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Background: Sonodynamic therapy (SDT) was developed as a localized ultrasound-activated 

cytotoxic therapy for cancer. The ability of SDT to destroy target tissues selectively is especially 

appealing for atherosclerotic plaque, in which selective accumulation of the sonosensitizer, 

protoporphyrin IX (PpIX), had been demonstrated. Here we investigate the effects of PpIX-

mediated SDT on macrophages, which are the main culprit in progression of atherosclerosis.

Methods and results: Cultured THP-1 derived macrophages were incubated with PpIX. 

Fluorescence microscopy showed that the intracellular PpIX concentration increased with 

the concentration of PpIX in the incubation medium. MTT assay demonstrated that SDT with 

PpIX significantly decreased cell viability, and this effect increased with duration of ultrasound 

exposure and PpIX concentration. PpIX-mediated SDT induced both apoptosis and necrosis, 

and the maximum apoptosis to necrosis ratio was obtained after SDT with 20 µg/mL PpIX and 

five minutes of sonication. Production of intracellular singlet oxygen and secondary disruption 

of the cytoskeleton were also observed after SDT with PpIX.

Conclusion: PpIX-mediated SDT had apoptotic effects on THP-1 macrophages via generation 

of intracellular singlet oxygen and disruption of the cytoskeleton. PpIX-mediated SDT may be 

a potential treatment to attenuate progression of atherosclerotic plaque.

Keywords: sonodynamic therapy, protoporphyrin IX, atherosclerotic plaque, macrophage, 

singlet oxygen, cytoskeleton

Introduction
Sonodynamic therapy (SDT) is a promising noninvasive approach for the treatment 

of various diseases based on the synergistic effect of low intensity ultrasound and 

sonosensitization.1–3 The ultrasound energy can be focused on targeted tissues to induce 

local cytotoxicity by activating sonosensitizers with minimal undesirable damage to 

healthy tissues.4 The reported cytotoxic mechanisms of SDT include production of 

reactive oxygen species, especially singlet oxygen (1O
2
), deleterious effects on the 

cytoskeleton, and mechanical stress-induced destabilization of the cell membrane.5–8 

In addition, the sonodynamic effects depend largely on variation of cell lines, sono-

sensitizers, and ultrasound parameters.9,10

Over the past 20 years, SDT research has focused primarily and successfully on 

the treatment of cancer. Some investigations had been carried out using SDT to treat 

cardiovascular disease in recent years.11 The ability of SDT to destroy target cells 

selectively is especially appealing for treating atherosclerotic plaque, a localized 

obstructive process leading to ischemic syndromes.12 We have demonstrated previ-

ously the sonodynamic effect of emodin on macrophages,8 which are responsible 

Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
2239

O riginal        R esearch     

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org./10.2147/IJN.S43717

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

mailto:yetian@ems.hrbmu.edu.cn
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org./10.2147/IJN.S43717


International Journal of Nanomedicine 2013:8

for progression of atherosclerosis.13,14 However, the exact 

mechanism involved in the cytotoxic effects of SDT on 

macrophages is still not clear, and there is little information 

about other sonosensitizers. Porphyrins or porphyrin-like 

compounds are the agents of choice in most approaches 

to SDT, because they can accumulate in rapidly growing 

tissues, including tumors and atherosclerotic plaques.15,16 

Protoporphyrin IX (PpIX) is known to be a component of 

hematoporphyrin. Our previous research showed that selec-

tive accumulation of PpIX in atherosclerotic plaque was 

12 times higher than in normal vessel walls,17 indicating 

the possibility of an atherosclerosis-selective therapeutic 

agent.

In this study, we aimed to investigate the intracellular 

accumulation of PpIX, quantify the effect of PpIX-mediated 

SDT on apoptosis and necrosis of macrophages, and detect 

intracellular production of singlet oxygen and disruption of 

the cytoskeleton induced by SDT.

Materials and methods
Reagents
Protoporphyrin IX, 3-[4,5-dimethylthiazol-2-yl]-2,5-

diphenyltetrazolium bromide (MTT), and propidium 

iodide were purchased from Sigma-Aldrich (St Louis, 

MO, USA). Fetal bovine serum and RPMI 1640 were 

obtained from Hyclone Laboratories Inc (Logan, UT, 

USA). Penicillin-streptomycin was obtained from 

Beyotime Biotechnology (Jiangsu, People’s Republic 

of China). An ApoAlert Annexin V-FITC kit was pur-

chased from BD Bioscience (Franklin Lakes, NJ, USA). 

Phorbol-12-myristate-13-acetate was sourced from EMD 

Biosciences Inc (La Jolla, CA, USA). Sodium azide and 

2′-7′-dichlorofluorescein diacetate (DCFH-DA) probes 

were purchased from Beyotime Biotechnology (Jiangsu, 

People’s Republic of China). A goat polyclonal antibody 

against α-actin filament was obtained from Santa Cruz 

Biotechnology Inc (Santa Cruz, CA, USA). All other 

reagents were obtained from Sigma-Aldrich.

Cells and cell cultures
A human leukemic cell line, THP-1 cell (American Type 

Culture Collection, Manassas, VA, USA), was cultured in 

RPMI 1640 medium containing 10% fetal bovine serum, 

20 µg/mL penicillin, and 20 µg/mL streptomycin at 37°C 

in a humidified atmosphere with 5% CO
2
. The cells were 

differentiated into macrophages by adding 100  ng/mL 

phorbol-12-myristate-13-acetate for 72  hours in 35  mm 

Petri dishes.8

Intracellular PpIX detection
The cells were incubated with different concentrations 

of PpIX (1–50 µg/mL) for three hours, then stained with 

1 µg/mL Hoechst 33342. The cell medium was lightly 

washed with phosphate-buffered solution twice and observed 

using a fluorescence microscope (Olympus, Tokyo, Japan) at 

405 nm excitation and 630 nm emission wavelengths.

Ultrasonic exposure system
The ultrasonic generator and power amplifier used in this 

study were assembled by Harbin Institute of Technology 

(Harbin, People’s Republic of China). The transducer, also 

made by Harbin Institute of Technology (diameter 3.5 cm, 

resonance frequency 1.0 MHz, duty factor 10%, repetition 

frequency 100 Hz), was placed in a water bath and the cells 

were placed 30 cm away from the transducer. The ultrasonic 

intensity was 0.5 W/cm2 as measured using a hydrophone 

(Onda Corporation, Sunnyvale, CA, USA). During the soni-

cation procedure, the temperature of the solution inside the 

Petri dishes increased less than 0.5°C, as measured using a 

thermometer.

Cell viability assay
Cells were seeded into 35 mm Petri dishes and incubated 

with different concentrations of PpIX (1–50 µg/mL) for three 

hours in the dark. They were then exposed to ultrasound for 

0–15 minutes. Six hours after SDT, the survival rate of the 

cells was measured by MTT assay.

Assessment of cell apoptosis and necrosis
Hoechst 33342 and propidium iodide
Six hours after SDT with various PpIX concentrations and 

ultrasound exposure times, the cells were washed with phos-

phate-buffered solution and stained with Hoechst 33342 and 

propidium iodide, according to the manufacturer’s protocol. 

The cells were washed twice with phosphate-buffered solu-

tion and examined under the fluorescence microscope using 

a filter with an excitation wavelength of 330–385 nm and 

an emission wavelength of 420–480 nm. Necrotic cells were 

stained with red fluorescence while apoptotic cells were 

stained with blue fluorescence. The percentages of apoptotic 

and necrotic cells were determined in five random micro-

scopic images with at least 1000 cells/group.

Flow cytometry analysis
An Annexin V-FITC apoptosis kit was used for assessment 

of cell apoptosis and necrosis by flow cytometry accord-

ing to the manufacturer’s instructions. Cells were divided 
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randomly into four groups, ie, a control group, an ultrasound 

alone group, a PpIX only group, and an SDT group. Each 

group consisted of eight dishes. As a positive control, the 

cells were exposed to ultraviolet B irradiation for 30 minutes, 

as described previously,18 to induce apoptosis. Three hours 

after treatment, the cells were incubated with 5 µL of 

Annexin V and 5 µL of propidium iodide for 10 minutes at 

room temperature in the dark. Cells from each sample were 

then analyzed using a FacsCalibur flow cytometer (BD Bio-

sciences, Franklin Lakes, NJ, USA). The data were analyzed 

using CELLQuest software (BD Biosciences).

Detection of reactive oxygen species
The intracellular content of reactive oxygen species was 

determined by measuring the fluorescence intensity of 

2′, 7′-dichlorofluorescein (DCF). DCFH-DA was added to the 

cell medium at a final concentration of 10 µM and incubated 

at 37°C for 30 minutes. The cells were then washed care-

fully twice with phosphate-buffered solution. Immediately 

after this treatment, all four groups of cells were observed 

under fluorescence microscopy. A total of 1 × 106 cells were 

collected and measured using a fluorospectrophotometer 

(Varian Australia Pty Ltd, Melbourne, VIC, Australia) at 

488  nm excitation and 525  nm emission wavelengths. In 

experiments concerning the singlet oxygen scavenger, 

sodium azide (NaN
3
), the cells were pretreated with 15 mM 

NaN
3
 before exposure to ultrasound. The scavenger at the 

concentrations used did not cause any significant damage in 

the cultured cells.

Cytoskeleton analysis
The status of the cytoskeleton in cells of all four groups was 

assessed by immunofluorescence staining and Western blot-

ting of α-actin. As a positive control, the cells were incubated 

with 0.1 µg/mL cytochalasin D, which has been confirmed to 

inhibit polymerization of actin.19 Two hours after treatment, 

the cells were fixed with paraformaldehyde, then perforated 

with Triton X-100 to allow exposure of the cytoskeletal actin 

antibodies to the structures inside. To avoid nonspecific 

binding of the second antibody, the cells were blocked with 

1% bovine serum albumin for one hour at room temperature. 

Primary antibodies were then added for one hour at 37°C. 

The secondary antibody, conjugated with fluorescein isothio-

cyanate (FITC), was then added for two hours at 37°C. DAPI 

(4′,6-diamidino-2-phenylindole) was added for two minutes 

at room temperature. The cells were then examined under 

a confocal laser scanning microscopy (FV500, Olympus). 

Western blot analysis was performed to measure α-actin, as 

described previously.20 Briefly, two hours after treatment, the 

cells were collected and prepared for Western blot analysis. 

The primary antibody was goat polyclonal anti-α-actin 

antibody (1:500) and the secondary antibody was AP-IgG 

(1:1000). Glyceraldehyde-3-phosphate dehydrogenase was 

used as a loading control.

Statistical analysis
All experiments were repeated three times independently. The 

data are reported as the mean ± standard deviation. One-way 

analysis of variance, followed by Student-Newman-Keuls 

testing, was used to determine any differences between the 

groups. Statistical evaluation was performed using Statistical 

Package for Social Sciences software (version 13.0; IBM 

Corporation, Armonk, NY, USA). Differences with P , 0.05 

were considered to be statistically significant.

Results
Intracellular accumulation of PpIX
As shown in Figure 1, red PpIX fluorescence was observed in 

the macrophages after incubation with PpIX for three hours. 

The PpIX fluorescence distributed diffusely in the cytoplasm 

surrounding the nucleus. Intracellular PpIX accumulation 

increased when the cells were cultured with more PpIX 

(1–50 µg/mL).

Cell viability after SDT
The survival rate of macrophages decreased with PpIX concen-

tration and duration of ultrasound exposure increased. As shown 

in Figure 2A, the survival rate decreased significantly from 

77.6% ± 3.1% (at one minute) to 62.4% ± 1.8% (at 15 minutes) 

in cells treated with SDT at a PpIX concentration of 20 µg/mL. 
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Figure 1 Intracellular accumulation of PpIX. Fluorescent photomicrograph of 
THP-1 macrophages after three hours of incubation with different concentrations 
of PpIX (1 µg/mL, 5 µg/mL, 20 µg/mL, and 50 µg/mL). Cell nuclei were stained with 
Hoechst 33342. 
Note: scale bar, 20 µm. 
Abbreviation: PpIX, protoporphyrin IX.
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Figure 2 Cell viability after SDT. The effect of PpIX-mediated SDT on macrophage viability was assessed by MTT assay. (A) SDT with a PpIX concentration of 20 µg/mL and 
1–15 minutes of ultrasound exposure. (B) SDT with five minutes of ultrasound exposure and PpIX concentrations of 1–50 µg/mL. 
Notes: Data are representative of three independent experiments. *P , 0.05. 
Abbreviations: MTT, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; PpIX, protoporphyrin IX; SDT, sonodynamic therapy.

The survival rate decreased significantly from 84.4% ± 1.8% 

(1 µg/mL) to 60.7% ± 2.1% (50 µg/mL) in cells treated with SDT 

using five minutes of ultrasound irradiation (Figure 2B).

Assessment of apoptosis and necrosis
The results of Hoechst 33342 and propidium iodide assays for 

cell apoptosis and necrosis are shown in Figure 3A and B. Both 

apoptosis and necrosis were observed in THP-1 macrophages, 

and the apoptotic ratio was higher than the necrotic ratio under 

appropriate conditions. At the same time, the necrotic ratio 

increased gradually as the amount of ultrasound exposure 

time or/and PpIX concentration increased. The maximum 

apoptosis/necrosis ratio (1.7 ± 0.3) was observed in cells 

treated by SDT using 20 µg/mL PpIX and five minutes of 

exposure to ultrasound. Further, cell apoptosis and necrosis 

were measured using flow cytometry with double staining of 

Annexin V and propidium iodide. Cells in the lower right quad-

rant (Annexin-V+/PI-) represent early apoptotic cells. As shown 

in Figure 3C, there were a nearly equal cell apoptotic ratio 

and necrotic ratio in the ultrasound only and control groups. 

However, the early apoptotic ratio in the SDT and ultraviolet B 

groups was much higher than that in the other groups.

Production of intracellular singlet  
oxygen after SDT
After confirming induction of apoptosis by SDT, we next 

examined the possible mechanisms involved. Intracellular 

formation of reactive oxygen species after SDT was assessed 

by measuring conversion of nonfluorescent DCFH-DA 

to fluorescent DCF. DCF fluorescence was monitored by 

fluorescence microscopy. As shown in Figure 4A, the green 

fluorescence of DCF was present in a few control cells, but 

in a small portion of the ultrasound-treated cells and most 

of the SDT-treated cells. Generation of reactive oxygen spe-

cies decreased in cells of the SDT group pretreated with the 

singlet oxygen scavenger, NaN
3
. The results of fluorospec-

trophotometry were consistent with those of fluorescence 

microscopy (Figure 4B).

Cytoskeletal disruption induced by SDT
As shown in Figure 5A, cells in the control group showed 

normal cytoskeletal morphology with well organized actin 

filaments surrounding the nucleus. There were no obvious 

morphologic changes in the cytoskeleton among cells treated 

by ultrasound alone. Disturbed cytoskeletal filaments were 

observed in some cells treated with SDT and in most cells 

treated with cytochalasin D. The filaments surrounding 

the nuclei were reorganized, with numerous “cross-links” 

formed, which might have lost their normal function. Normal 

cytoskeletal morphology was present in cells of the SDT 

group pretreated with NaN
3
. Western blot analysis showed 

that α-actin was decreased in cells from the SDT and cytocha-

lasin D groups. This decrease in the SDT-treated cells was 

partially inhibited by pretreatment with NaN
3
 (Figure 5B).

Discussion
It is now clear that destabilization and rupture of an athero-

sclerotic plaque rather than plaque size is the main cause 
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Figure 3 Apoptosis and necrosis induced by SDT. The percentages of apoptotic and necrotic THP-1 macrophages after PpIX-mediated SDT were determined by Hoechst 
33342 and propidium iodide assay (A and B) and flow cytometry with double staining of Annexin V and propidium iodide (C). (A) SDT with identical PpIX concentration 
(20 µg/mL) and 1–15 minutes of ultrasound exposure. (B) SDT with identical ultrasound exposure time (five minutes) and PpIX concentrations of 1–50 µg/mL. Data are 
representative of three independent experiments. (C) Apoptosis and necrosis ratio of THP-1 macrophages of the control group and groups treated by ultrasound alone (five 
minutes), SDT (20 µg/mL PpIX plus five minutes of ultrasound exposure) and ultraviolet B. 
Notes: Data represent the mean ± SD (n = 8 per group). #P . 0.05; ***P , 0.001. 
Abbreviations: PI, propidium iodide; PpIX, protoporphyrin IX; SD, standard deviation; SDT, sonodynamic therapy; UV-B, ultraviolet B.

of acute coronary syndromes, and this is largely the conse-

quence of infiltration by macrophages and T lymphocytes 

in the shoulder region of the plaque and formation of a lipid 

core.12,21 Given the pivotal role of macrophages in the patho-

genesis of vulnerable plaque, several studies have focused on 

sonodynamic inactivation of such cells to stabilize plaque.

In this study, a dosage-dependent increase in intracellular 

PpIX fluorescence was observed in macrophages (Figure 1). 

Previous research concerning the subcellular localization 

of PpIX has shown that exogenous administration of PpIX 

mainly distributes in the membranes of cancer cells.22 

However, our study of macrophages showed that PpIX 

distributes diffusely in the cytoplasm. This disparity might 

arise from the different roles played by macrophages and the 

previous cancer cell lines used. Unlike highly proliferating 

cancer cells, macrophages are specialized phagocytic cells 

expressing scavenger receptors to help engulf foreign sub-

stances (including PpIX),23 which might contribute to the 

diffuse distribution.

Remarkable macrophage death was observed after PpIX-

SDT. However, our in vitro study showed that viability 

of endothelial cells and smooth muscle cells treated with 

ultrasound plus PpIX at a concentration of 2 µg/mL was not 

different from that in the control group (treated with neither 
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Figure 5 Morphologic changes in the intracellular cytoskeleton induced by SDT. (A) Morphologic changes in cytoskeletal α-actin filaments of cells in the control group 
and groups treated by ultrasound alone, SDT, SDT plus the singlet oxygen scavenger NaN3, and cytochalasin D, evaluated by immunofluorescence staining. Cell nuclei were 
stained with DAPI. (B) Protein levels of α-actin in the control group and groups treated by ultrasound alone, SDT, SDT plus NaN3 and cytochalasin D, evaluated by Western 
blot analysis. GAPDH was used as a loading control. 
Note: Scale bar, 20 µm. 
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NaN3, sodium azide; SDT, sonodynamic therapy.
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Figure 4 Intracellular ROS production induced by SDT. (A) ROS production in THP-1 macrophages was observed under a fluorescence microscope by DCFH-DA. The 
SDT-treated cells showed an increased green fluorescence level of ROS in the cytoplasm, and this effect was inhibited by adding NaN3 before sonication. (B) Fluorescence 
intensity of ROS was measured by fluorospectrophotometry. Data are representative of three independent experiments. 
Notes: Scale bar, 100 µm. *P , 0.05; ***P , 0.001. 
Abbreviations: DCFH-DA, 2′-7′-dichlorofluorescein diacetate; NaN3, sodium azide; ROS, reactive oxygen species; SDT, sonodynamic therapy.

ultrasound nor PpIX, data not shown). This result indicates 

that PpIX-SDT kills macrophages effectively while sparing 

the surrounding vascular cells.

The macrophage survival rate decreased gradually as 

the duration of ultrasound exposure and PpIX concentration 

increased. Apoptosis and necrosis have been confirmed to 

be the predominant forms of cell death in response to SDT 

for many cells, with the ratio of the two types of dead cells 

depending on the intensity of treatment. Clinically, apoptosis 

is preferred over necrosis because it causes fewer inflam-

matory reactions.24 Several studies has demonstrated that 

apoptosis of macrophages is associated with smaller plaque 

size and less lesion progression, while necrosis results in 

augmentation of the necrotic core and plaque vulnerability.25 

Therefore, we intended to identify the optimal therapeutic 

conditions with the highest apoptosis to necrosis ratio. 

A series of sonication times and PpIX concentrations were 

evaluated using Hoechst propidium iodide assays. As shown 

in Figure 3A and B, at a shorter sonication time and lower 

dose of sonosensitizer, apoptosis was the main cell death 

pathway. Longer sonication time or higher PpIX concentra-

tion increased the rate of necrosis, eventually making necrosis 
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the main cell death pathway. The highest apoptosis to necro-

sis ratio was observed after five minutes of ultrasound expo-

sure and a PpIX concentration of 20 µg/mL. Flow cytometry 

also showed a high apoptosis to necrosis ratio under the same 

conditions (Figure 3C). Obtaining these optimal experimental 

parameters is useful in further guidance on clinical applica-

tion of SDT to cure atherosclerosis and other non-neoplastic 

diseases involving macrophages.

The cytotoxic mechanisms involved during SDT are 

numerous, including production of reactive oxygen species 

secondary to inertial cavitation, mechanical shear stress, and 

thermal effects, and other mechanisms related to the differ-

ent ultrasound devices used.2 In this study, the temperature 

of the cell medium did not increase, which excludes any 

thermal effects (data not shown). Further, ultrasound alone 

did not induce significant cell death, excluding any potential 

effects of mechanical shear stress. Therefore, we focused on 

the mechanisms of production of reactive oxygen species. As 

a photosensitizer, PpIX could produce singlet oxygen when 

acquiring energy from light irradiation.26 However, the role 

of singlet oxygen production in SDT is still not well defined. 

As shown in Figure 4A and B, generation of reactive oxygen 

species in cells treated by ultrasound alone was partially aug-

mented, and this augmentation was greatly enhanced by addi-

tion of PpIX. Coincubation with NaN
3
 significantly attenuated 

the generation of reactive oxygen species, indicating that 

PpIX-SDT produced singlet oxygen in macrophages.

Reactive oxygen species play an important roles 

in physiological and pathological functioning in cells. 

Excessive intracellular production of singlet oxygen can dam-

age several types of biomacromolecules, including proteins, 

lipids, and DNA.27 Cytoskeletal proteins consist mainly of 

microfilaments, microtubules, and intermediate filaments. 

Their cleavage happens early during apoptosis.28 The deleteri-

ous effects of SDT on the cytoskeleton have been documented 

on a number of studies.8,29 In the present study, disruption of 

actin filaments was observed in the ultrasound-treated cells, 

and this disruption was more significant in the PpIX-SDT-

treated cells (Figure 5). These findings are consistent with 

the results of reactive oxygen species and apoptosis assays, 

suggesting that singlet oxygen contributes to the disorganized 

actin filament, which is one of the causes of cell apoptosis 

induced by PpIX-SDT (Figure 6). The precise mechanism by 

which singlet oxygen is linked to these cytoskeletal events 

remains to be investigated.

Several studies have reported that removal of mac-

rophages from atherosclerotic plaques could attenuate inflam-

mation and subsequent plaque progression.24,30,31 PpIX-SDT 

induces apoptosis of macrophages, suggesting a useful and 

promising treatment for atherosclerosis. However, given that 

the role of macrophages in the disease process is complicated, 

further investigations of PpIX-SDT in animal models of 

atherosclerosis should be performed.

Conclusion
In this study, we identified accumulation of PpIX in mac-

rophages in vitro, and confirmed that optimization of PpIX-

SDT could exert cytotoxicity on macrophages by selectively 

inducing apoptosis with minimal necrosis. Excessive intracel-

lular singlet oxygen production and subsequent disruption of 

the cytoskeleton were mainly responsible for the cytotoxicity. 

Our results indicate that, with further proper optimization of 

Ultrasound

Macrophage

Apoptosis

Excited state

Actin
filaments

Protoporphyrin IX Disruption

Ground state
1O2

O2

Figure 6 Schematic summary illustrating the proapoptotic effect of PpIX-SDT on macrophages. Ultrasound activates PpIX in macrophages, resulting in excessive production 
of intracellular singlet oxygen and subsequent disruption of actin filaments, which initiates cell apoptosis. 
Abbreviations: 1O2, singlet oxygen; O2, oxygen; PpIX, protoporphyrin IX; SDT, sonodynamic therapy.
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the treatment parameters, PpIX-SDT could be useful in the 

treatment of atherosclerosis.
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