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Introduction and historical overview

Walter E. Miiller

Pharmakologisches Institut fiir Naturwissenschaftler, Biozentrum Universitdit Frankfurt, Marie-
Curie-Str. 9, 60439 Frankfurt, Germany

The therapeutic properties and advantages of the medicinal herb St. John’s
Wort, and preparations derived from it, have been known for more than 2,000
years. However, the specific use of the plant as an antidepressant drug, or as a
herbal preparation to treat depressive illness, is relatively recent and has come
to the fore only in the last 20 years. St. John’s Wort was first mentioned in the
Roman times by Pliny the Elder in the 1st century AD [1]; interestingly it was
not to treat melancholia, although the condition was known at that time, but as
a “seed of bracing quality which checks diarrhoea and promotes urine and is
taken with wine for bladder troubles”. Around the same time, Diascorides, a
Roman army doctor born in Greece recommended the imbibition of St. John’s
Wort with special liquids “to expel many choleric excrements” [1]. Over 1,000
years later, the famous German physician Paracelsus was one of the first to
mention St. John’s Wort as a remedy to treat mental disturbances and also
other diseases. He specifically recommended it for three conditions, “wounds,
parasites, and phantasmata”, where the latter meant psychoses such as halluci-
nations and delusion rather than depression [1]. He also mentioned melancho-
lia, but did not specifically suggest St. John’s Wort as treatment. Inspired by
Paracelsus, Angelo Sala was probably the first practitioner to specifically rec-
ommend St. John’s Wort for depression or melancholia as it was known at that
time. In 1630 he wrote (cited from [1]):

“St. John’s Wort has a curious, excellent reputation for the treatment of
illnesses of the imagination, which are known by some as phantasmata
and by others as mad spirits, and for the treatment of melancholia, anxi-
ety and disturbances of understanding, which sometimes affect highly
intelligent people whose primary personality is not melancholic and in
whom you do not see persistent melancholic humour. St. John’s Wort
cures these disorders as quick as lightning. It takes a day and a night.
With the same power it works against the symptoms caused by witches
in a way that is superior — as best I can tell — to the effects of any other
type of plant or medication, though these may be very highly respected.”

Most importantly, especially considering the present discussion about the rel-
evant active constituents of St. John’s Wort, he suggested that it should best be
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given as a tincture made from the fresh petals and leaves by using brandy. He
also recommended making the tincture by warming it and to cover the prepa-
ration vessel to protect it from daylight. We know today that all these condi-
tions are relevant and that the constituents such as hyperforin and adhyperforin
that are not very water soluble are present in goodly amounts. About 200 years
later, the German poet-physician J. Kerner also mentioned St. John’s Wort in
his writings for the treatment of mood disorders (melancholia). It is quite inter-
esting that for a further century, St. John’s Wort did not receive much more
attention, and it was not used as an antidepressant when modern psychiatry
first introduced drug-treatment around 1900; at this time drugs such as opium,
barbiturates, and other sedatives gained a reputation as antidepressant treat-
ments. Probably the last entry into older history of St. John’s Wort came from
the German physician K. Daniel, who not only carried out animal experiments
but also described in fine detail his experience with St. John’s Wort extract in
the treatment of about 20 depressed patients. Unfortunately, his rather timely
publication, which came out just prior to World War II, did not receive much
attention in the years following (Daniel, 1939) [2].

The modern history of St. John’s Wort extract probably began in 1984,
when Commission E of the former German Federal Health agency, which was
determining recommendations for the use of herbal drugs, published a positive
monograph about St. John’s Wort, recommending it use for psychoautonomic
disturbances, depressed mood, nervousness, and anxiety. According to current
standards, this recommendation was based mainly on traditional use and expe-
rience, and not on sound scientific data or even clinical studies. However, ini-
tiated by this monograph (although this is just an assumption), several smaller
companies started to carry out controlled clinical studies (against placebo or
against an active comparator, at that time usually a tricyclic antidepressant) in
depressed patients. Although usually too small and statistically underpowered
according to current standards, these studies gave the first evidence for the
clinical usefulness of St. John's Wort extract in the treatment of depression in
Germany, using brands with extract doses of at least a few hundred milligrams
per day. These data finally led to the introduction of standardised St. John’s
Wort extract brands which allowed a daily dosage of 600—900 mg. Using these
new preparations, new controlled clinical studies were performed, which con-
firmed the clinical efficacy of the herbal drug in mild-to-moderate depressive
illness. A first overview about the clinical data and some preliminary pharma-
cological findings was published in English as a supplement to the Journal of
Geriatric Psychiatry and Neurology in October 1994 [3]. These data finally led
to an overwhelming acceptance of St. John’s Wort preparations in Germany as
an alternative to synthetic antidepressants. In the late 1990s, St. John’s Wort
preparations made up as much as 25% of all prescriptions filled out by German
doctors for antidepressants. The use and popularity of St. John’s Wort as an
antidepressant has also increased in many other countries all over the world [1,
4, 5], but no other country has posted such a high level of acceptance as
Germany. This is probably because in most other countries St. John’s Wort
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extract preparations are sold as food supplements with little regulatory and
quality control, in contrast to Germany and a some other countries where
herbal medicines are sold as OTC drugs (which could still be reimbursed by
the health insurance system) with excellent quality standards. The increasing
popularity of this herbal drug has led to much more detailed clinical, bio-
chemical, pharmacological, and pharmacokinetic studies. The various studies
have led to the publication of three supplements of Pharmacopsychiatry, a
German-based international journal for clinical psychopharmacology and bio-
logical and clinical psychiatry [6—8] and to a rapidly increasing number of
other scientific publications about all aspects of St. John’s Wort extract.

Taken together, the modern history of St. John’s Wort extract is a success
story The reasons behind the success are not only rationale, e.g., its efficacy
and its relatively low side effect profile (even if we know today that it is not
free of side effects and possible drug interactions), but are also to some part
emotional. Antidepressants are not liked by patients, not only because of side
effects and because of concerns about drug dependency (which is definitively
not the case) but also because by taking the antidepressant, the patient in some
ways needs to accept the disease and the diagnosis of depression. This is not
the same for the herbal antidepressant. Accordingly, their acceptance by
patients is often much better than for the “bad chemical” antidepressant drugs.
A typical case study could be somatoform disorders, where two recently pub-
lished positive clinical studies with St. John’s Wort have shown that although
these patients are traditionally very difficult to convince to take psychotropic
drugs, they will be more likely to accept the herbal drug. Patients will be much
more likely to accept the natural compound [5], even if, as we will learn later,
the herbal preparation acts on the same neurochemical pathways in the brain
as the synthetic antidepressants. Thus, many patients who can not be reached
by synthetic antidepressants can be reached by St. John’s Wort as initial treat-
ment and, even more importantly, can sometimes be continued on other anti-
depressants if St. John’s Wort is not sufficiently efficacious. Thus, although it
is known that the use of St. John’s Wort can produce some side effects and
drug interactions, its important role in the initial therapeutic strategy in depres-
sion and related mood disorders lies in its positive acceptance by patients. It is
not so much an alternative for the more than 20 chemical antidepressants avail-
able, but it is a further option especially for patients who are rather difficult to
convince to accept other treatments. With less than 50% of depressed patients
treated adequately, as is the case for most western societies, it is believed that
there is much scope for such a “natural” treatment, if it is effective and its
risk/benefit ratio is acceptable.

Several years have passed since the last comprehensive review of St. John’s
Wort was published [8]. T gratefully accepted the offer by the editors of the
respective series Milestones in Drug Therapy to edit a new issue of this series
devoted to all aspects of St. John’s Wort from phytochemistry, pharmacology,
clinical efficacy, site effects, and drug interaction which will give the interest-
ed reader the most recent overview about all aspects of this herbal antidepres-
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sant. As editor I would like to thank all authors for their interesting and learned
contributions, the series editors for the opportunity, and the publisher for their
cooperation and the speedy realization of the project.

Walter E. Miiller, Frankfurt
December 2004
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Table 1. The history of the use of St. John’s Wort as an antidepressant. A more detailed account is
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Historical outline of the medical use of St. John’s Wort as antidepressant

Paracelsus (1491-1541) St. John’s Wort is recommended for three different conditions:

wounds, parasites, and “phantasmata”. With the latter condition he
rather refers to psychotic than depressed states. Nevertheless, he also
uses the terms “healing of the soul” and “arnica for the nerves”.

Angelo Sala (1630) He also recommends St. John’s Wort as treatment for phantasmata

and specifically for melancholia. He proposes it should be best given
as an extract made with brandy.

J. Kerner (1786-1862) The German poet-physician J. Kerner reported on the use of St.

John’s Wort in the treatment of mood disorder (melancholia).

K. Daniel (1939) First description of a modern treatment of depressed patients with a

St. John’s Wort extract.

BGA! (1984) Positive monograph of the St. John’s Wort for the following uses:

psychoautonomic disturbances, depressed mood, nervousness, anxiety.
Several German authors First clinical studies in depressed patients with standardised
(1985-1991) high-dose St. John’s Wort extracts in Germany.

! Bundesgesundheitsamt, the former German Federal Health Agency (Bundesanzeiger, 1984)
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Phytochemistry

Kurt Hostettmann and Jean-Luc Wolfender

Laboratoire de Pharmacognosie et Phytochimie, Section des Sciences Pharmaceutiques, Université
de Genéve, Quai Ernest Ansermet 30, CH-1211 Geneéve 4, Switzerland

Introduction

St. John’s Wort (Hypericum perforatum) is a member of the Hypericaceae
family. The genus Hypericum contains around 400 species divided in 30 sub-
groups that are spread throughout temperate and tropical areas worldwide.
More than 70 species have been investigated from a phytochemical viewpoint.
H. perforatum is one of the most widely distributed species along with H.
crispum and H. hirsutum. This plant, as other members of the Hypericaceae, is
a prolific producer of secondary metabolites [1] and has been the topic of
numerous phytochemical investigations due its ancient use as a vulnerary and
especially, more recently, its widespread application as an antidepressant phy-
topreparation. Today, the registered phytomedicines consist of an alcoholic
extract of the dried flowering tops of the plant. At least height natural product
chemical classes are present in this plant; they include naphthodianthrones,
phloroglucinols, flavonoids, biflavonoids, xanthones, proanthocyanidins, acid
phenols as well as essential oils. Several review have already dealt with the
constituents [2—4].

In spite of all the chemical studies performed on this widespread medicinal
plant the major limitation to a rational exploitation of this plant is our still-lim-
ited knowledge on its active constituents. In this Chapter, a review of the cur-
rent knowledge of the chemical composition of St. John’s Wort is given, as
well as different aspects related to the standardisation of the extracts.

Naphthodianthrones

One of the most characteristic constituents of H. perforatum is the naphthodi-
anthrone hypericin. This red pigment, which is exuded when the buds and
flowers are squeezed, was associated with the blood of St. John the Baptist. H.
perforatum pigments have been known for centuries and were considered to be
responsible for the colouration of H. perforatum oil used as a popular healing
remedy in the Middle Ages as anti-inflammatory and vulnerary for topical
applications.
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The first scientific investigation performed on the red pigments from
Hypericum species is mentioned in 1830 by Buchner who gives the name
‘Hypericumrot’ to the pigment [5]. In 1895 already, the absorption spectrum
(alcoholic solution) was investigated. The name ‘hypericin’ was given by
Cerny in 1911, who was able to analyse its molecular formula (C,cH;(Os). At
this time 1.2 g were isolated from 1 kg of dried flowers [4]. After initially
being wrongly attributed to the anthocyanidin class of compounds in 1927 [6],
the structure of hypericin (Fig. la) was established in 1953 as 10-11-
dimethyl-1,3,4,6,8,12,-hexahydroxynaphthodianthrone by Brockman et al.
[7], who also described its total synthesis. Since this discovery, different
hypericin derivatives were described in Hypericum species between 1957 and
1976 [7-14]. A survey of more than 200 Hypericum species demonstrated that
these pigments are not distributed in all species and, apart from a few scattered
exceptions, practically all hypericin-containing species belong to the sections
Euhypericum and Campylosporus of Keller’s classification [15]; in H. perfo-
ratum, this is mainly hypericin (Fig. 1a) and pseudohypericin (Fig. 1b).
Protophypericin (Fig. 1c) and protopseudohypericin (Fig. 1d) are converted
into hypericin and pseudohypericin when the extracts are exposed to light [16].
More recently, an x-ray diffraction of the pyridinium salt of hypericin was
described showing that the molecule is distorted and has a helical twist [17].
The solubility of hypericin strongly depends on its form; the free hypericin is
only slightly soluble in polar solvents, while it forms a salt with inorganic
bases (pH 4-11) which are generally much more soluble [18]. Hypericin,
which has been used in most of the biological and clinical trials, is in fact a

LB LB
hypericin (a) CH, protohypericin (¢) CH,
pseudachypericin (b) [CH,OH pseudoprotohypericin (d) [CH,OH

OH OH OH OH © OH

JOCC,, — o0

CH,

Cyclopseudohypericin (f
Emoadianthranol (g) ¥CIOE ¥p (f)

Figure 1. Naphthodianthrones.
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monosodium salt. In the plants, it occurs mainly as a potassium salt [18].
These salts in inorganic solvent are red, highly absorbent (in EtOH,
Amax = 545 and 590 nm € = 52,000) and exhibit red fluorescence [17].

Biological activities of hypericin

At first, hypericin was wrongly attributed as being responsible for the antide-
pressant activity of St. John’s Wort extracts. It was claimed that this compound
exhibited MAO-A inhibiting properties [19], but finally it was demonstrated
that this was due to an impurity of the hypericin that was used for the assay
[20]. It has since been established that hypericin seems not to play a major role
in the antidepressant effect of St. John’s Wort — this pigment is, however,
responsible for various other interesting biological effects that include photo-
dynamic properties, antiviral and potential antineoplastic activities [18].

Hypericin and its salts are photodynamically active. These photosensitising
properties were first observed in cattle with white or light coloured coats
which feed on Hypericum and which developed a disease called hypericism.
The in vivo effects caused skin erythema and oedema. In cattle, the following
symptoms were observed: skin efflorescence in the form of blisters, psy-
chomotor excitement and in grave cases, hemolysis, epileptic fits and death.
Hypericism is derived, to a large extent, from the generation of singlet oxygen
[21] by hypericin or its derivatives upon irradiation to visible light. This effect
has been confirmed also in vitro where it could be demonstrated that hypericin
oxidised tryptophan or fatty acids by a profile that implies singlet oxygen (type
IT mechanism) [21]. It is important to note that the photosensitisation effects
only occur when the plant is ingested. In the case of consumption of phyto-
preparations containing H. perforatum, a risk of photosensitisation in human
exists but it is limited. It is recommended not to be exposed intensively to sun-
light upon treatment with St. John’s Wort. The topical application of
Hypericum oil for wound healing is, however, perfectly safe.

Hypericin appears also to be an effective virucidal agent, which directly
inactivates a broad range of viruses [22—-25] and retroviruses [26—30]. These
include the murine Friend [30] and Rausher viruses [25], equine infection
anaemia viruses [26], murine immunodeficiency virus [27], murine [23]
human [22] cytomegaloviruses, influenza [25], vesiculostomatitis [28] virus,
sendai [28], herpes [25] and ducks hepatitis B viruses [24]. In many cases, the
photodynamic action in the virucidal activity of hypericin was noted. Its mode
of action can be a direct action on the virus, possibly on the membrane con-
stituents, but it can also be directed at virus-infected cells [18].

This important antiviral action has resulted in a great deal of interest for
hypericin as a potential compound for curing AIDS [31]. In this respect how-
ever, a first clinical trial has revealed that following the treatment of 30
patients, significant phototoxicity was observed but no antiretroviral activity in
the limited number of patients studied was recorded [32].
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Besides these antiviral activities hypericin exhibits an interesting potential as
antineoplastic agent. It has been shown that hypericin inhibits succinoxidase, an
enzyme that is suggested to be positively related to neoplastic changes. The
lytic phase of the cytotoxicity reaction of CD8 lymphocytes is also inhibited by
hypericin, which is significant for the cellular immune system. Protein kinase
and other kinases have also shown to be inhibited by hypericin [18].

The only adverse effect reported for hypericin is hypericism.
Photosensitisation was studied in humans after the intake of pure synthetic
hypericin. This phenomenon was found to be transient and diminishes a few
days after hypericin is discontinued.

Until recently, hypericin was considered the undiscussed active ingredient
of Hypericum species and used for the standardisation of phytopreparations
[3]. The ‘total hypericins’ (hypericin + pseudohypericin) is around 0.1-0.15%
in the extracts [33]. Today, its role in antidepressant activity is much less clear,
but it remains an interesting marker for the standardisation of the extracts since
it could be easily detected by UV (see standardisation section below).

Minor hypericin derivatives such as isohypericin (Fig. 1e) and cyclopseudo-
hypericin (Fig. 1f) have also been reported in H. perforatum [2]. Besides these
naphthodianthrones, anthranolic constituents, namely emodin anthranol
(Fig. 1 g) have also been characterised in H. perforatum. It is not clear howev-
er if this anthranol derivative is the precursor of hypericin in the plant [4].

Phloroglucinols

H. perforatum mainly contains two acylated phloroglucinol derivatives hyper-
forin (Fig. 2a) and adhyperforin (Fig. 2b). Hyperforin is known for its remark-
able antibacterial properties [34] and recent studies indicated that it might be
an essential component for the antidepressive activity, as this compound rep-
resents the major reuptake inhibiting constituent of the extract of St. John’s
Wort [35]. Hyperforin was studied by Russian researchers between
1971-1975 [36—39]. The absolute configuration of hyperforin has been estab-
lished by x-ray analysis [40]. This compound is chemically related to the hop
bitter principle humulon and lupulon and has only been found in H. perfora-
tum. The structure of adhyperforin, which is less abundant than hyperforin in
the extracts, was described later [41].

The chemical instability of hyperforin has excluded for a long time its
definitive pharmacological evaluation. A successful method for its isolation
purification and storing has only recently been developed [1]. The procedure
involves a separation of the CO, extract, which is enriched in phloroglucinol
derivatives, by high speed countercurrent chromatography followed by imme-
diate dilution in MeOH and storing at —20 °C. For easy handling, hyperforin
was derivatised as organic or inorganic salts or isolated by countercurrent
chromatography of its dicyclohexylammonium salt just before its use for bio-
logical evaluation [1].
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sterical view

hyperforin(a) R=H
adhyperforin (b) R = CH,

Figure 2. Phloroglucinols.

The chemistry of the acylated phloroglucinols in H. perforatum is complex.
A liquid chromatography/thermospray mass spectrometry (LC/TSP-MS)
analysis of a CO, extract of H. perforatum flowering tops revealed the pres-
ence of at least 14 phloroglucinol-type compounds, the most abundant being
hyperforin and its homologue adhyperforin (10%). The other constituents are
not well defined and appeared to be constituents showing the loss of an iso-
prenylic chain or showing 16 mass units more than hyperforin based on the on-
line MS data recorded [1].

Hyperforin is found to be present at 2.0—-4.5% in the extracts while adhy-
perforin represent 0.2—1.9% [2]. Some minor hyperforin (Fig. 2c—e) ana-
logues have been reported [42]. Compounds 2c¢ and 2d can be considered as
intermediates in the metabolic pathway, while 2e was also found among the
products obtained after chemical oxidation of hyperforin (Fig. 2).

Hyperforin instability

As mentioned above, hyperforin is unstable and its lability to oxidative degra-
dation poses problems for standardisation and may also dramatically affect the
pharmacological activity of the extracts. The identity of the major oxidised
forms of hyperforin (Fig. 3a—j) has been recently reported, but it is not clear if
these compounds are genuine plant constituents or artefacts formed en route to
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I

Oxepahyperforin (g)

|B_| R |R.
Deoxyhfurchyperforin (b) Me | H H
Furohyperforin (a) Me CMe,OH |H
Deoxyhydroperoxyfurchyperorin (¢} | Me CMe,O0H|H
Furoadhyperforin (d) Et CMe,OH |H
Furohyperforin A (e) Mea H OH
Furohyperforin A (f) Me OH H 8-hydroxyhyperforin 8,1-hemiacetal (h}

Figure 3. Oxidised forms of hyperforin and derivatives.

the degradation of the natural product [43—48]. Hyperforin is stable in protic
solvents and unstable in apolar solvents such as n-hexane [43].

The broad shape of most of the "H-NMR signals, and the poor resolution of
3C-NMR denoted that hyperforin is a mixture of tautomers. On the contrary,
the oxidised forms show sharp signals that are indicative of a covalent block
of the tautomeric equilibrium [1]. Different studies for a better understanding
of the relationship between hyperforin and its oxidised forms have been con-
ducted. The oxidation of pure hyperforin was performed by dissolving it in a
hexane solution overnight at room temperature. The resulting mixture was
analysed by LC/electrospray ionisation mass spectrometry (ESI-MS) [43] and
LC/nuclear magnetic resonance (NMR) [48]. The results showed that the oxi-
dised form obtained in this way (Fig. 31 and j) were isomers of hydroxyfuro-
hyperforin (Fig. 3a) with dihydrofuran ring closure in two different positions,
which can be explained by the keto-enol tautomerism of hyperforin [1].

In spite of the very important number of publications related to the biolog-
ical activities of hyperforin, the chemical modification of this acylated
phloroglucinol has so far received little attention. Furthermore, natural ana-
logues are difficult to study since St. John’s Wort has yielded them in a limit-
ed number and only at low abundance [1]. Recent structure activity relation-
ship studies by Verotta [49] on different oxidised analogues of hyperforin have
demonstrated that the covalent block of the highly reactive o-substituted eno-
lised B-dicarbonyl system as an ether group is detrimental to the biological
activity (inhibition of the synaptosomal accumulation of serotonin). Indeed, all
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natural and synthetic oxygenated hyperforin derivatives showed a lower activ-
ity on the reuptake of serotonin. This suggests a probable specific role of the
enolised B-diketone moiety of hyperforin in the activity.

Whatever the origin, the oxidised products, their structural characterisation
and availability have an obvious relevance for the standardisation of St. John’s
Wort extracts and the study of hyperforin metabolism.

Flavonoids

The main flavonoid present in H. perforatum is quercetin (Fig. 4a) and its
related glycosides (2—4%). Quercetin-3-O-galactoside (Fig. 4e) was the first
one to be described in H. perforatum and it was wrongly named hypericin in
the original paper, which reported its isolation [50]. This compound was re-
isolated later by Sprecher and correctly named hyperoside [51]. Other wide-
spread quercetin glycosides (quercetin-3-O-rhamnoside (quercitrin [Fig. 4b]),
quercetin-3-O-glucoside (isoquercitirin [Fig. 4c]) and quercetin-3-O-ruti-
noside (rutin [Fig. 4d]) were also reported in this plant [3]. Minor flavonoid
aglycones were also reported in Hypericum species, these include dihydro-
quercetin, luteolin, kaempferol and myricetin [4]. Concentration of the
flavonoids rutin (1.6%), hyperoside (0.9%), and isoquercitirin (0.3%) have
been reported [52].

Flavonols Biflavonoids

Quercetin (a) H oh 2
Quercitrin (b) Rha
Isoquerecitirin (c) Gle
Rutin (d) Rha-Glc
Hyperoside (e) Gal
Xanthones
HO o OH
TOCC _
OH © 13',118-biapigenin (g)

1,3,6,7-tetrahydroxyxanthone (h)

Figure 4. Flavonoids and related polyphenols.
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More recently, dimeric flavonoids I 3,II 8 biapigenin (Fig. 4f) (0.1-0.5%)
[53] and I 3’,IT 8-biapigenin(amentoflavone) (Fig. 4 g) (0.01-0.05%) [54]
have been isolated in small amounts.

The flavonoid fraction of H. perforatum displayed interesting in vitro inhi-
bition of MAO-A [55]. It was established that these compounds were present
at a 20% level at least in the fraction of hypericin that was previously tested by
Suzuki [19], which wrongly attributed MAO-A activity to hypericin. However,
according to the work of Bladt in vivo and ex vivo, even if the flavonoid frac-
tion was found to be the most active, the antidepressant activity could not be
expressed in terms of MAO inhibition only [20].

Proanthocyanidins

Proanthocyanidins represent approximately 12% of dried weight of aerial bio-
mass including the seeds [56]. The proanthocyanidin mixture contains only
catechin (Fig. 5a) or epicatechin (Fig. 5b) derivatives (dimers, trimers,
tetramers and high polymers) since the acid hydrolysis resulted only in cyani-
din [57]. This class of flavonoids were endowed with vascular activity resem-
bling that of Crataegus species [3].

Xanthones

A 1,3,6,7-tetrahydroxyxanthone (Fig. 4h) was found in trace amounts in the
extract of H. perforatum [58]. This compound, as other xanthones mainly
occurring in the Gentianaceae as well as other Guttiferae species, was found
to exhibit interesting IMAO properties [59], but was present in too small quan-
tities to justify a possible role in the activity of St. John’s Wort [60].

OH
OH

HO. o ©/ —
; ‘; “OH
OH

catechin (a) sdimers

OH ":> strimers
OH
s @’ etetramers

*high polymers

HO.

“OH

OH
epicatechin (b) —

Figure 5. Proanthocyanidins.
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Acid phenols
Various widespread acid phenols such as p-coumaric (Fig. 6e), ferulic

(Fig. 6a), isoferulic (Fig. 6b), caffeic (Fig. 6¢) and chlorogenic acids (Fig. 6d)
have been described in several occasions in H. perforatum [61].

.. _-COOH <. _.COOH . _-COOH
- /Q/\, HSCOQ/\/ HO/Q/\,

OCH, OH OH
ferulic acid (a) isoferulic acid (b) caffeic acid (c)
HO, ,COOH
é\ o 2. _COOH
HO™ " o | /@/\/
OH OH HO
OH
chlorogenic acid (d) p-coumaric acid (e)

Figure 6. Acid phenols.

Essential oils

Besides the early work performed on hypericin by Buchner [5], in 1904 the
phytochemical investigation of H. perforatum began with the determination of
the content of essential oils. The species name ‘perforatum’ relates to the pres-
ence under the leaves of clear dots which allows light to pass through. These
punctuations are not holes in the leaves but oily inclusions that contain the
essential oils. A needle perforation of these inclusions allows the collection of
the clear liquid that is the essential oil [4].

The content of the essential oils of St. John’s Wort varies from 0.1-0.35%
depending on the harvesting period and the quality of aerial part. The major
constituent was found to be o-pinene (Fig. 7a) [3]. In the 1960s Ourisson and
Mathis performed several gas chromatography (GC) studies on the essential
oils of different Hypericum species [62—64]; in their study the main com-
pounds identified were 2-methyloctane (Fig. 7b), n-nonan, n-undecan,
o-pinene, B-pinene (Fig. 7¢), limonene, myrcene caryophyllene, o-terpineol
(Fig. 7d), geraniol, octanal, decanal and 2-methyldecane; the major compo-
nent being 2-methyloctane (>30%). Recently, the composition of the volatile
oils of the aerial part of St. John’s Wort collected in six localities in the south
of France were compared by gas chromatography/mass spectrometry (GC-
MS) [65]. This latter study identified between 29 and 41 components. The
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)\/\/\/

=
2-methyl
methyloctane (b) -
OH \]/\/\]%\/ |

-terpineol (d) Farnesene (f)
Geraniol (h)

-pinene (a) ‘ ] EE
-cardinene (i)

-caryophyllene (e) ,
-pinene (c) /OHZ\\)
Humulene (j)

-himachalene (g)

Figure 7. Essential oil constituents.

main constituents were found to be oxygenated and non-oxygenated
sesquiterpenes. This is in contradiction with previous studies that revealed
mainly the presence of monoterpenes. 14 compounds were present in the
essential oils of each tested population, namely B-caryophyllene (Fig. 7e),
caryophyllene oxide, (E)-B-farnesene (Fig. 7f), y-cadinene, &-cadinene,
ar-curcumene, cis-calamenene, branched tetradecanol, spathulenol, nerolidol,
o-cadinol, 2-methyldodecane and dodecanol; however, these compounds were
present at different rates. Germacrene D and bicyclogermacrene were present
in important quantities in some samples but were absent in others. It is inter-
esting to notice the presence of o- or B-himachalene (Fig. 7 g), rare in plant
chemistry, in all the H. perforatum var. perforatum oils but not in the angus-
tifolium variety. The oil of the variety angustifolium is poor in farnesene
forms, unlike the other oils, which are rich in (E)--, (E,E)-o- or (Z,E)-o-far-
nesene. In the oil of this variety, there is little content of B-caryophyllene and
caryophyllene oxide [65]. Hence, a chemical difference between the two vari-
eties may be revealed as demonstrated between H. perforatum var. perforatum
and var. angustifolium from Serbia [66].
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Other lipophilic constituents

In the lipophilic extract, apart from the compounds described above, several
alkanes [67] and long chain fatty alcohols are present [68]. The study of the
n-alkanes revealed the presence of all members in the series C4 C9 and the
prevailing n-alkane was found to be nonacosane. Fatty acids like lauric,
palmitic acids and some carotenoids (lutein, violaxanthin, cis throllixanthin,
throllichromone) have been also identified [69].

St. John’s Wort preparations
St. John’s Wort oil

St. John’s Wort oil is a crude product extracted from H. perforatum with veg-
etable oil. It has been known as a popular healing remedy since the Middle Ages
and is mainly used externally for the treatment of wounds, especially burn
wounds, bruises and swellings [70]. This preparation is endowed with an excep-
tionally high antibacterial activity. St. John’s Wort oil is prepared by maceration
of fresh flowers of H. perforatum, collected when the seeds begin to mature, in
sunlight for several weeks. It acquires a brilliant red colour and orange—red flu-
orescence. The Pharmacopoeia Wirtenbergica (1847 edition) directs the extrac-
tion of dried flowers of St. John’s Wort by digesting with hot olive oil for 3 h.
The oil obtained is yellow due to the colour of the flower pigments.

The red colour and fluorescence of St. John’s Wort oil was generally
ascribed to hypericin and the pigments are determined by simple direct UV
absorption measurements at 590 nm and expressed as hypericin. With specif-
ic methods, however hypericin is not measurable in the St. John’s Wort oil.
Only lipophilic compounds with a hypericin-like colour and fluorescence are
present. These compounds were originally considered to be lipophilic substi-
tuted hypericin that were also present in St. John’s Wort flowers, but it has now
been established that I 3’, IT 8-biapigenin and 1,3,6,7-tetrahydroxy-xanthone
are responsible for the colour and fluorescence [71].

Hyperforin could not be identified in the oil because of its high lipophilici-
ty, which hampers its isolation from the oily matrix, and its low stability. It is
probable that degradation products of hyperforin endowed with potent anti-
bacterial activity are present [3].

Hypericum perforatum phytopreparations

The extracts used in therapy today are prepared by extracting the upper aerial
parts of H. perforatum, collected just before or during blossom, with mixtures
of ethanol/water or methanol:water [72]. The content of the extracts is direct-
ly related to the harvesting period, drying process and storage. Table 1 [61]
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Table 1. Variation of the composition of flowers in 50 specimens [61]

pg/flowers
constituents max min
hypericin 23 3
pseudohypericin 64 11
hyperforin 607 206
13’ 1I8-biapigenin 71 11
rutin 61 19
hyperoside 140 44
isoquercitrin 107 15
quercitrin 112 21

reports the chemical composition and the variability of the main components
described in the H. perforatum flowers.

Analysis and standardisation of the extracts

The analysis of the components of St. John’s Wort is complex because of the
important diversity of constituents encountered. For a long period, the extracts
were generally standardised in hypericin or hypericin-like substances. This red
pigment was indeed considered as the undiscussed active ingredient and was
the target of all analytical methods reported in literature [3].

Hypericin, thanks to its specific chromophore, was detected in the extracts
by various colorimetric reactions, thin layer chromatography (TLC), gas liquid
chromatography (GLC) or high performance liquid chromatography (HPLC)
techniques [33, 73—75]. In the German pharmacopoeia, a determination of
hypericin and derivatives is prescribed using a spectrophotometric assay at
500 nm.

More recently, different HPLC methods have been developed for the deter-
mination of all the constituents endowed with biological activities. Indeed,
since the role of hypericin in the antidepressant activity of the extract has been
much debated, the biological effects of H. perforatum are now mainly consid-
ered to arise, rather than from the presence of a single constituent, from the
whole mixture of the metabolites.

In this respect, Brolis et al. [76] have described an HPLC-UV method using
a wide pore RP-18 column. Chlorogenic acid (Fig. 6d), quercetin (Fig. 4a),
quercitrin (Fig. 4b), isoquercitrin (Fig. 4c), rutin (Fig. 4d), hyperoside
(Fig. 4e), 13,II8-biapigenin (Fig. 4f), pseudohypericin (Fig. 1b), hypericin
(Fig. 1a), hyperforin (Fig. 2a) and adhyperforin (Fig. 2b) were separated by an
aqueous phosphoric acid—acetonitrile—methanol gradient within 50 minutes.
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The quantification of the above constituents was performed using rutin as an
external standard. Another alternative HPLC method aimed at the quantifica-
tion of the naphthodianthrones and the two phloroglucinols was reported by
Poutaraud et al. [77], which carefully optimized the extraction procedure
(water:ethanol; 40:60; 1 h; 80 °C in the dark) for the best compromise between
extraction time and high recovery.

The major components of eight different batches of commercially available
dry extracts of H. perforatum were also recently determined by a combination
of analytical methods [72]. They include the quantification of flavonoids and
phloroglucinols but also a wide variety of by-products that may act partially as
co-effectors and affect the technological properties of the extracts. Thus
60-70% of the compounds of the H. perforatum dry extracts were efficiently
quantified. The contents of hyperforin, hypericin and flavonoids were found to
be in the range of 1.3-3.9%, 0.19-0.30%, and 4.8—11.4%, respectively. Water-
soluble sugars were analysed by HPLC with refractive index detection. Native
fructose, glucose and sucrose, as well as lactose added during the processing
of the extracts, were determined. The total sugar content in the dry herbal
extracts varied from 19-25% by weight. In addition, citric acid (0.9-2.3%)
and malic acid (2.3-3.1%) were determined by HPLC, tannins (6.2-9.0%) and
total ash (4.9-8.4%) were quantified according to the methods described in the
European Pharmacopoeia, and the content of the total protein (3.9-8.3%) was
estimated by elemental analysis [72].

A rapid method for the simultaneous determination of the six major naph-
thodianthrones and phloroglucinols by LC/ESI-MS/MS was also recently
reported [16]. This method, based on multiple dissociation reaction monitor-
ing (MRM), allowed the analysis of hypericin, protohypericin, pseudohyper-
icin and protopseudophypericin in less than 5 min with lower level of quan-
tification of 0.5 ng/ml for hyperforin and 2 ng/ml for hypericin.
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Introduction

The herb Hypericum perforatum (popularly called St. John’s Wort, STW) has
been known for a long time for its putative medicinal properties including
wound-healing, diuretic, antibiotic and antiviral effects [1]. Nowadays, the
therapeutic use of alcoholic extracts of STW tends to be concentrated on some
central nervous system (CNS) disorders. The main indication, supported by a
number of randomised clinical trials (reviewed in [2]), is for the treatment of
less severe forms of depressive disorders, as an alternative to the classic anti-
depressants with a favourable side effect profile. SJW extracts show antide-
pressant-like properties in behavioural models in rodents [3—8] and have also
been proposed — and in some countries they are licensed — for the treatment of
anxiety and sleep disorders, although such indications are only supported by
preclinical evidence [9—12]. Preclinical studies also suggest potential uses of
SJW extracts in cases of alcohol abuse [13, 14].

Hydroalcoholic SJW extracts contain several natural products [15] belong-
ing to the following main chemical classes: flavonoids (including flavonol gly-
cosides such as rutin, quercetin and quercitrin; and biflavones such as biapi-
genin and amentoflavon); proanthocyanidins; naphthodianthrones (including
hypericin and pseudohypericin) and acylphloroglucinols (including hyperforin
and adhyperforin). Studies in animal models reported antidepressant-like
properties of flavonoids [16, 17], of hypericin and pseudohypericin [18], and
of hyperforin [19-21].

The mechanism(s) of action of the central effects of SJW extracts are still
under investigation. Different hypothesis have been formulated on the basis of
the results of in vitro, ex vivo and in vivo studies, using different extracts and
some pure constituents. However, only in vitro receptor binding studies will be
reviewed here and their interpretations and implications discussed.
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Receptor binding assays

In vitro receptor binding studies, particularly the so-called “competition” bind-
ing assays, are widely used to determine whether an unlabelled compound
interacts directly with a receptor of interest, and to measure the affinity of this
interaction.

Briefly, the basic technique involves the incubation of a receptor prepara-
tion (from brain membranes or from cells expressing recombinant receptors)
with a ligand (usually radiolabelled) that has high selectivity for the receptor.
Once equilibrium is reached the radioligand bound to the receptor is separat-
ed from the free ligand (by filtration or centrifugation) and quantified. In a typ-
ical competition assay, the radioligand binding is measured in the presence of
increasing concentrations of an unlabelled compound, to determine the ICsy,
the concentration inhibiting the specific binding by 50%. This indicates the
potency of this compound’s effect on the radioligand binding and, if the inhi-
bition is competitive, the compound’s affinity for the receptor under investiga-
tion. Usually the “affinity” is indicated by the Ki value, which is the equilibri-
um dissociation constant: the lower the Ki, the higher the affinity. For a com-
petitive inhibitor, Ki is calculated from the ICs, using the equation of Cheng
and Prusoff [22], which takes into account the dissociation constant of the
radioligand (Kd) and its concentration [L]: Ki = ICsy/(1 + [L]/Kd).

The measure of the (relative) affinities of a given compound for different
receptors is widely used as an easier and faster method to characterize the
compound’s pharmacology, suggesting therapeutic applications in the case of
new compounds or helping clarify the mechanism of action.

In vitro binding data

Competition binding assays have tested the effects of different SJW extracts
and many of the constituents, on binding to almost all central neurotransmitter
receptors. Before reviewing these data, however, some points need to be con-
sidered for interpretation purposes.

In order to understand whether the affinity of a compound for a given recep-
tor, determined in vitro, underlies the central effects of interest (i.e., the anti-
depressant effect), one needs to know whether high enough concentrations of
that compound can actually reach the brain in vivo. For example, the affinity
of hypericin for adrenergic B1 receptors (i.e., the concentrations occupying
half the receptors) is 4.4 pM [23], indicating that hypericin can bind these
receptors in vivo only if micromolar concentrations are achieved in the brain.
Only in this case would the interaction with adrenergic B1 receptors be rele-
vant for the pharmacological effects of hypericin or hypericin-containing SJTW
extracts.

It follows that the affinity values determined in vitro are meaningful only in
the presence of pharmacokinetic data showing the brain levels of the single
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constituents. For example, amentoflavone interacts with nanomolar affinities
with benzodiazepine and opioid  receptors [23—25], but we cannot even guess
at the relevance of these interactions (do they play a role in the antidepressant
effect of SJW extract?) unless brain amentoflavone levels are measured after
effective doses of the extract. Although it was recently reported that
amentoflavone is able to pass the blood—brain barrier in vitro by passive dif-
fusion [26], a previous study had shown that amentoflavone does not bind
brain benzodiazepine receptors after i.v. administration in the mouse in vivo
[24].

For these reasons, we mainly focus here on the affinity values for hypericin
and hyperforin, since these are the only components for which estimates of
brain levels are available (see below). Total hypericins (i.e., the sum of hyper-
icin, pseudohypericin and their protocompounds) usually amount to about
0.3% of the SJW extract. The content of hyperforin is highly variable, ranging
from 1-5%, because of its instability to light and air [27]. Hyperforin plus
hypericin make up less than 10% of the total SIW extract. These considera-
tions make it even more difficult to interpret the “affinity” values from in vitro
binding studies with the total SJW extracts [6, 28, 29], because we have no
idea which component is responsible for the effects on the ligand binding and
whether that component can enter the brain.

Brain levels of hypericin and hyperforin

In humans, after single or multiple pharmacological doses of a SJW extract
(LI-160), the maximal plasma concentrations of hypericin and pseudohyper-
icin were always below 40 pg/L, i.e., lower than 80 nM [30]. As regards the
brain hypericin concentrations, the only indication came from a study using
radiolabeled hypericin in mice, showing that they amount to 8—40% of the
plasma hypericin concentration [31]. The cerebrospinal fluid penetration of
hypericin in nonhuman primates was less than 1% of plasma levels [32].
Maximal plasma concentrations of hyperforin were below 400 ug/L (about
800 nM) after single or multiple pharmacological doses of a STW extract (WS-
5572), in human and rat [21, 33]. However, preliminary brain-to-plasma dis-
tribution studies suggested very poor passage of the blood—brain barrier with
brain hyperforin concentrations being only 4% of the plasma concentrations
[21]. The hyperforin concentration in the brain of mice treated with pharma-
cological doses of WS-5572 was 15.8 ng/g (about 30 nM, assuming 1 g brain
tissue equivalent to 1 mL water) [34].

In conclusion, pharmacokinetic data indicate that after pharmacologically
effective doses of SJW extracts, the brain concentration of hypericin and
hyperforin is below 50 nM. It can therefore be assumed that these two con-
stituents will nrot interact with those central neurotransmitter receptors for
which their Ki exceed, conservatively, 500 nM (with this Ki value 50 nM of
the compound will occupy, at equilibrium, less than 10% of receptors).
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Most binding studies report ICs, instead of Ki values. The ICs, value is pro-
portional to Ki but also depends on experimental conditions such as the affin-
ity of the radioligand used and its concentration. Since binding studies usual-
ly employ a radioligand concentration equal to or lower than its Kd, the Cheng
and Prusoff equation calculates that a Ki of 500 nM (i.e., the threshold identi-
fied above) corresponds to an ICs, of 1,000 nM or lower.

Affinity of hypericin and hyperforin for central neurotransmitter
receptors

Ki/IC50 values higher than the thresholds above (0.5 and 1 uM respectively),
were reported for hyperforin and/or hypericin on the following central neuro-
transmitter receptors:

* Monoamine transporters [6, 23, 35, 36].

* Serotonin receptors (all subtypes, with the exception of the 5-HT4 subtype
for which no data are available) [6, 23, 29, 35, 36].

* Dopamine receptors, all subtypes [23, 36] with the exception of hypericin
on the DA3 subtype, see below.

¢ Adrenergic receptors (hypericin only on all subtypes) [23, 36].

* Acetylcholine receptors. In one study hypericin showed an ICs, of about
1 uM on rat brain cortex muscarinic receptors (subtypes not measured) [36],
but this finding was not confirmed when evaluating its effect on recombi-
nant muscarinic 1-5 subtypes (ICsy > 10 uM) [23]. No data are available for
hyperforin.

» Histamine receptors (H1 subtype) [23, 36].

* GABA-A receptors [23, 35, 36].

* Benzodiazepine receptors [23, 25, 35, 36].

¢ Glutamate-NMDA receptors [23, 36].

¢ Glutamate-PCP receptors [23, 36].

* Opioid p receptors. Hyperforin and hypericin were quite active in one study
(ICs59 0.4 and 1 pM, respectively) [29] but this finding was not confirmed
later (IC5y > 10 uM) [23].

* Opioid K receptors. In one study hyperforin and hypericin had ICs, of 1 and
3 uM, respectively [29] but this finding was not confirmed later
(ICs50 > 10 uM) [23].

 Opioid & receptors. In one study hyperforin and hypericin had ICs, of 0.5
and 4 uM, respectively [29] but this finding was not confirmed later
(ICs50 > 10 uM) [23].

* Sigma (0) receptors. No effect of hyperforin [35] whereas hypericin had an
ICs4 of about 1-3 uM [35, 36]. However, the inhibitory effect of hypericin
was light-dependent, being much lower when the binding assay was carried
out in the dark [35].

* Neuropeptide-Y receptors (Y 1-2 subtypes) [35, 36].
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* Neurokinin-1 receptors [36, 37].

* Vasopressin receptors (V1-3 subtypes) [23, 36].

* Bradykinin-2 receptors, hypericin only [36].

* Cholecystokinin-A receptors, hypericin only [36].
* Endothelin-A receptors, hypericin only [36].

* Angiotensin-1 receptors, hypericin only [36].

* Glucocorticoids receptors, hypericin only [36].

The only reported interactions of hypericin/hyperforin with sufficiently
high affinity were:

» Hypericin with rDA3 receptors, with a Ki of 34 nM [23].
* Hypericin with CRF-1 receptors, with an ICs, of 300 nM [29].

The dopaminergic system is involved in the pharmacological effects of STW
extracts as indicated by the fact that sulpiride (a DA,/DAj; receptor antagonist)
and haloperidol (D,/D, receptor antagonist) completely antagonised the effects
of the extracts in the forced swimming test in rats [3, 38]. Sulpiride also antag-
onised the anti-immobility effect of solubilised hypericin [18]. These effects of
the DA antagonists might be due to inhibition of hypericin binding to DA3
receptors (note however that behavioural data mainly suggest the involvement
of DA2 receptors) but they could also be due to antagonism of DA itself,
whose extracellular concentrations are enhanced by treatment with SJW
extracts [39, 40]. Various antidepressant drugs, including those with no direct
effect on central DA mechanisms, enhance the sensitivity of postsynaptic DA
receptors, including DA3 receptors [41, 42] in the mesolimbic system [43].
There is no evidence yet that ligands to DA3 receptors have antidepressant
activity.

CRF]1 receptors are major determinants in the regulation of the hypothala-
mic—pituitary—adrenal axis, whose dysregulation is thought to play a causal
role in the development and course of depression [44]. Clinical and preclinical
data suggest that unrestrained secretion of CRF in the CNS produces several
signs and symptoms of depression and anxiety disorders through continuous
activation of CRF1 receptors. As a consequence, selective CRF1 receptor
antagonists are being developed as potential anxiolytics/antidepressants [45].

The interaction of SJW constituents with CRF1 receptors might therefore
be important. As regards hyperforin, preliminary binding studies showed it
was inactive on recombinant human receptors at concentrations up to 10 uM
[29]. Functional in vitro studies, however, showed that hyperforin inhibits the
CRF-induced cAMP accumulation in CHO-K1 cells expressing CRF-1 recep-
tors with an ICs, of about 1 uM [46]. Since this antagonism is noncompetitive
it is probably due to hyperforin interacting with ion channels or with some
other membrane-related effect, as has been described at similar concentrations
of this compound [47]. Hypericin inhibited CRF-induced cAMP accumulation
with a Kb of 930 nM in a competitive manner [46], in partial agreement with
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its relatively high affinity for CRF1 receptors (300 nM) [29]. However, these
hypericin concentrations are quite high, very near the “conservative” thresh-
olds identified above.

Concluding remarks

The main conclusion that can be drawn from in vitro binding data is that the
central effects of STW extracts are not due to hypericin or hyperforin interact-
ing directly with most of the central neurotransmitter transporters and recep-
tors, because the concentrations required for these interactions far exceed
those found in the brain after pharmacologically effective doses of the extract.
The only exceptions might be the relatively high affinities reported for hyper-
icin on DA3 or CRF-1 receptors.

Since behavioural studies in animal models consistently suggest that hyper-
forin and hypericin are involved in the antidepressant-like effects of SIW
extracts [18—21] it can be speculated that hyperforin/hypericin:

1. Act peripherally level, e.g., on the cytokine metabolism [37]

2. Interact with high affinity with a central target not yet evaluated in binding
assays (new mechanism of action?)

3. Form metabolites, not yet detected and measured in the brain, that interact
with high affinity with the classic receptors involved in depression and anx-
iety

4. Induce bioactive endogenous molecules through an unknown mechanism

5. Act synergistically with other constituents, so that various relatively weak
effects result in the overall pharmacological effect [29].

Regarding points 3 and 4: it must be considered that an indirect effect on
sigma receptor could be involved in the mechanism of SJW actions. In spite of
the lack of affinities of hypericin/hyperforin for sigma receptors in vitro, pre-
treatment of rats with pharmacologically active doses of SJTW extracts reduced
ligand binding to sigma receptors, measured ex vivo [48, 49]. Consistent with
this possibility is the finding that rimcazole (a sigma, receptor antagonist)
counteracts the antidepressant effects of the SJW extract, evaluated with the
forced swimming test in rats [8], and that agonists at sigma,; receptors are
active in antidepressant models in rats [50].

Regarding point 5: flavonoids are also likely to play a role in the central
effects of SJW extracts [16, 17], and amentoflavone interacts with high affini-
ty with benzodiazepine receptors [23—25]. Unfortunately, this last finding can-
not be adequately interpreted because of the lack of pharmacokinetic data on
the brain levels of this important constituent after treatment with SJW extracts.

In summary, different experimental approaches (in vitro, ex vivo and in vivo)
are required to clarify the difficult question of the active principle(s) and the
mechanism(s) of action underlying the pharmacological effects of a complex
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mixture such as SJW extracts [51]. It is very important to interpret the results
with each of these approaches correctly. Data from in vifro binding assays have
often been over interpreted, mainly because they have been considered with-
out taking into account the (scant) pharmacokinetic data available. Additional
pharmacokinetic data on the brain concentrations of other constituents and/or
metabolites are therefore required for a more meaningful analysis of in vitro
receptor binding data which, it is to be hoped, should enable us to identify the
active principle and its target in the brain.
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Effects on transmitter uptake and their cellular and
molecular basis

Kristina Treiber and Walter E. Miiller
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Curie-Str. 9, 60439 Frankfurt, Germany

The biological basis of depressive disorders is rather complex and not well
understood, but a wealth of evidence points to a central pathophysiological as
well as pharmacological role of serotonergic and noradrenergic neurotransmis-
sion. Accordingly, nearly all presently available antidepressant drugs influence
the synaptic communication of the neurotransmitters serotonin and norepi-
nephrine and to some extent of dopamine in the central nervous system (CNS),
although different biochemical pathways are involved (Fig. 1). The majority of
antidepressants lead, at least initially, to an increased availability of serotonin
and norepinephrine at their respective synapses. This explains why it is quite
convincible that the mode of action of St. John’s Wort is also related to the
synaptic communication of norepinephrine, serotonin, and dopamine. One pos-
sible biochemical mechanism of antidepressant activity is the inhibition of the
intra- and extraneuronally located enzyme monoamine oxidase (MAO), a path-
way which is exploited by the MAO inhibitors (Fig. 1). By this mechanism, the
degradation of all three neurotransmitters is retarded and their concentration in
the synaptic cleft increases. Earlier investigations, which assumed an inhibito-
ry effect of St. John’s Wort extract on MAO-A enzyme [1] and considered the
extract as a herbal MAO inhibitor, could not be confirmed in later studies [2—7].
As an example, data from our laboratory are shown in Figure 2, where inhibi-
tion of MAO-A and MAO-B activity was only seen at very high concentrations,
about two orders of magnitude above the concentrations needed to inhibit neu-
ronal transmitter uptake (Fig. 3). Moreover, we observed no MAO inhibition ex
vivo after acute or chronic treatment of mice and/or rats with St. John’s Wort
extract (data not shown). Thus, St. John’s Wort is not a herbal MAO-inhibitor,
as it is still indicated even in recent publications.

The most important mechanism of antidepressant activity goes back to the
classic tricyclic antidepressants but is also valid for almost all “new” drugs.
This mechanism is characterised by competitive inhibition of serotonin or/and
norepinephrine transporter proteins, which return the neurotransmitter
released into the synaptic cleft back into the presynaptic nerve terminals. Some
old and new antidepressants are rather specific for only one transporter pro-
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Figure 1. The biochemical mechanism of action of St. John’s Wort extract exhibits similarities to that
of other antidepressants. Many synthetic antidepressants lead to an increase in concentration of the
two neurotransmitters noradrenaline and serotonin in the synapses (contact sites between nerve cells)
of the brain by, at least initially, influencing different mechanisms (inhibition of neuronal noradrena-
line or serotonin reuptake, inhibition of monoamine oxidase-A, inhibition of pre-synaptic o, -recep-
tors). As a consequence, adaptive changes in the post-synaptic receptor system take place, which
occur over the same period as the antidepressant action. St. John’s Wort also blocks both transport sys-
tems (mainly by means of the active ingredient hyperforin) and leads to changes in the -, 5-HT1A-
and 5-HT2A-receptors (see arrows).

tein, while other old and new drugs inhibit norepinephrine as well as serotonin
transporters. However, none of the synthetic antidepressants inhibits the neu-
ronal uptake of all three neurotransmitters serotonin, norepinephrine, and
dopamine with comparable potencies like St. John’s Wort extract does.

St. John’s Wort extract is a broad spectrum inhibitor of
neurotransmitter uptake

Already our initial findings indicate that St. John’s Wort extract has a clear
inhibitory effect on the synaptosomal uptake not only of serotonin and of nor-
epinephrine, but also of dopamine (Fig. 3), GABA and L-Glutamate with
rather similar potencies in mouse brain tissue (Tab. 1) [7]. These findings were
confirmed in rat synaptosomes, primary cultures of rat neurons, and cultured
rat cortical astrocytes [7—11]. The ICs, values of the extract as an inhibitor of
neurotransmitter uptake are at least 100 times lower than those for the MAO-A
or MAO-B inhibition (Tab. 1, Fig. 2). Importantly, upon removal of Hypericum
extract, uptake was restored in neurons, thereby indicating that inhibition was
not due to a toxic effect of Hypericum extract (Neary et al., 2001). Regarding



Effects on transmitter uptake and their cellular and molecular basis 33

150-|

® MAO-A, ICs: 120 pg/ml
0 MAO-B, ICsq: 370 pg/ml

MAO activity (¥ of control)

Il
0 ir T T T T T T Ty T T rrrrm

0 0.01 0.1 1 10 100 1000

Hypericum extract LI 160 (ug/ml)

Figure 2. Inhibition of mouse brain MAO-A and MAO-B activities by Hypericum extract (2% hyper-
forin) in vitro. Data are from [7].
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Figure 3. Inhibition of uptake of *H-serotonin and *H-dopamine into mouse cortex or rat striatum
synaptosomes by Hypericum extract (2% hyperforin). Data are from [7].
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Table 1. Mean inhibitory concentration (ICsp) of several antidepressants and of St. John’s Wort extract
(hyperforin content 2%) for the synaptosomal uptake of various neurotransmitters in mouse brain
synaptosomes

Substance Serotonin Dopamine Noradrenaline GABA L-Glutamate
1Cs5o (nmol/l)
Imipramine 21 >1,000 21 >1,000 >1,000
Clomipramine 1 >1,000 14 >1,000 >1,000
Desipramine 207 >1,000 3 >1,000 >1,000
Citalopram 1 >1,000 >1,000 >1,000 >1,000
ICs0 (ug/ml)
St. John’s Wort extract 2 1 5 1 11

Data are taken from [7] and [9].

the broad range of neurotransmitter uptake systems affected by St. John’s Wort
no other antidepressant has similar properties (Tab. 1).

In agreement with these findings on neuronal transmitter uptake in vitro, a
number of authors found rather different changes in brain concentrations of nor-
epinephrine, dopamine and serotonin or their respective metabolites after acute
and chronic treatment of experimental animals with hypericum extract [12—15].
As an example, our data on the effects of the extract in the mouse brain after a
single acute dose are given in Figure 4. For synthetic antidepressants, compa-
rable data are also not uniform, since different effects are observed depending
on the dose, the duration of treatment and the brain area investigated. In gener-
al however, these findings confirm that doses of St. John’s Wort that are active
in behavioural tests also cause changes in the above-mentioned neurotransmit-
ter systems in the brain in vivo. Further evidence that St. John’s Wort interferes
with noradrenergic, serotonergic and dopaminergic neurotransmission in vivo,
comes from alterations of B-adrenergic and serotonergic receptor densities after

Table 2. Inhibition of synaptosomal uptake systems by Hypericum extracts and hyperforin

Hypericum extract (hyperforin content)

2% 39% Hyperforin
Uptake-system ICsp (ug/ml) 1Csp (ng/ml) ICs5 (ug/ml)  ICsy (umol/ml)
NA 5.0 0.3 0.04 0.1
SHT 2.0 0.3 0.11 0.2
DA 1.0 0.1 0.06 0.1
GABA 1.0 0.1 0.10 0.2
L-Glutamate 21.0 3.0 045 0.8

Half maximal inhibitory concentrations were obtained from [9].
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Figure 4. Effects of a single oral administration of two different doses of Hypericum extract (hyper-
forin content 5%) on the levels of serotonin, norepinephrine, and dopamine and of some of their
metabolites in the mouse brain. Data are from [12].

subchronic treatment [7, 16, 17]. Our original findings about classical B-down-
regulation using the rather non-selective ligand dihydoralprenolol [7] were
recently confirmed using a more specific ligand (Fig. 5). Moreover, subchronic
treatment with St. John’s Wort extract also alters the densities of serotonin and
dopamine transporters in rat brain [17].

Hyperforin and adhyperforin are the major uptake inhibiting
constituents of St. John’s Wort

The MAO-A inhibitory effect of St. John’s Wort extract [1] which, however,
was subsequently never confirmed, was originally associated with the naph-
thodianthrone derivative hypericin. Hypericin was for a long time considered
the main active constituent of St. John’s Wort extract, possibly because it is
responsible for the phototoxic properties of the extract [18]. However, MAO
inhibition could never be confirmed for hypericin [2—7]. Moreover, hypericin
alone was not active in inhibiting the neuronal uptake of serotonin, norepi-
nephrine, dopamine, GABA or L-glutamate [19, 20]. To our surprise, hyper-
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Figure 5. Effect of subchronic treatment (14 days) with Reboxetin, Citalopram, or Imipramine
(2 x 10 mg/kg daily p.o.) or with Hypericum extract (2 X 150 mg/kg daily p.o.) on 3 receptor density
in the frontal cortex of rats as determined by specific *H-CGP 12177 binding. Data are from [51].

forin, a phloroglucinol derivative, considered for years as not relevant for the
biological activity, was soon identified as the constituent mainly responsible
for the inhibition of neurotransmitter uptake, since uptake inhibition correlat-
ed with hyperforin content (Tab. 2) [7, 9]. However, even these early original
findings showed a weak reuptake inhibition that could not been explained by
hyperforin [7, 9]. Hyperforin is more than 10 times more potent compared to
hypericum extract in neuronal tissues and even more potent in other cell sys-
tems [7, 8], which is plausible as hyperforin is quantitatively the most impor-
tant ingredient in St. John’s Wort extract (2-5%). Wonnemann et al. (2001)
investigated all relevant single constituents of St. John’s Wort extract as possi-
ble inhibitors of the synaptosomal uptake of serotonin, norepinephrine, and
L-glutamate (Tab. 3). Except hyperforin and adhyperforin, the only fraction
showing uptake inhibition were the polyphenols (oligomeric procyanidin frac-
tion) which showed ICs, values between 10-30 ug/ml (Fig. 6). Since these
ICs, values were higher than the values found for St. John’s Wort extract con-
taining hyperforin (around 1 pg/ml), we originally considered this effect as a
rather unspecific inhibition of transporter protein function. However, since
recent findings indicate activity of several flavonoids in behavioural paradigms
typical for antidepressant activity (see Chapter by M. Noldner), and since
hyperforin free extracts have been shown to alter brain concentrations of sev-
eral neurotransmitters [21], it could be possible that the uptake inhibition by
polyphenols in vitro is much more relevant than originally thought.
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Table 3. Synaptosomal uptake inhibition by most relevant constituents of St. John’s Wort

ICs values (UM)

Substance SHT uptake NE uptake L-glu uptake
Hypericin > 100 > 10 > 10
Hypericin/pseudohypericin > 10 > 10 > 10
Kaempferol > 100 > 10 > 10
Hyperoside > 100 > 100 > 100
Biapigenin > 100 > 10 > 10
Quercitrin > 100 > 100 > 100
Isoquercitrin > 100 > 10 > 10
Rutin > 100 > 100 > 100
Armentoflavone > 100 > 100 > 100
Myricetin > 10 > 10 > 10
Catechines n.d. > 100 > 100
Adhyperforin 0.32+0.10 0.67 £0.10 2.40+0.78
Hyperforin 0.205 £ 0.045 0.08 0.14 = 0.09

Half-maximal inhibitory concentrations were taken from [23].
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Figure 6. Inhibition of synaptosomal uptake of five neurotransmitters by the oligomeric procyanidin
fraction of Hypericum extract. Data are from [23].

Hyperforin’s and adhyperforin’s uptake inhibition is non-competitive

In contrast to all other antidepressants like amitriptyline or citalopram, hyper-
forin and adhyperforin are non-competitive inhibitors of the monoamine trans-
porter proteins. The kinetic analyses of the inhibition of serotonin, GABA and
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L-glutamate uptake by hyperforin show that hyperforin decreases V ,, but does
not increase K, [22, 23] (see also Tab. 4). Moreover, in contrast to well known
antidepressants, hyperforin’s inhibitory effect on *H-paroxetine binding is much
weaker than its effect on *H-serotonin uptake in rat brain synaptosomes (Tab. 5).
Binding of *H-paroxetine to brain membranes labels the serotonin binding site
of the human or rodent serotonin transporter molecules. Similar observations
were obtained by Gobbi et al. [10] also using *H-citalopram binding inhibition.
Moreover, neither hyperforin nor adhyperforin inhibit the binding of the cocaine
analogue, [PH]WIN 35,428 [11] to the dopamine transporter at dopamine uptake
inhibiting concentrations. Taken together, these findings indicate that hyperforin
does not inhibit neurotransmitter uptake via direct interaction with the specific
binding sites of the neurotransmitter transporter molecules.

Table 4. Kinetic analysis of the inhibition of serotonin uptake into mouse brain synaptosomes by
citalopram and hyperforin

K., [nM] V max [pmol/min/mg]
Control 12.72 £5.01 0.105 £ 0.044
Citalopram 29.4 £ 5.25%%* 0.106 = 0.074
Control 11.90 £ 2.07 0.191 £ 0.034
Hyperforin 9.93 +0.59* 0.083 + 0.032%%*%*

*p < 0,05; ***p < 0,001. Data are taken from [22].

Table 5. Half-maximal inhibitory concentrations (ICs,) for specific *H-serotonin uptake, and for spe-
cific *H-paroxetine binding. Data are means * SD.

Substance 3H-paroxetine binding 3H-serotonin uptake Ratio
ICso (nM)
Sertraline 33+x04 2.1+1.0 1.9
Citalopram 4.1£0.6 1.1£0.2 3.7
Fuvoxamine 13.5+3.7 109+5.6 12
Fluoxetine 26.3+0.6 104 £5.1 2.6
Desipramine 672+ 172 214 +£90 3.1
Hyperforin 19528 + 6983 1357 £ 171 144

Data are taken from [22].

But what is the mechanism of hyperforin’s inhibition of the neurotransmit-
ter transport? The monoamine transporters are a subfamily within the large
superfamily of Na*/Cl-dependent neurotransmitter transporters, which also
includes the GABA transporter. This superfamily of transporters is charac-
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terised by direct coupling of substrate entry to an inward cotransport of sodi-
um ions, which provides the energetic driving force for substrate accumulation
within the cell. As Cl is also required for the transporter activity, the family of
neurotransmitter transporters is referred to as the Na*/Cl-dependent transporter
family [24]. The transporters for L-glutamate, however, are not structurally
related to the above mentioned superfamily, but substrate transport is also cou-
pled directly to cotransport of Na* ions [25]. If the intracellular sodium con-
centration ([Na*];) is elevated or the extracellular sodium reduced, the driving
force for substrate accumulation is lost.

An additional alternative to influence the synaptosomal uptake is an inter-
ference with the storage of monoamines in synaptic vesicles. In intact neurons,
a decrease in vesicular storage capacity of monoamines is expected to increase
their cytoplasmic concentrations. This increase in cytoplasmic concentrations
of monoamines could in turn decrease the transmembrane gradient of neuro-
transmitters. Consequently, an apparent inhibition of synaptosomal uptake is
observed. This mechanism is also relevant for the storage of neurotransmitters
in vesicles.

Hyperforin elevates [Na*];

In agreement with the first possible mechanism, our studies using ion-specific
fluorescence dyes clearly indicate that hyperforin elevates [Na*]; in human
platelets and PC12 cells [22, 26] at concentrations which are also required for
uptake inhibition (Fig. 7). To confirm a causal association between [Na']; and
uptake hyperforin was compared with the sodium ionophore monensin, which
increases [Na']; non-specifically by generating membrane pores. Both com-
pounds elevated [Na']; over basal levels in human platelets at the same con-
centration needed to inhibit serotonin uptake (Fig. 8). Furthermore, monensin
also inhibits the uptake of noradrenaline, dopamine, GABA and L-glutamate
with similar ICs, values as hyperforin does (unpublished results from our lab-
oratory). Again, like hyperforin, monensin also represents a non-competitive
serotonin uptake inhibitor. These findings affirm the relevance of the reduced
sodium gradient for the uptake inhibition.

Even though hyperforin resembles in many ways the sodium ionophore
monensin, our subsequent data indicate that hyperforin is not a sodium
ionophore. In contrast to monensin, hyperforin shows a reverse U-shaped
dose-response curve and does not elevate intracellular sodium to the extracel-
lular level like monensin [22]. These results allow the hypothesis that hyper-
forin activates a specific ion conductive mechanism. This could explain that its
effects on intracellular sodium are determined once a certain level of [Na*]; is
reached. The findings that hyperforin leads to an elevation of [Na*]; not only
explain easily its effects on serotonin uptake in platelets and synaptosomes, but
also explain its non-selective profile of uptake inhibition on many neurotrans-
mitter transport systems as well as for choline [27].



40 K. Treiber and W.E. Miiller

150
< 100 1125
()
S
g. 75 100 ?
l:l—: oI
[ 75 E)
T
& 50 E
L2
% ’50
2
) 25
—&— Serotonin Uptake 25
0 T T T T T O
0 200 400 600 800 1000

t(sec)

Figure 7. Time dependency of hyperforin’s (10 uM) effects on [Na*]; and serotonin uptake in human
platelets. Specific serotonin uptake (filled circle) was measured first after one min, afterwards every
30 s over 15 min. [Na*]; was also followed for 15 min. Already after 1 min, hyperforin shows nearly
maximum inhibition of specific serotonin uptake. This effect is stable over 15 min. Additionally,
hyperforin elevates [Na*]; from 20 mM to about 100 mM (filled triangle). After 5 min, a plateau is
reached. Data are adapted from [22].
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Figure 8. Hyperforin and the sodium ionophore monensin elevate [Na*]; in human platelets both by
about 20 mmol/L at concentrations that inhibit *H-serotonin uptake by about 80%. Data are from [22].

Hyperforin activates non-selective cation channels

Different sodium conductive pathways play an important role in regulating the
[Na*]; in synaptosomes, human platelets, and PC12 cells: the Na*™-K* ATPase,
voltage-dependent sodium channels, the Na*/H* exchanger, the Na'/Ca’*-
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exchanger and non-selective cation channels (NSCCs). Our extensive research
did not indicate that hyperforin is either an inhibitor of Na*-K* ATPase, volt-
age-dependent sodium channels, the Na*/H* exchanger or the Na*/Ca’-
exhanger [22, 26, 28]. Therefore, we assumed that NSCCs could play a role in
the observed elevation of [Na*]; by hyperforin. These channels are permeable
for mono- and divalent cations, especially for sodium and calcium ions. Our
subsequent finding that hyperforin additionally elevates concentration depend-
ently [Ca®"]; in different cell types further supports this hypothesis as shown
for its effects for [Ca>*]; in PC12 cells (Fig. 9).

NSCCs were identified in platelets [29], synaptosomes [30] and PC12 cells
[31]. They can be inhibited by a variety of inhibitors: SK&F 96365, LOE 908,
flufenamic acid and the two lanthanides Gadolinium and Lanthan [32-37].
Since all these inhibitors affect the hyperforin induced sodium and calcium
elevation ([26]; see also Fig. 9), it is quite plausible that hyperforin’s inhibition
of neurotransmitter uptake can be explained by NSCCs activation.

Part of the NSCCs belongs to the family of the TRP channels, for which
many different genes were identified [38]. A possible overlap between NSCCs
and several TRP channels has been proposed on the basis of some common
pharmacological properties [39]. While the pharmacological investigation of
TRP channels is currently under investigation, the high sensitivity of some
TRP channels for the lanthanides Gd®* and La®* at micromolar concentrations
seems to be a rather specific property [37]. Very importantly, both lanthanides
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Figure 9. Hyperforin elevates concentration dependently [Ca“]i (C) and [Na*]; (A) in PC12 cells.
Time dependency for the elevation of [Ca®*]; and [Na*]; by hyperforin 10 uM is shown in D and B.
Data are from [26].
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inhibit the hyperforin-induced sodium and calcium increase in PC12 cells and
attenuated the hyperforin-induced inhibition of specific serotonin-uptake into
human platelets [26]. Summarising, our results indicate an activation of
NSCCs or TRP channels by hyperforin. This activation leads to an elevated
intracellular sodium and calcium concentration and results in the inhibition of
H-serotonin uptake in human platelets. Our novel findings that hyperforin
finally modulates several neurotransmitter systems in the brain by activating
NSCCs or TRP channels make it the first member of a new possible class of
antidepressant drugs.

Hyperforin modulates membrane fluidity

Although rather good evidence indicates the association of hyperforin’s
mechanism of action with NSCCs, the molecular mechanism by which hyper-
forin activates NSCCs remains uncertain. NSCCs are activated by rather het-
erogeneous stimuli. They are mainly activated by G-protein-coupled recep-
tors or tyrosine kinase coupled receptors and to some extent by intracellular
calcium ions, but also by hydrostatic pressure or stretching, ATP and further
unknown parameters [40—42]. Very interestingly, hyperforin modifies brain
membrane fluidity in vitro at rather low concentrations [43]. Considering the
importance of the physiochemical state of the membrane for G-protein activ-
ity, changes in membrane fluidity could initiate activation of NSCCs or TRP
channels. GTP-binding proteins are membrane associated proteins that under-
lie conformational changes, including membrane association and dissociation
of the alpha subunit during the GTP cycle stimulated by agonist-bound recep-
tors. Membrane fluidity is depending on cholesterol concentration.
Accordingly, it was shown that cholesterol modulates GTPase activity of G
Proteins in the cell membrane [44]. Furthermore, membrane flexibility and
phospholipid composition modulate GTPase activity of G proteins [45]. Since
our initial findings were related to in vitro experiments, we have recently
investigated brain levels of hyperforin and membrane changes after acute oral
treatment of mice with pharmacological relevant doses of St. John’s Wort
extract and hyperforin [46, 47]. In hyperforin or St. John’s Wort extract treat-
ed mice, hyperforin concentrations of 53.7+18.7 pmol/g or
29.5+20.3 pmol/g, respectively, were found. Both treatments lead to
decreased annular- and bulk fluidity and increased acyl-chain flexibility of
brain membranes. Hyperforin-related fluidity changes were significantly cor-
related with hyperforin brain levels. In the St. John’s Wort extract treated ani-
mals, the effects were less pronounced in agreement with lower brain levels
(Fig. 10). Our data emphasise a membrane interaction of hyperforin that pos-
sibly contributes to its effects on ion transduction pathways.
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Figure 10. Correlation between hyperforin brain levels and changes of membrane fluidity (DPH
anisotropy) in mice treated with hyperforin 15 mg/kg or with Hypericum extract 300 mg/kg contain-
ing 5% hyperforin. Data are from [47].

Hyperforin inhibits vesicular uptake of monoamines and induces efflux
of monoamines

As mentioned before, an additional possibility of inhibiting synaptosomal
uptake would be inhibition of vesicular uptake of monoamines and the subse-
quent release of monoamines from vesicles. Recently Roz et al. demonstrated
that hyperforin inhibits dose dependently and equipotently (in comparison to
synaptosomal uptake inhibition) the uptake of serotonin, dopamine and nora-
drenaline in a non-competitive manner into rat brain synaptic vesicles.
Furthermore, hyperforin induced an efflux of serotonin in preloaded synaptic
vesicles. It was shown that hyperforin does not interact with vesicular
monoamine transporters. Roz et al. [48] discuss that hyperforin acts similar to
the protonophore FCCP and interferes with the driving force of vesicular
uptake, the pH gradient across the vesicular membrane. They propose that
hyperforin, like the protonophore FCCP, dissipates an existing pH gradient by
an efflux of inwardly pumped protons. This hypothesis is supported by our
findings that hyperforin lowers intracellular pH transiently [49, 50] and the
findings of Gobbi et al. that Ro 04-1284, a reserpine-like compound, potently
reduces synaptosomal *H-serotonin accumulation, although this effect was not
complete (maximal inhibition 60%). However, the compound additionally
does inhibit *H-citalopram binding to the serotonin transporter. Both mecha-
nisms would not explain the inhibitory effect of hyperforin on GABA and
L-glutamate transport.
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Conclusion

The cumulated data so far available suggests the following scenario to explain
the preclinical antidepressant properties of hyperforin and adhyperforin which
are rather unselective inhibitors of serotonin, dopamine, noradrenaline,
GABA, and L-glutamate uptake. Although the detailed molecular mechanism
of uptake inhibition is still under investigation, most evidence points to an ele-
vation of [Na*];, which in turn leads to an inhibition of the sodium dependent
neurotransmitter transporters. The increase in [Na*]; and additionally [Caz’“]i is
due to the activation of NSCCs or TRP channels, possibly associated with
changed membrane fluidity. Additionally, hyperforin inhibits vesicular uptake
of monoamines and release of monoamines from vesicles. Taken together, this
mode of action is speculatively followed by reduced presynaptic uptake and an
increased release of several neurotransmitters and to changes of their extracel-
lular as well as intracellular concentrations in vivo. Hyperforin’s broad spec-
trum of pharmacological activity might explain pharmacological effects
beyond those of typical antidepressant drugs. Hyperforin’s beneficial effects
on cognition and its modulation of the processing of the B-amyloid precursor
protein might be examples [50, 51].
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St. John’s Wort and the monoamine hypothesis of depression

Extracts from the herb Hypericum perforatum L. (St. John’s Wort) have
become increasingly used for the treatment of mild-to-moderate depression
[1], most likely as a consequence of their good tolerability and prescription-
free accessibility (for review, see [2, 3]). A number of constituents from the
extracts of St. John’s Wort have recently been identified and tested for their
biological activity (for review, see [4]). Most studies on antidepressant effica-
cy and mechanisms of action of St. John’s Wort have searched for biochemi-
cal and behavioural evidence linking the Hypericum extract or its components
to the monoamine hypothesis of depression. This hypothesis postulates brain
monoaminergic hypofunction as the major neurochemical factor behind
depression [5]. It is based mainly on clinical evidence on therapeutic efficacy
of antidepressant drugs such as monoamine oxidase inhibitors (MAOI), tri-
cyclic antidepressants (TCAs), selective serotonin (SSRI) or noradrenaline
reuptake inhibitors or mixed 5-HT/NA reuptake inhibitors (NSRI). All these
drugs share the ability to increase brain synaptic levels of serotonin (5-HT),
noradrenaline (NA) and/or dopamine (DA) or all three monoamines and there-
by increase monoaminergic neurotransmission.

Most biochemical studies on mechanisms of St. John’s Wort extracts have
addressed the question whether the extracts or their individual components
resemble the action of synthetic antidepressant drugs on monoamine transmis-
sion. A number of behavioural studies were also carried out to confirm the
potency of St. John’s Wort extracts in animal models of depression. Several in
vitro studies on synaptosomal and vesicular reuptake have provided experi-
mental evidence for the view that hydro-alcoholic extracts of Hypericum per-
foratum and particularly one of its principal components hyperforin, can facil-
itate monoaminergic (5-HT, NA, DA) and amino acid (glutamate, GABA)
transmission (for review, see [3]). However, an increasing body of evidence
suggests that the mechanism of action of Hypericum and hyperforin is far more
complex than that ascribed to SSRIs (for review, see [2—4]). Besides hyper-
forin, other active components or metabolites have been implicated in the over-
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all activity of the plant extracts. These components are believed to exert syn-
ergetic effects, which can only be detected by in vivo studies following chron-
ic administration of St. John’s Wort extracts. The in vivo approach to study
brain neurotransmission is well established and allows investigations of dou-
ble- and triple-acting monoamine reuptake inhibitors (for review, see [6]). A
number of studies have documented marked differences between the mecha-
nisms of action of central nervous system (CNS) drugs when comparing their
in vitro and in vivo profiles. For instance, several microdialysis studies have
shown that NSRIs such as venlafaxine [7] and duloxetine [8] differ in their
potency of inhibiting the reuptake of 5-HT and NA when comparing results
obtained in vitro and in vivo.

The aim of this Chapter is to review the actions of St. John’s Wort extracts
on neurotransmitter release and metabolism by analysing the results obtained
by ex vivo methods and in vivo techniques such as microdialysis.

Major neurotransmitters, their receptors and transporter proteins
implicated in the action of St. John’s Wort

A frequently emphasised pharmacological distinction of St. John’s Wort as
compared to conventional antidepressants is its proposed ability to modulate
multiple neurotransmitter systems [3, 4]. Besides the monoamines (5-HT, NA
and DA), Hypericum extracts have been shown to modulate release of gluta-
mate (Glu), GABA, and acetylcholine (ACh). Hypericum or its constituents
also exert relatively high binding affinity to several receptor subgroups [4] in
brain areas, which are implicated in pathophysiology of mood disorders. This
fact provides a rationale to further explore the mechanisms of action of
Hypericum extract and its constituents in vivo, i.e., under conditions of intact
brain circuitry and integrated physiological functions.

Noradrenaline

Noradrenergic system in the brain has been targeted by antidepressant drugs
since the introduction of tricyclic antidepressants (TCAs) (e.g., amitriptyline)
and MAOIs (e.g., phenelzine). Some recently introduced antidepressants also
target the NA system, including selective inhibitors of NA reuptake, e.g., rebox-
etine or oi2-adrenoreceptor blockade (mirtazapine). Hypericum extract, and par-
ticularly its component hyperforin, were shown to inhibit NA uptake into
synaptosomes [9, 10] or brain slices [11] at a similar potency as 5-HT and DA.
A recent study on in vitro binding of pure constituents of St. John’s Wort [12]
revealed that hyperforin bound to human NET 5-10 times more potently than
to human SERT or bovine DAT transfected cells. The latter study also revealed
that hypericin potently bound to (-adrenoreceptors and some flavonoid con-
stituents to o2-adrenoreceptors. However, the analysis of tissue content and
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neurochemical studies in vivo provide a weak support for the involvement of the
NA system in the action of Hypericum extracts. Acute oral administration of
Hypericum extracts Li 160 and/or Ph-50 at doses of 250 and 500 mg/kg
increased brain noradrenaline content only in the diencephalon and brainstem
but not in the cortex [13, 14]. No significant changes in NA concentrations were
observed in the mouse cortex, hippocampus, hypothalamus and caudate regions
following oral administration of Hypericum extracts [15]. In addition,
Butterweck et al. [16] reported no changes in NA content in rat hypothalamus
even after 2 and 8 weeks treatment with Hypericum extract (500 mg/kg), where-
as chronic hypericin (0.2 mg/kg) caused reduction of the NA levels only in the
hippocampus.

The effects of hyperforin on extracellular levels of NA in the locus
coeruleus were measured by push—pull superfusion technique in anaesthetised
rats [17]. The authors reported a moderate increase (by about 50%) of extra-
cellular NA following administration of a high dose (10 mg/kg i.p.) of hyper-
forin. In a recent microdialysis study, we have shown that an acute high
(60 mg/kg i.p.) but not low (30 mg/kg i.p.) dose of Hypericum extract (con-
taining 4.1% of hyperforin) increased extracellular NA levels in the hip-
pocampus but not in the prefrontal cortex (PFC) of awake rats. In a similar
manner, a clinically more relevant dose of Hypericum given orally (300 mg/kg
p.o.) had no effect on the NA efflux in the hippocampus and PFC, which are
brain regions implicated in the etiology of depression. The overall effect
(expressed as the area under the curve (AUC) during the 0—180 min interval)
following a single dose of Hypericum extract on the extracellular NA levels
measured in the rat hippocampus and PFC is shown in Figure 1. A marginal
effect was observed at the highest dose (60 mg/kg i.p.) on the extracellular NA
levels in the hippocampus as compared to the potency of the NA reuptake
inhibitor desipramine (3 mg/kg i.p.). In addition, in the rat the Hypericum
extract was found ineffective to modulate pineal melatonin [18], which is
released via NA mediated mechanism and may serve as an indirect indicator
of B-adrenergic NA function.

In conclusion, the available in vitro and in vivo data indicate that the nora-
drenergic system is only marginally involved in the antidepressant properties
of Hypericum extracts.

Serotonin

The role of 5-HT in antidepressant action of Hypericum perforatum extracts has
been thoroughly investigated by several groups using both biochemical and
behavioural methods (for review, see [2—4]). A current hypothesis on the mech-
anism of action of Hypericum extracts proposes that inhibition of neuronal
reuptake of 5-HT by the phloroglucinol hyperforin could serve as the major
mechanism behind its antidepressant effect [9, 10, 19-21]. However, several in
vitro binding and reuptake studies have suggested that the inhibitory effect of
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Figure 1. The effect of ethanolic extract of Hypericum perforatum on extracellular levels of nora-
drenaline in the prefrontal cortex and hippocampus of awake rat. Hypericum was given to separate
groups of rats at 30, 60 kg/kg i.p. and 300 mg/kg p.o. Desipramine (3 mg/kg i.p.) was chosen as a ref-
erence compound. The data are expressed as AUCs for time 0—180 min, means = S.E.M, n =5 rats,
(*¥**) P < 0.001, ANOVA, followed by Fisher’s PLSD-test. The control group received a 0.2% agar
solution used as a solvent to suspend the plant extract. The AUCs for Hypericum-treated groups were
calculated from the original data on response curves for 20 min fractions of microdialysis samples
published elsewhere [29].

Hypericum extracts and hyperforin is mediated via ionic channels and not via a
direct action on the SERT protein [20, 22—24]. These in vitro experiments argue
for a molecular mechanism behind the antidepressant action of Hypericum
extract, which at least in animal experiments, resembles the action of SSRIs.
Some behavioural studies in animal models of depression support this view [25,
26], whereas other investigators suggest a more complex antidepressant profile
more reminiscent of TCAs [27]. Thus, Hypericum extracts only weekly altered
the behavioural effects induced by the 5-HT releasing compound p-chloroam-
phetamine, which utilises the 5-HT uptake carrier to exert its effects [27]. It was
recently shown that both hyperforin and hypericin free extracts, containing high
levels of flavonoids, could exert antidepressant activity in the tail suspension
and forced swim tests [28]. This finding was supported by biochemical data
analysing 5-HT content in the rat cortex, diencephalon and brainstem following
acute administration of Hypericum extracts with high and low flavonoids con-
tent [13, 14]. The dose of the extract (Ph-50) with high (50%) flavonoid content
increased 5-HT levels in all brain structures examined, whereas the extract (Li
160) with a low (6%) flavonoid content increased 5-HT content only in the cor-
tex. Measurements of monoamine content in the brain tissue are, as pointed out
earlier, difficult to interpret since these values reflect several different and
sometimes opposite mechanisms. This is illustrated by the data reporting the
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increased content of 5-HT in the rat hypothalamus but not in hippocampus,
while 5-HIAA levels decreased following a chronic (8 weeks) treatment with
Hypericum extract (5.3% hyperforin) or hypericin alone [16]. Interestingly,
these authors could measure only a minor reduction in 5-HT turnover follow-
ing 8 weeks treatment with imipramine (15 mg/kg p.o.). Imipramine given for
2 weeks had no effects on 5-HT or 5-HIAA levels in these brain structures. In
another study, no effects were detected in 5-HT content in the rat PFC follow-
ing a single oral dose of Hypericum (300 mg/kg) containing 6.7% flavonoids
and 4.1% hyperforin [29]. A study in mice [15] revealed that acute Hypericum
extract caused an increase in 5-HT content in the hypothalamus, hippocampus
but not in the cortex and nucleus caudatus, whereas 5-HIAA levels increased in
all brain structures. This would suggest that already an acute dose of Hypericum
may increase 5-HT turnover in agreement with our data [29]. In contrast, anti-
depressant drugs such as MAOI clorgyline (4 mg/kg i.p.) or phenelzine
(5 mg/kg i.p.) were shown to significantly reduce 5-HT turnover in the PFC and
striatum of the rat [29, 30].

In summary, the ex vivo analysis of the tissue 5-HT and 5-HIAA content fol-
lowing Hypericum treatment has provided inconsistent results. This may most
likely be explained by the use of different experimental protocols or by dis-
secting and processing too large (non 5-HT innervated) brain areas. Another
possible explanation refers to the discrepancy in pharmacological efficacy of
Hypericum extracts in vitro and in vivo. Hypericum and its constituent hyper-
forin compared to some typical antidepressant drugs display a markedly weak-
er potency to increase 5-HT neurotransmission in vivo.

A large body of evidence suggests that in rodents, a single acute dose of an
antidepressant drug elicits marked changes in biochemistry and physiology of
monoaminergic systems, reflected for example, by increased levels of
monoamine neurotransmitters or altered firing activity of the monoaminergic
neurons. The microdialysis techniques allows monitoring of extracellular levels
of monoamines and metabolites, which provides a unique information on spatial
and temporal neurochemistry of neurotransmitters, their release and reuptake at
the presynaptic and somato-dendritic levels in vivo (for review, see [31]).
However, in spite of the acceptance of microdialysis as an optimal technique to
study mechanisms of action of antidepressant drugs in vivo, there are only a few
reports available in which microdialysis was used to examine effects of
Hypericum extracts on 5-HT release. The microdialysis technique can also be
helpful in examining the discrepancies obtained by in vitro and in vivo methods.
However, it is notable that there exists only one microdialysis study supporting
the hypothesis that Hypericum extract and hyperforin given orally act in a man-
ner similar to the SSRIs [32]. An acute or subchronic administration of methano-
lic (Li 160, 4.67% hyperforin) or hyperforin-rich (30.14% hyperforin) extracts
of Hypericum perforatum increased the extracellular concentrations of 5-HT in
the nucleus accumbens of awake rats. In another study using the push—pull
superfusion technique, systemic administration of hyperforin (10 mg/kg i.p.)
caused a moderate increase in 5-HT efflux in the locus coeruleus, similar to that
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recorded for NA [17]. In a recent microdialysis study [29] and also summarised
in Figure 2, the 5-HT concentrations in the PFC or hippocampus of awake rats
were only marginally affected by injection of 60 mg/kg i.p. (max. increase to
177% and 126% of controls, respectively) of Hypericum extracts. Another
microdialysis study measuring 5-HT levels in the nucleus accumbens following
administration of 1 g/kg p.o. of Hypericum perforatum—CQO, extract reached the
same conclusion [33]. This formulation contains a high (23.7%) concentration
of hyperforin, which based on in vitro studies, was proposed to be responsible
for the 5-HT reuptake inhibitory properties of the Hypericum extracts.
Conventional SSRIs given systemically reduce the firing rate of the 5-HT neu-
rons in the dorsal raphe nucleus as a consequence of the activation of the nega-
tive feedback loop via inhibitory somato-dendritic 5-HT,, autoreceptors.
However, no such effect was observed in awake cats following systemic admin-
istration of the Hypericum extract, Jarsin 300 given at 15-600 mg/kg p.o. [34],
contrary to the effects induced by SSRIs fluoxetine and sertraline.

In summary, available microdialysis and electrophysiological findings indi-
cate that the mode of action of Hypericum extract on 5-HT function in vivo dif-
fers from that of the conventional SSRIs.
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Figure 2. The effect of ethanolic extract of Hypericum perforatum on extracellular levels of serotonin
in the prefrontal cortex and hippocampus of awake rat. Hypericum was given at doses of 30, 60 kg/kg
i.p. and 300 mg/kg p.o. Citalopram (10 mg/kg i.p.) was chosen as a reference compound. (*) P < 0.05;
(***) P <0.001, ANOVA, followed by Fisher’s PLSD-test. All other conditions as in Figure 1.

Dopamine

Stimulation of mesolimbic and mesocortical DA system is strongly implicated
in reward and motivation-related behaviour, whereas DA hypofunction is asso-



Modulation of neurotransmitter release and metabolism 53

ciated with development of dysthymia, dysphoria and anhedonia, which often
precede the symptoms of major depression. A large body of evidence suggests
that antidepressant treatments enhance DA transmission and increase postsy-
naptic DA receptors sensitivity (for review, see [35]). In addition, chronic
treatment with antidepressants modulates DA release, particularly in the PFC
and increases the DA, D2 and D3 receptors sensitivity, whereas such treatment
decreases D1 receptor number and sensitivity [35, 36].

Only limited information exists on the effects of Hypericum extracts or its
constituents on DA function in vivo and ex vivo. The alcoholic extract of
Hypericum was shown to be three times more potent to inhibit synaptosomal
uptake of DA (ICsy 0.85 pg/ml) than 5-HT and more than five times more
effective on DA uptake than that of NA [10]. Increased DA content was
observed only in the rat diencephalon but not in the cortex following oral
administration of the highest dose tested (500 mg/kg) of Hypericum extracts
[13, 14] and chronic treatment for 2 and 8 weeks with Hypericum extract or
hyperforin had no effect or even reduced the DA levels in the hypothalamus
[16]. In microdialysis studies, the DA levels in the nucleus accumbens of
Hypericum-treated rats were modestly increased compared with vehicle-treat-
ed rats [32, 33]. 3 weeks of treatment with Hypericum perforatum prevented
the reduction of extracellular DA levels in the nucleus accumbens shell
induced by chronic stress [37]. Hyperforin was shown to cause a minor
increase in DA push—pull superfusates in the locus coeruleus [17].

A recent paper has examined the effects of Hypericum extract on extracel-
lular DA levels in the limbic (striatum) and cortical (PFC) areas [29]. A sum-
mary of the results is shown in Figure 3. In the PFC, both the i.p and p.o.
doses of Hypericum extract caused significant increases in DA levels, which
were clearly higher than the corresponding values for NA and 5-HT (see
Figs 1 and 2). The maximal increase of striatal DA levels was observed fol-
lowing a single 60 mg/kg i.p. dose, which also caused a significant motor
stimulation in non-habituated rats [29]. These data support findings suggest-
ing a role of DA in antidepressant action of Hypericum extracts based on
altered levels of neuroendocrine responses known to be mediated by
monoamines [38]. Thus, a single dose of methanolic extract of Hypericum
perforatum to healthy volunteers caused a significant increase in plasma
growth hormone and a decrease in prolactine levels, whereas cortisol values
were unchanged [38]. A follow up study in rats [39] confirmed the initial
observations in humans and proposed that the antidepressant effects of
Hypericum extract (LI 160) may be mediated mainly via increased dopamin-
ergic and serotonergic function.

In conclusion, the present in vivo data suggest that Hypericum extract have
powerful stimulatory effects on DA transmission in cortico-limbic regions of
the brain. However, it is possible that some effects may be related to certain
active constituents of Hypericum such as flavonoids, which can exert, either
alone or in synergy, stimulatory effects on mesolimbic and mesocortical
dopamine pathways.
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Figure 3. The effect of ethanolic extract of Hypericum perforatum on extracellular levels of dopamine
in the prefrontal cortex and striatum of awake rat. Hypericum was given at doses of 30, 60 kg/kg i.p.
and 300 mg/kg p.o. Phenelzine (5 mg/kg i.p.) was chosen as a reference compound. (***) P < 0.001,
ANOVA, followed by Fisher’s PLSD-test. All other conditions as in Figure 1.

Acetylcholine

Monitoring extracellular levels of acetylcholine (ACh) by microdialysis is fre-
quently used as a neurochemical correlate to study the role of ACh in learning
and memory. Behavioural studies in rats suggest that treatment with
Hypericum extracts can improve spatial memory [40]. On the basis of in vitro
data suggesting that inhibition of 5-HT reuptake by hyperforin is mediated via
the influx of sodium ions [20], it was speculated also that other transmitter sys-
tems may be regulated by this mechanism. Thus, extracellular ACh levels were
determined in the rat striatum following local infusion of hyperforin [41].
Hyperforin infusion at 10 pM or systemic administration (1-10 mg/kg i.p.)
caused a significant increase in striatal ACh levels, whereas infusion of a high-
er dose (100 uM) caused a reduction of ACh release. Interestingly, this dose
induced an increase in extracellular choline levels, indicating that hyperforin
could interfere via effects on sodium channels, which in turn could modulate
sodium-dependent high-affinity uptake mechanism of choline. The later elec-
trophysiological study in mouse neuromuscular junction also indicates poten-
tiation of ACh function by Hypericum extract, suggested to be mediated via
inhibition of AChE activity [42].

It is concluded that further studies are necessary to evaluate the hypothesis
that Hypericum extracts may improve cognitive function by increasing cholin-
ergic neurotransmission in brain areas implicated in learning and memory,
e.g., hippocampus and PFC.
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Glutamate and GABA

Hyperforin, which is suggested to play a major role in the antidepressant effect
of Hypericum extracts, was also shown to inhibit the uptake of tritiated glutamate
and GABA in rat synaptosomal preparations [21, 43]. Interestingly, the lowest
ICsy values measured for GABA (1.11 pg/ml) and Glu (2.87 pg/ml) in the
extracts containing higher (>0.9%) levels of hyperforin were comparable or even
lower than those required for inhibition of 5-HT and NA uptake [21]. These data
were supported by a study on the effect of hyperforin on the release of amino
acids from mouse cortical slices [44]. Thus, the presence of 5 uM hyperforin in
the superfusion medium increased the efflux of aspartate, glutamate, serine,
glycine and GABA but not taurine. In agreement with an earlier hypothesis on
the mechanism of action of Hypericum and hyperforin [20], the authors proposed
that hyperforin could increase the overflow of amino acids via facilitation of
influx of sodium ions and mobilisation of intracellular calcium stores. There are
no current data available, which support these in vitro findings in experiments
carried-out in vivo. One study reports an increase, specifically of Glu (for more
than 6 h!) but no other amino acid, sampled by push—pull perfusion in locus
coeruleus of anaesthetised and acutely implanted rats following intraperitoneal
injection of 10 mg/kg of hyperforin [17]. However, these data should be inter-
preted with caution in view of the strong experimental evidence that minimal
invasive techniques such as acute implantation of the cannula or a microdialysis
probe cause local trauma and result in abnormal levels of amino acid neuro-
transmitters [45]. Furthermore, an electrophysiological study in hippocampal
slices of a guinea pig showed that the Hypericum extract but not hypericin and
hyperforin exerted excitatory action on CA1 hippocampal neurons [46], suggest-
ing that some other Hypericum constituents might be involved in this effect.

In summary, rather preliminary and inconsistent experimental evidence sup-
port the notion that Hypericum extract may increase glutamatergic and GABA-
ergic neurotransmission via inhibition of uptake or stimulation of release of
these neurotransmitters in vivo.

Conclusions

The ex vivo and in vivo neurochemical techniques were applied in order to
examine the effects of St. John’s Wort extracts on neurotransmitter release and
metabolism, to elucidate mechanisms of action of Hypericum and its con-
stituents and to compare these effects to those reported for current antidepres-
sants such as SSRIs.

Based on available evidence summarized in this review we conclude the fol-
lowing:

* Results obtained under in vitro and in vivo conditions display striking dif-
ferences.
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* The mechanism of action of St. John’s Wort extract and hyperforin is more
complex than that ascribed to antidepressants SSRIs, NSRIs or MAOIs.

* In animal models, most synthetic antidepressants exert an immediate effect
on tissue and extracellular monoamine content already following a single
acute dose.

* The effects of Hypericum on inhibition of monoamine reuptake seem to be
rather unspecific, probably mediated via changes in intracellular sequestra-
tion of sodium/calcium/proton ions. Such a mechanism may explain the
observed affect on non-aminergic neurotransmitters such as ACh, Glu,
GABA.

* Microdialysis data from our laboratory suggest that Hypericum extracts
exert the most significant effects on the extracellular levels on monoamines
in the order, DA > 5-HT > NA and in neuroanatomical areas relevant for the
pathophysiology of depression (prefrontal cortex, hippocampus).

» The present findings indicate that further exploration of the mechanisms of
action of St. John’s Wort in depression should focus on DA and to some
extent also 5-HT functions.
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Studies of the effects of Hypericum perforatum extracts in experimental mod-
els of depression, and of the possible mechanisms underlying these effects,
greatly increased after evidence of efficacy of these extracts on mild and mod-
erate forms of depression was offered by clinical studies and diffuse medical
practice observations from German-speaking regions of Europe. During the
past decade a large amount of data has demonstrated that H. perforatum
extracts are active in diverse behavioural and biochemical models usually
employed to screen antidepressant compounds [1]. Moreover, in vivo animal
studies have suggested a role of the serotonergic, dopaminergic, noradrenergic,
and opioidergic systems in the mechanisms of H. perforatum antidepressant
activity [2, 3].

Studies were then aimed at identifying the possible active component(s)
responsible for antidepressant activity. The majority of studies indicate that
this antidepressant-like activity can be traced back to hyperforin (e.g., [4-8]).
However, several studies provide evidence of hypericin activity in some
depression models, either associated or not with flavonoids [3, 9, 10]. The
issue is made more complex by the instability of some components during the
preparation of the extract or when they are isolated from the extract, e.g.,
hyperforin [11], and by possible bioavailability problems when the oral admin-
istration of a purified compound, such as hypericin, pseudohypericin, or
hyperforin, is used ([12] Gambarana et al., unpublished results). Thus, we do
not yet have an unequivocal answer to the question of which of the H. perfo-
ratum extracts components is the main one responsible for antidepressant
activity (at least in animal models). This information is crucial for determining
the presence of the active principle in extracts and in the products derived from
them that are commercially available worldwide, and to assess stability and
shelf life of the active principle in the commercial products, under defined con-
ditions. Only an accurate screening of the same product in multiple experi-
mental models of depression could resolve this question.

Many behavioural models have been used to screen or study molecules that
are potentially active in human depression. Some of these models show only a
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certain degree of predictive validity, as many of the compounds that are clini-
cally efficacious in the treatment of depression are also active in these tests, but
false positive and false negative results plague these models [13—15]. One
example of these models that shows a behavioural effect of antidepressant drugs
completely unrelated to an antidepressant activity is the reserpine test [16, 17].
These types of behavioural models are now largely dismissed, and researchers
mostly utilise models that have face and construct as well as predictive validity
[14]. The models of depression commonly used in rodents are based on animal
exposure to an unavoidable stress, the more common being the Tail Suspension
Test (TST) [18, 19], the Forced Swim Test (FST) (Fig. 1) [20], the Learned
Helplessness model (LH) [21, 22] and derived models, e.g., the Escape Deficit
(ED) (Fig. 2) [23, 24], and the Chronic Mild Stress (CMS) [25, 26]. In these
models, the animal is faced with a stressful, inescapable (and unpredictable in
the CMS) situation that has been interpreted as inducing a state of behavioural
despair, akin to the hopelessness of depressive patients. The measured parame-
ters are immobility (TST and FST), the lack of an avoidance response (LH and
ED), the lack of a sucrose preference (CMS), or the lack of motivation to run in

Figure 1. The forced swimming test (FST). In this test, rats or mice are placed in a cylinder filled with
water at a temperature of 23—25 °C for 15 min. 24 h later animals are placed again in the cylinder for
5 min and their immobility is recorded [20]. Treatments are often done 24, 8—6, and 1 h before the
5 min test.
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Figure 2. The escape deficit (ED). In the acute ED test, rats are exposed to an unavoidable stress
(immobilisation and tail shocks) for 50 min. 24 h later they are tested in an escape test: they are placed
in a shuttle-box and exposed to avoidable tail-shocks. The number of escapes is recorded [23].
Treatments are often done 14 days before unavoidable stress exposure. In the chronic ED after expo-
sure to unavoidable stress and escape test, rats are exposed to a 3-week protocol of unavoidable stress
exposure and they are then tested for escape [23]. Treatments begin after the first escape test and con-
tinue for 3 weeks to the last day of stress exposure.

a Y-maze for palatable food (stress-disruption of Vanilla-sugar sustained
Appetitive Behaviour, VAB (Fig. 3) [27]). These models are all sensitive to clin-
ically efficacious antidepressants, with some false negatives and false positives.

Figure 3. The stress-disrupted VAB. Satiated rats trained in a Y-maze to find a vanilla-sugar pellet eas-
ily learn in which arm the reward is located, and consistently run in the correct arm and consume the
pellet. When rats are exposed to a chronic stress protocol and trained in the Y-maze, they never acquire
the appetitive behaviour [27]. Treatments begin before the first stress exposure and continue as long
as stress exposure and Y-maze training last.
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Thus, only the activity, or lack of activity, in more than one model can be con-
sidered to be a sound indication of a possible antidepressant effect, or of the lack
of a possible antidepressant effect. Moreover, it should be kept in mind that
immobility in the TST and FST is reduced by an acute or subacute antidepres-
sant treatment, while antidepressant clinical efficacy is only observed after long-
term treatment. In the case of H. perforatum extracts, it is relevant to note that
they have been found to be active in all of these behavioural models.

Efficacy of Hypericum perforatum extracts in behavioural models

H. perforatum extracts tested in models of depression are methanolic or
ethanolic extracts, which in most cases originate from the European sources
that prepare commercially available products or the raw material from which
the commercial products are derived. It is interesting to note that a recent study
that failed to confirm the activity of H. perforatum extracts in FST employed
two extracts commercially available in Brazil [28]. One of the extracts was
obtained from H. perforatum grown in Brazil and the other was imported from
Europe. These data, even though obtained in a single model, the FST, again
emphasize the issue of the need for fingerprinting the extract employed in
basic or clinical studies, and for assessing the stability of its components in
order to obtain meaningful and comparable results. However, we will be able
to properly address this issue only when the active principle(s) have been iden-
tified. In most studies the extract was administered as a suspension by gavage.

The stress-induced models used to investigate H. perforatum effects can be
divided into those that expose the animal to a single, acute unavoidable stress
(TST, FST, LH, and acute ED), and those that employ repeated exposures to
unavoidable stress (chronic ED, stress-disruption of VAB). Moreover, a further
division could be made between stress-induced models that measure hypore-
activity, immobility time or number of failures to escape and models that
measure a deficit in hedonia or in the motivation to obtain a natural reward
(stress-disruption of VAB).

In the acute models, H. perforatum has been demonstrated to be active in
reducing the immobility time after a single administration in mice in the TST
[3], and in mice and rats after three administrations over 24 h in the FST [3,
29]. In the FST both a subacute treatment schedule (nine administrations over
4 days) and a 12-day repeated schedule of treatment have been shown to be
effective in reducing immobility time in rats [10, 30]. Moreover, in the ED
model the extract was able to prevent the escape deficit induced by stress
exposure after either single or repeated administrations (a twice a day 14-day
treatment) [2]. The range of doses used and shown to be active in acute mod-
els is quite large (from 50 mg/kg to 1 g/kg twice a day in repeated treatments
in rats), and it varies with the model and the extract used.

Thus, either the acute, subacute, or repeated administrations of H. perfora-
tum are efficacious in preventing the development of hyporeactivity after expo-
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sure to a single session of unavoidable stress. When a reduction in immobility
is the measured parameter, a potentially confounding factor is the possible
increase in locomotor activity induced by the drug used. Several studies have
then looked for a possible motor stimulant activity of H. perforatum extracts
and such an effect has not been found after either acute or repeated adminis-
tration of a large range of doses (from 1.56 mg/kg i.p. to 250 mg/kg/die —
1 g/kg twice a day p.o.) [2, 3, 5]. On the contrary, a reduction in spontaneous
locomotor activity has been observed in rats with doses of 6.25 mg/kg i.p. to
1 g/kg p.o., again after acute, subacute or repeated administration [2, 5]. A sec-
ond potentially confounding factor when the stressor is a nociceptive stimulus
is the possible analgesic activity of the studied compound. In order to rule out
this possibility, the nociceptive threshold of H. perforatum treated rats has
been determined with the tail-flick and the hot-plate tests. The nociceptive
threshold is not modified in treated compared to control rats [2]. At variance
with these data, the analgesic activity of H. perforatum was reported in mice
with the tail-flick and tail-clip test [29, 31].

Additional information has been obtained in behavioural models by the use
of receptor antagonists to interfere with the protective activity of the extract. A
study showed the antagonism of the protective effect of repeated H. perforatum
treatment on the acute ED model in rats after the administration of a selective
5-HT, receptor antagonist (WAY 100635), or a DA D, receptor antagonist
(SCH 23390) [2]. In other studies that employed the FST in rats, antagonism of
the effect of H. perforatum subacute treatment was observed after the adminis-
tration of a DA D, receptor antagonist (sulpiride or haloperidol) [3]. In mice, an
inhibition of H. perforatum anti-immobility effect in the TST was reported after
administration of an opiate receptor antagonist, naloxone, or when o-methyl-
para-tyrosine was injected 3 h before the extract [3]. Thus, a dopaminergic com-
ponent seems to be present in the antidepressant effect of the extract in these
different animal models, but other receptor systems are also involved, probably
with distinct relevance in different species and/or behavioural tests.

In the models induced by chronic stress exposure, H. perforatum (1 g/kg
twice a day p.o.) was able to restore a normal escape response in chronic ED
after twice a day administration for 21 days, an effect shared with clinically
efficacious antidepressants [2]. In the VAB model, where rats exposed to
chronic stress do not learn an instrumental appetitive behaviour, the effect of
long-term H. perforatum administration was compared to the effect of fluoxe-
tine and imipramine, established antidepressant drugs [2]. H. perforatum and
fluoxetine were administered to control rats and to rats exposed to chronic
stress after the induction of an escape deficit. In this experiment, H. perfora-
tum and fluoxetine were used at doses of 1 g/kg twice a day p.o. and
5 mg/kg/day i.p., respectively. Figure 4 shows that neither of the drugs
impaired the ability of rats to learn the appetitive behaviour, and they allowed
stressed rats to learn and perform the test as efficiently as control rats.

Most of the studies of models of depression induced by acute or chronic
stress exposure used one or more antidepressant drugs of established efficacy as
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Figure 4. VAB performance of saline (Ctr), fluoxetine (FLX), and H. perforatum (H.P.) treated rats,
exposed or not exposed to chronic stress during Y-maze training. Rats received daily saline (1 ml/kg,
twice a day), fluoxetine (5 mg/kg/day, i.p.), or H. perforatum (1 mg/kg twice a day, p.o.) and were
exposed to unavoidable stress and Y-maze training on alternate days. The number of correct choices,
i.e., the number of times that a rat entered the maze arm containing the reward (a vanilla sugar pellet)
were recorded. Data are expressed as mean + S.E.M. At the 10th training session, the number of cor-
rect choices of saline-treated rats exposed to stress (Stress) was significantly lower than the number
of correct choices of the groups not exposed to stress (Ctr, FLX, H. P.) and of the groups exposed to
stress while receiving fluoxetine or H. perforatum (Stress + FLX, Stress + H. P.) (p < 0.001, two-way
ANOVA followed by Bonferroni’s test). *** p <0.001, ** p<0.01, * p<0.05 compared to the
respective stressed group performance.
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a positive control for the activity of H. perforatum extract in that model. Thus,
the conclusion is that in the most commonly used animal models, H. perfora-
tum extracts show an activity comparable to that of classical antidepressants.

Efficacy of components of Hypericum perforatum extracts in behavioural
models

Many studies have attempted to identify one component, or a class or subclass
of components, of the extracts as the active principle that has activity in depres-
sion models. Two complementary strategies have been used that could yield
partially different information. The activity of extracts with different contents
of one or more compounds was compared, and thus the increased or decreased
efficacy compared to the standard extract was attributed to the increased or
reduced content of one or more components in the extract. The second strategy
was to compare the efficacy of the extract with the activity of a single purified
component. While the second strategy could be considered as proof of the anti-
depressant activity of a certain H. perforatum component, sometimes the results
are conflicting, as activity or lack of activity can be observed depending on the
route of administration of the purified component, or on the behavioural test
used. These data suggest that when a single component, which is assumed to be
the one most likely responsible for antidepressant activity, is purified from the
extract, it may need to be slightly modified in order to maintain the stability and
oral bioavailability that it has in the extract. In the future, data regarding deriv-
atives of natural compounds will be available and they may clarify the issue of
the active antidepressant principle present in H. perforatum extracts.

Hyperforin and hyperforin derivatives

Several studies demonstrated that the antidepressant efficacy of H. perforatum
extracts in different behavioural tests correlates with their hyperforin content.
Chatterjee et al. showed the efficacy in the FST and LH of repeated oral
administration of an ethanolic extract (hyperforin content 4.5%) or a CO,
extract (hyperforin content 38.8%) in rats [6]. The dose equieffective to
10 mg/kg/day i.p. of imipramine was 30 mg/kg/day for the CO, extract and
300 mg/kg/day for the ethanolic extract. Moreover, in both tests efficacy was
correlated to hyperforin content, but not to the presence or proportion of other
constituents [6]. Similar results were reported in another study where the FST
and other models predictive of antidepressant activity (e.g., reserpine-induced
syndrome) were used [4]. Two extracts with different hyperforin contents
(0.5% and 4.5%) were used by Cervo et al. in the FST. After three i.p. admin-
istrations over 24 h only the extract containing 4.5% hyperforin reduced
immobility in rats, and this effect was accompanied by a decrease in locomo-
tor activity in the open field test [5]. A CO, H. perforatum extract, enriched



66 C. Gambarana and D. Giachetti

five times in hyperforin compared to the standard extract, was tested in the
acute ED model [7]. The CO, extract was administered to rats acutely p.o.
before stress exposure at doses ranging from 50-200 mg/kg. The dose-
response curve showed that this extract was five times more potent compared
to the standard extract. Moreover, it retained its protective effect after a 14-day
administration at the dose of 100 mg/kg twice a day, i.e., tolerance to the anti-
depressant-like effect of the CO, extract did not develop [7].

A slightly different approach for verification of the hypothesis that hyper-
forin is probably responsible for H. perforatum antidepressant activity was
chosen by Usai and co-workers, who used an extract of a subspecies of H. per-
foratum, H. perforatum angustifolium [8]. In the H. perforatum angustifolium
extract used, the concentrations of hyperforin, I3,1I8 biapigenin, and quercetin
were two-fold that those present in a standard extract of H. perforatum, and
rutin was almost absent [8]. The extract of H. perforatum angustifolium
showed a protective activity on the development of acute ED after acute or
repeated (15 day) oral administration, and it restored normal reactivity in rats
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Figure 5. Protective effect of repeated treatments on escape deficit development. Rats received twice
a day for 2 weeks: saline, 1 ml/kg (Stress), H. perforatum standard extract, 1 g/kg p.o. (H. perfora-
tum), H. perforatum CO, extract, 100 mg/kg i.p. (H. perforatum CO,), or imipramine, 5 mg/kg i.p.
(IMI). 18 h after the last drug treatment, rats were exposed to unavoidable stress and 24 h later to the
escape test. A group of saline-treated rats was only exposed to the escape test (Naive). Data are
expressed as mean + S.EM. *** p <0.001 compared to the Naive, H. perforatum, H. perforatum
CO,, and IMI groups; * p < 0.05 compared to the H. perforatum and IMI groups (one-way ANOVA
followed by Bonferroni’s test).
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exposed to chronic stress (chronic ED). A significant protective activity of this
extract was already present at a dose eight times lower than that necessary to
produce a similar activity in the same tests when using H. perforatum extract
[8]. Since the comparison of the composition of the two extracts used showed
that H. perforatum angustifolium had a concentration of hyperforin double that
of H. perforatum, while the hypericin content was similar, these data support
the role of hyperforin in the antidepressant-like activity of H. perforatum and
they suggest that hypericin does not contribute to the higher biological activi-
ty of H. perforatum angustifolium. Moreover, in these experimental models the
flavonoid rutin does not seem to be necessary for H. perforatum activity, while
its presence in at least a threshold concentration seems to be essential for the
antidepressant activity of H. perforatum in the FST [12].

Thus, these data indicate that H. perforatum extracts enriched in hyperforin
show an efficacy in experimental models of depression that is correlated to
their hyperforin content, and this conclusion is strengthened by the results of
studies that examined the effect of purified hyperforin. In the FST, after suba-
cute oral administration at a dose of 20 mg/kg/die, hyperforin shows an effi-
cacy comparable to that of imipramine [32]. Acute i.p. administration of
hyperforin trimethoxybenzoate (IDN 5491) protects rats in the acute ED
model at a dose of 25 mg/kg [7] and it maintains its protective activity on ED
development after a 3-week repeated treatment. The active doses were lower
than those that were efficacious when a hyperforin-enriched extract was used
in the same tests [33]. However, we have also observed the lack of a protective
effect of hyperforin trimethoxybenzoate when the same compound was admin-
istered orally (Tab. 1), thus suggesting that some component present in the

Table 1. Effect of acute hyperforin trimethoxybenzoate (IDN 5491) administration on stress-induced
escape deficit'

Group n Number of escapes
Naive 12 253+09

Ctr 12 1.2 £ 0.5%%*
IDN 5491 6.25 mg/kg i.p. 8 19.1£32
IDN 5491 12.5 mg/kg i.p. 8 16.1 0.9
IDN 5491 25 mg/kg i.p. 8 27.6 + 1.1%*
IDN 5491 12.5 mg/kg p.o. 6 1.4 +0.8%**
IDN 5491 25 mg/kg p.o. 6 4.2+ 1.3%%*
IDN 5491 100 mg/kg p.o. 6 5.2 % 1.4%%*
IDN 5491 200 mg/kg p.o. 6 4.7 £ 1.6%%*

"Rats received hyperforin trimethoxybenzoate (IDN 5491) 30 min (i.p. administration) or 60 min
(p-o. administration) before exposure to unavoidable stress; the control groups received saline (1
Im/kg i.p. or p.o., Ctr). A group of saline-treated rats was only exposed to the escape test (Naive). Data
are expressed as mean = S.E.M. *** p < (0.001 compared to the Naive group and the IDN 5491 i.p.
groups; ** p < 0.01 compared to the IDN 5491 12.5 mg/kg i.p. group (one-way Anova followed by
Bonferroni’s test).
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extract may increase hyperforin bioavailability (Gambarana et al., unpublished
results). A stable salt of the phloroglucinol derivative, hyperforin dicyclohexyl-
ammonium, administered i.p. three times over 24 h reduces immobility in the
FST in rats, without modifying locomotor activity in the open field test [5].
Moreover, hyperforin dicyclohexylammonium exerts its protective effect on
the consequences of unavoidable stress exposure through a central mechanism,
as it was highly effective in the acute ED model after a 14-day intracere-
broventricular infusion at a dose of 12 ug/kg/die (Fig. 6) (Gambarana et al.,
unpublished results). On the other hand, in the same animal model a de-hyper-
forinated extract was inactive after acute or repeated administration
(Gambarana et al., unpublished results).

I Naive

C—1Ctr

W Hyperforin 12 ug/kg/day
Hyperforin 25 ug/kg/day
Hyperforin 50 ug/kg/day

30+

8 25

%20 VT

© 204 Z

2 //

&/

S 151 v

<

o 10 77

£ “

=1 kkk 7

Z 51 7
o | 7

Figure 6. The protective effect of hyperforin on escape deficit development is centrally mediated. Rats
were implanted subcutaneously with osmotic minipumps (Alzet®) under ether anaesthesia and were
infused for 2 weeks with: saline (Naive and Ctr groups), or hyperforin cyclohexylammonium at the
doses of 12, 25 or 50 pg/kg/day (Hyperforin). 18 h after the end of infusion, rats were exposed to
unavoidable stress and 24 h later to the escape test. A group of saline-infused rats was only exposed
to the escape test (Naive). Data are expressed as mean + S.E.M. *** p < 0.001 compared to the Naive
and Hyperforin groups (one-way ANOVA followed by Bonferroni’s test).

Conclusions

The data in this Chapter are a summary of a significant part of the abundant
literature on the subject and as a whole they confirm the efficacy of H. perfo-
ratum extracts in animal models of depression. Moreover, substantial evidence
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supports the hypothesis that hyperforin is probably the active principle with
antidepressant activity in H. perforatum extract, although there are results indi-
cating that other components, like hypericin, may be active in some experi-
mental model (FST). It is worth noting that some studies reported that other
components in the flavonoid class are necessary, or helpful, for observing
hypericin efficacy in the FST. These results have been interpreted as related to
the ability of flavonoids to improve the solubility or the passage through bio-
logical membranes of hypericin. Our observation that hyperforin is active
when administered i.p., but that it fails to protect rats from the sequelae of
stress exposure when administered orally, suggest that a similar phenomenon
could also be true for the phloroglucinol derivative, which may require the
presence of other components, or chemical modifications, in order to be ade-
quately stable and to maintain good bioavailability.

We would like to remind the reader that other behavioural tests that we did
not take into consideration may detect some other activities, such as an anxi-
olytic effect, that may strengthen the potential antidepressant effects of a com-
pound. The potential anti-anxiety effect of H. perforatum extract or some
extract components has been examined in animal models, although less exten-
sively than the antidepressant-like effect. A different chapter of this volume is
in fact dedicated to this issue.

The administration of H. perforatum extracts has also been demonstrated to
be efficacious in a completely different model, which may be considered indi-
rectly related to the depression or anxiety models, i.e., genetically selected
alcohol preferring rat strains. In fact, in different strains of ethanol preferring
rats, H. perforatum extract decreases ethanol consumption after acute [34, 35]
or repeated administration [30, 35].

Thus, the challenge remains of identifying the main component responsible
for H. perforatum extract activity in behavioural models of depression and to
define the requirements for the preservation of such activity. We believe that
only when basic research has demonstrated that this has been fulfilled, we will
be able to properly design clinical studies aimed at assessing the efficacy and
safety of H. perforatum extract in the treatment of depression.
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Introduction

Hydroalcoholic extracts of Hypericum perforatum L. (St. John’s Wort) are
effective antidepressants in patients, and also show antidepressant-like action
in laboratory animals. Intensive phytochemical and pharmacological investi-
gations have enabled the identification of a series of bioactive compounds
which are constituents of the crude Hypericum extract [1]. The phloroglucinol
derivative hyperforin has become a subject of particular interest, as it is a
potent inhibitor of neuronal monoamine reuptake [2, 3]. However, in contrast
to most synthetic antidepressants, hyperforin inhibits not only the uptake of
serotonin, noradrenaline and dopamine, but also that of GABA and L-gluta-
mate [4]. There is some evidence that the molecular mechanism involved in
this broad-spectrum effect is based on an elevation of the intracellular Na* con-
centration [4, 5]. Different flavonol derivatives and biflavones have potent
antidepressant activities in the “Forced Swimming Test” (FST), an animal
model of depression [6, 7]. Interestingly, some of these compounds show
activity over only a small dose range. Below or above these dosages, they
become inactive. Besides this direct antidepressant-like activity of the
flavones, a recent publication suggested that Hypericum extracts with no, or
only very low, content of the flavonol rutin are completely inactive in the FST,
while extracts containing rutin in sufficient amounts are always active [8].
Finally, the naphthodianthrone hypericin, the compound in Hypericum respon-
sible for the phototoxic activity of the plant, shows antidepressant-like effects
in animals, and may be involved in the regulation of the hypothalamic—pitu-
itary—adrenal (HPA) axis, which is disturbed in depressed patients [9, 10]. It
therefore appears clear that various constituents of Hypericum perforatum con-
tribute in different ways to the antidepressant activity of the total extract.
Although so much research has been done to identify and characterise the
active constituents in the extract, there are still many questions about their effi-
cacy and modes of action.
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Phloroglucinols

The phloroglucinol content can exceed up to 5% in the fresh herb. Although
the acylphloroglucinol compound hyperforin is the major non-nitrogenous
secondary metabolite in Hypericum perforatum, for a long time it was not con-
sidered to be a pharmacologically relevant constituent, except in terms of its
antimicrobial properties, which were described about 30 years ago [11].
Recently, however, these antibiotic-like effects were re-evaluated, and the
influence of hyperforin and/or Hypericum extracts on resistance development
in Staphylococcus aureus was investigated [12, 13]. In recent years, the pre-
clinical efficacy of hyperforin has been extensively investigated. Numerous
different pharmacological and biochemical effects were found in various in
vitro and in vivo models. Some of the data generated in these studies clearly
indicate that hyperforin not only contributes to the antidepressant activity of
Hypericum perforatum extract but also shows anxiolytic and antidementia
activities (see Chapter by S. Chatterjee in this book).

In vitro effects of hyperforin
Isolated organs

The first pharmacological activities recorded for hyperforin, apart from
antimicrobial effects, were detected in peripheral organs using different in
vitro models. An ethanolic Hypericum extract containing 4.5% hyperforin, a
CO,-extract containing 38.8% hyperforin, and pure hyperforin were shown
to strongly inhibit contractions induced by serotonin, histamine, bradyki-
nine, nicotine, substance-P and acetylcholine in guinea pig ileum prepara-
tions [14]. It was shown that the inhibition of serotonin-induced contractions
correlated with hyperforin content, indicating that this phloroglucinol has
serotonin-modulating properties. In other experiments conducted on neu-
ronal membranes isolated from guinea pigs, hyperforin influenced mem-
brane fluidity in a way that probably contributes to its pharmacological prop-
erties [15].

Uptake and release

Pure hyperforin and hyperforin-enriched extracts have been found to inhibit
the reuptake of serotonin, noradrenaline, dopamine, GABA and L-glutamate
in mice brain synaptosomes [2, 16], and of serotonin in human blood
platelets [17].
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Electrophysiology

In electrophysiological investigations using the patch-clamp technique in the
whole cell configuration, it was shown that hyperforin at nanomolar concentra-
tions induces significant inhibition of various ion channels known to be involved
in neurotransmitter reuptake and release mechanisms. As a result of this study,
it was shown that the P-type calcium channels in membranes of rat cerebellar
Purkinje neurones are modulated by hyperforin via interaction with calmodulin
or through a calmodulin-activated pathway involving secondary messengers
[18-20]. Hyperforin has inhibitory effects on ligand-operated AMPA-,
NMDA-, and GABA-gated currents, as well as voltage-dependent Na*, K* and
Ca®* channels [20, 21]. The prevention of Ca®* overloading by means of lig-
and- and voltage-dependent Ca®*- permeable channel inhibition by hyperforin
could be an important factor in the therapeutic efficacy of hyperforin [19].

Miscellaneous

In receptor binding studies, it was shown that hyperforin inhibits binding to the
u-, K and d-opioid as well as to 5-HTg and 5-HT; receptors to a relatively large
extent in the micromolar range [22]. In a recently published study, it was
shown that hyperforin has a considerable affinity for dopamine D; and Ds
receptors and for the noradrenaline transporter [23]. A hyperforin enriched
CO, extract and a methanolic extract with lower hyperforin content showed
only weak MAO-A or MAO-B inhibiting properties, indicating that hyperforin
is not responsible for these effects [2].

In vivo effects of hyperforin

Besides its in vitro activities, hyperforin shows anti-serotonergic and antide-
pressant-like effects in different in vivo models. Serotonergic in vivo effects
were investigated in rats using the method described by Saxena and Lawang
[24]. In this test model, the heart rate is continuously monitored and a transient
bradycardia is induced by intravenous infusion of serotonin (Bezold-Jarisch
Reflex). This bradycardia, which is specifically mediated through vagus nerve
5-HT; receptors, is inhibited by oral administration of 10 mg/kg pure hyper-
forin [14]. It is suggested that antagonism of 5-HT;-receptors produces antide-
pressant and anxiolytic-like effects [25], and that such effects could contribute
to the antidepressant activity of Hypericum extracts [14]. The potential antide-
pressant activity of hyperforin or hyperforin-enriched extracts was investigated
in a number of animal models using mice and rats. One of the most accepted
animal models for detecting such activities is the FST developed by Porsolt et
al. [26]. There is a significant correlation between the clinical activity of an
antidepressant and its ability to reduce the immobility time in the FST [27].
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After oral administration of 20 mg/kg hyperforin, a clear reduction in immo-
bility time, comparable to the effect of the tricyclic antidepressant imipramine,
was found in rats [14, 28]. In a recent publication, a stable hyperforin salt (dicy-
clohexylammonium) and two Hypericum extracts with different hyperforin
content (0.5% and 4.5%) were investigated in the FST in rats. The extract with
the higher hyperforin content and the hyperforin salt alone produced a marked
reduction in the time spent immobile after intraperitoneal application of very
low dosages. These effects correlated with the plasma concentration of hyper-
forin. The extract with less hyperforin was inactive at the doses tested [29].
Similar results were published by Bhattacharya et al. [30]. They tested two
Hypericum extracts of different hyperforin content (4.5% and 38.8%) in a bat-
tery of behavioural tests, two of them specific for antidepressant activity (FST
and reserpine-syndrome in mice). In both models, they showed a strong corre-
lation between the hyperforin concentration of the extract and efficacy. Another
animal model in which clear responses to clinically active antidepressants are
shown is the “Learned Helplessness” model described by Maier and Seligmann
[31]. In this model, animals are exposed to stressors producing deficits in
escape behaviour, “Learned Helplessness”, which can be reversed by a wide
range of clinically active antidepressants. Oral administration of hyperforin
acetate at a dose of 10 mg/kg significantly reversed the number of escape fail-
ures in a manner comparable to the tricyclic antidepressant imipramine [32].
Treatment for seven consecutive days was necessary to elicit this antidepres-
sant-like effect. In the forced swimming test, triple administration of this hyper-
forin salt was effective over a dose range of 5-20 mg/kg [32]. Experiments con-
ducted with ethanolic or CO,-extracts containing 4.5% or 38.8% hyperforin,
showed a strong correlation between hyperforin content of the extract and effi-
cacy in the “Learned Helplessness” and “FST” model in rats (Tab. 1) [16]. The
influence of hyperforin on the hypothalamic—pituitary—adrenal axis (HPA) was
investigated by Franklin et al. [33]. They used a supercritical CO, extract con-
taining 31% hyperforin and no other known active constituents, according to
HPLC analysis. Intraperitoneal application of the CO,-extract resulted in a sig-
nificant increase of plasma corticosterone level and a decrease of plasma pro-
lactin level. The effects on corticosterone plasma concentration were prevented
by co-administration of ketanserin, indicating that these effects are mediated by
serotonin 2 receptors [33, 34]. In other experiments conducted in rats, the same
authors showed that hyperforin attenuated the increase in plasma prolactin lev-
els induced by haloperidol, and they speculated that hyperforin modulates
dopaminergic functions in the brain [33]. Recently, it was shown that hyper-
forin at doses of 4 and 8 mg/kg significantly reduced the immobility time in the
mouse “Tail Suspension Test”, whereas it was inactive at doses of 2 and
20 mg/kg [35]. In further experiments, the same authors could show that step
by step removal of either hyperforin or hypericin did not result in a loss of phar-
macological activity. Such results clearly indicate that, besides hyperforin,
other constituents contribute to the antidepressant activity of Hypericum perfo-
ratum extracts [35]. The bioavailability of hyperforin was evaluated preclini-
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Table 1. Effects of ethanolic and CO,-extracts of Hypericum perforatum and imipramine in the FST
and the learned helplessness paradigm in rats [16]

Group (route of Dose FST Learned helplessness
administration) (mg/kg/day)  Immobility (s)
EF AR

Vehicle (p.o.) - 165.4 £3.05 20.6 £ 0.63 1.6 £0.22
Ethanolic 50 149.6 £ 3.11%* 17.5 £ 0.90%** 4.0 £ 0.26%**
extract (p.o.) 150 133.7 £ 1.91%** 15.0 £ 0.65%** 4.5 +0.32%%*

300 115.4 +2.60%** 10.6 + 0.68*** 5.2 +£0.24%%*
CO,-extract 5 153.9 +£2.43* 19.2+0.75 3.5 £0.32%**
(p.0.) 15 131.1 £ 3.06%** 14.7 £ 0.75%** 4.9 £ 0.29%**

30 119.43 £3.01%** 10.9 + 0.69%** 5.2 +£0.24%%*

Imipramine (i.p.) 10 103.7 £ 2.55%** 9.9 + 0.54%** 5.2 +0.26%%*

Number of escape failures (EF); avoidance responses (AR).

Statistically significant differences from the corresponding vehicle-treated groups are marked with *,
% or *** representing p < 0.05; < 0.01 or <0.001, respectively. All values given in the table are
mean + SEM.

cally in rats and mice. A plasma concentration of up to 400 ng/ml was meas-
ured in rats after single oral administration of 300 mg/kg ethanolic extract (5%
hyperforin). In this study, a hyperforin concentration of more than 100 ng/ml
persisted for about 10 h. These concentrations are comparable to those meas-
ured in human plasma after treatment with 1200 mg extract per day [36].
Similar results, after oral administration of Hypericum extract or hyperforin
DCHA salt in male CD1-mice, were published by Cantoni et al. [37]. They
found a plasma concentration of up to 100 ng/ml after single administration of
300 mg/kg hydroalcoholic extract (4.5% hyperforin) or 18.1 mg/kg of hyper-
forin DCHA salt. In mice, it was recently demonstrated that hyperforin reached
the brain in sufficient amounts to produce a pharmacological effect after oral
administration of 300 mg/kg ethanol extract or 15 mg/kg pure hyperforin-Na
salt [38]. Hyperforin is therefore not only active as a non-specific neurotrans-
mitter uptake inhibitor, but also shows antidepressant effects in different animal
models indicative of clinical efficacy. To date, hyperforin is the only biologi-
cally active constituent of Hypericum perforatum known to pass the
blood-brain barrier in concentrations which could explain the antidepressant
activity of the extract.

Flavonol glycosides and biflavones

Different flavonol glycosides, with quercetin as the aglycone, represent a
major group of biologically active compounds in Hypericum perforatum. In
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total, they represent up to 4% of the crude plant material [1, 39]. Some of them
show in vitro and/or in vivo activities, indicating that they might contribute to
the antidepressant activity of the extract.

In vitro effects of flavonols and biflavones

Spasmolytic in vitro activities of flavonols have been investigated using
smooth muscle preparations from different animal species. MAO-A-inhibition
was tested in isolated rat liver-mitochondria preparations and radioligand bind-
ing assays were performed using recombinant human or rat receptors or trans-
porters.

Calcium-antagonistic effects of quercetin were studied in rat aortic strips,
where quercetin inhibited the Ca®*-induced contractions at concentrations
between 10> M and 10™* M [40]. Noradrenaline-induced contractions in
guinea pig main pulmonary artery preparations were also inhibited by prein-
cubation with quercetin [41]. It appears that the antispasmodic activity
depends on the water solubility of the substances [42]. Trute et al. studied dif-
ferent flavone aglycones, and mono- or diglycosides in guinea pig ileum
preparations with acetylcholine-induced contractions, and found that the agly-
cones were most active, followed by the corresponding mono- and diglyco-
sides, the rutosides [42]. Similar results were found for inhibition of the
enzyme monoamine oxidase type A (MAO-A), a main mechanism of antide-
pressant activity. Studies conducted by Sparenberg et al. showed most activity
for the flavonoid-aglyca quercetin, kimpferol and luteolin, whereas the glyco-
sides were less active [43]. The biflavones amentoflavone and biapigenine
were inactive in this study. Inhibition of benzodiazepine binding by
amentoflavone was reported by Baureithel et al. [44]. In this study, the
biflavone I3, II8-biapigenin and the flavonoids rutin, hyperoside and quercitrin
did not inhibit benzodiazepine binding up to concentrations of 1 uM. Recently,
Butterweck et al. tested different constituents of St. John’s Wort extract for
their binding capacity to 42 different biogenic amine receptors or transporters
[23]. The biflavonoid amentoflavone, which significantly inhibited binding at
5-HTp, 5-HT,c, dopamine Dj, §-opiate and benzodiazepine receptors, was
most active in this study. Other flavones showed only weak activity. Quercetin
inhibited binding to dopamine D,-receptors, rutin to adrenergic ,c-receptors,
hyperoside to adrenergic o,-receptors and miquelianin to adrenergic O.c,
cholinergic M, and M5 receptors [23].

In vivo effects of flavonols and biflavones
Antidepressant-like in vivo activities have been described for a number of

flavonols and biflavones. Initial results with isolated flavonols in depression-
relevant animal models were reported by Butterweck et al. in 2000 [6]. They
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Table 2. Effects of different constituents in the FST [7]

Constituents Dose Inhibition
mg/kg p.o. (% versus control)

Extract 300 59 *
Hyperforin-Na* 30 66 *
Hyperosid 10 40 *
Isoquercitrin 0.6 21 *

1 3,11 8-Biapigenin 0.1 43 *
Quercetin 1.0 11
Quercitrin 1.0 2
Hypericin/Pseudohypericin 0.5 2
Rutin 10 0

Statistically significant differences from the corresponding vehicle-treated groups are marked with *,
representing p < 0.05.

found that the flavones hyperoside, miquelianin and isoquercitirin significant-
ly reduced the immobility time in the FST in rats [6]. These results were cor-
roborated by Noldner, who found that beside hyperoside and isoquercitirin,
I3,118-biapigenin reduced the immobility time in a modified version of the
FST in rats [7].

Interestingly, some of the tested flavonoids showed activity over only a
small dose range. This in part resulted in U-shaped dose-response curves [6].
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Figure 1. Effects of Hypericum extract with low rutin content, pure rutin and Hypericum extract with
addition of rutin in comparison to imipramine in the FST [8]. ***, represents p < 0.001.
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In addition to the intrinsic activities of flavones or biflavonoids, some activity-
modifying effects were also reported recently. It was shown that rutin is nec-
essary for the activity of Hypericum extracts in the FST in rats [8]. Hypericum
extracts without rutin, or with very low rutin content, are completely inactive,
while extracts containing sufficient amounts of rutin are always active in this
test model [8]. The inactive extracts with low rutin content become active after
adding rutin, indicating that rutin is necessary for this activity. It is known that
the range in concentration of flavones in the crude plant varies widely depend-
ing on the developmental stage of the plant at the time of harvesting [45, 46].
In addition to this normal biological variation, it has been reported that there
is a rutin-free chemotype that is morphologically indistinguishable from
Hypericum species containing rutin [47]. Hypericum extracts prepared from
this chemotype are inactive in the FST model [8].

Naphthodianthrones

Naphthodianthrones, i.e., hypericin and pseudohypericin, represent about
0.03—0.3% of the crude Hypericum plant material [39]. They are located in the
flowering parts of the plant and aroused the early interest of phytochemists
because of their intense red colour and their phototoxic properties [39, 48].
From a pharmacological point of view, hypericins are very interesting com-
pounds. Apart from their phototoxic and antiviral activities, they have some
pharmacological effects that could contribute to the antidepressant activity of
the Hypericum extract.

In vitro effects of hypericin and pseudohypericin

Hypericin inhibits the nuclear transcription factor (NF-kB) over the micromo-
lar range in HeLa and TC10 cells, indicating an anti-inflammatory activity
[49]. However, publications regarding the effects of hypericin on MAO-activ-
ity appear to be contradictory. Suzuki et al. found an irreversible inhibition of
MAQO type A and B in rat brain mitochondria preparations, where the inhibi-
tion of type A was higher than that of type B [50]. Bladt and Wagner investi-
gated hypericin and other Hypericum constituents in rat brain homogenates
and did not find any MAO-inhibiting activity for pure hypericin [51]. Raffa
investigated the affinity of hypericin at 30 receptor or uptake sites [52]. He
found that hypericin had only moderate affinity for muscarinic cholinergic
receptors and similar affinity for ¢ receptors (about 50% inhibition by 1 pM).
Simmen et al. published that hypericin and pseudohypericin over the micro-
molar range showed affinity for different opioid receptors as well as for the
CREF,-receptor [53]. In a recently presented paper, the CRF-binding of hyper-
icin and pseudohypericin was investigated in more detail [54]. The author
measured the CRF-stimulated cAMP formation in recombinant Chinese ham-
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ster ovary (CHO) cells and found that pseudohypericin selectively antagonised
the CRF;-receptor (Kg 0.76 uM). In binding studies conducted on recombinant
monoamine receptors, hypericin and pseudohypericin showed affinity for
dopamine D; and D, receptors and hypericin for adrenergic B, and B,-recep-
tors in addition [23].

In vivo effects of hypericin and pseudohypericin

The potential contribution of hypericin or pseudohypericin to the antidepres-
sant effects of St. John’s Wort extracts has been investigated by Butterweck et
al. In experiments using the rat FST they showed that the solubility of hyper-
icin was increased in the presence of a procyanidin fraction. This significant-
ly increased the in vivo effects [9]. They showed that hypericin and pseudohy-
pericin are inactive during acute treatment, but become active on co-adminis-
tration of a procyanidin fraction. This enhanced efficacy correlated to
increased plasma levels of hypericin [55]. In a more recent publication, it was
shown that after treatment over 14 days with pure hypericin at a dose of
0.1 mg/kg, the immobility time in the rat FST was reduced significantly [56].
Interestingly, in these experiments there was no difference between animals
receiving pure hypericin and those receiving hypericin in combination with
procyanidin. Although hypericin is active itself, removal of this constituent
from the St. John’s Wort extract did not result in loss of efficacy [35]. Chronic
treatment over 14 days reduced plasma ACTH and corticosterone levels sig-
nificantly, suggesting a decrease in the functional activity of the HPA axis [56].
In a more detailed study, the influence of hypericin on the expression of genes
that may be involved in the regulation of the HPA axis was investigated using
the in situ hybridisation histochemistry technique [10]. Chronic treatment for
8 weeks significantly decreased levels of CRF mRNA by 16—-22% in the hypo-
thalamus, and serotonin 5-HT;, receptor mRNA by 11-17% in the hip-
pocampus [10].

Concluding remarks

St. John’s Wort extracts, like other herbal remedies, are complex mixtures of
many different constituents. Only a few of the constituents have been identi-
fied and isolated, enabling pharmacological studies to be performed. The find-
ings discussed here demonstrate that the pharmacological effects of the single
constituents differ when given alone or in combination with other constituents,
indicating that the extract is more than the sum of the single compounds. Some
constituents, which were not active when tested alone, may act synergistically
and help other constituents to become effective (e.g., rutin or the procyani-
dins). The data published so far strongly indicate that at least hyperforin,
hypericin and some flavones and biflavonoids contribute to the antidepressant
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activity of Hypericum perforatum preparations. Only extracts which contain
these constituents in sufficient amounts show antidepressant activity.
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Introduction

Although diverse medicinal uses of various types of St. John’s Wort (SJW)
preparations have been known for centuries, most modern reports on thera-
peutic potentials of this herb concentrate mainly on antidepressant-like activi-
ty of its hydroalcoholic extracts (SJWEs). One of the very first reports based
on therapeutic observations suggesting usefulness of a SIWE for treatment of
depressed patients, appeared much earlier [1] than the fortuitous discovery of
analogous effects of imipramine or iproniazid. However, reports on controlled
clinical trials with diverse types of SJWEs in patients with mild-to-moderate-
ly severe depressive disorders started appearing after the 1980s. Results of
these earlier clinical trials, and other efforts to define antidepressant-like
effects of SJWEs, and their bioactive components, are summarised in a sup-
plement of Pharmacopsychiatry [2].

However, during the early 1990s, extensive efforts were made in our labo-
ratories to evaluate other therapeutic potentials of SJW traditionally known for
this herb. One major pharmacological observation during these efforts was that
hyperforin, i.e., quantitatively the major and structurally a unique antimicro-
bial secondary metabolite of the herb, inhibits serotonin induced contractions
of isolated guinea pig ileum [3]. Subsequent efforts made to evaluate in vivo
relevance of this observation led to a speculative working hypothesis that
hyperforin could be a functional antagonist of central serotoninergic 5-HT3
and/or 5-HT4 receptors [4]. Since specific antagonists of these receptors were
known to possess antidepressant and anxiolytic-like effects in animal behav-
ioural models [5, 6], potential effects of hyperforin and a few experimental
SJW extracts were tested in such models. Results of these efforts, and numer-
ous others made in different laboratories, have been summarised also in two
recent supplements of Pharmacopsychiatry [7, 8].

In light of these reports, it could be concluded that hyperforin is quantita-
tively the major psychoactive component of SJW, and that depending on its
concentration in SJWEs their pharmacological activity profiles can vary con-
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siderably. In addition, since along with its antidepressant-like activities hyper-
forin also revealed anxiolytic-like and cognitive function improving properties
in rodent models, it was speculated that hyperforin-containing SJWEs could
represent a novel type of psychotherapeutic. Subsequent reports describing
anxiolytic and memory improving effects of STWEs in animal models add fur-
ther experimental evidences to this hypothesis. However, the role of hyperforin
in these activities of SJWEs is not yet precisely defined and therapeutic rele-
vance of these preclinical observations still remain uncertain. Available infor-
mation potentially useful for better clarification of the situation will be sum-
marised and critically analysed in this chapter. In addition, some possible ther-
apeutic implications of these findings will be pointed out.

It must be mentioned though, that putative anxiolytic and/or antidepressant-
like effects of SJWEs have been implicated in their alcohol intake reducing
effects observed in rodents also [9—14]. Although the observations presented
in one of these reports [12] strongly suggest that hyperforin is the major SJTW
alcohol consumption reducing component, another one [9] describes similar
effects of a STWE almost devoid of hyperforin. Since these observations and
speculations have been critically reviewed very recently [14], they are not dis-
cussed here again.

Effects on anxiety

The conventionally known rat elevated plus-maze model for pharmacological
screening and characterisation of anxiolytics was used to detect such potential
effects of purified hyperforin. Although after a higher single oral dose
(10 mg/kg), no significant effects of hyperforin were detected, after all the
three lower doses tested (0.3, 1 and 3 mg/kg), its clear anxiolytic-like effect
was apparent [4]. As indicated before, these experiments were planned as a
consequence of observations suggesting functional antagonism of 5-HT3 or
5-HT4 receptor mediated responses by a single 10 mg/kg oral dose of purified
hyperforine. However, since anxiolytic-like activity was observed after its
lower doses only, and possible anti-serotoninergic effects of lower hyperforin
doses have not yet been evaluated, involvement of these receptors in observed
anxiolytic-like activity remains uncertain. Attempts to verify this possibility by
in vitro ligand displacement experiments do not indicate any affinity of hyper-
forin for 5-HT3, 5-HT4 or other known serotonin receptors. As a matter of
fact, despite extensive efforts [15—17, and unpublished observations], no spe-
cific hyperforin binding site potentially involved in its observed low dose anx-
iolytic-like activity, or in its other known behavioural effects, could yet be
detected with certainty by such in vitro binding studies.

As described later, lower oral hyperforin doses (i.e., below 10 mg/kg) have
revealed not only its anxiolytic-like activity in elevated plus-maze model, but
also its cognitive function modifying activities in animal models [18].
However, such is not the case for its antidepressant-like efficacy in animal
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Table 1. Reported active doses of hyperforin in rat models for anxiety, depression and cognitive func-
tions

Model (for) Effective doses of hyperforin

Elevated plus-maze Single oral doses between 0.3—-3 mg/kg administered 1 h before test

(Anxiety) are almost equi-active, whereas after 10 mg/kg no significant effects
are observed [4].

Behavioural despair Effective after repeated doses only, and efficacy enhances with the

(Depression) number of treatment days. After 9 daily treatments, the active dose

range was 10-30 mg/kg/day. After this treatment schedule, no
effects could be detected with 0.15, 1.5 or 100 mg/kg/day doses [18].

Escape deficit Single i.p. doses between 25-75 mg/kg administered 30 min before

(Depression?) unavoidable stress are almost equi-active, whereas after 12.5 mg/kg no
significant effects are observed [19].

Conditioned— Both daily oral doses tested (1.25 and 2.5 mg/kg) started facilitating

avoidance response learning after the second day of seven consecutive days of treatment.

(Cognitive effects) However, the lower dose effects were quantitatively more pronounced,

and significant memory consolidation effects were observed after the
lower one only [18].

models, where its activities are detected only after repeated daily doses higher
than 10 mg/kg (see Tab. 1). These observations, taken together with the ones
made with an experimental hyperforin enriched (38.8%) extract, have led to
the suggestion that the primary mechanism triggered by hyperforin, and
responsible for its observed anxiolytic-like activity, is prone to adaptive
changes, and that these adaptive responses could be involved in its antidepres-
sant-like activity [20]. It has been demonstrated indeed, that hyperforin
induces adaptive changes in the functions of various neurotransmitter mediat-
ed processes, including some serotonin mediated ones, after its higher or
repeated doses [4, 21]. Although these circumstantial evidences or speculative
suggestions based on experimental observations do not yet allow definitive
statements on possible involvement of serotonin mediated processes in
observed low dose effects of hyperforin, they could be useful for clarifying the
neurotransmitter systems involved in its reported low dose effects in animal
models.

Soon after anxiolytic and antidepressant-like activities of purified hyper-
forin were identified, an attempt was made to clarify the role of hyperforin in
the behavioural activity profiles of STWEs [20]. In this study, effects of a ther-
apeutically used SJWE in a battery of conventionally known rodent behav-
ioural models were compared with those of a hyperforin enriched extract
devoid of all other bioactive constituents of SJTW identified by the mid 1990s.
Three graded doses of each extract, corresponding to their inactive, low and
high antidepressant ones in rat models were used in this study, and since three
daily doses of the extracts were necessary for estimating these doses, this treat-
ment schedule was used for comparison sake. One major difference between
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Table 2. Behavioural activity profiles of hyperforin and of a therapeutically used SIWE
(Neuroplant®) in rodent behavioural models

Activity Hyperforin SIWE

Antidepressant like [4, 18]
Anxiolytic like [4, 20]

Memory acquisition [18]

Memory consolidation [18]
Anti-amnestic (or cholinergic) [18]
5-HTP- potentiating [20]

Central dopamin-potentiating [20]

+ + + + + +
* + +

+ +

+ = present; — = absent; * = not yet properly tested.

their observed activity profiles was their effects in models used for detecting
potential anxiolytics. Thus, in the elevated plus-maze test for anxiolytics, the
two lower doses of both the extracts did not alter mice behaviour on the maze.
However, after the higher antidepressant doses were tested, one of them
revealed anxiolytic-like activity, whereas the observations made with the other
one indicated its mild anxiogenic-like activity. Since the doses of hyperforin
administered with the extracts were comparable, and were within its anxiolyt-
ic ones, the observed opposite effects of the two extracts were attributed to the
presence of different types of other components in the two extracts. The obser-
vations that all dopaminergic responses, studied during this profiling effort,
were dose dependently enhanced by the therapeutically used STWE only, and
no anxiolytic-like effect could be detected in this extract, are in agreement with
this inference (see Tab. 2). It was concluded, therefore, that some as yet
unidentified STWE component with potentiating effects on central dopaminer-
gic functions antagonises anxiolytic like activity of hyperforin.

However, putative anxiolytic-like activities of four other types of STWEs in
rodent behavioural models have consistently been inferred by the authors of all
subsequent reports [22—27]. One of them [22] was a short communication
dealing with the effects of four medicinal plant extracts in animal behavioural
models. Although many details on methods and observations made during the
study are missing in this communication, it was mentioned that an aqueous
SIWE prepared from aerial parts of the herb growing in Portugal was tested
30 min after its intraperitoneal doses. Conclusion of the authors was that anx-
iolytic-like effect of the extract in mouse elevated plus-maze model is signifi-
cant after its lowest dose tested, i.e., 5 mg/kg, and their speculative suggestion
was that hyperforin is not involved in this effect of the tested STWE.

In another report [23], activity profile of a 50% aqueous ethanolic extract
from whole plant, designated as Indian Hypericum perforatum, in five well
known rat models for anxiolytics is described. The extract (100 and
200 mg/kg/day; p.o.) was administered for three consecutive days, and its
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effects, observed 1 h after the last doses, were compared with those of a single
lorazepam dose (0.5 mg/kg; i.p.). Dose dependent anxiolytic effects of the
extract in open field, elevated plus-maze, and novelty induced feeding tests
were less pronounced than those of the anxiolytic. In elevated zero-maze and
social interaction tests, extract effects, observed after the higher dose only,
were similar to those of the benzodiazepine. The authors conclude that the
extract is a milder anxiolytic than lorazepam.

Effects of an Italian SJWE and purified hypericins on rat exploratory activ-
ities in open-field and light—dark box were compared in another study [24].
Single very high extract doses and corresponding ones of hypericins were oral-
ly administered 1 h before the tests. Although significant stimulating effects of
the extract on the rearing activities in open-field were observed even after its
lowest dose tested (926 mg/kg), simultaneously quantified parameters for hor-
izontal activities were influenced by its highest dose (2,778 mg/kg!) only. In
the light—dark box test, only the intermediate extract dose (1,852 mg/kg!) sig-
nificantly increased latency time of animals for the first transitions from the
light to the dark compartment. This effect of the extract was fully antagonised
by the benzodiazepine receptor antagonist flumazenil. No anxiolytic-like
effects of hypericins were detected in the tests used. However, in view of the
exceptionally high doses used in this study, any potential therapeutic relevance
of these observations remains doubtful.

The three more recent reports [25—-27] dealt with the activity profile of a
therapeutically used SJWE (LI 160) in rodent behavioural models useful for
distinguishing the effects of agents in diverse types of anxiety. Its single or
repeated oral doses (62.5-500 mg/kg) did not alter locomotion of rats or their
responses to cat odour [25]. Anxiolytic-like effects of the extract in rat elevat-
ed T-maze was observed after an intermediate single oral dose (125 mg/kg)
only, which disappeared after repeated daily administrations. After the highest
repeated daily dose tested (250 mg/kg/day), the extract revealed clear anxio-
genic-like effect in the T-maze paradigm, and also significantly raised the
number of transitions in the light—dark box test. The authors concluded
though, that the extract exerts anxiolytic-like effects in a specific subset of
defensive behaviour, particularly those related to generalised anxiety.

In the second study [26], effects of the extract were compared with those of
paroxetine (5 mg/kg) in the so-called Mouse Defence Test Battery (MDTB).
The tests were conducted 1 h after one single or 7 or 21 daily extract doses (150
or 300 mg/kg) administered orally. Significant effects of the extract were
observed in the groups treated for 21 consecutive days with the higher extract
dose only. Observed activity spectrum of paroxetine in MDTB was, neither
qualitatively nor quantitatively, like that of the extract. These observations sug-
gest that anti-panic and/or anxiolytic-like effects of the tested SJTWE appear after
repeated doses only, and that its activity spectrum in this test battery are not like
those of anxiolytics or of some antidepressants. Results of an analogous com-
parative study in rat elevated T-maze model, reported later by the same authors
[27], are in agreement with such inferences. Results of this later study suggest
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further that repeated administrations of antidepressive extract doses induce also
its observed anxiolytic-like and/or anti-panic effects in the paradigm used.

Taken together, the results of behavioural studies conducted to date reveal
that the anxiolytic like activity of STWEs can not be predicted by their contents
of hyperforin only. They suggest further that this activity of any given SIWE
depend not only on its dose, but also on treatment duration. In any case, nei-
ther hyperforin nor any of the SJWEs tested to date can be regarded as benzo-
diazepin like anxiolytics.

Cognitive effects

The report dealing with anxiolytic like activity of the Indian SJWE [23]
appeared, almost simultaneously, with another one dealing with its effects in
animal models of cognitive dysfunction [28]. Although these two reports do
not mention any analytical details of the extract tested, a later report from the
same laboratories [29] mentioned that it was standardised to contain 4.5-5%
hyperforin. In both these later mentioned reports, the effects of 100 or
200 mg/kg extract administered orally to rats for three consecutive days before
the training sessions are described. Although effects of the treatments in step-
through passive avoidance tests used were equivocal, clear memory enhancing
and antagonistic effects of the extract against scopolamine or sodium nitrite or
electroshock-induced amnesia were observed in elevated plus-maze and in
active avoidance paradigms. In most of these tests, the observed effects were
not dose dependant, and in a few, the active extract doses were the higher ones
only. All observed effects of the extract were reported to be persistent even
after nine treatment free days.

Effects of low doses (2-25 mg/kg; i.p.) of a Chinese SJWE containing 3%
hyperforin in mouse step-down passive avoidance paradigm are described in
another report [30]. Dose dependant beneficial effects on memory retrieval
were observed in this study after administering the extract 30 min before the
retrieval test conducted 24 h after training sessions. However, the same doses
of the extract failed to reverse amnesia induced by scopolamine (3 mg/kg; i.p.;
15 min before retrieval test). Results of interaction studies conducted by co-
administering various well-known receptor antagonists led the author to con-
clude that adrenergic and serotonergic 5-HT1A receptors are involved in the
memory retrieval improving effects of the extract.

Beneficial effects of daily low oral doses of a dried SJW herb sample (com-
mercialised in Poland as Hyperherba®) on learning and memory of rats in
Morris water maze has been described more recently [31]. The herb contained
0.3% hypericin, and with its tested doses 4.3 or 13 pg/kg/day of hypericin was
administered. Behavioural testing was conducted on five consecutive days dur-
ing the 9th week of treatment. Marked improvements in learning and consoli-
dation of spatial memory were observed in the animals treated with the high-
er herb dose only.



Hyperforin and efficacy in animal models for anxiety and cognition 91

Potential effects of the therapeutically used extract (used for manufacturing
Neuroplant®), in rodent avoidance tests were evaluated during a study
designed to compare the efficacy of hyperforin (as sodium salt) with that
observed after its administration with the extract [18]. The daily oral doses of
purified hyperforin tested in the conditioned avoidance paradigm in rats were
1.25 and 2.5 mg/kg, whereas those of the SJWE were 25, 50, 150 and
300 mg/kg (which represented 1.25, 2.5, 7.5 and 15 mg/kg doses of hyper-
forin), and the treatments were given 1 h before daily training sessions. In
these experiments, the lowest tested hyperforin dose and 50 mg/kg dose of
SJWE considerably improved learning ability of rats in conditioned avoidance
paradigm from day 2 onwards until day 7 of the treatments. In addition, the
memory of the learned responses, acquired during seven consecutive days of
treatment and training, was largely retained even after 9 days without further
training and drug free period. Similar effects of the intermediate (150 mg/kg)
or the lowest (25 mg/kg) dose of STWE, or of the higher one of purified hyper-
forin (2.5 mg/kg), were less pronounced. After the highest one of the extract
(300 mg/kg), almost no significant treatment effects were observed.

In view of these observations, the effects of a low single oral dose
(25 mg/kg) of the extract, and that of hyperforin (1.25 mg/kg) were compared
in mouse step-through passive avoidance paradigm [18]. No significant effects
of the extract on memory acquisition or on scopolamine-induced amnesia were
detected, whereas improved acquisition and retention of the memory of the
learning task were observed for hyperforin. In addition, scopolamine-induced
amnesia was completely reversed by hyperforin. These observations led the
authors to conclude that cognitive effects of hyperforin are modulated by other
extract components, and that cognitive function improving activities of hyper-
forin, or of the tested extract, are independent of their antidepressant or anxi-
olytic-like activities observed in rodents. Another therapy relevant conclusion
of this study was that, after repeated lower doses, hyperforin is a more potent
memory function improving agent than an antidepressant.

It appears, therefore, that hyperforin is indeed the most potent cognitive
function improving component of SJW, and that, like in the case of its antide-
pressant and anxiolytic-like activities, its memory function modulating effects
are altered also by other bioactive components of the herb. In view of the find-
ings that very low doses of hyperforin improves memory acquisition and con-
solidation, and antagonises amnesia induced by the anticholinergic scopo-
lamine, reports dealing with its effects on cholinergic neurotransmission could
be of potential mechanistic and therapeutic interest. Therefore, they will be
summarised below.

Hyperforin and central cholinergic neurotransmission

The very first experimental observations indicating possible involvement of
cholinergic neurotransmission in the mode of action of hyperforin were that it
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inhibits not only contraction of guinea pig ileum induced by serotonin, but also
those triggered by acetylcholine, nicotine, and many other neurotransmitters
known to cause contractions by releasing endogenous acetylcholine [4].
However, in view of the facts that despite extensive efforts, no cholinergic
effects of hyperforin could be detected in numerous other pharmacological
models used to identify it as the major neuroactive component of STWEs [3, 4,
and unpublished observations], and involvement of cholinergic neurotransmis-
sion in the antidepressant effects of drugs is not well recognised or defined, lit-
tle efforts were made to clarify its observed effects on smooth muscles.

Later pharmacological screening efforts made to identify other neuroactive
components of SIWEs [32] led again to the observation that hyperforin, in
concentrations as low as 37 nM, inhibits not only neuronal currents gated by
various amino acids and ATP, but also those gated by stimulation of choliner-
gic receptors (observed inhibition = 41.7%). These efforts revealed in addition
that intra-neuronal application of even very high concentration of hyperforin
has no measurable effects, whereas its extracellular sub-uM concentrations
inhibit several voltage-gated ion channels also. Since it has repeatedly been
pointed out that many effects of hyperforin, observed in vitro, are due to its
ability to modulate cellular ionic homeostasis, its observed effects on cholin-
ergic responses were considered to be a consequence of its actions on an extra-
cellular site of neurones regulating their ionic concentrations. In addition,
since many effects of hyperforin observed in vitro are antagonised by serum
albumin (unpublished observations), and its brain concentrations were below
the detection level of many sensitive analytical methods tried initially, not
much attention was paid to its cholinergic function modulating potentials. It
must be mentioned though, that a more sensitive analytical method has
become available now [33]. Using this method, mean brain hyperforin con-
centrations detected 3 h after oral administration of 15 mg/kg hyperforin as
sodium salt or with SJWE were 28.8 and 15.8 ng/g, respectively.

Several recent findings strongly suggested that hyperforin activates some
specific sodium channels only, and that this effect of the agent might explain
many, if not all, of its effects observed in vitro [34, 35]. Since neuronal syn-
thesis of acetylcholine is controlled by sodium-dependent high affinity choline
uptake, efforts were made to characterise its potential effects on choline uptake
and acetylcholine release [36]. A more therapy relevant in vivo observation
made during this study was that systemic low dose (1 mg/kg; i.p.) hyperforin
administration actually stimulated acetylcholine release and decreased choline
concentrations in corpus striatum of rats. Although no definite statements can
yet be made on possible mechanisms involved in this observed effect, or on its
relevance for behavioural activity profile of hyperforin, this report was the
very first one revealing a lower dose effect of hyperforin on the functions of a
neurotransmitter system in the brains of freely moving animals.

A subsequent report from the same group [37] demonstra