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The global incidence and mortality rates resulting from lung cancer encapsulate a need to
identify more effective treatment protocols. Photodynamic therapy (PDT) and homeopathy
offer possible anticancer therapies as part of a multi-disciplinary approach. Studies have
identified the anticancer effects of Thuja occidentalis L. plant extracts. The aim of this study
was to investigate the effects of Thuja occidentalis (TO) homeopathic mother tincture and
TO mediated PDT (TO-PDT) on A549 lung cancer cells. Commercially available A549 cells
were pre-treated with TO, or laser irradiation at 660 nm, or the combined treatment (TO-
PDT). Cells were analyzed morphologically by inverted light microscopy and Hoechst stain;
and biochemically by lactate dehydrogenase (LDH), adenosine triphosphate (ATP), and
trypan blue assays. Cells treated with TO and TO-PDT demonstrated morphological
changes in the cell and cell nuclei indicative of cell death. These groups exhibited a dose
dependent increase in LDH release and a decrease in ATP levels and cell viability indicating
its cytotoxic and antiproliferative potential. Furthermore, at the same doses, TO when
photoactivated in PDT induced enhanced anticancer responses thereby surpassing the
effects of treatment with the tincture alone. Results demonstrate how the direct cytotoxic
effects of TO can be improved when administered as a photosensitizer in PDT to promote
cancer cell death.
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1 INTRODUCTION

With current socio-economic developments and epidemiological transitions, there is an increase in
the distribution and prevalence of the main risk factors that can initiate lung cancer. This is reflected
by the continuous rise in current and expected cases of lung cancer worldwide. Unsurprisingly,
patients with lung cancer also have the highest mortality rates (Bray et al., 2018). Treatment of lung
cancer relies on the combined administration of surgery, radiotherapy, and chemotherapy. Despite
the improvements and implementation of these therapies, it often struggles to sustain patients’
expectations and treatment outcomes due to limitations of these therapies in the treatment of lung
cancer. This includes lack of targeting precision, development of multi-drug resistance, and
significant adverse events. These obstacles can be both a cause and a risk factor contributing to
therapeutic failure and increased mortality rates (Mottaghitalab et al., 2019). Therefore, there is an
expectation to continue to focus research efforts aimed at meeting crucial therapeutic demands based
on highly effective treatment protocols with minimal adverse effects and long-lasting responses.
Integrative oncology embraces a multidisciplinary approach to the treatment regimen of cancer
patients by administering both conventional and complementary medicines (CM) (Witt et al., 2017).
The World Health Organization (WHO) defines CM as a diverse group of health care practices that
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do not form a part of the country’s own traditional or
conventional therapies and are not fully integrated into the
dominant healthcare system (Global report on traditional and,
1066). This combined approach has the potential to overcome
critical challenges facing current conventional cancer therapies.
This will, in turn, contribute towards improving patients’ quality
of life (QoL) and promoting survival (Witt et al, 2017).
Homeopathy is one such CM, that is, commonly used in
parallel with other conventional therapies to aid in the
supportive treatment of both oncological and non-oncological
diseases as part of an integrative approach (Dehghan et al., 2020).
Plant-based homeopathic ~mother tinctures (@) are
hydroethanolic extractions of the entire plant or parts of the
plant, prepared following specific guidelines in the homeopathic
pharmacopeia (Das, 2019). Different from herbal tinctures which
are far more concentrated in their dilution at 1:2 or 1:1 (Romm
et al., 2010); @’s are prepared in a 1:10 dilution ratio (Steven,
2013).

Photodynamic therapy (PDT) is a photochemical process that
involves the activation of a photosensitizer (PS) with an
appropriate wavelength of light to produce cytotoxic reactive
oxygen species (ROS) capable of initiating cell death (Chen et al.,
2020). The efficacy of PDT lies in its multifunctional ability to
elicit targeted cancer cell death with minimal invasiveness and
drug resistance (Fan et al., 2019; Pinto da Silva et al., 2019).
Successful PDT outcomes are highly dependent on selecting an
appropriate PS. Currently, only a limited number of PSs are
medically approved, most of which are commercially available in
small amounts, and in many instances, only a few of them benefit
patients entirely in clinical practice. In addition, the practical
application of commonly used photophrin related PSs is limited
by their slow elimination from the body, consequently resulting
in adverse effects such as skin photosensitivity which may persist
for weeks after the commencement of the treatment (Shi et al,,
2019; Hu et al., 2020).

Natural agents are gaining much interest to determine
alternative options and facilitate design strategies focused on
improving safety, outcomes, and enhancing the efficacy of
cancer treatments including PDT. Plant extracts contain a
diverse group of bioactive compounds with anticancer
capacity. These extracts can target multiple deregulated cellular
pathways to induce cell death in an efficacious and selective
manner and with minimal drug resistance and toxicity on healthy
cells (Millimouno et al., 2014). Furthermore, these products are
commercially available, environmentally sustainable, and cost-
effective (Mansoori et al, 2019). Research data has provided
evidence that demonstrates the presence of chromophores in
various  phytochemicals of plant extracts including
furanocoumarins,  polyacetylenic = molecules, thiophenes,
curcumins, xanthanoids, alkaloids, and antraquininones. These
phytochemicals demonstrated photosensitizing capabilities by
absorbing light at various wave-lengths within a phototherapy
setting (Siewert and Stuppner, 2019). A review by Dong et al.
(2021), demonstrated how hypericin-mediated PDT inhibited
cell proliferation in various cancer models including colon,
breast, glioma, cervical and hepatic tumour cells. Furthermore,
the co-administration of hypericin-PDT and chemotherapeutic
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agents or other targeted therapies were able to increase the
inhibitory effects of cell growth on cancer cells through the
modulation of various proteins and genes (Dong et al.,, 2021).
In an in vitro study on renal carcinoma cells, berberine was shown
to be an effective PS in PDT (Lopes et al., 2019). The in vitro and
in vivo effects of 5- Aminolevulinic acid (ALA) mediated PDT was
shown to induce cell death in human colon cancer cells. In
another study, ALA-PDT showed selected efficacy against
aggressive adult T-cell leukemia without influencing normal
lymphocytes (Sando et al, 2020). Curcumin has been
extensively researched for its potential as a PS, and has
demonstrated strong photocytotoxic effects in micromolar
concentrations against a variety of cell lines. Furanocoumarins
when photoactivated have been shown to be effective against
various cancer cells through the inhibition of several pathways
that play a key role in tumour development, and in the activation
of proteins responsible for apoptotic induction (Kubrak et al.,
2022).

Thuja occidentalis L. (TO) is a coniferous plant belonging to
the Cupressaceae family with pro-apoptotic, anticarcinogenic,
antiproliferative, antioxidant, and radio-protective properties. It
is commonly known as the white cedar or arbor vitae and its
name is Latin for tree of life (Silva et al., 2017). TO is indigenous
to the north-eastern mixed and boreal forests of North America,
and is grown as an ornamental tree in Europe (Danneyrolles et al.,
2017). It is an important Native American ceremonial plant
which has been widely utilized in ethnomedicine. The plant is
greatly honoured by the Ojibwa culture by the name Nookomis
Giizhik, meaning Grandmother Cedar who used the soft twigs to
make soups and teas for the treatment of various ailments
(Pudetlek et al.,, 2019). In traditional medicine, TO has been
used to treat diseases of the respiratory system (bronchial
catarrh), urinary and reproductive systems (enuresis, cystitis,
amenorrhoea), as well as rheumatic and autoimmune diseases
(Stan et al., 2019). In a homeopathic clinical setting, TO mother
tincture is prescribed in the treatment regimen of pathological
growths such as tumours, and acute and chronic respiratory tract
infections. Cell death owing to TO in cancer cells can be
attributed to its primary active phytochemical thujone and to
a lesser extent its polysaccharide and flavonoid fractions (Alves
et al., 2014). Thujone is associated with the activation of BAX,
cytochrome ¢, and caspase 3; all in favor of pro-apoptotic
signaling (Ijaz et al, 2018). A study by Siveen and Kuttan
(2011) demonstrated the immunostimulatory activity of
thujone on the humoral and cell-mediated immune system
during solid tumour development. The augmentation of the
immune system by thujone increased natural killer (NK) cell
activity, antibody-dependent cellular cytotoxicity (ADCC), and
cytotoxic T lymphocyte generation (Siveen and Kuttan, 2011).
Other studies have shown how thujone can exert pro-apoptotic
and anti-invasive effects. The attenuating effect of thujone was
further supported with the accumulation of ROS (Jjaz et al., 2018;
Pudefek et al., 2019). An in vivo study by Sunila et al. (2011)
showed the effects of TO and its polysaccharide on tumour-
bearing mice which effectively stimulated cell-mediated
immunity through the enhancement of NK activity, ADCC,
and antibody-dependent complement-mediated cytotoxicity.
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Furthermore, it also showed a decrease in pro-inflammatory
cytokines, as a result inhibiting metastasis of tumour cells
(Sunila et al., 2011). Mukherjee et al. (2014) demonstrated the
target specific and chemopreventative role of flavonol isolated
from the ethanolic leaf extracts of TO on A549 cells in vitro and
Swiss albino mice in wvivo. Findings demonstrated the
upregulation of p53 after exposure to flavanol in vitro and
resulted in the inhibition of cellular proliferation and tumour
growth in vivo. Moreover, the flavonol at its specific dose was
neither cytotoxic to normal L-132 lung cells in vitro, nor was able
to raise any toxicity in mouse bodies, in vivo (Mukherjee et al.,
2014).

To expand the anticancer potential of TO, this project aimed
to be a starting point towards discovering the effects of TO
mediated PDT (TO-PDT) to observe the potential synergistic
benefits in enhancing cancer cell death, which will allow for
further research in the field. Additionally, this study was the first
to introduce the role of TO as a possible natural PS in PDT
applications. Results demonstrate how the direct cytotoxic
effects of TO can act synergistically with the photochemical
reactions produced during PDT to promote cancer cell death,
which could prove to be a promising lung cancer treatment
strategy.

2 MATERIALS AND METHODS

2.1 Cell Culture

A549 lung cancer cells (ATCC CCL-185, P-17) were cultured in
Roswell Park Memorial Institute 1640 Medium (RPMI, Sigma-
Aldrich, R8758) supplemented with 10% foetal bovine serum
(FBS, Gibco, 306-00301), 1% antibacterial (Penicillin-
streptomycin, Sigma-Aldrich, P4333) and 1% antifungal
(Amphotericin-B, Sigma-Aldrich, A2942) agents. Cells from
passage 17 were used and taken for experimentation every
four to five passages. It was made sure that all the
experimental groups include cells from same passage number.
Approximately 5 x 10° cells were seeded in 3.4 cm diameter
culture plates. All cultures were maintained at 37°C with 5%
carbon dioxide (CO,) and 85% humidity for 24 h to allow the cells
to attach. Culture plates with more than 90% confluence were
used for further experiments.

2.2 Thuja occidentalis

The homeopathic mother tincture was bought from a reputable
and registered homeopathic company (Fusion Homeopathics,
South Africa). This company imports its mother tinctures from
Gehrlicher Pharmaceutical Extracts (GmbH) (manufactured
according to the appropriate monograph rule 3a of the
German and European Homeopathic Pharmacopoeia). The
tincture was stored at room temperature, away from direct
sunlight. To assess for optimal dosing parameters and to
identify relevant treatment-related toxicities, different doses of
TO were added to culture plates for 24 h before carrying out
cytotoxicity assays. TO at 5, 10, and 15 pl were selected as the final
doses for further experiments.

Combined Photodynamic Therapy

TABLE 1 | Laser irradiation parameters.

Name and type Diode laser
Spectrum 660 nm
Wave emission Continuous wave
Spot size 9.1 cm?
Power output 87.6 mW
Power density 9.3 mW/cm?
Fluency 5 J/om?
Irradiation time 9min, 3s(s)

2.2.1 Ethanol Cytotoxicity Study

TO is prepared using a 61% ethanol solvent. To keep the
concentration of the solvent in the tincture at the most
suitable doses for biological experimentation, an ethanol group
was included in a preliminary study as a tincture solvent control.
Cells received predetermined doses of 61% ethanol (identical to
the homeopathic tincture but without the active ingredients) for
24h. An untreated group receiving neither any tincture nor
ethanol was included as a control. Both groups were subjected
to morphological and biochemical studies including inverted
light microscopy and trypan blue staining. As the ethanol
treated cells had no significant change to the untreated control
at doses of 5, 10, and 15 pl, the group was not included in further
experiments.

2.3 Laser Set-Up and Parameters

For treatment regimens with light, cell samples were irradiated
using a diode laser supplied by the Council for Scientific and
Industrial Research (CSIR), National Laser Centre (NLC) of
South Africa, at a wavelength of 660 nm and a 5 J/cm® fluence
rate. A power meter (FieldMate) was used to determine the power
output of the laser at bench level in the dark. To obtain a fluency
of 5J/cm?, the duration of laser irradiation was calculated using
the following formulae:

Fluency (J/em?) = time (s) X [power output (W) / Surface
area (cm?)].

Culture plates were protected from extraneous light
sources, and one culture dish was illuminated at a time.
The culture dishes requiring irradiation were placed directly
under the laser beam with their lids removed. All control and
experimental culture plates were covered in foil and placed
back in the incubator for 24 h before carrying out post-
irradiation assays. Irradiation parameters can be found in
Table 1.

2.4 Experimental Parameters

Culture plates were incubated for 24 h with media containing TO
at concentrations of 5pl, 10 pl, and 15 pl; irradiation alone at
660 nm (5 J/cm? fluence rate); or the combined treatment (5 pl
TO-PDT, 10 ul TO-PDT, and 15pl TO-PDT). An untreated
control was included as a means of comparing treatment
responses. All treated and untreated groups were analyzed
morphologically by inverted light microscopy and the Hoechst
stain assay; as well as biochemically by LDH, ATP, and the trypan
blue assays.
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2.4.1 Cellular Morphology- Inverted Light Microscopy
The morphology and cellular density of the treated and untreated
cells were analyzed using an inverted light microscope (Wirsam,
Olympus CKX41). The microscope is connected to a camera to
allow for the live visualization of cells. Culture plates were placed
individually under the microscope with their lids removed in a
darkened room. Images were captured on a computer using the
GetIT analysis program.

2.4.2 Nuclear Morphology- Hoechst Stain Assay

Any alterations in the nuclear morphology of the treated and
untreated cells were assessed by the Hoechst stain assay. Cells
were seeded in 3.4 cm diameter culture dishes over sterile
coverslips and allowed to reach above 80% confluence. Once
confluent, cells were exposed to the different treatments. After
24 h of incubation at 37°C with 5% CO, and 85% humidity, each
coverslip was stained with 200 ul of the Hoechst working stock
solution (Hoechst 33258, Invitrogen, H1398) and incubated at
room temperature for 30 min. The solution was removed from
each coverslip, and cells were rinsed with phosphate-buffered
saline (PBS, Sigma-Aldrich, R8758) to remove any remaining
stain. Fluorescence was observed in a dark room with a
fluorescent microscope (Axio observer Z1, Carl Zeiss) using a
broadband 4’,6-Diamidino-2-Phenylindole (DAPI) filter set,
measured at an excitation wavelength of 352nm and an
emission wavelength of 455 nm.

2.4.3 Cytotoxicity-Lactate Dehydrogenase Assay

The membrane integrity of cells was assessed by estimating the
amount of LDH pre-sent in the culture media. The cytosolic
enzyme LDH is released into the media due to cell membrane
damage. The CytoTox 96  Non-Radioactive Cytotoxicity Assay
(Anatech Promega, G400) is a quantitative method used to
measure the LDH released in all control and experimental
groups. Equal volumes (50 ul) of reconstituted LDH reagent
and cell culture medium were micro pipetted in a clear
bottom 96 well plate. The entire 96 well plate was covered
with tin foil, mixed, and incubated in the dark at room
temperature for 15min. The colorimetric mixture was
measured spectrophotometrically at 490 nm (Perkin-Elmer,
Separation Scientific, VICTOR3™).

2.4.4 Cellular Proliferation- Adenosine Triphosphate
Luminescent Assay

The ATP Cell Titer-Glo~ luminescent assay (Anatech Promega,
G7570) is a homogeneous method for the determination of
cellular proliferation and quantification of ATP present in
metabolically active cells. Equal volumes (50pul) of
reconstituted ATP reagent and the cell suspension were micro
pipetted into an opaque-walled luminescent 96 well plate (white).
The entire plate was covered with foil and the cells and reagent
mixture were mixed on a shaker for 5 min to induce cell lysis. The
cells were incubated in the dark at room temperature for 30 min
to stabilize the luminescent signal. The luminescent signal was
read using the 1420 multilabel counter victor3 (Perkin-Elmer,
Separation Scientific, VIC-TOR3™) in relative light units (RLU).

Combined Photodynamic Therapy

2.4.5 Cellular Viability- Trypan Blue Assay

Cell viability in all groups was quantified using the trypan blue
dye exclusion assay. Trypan blue (Sigma-Aldrich, T8154) was
used to stain the cells by diluting 10 pl of the cell suspension into
10 ul of 0.4% trypan blue dye. A volume of 10 pl of stained cells
was loaded into each side of a plastic, disposable cell counting
chamber slide. Cells with damaged membranes (non-viable) will
take in the blue chromophore dye, whereas the cells with intact
cell membranes (viable) will not absorb the dye and hence,
remain clear. An automated cell counter (CountessTM
Automated Cell Counter, Thermo Fischer, AMQAX1000) was
used for the cell count and viability estimation.

2.5 Statistical Analysis

Data were obtained from representative independent
experiments and expressed as the mean + standard error (SE).
Experiments were repeated in triplicate, and assays were run in
duplicate (n = 6). The SPSS Data Analysis Software was used to
collect and process the results. Data were statistically analyzed
using the one-way ANOVA and Dennett’s multiple comparison
test. Statistical significance was set at *p < 0.05 when compared to
the control.

3 RESULTS
3.1 Ethanol Cytotoxicity Study on A549 Cells

To investigate the cytotoxic effects of ethanol, A549 cells were
pre-treated with 61% ethanol for 24 h at different doses and
compared to untreated control cells. The cytotoxic and
antiproliferative effects were observed morphologically by an
inverted light microscope and biochemically by trypan blue
staining.

3.2.1 Cellular Morphology by Inverted Light
Microscopy

An inverted light microscope was used to assess any
morphological changes in the cell and cell density of A549
cells treated with 61% ethanol at the selected doses that may
be indicative of apoptosis and hence cell death. Cells treated with
ethanol at doses up to 15 ul demonstrated no significant change in
cell morphology and density compared to the control. Cells at
these doses remained attached to their respective culture plates at
high densities and retained their normal morphological shape.
Figure 1A demonstrates the morphological changes in A549 cells
treated with 61% ethanol at different doses compared to
untreated control cells.

3.2.2 Cellular Viability by Trypan Blue Assay

The trypan blue assay was used to assess the viability of A549 cells
treated with 61% ethanol at different doses. Cells treated with
ethanol at doses up to 15 pl demonstrated no significant change in
cell viability when compared to the control and is thus associated
with the absence of cytotoxicity. Figure 1B shows the viability of
A549 cells treated with 61% ethanol at different doses compared
to the untreated control.
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FIGURE 1 | (A) Cell morphology of A549 cells after exposure to different doses of 61% ethanol (EtOH) under an inverted light microscope (x200 Magnification).
Figure 1A Untreated control, (B) 5 pl EtOH, (C) 10 pl EtOH, and (D) 15 pl EtOH. Scale bar 50 um. (B) The percentage (%) of viable cells using trypan blue assay in A549
cells treated with 61% EtOH. Data is represented as the mean standard error (+SE).
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3.3 Experimental Study

To investigate the cytotoxic and antiproliferative effects of the
treatment, A549 cells were pre-treated with TO, TO-PDT, and
irradiation alone for 24 h and compared to untreated control
cells. TO was delivered to cells in doses of 5, 10, and 15 ul. A
660 nm diode laser was used to deliver treatment regimens with
light at a fluence rate of 5J/cm® To obtain this fluency, the
duration of laser irradiation was calculated using the power
output from the 660 nm laser. The power output for the
660 nm laser was 87.6 mW. Therefore, the time calculated to
deliver a fluence of 5 J/cm® to a culture plate requiring irradiation
was 9 min and 3 s. The cytotoxic and antiproliferative effects were
observed morphologically and biochemically using various
assays. Statistically significant at *p < 0.05, *p < 0.01, and
“otp < 0,001,

3.3.1 Cellular Morphology by Inverted Light
Microscopy

Cells in all control and experimental groups were observed under
an inverted light microscope to assess any changes in the cell that
may be attributed to cell death. Cells treated with TO and TO-
PDT demonstrated significant morphological changes when
compared to the control. Cells in the control group retained
their normal shape and remained attached to their respective
culture plates in high densities. Cell detachment, rounding up of
cells, and cell debris were observed in cells treated with TO and
TO-PDT, with increasing evidence of cell death in cells treated
with 15pul of TO-PDT. Cells treated with irradiation alone
demonstrated no observable changes in cell morphology when
compared to the control. Figure 2 demonstrates the morphology
of the A549 cells in the control and experimental cell groups.

3.3.2 Nuclear Morphology by Hoechst Stain Assay

Alterations in the nuclear morphology of the treated cells were
explored using the Hoechst fluorescent stain assay and compared
to the control cells. Changes in the nuclei morphology associated
with apoptosis; including abnormally shaped nuclei, nuclei
shrinkage, chromatin condensation, and nuclei fragmentation
were observed in cells treated with TO and TO-PDT. Cells treated
with irradiation alone demonstrated no observable changes in the
cell nuclei when compared to the control. Figure 3 shows the

morphology of the cell nuclei in all experimental and control
groups.

3.3.3 Cytotoxicity by Lactate Dehydrogenase Assay
The lactate dehydrogenase (LDH) CytOTOX96® colorimetric assay was
used to investigate the in vitro cytotoxic effects of the different
treatments on A549 cells compared to the control cells. Cell death
is accompanied by a loss of cell membrane integrity which allows the
intracellular LDH to release into the extracellular media. The
extracellular LDH was quantified 24 h post-treatment. Cells treated
with TO at 5 (p < 0.05), 10 (p < 0.01), and 15 (p < 0.001); and TO-PDT
(p < 0.05) demonstrated significant dose-dependent decreases in LDH
levels when compared to the control. The highest cytotoxic effects
were observed in A549 cells after using a dose of 15 pl TO-PDT. Cells
treated with irradiation alone demonstrated no significant change in
comparison to the control. Figure 4A demonstrates the levels of LDH
in all experimental and control groups.

3.3.4 Cellular Proliferation by Adenosine Triphosphate
Luminescent Assay

The adenosine triphosphate (ATP) Cell Titer-Glo~ luminescent
assay was used to determine the antiproliferative potential of the
different treatment groups on A549 cells when compared to the
control. Metabolically active cells are associated with higher levels of
ATP due to the increased proliferation of cells compared to
metabolically inactive cells. Cells treated with TO at 5 (p < 0.01),
10, and 15 (p < 0.001); and TO-PDT (p < 0.001) demonstrated
significant dose-dependent decreases in the levels of intracellular
ATP when compared to the control. Results demonstrate the
antiproliferative potential of both therapies against the A549 cells.
Cells treated with irradiation alone, demonstrated no significant
change in ATP levels when compared to the control. Figure 4B
shows the levels of ATP in all experimental and control groups.

3.3.5 Cellular Viability by Trypan Blue Assay

The trypan blue assay was used to investigate the viability of cells
in all experimental and control groups. A decrease in cell viability
is directly associated with cell death and vice versa. Cells treated
with TO (p < 0.001) and TO-PDT (p < 0.001) demonstrated a
dose-dependent decrease in the viability of the cells when
compared to the control. Cells treated with irradiation alone,
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FIGURE 2 | Cell morphology of A549 cells after exposure to different
doses of Thuja occidentalis homeopathic mother tincture (TO) and TO
mediated photodynamic therapy (TO-PDT) under an inverted light microscope
(x200 Magnification). Figure 3 (A) Untreated control, (B) Irradiation only,

(C)5 ulTO, (D) 10 LI TO, (E) 15 pI TO, (F) 5 pl TO-PDT, (G) 10 pl TO-PDT, (H)
15 pl TO-PDT. Scale bar 50 um. White arrows indicate examples of rounded
up dead cells.

demonstrated no significant change in the viability of cells when
compared to the control and both maintained an average viability
rate above 90%. Figure 4C shows the viability of cells in all
experimental and control groups.

4 DISCUSSION

Lung cancer is at the forefront of cancer-related mortality
worldwide, and despite advances in current treatments it still
has a 5-year survival rate estimated at 15% of all stages combined
(Duruisseaux and Esteller, 2018). This highlights the need for

Combined Photodynamic Therapy

further investigations that may identify alternative treatment
pathways that provide more efficient solutions for diverse
situations. This study introduced and proposed the
combinatory role of PDT and homeopathy in an attempt to
provide new perspectives in the search for optimal lung cancer
therapeutics. Studies carried out in vivo and in vitro have
demonstrated and maintained the role of TO as an effective
anticancer agent that can act as a natural obstacle in limiting
cancer cell growth and progression. To expand the cytotoxic
potential of TO, this study investigated the effects of TO
homeopathic mother tincture when used as a PS in PDT on
A549 lung cancer cells to observe any additive value of the
combined treatment in enhancing cancer cell death.

Ethanol above its toxic threshold can alter the cellular
environment and cause disruptions in the physical activities of
cells. Thus, ethanol at toxic dosages can promote cell death which

FIGURE 3 | Nuclei morphology of A549 cells after exposure to different
doses of TO and TO-PDT under a fluorescent microscope (x400
Magnification). (A) Untreated control, (B) Irradiation only, (C) 5 pl TO, (D) 10 pl
TO, (E) 15 Wl TO, (F) 5 ul TO-PDT, (G) 10 pl TO-PDT, (H) 15 pl TO-PDT.
Scale bar 20 um. White arrows indicate examples of abnormal cell nuclei.
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FIGURE 4 | A comparison of (A) LDH, (B) ATP, and (C) cell viability levels on A549 cells treated with Thuja occidentalis homeopathic mother tincture (TO) and TO
mediated photodynamic therapy (TO-PDT) at the same doses of the tincture. At the same doses, TO when used as a photosensitizer in PDT, produced amplified
antiproliferative and cytotoxic responses on A549 cells compared to cells treated with TO alone.
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can consequently alter experimental outcomes and results (Timm
et al, 2013). TO is pre-pared in a 61% hydroethanolic solvent;
therefore to attribute the anticancer effects of the treatment to its
plant actives, the solvent at its selected dose had to be
biocompatible and non-toxic to cells. Both the morphological
and viability studies demonstrated that ethanol in doses up to
15 ul had no significant observable differences when compared to
the untreated control. This would imply that 61% ethanol in
optimized doses (5, 10, and 15 pul) had no direct cytotoxic effects
on A549 cells, and any signs of cell death can be attributed to TO.

Cells treated with TO and TO-PDT displayed significant
morphological changes under an inverted light microscope
which provided preliminary evidence of cell death. This
included loss of cell-to-cell contact, cell shrinkage, reduced
cellular density, rounding up of cells, and cell detachment
from their respective culture plates; all associated with features
indicative of apoptosis and hence, cell death. Results are
consistent with nuclear morphology studies, which
demonstrate the ability of the treatments in inducing DNA
damage. On the Hoechst stain, cells treated with TO and TO-
PDT displayed irregularly shaped nuclei, chromatin
condensation, nuclear fragmentation, and shrinkage; all of
which are associated with the typical features of apoptosis and
negative consequences for cell survival and progression. Cells
treated with irradiation alone were unable to elicit any significant
change morphologically or biochemically compared to the
control cells and are hence, associated with the absence of any
positive anticancer effects. Results from the morphological
studies correlate with results obtained from biochemical
parameters. Cells treated with TO and TO-PDT demonstrated
a statistically significant dose-dependent increase in LDH levels.
The LDH results are complemented by the dose-dependent
decrease in ATP and cell viability, which confirms the
antiproliferative and cytotoxic potential of the therapies. The
decline in ATP is associated with a decrease in the metabolic
activity of the cells meaning that the cells can no longer sustain
growth signaling and cell proliferation. ATP deprivation is a
common feature occurring in apoptosis, necrosis, and autophagic
cell death mechanisms (Nikoletopoulou et al., 2013; Kim, 2018).

These results validate previous research studies that elucidate
and demonstrate the independent ability of TO herbal and
homeopathic extracts in inducing cancer cell death. In the
in vitro study by Biswas et al, TO homeopathic mother
tincture was shown to decrease cell viability and proliferation
and induce cell death through apoptotic induction in A375 cancer
cells by favouring mitochondrial transmembrane collapse,
internucleosomal DNA  fragmentation, increased ROS
generation, and the activation of caspase-3 (Biswas et al,
2011). Torres et al. (2016) provided a detailed mechanism of
the pro-apoptotic and anti-angiogenic properties of the thujone
fractions isolated from TO extracts on glioblastoma cells in vitro.
The thujone components induced their anticancer effects through
the inhibition of angiogenic factor production, decrease in the
tube formation of endothelial cells, and decreased expressions of
vascular endothelial growth factors (VEGF) and angiopoietin-4.
These factors are essential for tumour growth and survival in a
hypoxic environment (Torres et al., 2016). In an in vitro study by
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Saha et al. (2014), TO extracts were shown to induce apoptosis in
aROS-P53 feedback loop on breast cancer cells (Saha et al., 2014).
These studies showed the preferential induction of the cytotoxic
effects on cancer cells while maintaining the intact structure and
integrity of healthy cells.

TO when photoactivated, revealed higher anticancer
activity levels on A549 cells compared to cells treated with
TO only (Figure 4). At the same doses, cells treated with TO-
PDT had the ability to remarkably enhance the cytotoxic and
antiproliferative potential in A549 lung cancer cells 24 h post-
irradiation by favouring higher LDH release and lower ATP
production and cell viability, thereby surpassing the effects of
treatment with TO alone. This indicates how the direct
cytotoxic effects of TO can act synergistically with the
photochemical reactions produced during PDT to promote
cell death. This implies that TO has a positive absorption
wavelength at the red region specifically at 660 nm, which falls
within the therapeutic window of biological tissue where
increased transmission and high ROS production are at its
maximum (Donohoe et al.,, 2019). Cell death after PDT is
mediated predominantly through apoptosis which is
associated with irreversible cell death (Villacorta et al.,
2017). According to phytochemical studies, TO based
preparations contain various active constituents including
essentials oils, coumarins, flavonoids, tannins and
proanthocyanidines (Caruntu et al., 2020). In a PDT setting,
coumarins and its derivatives play an active role in research as
a naturally occurring organic PS due its strong photophysical
and photochemical properties (Koksoy et al., 2019). A study by
Gangopadhyay et al. (2015), revealed the photodynamic effects
of a titanium dioxide-coumarin nanoconjugate on MDA-MB-
231 breast cancer cells. Coumarin derivatives were selected as
the chromophore in the complex due to its photophysiochemical
abilities (Gangopadhyay et al, 2015). In TO, coumarins are
present in the form of p-coumaric acid (PCA), and
umbelliferone (7-hydroxycoumarin) (Caruntu et al, 2020).
PCA is a phenolic compound with antioxidant, anticancer and
anti-inflammatory  properties. (2020)
demonstrated the anticancer activity of PCA and low-level
irradiation against human malignant melanoma cells. The
combined treatment was able to decrease cell viability, possibly
through apoptotic pathways (Kianmehr et al, 2020). 7-
hydroxycoumarins have been shown to exhibit anticancer, anti-
inflammatory, and antimutagenic properties. These agents are
considered to be common precursors of furanocoumarin
derivatives depending on the prenylation position of the 7-
hydroxycoumarin. At the C6 position, 7-hydroxycoumarin gives
rise to the psoralen derivative and at the C8 position it gives rise to
the angelicin derivative (Karamat et al,, 2014). Further studies
should aim to discover the exact phytochemicals that could be
responsible for its interactions and contributions in a PDT setting.

While TO-PDT may be an effective treatment strategy against
lung cancer, further and more complex investigations are needed
to determine the mechanism of action of the therapy and to
establish optimal dosimetric, treatment, and safety parameters
that would allow for wider-ranging interpretations of the current
findings.

Kianmehr et al.
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5 CONCLUSION

This study has corroborated previous research that
demonstrates the cytotoxic and antiproliferative properties
of TO and has implicated its efficacy as a potential
anticancer agent. This study was also the first to introduce
the role of TO as a possible natural PS in PDT applications,
which by this study has been revealed to be far more effective in
inducing cancer cell death than that produced by TO
independently. A549 cells treated with TO and TO-PDT
showed a dose-dependent increase in LDH with a
concomitant decrease in ATP and cell viability levels that
were statistically significant and biologically plausible.
Furthermore, changes in the cell and cell nuclei indicative of
apoptosis were observed under morphological analyses. The
implementation of TO in PDT applications presents a possible
anticancer strategy in the treatment of lung cancer. The
experiment can be replicated on different types of cell lines
to determine the efficacy of TO and TO-PDT on other types of
cancer. However, an extensive amount of research is
encouraged and needed to validate the laboratory findings in
both in vitro and in vivo studies before treatment regimens with
TO-PDT become discernible. Further research will aim to
compare the photodynamic effects of TO to other medically
approved PSs, to determine if TO-PDT has any additional and
synergistic benefits aimed at overcoming the limitations of
current conventional PSs.

REFERENCES

Alves, L. D. S., Figueirédo, C. B. M, Silva, C. C. A. R., Marques, G. S., Ferreira, P. A.,
Soares, M. F. R,, et al. (2014). Thuja occidentalis L. (Cupressaceae): Review of
Botanical, Phytochemical, Pharmacological and Toxico-Logical Aspects. Int.
J. Pharm. Sci. Res. 5, 1163-1177. doi:10.13040/IJPSR.0975-8232.5

Biswas, R., Mandal, S. K., Dutta, S., Bhattacharyya, S. S., Boujedaini, N., and Khuda-
Bukhsh, A. R. (2011). Thujone-Rich Fraction of Thuja occidentalis
Demonstrates Major Anti-Cancer Potentials: Evidences from In Vitro
Studies on A375 Cells. Evidence-Based Complementary Altern. Med. 2011,
568148. doi:10.1093/ecam/neq042

Bray, F., Ferlay, J., Soerjomataram, I, Siegel, R. L., Torre, L. A, and Jemal, A.
(2018). Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 68,
394-424. doi:10.3322/caac.21492

Caruntu, S., Ciceu, A., Olah, N. K., Don, I, Hermenean, A., and Cotoraci, C. (2020).
Thuja Occidentalis L. (Cupressaceae): Ethnobotany, Phytochemistry and
Biological Activity. Molecules 25 (22), 5416. doi:10.3390/molecules25225416

Chen,J., Fan, T., Xie, Z., Zeng, Q., Xue, P., Zheng, T, et al. (2020). Advances in
Nanomaterials for Photodynamic Therapy Applications: Status and
Challenges. Biomaterials 237, 119827. doi:10.1016/j.biomaterials.2020.
119827

Danneyrolles, V., Dupuis, S., Arseneault, D., Terrail, R., Leroyer, M., de Rémer,
A., et al. (2017). Eastern White Cedar Long-Term Dynamics in Eastern
Canada: Implications for Restoration in the Context of Ecosystem-Based
Management. For. Ecol. Manag. 400, 502-510. doi:10.1016/j.foreco.2017.
06.024

Das, E. (2019). Understanding the Principles of Homeopathy on a Research
Perspective. Jemah 9, 555756. doi:10.19080/JCMAH.2019.09.555756

Dehghan, M., Namjoo, Z., Bahrami, A., Tajedini, H., Shamsaddini-Lori, Z., Zarei,
A, et al. (2020). The Use of Complementary and Alternative Medicines, and
Quality of Life in Patients under Hemodialysis: A Survey in Southeast Iran.
Complement. Ther. Med. 51, 102431. doi:10.1016/j.ctim.2020.102431

Combined Photodynamic Therapy

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/supplementary materials, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

Conceptualization, RC and AL; methodology, RC; validation, AL,
RC, JP, and HA; formal analysis, AL and RC; investigation, AL
and RG; resources, AL, RC, and HA; data curation, AL and RG;
writing—original draft preparation, AL; writing—review and
editing, AL, RC, JP, and HA; visualization, AL, RC, and JP;
supervision, RC and JP; project administration, RC; funding
acquisition, RC and HA All authors have read and agreed to
the published version of the manuscript.

FUNDING

This research was funded by the South African Research Chairs
Initiative of the Department of Science and Technology and National
Research Foundation of South Africa (Grant No 98337), as well as
grants received from the University of Johannesburg (URC), the
National Research Foundation, and the Council for Scientific and
Industrial Research National Laser Centre Laser Rental Pool Program.

Dong, X., Zeng, Y., Zhang, Z,, Fu, J.,, You, L., He, Y., et al. (2021). Hypericin-
mediated Photodynamic Therapy for the Treatment of Cancer: a Review.
J. Pharm. Pharmacol. 73 (4), 425-436. doi:10.1093/jpp/rgaa018

Donohoe, C., Senge, M. O., Arnaut, L. G., and Gomes-da-Silva, L. C. (2019). Cell
Death in Photodynamic Therapy: From Oxidative Stress to Anti-tumor
Immunity. Biochim. Biophys. Acta Rev. Cancer 18721872, 188308. doi:10.
1016/j.bbcan.2019.07.003

Duruisseaux, M., and Esteller, M. (2018). Lung Cancer Epigenetics: From
Knowledge to Applications. Semin. Cancer Biol. 51, 116-128. doi:10.1016/j.
semcancer.2017.09.005

Fan, H. Y, Yu, X. H, Wang, K,, Yin, Y. J,, Tang, Y. J,, Tang, Y. L, et al. (2019). Graphene
Quantum Dots (GQDs)-Based Nanomaterials for Improving Photodynamic Therapy in
Cancer Treatment. Eur. J. Med. Chem. 182, 111620. doi:10.1016/j.ejmech.2019.111620

Gangopadhyay, M., Mukhopadhyay, S. K., Karthik, S., Barman, S., and Pradeep
Singh, N. D. (2015). Targeted Photoresponsive TiO2-Coumarin Nanoconjugate
for Efficient Combination Therapy in MDA-MB-231 Breast Cancer Cells:
Synergic Effect of Photodynamic Therapy (PDT) and Anticancer Drug
Chlorambucil. Med. Chem. Commun. 6 (5), 769-777. doi:10.1039/
C4MD00481G

Global Report on Traditional and Complementary Medicine. Available online:
https://apps.who.int/iris/bitstream/handle/10665/312342/9789241515436-eng.
pdftua=1. [Accessed 3 April 2021].

Hu, J.-J, Lei, Q., and Zhang, X.-Z. (2020). Recent Advances in
Photonanomedicines for Enhanced Cancer Photodynamic Therapy. Prog.
Mater. Sci. 114, 100685. doi:10.1016/j.pmatsci.2020.100685

Tjaz, S., Akhtar, N, Khan, M. S., Hameed, A, Irfan, M., Arshad, M. A,, et al. (2018).
Plant Derived Anticancer Agents: A Green Approach towards Skin Cancers.
Biomed. Pharmacother. 103, 1643-1651. doi:10.1016/j.biopha.2018.04.113

Karamat, F., Olry, A., Munakata, R., Koeduka, T., Sugiyama, A., Paris, C., et al.
(2014). A Coumarin-specific Prenyltransferase Catalyzes the Crucial
Biosynthetic Reaction for Furanocoumarin Formation in Parsley. Plant J. 77
(4), 627-638. doi:10.1111/tp;j.12409

Kianmehr, Z., Khorsandi, K., Mohammadi, M., and Hosseinzadeh, R. (2020). Low-
level Laser Irradiation Potentiates Anticancer Activity of P-Coumaric Acid

Frontiers in Pharmacology | www.frontiersin.org

July 2022 | Volume 13 | Article 928135


https://doi.org/10.13040/IJPSR.0975-8232.5
https://doi.org/10.1093/ecam/neq042
https://doi.org/10.3322/caac.21492
https://doi.org/10.3390/molecules25225416
https://doi.org/10.1016/j.biomaterials.2020.119827
https://doi.org/10.1016/j.biomaterials.2020.119827
https://doi.org/10.1016/j.foreco.2017.06.024
https://doi.org/10.1016/j.foreco.2017.06.024
https://doi.org/10.19080/JCMAH.2019.09.555756
https://doi.org/10.1016/j.ctim.2020.102431
https://doi.org/10.1093/jpp/rgaa018
https://doi.org/10.1016/j.bbcan.2019.07.003
https://doi.org/10.1016/j.bbcan.2019.07.003
https://doi.org/10.1016/j.semcancer.2017.09.005
https://doi.org/10.1016/j.semcancer.2017.09.005
https://doi.org/10.1016/j.ejmech.2019.111620
https://doi.org/10.1039/C4MD00481G
https://doi.org/10.1039/C4MD00481G
https://apps.who.int/iris/bitstream/handle/10665/312342/9789241515436-eng.pdf?ua=1
https://apps.who.int/iris/bitstream/handle/10665/312342/9789241515436-eng.pdf?ua=1
https://doi.org/10.1016/j.pmatsci.2020.100685
https://doi.org/10.1016/j.biopha.2018.04.113
https://doi.org/10.1111/tpj.12409
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

Loonat et al.

against Human Malignant Melanoma Cells. Melanoma Res. 30 (2), 136-146.
doi:10.1097/CMR.0000000000000603

Kim, S. Y. (2018). Cancer Energy Metabolism: Shutting Power off Cancer Factory.
Biomol. Ther. Seoul. 26, 39-44. doi:10.4062/biomolther.2017.184

Koksoy, B., Durmus, M., and Bulut, M. (2019). Potential Photosensitizer
Candidates for PDT Including 7-Oxy-3-Thiomethylphenyl Coumarino-
Phthalocyanines. Inorganica Chim. Acta 498, 119137. doi:10.1016/j.ica.2019.
119137

Kubrak, T. P., Kotodziej, P., Sawicki, J., Mazur, A., Koziorowska, K., and Aebisher,
D. (2022). Some Natural Photosensitizers and Their Medicinal Properties for
Use in Photodynamic Therapy. Molecules 27 (4), 1192. doi:10.3390/
molecules27041192

Lopes, T. Z., de Moraes, F. R,, Tedesco, A. C., Arni, R. K., Rahal, P., and Calmon, M.
F. (2019). Berberine Associated Photodynamic Therapy Promotes Autophagy
and Apoptosis via ROS Generation in Renal Carcinoma Cells. Biomed.
Pharmacother. 123, 109794. doi:10.1016/j.biopha.2019.109794

Mansoori, B., Mohammadi, A., Amin Doustvandi, M., Mohammadnejad, F.,
Kamari, F., Gjerstorff, M. F., et al. (2019). Photodynamic Therapy for
Cancer: Role of Natural Products. Photodiagnosis Photodyn. Ther. 26,
395-404. doi:10.1016/j.pdpdt.2019.04.033

Millimouno, F. M., Dong, J., Yang, L., Li, J., and Li, X. (2014). Targeting Apoptosis
Pathways in Cancer and Perspectives with Natural Compounds from Mother
Nature. Cancer Prev. Res. (Phila) 7, 1081-1107. doi:10.1158/1940-6207.CAPR-
14-0136

Mottaghitalab, F., Farokhi, M., Fatahi, Y., Atyabi, F,, and Dinarvand, R. (2019).
New Insights into Designing Hybrid Nanoparticles for Lung Cancer: Diagnosis
and Treatment. J. Control Release 295, 250-267. doi:10.1016/j.jconrel.2019.
01.009

Mukherjee, A, Sikdar, S., Bishayee, K., Boujedaini, N., and Khuda-Bukhsh., A. R. (2014).
Flavonol Isolated from Ethanolic Leaf Extract of Thuja occidentalis Arrests the Cell
Cycle at G2-M and Induces ROS-independent Apoptosis in A549 Cells, Targeting
Nuclear DNA. Cell Prolif. 47 (1), 56-71. doi:10.1111/cpr.12079

Nikoletopoulou, V., Markaki, M., Palikaras, K., and Tavernarakis, N. (2013).
Crosstalk between Apoptosis, Necrosis and Autophagy. Biochim. Biophys.
Acta 1833, 3448-3459. doi:10.1016/j.bbamcr.2013.06.001

Pinto da Silva, L., Ntinez-Montenegro, A., Magalhdes, C. M., Ferreira, P. J. O,
Duarte, D., Gonzéilez-Berdullas, P., et al. (2019). Single-molecule
Chemiluminescent Photosensitizer for a Self-Activating and Tumor-Selective
Photodynamic Therapy of Cancer. Eur. J. Med. Chem. 183, 111683. doi:10.
1016/j.ejmech.2019.111683

Pudetek, M., Catapano, J., Kochanowski, P., Mrowiec, K., Janik-Olchawa, N., Czyz,
J., et al. (2019). Therapeutic Potential of Monoterpene a-thujone, the Main
Compound of Thuja occidentalis L. Essential Oil, against Malignant
Glioblastoma Multiforme Cells In Vitro. Fitoterapia 134, 172-181. doi:10.
1016/j.fitote.2019.02.020

Romm, A., Ganora, L., Hoffmann, D., Yarnell, E., Abascal, K., and Coven, M.
(2010). “Fundamental Principles of Herbal Medicine,” in Botanical Medicine for
Women’s Health (Saint Louis: Churchill Livingston), 24-74. doi:10.1016/b978-
0-443-07277-2.00003-9

Saha, S., Bhattacharjee, P., Mukherjee, S., Mazumdar, M., Chakraborty, S.,
Khurana, A., et al. (2014). Contribution of the ROS-P53 Feedback Loop in
Thuja-Induced Apoptosis of Mammary Epithelial Carcinoma Cells. Oncol. Rep.
31, 1589-1598. doi:10.3892/0r.2014.2993

Sando, Y., Matsuoka, K. I, Sumii, Y., Kondo, T., Ikegawa, S., Sugiura, H., et al.
(2020). 5-aminolevulinic Acid-Mediated Photodynamic Therapy Can Target
Aggressive Adult T Cell Leukemia/lymphoma Resistant to Conventional
Chemotherapy. Sci. Rep. 10 (1), 17237. do0i:10.1038/s41598-020-74174-x

Shi, S., Cho, H., Sun, Q., He, Y., Ma, G., Kim, Y., et al. (2019). Acanthopanacis
Cortex Extract: A Novel Photosensitizer for Head and Neck Squamous Cell

Combined Photodynamic Therapy

Carcinoma Therapy. Photodiagnosis Photodyn. Ther. 26, 142-149. doi:10.1016/
j.pdpdt.2019.02.020

Siewert, B., and Stuppner, H. (2019). The Photoactivity of Natural Products - an
Overlooked Potential of Phytomedicines? Phytomedicine 60, 152985. doi:10.
1016/j.phymed.2019.152985

Silva, L. S., Nicolau, L. A. D., Sousa, F. B. M., Araujo, S., Oliveira, A. P., Araujo, T. S.
L., et al. (2017). Evaluation of anti-inflammatory potential of aqueous extract
and polysaccharide fraction of Thuja occidentalis L. in mice. Int. ]. Biol.
Macromol. 105, 1105-1116. doi:10.1016/j.ijjbiomac.2017.07.142

Siveen, K. S., and Kuttan, G. (2011). Augmentation of humoral and cell mediated
immune responses by Thujone. Int. Immunopharmacol. 11 (12), 1967-1975.
doi:10.1016/j.intimp.2011.08.006

Stan, M. S., Voicu, S. N., Caruntu, S., Nica, I. C., Olah, N. K., Burtescu, R., et al.
(2019). Antioxidant and Anti-Inflammatory Properties of a Thuja occidentalis
Mother Tincture for the Treatment of Ulcerative Colitis. Antioxidants (Basel) 8
(9), 416. doi:10.3390/antiox8090416

Steven, D. Botanical Basics: Botanical Extracts: Not Single Chemical Ingredients.
Understanding botanical extracts requires understanding solvents, extract
ratios and semi-purification.  Available at:  https://www.
nutraceuticalsworld.com/issues/2013-04/view_columns/botanical-basics-
botanical-extracts-not-single-chemical-ingredients/[Accessed on 22 April
2022].

Sunila, E. S., Hamsa, T. P., and Kuttan, G. (2011). Effect of Thuja occidentalis and
its polysaccharide on cell-mediated immune responses and cytokine levels of
metastatic tumor-bearing animals. Pharm. Biol. 49 (10), 1065-1073. doi:10.
3109/13880209.2011.565351

Timm, M., Saaby, L., Moesby, L., and Hansen, E. W. (2013). Considerations
regarding use of solvents in In Vitro cell based assays. Cytotechnology 65,
887-894. doi:10.1007/s10616-012-9530-6

Torres, A., Vargas, Y., Uribe, D., Carrasco, C., Torres, C., Rocha, R, et al. (2016).
Pro-apoptotic and anti-angiogenic properties of the a/B-thujone fraction from
Thuja occidentalis on glioblastoma cells. J. Neurooncol 128, 9-19. doi:10.1007/
$11060-016-2076-2

Villacorta, R. B., Roque, K. F. J., Tapang, G. A., and Jacinto, S. D. (2017). Plant
extracts as natural photosensitizers in photodynamic therapy: In Vitro activity

extract

against human mammary adenocarcinoma MCE-7 cells. Asian Pac. J. Trop.
Biomed. 7, 358-366. doi:10.1016/j.apjtb.2017.01.025

Witt, C. M., Balneaves, L. G., CardosoCohenH Johnstone P KiiciikkMailmanMao,
M. J. L. GreenleeO.].].]., Cohen, L., Greenlee, H., Johnstone, P., et al. (2017). A
comprehensive definition for integrative oncology. J. Natl. Cancer Inst. Monogr.
2017, 52. doi:10.1093/jncimonographs/lgx012

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Loonat, Chandran, Pellow and Abrahamse. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Pharmacology | www.frontiersin.org

July 2022 | Volume 13 | Article 928135


https://doi.org/10.1097/CMR.0000000000000603
https://doi.org/10.4062/biomolther.2017.184
https://doi.org/10.1016/j.ica.2019.119137
https://doi.org/10.1016/j.ica.2019.119137
https://doi.org/10.3390/molecules27041192
https://doi.org/10.3390/molecules27041192
https://doi.org/10.1016/j.biopha.2019.109794
https://doi.org/10.1016/j.pdpdt.2019.04.033
https://doi.org/10.1158/1940-6207.CAPR-14-0136
https://doi.org/10.1158/1940-6207.CAPR-14-0136
https://doi.org/10.1016/j.jconrel.2019.01.009
https://doi.org/10.1016/j.jconrel.2019.01.009
https://doi.org/10.1111/cpr.12079
https://doi.org/10.1016/j.bbamcr.2013.06.001
https://doi.org/10.1016/j.ejmech.2019.111683
https://doi.org/10.1016/j.ejmech.2019.111683
https://doi.org/10.1016/j.fitote.2019.02.020
https://doi.org/10.1016/j.fitote.2019.02.020
https://doi.org/10.1016/b978-0-443-07277-2.00003-9
https://doi.org/10.1016/b978-0-443-07277-2.00003-9
https://doi.org/10.3892/or.2014.2993
https://doi.org/10.1038/s41598-020-74174-x
https://doi.org/10.1016/j.pdpdt.2019.02.020
https://doi.org/10.1016/j.pdpdt.2019.02.020
https://doi.org/10.1016/j.phymed.2019.152985
https://doi.org/10.1016/j.phymed.2019.152985
https://doi.org/10.1016/j.ijbiomac.2017.07.142
https://doi.org/10.1016/j.intimp.2011.08.006
https://doi.org/10.3390/antiox8090416
https://www.nutraceuticalsworld.com/issues/2013-04/view_columns/botanical-basics-botanical-extracts-not-single-chemical-ingredients/
https://www.nutraceuticalsworld.com/issues/2013-04/view_columns/botanical-basics-botanical-extracts-not-single-chemical-ingredients/
https://www.nutraceuticalsworld.com/issues/2013-04/view_columns/botanical-basics-botanical-extracts-not-single-chemical-ingredients/
https://doi.org/10.3109/13880209.2011.565351
https://doi.org/10.3109/13880209.2011.565351
https://doi.org/10.1007/s10616-012-9530-6
https://doi.org/10.1007/s11060-016-2076-2
https://doi.org/10.1007/s11060-016-2076-2
https://doi.org/10.1016/j.apjtb.2017.01.025
https://doi.org/10.1093/jncimonographs/lgx012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Photodynamic Effects of Thuja occidentalis on Lung Cancer Cells
	1 Introduction
	2 Materials and Methods
	2.1 Cell Culture
	2.2 Thuja occidentalis
	2.2.1 Ethanol Cytotoxicity Study

	2.3 Laser Set-Up and Parameters
	2.4 Experimental Parameters
	2.4.1 Cellular Morphology- Inverted Light Microscopy
	2.4.2 Nuclear Morphology- Hoechst Stain Assay
	2.4.3 Cytotoxicity-Lactate Dehydrogenase Assay
	2.4.4 Cellular Proliferation- Adenosine Triphosphate Luminescent Assay
	2.4.5 Cellular Viability- Trypan Blue Assay

	2.5 Statistical Analysis

	3 Results
	3.1 Ethanol Cytotoxicity Study on A549 Cells
	3.2.1 Cellular Morphology by Inverted Light Microscopy
	3.2.2 Cellular Viability by Trypan Blue Assay

	3.3 Experimental Study
	3.3.1 Cellular Morphology by Inverted Light Microscopy
	3.3.2 Nuclear Morphology by Hoechst Stain Assay
	3.3.3 Cytotoxicity by Lactate Dehydrogenase Assay
	3.3.4 Cellular Proliferation by Adenosine Triphosphate Luminescent Assay
	3.3.5 Cellular Viability by Trypan Blue Assay


	4 Discussion
	5 Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References


