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A B S T R A C T

Background: This study aimed to determine the effect of pyropheophorbide-α methyl ester (MPPa)-mediated
photodynamic therapy (MPPa-PDT) on the apoptosis and inflammation of murine macrophage RAW264.7 cells.
Methods: Uptake and subcellular localization of MPPa was detected by flow cytometry and confocal fluorescence
microscope. Cell viability was assessed by CCK-8; ROS levels were assessed by DCFH-DA. Cell apoptosis was
measured by flow cytometry and Hoechst 33342 staining, whereas mitochondrial membrane potential was
detected by JC-1 staining. Secretion of tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β), and interleukin-6
(IL-6) was determined using ELISA kits. Caspase-3, cleaved caspase-3, procaspase-9, cleaved caspase-9, PARP,
cleaved PARP, Bcl-2, Bax, NF-κB p-p65, p-IKKα/β, and p-IκBα were measured by western blotting. Nuclear factor
κB (NF-κB)-p65 nuclear translocation was observed by immunofluorescence.
Results: MPPa -PDT influenced cell viability in a light dose-dependent manner. It induced ROS formation and
RAW264.7 cell apoptosis. It also increased the expression of cleaved caspase-3, cleaved caspase-9, cleaved PARP
and Bax, decreased the expression of Bcl-2. While TNF-α, IL-1β, and IL-6 increased in LPS group (model of
inflammation), it deceased in LPS-MPPa-PDT group. NF-κB p-p65, p-IKKα/β, and p-IκBα had higher expression
in LPS group while that reduced in LPS-MPPa-PDT group. Simultaneously, MPPa-PDT inhibited nuclear trans-
location of NF-κB-p65 caused by LPS.
Conclusions: MPPa-PDT can induce apoptosis and attenuate inflammation in mouse RAW264.7 macrophages,
thereby suggesting a promising therapy for atherosclerosis.

1. Introduction

Atherosclerosis is a common disease, and acute coronary syndrome
(ACS) induced by it is one of the major causes of cardiovascular mor-
tality [1–4]. Atherosclerosis is a chronic systemic multifactorial disease
related to oxidative stress and inflammation, which affects all the ar-
terial branches. It is an inflammatory disease that does not result from
hypercholesterolemia and lipid accumulation [5]. Macrophages play an
indispensable role in the development of atherosclerosis and rupture of
the vulnerable plaque. They continue to be the major contributors to
inflammatory response through the secretion of pro-inflammatory
mediators, such as TNF-α, IL-1β, IL-6, IL-8, MCP-1, and CXC-chemokine
ligand 1 (CXCL1). It is increasingly believed that macrophages in
plaque are in a dynamic balance, with both macrophage number and
inflammatory phenotype influencing plaque fate [6]. Decreasing the
infiltration and inflammation of an atherosclerotic plaque with

macrophages could stabilize the plaque and inhibit its progression.
Therefore, targeting macrophages would be an ideal strategy for iden-
tifying and treating vulnerable plaques.

Percutaneous coronary intervention (PCI) is frequently used but has
associated sequelae [7]. Statins provide a long-term curative effect on
atherosclerosis but are inappropriate for vulnerable plaques. Therefore,
it’s impending to find a new therapeutic method. Previous studies had
demonstrated photodynamic therapy (PDT) to be beneficial to the re-
gression of atherosclerotic plaques [8,9]. PDT is a therapeutic method
that combines photosensitizer (PS) with a specific wavelength of light,
generating reactive oxygen species (ROS) and causing photochemical
reactions [10–12]. Cellular activities of ROS have bidirectional effects
that include promotion as well as suppression of inflammation, im-
munity, and carcinogenesis [13,14]. MPPa is a second-generation
photosensitizer, a derivative of chlorophyll that has good absorption at
a wavelength of 630 nm [15]. It is a more desirable photosensitizer, for
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Fig. 1. Effect of MPPa-PDT on RAW264.7 cell viability. a MPPa’s emission spectrum was observed by Multimode Microplate Reader. b The intracellular MPPa in
RAW264.7 macrophages was tested by flow cytometry at different incubation times: 0 h, 3 h, 6 h, 12 h, and 24 h. MPPa increased rapidly during the first 12 h and
slowed down during the next 12 h. c MPPa located in mitochondria in RAW264.7 cells (magnification 1200×). d Effect of 0, 0.5, 1, 2, and 4 μmol/L MPPa on
RAW264.7 macrophage viability. e Effect of various irradiation energy densities on RAW264.7 macrophage viability. *P<0.05 vs. control group. f Effect of Mppa-
PDT on RAW264.7 macrophage viability. Following the incubation with MPPa at 2 μmol/L for 12 h, each cell was irradiated with different energies in presence or
absence of LPS, such as 0, 0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 J/cm2. At 24 h post irradiation, cell viabilities were detected by CCK-8 assay. All data shown are
mean ± standard error. *P<0.05 vs. control group (MPPa-PDT group), #P<0.05 vs. control group (LPS+MPPa-PDT group).
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better absorbance and stronger permeability, compared to a first-gen-
eration photosensitizer [16].

Studies have shown that PDT can eliminate inflammatory cells, re-
pair vessels, promote stability of and reduce plaque [8,9,17,18].
However, the effect of MPPa-mediated PDT on macrophages remains
unknown. In the present study, we examined the effect of PDT on LPS-
stimulated murine macrophages (RAW264.7).

2. Methods

2.1. Materials

Pyropheophorbide-α methyl ester (MPPa, C34H36N4O3) was pur-
chased from Sigma-Aldrich (St Louis, MA). PDT equipment (630 nm,
30mW/cm2, CW laser) was purchased from Chongqing Jingyu Laser
Technology Co., Ltd. (Chongqing, China). Dulbecco’s modified Eagle’s
medium (DMEM) and trypsin were purchased from HyClone (Logan,
UT). Fetal bovine serum (FBS) was purchased from PAN-Biotech GmbH
(Germany). Lipopolysaccharide (LPS) was obtained from Sigma-Aldrich
(St Louis, MA). Cell viability and cytotoxicity test kit (CCK-8) was
procured from Dojindo Molecular Technologies (Kumamoto, Japan).
Enzyme linked immunosorbent assay kit was purchased from Hangzhou
Multi Science (Hangzhou, China). Caspase-3, cleaved caspase-3, cas-
pase-9, PARP, cleaved PARP, Bcl-2, Bax, NF-κB, p-p65, and p-IKKα/β
were purchased from Cell Signaling Technology (Danvers, MA), p-IκBα
was obtained from Abcam (Cambridge, UK), and β-actin was purchased
from Tianjin Sungene Biotech (Tianjin, China). Goat anti-mouse sec-
ondary antibody was purchased from Boster Biological Technology
(Wuhan, China). JC-1 was purchased from Invitrogen (Paisley, UK), and
Hoechst 33342, Antifade Mounting Medium were purchased from
Beyotime (Shanghai, China).

2.2. Cell culture

The RAW264.7 macrophage line was purchased from Cell Source
Center, Chinese Academy of Science (Shanghai, China) and cultured
with DMEM (10% FBS) at 37 ℃ with 5% CO2. DMEM was changed
every day or every alternate day. Cells were passaged when they be-
came 70% to 80% confluent.

2.3. Detection of intracellular MPPa

MPPa produces red fluorescence upon excitation at a wavelength of
630 nm. MPPa’s emission spectrum was determined by Multimode
Microplate Reader (Thermo Fisher Scientific, USA). To determine the
optimal incubation time of MPPa, we seeded RAW264.7 cells into 6-
well plates and incubated for 0 h, 3 h, 6 h, 12 h, and 24 h in the dark,
harvested the cells, and washed them with PBS three times. Flow cy-
tometry (BD FACSCalibur, Becton-Dickinson) was employed to measure
the intracellular accumulation of MPPa (λexcitation/
λemission= 630 nm/631 nm). Cells were incubated with MPPa for
12 h and then upload Mito-Tracker green (Beyotime, Shanghai, China)
at a final concentration of 20 nmol/L. And MPPa’s location was ob-
served by confocal fluorescence microscope (Nikon A1, Japan).

2.4. MPPa-PDT treatment

MPPa was prepared at a concentration of 10mmol/L and stored in
the dark at −80 ℃. Working solution was 2 μmol/L as per the previous
reports from our research group [12,15]. RAW264.7 macrophages were
randomly divided into four groups: Control, MPPa-PDT, LPS, and LPS-
MPPa-PDT. Medium of the MPPa-PDT group and LPS+MPPa-PDT
group were replaced by medium with 2 μmol/L MPPa after cell at-
tachment; that of control group and LPS group was replaced by iso-
pyknic medium. Cells were cultured in the dark at above-mentioned
conditions. After 12 h, MPPa-medium was replaced by fresh medium,
same as in control group and LPS group. Then the MPPa-PDT group and
LPS+MPPa-PDT group received corresponding irradiations (630 nm,
30mW/cm2, CW laser) and 100 ng/ml LPS was added to the LPS group
and LPS-MPPa-PDT group after 1 h. The cells were cultured in fresh
medium for a few hours, and then were subjected to different analyses.

2.5. Cell viability and cytotoxicity tests

Cells were seeded in 96-well plates at a density of 5×103 cells/well
with three duplicates. The following groups were set: control, MPPa-
only, irradiation-only, MPPa-PDT, and LPS+MPPa-PDT. The irradia-
tion-only, MPPa-PDT, and LPS+MPPa-PDT groups were irradiated at a
power density of 30mW/cm2 for the indicated time of 10, 20, 30, 40,

Fig. 2. Effect of MPPa-PDT on ROS formation in RAW264.7 macrophages. Following incubation with MPPa at 2 μmol/L for 12 h, cells were irradiated with 0.6 J/cm2,
and 100 ng/ml LPS was added after 1 h. Production of ROS was detected under a fluorescence microscope; MPPa-PDT-induced ROS formation, seen in the presence or
absence of LPS. (DCFH-DA staining, magnification 200×). All data are mean ± standard error. n= 3 per group. *P<0.05 vs. control group, #P<0.05 vs. LPS
group.
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Fig. 3. MPPa-PDT induces RAW264.7 cell apoptosis, involved in the mitochondrial apoptosis pathway. Following incubation with MPPa at 2 μmol/L for 12 h, cells
were irradiated with 0.6 J/cm2, and 100 ng/ml LPS was added after 1 h; the cells were collected after 12 h. a The cell apoptosis rate was measured by flow cytometry.
b Karyopyknosis and fragmentation of RAW264.7 cells were observed under a fluorescence microscope (Hoechst 33342 staining, magnification 400×). c
Mitochondrial membrane potential was detected by JC-1 staining (magnification 200×). d Expression of caspase-3, cleaved caspase 3, procaspase-9, and cleaved
caspase 9 were measured by western blot. e Expressions of cleaved PARP, PARP, Bax, Bcl-2 were measured by western blot. All data are mean ± standard error.
n= 3 per group. *P<0.05 vs. control group, #P<0.05 vs. LPS group.
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50, and 60 s (0.3, 0.6, 0.9, 1.2, 1.5, and 1.8 J/cm2, respectively) after
replacing the MPPa-medium. After 12 h, 10 microliters of CCK-8 were
added to all the wells and further incubated for another 1 h. Microplate
reader was used to detect the optical densities (ODs) at a wavelength of
450 nm. Cell viability was calculated by the equation: Cell viability (%)
= (Average OD – Average OD of blank group)/(Average OD of control
group – Average OD of blank group) × 100%. A blank group containing
only DMEM (without cells) was also considered. A sub-lethal dose
(0.6 J/cm2) was used for the subsequent studies based on the results.
Every group had three duplicates.

2.6. ROS detection

RAW264.7 cells were seeded in 24-well plates (5×104 cells/well).
DCFH-DA was added to the cells at a concentration of 2 μmol/L after
MPPa-PDT and/or LPS treatment, and the cells were incubated for
30min. Production of ROS was measured under a fluorescence micro-
scope (Zeiss Fluorescence Microscope, Germany).

2.7. Determination of cell death by flow cytometry analysis

RAW264.7 cells were inoculated into 6-well plates (1× 105 cells/
well). All the suspended and adherent cells of the control group, Mppa-
PDT group, LPS group, and LPS-Mppa-PDT group were collected at 12 h
post treatment, centrifuged at a speed of 1000 r/min and re-suspended
with PBS. Subsequently, annexin V and propidium iodide (PI) were
added, the mixture was gently agitated, incubated for 15min at room
temperature (25 ℃) in the dark, and analyzed by the BD FACSCalibur
flow cytometer (BD Biosciences, Franklin Lakes, NJ). Each assay con-
dition was performed in triplicate.

2.8. Hoechst nuclear staining

RAW264.7 cells were grown on 24-well plates (5×104 cells/well)
over several hours for attachment. Groups and methods were the same
as mentioned above. After 12 h, cells were washed thrice with PBS,
3min each time, and fixed with 4% paraformaldehyde for 20min.
Subsequently, the cells were washed with PBS again and treated with

Fig. 3. (continued)
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0.1% TritonX-100 for 5min, washed with PBS, and stained with
Hoechst 33342 (10 μg/ml) for 20min, and finally observed under a
fluorescence microscope (Leica DMRE Fluorescence Microscope,
Germany).

2.9. Mitochondrial membrane potential

RAW264.7 cells were grown on 24-well plates (5× 104 cells/well).
JC-1 (Invitrogen, Paisley, UK) was added to the cells at 5 μg /ml after
treatment. They were incubated for 30min and membrane potential
was measured by fluorescence microscopy (Zeiss Fluorescence
Microscope, Germany).

2.10. Western blotting

Proteins from RAW264.7 macrophages were collected at 12 h after
irradiation. Cells were lysed with RIPA and PMSF, centrifuged at
12,000 g for 15min at 4 ℃. BCA assay was used to quantify protein
concentration. All protein samples used, had the same final con-
centration and volume. These samples were transferred to PVDF
membranes (Millipore) after SDS-PAGE. The membranes were blocked
with 5% nonfat dry milk (BIO-RAD) for 2 h at room temperature, wa-
shed with Tris-buffered saline containing tween (TBST), and incubated
with primary antibodies at 4 ℃ overnight. The membranes were in-
cubated with secondary antibodies and eventually developed by ECL
reagent (Beyotime, Shanghai, China). Protein blot images were cap-
tured using an imaging densitometer (Fusion FX5, Vilber Lourmat,
France). All experiments were triplicated and results were analyzed by
Fusion.

2.11. Enzyme linked immunosorbent assay (ELISA)

RAW264.7 macrophages were inoculated into 96-well plates
(5× 103 cells/well) and incubated overnight for adherence. The con-
trol group, MPPa-PDT group, LPS group, and LPS-MPPa-PDT group
received different interventions and the cell media were collected at 6 h
after irradiation. The levels of inflammatory factors TNF-α, IL-1β, and
IL-6 were measured by ELISA, as per the manufacturer’s protocol. Every
group had triplicates and three experiments were repeated.

2.12. Immunofluorescence analysis

RAW264.7 macrophages (2× 104 cells/well) were seeded into 12-
well plates that contained glass coverslips. The coverslips were har-
vested after treatment, washed once with PBS, fixed in 4%

paraformaldehyde (PFA) for 20min, permeabilized with 0.1% Triton-
100 for 15min, washed with PBS, and blocked with 5% BSA for 1 h.
Thereafter, the coverslips were incubated with antibodies specific for
NF-κB p65 at 4 ℃ overnight. Samples were then incubated with Alexa
Fluor 488 goat anti-mouse IgG antibody (Invitrogen) for 1 h, counter-
stained with Hoechst 33342, and mounted onto slides with Antifade
Mounting Medium. The slides were observed under a fluorescence
microscope (Leica DMRE Fluorescence Microscope, Germany).

2.13. Statistical analysis

Data are presented as mean ± SD. Analyses were carried out using
GraphPad Prism Software version 7.00 (San Diego, CA). Diff ;erences
among the groups were analyzed using one-way analysis of variance
(ANOVA) or SNK-q test. A difference of P < 0.05 was considered sta-
tistically significant.

3. Results

3.1. Intracellular intake of MPPa

MPPa’s emission spectrum was 631 nm with or without LPS.
(Fig. 1a). Quantitative flow cytometry revealed that intracellular MPPa
increased with the incubation time. It increased rapidly in the first 12 h
and slowed down in the next 12 h (Fig. 1b). Intracellular MPPa showed
no significant difference from 12 h to 24 h. Therefore, 12 h was used for
subsequent experiments. Confocal fluorescence microscope showed that
MPPa localize at mitochondria (Fig. 1c).

3.2. Effects of MPPa-PDT on RAW264.7 macrophage viability

In the cell viability assay conducted after MPPa-PDT, low-dose
MPPa groups and irradiation-only groups showed no significant dif-
ference compared with the control group (incubated with DMEM).
However, high-dose of MPPa (4 μmol/L) significantly decreased cell
viability (Fig. 1d and e, P < 0.05). The results for the MPPa-PDT
groups suggested that cell viability was inversely correlated with irra-
diation dose. LPS had no significant influence on cell viability (Fig. 1f).
High-dose MPPa-PDT led to excess ROS generation and induced ne-
crosis in RAW264.7 macrophages, which resulted in the release of a
mass of cellular content and inflammatory factors and deterioration of
plaques. In this study, we chose a sub-lethal 0.6 J/cm2 as the experi-
mental dose, which yielded a cell viability of 77.39%.

Fig. 4. Effect of MPPa-PDT on the expression of inflammatory factors in RAW264.7 macrophages. After diff ;erent treatments, TNF-α, IL-1β, and IL-6, secreted by
RAW264.7 macrophages, were measured by ELISA. TNF-α (a), IL-1β (b), and IL-6 (c) in LPS groups were significantly higher than in control groups and in MPPa-PDT
groups, but MPPa-PDT could reduce the level of these inflammatory factors. All data are mean ± standard error. *P<0.05 vs. Control group, #P<0.05 vs. LPS
group.

L. Huang et al. Photodiagnosis and Photodynamic Therapy 25 (2019) 148–156

153



3.3. Production of ROS

In our experiments, ROS formation was detected after MPPa-PDT.
ROS level in the MPPa-PDT group was 2.8 times that in the control
group, and ROS level in the LPS+MPPa-PDT was 2.7 times that in the
LPS group (Fig. 2). The ROS levels in the control and LPS groups
showed no significant difference.

3.4. Mechanism of MPPa-PDT-induced apoptosis

Annexin V/PI staining revealed a greater number of apoptotic cells
in the MPPa-PDT group than in the control and LPS groups (Fig. 3a).
Hoechst nuclear staining also showed that MPPa-PDT induced apoptosis
of RAW264.7 cells (Fig. 3b), and there was no significant difference
between the control and LPS groups. JC-1 staining demonstrated that
the mitochondrial membrane potential was decreased after MPPa-PDT.
Cells in the MPPa-PDT and LPS+MPPa-PDT groups had higher green

fluorescence intensity, but lower red-to-green fluorescence, than that of
the control and LPS groups (Fig. 3c). Cleaved caspase 3 and cleaved
caspase 9 were upregulated after MPPa-PDT compared with the control
and LPS groups (Fig. 3d). Cleaved PARP and Bax had the parallel ten-
dency while Bcl-2 was downregulated after MPPa-PDT compared with
the control and LPS groups (Fig. 3e).

3.5. Effect of MPPa-PDT on LPS-induced secretion of inflammatory factors

Quantification of TNF-α, IL-1β, IL-6 revealed that TNF-α levels were
significantly higher in the LPS group than in control and MPPa-PDT
groups, and the opposite trend was observed for the LPS-MPPa-PDT
groups (Fig. 4a, P < 0.05). This result indicates that MPPa-PDT in-
hibited TNF-α secretion. The results for IL-1β and IL-6 were similar to
those of TNF-α. There was no significant difference between the control
and MPPa-PDT groups (P > 0.05).

Fig. 5. MPPa-PDT decreased the expression level of NF-κB p-p65, p-IKKα/β, and P-IκBα after LPS (a). p-IKKα/β (b), NF-κB p-p65 (c), and P-IκBα (d) were increased
after LPS stimulation and decreased after MPPa-PDT. e The effect of MPPa-PDT on nuclear translocation of the NF-κB p65 was measured by immunofluorescence.
Blue fluorescence represents cell nucleus and red fluorescence represents p65. p65 subunit translocated into the nucleus after LPS stimulation; MPPa-PDT reduced
p65 nuclear translocation caused by LPS (scale bar: 100 μm). All data are mean ± standard error. n=3 per group. *P<0.05 vs. control group, #P<0.05 vs. LPS
group.
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3.6. Effect of MPPa-PDT on inflammation in RAW264.7 macrophages

Changes in NF-κB p-p65, p-IKKα/β, and p-IκBα levels were mea-
sured by western blotting, and the results showed that p-IKKα/β was
downregulated in the control, MPPa-PDT, and LPS-MPPa-PDT groups,
but upregulated in the LPS group (Fig. 5b, P < 0.05). For NF-κB p-p65,
there was no significant difference between the control and MPPa-PDT
groups (Fig. 5c, P > 0.05), and it was upregulated in the LPS group
and downregulated in the LPS-MPPa-PDT group (P < 0.05). P-IκBα
was downregulated in the control, MPPa-PDT, and LPS-MPPa-PDT
groups and upregulated in the LPS group (Fig. 5d, P < 0.05). Im-
munofluorescence staining for p65 revealed that LPS promoted p65
nuclear translocation but MPPa-PDT reversed this effect (Fig. 5e).
Collectively, these results showed that the NF-κB signal pathway maybe
involved in the MPPa-PDT-mediated attenuation of macrophage in-
flammation.

4. Discussion

Modern unhealthy lifestyle has increased the incidence of cardio-
vascular diseases. However, despite rapid advances in treatment mod-
alities and the development of novel cholesterol-lowering drugs, car-
diovascular disease due to atherosclerosis remains the primary cause of
mortality globally [1,19]. PDT offers several advantages for athero-
sclerosis. First, photosensitizers can assemble at diseased regions se-
lectively such as atherosclerosis plaques. Spears et al. found that he-
matoporphyrin derivative (HPD) distributes selectively in the
atherosclerotic plaques of erythrocebus patas [18]. To minimize side
effects, novel delivery strategies have been developed, such as nano-
technology, liposomes, and intravascular delivery. Second, targeted
irradiation of plaques can be realized using optical fiber technology
through endovascular light delivery. Third, photosensitizers are acti-
vated to trigger responses, including direct killing, effects on vessels,
and immune activation, only after stimulation with suitable light.
Hayase and his colleagues suggested that PDT can decrease macro-
phages and atherosclerotic plaque burden without damaging normal
vascular walls [20]. Although some environmental problems and
technological drawbacks have hindered its routine application for
atherosclerosis, such as PSs with low absorption wavelength cannot be
activated in the presence of blood and less powerful light delivery de-
vices, the majority of these issues have been resolved. For instance,
new-generation PS with longer absorption wavelength can be activated
regardless of the interference of blood, and advancements in lasers and
light distributors continue to improve light delivery [21].

In this study, we established an inflammatory model by LPS sti-
mulation on the basis of many previous studies that discussed in-
flammation [22–24]. Cells were treated with 100 ng/ml and 1 μg/ml
LPS followed these studies and results showed that 1 μg/ml LPS would
influence cells viability (data not show). For this reason, 100 ng/ml LPS
was used for consequent experiments. Our results suggested that MPPa
accumulation in RAW264.7 macrophages increased with incubation
time, indicating that MPPa could distribute selectively in plaques. As
we all know, ROS play the most important role in the PDT treatment,
thus, we investigate the ROS effects on macrophages. A previous study
demonstrated the proinflammatory function of ROS [25]. but ROS ex-
erts bidirectional effects and thus can both promote and suppress in-
flammation, immune responses, and carcinogenesis. To generate an
optimal effect, we examined the effects of various doses of MPPa-PDT in
RAW264.7 macrophages, and a sub-lethal dose was chosen for sub-
sequent experiments.

Macrophage proliferation accelerates the formation of vulnerable
plaques in atherosclerotic lesions [26]. Thus, their apoptosis is bene-
ficial for decreasing early lesion area in atherosclerosis. Zhu et al. found
that UCNPs-Ce6-mediated PDT induced THP-1 macrophage apoptosis
via activation of the mitochondrial caspase pathway [27]. Mitochon-
drial-dependent apoptosis involves the apoptotic protease-activating

factor-1 and the formation of an apoptosome, which activates caspase-9
and caspase-3, leading to PARP cleavage and resulting in apoptosis
[28]. Our present results are consistent with these reports. Decline of
mitochondrial membrane potential, increased expression of cleaved
caspase 3/9, cleaved PARP and Bax/Bcl-2 after MPPa-PDT treatment
demonstrated that MPPa-PDT induced apoptosis of RAW264.7 cells via
the mitochondrial apoptosis pathway.

In atherosclerosis, activation of inflammation can lead to protease
secretion, tissue destruction, and plaque rupture [29]. Many factors are
involved in atherosclerotic inflammation, such as TNF-α, IL-1β, IL-6,
angiotensin-II, IFN-γ, and ICAM-1 [30]. Of these, TNF-α, IL-1β, and IL-6
are implicated in both atherosclerosis and related cardiovascular dis-
ease [31,32]. The interaction between these factors facilitates the de-
velopment and progression of atherosclerosis. Thus, inhibition of these
factors is an attractive therapeutic strategy. It is well known that LPS
can induce macrophages to differentiate into the inflammatory phe-
notype via the NF-κB pathway [24]. In this study, TNF-α, IL-1β, and IL-
6 levels in the LPS group were higher than those in the control and
MPPa-PDT groups. However, the decreased levels in the LPS-MPPa-PDT
groups indicated that MPPa-PDT could decrease LPS-stimulated secre-
tion of these factors. Moreover, reduction of the inflammatory factors
was not caused by cell death on account of 0.3 J/cm2 didn’t affect
cellviability significantly. Aleksandra et al. reported that ALA-PDT de-
creased TNF-α release at 30 J/cm2 but increased it at 10 J/cm2 [33],
which indicates that the effects of PDT on inflammatory factors depend
on the dose, and the therapy parameters should be selected carefully.
PDT has also been reported to inhibit IL-1β secretion by peripheral
mononuclear cells [34] Jiang and colleagues demonstrated that HSYA-
mediated SDT, which is a method derived from PDT, inhibits in-
flammation in THP-1 macrophages via suppression of ROS generation.

The IKK/NF-κB signaling pathway exists in nearly all cells and
participates in acute and chronic inflammatory responses of mammals.
Many researchers believe that NF-κB activation may be the common
pathogenetic link among cardiovascular inflammatory diseases [35]
and that it might be an important target for atherosclerosis prophylaxis
and treatment [36]. In quiescent cells, NF-κB principally resides within
the cytoplasm in association with IκB proteins. Following its activation,
NF-κB translocate to the nucleus, especially NF-κB P65, and triggers
inflammation. In the present study, MPPa-PDT inhibited the LPS-in-
duced expression of p-p65 and nuclear translocation of NF-κB p65,
which indicated suppression of the NF-κB signal pathway. These results
are comparable with reports on the ability of PDT to attenuate LPS-
stimulated increases in NF-κB p50/p65 in macrophages [33]. Kzhysh-
kowska et al. found that NF-κB could also promote lipid accumulation
in macrophage. Recent studies demonstrated that PDT and SDT could
induce lipid unloading in macrophages via moderate ROS generation,
indicating that these methods might function by suppressing the NF-κB
signaling pathway [37–39].

The limitation of the present study is that other signaling pathways
that may be involved in the MPPa-PDT-induced inhibition of in-
flammation in macrophages were not considered. Future studies on
MPPa-PDT should investigate the possible involvement of pathways
other than NF-κB signaling in the observed effects.

5. Conclusion

MPPa-PDT induced apoptosis and inhibited inflammatory responses
in macrophages. The present findings may be valuable for the devel-
opment of novel treatment strategies for atherosclerosis. Further in vivo
studies should be performed to develop PDT as a novel treatment for
atherosclerosis.
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