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Protoporphyrin IX induces apoptosis in HeLa

cells prior to photodynamic treatment
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Abstract:

Photodynamic therapy (PDT) combining treatment with a light-excited compound and laser light induction, via cellular ROS gene-

ration, kills cancer cells by damaging organelles and impairing metabolic pathways. As the exact mechanisms underlying cancer cell

death due to PDT treatment remain controversial, the influence of photosensitizer itself, protoporphyrin IX (PpIX) on cancer cells

was investigated. The concentration-dependent viability of HeLa cells was estimated after PpIX-treatment. Microscopic analyses re-

vealed that treated cells exhibited apoptosis-like morphology: blebbing, chromatin condensation, nuclear fragmentation, asymmetry

of cellular membrane. These results shed a new light on cancer cell death due to PDT because they showed that PpIX can induce

apoptosis without light excitation.
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Introduction

Photodynamic therapy (PDT) is one of the alternative

methods in tumor treatment. Three components are

required simultaneously: photosensitizer, cellular oxy-

gen and light [1, 8]. In combination, they affect malig-

nant cells selectively and promote cell death via vari-

ous and still unknown mechanisms. Due to the pres-

ence of unsaturated bonds and aromatic rings in the

structure of the most of the commonly used sensitiz-

ers, they can be excited by laser light which induces

reactive oxygen species (ROS) generation (mainly

singlet oxygen form). It is known that ROS formation

leads to numerous alterations in cellular morphology

and physiology and in consequence induces either

apoptosis or necrosis [12, 13]. Molecular mechanism

of cell death due to PDT is not fully recognized. How-

ever, the ratio between apoptotic and necrotic events

in cell population depends on numerous factors, i.e.

the type and the dose of a photosensitizer, intensity of

the laser light, the level of oxygen in tissue, genetic

background of the cancer and type of cells [9, 10, 12,

15]. The type of cell death may also switch from

apoptosis to necrosis with the increased stimulus in-
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tensity [10, 12]. The puzzling issue is the time point at

which the first changes appear in PDT-treated cells.

Some alterations (such as cytochrome c release, cell

blebbing) are visible immediately or just 1–2 h after

light excitation [6, 7, 11, 15]. Due to the above obser-

vations, it seems that photosensitizer might initiate

cell death processes prior to light activation. To exam-

ine this hypothesis, the influence of a commonly used

photosensitizer on HeLa cell death was tested. Proto-

porphyrin IX (PpIX), the substance applied in PDT as

a heme precursor, was chosen. PpIX might be admi-

nistered exogenously or its synthesis might be induced

endogenously by �-aminolevulinic acid (ALA) admi-

nistration [2, 11]. In this paper, it was shown that

PpIX induced apoptosis-dependent death in HeLa

cells.

Materials and Methods

Cell culture and treatment

HeLa cells (human epithelial cervix carcinoma) were

cultivated in minimum Eagle’s medium (MEM) con-

taining 10% fetal bovine serum (GibcoBRL) and 2%

L-glutamine (GibcoBRL) and 1% penicillin G/strep-

tomycin 10,000 units/ml (GibcoBRL) at 37°C in a hu-

midified atmosphere containing 5% CO2. Cells were

seeded at a density of 5 × 105 per well onto 24-well

plate. After 24 h cells were incubated in darkness for

3 h with different concentrations of PpIX (Sigma).

The stock solution of PpIX prepared in 0.5% DMSO

(POCh) in the medium was used. Cells treated with

0.5% DMSO in the medium for 3 h served as control.

The positive control of apoptosis induction contained

cells incubated with 0.1% H2O2 (Sigma) in the me-

dium for 10 min. The contact of cell cultures with

light was limited during all procedures.

Cell survival analysis

HeLa cells were incubated with different concentra-

tions of PpIX for 3 h. After 24 h cell viability was as-

sessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyl-2H-tetrazolium bromide) (Sigma) assay.

Cells were incubated for 2 h with MTT at final con-

centration of 5 mg/ml per well. Then 0.04 M HCl in

isopropanol was added to each well and the crystals

were allowed to dissolve by shaking the plate for 1 h

at room temperature. Absorbance of 100 �l of clear

suspension was measured subsequently in 96-well

plate using Victor2 (Wallac Multilabe CounterTM) with

the excitation wavelength of 570 nm. All measure-

ments were performed in triplicates in at least three

independent experiments.

Phosphatidylserine localization

Twenty four hours after PpIX-treatment of HeLa cells,

the changes in phosphatidylserine localization in cel-

lular membranes were analyzed using Apoptosis De-

tection Kit, Annexin V-CY3 (Sigma) according to

manufacturer’s protocol. The results were analyzed

by fluorescent microscopy (Olympus) under the mag-

nification 400 ×.

Detection of nuclear fragmentation

Twenty four hours after PpIX-treatment, the HeLa

cells were incubated with Hoechst 33342 (Molecular

Probes) at the concentration of 2 �g/ml at 37°C for

20 min. Next, cells were washed once with 1 × PBS

and the morphology of nuclei was visualized under

the microscope (Olympus) using excitation filter

360–370 nm.

Comet assay

The comet assay was performed 24 h after PpIX-

treatment of HeLa cells. The trypsinized and har-

vested cells were centrifuged and suspended at the

concentration of 105/ml in 0.5% low melting point

agarose in 1 × PBS molten at 42°C. A drop (60 �l) of

cell suspension, prepared in this way, was placed on

the microscopic slide covered with 1% normal melt-

ing agarose (NMA) in 1 × PBS. Next, slides were

dried at 4°C and covered with another layer of 1%

NMA in 1 × PBS. Specimens were immersed for 1 h

in lysis solution (0.01 M EDTA, 16.2 mM Tris, 2.5

mM NaCl, 34 mM SDS, Triton X-100, pH = 10) and

then pre-washed for 20 min in alkaline solution (0.3

M NaCl, 1 mM EDTA). Single cell electrophoresis in

horizontal apparatus was run in the same alkaline so-

lution applying voltage 2V/1 cm for 20 min. Next,

slides were neutralized for 3 min in 0.4 M Tris (pH =

7.5) and stained with ethidium bromide (at concentra-

tion of 20 �g/ml, Sigma) in PBS for 10 min at room

temperature. Specimens were rinsed with distilled
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H2O and examined under the fluorescence micro-

scope with the excitation wavelength of approxi-

mately 510–550 nm. All procedures were done at 4°C

temperature to inhibit endogenous damage of DNA

during sample preparation.

Results

Comparable accumulation of PpIX in HeLa cells was

observed both after 3- and 24-h-incubation. Thus, the

3-h-incubation was chosen for further experiments

(data not shown). Dose-dependent effect on HeLa

cells was observed after this treatment (Fig. 1). PpIX

at concentrations from 0.8 up to 20 �g/ml was found

to be cytotoxic to HeLa cells. Additionally, the in-

crease in cell number was found at low PpIX concen-

tration of 0.032 �g/ml. To determine the nature of cell

death due to PpIX-treatment, qualitative tests based

on characteristic morphological features of dying

cells were performed. To limit the number of data

only the results concerning cells treated with 4 �g/ml

of PpIX are shown beneath. However, the same al-

terations were observed at other tested concentrations

(20 to 0.8 �g/ml).

Cells incubated with PpIX changed their morphol-

ogy in comparison with non-treated cells. It has been

expressed in terms of their shapes and attachment to

the plate. The population of cells undergoing apopto-

sis was observed in all experiments (Fig. 2). Their

morphology, like blebbing and cell shrinkage, was

similar to H2O2-treated cells while non-treated cells

retained their normal shapes (data not shown). The

population of cells undergoing both marginal (Fig.

2A) and general (Fig. 2B) blebbing was found. To ob-

serve the changes in cell membranes integrity, trypan

blue exclusion test was used. This analysis revealed

that changes in cell membrane permeability of PpIX-

treated cells occurred slowly. In the first 3 h after in-

cubation no changes in cell membrane permeability

were recorded. The significant changes were visible

just after 24 h (data not shown). To observe alterations

in cell membrane structure, the annexin V assay was

performed 24 h after the incubation with PpIX. PpIX-

as well as H2O2-treated cells revealed cell membrane

asymmetry (Fig. 3). PpIX triggered chromatin con-

densation and fragmentation of nuclei in HeLa cells

(Fig. 4). It was observed that the nuclear chromatin

became pyknotic and accumulated close to the cell

membrane (Fig. 4A). DNA fragmentation was con-

firmed by the comet assay (Fig. 4B). HeLa cells

treated either with PpIX or H2O2 produced ‘tail’ of

comet consisting of low molecular weight DNA. In

comparison, non-treated control cells did not show
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characteristic ‘comet’ image, migrating as an intact

‘head’ corresponding to normal high molecular

weight DNA.

Discussion

It was found that PpIX exerted both cytotoxic and

pro-proliferative effect on HeLa cells prior to the use

of light. Studies published so far suggest that endoge-

nously produced PpIX is a cell-death-inductor only

after illumination [2, 11]. However, there were inves-

tigators who observed some cellular damage without

the use of light but importance of these results was di-

minished. Koningsberger et al. [9] showed that PpIX

at the concentration of 0.5–100 �g/ml inhibited cellu-

lar proliferation in hepatocellular carcinoma cell line

in dark condition. The concentration of 20 �g/ml was

cytotoxic to those cells what is concordant to our re-

sults with the same PpIX concentration. Moreover,

the recent paper of Chu et al. [4] indicated cytotoxic

effect of ALA treatment on the lymphocytes without
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the light excitation. In contrast, ALA hexyl ester did

not induce any cellular changes what suggests that the

type of reaction might be connected to the precursor

or type of the cell line. It seems to be the first paper

which strongly spoke for light-independent mecha-

nisms of cellular death after cell incubation with

known photosensitizers. Our results extend this line

of research. They confirmed that exogenous PpIX

could either inhibit or stimulate proliferation of HeLa

cells. Both pro-proliferative and cytotoxic effects may

be explained by the fact that PpIX is a precursor of

heme which has been reported to control cell prolif-

eration [17] but the nature of these mechanisms needs

further investigation.

The observed characteristic apoptotic morphology

of treated cells is concordant to the present knowledge

about apoptotic features. Cellular membrane blebbing

is an evidence of apoptosis connected with the cell

fragmentation and varies between the subsequent

phases of apoptosis from the few alterations at the

earlier stages to the total blebbing and cell shrinkage

in the latest phase. It has been established that mar-

ginal blebbing is observed at the stage of the cell

which precedes release of cytochrome c from mito-

chondria to cytosol. On the other hand, general bleb-

bing corresponds to the stage when apoptotic cell just

releases cytochrome c [5, 14]. To our knowledge, only

Koningsberger et al. found the cell population with

blebs in hepatocellular carcinoma cells treated with

5 �g/ml PpIX in darkness [9]. Higher membrane per-

meability is a consequence of cell death and impaired

cell membrane structure. Slow character of these

changes suggests apoptosis-like cell death. Yang et al.

observed apoptotic cells with impaired membrane

structure after 6 h, 18 h or 24 h of incubation with

metal-derivatives of protoporphyrin without illumina-

tion. Incubation time used in our work was even

shorter and still apoptosis in treated cells was ob-

served [16]. One of the consequences of apoptosis are

also changes in the nucleus what is considered as rela-

tively late event. Our experiments revealed that PpIX

triggered chromatin condensation as well as fragmen-

tation of nuclei in HeLa cells. The outcomes of comet

assay might be the evidence that single cells’ DNA

underwent also degradation. At present, comet assay

is believed not only to distinguish genotoxic but also

apoptotic changes in DNA [3, 8]. DNA fragmentation

is generally detected in PDT investigations, however,

mainly with the use of TUNEL assays or gel electro-

phoresis. Comet assay gives an image of a single cell

what is a more accurate way of detection of early

changes in cell population. Here, it was found that the

changes occur earlier, prior to light excitation. We

found only one mention in literature that DNA frag-

mentation was observed also in non-photosensitized

controls of PDT. Zaidi et al. admitted that they ob-

served characteristic DNA ladder also in photosen-

sitizer-treated non-illuminated cells but they rejected

those data as an artifact. They used another photosen-

sitizer (phthalocyanine 4) and method (gel electro-

phoresis) but it suggests that not only porphyrins used

in PDT may induce cell death per se [18]. The newest

research pinpoint that comet image was also observed

for endogenously ALA-induced PpIX lymphocytes

without light excitation [4].

Apoptosis induction has been already confirmed

only in cells treated with light during PDT and in one

study where lymphocytes were treated with ALA

without light. Our outcomes suggest that an unexcited

photosensitizer per se can initiate apoptosis in HeLa

cells. These results can be treated as preliminary stud-

ies, thus further investigation of PpIX-mediated cell

death is needed. However, the obtained results bring

attention to controls applied in basic and clinical PDT

research.
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