
Abstract. Photoactivation of hypericin is known to generate
reactive oxygen species and induce phototoxic effects.
However, modulation of the cellular antioxidant defense would
influence the extent and severity of the photodynamic effects.
We have previously shown that hypericin-mediated photo-
dynamic therapy (PDT) induced a significant reduction of
Glutathione S-transferase activity. In this study, we investigated
the phototoxic effects of hypericin-mediated PDT in naso-
pharyngeal cancer (NPC) in vitro and analyzed the expression
of metallothionein (MT), a family of potential free radical
scavengers. HK1 NPC cells were subjected to PDT treatment
in vitro, and the effects on cell death were analyzed by flow
cytometry (using propidium iodide and Annexin V staining)
and transmission electron microscopy. The expression profile
of MT-1E and MT-2A isoforms (the only functional MT
isoforms expressed in HK1 NPC cells) were determined by
quantitative real-time RT-PCR. The results showed that
hypericin PDT induced necrotic cell death as evidenced by
the absence of a subdiploid peak and decreased Annexin-V
fluorescence. Ultrastructural examination verified the presence
of cell necrosis. There was a significant up-regulation of MT-1E
and MT-2A isoforms six hours following PDT, with an
approximately 50-fold rise in the expression level of MT-1E
and a 15-fold increase of MT-2A. Hence, despite the up-
regulation of MT, cells still succumbed to PDT-induced
necrosis. It appears that the oxidative stress induced by PDT
overwhelmed the antioxidant defense mechanism such as the
alteration of MT levels in tumor cells. 

Introduction

Photodynamic therapy (PDT) is a promising new therapeutic
approach for cancer that has been clinically tested for a
variety of malignancies (1,2). PDT involves the systemic
administration of a tumor-localizing photosensitizer, which
is activated via exposure to light of a specific wavelength
matching its absorption spectrum. The subsequent generation
of reactive oxygen species (ROS) such as singlet oxygen and
oxygen free radicals by photodynamic reaction induces
oxidative cellular damage, leading to direct tumor cell killing
and destruction of tumor tissues. In addition, the tumor cells
are also destroyed indirectly by the vascular damage resulting
from PDT (3).

The potent anti-neoplastic activity of photosensitizers
upon light irradiation has sparked great interest in their
potential medical applications in oncology. In particular,
hypericin, one of the most powerful natural photosensitizers
(4-7) isolated from Hypericum perforatum (St. John's Wort)
(8), has been intensively investigated recently for its use as a
plausible clinical anticancer drug, owing to its ability to
generate a high quantum yield of ROS during photoactivation,
with minimal genotoxicity and systemic toxicity (9). 

The generation of ROS can induce photooxidative stress
and cytotoxicity in PDT-treated cells. However, these photo-
dynamic effects are modulated by cellular antioxidant
defense mechanisms such as the up-regulation of intracellular
enzymes that have free radical scavenging capabilities.
Hypericin-mediated PDT has been reported to affect the
activity of antioxidants in cancer cells. In a recent study, we
demonstrated that photoactivation of hypericin resulted in a
significant reduction of Glutathione S-transferase (GST)
activity in HK1 and CNE-2 nasopharyngeal carcinoma (NPC)
in vitro and in the tumor tissues of the HK1 NPC murine
tumor model as well (10). 

Metallothioneins (MTs) belong to a family of potential free
radical scavengers which have been implicated in carcino-
genesis and chemoresistance. MTs are a group of low molecular
weight (6-7 kDa), cysteine-rich intracellular proteins with a
strong affinity for heavy metals such as cadmium, mercury,
copper and zinc. Since MTs are protein thiols with
exceptionally high cysteinyl sulfur content, they have the
ability to capture hydroxyl radicals (11). This antioxidant
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property of MTs may be advantageous to tumor cells in their
resistance to chemotherapy and radiotherapy (12,13) and
presents a major obstacle to the successful eradication and
management of various cancers such as nasopharyngeal
cancer (NPC). Although there are at least ten known
functional MT isoforms, only MT-1E and MT-2A are found
in well-differentiated HK1 NPC cells (14). Hence, in the
present study, we investigated the phototoxic effects of
hypericin-mediated PDT in vitro and further evaluated its
effect on the expression profile of MT-1E and MT-2A
isoforms in HK1 NPC cells.

Materials and methods

Preparation of hypericin. A stock solution of hypericin
(Molecular Probes, Eugene, OR, USA) was prepared in sterile
dimethyl sulfoxide (DMSO) at a concentration of 1 mg/ml
and stored at -20˚C in the dark.

Cell culture. Well-differentiated HK1 NPC cells, established
from a patient diagnosed with recurrent well-differentiated
squamous NPC (15), were grown in RPMI-1640 supplemented
with 10% fetal bovine serum (FBS; Hyclone Logan, UT),
2 mM glutamine, 2 mM sodium pyruvate and 100 unit/ml
penicillin/streptomycin. Cultures were maintained at 37˚C in
a humidified atmosphere of 5% CO2.

PDT treatment of HK1 NPC cells in vitro. HK1 NPC cells
(5x105) were seeded into 6-well plates and incubated overnight
at 37˚C in complete growth media. Subsequently, 0-2 μM
hypericin was added and the cells were incubated for 4 h

under subdued light conditions. Cells were then irradiated in
hypericin-free medium at a dose of 0.5 J/cm2. A bank of
fluorescence tubes (Phillips, type OSRAM L30w11-860,
30W) filtered with red acetate filters (no. 17, Roscolux, Rosco,
CA, USA) was used to produce a wide-band illumination
>585 nm.

Measurement of cellular DNA content with propidium iodide
(PI) staining. HK1 NPC cells were harvested for 4 h following
irradiation and re-suspended in 1 ml PBS containing 1 mg/ml
ribonuclease (type-1A, Sigma) and 50 μg/ml PI (Sigma).
Cells were kept on ice in the dark and the fluorescence was
measured on a linear scale using a FACScan flow cytometer
(Becton Dickinson, Mountain View, CA) equipped with an
exciting laser line at 488 nm and a 575±15-nm band-pass
filter. A minimum of 10,000 events were collected for each
sample and the data was analyzed using CellQuest software
(Becton Dickinson).

Measurement of phosphatidylserine (PS) expression using
fluorescein isothiocyanate (FITC)-labeled Annexin V. HK1
NPC cells collected 4 h after light treatment were analyzed
for Annexin V binding and PI uptake by flow cytometry, using
the ApoAlert™ Annexin V-FITC apoptosis kit (Clontech,
Palo Alto, CA), according to the manufacturer's instructions.
The cells were re-suspended in 200 μl of binding buffer
(provided in the kit) and 5 μl of the Annexin V stock solution
and 10 μl of PI stock solution were then added to the cell
suspension for a final concentration of 1 μg/ml. After 10 min
of incubation in the dark, cells were immediately analyzed
with the FACScan flow cytometer. The FITC-Annexin V and
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Figure 1. Hypericin-PDT induced cell death in HK1 cells analyzed by PI staining using flow cytometry. HK1 cells were incubated with 0-1 μM hypericin for
4 h followed by light irradiation of 0.5 J/cm2. Cell death was analyzed 4 h post PDT. Cells were stained with PI for DNA content analysis. Representative
plots are shown: (a) untreated cells; (b) hypericin, 0.25 μM; (c) hypericin, 0.5 μM; and (d) hypericin, 1 μM.
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PI fluorescence were collected on a log scale through a
530±20- and 575±15-nm band-pass filter respectively. 

Transmission electron microscopy. Following PDT treatment,
HK1 NPC cells grown in a chambered coverglass (Lab-Tek,
IL, USA) were fixed with 2% paraformaldehyde and 3%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min,
followed by osmication in 1% osmium tetroxide. Specimens
were subsequently dehydrated and infiltrated with increasing
strengths of araldite/acetone mixtures and the slides were
then placed in a 60˚C oven for 24 h to allow polymerization
to take place. Ultra-thin sections were cut using the ultra-
microtome and mounted on a formvar-coated grid, followed
by double staining with lead citrate and uranyl acetate before
examination under a Philips CM 120 transmission electron
microscope.

Quantitative real-time polymerase chain reaction (PCR). At
selected time intervals, HK1 cells and tumor tissues were
harvested for the extraction of total RNA with an RNeasy

mini kit (Qiagen), according to the manufacturer's protocol.
Real-time PCR was performed with the Light Cycler system
(Roche), using the QuantiTect SYBR-Green PCR kit
(Qiagen). Complementary DNA (cDNA) synthesized from
2 μg of DNA-free total RNA was used at a final dilution ratio
of 1:10 as the template for RT-PCR analysis. The primers
used for the detection of MT-1E and MT-2A isoforms, adapted
from Middidodi et al (16), are shown in Table I and the
housekeeping gene was ß-actin.

Statistical analyses. The Graphpad Prism statistical package
was used for statistical analysis. One-way ANOVA with a
post hoc Tukey test was used to compare variables. P<0.05
was considered to be statistically significant.

Results

PDT treatment induced necrosis in HK1 cells. As shown in
Fig. 1, no subdiploid peak was detected in HK1 cells after
hypericin incubation followed by light irradiation, indicating
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Figure 2. Hypericin-PDT induced cell death in HK1 cells analyzed by Annexin V staining using flow cytometry. HK1 cells were incubated with 0-1 μM
hypericin for 4 h followed by light irradiation of 0.5 J/cm2. Cell death was analyzed 4 h post PDT. Cells were stained with Annexin V to assess PS
externalization. Numbers represent relative fluorescence of Annexin V. Representative plots are shown: (a) untreated cells; (b) hypericin, 0.25 μM;
(c) hypericin, 0.5 μM; and (d) hypericin, 1 μM.

Table I. Primers for real-time PCR.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene Primer sequences Product size
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MT-1E Forward 5' GCTTGTTCGTCTCACTGGTG 3' 284 bp

Reverse 5' CAGGTTGTGCAGGTTGTTCTA 3'

MT-2A Forward 5' CCGACTCTAGCCGCCTCTT 3' 259 bp
Reverse 5' GTGGAAGTCGCGTTCTTTACA 3'

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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the absence of apoptosis. The fluorescence of Annexin-V was
observed to decrease, probably as a result of the loss of integrity
of the cell membrane due to necrosis (Fig. 2). On the other
hand, in cell death induced by apoptotic pathways, plasma
membrane phosphatidylserine (PS), an early marker of
apoptosis, translocates from the inner layer to the outer layer
of the plasma membrane and binds to Annexin V, giving rise
to increased fluorescence. The necrotic mode of cell death
induced by hypericin-mediated PDT in HK1 cells was further
verified by transmission electron microscopy. Ultrastructural
examination revealed vacuolization of cytoplasm without
nuclear change or chromatin condensation (Fig. 3). 

Effect of hypericin on metallothionein expression in HK1
cells. Treatment of HK1 cells with 0.5 μM hypericin induced
a significant change in the expression of both metallothionein
isoforms (P<0.0001; Table II). The ΔΔCT values of MT-1E
and MT-2A after 6 h were statistically significant when
compared to controls (P<0.01). There was a near 50-fold rise
in the expression level of MT-1E while that of MT-2A
increased by 15-fold after 6 h, which subsequently declined
to normal levels by the 25th hour of PDT (Table II). 

Discussion

Hypericin-PDT has been documented for the treatment of
skin cancer and in clinical studies of recurrent mesothelioma
in the past decade (17,18). PDT has also been investigated as
an alternative therapeutic modality in NPC, a biologically
distinct form of head and neck cancer with a multifactorial
etiology, consisting of genetic, viral and environmental factors.
While the use of radiotherapy and chemotherapy in the
treatment of NPC has been associated with systemic toxicity
and a poor 5-year overall survival rate owing to high recurrence
rates, the use of PDT in the palliative management of recurrent
NPC has been encouraging and has been found to improve
the survival rate of NPC patients (19,20). 

Photoactivation of hypericin has been demonstrated to
produce superoxide anion (O2

-) (type I process) and a high
quantum yield of singlet oxygen (1O2) (type II process) (4).
Superoxide anion radicals further initiate the generation of
hydrogen peroxide (H2O2) and hydroxyl (OH-) radicals (4).
Recently, we demonstrated that hypericin-mediated PDT
induced tumor necrosis and lipid peroxidation in the well-
differentiated NPC/HK1 murine tumor model, thereby leading
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Figure 3. Electron micrograph of necrotic HK1 cells. (A) Untreated cell, (B) PDT-treated cell exhibiting cytoplasmic vacuolization. Bar = 5 μm.

Table II. Mean ΔCT and ΔΔCT values of MT-2A and MT-1E isoforms in HK1 cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Sample type MT-2A MT-1E

––––––––––––––––––––––––––––––––––– –––––––––––––––––––––––––––––––––––
Mean ΔCT ± SD Mean ΔΔCT ± SD Mean ΔCT ± SD Mean ΔΔCT ± SD

(n=3) (n=3) (n=3) (n=3)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Control 4.14 ± 0.34 0.00 ± 0.34 4.36 ± 0.62 0.00 ± 0.62
PDT-treated 1 h 4.42 ± 0.33 0.28 ± 0.33 4.79 ± 0.23 0.43 ± 0.23
PDT-treated 4 h 4.47 ± 0.07 0.33 ± 0.07 3.61 ± 0.45 -0.74 ± 0.45
PDT-treated 6 h 0.26 ± 0.32 -3.88 ± 0.32 -1.27 ± 0.47 -5.63 ± 0.47
PDT-treated 25 h 4.52 ± 0.45 0.37 ± 0.45 4.51 ± 0.31 0.15 ± 0.31
P value <0.0001 <0.0001
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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to tumor shrinkage and regression (21,22). In the present study,
we demonstrated that the photoactivation of hypericin
elicited necrosis in HK1 NPC cells in vitro via transmission
electron microscopy and Annexin V staining by flow
cytometry, reaffirming the potent anti-tumor properties of
PDT. In addition, there was a significant up-regulation of both
MT-1E and MT-2A expression following light irradiation in
the hypericin-treated HK1 cells, suggesting a response by the
tumor cells to resist PDT-induced cell death via the increased
production of MT isoforms, which can act as free radical
scavengers. 

MT expression is induced by a variety of stimuli ranging
from metals, hormones, cytokines, inflammation, and stress
(23,24). In humans, heavy metals such as cadmium and zinc
have the ability to induce the expression of all the MT
isoforms, with the specific type of isoform induced, as well
as the rate, extent and duration of MT mRNA transcript
accumulation being dependent on the metal inducer and cell
type involved (25,26). In humans, glucocorticoids can only
induce the expression of MT-2A and MT-1E isoforms, thus
demonstrating the independent regulation of human MT
isoforms (27). There are several lines of evidence suggesting
the critical role of MT isoforms in various aspects of carcino-
genesis, including malignant transformation, treatment
resistance and prognosis of human tumors (28,29). The ability
of MTs to bind heavy metals such as zinc is potentially
advantageous for the growth and survival of tumors (30).
Moreover, the antioxidant or free radical scavenging property
of MTs may be vital to cancerous cells in counteracting ROS
and other cytotoxic agents released by the body's immune cells
during the initial stages of transformation or generated during
therapeutic intervention. Metallothionein has also been found
to exhibit a protective effect during conditions of oxidative
stress, such as radiation-induced DNA damage (31,32).

Increased MT-1 and MT-2 mRNA expression in light-
damaged mouse retina suggests that up-regulation of MT is
an important acute retinal response to photooxidative stress
(33). MT-2A expression has recently been reported to protect
against ROS-mediated cell death in rotenone-treated HeLa
cells (34). The concomitant induction of MT-1E and MT-2A
overexpression at six hours after hypericin-mediated PDT in
HK-1 cells supports the antioxidant role of MT isoforms. To
the best of our knowledge, this is the first study reporting that
PDT increases the expression of MT-1E and MT-2A isoforms.
The up-regulation of MT may pose a major barrier to the
efficacy of PDT treatment. However, it is still unclear as to
why there is a higher increase in the MT-1E isoform
expression compared to that of MT-2A.

In the present study, it was interesting to note that
photoactivation of hypericin triggered necrosis of well-
differentiated HK-1 cells despite the up-regulation of MT-1E
and MT-2A. This finding suggests that the hypericin PDT
treatment administered was able to induce an oxidative stress
which overwhelmed the antioxidant defense mechanism such
as the up-regulation of MT in the tumor cells. Furthermore,
previous studies documenting the effects of hypericin-
mediated PDT on HK-1/NPC tumors in vivo have also
produced promising findings (20,21). Hence, hypericin-
mediated PDT shows great potential as a plausible alternative
therapeutic strategy for nasopharyngeal cancer.
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