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Abstract

Background: Protoporphyrin IX (PpIX) and its derivatives are widely used in photodynamic
therapy (PDT) to kill cancer cells. Studies showed that the application of these drugs could
cause systemic toxic effects in human. However, the molecular pathways involved in PpIX-
induced cytotoxicity are not well-defined. Macrophages represent the primary system for
protecting tissues from toxicants and initiating the resolution of inflammation. Thus, this study
aims to investigate the toxicity of PpIX on macrophages and provide strategies to prevent
the toxic effects. Methods: THP-1 macrophages were incubated with PpIX and cell death was
measured by MTT assay and Annexin V-PI staining. Intracellular reactive oxygen species (ROS)
were evaluated by 2', 7'-Dichlorodihydrofluorescin diacetate (DCFH-DA) and MitoSOX® Red
staining and mitochondrial membrane potential (AWm) was detected by tetramethylrhodamine
methyl ester (TMRM) staining. Mitogen-activated protein (MAP) kinase activation was
assayed by western blotting. Mitochondrial permeability transition pore (mPTP) opening
was measured by calcein loading/Co? quenching technique and evaluating the release of
mitochondrial content. Results: PpIX reduced cell viability in a dose- and time-dependent
manner. The cell death was characterized by increasing PI-positive cells, ATP depletion, LDH
releasing and rapid AWm loss favoring necrotic features. In addition, PpIX successively induced
ROS production, c-Jun N-terminal protein kinase (JNK) activation and mPTP opening. ROS
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scavengers, N-acetylcysteine (NAC) and deferoxamine (DFX), JNK inhibitor, SP600125, and
mPTP inhibitor, cyclosporin A (CsA), all significantly rescued this cell death. Furthermore, mPTP
opening was directly regulated by ROS/JNK pathway. Conclusion: PpIX induces a necrotic cell
death in THP-1 macrophages through ROS production, JNK activation, and mPTP opening. It
is tempting to speculate that blocking the pathways involved in the cytotoxic effects of PpIX

will alleviate its side effects. Copyright © 2014 5. Karger AG, Basel

Introduction

ProtoporphyrinIX,aheme precursor,binds tomitochondrial translocator protein (TSPO)
and is transported to mitochondria to participate in heme metabolism [1]. Application of
porphyrin derivatives causes massive porphyrins accumulation in cancer cells [2]. Because of
this character, PpIX and its derivatives are now applied extensively in photodynamic therapy
(PDT) and sonodynamic therapy (SDT) to enhance light- and ultrasound-induced cytotoxicity
[3, 4]. It has been reported that, after intravenous administration of porphyrin derivatives,
the maximum serum concentration would reach 40 pg/ml in patients and it could cause
systemic toxic effects such as anemia, liver function abnormality, gastrointestinal toxicities,
cardiac disorders and et al. [5-7]. Moreover, patients with erythrohepatic protoporphyria
or siderblastic anemia who have excessive PpIX accumulation have similar symptoms [8].
Consistent with these, studies in vitro have indicated that PpIX could induce cell death. For
instance, in sarcoma 180 cells, PpIX caused cell death with characteristics of apoptosis [9].
PpIX can interact with p53 protein and induce human colon cancer cell apoptosis in both
p53-dependent and -independent manners [10]. It was also demonstrated that PpIX could
directly cause human osteoblast-like cell necrosis [11]. However, despite the reported PpIX
toxicity to cells, the detailed mechanisms are still not clear.

Cells die primarily by apoptosis or necrosis [12]. Apoptosis is an ordered and regulated
process, yielding the characteristic morphological features of DNA fragmentation, plasma
membrane blebbing, and the formation of apoptotic bodies. In contrast, necrosis has
traditionally been regarded as a passive and unregulated form of cell death occurring in
response to toxicants and physical injury with morphology of extensive mitochondrial
swelling, cytoplasmic vacuolation, and loss of plasma membrane integrity. Nevertheless,
studies over the past decade have demonstrated that a significant portion of necrotic cell
death also involve elaborate molecular circuitry [13].

Reactive oxygen species (ROS) refers to a group of oxygen centered free radicals
such as superoxide anion, hydroxyl radicals and hydrogen peroxide [14]. It is known that
the disturbed cell redox status and/or impaired antioxidant defense systems induces a
cellular oxidative stress, leading to various biological consequences, including apoptotic or
necrotic cell death [15, 16]. c-Jun N-terminal protein kinase (JNK), an important member
of the mitogen-activated protein (MAP) kinase family, is closely associated with oxidative
stress-mediated cell death [17]. The involvement of JNK in apoptosis has been widely
studied. Recently, the role of JNK activation in necrosis is also highlighted. It was reported
that excessive ROS production could lead to sustained JNK activation by inhibiting MAP
kinase phosphatases in TNF-a-induced necrosis [18]. Also, JNK promotes poly(ADP-ribose)
polymerase-1 (PARP-1) over-activation in H,0,-induced mouse embryonic fibroblasts
necrosis [19].

Mitochondria appear to play a central role in the induction of cell death [20]. The critical
mitochondrial event in necrosis is the opening of the mitochondrial permeability transition
pore (mPTP) in the inner membrane [21]. mPTP is primarily composed of the adenine
nucleotide transporter (ANT), cyclophilin D (CypD), and voltage-dependent anion channel
(VDAC). Opening of the mPTP causes massive inflow of water into the solute-rich matrix,
mitochondrial swelling, dissipation of the mitochondrial membrane potential (AWm) and
ATP depletion. Recently, it has been documented that BNIP3, Bax and p53 could modulate
mPTP opening in primary necrosis [22-24].
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Tothebestof our knowledge, the toxicity of PpIX on macrophages as well as the cell death
signaling pathway is not reported yet. As critical cellular components of nonspecific host
defense, macrophages represent the primary system for protecting tissues from toxicants,
initiating inflammation resolution and wound healing [25]. The survival of macrophages
is closely related to the alleviation and aggravation of PplX-induced side effects. Thus, in
this study, the toxicity of PpIX on human THP-1 macrophages is investigated. We address
the questions which type of cell death is PpIX induced in macrophages and what are the
molecular events involved in the cell death. Here, we report that PpIX induces a necrotic cell
death in human THP-1 macrophages through the following processes: ROS production, J]NK
activation, mPTP opening, and subsequently mitochondrial dysfunction.

Materials and Methods

Chemicals

Protoporphyrin IX (PpIX), phorbol-12-myristate-13-acetate (PMA), staurosporine (Sts), cyclosporin
A (CsA), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), N-acetylcysteine (NAC), and
cobalt chloride (CoCl,) were purchased from Sigma Chemical Company (St Louis, MO, USA). Deferoxamine
(DFX), Ac-DEVD-CHO, z-VAD-fmk, SP600125, SB203580, U0126 were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). All fluorescent dyes, including Hoechst 33342, tetramethylrhodamine
methyl ester (TMRM), MitoSOX® Red, 2’, 7’-Dichlorodihydrofluorescin diacetate (DCFH-DA) and calcein-
AM were from Molecular Probes (Invitrogen, CA, USA). All products for cell culture were purchased from
Hyclone Laboratories, Inc. (HyClone, Logan, UT, USA).

Cell Culture and In Vitro Experimental Protocols

Human THP-1 cells (ATCC, Rockefeller, MD, USA) were cultured in RPMI 1640 medium containing
10% fetal bovine serum (FBS) with 20 pg/ml penicillin and 20 ug/ml streptomycin at 37°C and 5% CO,.
Before experiments, THP-1 cells were treated with 10 ng/ml PMA to differentiate into macrophages for
48 h. PpIX was dissolved in 10 mM NaOH and stored at 4°C in dark. Significant pH change in cell culture
medium as well as cell death was not detected after adding 10 mM NaOH (final concentration 1%). For
analysis of cellular toxicity, cells were incubated with PpIX for indicated time at 37°C in a CO, incubator in
the dark protected from light irradiation. Chemical agents such as NAC, DFX (dissolved in PBS), SB203580,
SP600125,U00126 and CsA (dissolved in DMSO, less than 0.1%) were added 1 h before stimulated with PpIX.

Cell survival by MTT assay

Effect of PpIX on cell viability was determined by MTT assay. Macrophages (1 x 10%/well) in 96-
well plate were exposed to PpIX (5-20 pM) in RMPI 1640 medium for indicated time. 20 pl of MTT (final
concentration: 0.5 mg/ml) was added to each well till the completion time and the cells were further
incubated for 4 h at 37°C. Afterwards, the culture medium was replaced with 200 pl DMSO and the
absorbance was measured at 490 nm in a microplate reader (Biotek ELx800).

Sub-cellular localization of PpIX

After incubation of PpIX (10 uM) for 2 h, cells were co-stained with 10 nM Mito-Tracker Green
(Beyotime, Jiangsu, China). Cells were washed twice with PBS and then observed for the sub-cellular
localization of PpIX under an Olympus FV500 inverted confocal laser microscope. Fluorescence images
were taken at the emission wavelength of 630 nm for PpIX and 520 nm for Mito-Tracker Green.

Measurement of cell death by Annexin V-FITC and PI staining
Cell death was determined by staining cells with Annexin V-FITC and counterstaining with propidium
iodide (PI). Annexin V-FITC binds to phosphatidylserine (PS) on the outer leaflet of the plasma membrane
while PI is excluded by cells with intact membranes. PI positivity including both Annexin V-FITC negative
and positive is, therefore, a sign of necrosis, whereas cells positive for Annexin V-FITC, but negative for PI
are generally defined as apoptotic [26]. Briefly, 0.5x10° cells were washed twice with PBS and stained with
5 ul of Annexin V-FITC and 10 pl of PI (BD PharMingen, San Diego, CA, USA) in 1x binding buffer (10 mM

1837

KARGER


http://dx.doi.org/10.1159%2F000366383

Cellular Physiology Cell Physiol Biochem 2014;34:1835-1848

. R DOL 10,1159/000366383 © 2014 S. Karger AG, Basel
and B|0Chem|stry Published online: November 21, 2014 www.karger.com/cpb
Xu et al.: PpIX Induces Necrosis in Macrophages Through ROS/JNK Pathway and mPTP
Opening

HEPES, pH 7.4, 140 mM NaOH, 2.5 mM CaCl,) for 15 min at room temperature in the dark. Analyses were
performed using FACScan flow cytometer (BD Biosciences) and CellQuest analysis software.

Measurement of intracellular and mitochondrial ROS

The determination of intracellular oxidative stress was based on the oxidation of 2’
7’-Dichlorodihydrofluorescin diacetate (DCFH-DA), and mitochondrial ROS production was measured using
MitoSOX® Red, a fluorogenic dye for highly selective detection of superoxide in the mitochondria. Cells were
left untreated or pretreated with NAC, DFX, SP600125, U0126, SB203580 and then stimulated with PpIX in
serum-free RMPI 1640 medium for 1 h. After treatment, macrophages were washed with PBS and incubated
with 10 uM DCFH-DA or 5 pM MitoSOX® Red for 20 min. After loading the dyes, cells were washed two times
with PBS and collected for flow cytometry.

ATP measurement

Intracellular ATP level was determined using a luminescence assay kit (Beyotime, Jiangsu, China)
based on the procedures recommended by the manufacturer. Briefly, THP-1 macrophages were incubated
with PpIX for indicated time. After incubation, cell dishes were immediately put on ice, and cells were
collected and resuspended in cold PBS. About 3 x 10° cells were incubated with freshly prepared ATP assay
mix and ATP releasing reagent, and then detected by Glomax 20/20 luminometer (Progema). The ATP level
was presented as percentage to the untreated control group.

LDH release assay

LDH activity was determined in a colorimetric assay (Roche Applied Science) based on the generation
of NADH by reduction of lactate and NADH-dependent conversion of iodotetrazolium chloride (INT) by
diaphorase. Briefly, cells were seeded at 1 x 10° cells/ml in 96-well plate. After indicated treatment, cells
were pelleted by centrifugation at 300 x g for 5 min. Then, 50 pl of supernatant were mixed with 50 pul PBS
and 100 pl reaction mixture, and incubated for 30 min at room temperature in the dark. The reaction was
stopped with 50 pl of stop solution and the absorbance was recorded at 490 nm using a microplate reader.
To assess maximal LDH activity, cells were lysed with 0.1% Triton X-100 and processed as described above.
To measure basal levels of LDH release, 50 pl of supernatant from cells cultured with medium only were
used. The percentage of LDH release was calculated as follows: (LDH release from treated cells minus basal
release) divided by (maximal LDH release minus basal release).

Measurement of mitochondrial membrane potential

Mitochondrial membrane potential (AWYm) was measured using a cationic fluorescent dye
tetramethylrhodamine methyl ester (TMRM). TMRM is widely used to assess the changes in AWm and
mitochondrial permeability transition. TMRM is readily sequestered by healthy mitochondria, but its
fluorescence is rapidly lost when AWm is dissipated. After designated treatment, cells were incubated with
100 nM TMRM for 20 min, and were then washed two times with PBS and collected for flow cytometry.

Transmission electron microscopy

Cells were washed in PBS and fixed for 30 min with 2.5 % glutaraldehyde in 0.1 M phosphate buffer
(pH 7.2). Samples were placed in 1% osmium tetroxide and dehydrated in a graded series of ethyl alcohol,
finishing with isoamyl acetate. Samples were microsectioned into ultra-thin sections, stained with uranyl
acetate and lead citrate and then examined under a transmission electron microscope (JEM-1220, Japan).

Preparation of Subcellular Fractions

Freshly harvested human THP-1 macrophages were used to determine the relative distribution of
cytochrome c and apoptosis inducing-factor (AIF) in the cytosol and mitochondria prepared by differential
centrifugation. After designated treatment, cells were washed twice with 1 x PBS and were resuspended in
10 mM KCl, 5 mM MgCl,, 1 mM EDTA, 1 mM EGTA, 250 mM sucrose, 20 mM Hepes (pH 7.2), 0.025 % (wt/
vol) digitonin, and protease inhibitors. After 10 min incubation on ice and homogenized, cell debris and
nuclear fractions were removed by centrifugation at 800 x g for 5 min at 4°C. The supernatant fraction was
then subjected to centrifugation at 14,000 x g for 20 min at 4°C, and the supernatant containing the cytosol
was stored. The pellet was lysed with 1 % (vol/vol) TritonX-100 in PBS for 1 h at 4°C.
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Western blotting

After designated treatment, cells were lysed in RIPA buffer. The protein concentration was determined
with a BCA kit (Beyotime, Jiangsu, China) according to the manufacturer’s instructions. For western
blot analysis, 20 - 50 pg denatured protein was separated on SDS-PAGE gels and transferred to PVDF
membranes. The membranes were blocked with 5% skim milk in TBS for 1 h at room temperature on a
shaking table. Then the membranes were incubated with diluted primary antibodies in TBS containing 5%
BSA and 0.1% Tween-20 at 4°C overnight. The membranes were washed 3 times with TBST (TBS containing
0.5% Tween-20) for 10 min each wash, followed by re-probing with HRP-conjugated secondary antibodies
at room temperature for 1 h. Membranes were washed again 3 times with TBST for 10 min before detected
using a ChemiDoc MP imaging system (Bio-Rad) and analyzed with Image Lab software (version 4.1, Bio-
Rad).

The antibody sources and dilutions used are as follows: antibodies against cytochrome ¢ (1:1000),
p38 (1:1000), p-p38 (1:1000), JNK (1:1000), p-JNK (1:1000), ERK (1:1000), p-ERK (1:1000), cleaved-
caspase3 (1:1000), cleaved-caspase9 (1:1000), cleaved-PARP (1:1000) were purchased from Cell Signaling
Technology (Danvers, MA, USA). Antibodies against 3-actin (1:5000), VDAC1 (1:800), histone (1:1000) were
purchased from Proteintech Group (Wuhan, China). Apoptosis-inducing factor (AIF, 1:500) was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The HRP-conjugated secondary mouse, rabbit and
goat antibodies (1:5000) were purchased from ZhongShan Company (Beijing, China).

Assessment of mPTP Opening by Calcein Loading/Co2+ Quenching

The activation of mPTP, a multi-protein channel in the inner membrane, was monitored directly
in intact cells using a well-characterized calcein-AM loading /Co%* quenching technique by confocal
microscopy [27]. Cells were loaded with 1 uM calcein-AM in the dark at 37°C for 15 min, in the presence of 5
mM cobalt chloride (CoCl,) to quench the cytoplasmic and nuclear signals. This method allows for selective
loading of calcein (~622 Da) in mitochondria with closed mPTP in living cells. After indicated treatment,
cells were washed two times with Hanks’ balanced salt solution-10 mM HEPES (pH 7.2) before imaging on
an Olympus FV500 inverted confocal laser microscope.

Statistical analysis

Quantitative data were reported as the mean + SEM from at least three independent experiments.
Statistical analyses were performed using SAS9.1 (SAS Institute Inc., Cary, NC). The difference between
groups was determined by one-way analysis of variance (ANOVA) followed by the Bonferroni post hoc test
when appropriate. Probabilities of 0.05 or less were considered to be statistically significant (2-tailed).

Results

Cytotoxicity induced by PpIX on macrophages

To test the effects of PpIX on cell viability, THP-1 macrophages were exposed to different
doses of PpIX for 12 h. The cell viability was ascertained by MTT assay. As shown in Fig.
1A, PpIX significantly reduced cell viability from 5 pM (79.42 + 4.19%) to 20 uM (46.75
+ 3.47%). Then cells were incubated with 10 puM PplIX for indicated times in Fig. 1B. PpIX
exposure for 6 h reduced cell viability to 83.52 + 4.69% and further to 30.80 +4.24% for 48
h. Moreover, the features of cell death were observed under microscopy in Fig. 1C, including
cell volume increasing, plasma membrane disintegration, cytoplasm content release and
nuclei aggregation. The sub-cellular distribution of PpIX after 2 h incubation showed that the
PplX red fluorescence was partially corresponded with the Mito-Tracker Green fluorescence
in Fig. 1D.

Necrosis induced by PplX in macrophages

To investigate the type of cell death induced by PplX, cell death was quantified by
staining cells with Annexin V-FITC/PI. PpIX exposure induced cell death with an early loss
of membrane integrity as Pl-positive cells increased to 37.53 + 4.01% as early as 3 h and to
84.87 + 4.83% for up to 12 h (Fig. 2A). The Annexin V-positive/PIl-negative cells were rarely
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Fig. 2. Caspase-independent cell death induced by PpIX. (A) Cells were incubated with PpIX (10 puM) for
indicated time and assayed for phosphatidyl serine externalization and propidium iodide (PI) permeabi-
lity by flow cytometry. (B) Cells were incubated with PpIX (10 uM) for 6 h. Staurosporine (STS, 1 uM) was
used as a positive control for apoptosis. Whole cell extracts were western blotted for cleaved-caspase3,
cleaved-caspase9 and cleaved-PARP with (-actin working as loading control. (C) Cells were pretreated with
broad-spectrum caspase inhibitor z-VAD-fmk (20 pM) and caspase-3 specific inhibitor Ac-DEVD-CHO (10
uM) before stimulated with PpIX (10 pM) and examined for PI positive cells.

detected. Mild caspase-9 and caspase-3 activation as well as PARP cleavage were observed
in PplX-treated cells compared with staurosporine-treated cells (Fig. 2B). Furthermore, the
caspase inhibitors, z-VAD-fmk (broad spectrum inhibitor) and Ac-DEVD-CHO (caspase-3
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specific inhibitor) failed to prevent PpIX-induced cell death (Fig. 2C). These data show that
apoptosisis unlikely the major form of cell death induced by PpIX. Concomitantly, cellular ATP
depletion as well as the release of LDH was observed as early as 4 h (Fig. 3A and 3B) which
indicate mitochondria dysfunction was involved in PpIX-induced nonapoptotic cell death. We
then found that the loss of AWm occurred within 2 h which preceded the cell death (Fig. 3C).
To determine the fine ultrastructural features of cells after PpIX treatment, we performed
transmission electron microscopy. Compared to the control, treated cells exhibited a necrotic
morphology, including plasma membrane rupture, formation of numerous cytoplasmic
vacuoles and swelling mitochondria in the absence of nuclear condensation (Fig. 3D).

ROS production in PplX-induced cell death

As shown in Fig. 44, significant ROS generation was detected 1 h after PpIX exposure
as assayed by DCFH-DA staining. ROS production was blocked by ROS scavenger,
N-acetylcysteine (NAC), and iron chelator, deferoxamine (DFX). Meanwhile, mitochondrial
superoxide production was also markedly increased, and was also blocked by NAC and
DFX(Fig. 4B). We further found that cells pretreated with NAC and DFX were protected from
the necrotic cell death induced by PpIX (Fig. 4C). To determine whether ROS acted as an
upstream of mitochondrial dysfunction, we measured AWm in the absence or presence of
antioxidant agents. As shown in Fig. 4D, NAC and DFX significantly abrogated PpIX-induced
AWm collapse.
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Fig. 4. ROS induction by PpIX stimulation. (A, B) Cells were left untreated or treated with N-acetylcysteine
(NAC, 10 mM) or deferoxamine (DFX, 2 mM) for 2 h and stimulated further for 1 h with PpIX (10 uM). Intra-
cellular ROS production and mitochondrial superoxide generation were evaluated by flow cytometry using
10 uM 2’, 7’-Dichlorodihydrofluorescin diacetate (DCFH-DA) and 5 pM MitoSOX® Red. (C) Cells were pretre-
ated as in (A, B) and stimulated for 6 h with PpIX (10 uM). The percentage of PI positive cells was quantified.
(D) Cells were treated the same as (C), and AYm was measured with TMRM (100 nM). Data are presented
as the mean = SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 versus the PpIX-treated group.

JNK activation in PplX-induced cell death

As shown in Fig. 5A, stimulation of cells with PpIX resulted in the activation of the
p38 and JNK, but had no dramatic effects on the activation of ERK. The phosphorylation
level of p38 and JNK peaked at 4 h and had a tendency to decrease from 6 to 24 h. The
phosphorylation level of ERK was not altered until 4 h and decreased since 6 h. We then
investigated the relationship between elevated ROS and MAPKs activation. As shown in Fig.
5B, pretreatment of macrophages with NAC and DFX significantly inhibited p38 and JNK
activation. In addition, pretreatment of cells with compounds SP600125, SB203580 and
U0126, pharmacological inhibitors of JNK, p38 and ERK pathways, respectively, did not
block ROS production suggesting that p38 and JNK functions as downstream of ROS (Fig.
5C). We next tested whether these signals were required for PpIX-induced cell death. Results
showed that SP600125, a specific JNK inhibitor, markedly blocked cell death (Fig. 5D),
whereas, SB203580 and U0126 had no effect. Inhibition of JNK by SP600125 also rescued
AWm disruption (Fig. 5E).
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Fig. 5. JNK activation in PpIX-induced cell death. (A) Cells were stimulated with PpIX (10 uM) for indicated
time, and whole cell extracts were western blotted for phospho-p38, phospho-JNK and phospho-ERK as well
as p38, JNK and ERK and {3-actin working as loading controls. The statistical bar graph (right panel) shows
the comparison of phospho-kinase levels that have been normalized to the total kinase levels. Data are pre-
sented as the mean + SEM. *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control group, #P< 0.05 and #*P<
0.01 versus the 4 h group. (B) Cells were left untreated or treated with N-acetylcysteine (NAC, 10 mM) or
deferoxamine (DFX, 2 mM) for 2 h and stimulated further for 4 h with PpIX (10 uM). Whole cell extracts were
western blotted as in panel A. (C) Cells were pretreated with JNK inhibitor SP600125 (20 uM), p38 inhibitor
SB203580 (20 uM), and ERK pathway inhibitor U0126 (20 uM), and then stimulated with PpIX (10 uM) for
2 h and intracellular ROS level was measured. (D) Cells were pretreated as precedingly described, and then
incubated with PpIX (10 uM) for 6 h and cell death were analyzed. (E) Cells were treated as described in
panel D, then, cells were collected and AYm was measured. Data are presented as the mean + SEM. *P < 0.05,
**P < 0.01 and ***P < 0.001 versus the PpIX-treated group.

mPTP opening in PplX-induced cell death

The mitochondrial permeability transition pore (mPTP) has long been known as one
of the main regulators of mitochondria during cell death [28]. Sudden mPTP opening under
oxidative stress leads to mitochondrial matrix swelling, rupture of the outer membrane,
release of intermembrane space proteins and finally necrotic cell death. We reasoned the
question whether the opening of mPTP is the cause of AWm loss and cell death under PpIX
exposure. We assessed the status of mPTP opening by calcein-AM loading / Co?* quenching
technique. As shown in Fig. 6A, control cells displayed distinct punctuate calcein signals in
mitochondria and indicated mPTP in a closed configuration. PpIX stimulation for 6 h showed
massive calcein fluorescence loss in mitochondria indicating mPTP opening. Pretreatment
with CsA, a potent mPTP inhibitor, works by interacting with CypD, the key regulator of
mPTP at the inner mitochondrial membrane, blocked PplIX-induced calcein leakage from
mitochondria. CsA could also effectively block PplX-induced necrotic cell death as well as
AW¥m loss (Fig. 6B and 6C).
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Effects of ROS/JNK pathway on mPTP opening induced by PplX

To determine whether mPTP opening is regulated by ROS/JNK pathway, the mPTP
opening was further evaluated by detecting the changes of mitochondrial intermembrane
space proteins, cytochrome c and AIF. As shown in Fig. 7A, the amount of cytochrome ¢ and
AIF in the mitochondrial fractions decreased after PpIX treatment from 2 to 6 h, meanwhile,
the cytochrome c and AIF levels increased in cytosolic fractions. Thus, PpIX stimulation
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was able to induce nonspecific cytochrome c and AIF release from mitochondria. CsA as
well as NAC and SP600125 all significantly prevented PplX-induced cytochrome c and AIF
release (Fig. 7B). NAC and SP600125 also inhibited the calcein fluorescence leakage from
mitochondria (Fig. 7C). These data support that mPTP opening is regulated by ROS/JNK
pathway.

Discussion

PpIX and its derivatives are widely applied in vivo and in vitro to facilitate the cell killing
effects of light and ultrasound [3, 4]. However, relatively little is known about the toxic effects
of PpIX on cells. In this study, we investigated the mechanisms of PpIX-induced cell death
in THP-1 macrophages. Our results showed that PpIX caused a dose- and time-dependent
macrophage death with morphological features of necrosis including an early plasma
membrane disruption, ATP loss and AWm collapse. In addition, ROS/JNK pathway activation
and subsequent mPTP opening were required for the AWm loss and cell death. Together,
these results indicate that necrotic cell death of macrophages caused by PpIX is dependent
on a highly regulated molecular pathway.

In response to many insults, two distinct but overlapping pathways: apoptosis and
necrosis may exist. Previous studies have demonstrated that both apoptosis and necrosis
could be induced by PpIX [9-11]. In our study, macrophages died with features of early loss
of membrane integrity, intracellular ATP depletion and LDH release to the supernatant
indicating necrosis is the major form of cell death instead of apoptosis. Besides, the necrosis
is primary rather than secondary to apoptosis as less Annexin V (+) /PI (-) cells was observed
and inhibition of caspases did not confer any resistance to this type of cell death. The ability
of a certain agent to directly induce necrosis without the occurring of apoptosis was also
demonstrated with H,0, in different cell lines [19, 29]. Interestingly, mild caspase activation
was found during PplX stimulation. Similarly results were also reported in arsenic trioxide-
induced necrotic cell death in which moderate caspase 3 activation was described as a
following events of the onset of necrosis [30]. It is widely established that apoptosis is an
energy-dependent process. In our study, cellular energy catastrophe caused by rapid AWm
loss might interfere with apoptosome formation and render the cells undergoing a necrotic
fate. Therefore, our present data delineate that caspases are dispensable for induction of
necrosis-like death, which is the dominant form of cell death induced by PpIX.

Here it is important to note that a significant portion of necrosis also occur through
highly regulated mechanisms [31]. A considerable body of evidence has shown that ROS
are main players in the propagation and execution of necrotic cell death [32, 33]. In our
study, intracellular ROS as well as mitochondrial ROS was increased as early as 1 h after PpIX
stimulation, and antioxidant NAC and iron chelator DFX significantly blocked ROS formation
and cell death. This suggested that ROS production is essential in PpIX-induced necrotic cell
death. As mitochondria are the major oxygen-consuming as well as ROS-forming organelles,
PpIXmight suppress the mitochondrial respiratory chain and disrupt the mitochondrial redox
balance leading to excessive mitochondrial ROS [34]. Translocator protein (TSPO) located at
the mitochondrial outer membrane might be the target of PpIX. As an endogenous ligand
of TSPO, over dose of PpIX could bind to TSPO, stimulate TSPO and damage mitochondria
function [35]. Furthermore, superoxide anions have been presumed as the main type of ROS
produced by mitochondria [36]. Even though it is not a strong oxidant, it is the precursor
of H,0, which could lead to enhanced Fenton reactions producing highly reactive hydroxyl
radicals [37]. The protective effects of DFX in our study might be due to the suppression of
ferrous iron mediated Fenton reactions. Corresponding to our results, DFX was also shown
to protect against H,0,-induced necrosis in L929 fibroblasts [38]. Besides, DFX was effective
in rescuing heme-induced necrotic cell death by inhibiting Fenton reactions [39]. Therefore,
the generation of free radicals by the Fenton reactions could be the major form of ROS during
PpIX stimulation. The excessive ROS could directly oxidize critical cellular proteins, lipids
and DNA or activate cell death pathways leading to mitochondrial dysfunction. Considering
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that ROS production is at the early stage of cell death before the occurrence of ATP depletion
and AWm loss, we can surmise ROS production is the initial event and controls PpIX-induced
necrotic cell death.

It has been well established that MAPK pathways are crucial for cellular responses to
stress, especially oxidative stress, and play a critical role in the processes deciding the fate
of cells [18, 40]. Among the MAPK pathways, recent studies have highlighted the importance
of JNK in regulating necrotic cell death [41]. We found that both p38 and JNK were activated
after PpIX stimulation and were downstream of ROS. In addition, ]NK pathway but not
p38 is responsible for PplX-induced cell death as only JNK inhibitor confers protective
effects. The p38 activation is possibly a cell response to oxidative stress but not a cell death
pathway. Similarly, Xu et al. also showed that both JNK and p38 are activated in necrosis
and only JNK pathway is specifically required [42]. Nevertheless, the mechanism by which
JNK influences necrosis remains enigmatic. It has been suggested that JNK-dependent over-
activation of PARP-1 resulting in ATP depletion could lead to necrosis [19]. However, lack
of protective effects of 3-amino benzamide, a specific PARP-1 inhibitor, on PplX-induced
cell death strongly indicates that PARP-1 is not responsible for this type of cell death
(unpublished data). Considering the results that, inhibition of [NK significantly blocked the
AW¥m loss, mitochondria might be the target of [NK. It is reported that JNK controlled the
rapid depolarization of mitochondrial membranes in rotenone-induced H9c2 cells necrosis
[43]. In other context, JNK mitochondrial translocation is responsible for mitochondrial
dysfunction and eventually the necrotic cell death [44]. In our study, JNK might acts as a
crosstalk between ROS production and mitochondrial dysfunction or as a direct death
inducer targeting mitochondria.

Ample lines of evidence has shown that mPTP is the key executor of necrotic cell
death [45, 46]. As demonstrated in our study, PpIX could locate at mitochondria and trigger
mPTP opening as the pretreatment of cells with CsA significantly inhibited AWm loss and
cell death. Therefore, mPTP opening is the key event in PpIX-induced cell death. These data
were consistent with the findings in previous studies, which reported severe mitochondrial
injury in necrosis with mPTP opening [21, 47]. The opening of mPTP has been reported to be
regulated by several proteins, such as p53 and TNFR/RIP1 pathway [24, 42]. We found that
mPTP opening was regulated by ROS/JNK pathway as NAC and SP600125 suppressed mPTP
opening. This could explain why the activated ROS/JNK pathway resulted in mitochondrial
dysfunction. CypD, as a component of mPTP, was reported to regulate Ca*-overload and
interact with p53 in necrosis [46, 48]. The protective effects of CsA were shown to inhibit
mPTP opening by targeting CypD. Thus, it is reasonable to hypothesize that JNK interact with
CypD and regulate mPTP opening under PpIX-stimulation.

In conclusion, our study first reveals that PpIX induces THP-1 macrophages death with
morphological features of necrosis that is largely caspase-independent. This necrotic cell
death is highly regulated by the following processes: ROS production, JNK activation, mPTP
opening and finally mitochondrial dysfunction. Our results provide strategies for alleviating
the adverse reactions in patients receiving porphyrin drugs and give possible explanations
for the molecular signaling pathway in the toxic effects of PpIX. However, more work will be
needed to demonstrate the direct interaction between PpIX and mitochondria and determine
which JNK isoform, JNK1 or JNK2, is required and which part of mPTP is the direct substrate
of JNK in PpIX-induced cell death.
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