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Abstract: Objectives: The antitumor effects of pyropheophorbide-α methyl ester-mediated photodynamic therapy

(MPPa-PDT) were observed in several cancers. The objective of this investigation was to examine the antineoplastic

efficacy of MPPa-PDT acting on lung carcinoma A549 cells and further elaborate mechanisms. Methods: The viability

of A549 cells was examined with cell counting kit-8 after MPPa-PDT disposal. Hoechst 33342 staining,

monodansylcadaverine (MDC) staining, and transmission electron microscopy were employed to observe apoptotic

bodies and autophagic vesicles. Flow cytometry with Annexin V/propidium iodide (PI) labeling objectively assessed

cell death. The expression of associated proteins, including Caspase-3, Beclin-1, LC-3II, and mitogen-activated protein

kinase (MAPK) families concluding c-jun NH2-terminal kinase (JNK), p38 MAPK, and extracellular signal-regulated

kinase 1/2 (ERK) were identified by Western blotting. Results: Prolonged exposure to MPPa-PDT gradually decreased

lung cancer A549 cell viability. Apoptosis and autophagy activity were higher in the MPPa-PDT cohort in

comparison to the control group. Meanwhile, autophagy inhibition enhanced cell-killing efficacy apparently. Besides,

the JNK and p38 MAPK pathways were implicated in MPPa-PDT-triggered apoptosis and autophagy. Conclusions:

This study demonstrated that JNK and p38 MAPK were engaged in MPPa-PDT-mediated apoptosis and autophagy

in lung carcinoma A549 cells.

Introduction

Lung cancer has a high prevalence and fatality rate and poses a
serious hazard to human health [1,2]. The diagnosis rate of
lung cancer at an early stage is relatively poor due to
insidious symptoms and ineffective screening methods.
Therefore, many patients have been in the advanced stage
when seeking medical advice. Conventional lung cancer
treatment includes radiotherapy, chemotherapy, and
surgery. In addition, targeted drug therapy and
immunotherapy have improved survival prognosis
significantly; however, the five-year overall survival outcome
remains extremely low [3–5].

The emerging photodynamic therapy kills tumor cells
directly and applies to treating various cancers [6,7]. It
triggers a specific anti-tumor response and has the
advantages of being less invasive, less toxic, more selective,

and less resistant to drugs [8]. Numerous studies have
shown that photodynamic therapy in combination with
chemotherapy or immunotherapy can significantly enhance
anti-tumor performance [9,10]. The photodynamic efficacy
of novel photosensitizer methyl pyropheophenylchlorin has
been widely explored in different carcinomas [11,12]. Some
studies indicated that MPPa-PDT combined with cisplatin
could effectively eliminate cancer cells with chemotherapy
resistance by promoting apoptosis [13]. Recent research
showed that MPPa-PDT induced autophagy to kill breast
cancer cells via the protein kinase R-like endoplasmic
reticulum kinase/eukaryotic initiation factor-2α (PERK/
eIF2a) pathway [14]. In addition, our previous study
manifested that MPPa-PDT induced lung cancer A549 cell
death mainly through apoptosis pathways and cell cycle
arrest [15]. Interestingly, MPPa-PDT treatment also
triggered autophagy in A549 cells.

The crosstalk between autophagy and apoptosis in lung
carcinoma is intricate. Autophagy, an evolutionarily
conserved process, can be triggered in response to a variety
of stresses to protect cells [16]. In addition, inhibition of
autophagy can effectively kill cancer cells, making it a
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potential cancer treatment [17]. Autophagy and apoptosis can
be activated by the same stimulus. Wang et al. [18] implied
that autophagy could protect gallbladder cancer cells from
apoptosis, while inhibition of autophagy strengthened the
antineoplastic effect both in vitro and in vivo. However,
excessive activation of autophagy results in pro-apoptotic or
autophagic programmed cell death [19]. In summary, a
number of variables, such as cell species, photosensitizer
trait, and photodynamic dose, may have an impact on the
interplay between autophagy and apoptosis brought about
by PDT. The relationship between autophagy and apoptosis
in lung carcinoma is not yet clear.

In this research, we intended to explore MPPa-triggered
apoptotic and autophagic responses in lung cancer A549 cells.
We also tried to reveal the possible molecular mechanisms
involved in the interplay between apoptosis and autophagy.

Materials and Methods

Resources
Roswell Park Memorial Institute (RPMI)-1640 cell culture
medium (11875119), 10% fetal bovine serum (FBS,
A5670701), and 1% penicillin-streptomycin mixture
(10378016) were obtained from Gibco (Thermo Fisher
Scientific, Waltham, MA, USA). Cell Counting Kit-8 was
acquired from Beyotime (C0038, Shanghai, China).
Sigma-Aldrich (St. Louis, MO, USA) provided Hoechst
33342 (14533), Pyropheophorbide-α methyl ester (MPPa,
P3787), 3-methyladenine (3-MA, M9281), 2’,7-
Dichlorodihydrofluorescein-diacetate (DFCH-DA, D6883),
Monodansylcadaverine (MDC, 30432), N-acetyl-L-cysteine
(NAC, A7250), U0126 (662005), SB203580 (S8307) and
SP600125 (S5567). BD Biosciences produced the Annexin
V-FITC/PI apoptotic detection reagent (556547, Franklin
Lake, NJ, USA). Antibodies for β-actin (4967S), Anti-rabbit
IgG, HRP-linked Antibody (7074), Anti-mouse IgG, HRP-
linked Antibody (7076), Caspase-3 (9664S), LC3A/B
(4108S), Beclin-1 (3738S), p-JNK (4668S), JNK (9252S), p-
p38 (4511S), p38 (8690S), p-ERK (4370S) and ERK (4695S)
were sourced from Cell Signaling Technology (Danvers,
MA, USA). Chongqing Jingyu Laser Technology Co. Ltd.,
offered PDT equipment apparatus (Chongqing, China).

Cell culture
Institute of Radiation Medicine, Peking Union Medical
College (Beijing, China) supplied the lung carcinoma cell
line A549 cells. The cells were authenticated using STR
profiling and mycoplasma testing was used for examining
contamination. No mycoplasma contamination and cross-
contamination between cells were found. The cells were
maintained in RPMI-1640 media, which contained 10% FBS
and 1% penicillin-streptomycin, at 37°C in a humidified
environment with 5% CO2.

Cell treatment
The PDT equipment was utilized at a wavelength of 630 nm
and an energy intensity of 40 mW/cm2, as reported in the
literature [15]. Cells were grouped by different processing

modes as follows: Control group (no intervention), LED
group (light irradiation, 630 nm, 40 mW/cm2, 120 s), MPPa
group (MPPa treatment for 20 h, then triple wash with
phosphate-buffered saline (PBS) and replenish the medium),
MPPa-PDT group (MPPa was first added and cultured for
twenty hours; subsequently, substituted with fresh media
after being washed three times with PBS, finally exposed to
LED light irradiation). Some agents were preadded
including NAC (5 mmol/L), 3-MA (5 mmol/L), SB203580
(10 μmol/L), SP600125 (20 μmol/L), or U0126 (20 μmol/L)
before processing with MPPa-PDT. All of the above
operations should be protected from light.

Cell viability analysis
CCK-8 was performed to evaluate cell viability based on the
mechanism that WST-8 which was reduced by dehydrogenase
activities in cells. Cell quantity was 5 × 103 per well and was
cultivated in 100 μL of medium for 24 h. A549 cells were
cultivated and 10 μL CCK-8 per well to incubated for 1 h. A
microplate reader (Infinite 200 Pro, Tecan, Switzerland) was
employed to measure the absorbance at 450 nm. Next, the
proportion of cells in the experimental group compared to
the control group was used to compute the cell viability.
Based on the CCK-8 results, an MPPa concentration of
1 μmol/L and an intensity of PDT at 4.8 J/cm2 were
confirmed as experimental conditions in this study.

Determination of reactive oxygen species (ROS) accumulation
2′,7-Dichlorodihydrofluorescein-diacetate (DCFH-DA) was
applied to monitor intracellular reactive oxygen species
levels. 5 × 104 cells/well were cultivated in 48-well plates for
24 h. A549 cells in each group were stained with (DCFH-
DA) dye (10 μmol/L) for 10 min following different
treatments. Then ROS generation was assessed by flow
cytometry (Beckman Coulter CytoFLEX, Krefeld, Germany).

Hoechst and monodansylcadaverine (MDC) staining
Hoechst staining and MDC staining were employed for nuclei
staining on apoptotic bodies and autophagy vacuoles labeling
separately. A549 cells were then stained with Hoechst 33342
(10 µM) and MDC (0.05 mM) dye individually. Hoechst
33342 required staining for 5 min then assessed by 350 nm
emission and 460 nm excitation wavelengths in fluorescence
microscopy (Olympus BX-60, Tokyo, Japan). Similarly,
MDC staining needed 10 min and was observed by
fluorescence microscopy with 380 nm and 460 wavelengths
for excitation and emission separately. Measurements of
fluorescent intensity were conducted using Image-Pro Plus
7.0 software (Media Cybernetics, Rockville, MD, USA).

Transmission electron microscopy (TEM)
TEM was used to observe cellular ultrastructure. A549 cells
were treated and then fixed at 4°C in a 2.5% glutaraldehyde
solution, dehydrated using gradient ethanol, embedded,
sliced, and stained for 30 min with uranyl acetate then for
15 min at 37°C using lead citrate for observation. At last,
the specimens were observed under transmission electron
microscopy (JEOL JEM-1400PLUS, Akishima-shi, Tokyo,
Japan).
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Flow cytometry for apoptosis evaluation
Annexin V-/PI staining was widely used for detecting
apoptosis. To culture for 24 h, 5 × 103 cells were placed into
the well of 96-well plates. The cells were divided into
various groups (Control, MPPa, LED, 3-MA, MPPa-PDT,
MPPa-PDT+3-MA) after appropriate disposal. At post-
treatment 24 h, after harvesting the cells, they were
centrifuged and treated for five minutes in darkness using
Annexin V-FITC/PI apoptotic detection reagent (556547,
NJ, USA), then measured by flow cytometry (Beckman
Coulter CytoFLEX, Krefeld, Germany).

Western blot
To harvest the cell protein in different process groups.
Protease and phosphatase inhibitors were added to RIPA
buffer (P0013B, Beyotime, Shanghai, China) to lyse A549
cells. The protein concentration was subsequently
determined using a BCA reagent (P0012, Beyotime,
Shanghai, China). SDS-PAGE (PG111and PG113, EpiZyme,
Shanghai, China) and following transferred onto
polyvinylidene difluoride (PVDF) membranes (FFP32,
Beyotime, Shanghai, China) resolved equal protein levels
from each group. The membranes were treated using
primary antibodies against β-actin (1:1500, anti-mouse,
CST), Caspase-3 (1:1000, anti-rabbit, CST), LC3-II (1:1000,
anti-rabbit, CST), Beclin-1 (1:1000, anti-rabbit, CST), p-JNK
(1:1000, anti-rabbit, CST), JNK (1:1000, anti-mouse, CST),
p-p38 (1:1000, anti-rabbit, CST), p38 (1:1000, anti-rabbit,
CST), p-ERK (1:1000, anti-rabbit, CST) and ERK (1:1000,
anti-rabbit, CST) and kept at 4°C overnight. Then the
membranes were incubated with a secondary antibody (1:
2000, anti-rabbit IgG and anti-mouse IgG, CST) after
rewarming and rinsing. The images were detected by ECL
chemiluminescence system (Bio-Rad, Hercules, CA, USA)
and then analyzed quantitatively by software.

Statistical analyses
The findings were examined using GraphPad Prism 6.0
(GraphPad Software LLC, Boston, MA, USA) and displayed
as mean ± SD. A one- or two-way analysis of variance was

employed to compare groups, while the SNK-q test was
utilized to evaluate within groups. Each experiment was
conducted a minimum of three times. Statistical significance
was established at a threshold of p < 0.05.

Results

A549 cell activity was suppressed by MPPa-PDT
MPPa-PDT reduced A549 cell activity in a way that was
dependent on both drug concentration and energy intensity,
as Fig. 1A illustrates. In addition, neither the MPPa therapy
nor the single LED treatment showed a discernible
difference in cell viability (p > 0.05). In general, the viability
of A549 cells decreased as the LED intensity and MPPa
concentration increased, except 0.25 μmol/L MPPa
combined with 1.2 J/cm2 light dose, which did not exhibit
any significant inhibition (p < 0.05). The experiment
condition (1 μmol/L MPPa integrated with light intensity at
4.8 J/cm2) was confirmed according to the half-maximal
inhibitory concentration (IC50) values. Cell death was
48.5% ± 1.2% in response to processing with 1μmol/L MPPa
and a PDT dosage of 4.8 J/cm2. After MPPa-PDT treatment,
the cell activity was evaluated by CCK-8 at 0, 3, 6, 12, and
24 h, respectively. The results demonstrated that MPPa-
PDT inhibited A549 cell viability as time prolonged (Fig. 1B).

MPPa-PDT caused ROS accumulation in A549 cells
Treating tumors via ROS-based pathways has been recognized
as a reasonable approach. Moreover, ROS production has a
vital significance in cancer treatment by PDT. Therefore,
ROS accumulation was evaluated by flow cytometry using a
DCFH-DA probe. Our results revealed that MPPa-PDT
induced ROS, while no ROS was detected in MPPa or LED
groups (Fig. 2A,B). We then investigated whether ROS
played a role in the development of autophagy and
apoptosis. Our results revealed that pretreatment with ROS
inhibitor NAC markedly decreased Caspase-3 and LC3-II
expression (Fig. 2C,D), indicating that MPPa-PDT-triggered
autophagy and apoptosis were induced by elevated levels of
ROS. These findings were consistent with the previous

FIGURE 1. (A) MPPa-PDT lowered A549 cell viability. The cells were subjected to a variety of energy intensities (0, 1.2, 2.4, 4.8, 6.4 J/cm2) in
conjunction with varying drug doses (0, 0.25, 0.5, 0.75, 1.5 μmol/L). (B) Cell viability was assessed at various points (0, 3, 6, 12, 24 h) following
MPPa-PDT processing. *p < 0.05 in comparison to the control group.
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studies demonstrating that PDT-mediated apoptosis and
autophagy process depend on the ROS level and
photosensitizer type [20,21].

MPPa-PDT therapy resulted in apoptosis and autophagy of
A549 cells
Hoechst staining, MDC staining, and Western blot were
applied to verify the apoptosis and autophagy in this
experiment. Typical apoptosis was identified as chromatin
condensation, which could be detected by Hoechst staining
(Fig. 3A). Autophagic vacuoles were characterized by the
accumulation of green spots around the nucleus (Fig. 3B).
Massive apoptotic cells and autophagic vacuoles appeared in
MPPa-PDT group compared with other groups. In addition,
autophagy and apoptosis marker proteins were detected by
Western blot (Fig. 3C,D). Our results revealed that MPPa-
PDT management significantly upregulated Caspase-3,
Beclin-1, and LC3 II levels.

Features of ultrastructure changed after MPPa-PDT
intervention
TEM was employed to observe the disappearance of
pseudopodia structure and alterations in cell morphology
following MPPa-PDT processing, as illustrated in Fig. 4. In

the MPPa-PDT group, autophagosomes with double-
membrane vacuoles containing degraded cellular organelles,
meanwhile, apoptotic bodies with characteristics of nucleus
degradation and condensation were observed (Fig. 4B,C).
Nevertheless, the control group did not exhibit any
apoptotic bodies or autophagosomes (Fig. 4A).

The link between apoptosis and autophagy attributable to
MPPa-PDT
Further confirming if autophagy was involved in MPPa-PDT-
induced cell death, 3-methyladenine (3-MA) was used which
was a classical repressor of autophagy. Annexin V/PI staining
was implemented to evaluate apoptosis via flow cytometry.
Compared to the control group, the MPPa-PDT group
displayed a greater death rate according to this study
(Fig. 5A,B). Moreover, pretreatment with 3-MA united
MPPa-PDT processing significantly boosted the cell
apoptotic rate (p < 0.05). These findings showed that
autophagy suppression enhanced death whereas MPPa-PDT
caused A549 cells apoptosis. The results were consistent
with previous studies demonstrating that autophagy played
a protective role in cell death [22]. However, its protection
mechanism still needs further research due to the complex
relationship between autophagy and apoptosis.

FIGURE 2. Accumulation of ROS following MPPa-PDT administration. (A, B) ROS level was determined by flow cytometry. *p < 0.05
compared to the control group. (C, D) MPPa-PDT upregulated the expression of Caspase-3 and LC3 II; however, pretreatment with NAC
(ROS inhibitor, 5 mM) could decrease the expression. Three iterations of the experiments were conducted. *p < 0.05 vs. control group; #p <
0.05 compared with the MPPa-PDT group.
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JNK and p38 MAPK pathways participated in apoptosis and
autophagy following MPPa-PDT management
The MAPK is a conserved enzyme that regulates a variety of
cellular physiological events, such as proliferation,
differentiation, migration, and survival processes [23]. The
results of our study indicated that the MPPa-PDT group
exhibited a higher expression level of phosphorylated JNK
and phosphorylated p38 than the control group. Still, there
was a decrease in phosphorylated ERK expression
(Fig. 6A,B). Furthermore, the JNK repressor SP600125 and
the particular p38 MAPK suppressant SB203580
dramatically suppressed autophagy and apoptosis
(Fig. 6C–F). With the addition of inhibitor U0126, the level
of p-ERK further decreased, and evidently, attenuated

MPPa-PDT-induced LC3-II protein accumulations
accompanying apoptosis increased (Fig. 6G,H). This
research demonstrated that A549 cell’s autophagy and
apoptosis were brought on by MPPa-PDT treatment
through JNK and p38 pathways.

Discussion

Photodynamic therapy is a promising approach employed to
treat a variety of malignancies [24,25]. In contrast to
conventional surgery and chemotherapy, it further
eliminates residual tumor cells and drug tolerance by
activating the body’s anti-cancer immune defenses. MPPa-
PDT has been studied deeply in several cancers [26,27].

FIGURE 3. MPPa-PDT caused A549 cell apoptosis and autophagy phenomenon. (A) Apoptotic bodies were verified by Hoechst 33342. (B)
Autophagic vacuoles were observed by MDC staining. (C, D) Apoptosis and autophagy-related proteins were detected after MPPa-PDT
treatment. *p < 0.05. The procedure was repeated in triplicate.
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Chen et al. [28] claimed that MPPa-PDT exhibited anti-tumor
effects on human osteosarcoma by inhibiting cell
proliferation, migration, and invasion. The matrix
metalloproteinase-9 (MMP-9) pathway was demonstrated in

a recent experiment to be the mechanism by which
MPPa-PDT killed breast cancer cells [29]. Our earlier study
found that MPPa-PDT caused lung cancer apoptosis via the
Caspase-3 pathway [15]. Furthermore, this research showed

FIGURE 5. (Continued)

FIGURE 4. Cell ultrastructure was observed under transmission electron micrograph. (A) Normal-appearing A549 cells showed intact cell
membranes and nucleus. (B) Cell pseudopodia structure disappeared and apoptotic body formed after MPPa-PDT processing (arrowhead,
magnification, ×6000). (C) Autophagosome containing degraded cellular debris was observed after MPPa-PDT treatment (arrow,
magnification, ×12,000).
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FIGURE 5. Correlations between autophagy and apoptosis due to MPPa-PDT. (A, B) The apoptosis rate was assessed using flow cytometry
following the corresponding treatment. Comparatively to the control group, *p < 0.05; similarly, in the MPPa-PDT+3-MA group, **p < 0.01; #p
< 0.05 vs. the MPPa-PDT group.

FIGURE 6. (Continued)
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that processing A549 cells with MPPa-PDT triggered
apoptosis and autophagy. Based on current research, we first
report the link between autophagy and apoptosis produced
by MPPa-PDT in the A549 cell line.

The key processes causing cell death are apoptosis and
autophagy. Classical cellular staining, transmission electron
microscopy, and the expression of specific marker proteins
were employed in this study to corroborate apoptosis and
autophagy events. Hoechst 33342 staining and transmission
electron microscopy revealed that typical apoptotic shape,
whereas a western blot in A549 cells with MPPa-PDT
management showed the traditional apoptotic hallmark
Caspase-3. In addition, Annexin V/PI labeling was used to
quantify the apoptosis rate using flow cytometry. Also,
MDC staining and transmission electron microscopy
confirmed that MPPa-PDT therapy resulted in the
production of massive autophagic vacuoles in A549 cells.
Furthermore, the MPPa-PDT-treated cells could express
higher Beclin1 and LC3-II levels, two indicators of autophagy.

The relationship between apoptosis and autophagy is a
hot research topic, but its detailed mechanisms have not
been fully clarified. Abundant, reliable evidence validated
that autophagy inhibition enhanced cancer therapeutic
efficacy [30,31]. MPPa-PDT treatment might trigger an
interaction between apoptosis and autophagy. Therefore, we
further explored whether MPPa-PDT-induced apoptosis
could be affected by the inhibition of autophagy. With the

addition of 3-MA, an autophagy inhibitor, the apoptotic rate
of A549 cells increased against the MPPa-PDT group. Our
findings indicated that autophagy might protect cells by
inhibiting apoptosis, while suppressing autophagy may
enhance anti-tumor activity.

Accumulating evidence revealed that MAPK signaling
pathways were involved in apoptosis and autophagy
regulation [32,33]. Researchers have demonstrated that
upregulation of p-JNK and p-p38MAPK induced cell
apoptosis, whereas p-ERK activation caused cell survival
[34,35]. MPPa-PDT treatment activated p-JNK and p-p38
MAPK and caused apoptosis and autophagy by activating
both pathways. A549 cells were pretreated with SP600125 (a
JNK suppressant) or SB203580 (a p38 MAPK repressor) to
confirm whether both signaling regulated apoptosis and
autophagy. The treatment of SP600125 or SB203580
decreased JNK and p38 MAPK phosphoryla- tion levels and
significantly altered apoptotic and autophagic protein
expression. Co-treatment of SP600125 or SB203580 with
MPPa-PDT down-regulated Caspase-3 and LC3-II production
compared to MPPa-PDT intervention. However, the
apoptotic marker was upregulated and the autophagy level
was downregulated after p-ERK inhibitor U0126 treatment.
Therefore, MPPa-PDT induced apoptosis and autophagy
through JNK and p38 MAPK approach in A549 cells.

In conclusion, we claimed that MPPa-PDT caused JNK
and p38 MAPK signaling upregulation then further

FIGURE 6. MAPK participated in apoptosis and autophagy activated by MPPa-PDT. (A, B) MPPa-PDT activated JNK and p38 MAPK
signaling pathway in A549 cells. (C, D) Western blotting for the protein levels of p-38 MAPK, cleaved Caspase-3, and LC3-II/I. The cells
were pretreated with SB203580 (p38 inhibitor, 10 μM) for 1 h then followed by processing with or without MPPa-PDT for 24 h. (E, F) For 1 h
before being treated with or without MPPa-PDT for 24 h, SP600125 (JNK inhibitor, 20 μM) was preadded to A549 cells. Then detected p-
JNK, cleaved Caspase-3, and LC3-II/I expression. (G, H) A549 cells were prepared with U0126 (ERK inhibitor, 20 μM), for 1 h then followed
by processing with or without MPPa-PDT for 24 h. Triplicate analyses were conducted. *p < 0.05.
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activated apoptosis and autophagy in A549 cells. In addition,
autophagy played a cytoprotective role in lung carcinoma cells
treated by MPPa-PDT. However, the limitations of this study
should be mentioned. This study was primarily based on A549
cell lines, multiple lung cancer cell lines even animal model
experiments that needed further investigation. Additionally,
further investigation was necessary to enhance the
antineoplastic activity of MPPa-PDT treatment by
regulating autophagy and apoptosis.
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