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Abstract
Clinical evidence suggests that administration of Hypericum perforatum (Hp) extracts containing
the photo-activated hypericin compounds may cause fewer skin photosensitization reactions than
administration of pure hypericin. This study was conducted to determine whether the phototoxicity
of hypericin in HaCaT keratinocytes could be attenuated by H. perforatum extracts and constituents.
Two extracts, when supplemented with 20 μM hypericin: (1) an ethanol re-extraction of residue
following a chloroform extraction (denoted ethanol(-chloroform)) (3.35 μM hypericin and 124.0
μM total flavonoids); and (2) a chloroform extract (hypericin and flavonoids not detected), showed
25% and 50% (p < 0.0001) less phototoxicity than 20 μM hypericin alone. Two H. perforatum
constituents, when supplemented with 20 μM hypericin: (1) 10 μM chlorogenic acid; and (2) 0.25
μM pyropheophorbide, exhibited 24% (p < 0.05) and 40% (p < 0.05) less phototoxicity than 20 μM
hypericin alone. The peroxidation of arachidonic acid was assessed as a measure of oxidative damage
by photo-activated hypericin, but this parameter of lipid peroxidation was not influenced by the
extracts or constituents. However α-tocopherol, a known antioxidant also did not influence the
amount of lipid peroxidation induced in this system. These observations indicate that hypericin
combined with H. perforatum extracts or constituents may exert less phototoxicity than pure
hypericin, but possibly not through a reduction in arachidonic acid peroxidation.
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1. Introduction
Hypericum perforatum (St. John’s Wort) is an increasingly popular alternative to conventional
medications used for the treatment of mild to moderate depression [1–3]. Aggressive analysis
of this plant over the last three decades has revealed that it possesses several biological
properties, including antidepressant, antiviral and antiproliferative activities [4–8]. Although
H. perforatum (Hp) is most commonly used as an alternative to standard tricyclic
antidepressants, other biological properties possessed by this plant have also been utilized for
the treatment of cancer and viral infections [8–12]. Widespread use of Hp as an alternative
medicine has raised concern regarding its safe use by the public [1,2]. In order to better
understand the efficacy and safety of Hp herbal preparations, it has become imperative to
identify and characterize the biologically active constituents composing this plant species and
determine if agents in Hp are able to prevent the toxicity of key constituents such as hypericin.

Hp has been found to contain several classes of compounds common to most plants, including
flavonoids, polyphenolics, porphyrins, and essential oils [1–4]. In addition to these compounds,
two very active classes of constituents unique to Hypericum have also been identified, the
phloroglucinols, consisting primarily of hyperforin and adhyperforin and the
naphthodianthrones, hypericin and pseudohypericin [1–7]. Biological activities and toxicities
possessed by this plant may also depend on the properties of several constituents collectively
provoking a variety of physiological responses. An example of this may be found in studies
that report the general absence of phototoxic side effects in human subjects administered Hp
extracts [9,13] but moderate to severe phototoxicity in those administered pure hypericin
[10,11].

The hypericin compounds produce a significant amount of reactive oxygen species upon photo-
activation, which can cause damage to areas of the body exposed to light [12,14,15]. Due to
the lipophilic nature of hypericin, it has been found to preferentially accumulate in cellular
membranes as well as organelles, such as liposomes, endoplasmic reticulum, and the Golgi
apparatus [16,17]. Many of the more common plant constituents present in Hp have been found
to possess antioxidant activity, and thus it may be possible that the oxidative damage produced
by hypericin can be mediated through ROS scavenging by these constituents present in
preparations made from Hp plant material [4,18–21]. To determine whether the amount of
oxidative damage inflicted by hypericin treatment upon light exposure could be reduced in the
presence of Hp extract and individual constituents, a marker of lipid peroxidation was assessed.
Peroxidation of arachidonic acid by free radicals causes the formation of isoprostanes which
can be measured using an enzyme immunoassay procedure [22].

The general absence of light-sensitive toxicity in cultured fibroblast, keratinocytes, and colon
cancer cells exhibited by several Hp extracts containing hypericin and pseudohypericin was
previously reported [23]. These results raised questions about the impact these extracts and
constituents were having on the known light-induced toxicity of the hypericin compounds.
Therefore, the goal of this study was to determine whether the phototoxicity of pure hypericin
in HaCaT keratinocytes could be attenuated when combined with Hp extracts and other pure
constituents of Hp. The peroxidation of arachidonic acid was also assessed by measuring the
formation of 8-isoprostane in the HaCaT cells to determine whether the reduced phototoxicity
of pure hypericin in the presence of the extracts and constituents was associated with a reduction
in this marker of oxidative stress.
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2. Materials and methods
2.1. H. perforatum extracts and known constituents

Potential attenuation of the light-activated cytotoxicity of pure hypericin by H. perforatum
(HP) extracts and several other known HP chemical constituents were assessed in HaCaT
human keratinocytes. Three Hp extracts were chosen based on their chemical profiles as well
as the differences in phototoxicity each exhibited in keratinocytes [23]. The dried plant material
obtained from Frontier Herb® was harvested at the budding stage in Bulgaria in 1999, air dried
and received at the Norway, Iowa warehouse in 2001. Detailed information on the cytotoxicity
and quantification of pure compounds in these Hp extracts can be found in [23].

Six gram samples of dried plant material (obtained from Frontier Herb®, Norway, IA) were
extracted by Soxhlet extraction for 6 h in either: (1) ethanol; (2) chloroform; or (3) the residue
from the chloroform extraction was then extracted with ethanol. This sequentially extracted
extract was prepared by Soxhlet extraction in chloroform, the chloroform extract was removed,
the residue was evaporated to dryness prior to re-extraction in the same manner using ethanol
and denoted ethanol(-chloroform). Once the final residues for all three extractions were
evaporated to dryness and weighed, all material was dissolved in the minimum amount of
dimethyl sulfoxide (DMSO) necessary to produce the extract stock solutions used for toxicity
assessment. Note: extraction of the same amount of plant material in the three different solvents
yielded different amounts of residue, so the concentration of each extract stock solution was
different. This approach was used to compare the biological activity of material extracted by
each solvent system from 6 g of dried Hp so that their relative importance in the plant could
be assessed. Quantification of compounds by HPLC analysis in the extracts showed that the
ethanol and ethanol(-chloroform) extracts contained 8.2–8.8 μM of the photo-activated
hypericin and pseudohypericin compounds and 124–135 μM total flavonoids, but these
compounds were not detected in the chloroform extract [23].

2.2. Fluorometric analysis
Fluorescence emission spectra were collected on the three Hp extracts at the concentration
obtained upon extraction of the plant material, 1 and 10 μM pyropheophorbide, and 20 μM
hypericin to illustrate the presence of hypericin and pyropheophorbide in the extracts, which
compliments the detection of these compounds in the extracts using HPLC analysis [23].
Emission analysis was performed using a Spex Fluoromax™ flourometer (4 nm band-pass
resolution) with an excitation wavelength of 410 nm. At 410 nm the molar extinction coefficient
of hypericin is about 10,000 M−1 cm−1 [24] The extract stock solutions, hypericin, and
pyropheophorbide, were dissolved in DMSO and added at 1% solvent concentration to phenyl-
red free Dulbecco’s Modified Eagle’s Medium (Invitrogen, Carlsbad, CA) complexed with
10% FBS for analysis in 1 cm glass cuvettes. The chloroform extract and the most dilute
concentration of pyropheophorbide (1 μM) were reassessed using a 3 mm cuvette with the
same parameters in order to increase the signal–noise ratio.

2.3. Cell growth conditions
HaCaT human keratinocytes, generously provided by Dr. Tim Bowden’s lab (Arizona Cancer
Center, University of Arizona), were grown in high glucose Dulbecco’s Modified Eagle’s
Medium (4500 mg/L D-glucose) (Invitrogen, Carlsbad, CA) with 3.7 g/L sodium bicarbonate,
supplemented with 100 UI/mL penicillin/streptomycin antibiotics and 10% fetal bovine serum.
Incubation conditions were maintained at 37 °C, 70% humidity, and 5% CO2 in 75 cm2 flasks
until approximately 80% confluent.
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2.4. Celltiter96® aqueous one-solution cell proliferation assay
The ability of the Soxhlet Hp ethanol, ethanol(-chloroform), and chloroform extracts and
several individual and combined pure compounds to reduce the phototoxicity of 2, 5, 10, 15,
and 20 μM hypericin in the HaCaT keratinocytes was assessed using the Celltiter96® Aqueous
One Solution Cell Proliferation Assay (Promega Corporation, Madison, WI). The HaCaT cells
were plated in 48-well plates at a cell density of 10,000 cells/well and incubated for 16–18 h
before treatment under restricted light exposure. Treatments were randomly assigned to wells
within a plate with media and 1% DMSO used as solvent controls and 2, 5, 10, 15, and 20
μM hypericin as positive controls. Treatments consisted of either 1% of the highest
concentration of extract stock solution obtained from extraction of 6 g of the dried plant material
or dilutions of the extract stock solution alone or supplemented with 2, 5, 10, 15, or 20 μM
pure hypericin in 10% FBS supplemented high glucose Dulbecco’s Modified Eagles Medium.
In a similar manner the phototoxicity of several pure compounds was also assessed individually
or in combination with additional hypericin. These treatment solutions consisted of the pure
compounds individually supplemented with 2, 5, 10, 15, or 20 μM pure hypericin or the pure
compounds combined together with an additional 15 μM hypericin at a 1% final solvent
concentration in 10% FBS supplemented high glucose Dulbecco’s Modified Eagles Medium.
Following treatment of the 48-well plates under restricted light conditions, each plate was
exposed to ambient light provided by fluorescent light bulbs which supplied 5.2 ± 5% J/cm2

after 30 min of exposure at room temperature. Light exposure was measured using a Sper
Scientific, Inc. Mini Environmental Quality Meter, Model 850070 (Scottsdale, AZ) and was
always conducted on the same benchtop under the same bulbs. After light treatment, the plates
were returned to 37 °C for 24 h in the dark. Fresh media and the Celltiter96® Aqueous One
Solution dye were added to the plates after removal of the treatment solutions following the
24-h incubation period. The dye was allowed to incubate at 37 °C in the dark for 3 h and 15
min before transfer to 96-well plates and absorbance measurement on a Beckman plate reader
at 490 nm, a wavelength found not to interfere with the photo-active hypericin compounds. A
standard curve of cell densities was used in each experiment for the quantification of viable
cells after treatment. Each treatment was normalized to the 1% DMSO solvent control and
expressed as the percent cell survival. The relationship of hypericin concentration to predicted
survival estimated at 0.25 μM intervals was assessed using the loess (LOcal regrESSion)
function in R [25]. The predicted survival and standard error bands were plotted for ease of
interpretation.

2.5. 8-Isoprostane enzyme immunoassay
8-Isoprostane (8-isoPGF2a) is a non-enzymatic family of eicosanoids that is a stable byproduct
of the lipid peroxidation of arachidonic acid. A competitive enzyme immunoassay kit (Cayman
Chemicals, Ann Arbor, MI) was used to detect the level of 8-isoPGF2a produced within the
HaCaT keratinocytes upon treatment. The HaCaT cells were plated into 24-well plates at a cell
density of 20,000 cells/well and incubated at 37 °C for 16–18 h to allow for attachment.
Treatments were randomly assigned to the plates. Hydrogen peroxide (H2O2) (0.1, 1, and 100
mM) and hypericin (10, 15, and 20 μM) were used as positive controls for the formation of
lipid peroxidation. The assay was performed using the concentrations of the ethanol and ethanol
(-chloroform) extract stock solutions obtained upon plant extraction, diluted concentration of
the chloroform extract, chlorogenic acid (10 and 50 μM), pyropheophorbide (0.25 and 0.5
μM), and α-tocopherol (1, 10 and 40 μM) all dissolved in DMSO. Extract, hypericin,
pyropheophorbide, and α-tocopherol treatment solutions with or without the addition of either
20 μM hypericin or 100 mM H2O2 were prepared so the DMSO concentration was 1% in the
FBS-supplemented cell culture media. Addition of the treatment solutions to the plates was
performed at room temperature under restricted light conditions followed immediately by
exposure to 30 min ambient light provided by fluorescent light bulbs (5.2 ± 5% J/cm2) and a
24-h incubation at 37 °C in the dark. This assay was also conducted by pre-incubating the cells
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with the extract stock solutions and pure compounds with and without α-tocopherol for 4 h at
37 °C in the dark. Following pre-incubation either 20 μM hypericin or 100 mM H2O2 was also
added to the cells containing the extracts or compounds with or without α-tocopherol and
immediately exposed to 30 min of ambient light (5.2 ± 5% J/cm2). After light treatment the
cells were incubated in the dark for another 24 h at 37 °C. Following the 24-h treatment period,
supernatants were collected from each treatment, centrifuged at 5,000 rpm for 10 min, and
added to the enzyme immunoassay (EIA) buffer preparation provided in the kit at a 1:1 or a
1:2 dilution. Determination of 8-isoPGF2a levels in each treatment sample was conducted
according to the kit protocol using the mouse anti-rabbit IgG coated plate provided in the kit
and a standard curve of 8-isoprostane. Effects of extracts and treatments on 8-isoprostane
concentrations were evaluated using one-way ANOVA, followed by comparisons between
means using Tukey’s adjustment for multiple comparisons. Computations were done using
proc glm in SAS [26].

Both assays used in this study, the Celltiter96® Aqueous One Solution Cell Proliferation Assay
and 8-Isoprostane Enzyme Immunoassay, were chosen because all treatment solutions were
removed prior to collection of the colorometric endpoints, ensuring the fluorometric properties
of hypericin would not interfere with measurement.

3. Results
3.1. Fluorometric analysis of H. perforatum extracts, pure constituents, and
pyropheophorbide

The emission spectra for the Hp ethanol extract stock solution (1161 μg/ml) revealed the
presence of two peaks at 675 and 723 nm characteristic of porphyrin compounds, but the spectra
for the chloroform extract stock solution (284 μg/ml) was much weaker and showed only one
peak at 675 nm (Fig. 1A). To provide further evidence that these peaks resulted from a
porphyrin compound, the emission spectra was also obtained for pure pyropheophorbide, a
metabolite of porphyrin compounds commonly found in green plants [27]. Due to high
background noise upon initial analysis, the chloroform extract and the 1 μM concentration of
pyropheophorbide were repeated using a smaller cuvette in order to decrease the amount of
noise and obtain a stronger signal (Fig. 1B). This second analysis showed both peaks unique
to porphyrin compounds at 675 and 723 nm in both samples, verifying the presence of a
porphyrin compound in the chloroform extract.

3.2. Attenuation of hypericin phototoxicity by three H. perforatum extracts
Each extract was assessed for light-induced cytotoxicity with and without an additional 2, 5,
10, 15, and 20 μM hypericin and a statistical toxicity prediction model was then generated from
this toxicity data using loess regression. The ethanol extract stock solution (diluted to 250 μg/
ml) was assessed with and without an additional 2, 5, 10, 15, and 20 μM hypericin because at
this concentration the ethanol extract alone was only toxic to approximately 50% of the cells
(Fig. 2A). Higher concentrations of the ethanol extract stock solution (1161 and 500 μg/ml)
were also unable to attenuate the toxicity of hypericin and exhibited more phototoxicity than
the 250 μg/ml dilution, therefore only the data for the 250 μg/ml concentration of the ethanol
extract was shown. The toxicity model generated from this cytotoxicity data showed that the
ethanol extract exhibited significantly greater toxicity than hypericin alone, as shown by a
greater reduction of percent cell survival in comparison with cells treated solely with hypericin,
until reaching 17 μM hypericin, after which more than 80% of the cells were killed (Fig. 2A).
The toxicity model obtained for the highest concentration of the ethanol(-chloroform) extract
stock solution (589 μg/ml) assessed with and without 2, 5, 10, 15, and 20 μM hypericin showed
significantly more phototoxicity when combined with up to 8.25 μM hypericin than either the
extract or hypericin treatments alone, but the percent cell survival leveled off when combined
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with more than 8.25 μM hypericin (Fig. 2B). Dilutions of the ethanol(-chloroform) extract
stock solution were also assessed, but the trend for reducing the phototoxicity of hypericin was
lost at a lower concentration (200 μg/ml). The chloroform extract stock solution (diluted to 10
μg/ml) was combined with 2, 5, 10, 15, and 20 μM hypericin and the toxicity model obtained
from this data showed that the phototoxicity of the extract combined with hypericin was similar
to the phototoxicity of hypericin alone until reaching 12 μM hypericin (Fig. 2C). However, 10
μg/ml of the chloroform extract stock solution combined with more than 12 μM hypericin
exhibited significantly less phototoxicity than the corresponding concentrations of hypericin
alone (Fig. 2C). Higher concentrations of the chloroform extract stock solution (284, and 100
μg/ml) were too cytotoxic to determine whether the extract was able to reduce the phototoxicity
of hypericin.

A second set of Hp extracts was prepared from the Frontier Herb® plant material in the same
manner as the three extracts presented in this study and they were assessed for the ability to
attenuate the phototoxicity of hypericin and each responded in a similar manner as the three
extracts shown here (Fig. 2).

3.3. Attenuation of hypericin phototoxicity by individual and combined pure compounds
identified within H. perforatum

The detection and quantification of five flavonoids, chlorogenic acid, hypericin, and
pseudohypericin in Hp extracts was previously reported, as well as the individual cytotoxicity
of these pure compounds in HaCaT human keratinocytes [23]. The concentration of each pure
compound added to hypericin for this study was similar to what was quantified within the
ethanol extracts. The phototoxicity of quercetin, isoquercitrin, hyperoside, chlorogenic acid,
and pyropheophorbide individually supplemented with 2, 5, 10, 15, and 20 μM hypericin was
assessed in HaCaT keratinocytes to determine whether any individual chemical was capable
of reducing the phototoxicity of hypericin. Loess regression was also used to generate a
predictive toxicity model from the phototoxicity data obtained with the individual constituents
combined with pure hypericin. The toxicity model generated from the phototoxicity of each
flavonoid supplemented with hypericin showed similar phototoxicity as hypericin alone (Fig.
3A). The toxicity model for 10 μM chlorogenic acid combined with up to 4.75 μM hypericin
exhibited significantly more phototoxicity than up to 4.75 μM hypericin alone (Fig. 3B).
However, 10 μM chlorogenic acid combined with more than 18 μM hypericin exhibited
significantly less phototoxicity than hypericin alone (Fig. 3B). Both 0.25 and 0.5 μM
pyropheophorbide showed similar phototoxicity as hypericin alone when combined with up to
14.5 and 16 μM hypericin, respectively, according to the toxicity model (Fig. 3C). Combined
with more than 14.5 and 16 μM hypericin, pyropheophorbide exhibited significantly less
phototoxicity than the respective hypericin concentrations alone (Fig. 3C).

The phototoxicity of combined 2 μM hypericin, 3 μM pseudohypericin, 15 μM quercetin, 25
μM isoquercitrin, 30 μM hyperoside, 15 μM quercitrin, 60 μM rutin, and 10 μM chlorogenic
acid, was assessed with and without an additional 15 μM hypericin. The concentration of each
compound assessed in this combination was based on the approximate concentration found to
be present in the Hp ethanol extracts. The phototoxicity of the combined pure compounds
without an additional 15 μM hypericin in the HaCaT keratinocytes resulted in 49.0% of the
survival observed with the DMSO solvent control. However, the phototoxicity of the combined
pure compounds upon addition of 15 μM hypericin resulted in 2.4% of the cell survival
observed for the DMSO solvent control. In this study 15 μM hypericin alone exhibited 10.8%
of the cell survival observed for the DMSO solvent control.
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3.4. Influence of Hp extracts and pure constituents on the photo-induced lipid peroxidation
of hypericin

Hypericin (20 μM) and H2O2 (100 mM) each produced a significant increase in the
concentration of 8-isoprostane compared to the DMSO solvent control in the HaCaT human
keratinocytes (Fig. 4A–D). Due to the potential presence of lipid components in the Hp extracts,
cell-free analysis of each extract was conducted to assess interference with the assay. The
Soxhlet ethanol extract was found to significantly interfere with the assay, so this extract was
not included in the experiment. Although the ethanol(-chloroform) and chloroform extracts
did not interfere with the assay, they each produced a significantly greater concentration of 8-
isprostane than the DMSO control, p < 0.0001 and p < 0.05, respectively (Fig. 4A). The ethanol
(-chloroform) extract supplemented with 20 μM hypericin also produced a significantly greater
concentration of 8-isoprostane than 20 μM hypericin (p < 0.0001) (Fig. 4A). The chloroform
extract supplemented with 20 μM hypericin produced a similar concentration of 8-isprostane
as 20 μM hypericin alone (Fig. 4A). Chlorogenic acid (10, and 50 μM) alone produced a similar
concentrations of 8-isoprostane as DMSO, but pyropheophorbide (0.25, and 0.5 μM) alone
produced a significantly greater concentration than DMSO (p < 0.05) (Fig. 4A). Each
concentration of chlorogenic acid and pyropheophorbide supplemented with 20 μM hypericin
produced somewhat less 8-isoprostane than 20 μM hypericin alone, but neither was
significantly different (Fig. 4A).

Upon supplementation with 100 mM H2O2, the ethanol(-chloroform) extract produced a
significantly greater concentration of 8-isoprostane than 100 mM H2O2 alone (Fig. 4B). The
chloroform extract and each concentration of chlorogenic acid (10, and 50 μM) supplemented
with 100 mM H2O2 did not alter the concentration of 8-isoprostane produced compared to 100
mM H2O2 alone (Fig. 4B). Pyropheophorbide (0.25 μM) supplemented with 100 mM H2O2
significantly reduced the concentration of 8-isoprostane produced compared to 100 mM
H2O2 alone, but 0.5 μM pyropheophorbide did not alter the 8-isoprostane levels compared to
100 mM H2O2 (Fig. 4B).

α-Tocopherol, a well-known membrane-bound antioxidant, produced similar concentrations
of 8-isoprostane as the DMSO control (Fig. 4C). The concentration of 8-iso-prostane produced
when 1, 10, or 40 μM α-tocopherol was supplemented with 20 μM hypericin or 100 mM
H2O2 did not differ from the concentrations produced by hypericin or H2O2 alone (Fig. 4C).

Pre-incubation of the cells with the extracts, pure compounds, or α-tocopherol for 4 h prior to
the addition of 20 μM hypericin or 100 mM H2O2 and light exposure did not change the amount
of 8-isoprostane produced (Fig. 4D) compared to the studies in which they were not pre-
incubated (Fig. 4A–C).

4. Discussion
H. perforatum (Hp) contains two unique classes of compounds, the hyperforins and hypericins,
as well as many other constituents common to most plant species, such as flavonoids, phenolic
acids, and porphyrins [1–3]. As mentioned previously, many of these compounds have been
shown to possess antioxidant as well as cytotoxic properties [14–16,18–20]. The mechanism
currently thought to be responsible for the toxicity of hypericin involves the production of
singlet oxygen and superoxide radicals upon light-activation [4,28–30]. The production of ROS
by hypericin upon light activation can cause oxidative damage leading to cell death [4,28–
30].

Due to the photoactivation of toxic properties of hypericin, and the penetration of light through
skin, keratinocyrtes are one of the most relevant cell culture models for the assessment of
hypericin’s phototoxicity. The phototoxicity of hypericin has been shown to be dose- and light-
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dependent in various cell culture studies, inducing apoptosis at lower concentrations of
hypericin and light energy, whereas higher concentrations tend to induce necrotic cell death
[4,12,16]. The threshold concentration of hypericin and/or light energy required to induce
apoptotic versus necrotic cell death in cultured cells seems to be dependent upon several factors,
including pre-incubation time before irradiation, treatment in cell culture media versus PBS or
DMSO and the type of cell line [4,17,29,31,32]. However, attenuation of hypericin’s
bioactivity by Hp constituents has, not, to our knowledge, been previously reported. Studies
suggest that cultured skin cells, such as fibroblasts and keratinocytes, tend to be more resistant
to oxidative stress [33], indicating that they may also be more resistant to the phototoxic
properties of hypericin.

The light-induced toxicity of hypericin and Hp extracts containing the hypericin compounds
have also been studied in human clinical trials for treatment purposes as well as safety
assessment [8–11]. Based on these studies, it seems as though hypericin administered via Hp
extracts may be less toxic [8,9] than administration of pure hypericin [10,11].

The fewer phototoxic side effects observed in clinical trials that used Hp extracts containing
hypericin compared to those that used pure hypericin may be due in part to the antioxidant
properties of other Hp constituents, such as flavonoids, phenolic acids, and porphyrins. These
constituents may be able to elicit cellular protection by reducing the amount of reactive oxygen
species generated by photo-induced hypericin, thus decreasing oxidative damage. Therefore,
the goal of this study was to determine whether the phototoxicity exhibited by pure hypericin
on HaCaT human keratinocytes was reduced when added to Hp extracts or pure compounds.
The three Hp extracts used in this study were chosen based on their previously reported
differences in light-sensitive toxicity and identified pure compounds [23]. In the prior studies
we conducted dilution studies with these extracts demonstrating their non-toxic concentrations
[23]. Since the attenuation observed in our cell culture model occurred within the toxic
concentration range of these extracts, these concentrations were studied in the research reported
in this paper. To determine whether the Hp extracts and constituents were able to reduce the
phototoxicity induced by hypericin, much greater concentrations of pure hypericin were used
than would be present in the blood or skin of individuals consuming therapeutic doses of Hp
extracts. Studies on the bioavailability of Hp constituents reported peak plasma concentrations
of 0.0062 μM hypericin following administration of dietary supplement extracts containing
600 μg hypericin [34], blood concentrations with toxic intakes would be expected to be higher.
The lowest concentration of hypericin used in this study, 2 μM, reduced HaCaT keratinocyte
growth by approximately 15%. Therefore 2–20 μM hypericin was used to induce appreciable
amounts of cell damage in the keratinocytes and to determine whether the Hp extracts and
constituents were able to reduce the phototoxicity and lipid peroxidation induced by these high
concentrations of hypericin.

Several concentrations of each extract stock solution were used for the assessment of hypericin
phototoxicity attenuation, but only the most effective concentration was shown for each extract.
Neither of the ethanol extracts (ethanol or ethanol(-chloroform)) were able to significantly
reduce the phototoxicity of pure hypericin, but the chloroform extract was effective at reducing
the phototoxicity of hypericin. Even though the highest concentration of the ethanol(-
chloroform) extract stock solution did not significantly reduce the phototoxicity of hypericin,
its ability to maintain about 20% cell survival at the highest concentrations of hypericin when
hypericin alone was killing all the cells suggested that it may moderately attenuate the
phototoxicity of hypericin. The phototoxicity of the chloroform extract stock solution diluted
to 10 μg/ml combined with concentrations of hypericin greater than 12 μM pure hypericin was
significantly reduced compared to the phototoxicity of the hypericin alone. This suggested that
the compounds in the 10 μg/ml concentration of the chloroform extract were capable of
reducing the cytotoxicity produced by photo-activated hypericin. This attenuation may have
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occurred by multiple mechanisms including scavenging the free radicals produced by hypericin
or competing for light energy, reducing the occurrence of triplet state hypericin.

The chloroform extract did not contain detectable concentrations of any of the known pure
compounds, but it contained a peak observed by fluorometry that was identified as a porphyrin
compound [27]. Porphyrins, which are derivatives of chlorophyll, are the only natural
compounds that display a primary fluorescence emission peak around 680 nm and a shoulder
around 725 nm [27]. High concentrations of these compounds are used as agents in PDT
because they generate ROS upon photo-activation, but lower concentrations have also been
shown to possess anti-oxidant properties [4,33].

The phototoxicity of pure hypericin combined with two different concentrations of
pyropheophorbide, a porphyrin compound known to be present in green plants [27] and
detected in the Hp ethanol and chloroform extracts, was significantly reduced compared to
hypericin alone. These results suggest that the attenuation observed with the chloroform Hp
extract may be due to its porphyrin constituents. However, the moderate reduction in the
phototoxicity of hypericin observed with the ethanol(-chloroform) extract (which did not
contain the porphyrin compound, but contained most of the known pure compounds) versus
the significant attenuation observed with the chloroform extract, suggest that there may be
more than one class of compounds present within Hp extracts capable of reducing the
phototoxicity of photo-activated hypericin in the HaCaT keratinocytes.

Therefore, the phototoxicity of several individual pure compounds identified in the Hp extracts
and known to possess antioxidant activity was assessed with and without hypericin
supplementation to determine whether any one compound was capable of reducing the
phototoxicity of hypericin. Despite the known antioxidant activity of the flavonoids [21], those
tested in this study did not individually influence the phototoxicity of hypericin. However,
chlorogenic acid (10 μM) and pyropheophorbide (0.25, and 0.5 μM) were able to significantly
reduce the amount of phototoxicity produced by higher concentrations of hypericin. The next
step was to assess the phototoxicity of several pure compounds identified within the Hp extracts
combined together with and without an additional 15 μM hypericin to determine whether the
phototoxicity of hypericin could be reduced when in the presence of several pure compounds
known to possess antioxidant activity. Despite the inability of most of the individual pure
compounds to induce phototoxicity in the HaCaT keratinocytes, the pure compounds combined
together reduced cell survival by 51%. Therefore, the pure compounds induce a greater amount
of toxicity when in combination than they exhibited individually, suggesting a potential
synergistic effect on their ability to reduce cancer cell survival. Even though this combination
of pure compounds included 10 μM chlorogenic acid, which was able to significantly reduce
the phototoxicity of higher concentrations of hypericin, the combination of pure compounds
with 15 μM hypericin killed almost all of the cells, indicating that they were not able to reduce
the phototoxicity of pure hypericin. The inability of the combined compounds, which included
several compounds known to possess antioxidant activity, to reduce the phototoxicity of 15
μM hypericin provides further evidence that oxidative stress may not be the only mechanism
of toxicity associated with hypericin.

Although all of the pure compounds assessed with hypericin were known to possess antioxidant
properties, only two were capable of significantly reducing the phototoxicity of hypericin in
the keratinocytes. Therefore, a parameter of lipid peroxidation was also assessed to determine
whether the extracts and pure compounds were capable of influencing a marker of oxidative
stress induced by either photo-activated hypericin or hydrogen peroxide.

None of the extracts or individual compounds assessed consistently reduced the amount of
arachidonic acid peroxidation produced by 20 μM hypericin or 100 mM H2O2 in the HaCaT
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keratinocytes. The chloroform extract, chlorogenic acid and pyropheophorbide each
significantly reduced the phototoxicity exhibited by supplemented hypericin, thus, it may be
assumed that the mechanism of toxicity associated with this compound is not entirely
dependent upon oxidative damage. However, the general inability of these compounds to
significantly reduce the peroxidation of arachidonic acid produced by H2O2 may also
demonstrate the complexity surrounding oxidative damage and indicate that a single parameter
of lipid peroxidation may not adequately explain the oxidative stress being inflicted on the
keratinocytes.

The inability of 1–40 μM α-tocopherol to significantly reduce the amount of arachidonic acid
peroxidation induced by H2O2 may have been due to the excessive concentration of H2O2 used
and a greater reduction may have been observed by using either a lower concentration of
H2O2 or a higher concentration of α-tocopherol.

In summary, the data gathered in this study demonstrated the ability of at least one Hp extract
and two pure constituents to reduce the phototoxicity exhibited by pure hypericin in HaCaT
keratinocytes. Since hypericin is known to produce vast quantities of reactive oxygen species
upon photo-activation, it could be hypothesized that the observed reduction in phototoxicity
was associated with a reduction in oxidative damage. In this study, hypericin treatment was
immediately followed by light exposure, making the cellular membrane the most likely target
for oxidative damage. Therefore, a parameter of lipid peroxidation, the formation of 8-
isoprostane from the peroxidation of arachidonic acid, was assessed. Despite the ability of the
chloroform extract and chlorogenic acid to significantly reduce the phototoxicity exhibited by
pure hypericin, they were unable to influence the amount of arachidonic peroxidation induced
by hypericin. However, these treatments were also unable to reduce the amount of peroxidation
induced by hydrogen peroxide, a compound commonly used to induce oxidative damage. The
lower concentration of pyropheophorbide significantly reduced the amount of lipid
peroxidation induced by hydrogen peroxide, but the response was not dose-dependent.

These observations suggest that the complex chemical mixtures present in Hp extracts may be
intricately acting together to elicit biological activities, including phototoxicity. The ability of
Hp extracts and pure constituents to reduce the phototoxicity exhibited by hypericin appears
to support observations made from human clinical trials that indicate phototoxic skin reactions
are less frequent upon administration of Hp extracts versus administration of pure hypericin.
The contradictory phototoxicity and lipid peroxidation observations made in this study suggest
that the toxicity of hypericin is complex and may involve more than just oxidative damage.
However, oxidative stress is also extremely complicated and may not be fully explained by a
single parameter of lipid peroxidation.
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Fig. 1.
Emission spectra for treatments at 1% solvent (DMSO) concentration in phenyl-red free
DMEM completed with 10% FBS using an excitation wavelength of 410 nm collected at 1 min
intervals in a 1 cm cuvette. (A) The three Hp extracts and two concentrations of
pyropheophorbide. (B) 1 μM pyropheophorbide and Hp chloroform extracts using a 3 mm
cuvette.
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Fig. 2.
Phototoxicity (mean % control survival compared to vehicle control ± SE) of Hp extracts stock
solutions at 1% concentration of the media treatment or dilutions of the extract stock solutions:
(A) ethanol; (B) ethanol(-chloroform); (C) chloroform with and without increasing
concentrations of additional hypericin on the HaCaT human keratinocytes (n = 3–7). The
phototoxicity of the extracts supplemented with 2, 5, 10, 15, and 20 μM hypericin following
exposure to 30 min of ambient light and 24-h incubation was used to generate a statistical
model using loess regression. The dashed line gives the predicted phototoxicity for hypericin
alone; the dot-dashed line gives the predicted phototoxicity for hypericin in combination with
the extract. The dotted lines surrounding the predicted phototoxicity lines are ±one standard
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error bands. The solid line near the X-axis indicates those hypericin concentrations for which
the predicted responses are significantly different (p < 0.05, using a Scheffé adjustment for
multiple comparisons).
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Fig. 3.
Phototoxicity (mean % control survival compared to vehicle control ± SE) of pure compounds
identified within Hp preparations: (A) quercetin, isoquercitrin, and hyperoside; (B) chlorogenic
acid; (C) pyropheophorbide with and without increasing concentrations of additional hypericin
on the HaCaT human keratinocytes (n = 3–8). The phototoxicity of the compounds
supplemented with 2, 5, 10, 15, and 20 μM hypericin following exposure to 30 min of ambient
light and 24-h incubation was used to generate a statistical model using loess regression. The
heavy lines give the predicted phototoxicity for hypericin alone or hypericin in combination
with the extract, as indicated in each panel. The dotted lines surrounding the predicted
phototoxicity lines are ± one standard error bands. The heavy lines near the X-axis indicates
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those hypericin concentrations for which the predicted responses are significantly different
from the hypericin only predictions (p < 0.05, using a Scheffé adjustment for multiple
comparisons). These are not shown for panel A because the predicted responses were never
significantly different the appropriate hypericin control. For panel A mean % control survival
for 10 μM hypericin alone was 67%, 45% and 72%; and for 20 μM hypericin alone was 17%,
11% and 13% in the experiments testing hypericin with quercetin, isoquercitrin, and
hyperoside, respectively. Data points are not shown to avoid cluttering the figure.
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Fig. 4.
The concentration of 8-isoprostane (pg/ml) produced in the HaCaT human keratinocytes after
treatment with Hp Soxhlet extracts or pure compounds: (A) with or without an additional 20
μM hypericin; (B) with or without an additional 100 mM hydrogen peroxide; (C) α-tocopherol
with and without an additional 20 μM hypericin or 100 mM hydrogen peroxide; and (D) Hp
extracts, pure compounds, and α-tocopherol pre-treated before the addition of 20 μM hypericin
or 100 mM hydrogen peroxide and exposure to 30 min of ambient light (mean ± SE, n = 3).
EtOH(-CF) = ethanol(-chloroform) extract; CF = chloroform extract; PPP =
pyropheophorbide. **p < 0.0001, *p < 0.05 significantly different concentration of 8-
isoprostane than solvent control. #p < 0.05 significantly different concentration of 8-
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isoprostane than 20 μM hypericin. $p < 0.05 significantly different concentration of 8-
isoprostane than 100 mM hydrogen peroxide.
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