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Abstract: Photodynamic therapy (PDT) is a medical procedure useful for several benign conditions
(such as wound healing and infections) and cancer. PDT is minimally invasive, presents few side
effects, good scaring, and is able to minimal tissue destruction maintaining organ anatomy and
function. Endoscopic access to the uterus puts PDT in the spotlight for endometrial disease treat-
ment. This work systematically reviews the current evidence of PDT’s potential and usefulness
in endometrial diseases. Thus, this narrative review focused on PDT applications for endometrial
disease, including reports regarding in vitro, ex vivo, animal, and clinical studies. Cell lines and
primary samples were used as in vitro models of cancer, adenomyosis and endometrioses, while
most animal studies focused the PDT outcomes on endometrial ablation. A few clinical attempts
are known using PDT for endometrial ablation and cancer lesions. This review emphasises PDT as
a promising field of research. This therapeutic approach has the potential to become an effective
conservative treatment method for endometrial benign and malignant lesions. Further investigations
with improved photosensitisers are highly expected.

Keywords: endometrial neoplasms; endometrium; models; animal; photochemotherapy; photody-
namic therapy; therapeutics

1. Introduction

Photodynamic therapy (PDT), or photochemotherapy, is a medical procedure that
uses photosensitiser drugs and visible light to ablate unwanted cells, such as cancer cells,
to enhance wound healing, obtain an antimicrobial effect, and others. The interaction
of a specific wavelength with a photosensitiser determines its activation and elicits the
photodynamic reaction [1].

In the European Union, there are photosensitisers approved for choroidal neovas-
cularisation associated with age-related macular degeneration and pathological myopia
(Verteporfin), mild to moderate actinic keratosis of the face and scalp (5-ALA), advanced
cases of prostate adenocarcinoma (Palediporfin), and head and neck squamous cell carci-
noma (Temoporfin) [2]. Besides the current clinical indications, PDT constitutes a dynamic
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area of research with huge potential to grow and become a valid treatment option for a
wide range of diseases.

The outcome of PDT depends on the photosensitiser’s characteristics [3,4]. After
administration and time for bioavailability, a period called drug-light interval (DLI), the
area to be treated is irradiated with appropriate wavelength light. The photosensitiser in
the ground state passes to an excited singlet state and then to an excited triplet state by
intersystem crossing. The triplet state photosensitiser oxidises the available substrates in
two reaction types. In type I, the triplet state photosensitiser reacts with organic molecules,
forming reactive oxygen species (ROS) such as peroxides or superoxide anion. In type II,
interaction with oxygen forms singlet oxygen, the most relevant ROS in PDT [5]. Due to
high ROS concentrations, PDT kills photoxidized cells, disrupts associated vasculature,
and triggers an inflammatory/immune response [6].

Despite the complex biology, PDT presents several advantages. Photocytotoxicity
effects are local and selective, as the photodynamic reaction occurs only where irradiation
is made. It is a painless and straightforward procedure eligible for ambulatory, which can
be combined with other treatment approaches. It can be minimally invasive according
to the treated area [5]. However, patients treated with first-generation photosensitisers
unveiled cutaneous photosensitivity after photodynamic treatment [7,8]. Nevertheless,
PDT is particularly interesting for superficial lesions located externally or at accessible
cavities, like the endometrium.

The applicability of PDT for gynaecologic diseases has been addressed in previous
reviews. Such works address PDT applications to some endometrial diseases, namely en-
dometrial cancer and endometriosis [9,10]. This work systematically reviews the current
evidence of PDT’s potential and usefulness to endometrial disease. Thus, this review includes
the reports regarding in vitro, ex vivo, animal, and clinical studies, as schematised in Figure 1.
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Figure 1. Applications of PDT on endometrial disease encompass in vitro (A), animal (B) and
clinical trials (C). Current literature used several photosensitisers, including 5-aminolevulinic acid
(5-ALA), hematoporphyrin derivative (HPD), benzoporphyrin derivative (BPD), radaclorin, tin ethyl
etiopurpurin (SnET2) and hypericin.

2. Materials and Methods

A narrative review was performed focusing on PDT applications for endometrial
disease. A systematic approach was used for the study’s identification and selection,
aiming to increase the quality of the manuscript.

The article search was performed in Medline (through PubMed), Cochrane Library,
Embase, Web of Science and Clinical Trials databases. The search was performed using the
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terms Endometrium, Endometrial neoplasms/cancer, Photochemotherapy and Photody-
namic Therapy and the boolean operators AND and NOT. Articles published from 1978
onwards were considered, and the last search was performed on April 2022. Only articles
published in English and Portuguese were considered. Clinical, animal, ex vivo or in vitro
studies evaluating PDT application on endometrial diseases/models were considered.

A standardised approach was used to collect the data, which included the article’s first
author, publication year, photosensitiser type, dose, DLI, irradiation characteristics, follow-up
period, and main results. The data collected was registered for all studies. The disease type,
number and age of patients, histological evaluation, tumour stage, and exam complementary
data (ECD) were also noted in the clinical studies. In in vivo studies, the disease type, animal
species, model type, procedure or inductor agent, the number of animals, gender, age and
weight were also recorded. In the ex vivo studies, sample type or pathology and assays
performed were also registered: Finally, for the in vitro studies, the cell line, photosensitiser
concentration, number of treatments, and assays performed were recorded.

3. Endometrial Pathology

The endometrium is a high turnover tissue influenced by sex hormones that lead to
cyclic modifications that allow embryo implantation or culminate in menstruation every
month. The basal layer of the endometrium possesses epithelial and mesenchymal stem
cells, able to self-renew throughout reproductive life, ensuring a cyclic remodelling of the
functional layer [11]. Endometrial cell proliferation is ruled by oestrogens that regulate
cell survival and viability as well as mitogenic effects [12]. Also, the dysregulation and
dedifferentiation of these phenomena expose endometrial glands to stimuli that play a
central role in proliferation and disease, namely hyperplasia and cancer.

Endometrial pathology encompasses benign and malignant lesions. Abnormal uterine
bleeding (AUB) is the clinical manifestation of frequent benign pathologies such as adeno-
myosis and endometrial polyps or dysfunctional conditions. As discussed below, neoplastic
diseases often require invasive procedures such as surgery followed by radiotherapy or
chemotherapy, which are highly mutilating and compromise the women’s fertility. Endo-
scopic access to the uterus puts PDT in the spotlight for endometrial disease treatment. PDT
is minimally invasive, presents few side effects, good scaring, and is able to minimal tissue
destruction maintaining organ anatomy and function. Therefore, PDT has the potential to
become an effective conservative treatment method for radical surgical ineligibility and
fertility-sparing cases.

3.1. Endometrial Cancer

Endometrial neoplasms are the most frequent gynaecological malignancy in developed
countries, being the fourth most frequent in women and representing about 6% of all
cancers [13]. Almost 80% of endometrial neoplasms are diagnosed at an early stage, but a
few are diagnosed in women under 40 years old. Endometrial cancer treatment includes
surgical staging that begins with a total hysterectomy and bilateral salpingo-oophorectomy.
Lymphadenectomy is an integral part of comprehensive surgical staging, but the utility in
the early stage is still controversial [14].

Conservative therapies are necessary for women with significant medical comorbidi-
ties, obese women to whom surgery is technically limited, patients with specific tumour
characteristics or particular genetic backgrounds and women with childbearing capac-
ity [15,16]. Regrettably, current conservative approaches, which are based on progestogens,
have inherent risks: the treatment being ineffective, the risk of relapse, missing a diagnosis
of synchronous ovarian lesions and lymph node involvement. Patients aged < 40 years
present a higher recurrence rate and worse progression-free survival [17,18]. In fact, there
are reports of hysteroscopic resection followed by progestogens with better outcomes con-
sidering response rate, recurrence rate and live birth rate [19]. In this context, a continuous
search for new diagnostic and therapeutic methods is still required [20].
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In vitro studies showing PDT’s potential to treat endometrial cancer were described in
10 papers, detailed in Table 1. Raab and colleagues showed the endometrial cancer cell line
HEC1-1A remained unaffected by hematoporphyrin derivative (HPD) up to 10 ug/mL,
after both 24 and 48 h of incubation, in the absence of light [21]. Nevertheless, PDT caused
cell eradication for the more potent therapies, such as 10 g/mL HPD with a 24 h incubation
period or 5 g/mL with a 48 h incubation time, indicating a treatment with limited secondary
effects [21]. Later, Schneider-Yin and colleagues studied 5-aminolevulinic acid (5-ALA) and
hypericin in the same endometrial adenocarcinoma cell line. 5-ALA based PDT decreased
cell survival, but no enhancement was seen with the combination of both photosensitisers
after 635 nm irradiation. A slight additive effect was observed when irradiation was made
with white light [22].

Combination studies associating PDT with chemotherapy were also performed. The
association of HPD and carboplatin led to increased cytotoxicity and ROS production [23].
While hydroxyl radical and superoxide anion concentrations remained stable, and a slight
increase of hydrogen peroxide was observed after PDT, ROS concentrations increased when
combined with carboplatin. Moreover, PDT increased necrotic cells while PDT combined
with carboplatin increased apoptotic and necrotic cells. The viability of cells submitted to
PDT depended on the light energy deposited. The association with carboplatin showed
better outcomes when low powers (330-660 mJ) were used [23]. Thus, PDT also showed
the potential of therapeutic association to reduce undesirable effects of standard treatments
by lowering the effective dosage of chemotherapeutics.

Using another endometrial cancer cell line, HEC-1B, hypericin action was further
explored [24]. Hypericin uptake remained relatively steady from 3 to 20 h, and sub-cellular
fractions showed a tendency for nuclear accumulation. HSP70, P21, and P53 expression
synergistically induced photoactivation, while the cell cycle accumulated in the G2/M
phase. Poly(ADP-ribose)polymerase (PARP) activation determined apoptotic cell death,
while necrosis was observed for higher fluences [24].

Primary cells from ten patients corroborated HPD based PDT outcomes. Decreased
proliferation and enhancement of necrosis were observed. Moreover, PDT induced no
damage to the basal membrane (laminin) but led to shallow EGFR expressions [25].

Radachlorin, a derivative of the well-known water-soluble green pigment chlorophyll
«, is a promising PDT photosensitiser and was first introduced as a potential drug by
E. Snyder et al. in 1942 [26]. Kim and colleagues showed Radachlorin-PDT IC50 values
of 55.4 uM and 20 uM, obtained 24 and 48 h after photosensitising the HEC-1A cells,
respectively. Annexin-V-positive and TUNEL-positive cells increased after treatment,
mainly after 48 h. PARP and caspase 9 increased when PDT was combined with vascular
endothelial growth factor (VEGF) treatment. Also, PDT and PDT + VEGF conditions
reduced tubular formation. PDT combined with VEGEF suppressed the invasion, reduced
prostaglandin-2 production, and reduced EGFR, VEGFR2 and RhoA expression [16].

In clinical practice, the use of PDT in endometrial cancer patients was described in
five papers. The first case report, by Dougherty in 1978, described clinical responses of
100 individual tumours, representing ten different types. For the first time, the authors
reported a complete response of six endometrial tumours to HPD-PDT in a patient [27].
It took 17 years to publish the following report, where 26 patients with gynaecological
cancer were treated, including five endometrial cancer patients. PDT was used as palliative
care to eliminate symptoms; however, improvement was temporary. Complete response
was achieved in 70.8% of endometrial cancers, and the procedure was considered safe
and effective, particularly in locoregional recurrence [28]. Koren and colleagues described
the treatment of seven patients with early-stage endometrial carcinoma. The majority
of patients had partial response or recurrence in 12 months. The authors pointed to the
poor retention of HPD in the target tissue and the influence of microenvironment immune
cells. Nevertheless, blood coagulation and carbonisation on the tip of the fibre used in the
treatment procedure were observed, which may have influenced dosimetry [29].
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Table 1. In vitro studies.

Ref. Disease, Model PDT Methods Main Results
PS: HPD, 1.25-80 pug/mL -, .
Endometrial carcinoma, HEC1-1A DLI: 12-72 h o The photosensitiser per se did not cause any changes.
[21] cell line Light: 630 nm 40-100 mW/cm2, up to 20 ] /em? Cell viability PDT led to the loss of viability, with complete cell
N%‘ single -up death for the more potent treatments.
While hydroxyl radical and superoxide anion
concentrations remained stable after PDT, a slight
increase in hydrogen peroxide was observed. When
PS: HPD (Photofrin), 20 uM ROS levels assessment (fluorimetry); fg};g?jﬁgﬁ:f;fjeylgb?ﬁgfeligg Ilfeocfo tic cells
Cervical or endometrial cancer, Hela DLI:3h Apoptosis/necrosis assay (confocal - I S
[23] cell line Light: 2.5 mW/cm? 630 nm, up to 3.3 m] - ) while PDT combined with carboplatin increased
N%’ single , up to 3. ﬁl”lg{“oas‘s:;)fy), apoptotic and necrotic cells. The viability of cells
FSIng y submitted to PDT was dependent on the light energy
deposited. Association with carboplatin showed
better outcomes when low light energies
(330-660 m]) were used.
End trial R I1s, 10 ESLIHZIZB{ 0.1mg/L Immunohistochemistry (H&E, PDT induced no damage to the basal membrane
[25] ndometrial cancer; primary cells, o > laminin, EGFR, nucleolar organised laminin) but decreased EGFR and proliferation,
cases Light: 620640 nm 18 ] /cm? 75 mW 8 p
NT: single regions staining) while enhancement of necrosis was observed.
PARP activation determined apoptotic cell death,
ESLIHly pﬁricin, 0.15uM Cell photosensitisation; ghile I.le.Cl‘Osii V1V<as 0bsgrvec1d fo.rthi%hez1 ﬂ?ences,t
Endometrial carcinoma, HEC-1B cell ol ,6 2. 2 Cell uptake; ypericin uptake femained quite steady rom o to
[24] line Light: 599 nm 2-10J/cm*; 599 nm 2 + 5 ] /cm Cell cycle (FACS); 20 h. Sub-cellular fractions showed a tendency for
spaced 3 or 20 h Weste}r,n blot ! nuclear accumulation. Photoactivation stimulated
NT: Single or double irradiation spaced of 3 or 20 h HSP70 synthesis, P21 and P53 expression. The cell
cycle seemed to accumulate in the G2/M phase.
PS: 5-ALA, 1-8 mM .
T S . ¢ PpIX uptake; Accumulation of PpIX was mostly noted after two
[20] Endometriosis; primary epithelial DLL:2and 4 h Cell death; hours of 5-ALA incubation. Laser irradiation

cells from endometriotic foci, 15 cases

Light: 30 mW 56 ]/ cm? 635 nm; electric bulb (75 W)
NT: single

Rhodamine 123 staining

resulted in gradually rising apoptotic cells.
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Table 1. Cont.

Ref. Disease, Model PDT Methods Main Results
. 5-ALA PDT decreased cell survival. No
PS: 5-ALA, 0.5 mM; hypericin, 60 nM; 5-ALA + enhancement was seen by combining 5-ALA with
[22] Endometrial carcinoma, HEC1-1A }B}ﬁezin Clonogenic assay; hypericin after 635 nM irradiation. A sight additive
cell line Light 2.5 2 635 400-800 HPLC PpIX quantification effect was observed if irradiation was made with
Nl% t: 2.5]/cm nm or 2GL—etlnm white light. 5-ALA was superior to hypericin in the
: single or
conditions tested.
Endometriosis; primary epithelial PS: 5-ALA. 1-8 mM Endomgtriotic cells were significantly more
cells from eutolpic (normal) and DLL2h Blocking P-GP using verapamil; responsive to PDT than normal endometrium. PDT
[30] ectonic endometria. 8 and 15 cases Ligﬁt' 56 J/cm? 635 nm XTT Assay; caused significant cell growth inhibition, which was
pIC. ’ ’ NT: single Immunohistochemistry potentiated by association with a PGP inhibitor
respectively s smg (verapamil).
T a1 PS: 5-ALA (PpIX), 2.0 mM Normal and endometriotic cells accumulate PpIX,
- Eerﬁisofrsz)er:lgiz,p }le(rﬂggn Zli))lta};:eclllal DLIL: 2 h P , P}%IX uptake (confocal microscopy); which increases after hormonal stimulation.
ic endometria. 15 ca ach Light: 30 mW/cm? 635 nm XTT assay Endomgtnotlc cells were significantly more
ectopic endometria, 15 cases e NT: single responsive to PDT than normal endometrium.
. . PS: 5-ALA, 100 mg/mL Loss of cell viability, dependent on the 5-ALA
[32] ﬁiﬁ)ﬁyosls’ pélmaéy Celis. from E’L{i’f/gﬁ? and 48 h Immunocytochemistry; MTT assay incubation time and irradiation. Adenomyosis cells
yosipane endomerim Nl"% sing] m were more susceptible to PDT than stromal cells.
: single
PDT treated cells showed condensed cytoplasm or
floating growth patterns. ICsy of 55.4 uM and 20 uM
were obtained 24 and 48 h after PDT, respectively.
Annexin-V-positive and TUNEL-positive cells
Morphology (microscopy); increased after PDT treatment, mostly after 48 h.
PS: Radachlorin, 2.5-200 uM MTT assay; . PARP and caspase 9 increased when PDT was
[16] Endometrial carcinoma, HEC-1-A cell DLI:4h TUNEL assay, Tube formation assay; combined with VEGF treatment. PDT reduced

line

Light: 50 mW 660 nm, until 25 J/cm?
NT: single

Invasion assay;
Prostaglandin E2 assay;
Western Blot

tubular formation, and PDT + VEGF conditions led
to more robust inhibition of tubular formation. PDT
(and PDT combined with VEGF) suppressed the
invasion. PDT (and PDT combined with VEGF)
reduced prostaglandin 2 production. PDT combined
with VEGF reduced EGFR, VEGFR2 and RhoA
expression.

Abbreviations: DLI, drug-light interval; HPD, hematoporphyrin derivative; NT, number of treatments; PS, photosensitiser.
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During the last two decades, new treatment options have emerged. These methods
include hormonal treatments such as levonorgestrel-releasing intrauterine device (LNG-
IUS), endometrial ablation, uterine artery embolisation, operative hysteroscopy, sentinel
ganglion lymphadenectomy, pharmaceutical treatment and chemo and radiotherapy [33,34].
In a conservative approach, the association of hormonal therapy (HT) and hysteroscopy
surgery demonstrated the highest success rate [35]. Continuous endometrial exposure to
oestrogens increases the risk of endometrial hyperplasia and cancer, but adding progestogen
has a protective role. However, there is a lack of research on HT regarding endometrial
cancer [36]. Furthermore, no consensus has been achieved on the best progestogen, dosage,
administration method, therapy duration, and the follow-up protocol [37]. On the other
hand, the hysteroscopic treatment data is limited to a few case series and reports, where
indications, treatment techniques, and follow-up varied substantially [37]. Some clinic
methods, such as hysteroscopy followed by progesterone medication, have arisen to fill the
therapy gap, but only for early endometrial cancer/atypical hyperplasia [37].

PDT might be a viable option, especially given its lack of mutagenic properties [38].
Besides that, the selectivity to cancer cells can be an essential strategy in lowering the rate
of metastasis and relapse of disease and reducing secondary effects [39].

Choi et al. evaluated the effectiveness of Photogem® (a commercial formulation of
HDP) as a conservative fertility-sparing treatment in 16 women younger than 35 years
old, with early-stage endometrial carcinoma [40] and in one case of low-grade endometrial
sarcoma [41]. Photodynamic therapy was used in 11 patients as primary treatment and five
patients as a secondary treatment for recurrence after primary hormonal therapy. Complete
remission was observed in 12 (75%) out of 16 patients, of which four recurred (33%), results
comparable to hormonal therapy and more quickly achieved. Nevertheless, after the
second course of PDT, one of the patients with recurrence and one of the non-responders
showed complete remission. In this study, 57% of the women with reproductive desire had
successful pregnancies, mainly using assisted reproductive techniques [40]. The patient
with endometrial sarcoma pointed out an interesting approach to conservative treatment.
The 31-year-old patient was submitted to laparoscopic lymphadenectomy, polypectomy,
endocervical curettage, and HPD-PDT (endometrium and cervix). PDT was followed by
letrozole for six months. No recurrence occurred until 99 months, and in vitro fertilisation
resulted in a twin pregnancy [41]. These studies emphasise the safety of PDT regarding
reproductive outcomes.

3.2. Endometriosis

Endometriosis manifests with chronic pain and infertility. This condition affects
roughly 10% (190 million) of reproductive age women and girls globally [42]. Having
complex pathophysiology, it is mainly associated with ectopic endometrial glands and
stroma outside the uterine cavity, more frequently on the ovary and peritoneum [43], which
induces a chronic inflammatory reaction [44]. The anatomical location of endometriotic
foci might render PDT challenging to perform. Nevertheless, endometriosis is among the
endometrial diseases investigated regarding PDT effectiveness.

Pharmaceutic, hormonal, and surgery comprise this gynaecological condition’s stan-
dard treatment. These treatments alleviate endometriosis symptoms, reduce endometrial
lesion size and cell proliferation, and minimise discomfort [45]. Most treatments appear
to be more beneficial in stopping disease progression than overcoming this condition. In
refractory cases, the option is the complete surgical removal of the affected tissues.

While from the clinical point of view, PDT might seem challenging to apply in en-
dometriotic disease, a series of in vitro and in vivo studies, detailed in Tables 1 and 2, have
been conducted. In fact, primary endometriotic cells showed a higher accumulation of
PpIX two hours after incubation, and the laser exposition resulted in strong induction
of apoptosis after 24 h [20]. Additionally, endometriotic cells were significantly more
responsive to PDT than normal endometrium [30]. Cell growth inhibition was potentiated
by associating PDT with verapamil, a PGP inhibitor [30]. Moreover, PpIX accumulation



Bioengineering 2022, 9, 226

8 of 22

increased after hormonal stimulation [31]. These results pointed to the modulation of PGP
and hormonal stimulation as potentially valuable for designing effective phototherapeutic
procedures to treat early endometriosis forms [30,31].

Regarding in vivo studies, three reports evaluated 5-ALA and HPD in rabbit and rat
animal models [46-48]. The endometriosis animal model obtained from Sprague-Dawley
rats was achieved by peritoneal autotransplantation of endometrial tissue. 5-ALA based
PDT resulted in the endometrial ablation of all explants, with peritoneal necrosis recovery
after 16 days and absence of regrowth after three weeks [48]. Based on these results, it was
concluded that systemic ALA followed by light exposure at relatively low power densities
for periods as brief as 10 min resulted in ablation of endometriotic explants. Thus, it was
concluded that systemic ALA activated with low power light for short periods can promote
explants ablation [48].

New Zealand white rabbits were used to test HPD-PDT. A similar model of peritoneal
transplantation of endometrial tissue was used. In 81% and 60% of the endometrial
transplants treated with 100 J/cm? and 50 J/cm? complete or nearly complete endometrial
epithelial destruction was achieved, respectively [47]. Later on, a similar approach using a
five-fold photosensitiser dose was investigated [46]. The goal was to examine the uptake
by endometrial implants in the rabbit peritoneal cavity, assess the extent of HPD binding to
other intraperitoneal tissue and organs, and the role of the vapour laser on the endometrial
implants. Endometriotic lesions showed higher HPD fluorescence, and PDT led to tissue
damage, namely necrosis and hyperaemia, preserving the surrounding tissues [46].

A similar endometriosis rat model was used to study the conversion of 5-ALA into
the protoporphyrin IX and biodistribution. Both intravenous and oral administration of
200 mg/kg 5-ALA generated fluorescence in the endometrial implants. High fluorescence
was detected in the skin, bladder and uterus, being prominent when the photosensitiser
was administered intravenously. Low fluorescence was observed in the peritoneum, bowel
mesentery, and eye and no fluorescence was detected in skeletal muscle. The fluorescence
was limited to the endometrium when 5-ALA was administered via the intrauterine route.
Fluorescence intensity was dependent on the 5-ALA dose and the administration route.
The protoporphyrin IX fluorescence peak was achieved 3 to 4 h after therapy, with higher
intensity in the implants [49].

3.3. Adenomyosis

Adenomyosis is associated with ectopic endometrial glands and stroma surrounded
by the hypertrophic and hyperplastic myometrium, leading to enlargement of the uterus
and adenomyotic tumour formation [50]. Adenomyosis might be associated with heavy
menstrual bleeding, pelvic pain and discomfort [51]. The incidence of adenomyosis is
challenging to establish. Nevertheless, it is estimated to affect 2 in 10 women before the age
of 40 and 8 in 10 women between 40 and 50 years old [50].

Suzuki-Kakisaka and colleagues cultured primary cells from adenomyosis and en-
dometrium specimens. Adenomyosis cells were more susceptible to 5-ALA-PDT than
stromal cells [52]. Loss of cell viability depended on the 5-ALA incubation time and
irradiation fluency [52]. These results led the authors to move to a higher complexity
model. Inmunocompromised mice were ovariectomised, administered with an oestradiol
transdermal patch, and transplanted with human adenomyosis tissues [32]. The highest
fluorescence was obtained in adenomyosis than in myometrium tissues, up to 3 h after
photosensitiser administration. After 5-ALA-PDT, histological studies showed a reduction
of epithelial and stromal cells in adenomyosis tissues, more significant in stromal cells,
with the absence of necrosis [32].
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Table 2. In vivo studies.

Ref. Disease/Intervention Species PDT Methodology Main Results
ifd .I\II)eex;\; tgﬁzlaalnd white rabbits ESLIHZI:B{ iv., 50 mg/kg Endometriotic lesions show higher HPD
o N . . L Bioavailability (fluorescence); fluorescence. PDT lead to tissue damage,
[46] Endometriosis autotransplantation of endometrial ~ Light: iu., 627.8 nM, . . . .
tissu 0.5-1.3 W/cm?, up to Histopathology namely necrosis and hyperaemia, with
n.: 10 rabbits 1 60 ]/'sz ’ preservation of the surrounding tissues.
ifd .I\lljex;\; tZEalaalnd white rabbits ESLIHZIZLD}{ iv., 10 mg/kg 81% and 60% of the transplants treated with
L - rerttoneal . L . 100 J/cm? and 50 J/cm? presented complete
[47] Endometriosis autotransplantation of endometrial ~ Light: iu., 630 nm, Histopathology . o1
tissue 100-210 mW /cm?; up to 50 or or almos't complete f:ndometrlal epithelial
n.: 15 rabbits (virgin) 100 J/cm? destruction, respectively.
Sp.: Sprague-Dawlev rats PS: 5-ALA, iv., 100 and
N})d ; II’) ri% neal Y 400 mg/kg Endometrial ablation of all explants collected
o - rerttoneat . DLI:3h . 3 to 4 days after PDT, and absence of regrowth
[48] Endometriosis autotransplantation of endometrial o . Histopathology . .
tissue Light: ip. (surgical), after three weeks. Peritoneal necrosis
n.: 38 rats (mature) 600-700 nm 340 + 20 mW; recovered after 16 days.
- aw v 5-15 min
Sp.: Immunodeficient nude mice Higher fluorescence was detected in
Md.: Transplantation of human adenomyosis tissues than in myometrium,
adenomyosis tissues in PS:5-ALA, ip., 0.8 g/kg Bioavailability (fluorescence); with a maximum 3 h after administration. A
[32] Adenomyosis ovariectomised animals. DLI:3h Histona tholoy ” decrease in the number of epithelial and
(Oestradiol transdermal Light: ip., 630 nm, 100 mW P gy particularly stromal cells was observed in
administration.) adenomyosis tissues after PDT. No necrotic
n.: 8 6-8 weeks mice (mature) cells were observed.
Bioavailability in the endometrium was up to
PS: Photofrin II. iv.. 0-10 4 times higher than in the myometrium. For
Sp.: New Zealand white rabbits mg/kg Bioavailability (fluorescence zﬂjolrgoe }I}Ijileizbsligsvr;’ dPtSoizS:S Ojollziar;gévli?h
[53] Endometrial ablation Md.: n.a. DLI: 4,24 and 48 h and microscopy); pprop ’

n.: 58 rabbits (virgin)

Light: iu., 630 nm,
100-200 ]/ cm?

Histopathology

preservation of surrounding organs. PDT
resulted in extensive haemorrhage and cell
death 24 h after treatment and necrosis five
days later.
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Table 2. Cont.

Ref. Disease/Intervention Species PDT Methodology Main Results
Sp.: Sprague-Dawley rats PS:5-ALA, iu., 4-16 mg Short- and long-term
. . p-: oprag Y DLI:3h outcomes (10 and 60 days); PDT ablation decreased implantation rate and
[54] Endometrial ablation Md.: n.a. s . . . .
n.: 51 + 24 rats (mature) Light: iu., red light, Implantation rate; endometrial atrophy.
’ 150 J/cm?, 30 min Histopathology
Glandular fluorescence was superior to
Sp.: New Zealand white rabbits PS: BDP, iu., 2 mg Bioavailability (fluorescence); stroma and myometr.lum. The maximum
. . DLI: 1.5h . . fluorescence was noticed 1.5 h after
[55] Endometrial ablation Md.: n.a. L Histopathology (optical and . - . .
n.: 18 rabbits (mature) Light: iu., 690 nm, 195 mW, SEM) administration. The histological study showed
" 40-80J/cm? endometrial epithelium destruction after
treatment with minimal regeneration.
Sp.: Sprague-Dawley rats and New e . The maximum fluorescence of protoporphyrin
Zealand white rabbits ESLIS ;‘ }{4 A, it up to 480 mg Bioavailability (fluorescence); IX was reached 3 h after administration,
[56] Endometrial ablation Md.: n.a. e . Histopathology (optical and proving higher in the glands. Epithelial
) . Light: iu., 630 nm 255 mW, . . . .
n.: 12 rats (mature) and 42 rabbits 80-160 J/cm? SEM) destruction was observed in the histological
(mature) studies, revealing a low regeneration.
PS:5-ALA, i, 58 mg/kg . o . The fluore.sc.ence study re\feaI?d a higher
DLIL: 3 h Bioavailability (fluorescence); photosensitiser concentration in the glands 3
Sp.: Sprague-Dawley rats s Implantation rate; to 6 h after administration. Endometrial
. . ) Light: iu., 630 nm, : o . .
[57] Endometrial ablation Md.: n.a. > »  Skin photosensitivity; destruction with atrophy was observed 7 to
133 mW/cm* up to 212 J/cm .
n.: 87 rats (mature) (100 J/cm? for the Thermogenic effect; 10 weeks after PDT. The number of
e Histopathology implantations was significantly lower in
photosensitivity study)
treated horns.
PS: HPD (Photofrin), iu.,
0.7mg/kg Photofrin diffusely distributed along the
DLI: 3,24 and 72 h . - . . e
Sp.: Sprague-Dawley rats Light: i1... 630 nm Bioavailability (fluorescence); endometrium and myometrium. A significant
[58] Endometrial ablation Md.: n.a. ght: 1., / Implantation rate; reduction in implantations was observed in

n.: 74 rats (mature)

100 mW /cm? up to 80 J/cm?
(200 mW /cm? up to

100 J/cm? for the
photosensitivity study)

Skin photosensitivity

PDT treated horns. No skin photosensitivity
was noticed.
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Table 2. Cont.

Ref. Disease/Intervention Species PDT Methodology Main Results
Temperatures never exceeded 40 °C during
PS: 5-ALA, i, 30 mg PDT. Endometrial outcomes varied with light
Lo~ , ., o 2
Sp.: Sprague-Dawley rats DLI:3h Histopathology; Sr?gggé ;g;? ifg;jt;réfls r11 /ei;rilunllege:;a o
[59] Endometrial ablation Md.: n.a. Light: iu., 630 nm, Thermogenic effect; . . e my mag
. 2. . . with regeneration within three weeks. Higher
n.: 125 rats (mature) 100 mW/cm?; ranging Implantation rate . . 2 . . :
8-160 ]/cm> intensity of 64 ]/cm” determined irreversible
endometrial destruction. A reduced number
of implantations was observed after PDT.
Endometrial destruction was observed in all
. PS: BPD, iv., 0.0625-2 mg/kg treatment groups. The most significant degree
[60] Endometrial ablation i’fd .Sr}?iague-Dawley rats DLI: 5 min Histopatholo of destruction was obtained at the higher dose
g 32 r.a t.s Light: iu., 630 nm P &Y of 2 mg/kg. Gland destruction and
h 100 mW /cm, until 120 ]/ cm? myometrium conservation were achieved
with doses of 0.5 to 0.0625 mg/kg.
PDT resulted in extensive histologic damage
PS: 5-ALA, iu., 0.1 mL of to all layers of the uterine wall. Specimens
10 mg/mL solution were devoid of luminal epithelium and
Sp.: Sprague-Dawley rats DLI:3h Histopathology: endometrial glands, while stromal oedema
[61] Endometrial ablation Md.: n.a. Light: iu., 600-700 nm, TherrrI:o enicge}&ect was prominent. Moreover, damage to the
n.: 30 rats (mature) 280 =+ 40 mW, 180 J/cm? 8 circular myometrium and focal necrosis
(10 min) or 630 nm, 300 mW, throughout the longitudinal outer layer of the
1080 J/cm? (60 min) myometrium was evident. During irradiation,
a temperature rise to 46 °C was observed.
) ) S ) The fluorescence study revealed the highest
;’fnSI)ETZ(;:; étraélovem()isgm., levels of photosensitiser 3 h after
Sp.: Sprague-Dawley rats DLIS 3 ai d 2 1h Hg - Fluorescence detection: administration. Effective endometrial ablation
[62] Endometrial ablation Md.: n.a. : ’ was observed through intrauterine

n.: 45 rats (8-10 weeks)

Light: iu., 665 nm,
100 mW /cm?, up to
200 J/cm?

Histopathology

administration of SNnET2 at 150 J/cm?2 with a
DLI of 24 h. Necrosis extent was light-dose
dependent.
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Table 2. Cont.

Ref. Disease/Intervention Species PDT Methodology Main Results

Endometrial ablation was observed in all

PS: 5-ALA, i, 250 mg/mL animals ranging from moderate to complete.

Sp.: Rhesus monkeys (and one DLI: 4 h

. . cynomolgus monkey) s . Histopathology; The greatest degree was seen in menopausal
(631 Endometrial ablation Md.: n.a. Eégifnl?cgﬁfiﬂai(ng’ Thermogenic effect monkeys. The luminal temperature increased
n.: 18 + 1 monkeys, 5-20 years fractionated) up to 50 °C, whereas no significant increases
were seen in light controls.
PS: 5-ALA and BPD, iu.,
Sp.: New Zealand white rabbits AD]]:IIA‘;{L ff 3B }I:D 24mg Endometrium regeneration was activated 24 h
[64] Endometrial ablation Nfd na BP]j- 15 h. ! Histopathology (opticaland ~ and completed 72 h after photodynamic
n 15 r'al:'Jbits (mature) Ligh.t' .iu ALA: 630 nm SEM) ablation. Proliferation initiated in deeper
- 40—80.] /c,m 2, BI;D: 690 rl1m, regions of the glands.
40-80]/cm?

Abbreviations: BPD, benzoporphyrin derivative; DLI, drug-light interval; HPD, hematoporphyrin derivative; ip. intraperitoneal; iu., intrauterine (laparotomy); iv., intravenous; Md.,
model; n., number; PS, photosensitiser; Sp., species; SnET2, tin ethyl etiopurpurin.
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Considering clinical data, there is a report of a 35-year-old patient with an atypical
polypoid adenomyoma submitted to 5-ALA based photodynamic diagnosis. Three hours
before intervention, 5-ALA was administered orally (20 mg/Kg). The hysteroscopy allowed
the identification of a white protruding lesion in the anterior wall of the lower uterine
segment, which was removed with margins. There was no recurrence after six months of
follow up [65].

The conservative treatment strategy for adenomyosis includes a surgical approach,
namely adenomyomectomy through laparotomy or laparoscopic surgery. However, these
therapeutic modalities carry a high risk of uterine rupture during pregnancy [66]. The
susceptibility of adenomyosis cells and the increased uptake of 5-ALA in adenomyosis
tissues than in the surroundings indicate that 5-ALA may be a suitable photosensitiser.
Despite the limited evidence, photodiagnosis with 5-ALA also seemed effective in patients
with adenomyosis, revealing no recurrence.

3.4. Endometrial Ablation

Endometrial ablation is a minimally invasive procedure performed by hysteroscopy
that destroys the active layer of the endometrium. Ablation prevents regrowth and sup-
presses menstruation and is an option in AUB patients who have met their desired parity.
Usually, the candidates are women, with cancer excluded, who present functional or even
iatrogenic bleeding and should avoid surgical risks of a hysterectomy due to comorbidi-
ties [67]. Limited evidence supports treatment recommendations [68].

PDT-induced endometrial ablation was reported in twelve animal studies, where New
Zealand white rabbits and Sprague-Dawley rats were the most used models, as described
in Table 2 [53-63,69]. In these studies, photosensitiser bioavailability was evaluated by
fluorescence levels in the endometrial and myometrial tissues [55-58]. HPD is diffusely
distributed along the uterine layers, being up to 4 times higher on endometrium than
myometrium 24 h after administration [53,57]. PpIX accumulation, induced by 5-ALA
administration, seems to be selectively retained by the endometrium [54]. Indeed, higher
PPIX was found in endometrial glands than in stroma [55,57]. A similar distribution was
observed for BPD [56].

PDT outcome was evaluated using several photosensitisers. The photosensitisers
were frequently administered in uteri solubilised in hyskon, a polysaccharide fluid used
for uterine distention in hysteroscopy [55,56,59,62]. Bhatta and colleagues showed that
HPD (Photofrin II®) doses of 1-2 mg/kg exposed to 100 J/cm? were appropriate for en-
dometrial ablation, resulting in substantial haemorrhage and cell death 24 h later. Necrosis
was frequently observed [53,61]. Another study corroborated endometrial destruction
after HPD-PDT (Photofrin®), showing decreased implantations 72 h after treatment with
0.7 mg/kg. Throughout the follow-up, atrophy was detected in treated horns, and no
animals showed skin photosensitivity [58]. Benzoporphyn derivative (BPD) and tin ethyl
etiopurpurin (SnET2) were also used [59,61].

Several studies reported 5-ALA effectiveness in endometrial ablation [54,56,57,59,61].
Uterine horns completely devoid of endometrium were achieved [54]. Endometrial outcomes
varied with light fluency. Cases of minimal re-epithelisation were occasionally observed due
to uneven light dosimetry [55]. Fehr and colleagues established an intensity of 64 J/cm?
to induce irreversible endometrial destruction [59]. Van Vugt and colleagues evaluated
endometrial ablation in primates treated with 5-ALA. Moderate to complete endometrial
ablation was observed at 1-2 cm depth. In menopausal animals, endometrial ablation was
almost complete [63].

Following endometrial ablation, reproductive performance was frequently assessed
by evaluating the implantation rate. After the 5-ALA-based photodynamic ablation im-
plementation rate was significantly decreased [54,59]. Steiner and colleagues corroborated
the lower number of implantations in the treated patients. When HPD based PDT was
performed, limited reproductive capacity was observed [57,58].
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Endometrial regeneration after PDT-induced endometrial ablation was described by
Wyss and collaborators [64]. To evaluate the morphological changes, light and scanning
electron microscopy studies were performed at 24 and 72 h and seven days after 5-ALA-PDT
and 28 days after both 5-ALA- and BPD-PDT. Activation of the endometrium regeneration
was observed 24 h after photodynamic ablation with 5-ALA, being completed 72 h later.
Furthermore, proliferation was initiated in deeper glandular areas [64].

The literature reported three clinical studies using PDT for endometrial ablation, doc-
umented in Table 3. Wyss et al. performed PDT in three patients (two pre-menopausal
and one postmenopausal) with intrauterine 5-ALA. Six months after treatment, patients
reported a reduction in uterine bleeding. The microscopic analyses showed areas of thinned
endometrial layers lacking glands [70]. The interval that leads to a maximal photosensi-
tiser accumulation in the human endometrium and selectivity were critical points. The
glandular selectivity was superior to the surrounding myometrium, and peak fluorescence
was reached four to eight hours after photosensitiser administration. Other factors may
influence mean fluorescence, namely menopausal state and endometrial cycle [70]. The
same authors tested the 5-ALA intrauterine administration three to 152 days before hys-
terectomy. The approach resulted in necrosis and foci of preserved endometrium, despite
no fibrosis, adhesions, or granulomatous reaction. A case of foreign-body giant cell reaction
was described [71]. Necrosis was predominant in the acute phase of ablation, particularly in
the first month, while healing and repair led to the recovery of endometrial thickness in the
chronic phase. Atrophic glandless zones delineated by normal ou hyperplastic epithelium
were described five weeks after PDT. Cornua and isthmus are main sources of regeneration.
Residual glandular stumps and regeneration areas might be due to heterogeneous PpIX
accumulation or light dosimetry [70,71], which is often a challenge.

The latest clinical trial included 11 patients median age of 42.3 years (35-52). PDT
was performed using 5-ALA applied topically, reaching a short-term decrease in uterine
bleeding [72]. Three months after treatment, endometrial regeneration occurred probably
due to factors that can influence a complete and depth endometrial destruction. Also, the
patients were under analgosedation, obviating the need for general or local anaesthesia [72].
Nevertheless, further research is needed to reach a long-term effect of PDT in endometrial
ablation, namely developing more effective drugs and light delivery systems.

There is a preference of different photosensitisers for accumulation in endometrial
tissues over surrounding tissues, which may be due to the constant renewal dynamics
of rapidly dividing endometrial cells [73]. Additionally, the direct photosensitisers” ad-
ministration into the uterine cavity provides a minimally invasive modality to induce
endometrial ablation.

Several ex vivo studies evidenced the endometrial uptake and the distribution of the
photosensitisers. In a series of studies, Gannon and colleagues investigated photosensitisers’
biodistribution. After 5-ALA topic administration, PpIX fluorescence extended to the deep-
est endometrial glands in the basal layer, which is essential because endometrial ablation
depends on the destruction of the basal layer. PpIX concentration in the endometrium was
nine to ten times higher than in the myometrium. However, the incomplete uptake through
the endometrium layer may limit the clinical application [74]. Maximal fluorescence of
the endometrial gland stumps is observed 4 to 8 h after photosensitiser administration,
pointing to the optimised DLI to achieve endometrial ablation [75].
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Table 3. Clinical studies.

Ref. Disease N Age PDT Follow Up Results
. . PS: HPD, 5 mg/kg, iv.
Endometrial carcinoma, . .
[27] metastatic 1 n.d. DLI: unclear n.d. Complete response in six tumour sites.
Light: 600~700 nM, 100 mW /cm?
In the cases where PDT was used as palliative,
Endometrial PS: HPD, 5 mg/kg, iv. absence of symptoms for at least 60 days was
[25] a de?lo?;?;ri?ma 5 67.5 years (median age) DLI: 48 h Ub to 92 months observed in 66,6% of the cases. In the curative
recurrent ! Py & Light: 630 (and 514 nm in some P intent, PDT complete response was achieved in
cases), 60-500J/ cm? 70,8%. Survival ranged from three to 92 months.
Obs.: Avoidance of direct sunlight for 30 days.
. Despite five out of seven cases of initial
Endometrial carcinoma, PS: HPD, 2 mg/kg (1 month) complete response, after one year, four
[29] 7 60-81 years DLI: 24-72 h 12 months P P y
stage la y Li h't_ 632 nm, 200 ] /cm? patients relapsed.
ght: ’ Obs.: Avoidance of direct sunlight for 38 days.
Complete response in 12 cases (75%) and 4 cases
Endometrioid PS: HPD, 2 mg/kg, iv of recurrence. Among seven women who
[76] adenocarcinoma, grade 1 16 24-35 years DLI: 48 h Up to 140 months ;;’ceegll;z;ec?etso get pregnant, four had successful
or2 Light: 630 nm, 600 mW, 900 seg Adverse effects: four cases of reversible mild
facial angioedema
No evidence of recurrence during 99 months.
Endometrial sarcoma PS: HPD, 3 mg/kg, iv. After 32 months, an IVF was successful with the
[41] low orade ! 1 31 years DLI: 48 h 99 months delivery of twins.
& Light: 631 nm, 600 mW, 900 seg Obs.: Adjuvant treatment with an aromatase
inhibitor.
) Reduction of uterine bleeding. Normal
Abnormal uterine :)oslu5t;$1L1Au, 1.5 mL, 400 mg/mL endometrium and thinned endometrial layers
[70] 3 n.d. L Six months lacking glands, evidence of photodynamic
g8 P Y

bleeding

DLIL: 4-6 h
Light: 635 nm, 160 J/cm?

destruction limited to endometrial layers in a
case submitted to hysterectomy.
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Table 3. Cont.

Ref. Disease N Age PDT Follow Up Results
PS: 5-ALA 1.5-2 mL Necrosis was found three days after PDT. Foci of
Abnormal uterine 1 06 400 m, /.mL solu,tion i preserved endometrium, no fibrosis or adhesions
[71] . 4 >30 years & s At least 152 days in all patients.
bleeding DLI:4-6h .
Light: 635 nm, 160 J/cm? Obs.: Hysterectomy performed 3, 35, 92 and
ght: / 152 days after PDT.
PS: 5-ALA. i There was a significant reduction in menstrual
Abnormal uterine . ’ T . blood loss up to three months after treatment.
[72] 11 423 years (median age) DLI:3-6 h Six months

bleeding Light: 636 nm, 160 J/cm?

Later on, the PDT effect was less obvious
Obs.: PDT repetition in four cases

Abbreviations: DLI, drug-light interval; HPD, hematoporphyrin derivative; iu., intrauterine (instilation): iv., intravenous; n.d., not disclosed.
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Maximum endometrial drug uptake and distribution of the benzoporphyrin were also
investigated. The benzoporphyrin derivative monoacid ring A-induced fluorescence was
maximum one hour after administration, with significantly higher uptake in endometrial
glands than in the underlying stroma. No systemic drug uptake, side effects, or major
technical difficulties were detected. Limited drug penetration and selective uptake by
endometrial glands provided high safety for endometrial ablation [77].

A relevant aspect regarding PDT-induced endometrial ablation in light delivery. A
device with three flexible optical fibres was tested on three human uteri. Homogeneous
light distribution was achieved in the endometrial layer, while the power was less than
10% in the myometrium [78]. Postmenopausal ex vivo uteri showed a significantly lower
light penetration depth than pre-menopausal in 14 human uteri. In normal-sized pre-
menopausal uterine cavities, three diffusing fibres will deliver an optical dose above the
photodynamic threshold level at a depth of 4 mm, even in the most remote areas [59]. Thus,
the endometrium is an ideal organ for PDT since the endometrium is superficial, and the
myometrium is a thick layer [78].

Thus, despite the promising results of inducing endometrial ablation with 5-ALA, a
photosensitiser widely used in PDT-induced endometrial ablation studies, some in vivo
and clinical studies showed endometrial regeneration after 5-ALA-PDT. These results
encourage further investigation into novel photodynamic agents capable of inducing an
effective and long-lasting action on the endometrium.

4. Future Perspectives and Recommendations

PDT presents significant advantages; it is a highly selective, local, and minimally
invasive therapy. The studies reviewed in this manuscript point to some encouraging
results. Nevertheless, clinical outcomes were often modest or unsatisfactory. Applications
of PDT to endometrial disease were based on the primary photosensitisers, the majority
developed with the advent of PDT. The vast majority of photosensitisers used in the studies
included in this review have hydrophobic properties, limiting the therapeutic effect of
PDT. Recently, different approaches have been explored to overcome low solubility and
bioavailability and lack of tumour selectivity through the development of drug delivery
systems [8,79,80]. Polymeric, lipidic and gold nanoparticles and liposomes are some of
the drug delivery systems available that can be used to overcome the lack of solubility [8].
Beyond the ability to improve the photosensitiser solubility, block copolymer nanocarriers
also present the capability to ameliorate biodistribution and pharmacokinetics [79]. More-
over, tumour targeting strategies can improve the photosensitiser’s selectivity, limiting the
photosensitivity [8].

A low level of ROS at the tumour site is one of the major concerns regarding the
efficacy of PDT as an anticancer modality. Thus, several oxygen producing or reducing
dependence strategies have been investigated to surpass tumour hypoxia [81]. To increase
singlet oxygen levels at the tumour area, self-quenching and Forster resonance energy
transfer (FRET) quenching are commonly used in block copolymer nanocarriers [79]. A
recent approach uses nanomaterials to produce oxygen or convert ROS into oxygen, such
as catalase and peroxidase mimetic nanozymes [82].

Similarly, a decrease in the light potency during tissue penetration to reach deep tu-
mours is a limitation of PDT, resulting in loss of efficacy. Different light delivery approaches,
bioluminescence, or electromagnetic radiation-based strategies have been investigated to
provide appropriate energy to activate photosensitisers into deep tissues. Moreover, indi-
rect approaches were also explored, namely PDT-induced immune stimulation or combined
modalities [83].

Several new developments and photosensitisers with ameliorated properties are
available or under research [5,84]. Thus, a primordial question remains: might new photo-
sensitisers offer better outcomes for endometrial disease?

For instance, a novel type 4,5,6,7-tetrahydropyrazolo [1,5-a]pyridine-fused chlorins
bear outstanding characteristics: high absorption in the 600-800 nm spectral region, which
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is ideal for PDT because red wavelengths go deeper into the tissues; high phototoxicity in
very low concentrations (nanomolar range); and, proved potency in vivo, namely in chick
chorioallantoic membrane and mice [39,85-87]. Another fascinating feature of the ring-
fused chlorins is the possibility of structural modulation while retaining photophysical and
photochemical features. In a single molecule, the platinum derivatives offer the possibility
of PDT and diagnosis of the tumour by luminescence imaging [39,88]. In fact, PDT based
theranostics could be a valuable approach to endometrial disease.

Conservative treatment in endometrial cancer could result from combined multimodal
therapies, with a hysteroscopic approach, eradicating the potentially remaining tumour by
PDT, and suppressing recurrence by adjuvant medical treatment. In general, photosensitis-
ers reach higher concentrations in tumour tissue compared with the adjacent normal tissue.
These phenomena improve functional outcomes because of the negligible effects on normal
functional structures, which is a major point in fertility-sparing. Additionally, higher con-
centrations in tumour cells also conveys photosensitisers the possibility of being used as
photodiagnosis agents. The identification of cancer cells could guide surgical resections [89],
similar to what is currently approved for gliomas and bladder cancer [90-93]. Photodiag-
nosis has been applied to gynaecologic diseases [10]; however, scarce studies were found
regarding endometrial diseases, 5-ALA being the only photosensitiser used [65,94-96].

Another question to be addressed is the outcomes of PDT in endometrial cancer stem
cells (CSC). Endometrial CSC are responsible for tumourigenesis, resistance to treatment
and recurrence [97]. This population can be identified by surface markers, enzymatic
activity and a functional profile, being easily isolated from cell lines and primary tumour
samples [98]. The perspective of using PDT to eradicate these cells could provide a practi-
cal, conservative and recurrence-free approach, particularly valuable for fertility-sparing,
patients with surgical risk and recurrent disease.

The application of PDT to benign endometrial disease seems safe and selective. Prior
investigations systematised in this review have pointed out the preferential accumulation
of photosensitisers in endometrial lesions. PDT could offer an effective local approach,
with limited side effects, particularly for recurrent diseases. In this application, we expect
better outcomes with new photosensitisers designed for topical application [99,100].

5. Conclusions

Research regarding PDT in endometrial pathology used mostly clinically approved
photosensitisers. Using continuous cell lines and primary samples, the outcome was
evaluated on in vitro models of cancer, adenomyosis and endometrioses, while most animal
studies focused on endometrial ablation. A few clinical attempts used PDT for endometrial
ablation and cancer lesions. This review emphasises a promising field of research in the
conservative treatment of endometrial benign and malignant lesions, particularly focusing
on the improved results that can be achieved with new photosensitisers.

Author Contributions: Conceptualization, M.J.C. and M.L.; methodology, C.M.M. and M.L.; valida-
tion, M.J.C. and M.L.; formal analysis, G.C.-B., B.S., CM.M. and M.L.; investigation, G.C.-B., B.S.,
M.J.C.,,CM.M. and M.L,; data curation, G.C.-B., B.S.,, M.].C., CM.M. and M.L.; writing—original draft
preparation, G.C.-B,, B.S.,, M.].C., CM.M. and M.L.; writing—review and editing, M.P,, TM.V.D.P.e.M.,
M.EB. and M.L,; visualisation, G.C.-B., B.S., M.P., TM.V.D.P.e.M. and M.L,; supervision, M.F.B.,, M.L.;
project administration, M.L.; funding acquisition, M.P., TM.V.D.P.e. M., M.E.B. and M.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Foundation for Science and Technology (FCT), Portugal,
and the European Social Fund (FSE), through a PhD fellowship awarded to Beatriz Serambeque
(2020.07672.BD). Project PTDC/QUI-QOR /0103 /2021 was financed by FCT, I.P./MCTES, by national
funds (PIDDAC). CIBB was supported by National Funds via FCT through the Strategic Projects
UID/NEU/04539/2019, UIDB/04539/2020, UIDP /04539 /2020, and by COMPETE-FEDER (POCI-
01-0145-FEDER-007440). Coimbra Chemistry Centre (CQC) was supported by FCT under projects
UIDB/00313/2020 and UIDP/00313/2020.



Bioengineering 2022, 9, 226 19 of 22

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Osuchowski, M.; Bartusik-Aebisher, D.; Osuchowski, F.; Aebisher, D. Photodynamic Therapy for Prostate Cancer—A Narrative
Review. Photodiagnosis Photodyn. Ther. 2021, 33, 102158. [CrossRef] [PubMed]

2. EMA European Medicines Agency. Available online: https:/ /www.ema.europa.eu/en (accessed on 1 April 2021).

3. Roberts, ].E. Techniques to Improve Photodynamic Therapy. Photochem. Photobiol. 2020, 96, 524-528. [CrossRef] [PubMed]

4. Lan,M,; Zhao, S.; Liu, W.; Lee, C.S.; Zhang, W.; Wang, P. Photosensitizers for Photodynamic Therapy. Adv. Healthc. Mater. 2019, 8,
1900132. [CrossRef] [PubMed]

5. Kwiatkowski, S.; Knap, B.; Przystupski, D.; Saczko, J.; Kedzierska, E.; Knap-Czop, K.; Kotlifiska, J.; Michel, O.; Kotowski,
K.; Kulbacka, J. Photodynamic Therapy—Mechanisms, Photosensitizers and Combinations. Biomed. Pharmacother. 2018, 106,
1098-1107. [CrossRef] [PubMed]

6.  Van Straten, D.; Mashayekhi, V.; de Bruijn, H.S.; Oliveira, S.; Robinson, D.J. Oncologic Photodynamic Therapy: Basic Principles,
Current Clinical Status and Future Directions. Cancers 2017, 9, 19. [CrossRef]

7. Agostinis, P,; Berg, K.; Cengel, K. A ; Foster, T.H.; Girotti, A.W.; Gollnick, S.0.; Hahn, S.M.; Hamblin, M.R.; Juzeniene, A.; Kessel,
D.; et al. Photodynamic Therapy of Cancer: An Update. CA. Cancer J. Clin. 2011, 61, 250-281. [CrossRef]

8.  Calixto, G.; Bernegossi, J.; de Freitas, L.; Fontana, C.; Chorilli, M. Nanotechnology-Based Drug Delivery Systems for Photodynamic
Therapy of Cancer: A Review. Molecules 2016, 21, 342. [CrossRef]

9. Shishkova, N.; Kuznetsova, O.; Berezov, T. Photodynamic Therapy for Gynecological Diseases and Breast Cancer. Cancer Biol.
Med. 2012, 9, 9-17. [CrossRef]

10. Matoba, Y.; Banno, K.; Kisu, I.; Aoki, D. Clinical Application of Photodynamic Diagnosis and Photodynamic Therapy for
Gynecologic Malignant Diseases: A Review. Photodiagnosis Photodyn. Ther. 2018, 24, 52-57. [CrossRef]

11. Carvalho, M.J.; Laranjo, M.; Abrantes, A.M.; Torgal, I.; Botelho, M.F.; Oliveira, C.F. Clinical Translation for Endometrial Cancer
Stem Cells Hypothesis. Cancer Metastasis Rev. 2015, 34, 401-416. [CrossRef]

12.  Lohmussaar, K.; Boretto, M.; Clevers, H. Human-Derived Model Systems in Gynecological Cancer Research. Trends Cancer 2020,
6,1031-1043. [CrossRef] [PubMed]

13. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2020. CA Cancer J. Clin. 2020, 70, 7-30. [CrossRef] [PubMed]

14. Concin, N.; Creutzberg, C.L.; Vergote, I; Cibula, D.; Mirza, M.R.; Marnitz, S.; Ledermann, J.A.; Bosse, T.; Chargari, C.; Fagotti, A.;
et al. ESGO/ESTRO/ESP Guidelines for the Management of Patients with Endometrial Carcinoma. Virchows Arch. 2021, 478,
153-190. [CrossRef] [PubMed]

15. Obermair, A.; Baxter, E.; Brennan, D.J.; McAlpine, ].N.; Muellerer, J.].; Amant, F.; van Gent, M.D.].M.; Coleman, R.L.; Westin, S.N.;
Yates, M.S.; et al. Fertility-Sparing Treatment in Early Endometrial Cancer: Current State and Future Strategies. Obstet. Gynecol.
Sci. 2020, 63, 417-431. [CrossRef]

16. Kim, S.-M.,; Rhee, Y.-H.; Kim, J.-S. The Anticancer Effects of Radachlorin-Mediated Photodynamic Therapy in the Human
Endometrial Adenocarcinoma Cell Line HEC-1-A. Anticancer Res. 2017, 37, 6251-6258. [CrossRef]

17.  Som,].; Carr, C.; Yao, M.; Radeva, M.; Priyadarshini, A.; Marquard, J.; Michener, C.M.; AlHilli, M. Endometrial Cancer in Young
Women: Prognostic Factors and Treatment Outcomes in Women Aged <40 Years. Int. ]. Gynecol. Cancer 2020, 30, 631-639.
[CrossRef]

18. Colombo, N.; Creutzberg, C.; Amant, F.; Bosse, T.; Gonzalez-Martin, A.; Ledermann, J.; Marth, C.; Nout, R.; Querleu, D.; Mirza,
M.R.; et al. ESMO-ESGO-ESTRO Consensus Conference on Endometrial Cancer: Diagnosis, Treatment and Follow-Up. Int. ].
Guynecol. Cancer 2016, 26, 2-30. [CrossRef]

19. Garzon, S.; Uccella, S.; Zorzato, P.C.; Bosco, M.; Franchi, M.P.; Student, V.; Mariani, A. Fertility-Sparing Management for
Endometrial Cancer: Review of the Literature. Minerva Med. 2021, 112, 55-69. [CrossRef]

20. Wolun-Cholewa, M.; Butowska, W.; Fischer, N.; Warcho, W.; Nowak-Markwitz, E. 5-Aminolevulinic Acid-Mediated Photody-
namic Therapy of Human Endometriotic Primary Epithelial Cells. Photomed. Laser Surg. 2009, 27, 295-301. [CrossRef]

21. Raab, G.H,; Schneider, A.F; Eiermann, W.; Gottschalk-Deponte, H.; Baumgartner, R.; Beyer, W. Response of Human Endometrium
and Ovarian Carcinoma Cell-Lines to Photodynamic Therapy. Arch. Gynecol. Obstet. 1990, 248, 13-20. [CrossRef]

22.  Schneider-Yin, X.; Kurmanaviciene, A.; Roth, M.; Roos, M.; Fedier, A.; Minder, E.I.; Walt, H. Hypericin and 5-Aminolevulinic
Acid-Induced Protoporphyrin IX Induce Enhanced Phototoxicity in Human Endometrial Cancer Cells with Non-Coherent White
Light. Photodiagnosis Photodyn. Ther. 2009, 6, 12-18. [CrossRef] [PubMed]

23. Choi, Y;; Chang, J.-E.; Jheon, S.; Han, S.-J.; Kim, ].-K. Enhanced Production of Reactive Oxygen Species in HeLa Cells under

Concurrent Low-dose Carboplatin and Photofrin Photodynamic Therapy. Oncol. Rep. 2018, 40, 339-345. [CrossRef] [PubMed]


http://doi.org/10.1016/j.pdpdt.2020.102158
http://www.ncbi.nlm.nih.gov/pubmed/33352313
https://www.ema.europa.eu/en
http://doi.org/10.1111/php.13223
http://www.ncbi.nlm.nih.gov/pubmed/32027382
http://doi.org/10.1002/adhm.201900132
http://www.ncbi.nlm.nih.gov/pubmed/31067008
http://doi.org/10.1016/j.biopha.2018.07.049
http://www.ncbi.nlm.nih.gov/pubmed/30119176
http://doi.org/10.3390/cancers9020019
http://doi.org/10.3322/caac.20114
http://doi.org/10.3390/molecules21030342
http://doi.org/10.3969/j.issn.2095-3941.2012.01.002
http://doi.org/10.1016/j.pdpdt.2018.08.014
http://doi.org/10.1007/s10555-015-9574-0
http://doi.org/10.1016/j.trecan.2020.07.007
http://www.ncbi.nlm.nih.gov/pubmed/32855097
http://doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://doi.org/10.1007/s00428-020-03007-z
http://www.ncbi.nlm.nih.gov/pubmed/33604759
http://doi.org/10.5468/ogs.19169
http://doi.org/10.21873/anticanres.12076
http://doi.org/10.1136/ijgc-2019-001105
http://doi.org/10.1097/IGC.0000000000000609
http://doi.org/10.23736/S0026-4806.20.07072-X
http://doi.org/10.1089/pho.2008.2299
http://doi.org/10.1007/BF02389584
http://doi.org/10.1016/j.pdpdt.2009.02.001
http://www.ncbi.nlm.nih.gov/pubmed/19447367
http://doi.org/10.3892/or.2018.6415
http://www.ncbi.nlm.nih.gov/pubmed/29749554

Bioengineering 2022, 9, 226 20 of 22

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.

46.

47.

48.

49.

Varriale, L.; Coppola, E.; Quarto, M.; Maria Veneziani, B.; Palumbo, G. Molecular Aspects of Photodynamic Therapy: Low Energy
Pre-Sensitization of Hypericin-Loaded Human Endometrial Carcinoma Cells Enhances Photo-Tolerance, Alters Gene Expression
and Affects the Cell Cycle. FEBS Lett. 2002, 512, 287-290. [CrossRef]

Zidtkowski, P.; Symonowicz, K.; Osiecka, B.]J.; Rabczyniski, J.; Gerber, J. Photodynamic Treatment of Epithelial Tissue Derived
from Patients with Endometrial Cancer: A Contribution to the Role of Laminin and Epidermal Growth Factor Receptor in
Photodynamic Therapy. J. Biomed. Opt. 1999, 4, 272. [CrossRef] [PubMed]

Bae, S5.-M.; Kim, Y.-W.; Lee, ].-M.; Namkoong, S.-E.; Han, S.-J.; Kim, J.-K.; Lee, C.-H.; Chun, H.-J,; Jin, H.-S.; Ahn, W.-S.
Photodynamic Effects of Radachlorin®on Cervical Cancer Cells. Cancer Res. Treat. 2004, 36, 389. [CrossRef]

Dougherty, T.].; Kaufman, J.E.; Goldfarb, A.; Weishaupt, K.R.; Boyle, D.; Mittleman, A. Photoradiation Therapy for the Treatment
of Malignant Tumors. Cancer Res. 1978, 38, 2628-2635. [PubMed]

Corti, L.; Mazzarotto, R.; Belfontali, S.; De Luca, C.; Baiocchi, C.; Boso, C.; Calzavara, F. Gynecologic Cancer Recurrences and
Photodynamic Therapy: Our Experience. J. Clin. Laser Med. Surg. 1995, 13, 325-328. [CrossRef] [PubMed]

Koren, H.; Alth, G. Photodynamic Therapy in Gynaecologic Cancer. ]. Photochem. Photobiol. B Biol. 1996, 36, 189-191. [CrossRef]
Wotun-Cholewa, M.; Szymanowski, K.; Andrusiewicz, M.; Warchot, W. Studies on Function of P-Glycoprotein in Photodynamic
Therapy of Endometriosis. Photomed. Laser Surg. 2010, 28, 735-740. [CrossRef]

Wotun-Cholewa, M.; Szymanowski, K.; Nowak-Markwitz, E.; Warchot, W. Photodiagnosis and Photodynamic Therapy of
Endometriotic Epithelial Cells Using 5-Aminolevulinic Acid and Steroids. Photodiagnosis Photodyn. Ther. 2011, 8, 58-63. [CrossRef]
Suzuki-Kakisaka, H.; Murakami, T.; Hirano, T.; Terada, Y.; Yaegashi, N.; Okamura, K. Selective Accumulation of PpIX and
Photodynamic Effect after Aminolevulinic Acid Treatment of Human Adenomyosis Xenografts in Nude Mice. Fertil. Steril. 2008,
90, 1523-1527. [CrossRef] [PubMed]

Kovacevic, N. Surgical Treatment and Fertility Perservation in Endometrial Cancer. Radiol. Oncol. 2021, 55, 144-149. [CrossRef]
[PubMed]

Lucchini, S.M.; Esteban, A.; Nigra, M.A.; Palacios, A.T.; Alzate-Granados, J.P.; Borla, H.FE. Updates on Conservative Management
of Endometrial Cancer in Patients Younger than 45 Years. Gynecol. Oncol. 2021, 161, 802-809. [CrossRef] [PubMed]
Pujade-Lauraine, E.; Hilpert, F.; Weber, B.; Reuss, A.; Poveda, A.; Kristensen, G.; Sorio, R.; Vergote, I.; Witteveen, P.; Bamias, A;
et al. Bevacizumab Combined With Chemotherapy for Platinum-Resistant Recurrent Ovarian Cancer: The AURELIA Open-Label
Randomized Phase III Trial. J. Clin. Oncol. 2014, 32, 1302-1308. [CrossRef] [PubMed]

Sourouni, M.; Kiesel, L. Hormone Replacement Therapy After Gynaecological Malignancies: A Review Article. Geburtshilfe
Frauenheilkd. 2021, 81, 549-554. [CrossRef] [PubMed]

Atallah, D.; El Kassis, N.; Safi, J.; E1 Hachem, H.; Chahine, G.; Moubarak, M. The Use of Hysteroscopic Endometrectomy in the
Conservative Treatment of Early Endometrial Cancer and Atypical Hyperplasia in Fertile Women. Arch. Gynecol. Obstet. 2021,
304, 1299-1305. [CrossRef] [PubMed]

Teixo, R.; Laranjo, M.; Abrantes, A.M.; Brites, G.; Serra, A.; Proenca, R.; Botelho, M.F. Retinoblastoma: Might Photodynamic
Therapy Be an Option? Cancer Metastasis Rev. 2015, 34, 563-573. [CrossRef]

Laranjo, M.; Aguiar, M.C.; Pereira, N.A.M.; Brites, G.; Nascimento, B.F.O.; Brito, A.F,; Casalta-Lopes, J.; Gongalves, A.C.; Sarmento-
Ribeiro, A.B.; Pineiro, M.; et al. Platinum(II) Ring-Fused Chlorins as Efficient Theranostic Agents: Dyes for Tumor-Imaging and
Photodynamic Therapy of Cancer. Eur. . Med. Chem. 2020, 200, 112468. [CrossRef]

Choi, M.C,; Jung, S.G.; Park, H.; Cho, Y.H,; Lee, C.; Kim, S.J. Fertility Preservation via Photodynamic Therapy in Young Patients
with Early-Stage Uterine Endometrial Cancer: A Long-Term Follow-up Study. Int. ]. Gynecol. Cancer 2013, 23, 698-704. [CrossRef]
Choi, M.C; Kim, G.; Hwang, Y.Y. Fertility-Sparing Management Combined with Photodynamic Therapy for Endometrial Stromal
Sarcoma: A Case Report. Photodiagnosis Photodyn. Ther. 2014, 11, 533-536. [CrossRef]

Zondervan, K.T.; Becker, C.M.; Missmer, S.A. Endometriosis. N. Engl. ]. Med. 2020, 382, 1244-1256. [CrossRef] [PubMed]
ACOG Committee on Practice Bulletins—Gynecology ACOG Practice Bulletin No. 11: Medical Management of Endometriosis.
Obstet. Gynecol. 1999, 94, 1-14.

Dunselman, G.A.J.; Vermeulen, N.; Becker, C.; Calhaz-Jorge, C.; D'Hooghe, T.; De Bie, B.; Heikinheimo, O.; Horne, A.W.; Kiesel,
L.; Nap, A; et al. ESHRE Guideline: Management of Women with Endometriosis. Hum. Reprod. 2014, 29, 400-412. [CrossRef]
[PubMed]

Dinsdale, N.; Nepomnaschy, P.; Crespi, B. The Evolutionary Biology of Endometriosis. Evol. Med. Public Health 2021, 9, 174-191.
[CrossRef] [PubMed]

Petrucco, O.M.; Sathananden, M.; Petrucco, M.E,; Knowles, S.; McKenzie, L.; Forbes, L].; Cowled, P.A.; Keye, W.E. Ablation of
Endometriotic Implants in Rabbits by Hematoporphyrin Derivative Photoradiation Therapy Using the Gold Vapor Laser. Lasers
Surg. Med. 1990, 10, 344-348. [CrossRef] [PubMed]

Manyak, M.J.; Nelson, L.M.; Solomon, D.; Russo, A.; Thomas, G.F; Stillman, R.J. Photodynamic Therapy of Rabbit Endometrial
Transplants: A Model for Treatment of Endometriosis. Fertil. Steril. 1989, 52, 140-145. [CrossRef]

Krzemien, A.A.; Van Vugt, D.A_; Fletcher, W.A.; Reid, R.L. Effectiveness of Photodynamic Ablation for Destruction of Endometrial
Explants in a Rat Endometriosis Model. Fertil. Steril. 2002, 78, 169-175. [CrossRef]

Yang, J.Z.; Van Dijk-Smith, ].P.; Van Vugt, D.A.; Kennedy, J.C.; Reid, R.L. Fluorescence and Photosensitization of Experimental
Endometriosis in the Rat after Systemic 5-Aminolevulinic Acid Administration: A Potential New Approach to the Diagnosis and
Treatment of Endometriosis. Am. J. Obstet. Gynecol. 1996, 174, 154-160. [CrossRef]


http://doi.org/10.1016/S0014-5793(02)02239-1
http://doi.org/10.1117/1.429928
http://www.ncbi.nlm.nih.gov/pubmed/23015247
http://doi.org/10.4143/crt.2004.36.6.389
http://www.ncbi.nlm.nih.gov/pubmed/667856
http://doi.org/10.1089/clm.1995.13.325
http://www.ncbi.nlm.nih.gov/pubmed/10163495
http://doi.org/10.1016/S1011-1344(96)07370-8
http://doi.org/10.1089/pho.2009.2657
http://doi.org/10.1016/j.pdpdt.2010.12.003
http://doi.org/10.1016/j.fertnstert.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/18462731
http://doi.org/10.2478/raon-2021-0009
http://www.ncbi.nlm.nih.gov/pubmed/33583160
http://doi.org/10.1016/j.ygyno.2021.04.017
http://www.ncbi.nlm.nih.gov/pubmed/33892887
http://doi.org/10.1200/JCO.2013.51.4489
http://www.ncbi.nlm.nih.gov/pubmed/24637997
http://doi.org/10.1055/a-1390-4353
http://www.ncbi.nlm.nih.gov/pubmed/34035549
http://doi.org/10.1007/s00404-021-06048-0
http://www.ncbi.nlm.nih.gov/pubmed/33830345
http://doi.org/10.1007/s10555-014-9544-y
http://doi.org/10.1016/j.ejmech.2020.112468
http://doi.org/10.1097/IGC.0b013e31828b5ba2
http://doi.org/10.1016/j.pdpdt.2014.07.007
http://doi.org/10.1056/NEJMra1810764
http://www.ncbi.nlm.nih.gov/pubmed/32212520
http://doi.org/10.1093/humrep/det457
http://www.ncbi.nlm.nih.gov/pubmed/24435778
http://doi.org/10.1093/emph/eoab008
http://www.ncbi.nlm.nih.gov/pubmed/33854783
http://doi.org/10.1002/lsm.1900100407
http://www.ncbi.nlm.nih.gov/pubmed/2392017
http://doi.org/10.1016/S0015-0282(16)60803-8
http://doi.org/10.1016/S0015-0282(02)03151-5
http://doi.org/10.1016/S0002-9378(96)70388-5

Bioengineering 2022, 9, 226 21 of 22

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Szubert, M.; Kozirég, E.; Olszak, O.; Krygier-Kurz, K.; Kazmierczak, J.; Wilczynski, ]. Adenomyosis and Infertility—Review of
Medical and Surgical Approaches. Int. J. Environ. Res. Public Health 2021, 18, 1235. [CrossRef]

Uterine Artery Embolisation for Treating Adenomyosis Interventional Procedures Guidance [IPG473]. Available online: https:
/ /www.nice.org.uk/guidance/ipg473 (accessed on 13 April 2021).

Suzukikakisaka, H.; Murakami, T.; Hirano, T.; Terada, Y.; Yaegashi, N.; Okamura, K. Effects of Photodynamic Therapy Using
5-Aminolevulinic Acid on Cultured Human Adenomyosis-Derived Cells. Fertil. Steril. 2007, 87, 33-38. [CrossRef]

Bhatta, N.; Anderson, R.R; Flotte, T.; Schiff, I.; Hasan, T.; Nishioka, N.S. Endometrial Ablation by Means of Photodynamic
Therapy with Photofrin II. Am. J. Obstet. Gynecol. 1992, 167, 1856-1863. [CrossRef]

Yang, J.Z.; Van Vugt, D.A.; Kennedy, J.C.; Reid, R.L. Evidence of Lasting Functional Destruction of the Rat En Dometrium after
5-Aminolevulinic Acid—Induced Photodynamic Ablation: Prevention of Implantation. Am. J. Obstet. Gynecol. 1993, 168, 995-1001.
[CrossRef]

Wyss, P,; Tadir, Y.; Tromberg, B.J.; Liaw, L.; Krasieva, T.; Berns, M.W. Benzoporphyrin Derivative: A Potent Photosensitizer for
Photodynamic Destruction of Rabbit Endometrium. Obstet. Gynecol. 1994, 84, 409-414.

Wyss, P.; Tromberg, B.J.; Wyss, M.T.; Krasieva, T.; Schell, M.; Berns, M.W.; Tadir, Y. Photodynamic Destruction of Endometrial
Tissue with Topical 5-Aminolevulinic Acid in Rats and Rabbits. Am. J. Obstet. Gynecol. 1994, 171, 1176-1183. [CrossRef]

Steiner, R.A.; Tadir, Y.; Tromberg, B.J.; Krasieva, T.; Ghazains, A.T.; Wyss, P.; Berns, M.W. Photosensitization of the Rat En-
dometrium Following 5-Aminolevulinic Acid Induced Photodynamic Therapy. Lasers Surg. Med. 1996, 18, 301-308. [CrossRef]
Steiner, R.A.; Tromberg, B.].; Wyss, P.; Krasieva, T.; Chandanani, N.; McCullough, J.; Berns, M.W.; Tadir, Y. Rat Reproductive
Performance Following Photodynamic Therapy with Topically Administered Photofrin. Hum. Reprod. 1995, 10, 227-233.
[CrossRef] [PubMed]

Fehr, M.K.; Madsen, S.J.; Svaasand, L.O.; Tromberg, B.].; Eusebio, J.; Berns, M.W.; Tadir, Y. Intrauterine Light Delivery for
Photodynamic Therapy of the Human Endometrium. Hum. Reprod. 1995, 10, 3067-3072. [CrossRef]

Mhawech, P. High Efficacy of Photodynamic Therapy on Rat Endometrium after Systemic Administration of Benzoporphyrin
Derivative Monoacid Ring A. Hum. Reprod. 2003, 18, 1707-1711. [CrossRef]

Krzemien, A.A.; Van Vugt, D.A.; Pottier, R.H.; Dickson, E.F,; Reid, R.L. Evaluation of Novel Nonlaser Light Source for Endometrial
Ablation Using 5-Aminolevulinic Acid. Lasers Surg. Med. 1999, 25, 315-322. [CrossRef]

Rocklin, G.B.; Kelly, H.G.; Anderson, S.C.; Edwards, L.E.; Gimpelson, R.J.; Perez, R.E. Photodynamic Therapy of Rat Endometrium
Sensitized with Tin Ethyl Etiopurpurin. J. Am. Assoc. Gynecol. Laparosc. 1996, 3, 561-570. [CrossRef]

Van Vugt, D. Photodynamic Endometrial Ablation in the Nonhuman Primate. J. Soc. Gynecol. Investig. 2000, 7, 125-130. [CrossRef]
Wryss, P; Steiner, R.; Liaw, L.H.; Wyss, M.T.; Ghazarians, A.; Berns, M.W.; Tromberg, B.J.; Tadir, Y. Uterus and Endometrium:
Regeneration Processes in Rabbit Endometrium: A Photodynamic Therapy Model. Hum. Reprod. 1996, 11, 1992-1997. [CrossRef]
Matoba, Y.; Banno, K.; Kobayashi, Y.; Kisu, I; Aoki, D. Atypical Polypoid Adenomyoma Treated by Hysteroscopy with
Photodynamic Diagnosis Using 5-Aminolevulinic Acid: A Case Report. Photodiagnosis Photodyn. Ther. 2019, 27, 295-297.
[CrossRef] [PubMed]

Osada, H. Uterine Adenomyosis and Adenomyoma: The Surgical Approach. Fertil. Steril. 2018, 109, 406—417. [CrossRef]
[PubMed]

Minalt, N.; Canela, C.D.; Marino, S. Endometrial Ablation; StatPearls Publishing: Treasure Island, FL, USA, 2022. Available online:
https:/ /www.ncbi.nlm.nih.gov /books/NBK459245/ (accessed on 26 April 2022).

National Institute for Health and Care Excellence. Heavy Menstrual Bleeding: Assessment and Management NICE Guideline [NG88];
National Institute for Health and Care Excellence: London, UK, 2018.

Wyss, P.; Svaasand, L.O.; Tadir, Y.; Haller, U.; Berns, M.W.; Wyss, M.T.; Tromberg, B.]. Photomedicine of the Endometrium:
Experimental Concepts. Hum. Reprod. 1995, 10, 221-226. [CrossRef]

Wyss, P,; Fehr, M.; Van den Bergh, H.; Haller, U. Feasibility of Photodynamic Endometrial Ablation without Anesthesia. Int. J.
Gynecol. Obstet. 1998, 60, 287-288. [CrossRef]

Wyss, P.; Caduff, R.; Tadir, Y.; Degen, A.; Wagnieres, G.; Schwarz, V.; Haller, U.; Fehr, M. Photodynamic Endometrial Ablation:
Morphological Study. Lasers Surg. Med. 2003, 32, 305-309. [CrossRef]

Degen, A.F.; Gabrecht, T.; Mosimann, L.; Fehr, M.K; Hornung, R.; Schwarz, V.A,; Tadir, Y.; Steiner, R.A.; Wagnieres, G.; Wyss, P.
Photodynamic Endometrial Ablation for the Treatment of Dysfunctional Uterine Bleeding: A Preliminary Report. Lasers Surg.
Med. 2004, 34, 1-4. [CrossRef]

Gannon, M.].; Brown, S.B. Photodynamic Therapy and Its Applications in Gynaecology. BJOG An Int. ]. Obstet. Gynaecol. 1999,
106, 1246-1254. [CrossRef]

Gannon, M.J.; Johnson, N.; Roberts, D.J.H.; Holroyd, J.A.; Vernon, D.I; Brown, S.B.; Lilford, R.J. Photosensitization of the
Endometrium with Topical 5-Aminolevulinic Acid. Am. J. Obstet. Gynecol. 1995, 173, 1826-1828. [CrossRef]

Fehr, M.K,; Wyss, P; Tromberg, B.J.; Krasieva, T.; DiSaia, PJ.; Lin, F; Tadir, Y. Selective Photosensitizer Localization in the Human
Endometrium after Intrauterine Application of 5-Aminolevulinic Acid. Am. J. Obstet. Gynecol. 1996, 175, 1253-1259. [CrossRef]
Panngom, K.; Baik, K.Y.; Nam, M.K,; Han, J.H.; Rhim, H.; Choi, E.H. Preferential Killing of Human Lung Cancer Cell Lines
with Mitochondrial Dysfunction by Nonthermal Dielectric Barrier Discharge Plasma. Cell Death Dis. 2013, 4, e642. [CrossRef]
[PubMed]


http://doi.org/10.3390/ijerph18031235
https://www.nice.org.uk/guidance/ipg473
https://www.nice.org.uk/guidance/ipg473
http://doi.org/10.1016/j.fertnstert.2006.11.066
http://doi.org/10.1016/0002-9378(92)91787-B
http://doi.org/10.1016/S0002-9378(12)90859-5
http://doi.org/10.1016/0002-9378(94)90128-7
http://doi.org/10.1002/(SICI)1096-9101(1996)18:3&lt;301::AID-LSM12&gt;3.0.CO;2-8
http://doi.org/10.1093/humrep/10.1.227
http://www.ncbi.nlm.nih.gov/pubmed/7745060
http://doi.org/10.1093/oxfordjournals.humrep.a135851
http://doi.org/10.1093/humrep/deg341
http://doi.org/10.1002/(SICI)1096-9101(1999)25:4&lt;315::AID-LSM6&gt;3.0.CO;2-N
http://doi.org/10.1016/S1074-3804(05)80168-9
http://doi.org/10.1016/S1071-5576(00)00037-X
http://doi.org/10.1093/oxfordjournals.humrep.a019531
http://doi.org/10.1016/j.pdpdt.2019.06.019
http://www.ncbi.nlm.nih.gov/pubmed/31252140
http://doi.org/10.1016/j.fertnstert.2018.01.032
http://www.ncbi.nlm.nih.gov/pubmed/29566853
https://www.ncbi.nlm.nih.gov/books/NBK459245/
http://doi.org/10.1093/humrep/10.1.221
http://doi.org/10.1016/S0020-7292(98)00004-6
http://doi.org/10.1002/lsm.10163
http://doi.org/10.1002/lsm.10244
http://doi.org/10.1111/j.1471-0528.1999.tb08177.x
http://doi.org/10.1016/0002-9378(95)90435-2
http://doi.org/10.1016/S0002-9378(96)70037-6
http://doi.org/10.1038/cddis.2013.168
http://www.ncbi.nlm.nih.gov/pubmed/23703387

Bioengineering 2022, 9, 226 22 of 22

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

100.

Hornung, R.; Fehr, M.K.; Tromberg, B.].; Major, A.; Krasieva, T.B.; Berns, M.W.; Tadir, Y. Uptake of the Photosensitizer Benzopor-
phyrin Derivative in Human Endometrium after Topical Application in Vivo. J. Am. Assoc. Gynecol. Laparosc. 1998, 5, 367-374.
[CrossRef]

Tadir, Y.; Hornung, R.; Pham, T.H.; Tromberg, B.]J. Intrauterine light probe for photodynamic ablation therapy. Obstet. Gynecol.
1999, 93, 299-303. [CrossRef] [PubMed]

Demazeau, M.; Gibot, L.; Mingotaud, A.-F; Vicendo, P.; Roux, C.; Lonetti, B. Rational Design of Block Copolymer Self-Assemblies
in Photodynamic Therapy. Beilstein |. Nanotechnol. 2020, 11, 180-212. [CrossRef]

Kim, J.; Jo, Y.-U.; Na, K. Photodynamic Therapy with Smart Nanomedicine. Arch. Pharm. Res. 2020, 43, 22-31. [CrossRef]

Shih, C.-Y.; Wang, P-T.; Su, W.-C.; Teng, H.; Huang, W.-L. Nanomedicine-Based Strategies Assisting Photodynamic Therapy for
Hypoxic Tumors: State-of-the-Art Approaches and Emerging Trends. Biomedicines 2021, 9, 137. [CrossRef]

Thangudu, S.; Su, C.-H. Peroxidase Mimetic Nanozymes in Cancer Phototherapy: Progress and Perspectives. Biomolecules 2021,
11,1015. [CrossRef]

Mallidi, S.; Anbil, S.; Bulin, A.-L.; Obaid, G.; Ichikawa, M.; Hasan, T. Beyond the Barriers of Light Penetration: Strategies,
Perspectives and Possibilities for Photodynamic Therapy. Theranostics 2016, 6, 2458-2487. [CrossRef]

Correia, J.H.; Rodrigues, J.A.; Pimenta, S.; Dong, T.; Yang, Z. Photodynamic Therapy Review: Principles, Photosensitizers,
Applications, and Future Directions. Pharmaceutics 2021, 13, 1332. [CrossRef]

Pereira, N.A.M.; Laranjo, M.; Nascimento, B.F.O.; Simoes, J].C.S.; Pina, J.; Costa, B.D.P; Brites, G.; Braz, J.; Seixas de Melo, J.S.;
Pineiro, M.; et al. Novel Fluorinated Ring-Fused Chlorins as Promising PDT Agents against Melanoma and Esophagus Cancer.
RSC Med. Chem. 2021, 12, 615-627. [CrossRef] [PubMed]

Nascimento, B.F.O.; Laranjo, M.; Pereira, N.A.M.; Dias-Ferreira, J.; Pifieiro, M.; Botelho, M.E; Pinho e Melo, TM.V.D. Ring-Fused
Diphenylchlorins as Potent Photosensitizers for Photodynamic Therapy Applications: In Vitro Tumor Cell Biology and in Vivo
Chick Embryo Chorioallantoic Membrane Studies. ACS Omega 2019, 4, 17244-17250. [CrossRef] [PubMed]

Pereira, N.A.M.; Laranjo, M.; Pina, ].; Oliveira, A.S.R; Ferreira, ].D.; Sanchez-Sanchez, C.; Casalta-Lopes, J.; Gongalves, A.C,;
Sarmento-Ribeiro, A.B.; Pifieiro, M.; et al. Advances on Photodynamic Therapy of Melanoma through Novel Ring-Fused
5,15-Diphenylchlorins. Eur. |. Med. Chem. 2018, 146, 395-408. [CrossRef]

Pereira, N.A.M.; Laranjo, M.; Casalta-Lopes, J.; Serra, A.C.; Pifieiro, M.; Pina, J.; Seixas de Melo, ].S.; Senge, M.O.; Botelho, M.E;
Martelo, L.; et al. Platinum(II) Ring-Fused Chlorins as Near-Infrared Emitting Oxygen Sensors and Photodynamic Agents. ACS
Med. Chem. Lett. 2017, 8, 310-315. [CrossRef] [PubMed]

Gunaydin, G.; Gedik, M.E.; Ayan, S. Photodynamic Therapy for the Treatment and Diagnosis of Cancer-A Review of the Current
Clinical Status. Front. Chem. 2021, 9, 608. [CrossRef] [PubMed]

Bochenek, K.; Aebisher, D.; Miedzybrodzka, A.; Ciedlar, G.; Kawczyk-Krupka, A. Methods for Bladder Cancer Diagnosis—The
Role of Autofluorescence and Photodynamic Diagnosis. Photodiagnosis Photodyn. Ther. 2019, 27, 141-148. [CrossRef]

Malik, Z. Pros, Cons and Future Prospects of ALA-Photodiagnosis, Phototherapy and Pharmacology in Cancer Therapy—A Mini
Review. Photonics Lasers Med. 2015, 4, 19-26. [CrossRef]

Hadjipanayis, C.G.; Stummer, W. 5-ALA and FDA Approval for Glioma Surgery. J. Neurooncol. 2019, 141, 479-486. [CrossRef]
Shadab, R.; Nerli, R.B.; Saziya, B.R.; Ghagane, S.C.; Shreya, C. 5-ALA-Induced Fluorescent Cytology in the Diagnosis of Bladder
Cancer—A Preliminary Report. Indian J. Surg. Oncol. 2021, 12, 415-420. [CrossRef]

Wyss, P.; Degen, A.; Caduff, R.; Hornung, R.; Haller, U.; Fehr, M. Fluorescence Hysteroscopy Using 5-Aminolevulinic: A
Descriptive Study. Lasers Surg. Med. 2003, 33, 209-212. [CrossRef]

Matoba, Y.; Banno, K.; Kisu, L; Tsuji, K.; Aoki, D. Atypical Endometrial Hyperplasia Diagnosed by Hysteroscopic Photodynamic
Diagnosis Using 5-Aminolevulinic Acid. Photodiagnosis Photodyn. Ther. 2019, 26, 45-47. [CrossRef] [PubMed]

Matoba, Y.; Banno, K.; Kobayashi, Y.; Yamagami, W.; Nakamura, M.; Kisu, I.; Aoki, D. Hysteroscopic Treatment Assisted by
Photodynamic Diagnosis for Atypical Polypoid Adenomyoma: A Report of Two Cases. Photodiagnosis Photodyn. Ther. 2021, 36,
102583. [CrossRef] [PubMed]

Carvalho, M.J.; Laranjo, M.; Abrantes, A.M.; Casalta-Lopes, J.; Sarmento-Santos, D.; Costa, T.; Serambeque, B.; Almeida, N.;
Gongalves, T.; Mamede, C.; et al. Endometrial Cancer Spheres Show Cancer Stem Cells Phenotype and Preference for Oxidative
Metabolism. Pathol. Oncol. Res. 2019, 25, 1163-1174. [CrossRef] [PubMed]

Laranjo, M.; Carvalho, M.].; Serambeque, B.; Alves, A.; Marto, C.M,; Silva, L; Paiva, A.; Botelho, M.F. Obtaining Cancer Stem Cell
Spheres from Gynecological and Breast Cancer Tumors. JoVE—]. Vis. Exp. 2020, 157, e60022. [CrossRef]

Md, S.; Haque, S.; Madheswaran, T.; Zeeshan, F.; Meka, V.S.; Radhakrishnan, A.K.; Kesharwani, P. Lipid Based Nanocarriers
System for Topical Delivery of Photosensitizers. Drug Discov. Today 2017, 22, 1274-1283. [CrossRef]

Nguyen, K.; Khachemoune, A. An Update on Topical Photodynamic Therapy for Clinical Dermatologists. J. Dermatolog. Treat.
2019, 30, 732-744. [CrossRef]


http://doi.org/10.1016/S1074-3804(98)80049-2
http://doi.org/10.1097/00006250-199902000-00027
http://www.ncbi.nlm.nih.gov/pubmed/9932573
http://doi.org/10.3762/bjnano.11.15
http://doi.org/10.1007/s12272-020-01214-5
http://doi.org/10.3390/biomedicines9020137
http://doi.org/10.3390/biom11071015
http://doi.org/10.7150/thno.16183
http://doi.org/10.3390/pharmaceutics13091332
http://doi.org/10.1039/D0MD00433B
http://www.ncbi.nlm.nih.gov/pubmed/34046633
http://doi.org/10.1021/acsomega.9b01865
http://www.ncbi.nlm.nih.gov/pubmed/31656898
http://doi.org/10.1016/j.ejmech.2017.12.093
http://doi.org/10.1021/acsmedchemlett.6b00476
http://www.ncbi.nlm.nih.gov/pubmed/28337322
http://doi.org/10.3389/fchem.2021.686303
http://www.ncbi.nlm.nih.gov/pubmed/34409014
http://doi.org/10.1016/j.pdpdt.2019.05.036
http://doi.org/10.1515/plm-2014-0036
http://doi.org/10.1007/s11060-019-03098-y
http://doi.org/10.1007/s13193-021-01340-6
http://doi.org/10.1002/lsm.10210
http://doi.org/10.1016/j.pdpdt.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30849521
http://doi.org/10.1016/j.pdpdt.2021.102583
http://www.ncbi.nlm.nih.gov/pubmed/34673272
http://doi.org/10.1007/s12253-018-0535-0
http://www.ncbi.nlm.nih.gov/pubmed/30499076
http://doi.org/10.3791/60022
http://doi.org/10.1016/j.drudis.2017.04.010
http://doi.org/10.1080/09546634.2019.1569752

	Introduction 
	Materials and Methods 
	Endometrial Pathology 
	Endometrial Cancer 
	Endometriosis 
	Adenomyosis 
	Endometrial Ablation 

	Future Perspectives and Recommendations 
	Conclusions 
	References

