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Abstract

Background Endometrial cancer is the fourth most common type of cancer in the world. Due to the
prevalence and high morbidity, it is of key importance to make a quick and accurate diagnosis and
effective therapy. The use of photodynamic therapy (PDT) in the treatment of endometrial cancer is a
significant challenge in conducting clinical trials. PDT is non-invasive, with few side effects, damaging
only neoplastic tissue, leaving healthy adjacent structures intact. Thanks to numerous experiments (also

27




ARCTIC JOURNAL ISSN: 0004-0843

2024 7(7) -]

in vitro), PDT is gaining more and more recognition as a potential tool in endometrium cancer
treatment.

Objective The aim of the study was to analyze the effectiveness of photodynamic therapy on
endometrial cancer tissue samples in vitro. Additionally, the aim of the experiment was to analyze the
effects of PDT on endometrial cancer tissues in histopathological examination.

Methods In the in vitro experiment of PDT, sections of endometrial cancer tissue taken from female
patients were subjected to. Rose Bengal was used as a photosensitizer in order to assess the usefulness
of the applied PDT and to introduce these solutions into the in vivo test procedure.

Results Changes on the cellular substrate, such as: chromatin condensation, disturbed structure and
shape of cell nuclei were observed in all tissues subjected to PDT.

Conclusions The PDT experiment in vitro offers opportunities and hopes for using the chosen
procedure also in vivo.

Keywords endometrial cancer; photodynamic therapy; in vitro; treatment; rose bengal

1. Introduction

Endometrial cancer is the most common gynecologic malignancy in industrialized countries [1-2].
Endometrial cancer is the 6th most commonly occurring cancer in women and the 15th most common
cancer overall. There were more than 417,000 new cases of endometrial cancer in 2020 [3]. The
incidence of endometrial cancer is associated with in-creased mortality [4]. Each year, over 89,000
patients die [5]. In 2020 this number was 97,370 according to World Cancer Research Fund [3]. A
large percentage of patients is diagnosed at an earlier stage of the disease [6-8]. Most of the diagnosed
patients are in the fifth and sixth decade of life [9-10]. The incidence of endometrial cancer is increasing
in young women, and the incidence in childbearing age (under 40) ranges from 3% to 14% [11]. Figure
1 presents the graph showing 10 countries with the highest rates of endometrial cancer in 2020. Age-
standardised rates (ASR) per 100,000 scale was applied. These are a summary measure of the rate of
disease that a population would have if it had a standard age structure [3].
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The 10 countries with the highest rates
of endometrial cancer in 2020
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Fig. 1 10 countries with the highest rates of endometrial cancer in 2020

1.1. Endometrial carcinoma types

The incidence of endometrial cancer depends on many factors. These are i.a. genetic factors, the
patient's age (early first menstruation, late menopause), infertility, previous or ongoing illnesses,
obesity, early and long-term contraception and the country of origin of the patient [1,12-15].

Traditional classification of endometrial cancer may be based on clinical and endocrine features (e.g.
type | and I1) or histopathological features (e.g. endometrioid, serous, or clear cell adenocarcinoma).
The subtypes defined by the different classification systems are somewhat correlated, but there is
considerable heterogeneity in biological, pathological, and molecular characteristics in the tumor types
from both classification systems [16].

In clinical classification there are two major types of endometrial tumors. Type | endometrial
carcinomas are mostly endometrioid adenocarcinomas which appear to develop from abnormal
glandular proliferation (i.e. endometrial hyperplasia) driven by hormonal mechanisms [17-18]. The
cause of its formation is influenced by several factors. These include obesity, diagnosed polycystic
ovary syndrome in patients, anovulatory cycles, irregular menstruation and increased production of
estrogen by the ovaries. Its structure is very similar to the endometrium, hence the name. It is classified
as a milder type due to its minimal invasiveness and low aggressiveness [19-22].
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In contrast, type Il endometrial carcinomas often show serous or clear cell histology and arise from
atrophic endometrium in a less hormone dependent manner. In addition, the subtypes of these cancers
are characterized by characteristic molecular changes, and endometrioid carcinomas are more clearly
associated with increased levels of sex-steriod hormones and the expression of hormone receptors [17-
18]. The cause of type Il cancer is primarily the patient's age. This type of cancer is more common in
patients in the sixth and seventh decade of life. Type Il carcinomas include serous, clear cell,
undifferentiated, mucous, and squamous cell carcinomas [15, 22-23]. The medical classification also
includes intermediate types between | and Il types of cancer. These include cases in which the cancer
exhibits to a greater or lesser extent different clinical, histopathological and molecular features of the
two types. Another type of endometrial cancer is lobular carcinoma. It is uncommon and most often
metastasizes to the gastrointestinal, gynecological and peritoneal tracts [24].

Endometrial tumors are divided into five histological subtypes: endometrioid, serous, mixed
(combination of endometrioid and serous), clear cell, and malignant mixed Mullerian tumor. Rare
subtypes that occur are classified as "other". Almost 75% of endometrial cancers are of the
endometrioid type [16, 25]. Although the endometrioid subtype may be of low or high grade, other
tumor types (i.e. serous and clear cell types) are high grade [26, 27].

1.2. Endometrial carcinoma cell histotypes

The cells that line the glands in endometrial cancer are compact, columnar, with multiple layers and
features of atypia [29]. Atypia as a group of abnormal malignancies in the structure of cells is
characterized by a number of neoplastic changes. Features of atypia include: cell enlargement, an
increase in the volume of the nucleus relative to the cytoplasm, anisocytosis (change in the shape and
size of cells), irregular outline of the cell nuclei, hyperchromatosis (increase in the amount of DNA in
cells), heterochromasia (uneven staining), irregular thickening of the cell membrane and uncontrolled
mitotic processes [30]. Endometrioid cancer also takes the form of squamous cell carcinoma. Serum
cancer differs from endometrioid cancer by pronounced nuclear pleomorphism, visible nucleoli, and
sparse cytoplasm. It has a characteristic papillary structure, solid or microcystic. Tumors do tubulocytic
growth, papillary or solid growth and polygonal or conical cells with pronounced pleomorphism of the
nucleus, visible nucleoli and pure cytoplasm [30-31].

1.3. Endometrial cancer treatment

Endometrial cancer is the most common gynecological malignancy and its incidence is increasing. The
diagnosis of endometrial cancer in young women of reproductive age is rare. Indeed, only 4% of
endometrial cancer patients are under the age of 40. It is usually diagnosed in postmenopausal women.
The purpose of endometrial cancer diagnosis is to identify women with early-stage endometrial cancer
who require only total hysterectomy and bilateral oophorectomy. Women with a family history of
hereditary colorectal cancer unrelated to polyposis are more likely to develop endometrial cancer
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[5,26]. Surgery is the most common form of treatment for endometrial cancer. It involves the complete
bilateral removal of the ovaries and fallopian tubes [28].

Photodynamic therapy is a modern method that uses light to heal. PDT is based on photochemical
reaction between light, a non-toxic photosensitizer and oxygen. Production of singlet oxygen by
excitation of a photosensitizer is the main output of this process, thanks to which the target tumor cells
can be destroyed by local necrosis of the neoplastic cells [32, 33]. Endoscopic access to the uterus puts
PDT in the spotlight in the treatment of endometrial diseases. PDT has the potential to be an effective
conservative treatment for benign and malignant endometrial lesions [34].

2. Materials and Methods
2.1.Endometrial cancer tissues

18 cases of endometrial cancer after chemotherapy were included in the study. Patients diagnosed with
endometrial cancer were 30-50 years of age. The biopsy material was collected from patients diagnosed
with endometrial cancer. The interference in the tissues was minimized by using a sharp scalpel,
avoiding crushing the material. The material was collected under sterile conditions using a core needle
biopsy with a diameter of 1.2 mm. Following a biopsy of the neoplastic tissues, it was decided to
experimentally undergo PDT to test and test this form of cancer treatment and to implement it in future
in vivo studies. The study was conducted in accordance with the Declaration of Helsinki, the protocol
was approved by the Ethics Committee of 10/11/2018.

2.2.Histopathology

As a result of the surgery (biopsy) from patients with endometrial cancer, the material in the form of
tissue sections was collected and fixed in 10% buffered formalin solution (4%) for a period of 24 hours.

The fragments are embedded in substances that penetrate into the tissues, which give them adequate
hardness. This makes it possible to prepare suitably thin sections. After fixation, the sections were
placed in cassettes. The tissue material from the cassettes was rinsed, dehydrated, passed in
intermediate fluids and embedded in paraffin. Thus, block preparations were obtained. This step is
called infiltration and was carried out at 52°C

Sections were cut from the paraffin blocks using a microtome (MICROTOM LEICA RM 2245). The
paraffin block was placed in a microtome stand and quadrilateral sections were punched. In order to
minimize the undesirable effects occurring during this stage (rolling up and sticking the sections
together), the temperature was sufficiently low and the preparations were properly dehydrated. The
most important standard technique for histological imaging is hematoxylin and eosin staining. This is
called viewing staining, which allows you to evaluate the entire structure of the tissue by contrasting
the staining of the cytoplasm and cell nuclei. At this stage, the Multistainer (LEICA ST 5020) was used
- as a universal device for staining histopathological preparations. The final step was to cover the
stained fragments with a coverslip. Prior to cover, the space between the slide and coverslip was filled
with histofluid. Figure 2 shows the laboratory accessories used during the histopathological procedure.
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After the histopathological procedure, the tissues were analyzed and assessed under a microscope
(LEICA DM 1000 LED).

Fig.2 Laboratory accessories (a-d) used during the histopathological procedure

2.3.Photodynamic Therapy and histopathology

Histopathological material was subjected to photodynamic therapy. A solution of rose bengal
(photosensitizer) in a volume of 1 ml was applied to the tissues. Rose Bengal (RB) (95%), oxygen gas
(99%) was purchased from STP & DIN Chemicals, Bielsko-Biata, Poland. The water for the
preparation of the appropriate RB concentration was purified using the AquaB Duo reverse 0Smosis
system from Fresenius Medical Care, Singapore Pte. Ltd. The photosensitizer solution was gassed with
pure oxygen for 2 minutes. The therapy uses a laser with a wavelength of 532 nm and a power of 350
mW. The irradiation treatment was performed from a distance of 10 cm in order not to heat the tissues.
The temperature on the surface of the tissue after 15 minutes of exposure did not exceed 30°C. A solid-
state laser (pumped green semiconductor LD laser, MGL-111-532 nm / 300 mW) was used in the
experiment. The emitted light covered the entire surface of the tumor and was evenly distributed
throughout the tissue. Figure 3. shows the rose bengal vial and the process of irradiating endometrial
cancer tissue with a laser.
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Fig.3 a) rose bengal vial, b) the process of irradiating endometrial cancer tissue with a laser

Histopathological evaluation of microscopic images of tissues after PDT was performed at the
Department of Pathomorphology at the Clinical Hospital No. 1 in Rzeszéw using a LEICA DM1000
LED microscope (LEICA Microsystems, Wetzlar, Germany). The damage to cancer cells due to the
photosensitizer used and exposure to laser light was assessed mainly on the basis of the glandular and
testicular architecture, the degree of chromatin condensation, the presence or absence of distinct
nucleoli, and the severity of tissue stromal swelling.

3. Results

PDT therapy with the use of an aqueous solution of rose bengal resulted in a reduction in the number
of neoplastic cells. As a result of PDT therapy, the size of cells and their physiology changed (they
became incomplete and fragmented). Post-PDT neoplastic cells were characterized by the lack of
uniform nuclear chromatin, no visible nucleoli and no other elements of the nucleus. The nuclear
structure and cytoplasm of the cell have disappeared. Figures 4-6 show microscopic pictures of three
endometrial cancer tissues before and after the application of photodynamic therapy.

Figure 4a) shows the image of endometrial carcinoma of tissue no. 1 before the PDT procedure.
Whereas in figure 4b) the image of endometrial cancer tissue after PDT is presented.
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Fig.4 a) endometrial carcinoma of tissue no. 1 before the PDT procedure b) endometrial cancer tissue
after PDT
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Tissue image no. 1, before PDT, shows cells with a nucleus with a clearly thickened nuclear membrane
and nucleoli. Visible elements of nuclear chromatin. Eosinophilic cytoplasm, mostly homogeneous.
Slightly marked cell dysohesion. The tumor is solid. Low-differentiated cancer.

The PDT procedure was followed by condensation of nuclear chromatin with completely invisible
elements of the nucleus. Homogeneous cytoplasm. The color is more intense. The testes changed after
the PDT procedure was used. Chromatin became homogeneous, with no visible nuclei and no
membranous chromatin structures.

Figure 5a) shows the image of endometrial cancer tissue no. 2 before the PDT procedure. Whereas in
figure 5b) the image of endometrial cancer tissue after PDT.

35




ARCTIC JOURNAL ISSN: 0004-0843

2024 7(7) -]

Fig.5 a) endometrial carcinoma of tissue no. 2 before the PDT procedure b) endometrial cancer tissue
after PDT

Tissue image no. 2 before PDT shows well the cellular structure of endometrial cancer. A patient with
adenocarcinoma with intermediate endometrial differentiation. The photo shows the nuclear membrane
and fine-grained eosinophilic cytoplasm. Visible structures in the form of relative chromatin in the
nucleus. Membrane unevenly thickened. The testicles, on the other hand, are irregularly enlarged.
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PDT damaged endometrial cancer cells. The structure and shape of the neoplastic cell nuclei were
disturbed. Significant discohesion of neoplastic cells. The image shows numerous defects in the cell
membrane (the tissue looks like a syncycium). Grains of various sizes and shapes. They have a
completely obliterated structure of an opaque character with invisible nucleoli.

Figure 6a) shows the image of endometrial cancer tissue no. 3 before the PDT procedure. Whereas in
figure 6b) the image of endometrial cancer tissue after PDT.
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Fig.6 a) endometrial carcinoma of tissue no. 3 before the PDT procedure b) endometrial cancer tissue
after PDT

Tissue image no. 3 before the PDT procedure shows the clearly visible structure of tumor cells and
nuclei. The tissue came from a patient with endometrial adenocarcinoma with clearly differentiated
fields. The cytoplasm of eosinophilic neoplastic cells is more homogeneous. Nuclei of various sizes
and shapes with transparent chromatin with visible elements of thickened nuclear membrane and
numerous nucleoli. Changes of varying severity have been observed after PDT. Some of the cells were
rendered harmless to a greater extent. Condensation and homogenization of nuclear chromatin of
cancer cells are visible (of varying severity). There was also an obliteration of the nuclear structure and
the cytoplasm of the cell. There was cell discohesion with deeper eosinophilicity. Cell nuclei of various
sizes and shapes. Visible homogenization of the nucleus structures. The structure of the nucleus, cell
membrane and nucleolus is difficult to locate.

4. Discussion

Histology showed that nuclear chromatin condensation can be visualized in endometrial cancer tissue
after PDT. Microscopic observation of endometrial cancer cells before and after PDT were performed.
We observed visible nuclei with a distinct thickened nuclear membrane, granular chromatin and
nucleoli. The advantages of PDT are its low systemic toxicity and the ability to selectively destroy
tumors accessible to light and surpass it over other conventional cancer treatments. Due to these
numerous activities, PDT is gaining more and more recognition as a potential tool in conventional
cancer treatments. Several preclinical studies and some clinical studies suggest that the use of PDT in
combination with established treatments or with newly developed treatments may be beneficial over
individual treatments. Koren et al., was used hematoporphyrin in the therapeutic effect of PDT. A laser
with a wavelength of 632 nm and a power of 2.5W was applied. After the experiment, the physiology
of the tumor was assessed at given time intervals over a period of 22 months [35]. ALA photosensitizer
is also used for selective ablation of the endometrium. It is also used as a marker for fluorescence
detection in the photAKILLLLodiagnosis of cancer PD [36-37]. Wyss et al. in his experiment he used
PDD diagnostics in the assessment of endometrial cancer [38]. They presented the conclusions that
PDD can be used to more accurately diagnose endometrial lesions. PDT has many features that make
it innovative. Direct toxicity to neoplastic cells, damage to tumor blood vessels and anti-tumor
immunological activity are the main mechanisms of its beneficial effects. According to Mhawech et
al., Fehr et al. and Wyss et al., PDT is a helpful tool in endometrial ablation. Various photosensitizers
have been used in animal models as an experimental test to perform PDT. The effectiveness of the
research was good. Which confirmed the importance and role of PDT in the treatment of endometritis
[39-41]. PDT is also an endometrial cancer treatment tool that spares fertility. According to studies
cited by Won et al., PDT has been on the list of the leading fertility-preserving treatments since 2013
[42]. Min Chul Choi et al. evaluated the effectiveness of photodynamic therapy (PDT) as a conservative
fertility-sparing treatment in young women with early-stage endometrial cancer. PDT was used in 11
patients as primary treatment and in 5 patients as secondary treatment for recurrence after primary
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hormonal therapy. Complete remission was observed in 12 (75%) of the 16 patients. Of the 7 women
who attempted to get pregnant, 4 had 7 successful pregnancies, resulting in 6 live births [43]. In turn,
Steiner et al., the pharmacokinetic behavior of topically administered 5-aminolevulinic acid (ALA) and
the morphological characteristics of ALA-induced PDT were analyzed in an animal model of the rat.
As cells are differ in their ability to produce PP IX, ALA may be an element of selectivity for PDT.
Cell specificity was assessed by monitoring the spatial distribution of Pp 1X in frozen uterine sections.
Endometrial damage was measured by assessing the reproductive capacity of the rats treated with PDT.
The muscle damage of the uterus was significant. However, the applicability of the experiment to
clinical trials is uncertain. Therefore, according to the authors, further analysis and work is necessary
[44]. Researchers at Tohoku University Hospital also drew conclusions regarding the future of PDT
and its use in the treatment of adenomyaosis. In their research, photodynamic therapy with ALA caused
extensive death of cells derived from human adenomyosis. They are sure that photodynamic treatment
with ALA in the future may become a new method of treating patients with uterine adenomyosis [45].
Gannon et al., using PDT, selectively destroyed the disease, confirming the role of PDT in targeted
therapy [46]. Raab et al. were based on an endometrial cancer cell line treated with PDT [47]. Most of
the cells treated with the photosensitizer and exposed to light died within the first 12-24 hours. A low
decrease in service life was recorded over the second and third day. The relatively quick reduction in
the number of viable cells was due to damage to the cell membrane. In turn, the subsequent decrease
in vitality was a result of the destructive effect of PDT on internal metabolic processes [48]. Kim et al.,
using cells from the HEC-1-A line of endometrial neoplastic tissue, conducted research with the use of
PDT. After the therapy, an increased apoptosis process was observed as compared to the control
groups. PDT enhanced apoptotic signaling pathways (leading to the activation of PARP polymerase
and caspase-9) and reduced the frequency and intensity of tubular formation in cells. Additionally,
PDT inhibited cell invasion, reducing the likelihood of metastasis [49]. Schneider-Yin et al., also used
the HEC-1-A cell line. The authors showed that the combination of the photosensitizer, which was
hypericin with a white light source, has an extremely phototoxic effect on endometrial cancer cells. An
increased number of dead cells was observed [50]. One of the major limitations of PDT, as with any
cytotoxic modality, is the initiation of tumor cell reactivation pathways that favor the limitations of
treatment with this form of therapy. Incomplete treatment may start the cancer cell spreading process
by initiating metastasis. In the case of in vitro tests, the above limitation does not apply. In in vitro and
in vivo tests, the limited depth of penetration of both the photosensitizer and light is a difficulty. Our
experiment confirmed the changes caused by PDT in tissues and cells treated in vitro. In PDT are
various photosensitizers, some of them are clinically approved and some are still in clinical trials (table
1.). PDT relies on accumulation of the photosensitizer in diseased tissue as well as localized light
delivery. Therefore, an important factor that needs to be considered when planning a therapy is the
photosensitizer. Structures of tetrapyrrole, such as porphyrins, chlorins, bacteriochlorins and
phthalocyanines with appropriate functionalization have been extensively studied in PDT and several
compounds have gained clinical approval. Other molecular structures were investigated, including
synthetic dyes classes, transition metal complexes, and natural products such as hypericin, riboflavin
and curcumin [51-66]. In treatment of endometrial cancer in animals there were mostly used ALA (5-
aminolevulinic acid) and Verteporfin photosensitizers [39-41,52].

39




ARCTIC JOURNAL ISSN: 0004-0843

2024 7(7) -]

Table 1 Clinically approved and tested photosensitizers with their excitation wavelengths.

Photosensitizer Drug Stage Wa\[/r?:re]algth References
Approved
Porfimer sodium (HPD) Photofrin® FDA approved 630 [53-56, 58-59]
ALA (5-aminolevulinic acid) Levulan®/Ameluz® FDA approved 635 [53-54, 56, 58-59]
M-ALA (methyl Metvix®/Metvixia® FDA approved 570-670 [54, 56, 58-59]
aminolevulinate)
HAL (hexaminolevulinate) Hexvix® FDA approved 380-450 [56], [59],
Verteporfin (BPD-MA) Visudyne® FDA approved 690 [53-56, 58-59]
Temoporfin (MTHPC) Foscan® EMA approved 652 [53-56, 58-59]
Talaporfin sodium/NPe6 . MHLW
(N-aspartyl chlorin e6) Laserphyrin® approved 664 [54, 58-59]
Chlorin e6 (C e6) Radachlorin® MHRF approved 660 [54, 59]
Photogem Photogem® MHRF approved 660 [59]
In clinical trials
Rose Bengal Rose bengal Phase 3 549 [54, 57, 59]

HPPH (2-[1-hexyloxyethyl]-2-
devinyl pyropheophorbide- Photochlor® Phase 2 665 [53-56, 59]
alpha)
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Synthetic hypericin SGX301 Phase 3 570-650 [58-59]
LUZ11 Redaporfin® Phase 2 749 [58-59]
Methylene blue Methylene blue Phase 2 665 [54, 57, 59]
Motexafin . .

i . LuTex/Antrin Terminated 732 [53, 56, 59]
lutetium/Lutexaphyrin
Padeliporfin/ Palladium TOOKAD® Terminated 763 [53-56, 59]
bacteriopheophorbide
Rostaporfin (SnEt2) Purlytin Phase 2/3 660 [53, 59]
Ce6-PVP/ Photodithazine -0 O"®/PROIO phage 5 660-670 [53-56, 59]
Sylicon phthalocyanine Pc4 Phase 1 675 [53-56, 59]
TLD-1433 TLD-1433 Phase 2 520 [59]

Limitations of the study

The main challenge of the experiment was the biopsy procedure performed by a histopathologist.
Additionally, due to the specificity of the PDT procedure, the transport and storage of biological
samples also turned out to be a challenge. The procedure for applying the photosensitizer and the laser
irradiation process itself has been presented many times in many scientific publications, which made
it possible to test various variants of research protocols.

5. Conclusions

The use of PDT in the treatment of endometrial cancer is a significant challenge in conducting clinical
trials. The conducted in vitro tests allow the use of the measurement procedure also in in vivo clinical
tests. All analyzes and research on PDT make it possible to use the acquired knowledge for hospital
research. Photodynamic therapy enables the selective destruction of neoplastic tissue without damaging
healthy tissue. Due to the significant action of cancer cells in vitro, there is a chance that PDT will also
become a common toolkit of cancer treatment in vivo in cancer patients. The study of the properties of
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the photosensitizers used in PDT causes that more and more standardized methods of therapy are being
developed. An important issue is the process of tissue healing after the application of PDT. The
conducted research confirmed that tumor tissue and tumor tissue after PDT, based on histopathological
examination, have different morphology and tissue structure. PDT therapy applied to cancer tissue
caused damage to cytoplasmic membranes, resulting in damage to lysosomes and mitochondria.
Tissues treated with PDT showed further degradative changes in the tumor tissue. The experiment
confirmed the effectiveness of PDT therapy of cancerous tissues in vitro. Recent studies show that the
use of PDT mainly violates the glandular component of endometrium. PDT is a hope for controlling
metastasis. Conservative treatment is the priority in the treatment of endometrial cancer. PDT is a
therapy that does not leave fibrosis and scars. It can be applied cyclically because it does not damage
DNA. Due to the photosensitizers used, which combine with the mitochondria, it is these cellular
organelles that are destroyed under the influence of light of the appropriate wavelength. Damage to the
tumor vessels leads to its hypoxia. The result is necrosis and apoptosis of cancer cells. The main
advantage of PDT is the effect of action mainly in the area of the disease focus.
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