells: ERa and ERB. The presence of ERa has been detected in tissues and non-small-cell lung
carcinoma (NSCLC) cell lines. In contrast, overexpression of ERP is a prognostic marker in NSCLC.
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| 1. Introduction

In the developed countries, lung cancer is the most frequent malignancy and is responsible for about 1 million deaths
annually. The overall survival rate involving this tumor is about 10%. The decisive trigger is long-term smoking. Available
data indicate that only 20% of lung cancer cases develop in non-smokers W2, Other environmental factors include
pollution, exhaust fumes, ionizing radiation, mycotoxins, second hand smoke, occupational exposure to chemicals such
as chromium, nickel, asbestos, polycyclic aromatic hydrocarbons, arsenic, vinyl chloride and radioactive gas—radon L2
BI4IB! sysceptibility to the disease is also genetically determined [EIZ. The WHO classification distinguishes two main
types of lung cancer: small cell carcinoma (SCLC) and non-small cell carcinoma (NSCLC) . The latter is divided into
subtypes including squamous cell carcinoma and adenocarcinoma (€],

| 2. Estrogens Short Review

Steroid hormones are endogenous estrogens that include estrone (E1), estriol (E3) and 173-estradiol (E2) (Eigure 3).
These structural and biogenic hormones are derived from cholesterol C17. LDL-cholesterol is the major reactant
necessary for the synthesis of steroid hormones, which is called steroidogenesis [EI2I10]

OH

ainQH

EFTRONE ESTRIOL

HO

ESTRADIOL

Figure 3. Chemical structure of steroid hormones.



Cholesterol is metabolized in a number of enzymatic pathways 22 The process of their creation depends on the
aromatization of androgens 12 |n addition, they have the ability to bind to the protein receptor (ER) as well as to
diffuse through the cell membrane. Direct penetration through the cell membrane into the cytosol occurs due to the
properties of the lipophilic structure. In addition, estrogens are included in the group of pleiotropic hormones [L1[12],

The two main estrogens also named “parent” estrogens—estrone, and estradiol—are low-molecular steroids of lipophilic
nature acting as agonists of estrogen receptors ERa and ERB 12 However, estrogen-like activity should be also
attributed (with varying extent) to a range of estrogen metabolites, usually referred to as EM 13Il14], The parent estrogens
are irreversibly oxidized in the cytochrome P450 dependent pathway by hydroxylation at the C-2, C-4 and C-16 positions
of the steroid ring forming hydroxylated metabolites. The main and mots studied metabolites include 2-hydroxyestrogen
(2-OH-E), 4-hydroxyestrogen (4-OH-E) and 16-hydroxyestrogen (16a-OH-E) have significant estrogenic activity (Figure
4). Those metabolites are further transformed by conjugation with a methyl group, glucuronic acid, and sulfuric acid
(forming methoxy-metabolites, glucuronates and sulfates, respectively). Thus, many authors point out the necessity of
studying a wide panel of estrogens, including minor metabolites in order to fully understand their influence on human
physiology as well as the etiology and progression of various pathological states X518l This relatively new approach
needs easily accessible and reliable bioanalytical methods to determine their concentrations in human biofluids and
tissues.

ESTROGENS Shape secondary and tertiary sexual characteristics in women's bodies
Condition the development of the male reproductive system
Lowering total cholesterol
Shape the blood lipid profile
Affect the musculoskeletal system
Stimulating the repair process of damaged muscle fibers
During menopause, there is a decrease in estrogen levels, which results
in a decrease in muscle mass, as well as osteoporosis

ESTRIOL Lowest biological activity
Product of estrone and estradiol metabolism

17p-ESTRADIOL Biological activity that is about 5 to 10 times greater than estrone

Figure 4. Biological activity of steroid hormones.

From the analytical point of view, this is not a straightforward task for several main reasons (Figure 5) Firstly, the analytical

technique needs to have enough selectivity to differentiate between chemically similar compounds, so an efficient
separation technique is required. To achieve that, chromatography is applied, with high performance liquid
chromatography coupled to mass spectrometry as a method of choice I8l practically, it is not possible to separate
lipophilic parent estrogens, their hydroxylated metabolites, and much more polar conjugates with glucuronic and sulfuric
acids. In order to avoid the development validation of separate LC-MS methods for polar and nonpolar analytes,
enzymatic hydrolysis is typically involved as a sample preparation step. B-glucuronidase/sulfatase from Helix pomatia has
been proven to sufficiently hydrolyze estrogen metabolites 8. The involvement of enzymatic cleavage enables us to gain
detailed information about a wide range of estrogen metabolites. Secondly, due to the low levels of many of the above
mentioned metabolites, the high sensitivity of the analysis is a critical issue. Sensitive quantification depends on the
detection method and sample preparation. Mass spectrometry, despite being expensive, can detect estrogen compounds
down to the pmol/L level 281, On the other hand, extensive clean-up of a sample with simultaneous preconcentration of
analytes is beneficial to improve sensitivity and avoid interfering compounds. Improvement at the sample preparation step
in estrogen analysis is thus still required. The application of novel selective materials, including sorbents processed by
using 3D-printing, can be a promising approach, especially in a high throughput format 1229 More selective extraction
utilizing specific sorbent-analyte interactions can potentially further improve quantification of a wide range of estrogens. In
particular, boronate affinity solid-phase microextraction, as was previously claimed to be useful for diol-containing
compounds 24, seems to be an attractive approach.
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Figure 5. The graph presents quantitative analysis of estrogens.

The main role of estrogens in a woman'’s body is to shape secondary and tertiary sexual characteristics, which affects the
development of external genitalia, as well as the fallopian tubes, uteri, vaginas and nipples. Estrogens also perform a key
function in the male body—they condition the development of the male reproductive system [L1[22][23]24](25]26][27][28]

Estrogens also have a positive effect on the cardiovascular system, among other factors, by lowering total cholesterol 1],
shaping the blood lipid profile and also affecting the musculoskeletal system by stimulating the repair process of damaged
muscle fibers 12271 Notably, during menopause, there is a decrease in estrogen levels, which results in a decrease in
muscle mass, as well as osteoporosis. The lowest biological activity is shown by estriol, which is considered to be the
weakest of estrogens, being a product of estrone and estradiol metabolism. Estrone, in turn, exhibits a markedly higher
biological activity L2241251(261[27] Finally, the type of estrogen with the highest activity is a 17p-estradiol, with a potency of
about 5 to 10 times greater than the former type. Both types of estrogen receptors—ERa and ERB—have a relationship

with the heat shock proteins (HSP) complex. In addition, estrogen receptors have the ability to form heterodimers and
homodimers [22][241(25](26](27],

| 3. Estrogens in Etiopathogenesis and Therapy of Lung Cancer

It is well known that estrogens can cause carcinogenicity. The impact of estrogens is noted in female cancers, for example
breast cancer, or in the case of modulation of genetic mutations. However, based on available clinical studies, it is also

hypothesized that the mechanism of action of the estrogen pathway in lung cancer is similar to the one established for
breast cancer [281130[31],

Available studies indicate that estrogen affects lung carcinogenesis via non-genomic and genomic signaling. In genomic
signaling, homodimers and heterodimers are formed acting as ligands, which bind to the ER nucleus. In contrast, non-
genomic signaling works by means of the mitogen-activated protein kinase (MAPK1) pathways through the ER [27[32],

The endogenous metabolite of 17B-estradiol (E2) resulting from the hydroxylation and methylation of the second-position
is 2-methoxyestradiol (2ME, (17beta)-2-methoxyestra-1,3,5 (10)-triene-3,17-diol). This metabolite inhibits angiogenesis by
reducing endothelial cell proliferation. In addition, 2ME is an antiproliferative and anti-angiogenic agent [331[341(35][36]

The metabolite 2ME inhibits carcinogenic cell growth due to tubulin binding. In vitro studies show that 2-methoxyestradiol
inhibits a wide range of non-cancer and cancer cell lines. It has also been shown in vitro that 2ME inhibits several stages
of the andiogenic cascade, thereby inhibiting proliferation and inducing tumor cell apoptosis. Cell line growth inhibition
was achieved in the lung cancer line of human origin A459 and H460 p53 wild-type. Minor changes after treatment with
2ME occurred in H322 p53 and H358 type p53 cell lines. Western Blot analysis was performed, which resulted in a
significant increase in p53 protein after treatment with 2-ME. The main change observed during the study involving
treatment with 2ME was an eight-fold increase in endogenous p53 protein. The level of mutated p53 protein remained

unchanged. The p53 protein is the major tumor suppressor responsible for regulating the cell’s life cycle and apoptosis ]
24,



The Charité University Clinic in Berlin conducted a study to confirm the inhibition of the growth of various cell lines with
2ME, including lung cancer. Orally administered 2-ME was combined with gene therapy and an adenovirus expressing
the p53 gene was administered intravenously. The results demonstrated that lung cancer cells that were resistant to
cisplatin were particularly sensitive to 2ME 521,

Several experiments have been devoted to the metabolite 4-hydroxyestrogen (4-OH-E), which is a CYP1B1 product, and
has mutagenic and carcinogenic effects 3. Studies indicate that tobacco smoke stimulates the metabolism of 17p-
estradiol to the toxic metabolite 4-OH-E. In addition, 4-OH-E levels are elevated in patients with lung cancer as compared
to healthy controls. It has been hypothesized that the 4-OH-E metabolite affects oncogene mutation in the lungs and also
activates ER signaling, which increases the risk of lung cancer. Last year at the Research Institute of Fox Chase Cancer
Center in Philadelphia, it was discovered that the human lung can metabolize estrogen to 4-hydroxyestrogen 28!,

Studies show differential expression of nuclear ER-B in NSCLC 4. Nuclear expression of ER-a and ER-B was
determined by immunohistochemistry. The study identified ER-B nuclear expression in NSCLC tumor tissue and control
tissue correctly, in both women and men. In men, nuclear ER-B expression was found to be more frequent in
adenocarcinomas of the lung B2,

In the case of NSCLC, research indicates stimulation of tumor growth through the expression of ER forms that interact
with the epidermal growth factor receptor (EGFR) 8. Importantly, EGFR supports the growth of NSCLC and breast
cancer. The available data indicate the responsibility of HER2 and EGFR for a number of states of endocrine immunity
221 Moreover, in response to estrogen, the ERs proliferate as a result of their interaction with ER-containing vascular
endothelial cells 28],

Estrogens regulate the expression of miRNAs, which are found in small non-coding RNAs containing about 21-25
nucleosites B2, The miRNA finds application in distinguishing between different subtypes of lung cancer BIHAEL Sty dies
have reported that miR-124a is characteristic of NSCLC lung adenocarcinoma and miR-205 for squamous cell carcinoma,
while miR-375 and miR-21-5p are highly expressed in SCLC [B201411[421[431[44][45] |, addition, the histological patterns of
growth of lung adenocarcinomas were analyzed, showing a significant influence of miRNA expression 48, In tumors, the
presence of solid components in tumors was demonstrated when miR-212, miR-27a and miR-132 were expressed 48],
However, in order to demonstrate the possible benefits of miRNA targeted therapy in lung cancer patients, more
comprehensive studies should be conducted.

Research indicates that estradiol can be synthesized locally in NSCLC, analogous to breast cancer tissue 4. Moreover,
on the basis of the obtained results, it was proved that the concentration of estradiol in the NSCLC tissues was
significantly 3.7 times higher in men than in women after menopause “4. Researchers say that the essence of this
phenomenon are the circulating androgens produced by aromatase, which in the case of NSCLC and estradiol production
could be the leading substrates 7. The study determined the estradiol concentration in 59 NSCLC cases, followed by in
vitro A549 NSCLC cell cultures. Forty-three of the subjects showed an increase in the concentration of estradiol in the
neoplastic tissues compared to the non-neoplastic lung tissues of the patients 7. However, in the case of in vitro studies,
the increase in the proliferation of cell cultures of both A549 + ER-a and A549 + ER-3 was determined. Moreover, both cell
cultures were found to express aromatase. Importantly, studies show an increase in A549 cell proliferation during
testosterone use. Therefore, it is suggested on the basis of the obtained studies that if estrogens, and more specifically
oestradiol occurring inside cancerous tumors by aromatase, including NSCLC, and favor their development, anti-estrogen
therapy would be an effective therapy in the fight against cancer 24,

Both NSCLC and breast cancer are entities that frequently occur in everyday pathological diagnosis 8. However, it
should be remembered that both disease entities in the form of lung metastatic breast cancer and primary lung cancer are
treated completely differently “&. Typical immunohistochemical markers in the differential diagnosis of breast cancer are:
HER2—tyrosine kinase receptor encoded by HER2—growth-promoting protein, ER, MAMG—mammaglobion, GATA3—
GATA 3 binding protein (zinc finger transcription factor) and PgR—the steroid hormone progesterone receptor [48].
However, in the case of NSCLC, the most frequently used immunohistochemical markers are: TTF-1—thyroid
transcription factor 1, Napsin A, CK7—cytokeratin 7, p63, p40 and CK5—cytokeratin 5 8. In addition, molecular tests for
mutations are performed to diagnose NSCLC activators in the EGFR gene 8. Due to the limited research on the
immunohistological expression of NSCLC markers, a study was conducted using clinical variables and staining results for
CK5/6, p40, TTF-1 and napsin A 8 An analysis of 1291 samples of NSCLC patients with successively diagnosed
adenocarcinoma (ADC) was performed—636 patient samples, squamous cell carcinoma (SqCC)—536 patient samples,
large cell carcinoma (LLC)—65 patient samples, polymorphic carcinoma (PC)—34 patient samples, and large cell
neuroendocrine carcinoma (LCNEC)—20 patient samples. Most of the patients had disease stages | to 11l 28], In addition,
380 patients were women with more ADC than SqCC, while the remaining 911 patients were men. ER-positive tumors



were found to be much more common in women than in men. On the basis of the conducted studies, the expression of all
five markers was found in many patients, thus it can be concluded that the interpretation of tumor markers is important in
the differential diagnosis 48!,

Estrogen is known to induce ERB-mediated cell growth in NSCLC ., Moreover, high levels of circulating interleukins 6
(IL6) are associated with poor prognosis for NSCLC; however, the determination of the specific role of IL6 in NSCLC is not
fully understood and requires a lot of research 2. One of the studies assessed both the biological effects as well as the
expression of interleukins in NSCLC cells after treatment with 17p-estradiol (E2) ¥2. The expression of IL6/ERp in 289
NSCLC samples was determined via immunohistochemistry 22, The study included A549 and H1793 non-small cell lung
cancer cells 49 Cells were treated with E2. Their expression levels were determined sequentially by means of ELISA,
western blotting and immunofluorescence staining “9. The study also used an animal xenograft model to determine and
observe differences in IL6 and ERpB expression in NSCLC tumor growth 42, Research showed an increased increase in
both ERB and IL6, which was closely related, the researchers indicated, to either increased metastasis or decreased
differentiation 49, Indeed, the study showed ERP mediated regulation of IL6 expression through the PI3K/AKT and
MAPK/ERK pathways due to the use of E2 42, Importantly, an increase in malignancy of NSCLC cells was also found due
to the regulation of E2 on IL6/ERp 42,

Experimental research indicate that the ER potentially promotes NSCLC progression via modulation of the membrane
receptor signaling network, composed of the GSK3p/B-catenin, Notchl and EGFR pathways 5%, Furthermore, one of the
treatments for lung cancer may be anti-estrogen therapy. Additionally, 17-B-estradiol is produced by aromatase activity,
which in turn influences the control of estrogen levels in the lung cancer microenvironment 5152, Clinical studies suggest
that aromatase inhibitors are a good therapeutic option for lung adenocarcinoma B3l Aromatase inhibitors are
classified into classes | and II: (I) irreversible steroid inhibitors; (Il) non-steroidal inhibitors BE3]l Sylfotransferases
activated by e.g., dexamethasone are also used in the treatment of hormone-dependent tumors 134l preclinical studies
indicate inhibition of A549 cell tumor growth, while lowering estrogen levels BUB3l Fylvestrant, an estrogen receptor
degradator, is also used in NSCLC research 28, According to the data, fulvestrant causes greater sensitization of the
NSCLC tumor to chemotherapy and reduces the mesinochemical features =4l Dye to the fact that one of the leading
elements of the patient's immune profile are steroid hormones, next to chemotherapy, radiotherapy or surgery,
immunotherapy is an effective lung cancer treatment strategy 1. The development of personalized medicine is
conditioned by numerous preclinical and clinical studies taking into account sex differences or the expression of hormonal
markers, in which the response to therapy in patients with NSCLC, survival as well as pathological and clinical features
are tested (211,
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