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Abstract. Background: To improve the poor prognosis of
patients suffering from malignant glioma, hypericin (HYP)based photodynamic therapy might be a promising approach.
Intracellular localization of HYP was investigated by
quantitative colocalization analysis with respect to
endoplasmic reticulum (ER) and Golgi apparatus (GA) by
double staining experiments with fluorescence microscopy.
Materials and Methods: U373 MG glioblastoma cells were
stained with HYP and costainings were applied for specific
organelle markers for ER and GA. Results: In cells doublestained with HYP and ER-Tracker, 57% of HYP signals were
found within the ER and 52% of the ER compartment showed
HYP signals. The colocalization fraction of HYP found in the
GA was 36% and 46% of the GA showed HYP signals.
Conclusion: In glioblastoma cells, a considerable fraction of
HYP is localized in the ER; in addition, a significant amount
of the photosensitizer shows colocalization with the GA.

Currently, standard treatment of glioblastoma is based on
microsurgical tumour resection, radiation and chemotherapy
(1). Overall prognosis of glioblastoma patients remains poor;
therefore, new therapeutical options are necessary.
Photodynamic therapy (PDT) of malignant glioma might be a
promising treatment option in the future. PDT is based on the
administration of a photosensitizer followed by exposure to
light of the appropriate wavelength and the interaction of
excited photosensitizer molecules with molecular oxygen.
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During illumination, reactive oxygen species (ROS) are
generated which react with various biomolecules (e.g. proteins)
inducing necrosis, apoptosis and autophagy (2, 3). Apoptosis,
a fundamental mechanism in PDT, has been investigated at the
morphological and biochemical levels (4). Intracellular
organelles related to apoptosis in PDT are the endoplasmic
reticulum (ER), lysosomes and mitochondria. The predominant
localization of photosensitizers within cells varies significantly
and depends on its physicochemical properties, e.g.
lipophilicity (5-7). Hypericin (HYP), a lipophilic molecule
produced by plants of the Hypericum genus, might be a
promising substance for PDT of malignant glioma due to its
efficient generation of ROS (8). The photodynamic properties
of HYP in human glioblastoma cell lines have been reported
(9, 10). An active transport mechanism for cellular HYP uptake
has also been demonstrated; however, the subcellular
distribution of HYP in glioblastoma cells has not been assessed
(11). For a better understanding of HYP-mediated PDT, it will
be of great importance to investigate the intracellular
localization of HYP in more detail.
The purpose of the present study was to characterize the
intracellular localization of HYP and quantify the colocalization patterns with ER and Golgi apparatus (GA).

Materials and Methods

Cell culture. The human glioblastoma cell line U373 MG (ECACC
No. 890811403) was obtained from the European Collection of Cell
Cultures, Wiltshire, UK. The cell line was cultivated as described
elsewhere (12). U373 MG cells were seeded at a defined density of
150 cells/mm2 on glass slides (Nunc, Wiesbaden, Germany) 24 h
prior to incubation. Golgi apparatus (GA) was stained with Lectin
GS-II from Griffonia simplicifolia conjugated with Alexa Fluor™
488 (Molecular Probes Europe BV, Leiden, The Netherlands) and
was used at a concentration of 0.5 mg/ml for 20 min according to
the manufacturer’s protocol. Endoplasmic reticulum (ER) was
labelled by ER-Tracker™ Green (glibenclamide BODIPY FL
conjugate; Molecular Probes Europe BV), which was applied at a
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Figure 1. Fluorescence microscopic images of U373 MG glioblastoma cells, co-stained with ER-Tracker (2 μM/20 min) and HYP (1 μM/2 h). The
same cells visualized by U-MWBA3 filter (band-pass excitation filter 460-495 nm, band-pass emission filter 510-550 nm) for green fluorescence (ER)
(A). U-MWG2 filter (band pass excitation filter 510-550 nm, long-pass emission filter 590 nm) for red fluorescence (HYP) (B). Superimposition and
quantitative colocalization analysis is shown for a region of interest in (C), (C-I) original image, (C-II) after image processing. Magnification x60,
Olympus BX61 microscope, Hamburg, Germany. (D) Colocalization analysis ER-HYP: 57% ±21% (median±MAD) of HYP signals were found
within the ER and 52% ±15% of the ER compartment showed a HYP signal; n=77.

concentration of 2 μM for 20 min. After staining with one of the
organelle markers, slides were washed twice with phosphate-buffered
saline (PBS). Thereafter, samples were incubated with 1 μM HYP
for 2 h. After washing again with PBS, cells were fixed by 3.7%
paraformaldehyde for 10 min. Double stained ER-HYP and GAHYP slides were covered with DAKO Cytomation fluorescence
mounting medium (Dako, Hamburg, Germany). In all cases, at least
three independent experiments were performed. Cultures incubated
solely with one of the organelle markers served as controls.
Fluorescence microscopy. Fluorescence microscopy was carried out
using an Olympus BX61 microscope (Olympus-Europa GmbH,
Hamburg, Germany) equipped with a PLAPO60X (N.A. 1.4) oil
immersion objective and filter sets for the detection of green
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fluorescence (U-MWBA3; excitation: 460-495 nm, emission: 510550 nm) and red fluorescence (U-MWG2; excitation: 510-550 nm,
emission: >590 nm). Images were obtained using an F-View II
charge-coupled device camera (Olympus Soft Imaging Solutions
GmbH, Münster, Germany). Images of single stained cells were
acquired with both filters to determine possible cross-talks.
Additionally, intensity measurements to determine the specific to
non-specific ratio for the green fluorescence of both organelle
markers and the red fluorescence of HYP were performed. Images
of co-stained cells were analyzed with Cell^ P software (Olympus
Soft Imaging Solutions GmbH). Colocalization was determined
applying a logical AND operation on two binary images derived
from the original images of the green (organelle marker) and red
channel (HYP) by appointing a specific intensity threshold in each
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Figure 2. Fluorescence microscopic images of U373 MG glioblastoma cells, co-stained with Golgi (0.5 mg/ml/20 min) and HYP (1 μM/2 h). Golgi
apparatus was visualized by U-MWBA3 filter (band-pass excitation filter 460-495 nm, band-pass emission filter 510-550 nm) (A), HYP was
visualized by U-MWG2 filter (band-pass excitation filter 510-550 nm, long-pass emission filter 590 nm) (B). Superimposition and quantitative
colocalization analysis performed by software Cell^ P (C); (C-I) original image, (C-II) after image processing. Magnification x60, Olympus BX61
microscope, Hamburg, Germany. (D) Colocalization analysis Golgi-HYP: 36% ±19% (median±MAD) of HYP signals were found within the GA
and 46% ±23% of the GA compartment showed a HYP signal; n=68.

case. The quantitative analysis was calculated from n=77
fluorescence images for HYP-ER and n=68 fluorescence images
for HYP-GA.

Results

Intracellular localization of HYP was investigated in U373
MG glioblastoma for a noncytotoxic incubation
concentration of 1 μM (incubation time 2 h). At the
beginning of three independent experiments, single stained
cells were acquired with both filters to monitor possible
cross-talks. No significant visible cross-talk was observed.
Intensity measurements revealed a specific to non-specific

ratio of 9.8 and 7.3 for green (organelle markers) and red
fluorescence (HYP), respectively. Thus, fluorescence signals
could be determined quite selectively with only minor crosstalk of below 15% in each case.
Micrographs of the U373 MG glioblastoma cells doublestained with HYP and ER Tracker Green are presented in
Figure 1; cells double-stained with HYP and the GA marker
are shown in Figure 2. HYP was mainly localized in the
perinuclear region, irrespective of the applied organelle
marker (Figure 1B / Figure 2B). Only weak fluorescence
intensity was found in the nucleus.
The endoplasmic reticulum was predominantly found in the
perinuclear region and exhibited a broad plane character
2035

ANTICANCER RESEARCH 28: 2033-2038 (2008)

(Figure 1A). In contrast, the Golgi apparatus was found in a
more granular pattern, even more distant from the nucleus
(Figure 2A). Glioblastoma cells double-stained by HYP and
ER-Tracker are given in Figure 1C as a superinposition of
Figures 1A and 1B. Yellow areas correspond to areas of
colocalization of HYP and ER-Tracker. Only weak
fluorescence of HYP was seen in the nucleus. Colocalization
in the cytoplasm with enrichment of both compounds in the
perinuclear region was demonstrated quite nicely, as
predictable from the staining patterns of each compound
(Figure 1A and 1B).
Figure 2C demonstrates the glioblastoma cells doublestained by HYP and the GA marker. Again, yellow areas
correspond to the colocalization fraction of HYP and the
GA. The Golgi apparatus exhibited a granular fluorescence
pattern mainly at the same site of the nucleus where HYP
accumulation occured. For both colocalization experiments,
regions of interest of the fluorescence images used for
quantitative analysis are exemplarily shown prior to
(Figures 1C-I and 2C-I) and after image processing
(Figures1C-II and 2C-II).
In order to increase the significance of the co-staining
experiments, fluorescence images were analyzed quantitatively
and results are depicted in Figures 1D and 2D. In cells doublestained with HYP and ER marker, a median of 57% (±21% ,
median absolute deviation (MAD)) of HYP signals was found
within the ER and 52% ±15% (median±MAD) of the ER
compartment showed HYP signals (Figure 1D). In the
colocalization experiment, the colocalization fraction of HYP
found in the GA was 36% (MAD 19% ), whereas 46%
(MAD 23% ) of the GA coincided with the HYP fluorescence
(Figure 2D).

Discussion

This study aimed at analysing the subcellular distribution of
the lipophilic molecule HYP, a natural compound originating
from plants of the genus Hypericum, in more detail.
Commonly, HYP is found in the plant Hypericum perforatum,
better known as St. John’s wort. HYP, with its high triplet
quantum yield, is a highly effective photosensitizer in
malignant glioma (11). PDT is based on the reaction of
singlet-oxygen with biomolecules. Due to their very short
life-span, the cytotoxic species are only able to diffuse over
short distances (10-20 nm). Considering cell sizes of
approximately 20 μm, it is obvious that the subcellular
localization of the photosensitizer becomes essential as the
site of activity (13). As previously reported by several
authors, HYP is enriched mainly in the perinuclear region,
suggested as the ER (10, 12). To investigate HYP-mediated
PDT in more detail, the intracellular distribution of these
compounds with respect to the ER and GA was elucidated in
a quantitative manner.
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The ER consists of membrane-surrounded tubuli and
cisterns extending from the nucleus into the cytoplasm.
One main function of the ER is the processing and sorting
of proteins. This is done in the so-called rough ER, which
is enriched by ribosomes on the outer membrane, mainly
producing proteins. From the rough ER, the smooth ER is
distinguished. The smooth ER is the major site at which
membrane lipids are synthesized. The GA, consisting of
cisternae and associated vesicules, is in close vicinity to
the ER.
The proteins received from the ER are processed and
sorted in the GA for their further application. Additionally,
the GA has also important functions in lipid metabolism. In
particular, glycolipids and sphingomyelins are synthesized in
this cell organelle. GA and ER are in a close morphological
and dynamic functional relationship, while there is a
continuous cycling between the two cell organelles (14-16).
PDT requires a photosensitizer, light of appropriate
wavelength and molecular oxygen to generate ROS. Oxidative
damage of lipids, proteins and nucleic acids leads to cell death
by several pathways. Apoptosis is a fundamental mechanism
of cell death. Intracellular organelles, e.g. mitochondria,
lysosomes and the ER, are involved in apoptosis. Ca2+
homeostasis and shifts in Ca2+ compartmentalization play an
important role in triggering apoptosis (17). In the case of the
photosenitizer verteprofin, a derivative of benzoporphyrine,
PDT results in the release of Ca2+ from the ER and
mitochondria, which plays a major role in apoptosis (18).
Recently, deregulated ER-Ca2+ homeostasis after HYP-PDT
was reported (19). Based on these data, the present data on
the subcellular distribution of HYP may contribute to a better
understanding of HYP-mediated PDT.
Golgi apparatus has important functions in lipid
metabolism. Therefore, a high affinity of HYP, a lipophilic
compound, to the GA was supposed and investigated. To date,
only minor endeavour has been made to investigate the
relation between damage of the GA and PDT, particularly in
the case of HYP-mediated PDT. Subcellular localization as
well as mechanisms of PDT varies for different
photosensitizers. HPD (Photofrin™), a first-generation
photosensitizer composed of a complex mixture of
porphyrins, was first applied by Lipson and Schwarz in 1960.
Mitochondrial localization was demonstrated in radiationinduced double-labelled fibrosarcoma tumor cells by confocal
fluorescence microscopy (20). The data concerning the
subcellular localization of Photofrin™ differ. Hsieh et al.
demonstrated a very high colocalization of Photofrin™ and
GA complex by selective fluorescence staining with
BODOPY FL C5-ceramide for long incubation times and
plasma membranes after short incubation times (6).
Second-generation sensitizers such as phthalocyanines and
chlorines are typically located in the cytoplasm. More
detailed information about intracellular location exists for
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Foscan™ (meso-tetra(m-hydroxyphenyl)chlorin, m-THPC),
a second-generation photosensitizer. It was localized in ER
and GA as demonstrated by Teiten et al. and Marchal et al.
(21, 22). Teiten et al. evaluated enzymatic activities after
photosensitizing MCF-7 cells (human breast cancer cells)
with Foscan™ and demonstrated that uridine 5’-diphosphate
galactosyl transferase, an enzyme located in the GA, was
inactivated after PDT (21). Marchal et al. demonstrated good
colocalization of m-THPC with the GA after an incubation
time of 3 hours. The authors found only weak correlation to
a mitochondrial marker. In contrast, Yow et al. demonstrated
in the nasopharyngeal carcinoma cell line NPS/HK1 that
most mitochondria were targeted by m-THPC (7). These
authors found a similar intracellular localization pattern with
respect to mitochondria for HPD and m-THPC.
Chiu et al. showed a high release of cytochrome c from
mitochondria by PDT with phthalocyanine 4, suggesting that
the PDT-induced cell death by apoptosis mainly correlates
with the release of cytochrome c from mitochondria (5).
Chen et al. demonstrated the mitochondrion as an important
cell organelle in PDT-mediated apoptosis by merocyanine
540 in murine myeloid leukaemia (JCS) cells by confocal
laser scanning microscopy (23). Lysosomes have been
shown as a potential site of hydrophilic sensitizers in PDT,
e.g. tetraphenylporphyrins, or Nile blue derivatives (24-27).
A modern fluorescence marker (and photosensitizer), well
established in neurosurgery for visualisation of malignant
glioma, is protoporphyrin IX (PP IX). Accumulation of PP
IX in malignant cells occurs after administration of the prodrug 5-aminolevulinic acid (5-ALA) (28), possibly based on
a diminished activity of ferrochelatase, one of the key
enzymes of heme-biosynthesis. Recently, in a fluorescence
microscopic study, Ji et al. revealed that 5-ALA-induced PP
IX was mainly located in mitochondria (29). Similar results
were obtained by investigating subcellular colocalization
analysis of Photofrin™ and PP IX with mitochondriaspecific markers by confocal fluorescence microscopy (20).
The photosensitizer used in the present study was HYP, a
strongly hydrophobic compound. As reported previously by
our group, HYP showed a quite different fluorescence
pattern as compared to lysosomes and mitochondria, stained
by acridine orange and rhodamine 123, respectively (11).
The present study reveals both descriptively and
quantitatively the subcellular distribution of HYP in human
glioma cells by fluorescence microscopy. In order to gain
reliable results, the selection of the appropriate filter sets is
quite crucial. Due to the broad fluorescence emission above
600 nm, the green fluorescence of the organelle marker was
detected with a band-pass emission filter for 510-550 nm.
Thus, a significant reduction of fluorescence cross-talk was
found as compared to a standard filter set (long-pass
emission filter), which improved our results considerably
(data not shown).

In conclusion, the present data suggest that the ER seems
to be an important target of HYP-mediated PDT. In addition,
damage to the GA might also be involved in PDT-induced
cell death; however the colocalization data indicate that its
contribution seems to be of minor importance as compared
to ER damage. These data may lead to a better appreciation
of new approaches of PDT in the therapy of malignant
glioma. For the future it will be of great interest to find
concepts for improving efficacy of HYP-PDT, e.g. by
increasing the photosensitization of malignant cells.
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