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Basal cell carcinoma (BCC) is the most prevalent epidermal cancerous neoplasm. Previous studies have reported the noninvasive,
cost-effective, and localized photodynamic therapy (PDT) approach to BCC treatment. This study investigated the photodynamic
effects of aloe-emodin (AE), a natural anthraquinone photosensitizer (PS), on proliferation and apoptosis of BCC TE 354.T cell
line. To evaluate the effects of AE-mediated PDT, we used various concentrations of AE (0, 2.5, 5, and 10 uM) and white light
energy (0, 12, 24, and 36J/cm®). CCK-8 assay was used to analyse cell viability following AE-mediated PDT. The cell death
rate and reactive oxygen species (ROS) were assessed by flow cytometry. Western blotting was used to determine the effects of
AE-mediated PDT on the apoptotic proteins, Akt, and MAPK pathways. AE-mediated PDT inhibited tumorigenic cell
proliferation, consequently enhancing apoptosis in AE and PDT concentration and dose-dependent manner, respectively.
Significantly increased TE 354.T cell apoptosis and intracellular ROS production were both observed after AE-mediated PDT.
Following the AE-mediated PDT, cytochrome and antitumor p53 were elevated; however expression of Bcl-2 was significantly
decreased. Significant caspase 3 elevation post-AE-mediated PDT suggested intrinsically driven apoptosis. Additionally, AE-
mediated PDT significantly suppressed NF-«B, Akt, and ERK pathways while JNK expression was significantly increased. AE-
mediated PDT induced TE 354.T cell apoptosis through the intracellular generation of ROS. Akt, ERK, and JNK all play
various roles in ensuring successful TE 354.T tumor cell apoptosis.

1. Introduction

Basal cell carcinoma (BCC) is a slow-growing and locally
invasive skin tumor, specifically on the epidermal surface
[1, 2]. BCC remains the most prevalent global cancerous
neoplasm with an increased incidence in the last decade
[3]. Various factors such as closeness to the equator and an

aging global population increase the risks and make any race
vulnerable, with doubling incidences from 40 to 70 years [4,
5]. BCC may damage the neighbouring tissues and have a
relatively high reoccurrence rate in 10-20% of the success-
fully treated and recovered patients [6]. Various methods
of treatment have been used, with surgery being considered
the gold standard [7]. However, BCC often occurs on the
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neck, face, or extremities, and cosmetic preference warrants
an alternative noninvasive therapeutic mode [6].

Photodynamic therapy (PDT) is a promising site-specific,
less-invasive, and cost-effective interventional approach for
malignant tumor treatment [1, 7-9]. PDT depends on the
stimulation of a photosensitizer (PS) by a light source with
an appropriate wavelength that generates superoxide anion
(O,’e), hydroxyl radicals (OHe), and hydrogen peroxide
(H,0,) through a type I reaction or singlet oxygen (‘O,)
through a type II reaction. These reactive oxygen species
(ROS) can induce tumor cell death [10]. Several PSs have
been reported to effectively kill BCC cells under light irradi-
ation, and 5-aminolevulinic acid (5-ALA) and methyl ami-
nolevulinate (MAL) have been tried for photodynamic
treatment of BCC in clinical practice.

Aloe-emodin (1,8-dihydroxy-3-hydroxymethyl-anthra-
quinone, AE, Figure 1) is a natural anthraquinone com-
pound isolated from Aloe barbadensis Miller and Rheum
palmatum L [11]. The antitumor activity of AE and its apo-
ptosis inducing effects in various deep-seated tumors such as
colon cancers has been reported. Additionally, AE and PDT
combination has been shown to significantly suppress
metastasis of HUVEC [12], human oral mucosa carcinoma
[13], and MG63 osteosarcoma cell line [14]. We have also
reported that AE-mediated antimicrobial photodynamic
therapy could effectively inactivate drug-sensitive and
drug-resistant Candida albicans [15]. AE exhibits fluores-
cence and has a maximum excitation wavelength (430 nm),
hence a novel PS [12]. In addition, its maximum absorption
peak in the blue region could enhance its photosensitizing
ability for the treatment of superficial diseases [16]. The
photocytoxicity of aloe-emodin has been reported to occur
in human skin fibroblast through the cellular DNA and
RNA oxidative damage [17]. However, the AE-mediated
PDT effects on BCC remain unclear. Consequently, this
study evaluated the AE-mediated photodynamic effects on
proliferation and apoptosis of BCC TE 354.T cell line. As a
tumor under the skin, the authors believe this would be a
feasible BCC therapeutic regimen.

2. Materials and Methods

2.1. Photosensitizer. AE was purchased from Nanjing Jinzhu
Biotechnology Co. Ltd, China. AE was dissolved in dimethyl
sulfoxide (DMSO) (Sigma-Aldrich, USA) to prepare a 1 mM
stock solution. The AE stock solution was further diluted to
desired concentrations (2.5, 5, and 10 uM) with Dulbecco’s
modified Eagles medium (DMEM, Hyclone, USA), which
was immediately used for subsequent experiments. All the
photodynamic assays were carried out through the use of
white light. The wavelength of 435 + 10nm for the irradia-
tion was selected by a 50 W xenon lamp (Ceaulight CEL-
HXF-300, China), and this lamp was equipped with an opti-
cal filter. The distance between the samples and light source
was 10cm. Light fluency rate at the level of samples was
adjusted to 40 m/W cm™ by a power meter (Ceaulight NP-
2000, China). To control sample heating, ice-cold water filter
with a width of 1 cm was inserted between the light source
and the samples.
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FiGure 1: The chemical structure of aloe-emodin.

2.2. Cell Line and Culture Conditions. BCC TE 354.T cell line
(ATCC CRL-7762) was purchased from BeNA Culture
Collection (BNCC337678, Beijing, China). The cells were
cultured in DMEM supplemented with 10% fetal bovine
serum (Zhengjiang Tianhang Biotechnology, China),
100U/ml of penicillin, and 100 pug/ml of streptomycin
(Hyclone, USA) at 37°C in 5% CO, atmosphere. TE 354.T
cells were plated in 96-well plates (Corning, USA) at a den-
sity of 5 x 10% cells per well and cultured overnight.

2.3. Photodynamic Treatments and Cell Proliferation Assay.
TE 354.T cells were divided into four groups. The first group
of cells was neither treated with AE nor irradiated (negative
control, P-L-). The second group was treated with different
concentrations (0, 2.5, 5, and 10 uM) of AE in the dark (P
+L-). The third group of cells was irradiated with 435 + 10
nm of white light for 5, 10, and 15 min, corresponding to
the light energy doses of 12, 24, and 36 J/cm?, respectively
(P-L+). The fourth experimental cell group was treated with
0, 2.5, 5, and 10 uM of AE and irradiated with 12, 24, and
36]/cm? of white light (P+L+). The cells incubated with
DMEM containing less than 1% of DMSO (v/v) were also
used as the negative control. After further 12h incubation
at 37°C in 5% CO, atmosphere, 10 uL CCK-8 (Beijing 4A
Biotechnology, China) solution was added in each well.
The plate was incubated at 37°C for 1h, and the absorption
values at 450 nm were determined by a microplate reader
(BioRad, USA). Cell survival rate was calculated using the
following equation, and each assay was repeated three times.

Abs — Abs
Cell survival rate(%) _ (1 _ (no treatment) (PDT treatment)) % 100%.

Abs(no treatment) ~ Abs(medium)

(1)

2.4. Cell Apoptosis. Apoptosis of TE 354.T cells was deter-
mined using Pharmingen™ PE Annexin V apoptosis detec-
tion kit (BD, USA) and Beckman Coulter CytoFLEX flow
cytometer (Beckman, USA). In summary, approximately 1
x 10° cells in 2mL DMEM were seeded in 6-well plates
(Corning, USA). The cells were then treated with 5uM AE
and irradiated with light for 10 min (24 J/em?). The cells
were subsequently incubated at 37°C for 12h. PE Annexin
V apoptosis detection kit was used for apoptosis assessment
according to the guidelines of the manufacturer, and data
was analysed using a flow cytometer.

2.5. Intracellular ROS. Approximately 1 x 10° TE 354.T cells
seeded in 6-well plates were incubated with 5uM of AE at
37°C 4h and irradiated with light 10 min (24 J/cm?). Cells
were then resuspended in phosphate-buffered saline (PBS),
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FIGURE 2: The viability of TE 354.T cells after AE-mediated PDT treatment. (a) Percentage of TE 354.T cell viability after treatment with
varied AE concentrations and light energy doses. The photosensitizer at concentrations of 0, 2.5, 5, and 10 uM were introduced into the
adhered cells for 4 hours and later irradiated with 0, 12, 24, and 36 J/cm®. Cell viability was analysed 12 h postirradiation by CCK-8 kit
(*p<0.05, **p<0.01, and ***p <0.001); (b) viability of ATCC TE 354.T cell in the control group. The cells were incubated for 4 hours
with either DMSO or without any treatment. The cells were exposed to irradiation with an energy dosage of 0, 12, 24, or 36J/cm>. No
significant difference was reported between the two control groups at any given dosage of energy (p > 0.05).
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FIGURE 3: Western blotting expression of apoptotic proteins in TE 354.T cells following AE-mediated PDT. (a) The cells were treated with
5uM AE, irradiated for 10 min, and protein lysates were collected 12 hours later for western blotting assays. (b-d) Quantitative analyses of
change of cleaved caspase 3, Bcl-2, and p53, respectively (***p < 0.0001). Protein level was expressed as mean + SD from three independent
experiments. Control (P-L-), light irradiation only (P-L+), AE only (P+/L-), and AE-mediated PDT (P+L+).

incubated with 5 yM of H2DCFDA (MCE, China) at 37°C in
the dark for 30 min, and analysed in a flow cytometer. TE
354.T cells treated with 10mM of hydrogen peroxide
(H,0O,) were used as the positive control.

2.6. Immunoblot Assays. Cell pellets after AE-mediated PDT
treatment were harvested and lysed in radioimmunoprecipi-

tation (RIPA) buffer, sonicated with a Bioruptor (Diage-
node, Belgium). After centrifugation at 4°C, 13000 rpm for
20 min, the supernatant was collected. For electrophoresis,
the protein sample lysates (40 pg) were loaded onto 10%
(w/v) SDS-PAGE gel and transferred to polyvinylidene fluo-
ride (PVDF) membrane (Millipore, USA). The membrane
was subsequently blotted and probed with anti-caspase 3



4 International Journal of Photoenergy
10° P-L—: P1 106 P-L+: P1
3Q1-UL(0.01%) Q1-UR(0.08%) 3Q1-UL(0.07%) Q1-UR(0.30%)
< i < ]
w107 3 w 10° 3
wn = L 3
O 1 @] ]
& 1 = ]
=) ] =) ]
E E
& 10* —; <10t —;
0 A 01 .
1QI-LE(99. Q1-LR(0.06%) 1Q1- 106% Q1-LR(0.57%)
0 10 10° 106 0 10* 10° 106
Annexin-V PE-A Annexin-V PE-A
106 P+L+: P1 108 P+L+: P1
; Q1-UL(0.04%) Q1-UR(0.36%) ; Q1-UL(4.46%) Q1-UR(19.10%)
< ) < )
B 10° 3 B 10°
n 3 n 3
O = @] ]
¥ ] A ]
a ] a ]
< <
< 10* <10" 5
o~ E S 3
0 ] B . 0 ]
1Q1-LL(99.16%) Q1-LR(0.43%) 1Q1-LL(34.10%) Q1-LR(42.26%)
0 10 10° 106 0 10 10° 106
Annexin-V PE-A Annexin-V PE-A
(a)
50 — dkk 30 ~ ok
2 £ 204
A 40 H a)
p: b
< & 10
S 304 B
> Z 207
é 20 % 1.5
Z &
< = 1.0
5 10
A 2 0.5 -
0 0.0 -
Control  PjLwc Pl prejLee Control  P~L™  P7L™  Pr/L™
(b) ()

FIGURE 4: AE-mediated PDT consequences on cell apoptosis obtained through PE. (a) Annexin V/7-AAD staining and flow cytometry.
Percentage graphical representation of PE-Annexin V positive cells’ (b) early apoptosis and (c) overall apoptosis. The data show means
+ SD of three independent assays (***p < 0.0001). Control (P-L-), light irradiation only (P-L+), AE only (P+/L-), and AE-mediated PDT

(P+L+), respectively.

(Abcam 13586, UK), anti-c-Jun N-terminal kinases (JNKs),
anti-p-JNK, anti-Bcl-2, anti-cytochrome C, anti-Akt, anti-p-
Akt, anti-extracellular signal-regulated kinase (ERK), anti-p-
ERK, and anti-p53 (CST, USA). The usage of a housekeeper
gene, f3-actin, was ensured as an internal control. Horserad-
ish peroxidase (ThermoFisher, USA) conjugated goat anti-
rabbit, and goat anti-mouse secondary antibodies were then
used for signal detection. The bands were finally visualised
using Immobilon™ Western Chemiluminescent HRP sub-
strate (Millipore, USA). Three independent assays were per-
formed, and data were analysed using Image] software and
GraphPad Prism software.

2.7. Statistical Analysis. At least three independent experi-
ments were done where stated. All data were analysed using
the GraphPad Prism software and shown as the mean +
standard deviation (SD). Data were compared using one-
way or two-way ANOVA, and the difference was considered
significant in the case of p < 0.05.

3. Results

3.1. AE-Mediated PDT Cytotoxicity on TE 354.T Cells. The
temperature of the samples prior to irradiation was 36.1°C.
After irradiation, the temperature dropped to 35.2°C, implying
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FIGURE 5: (a) Western blotting expression of cytochrome C and TNF-xf in TE 354.T cells following AE-PDT. The cells were treated with
5uM AE, irradiated for 10 min, and protein lysates were collected 12 h later for western blotting assays. -Actin was used as an internal
control. The graphs represent the quantitative analysis of (b) cytochrome C changes relative to f-actin and (c) p-NF-«B relative to total
TNF-kB. ***p < 0.0001. Protein level was expressed as mean + SD from three independent experiments.

that the samples were not heated by light. Various treatments
lead to change of cell viability as shown in Figure 2(a). AE
alone (2.5uM, 5uM, and 10 uM) resulted to insignificant
change of cell viability at 98.40 + 0.79%, 93.37 + 1.05%, and
84.40 + 2.41%, respectively (p>0.05). Similarly, treatment
with light alone (12 J/cm? and 24]/cm?) resulted to insignifi-
cant changes: 99.63% +0.203 and 95.93% + 3.467, respec-
tively. Treatment with 36J/cm® of light alone resulted to
produced 83.33% +2.333 of viable cells (p<0.05). AE
(2.5uM, 5uM, and 10 uM) with light (12)/cm?, 24]/cm?,
and 36]/cm?) significantly reduced the cell viability in a PS
and energy dose-dependent manner. AE (5uM) and light
(24)/cm?) which yielded 37.68 +0.81% of viable cells was
chosen as the optimum condition for subsequent assays. No
significant change was observed in the negative control cells,
with or without DMSO treatment, at the various energy doses
tested (Figure 2(b)).

3.2. Influence of AE-Mediated PDT on Apoptotic,
Antiapoptotic, and Antitumor-Associated Proteins. As dem-

onstrated in Figures 3(a) and 3(b), cleaved caspase 3 was sig-
nificantly increased in the AE-mediated PDT group
compared to the control group. AE or irradiation alone
demonstrated insignificant cleaved caspase 3 elevation. Con-
trastingly, antiapoptotic protein Bcl-2 was significantly sup-
pressed after AE-mediated PDT compared to the untreated
group (as shown in Figure 3(c)). However, the suppression
in the single treatment group for Bcl-2 was insignificant
(p>0.05). The p53 expression assessment revealed signifi-
cant increase in AE-mediated PDT vis-a-vis the control
group, demonstrating a significant change (as shown in
Figure 3(d)). The single treatment groups also showed a lower
increment (p < 0.05) than the AE-mediated PDT group.

3.3. AE-Mediated PDT Induces Apoptosis. Neither Annexin
V nor 7-AAD stained cells were detectable in the untreated
control group (P-L-) (Figure 4(a)). Besides, both Annexin
V and 7-AAD positive cells were undetectable in the case
of single treatment with either AE (P+L-) or PDT (P-L+).
However, as shown in Figure 4(b), substantial cell proportion
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was in the early apoptotic stage, as confirmed by Annexin V
single positive cells. Further, a significant proportion of
Annexin V and 7-AAD positive cell increase was observable
in the AE-mediated PDT cells, as shown in Figure 4(c), explic-
itly confirming the occurrence of apoptosis.

3.4. AE-Mediated PDT Induces Intrinsic Apoptotic Pathway
and Suppresses NF-kB. We aimed at investigating whether
the killing initiated by AE-mediated PDT occurs intrinsi-
cally. Western blotting assay revealed significant cytochrome
C increase in the AE-mediated PDT group compared to the
negative control group (P-L-) (Figures 5(a) and 5(b)). On
the other hand, phosphorylated NF-«B protein analysis
showed a significant suppression following AE-PDT
(Figure 5(c)). No change in total NF-«B was observed across
the treatments.

3.5. Akt Pathway Signaling in AE-Mediated PDT Induced
Cell Death. We aimed at elucidating the pathway involved
during AE-mediated PDT cell death. Since the Akt pathway
is important in cancer cell survival, we investigated expression
levels of total Akt and its phosphorylated products. While the
expression of total Akt was not changed across the various

treatment groups, phosphorylated Akt was significantly
reduced following AE-mediated PDT (Figures 6(a) and 6(b)).

3.6. Effect of AE-Mediated PDT on Mitogen-Activated
Protein Kinases. We then investigated two MAPK families
(extracellular signal-regulated kinases (ERKs) and C-Jun
N-terminal kinases (JNKs)) to understand their involvement
during PDT-mediated apoptosis. As shown in Figure 6(a),
AE-mediated PDT significantly enhanced the phosphoryla-
tion of JNK (p <0.001). No significant alteration of total
JNK expression was noted in the single treatment groups
(Figure 6(c)). Similarly, AE and PDT enhanced ERK phos-
phorylation with a significantly increased expression than
the control group (Figure 6(d)). Expression of total ERK
was not altered across the groups.

3.7. AE-Mediated PDT Induces Intracellular ROS
Generation. We finally investigated the emission of fluores-
cence by H2DCFDA in a flow cytometer as means of ROS
quantification. The outcome revealed a significant increase
of ROS in AE-mediated PDT cells compared to the control
and single treatment cells (Figures 7(a) and 7(b)).
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FIGURg 7: AE-mediated PDT induced intracellular ROS in TE 354.T cells. (a) Untreated cells (P-L-), light-treated cells (P-L+), AE-treated
cells (P+L-), H,O,-treated positive control cells (H,O,), and AE-mediated PDT-treated cells (P+L-). (b) Bar graph representation of
percentage fluorescence. Results are expressed as means + SD from three independent assays.

4. Discussion

Conventionally, BCC has been treated through chemother-
apy and surgery. However, these approaches are expensive,
can lead to resistance and remissions, and may interfere
with the skin cosmetic value. Surgery can also be challenging
when the wounds are large or appear in the midface region
[18]. PDT is a well tolerable, relatively painless, and inex-
pensive alternative [19]. Various PSs have been reported
against BCC, for instance, mesotetrahydroxyphenylchlorin
(mTHPC), hematoporphyrin derivative IX (Photoheme), 2-
(1-hexyloxyethyl)-2-devinyl pyropheophorbide-a (HPPH),
and benzoporphyrin derivative monoacid ring A (BPD-

MA) [20, 21]. However, these PSs have the maximum
absorption band in the red region; hence, their use with red
light may result to fistula and perforations of walls [15]. As
a PS with a shorter wavelength, AE could be suitable for the
treatment of superficial BCC, without causing damage to
the deeper healthy tissues.

This study confirmed the photocytotoxic effect of AE in
combination with white light irradiation (435+ 10nm)
against BCC, which occurs in an AE concentration and irra-
diation energy dose-dependent manner. AE at a concentra-
tion of 2.5uM in the presence of 12 J/cm® and 24]/cm?
light all demonstrated an insignificant change of cell viabil-
ities at 77.7+0.847% and 62.517 £4.17%, respectively,



while 36 J/cm? of light significantly changed viability of cells
to 39.88 +£2.755%. AE at 5 uM easily inactivated BCC, with
24J/cm?, with cell viability yield of 37.697 +0.81%. Over
50% reduction in viability was observed when 10uM AE
was used with the various energy doses 12J/cm?, 24)/cm?,
and 36J/cm?, which yielded 33.35+1.219%, 26.48 £ 0.578
%, and 23.847 + 1.07% cells, respectively. Consequently, this
study notes that the ideal PDT condition for BCC inhibition
is 5 M and 24 J/cm®.

According to our findings, AE-mediated PDT is more
cytotoxic to TE 354.T cells than to MG63 or HUVEC cells
[12]. Additionally, apoptosis was essentially the main mode
of BCC cell death. We also found the results to be consistent
with intracellular ROS changes, which were significantly and
rapidly produced following AE-mediated PDT. These obser-
vations confirm that BCC cytotoxicity post-PDT is driven by
the intracellular ROS production.

The p53 is a tumor suppressor, thus initiated apoptosis.
Contrastingly, the observed Bcl-2 photodamage was due to
mitochondrial destruction [22] and regulation by p53. Our
finding is further supported by reports of downregulated
Bcl-2 following MAL-PDT in cervical cancer cell lines [23].

Increased cytochrome C, cleaved caspase 3, and NF-xB
expression shows that AE-mediated PDT initiates intrinsic
apoptosis. As supported by previous research, cytochrome
C is released into the cytosol from the mitochondria and
triggers the cleaved caspase 3 [24]. Even though we did not
study caspase 9 expression, it is an essential mitochondrial
pathway determinant, whose increment is most likely in
agreement with caspase 3 [25]. We consequently believed
that cytochrome C and caspase 3 elevation firmly pointed
to an intrinsic pathway initiated by AE-mediated PDT.

We further scrutinised NF-xB expression as a critical sig-
nal integrated by mitochondria in intrinsic apoptosis [26].
As a suppressor of apoptosis, NF-xB expression was signifi-
cantly inhibited [27], thus downregulated by p53. Addition-
ally, AE-mediated PDT causes redox modification upon
exposure to severe oxidative stress [28], which could have
also lead to reduced NF-«B.

Akt, as a serine/threonine kinase, enhances cells’ survival
through apoptosis inhibition and modulation of cellular
growth factors [29]. Its phosphorylation occurs following
activation by PI3K, and the consequence is proapoptotic
Bcl-2 protein family function inhibition, hence cancerous
cell survival. Our findings thus demonstrated a significantly
downregulated p-Akt-level post-AE-mediated PDT. Its con-
tainment thus implied a successful apoptosis.

JNK and ERK are essential MAPK superfamily protein
signaling due to their roles in growth regulation, apoptosis,
survival, or differentiation [30]. ERK participates in transcrip-
tion factor activation, for instance, c-myc (transcriptional reg-
ulator Myc-like), CREB (cAMP response element-binding
proteins), and the NF-«B, an essential antitumor inhibitor
[31-33]. However, according to our findings, AE-mediated
PDT activated p-ERK, disputing the previous findings of 5-
ALA, photofrin [34], and sulphoraphene-mediated PDT
[35]. Nevertheless, our finding confirms previous reports of
raised p-ERK following photofrin [36], TTPS2a [37], and 5-
ALA-mediated PDT [38]. Worth noting, TTPS2a-PDT acti-
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vated p-ERK in the presence of epidermal growth factor
(EGF), which makes it digress from our design. At the same
time, the other stated studies with similar findings do not give
any clear explanation. To justify our finding of p-ERK activa-
tion upon AE-mediated PDT, we would agree with a postula-
tion that ERK activation may depend on the cell type and the
duration of phototherapy [39]. We thus report that AE-
mediated PDT leads to activation of p-ERK on BCC.

Lastly, we report an increased p-JNK upon AE-mediated
PDT, in agreement with previous investigations [24, 28, 40].
JNK is ascertained to be sparked by various environmental
stresses such as irradiation, which activates various tran-
scription factors as p53 and c-Jun, which most likely lead
to cancerous cell death.

5. Conclusion

In conclusion, this study confirmed that AE in combination
with 435+ 10nm light is cytotoxic against BCC in an AE
concentration and light energy dose-dependent manner.
Inactivation of BCC post-PDT is solely driven by the rapid
production of intracellular ROS. Activation of both JNK
and ERK1/2 and inhibition of the Akt pathway together
played a role in enhancing the therapeutic response of AE-
mediated PDT in the killing of basal skin cancer cells. These
findings confirm that AE is a promising PS for the photody-
namic inactivation of TE 354.T cells and may provide insight
and guidance on a modal therapeutic approach of enhancing
cytotoxicity against basal cell carcinoma in a clinical setting.
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