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Abstract

St. John’s wort Klypericum perforatum) is the most widely used herbal medicine for the treatment of depression. However, concerns
have arisen about the potential of its interaction with other drugs due to the induction of cytochrome P450 isozymes 1A2 and 3A4 by the
components hypericin and hyperforin, respectively. Structurally similar natural products are often employed as antitumor agents due to their
action as inhibitors of DNA topoisomerases, nuclear enzymes that modify DNA during cellular proliferation. Preliminary findings that
hypericin inhibited the DNA relaxation activity of topoisomerase (topo II; EC 5.99.1.3) led us to investigate the mechanism of enzyme
inhibition. Rather than stabilizing the enzyme in covalent complexes with DNA (cleavage complexes), hypericin inhibited the enzyme prior
to DNA cleavageln vitro assays indicate that hypericin is a potent antagonist of cleavage complex stabilization by the chemotherapeutics
etoposide and amsacrine. This antagonism appears to be due to the ability of hypericin to intercalate or distort DNA structure, thereby
precluding topo Il binding and/or DNA cleavage. Supporting its non-DNA damaging, catalytic inhibition of topo Il, hypericin was shown
to be equitoxic to both wild-type and amsacrine-resistant HL-60 leukemia cell lines. Moreover, hypericin was incapable of stimulating DNA
damage-responsive gene promoters that are activated by etoposide. As wittitireetopo Il assay, antagonism of DNA damage stimulated
by 30 uM etoposide was evident in leukemia cells pretreated witphNb hypericin. Since many cancer patients experience clinical
depression and concomitantly self-medicate with herbal remedies, extracts of St. John's wort should be investigated further for their
potential to antagonize topo ll-directed chemotherapy regimens. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction regulated as a special class of dietary products, not as drugs.
Even in Europe, India, and Asia, where herbal medicines are
In the United States, under the Dietary Supplement more widely used in conventional medicine, manufacturer
Health and Education Act of 1994, herbal medicines are evaluation of these supplements for preclinical and clinical
pharmacology and toxicology is hot compulsory. However,
given that many prescription and over-the-counter drugs are
R : oY , o either natural products or semi-synthetic derivatives, it is
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have become apparent recently due to the ability of com-
ponents of the herbal extract to act both as serotonin-selec-
tive reuptake inhibitors and as inducers of CYP1A2 and
CYP3A4 hepatic monooxygenases [6-9].

The antidepressant component of SIW, originally be-
lieved to be hypericin, has been suggested to be hyperforin
[2]. However, disagreement exists since Hypericum extracts
have effects on multiple neurotransmitter systems and at
least one low-concentration hyperforin extract possesses
clinical antidepressant efficacy comparable to that of fluox-
etine [4]; hence, its antidepressant mechanism remains the
subject of continued study [10-13]. Nonetheless, most
herbal manufacturers in the United States standardize their
products to 0.3% hypericin. The naphthodianthrone struc-
ture of hypericin is reminiscent of the anthragquinone ring
structure associated with some antitumor drugs, including
mitoxantrone (Novantrone®). Mitoxantrone acts, in part, on
the essential nuclear enzyme, DNA topoisomerase | « (topo
Il; EC 5.99.1.3), to stabilize the enzyme in covalent com-
plexeswith DNA during its catalytic cycle [reviewed in Ref.
14]. These cytotoxic lesions are commonly referred to as
“cleavable complexes’ or “cleavage complexes.” As with
other topo Il “poisons,” such as etoposide (VP-16; Ve
Pesid®) or amsacrine (Mm-AMSA), stabilization of cleavage
complexes can interfere with replication fork progression,
stimulate recombination, and trigger tumor cell apoptosis.

Many of the antitumor topo Il poisons act as a result of
interactions with both the enzyme and with DNA. Consis-
tent with such action, Miskovsky et al. [15,16] have dem-
onstrated that hypericin accumulates in the nuclel of cul-
tured cells as quickly as 3.5 hr after treatment and also
directly interacts with DNA at the N7 sites of purine resi-
dues. Stopper and coworkers [17] have aso shown that
related natural product dihydroxyanthraguinones interact
with, and inhibit, topo 1. Specificaly, three compounds
(emodin, danthron, and aloe-emodin) were determined to
inhibit topo Il DNA decatenating activity, abeit at milli-
molar concentrations. Emodin also induced mutationsin the
Ames test.

In preliminary work from our laboratory, it was deter-
mined that hypericin inhibits the DNA relaxation activity of
the purified « form of human topo 11 [18]. Since some topo
Il poisons are known human leukemogens [19], we sought
to determine the precise nature of topo Il inhibition by
hypericin since SJW is so widely available and isincreasing
in use and acceptance across North America, Europe, and
Australia. However, in this report, it is demonstrated that
hypericin does not stabilize topo Il in covalent complexes
with DNA. Instead, hypericin appears to be a member of the
class of catalytic topo Il inhibitors: agents that act at a step
upstream of DNA cleavage and covalent binding to DNA.
Hypericin itself was unable to mediate the stabilization of
topo I1-DNA cleavage complexes, was equally effective in
killing amsacrine-resistant leukemia cells and their parental
counterpart, and failed to activate any of the DNA damage-
responsive genes known to be activated by etoposide. In a

DNA unwinding assay, hypericin appeared to interact with
DNA to create torsional strain that precluded topo |1 DNA
binding activity. Of greatest note, however, was that as a
result of catalytic topo Il inhibition, hypericin could antag-
onize the formation of topo |1-covalent cleavage complexes
mediated by the topo Il poisons, etoposide or amsacrine.
Most strikingly, complete antagonism of drug-stabilized
cleavage complexes could be achieved at hypericin concen-
trations one-tenth to one-third those of each topo Il poison.
Moreover, hypericin attenuated etoposide-mediated DNA
damage in HL-60 leukemia cells, as quantified by a modi-
fied alkaline comet assay. Therefore, the data in this report
suggest that hypericin should be investigated further for its
potential to antagonize topo |l-directed chemotherapy in
Vvivo.

2. Materials and methods
2.1. Drugs

Etoposide was obtained from the Sigma Chemical Co.
Amsacrine was a gift from Bristol-Myers Squibb. Both topo
Il poisons were prepared as 100 mM stock solutions in
anhydrous DM SO and stored at —20°. Hypericin was ob-
tained from ICN Biochemicals and Calbiochem, and 20 mM
stock solutions were prepared freshly in anhydrous DM SO.
Stock solutions were protected from light, and cell or en-
zyme assays involving hypericin were performed in the dark
wherever possible to minimize photoactivation of the com-
pound.

2.2. Cell lines

HL-60 human promyelocytic leukemia cells (ATCC
CCL 240) were obtained from the American Type Culture
Collection. HL-60/AMSA cells, and their parental counter-
part HL-60/Beran, were donated by Drs. Leonard Zwelling
and Cynthia Herzog, University of Texas M.D. Anderson
Cancer Center. HL-60/AMSA is a cell line derived from
HL-60/Beran cells and contains a mutation in its topo
protein (R486K) that confers cross-resistance to severa
topo 11 poisons [20]. All cell lines were maintained at 37°in
ahumidified atmosphere containing 5% CO,. ATCC HL-60
cells were maintained in log growth by subculturing at 5 X
10° cells/mL every 2-3 days in RPMI 1640 medium sup-
plemented with 10% fetal bovine serum, 50 unitmL of
penicillin G, and 50 wg/mL of streptomycin. The M.D.
Anderson HL-60 clone (HL-60/Beran) and HL-60/AMSA
cells were cultured in Iscove’ s medium containing identical
supplements.

2.3. Topo |I-mediated DNA cleavage assay

The ability of adrug to stabilize topo II-DNA complexes
was evaluated using the method of Gantchev and Hunting
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[21]. Reactions contained 6 units (~13 nM) of human topo
lla (Topogen) and 300 ng of pBR322 DNA per 20 uL
sample volume. [Reaction buffer: 10 mM Tris-HCI (pH
7.7),50 mM KCl, 0.1 mM EDTA, 5 mM MgCl,, and 5 mM
ATP]. Hypericin, etoposide, and/or amsacrine were added
to the reaction buffer containing DNA substrate, and the
reactions were then initiated by the addition of enzyme.
Following a 10-min incubation at 37°, cleavage products
were trapped by the addition of 2 uL of 10% SDS. EDTA
and NaCl were then added to final concentrations of 10 and
20 mM, respectively, and the reactions were incubated for
an additional 5 min at 37°. Enzyme trapped in cleavable
complexes was removed by proteolysis to revea linearized
plasmid by adding proteinase K (Roche Molecular Bio-
chemicals) to 0.8 mg/mL and incubating at 55° for 2 hr.
Samples were then subjected to electrophoresis at 2 V/cm
for 18 hr on 1.3% agarose gels containing 0.7 wg/mL of
ethidium bromide. Using this system, al DNA forms were
separated as follows: relaxed (RLX; greatest mobility), su-
percoiled (SC), linear (LIN), and nicked open circular (NC;
least mobility).

2.4. Electrophoretic mobility shift assay

The effect of hypericin on topo 1| DNA binding activity
from mammalian cell nuclear extracts was performed ex-
actly as described previoudy [22]. Oligonucleotides corre-
sponding to residues 87126 of pBR322, a strong topo 11
binding site [23], were annealed and end-labeled with
[«-*?P]dCTP. Nuclear protein extracts (500 mM NaCl ex-
traction) were prepared from logarithmically growing HelL a
cells as previously described [24], using Complete™ pro-
tease inhibitor (Roche Molecular Biochemicals). Incuba-
tions of the binding site with nuclear protein extract were
carried out on ice alone or with increasing concentrations of
hypericin in a 25-uL reaction volume containing 50 mM
KCI, 20 mM Tris (pH 7.6), 2 mM MgCl,, 1 mM EDTA,
10% glycerol, 2.5 ug BSA, and 0.1 ug poly(dl:dC)-(dl:dC)
(Amersham Pharmacia Biotech). Free and bound oligonu-
cleotide were separated by electrophoresis through a 4%
non-denaturing polyacrylamide gel in 0.25X Tris-borate—
EDTA buffer (22.5 mM Tris, 22.5 mM boric acid, 0.5 mM
EDTA, pH 8.0). Antibody supershift and specific unlabeled
oligonucleotide competition experiments have aready been
published [22] to document the identity of the topo II:
oligonuclectide complex.

2.5. Plasmid DNA unwinding assay

The potential for hypericin to cause DNA unwinding by
intercalation was investigated by a method [25] modified
from Lee and Morgan [26]. Briefly, 500 ng of pBR322 was
incubated on ice for 15 min with various concentrations of
either ethidium bromide or hypericin in a reaction buffer
consisting of 50 mM Tris-HCI (pH 7.5), 50 mM KClI, 10
mM MgCl,, 0.5 mM dithiothreitol, 0.1 mM EDTA, 30

pg/mL of BSA. This mixture was then incubated for 45 min
at 37° with topo | (10 units; Gibco/Life Technologies) to
allow complete relaxation of the plasmid. The reaction was
terminated by the addition of 1.5 uL of 10% SDS and 1.2
wnL of 0.5 M EDTA. All proteins were then hydrolyzed with
proteinase K (0.75 mg/mL) for 90 min at 50°. To extract the
intercalating agents, the DNA was isolated by phenol:chlo-
roform (1:1) extraction, followed by a chloroform extrac-
tion and ethanol precipitation. The pellet was resuspended
in agarose loading buffer and run on a 1% agarose gel for 20
hr at 1 V/cm, and then stained with 0.05 wg/mL of ethidium
bromide after electrophoresis. In this system, used only for
Fig. 4, relaxed plasmid has the least mobility and super-
coiled plasmid has the greatest mobility; intermediate topo-
isomers possess intermediate mobility.

2.6. Protein-linked DNA assay

The potential for hypericin to stabilize topo [I-DNA
cleavable complexes was assessed using a modification [27]
of a K-SDS precipitation assay. Briefly, exponentialy
growing HL-60 cells (5 X 10°/mL) were incubated for 24 hr
with [**C]leucine (0.2 wCi/mL; 325 mCi/mmol) and [meth-
yl-*H]thymidine (0.6 wCi/mL; 6.7 Ci/mmol). During the
final 1 hr, cells received 20200 uM hypericin, 100 uM
etoposide (positive control), or an equivalent amount of
DMSO vehicle, in triplicate. Cell suspensions were then
pelleted by centrifugation at 1000 g for 10 min at 4° and
lysed with 500 uL of asolution containing 2.5% (w/v) SDS,
10 mM EDTA, and 0.8 mg/mL of salmon sperm DNA. The
lysate was sheared through a 23-gauge needle 15 times, and
then incubated at 65° for 15 min. Protein and protein-
associated DNA were then precipitated by the addition of
110 ulL of 1 M KCI. Precipitates were recovered by cen-
trifugation at 5000 g for 10 min at 4° and washed three
times with a solution containing 10 mM Tris—HCI (pH 8.0),
100 mM KCI, 1 mM EDTA, and 0.1 mg/mL of samon
sperm DNA. Precipitable [*“C] and [®H] were assessed after
dissolving the pelletsin 500 wL of water followed by liquid
scintillation counting. The data are expressed as the ratio of
[*H] cpm/[**C] cpm and displayed as means + SEM.

2.7. Internucleosomal DNA fragmentation

The DNA laddering assay was performed as described
by Moran et al. [28]. Briefly, 1.5 X 10° logarithmically
growing HL-60 cells were treated for 4 hr with either 30
uM etoposide (positive control) or hypericin (1-30 uM).
Cells were collected by centrifugation, lysed in sterile wa-
ter, and subsequently incubated for 1 hr at 25° with 10
mg/mL of RNase A. To resolve the digested nuclear DNA,
a 1.8% agarose gel was cast. When this gel had solidified,
the area above the wells was removed and replaced with a
0.8% agarose gel containing 0.5X TBE, 1% SDS, and 1
mg/mL of proteinase K. Samples were loaded and run at 20
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V for 1 hr, and then at 100 V for 1.5 hr. Haelll-digested
X174 DNA was used for the molecular size markers.

2.8. Cytotoxicity assay

HL-60/Beran and HL-60/AMSA cells were seeded in
U-bottom 96-well plates at 5 x 10* cells/well. Cells were
then incubated for 2 hr at 37° with various concentrations of
etoposide (positive control) or hypericin. Cells were pel-
leted by centrifugation of the 96-well plate at 600 g for 10
min, and drug-containing medium was aspirated carefully.
Cellswereresuspended in 100 uL of fresh medium, pelleted
again, and resuspended in 200 uL of fresh medium. After
72 hr, cells were assayed for mitochondrial viability via an
MTS (CélTiter 96AQ) assay (Promega). To quantify con-
version of the MTS substrate into its formazan product,
plates were read at 490 nm absorbance on a Molecular
Dynamics microplate reader. Data are expressed as the
mean percentage of OD,q, for each respective control
group = SEM (N = 8 per group).

2.9. Reporter gene assays

Effects of hypericin on a variety of gene promoter con-
structs were performed using a survey of a screening panel
marketed as CAT-Tox(L) [29]. CAT reporter constructs
were made separately to contain copies of the NF-«B re-
sponse element (NF-«BRE), the retinoic acid response ele-
ment (RARE), and the p53 response element (p53RE), or to
contain authentic promoter fragments of human metallo-
thionein 1A (HMTIIA), human c-fos (FOS), or hamster
GADD153 (GADD153). Each construct was stably trans-
fected in HepG2 human hepatoma cells as described [29]. It
should be noted that HepG2 cells are far less sensitive to
many drugs due to their metabolic capacity; therefore, the
high concentrations of test compounds used necessitate that
this assay be viewed as a qualitative evaluator of the ability
of acompound to activate various DNA damage-responsive
promoters. Various concentrations of hypericin or etoposide
(positive control) were incubated with each modified
HepG2 cell line (5 X 10* cells/well of a 96-well plate) for
24-48 hr. Cells were then lysed in 5 mM MOPS, 2 mM
NaCl, 38 uM MgCl,, 0.25% Triton X-100, pH 6.5, and an
ELISA was performed for CAT (5 Prime-3 Prime). Dataare
expressed as fold-increase in CAT immunoreactivity over
the basal activity of each construct in the absence of drug.

2.10. Drug-induced nuclear damage

The single cell microgel electrophoresis assay (comet
assay) was performed as described by Gieseler et al. [30]:
HL-60 cells were pretreated with DM SO vehicle or 5 uM
hypericin for 21 hr, and then cultured for another 3 hr with
DMSO vehicle or 30 uM etoposide. Samples were prepared
for electrophoresis by layering microscope slides with aga-
rose as follows: 85 uL of 0.5% NEEO agarose (Roth) was

coated onto the slide. After this had solidified, 5 X 10 cells
in 75 uL of 1% low melting point agarose (Sigma) was
coated on top of the first layer. Following solidification of
the second layer, afinal coat of 75 wL of 1% low melting
point agarose was added. After solidification of the final
layer, the cells imbedded in the agarose slides were then
lysed in 1% Triton X-100, 10% DMSO, and 89% lysis
buffer, pH 10 (2.5 M NaCl, 100 mM EDTA, 10 mM Tris,
1% N-laurylsarcosine, sodium salt) for 1 hr. The agarose
slides were equilibrated for 20 min in electrophoresis buffer
(300 mM NaOH and 1 mM EDTA, pH = 12.5), and elec-
trophoresis was initiated at 25 V and 300 mA for 20 min.
Following electrophoresis, the dides were neutralized with
three washes of 0.4 M Tris-HCI, pH 7.5, and DNA wasthen
stained with 50 uL of 20 ug/mL of ethidium bromide
solution. The cells were cataloged using a fluorescence
microscope, and the evaluator was blinded as to the treat-
ment groups.

Absolute tail length or tail moment measurements were
not amenable to the HL-60 system, so a qualitative evalu-
ation system was employed. Class | DNA damage was
defined by nuclel that appeared condensed relative to con-
trols with some DNA fragmentation, but without visible
“tails.” Class || DNA damage was ascribed to nuclel exhib-
iting a tail length less than the length of one normal (con-
trol) nucleus. Class 11l DNA damage was ascribed to nuclei
displaying atail length greater than the length of one control
nucleus. Finaly, Class IV DNA damage was ascribed to
nuclei that had incurred such great damage that more than
90% of the fragmented DNA had migrated away from the
residual nuclear electrophoretic origin.

3. Results

In preliminary experiments, hypericin at 1-100 uM ap-
peared to inhibit the DNA relaxation activity of purified,
human DNA topo Il using pBR322 plasmid as the substrate
[18]. However, inhibition of overall catalytic activity sheds
little light on the mechanism of enzyme inhibition and the
potential for positive or negative interactions with other
topo I1-directed agents. Broadly, topo Il inhibitors can be
classified as two major types:. catalytic inhibitors and topo 1
poisons[14]. Catalytic inhibitors are subdivided as (a) “sim-
ple’ catalytic inhibitors that inhibit either topo Il DNA
binding or DNA cleavage activities (like ethidium bromide
or merbarone) [31,32], or (b) “closed clamp” catalytic in-
hibitors (like ICRF-187 and other bisdioxopiperazines) that
trap the enzyme on DNA in an intermediate that does not
cleave DNA, but isincapable of dissociating from DNA. In
contrast, “topo Il poisons’ permit DNA binding and cleav-
age, but trap the enzyme in covalent cleavable complexes
with DNA through a phosphotyrosine linkage with the 5'-
phosphate of each cleaved strand [33,34]. Topo Il poisons
have been subclassified further into those that inhibit DNA
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Fig. 1. Effect of hypericin on topo || DNA relaxation activity and amsacrine-stabilized cleavable complexesin vitro. The topo || DNA cleavage/relaxation
method of Gantchev and Hunting [21] was used to classify the nature of enzyme inhibition by hypericin. Human topo Il (6 U) and pBR322 (300 ng) were
incubated for 10 min at 37° alone (lane B) or with increasing concentrations of hypericin in the presence or absence of 10 uM amsacrine. Reactions were

terminated by the addition of SDS (1%) and proteolyzed with proteinase K

(800 pg/mL). Reaction products were run for 18 hr at 2 V/cm on a 1.3% agarose

gel containing 0.7 wg/mL of ethidium bromide. Using this system, relaxed open circular plasmid (RLX) runs slightly faster than supercoiled (SC) plasmid,
while nicked open circular (NC) plasmid has the least mobility. Stabilized cleavable complexes are evidenced by the linear DNA band (LIN), which results
from the enzyme denaturation/proteolysis step. This experiment was repeated three times, and a representative gel is shown here.

religation activity and those that enhance DNA cleavage
activity.

Therefore, the effect of hypericin was examined by using
aplasmid DNA assay capable of measuring both cleavable
complex stabilization and overall catalytic activity [21]. The
inclusion of ethidium bromide (0.7 wg/mL) in the gel per-
mits spatial differentiation between nicked open circular
DNA (NC) and relaxed open-circular DNA (RLX) that
would otherwise co-migrate on a gel lacking ethidium bro-
mide. In this system, the unreacted supercoiled DNA (SC)
runs with slightly slower mobility than relaxed plasmid, and
covalent, topo II-DNA cleavage complexes migrate as an
intermediate linear band (LIN) following the proteinase K
digestion in the reaction processing method. A positive
control topo |1 poison, amsacrine, was run in areaction with
purified human topo |1 and plasmid substrate to reveal: (a)
the substantial appearance of linear DNA indicative of
cleavage complexes (Fig. 1, lane C), and (b) inhibition of
overall DNA relaxation activity (compare lanes B and C of
Fig. 1).

The datain Figs. 1 and 2 indicate that hypericin acts in
amanner distinct from that of the two topo Il poisons. First,
the addition of 0.1 to 3 uM hypericin alone (lanes I-L of
Fig. 1) causes little appearance of linear DNA above that
observed in enzyme controls (lane B), and confirms our
previous description of relaxation inhibition (lane L). This

finding suggested that hypericin was acting as a catalytic
inhibitor. To test this hypothesis, increasing concentrations
of hypericin were co-incubated with 10 M amsacrine and
shown to reverse cleavage complex stabilization resulting
from amsacrine alone in a concentration-dependent fashion
(Fig. 1; compare lanes D-H with lane C). In fact, hypericin
was avery potent antagonist of the effect of amsacrine with
nearly complete loss of linear DNA at 1-3 uM. A very
similar effect of hypericin was observed when etoposide
was employed as the topo Il poison (Fig. 2), except that
hypericin appeared to be even more potent at reversing
etoposide-stabilized cleavage complexes.

To clarify whether hypericin was a simple or closed-
clamp topo Il inhibitor, its effect on topo II DNA binding
activity was observed in an electrophoretic mobility gel
shift assay exactly as described by Kurz et al. [22]. As
shown in Fig. 3, the binding of topo Il to a strong DNA
cleavage site from pBR322 was lost at 3-10 uM hypericin.
The selectivity of this effect is emphasized by the fact that
HelLa cell nuclear extracts were used as the source of topo
[1, rather than the pure enzyme itself as used in Figs. 1 and
2.

Since hypericin has been reported to interact with DNA
invitro and inintact cells[15,16], aclassic DNA unwinding
assay was employed to determine whether hypericin bind-
ing to DNA could cause unwinding of a supercoiled plas-
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Fig. 2. Effect of hypericin on etoposide-stabilized cleavable complexesin vitro. The topo |1 DNA cleavage/relaxation method of Gantchev and Hunting [21]
was used to confirm cleavable complex antagonism by hypericin asin Fig. 1, except that 100 M etoposide was used as the topo |1 poison. This experiment
was repeated three times, and a representative gel is shown here.

mid. Thisassay has been used to demonstrate DNA unwind-
ing as a result of binding of ethidium bromide, an
intercalating agent [26]. The assay is based on the use of an
excess of type | topoisomerase to cause > 95% relaxation of
the DNA molecules in the absence of DNA interactive
xenobiotics (Fig. 4, lane B). (Note that this gel isrunin the
absence of ethidium bromide and then stained after electro-
phoresis, producing the more classic impaired co-migration
of nicked circular and relaxed DNA relative to supercoiled
plasmid.) With ethidium bromide, progressive intercalation
of each molecule causes a 26° unwinding of the helix,
thereby presenting to the enzyme DNA molecules that are
apparently progressively relaxed. The excess topo | is then
incubated with the DNA and relaxes each molecule to
apparent completion (the assay depends on the demon-
strated assumption that the agent tested does not directly
inhibit topo | activity at the concentrations used). Following
proteolysis and organic extraction of the reaction mixture,
torsional strain is reintroduced into the plasmids in direct
proportion to the relaxation caused by the intercalating
agent. Hence, lanes D through F of Fig. 4 demonstrate how
increasing concentrations of the positive control, ethidium
bromide, progressively unwound the plasmid DNA.
Ethidium bromide at 1 ug/mL essentially presented topo |
with a plasmid molecule that appeared to aready be com-
pletely relaxed; consequently, removal of this concentration
of ethidium bromide caused the reintroduction of torsional
strain into the DNA such that its degree of supercoiling was
indistinguishable from that of unreacted DNA (compare

lanes G and A). In a similar fashion, hypericin at 2-6 uM
(lanes J-L) produced asimilar phenomenon, suggesting that
its interaction with DNA had introduced significant tor-
sional strain at these concentrations. Taken together with the
data from Fig. 3, it is clear that hypericin interacts with
DNA and that this interaction can interfere with the binding
of topo II.

Célular experiments were also conducted to confirm that
the in vitro effects of hypericin as a catalytic inhibitor of
topo Il were also evident in intact tumor cells. HL-60 cells
were investigated for the appearance of protein-linked DNA
using the assay of Zwelling as modified by Ritke and
Yaowich [27] (Fig. 5). While the positive control topo |1
poisoning antitumor drug etoposide produced a substantial
increase in protein-linked DNA (as indicated by a [*H]/
[*C] ratio nearly three timesthat of control cells), hypericin
was without effect in this assay even at concentrations up to
200 uM. Figure 6A shows, nonetheless, that hypericin
could indeed induce HL-60 apoptosis at 1-30 uM as evi-
denced by the appearance of internucleosomal DNA ladder-
ing of genomic DNA.

However, the mechanism of cell killing by hypericin was
unrelated to the stabilization of topo Il cleavage complexes
but more likely, and as suggested by the earlier in vitro
experiments, to the catalytic inhibition of topo Il. HL-60/
AMSA is a cell line derived from HL-60 for resistance to
the cleavable complex stabilizing the topo Il drug amsacrine
[20]. This line displays a 50- to 100-fold greater icg, value
for amsacrine, with respect to the parenta line, due to its
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Fig. 3. Effect of hypericin on topo Il DNA binding in an electrophoretic
mobility shift assay. A strong, topo Il binding/cleavage oligonucleotide
from pBR322 was [*?P] end-labeled and incubated with a HelLa cell
nuclear extract as the topo |1 source in the presence or absence of increas-
ing concentrations of hypericin using the conditions of Kurz et al. [22].
Specific competition of the shifted band with unlabeled oligonuclectide
and antibody supershifting with topo Il antiserum have been used previ-
ously to confirm the identity of topo Il«:oligonucleotide complexes [22].
This experiment was repeated once, and a representative autoradiogram is
shown here.

inability to efficiently form drug-stabilized cleavable com-
plexes as a result of a single amino acid substitution in the
enzyme. Aswould be expected, HL-60/AM SA isalso cross-
resistant to other cleavable complex-stabilizing drugs such
as etoposide. But, as shown in Fig. 6B, hypericin was
equitoxic to HL-60 and HL-60/AMSA cells, with an icg,
value of 55 to 7 uM in both lines. Had hypericin been
acting in cells to stabilize cleavable complexes, a much
greater icg, value would have been observed in the HL-60/
AMSA cells. Taken together with previous data, there is no
evidence in vitro or in intact cells that hypericin can act as
a cleavable complex-stabilizing topo Il poison. Addition-
ally, its icsg value in HL-60 cells makes it tempting to
speculate that catalytic inhibition of topo Il may be a con-
tributing mechanism to its cytotoxic action in some cell
types. Studies are in progress to examine changes in topo |1
function in hypericin-resistant cells, as well as to examine
the effect of hypericin in cell lines resistant to topo Il
catalytic inhibitors.

We next sought to extend the in vitro observations of
Figs. 1 and 2 to determine whether hypericin could antag-
onize the DNA damage of topo Il-stabilizing cleavable
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Fig. 4. Effect of hypericinin aplasmid DNA unwinding assay. Supercoiled
pBR322 DNA (500 ng) was incubated with the indicated concentrations of
ethidium bromide (positive control) or hypericin for 15 min onice. Purified
type | topoisomerase (10 U) was added in excess, and this mixture was
incubated for 45 min at 37° in order to relax the DNA. Reactions were
terminated by the addition of SDS and EDTA to 0.5% and 20 mM,
respectively. Following proteinase K digestion, ethidium and hypericin
were removed from the DNA by extraction with phenol:chloroform (1:1)
and chloroform followed by ethanol precipitation. This extraction permits
reintroduction of a degree of torsional strain into the DNA that had been
relieved by binding of the DNA interactive agent. The resulting DNA pellet
was resuspended in agarose |oading buffer and run on a native 1% agarose
gel without ethidium bromide at 1 V/cm for 20 hr. DNA bands were
visualized after electrophoresis by staining with 0.05 wg/mL of ethidium
bromide. The rank order of plasmid mobility in this native system is SC >
RLX = NC with progressively relaxed topoisomers migrating with inter-
mediate mobility. This experiment was repeated twice, and arepresentative
gel is shown here.

complex drugs in intact tumor cells. DNA damage was
assessed in the single cell microgel electrophoresis assay, or
comet assay [30], following exposure of HL-60 cells to
etoposide, hypericin, or acombination of the two. The DNA
damage in individual nuclei (100 nuclei/treatment group)
was then classified by a blinded observer and denoted by
qualitative nomenclature as outlined in “Materias and
methods.” A concentration of etoposide (30 uM) was se-
lected to result in 100% of cells exhibiting extensive, class
IV DNA damage. A pretreatment concentration of hypericin
alone (5 uM) was selected to cause minimal DNA damage
(likely due to reactive oxygen species). Etoposide-mediated
DNA damage was then compared with and without hyperi-
cin pretreatment. Similar to the in vitro results of Fig. 2,
hypericin pretreatment of HL-60 cells could substantially
antagonize the extent of etoposide-mediated DNA damage,
reducing class IV DNA damage from 100 to 24% and
shifting most of the damage to the lesser classes Il and 11|
(Fig. 7). Therefore, hypericin was capable of antagonizing
etoposide-mediated DNA damage in HL-60 cells aswell as
in vitro.

However, it was of note that hypericin treatment alone
led to some degree of DNA damage in the comet assay.
Hypericin was therefore compared with etoposide for their
respective abilities to induce known DNA damage response
genes in HepG2 human hepatoma lines individually se-
lected for stable integration of a DNA damage response
gene element upstream of a CAT reporter gene [29]. (Since
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Fig. 5. Effect of hypericin on the formation of protein-linked DNA breaks
in HL-60 cells. A standard K-SDS precipitation assay [27] was employed
to detect the potential of hypericin to cause an increase in protein-linked
DNA in cells similar to the topo Il poison etoposide. HL-60 cells (N = 3
per group, experiment repeated once) were labeled for 24 hr with
[**C]leucine (0.2 uCi/mL) and [*H]thymidine (0.6 wCi/mL). Cells were
then treated with DM SO control vehicle or the indicated concentrations of
hypericin or etoposide for 1 hr, and lysed, and protein-DNA complexes
were precipitated as described in “Materials and methods.” Protein-linked
DNA was quantitated by liquid scintillation counting, and the mean values
are expressed as a ratio of [°H] cpm/[*C] cpm + SEM.

these cells have far more metabolic capacity than HL-60
cells, much higher concentrations of both drugs were used
to examine these effects. The icgy value for hypericin in
HepG2 cellsisroughly 50-fold greater than in HL-60 cells.)
From Table 1, it is readily apparent that etoposide was
capable of substantially activating such DNA damage-re-
sponsive enhancers such as those from p53, GADD153,
NF-kB, and c-Fos. However, hypericin was without effect
on any of these classical DNA damage-responsive genes,
suggesting that whatever the DNA damage caused by hy-
pericin in Fig. 7, it was distinct in nature from that elicited
by etoposide. Interestingly, the only gene enhancer element
activated by hypericin in this screen was that of the XRE of
the cytochrome P450 1A gene family. This observation is
consistent with the polyaromatic nature of hypericin’'s struc-
ture and the well-known action of polyaromatic hydrocar-
bons as CYP1A inducers.

Again, it should be mentioned that these concentrations
of hypericin are likely to be supraphysiologic, especialy
with regard to the HepG2 assay. However, it should also be
appreciated that a closely related naphthodianthrone,
pseudohypericin, is normally present in Hypericum extracts
at 2- to 5-fold higher concentrations than hypericin. There-
fore, further study of the effects of hypericin in the context
of commercially available Hypericum products on topo 1l
action and topo |l-targeted antitumor drugs is clearly war-
ranted.

4, Discussion

The naphthodianthrone structure of hypericin vaguely
resembles a molecular dimer of the topo Il poison mitox-
antrone. This observation, combined with reports demon-
strating cellular nuclear accumulation and DNA binding of
hypericin [15,16], as well as the genotoxicity of related
natural product dihydroxyanthraguinones [17], led to the
investigation of hypericin as a potential inhibitor of the
DNA modifying enzyme topo Il. Our initial concern was
that hypericin in SIW supplements that are freely available
in pharmacies and health food stores might act as a topo 1l
poison. Since several topo |1 poisons have been linked with
the occurrence of secondary, therapy-related leukemias
[19], there was concern regarding the leukemogenic poten-
tial of one of the most popular herbal supplements on the
market. Instead, hypericin was shown to inhibit topo Il by a
mechanism distinct and upstream from the step at which
topo |1 poisons act. Severa independent assays indicated
that hypericin, even at high concentrations, was incapable of
stabilizing covalent, topo 1I-DNA cleavage complexes or
otherwise significantly activating the DNA damage re-
sponse. However, its inhibition of topo |l DNA-binding
activity was shown in vitro to antagonize the cytotoxic
lesion produced by the topo Il poisoning antitumor drugs
etoposide and amsacrine. Finally, in one cellular measure of
DNA damage (the akaline comet assay), pretreatment with
hypericin partialy protected HL-60 cells from etoposide-
mediated DNA damage. These results are reminiscent of the
pioneering work of Rowe et al. [32] and Drake et al. [31]
who demonstrated independently that other DNA-distorting
agents like ethidium bromide and merbarone could effec-
tively antagonize topo Il-poisoning antitumor drugs via a
similar mechanism. There also exists another class of topo
[l catalytic inhibitors (e.g. razoxane; ICRF-187) that act
upstream of topo II-DNA cleavage by trapping the enzyme
in a non-covalent, closed clamp intermediate on DNA and
also antagonize cleavable-complex stabilizing agents.

However, repeated attempts to test whether hypericin
could interfere with etoposide- or amsacrine-mediated
HL-60 cytotoxicity in intact cells were hampered by the
steep dose—response curve of the naphthodianthrone. Unlike
ethidium bromide, merbarone, or other topo Il catalytic
inhibitors, an adequate hypericin concentration that either
had no effect on etoposide action or did not result in 100%
cytotoxicity could not be identified. Our choice of this
model cell system may have been sub-optimal in that HL-60
cells possess relatively weak antioxidant defenses and are
precariously primed toward the apoptotic program. This
shortcoming has led us to continue studies with other tumor
cell linesin vitro and in vivo to determine the relevance of
hypericin’s in vitro antagonism of topo |1-poisoning antitu-
mor drugs.

Individual SIW components and whole Hypericum ex-
tracts have been linked recently to the induction of CYP1A2
and CYP3A4 phase | drug-metabolizing enzymes. CYP1A2
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Fig. 6. Effect of hypericin (A) on intranucleosomal DNA fragmentation and (B) in drug-sensitive parental (HL-60) and amsacrine-resistant (HL-60/AMSA)
cells. (A) DNA laddering assay. To confirm that hypericin-induced HL-60 cell death was mediated by apoptosis, the parental line was subjected to an assay
to measure internucleosomal DNA fragmentation following hypericin treatment. Approximately 1.5 X 10° logarithmically growing HL-60 cells were exposed
for 4 hr to either 30 uM etoposide (positive control), 1-30 wM hypericin, or DM SO control vehicle. Internucleosomal DNA laddering was detected using
the method of Moran et al. [28]. (B) Cell surviva assay. HL-60/AMSA is a human leukemia cell line that is 50- to 100-fold resistant to amsacrine and is
cross-resistant to other topo I1-cleavable complex poisons due to a point mutation in topo Ila (R—K at amino acid 486; [20]). To provide support for this
hypothesis that hypericin does not act as a cleavable complex poison in cells, the wild-type and mutant cell line (50,000 cells/well of a 96-well dish) were
exposed to various concentrations of hypericin for 2 hr, plates were centrifuged, and cells were washed one time with drug-free medium, then finally
resuspended in drug-free Iscove's and incubated for 72 hr. Cells were then incubated for 2—4 hr with MTS (CellTiter 96AQ), a chromogen whose
mitochondrial reduction product is quantified by spectrophotometry at 490 nm. No significant differences were observed between the two cell lines at any
hypericin concentration tested. Data are expressed relative to the MTS reduction activity in each respective control group (means = SEM, N = 8).

induction may be mediated by hypericin, as suggested by
our observation of a concentration-dependent increase in
XRE-mediated transcription in the HepG2 reporter assay in
Table 1. Associated with this study, our group has presented
a case report implicating SJW in the increased clearance of
the anti-asthmatic agent and CYP1A2 substrate, theophyl-
line, in a42-year-old woman [7]. While this patient was also
on other agents with the potential to induce CYP1A2, ces-
sation of SIW supplementation led to a restoration of ther-
apeutic theophylline levels. In work to be presented else-
where, it has now been confirmed that hypericin can indeed
induce CYP1A2 enzyme activity in cultured human hepa-
tocytes®. Clinically, CYP1A2 induction also has the poten-
tial for increasing the clearance of R-warfarin, the tricyclic
antidepressants imipramine and clomipramine, and the
newer antipsychotic drugs clozapine and olanzapine. None-
theless, caution should be exercised in extrapolating these
datato the clinical situation, as no prospective study to date
has directly demonstrated CYP1A2 induction in human
volunteers given either hypericin or Hypericum extracts.

3LeCluyse EL, Jolley SL, Hamilton GA, Kroll DJ, manuscript in
preparation.

In contrast, CYP3A4 induction by SIW is mediated in-
stead by hyperforin via a mechanism involving the binding
and activation of the PXR transcription factor [35]. These
effects appear to be clinically relevant. In fact, hyperforin
had far more potent effects on PXR than the benchmark
CYP3A4 inducer rifampicin. Since CYP3A4 metabolizes
roughly 50% of prescription drugs used today, enzyme
induction in patients taking SJW extracts surprisingly has
not caused documented drug—herb interactions. In prospec-
tive and case report studies, respectively, SIW greatly re-
duces plasma levels of the HIV protease inhibitor indinavir,
as well as the immunosuppressant drug cyclosporine [8,9].
The latter interaction resulted in two Swiss patients exhib-
iting signs of acute transplant rejection symptoms following
a heart transplant due to subtherapeutic levels of the immu-
nosuppressant [9]. With regard to our current results, it
should be noted that the topo Il poison etoposide is aso a
CYP3A4 substrate [36]. Therefore, in addition to the phar-
macodynamic antagonism demonstrated in this report, it is
also theoretically likely that SIW can stimulate the hepatic
metabolism of etoposide. However, this postulated effect of
SIW may be more far-reaching than simply causing in-
creased etoposide clearance. Of related concern is that the
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Table 1

Effect of hypericin on selected DNA damage response and drug-metabolizing gene promoters

Enhancer element Fold-increase in CAT immunoreactivity

Etoposide Hypericin

720 uM 10 uM 25 uM 50 uM 125 uM
PS3RE 70x29 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0
GADD153 42+ 17 0.7+0.2 10+01 0.8+0.3 12+03
NF-«BRE 104 £ 5.2 1.0+0.2 10+01 1.0+ 0.0 1.0+ 0.0
FOS 39+13 06+01 0.8=*0.2 1.0+01 1.0+ 0.0
RARE 1.1+0.0 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0
XRE 27+07 18+ 0.3 3003 49+ 0.7 58+ 11
HMTIIA 1.1+ 0.0 0.7+x03 1.0+ 0.0 1.0+ 0.0 1.0+ 0.0

CAT reporter constructs were made separately to contain copies of the xenobiotic response element (XRE), NF-«B response element (NF-xBRE), retinoic
acid response element (RARE), and p53 response element (p53RE), or to contain authentic promoter fragments for human metallothionein 1A (HMTIIA),
human c-Fos (FOS), or hamster GADD153 (GADD153). Each construct was stably transfected in HepG2 human hepatoma cells. Various concentrations of
hypericin or etoposide (positive control) were incubated with each modified HepG2 cell line (5 X 10* cells well of a 96-well plate) for 24—48 hr. Cells were
then lysed in 5 mM MOPS, 2 mM NaCl, 38 uM MgCl,, 0.25% Triton X-100, pH 6.5, and an ELISA was performed for CAT (5 Prime-3 Prime). Data are
expressed as fold-increase in CAT immunoreactivity over the respective basal activity of each construct in the absence of drug. The means (=SEM) of data

from three experiments are shown.
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Fig. 7. Effect of hypericin on etoposide-mediated DNA damage in HL-60
cells assessed by an alkaline comet assay. Logarithmically growing HL-60
cellswere subjected to a21-hr pretreatment with 5 uM hypericin or DMSO
vehicle, and then exposed for 3 hr to 30 uM etoposide or DM SO vehicle.
Cells were then processed for qualitative examination of DNA damage
using the modified single cell alkaline comet assay of Gieseler et al. [30]
as described in “Materials and methods.” One hundred nuclei were exam-
ined in each treatment group by a blinded observer using the following
classifications: intact nuclei, no DNA damage; Class | DNA damage,
nuclei that appeared condensed with some DNA fragmentation, but without
visible “tails’; Class Il DNA damage, nuclei exhibiting a tail length less
than the length of one normal (control) nucleus; Class Il DNA damage,
nuclei displaying a tail length greater than the length of one control
nucleus; Class IV DNA damage, nuclei that had incurred such great
damage that more than 90% of the fragmented DNA had migrated away
from the residual nuclear electrophoretic origin. This experiment was
repested twice with qudlitatively equivalent results.

action of CY P3A4 on etoposide can a so generate etoposide
catechol [37], permitting peroxidase-mediated production
of etoposide ortho-quinone, and etoposide phenoxy radicals
[38]. These latter species are currently under investigation
as the leukemogenic metabolites of etoposide, and the ques-
tion is raised of whether CY P3A4 induction by SJIW might
increase the leukemogenic potential of this chemotherapeu-
tic agent. This point is of particular importance since some
commercialy available SIW products are now being en-
riched for hyperforin content (WS5572, Movana®, Perika
MMSPro™). Therefore, clinicians should be especialy vig-
ilant about potential CY P3A4-mediated drug—herb interac-
tions with high hyperforin-containing SJW preparations.
Finally, these studies deserve comment regarding the
potential relevance of chemotherapeutic antagonism of eto-
poside and amsacrine by hypericin in human tumor cells,
particularly when one examines only a single purified com-
ponent of a complex botanical mixture. First, and as men-
tioned earlier, specific antagonism studies in leukemia cells
were hindered by the steep cytotoxicity curve of hypericin
(with 2.5 uM being almost non-toxic and > 5 uM caus-
ing > 3-log cell kill) and, therefore, will require further
investigation in other systems less prone to hypericin-me-
diated apoptosis. In addition, concentrations of hypericin in
human volunteers given commercial Hypericum extracts
generally range from 0.05to 0.2 uM. Peak plasmalevels of
etoposide in patients given intravenous chemotherapy range
from 10 to 30 uM, but it is likely that the antitumor effects
of this agent are aided by the long duration of etoposide
remaining during its clearance (for example, the related
epipodophyllotoxin VM-26 (teniposide) is cytostatic to leu-
kemia cells in culture at 15 nM, equivalent roughly to 0.15
uM etoposide [39]). Given that hypericin antagonizes the
topo I1-poisoning antitumor drugs at one-tenth to one-third
their concentration, it is reasonable to speculate that both
classes of agents could be present at physiologically rele-
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vant concentrations in patient plasma to cause antagonism.
Finaly, it should be recognized that hypericin is not the
predominant naphthodianthrone in Hypericum extracts; in-
stead, pseudohypericinis also usualy present at 2- to 5-fold
greater concentrations [40]. Therefore, it is essentia that
future studies be broadened to include investigation of high-
quality, commercially available Hypericum products, and
that studies with various cell lines of tumors normally
treated with topo Il-directed agents be investigated in cul-
ture and in human tumor xenograft models in immunocom-
promised mice.

It has been estimated that 25% of cancer patients develop
clinical signs of depression that require antidepressant med-
ication [41]. Several North American studies have uni-
formly revealed that at least two-thirds of cancer patients
also pursue dternative therapies, including self-medication
with herbal medicines, while receiving conventional che-
motherapy [42—44]. These patients should be carefully
counseled to be made aware that there exist a number of
clinically useful antidepressants to choose from that do
not interfere with chemotherapeutic efficacy. Our data
raise a cautionary flag that depressed cancer patients,
especially those receiving topo Il-poisoning chemother-
apy regimens, are best advised to seek treatment with
standard prescription antidepressant therapy until the an-
tagonistic effects of hypericin (and Hypericum extracts)
can be evaluated in systems more relevant to in vivo
cancer chemotherapy.
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