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Abstract:

Nowadays, photobiomodulation (PBM) in combination with chemotherapy or other
therapeutic approaches is an attractive adjuvant modality for cancer treatment.
Targeted destruction of cancer cells is one of the main advantages of photodynamic
therapy (PDT). We have shown in previous studies that the combination of PBM at 808
nm and hypericin-mediated PDT increases PDT efficacy in human glioblastoma cells
U87 MG. The study presented here shows significant differences between U87 MG
and non-cancerous human dermal fibroblasts (HDF) cells treated by PBM and PDT.
This study focuses on mitochondria because PBM mainly affects these organelles. We
demonstrated that an interplay between mitochondrial and autophagic proteins plays
a crucial role in the response of HDF cells to PBM and PDT. Fluorescence microscopy,
flow cytometry, and Western blot analysis were used to examine the autophagic profile
of HDF cells after these treatments. An increase in ubiquitin, SQSTM1, LC3BII, and
cytochrome ¢ was accompanied by a decrease in M6PR, ATG16L1, and Opal in HDF
cells exposed to PBM and PDT. Overall, we observed that the switching of autophagy
and apoptosis is dose-dependent and also occurs independently of PBM in HDF cells
after hypericin-mediated PDT. However, PBM might preferentially induce autophagy
in noncancer cells, which might escape apoptosis under certain conditions.

Keywords: apoptosis, autophagy, human dermal fibroblast, photobiomodulation,
photodynamic therapy, mitochondria, hypericin

1. Introduction

Photobiomodulation (PBM), in which metabolic signals are preferentially
activated in mitochondria [1,2], has received considerable attention in recent decades.
It has been reported that mitochondrial dynamics in response to PBM is controlled by
several proteins: Mitofusin 2, Dynamin-related Protein 1, Cytochrome c, and Optic
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Atrophy 1 (Opal) [3,4]. The stimuli that trigger this activation are still unclear. However,
research on PBM mechanisms has mainly focused on the role of cytochrome c oxidase
[1,5].

Photodynamic therapy (PDT) combines photosensitizers, light, and oxygen to
generate oxidative stress and destroy cancer cells by inducing apoptosis through
mitochondrial signalling pathways [6]. Recently, the combination of PBM and
photodynamic therapy (PDT) has been used in anticancer, antiviral, and antibacterial
treatments [7-9].

Hypericin is an interesting molecule for cancer diagnosis and PDT [10,11], both
in vitro and in vivo [11-15]. The main obstacle for this treatment is the hydrophobic
nature of this molecule [16]. In general, the efficacy of PDT strongly depends on the
active/therapeutic concentration of a photosensitizer, its localization, and, of course,
the light dose used. To ensure high specificity in eliminating cancer cells, the
concentration of the photosensitizer in healthy cells must be minimised.

In a previous study, we demonstrated a positive effect of PBM on hypericin-
mediated PDT in cancer cells U87 MG [17]. Obviously, there is a question about the
effect of the combination of PBM and PDT in non-cancerous cells. For this reason,
HDF cells were used in the study presented here. HDF cells are also studied because
they represent the important tissue layer exposed to PDT.

The present study focuses on mitochondria and autophagic proteins in HDF
cells under PBM- and hypericin-induced combination treatment of PBM and PDT.

2. Material and methods
2.1. Cell cultures

Human dermal fibroblasts (HDF, 106-05a obtained from Cell, APPLICATIONS,
Canada) were grown in RPMI 1640 (LM-R1638/500, biosera, Nuaille, France). U87
MG human glioma cells (Cells Lines Services, Eppelheim, Germany) were grown in
DMEM (Dulbecco’s modified Eagle medium, high glucose, GlutaMAX™, with pyruvate,
Gibco-Invitrogen, Life Technologies Ltd., Paisley, UK). Cell culture media were
supplemented with 10% FBS (foetal bovine serum, Gibco-Invitrogen, Life
Technologies Ltd., Paisley, UK) and 1% (w/w) penicillin/streptomycin (Gibco-
Invitrogen, Life Technologies Ltd., Paisley, UK). Cell cultures were purchased from
Cells Lines Services, Eppelheim, Germany). Cultures were seeded in flasks or Petri
dishes and grown in the dark under humidified atmosphere, 5% COz2, and 37°C to 80%
confluency.

2.2. Therapeutical protocols

Four therapeutic protocols (as illustrated in Figure 1A) were evaluated. Protocol
(1): hypericin (Sigma-Aldrich, Germany) was administered to cells in the dark. After 3
hours, the medium containing hypericin was removed, replaced with fresh complete
medium, and the cells were kept in the dark for 24 hours. Protocol (2): cells were
treated with PBM immediately before administration of hypericin, and the protocol was



performed as in (1). Protocol (3): hypericin was administered to cells in the dark. After
3 hours, the medium containing hypericin was removed and replaced with fresh
complete medium. Cells were treated with PDT and kept in the dark for 24 hours.
Protocol (4): cells were treated with PBM immediately before hypericin administration,
and the protocol was performed as in (3). All protocols were studied at the same time
interval. PBM (808 = 3 nm diode laser (MDL-111-808/1~2500 mW, Changchun New
Industries Optoelectronics Tech. Co. Ltd., Changchun, China), 2 minutes, 1.8 J/cm?,
15 mW/cm?) was applied just before the administration of hypericin in the concentration
range 100-500 nM. Hypericin was removed from the cell culture medium 3 hours before
PDT (590 + 10 nm light emitting diodes (homemade system), 2 minutes, 2 J/cm?, 16.7
mW/cm?).

The stock solution of hypericin was 2 mM in 100% dimethyl sulfoxide (DMSO,
Sigma-Aldrich). Appropriate aliquots were added to cell culture media containing less
than 0.025% DMSO (at 500 nM hypericin).

2.3. Cell metabolism assay

HDF and U87 MG cells were seeded in 24-well plates. Cells were treated
according to the protocols shown in Figure 1A. Detection of cellular metabolism was
performed according to the supplier's protocol and 24 hours after the treatments. In
this assay, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Sigma-
Aldrich, St. Louis, MO, USA) is converted to purple formazan, which is then dissolved
in DMSO. Aliquots of 100 pl of the dissolved solutions were transferred to
corresponding wells of 96-well plates and detected at 560 nm using a plate reader
(GloMax TM-MultiDetection system with Instinct Software, Madison, WI, USA). These
measurements were performed in triplicate. The mean values of 15 measurements
were plotted in histograms. The error bars represent the standard deviations. Levels
of significant differences were calculated using the one-way ANOVA test: *p < 0.05,
**p < 0.01, ** p < 0.001.

2.4. Flow cytometric measurement of apoptosis and necrosis

HDF cells were treated according to the protocols in Figure 1A. Five hours after
PDT, cells were harvested with trypsin/EDTA (ThermoFisher Scientific) and
centrifuged at 600 rpm. Cell pellets were resuspended in Annexin V binding buffer
(Mitenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) with AnnexinV/FITC
(Mitenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany). Propidium iodide
(Mitenyi Biotec B.V. & Co. KG, Bergisch Gladbach, Germany) was added to the cell
suspension immediately prior to detection by flow cytometer (MACSQuant® Analyzer,
Miltenyi, Bergisch Gladbach, Germany) in the channels for FITC (B1) and PE-Vio770
(B4). These measurements were performed in duplicate.

2.5. Confocal fluorescence microscopy

HDF cells were grown in confocal petri dishes embedded with cover slide (SPL,
Gyeonggi-do, Korea). Cells were grown for 24 hours in the presence of 10 uM rotenone
(Sigma-Aldrich, Darmstadt, Germany) to induce mitochondrial damage. Mitochondria
were observed in cells treated with these protocols 24 hours after treatment.
Mitochondria were labeled with 5 yM Rhodamine 123 (Rh123, Sigma-Aldrich,
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Darmstadt, Germany) for 15 minutes (Rhodamine 123 was excited at 488 nm and its
emission was detected between 490 and 560 nm). Cell nuclei were labeled with 10
pMg/mL Hoechst 33258 (ThermoFisher Scientific, Waltham, MA, USA) for 30 minutes
(excitation at 405 nm and emission in the spectral range 450+40 nm). Lysosomes were
labeled with 400 nM LysoTracker Blue (ThermoFisher Scientific) (excitation at 405 nm
and emission in the spectral range 450+40 nm). Plasma membranes were stained with
Cell Mask Orange (ThermoFisher Scientific) according to the supplier's protocol
(excitation at 488 nm and emission in the spectral range >560 nm). Hypericin was
detected in the spectral range >590 nm after excitation at 555 nm. The medium
containing the fluorescent probes was replaced with fresh complete medium heated to
37°C prior to measurements. These measurements were performed in duplicate.
Staining with all probes was performed both individually and as a cocktail. Spectral
separation was adjusted according to separate color detection.

Giantin and LC3B were visualized in the cells by immunostaining. Cells were
fixed with ice-cold (- 20 °C) acetone (Centralchem, Bratislava, Slovakia) for 5 minutes
at — 20 °C and washed in ice-cold (4 °C) phosphate-buffered saline solution (PBS,
Sigma-Aldrich, Darmstadt, Germany). Cells were blocked with 5 % bovine serum
albumin (BSA, Sigma-Aldrich, Darmstadt, Germany) in PBS at room temperature (25
°C) for 1 hour. The primary antibodies were dissolved in 5 % BSA: anti-Giantin (1:300,
ab80864, Abcam, Cambridge, UK) and LC3B (1:300, ab221794, Abcam, Cambridge,
UK) and incubated with the cells for 1 hour at room temperature or overnight at 4 °C.
After incubation, cells were washed with ice-cold PBS. The secondary antibody
conjugated with AlexaFluor 488 (1:1000, ab150077, Abcam, Cambridge, UK) were
diluted in 1 % BSA and applied to the cells for 1 hour at room temperature.
Fluorescence of AlexaFluor 488 was detected at 488 nm excitation and emission in
the spectral range 490 - 530 nm. Mitochondria were stained with MitoTracker Orange
CMTM/Ros (ThermoFisher Scientific, Waltham, MA, USA) for 15 min before fixation
with acetone (excitation at 555 nm and emission in the spectral range > 560 nm). After
fixation, nuclei were labeled with 10 pg/mL Hoechst 33258 (ThermoFisher Scientific,
Waltham, MA, USA) for 5 minutes (excitation at 405 nm and emission in the spectral
range 450£40 nm).

Fluorescence images were acquired using a confocal fluorescence microscope
system (LSM 700, Zeiss, Oberkochen, Germany), a 40X water immersion objective
(NA 1.2, Zeiss), and a CCD camera (AxioCam HRm, Zeiss). Fluorescence images
were analyzed using Zen 2011 software (Zeiss). These measurements were
performed in duplicate.

The fluorescence intensities of Rhodamine 123 and the size/number of
organelles spreading in the areas detected by Giantin and LC3B were analyzed using
ImageJ software [18].

2.6. Western blot assay

HDF and U87 MG cells were lysed at a density of 106 and homogenized in
radioimmunoprecipitation buffer (RIPA) (150 mM sodium chloride, 1 % Triton X-100,
0.5 % sodium deoxycholate, 0.1 % sodium dodecyl sulfate, 50 mM Tris, pH 8; all
chemicals were purchased from Sigma-Aldrich, Darmstadt, Germany) with the inhibitor
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cocktail (2 x 1:100, Halt™ Protease & Phosphatase Inhibitor Cocktail, ThermoFisher
Scientific, Waltham, MA, USA). Whole lysates (120 pg total protein amount) were
diluted to 60 pg of final protein in 2x Laemmli buffer (Sigma-Aldrich, Darmstadt,
Germany), loaded onto 7% or 15 % polyacrylamide gels, and subjected to
electrophoresis. Proteins were transferred to a nitrocellulose membrane (0.45 pm;
SERVA,; Heidelberg, Germany). Hypericin was used at a concentration of 200 nM.

Immunodetection was performed using the Western Breeze Chromogenic Kit
(ThermoFisher Scientific, Waltham, MA, USA). Proteins in the membrane were
blocked with 5 % BSA for 1 hour at room temperature, washed, and then incubated
overnight at 4 °C with primary antibodies: autophagy analysis (ATG16L1, SQSTM1,
LC3B, Ubiquitin, M6PR) antibody sampler panel (ab269811, Abcam, Cambridge, UK),
cytochrome c apoptosis WB antibody cocktail (ab110415, Abcam, Cambridge, UK) and
anti-GAPDH (1:1000, ab181602, Abcam, Cambridge, UK) was determined as the
housing protein. For protein visualization, secondary antibodies from the Western
Breeze Chromogenic Kit were used to detect the primary rabbit and mouse antibodies.
Analysis of the optical densities (O.D.) of proteins in the membrane was performed
using ImageJ software. The normalized O.D. values shown in the histograms are the
mean values of 3 measurements. The error bars represent the standard deviations.

2.7. Estimation of index of the treatment efficiency

We quantitatively assessed the therapeutic efficacy based on a complete set of
experimental data. We claim to characterize how hypericin dose affects treatment
outcomes under PBM, PDT, and PBM+PDT conditions. Specifically, we propose an
indicator of therapeutic efficiency Ivp formulated as follows

IMp = In (Mas / M23) - In (Das / D23) = In [(Mas / Das) / (M23 / D23)].

This indicator is designed to quantitatively reflect changes relative to a baseline.
In this formula, Mass represents the average metabolic activity as the arithmetic mean
of a pair of metabolic activities observed for two concentrations of hypericin (400 and
500 nM). The interest of this pairwise averaging is linked to the smoothing of
fluctuations. When lower hypericin concentrations are considered, the value of M23 is
the arithmetic mean of the metabolic activities determined at hypericin concentrations
of 200 and 300 nM. Similarly, the average reference values of metabolic activity Das
and D23 are introduced, corresponding to the experiments performed in the dark. The
logarithm ensures that if the ratio of, for example Mas / M23 is equal to one, this means
that no change has occurred and the contribution to Ivmp is zero. All of the above
guantifications of Mas, M2s, Das, and D23 were performed specifically for the PBM, PDT,
and PBM+PDT groups. Imp was calculated separately for non-neoplastic HDF and U87
MG neoplastic cells. The original data projected onto the six Iup variants were then
statistically processed and plotted in Figure 1D using the R package ‘vioplot’ and
density estimation. Differences were visually apparent, but were further augmented by
appropriate hypothesis tests for differences in treatment efficacy. Table 1 provides an
overview of these results.

Initial inspection of the data and detection of differences is followed by
guantification, i.e., calculation of test statistics (also referred to as calculated value)



(often simply referred to as t-value in the case of Student's t-test and F-value in the
case of ANOVA). They are calculated by loading the data into a statistical test
procedure. The critical difference, however, is that in the case of the Student's t-test,
the calculated t-value is the ratio between the difference between the means and the
standard error, whereas the resulting F-value in the case of ANOVA is the ratio
between the between-group variability and the within-group variability of the
observations.

The one-way method ANOVA is used to find statistical evidence of
inconsistencies or differences between the means of the selected group for specific
conditions. However, the one-way method ANOVA assumes that each group
originates from an approximately normal distribution and that the variability within
groups is approximately constant, which may not be the case for the inputs Ivp. As
shown in Table 1, the ANOVA is controversial in the two examples examined, where
the Shapiro-Wilk test indicated a rejection of the Gaussianity of Ivp.

3. Results
3.1. Hypericin-mediated PDT induces apoptosis in HDF cells

The metabolic activity of cells determined by the MTT assay often reflects the
viability and activity of mitochondria. Figure 1B shows the results of the MTT assay in
HDF cells treated with PBM, PDT, and PBM+PDT. The response of cells is
concentration dependent, but the efficacy of PDT did not reduce the metabolic activity
of HDF cells below 50%. In comparison, the response of U87 MG to the same
treatments was much stronger (Figure 1C). PDT significantly reduced the metabolic
activity of cells below 50%. PBM enhanced the PDT effect in both cell lines. With the
aim of avoiding the phototoxicity of HDF and maintaining the phototoxicity of U87 MG
cells, we identified 200 nM hypericin as the most interesting concentration in our study.
To better illustrate the comparison between HDF and U87MG cells, we estimated
indicators of therapeutic efficiency in Figure 1D. The Welch two sample t-test, one-way
ANOVA and Shapiro-Wilk tests of normality (see Table 1) revealed more significant
effects in U87 MG than in HDF. In addition, significant differences were found between
U87 MG and HDF cells under the PBM+PDT protocol.
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Figure 1: Metabolic activity of B) HDF and C) U87 MG cells treated with PDT (2 J/cm? at 590 nm) and
PBM (1.8 J/cm? at 808 nm) using defined protocols as shown in A). The hypericin concentrations applied
were 100, 200, 300, 400, and 500 nM. The level of significant differences (with respect to control) was
determined using the one-way method ANOVA: **p < 0.01 and ***p < 0.001. D) Indicator of therapeutic

efficiency for HDF (gray) and U87 MG cells (blue).

Table 1: Results illustrating the significant differences between protocols in U87MG and HDF cells
determined with Welch two sample t-test, one-way ANOVA and Shapiro-Wilk tests of normality.

Welch two sample t-test

One-way ANOVA test

Pair of samples t p F Pr(>F)
PBMugz me~PBMpr -2.72 1.14e-2 ** 51.84 1.09e-5 ***
PDTus7 mc~PDTHpr -4.52 111le-4 *** 443.6 1.98e-11 ***
PBM+PDTus7 vc~PBM+PDTHor -10.72 1.54e-10 *** 23.01 3.49e-4 ***
PBMus7 mc~PDTus7 mc 7.79 2.45e-9 *** 829.4 2.0e-16 ***
PDTus7 va~PBM+PDTus7 mc 5.21 1.60e-5 *** 53.6 8.46e-7 ***
PBMupr~PDT Hor 13.21 5.96e-13 *** 30.23 1.37e-4 ***
PDTHor~PBM+PDTHpr 0.56 5.81e-1 52.09 6.78e-6 ***
Shapiro-Wilk tests of normality
sample normality W p
PBMus7 mc rejected 0.890 0.027
PDTus7 M rejected 0.863 0.008
PBM+PDTus7 mc - 0.910 0.065
PBMHpr - 0.891 0.085
PDTHor - 0.896 0.084
PBM+PDTHor - 0.903 0.105

AnnexinV/FITC and propidium iodide staining successfully indicated late
apoptosis in more than 50% of the PDT-treated HDF cell population (Figure 2). The
effect of PBM on PDT was not demonstrated by this method. However, the distribution
of hypericin-loaded cell population was slightly different in HDF cells after PBM.
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Figure 2: Apoptosis/necrosis assay based on AnnexinV/FITC and propidium iodide staining of HDF
cells cultured according to the protocols shown in Figure 1C but detected 5 hours after PDT (2 J/cm? at
590 nm) instead of 24 hours. Cells treated with PBM (1.8 J/cm?2 at 808 nm) are in the second row. The
number of cells is color coded from blue (minima) to red (maxima). The concentration of 200 nM
hypericin was maintained for this study. Populations of hypericin-loaded cells were highlighted by black
circular areas.

3.2. Mitochondrial changes in HDF cells after PDT

Morphological changes in HDF cells were detected by confocal fluorescence
microscopy at the suborganelle level. Plasma membranes were labeled with Cell Mask
Orange (red color in Figure 3), and live mitochondria were fluorescently identified with
Rhodamine 123 (green color in Figure 3). The fluorescence of Rhodamine 123 is
sensitive to mitochondrial membrane potential. While the intensity increased in
hypericin-treated cells (Figures 3B and 3F), PDT of these cells resulted in a decrease
in mitochondrial membrane potential and a significant decrease in Rhodamine 123
fluorescence intensity (Figures 3C and 3F). Interestingly, a significant decrease in
fluorescence intensity was observed in HDF cells after the combination of PBM and
PDT (Figures 3D and 3F).

The morphology of cell mitochondria treated with PDT was compared with
mitochondria exposed to 10 pM rotenone (Figure 3E). Rotenone, an inhibitor of
complex | of the respiratory chain, resulted in a decrease in Rhodamine 123
fluorescence and a change in mitochondrial morphology (Figures 3E, F and I). The
tubular mitochondrial network was fragmented, and some mitochondria were curled
(Figure 31). This was not observed in cells after PDT, even when PBM and PDT were
combined.

Cytoskeleton-like structures were observed after PDT that were colocalized with
the cell mask. The spherical structures identified with the cell mask in the perinuclear
regions of HDF cells transformed into fused complexed structures indicated by white
arrows in Figure 3H. Note that hypericin fluorescence can be partially detected in the
same fluorescence detection window as Cell Mask Orange. The blue color in Figure 3
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belongs to Lysotracker Blue, which is localized in the lysosomes of HDF cells.
Lysosome destruction and release of Lysotracker Blue were observed after PDT in
Figures 3C and 3D.
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Figure 3: Fluorescence images of vital mitochondria in HDF cells stained with Rhodamine 123 (green):
A) untreated control, B) 200 nM hypericin (protocol (1)), C) PDT (protocol (3)), D) PBM+PDT (protocol
(4)), and E) 10 uM rotenone for 24 hours. The fluorescence intensity of Rhodamine 123 was evaluated
(n > 20) and plotted in F). One-way test ANOVA was used to determine the level of significant
differences: ***p < 0.001. The fluorescence intensities of Rhodamine 123 were increased in G-I) to better
visualize the subcellular structures. Cell Mask Orange was applied to stain plasma membrane (red) and
LysoTracker Blue was applied to the lysosomes (blue). White arrows indicate vesicular structures in the
perinuclear regions.

Cells were stained with fluorescent immunostaining against Giantin (green color
in Figure 4), which is localized in the membranes of the Golgi complex, to identify the
origin of the vesicular clusters found in the perinuclear regions after PDT. The structure
of Golgi cisternae in HDF cells subjected to different treatments is shown in Figure 4.
While well-defined cisternae were seen in control cells and cells treated with hypericin,
fragmentation of cisternae was observed in cells treated with rotenone (Figure 4E).
Interestingly, the Golgi complex was not fragmented in the cells after PDT (Figures
4C and 4D). In contrast, firmly adherent objects in the form of clusters were found in
these cells.

A change in the distribution of Golgi cisternae after PDT was also detected when
the size of Giantin objects was analyzed by measuring the propagation distances from
the nucleus to the plasma membrane (Figure 4F). In cells exposed to rotenone, large
distances were observed in the spreading of Giantin. The tight binding of mitochondria
(red color in Figure 4) to the Golgi complex is evident from colocalization (yellow color).
MitoTracker Orange is bound to mitochondria in fixed cells by the formation of disulfide
bonds. The tubular network is more evident in PBM and PDT cells (Figure 4D) than in
cells treated with PDT alone (Figure 4C).
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Figure 4. Fluorescence images of immunostained HDF cells with anti-Giantin and AlexaFluor 488
(green) and MitoTracker Orange (red, stained before acetone fixation): A) untreated control, B) 200 nM
hypericin, C) PDT, D) PBM+PDT, and E) 10 uM rotenone. Hoechst was used to counterstain the nuclei
(blue). F) The distances of Giantin spread from the nucleus to the plasma membrane were measured
and plotted in histograms as Giantin propagation distances in ym (n > 16). One-way test ANOVA was
used to determine the level of significant differences: *p < 0.05, **p < 0.01, and ***p < 0.001.
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3.3. Autophagy in HDF cells is induced by PDT

The distribution of LC3B, an autophagic marker, in HDF cells was observed by
confocal fluorescence microscopy in the immunostained cells. The granular structures
loaded with LC3B were found in HDF cells without treatment (Figure 5A). The
distribution and number of structures increased with the concentration of hypericin
administered to HDF cells in the dark (Figures 5B and 5C). After PDT induced by 200
nM hypericin, more LC3B structures were found (Figure 5D), which further increased
when BPM and PDT were combined (Figure 5F). Fewer LC3B structures were found
in cells after PDT induced by 500 nM hypericin (Figures 5E, G, and H). However,
significant changes in morphology related to the induction of cell death were observed
in these cells, especially the deformation of the cell nuclei.
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Figure 5: Fluorescence images of immunostained HDF cells with anti-LC3B and AlexaFluor 488
(green): A) untreated control, B) 200 nM hypericin, D) + PDT, F) + PBM+PDT and C) 500 nM hypericin,
E) + PDT, G) + PBM+PDT. Hoechst was used to counterstain the nuclei (blue). The red fluorescence
corresponds to hypericin. H) LC3B structures were counted and normalized per cell number (n > 30).
One-way test ANOVA was used to determine the level of significant differences: *p < 0.05 and **p <
0.01.

Protein levels of autophagic proteins were examined in HDF and U87 MG cells
subjected to selected treatments. Figure 6 shows the results of Western blot analysis
of mannose-6-phosphate receptor (M6PR, marker for lysosomal membranes),
autophagy related 16 like 1 (ATG16L1, phagophore and recycling endosomes),
sequestosome 1 (SQSTML1, marker for autophagy degradation), and LC3B (marker for
autophagosomes) in HDF and U87 MG. Significant differences were found mainly in
protein levels in cells subjected to PDT. While M6PR and ATG16L1 decreased in both
cell lines after PDT, a significant increase in LC3BII levels was observed. SQTM1
levels increased in HDF cells and were not significantly changed in U87 MG cells,
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except for PDT (SQTML1 level slightly decreased). LC3BI level increased in HDF cells
with PBM and hypericin+PBM.
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Figure 6: Autophagic proteins levels in HDF and U87 MG cells subjected to PBM, 200 nM hypericin and
PDT according to protocols denoted in Figure 1C. Histograms represent mean Western blot densities
normalized to GAPDH, a housing protein. A One-way test ANOVA was used to determine the level of
significant differences: *p < 0.05, **p < 0.01 and ***p < 0.001.

3.4. Mitochondrial protein levels change in HDF cells after PBM and PDT

Protein levels of mitochondrial proteins were detected in HDF and U87 MG cells.
Western blot analysis of CV a, PDH E1 a, and cytochrome c is shown in Figure 7.
Significant increases in of PDH E1 a and cytochrome c levels were observed in HDF
cells subjected to all the treatments examined. However, the most significant increase
in of cytochrome c levels was observed in the PDT groups. The opposite effect was
observed in U87 MG cells (Figure 7). The CV a levels decreased slightly in both PDT
groups (PDT and PBM+PDT) in HDF cells, but in PDT only in U87 MG cells.
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Figure 7: Mitochondrial protein levels in HDF and U87 MG cells subjected to PBM, 200 nM hypericin
and PDT according to protocols denoted in Figure 1C. Histograms represent mean Western blot
densities normalized to GAPDH, a housing protein. A One-way test ANOVA was used to determine the
level of significant differences: *p < 0.05, **p < 0.01 and ***p < 0.001.

Ubiquitin and Opal protein levels were analysed in HDF cells only. Western blot
analysis of HDF cells exposed to PBM, hypericin, PBM+hypericin, PDT, and
PBM+PDT is shown in Figure 8. Ubiquitin levels in HDF cells increased with all
treatments, but the most pronounced effect was observed after PDT and PBM+PDT.
It should be noted that PBM caused an increase in Ubiquitin levels in HDF with and
without hypericin treatment. In contrast, a reduction in Opal was observed in HDF cells
after PDT and PBM+PDT.
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Figure 8: Ubiquitin and Opal proteins levels in HDF cells subjected to PBM, 200 nM hypericin and PDT
according to protocols denoted in Figure 1C. Histograms represent mean Western blot densities
normalized to GAPDH, a housing protein. A One-way test ANOVA was used to determine the level of
significant differences: *p < 0.05, **p < 0.01 and ***p < 0.001. Protein standard was loaded in the first
line.

4. Discussion

In this study, the metabolic activity assay (which is often used as a cell viability
assay) was used to determine a critical hypericin concentration that inhibited the
metabolic activity of HDF cells above 50% and of U87 MG cells below 50% after PDT.
Hypericin at a concentration of 500 nM was hypothesised to cause significant
photodamage in both cell types. In contrast, a hypericin concentration of 200 nM only
slightly affects the metabolic activity of HDF cells after PDT, but may lead to a
significant inhibition of the metabolic activity of U87 MG cells. In both groups studied,
a substantial number of apoptotic positive HDF cells were detected by flow cytometry
5 hours after PDT and PBM+PDT. The apoptosis/necrosis profiles of HDF cells were
drastically different from those observed in our previous study of U87 MG cells under
the same conditions. It is difficult to accurately determine the PDT efficacy rate base
on this measurement. However, nearly 30% of cells are early apoptotic (positive for
annexinV/FITC and negative for propidium iodide) and 40% are late apoptotic (positive
for annexinV/FITC and propidium iodide). Oxidative stress in these populations
increases and, consequently, cell defence against processes related to the reduction
of reactive oxygen species production increases as well. The rapid response of cells
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could lead to reparative processes that would allow cells to escape the death
machinery in later hours (24 hours after PDT).

The mitochondrial membrane potential measured in the present study with
rhodaminel23 decreased after PDT in HDF cells. This destabilisation of mitochondrial
membrane potential suggests the generation of oxidative stress by PDT [19].
Interestingly, cells exposed to PBM+PDT showed a similar decrease in rhodaminel23
fluorescence as rotenone, an inhibitor of mitochondrial respiration. However,
mitochondrial morphology after PDT and PBM+PDT differed from that of rotenone-
treated cells. The remaining mitochondria formed a large network that was not as
abundantly branched as in rotenone-treated cells. Moreover, the Golgi complex
remained tightly assembled in HDF cells after PDT and PBM+PDT. In HDF cells
exposed to rotenone, massive degradation of the Golgi complex was observed. We
can assume that the oxidative stress induced in HDF cells mobilised mitochondria to
reduce the fatal effect of PDT [20]. Most proteins undergo their maturation in the Golgi
apparatus [21], such as protein kinases. For this reason, the stability of the Golgi
apparatus is very important for cell viability and further differentiation [22]. With regard
to the assembly of the Golgi complex in HDF, it can be assumed that the cells are able
to enhance the force to stimulate the defence against oxidative stress. For comparison,
fragmentation of the cisternae of the Golgi apparatus was observed in U87 MG cells
after hypericin-mediated PDT [23]. The explanation for these observations could be
the intracellular hypericin concentration, which is presumably lower in HDF cells than
in U87 MG cells.

As mentioned earlier, PDT and PBM+PDT resulted in photodestruction of
mitochondria in HDF cells. In general, damaged mitochondria in cells are eliminated
by the process of mitophagy, in which the damaged mitochondria are either repaired
or eliminated and replaced by new functional mitochondria [24—-26]. The mechanism
by which this process occurs is associated with autophagy, in which lysosomal vesicles
play an important role. Lysosomes cooperate with the degradation of mitochondria in
the newly formed autophagosome structure [27,28]. The formation of this structure can
be monitored by proteins involved in autophagosome formation. LC3B protein is part
of the autophagosomal membrane. The increase of LC3BII in HDF cells after PDT
indicates a delay in autophagosome degradation. The balance of oxidative stress in
this condition is important for the further fate of the cell. This was the case in HDF cells
exposed to 500 nM hypericin-mediated PDT (Figure 5). We can also assume that PBM
induces low oxidative stress in cells. In contrast to PDT, the increase in LC3BI in HDF
cells suggests an autophagy repair process after PBM and PBM+hypericin. This may
be supported by the results of Western blot analysis, in which lysosomal membrane-
associated M6PR and ATG16L1 were still present in these cells. However, the levels
of these proteins decreased in the cells after PDT, whereas SQSTM1 (which is
associated with late autophagosome formation) and also ubiquitin increased. SQSTM1
is a ubiquitin-binding scaffold protein and serves as a link for the degradation of
ubiquitinated proteins in lysosomes during autophagy [29]. Since an increase in both
proteins was observed, a problem with autophagosome degradation after PDT may be
expected. Considering the results obtained in our study, we proposed PBM,
PBM+hypericin, and PBM+PDT action regimens in HDF cells (see Figure 9). The
increase in cytochrome ¢ and decrease in Opal levels suggest that the fission and

15



fusion of the mitochondrial network is rebalanced by the generation of reactive oxygen
species [30], a mechanism that is disrupted after PDT.
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Figure 9: Schematic model of autophagy and apoptosis initiation by PBM and PDT. (A) PBM, (B)
PBM-+hypericin and (C) PBM+hypericin+PDT stimulation of cells, (hypericin loaded organelles are
presented in orange). Elevation and reduction in protein levels of autophagic and mitochondrial protein
is denoted in violet with up down arrows.

5. Conclusion

Autophagy and apoptosis are two interesting cellular signalling pathways whose
mechanisms can be regulated by PBM and PDT in cancer cells. In the present study,
we have shown that the combination of PBM and PDT stimulates both effects in human
dermal fibroblasts. However, these effects are less pronounced in these cells than in
cancer cells, which may be critical for in vivo treatments. Autophagic proteins have
been shown to be upregulated by PBM, but autophagosome degradation was inhibited
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by combination with PDT. We hypothesise that appropriate regulation of these
processes by PBM could help cells escape photodestruction in healthy cells and
improve treatment efficacy in cancer cells. The modulatory effect of PBM shown here
might be different in vivo and should be investigated in further studies.
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