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ABSTRACT

St. John’s wort (SJW), an over-the-counter antidepressant,
contains hypericin, which absorbs light in the UV and visible
ranges. In vivo studies have determined that hypericin is
phototoxic to skin and our previous in vitro studies with lens
tissues have determined that it is potentially phototoxic to the
human lens. To determine if hypericin might also be phototoxic
to the human retina, we exposed human retinal pigment epithelial
(hRPE) cells to 1077 to 1075 M hypericin. Fluorescence emission
detected from the cells (Jox = 488 nm; /., = 505 nm) con-
firmed hypericin uptake by human RPE. Neither hypericin
exposure alone nor visible light exposure alone reduced cell
viability. However when irradiated with 0.7 J cm™2 of visible
light (A > 400 nm) there was loss of cell viability as measured
by MTS and lactate dehydrogenase assays. The presence of
hypericin in irradiated hRPE cells significantly changed the
redox equilibrium of glutathione and a decrease in the activity of
glutathione reductase. Increased lipid peroxidation as measured
by the thiobarbituric acid reactive substances assay correlated to
hypericin concentration in hRPE cells and visible light radiation.
Thus, ingested SJW is potentially phototoxic to the retina and
could contribute to retinal or early macular degeneration.

INTRODUCTION

Hypericin is a biologically active component of St. John’s wort
(SJW), an over-the-counter dietary supplement that has
antidepressant properties (1,2). The Hypericum perforatum
extract has also been associated with side effects and interac-
tions with other drugs (3). The usual oral dose of SJW
(1000 mg) produces a mean level of serum hypericin of
43 ng mL™!, which is equivalent to a concentration of
approximately 0.1 uM (4). When ingested or given by intra-
vitreal injection for the photodynamic treatment of retinal
neovascularization, hypericin accumulates in the retina at a
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concentration of 1-100 pM (5). Hypericin is known to be a
very efficient photosensitizer when irradiated with either UV
or visible light (6); both STW and hypericin induce photosen-
sitized erythema in the skin (7,8). The other potential target for
phototoxic damage induced by hypericin is the eye (9).

Visible light (above 400 nm) is transmitted through the
human lens to the retina (10). If this transmitted light interacts
with an accumulated photosensitizer, it can damage both the
human lens and the retina (9). Hypericin is capable of crossing
the blood-retinal barrier (5), and has been shown to induce
apoptosis in retinal pigment epithelial (RPE) (11) and human
lens epithelial cells (12). We have previously determined that
hypericin is taken up by the intact lens (13) and RPE cells (14),
binds to (15) and damages lens proteins (16), and distorts the
transmission of light through the lens (17). We report here a
mechanism for the oxidative damage induced in human retinal
pigment epithelial (hRPE) cells by hypericin in the presence of
visible light.

MATERIALS AND METHODS

Reagents. 1-Chloro-2,4-dinitrobenzene, potassium chromate, potas-
sium iodide and 2-vinylpyridine were purchased from Aldrich (Mil-
waukee, WI); glutathione reductase (GR) from baker’s yeast from
Fluka (Milwaukee, WI); gentamicin and trypsin from GIBCO (Grand
Island, NY); sodium hydroxide and water from J.T. Baker (Phillips-
burg, NJ); hydrochloric acid (~37%), anhydrous sodium carbonate,
and trichloroacetic acid from Mallinckrodt (Paris, KY); and bovine
albumin (fraction V), butylated hydroxytoluene, sterile dimethyl
sulfoxide, 5,5’-dithiobis-(2-nitrobenzoic acid), EDTA, glutathione in
both the reduced and oxidized forms, hypericin, NADPH, sodium
nitrite, 5-sulfosalicylic acid (SSA), 2-thiobarbituric acid, triethanolam-
ine, and Triton X-100 from Sigma (St. Louis, MO). All reagents used
for experiments were at least analytical grade.

Cell cultures. The hRPE cells used in the present study were isolated
from a donor eye (a 62-year-old male, cause of death: trauma) using
the method of Hu ez al. (18). The cells consisted of one cell line of a
pure culture of cells in active growth status. The hRPE cells were
distinguished from neighbor cells by immunocytochemical methods:
hRPE cells displayed S-100 and cytokeratin, whereas uveal melano-
cytes displayed S-100 antigen but not cytokeratin, and fibroblasts
displayed neither of these proteins (19).

The hRPE were cultured in Falcon flasks (75 cm?) with Ham’s
F12 K and DMEM/F-12 (2:1, vol/vol) nutrient mixture supplemented
with 10% fetal bovine serum (FBS), 2 mM L-glutamine and
50 pg mL™' gentamicin. The confluent cells were detached by



0.125% trypsin solution, diluted by a factor of 3.6-13.2, and plated for
subculture. The cells were cultured in 35 mm glass bottom microwell
dishes (MatTek Culturware, Ashland, MA) for confocal microscopy,
96-well plates (Corning Incorporated, Corning, NY) for experiments
where mitochondrial activity and lactate dehydrogenase (LDH)
leakage were measured, and in 10 cm petri dishes (Becton Dickinson
Labware, Franklin Lakes, NJ) before mitochondrial and nuclear DNA
assays, determination of glutathione and thiobarbituric acid reactive
substances (TBARS) concentrations, and measurement of glutathione
S-transferase (GST) and GR activity. Cells were in the 13th—22nd
passage.

Cell incubation with hypericin. Hypericin was dissolved in dimethyl
sulfoxide (DMSO) and diluted with medium to the required concen-
trations immediately before addition to the cell culture. DMSO
concentration was 0.1% in all cell culture plates including control
samples. Cells were incubated in the dark at 37°C in a 5% CO,/95%
air atmosphere in medium without added chromophore (control cells)
or containing 0.1-10 pM hypericin for 1-1" h prior to light exposure.
Cells were resuspended in phosphate-buffered saline (PBS) (pH 7.4,
Ca®>" and Mg®>" free) or with PBS containing 10 mM glucose
(PBS/Gluc).

Light exposure. The hRPE cells were exposed to light directly in the
covered plates in which they were grown. The light source was two cool
white visible light bulbs (Philips F40AX50, 40 W, 5000 K; Advantage
X, Sommerset, NJ), with the light passed through a liquid filter
(aqueous solution of NaNO, [50 g L7, K,CrO4 [0.2 g L] and
Na,CO;5 [1 g L7']) transmitting light of wavelengths longer than
400 nm. The volume of the filter liquid in a 600 mL Falcon flask was
carefully measured to get a vertical path length of exactly 1 cm in the
horizontal position of the flask. Cells were irradiated for 1, 3, 5, and
10 min at a fluence rate of 10.6-12 W m™2, which was monitored with
an YSI-Kettering radiometer (model 65A; YSI, Yellow Springs, OH),
equipped with a visible light photodiode. The maximal visible light
dose was 0.72 J cm™2, which is lower than the daily dose that reaches
the human retina (20). Visible light dosages had no effect on the
viability of the retinal cells. Control samples were kept in the dark
under the same conditions.

Confocal microscopy. Human RPE cells were grown on glass cover
slips that formed the floor of a Teflon microscope chamber. The cells
were incubated in medium containing 0.5 or 1 pM hypericin for 1 h
and were suspended in PBS/Gluc. Accumulation of hypericin in the
RPE cells and the effect of light (/ = 12 W m™) on the cells
preincubated with the chromophore were observed using a Zeiss
inverted confocal laser scanning microscope (Model 510 with multi-
photon capabilities). To acquire images, the chamber containing the
hRPE cells was mounted on the stage of the microscope and viewed
through a 40x water immersion objective (NA 1.2). Excitation was
provided by the 488 nm line of an Ar ion laser. A 505 nm long-pass
emission filter was used. Low laser intensity was used to avoid
photobleaching. With the photomultiplier gain set to give an average
cellular fluorescence intensity of 50 (full scale, 255), hRPE autofluo-
rescence due to endogenous lipofuscin was barely detectable.

Mitochondrial activity and cell membrane damage tests. After
incubation of the cells with hypericin (0.1-10 pM) for 1% h in
medium, they were overlaid by PBS/Gluc and exposed to light. The
buffer was then replaced with the medium and the cells were incubated
in the dark at 37°C in a 5% CO,/95% air atmosphere for 0.5-16 h,
after which the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt) and LDH
assays were carried out. Mitochondrial activity was determined using
MTS (Cell Titer 96® Aqueous Non-Radioactive Cell Proliferation
Assay; Promega Corp., Madison, WI). Membrane damage was
determined by LDH leakage, which was measured using CytoTox
96® Non-Radioactive Cytotoxicity Assay (Promega Corp.).

Mitochondrial and nuclear DNA assays. Directly after visible light
exposure, irradiated cells and their dark controls were scraped out of
plates with a cell lifter, suspended in PBS, and transferred to 15 mL
plastic vials. Samples were centrifuged at 200 g for 5 min at 4°C.
Supernatants were removed and cell precipitates were stored at —70°C
until the assay.

Frozen cell pellets were later thawed and immediately transferred to
2 mL lysis buffer (Genomic-tips kit; Qiagen) supplemented with 4 pL
RNase A (100 mg mL™"; Qiagen) and 100 uL proteinase K
(>600 mAU mL™"; Qiagen). Samples were vortexed for 5s and
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incubated at 50°C for 2 h. Samples were then vortexed again for 10 s
and loaded immediately onto pre-equilibrated Genomic-tip 20/G
(Qiagen) columns. Subsequent purification of genomic DNA was
carried out according to the Genomic-tips (Qiagen) protocol. The
integrity of the extracted DNA was assessed by 1% agarose gel
electrophoresis (30 V, 16 h).

Genomic DNA was quantitated using PicoGreen dye (Molecular
Probes) as described by Santos et al. (21), and 15 ng of each sample
was used as a template for PCR. PCR amplifications were performed
as described by Santos et al. (21). In this assay, damage is detected as a
decrease in amplification of the large genomic regions: lesions in a
damaged template that significantly inhibit the progression of the
polymerase will result in less PCR product, when the PCR is
performed quantitatively. A small mitochondrial target is also ampli-
fied to correct for any variation in mitochondrial genome copy
number. Because the target is very small, the possible presence of
lesions will not have a significant effect on amplification. Damage to
nuclear DNA was measured using primers 48510 and 62007 to amplify
a noncoding region 5" of the B-globin gene (13.75 kb), and damage to
the mitochondrial genome was measured using primers 14841 and 5999
(large target; 8.9 kb) and 14841 and 14620 (small target; 221 bp). PCR
mixtures and cycling conditions were essentially as described in Santos
et al. (21); cycles of amplification were: B-globin, 26 cycles; large
mitochondrial target, 18 cycles; small mitochondrial target, 19 cycles.
PCR products were quantified with PicoGreen dye and a fluorescence
plate reader, and lesion frequency was calculated by application of the
Poisson distribution (22).

Preparation of cell samples for glutathione and TBARS assays. After
about 1’2 h dark incubation, the medium containing hypericin was
removed. The cells in each plate were flushed twice with PBS and
suspended in 5 mL of the buffer. Directly after light exposure, an
aliquot of 325 uL of PBS supernatant was taken from each dish and
transferred to separate tubes that each contained 325 pL of a 5%
solution of SSA. The tube contents were mixed vigorously and
placed on ice for protein precipitation. After 5 min incubation the
samples were centrifuged at 10 000 g for 5 min at 4°C. Two 250 pL
volumes of each supernatant were transferred to separate tubes for
an assay of extracellular total glutathione (GSx) and its oxidized
form (GSSQG), respectively, and placed on dry ice. The remaining
volume of PBS was removed and 0.5 mL HCI (10 mM) was added
to each plate. The cells were scraped out of each plate, transferred
to separate tubes and each was diluted with the HCI solution to
I mL. A 600 pL portion of each cell suspension was transferred to
empty tubes for the TBARS assay (23) and placed on dry ice. The
remaining cell suspensions were sonicated (Ultrasonic Homogenizer
4710 Series; Cole-Parmer Instruments Co., Chicago, IL) for 10 s and
centrifuged at 10 000 g for 5 min at 4°C. Fifty microliters of each
supernatant was transferred to separate empty tubes for a protein
assay and frozen. To prepare samples for intracellular glutathione
determination, 325 pL of each cell supernatant was transferred to
separate tubes that each contained 325 puL of 5% SSA. The samples
were treated in a manner similar to that of the sample assigned for
external glutathione determination. All samples were stored frozen
at —=70°C until further use.

Determination of extracellular and intracellular glutathione. Both
extracellular and intracellular concentrations of GSx and GSSG were
determined using the assay previously described by He et al. (24). The
samples assigned for glutathione determination were thawed. A
200 pL aliquot of each previously prepared cell supernatant was
placed in each of two empty tubes. Similarly, a 200 pL aliquot of each
cell sample was transferred to separate empty tubes. Another 100 pL
of each cell sample was added to 100 pL of a mixture of 5 mM HCI
and 2.5% SSA. All samples were placed on ice. In the meantime
standard solutions of the reduced form of glutathione (GSH) and
GSSG were prepared. Then, 11 pL of 4 M triethanolamine solution
was added to each tube to neutralize pH of the samples and mixed
vigorously. To conjugate GSH, 4 pL of 2-vinylpyridine was added to
each sample that was used for GSSG determination, mixed vigorously,
and incubated at room temperature for 1 h. A 96-well plate was
prepared by pipetting 50 puL of standard or sample per well. Imme-
diately, 100 pL of freshly prepared assay cocktail (12.45 mL of 0.1 M
phosphate buffer [pH 7.5] containing 10 mM EDTA, 0.4 mL of
10 mM NADPH, 0.5 mL of 6 mM 5,5’ -dithiobis-[2-nitrobenzoic acid]
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[DTNB], and 20 U of GR) were added to each well. The plate was
stored in the dark for 15 min and absorbance at 405 nm was measured
in a GENios plate reader (Tecan US SPECTRAFIluor Plus, Research
Triangle Park, NC). The concentration of GSH was calculated as
GSH = GSx — 2:GSSG. The cellular redox state of intracellular
glutathione was expressed as the ratio GSH/GSSG.

TBARS assay. The modified TBARS assay was used for lipid
peroxidation monitoring (25). Samples assigned for the TBARS assay
were thawed. Twenty microliters of 4.4 mM butylated hydroxytoluene
followed by 10.2 uL of 10 M NaOH were added to each cell
suspension. The samples were shaken at 60°C for 30 min. After
cooling down, 170 pL of a mixture of 38% trichloroacetic acid and 2%
KI were added to each sample, which was then mixed and placed on ice
for 10 min. The samples were then centrifuged at 7000 g for 10 min at
4°C. A 350 pL aliquot of each supernatant was transferred to a new
tube containing the same volume of 0.66% 2-thiobarbituric acid. The
samples were mixed and incubated at 95°C for 30 min, then allowed to
cool to room temperature. Absorbance was then registered at 534 nm
(empa = 157 000 M~' cm™) in a Hewlett Packard diode array 8453
spectrophotometer (Hewlett Packard GmbH, Waldbronn, Germany)
using water as a reference.

Preparation of cell samples for determination of glutathione enzyme
activity. After 1% h of dark incubation with 10 uM hypericin,
medium was removed from the plates. The cells in each plate were
washed twice with PBS and 8 mL of the buffer was added. Cells were
then exposed to light or kept in the dark. For immediate analysis
(t = 0) the supernatant was poured off; cells were scraped out
directly after light exposure and suspended in 1 mL of ice-cold 0.1 M
phosphate buffer (pH 7.0) containing 2 mM EDTA. To determine
changes in enzyme activity over time, the PBS buffer used during
irradiation was replaced with 4 mL of medium and cells were
incubated in the dark at 37°C in a 5% CO,/95% air atmosphere for
0.5-4 h. Then after the incubation medium was removed, cells were
washed twice with PBS, scraped out and suspended in the buffer as
described above. Each cell suspension was homogenized using an
Ultrasonic Homogenizer (Cole-Parmer, 4710 series) three times for
10 s each. Then all cell samples were centrifuged at 10 000 g for
15 min at 4°C. The cell supernatants were transferred to empty tubes
and frozen until assay.

Glutathione S-transferase activity determination. The assay was
performed in a 96-well plate. First 150 pL of 0.1 M phosphate buffer
(pH 6.5) containing 0.1% Triton-X was transferred to each well. Then
20 pL of aqueous solution of 10 mM GSH and the same volume of a
cell sample were added. The reaction was initiated by injection of
10 pL of 10 mM 1-chloro-2,4-dinitrobenzene (CDNB) in ethanol to
each well. Absorbance change with time was recorded in the GENios
plate reader at 340 nm. GST activity expressed as the rate constant of
formation of GSH and CDNB product was calculated using
340 = 9600 M~' cm™" and normalized to protein content.

Glutathione reductase activity determination. This assay was also
performed in a 96-well plate. Ninety microliters of 75 mM phosphate
buffer (pH 7.4) containing 1 mM EDTA (buffer-EDTA) was trans-
ferred to each well in the plate. Then 20 pL of 10 mM GSSG in buffer-
EDTA was added, followed by 20 pL of a cell sample, and 50 pL of
10 mM DTNB in buffer-EDTA. The reaction was initiated by addition
of 20 pL of 1 mM NADPH in buffer-EDTA to each well. The change
in absorbance with time was recorded in the GENios plate reader at
415 nm. GR activity expressed as the rate constant of GSH and DTNB
adduct formation was calculated using ess = 13 900 M~' cm™' and
normalized to protein content.

Protein determination. Protein concentration was determined using
bicinchoninic acid, Protein Assay Kit (Pierce, Rockford, IL). The
assays were carried out in 96-well plates. Absorbance of the samples
was measured at 560 nm in the GENios plate reader. Bovine albumin
was used as a standard.

Statistical analysis. Data are presented as average +SD of three to
six experiments.

RESULTS

Confocal microscopy (ex 488 nm/em 505 nm) confirmed the
uptake of hypericin in hRPE cells and its accumulation within
both surface and interior membranes. Hypericin was detected

Figure 1. Hypericin is taken up by human retinal pigment epithelial
(hRPE) cells and localizes predominantly in the Golgi apparatus.
Confocal images of hRPE cells that were preincubated for 1 h in
medium containing 1 pM hypericin and 0.1% DMSO (a, b) or 0.1%
DMSO (c, d), then washed and overlaid with in PBS/Gluc. Images (a)
and (c) show cells observed by transmitted light and (b) and (d) by
fluorescence emission at Ao, = 505 nm (Ao, = 488 nm) from the cells.

mainly in the Golgi apparatus and to some extent in
cytoplasmic vesicles and the nuclear membrane. There was
no evidence of hypericin uptake into the nucleus of the hRPE
cells (Fig. 1).

In control cells not incubated with hypericin, exposure of up
to 10 min of visible light had no effect on cell density or
morphology. A 1-h dark incubation of hRPE cells in the
presence of 1 puM hypericin also had no effect on cell density or
morphology (Fig. 1). The cells remained attached to the plate
and retained their characteristic appearance. There was no
detectable damage to the hRPE cells after a 1-h incubation
with 0.5 uM hypericin (Fig. 2a,b) followed by 1 min exposure
to visible light (Fig. 2c,d). However, a 3-min exposure caused
some morphological changes (Fig. 2e,f) in the hRPE cells and
after 10 min of illumination most cells were round and some
were partially fragmented (Fig. 2g,h). Ten-minute irradiation
of the cells had no effect on fluorescence intensity of hypericin
and the chromophore binding to intracellular structures of
hRPE cells (Fig. 2b,d.f,h).

When hRPE cells were treated with 0.1-10 pM hypericin
and irradiated with visible light for 10 min, there was a dose-
dependent increase in the production of TBARS (Fig. 3),
showing that lipid peroxidation had taken place.

Exposure to 1-10 pM hypericin and irradiation with visible
light for 1-10 min caused a drug and light dose-dependent
LDH leakage from the hRPE cells (Fig. 4).

When the hRPE cells were incubated at the highest
dosages of hypericin (10 uM) and irradiated for 10 min,
LDH leakage from the cells was observed after just 30 min
(Fig. 5) and continued to increase during the 4 h it was
measured. Such increasing leakage indicates severe cell
membrane damage.
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Figure 2. Visible light damages hypericin-exposed hRPE cells. After
incubation in 0.5 uM hypericin, the cells were washed and overlaid
with PBS/Gluc, and exposed to visible light (4 > 400 nm) for: (a, b)
0 min (dark control), (¢, d) 1 min, (e, f) 3 min and (g, h) 10 min at a
fluence rate of 12 W m™ Images (a), (c), (¢) and (g) were recorded in
transmitted light and images (b), (d), (f) and (h) show fluorescence
emission at Ao, = 505 nm (Aex = 488 nm) from the cells.

Cells incubated with hypericin (0.1-10 pM) and irradiated
for 10 min with visible light exhibited significantly decreased
intracellular total glutathione (GSx), as determined immedi-
ately after irradiation (Fig. 6a). Increasing concentrations
of hypericin in the light-exposed cells led to a decrease
in intracellular reduced glutathione (52.7 —25.9 nmol mg™’
protein) (Fig. 6b) with a concomitant increase in its oxidized
form (1.3 — 3.1 nmol mg™! protein) (Fig. 6¢) and decreased
redox status (Fig. 6d). When cells were incubated with
hypericin (0.1-10 uM) in the dark, there was no change in
GSx levels (Fig. 6a).
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Figure 3. Visible light induces production of thiobarbituric acid
reactive substances (TBARS) in hypericin-exposed hRPE cells. The
cells were incubated in medium containing hypericin, washed twice and
overlaid with PBS, exposed to light (A > 400 nm, 7 = 10.8 W m™2)
for 10 min, scraped off directly after irradiation and frozen until the
assay. The TBARS concentration was expressed as malondialdehyde
equivalents and normalized to protein amount in the cells. Results are
the average £ SD of three experiments.
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Figure 4. Visible light enhances cell membrane damage of hRPE cells
containing hypericin as detected by lactate dehydrogenase (LDH)
assay. The cells were incubated in the dark in medium containing
0.1-10 uM hypericin. Then they were washed twice and overlaid with
PBS/Gluc, exposed to light (4 > 400 nm) at a fluence rate of
11.9 W m™2, and the buffer was replaced with medium. The cells were
incubated in the dark at 37°C in a 5% CO,/95% air atmosphere for
16 h before the LDH assay. Percentage cell membrane damage was
normalized to the cells treated in the same way and lysed directly
before the assay. Results are the average + SD of six experiments.

Without hypericin, cells irradiated with visible light for
10 min underwent a slight increase in total glutathione levels
(55.2 nmol mg™" protein). The total glutathione levels in
hRPE cells incubated in medium or suspended in PBS buffer
in the dark were comparable (51.8 nmol mg™! protein), with
approximately 94% in the reduced form (data not shown).

Glutathione S-transferase activity was determined for
hRPE cells incubated with 10 pM hypericin, irradiated for
10 min and measured at time points of 0—4 h. There was no
significant change in the GST activity between the treated and



710 Albert R. Wielgus et al.

701
——o—— Hypericin - light LDH
604 — —e — Hypericin - dark
——o—— Control - light
501 — —= — Control - dark

40

30 1

201

101

Relative cell membrane damage / %

Incubation time after irradiation / h

Figure 5. Visible light (4 > 400 nm) induces cell membrane damage in
hypericin-exposed hRPE cells. The cells were incubated in the dark in
medium containing 10 pM hypericin, washed twice and overlaid with
PBS/Gluc, and irradiated for 10 min at a fluence rate of 11.6 W m™2.
After light exposure the cells were assayed immediately for lactate
dehydrogenase (LDH) or reincubated in medium in the dark at 37°C in
a 5% CO,/95% air atmosphere for 0.54 h before the LDH assay.
Damage to the cell membrane is expressed as a percentage determined
from membrane damage of treated cells divided by the total damage
induced by lysis. Results are the average £ SD of six experiments.

untreated hRPE cells (Fig. 7a). However, when GR activity
was measured under the same conditions there was a distinct
decrease in GR activity after 2 h post-light exposure incuba-
tion in medium (Fig. 7b).

Exposure to hypericin (1-10 pM) and then to visible light
(1-10 min) caused a drug and light dose-dependent sharp
decline in mitochondrial function, as assayed by MTS reduc-
tion after overnight incubation in medium (Fig. 8).

Mitochondrial activity also changed over time. When the
hRPE cells were incubated with 10 pM hypericin, irradiated
with visible light for 10 min, and re-incubated in medium for
up to 4 h there was a time-dependent decrease in the MTS
reduction rate (Fig. 9) that mimicked the LDH leakage from
the cells (Fig. 5).

Exposure of hRPE cells to visible light and/or hypericin did
not result in a detectable increase in either mitochondrial or
nuclear DNA lesions compared to untreated cells. This was
assessed with the QPCR assay, which uses quantitative PCR to
examine the formation and repair of induced DNA damage in
an 8.9-kb mitochondrial fragment and a 13.7-kb fragment
flanking the B-globin gene (26) (data not shown).

DISCUSSION

We have demonstrated that exposure of hRPE cells to hyperi-
cin and visible light leads to an increase in polyunsaturated

Figure 6. Visible light depletes and oxidizes intracellular glutathione:
(a) total (GSx), (b) reduced (GSH), and (c) oxidized (GSSG) form, and
(d) the redox state in hRPE cells. The cells were incubated with
hypericin, washed twice and overlaid with phosphate-buffered saline,
exposed to light (4 > 400 nm, 7 = 10.8 W m™) for 10 min, scraped
off immediately after irradiation, and prepared for the assay. Gluta-
thione concentration was normalized to protein content. Results are
the average £ SD of six experiments.
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Figure 7. Glutathione S-transferase (GST) activity (a) is unaffected,
and glutathione reductase (GR) activity (b) is reduced in hRPE cells
exposed to 10 uM hypericin after 10 min visible light exposure. The
cells were incubated in the dark in medium containing hypericin,
washed twice and overlaid with phosphate-buffered saline, and
exposed to light (4 > 400 nm) at a fluence rate of 11.6 W m™>. The
cells were then scraped off directly after irradiation or reincubated in
medium in the dark at 37°C in a 5% CO,/95% air atmosphere for
0.5-4 h, scraped off, and frozen until the assays. The enzyme activities
were normalized to protein content in the cells. Results are the
average = SD of five experiments.

fatty acid oxidation and damage to the cell cytoplasmic
membrane. Photoactivation of hypericin has also been found
to induce either apoptosis or necrosis in HeLa cells (27) and lipid
peroxidation in other cell lines (28—30). With age, increased lipid
peroxidation exacerbates redox imbalance, leading to various
chronic degenerative processes including vascular dysfunction
(31). Lipid peroxidation is an important risk factor in the
induction of retinal and choroidal neovascularization (wet
macular degeneration) and diabetic retinopathy (32). The
products of lipid peroxidation, particularly HNE (33) and
AGE (34), are known to increase expression and secretion
(35,36) of the angiogenesis growth factor VEGF by RPE cells.

The results of research performed on human glioma cells
in vitro showed that photoactivation of hypericin leads to a
depletion of intracellular glutathione (37). In these studies, we
found that the photooxidation of hRPE by hypericin induced
an intracellular decrease in reduced glutathione (GSH) with a
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Figure 8. Mitochondrial activity is reduced in a dose-dependent
fashion in hRPE cells exposed to hypericin and irradiated with
visible light (4 > 400 nm). The cells were incubated in the dark in
medium containing hypericin. They were then washed twice and
overlaid with PBS/Gluc, irradiated at a fluence rate of 11.9 W m™2,
and the buffer was replaced with medium. The cells were incubated in
the dark at 37°C in a 5% CO,/95% air atmosphere for 16 h before
the MTS assay. Percentage activities of mitochondria were normal-
ized to control cells treated with hypericin but not irradiated. Results
are the average = SD of six experiments.

concomitant increase in its oxidized form (GSSG) and this was
associated with lipid peroxidation (Fig. 10).

Any decrease in intracellular GSH induces oxidative stress
in the hRPE cells (38). A decline of GSH in plasma or
tissues has been associated with macular degeneration and
diabetic retinopathy (39,40). GST is involved in detoxifica-
tion of lipid hydroperoxides (41). In vitro studies of human
nasopharyngeal cancer cells determined that photoactivation
by hypericin down-regulates GST (42). However, we did not
find a similar down-regulation of GST induced by photo-
activation of hypericin with hRPE cells. GR reduces
oxidized glutathione (GSSG) to its reduced form GSH. In
this case, photoactivation of hypericin has been found to
down-regulate  GR in hRPE cells. This may be one
explanation for the reduced level of total GSH and the
increased level of oxidized glutathione.

Although DNA fragmentation was previously observed in
RPE cells exposed to 2.5-5 uM hypericin, then irradiated for
an hour, and incubated in medium containing 1% FBS (11),
the pattern was typical of apoptosis. However, in our studies
despite a reduction in mitochondrial activity, exposure of
hRPE cells to visible light and/or hypericin did not result in a
detectable increase in either mitochondrial or nuclear DNA
lesions compared with untreated cells. Visible light exposure of
RPE (11) and lens epithelial cells (12) pretreated with hypericin
does induce apoptosis but probably through a lipid oxidation
mechanism (43) rather than direct DNA damage.

In conclusion, we have determined that the photoactive
component of SJW, hypericin, induces oxidative stress and
lipid peroxidation in hRPE cells in vitro. There have been
reports of the use of hypericin in conjunction with light
therapy for treatment of depression (44). Hypericin is
currently used as a diagnostic dye (45) and in photodynamic
therapy for cancer (46) and ocular disorders (47). Because the
level of hypericin reaching the RPE cells may be as high as
1020 uM (47), these treatments may lead to oxidative
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Figure 9. Visible light reduces mitochondrial activity in a time-
dependent fashion in hypericin-exposed hRPE cells. The cells were
incubated in the dark in medium containing 10 uM hypericin, washed
twice and overlaid with PBS/Gluc, and exposed to light (1 > 400 nm)
for 10 min at a fluence rate of 11.6 W m™2. After irradiation the cells
assayed immediately for MTS or reincubated in medium in the dark at
37°C in a 5% CO,/95% air atmosphere for 0.5-4 h before the MTS
assay. Results are the average = SD of six experiments.
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Figure 10. The scheme of lipid hydroperoxide (LOOH) detoxification
by glutathione enzymes. Lipid hydroperoxides are normally reduced
directly by glutathione S-transferase (GST) and indirectly by glutathi-
one reductase (GR). However, photoactivation of hypericin in hRPE
cells down-regulates GR, leading to a lower level of reduced form of
glutathione (GSH) and increased level of both the oxidized form of
glutathione (GSSG) and lipid hydroperoxides.

damage in the eye which could lead to transient or permanent
blindness. Because the maximal light doses utilized in this
study were lower than the daily dose that reaches the human
retina, the current findings herein suggest that further studies
need to be pursued intensively to more fully characterize the
in vivo RPE cellular responses to hypericin and light expo-
sure. Therefore at the moment, when this drug is taken, the
eye must be protected from bright sunlight or intense
artificial UV and visible light to avoid transient or permanent
damage to the eye (9).
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