
Academic Editor: Guanjun Yang

Received: 11 August 2026

Revised: 5 September 2026

Accepted: 12 September 2026

Published: 14 September 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Review

Hyperforin as a Multifunctional Specialized Metabolite of
Natural Origin for Chronic Diseases: From Molecular
Mechanisms to Clinical Translation
Efthymios Poulios 1 , Sousana K. Papadopoulou 2 , Exakousti-Petroula Angelakou 1, Gerasimos Tsourouflis 3,
Aspasia Serdari 4 and Constantinos Giaginis 1,*

1 Department of Food Science and Nutrition, University of the Aegean, 81400 Lemnos, Greece;
epoulios@aegean.gr (E.P.); xeniaggelakou@hotmail.com (E.-P.A.)

2 Department of Nutritional Sciences and Dietetics, International Hellenic University, 57001 Thessaloniki,
Greece; souzpapa@gmail.com

3 2nd Propaedeutic Department of Surgery, Laiko General Hospital of Athens, National and Kapodistrian
University of Athens, 11527 Athens, Greece; gtsourouflis@med.uoa.gr

4 Department of Psychiatry, School of Medicine, Democritus University of Thrace, 68100 Alexandroupolis,
Greece; aserntar@med.duth.gr

* Correspondence: cgiaginis@aegean.gr

Abstract

Hyperforin, a polyprenylated acylphloroglucinol and major bioactive constituent of Hy-
pericum perforatum L. (H. perforatum, St. John’s Wort), has attracted considerable interest
because of its pleiotropic pharmacological properties. Although historically investigated
primarily for its contribution to the antidepressant activity of H. perforatum, experimen-
tal studies have identified broader neuroprotective, anti-inflammatory, antioxidant, im-
munomodulatory, antimicrobial, metabolic, anticancer, and tissue-regenerative actions.
However, the evidence remains heterogeneous, and an important distinction exists between
findings obtained with purified hyperforin and those derived from multicomponent H.
perforatum preparations. Unlike previous reviews that have primarily summarized the
pharmacological activities of hyperforin, the present review adopts a translational evidence
framework that distinguishes purified hyperforin from multicomponent H. perforatum
preparations and evaluates the maturity of evidence from molecular mechanisms and pre-
clinical models through pharmacokinetics, human studies, safety, and clinical development.
A comprehensive narrative review was conducted according to the Scale for the Assess-
ment of Narrative Review Articles (SANRA) recommendations. PubMed/MEDLINE,
Scopus, Web of Science, Embase, and Google Scholar were searched from database incep-
tion through 25 July 2026. Mechanistic, in vitro, animal, translational, pharmacokinetic,
and clinical studies, together with relevant systematic reviews and meta-analyses, were
critically synthesized according to intervention type, disease-specific evidence, pharma-
cokinetic and formulation characteristics, safety, and translational relevance. Hyperforin
acts as a pleiotropic signaling modulator affecting interconnected pathways involved in
neurotransmission and neuroplasticity, inflammatory and redox regulation, mitochondrial
and cellular homeostasis, immune function, and metabolism. Extensive cellular and an-
imal evidence supports biological activity across neuropsychiatric, neurodegenerative,
inflammatory, immune-mediated, cardiometabolic, oncological, gastrointestinal, infectious,
dermatological, and other chronic disease settings. Nevertheless, evidence maturity dif-
fers markedly among indications. The strongest human evidence concerns standardized
hyperforin-containing H. perforatum preparations for mild-to-moderate depression, whereas
most other applications remain preliminary or predominantly preclinical. Adequately pow-
ered randomized controlled trials of purified hyperforin are lacking, preventing attribution
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of the clinical effects of H. perforatum preparations specifically to hyperforin. Translation is
further constrained by poor aqueous solubility, chemical instability, variable bioavailabil-
ity and formulation composition, limited compound-specific pharmacokinetic data, and
clinically important herb–drug interactions, particularly through PXR-mediated induction
of CYP3A4 and P-glycoprotein. Hyperforin is a pharmacologically promising multifunc-
tional natural compound, but its experimental activity currently exceeds the strength of
compound-specific clinical evidence. Future research should prioritize chemically defined
and preferably purified formulations, rigorous pharmacokinetic and dose-finding studies,
biomarker-supported target-engagement assessment, and adequately powered randomized
controlled trials, together with long-term safety, interaction, standardization, and regula-
tory evaluation. Demonstrating predictable human exposure, biologically relevant target
engagement, clinically meaningful efficacy, and an acceptable long-term safety profile will
be essential for determining whether hyperforin can progress from experimental promise
to evidence-based therapeutic application.

Keywords: natural products; phytochemicals; therapeutic potential; translational medicine;
clinical applications; bioavailability; pharmacokinetics; depression P-glycoprotein

1. Introduction
1.1. Hyperforin as a Bioactive Natural Compound

Natural products remain important sources of pharmacologically active compounds
for drug discovery and therapeutic development. Among plant-derived bioactive com-
pounds, hyperforin, a polycyclic polyprenylated acylphloroglucinol from Hypericum per-
foratum L. (H. perforatum, St. John’s Wort), has attracted substantial interest because of
its pleiotropic biological activities and potential therapeutic relevance across multiple
pathological conditions [1,2].

The medicinal use of H. perforatum extends over two millennia, with historical applica-
tions for wounds, burns, inflammatory disorders, and neuropsychiatric conditions [1,2].
Although early pharmacological investigations focused largely on hypericin and related
naphthodianthrones, subsequent studies identified hyperforin as an important contribu-
tor to several biological activities of H. perforatum, particularly those associated with its
antidepressant effects [1,2].

H. perforatum, a perennial species of the Hypericaceae family, contains a chemically
diverse phytocomplex comprising naphthodianthrones, flavonoids and other phenolic
compounds, and phloroglucinol derivatives [3,4]. Hyperforin is considered one of its prin-
cipal bioactive constituents because it modulates multiple molecular and cellular processes
involving neurotransmission, inflammatory and redox signaling, cellular proliferation,
apoptosis, and immune regulation [3,4].

More recently, advances in molecular pharmacology and translational research have
broadened the investigation of hyperforin beyond mood disorders [4,5]. Experimental
and preclinical studies using purified hyperforin and hyperforin-containing H. perforatum
preparations have reported neuroprotective, anti-inflammatory, antioxidant, antimicro-
bial, anticancer, metabolic, and tissue-regenerative activities [4,5]. These findings have
supported increasing interest in hyperforin as a multifunctional natural compound with
potential relevance to a broad range of chronic and complex diseases.
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1.2. Chemical Characteristics

Hyperforin belongs to the family of polyprenylated acylphloroglucinols (PPAPs),
structurally distinctive secondary metabolites characterized by a phloroglucinol-derived
core substituted with multiple lipophilic prenyl moieties [6,7]. It has the molecular formula
C35H52O4 and a complex polycyclic architecture enriched with isoprenoid side chains
that substantially influence its physicochemical properties, membrane interactions, and
pharmacological behavior [6,7].

The multiple prenyl substituents confer pronounced lipophilicity, facilitating mem-
brane partitioning, intracellular distribution, interactions with membrane-associated tar-
gets, and access to the central nervous system [8,9]. However, this high lipophilicity is
accompanied by very low aqueous solubility and variable oral exposure, creating important
limitations for reproducible pharmaceutical delivery [8,9].

Hyperforin is also chemically labile and susceptible to degradation induced by light,
heat, oxygen, and oxidative conditions, which may affect the stability, composition, and
reproducibility of hyperforin-containing preparations [4,8,10]. Thus, although its structural
and physicochemical characteristics contribute to its membrane-associated pharmacological
activity, poor aqueous solubility and chemical instability remain important barriers to reli-
able systemic exposure and pharmaceutical development [8,10,11]. These pharmacokinetic,
bioavailability, and formulation-related limitations are discussed in detail in Section 3.

1.3. Rationale, Objectives, and Scope of the Review

Growing interest in plant-derived bioactive compounds as potential therapeutic
agents has been reinforced by concerns regarding adverse effects associated with some
conventional pharmacotherapies and by increasing attention to integrative healthcare ap-
proaches [12,13]. Within this context, hyperforin has emerged as an extensively investigated
constituent of H. perforatum. Although initially studied primarily for its contribution to
the antidepressant activity of St. John’s Wort preparations, subsequent research has re-
vealed a broader pharmacological profile involving interconnected mechanisms related to
neurotransmission and neuroplasticity, inflammatory and redox regulation, mitochondrial
and cellular homeostasis, immune function, and metabolism [5,14]. These pleiotropic
actions have prompted investigation of hyperforin across a broad range of chronic and
complex diseases.

Despite the expanding literature, the evidence remains fragmented across mechanistic,
preclinical, and clinical research. Moreover, major translational issues—including pharma-
cokinetic and bioavailability limitations, formulation and product standardization, safety
and drug-interaction liability, and particularly the distinction between purified hyperforin
and hyperforin-containing H. perforatum preparations—have not been consistently inte-
grated into assessments of its therapeutic potential. A critical synthesis is therefore required
to determine not only where hyperforin shows biological promise, but also how closely
that promise has progressed toward clinically relevant evidence.

Previous reviews have provided valuable summaries of the chemistry and broad phar-
macological activities of hyperforin, including its antidepressant, anticancer, neuroprotec-
tive, metabolic, and other biological effects, as well as aspects of extraction, synthesis, phar-
macokinetics, structural modification, and pharmaceutical development [5,6,8–10,12,13].
However, the present review differs in both scope and analytical framework. Rather than
primarily cataloguing reported pharmacological activities, it evaluates hyperforin along
the complete translational continuum from molecular mechanisms and preclinical efficacy
to human evidence, pharmacokinetic feasibility, formulation, safety, drug interactions,
standardization, and regulatory considerations. Particular emphasis is placed on distin-
guishing purified hyperforin from multicomponent H. perforatum preparations, grading
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the relative maturity of evidence across disease-specific applications, and identifying the
preclinical–clinical and compound–preparation attribution gaps that currently limit thera-
peutic translation. In addition, this review incorporates the literature published through
25 July 2026 and critically defines the experimental, pharmacokinetic, clinical, and regula-
tory requirements necessary for progression of hyperforin from a multifunctional natural
compound to a chemically defined and evidence-based therapeutic agent.

The distinctive contribution of this review is its translational evidence framework.
Accordingly, its principal added value is not simply an updated compilation of hyper-
forin pharmacology, but a critical assessment of whether the available evidence supports
translation toward clinically applicable, hyperforin-specific interventions. To this end,
we integrate molecular mechanisms, disease-specific efficacy, pharmacokinetics, formula-
tion, safety, and human evidence while explicitly distinguishing purified hyperforin from
hyperforin-containing H. perforatum preparations. We further compare the maturity of evi-
dence across therapeutic domains and identify the principal experimental, pharmaceutical,
clinical, and regulatory barriers that must be addressed before hyperforin can progress
toward standardized, evidence-based therapeutic development.

2. Methods
2.1. Review Design

This study was conducted as a comprehensive narrative review aimed at critically eval-
uating and integrating current evidence on the biological activities, molecular mechanisms,
therapeutic potential, and clinical translation of hyperforin. The review followed the recom-
mendations of the Scale for the Assessment of Narrative Review Articles (SANRA), with
emphasis on transparent literature searching, predefined eligibility criteria, and structured
critical synthesis [15–17].

Because the review was designed as a broad, conceptually integrative narrative synthe-
sis rather than a systematic review or meta-analysis, PRISMA guidelines were not applied,
and procedures specific to systematic reviews—including independent duplicate screening
and data extraction, formal risk-of-bias assessment, certainty-of-evidence grading, and
quantitative evidence synthesis—were not performed [15–17]. Instead, mechanistic, in vitro,
animal, translational, and human clinical studies, together with relevant systematic reviews
and meta-analyses, were integrated qualitatively to evaluate the consistency, biological
plausibility, clinical relevance, and translational maturity of the available evidence.

Particular attention was given to identifying knowledge gaps and methodological
limitations and to distinguishing evidence obtained with purified hyperforin from that
derived from hyperforin-containing H. perforatum preparations. Where hyperforin-specific
evidence was limited, studies investigating H. perforatum preparations were considered
when relevant, with the intervention type explicitly taken into account during interpretation.
Principles of reproducible narrative evidence synthesis, including explicit documentation
of the search strategy, predefined eligibility criteria, and structured qualitative synthesis,
were applied throughout the review [15–17].

2.2. Literature Search Strategy

A comprehensive literature search was conducted in PubMed/MEDLINE, Scopus,
Web of Science, Embase, and Google Scholar to identify experimental and clinical publica-
tions addressing the biological, pharmacological, and therapeutic properties of hyperforin.
The search strategy combined controlled vocabulary, database-specific indexing terms, and
free-text keywords. Core search terms included “hyperforin,” “hyperforin and health,” and
“hyperforin and disease,” supplemented by combinations addressing specific mechanisms
and applications, including “hyperforin and depression,” “hyperforin and inflammation,”
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“hyperforin and neuroprotection,” “hyperforin and cancer,” “hyperforin and antimicrobial,”
“hyperforin and antioxidant,” “hyperforin and metabolism,” “hyperforin and cardiovas-
cular,” and “hyperforin and clinical trial.” Additional searches incorporated the terms
“Hypericum perforatum,” “St. John’s Wort,” “TRPC6 activation,” “mechanisms of action,”
“pharmacology,” “bioavailability,” “drug interactions,” and “therapeutic applications.”

Reference lists of relevant primary studies and review articles were also manually
screened to identify additional publications not retrieved through the electronic searches.
The search covered the period from database inception to 25 July 2026. Studies from all
publication years were eligible, although greater emphasis was placed on the literature
from the preceding 20–25 years to reflect major advances in the molecular, pharmacological,
and translational investigation of hyperforin.

2.3. Eligibility Criteria

Peer-reviewed English-language publications were eligible if they provided original or
synthesized evidence concerning the biological, pharmacological, therapeutic, mechanistic,
pharmacokinetic, or safety-related properties of hyperforin. Eligible evidence included
in vitro and animal studies, translational and pharmacokinetic investigations, observational
and interventional human studies, randomized controlled trials (RCTs), systematic reviews,
and meta-analyses. Studies were required to evaluate hyperforin directly or to report
findings relevant to hyperforin-containing preparations, including H. perforatum extracts,
with the intervention type explicitly considered during evidence interpretation.

Non-peer-reviewed reports, conference abstracts lacking sufficient methodological
or outcome data, editorials, commentaries, opinion articles, and letters without original
scientific evidence were excluded. Studies focusing exclusively on other constituents of H.
perforatum without information relevant to hyperforin were also excluded, as were duplicate
publications, overlapping datasets, and articles for which full-text access was unavailable.

2.4. Literature Selection and Information Extraction

Following the literature search, titles, abstracts, and full texts were reviewed by the
authors for relevance to the objectives of this narrative review. Rather than applying a
formal systematic-review selection procedure, publications were considered according to
their scientific relevance, intervention characteristics, contribution to the thematic synthesis,
and qualitative methodological robustness using study-design-specific considerations
described below.

Methodological rigor was considered qualitatively using criteria appropriate to each
study design rather than through a formal risk-of-bias scoring system. For in vitro studies,
consideration was given to the suitability of the experimental model, use of appropriate
controls, characterization and concentration of the tested intervention, adequacy of out-
come assessment, and reproducibility or consistency of the reported effects. Animal studies
were considered with respect to the suitability of the disease model, use of appropriate
control groups, sample size where reported, intervention dose and duration, outcome
assessment, and consistency between mechanistic and phenotypic findings. Observational
human studies were interpreted according to sample size and population characteristics,
adequacy of exposure and outcome assessment, consideration of relevant confounding
factors, and appropriateness of the statistical analyses. Pharmacokinetic studies were
considered with respect to characterization of the administered hyperforin or H. perforatum
preparation, study population, dosing and sampling schedule, analytical methodology, and
reporting of relevant pharmacokinetic parameters. For interventional and clinical studies,
particular consideration was given to study design, randomization and blinding where
applicable, sample size, comparator or control groups, intervention characterization, treat-
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ment duration, outcome assessment, attrition, and appropriateness of statistical analysis.
These design-specific considerations informed the qualitative interpretation and relative
weighting of the evidence but were not used to generate formal methodological-quality or
risk-of-bias scores.

Study selection and interpretation were conducted collaboratively by the author team.
Uncertainties or disagreements concerning study eligibility, relevance, intervention classifi-
cation, interpretation of findings, or contribution to the thematic synthesis were resolved
through detailed analytical discussion among all authors. Final decisions regarding inclu-
sion and interpretation were reached by consensus after consideration of study design,
methodological rigor, scientific relevance, intervention characteristics, and consistency with
the broader evidence base.

For each included study, relevant information was extracted and thoroughly sum-
marized, including study design and experimental model, sample characteristics where
applicable, hyperforin source and formulation, dose and exposure conditions, principal
molecular mechanisms or biological pathways, primary outcomes, therapeutic effects,
safety observations, and main conclusions. The synthesis also considered recurring mech-
anisms, therapeutic applications, translational limitations, and areas of consistency or
controversy across the literature.

2.5. Evidence Synthesis

Given the heterogeneity of the available literature in study design, experimental
models, interventions, outcome measures, and disease contexts, quantitative synthesis
was not considered appropriate. Evidence was therefore synthesized narratively through
thematic integration of mechanistic, preclinical, translational, and clinical findings.

The synthesis was organized around three complementary levels of evidence. First,
mechanistic studies were evaluated to identify the principal molecular and cellular path-
ways underlying the pharmacological actions of hyperforin. Second, disease-specific cellu-
lar, animal, and human evidence was integrated to assess biological plausibility, preclinical
efficacy, and the extent of clinical validation across the major therapeutic domains con-
sidered in this review. Third, pharmacokinetic, formulation, safety, drug-interaction, and
regulatory evidence was examined to assess translational feasibility and identify barriers
to clinical development.

Throughout the synthesis, particular attention was given to the identity of the interven-
tion and maturity of the supporting evidence. Findings obtained with purified hyperforin
were distinguished from those derived from hyperforin-containing H. perforatum prepa-
rations, and mechanistic or preclinical activity was not considered equivalent to clinical
efficacy. Where direct hyperforin-specific evidence was limited, relevant studies of H. perfo-
ratum preparations were considered but interpreted according to their multicomponent
nature. Evidence was critically compared for consistency across experimental systems,
disease relevance, intervention specificity, concordance between mechanistic, animal, and
human findings, and overall translational significance.

Where exposure information was available, translational interpretation also considered
whether experimentally active doses or concentrations were compatible with reported
in vivo or human pharmacokinetic exposure; effects demonstrated only under substantially
higher or poorly comparable exposure conditions were weighted primarily as mechanistic
evidence rather than evidence of clinically achievable target engagement.

2.6. Methodological Limitations of the Review

Several methodological limitations should be considered when interpreting this re-
view. First, although a structured literature search, predefined eligibility criteria, and a
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transparent study-selection process were applied, this work was designed as a narrative
rather than a systematic review. Accordingly, procedures specific to systematic reviews,
including duplicate independent screening, formal risk-of-bias assessment, certainty-of-
evidence grading, and quantitative meta-analysis, were not undertaken. Accordingly,
the design-specific methodological considerations described in Section 2.4 were used to
support qualitative interpretation and weighting of the evidence rather than to provide a
formal risk-of-bias classification. Although study selection and interpretation were con-
ducted collaboratively and disagreements were resolved through analytical discussion and
consensus among the authors, some influence of reviewer judgment on literature selection
and thematic synthesis cannot be excluded.

Second, substantial methodological and clinical heterogeneity limited direct com-
parison across studies and precluded meaningful quantitative synthesis. The available
evidence varied considerably in experimental models, study populations, interventions
and formulations, doses and exposure conditions, treatment duration, comparators, and
outcome measures. Consequently, this review emphasizes qualitative critical synthesis
and the convergence of evidence across mechanistic, preclinical, translational, and clinical
levels rather than pooled estimates of therapeutic efficacy.

Finally, publication and selective-reporting biases cannot be excluded. Positive or
statistically significant findings are generally more likely to be published than neutral or
negative results, potentially leading to overrepresentation of favorable evidence and over-
estimation of therapeutic effects [17–19]. Selective outcome reporting and dissemination
bias may further affect the completeness and balance of the available literature [17–19].
These limitations should therefore be considered when interpreting the overall evidence
and translational conclusions of this review.

3. Natural Sources, Biosynthesis and Pharmacokinetics of Hyperforin
3.1. Occurrence in Hypericum Species

Hyperforin is a specialized polyprenylated acylphloroglucinol occurring predomi-
nantly within the genus Hypericum (Hypericaceae), with H. perforatum L. (St. John’s Wort)
representing its principal natural source and the most extensively investigated species
from phytochemical and pharmacological perspectives [7,8]. Although hyperforin and
structurally related polyprenylated phloroglucinols have also been identified in species
such as H. hirsutum, H. maculatum, H. olympicum, H. richeri, H. calycinum, and H. androsae-
mum, their reported concentrations are generally lower than those in H. perforatum, limiting
their significance as alternative commercial sources [8,20–22]. Consequently, H. perforatum
remains the predominant source for the production of hyperforin-containing extracts and
phytopharmaceutical preparations.

The occurrence of hyperforin within the genus Hypericum should nevertheless be con-
sidered within the broader phytochemical diversity of polyprenylated acylphloroglucinols
(PPAPs). Bridi et al. provided a comprehensive survey of phloroglucinol derivatives re-
ported across Hypericum species, demonstrating the considerable structural diversity of this
metabolite class and providing an important basis for evaluating the taxonomic distribution
of hyperforin and related compounds [22]. Subsequent phytochemical investigations have
further expanded knowledge of PPAP diversity within the genus [22]. Available evidence
nevertheless indicates that H. perforatum remains distinctive as the species in which hy-
perforin occurs as a quantitatively prominent constituent, whereas its occurrence in other
Hypericum species is generally more limited and variable. This distinction is relevant not
only phytochemically but also translationally, because botanical source, genotype, tissue,
developmental stage, and environmental conditions can influence the hyperforin content
of preparations used in pharmacological studies.

https://doi.org/10.3390/cimb48090937

https://doi.org/10.3390/cimb48090937


Curr. Issues Mol. Biol. 2026, 48, 937 8 of 107

Hyperforin accumulation within H. perforatum is highly tissue-specific. The highest
concentrations are generally found in reproductive tissues, particularly flowers, floral buds,
and immature fruits, whereas leaves and young aerial shoots contain lower amounts and
roots contain only trace levels [21,22]. Biosynthesis and accumulation occur predominantly
within specialized secretory structures known as translucent glands distributed throughout
the aerial tissues, whose density, developmental stage, and metabolic activity contribute to
variations in hyperforin content among plant populations and cultivars [20–23].

Hyperforin concentrations are also influenced by genetic, environmental, develop-
mental, geographical, and agronomic factors [7,8]. Environmental conditions, including
light, temperature, water availability, soil characteristics, altitude, and seasonal variation,
can substantially affect its biosynthesis and accumulation [20–24]. Concentrations gener-
ally increase during plant development and frequently reach their highest levels around
flowering, making harvest timing an important determinant of extract composition, quality,
and standardization [20–24]. These sources of phytochemical variability are particularly
relevant when comparing hyperforin-containing botanical preparations across experimen-
tal and clinical studies. The chemical structure and proposed biosynthetic pathway of
hyperforin are illustrated in Figure 1.

Figure 1. Chemical structure and schematic representation of the proposed biosynthetic pathway
of hyperforin in H. perforatum. Hyperforin biosynthesis integrates (1) polyketide-derived formation
of the phloroglucinol core, (2) terpenoid-derived prenylation involving DMAPP- and GPP-derived
precursors, and (3) subsequent structural diversification leading to the hyperforin scaffold. Several
enzymatic steps and regulatory mechanisms remain incompletely characterized.

3.2. Biosynthesis of Hyperforin

The proposed biosynthetic pathway of hyperforin, schematically illustrated in Figure 1,
integrates polyketide- and terpenoid-derived metabolic routes. Its characteristic polycyclic
structure is generated through formation of a phloroglucinol-derived core, followed by ex-
tensive prenylation and subsequent structural modifications [25–27]. A key intermediate is
phlorisobutyrophenone (PIBP), produced by type III polyketide synthases through sequen-
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tial condensation of isobutyryl-CoA with malonyl-CoA units to form the phloroglucinol
scaffold [8,26,27].

Subsequent prenylation introduces multiple isoprenoid side chains derived from
dimethylallyl pyrophosphate (DMAPP) and geranyl pyrophosphate (GPP), generated
through the plastidial methylerythritol phosphate (MEP) pathway (Figure 1) [8,26,27].
Prenyltransferases catalyze attachment of these groups to the phloroglucinol nucleus, while
further cyclization, oxidation, rearrangement, and condensation reactions contribute to the
structural diversification and formation of the complex hyperforin scaffold [8,26–28]. Al-
though the principal biosynthetic framework has been established, several enzymatic
transformations and regulatory mechanisms controlling pathway flux remain incom-
pletely characterized.

Advances in genomic, transcriptomic, proteomic, and metabolomic approaches have
facilitated the identification of candidate biosynthetic genes and regulatory elements in-
volved in hyperforin production [26,27,29,30]. These findings also provide a basis for
metabolic-engineering strategies using plant cell cultures, synthetic biology, and heterolo-
gous expression systems, with the potential to support more sustainable and standardized
hyperforin production [26,27,29,30].

3.3. Extraction and Purification Methods

Efficient extraction and purification of hyperforin are important for phytochemical
investigation and the development of standardized pharmaceutical and nutraceutical
preparations. Its pronounced lipophilicity, chemical instability, and susceptibility to oxida-
tive degradation require extraction conditions that maximize recovery while preserving
molecular integrity.

Conventional extraction commonly employs organic solvents, including ethanol,
methanol, acetone, hexane, ethyl acetate, or their mixtures, with extraction efficiency
influenced by solvent composition and processing conditions [31–33]. Ethanol is particu-
larly suitable for pharmaceutical applications because of its extraction efficiency, relatively
low toxicity, and regulatory acceptability. Supercritical fluid extraction (SFE) with carbon
dioxide (CO2) provides an alternative approach offering enhanced selectivity, minimal
solvent residues, lower processing temperatures, and improved preservation of thermola-
bile constituents [29,33,34]. The addition of polar co-solvents such as ethanol can further
enhance the recovery of hyperforin-enriched fractions [35,36], supporting the application
of SFE for standardized H. perforatum extracts [19,33].

Advanced extraction approaches, including ultrasound-assisted, microwave-assisted,
pressurized-liquid, enzyme-assisted, and accelerated-solvent extraction, have also been
investigated to improve extraction efficiency while reducing processing time and sol-
vent consumption [33,37,38]. Following extraction, chromatographic techniques such as
preparative high-performance liquid chromatography (HPLC), flash chromatography, and
counter-current chromatography can be used to obtain highly purified hyperforin for
analytical, pharmacological, and pharmaceutical applications [33,37].

Importantly, extraction, purification, standardization, and formulation procedures
can influence both hyperforin concentration and the relative abundance of other bioactive
constituents in H. perforatum preparations. Consequently, pharmacological or clinical effects
observed with multicomponent preparations cannot necessarily be attributed specifically
to hyperforin, because coexisting phytochemicals and their interactions may contribute to
the observed response. Such compositional variability represents an important source of
heterogeneity across preclinical and clinical studies and should therefore be considered
when interpreting the evidence.
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3.4. Pharmacokinetics and Bioavailability

The pharmacokinetic profile of hyperforin is a major determinant of its translational
potential but also represents an important obstacle to clinical development. Despite its
broad experimental biological activity, therapeutic application is complicated by poor
and variable oral bioavailability, pronounced lipophilicity, limited aqueous solubility,
extensive tissue distribution, chemical and metabolic instability, and clinically relevant
drug-interaction potential. Collectively, these characteristics complicate dose optimization
and the establishment of reproducible systemic and tissue exposure.

Following oral administration, hyperforin is absorbed through the gastrointestinal
tract, but its pronounced lipophilicity and very low aqueous solubility limit dissolution and
contribute to incomplete and variable absorption [29,38,39]. Dietary lipids may enhance
absorption through micellar solubilization and lymphatic transport, although this does not
appear to eliminate formulation-dependent variability [29,38,39]. Consequently, systemic
exposure may vary substantially among individuals and preparations.

Notably, human pharmacokinetic data, although limited, provide direct evidence that
hyperforin reaches measurable systemic concentrations following oral administration of
standardized H. perforatum preparations. In two open phase-I studies in healthy male
volunteers, Schulz et al. (2005) evaluated the pharmacokinetics of hyperforin and other con-
stituents following single-dose administration and once-daily administration for 14 days
of a standardized H. perforatum extract [40]. Following a single dose, hyperforin reached
a maximum plasma concentration of approximately 83.5 ng/mL at approximately 4.4 h,
with an elimination half-life of approximately 19.6 h [40]. These findings demonstrate
systemic exposure after oral administration but relate to a multicomponent H. perfora-
tum preparation rather than purified hyperforin. Consequently, they do not resolve the
pharmacokinetic uncertainties surrounding purified hyperforin, formulation-dependent
exposure, or the relationship between circulating concentrations and pharmacologically
active tissue concentrations.

A fundamental limitation in interpreting the pharmacokinetic literature is the lack
of direct human comparisons between purified hyperforin and hyperforin administered
within standardized botanical preparations. Pharmacokinetic parameters obtained with
H. perforatum extracts cannot necessarily be extrapolated to isolated hyperforin because
the surrounding phytochemical and formulation matrix may influence dissolution, gas-
trointestinal solubilization, intestinal permeability, metabolic stability, transporter activity,
and ultimately systemic exposure. Conversely, purified hyperforin is highly lipophilic,
poorly water-soluble, and chemically unstable, properties that may result in substantially
different absorption and disposition when it is administered without the extract matrix
or without an optimized pharmaceutical delivery system. Differences among commercial
and experimental H. perforatum preparations in hyperforin content, extraction procedure,
excipients, coexisting phytochemicals, and storage stability may further explain variabil-
ity in reported pharmacokinetic parameters. At present, therefore, the available human
pharmacokinetic evidence should primarily be interpreted as describing the disposition of
hyperforin delivered within specific H. perforatum preparations rather than defining the
intrinsic pharmacokinetic profile of purified hyperforin. Direct head-to-head pharmacoki-
netic studies using chemically characterized purified hyperforin and standardized extracts
are needed to resolve this distinction.

Once absorbed, hyperforin exhibits extensive tissue distribution because of its affinity
for lipid-rich biological membranes [14,41,42]. Its ability to cross the blood–brain barrier is
relevant to its neuropsychiatric and neuroprotective pharmacology [14,41,42]. However,
extensive tissue partitioning and high plasma protein binding may influence the free
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circulating fraction, tissue exposure, and elimination kinetics, further complicating the
relationship between administered dose and biological response [14,41,42].

Hepatic metabolism is another major determinant of hyperforin disposition. In addi-
tion to undergoing biotransformation by cytochrome P450 (CYP450) enzymes, hyperforin
activates the pregnane X receptor (PXR), leading to induction of CYP3A4, P-glycoprotein,
and other xenobiotic-metabolizing systems [42–44]. This mechanism contributes sub-
stantially to the clinically relevant herb–drug interactions associated with hyperforin-
containing H. perforatum preparations and may reduce exposure to co-administered medi-
cations [42–44], representing an important consideration particularly in patients receiving
multiple pharmacological treatments.

Elimination appears to occur predominantly through biliary excretion, with a smaller
contribution from renal clearance of metabolites [29,39,43]. However, several aspects of
hyperforin disposition remain insufficiently characterized, including absolute oral bioavail-
ability, elimination kinetics, tissue-specific distribution, interindividual variability, and the
influence of formulation on systemic exposure.

Chemical instability further complicates the pharmacokinetic and pharmaceutical
profile of hyperforin. Oxidative degradation during extraction, storage, formulation, and
physiological exposure may reduce biological activity and contribute to variability among
experimental and commercial preparations [10,31,45]. Hyperforin is also photosensitive,
with ultraviolet and visible light accelerating its degradation [10,31,45]. Appropriate
manufacturing, storage, packaging, and formulation conditions are therefore required to
preserve molecular stability and improve batch-to-batch consistency.

Overall, poor solubility, variable absorption, extensive tissue distribution, metabolic
complexity, chemical instability, and interaction liability limit the establishment of repro-
ducible dose–exposure–response relationships. Further human pharmacokinetic studies
should therefore characterize formulation-dependent exposure, interindividual variability,
and clinically relevant dosing of purified hyperforin. The principal pharmacokinetic and
drug-interaction mechanisms are summarized in Figure 2.

Figure 2. Schematic representation of the reported pharmacokinetic disposition of hyperforin and its
principal drug-interaction mechanisms. Hyperforin activates PXR and induces drug-metabolizing
enzymes and transporters, particularly CYP3A4 and P-glycoprotein. Several aspects of its human
pharmacokinetic profile remain incompletely characterized and may vary according to formulation
and exposure.
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3.5. Advanced Delivery Systems

Given the poor aqueous solubility, pronounced lipophilicity, and chemical instabil-
ity of hyperforin, advanced drug-delivery systems have been investigated to improve
its formulation stability, dispersion, cellular delivery, and pharmacological performance.
However, evidence remains predominantly experimental, and whether these approaches
provide reproducible improvements in human systemic exposure or clinical efficacy has
not yet been established.

Nanotechnology-based formulations, including polymeric nanoparticles, solid lipid
nanoparticles, and related nanostructured lipid carriers, may improve the dispersion of
hyperforin, protect it from chemical degradation, enhance cellular uptake, and enable
controlled or sustained release [46]. Experimental studies suggest that nanoparticle encap-
sulation can enhance its biological activity under selected conditions, although evidence
for consistent improvements in systemic pharmacokinetics, tissue exposure, or in vivo
therapeutic efficacy remains limited [46].

Liposomal and other phospholipid-based delivery systems have also been proposed
for hyperforin because of their capacity to incorporate highly lipophilic compounds and
potentially improve stability, membrane interaction, cellular uptake, and gastrointestinal
dispersion [43,47,48]. Phytosome technology may similarly facilitate the pharmaceuti-
cal delivery of poorly water-soluble phytochemicals through complexation with phos-
pholipids [43,48]. However, direct evidence demonstrating substantial and reproducible
improvements in the systemic bioavailability of hyperforin remains insufficient.

Nanoemulsion-based formulations represent another experimental approach that
may improve aqueous dispersion, apparent solubilization, and dissolution and can po-
tentially support oral, topical, transdermal, or parenteral administration [49,50]. Selected
experimental studies have reported improved pharmaceutical or biological performance of
hyperforin-containing nanoemulsions compared with conventional preparations [49,50].

Overall, advanced delivery technologies provide promising strategies for addressing
some of the physicochemical and formulation limitations of hyperforin, but they should not
yet be regarded as established solutions to its bioavailability constraints. Their translational
value requires confirmation through direct comparison of chemically characterized for-
mulations, standardized stability and release assessment, and hyperforin-specific in vivo
and human pharmacokinetic studies capable of establishing reproducible dose–exposure
relationships. Importantly, enhanced systemic exposure may also modify the safety and
drug-interaction profile of hyperforin because of its capacity to activate PXR and induce
drug-metabolizing enzymes and transporters. Formulation optimization should therefore
be accompanied by appropriate pharmacokinetic, safety, and drug-interaction evaluation
before these technologies can support the clinical development of purified hyperforin.

4. Mechanisms of Action of Hyperforin: Potential Biological Targets and
Regulatory Systems
4.1. Basic Principles

Experimental investigation of hyperforin mechanisms has relied predominantly on
in vitro cellular systems and in vivo animal models. Most mechanistic in vitro studies have
examined purified hyperforin, although hyperforin-containing H. perforatum preparations
or formulations have also been investigated, and both intervention types have been evalu-
ated in animal studies. Accordingly, mechanistic findings are interpreted throughout this
section according to the intervention studied, and effects of multicomponent H. perforatum
preparations are not attributed exclusively to hyperforin.

Available evidence indicates that hyperforin acts as a pleiotropic signaling modulator
rather than a conventional single-target pharmacological agent, influencing interconnected
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systems involved in neurotransmission, Ca2+ homeostasis, neuroplasticity, inflammatory
and redox regulation, mitochondrial function, programmed cell death, autophagy, epi-
genetic regulation, and cellular metabolism. Transient receptor potential cation channel
subfamily C member 6 (TRPC6)-mediated Ca2+ signaling represents an important com-
ponent of hyperforin pharmacology, although its contribution varies according to cell
type, tissue, experimental conditions, and biological outcome. TRPC6 should therefore be
considered within a broader network of interacting pathways rather than as a universal
mechanism underlying all reported effects of hyperforin.

The mechanistic framework adopted here distinguishes, where supported by the
evidence, primary molecular interactions and proximal signaling events from downstream
cellular responses and broader biological outcomes. Accordingly, modulation of path-
ways such as nuclear factor kappa B (NF-κB), nuclear factor erythroid 2-related factor 2
(Nrf2), phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), mitogen-activated protein
kinase/extracellular signal-regulated kinase (MAPK/ERK), mitochondrial signaling, au-
tophagy, and apoptosis should not necessarily be interpreted as evidence of direct molecular
targeting by hyperforin. The following subsections examine these mechanisms according
to the nature and strength of the supporting experimental evidence.

An additional consideration in interpreting the mechanistic literature is the relation-
ship between experimentally active concentrations and pharmacologically achievable
human exposure. Cellular and biochemical studies are valuable for establishing biolog-
ical plausibility and defining concentration-dependent molecular responses; however,
effects observed at experimental concentrations should not automatically be interpreted
as evidence of target engagement under clinically achievable exposure conditions. Where
human pharmacokinetic or relevant in vivo exposure data are available, greater transla-
tional weight is therefore given to mechanisms supported at exposure levels compatible
with those data. Conversely, mechanisms demonstrated predominantly at concentrations
substantially exceeding, or not directly comparable with, documented human exposure are
interpreted primarily as evidence of biological capability rather than established clinically
achievable pharmacology. This distinction is particularly important because the tissue
concentrations of purified hyperforin required for engagement of many proposed targets
remain incompletely characterized.

Figure 3 integrates the principal molecular pathways discussed in this section and
their convergence on broader biological processes. It should be interpreted as a conceptual
synthesis of hyperforin pharmacology rather than as evidence that all depicted pathways
are direct molecular targets or have equivalent levels of experimental or clinical validation.

4.2. Modulation of Neurotransmitter Systems

Modulation of neurotransmitter homeostasis is among the most extensively char-
acterized pharmacological actions of hyperforin. Unlike conventional antidepressants
that primarily target individual monoamine transporters, hyperforin exhibits a broader
neuromodulatory profile involving serotonergic, dopaminergic, noradrenergic, gamma-
aminobutyric acid-ergic (GABAergic), and glutamatergic neurotransmission [14,51,52].

Mechanistically, hyperforin appears to inhibit neurotransmitter uptake predominantly
through alterations in transmembrane sodium and calcium gradients rather than through
direct competitive inhibition of transporter proteins [14,52–54]. Disruption of the ion
gradients required for transporter function increases extracellular concentrations of sero-
tonin, dopamine, and norepinephrine, thereby enhancing monoaminergic neurotrans-
mission [14,52–54]. This indirect mechanism distinguishes hyperforin from selective
serotonin reuptake inhibitors (SSRIs) and contributes to its distinct pharmacodynamic
profile [14,52–54].
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Figure 3. Systems-level molecular pharmacology of hyperforin and convergence of its principal
signaling pathways on cellular homeostasis. Hyperforin modulates multiple interconnected molec-
ular and cellular systems, including TRPC6-mediated Ca2+ signaling, monoaminergic and gluta-
matergic/GABAergic neurotransmission, BDNF/CREB-associated neuroplasticity, PI3K/Akt/ERK
signaling, NF-κB-mediated inflammatory responses, Nrf2-associated antioxidant defenses, mitochon-
drial homeostasis, apoptosis/autophagy, and metabolic signaling. These pathways converge on
broader biological processes relevant to neuroplasticity and neuroprotection, inflammatory and redox
homeostasis, immunomodulation, mitochondrial resilience, cellular survival, metabolic regulation,
antimicrobial activity, and tissue repair. The diagram represents an integrative conceptual synthesis;
the strength of experimental evidence differs among individual pathways and biological outcomes.

Hyperforin also modulates inhibitory and excitatory neurotransmission. Effects on
gamma-aminobutyric acid (GABA) signaling may contribute to the regulation of neu-
ronal excitability, whereas modulation of glutamatergic neurotransmission may influence
synaptic plasticity and neuronal survival [54,55]. In particular, regulation of glutamate
homeostasis may be relevant to protection against excitotoxic neuronal injury [54,55]. Col-
lectively, these findings support a multimodal effect of hyperforin on neurotransmitter
systems, while the functional and therapeutic consequences of these mechanisms are
considered in the disease-specific sections below.

4.3. TRPC6 Channel Activation

Activation of TRPC6 channels represents one of the best-characterized molecular
mechanisms associated with hyperforin pharmacology [55–57]. TRPC6 is a non-selective,
calcium-permeable cation channel expressed in the central nervous system and other tissues,
where it participates in processes including neuronal differentiation, synaptic function,
dendritic development, and cell survival [55–57].
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Hyperforin acts as a potent activator of TRPC6 channels, promoting Ca2+ influx and
subsequent activation of calcium-dependent signaling pathways [57–59]. Under exper-
imental conditions, TRPC6-mediated Ca2+ entry has been associated with activation of
calcium/calmodulin-dependent protein kinase II (CaMKII), cyclic AMP response element-
binding protein (CREB), extracellular signal-regulated kinases (ERK1/2), PI3K/Akt, and
brain-derived neurotrophic factor (BDNF)-related signaling [57–59]. These downstream re-
sponses are linked to neuronal growth, dendritic and synaptic remodeling, and mechanisms
supporting neuronal adaptation and survival [57–59].

Experimental studies further associate hyperforin-related TRPC6 signaling with en-
hanced dendritic spine formation, synaptic density, and neuronal connectivity [14,57,60],
as well as increased resistance to oxidative, mitochondrial, excitotoxic, and apoptotic
stress [14,57,60]. Collectively, these findings support TRPC6-mediated Ca2+ signaling as
an important mechanistic component linking hyperforin exposure to neuroplastic and
neuroprotective responses. However, TRPC6 activation should be interpreted within the
broader signaling network described in Section 4.1 rather than as a universal mechanism
accounting for all biological or therapeutic effects attributed to hyperforin.

Notably, although TRPC6 represents one of the most consistently supported proxi-
mal targets of hyperforin, the concentration–exposure relationship required for sustained
TRPC6 engagement in human tissues has not been adequately defined; therefore, robust
experimental evidence for TRPC6 activation should not yet be interpreted as confirmation
of clinically achievable target engagement.

4.4. Anti-Inflammatory Mechanisms

Hyperforin exerts anti-inflammatory effects through coordinated modulation of multi-
ple signaling pathways rather than selective inhibition of a single inflammatory mediator.
Among the best-characterized mechanisms is suppression of NF-κB signaling. Hyperforin
inhibits NF-κB activation and nuclear translocation, thereby attenuating transcriptional
programs involved in the production of inflammatory mediators [5,60].

Hyperforin also modulates MAPK pathways, including ERK, c-Jun N-terminal kinase
(JNK), and p38 MAPK, which participate in inflammatory gene expression and immune-cell
responses [5,60,61]. Consistent with these signaling effects, experimental studies report
reduced production of major pro-inflammatory cytokines, including tumor necrosis factor-
alpha (TNF-α), interleukin-1 beta (IL-1β), and IL-6 [14,51,60].

Additional anti-inflammatory activity involves suppression of cyclooxygenase-2 (COX-
2) expression and activity, with consequent modulation of pro-inflammatory prostaglandin
synthesis [5,62,63]. These mechanisms interact with the antioxidant and metabolic ef-
fects of hyperforin, supporting an interconnected rather than pathway-specific model
of its biological activity [5,62,63]. Collectively, regulation of NF-κB and MAPK signal-
ing, cytokine production, and eicosanoid pathways provides a mechanistic basis for the
anti-inflammatory effects observed with hyperforin-related interventions, although their
disease-specific and clinical relevance depends on the experimental context and level of
supporting evidence.

4.5. Antioxidant Mechanisms

Hyperforin exhibits antioxidant activity through complementary mechanisms in-
volving attenuation of reactive oxygen species (ROS) accumulation, enhancement of en-
dogenous antioxidant defenses, and preservation of mitochondrial homeostasis. Exper-
imental studies using purified hyperforin and hyperforin-containing preparations have
reported reduced intracellular ROS accumulation and oxidative damage to cellular macro-
molecules [64,65]. In parallel, these interventions may enhance endogenous antioxidant
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capacity through upregulation of key antioxidant enzymes, including superoxide dismu-
tase, catalase, and glutathione peroxidase, together with modulation of the glutathione
redox system [61,65].

Mitochondrial regulation represents an additional component of the antioxidant
response associated with hyperforin. Experimental evidence indicates preservation of
mitochondrial membrane integrity, attenuation of mitochondrial ROS production, sta-
bilization of electron transport chain function, and reduced mitochondrial permeability
transition [66,67]. These effects may limit the amplification of oxidative injury and con-
tribute to maintenance of cellular redox and mitochondrial homeostasis.

Collectively, the available mechanistic evidence supports modulation of oxidative
stress and mitochondrial function as interconnected components of hyperforin-related
cytoprotective activity. However, these findings are derived predominantly from exper-
imental models, and their contribution to disease-specific therapeutic effects should be
interpreted according to the intervention studied, biological context, and strength of the
supporting evidence.

4.6. Regulation of Apoptosis

Hyperforin exhibits context-dependent effects on apoptotic signaling, with experimen-
tal studies indicating cytoprotective effects under selected pathological stress conditions
and pro-apoptotic activity in transformed or malignant cells [66–70]. This differential
response appears to involve modulation of both intrinsic and extrinsic apoptotic pathways.

Within the intrinsic mitochondrial pathway, hyperforin modulates the balance be-
tween anti-apoptotic and pro-apoptotic Bcl-2 family proteins, including Bcl-2 and Bax,
thereby influencing cellular susceptibility to apoptosis [66–69,71,72]. In cancer-cell models,
hyperforin has been associated with mitochondrial membrane depolarization, cytochrome
c release, apoptosome formation, and activation of downstream caspases, particularly
caspase-9 and caspase-3 [67,69,70,73,74].

Hyperforin may also modulate extrinsic apoptotic signaling involving death receptors
and ligand-mediated apoptotic cascades [69,75,76]. Collectively, these findings indicate
that regulation of programmed cell death represents an important component of hyperforin
pharmacology. However, the direction and magnitude of these effects appear to depend
on cell type and biological context, and evidence for selective induction of apoptosis in
malignant cells versus protection from pathological apoptosis in non-malignant tissues
remains predominantly experimental [66–76].

4.7. Modulation of Autophagy

Emerging experimental evidence suggests that hyperforin modulates autophagic path-
ways through regulatory networks involving PI3K/Akt/mTOR and AMP-activated protein
kinase (AMPK) signaling [67,77]. Through modulation of autophagic flux, hyperforin may
facilitate the clearance of damaged proteins and organelles, thereby supporting intracellular
quality control, proteostasis, and cellular adaptation to stress [67,77].

These effects may be particularly relevant in neuronal cells, where impaired autophagy
contributes to the accumulation of toxic proteins and dysfunctional cellular components
associated with neurodegenerative disorders, including Alzheimer’s, Parkinson’s, and
Huntington’s diseases [78,79]. Experimental findings suggest that enhancement of cel-
lular clearance mechanisms and attenuation of proteotoxic stress may contribute to the
neuroprotective effects associated with hyperforin [55,67,77].

Overall, autophagy modulation represents a potentially important component of
hyperforin-related cytoprotective activity. However, the available evidence remains pre-
dominantly experimental, and the extent to which hyperforin directly regulates autophagic
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machinery, rather than influencing autophagy secondarily through upstream signaling
networks, requires further clarification.

4.8. Epigenetic and Gene Regulatory Effects

Hyperforin influences gene-regulatory networks associated with inflammation, oxida-
tive stress, apoptosis, neuroplasticity, and metabolic adaptation. Experimental evidence
indicates modulation of several transcription factors, including NF-κB, CREB, activator
protein-1 (AP-1), nuclear factor erythroid 2-related factor 2 (Nrf2), and signal transducer
and activator of transcription (STAT) proteins [55,59,67]. These transcriptional effects
may contribute to broader changes in cellular phenotype and to the pleiotropic biological
responses associated with hyperforin [55,59,67].

Evidence for direct epigenetic regulation is less established. Preliminary experimental
findings suggest that hyperforin may influence histone modifications, chromatin remod-
eling, and DNA accessibility, potentially producing more sustained alterations in gene
expression [65,67,77]. Hyperforin has also been associated with changes in microRNA
expression profiles, providing a potential mechanism for post-transcriptional regulation
of genes involved in inflammatory, neurodegenerative, metabolic, and carcinogenic pro-
cesses [80,81].

Collectively, these findings support gene-regulatory modulation as a component
of hyperforin pharmacology, whereas its direct epigenetic effects remain comparatively
underexplored. Further studies are required to distinguish primary epigenetic actions
of hyperforin from downstream changes in gene expression arising from modulation of
intracellular signaling pathways.

4.9. Effects on Cellular Energy Metabolism

Hyperforin modulates cellular bioenergetics primarily through effects on mitochon-
drial function and energy-sensing pathways. Experimental studies indicate that hyperforin
preserves mitochondrial membrane potential, supports oxidative phosphorylation and
electron transport chain function, and attenuates mitochondrial oxidative stress [67,82,83].
Collectively, these effects may support ATP production and cellular energy availability
under conditions of metabolic or cellular stress.

Hyperforin also influences metabolic signaling pathways involved in energy sensing
and nutrient utilization, particularly AMPK, PI3K/Akt signaling, and pathways associated
with mitochondrial biogenesis [67,84]. Modulation of these interconnected networks may
contribute to metabolic flexibility, adaptation to energetic stress, and maintenance of cellular
energy homeostasis [67,84].

Overall, the available evidence supports mitochondrial and metabolic regulation as
components of the broader pharmacological profile of hyperforin. However, these bioen-
ergetic effects are derived predominantly from experimental models, and their relative
contribution to the disease-specific actions of hyperforin remains to be established. Ac-
cordingly, modulation of mitochondrial function and energy-sensing pathways should be
regarded as part of an interconnected signaling network rather than as evidence of a single,
direct metabolic target.

4.10. Critical Appraisal of Mechanistic Evidence

The principal mechanisms of hyperforin and their associated biological targets and
regulatory systems are summarized in Table 1. Although the experimental literature
supports a broad and pleiotropic pharmacological profile, the strength and specificity of
evidence vary considerably among proposed mechanisms.
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Table 1. Principal mechanisms of action of hyperforin and associated biological targets and regulatory
systems *.

Mechanistic
Domain

Principal Biological
Targets/Regulatory Systems

Reported Action of
Hyperforin Principal Biological Consequences References

Neurotransmitter
regulation

Serotonergic, dopaminergic,
noradrenergic, GABAergic
and glutamatergic systems;

intracellular Na+/Ca2+

homeostasis

Modulation of
neurotransmitter uptake

through alteration of
transmembrane ion gradients

rather than conventional
competitive transporter

inhibition

↑ extracellular monoamine
availability; modulation of

excitatory/inhibitory
neurotransmission; support of mood

regulation, stress adaptation and
synaptic function

[14,51–55]

TRPC6-mediated
Ca2+ signaling

TRPC6; Ca2+; CaMKII;
CREB; ERK1/2; PI3K/Akt;

BDNF

Activation of TRPC6-mediated
Ca2+ influx and downstream

neurotrophic signaling

↑ neuronal differentiation, dendritic
arborization, synaptic maturation

and plasticity; ↑ neuronal resilience
[14,55–60]

Inflammatory
signaling

NF-κB;
MAPK/ERK/JNK/p38;

TNF-α; IL-1β; IL-6;
COX-2/prostaglandins

Suppression/modulation of
pro-inflammatory

transcriptional and kinase
signaling and inflammatory

mediator production

↓ inflammatory signaling and
cytokine production; attenuation of

chronic inflammatory responses
[5,14,51,60–63]

Redox regulation
and antioxidant

defense

ROS; SOD; catalase;
glutathione peroxidase;

glutathione redox system;
mitochondria

↓ intracellular ROS and
oxidative damage; ↑

endogenous antioxidant
defenses; preservation of
mitochondrial integrity

Restoration of redox homeostasis; ↓
oxidative macromolecular damage;

increased cellular resilience to
oxidative stress

[61,64–67]

Apoptotic
regulation

Bcl-2/Bax balance;
mitochondrial membrane;

cytochrome c; caspase-9/-3;
death-receptor pathways

Context-dependent regulation
of intrinsic and extrinsic

apoptosis

Protection from pathological
apoptosis in stressed non-malignant

cells; promotion of apoptotic
signaling in transformed/malignant

cells

[66–76]

Autophagy and
proteostasis

PI3K/Akt/mTOR; AMPK;
autophagic machinery

Modulation of autophagic
signaling and autophagic flux

Clearance of damaged cellular
components; maintenance of

proteostasis, stress adaptation and
intracellular quality control

[55,67,77–79]

Transcriptional
regulation

NF-κB; CREB; AP-1; Nrf2;
STAT proteins

Modulation of
transcription-factor activity

and downstream
gene-expression programs

Coordinated regulation of
inflammatory, redox, neuroplastic,
apoptotic and metabolic responses

[55,59,67]

Epigenetic/post-
transcriptional

regulation

Histone modifications;
chromatin remodeling; DNA

accessibility; microRNAs

Potential modulation of
epigenetic and

post-transcriptional regulatory
processes

Longer-term regulation of
gene-expression programs relevant

to inflammation, neurodegeneration,
carcinogenesis and metabolic

homeostasis

[65,67,77,80,81]

Mitochondrial
bioenergetics

Mitochondrial membrane
potential; electron transport

chain; oxidative
phosphorylation; ATP

production

Preservation of mitochondrial
function and bioenergetic
efficiency; ↓ mitochondrial

oxidative stress

↑ cellular energy availability;
maintenance of mitochondrial

integrity and metabolic resilience
[67,82,83]

Energy-sensing and
metabolic signaling

AMPK; PI3K/Akt;
mitochondrial-biogenesis

pathways

Modulation of energy-sensing
and nutrient-utilization

pathways

↑ metabolic flexibility and
adaptation to energetic stress;

maintenance of cellular energy
homeostasis

[67,84]

* Note: The mechanisms summarized in this table primarily reflect experimental evidence obtained
using purified hyperforin in in vitro systems, with supportive in vivo evidence available for selected
pathways. Several signaling pathways listed, including NF-κB, MAPK, PI3K/Akt, and AMPK,
should be regarded predominantly as downstream regulatory systems rather than established direct
molecular targets of hyperforin. TRPC6 currently represents one of the most consistently sup-
ported proximal mechanistic targets. Evidence derived from hyperforin-containing H. perforatum
preparations should be interpreted cautiously because the contribution of other phytochemical con-
stituents cannot be excluded. The table summarizes reported biological mechanisms and does not
imply that all listed pathways are engaged at clinically achievable human exposure. For several
mechanisms, the concentration–exposure relationship and target-tissue pharmacokinetics remain
insufficiently defined.
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Most mechanistic studies have been conducted in immortalized cell lines or exper-
imental models that incompletely reproduce human pathophysiology, frequently using
hyperforin concentrations that may not reflect physiologically achievable exposure. Accord-
ingly, the breadth of mechanistic activity reported for hyperforin should not be equated
with evidence that all of these pathways are engaged at clinically achievable systemic or
tissue exposure. Mechanisms supported by concentration–response data overlapping with
pharmacologically realistic exposure should be considered more translationally informative
than effects demonstrated only at substantially higher or poorly characterized experi-
mental concentrations. Moreover, relatively few studies have directly compared purified
hyperforin with standardized hyperforin-containing H. perforatum preparations, limiting
attribution of effects observed with multicomponent extracts specifically to hyperforin. In-
terpretation is further complicated by the frequent involvement of signaling pathways such
as NF-κB, MAPK, PI3K/Akt, and AMPK, which often represent downstream regulatory
networks rather than established direct molecular targets.

Among the proposed mechanisms, TRPC6-mediated Ca2+ signaling is one of the most
consistently characterized proximal mechanisms of hyperforin action, whereas evidence for
several other pathways is more context-dependent or may reflect secondary signaling re-
sponses. Accordingly, the current mechanistic evidence supports hyperforin as a pleiotropic
signaling modulator rather than a single-target agent. Further studies using physiologically
relevant concentration ranges, concentration–response designs, target-specific experimental
approaches, human-relevant models, and well-characterized purified hyperforin are re-
quired to distinguish direct molecular interactions from downstream effects and to establish
which mechanisms remain operative at clinically achievable exposure.

5. Neuroprotective and Mental Health Benefits
5.1. Depression
5.1.1. Biological and Mechanistic Rationale

Major depressive disorder (MDD) involves disturbances in monoaminergic neurotrans-
mission, neuroplasticity, inflammatory and redox homeostasis, mitochondrial function,
HPA-axis regulation, and neurotrophic support [85–88]. The antidepressant rationale
for hyperforin derives from the mechanisms detailed in Section 4, particularly indirect
modulation of serotonin, dopamine, and norepinephrine uptake [53,55,83,89,90], together
with TRPC6-mediated CREB/BDNF, ERK1/2, and PI3K/Akt signaling involved in neu-
roplasticity and stress adaptation [50,54,55,57,91,92]. Anti-inflammatory, antioxidant, and
mitochondrial effects may provide additional support [93–98]. Collectively, these mech-
anisms provide a plausible experimental basis for antidepressant activity, although their
relative contribution remains model-dependent.

5.1.2. Preclinical Evidence of Purified Hyperforin and Hyperforin-Containing Preparations

Preclinical studies provide consistent evidence of antidepressant-like activity across
several experimental paradigms. In rodent models, hyperforin-related interventions
reduced depressive-like behavior, including immobility in forced-swimming and tail-
suspension tests, and improved reward-related and motivational behaviors [54,97,98].
These behavioral effects have been associated with normalization of stress-related
monoaminergic alterations, increased hippocampal BDNF expression, enhanced neu-
rogenesis, and improved synaptic plasticity [54,91,97–99], together with attenuation
of neuroinflammation and oxidative damage and preservation of mitochondrial in-
tegrity [91,95,96,98,100].

Overall, the preclinical evidence indicates that antidepressant-like effects are not
limited to monoaminergic modulation but also involve neuroplastic, inflammatory, redox,
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and mitochondrial pathways. However, interpretation requires careful consideration
of intervention identity because studies have employed both purified hyperforin and
hyperforin-containing preparations; findings obtained with multicomponent H. perforatum
extracts cannot be attributed exclusively to hyperforin.

5.1.3. Clinical Evidence of Hyperforin-Containing Preparations

Human evidence supporting antidepressant efficacy derives predominantly from
standardized hyperforin-containing H. perforatum preparations rather than purified hyper-
forin. Multiple RCTs, systematic reviews, and meta-analyses indicate efficacy in mild-to-
moderate depression, with outcomes broadly comparable to several conventional antide-
pressants [101–107]. Several studies have also reported associations between hyperforin
content and antidepressant efficacy [101–104,108,109]. However, because these prepara-
tions contain multiple pharmacologically active constituents, the independent contribution
of hyperforin cannot be established. Adequately powered clinical trials evaluating purified
hyperforin remain lacking, and detailed human evidence is reviewed in Section 12.2.

The clinical relevance of standardized H. perforatum preparations is also reflected in the
European regulatory framework. The European Medicines Agency Committee on Herbal
Medicinal Products (EMA/HMPC) has adopted a European Union herbal monograph
for Hypericum perforatum L., herba, which recognizes well-established medicinal use for
specified standardized herbal preparations in the treatment of mild to moderate depressive
episodes and, for certain preparations, the short-term treatment of symptoms in mild
depressive disorders [110]. This regulatory recognition supports the established clinical
use of defined H. perforatum preparations in depressive disorders [110]. However, it should
not be interpreted as regulatory validation of purified hyperforin as an antidepressant,
because the monograph applies to characterized herbal preparations containing multiple
constituents rather than isolated hyperforin.

5.2. Anxiety Disorders
5.2.1. Preclinical Evidence of Purified Hyperforin and Hyperforin-Containing Preparations

Anxiety disorders involve dysregulation of limbic circuitry and neurotransmitter
and stress-response systems, together with neuroinflammatory, oxidative, and HPA-axis
alterations. These interconnected processes provide a biological rationale for the potential
anxiolytic effects of hyperforin through the multimodal mechanisms described in Section 4.

Experimental animal studies indicate that purified hyperforin and hyperforin-
containing preparations may reduce anxiety-like behavior through modulation of seroton-
ergic, GABAergic, and glutamatergic neurotransmission [54,99,111,112]. These effects have
been associated with improved stress resilience and normalization of chronic stress-induced
neurochemical alterations [54,97,98,113], together with attenuation of inflammatory signal-
ing and oxidative stress [93,95,98,114].

Overall, the preclinical evidence supports potential anxiolytic activity of hyperforin-
related interventions, although the relative contributions of individual neurotransmitter,
inflammatory, redox, and stress-response pathways remain incompletely defined. More-
over, findings obtained with multicomponent hyperforin-containing preparations cannot
necessarily be attributed specifically to hyperforin.

5.2.2. Potential Clinical Relevance of Hyperforin-Containing Preparations

Clinical evidence for anxiety-related outcomes is considerably less developed than
that for depression. Available studies suggest that standardized hyperforin-containing
H. perforatum preparations may improve anxiety-related symptoms, particularly in mixed
anxiety–depressive presentations, with reported benefits in psychological distress, emo-
tional well-being, and quality of life [101,115–119].
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However, these studies predominantly evaluated multicomponent botanical prepa-
rations rather than purified hyperforin, precluding compound-specific attribution of the
observed effects. Consequently, the clinical anxiolytic efficacy of purified hyperforin re-
mains unestablished. Detailed human evidence concerning anxiety-related outcomes is
presented in Section 12.3.1.

5.3. Cognitive Function, Synaptic Plasticity, and Neurogenesis

Experimental evidence suggests that purified hyperforin and hyperforin-containing
preparations may improve learning, memory, and cognitive performance through the neu-
roplastic and neuroprotective mechanisms described in Section 4 [54,120–124]. Hyperforin-
related interventions have been associated with enhanced TRPC6/CREB/BDNF signaling,
dendritic spine formation, synaptogenesis, neuronal connectivity, and processes related
to hippocampal neurogenesis [14,54,57,91,96,121]. Modulation of neurotransmission and
protection against inflammatory, oxidative, and mitochondrial injury may further support
neuronal survival and cognitive function [52,120,122]. However, the evidence remains
predominantly experimental, and clinically meaningful cognitive or neurogenic effects in
humans have not been established.

5.4. Alzheimer’s Disease
5.4.1. Amyloid Pathology

Preclinical studies indicate that purified hyperforin and hyperforin-containing prepa-
rations may influence amyloid-β (Aβ) pathology by inhibiting Aβ aggregation, enhancing
amyloid clearance, and attenuating Aβ-induced neurotoxicity [125–128]. Additional pro-
tection against mitochondrial and oxidative injury may limit secondary neuronal damage
associated with amyloid accumulation [96,120,125,128]. Collectively, these findings suggest
that hyperforin-related interventions may affect both amyloid burden and downstream
Aβ toxicity; however, the evidence remains preclinical and does not yet establish disease-
modifying activity in Alzheimer’s disease (AD).

5.4.2. Tau Pathology

Emerging preclinical evidence suggests that purified hyperforin and hyperforin-
containing preparations may modulate tau phosphorylation and cytoskeletal stabil-
ity [127,129,130]. Experimental studies indicate attenuation of abnormal tau hyperphospho-
rylation through regulation of kinases and phosphatases involved in tau metabolism,
with potential preservation of microtubule organization and neuronal structural in-
tegrity [129,130]. However, evidence for tau-related effects is substantially less devel-
oped than that for amyloid pathology and requires confirmation in additional disease-
relevant models.

5.4.3. Neuroinflammation and Neuronal Protection

Hyperforin-related interventions may additionally attenuate AD-associated neu-
roinflammatory responses through the anti-inflammatory and redox-regulatory mecha-
nisms described in Section 4. Preclinical studies have reported suppression of NF-κB-
associated signaling and reductions in TNF-α, IL-1β, IL-6, iNOS, and COX-2 [94,120,122].
These effects may complement the amyloid- and tau-related actions described above,
although their specific contribution to AD remains uncertain because neuroinflammatory
regulation represents a shared neuroprotective mechanism across several neurodegener-
ative disorders.
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5.5. Parkinson’s Disease
5.5.1. Dopaminergic Neuron Protection

Preclinical studies suggest that purified hyperforin and hyperforin-containing prepa-
rations may exert neuroprotective effects in experimental models relevant to Parkinson’s
disease (PD). These interventions have been associated with preservation of dopaminergic
neuronal function through modulation of neurotrophic signaling, inflammatory responses,
and mitochondrial homeostasis [55,96,131,132]. TRPC6-associated Ca2+ signaling and
downstream pro-survival pathways may further contribute to neuronal resilience under
neurotoxic conditions [55,133–135].

Collectively, these findings provide a mechanistic and preclinical rationale for potential
protection of dopaminergic neurons by hyperforin-related interventions. However, the
available evidence remains predominantly experimental and does not establish disease-
modifying efficacy in PD.

5.5.2. Oxidative Stress and Mitochondrial Protection

Oxidative stress and mitochondrial dysfunction are closely associated with dopamin-
ergic neuronal injury in PD. Experimental evidence indicates that purified hyperforin and
hyperforin-containing preparations may reduce reactive oxygen species generation, en-
hance endogenous antioxidant defenses, and preserve mitochondrial membrane integrity
and bioenergetic function [14,63,96,120,136]. These effects may limit oxidative and mito-
chondrial injury and thereby contribute to neuronal survival under conditions relevant
to PD.

However, antioxidant and mitochondrial effects represent broadly shared cytopro-
tective mechanisms and are not specific to PD. Moreover, direct evidence that hyperforin
modifies α-synuclein pathology or produces sustained protection of the nigrostriatal sys-
tem remains limited. Thus, current findings support biological plausibility and preclinical
neuroprotective potential rather than established disease-modifying activity.

5.6. Other Neurodegenerative Disorders
5.6.1. Huntington’s Disease

Huntington’s disease (HD) is characterized by progressive neurodegeneration associ-
ated with mutant huntingtin accumulation, mitochondrial dysfunction, oxidative stress,
impaired proteostasis, and neuroinflammatory processes [137]. Although direct evidence
for hyperforin in HD is limited, its experimentally demonstrated effects on antioxidant
defenses, mitochondrial function, inflammatory signaling, and autophagy provide a mech-
anistic rationale for potential neuroprotective activity [5,14].

In particular, modulation of autophagic and proteostatic pathways could theoretically
facilitate the clearance of damaged proteins and cellular components. However, evidence
that hyperforin directly promotes mutant huntingtin clearance, preserves vulnerable neu-
ronal populations, or modifies HD progression is lacking. Its potential relevance to HD
therefore remains largely mechanistic and hypothesis-generating.

5.6.2. Multiple Sclerosis

Multiple sclerosis (MS) is a chronic inflammatory and demyelinating disorder involv-
ing immune dysregulation, oxidative injury, and progressive neuroaxonal damage [138].
Experimental studies suggest that hyperforin-related interventions may modulate inflam-
matory and immune responses by reducing pro-inflammatory cytokine production and
immune-cell activation while attenuating oxidative stress [139–141]. These effects may
contribute to the preservation of neuronal integrity under inflammatory conditions.
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Nevertheless, the evidence remains predominantly preclinical, and it is unclear
whether these mechanisms translate into meaningful effects on demyelination, remyelina-
tion, axonal preservation, or disease activity. Accordingly, the potential role of hyperforin
in MS remains investigational [138–141].

5.6.3. Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS) is characterized by progressive motor-neuron
degeneration involving oxidative stress, mitochondrial dysfunction, impaired protein
homeostasis, excitotoxicity, and neuroinflammation [142]. Direct evidence evaluating hy-
perforin in ALS-specific models is very limited. Its antioxidant, mitochondrial, autophagic,
and anti-inflammatory actions provide a theoretical basis for neuroprotection [5,14], but
these mechanisms are not specific to ALS.

At present, there is insufficient evidence that hyperforin preserves motor neurons,
modifies ALS-associated pathological processes, or alters disease progression. Its relevance
to ALS should therefore be considered hypothesis-generating rather than evidence of
therapeutic efficacy.

5.7. Critical Appraisal of Current Evidence

Overall, the evidence supports a biologically plausible neuropsychiatric and neuro-
protective profile for hyperforin, but its maturity varies considerably across indications.
Depression represents the most developed area, with consistent preclinical findings and
complementary clinical evidence from hyperforin-containing H. perforatum preparations.
Anxiety and cognitive dysfunction have encouraging but less developed evidence, whereas
AD and PD remain predominantly preclinical. Evidence for multiple sclerosis is more
limited, while HD and ALS remain largely supported by mechanistic extrapolation.

A major limitation is the heterogeneity of the interventions evaluated. Preclinical stud-
ies have used both purified hyperforin and hyperforin-containing preparations, whereas
human studies have predominantly investigated multicomponent H. perforatum products.
Consequently, clinical effects cannot be attributed unequivocally to hyperforin. Differ-
ences in experimental models, doses, treatment duration, and outcome measures further
complicate comparison and translation of preclinical findings. A further limitation is
that the exposure conditions producing neuroplastic, neuroprotective, anti-inflammatory,
or mitochondrial effects in experimental systems have not consistently been related to
concentrations achievable in human plasma or target tissues. Hence, demonstration of
TRPC6/BDNF signaling, antioxidant responses, or other neuroprotective mechanisms
under experimental conditions should be interpreted as evidence of biological plausi-
bility unless comparable target engagement can be demonstrated at pharmacologically
realistic exposure.

Thus, the current literature supports an evidence hierarchy rather than a uniform
neurotherapeutic effect of hyperforin. Future research should prioritize chemically char-
acterized purified hyperforin, clinically relevant disease models, dose–exposure charac-
terization, biomarkers of target engagement, and ultimately compound-specific clinical
trials to determine whether the promising experimental findings translate into clinically
meaningful effects.

The most relevant preclinical findings discussed in Section 5 are summarized in Table 2,
highlighting the experimental models, intervention type, principal mechanisms, and major
biological outcomes across neuropsychiatric and neurodegenerative conditions.
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Table 2. Key preclinical evidence for the neuroprotective and neuropsychiatric effects of purified hyperforin and hyperforin-containing preparations *.

Disease/Functional
Domain Main Preclinical Models Type of Intervention Key Mechanisms Most Important Findings References

Depression and mood
disorders

Rodent chronic-stress models;
forced-swimming and
tail-suspension tests

Purified hyperforin and
hyperforin-containing preparations

Monoaminergic regulation;
TRPC6; BDNF/neuroplasticity;

neurogenesis;
anti-inflammatory, antioxidant

and mitochondrial effects

↓ depressive-like behavior and
immobility; normalization of
stress-related monoaminergic

alterations; ↑ hippocampal BDNF
and neurogenesis; improved

synaptic plasticity; ↓
neuroinflammation and

oxidative damage

[54,91,95–100]

Anxiety and
stress-related disorders

Rodent anxiety and
chronic-stress models

Purified hyperforin and
hyperforin-containing preparations

Serotonergic, GABAergic and
glutamatergic regulation;

stress-response modulation;
anti-inflammatory and

antioxidant actions

↓ anxiety-like behavior;
improved stress resilience;

normalization of stress-induced
neurochemical changes; ↓

inflammatory and oxidative
responses

[54,93,95,97–99,111–
114]

Cognitive function,
learning and memory

Learning/memory and
aging-related animal models;

complementary neuronal
models

Purified hyperforin and
hyperforin-containing preparations

TRPC6/BDNF-associated
signaling; neurotransmission;

synaptic plasticity;
neuroprotection

Improved spatial learning and
memory retention; enhanced

neuronal connectivity and
cognitive performance;

protection against oxidative and
inflammatory injury

[52,54,120–124]

Synaptic plasticity and
neurogenesis

Neuronal cultures;
hippocampal/cortical and

in vivo neurogenesis models

Purified hyperforin and
hyperforin-containing preparations

TRPC6 → CREB/BDNF
signaling; neurotrophic

signaling; mitochondrial
preservation

↑ dendritic spine formation,
synaptogenesis and synaptic
density; enhanced neuronal

differentiation, maturation and
survival

[14,54,57,91,96,120,
121]

Alzheimer’s disease Aβ-related cellular systems
and AD animal models

Purified hyperforin and
hyperforin-containing preparations

Aβ aggregation/clearance;
tau-regulatory pathways;

NF-κB-associated
inflammation; redox and
mitochondrial regulation

↓ Aβ aggregation and
neurotoxicity; enhanced amyloid
clearance; possible attenuation of

tau hyperphosphorylation; ↓
neuroinflammatory mediators

and oxidative injury

[94,96,120,122,125–
130]
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Table 2. Cont.

Disease/Functional
Domain Main Preclinical Models Type of Intervention Key Mechanisms Most Important Findings References

Parkinson’s disease

Cellular and toxin-induced
animal models of

Parkinsonian
neurodegeneration

Purified hyperforin and
hyperforin-containing preparations

Dopaminergic neuroprotection;
TRPC6/pro-survival signaling;

antioxidant and
mitochondrial pathways;

anti-inflammatory mechanisms

Improved dopaminergic
neuronal resilience; ↓ ROS and
oxidative damage; preservation

of mitochondrial integrity;
attenuation of inflammatory

injury

[14,55,63,96,120,131–
136]

Multiple sclerosis
Disease-relevant inflamma-

tory/demyelinating
experimental models

Hyperforin-related interventions,
including purified hyperforin

and/or
hyperforin-containing preparations

Cytokine suppression;
immune-cell regulation;

anti-inflammatory,
antioxidant and

neuroprotective pathways

Reduced inflammatory activity
and oxidative stress; modulation
of immune activation; potential

preservation of neuronal integrity

[138–141]

Huntington’s disease

No robust disease-specific
efficacy program identified;

evidence mainly extrapolated
from mechanistic models

Mainly mechanistic evidence for
purified hyperforin/hyperforin-

related interventions

Autophagy; mitochondrial
protection; antioxidant and

anti-inflammatory pathways

Biological rationale for neuronal
resilience and proteostasis, but

no convincing demonstration of
mutant-huntingtin clearance or

disease modification

[5,14,137]

Amyotrophic
lateral sclerosis

Disease-specific preclinical
evidence very limited

Mainly mechanistic evidence
for hyperforin

Mitochondrial protection;
autophagy; antioxidant and
anti-inflammatory pathways

Theoretical neuroprotective
relevance, but no established

efficacy in ALS-specific
experimental models

[5,14,142]

* Note: Preclinical evidence in Section 5 includes studies using purified hyperforin as well as hyperforin-containing H. perforatum preparations. Findings obtained
with botanical preparations cannot be attributed unequivocally to hyperforin because other bioactive constituents may contribute to the observed effects. The
strength of evidence also differs substantially across disease domains; therefore, the findings summarized above should be interpreted as preclinical evidence rather
than confirmation of clinical efficacy.
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6. Immunomodulatory and Autoimmune Disease Applications
6.1. Biological Rationale and Mechanistic Overview

Chronic inflammation and immune dysregulation contribute to the pathogenesis
of numerous autoimmune and chronic inflammatory disorders [143–145]. Within this
context, preclinical evidence suggests that purified hyperforin and hyperforin-containing
preparations may exert immunomodulatory effects through interconnected mechanisms
involving NF-κB and MAPK signaling, redox homeostasis, intracellular Ca2+ regulation,
inflammatory cytokine production, and immune-cell function [5,14,63,120,133].

Rather than acting through a single inflammatory target, hyperforin appears to in-
fluence both innate and adaptive immune responses through coordinated modulation of
these signaling networks. Accordingly, the following subsections focus on the available
evidence concerning specific immune-cell populations and disease-relevant immunologi-
cal outcomes, rather than re-describing the general molecular mechanisms presented in
Section 4.

6.2. Regulation of Innate Immunity
6.2.1. Macrophages

Experimental studies indicate that purified hyperforin and hyperforin-containing
preparations suppress macrophage inflammatory activity, including TNF-α, IL-1β, IL-6,
NO, and PGE2 production, in association with modulation of NF-κB and MAPK sig-
naling [61,94,120]. Hyperforin-related interventions have also been associated with at-
tenuation of pro-inflammatory M1-like responses and promotion of M2-like reparative
phenotypes [120,146]. These findings support macrophage modulation as a potential con-
tributor to the anti-inflammatory effects of hyperforin, although reproducible phenotypic
reprogramming across experimental models and its role as a primary mechanism remain
insufficiently established.

6.2.2. Neutrophils

Preclinical studies suggest that hyperforin-related interventions may attenuate
neutrophil-mediated inflammation by reducing activation and oxidative burst, release
of elastase and myeloperoxidase, and neutrophil recruitment, chemotaxis, adhesion, and
transendothelial migration [63,66,120,147,148]. These findings support a potential role
in limiting excessive neutrophil-driven inflammatory responses; however, the evidence
remains predominantly experimental, and effects on neutrophil extracellular trap formation
and disease-specific outcomes remain insufficiently characterized.

6.2.3. Dendritic Cells

Experimental evidence suggests that hyperforin may influence dendritic-cell activation
and antigen-presenting function. Hyperforin-related interventions have been associated
with reduced expression of co-stimulatory molecules and decreased production of pro-
inflammatory cytokines, potentially limiting excessive activation of adaptive immune
responses [94,149].

However, evidence concerning direct effects of hyperforin on dendritic-cell differenti-
ation, maturation, antigen presentation, and induction of stable tolerogenic phenotypes
remains limited. Thus, dendritic-cell modulation should currently be regarded as a po-
tential component of hyperforin-mediated immunoregulation rather than an established
primary mechanism.
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6.3. Regulation of Adaptive Immunity
6.3.1. T-Cell Responses

Preclinical evidence indicates that purified hyperforin and hyperforin-containing
preparations may modulate T-cell activation, proliferation, differentiation, and cytokine pro-
duction through signaling networks involving NF-κB, STAT, MAPK, and Ca2+-dependent
pathways [94,139,140]. In experimental models, hyperforin-related interventions have
been associated with attenuation of pro-inflammatory Th1- and Th17-related responses
and reduced production of cytokines including interferon-γ (IFN-γ), TNF-α, and IL-
17 [94,139,140].

These findings support T-cell modulation as a potentially relevant component of the
immunoregulatory effects of hyperforin. However, evidence concerning regulatory T-cell
(Treg) responses and the induction of durable immune tolerance remains limited, and the
extent to which these effects are directly attributable to hyperforin rather than broader
changes in inflammatory signaling requires further clarification.

6.3.2. B-Cell Responses

Evidence concerning the effects of hyperforin on B-cell function is substantially more
limited than that for T cells. Available experimental findings suggest that hyperforin-
related interventions may influence B-cell responses indirectly through modulation of
inflammatory signaling and T-cell–B-cell interactions [139,140,149]. However, direct effects
on B-cell activation and differentiation, plasma-cell function, autoantibody production, and
antibody-mediated immune responses remain insufficiently characterized [139,140,149].

Accordingly, B-cell regulation should currently be considered a preliminary and
incompletely defined component of hyperforin-mediated immunomodulation, rather than
an established mechanism of action.

6.4. Autoimmune and Immune-Mediated Disease Applications
6.4.1. Rheumatoid Arthritis

The immunomodulatory actions of hyperforin provide a rationale for its investigation
in rheumatoid arthritis (RA). Experimental evidence indicates suppression of inflammatory
cytokine production, NF-κB-associated signaling, oxidative stress, and immune-cell acti-
vation [61,63,140,146,149,150]. However, it remains unclear whether these effects translate
into sustained protection against synovitis or structural joint damage in robust RA-specific
models. Accordingly, the therapeutic relevance of hyperforin in RA remains preliminary
and requires further disease-specific preclinical validation.

6.4.2. Inflammatory Bowel Disease

In inflammatory bowel disease (IBD), experimental evidence suggests that hyperforin
may attenuate inflammatory signaling and cytokine production while supporting epithelial
barrier integrity [14,63,150,151]. These findings provide a mechanistic rationale for potential
relevance to intestinal inflammation; however, evidence from experimental colitis and
mucosal-barrier models is discussed in detail in Section 10. Clinical efficacy in patients
with IBD has not been established.

6.4.3. Additional Autoimmune and Immune-Mediated Disorders

The immunomodulatory properties of hyperforin have also prompted investigation in
other autoimmune and inflammatory conditions involving dysregulated immune signaling
and oxidative stress [152]. However, for most of these disorders, therapeutic relevance is
inferred predominantly from shared mechanisms rather than disease-specific evidence.
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Among the comparatively better-characterized applications, experimental studies indi-
cate that hyperforin may attenuate psoriasis-like inflammation and modulate keratinocyte
proliferation and differentiation [153–155]. Hyperforin and H. perforatum preparations
have also shown protective effects against cytokine-associated inflammatory and oxidative
injury in pancreatic β-cell models, providing preliminary relevance to type 1 diabetes
mellitus [156,157]. Nevertheless, these findings remain preclinical and do not establish
clinical efficacy in either condition.

For several additional autoimmune and immune-mediated disorders, including sys-
temic lupus erythematosus, autoimmune thyroid disease, Sjögren syndrome, systemic
sclerosis, autoimmune uveitis, autoimmune hepatitis, vitiligo, and alopecia areata, di-
rect disease-specific evidence remains sparse. Their proposed relevance to hyperforin is
based predominantly on extrapolation from the anti-inflammatory, redox-regulatory, im-
munomodulatory, antifibrotic, or tissue-protective mechanisms described in Section 4 rather
than on dedicated disease-specific studies [158–161]. These indications should therefore be
considered exploratory and are not discussed mechanistically in further detail.

6.5. Critical Appraisal of Current Evidence

Overall, the available evidence supports a biologically plausible immunomodulatory
profile for hyperforin but remains predominantly mechanistic and preclinical. The strongest
experimental support concerns modulation of macrophage and T-cell responses, including
attenuation of pro-inflammatory signaling and Th1/Th17-associated activity. Evidence
for neutrophil and dendritic-cell regulation is more limited, whereas direct effects on B-
cell differentiation, plasma-cell function, autoantibody production, and durable immune
tolerance remain insufficiently characterized. Thus, the evidence supports modulation of
selected immune pathways rather than broad or established immunoregulatory efficacy.

The maturity of evidence also differs substantially among disease applications. Psori-
asis and selected inflammatory models have comparatively more disease-specific experi-
mental support, whereas rheumatoid arthritis remains insufficiently validated in robust
disease-specific models despite a plausible inflammatory rationale. Evidence for several
other autoimmune conditions—including systemic lupus erythematosus, autoimmune
thyroid disease, Sjögren’s syndrome, and systemic sclerosis—is largely extrapolated from
shared anti-inflammatory, antioxidant, or immunomodulatory mechanisms and should
therefore be considered exploratory.

Interpretation is further complicated by heterogeneity in experimental models and
interventions, including the use of both purified hyperforin and multicomponent H. per-
foratum preparations. Effects observed with botanical preparations cannot be attributed
unequivocally to hyperforin, and clinical trials of purified hyperforin in autoimmune or
systemic immune-mediated diseases are lacking. Accordingly, current evidence demon-
strates preclinical immunomodulatory potential rather than established therapeutic efficacy.
Moreover, the concentrations required to modulate NF-κB-, cytokine-, and immune-cell
signaling in many experimental systems have not been systematically related to achievable
human exposure; these findings should therefore be regarded as mechanistic evidence until
exposure-compatible target engagement is demonstrated. Future research should prioritize
chemically defined interventions, disease-specific models, dose–response characterization,
and translational studies capable of determining whether these immunological effects can
produce clinically meaningful disease modification.

The most relevant preclinical findings discussed in Section 6 are summarized in Table 3,
highlighting the immune-cell targets, experimental context, intervention type, principal
mechanisms, and major immunomodulatory outcomes of hyperforin-related interventions.
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Table 3. Key preclinical evidence for the immunomodulatory and autoimmune-related effects of purified hyperforin and hyperforin-containing preparations *.

Immune Target/Disease Area Main Experimental Context Type of Intervention Key Mechanisms/Targets Most Important Preclinical
Findings References

Macrophage regulation
In vitro macrophage systems

and in vivo inflammatory
models

Purified hyperforin and
hyperforin-containing

preparations

NF-κB; MAPK; TNF-α; IL-1β;
IL-6; nitric oxide; PGE2;

macrophage polarization

↓ pro-inflammatory mediator
production; reduced macrophage

inflammatory activity; possible
shift from M1-associated toward

M2-associated reparative
phenotype

[61,94,120,146]

Neutrophil regulation In vitro and in vivo
inflammatory models

Purified hyperforin and
hyperforin-containing

preparations

Oxidative burst; elastase;
myeloperoxidase; chemotaxis;

adhesion; transmigration

↓ neutrophil activation, ROS
generation, mediator release and

tissue recruitment; reduced
elastase and myeloperoxidase

activity

[63,66,148]

Dendritic-cell regulation Experimental dendritic-cell
models

Purified hyperforin and
hyperforin-containing

preparations

Co-stimulatory signaling;
pro-inflammatory cytokine
production; dendritic-cell

maturation

↓ co-stimulatory molecule
expression and inflammatory

cytokine production; tendency
toward a less inflammatory

dendritic-cell phenotype

[94,149]

T-cell responses

In vitro T-cell systems and
in vivo

inflammatory/autoimmune
models

Purified hyperforin; in vivo
studies also include

hyperforin-containing
preparations

NF-κB; STAT; MAPK;
Ca2+-dependent signaling;

Th1/Th17 pathways

Modulation of T-cell activation,
proliferation and differentiation; ↓

Th1/Th17-associated responses
and IFN-γ, TNF-α and IL-17

production

[94,139,140]

B-cell/humoral immunity Experimental immune-cell
models

Purified hyperforin and
hyperforin-containing

preparations

Indirect regulation through
inflammatory signaling and

T-cell–B-cell interactions

Possible indirect modulation of
humoral immunity; direct effects
on B-cell differentiation, plasma

cells and autoantibody production
remain insufficiently defined

[139,140,149]
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Table 3. Cont.

Immune Target/Disease Area Main Experimental Context Type of Intervention Key Mechanisms/Targets Most Important Preclinical
Findings References

Rheumatoid arthritis-related
inflammation

Inflammatory and immune
models relevant to RA; robust

RA-specific models remain
limited

Hyperforin-related
interventions; exact

preparation varies across
cited evidence

NF-κB; inflammatory
cytokines; oxidative stress;

immune-cell activation

Suppression of inflammatory and
oxidative pathways relevant to
synovitis; sustained protection

against joint damage has not yet
been established

[61,63,140,146,149,
150]

Inflammatory bowel
disease/mucosal

inflammation

Experimental colitis and
mucosal-barrier models

Hyperforin-related
interventions

Inflammatory cytokine
signaling; epithelial-barrier
regulation; oxidative stress

Attenuation of inflammatory
signaling and cytokine production;

support of epithelial barrier
integrity

[14,63,150,151]

Psoriasis-like inflammation Psoriasis-like inflammatory
and keratinocyte models

Hyperforin-related
interventions

Inflammatory signaling;
keratinocyte proliferation and

differentiation

↓ psoriasis-like inflammation;
modulation of keratinocyte growth

and differentiation
[153–155]

Type 1 diabetes-related
β-cell injury

Pancreatic β-cell
inflammatory/oxidative

injury models

Hyperforin and
hyperforin-containing

preparations

Cytokine-associated
inflammation; oxidative

stress

Protection of β cells against
inflammatory and oxidative injury [156,157]

Other autoimmune/
immune-mediated disorders

Mainly mechanistic
extrapolation rather than
disease-specific models

Hyperforin and
hyperforin-containing

preparations

Shared anti-inflammatory,
antioxidant, hepatoprotective,

antifibrotic and
wound-healing pathways

Potential relevance to SLE,
autoimmune thyroid disease,

uveitis, autoimmune hepatitis,
Sjögren’s syndrome, systemic
sclerosis, vitiligo and alopecia

areata remains largely exploratory

[158–161]

* Note: The preclinical evidence summarized in Section 6 includes studies using purified hyperforin and hyperforin-containing H. perforatum preparations. Where
botanical preparations were evaluated, the observed effects cannot be attributed unequivocally to hyperforin alone. Evidence is comparatively more developed for
macrophage- and T-cell-related effects, whereas direct B-cell regulation, dendritic-cell tolerance, and several proposed autoimmune indications remain insufficiently
characterized. For some disease-specific applications, particularly rheumatoid arthritis and several systemic autoimmune disorders, the evidence is largely
mechanistic or indirect rather than derived from robust disease-specific models.
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7. Cardiovascular and Metabolic Health Effects
7.1. Biological Rationale

Cardiovascular and metabolic disorders involve interconnected inflammatory, redox,
endothelial, metabolic, and mitochondrial disturbances [162]. Given the ability of hyper-
forin to modulate several of these processes, as described in Section 4, increasing attention
has focused on its potential cardiometabolic effects.

Experimental evidence suggests that purified hyperforin and hyperforin-containing
preparations may influence vascular function, lipid and adipose-tissue metabolism, glucose
homeostasis, and insulin sensitivity [1,163]. However, the evidence remains predominantly
mechanistic and preclinical, with comparatively limited direct animal and human data on
clinically relevant cardiovascular and metabolic outcomes. Accordingly, the following sub-
sections focus on disease- and tissue-specific evidence rather than reiterating the molecular
mechanisms described in Section 4.

7.2. Endothelial and Vascular Function

Experimental evidence suggests that purified hyperforin and hyperforin-containing
preparations may protect endothelial and vascular cells by attenuating oxidative and in-
flammatory signaling, preserving eNOS/NO-related function, reducing NF-κB-associated
endothelial activation and adhesion-molecule expression, and supporting mitochondrial in-
tegrity [63,120,150,160,164–166]. However, these effects primarily represent shared cytopro-
tective mechanisms, and direct evidence for improved vasodilation, vascular remodeling,
or clinically relevant cardiovascular outcomes remains limited.

7.3. Potential Anti-Atherosclerotic Effects
7.3.1. Inflammation and Foam-Cell Formation

Atherosclerosis is driven by lipid accumulation, vascular inflammation, oxidative
stress, and macrophage-derived foam-cell formation [167]. Hyperforin-related interven-
tions may attenuate pro-atherogenic responses through suppression of NF-κB-associated
inflammation and modulation of macrophage activation, lipid handling, and foam-cell
formation [61,63,120,164,166,168,169]. However, disease-specific in vivo evidence remains
limited, and these findings do not yet establish anti-atherosclerotic efficacy.

7.3.2. Oxidative Stress

Oxidative stress contributes to atherogenesis by promoting endothelial dysfunc-
tion, lipid oxidation, inflammatory activation, and vascular injury [164,167]. Experimen-
tal studies indicate that hyperforin-related interventions may reduce reactive oxygen
species accumulation and enhance endogenous antioxidant defenses, including enzymatic
and glutathione-dependent systems [65,66,156,170]. These effects may limit oxidative
modification of vascular lipids and other cellular components implicated in atheroscle-
rotic progression.

Nevertheless, redox modulation represents a broad cytoprotective property of hyper-
forin rather than an atherosclerosis-specific mechanism. Evidence directly linking these
antioxidant effects to reduced LDL oxidation, plaque development, or progression of estab-
lished atherosclerosis remains insufficient. Accordingly, current findings support mechanis-
tic anti-atherogenic plausibility rather than established anti-atherosclerotic efficacy.

7.4. Lipid Metabolism
7.4.1. Cholesterol Homeostasis

Experimental evidence suggests that purified hyperforin and hyperforin-containing
preparations may influence cholesterol homeostasis through modulation of inflammatory
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and metabolic signaling pathways [63,160,164,170,171] and nuclear receptors and transcrip-
tional regulators involved in lipid synthesis, transport, and cellular handling [172–174].
Hyperforin-related interventions may also attenuate oxidative modification of LDL parti-
cles, potentially reducing their pro-inflammatory and atherogenic properties [175,176].

However, direct evidence that hyperforin produces sustained or clinically meaningful
changes in circulating LDL-C, HDL-C, or total cholesterol remains insufficient. Its effects
on cholesterol metabolism should therefore be considered predominantly mechanistic
and preclinical.

7.4.2. Triglyceride and Fatty-Acid Metabolism

In vitro and in vivo studies suggest that purified hyperforin and hyperforin-containing
preparations may influence triglyceride and fatty-acid metabolism through modulation
of mitochondrial function, energy-sensing pathways, fatty-acid utilization, and lipid stor-
age [96,160,170]. These effects may favor fatty-acid oxidation and limit intracellular lipid
accumulation under selected experimental conditions.

Nevertheless, evidence demonstrating sustained reductions in circulating triglycerides or
clinically meaningful improvements in lipid metabolism remains limited. Further compound-
specific studies are required to establish the translational relevance of these findings.

7.5. Obesity and Adipose Tissue Biology
7.5.1. Adipogenesis

Adipose tissue expansion in obesity involves dysregulated adipogenesis accompa-
nied by inflammatory, oxidative, and metabolic disturbances [177,178]. Experimental
studies indicate that hyperforin-containing preparations may modulate adipocyte dif-
ferentiation through regulation of key adipogenic transcription factors, including per-
oxisome proliferator-activated receptor γ (PPARγ) and CCAAT/enhancer-binding pro-
teins (C/EBPα and C/EBPβ) [179–183]. Changes in downstream adipogenic markers,
including adipocyte protein 2/fatty acid-binding protein 4 (aP2/FABP4), adiponectin, and
lipoprotein lipase, further support effects on adipocyte differentiation and lipid-storage
programs [180,183].

These findings suggest that hyperforin-related interventions may influence adipose-
tissue expansion by modulating adipogenic signaling. However, much of the available
evidence derives from H. perforatum preparations rather than purified hyperforin, limiting
compound-specific attribution and requiring confirmation in physiologically relevant
obesity models.

7.5.2. Energy Metabolism

Experimental evidence suggests that hyperforin-related interventions may influ-
ence cellular energy metabolism through modulation of AMPK, mitochondrial func-
tion, oxidative phosphorylation, and pathways associated with mitochondrial biogen-
esis [66,67,84,96,170,184,185]. These effects may promote glucose utilization and fatty-acid
oxidation while limiting excessive lipid storage under selected experimental conditions.

However, evidence that these cellular and molecular effects translate into sustained
increases in whole-body energy expenditure, reduced adiposity, or clinically meaningful
improvements in energy balance remains limited. Thus, the metabolic effects of hyper-
forin should currently be interpreted primarily as preclinical evidence of altered cellular
bioenergetics rather than established anti-obesity activity.

7.5.3. Adipokines

Adipose tissue functions as an endocrine organ that secretes adipokines involved in
the regulation of inflammation, insulin sensitivity, appetite, and energy balance. Dysregu-

https://doi.org/10.3390/cimb48090937

https://doi.org/10.3390/cimb48090937


Curr. Issues Mol. Biol. 2026, 48, 937 33 of 107

lated adipokine secretion contributes to obesity-associated metabolic and cardiovascular
complications [186]. Purified hyperforin and hyperforin-containing preparations may mod-
ulate adipokine profiles, including increased adiponectin and reduced pro-inflammatory
mediators, through anti-inflammatory and metabolic mechanisms [170,179,182,183]. These
changes may support insulin sensitivity, although evidence for sustained improvements in
adipose-tissue or systemic metabolic function remains insufficient.

7.6. Type 2 Diabetes, Glucose Homeostasis, and Insulin Signaling

Type 2 diabetes mellitus (T2DM) is characterized by chronic hyperglycemia arising
from insulin resistance, impaired β-cell function, and dysregulated glucose metabolism,
with inflammation, oxidative stress, mitochondrial dysfunction, and altered cellular energy
metabolism contributing to its pathogenesis [187].

In vitro and animal studies suggest that purified hyperforin and hyperforin-containing
preparations may influence glucose homeostasis and insulin-related responses through
interconnected inflammatory, redox, mitochondrial, and AMPK-associated pathwa-
ys [84,96,170,181,182,188]. Suppression of TNF-α and IL-6 and protection of pancreatic
β-cells and insulin-responsive tissues against oxidative injury may further contribute
to metabolic effects [65,84,156,164,165,170,188]. However, direct evidence for sustained
improvement in insulin sensitivity or glycemic control remains limited, particularly for
purified hyperforin.

7.7. Critical Appraisal of the Current Evidence

Overall, the available evidence supports a biologically plausible cardiometabolic
profile for hyperforin, but remains predominantly mechanistic and preclinical. The compar-
atively stronger evidence concerns obesity-associated metabolic dysfunction, adipose-tissue
inflammation, insulin resistance, and glucose homeostasis. In contrast, evidence for en-
dothelial dysfunction, atherosclerosis, hypertension, and clinically relevant cardiovascular
outcomes is substantially less developed and is based largely on mechanistic observations
or limited disease-specific models. Direct evidence demonstrating sustained improvements
in vascular function, atherosclerotic burden, or glycemic control remains insufficient.

Interpretation is further limited by substantial heterogeneity in experimental mod-
els, doses, exposure periods, formulations, and measured outcomes. Studies have also
employed both purified hyperforin and hyperforin-containing H. perforatum preparations,
preventing unequivocal attribution of findings from botanical preparations to hyperforin
itself. This distinction is particularly important because several vascular and metabolic ef-
fects are inferred from general anti-inflammatory, antioxidant, mitochondrial, or metabolic
actions rather than demonstrated through robust compound-specific disease models. Conse-
quently, metabolic and vascular pathway modulation demonstrated experimentally should
not be assumed to represent clinically achievable target engagement unless supported by
exposure–response data compatible with human pharmacokinetics.

Accordingly, the current literature supports preclinical cardiometabolic potential rather
than established therapeutic efficacy. Future research should prioritize chemically character-
ized purified hyperforin, pharmacologically realistic exposure levels, robust disease-specific
animal models, and direct assessment of clinically relevant outcomes such as insulin sen-
sitivity, glycemic control, vascular function, and atherosclerotic progression. Subsequent
human pharmacokinetic and controlled clinical studies will be required to determine
whether these experimental effects can translate into meaningful cardiometabolic benefit.

The most relevant preclinical findings discussed in Section 7 are summarized in Table 4,
with emphasis on the experimental context, intervention type, principal cardiometabolic
mechanisms, and major biological outcomes reported for hyperforin-related interventions.
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Table 4. Key preclinical evidence for the cardiovascular and metabolic effects of purified hyperforin and hyperforin-containing preparations *.

Cardiometabolic Domain Main Preclinical
Models/Evidence Type of Intervention Principal

Mechanisms/Targets
Most Important Preclinical

Findings References

Endothelial function and
vascular protection

Endothelial and vascular
experimental models;

limited in vivo vascular
studies

Predominantly
hyperforin-containing
preparations; purified

hyperforin to a lesser extent

Oxidative stress;
inflammatory signaling;

eNOS/NO bioavailability;
NF-κB; adhesion molecules;

mitochondrial protection

Preservation of NO-related
signaling; reduced endothelial
inflammatory activation and

oxidative injury; potential
reduction in leukocyte recruitment

and vascular macromolecular
oxidation

[63,120,150,160,164–166]

Atherosclerosis-related
inflammation and foam-cell

formation

In vitro
macrophage/vascular

models and limited in vivo
models

Purified hyperforin and
hyperforin-containing

preparations

NF-κB; TNF-α; IL-1β; IL-6;
macrophage inflammatory

responses; foam-cell
formation

↓ inflammatory mediator
expression; modulation of
macrophage responses and

foam-cell formation; potential
attenuation of early atherogenic

processes

[61,63,68,120,164,166,168,
169]

Atherosclerosis-related
oxidative stress

Cellular and in vivo
oxidative-stress models

relevant to vascular disease

Purified hyperforin and
hyperforin-containing

preparations

ROS; SOD; catalase;
glutathione systems;

mitochondrial integrity

↓ intracellular ROS; ↑ endogenous
antioxidant defenses; reduced

oxidative processes relevant to LDL
modification and vascular injury

[65,66,156,170]

Cholesterol homeostasis In vitro and preclinical
metabolic models

Purified hyperforin and
hyperforin-containing

preparations

Inflammatory/metabolic
signaling; nuclear receptors

and transcriptional regulators
of lipid metabolism; LDL

oxidation

Potential modulation of cholesterol
synthesis, transport and cellular

handling; reduced oxidative
modification of LDL

[63,160,164,170–176]

Triglyceride and fatty-acid
metabolism

In vitro and in vivo
metabolic models

Purified hyperforin and
hyperforin-containing

preparations

Mitochondrial function;
energy sensing; fatty-acid
utilization; lipid-storage

pathways

Potential ↑ fatty-acid oxidation and
mitochondrial metabolic capacity;
↓ intracellular lipid accumulation

[96,160,170]

Adipogenesis and
adipose-tissue expansion

Preadipocyte/adipocyte
models and in vivo

obesity-related studies

Predominantly
hyperforin-containing H.
perforatum preparations

PPARγ; C/EBPα; C/EBPβ;
aP2/FABP4; adiponectin;

lipoprotein lipase

↓ adipocyte differentiation and
intracellular lipid accumulation;
suppression of major adipogenic

transcription factors and
downstream markers

[179–183]
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Table 4. Cont.

Cardiometabolic Domain Main Preclinical
Models/Evidence Type of Intervention Principal

Mechanisms/Targets
Most Important Preclinical

Findings References

Energy metabolism in
obesity

In vitro and in vivo
metabolic/obesity-related

models

Purified hyperforin and
hyperforin-containing

preparations

AMPK; mitochondrial
function; oxidative
phosphorylation;

mitochondrial biogenesis;
fatty-acid oxidation

Improved cellular energy
metabolism and metabolic

flexibility; potential ↑ glucose
utilization and fatty-acid oxidation

and ↓ lipogenesis

[66,67,84,96,170]

Adipokine regulation Adipocyte/adipose-tissue
in vitro and in vivo models

Purified hyperforin and
hyperforin-containing

preparations

Adiponectin; inflammatory
mediators; metabolic
regulatory pathways

↑ adiponectin and ↓
pro-inflammatory mediator
expression in adipose tissue;

potential improvement in
insulin-sensitive metabolic

signaling

[170,179,182,183]

Glucose homeostasis and
insulin resistance

In vitro metabolic systems
and animal models of
metabolic dysfunction

Purified hyperforin and
hyperforin-containing

preparations

Glucose transport;
oxidative/inflammatory
signaling; mitochondrial

bioenergetics; AMPK;
metabolic signaling

Potential improvement in cellular
glucose utilization; attenuation of

metabolic inflammation and
oxidative stress; support of glucose

homeostasis

[84,96,170,181,182,188]

Insulin signaling and β-cell
protection

Predominantly in vitro
models with limited animal

support

Purified hyperforin and
hyperforin-containing

preparations

TNF-α; IL-6; AMPK;
mitochondrial function;
antioxidant pathways

Potential improvement of
insulin-related metabolic responses;
protection of pancreatic β cells and

insulin-responsive tissues from
inflammatory/oxidative injury

[65,84,156,164,165,170,188]

* Note: The preclinical literature summarized in Section 7 includes studies using purified hyperforin as well as hyperforin-containing H. perforatum preparations.
Where botanical preparations were used, compound-specific attribution remains uncertain because other phytochemicals may contribute to the observed effects.
The most consistent preclinical evidence concerns obesity-associated metabolic dysfunction, adipose-tissue biology, insulin resistance, and glucose homeostasis,
whereas evidence for atherosclerosis, endothelial dysfunction, and clinically relevant cardiovascular outcomes remains comparatively limited and often mechanistic
or indirect.
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8. Anticancer Properties
8.1. Biological Rationale

Cancer is characterized by the acquisition of biological capabilities that promote un-
controlled proliferation, resistance to cell death, angiogenesis, metabolic reprogramming,
immune evasion, invasion, metastasis, and therapeutic resistance [189]. Despite major ad-
vances in precision oncology, targeted therapies, and immunotherapy, tumor heterogeneity,
treatment resistance, toxicity, and recurrence remain important clinical challenges [190].

Experimental studies suggest that purified hyperforin and hyperforin-containing
preparations may influence several cancer-associated processes, including cell-cycle pro-
gression, apoptosis, autophagy, inflammation, angiogenesis, invasion, metastasis, and
tumor–microenvironment interactions [190]. However, the available evidence is derived
predominantly from in vitro studies, with comparatively limited in vivo validation. Accord-
ingly, the following subsections focus on the principal experimentally supported anticancer
mechanisms and tumor-specific findings rather than repeatedly describing the broader
molecular pathways already discussed in Section 4.

8.2. Overview of Anticancer Mechanisms
8.2.1. Cell Cycle Arrest

Dysregulated cell-cycle control is a central feature of malignant transformation [191].
In vitro studies indicate that purified hyperforin and hyperforin-containing preparations
can inhibit cancer-cell proliferation through modulation of cell-cycle regulators [70,73,192].
Reported effects include reduced expression or activity of cyclins D1, E, and A and cyclin-
dependent kinase 2 (CDK2), CDK4, and CDK6, together with increased expression of the
cyclin-dependent kinase inhibitors p21Cip1/Waf1 and p27Kip1 [70,73,192].

These changes are accompanied in several cancer models by inhibition of proliferative
and survival pathways, including PI3K/Akt, ERK/MAPK, STAT3, and NF-κB. Collectively,
these findings support cell-cycle disruption as an important component of the antiprolifer-
ative activity of hyperforin, although the specific response appears to vary according to
tumor type and experimental context.

8.2.2. Apoptosis Induction

Apoptosis induction represents one of the most consistently reported anticancer actions
of hyperforin. In vitro studies indicate that purified hyperforin and hyperforin-containing
preparations can activate both intrinsic and extrinsic apoptotic pathways [69,73,75]. Reported
effects include mitochondrial membrane depolarization, cytochrome-c release, activation of
caspase-9 and caspase-3, and modulation of Bcl-2 family proteins [69,73,75,76,193,194].

Hyperforin has also been reported to reduce the expression of anti-apoptotic proteins
such as Bcl-2 and Bcl-xL while increasing pro-apoptotic mediators including Bax and
Bak [69,73–75]. These findings provide a coherent mechanistic basis for the cytotoxic effects
observed in several malignant cell types. However, much of this evidence remains restricted
to in vitro studies, and several investigations have employed hyperforin-containing prepa-
rations rather than purified hyperforin. Therefore, confirmation under clinically relevant
exposure conditions and in robust in vivo models remains necessary.
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8.2.3. Autophagy Regulation

Autophagy has context-dependent functions in cancer, acting either as a tumor-
suppressive mechanism or as an adaptive survival response [195]. Preliminary in vitro
evidence suggests that purified hyperforin and hyperforin-containing preparations may
modulate autophagic pathways through PI3K/Akt/mammalian target of rapamycin
(PI3K/Akt/mTOR)- and AMPK-related signaling [74–76].

Depending on tumor type and cellular context, these effects may interact with apop-
totic signaling and contribute to growth inhibition or altered sensitivity to anticancer
treatments [74–76]. However, the role of autophagy in hyperforin-mediated anticancer
activity remains incompletely defined and requires additional studies, particularly in vivo
and using purified hyperforin.

8.3. Breast Cancer

Breast cancer is among the better-investigated solid malignancies for hyperforin.
Purified hyperforin and hyperforin-containing preparations have demonstrated antipro-
liferative and pro-apoptotic effects involving NF-κB, PI3K/Akt, estrogen-responsive,
ERK/MAPK, and STAT3 signaling [73,74,76,192,196], together with effects on migration, in-
vasion, EMT, and stemness-associated pathways [74,75,192,197]. In MCF-7, MDA-MB-468,
and other breast cancer models, these interventions have shown antiproliferative, pro-
apoptotic, and anti-invasive activity [70,73,192,198], while limited in vivo studies suggest
reduced tumor growth, angiogenesis, and metastatic dissemination [73,192,199]. Although
some studies indicate preferential cytotoxicity toward malignant over non-transformed
cells [70,73,200,201], evidence for EMT/cancer-stem-cell modulation and tumor selectivity
remains limited. Thus, despite relatively well-developed preclinical evidence, the clinical
relevance and therapeutic index of hyperforin in breast cancer remain unestablished.

8.4. Colorectal Cancer

Experimental studies indicate that purified hyperforin and hyperforin-containing
preparations inhibit colorectal cancer cell proliferation, viability, clonogenic survival, mi-
gration, and invasion while promoting apoptosis [69,73,75,76,202,203]. These effects have
been associated with suppression of JAK1/STAT3, PI3K/Akt, ERK/MAPK, and NF-κB
signaling [67,69,73,75,76,202,203] and activation of extrinsic and intrinsic apoptotic path-
ways involving Fas/FasL, mitochondrial dysfunction, caspase activation, PARP cleavage,
cell-cycle perturbation, and downregulation of pro-survival proteins including c-FLIP,
XIAP, and MCL-1 [69,73,75,76,202,203].

Modulation of Wnt/β-catenin signaling and associated cancer-stem-cell features,
including self-renewal and expression of LGR5 and CD133, has also been reported in
experimental cancer systems [67,73,76]. However, direct evidence for robust Wnt/β-catenin
inhibition specifically in colorectal cancer remains limited. Overall, the available evidence
supports antiproliferative and pro-apoptotic activity of hyperforin in colorectal cancer
models, but several proposed mechanisms require further disease-specific validation.
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8.5. Prostate Cancer

In vitro studies in androgen-dependent LNCaP and androgen-independent PC-3 and
DU145 prostate cancer cells demonstrate that purified hyperforin suppresses proliferation
and DNA synthesis and induces caspase-dependent apoptosis [70]. These effects involve
inhibition of PI3K/Akt signaling, downregulation of anti-apoptotic Bcl-2, MCL-1, and XIAP,
mitochondrial cytochrome-c release, caspase-9/-3 activation [69,70,192], and increased
expression of pro-apoptotic BAK, BAD, and NOXA [69,73,75,192]. NF-κB, STAT3, and
MAPK/ERK signaling may also contribute, although prostate-cancer-specific evidence
remains limited [69,70,192]. Overall, hyperforin shows antiproliferative and pro-apoptotic
activity in prostate cancer cells, but the predominantly in vitro evidence requires robust
in vivo validation before clinical translation.

8.6. Leukemia and Hematological Malignancies

Purified hyperforin has demonstrated antiproliferative and pro-apoptotic activity
in acute myeloid leukemia, chronic lymphocytic leukemia, and other leukemic models
through mitochondrial/caspase-dependent mechanisms and suppression of Akt-, NF-κB-,
and STAT-associated survival pathways [71,192,204,205]. Some studies suggest greater
susceptibility of malignant than normal hematopoietic cells [71,192,204,206]; however,
evidence remains predominantly in vitro and does not yet define an in vivo therapeu-
tic window.

8.7. Effects on the Tumor Microenvironment
8.7.1. Inflammatory Signaling

Chronic inflammatory signaling within the tumor microenvironment (TME) con-
tributes to tumor-cell survival, angiogenesis, invasion, metastatic progression, and im-
mune evasion [207–209]. Experimental evidence indicates that mainly purified hyperforin,
and to a lesser extent hyperforin-containing preparations, can suppress NF-κB-associated
signaling and reduce inflammatory mediators including TNF-α, IL-1β, IL-6, PGE2, and
COX-2 [62,66,75,76,203,206,207].

These effects may alter tumor–stromal and tumor–immune interactions; however, di-
rect evidence demonstrating functional reprogramming of the TME in vivo remains limited.
Therefore, the TME-related consequences of hyperforin’s anti-inflammatory activity remain
plausible but incompletely established.

8.7.2. Angiogenesis

Experimental studies suggest that purified hyperforin can inhibit several endothelial
responses involved in tumor angiogenesis, including endothelial-cell proliferation, migration,
capillary-tube formation, tumor vascularization, and lymphangiogenesis [199,203,210–212].
These effects have been associated partly with inhibition of NF-κB-dependent responses to
vascular endothelial growth factor (VEGF) and other pro-angiogenic stimuli.

A mechanistic study further demonstrated inhibition of endothelial responses to
multiple angiogenic growth factors and cytokines, including VEGF-related pathways [211].
Nevertheless, the effects of hyperforin on VEGF signaling appear context-dependent. In
non-cancer settings, such as post-stroke recovery, hyperforin has been reported to increase
VEGF expression and promote reparative angiogenesis [213,214].
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Accordingly, hyperforin should not simply be characterized as an antiangiogenic
compound. Its effects on vascular signaling appear to depend on tissue context and disease
state, and further mechanistic and in vivo studies are required.

8.7.3. Immune Modulation

In vitro evidence suggests that purified hyperforin and hyperforin-containing prepa-
rations may modulate immune-related signaling relevant to the TME through effects on
inflammatory cytokines and adaptive immune responses [66,153,205]. Reported findings
include reductions in TNF-α, IL-1β, IL-6, IL-17A, and interferon (IFN)-γ, inhibition of
NF-κB- and STAT3-dependent signaling, and modulation of Th1- and Th17-associated
responses [66,153,205].

However, direct tumor-specific evidence concerning macrophage polarization, dendritic-
cell activity, regulatory immune phenotypes, and antitumor immune surveillance remains
limited. Therefore, the proposal that hyperforin “reprograms” the TME toward a less
immunosuppressive phenotype is currently stronger than the available evidence supports.
Its immunomodulatory role in cancer should instead be considered hypothesis-generating
and requires direct validation in immunocompetent tumor models.

8.8. Combination with Conventional Anticancer Therapies
8.8.1. Chemotherapy

In vitro studies suggest that purified hyperforin and hyperforin-containing prepa-
rations may enhance the activity of selected anticancer agents through sensitization of
malignant cells to apoptosis and suppression of survival pathways such as PI3K/Akt,
NF-κB, and STAT3 [67,70,192,206].

These findings provide a rationale for potential pharmacodynamic synergy; however,
in vivo and clinical combination data remain limited, and the potential for pharmacokinetic
drug–herb interactions requires particular caution [67,70,192,206].

Consequently, the possibility that hyperforin could reduce required chemotherapy
doses or treatment toxicity remains speculative and should not be inferred from in vitro
sensitization studies alone.

8.8.2. Targeted Therapy

Hyperforin’s ability to influence PI3K/Akt, NF-κB, STAT3, MAPK/ERK, Wnt/β-
catenin, and related survival networks provides a theoretical basis for combination with
targeted therapies [67,70,206]. However, direct evidence involving clinically used epidermal
growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), PARP, CDK4/6, or
related targeted agents remains scarce.

Thus, although the multitarget actions of hyperforin may theoretically influence resis-
tance pathways, this concept remains primarily mechanistic and should not be presented
as demonstrated therapeutic synergy.

8.8.3. Immunotherapy

The immunomodulatory effects of hyperforin provide a theoretical rationale for investi-
gation alongside cancer immunotherapies [149,153,215]. However, direct studies evaluating
combinations with immune-checkpoint inhibitors or other contemporary immunotherapies
remain very limited.
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Although modulation of inflammatory signaling, cytokine production, and immune-
cell activity may potentially influence tumor–immune interactions [149,153,215], there is
currently insufficient evidence to conclude that hyperforin enhances immunotherapeu-
tic efficacy. Dedicated immunocompetent animal studies should therefore precede any
consideration of clinical combination strategies.

8.9. Critical Appraisal of Current Evidence

Overall, the available evidence supports substantial experimental anticancer activity
of hyperforin, particularly through antiproliferative, pro-apoptotic, anti-invasive, and
antiangiogenic mechanisms. The evidence is comparatively more developed in breast,
colorectal, prostate, and hematological cancer models. However, most studies remain
in vitro, while robust in vivo validation using orthotopic, patient-derived, genetically
engineered, or other clinically representative tumor models is limited. Therefore, the
current literature supports biological plausibility and preclinical anticancer activity rather
than established therapeutic efficacy.

Interpretation is further constrained by substantial heterogeneity in cancer type, experi-
mental model, formulation, dose, exposure conditions, and outcome measures. Importantly,
some in vitro studies have used purified hyperforin at concentrations that may exceed or
cannot yet be confidently related to clinically achievable systemic or tumor-tissue exposure;
effects demonstrated under such conditions should therefore be interpreted as evidence of
anticancer biological activity rather than clinically achievable target engagement. In addi-
tion, both purified hyperforin and hyperforin-containing H. perforatum preparations have
been investigated, so findings obtained with botanical preparations cannot be attributed
unequivocally to hyperforin itself.

A further translational concern involves combination therapy. Although experimental
studies suggest potential sensitization to chemotherapy and modulation of pathways rele-
vant to targeted therapy or immunotherapy, these findings remain preliminary. Hyperforin
also affects drug-metabolizing enzymes and transporters, raising the possibility that phar-
macokinetic interactions could counteract or complicate any pharmacodynamic synergy.
Accordingly, future studies should prioritize chemically characterized purified hyperforin,
pharmacologically realistic exposure levels, robust in vivo tumor models, tumor-versus-
normal tissue selectivity, and formal PK/PD and interaction studies before compound-
specific clinical anticancer trials are pursued.

The most relevant preclinical anticancer findings discussed in Section 8 are summa-
rized in Table 5, with emphasis on tumor model, intervention type, principal molecular
mechanisms, and major experimentally observed outcomes.
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Table 5. Key preclinical evidence for the anticancer effects of purified hyperforin and hyperforin-containing preparations *.

Cancer Domain/Model Main Preclinical Models Type of Intervention Principal
Mechanisms/Targets Most Important Findings References

General antiproliferative
activity/cell-cycle

regulation

Multiple human cancer cell
lines; limited in vivo

confirmation

Purified hyperforin and
hyperforin-containing

preparations

Cyclins D1/E/A; CDK2/4/6;
p21; p27; PI3K/Akt;

ERK/MAPK; STAT3; NF-κB

↓ cancer-cell proliferation; cell-cycle
arrest; downregulation of cyclins/CDKs
and upregulation of cell-cycle inhibitors

[70,73,192]

Apoptosis induction Multiple malignant cell
lines

Purified hyperforin and
hyperforin-containing

preparations

Mitochondrial membrane
depolarization; cytochrome c;

caspase-9/-3; Bcl-2/Bcl-xL;
Bax/Bak; death-receptor

pathways

Activation of intrinsic and extrinsic
apoptosis; ↓ anti-apoptotic proteins; ↑

pro-apoptotic mediators
[69,73–76,194]

Autophagy regulation Predominantly in vitro
cancer models

Purified hyperforin and
hyperforin-containing

preparations

PI3K/Akt/mTOR; AMPK;
autophagic signaling

Context-dependent modulation of
autophagy with possible contribution to

growth inhibition and treatment
sensitivity

[74–76]

Breast cancer

Human breast cancer cell
lines, including MCF-7 and

MDA-MB-468; limited
animal models

Purified hyperforin and
hyperforin-containing

preparations

NF-κB; PI3K/Akt;
ERK/MAPK; STAT3;
estrogen-responsive
signaling; apoptosis;

EMT-related pathways

↓ proliferation, migration and invasion;
↑ apoptosis; suppression of

EMT/stemness-associated signaling;
limited in vivo evidence of ↓ tumor

growth, angiogenesis and metastatic
dissemination

[70,73–76,192,196–201]

Colorectal cancer
Human colorectal cancer

cell lines; limited
in vivo/xenograft evidence

Purified hyperforin and
hyperforin-containing

preparations

JAK1/STAT3; PI3K/Akt;
ERK/MAPK; NF-κB;

Fas/FasL; caspases; PARP;
Wnt/β-catenin

↓ proliferation, clonogenic survival,
migration and invasion; ↑

intrinsic/extrinsic apoptosis;
suppression of pro-survival signaling

[67,69,73,75,76,202,203]

Prostate cancer LNCaP, PC-3 and DU145
prostate cancer cells

Predominantly purified
hyperforin

PI3K/Akt; Bcl-2; MCL-1;
XIAP; cytochrome c;

caspase-9/-3; BAK, BAD and
NOXA

↓ proliferation and DNA synthesis; ↑
mitochondrial and caspase-dependent

apoptosis
[69,70,73,75,192]
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Table 5. Cont.

Cancer Domain/Model Main Preclinical Models Type of Intervention Principal
Mechanisms/Targets Most Important Findings References

Leukemia and
hematological
malignancies

AML, CLL and other
leukemic cell models

Predominantly purified
hyperforin;

hyperforin-containing
preparations to a lesser extent

Akt; Bcl-2 family;
mitochondrial depolarization;

cytochrome c; caspases;
NF-κB; STAT signaling

↓ leukemic-cell proliferation; induction
of mitochondrial dysfunction and

apoptosis; some evidence of greater
malignant-cell susceptibility than

normal hematopoietic cells

[66,71,192,204–206]

Tumor-
microenvironment

inflammatory signaling

Tumor-related cellular and
inflammatory models

Mainly purified hyperforin;
hyperforin-containing

preparations to a lesser extent

NF-κB; TNF-α; IL-1β; IL-6;
PGE2; COX-2

Suppression of inflammatory signaling
relevant to tumor–stromal and

tumor–immune interactions; direct
in vivo TME reprogramming remains

unproven

[62,66,75,76,203,206,
207]

Tumor angiogenesis

Endothelial-cell assays;
capillary-tube models;

tumor vascularization and
lymphangiogenesis models

Predominantly purified
hyperforin

VEGF-associated signaling;
NF-κB-dependent endothelial

responses; multiple
angiogenic growth-factor

pathways

↓ endothelial proliferation and
migration; ↓ capillary-tube formation,

tumor vascularization and
lymphangiogenesis

[199,203,210–212]

Tumor-associated
immune modulation

Predominantly in vitro
immune/TME-related

models

Purified hyperforin and
hyperforin-containing

preparations

TNF-α; IL-1β; IL-6; IL-17A;
IFN-γ; NF-κB; STAT3;
Th1/Th17 responses

Modulation of inflammatory cytokines
and adaptive immune signaling; direct

evidence for antitumor immune
reprogramming remains limited

[66,153,205]

Combination with
chemotherapy

In vitro cancer-cell
sensitization studies

Purified hyperforin and
hyperforin-containing

preparations

PI3K/Akt; NF-κB; STAT3;
apoptosis sensitization

Potential enhancement of selected
anticancer-agent activity and increased

susceptibility to apoptosis; in vivo
combination evidence remains limited

[67,70,192,206]

* Note: The anticancer evidence summarized in Section 8 is overwhelmingly preclinical and is derived predominantly from in vitro studies. Purified hyperforin has
been used frequently in mechanistic cancer research, although some studies have employed hyperforin-containing H. perforatum preparations. Findings obtained
with botanical preparations cannot be attributed unequivocally to hyperforin because other phytochemicals may contribute to the observed effects. In vivo validation
remains comparatively limited, and clinically achievable exposure, tumor-specific pharmacokinetics, therapeutic selectivity, and combination-related drug–herb
interactions remain important unresolved issues.
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9. Antimicrobial and Antiviral Activities
9.1. Biological Rationale

The continuing burden of infectious diseases, antimicrobial resistance (AMR), and
emerging or re-emerging viral pathogens has intensified the search for anti-infective agents
with alternative or multitargeted mechanisms [216,217]. Natural products remain an
important source of antimicrobial compounds, including phytochemicals with direct an-
timicrobial and host-modulatory properties [13,218].

Among the bioactive constituents of H. perforatum, hyperforin has demonstrated antibac-
terial, antifungal, and antiviral activity against several clinically relevant pathogens [219].
Proposed mechanisms include disruption of microbial membrane integrity and ion
homeostasis, interference with energy metabolism, inhibition of biofilm formation and
virulence-associated processes, and modulation of host immune responses [219]. The
following subsections therefore focus on pathogen-specific evidence and the relative
strength of support across antibacterial, antifungal, antiviral, and antimicrobial-resistance-
related applications.

9.2. Antibacterial Effects
9.2.1. Gram-Positive Bacteria

The antibacterial activity of purified hyperforin and hyperforin-containing H. per-
foratum preparations is most consistently demonstrated against Gram-positive bacteria.
In vitro studies have reported activity against several clinically relevant species, including
Staphylococcus aureus, methicillin-resistant Staphylococcus aureus (MRSA), Streptococcus
pneumoniae, Streptococcus pyogenes, Enterococcus faecalis, and Bacillus subtilis, with low mini-
mum inhibitory concentrations reported for several organisms and particularly pronounced
activity against resistant staphylococcal strains [220–229]. However, these findings remain
predominantly in vitro and have not been extensively validated against standard antibiotics
in relevant animal infection models.

Mechanistically, hyperforin appears to disrupt bacterial membrane integrity and trans-
membrane electrochemical gradients, thereby impairing permeability, ion homeostasis,
proton motive force, ATP generation, and cellular energy metabolism [66,220,229,230].
Hyperforin and related derivatives have also inhibited biofilm-associated bacterial growth
and disrupted established biofilms, potentially increasing microbial susceptibility to antimi-
crobial agents [228,229]. Nevertheless, the effects on specific stages of biofilm development
and their therapeutic relevance require further characterization.

9.2.2. Gram-Negative Bacteria

Gram-negative bacteria generally show lower susceptibility to hyperforin than Gram-
positive organisms, partly because the outer membrane restricts penetration of highly
lipophilic compounds [220,229,231]. Nevertheless, antibacterial activity has been reported
against selected Gram-negative pathogens, including Escherichia coli, Pseudomonas aerugi-
nosa, Klebsiella pneumoniae, Salmonella enterica, and Helicobacter pylori, although these effects
are generally weaker and may be enhanced in combination with conventional antibi-
otics [223,226,232–234].
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Notably, purified hyperforin has been shown to increase membrane permeability
and potentiate polymyxin B activity against multidrug-resistant Gram-negative bacteria,
supporting its potential use as an antimicrobial adjuvant [229]. Hyperforin-related anti-
inflammatory and cytoprotective effects may additionally attenuate infection-associated
tissue injury [66]; however, these host-directed actions should be distinguished from
direct antibacterial activity. Overall, current evidence supports stronger direct antibacterial
activity against Gram-positive organisms, whereas the potential relevance to Gram-negative
infections may lie primarily in combination or adjuvant strategies.

9.3. Antifungal Activity

Fungal infections remain an important clinical challenge, particularly in immuno-
compromised populations, with increasing antifungal resistance reinforcing the need for
compounds with alternative mechanisms of action [235,236]. In vitro studies have demon-
strated antifungal activity of hyperforin-containing preparations and, to a lesser extent,
purified hyperforin or related compounds against Candida, Cryptococcus, Trichophyton, and
Microsporum spp., with more limited evidence for Aspergillus spp. [237,238].

Proposed mechanisms include disruption of fungal membrane integrity and transmem-
brane ion gradients, with consequent impairment of cellular homeostasis, bioenergetics,
and growth-associated signaling [84,239–242]. Hyperforin-containing preparations may
also inhibit fungal biofilm formation and influence virulence-associated processes, although
direct evidence for specific virulence effects remains limited [239,240].

Overall, the antifungal evidence is considerably less developed than the antibacterial
evidence and remains predominantly in vitro. Moreover, most studies have evaluated
hyperforin-containing preparations rather than purified hyperforin, preventing unequiv-
ocal attribution of the observed effects to hyperforin. Further studies using purified hy-
perforin and clinically relevant in vivo infection models are therefore required to establish
compound-specific antifungal activity and translational relevance.

9.4. Antiviral Activity

Viruses remain major contributors to global morbidity and mortality, and the continu-
ing emergence of novel viral pathogens reinforces the need for new antiviral strategies [243].
Experimental evidence suggests that purified hyperforin and hyperforin-containing prepa-
rations may exert antiviral activity, although the strength of evidence and the contribution
of hyperforin vary considerably among viral species.

9.4.1. Enveloped Viruses

The strongest preclinical antiviral evidence concerns enveloped viruses. In vitro
studies have reported activity of hyperforin-containing preparations and, to a lesser extent,
purified hyperforin against herpes simplex virus (HSV), human immunodeficiency virus
(HIV), and influenza viruses [244–249]. Evidence for hepatitis C virus is more limited and
derives predominantly from H. perforatum extracts or hypericin, while activity reported
against SARS-CoV-2 and other coronaviruses appears to be associated primarily with
hypericin and pseudohypericin rather than hyperforin [244–250].
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Hyperforin-related antiviral activity may involve inhibition of intracellular viral repli-
cation and propagation, including post-entry processes and viral RNA synthesis [248–251].
Additional mechanisms proposed for H. perforatum preparations include interference
with viral infectivity, host–cell pathways required for replication, and possibly envelope-
associated processes; however, direct effects on viral attachment, entry, or assembly re-
main insufficiently established and may vary among viruses and phytochemical con-
stituents [248,251].

The anti-inflammatory and cytoprotective actions of hyperforin may additionally
contribute to host protection by modulating cytokine responses, oxidative stress, and
immune signaling [66,120,162,170,248,252]. However, direct evidence linking these host-
directed effects to improved outcomes during viral infection remains limited, and the
proposed combined antiviral–host-modulatory role requires validation.

9.4.2. Non-Enveloped Viruses

Evidence for hyperforin against non-enveloped viruses is substantially more limited,
potentially reflecting their lack of a lipid envelope and consequently lower susceptibility to
membrane-active compounds [253]. Available studies suggest that hyperforin-containing
preparations and, to a lesser extent, purified hyperforin may influence intracellular viral prop-
agation through modulation of host–cell pathways, including NF-κB, MAPK, Ca2+-dependent
signaling, and endoplasmic-reticulum stress responses [8,66,219,242,248,249,254,255].

However, these mechanistic interactions do not establish direct antiviral activity, and
proposed effects involving inflammatory, redox, or metabolic pathways remain largely
indirect. Accordingly, the antiviral activity of hyperforin against non-enveloped viruses
should currently be considered preliminary and requires direct virus-specific experimen-
tal validation.

9.5. Potential Role Against Antimicrobial Resistance

Antimicrobial resistance (AMR) represents a major global health threat that increas-
ingly compromises the effectiveness of existing therapies [256,257]. Several properties of
hyperforin provide a rationale for investigating its potential role in this context.

Hyperforin acts through multiple antimicrobial mechanisms rather than a single
molecular target [83,229,258]. Although such multitarget activity has been proposed to
reduce the likelihood of resistance development [83,229,258], this hypothesis requires
confirmation in prospective resistance-selection studies. In vitro activity has also been
demonstrated against resistant Gram-positive pathogens, MRSA, as well as Streptococcus
epidermidis, Streptococcus spp., and Enterococcus spp. [83,229,233,258]. Available evidence
further suggests that hyperforin resistance is not necessarily associated with cross-resistance
to conventional antibacterial agents [83,229,233,258].

A potentially important application is the use of hyperforin as an antimicrobial ad-
juvant. Purified hyperforin potentiated polymyxin B activity against multidrug-resistant
Pseudomonas aeruginosa, Klebsiella pneumoniae, and Acinetobacter baumannii, enhancing bac-
terial killing through membrane perturbation, oxidative stress, and biofilm disruption [229].
Hyperforin and related compounds have also inhibited biofilm formation and disrupted
established biofilms, including those formed by MRSA and Enterococcus faecalis, while
combinations with conventional antibiotics enhanced eradication of multidrug-resistant
biofilms [229,259,260].
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Hyperforin may additionally attenuate infection-associated inflammatory and ox-
idative responses through modulation of cytokine, NF-κB-, STAT-, and Ca2+-dependent
signaling [66,207,219,261]. However, these effects should be regarded as host-directed
actions rather than evidence of direct antimicrobial efficacy.

Overall, the most plausible translational role of hyperforin in AMR may lie in ad-
junctive antibacterial and antibiofilm strategies rather than replacement of established
antimicrobial agents. Further studies using purified hyperforin are required to establish
compound-specific effects and determine whether the promising in vitro findings translate
into clinically relevant antimicrobial activity.

9.6. Critical Appraisal for Current Evidence

Overall, the available evidence supports preclinical antimicrobial activity of hyper-
forin, but the strength of evidence differs substantially across pathogen classes. The most
consistent findings concern antibacterial activity against Gram-positive organisms, in-
cluding resistant strains, with additional promising evidence for antibiofilm activity and
potentiation of selected conventional antibiotics. In contrast, activity against Gram-negative
bacteria is generally less pronounced, while antifungal and antiviral evidence remains com-
paratively limited and heterogeneous. Most findings are derived from in vitro experiments,
with relatively little validation in clinically relevant infection models.

Interpretation is further complicated by substantial heterogeneity in microbial strains,
experimental protocols, formulations, susceptibility methods, and reported antimicrobial
potency. Moreover, both purified hyperforin and hyperforin-containing H. perforatum prepa-
rations have been investigated. This distinction is particularly important for antifungal
and antiviral studies, where botanical preparations predominate and other constituents
may contribute substantially to the observed activity. In antiviral studies specifically,
some effects attributed to H. perforatum appear to be mediated primarily by hypericin or
pseudohypericin rather than hyperforin.

Accordingly, the current literature supports experimental antimicrobial potential
rather than established anti-infective efficacy. The most plausible translational opportunity
may lie in adjunctive antibacterial and antibiofilm applications rather than replacement of
established antimicrobial therapies. Future studies should prioritize purified and chemi-
cally characterized hyperforin, standardized antimicrobial susceptibility methods, clinically
relevant infection and biofilm models, and pharmacokinetic–pharmacodynamic assessment
to determine whether experimentally active concentrations can be achieved safely in vivo
before clinical investigation.

The most relevant preclinical antimicrobial and antiviral findings discussed in
Section 9 are summarized in Table 6, with emphasis on pathogen class, experimental con-
text, intervention type, principal mechanisms, and major biological outcomes of hyperforin-
related interventions.
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Table 6. Key preclinical evidence for the antimicrobial and antiviral effects of purified hyperforin and hyperforin-containing preparations *.

Antimicrobial Domain Main Experimental
Models/Pathogens Type of Intervention Principal Mechanisms Most Important Preclinical Findings References

Gram-positive
antibacterial activity

In vitro studies against
Staphylococcus aureus, MRSA,
Streptococcus pneumoniae, S.

pyogenes, Enterococcus faecalis,
Bacillus subtilis and related species

Purified hyperforin and
hyperforin-containing H.
perforatum preparations

Disruption of bacterial membrane
integrity; collapse of

transmembrane electrochemical
gradients; altered proton motive
force, ion homeostasis and ATP

generation

Strongest antibacterial evidence; low
MICs reported for several Gram-positive

species, particularly resistant
staphylococci; inhibition of bacterial

growth and viability

[220–230]

Gram-negative
antibacterial activity

In vitro studies against Escherichia
coli, Pseudomonas aeruginosa,

Klebsiella pneumoniae, Salmonella
enterica and Helicobacter pylori

Purified hyperforin and
hyperforin-containing

preparations

Membrane perturbation and
increased permeability; disruption

of bacterial energetics

Antibacterial activity reported, but
generally weaker than against

Gram-positive species; activity may be
enhanced in combination with

conventional antibiotics

[220,223,226,229,231–234]

Multidrug-resistant
Gram-negative

pathogens/antibiotic
potentiation

MDR P. aeruginosa, K. pneumoniae
and Acinetobacter baumannii

Purified hyperforin +
polymyxin B

Increased membrane permeability;
membrane disruption; oxidative

stress; biofilm interference

Potentiation of polymyxin B activity and
enhanced bacterial killing, supporting a

potential role as an antimicrobial adjuvant
[229]

Antibiofilm activity
Biofilm-forming S. aureus/MRSA,

E. faecalis and other bacterial
models

Purified hyperforin,
hyperforin-related compounds

and hyperforin-containing
preparations

Inhibition of biofilm formation;
disruption of established biofilms;

membrane-related effects

↓ biofilm-associated growth; disruption
of established biofilms; enhanced

susceptibility of biofilm-associated
microorganisms to antimicrobial agents

[228,229,259,260]

Antifungal activity

In vitro models of Candida,
Cryptococcus, Trichophyton and

Microsporum spp.; more limited
data for Aspergillus

Predominantly
hyperforin-containing
preparations; purified
hyperforin or related

compounds to a lesser extent

Fungal membrane disruption;
altered ion gradients;

metabolic/oxidative stress;
disturbance of bioenergetics

Inhibition of fungal growth and viability,
particularly in Candida spp.; possible

inhibition of fungal biofilms and
virulence-associated processes

[84,237–242]

Enveloped viruses
In vitro studies involving HSV, HIV
and influenza viruses; limited HCV
and coronavirus-related evidence

Predominantly
hyperforin-containing
preparations; purified

hyperforin to a lesser extent

Interference with intracellular viral
replication/propagation; possible

post-entry effects; inhibition of
viral RNA synthesis; host–cell

pathway modulation

Antiviral activity reported for selected
enveloped viruses; however, the

contribution of hyperforin differs among
viruses and preparations

[244–251]
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Table 6. Cont.

Antimicrobial Domain Main Experimental
Models/Pathogens Type of Intervention Principal Mechanisms Most Important Preclinical Findings References

Coronaviruses/SARS-
CoV-2-related evidence

In vitro coronavirus models and H.
perforatum preparation studies

Mainly H. perforatum
preparations; some

purified-hyperforin evidence

Viral replication/host–cell pathway
modulation

Antiviral activity has been reported, but
much of the activity of botanical

preparations appears attributable to
hypericin and pseudohypericin rather

than hyperforin

[244–250]

Non-enveloped viruses Limited mechanistic and
virus-specific in vitro studies

Hyperforin-containing
preparations and, to a lesser
extent, purified hyperforin

Modulation of NF-κB, MAPK,
Ca2+-dependent and ER-stress
signaling; possible interference

with intracellular viral propagation

Evidence remains sparse and largely
indirect; specific antiviral efficacy of
hyperforin has not been established

[8,66,219,242,248,249,254,255]

Activity against
antimicrobial-resistant

Gram-positive
pathogens

MRSA, S. epidermidis, Streptococcus
spp. and Enterococcus spp.

Predominantly
hyperforin-containing
preparations; purified

hyperforin to a lesser extent

Multitarget membrane-active
antibacterial actions; biofilm

disruption

Activity against resistant Gram-positive
strains; available evidence suggests that

hyperforin resistance may not necessarily
confer cross-resistance to conventional

antibiotics

[83,229,233,258]

Host-directed
anti-inflammatory

effects during infection

Experimental
inflammatory/infection-associated

models

Purified hyperforin and
hyperforin-containing

preparations

IL-6; prostaglandins; leukotrienes;
NF-κB; STAT; Ca2+ signaling;

oxidative stress

Suppression of infection-associated
inflammatory mediators and oxidative
injury; may reduce host tissue damage
but should not be interpreted as direct

antimicrobial efficacy

[66,207,219,261]

* Note: The antimicrobial evidence summarized in Section 9 is predominantly preclinical and largely based on in vitro studies. The strongest and most consistent
findings concern antibacterial activity against Gram-positive organisms, whereas activity against Gram-negative bacteria is generally weaker and may be particularly
relevant in combination or adjuvant strategies. Antifungal and antiviral studies more frequently employ hyperforin-containing Hypericum perforatum preparations
rather than purified hyperforin; consequently, effects observed with botanical preparations cannot be attributed unequivocally to hyperforin. This is particularly
important in antiviral studies, where hypericin and pseudohypericin may account for a substantial proportion of the activity reported for H. perforatum extracts.
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10. Gastrointestinal and Gut Health Effects
10.1. Biological Rationale

The gastrointestinal tract plays a central role in nutrient absorption, immune regula-
tion, metabolic signaling, and host–microbiota interactions, while disruption of epithelial
barrier integrity, inflammatory and oxidative homeostasis, and microbial balance con-
tributes to gastrointestinal and systemic disorders [262,263].

Although the gastrointestinal effects of hyperforin are less extensively character-
ized than its neuropharmacological actions, experimental evidence suggests that it may
influence intestinal homeostasis through modulation of inflammatory and oxidative sig-
naling, epithelial repair, and mucosal immune responses [264,265]. Reported mechanisms
include suppression of pro-inflammatory cytokine production, inhibition of COX- and
lipoxygenase-related pathways, attenuation of oxidative stress, and TRPC6-associated sig-
naling relevant to epithelial survival and repair [264,265]. Its antimicrobial and antibiofilm
properties may also influence the intestinal environment, although direct evidence for
microbiota modulation remains limited.

10.2. Intestinal Barrier Integrity
10.2.1. Tight Junction Regulation

The intestinal epithelial barrier limits the translocation of microbial products, dietary
antigens, toxins, and other potentially harmful luminal constituents [265,266]. Its integrity
depends substantially on intercellular junctional complexes, including tight-junction pro-
teins such as occludin, claudins, and zonula occludens proteins [265,266]. Inflammatory
cytokines, oxidative stress, and dysbiosis can disrupt these structures and increase intestinal
permeability [267,268].

Indirect experimental evidence suggests that purified hyperforin and hyperforin-
containing preparations may help preserve intestinal barrier function through suppression
of inflammatory signaling and attenuation of oxidative injury [160,219,269]. By reduc-
ing TNF-α, IL-1β, and IL-6 and limiting oxidative damage to junctional proteins, hyper-
forin may help maintain epithelial cohesion and reduce pathological intestinal permeabil-
ity [160,219,269]. However, direct experimental evidence demonstrating restoration of
tight-junction architecture or intestinal permeability by purified hyperforin remains limited,
and dedicated preclinical and clinical studies are required.

10.2.2. Mucosal Protection

The intestinal mucosa is continuously exposed to dietary constituents, microbial
metabolites, digestive enzymes, xenobiotics, and pathogens, and therefore requires co-
ordinated epithelial renewal, immune regulation, antioxidant defense, and tissue-repair
mechanisms [270].

Hyperforin has several biological activities potentially relevant to mucosal protec-
tion [207,219,261,271]. Its anti-inflammatory and antioxidant actions may limit cytokine-
mediated epithelial injury and oxidative damage [207,219,261,272]. Hyperforin has also
been reported to activate TRPC6-dependent signaling associated with ERK1/2-mediated
cytoprotection, mitochondrial resilience, mitochondrial dynamics, and Lon protease-1
expression [207,219,261,272].

Its antimicrobial activity may further contribute to mucosal protection by limiting
pathogenic microorganisms capable of disrupting epithelial integrity [176,224,229,233,259].
Nevertheless, although antimicrobial and antibiofilm properties are experimentally supported,
direct evidence linking these effects specifically to improved intestinal mucosal health re-
mains limited.
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10.3. Anti-Inflammatory Effects in the Gut

Chronic intestinal inflammation contributes to epithelial injury, barrier dysfunction,
immune dysregulation, and progressive tissue damage [273]. Consistent with the general
anti-inflammatory and redox mechanisms described in Section 4, hyperforin-related inter-
ventions suppress NF-κB/STAT1-associated signaling, pro-inflammatory cytokines and
enzymes, ROS generation, and immune-cell activation [8,61,66,170,176,219,270,274].

10.4. Interactions with the Gut Microbiota
10.4.1. Microbial Composition

The gut microbiota influences nutrient metabolism, immune development, epithelial-
barrier integrity, and colonization resistance, while dysbiosis has been associated with both
gastrointestinal and systemic diseases [275].

Direct investigations of hyperforin–microbiota interactions remain limited. Neverthe-
less, purified hyperforin and hyperforin-containing preparations possess antimicrobial ac-
tivity against several gastrointestinally relevant microorganisms, including Gram-positive
bacteria, Helicobacter pylori, and multidrug-resistant strains, indicating the potential to exert
selective pressure on microbial communities [219,229,276].

More importantly, animal studies provide preliminary evidence of microbiota mod-
ulation. In a chronic restraint-stress mouse model, hyperforin partially reversed stress-
associated dysbiosis and improved anhedonia-like behavior [276]. A more recent study
reported alterations in microbiota-associated fecal metabolites, increases in metabolites
linked to beneficial taxa such as Akkermansia muciniphila and Muribaculum intestinale, im-
proved colonic mucus-barrier integrity, and amelioration of depressive-like behaviors [277].

These findings suggest that gut microbiota may contribute to some physiological
and neurobehavioral effects of hyperforin. However, the evidence remains limited, and
future metagenomic, transcriptomic, metabolomic, and microbiome-sequencing studies are
needed to characterize microbial community and functional responses more precisely.

10.4.2. Intestinal Permeability and Microbial Biotransformation

Recent studies have begun to clarify the intestinal disposition of hyperforin and the
potential contribution of the gut microbiota to the metabolism of H. perforatum constituents.
Chauveau et al. (2023) investigated intestinal permeability using a Caco-2 model together
with interactions with human intestinal microbiota and found that hyperforin exhibited
high intestinal permeability [278]. Under the experimental conditions employed, hyper-
forin was not detectably metabolized by the microbiota and did not substantially affect
microbial viability [278]. These findings support efficient intestinal membrane permeability
of hyperforin while indicating that direct microbial biotransformation may depend strongly
on the experimental system and exposure conditions.

More recently, Grafakou et al. (2025) investigated bidirectional interactions between a
standardized H. perforatum extract and the human gut microbiome using gastrointestinal
predigestion followed by incubation with human intestinal microbiota [279]. Their findings
demonstrated microbial transformation of constituents of the multicomponent extract and
suggested that H. perforatum may itself influence microbiome composition and function,
potentially contributing to microbiome–gut–brain signaling [279]. However, because this
study investigated a chemically complex H. perforatum preparation rather than purified
hyperforin alone, the observed microbial transformations and microbiome effects cannot
be attributed exclusively to hyperforin [279]. Collectively, these studies highlight the gut
microbiome as a potentially important but still insufficiently characterized determinant of
the intestinal fate and biological effects of hyperforin-containing preparations.
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10.4.3. Functional Consequences

Microbiota-derived metabolites, including short-chain fatty acids, secondary bile
acids, indole derivatives, and neurotransmitter precursors, can influence intestinal barrier
integrity and immune, metabolic, endocrine, and neurological functions [275]. Accord-
ingly, microbiota-associated changes reported following hyperforin or H. perforatum expo-
sure [276–279] may contribute to some systemic and neurobehavioral effects, potentially
through modulation of inflammatory signaling and gut–brain communication [275–277].

However, a causal role of the microbiota in hyperforin pharmacology has not been
established. The differing findings concerning microbial biotransformation [278,279] sug-
gest that these effects may depend on the experimental system and on whether purified
hyperforin or a multicomponent H. perforatum preparation is investigated. Consequently,
effects observed with botanical extracts cannot be attributed specifically to hyperforin, and
it remains unclear whether microbiota alterations mediate biological responses or represent
secondary consequences of altered intestinal physiology.

Future studies integrating metagenomic and metabolomic profiling with intestinal-
barrier assessment and mechanistic approaches, such as microbiota depletion, fecal mi-
crobiota transfer, or gnotobiotic models, are needed to establish causality, distinguish
hyperforin-specific effects from those of the broader H. perforatum phytochemical matrix,
and clarify the translational relevance of the microbiome–gut–brain axis.

10.5. Potential Applications in Gastrointestinal Disorders
10.5.1. Irritable Bowel Syndrome

Irritable bowel syndrome (IBS) is a disorder of gut–brain interaction characterized
by abdominal pain, altered bowel habits, visceral hypersensitivity, and altered neuroen-
teric signaling [280]. Low-grade inflammation, intestinal permeability, oxidative stress,
microbiota disturbances, and altered gut–brain communication may contribute to its patho-
physiology [280].

Direct studies evaluating hyperforin in established IBS models are currently lacking.
Nevertheless, its anti-inflammatory, antioxidant, and barrier-protective actions may be
relevant to mechanisms implicated in IBS. Hyperforin has been reported to suppress
leukocyte activation, reduce ROS production, and inhibit inflammatory signaling pathways
associated with mucosal immune activation [176,281]. Recent animal studies have also
demonstrated improvements in colonic mucus-barrier integrity and microbiota-associated
metabolic profiles following hyperforin administration [277,278].

Nevertheless, the potential role of hyperforin in IBS remains mechanistically plausible
but unproven and requires direct investigation in disease-specific models before clinical
relevance can be inferred.

10.5.2. Experimental Colitis

Experimental colitis represents the best-developed gastrointestinal model. Hyper-
forin and hyperforin-containing preparations have reduced colonic inflammation, cytokine
responses, immune-cell infiltration, oxidative stress, and histopathological injury while
preserving mucosal architecture and epithelial-barrier function [170,282,283]. However,
because several studies used multicomponent H. perforatum preparations, these findings
provide preclinical proof-of-concept rather than compound-specific evidence for puri-
fied hyperforin.

https://doi.org/10.3390/cimb48090937

https://doi.org/10.3390/cimb48090937


Curr. Issues Mol. Biol. 2026, 48, 937 52 of 107

10.6. Additional Emerging Gastrointestinal Applications

Hyperforin-containing interventions have also shown preliminary protective effects
in experimental gastric, pancreatic, and hepatobiliary injury through inflammatory, redox,
and tissue-protective mechanisms [62,63,66,156,160,188,284–286], while limited evidence
suggests antimicrobial activity against H. pylori and other gastrointestinal pathogens [233].
Because most studies used multicomponent preparations and remain preclinical, the in-
dependent contribution and therapeutic relevance of hyperforin remain uncertain. Thus,
further compound-specific studies are required to determine whether hyperforin has mean-
ingful therapeutic activity in these gastrointestinal conditions or is better considered an
adjunctive mucosal-protective compound.

10.7. Critical Appraisal for Current Evidence

Overall, the available evidence supports a preclinical gastrointestinal and mucosal-
protective profile for hyperforin, involving anti-inflammatory, antioxidant, epithe-
lial barrier-protective, antimicrobial, and microbiota-associated mechanisms. How-
ever, the strength of evidence varies considerably across gastrointestinal applications.
Experimental colitis currently represents the most developed disease-specific area,
whereas evidence for IBS, gastric disorders, microbiota-mediated effects, pancreatic
injury, hepatobiliary conditions, and other proposed indications remains preliminary or
largely mechanistic.

Interpretation is constrained by the predominance of chemically induced colitis models
and the limited use of complementary chronic or clinically representative gastrointestinal
disease models. In addition, both purified hyperforin and hyperforin-containing H. perfora-
tum preparations have been investigated, limiting compound-specific attribution where
botanical preparations were used. Direct evidence linking reported effects on intestinal bar-
rier integrity, antimicrobial activity, or microbiota composition to sustained and clinically
meaningful gastrointestinal outcomes also remains insufficient.

Accordingly, the current literature supports biological plausibility and preliminary
preclinical gastrointestinal activity rather than established therapeutic efficacy. Future
research should prioritize chemically characterized purified hyperforin, complementary
disease-specific models, direct assessment of intestinal permeability and mucosal repair,
integrated microbiome and metabolomic analyses, and pharmacologically realistic exposure
conditions. Such studies are needed before the potential gastrointestinal applications of
hyperforin can be meaningfully advanced toward clinical evaluation.

In addition, the relationship between experimentally active intestinal or systemic
concentrations and exposures achievable following oral administration remains insuffi-
ciently characterized. Consequently, anti-inflammatory, barrier-protective, antimicrobial,
and microbiota-associated effects demonstrated experimentally should not be assumed
to reflect clinically achievable target engagement without supporting local or systemic
pharmacokinetic data.

The most relevant preclinical gastrointestinal findings discussed in Section 10
are summarized in Table 7, with emphasis on the experimental model, interven-
tion type, principal mechanisms, and major biological outcomes of hyperforin-
related interventions.
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Table 7. Key preclinical evidence for the gastrointestinal and gut-health effects of purified hyperforin and hyperforin-containing preparations *.

Gastrointestinal
Domain/Model Main Preclinical Models Type of Intervention Principal

Mechanisms/Targets
Most Important Preclinical

Findings References

Intestinal barrier
integrity

Experimental
epithelial/barrier models;

indirect preclinical evidence

Purified hyperforin and
hyperforin-containing

preparations

Suppression of TNF-α, IL-1β
and IL-6; attenuation of

oxidative injury; protection of
junctional proteins

Potential preservation of epithelial
cohesion and reduction in

pathological intestinal permeability;
direct restoration of tight-junction
architecture by purified hyperforin

remains insufficiently demonstrated

[160,219,269]

Mucosal protection and
epithelial repair

Cellular and tissue models
relevant to epithelial
protection and repair

Hyperforin and
hyperforin-containing

preparations

TRPC6; ERK1/2;
mitochondrial

resilience/dynamics; Lon
protease-1; anti-inflammatory

and antioxidant pathways

Potential protection against
cytokine-mediated and oxidative

epithelial injury; support of cellular
survival and mucosal repair

[207,219,261,271,272]

Intestinal inflammatory
signaling

Experimental inflammatory
and mucosal immune models

Predominantly
hyperforin-related

experimental interventions

NF-κB; STAT1; TNF-α; IL-1β;
IL-6; iNOS; COX-2; ROS

↓ pro-inflammatory cytokines and
inflammatory enzymes; attenuation
of oxidative stress and immune-cell

activation

[8,61,66,170,176,219,270,
274]

Experimental
colitis/IBD-related

inflammation

Chemically induced rodent
colitis, including

TNBS-associated models

Predominantly
hyperforin-containing H.

perforatum
preparations/extracts

NF-κB inhibition; cytokine
modulation; antioxidant

activity; epithelial-barrier
protection

↓ colonic inflammation, cytokine
responses, immune-cell infiltration

and oxidative stress; improved
histopathology, mucosal architecture,

epithelial-barrier function and
disease indices

[170,282,283]

Gut microbiota and
microbiota-derived

metabolites

Chronic-stress mouse models
with microbiota and

metabolomic assessments
Hyperforin administration

Gut microbial composition;
microbiota-derived
metabolites; colonic

mucus-barrier regulation

Alterations in beneficial microbial
taxa and fecal metabolite profiles;
improved colonic mucus-barrier
integrity; microbiota-associated
contribution to gut–brain effects

proposed

[277,278]
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Table 7. Cont.

Gastrointestinal
Domain/Model Main Preclinical Models Type of Intervention Principal

Mechanisms/Targets
Most Important Preclinical

Findings References

IBS-related mechanisms

No established IBS-specific
hyperforin model; indirect

mechanistic and animal
evidence

Hyperforin

Anti-inflammatory and
antioxidant signaling;

leukocyte activation; ROS;
intestinal barrier and

microbiota-related
mechanisms

Potential improvement in
mucus-barrier integrity and

microbiota-associated metabolic
profiles, but no direct demonstration

of efficacy in validated IBS models

[176,277,278,281]

Gastric mucosal
injury/gastric lesions

Ethanol-induced gastric
mucosal injury and

restraint-stress gastric lesion
models in rats

Hyperforin-containing H.
perforatum

extracts/preparations

Anti-inflammatory and
antioxidant effects;

preservation of mucosal
integrity; possible

H+/K+-ATPase-related
effects

Reduced gastric mucosal injury and
lesion severity; enhanced gastric

protection/healing in experimental
models

[284–286]

Pancreatic and
hepatobiliary injury

Experimental
inflammatory/oxidative

injury models

Predominantly
hyperforin-containing

preparations; some
hyperforin-related evidence

NF-κB/STAT signaling;
oxidative stress;

inflammatory cytokines;
cellular integrity

Potential attenuation of
inflammatory and oxidative tissue

injury and preservation of
parenchymal-cell function;

disease-specific evidence remains
limited

[62,63,66,156,160,188,284–
286]

Gastrointestinal
antimicrobial effects

In vitro studies against
Helicobacter pylori and other

GI-associated pathogens

Predominantly
hyperforin-containing

preparations

Direct antimicrobial activity;
membrane-related effects;

possible antibiofilm activity

Inhibition of selected gastrointestinal
pathogens; possible adjunctive

relevance to mucosal protection,
although the independent

contribution of hyperforin remains
unclear

[176,224,229,233,259]

* Note: The gastrointestinal evidence summarized in Section 10 is predominantly preclinical and heterogeneous with respect to experimental model and intervention.
Experimental colitis currently represents the most developed disease-specific application, whereas evidence for intestinal barrier restoration, IBS, microbiota-
mediated effects, gastric disorders, pancreatic injury, and hepatobiliary conditions remains comparatively limited. Importantly, many gastrointestinal studies have
employed hyperforin-containing H. perforatum preparations rather than purified hyperforin; therefore, observed effects cannot be attributed unequivocally to
hyperforin alone.

https://doi.org/10.3390/cimb48090937

https://doi.org/10.3390/cimb48090937


Curr. Issues Mol. Biol. 2026, 48, 937 55 of 107

11. Other Emerging Therapeutic Applications
11.1. Biological Rationale

Beyond its established neuropharmacological, anti-inflammatory, antimicrobial, and
metabolic actions, hyperforin has been investigated in several emerging therapeutic con-
texts. Its effects on inflammatory and oxidative signaling, cellular differentiation, mitochon-
drial function, autophagy, and tissue repair provide a mechanistic rationale for potential
applications involving impaired regeneration, chronic inflammation, degenerative pro-
cesses, and age-related functional decline.

However, the maturity of evidence differs substantially among these applications.
Wound healing and dermatological disorders have comparatively stronger experimental
support, whereas evidence for pain management, musculoskeletal health, and healthy
aging remains more limited and is predominantly preclinical or mechanistically inferred.
Accordingly, the following subsections focus on application-specific evidence and its rela-
tive strength rather than reiterating the general mechanisms described earlier in this review.

11.2. Wound Healing

Wound healing requires coordinated inflammatory, proliferative, angiogenic, extra-
cellular matrix, and remodeling responses, disruption of which can result in delayed
or chronic healing [287]. Among the emerging therapeutic applications of hyperforin,
wound repair is comparatively well investigated. Purified hyperforin and hyperforin-
containing preparations promote keratinocyte differentiation and repair through TRPC6-
dependent Ca2+ signaling and have been associated with improved wound closure, re-
epithelialization, epidermal-barrier restoration, angiogenesis, extracellular-matrix remod-
eling, and collagen organization [154,271,288–293]. Anti-inflammatory and antioxidant
effects [63,153,176,219,271] and antibacterial/antibiofilm activity against wound-relevant
pathogens [161,220,223,289] may provide complementary benefits. However, many in vivo
studies employed hyperforin-rich multicomponent preparations, limiting compound-
specific attribution.

11.3. Dermatological Disorders

The skin provides a critical barrier against environmental, microbial, and chemical insults,
and disruption of epidermal differentiation, inflammatory homeostasis, or barrier integrity
contributes to several dermatological disorders [294,295]. Experimental evidence suggests that
hyperforin may exert dermatoprotective effects through complementary anti-inflammatory,
antioxidant, antimicrobial, and epidermal-regulatory mechanisms [153,161,271,296].

A particularly well-characterized mechanism involves TRPC6-dependent Ca2+ sig-
naling in keratinocytes. Purified hyperforin promotes keratinocyte differentiation and
increases the expression of epidermal differentiation markers, supporting epidermal mat-
uration and barrier restoration [154,271,297]. These effects, together with suppression
of inflammatory signaling, provide a mechanistic basis for its potential application in
inflammatory skin disorders.

Among these conditions, psoriasis has comparatively stronger experimental support.
Hyperforin-related interventions have been associated with reduced inflammatory sig-
naling, modulation of keratinocyte proliferation and differentiation, and attenuation of
psoriasis-associated immune responses [153,154,271,274]. Evidence for atopic dermatitis is
more limited, although anti-inflammatory and barrier-supporting effects suggest potential
therapeutic relevance [298].

Hyperforin may additionally contribute to dermatological protection through antibac-
terial and antibiofilm activity against skin- and wound-associated pathogens and through
promotion of epithelial repair [70,154,233,271,299,300]. However, much of this evidence
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derives from topical H. perforatum preparations or multicomponent formulations, limiting
attribution of the observed effects specifically to hyperforin. Overall, the dermatological
evidence is promising, particularly for inflammatory skin conditions and topical applica-
tions, but further studies using chemically defined hyperforin preparations and controlled
clinical designs are required.

11.4. Pain Management

Chronic pain involves interacting peripheral and central mechanisms, including in-
flammatory signaling, altered neurotransmission, oxidative stress, and neuronal sensitiza-
tion [301]. Hyperforin and hyperforin-containing H. perforatum preparations have therefore
been investigated for potential analgesic and antinociceptive effects.

Preclinical studies have demonstrated reduced hyperalgesia and improved nociceptive
thresholds in models of neuropathic pain, including chronic constriction injury, diabetic
neuropathy, and oxaliplatin-induced neuropathy [63,302–304]. Proposed mechanisms
include modulation of monoaminergic and opioid-dependent signaling, attenuation of
prostaglandin E2 and inflammatory responses, and regulation of TRPC6-associated Ca2+

signaling, neuroinflammation, and oxidative stress [63,302–304].
These findings support potential analgesic activity, particularly in neuropathic and

inflammation-associated pain. However, much of the available evidence derives from H.
perforatum preparations rather than purified hyperforin, making its independent contri-
bution difficult to establish. Accordingly, the analgesic potential of hyperforin remains
predominantly preclinical and requires confirmation using chemically defined hyperforin
preparations and clinically relevant pain models.

11.5. Bone and Musculoskeletal Health

Musculoskeletal disorders, including osteoporosis, osteoarthritis, sarcopenia, and
inflammatory arthropathies, involve varying degrees of inflammation, oxidative stress,
impaired tissue remodeling, and structural degeneration [305]. Although evidence for
hyperforin in this field remains limited, several preclinical findings suggest potential
relevance to bone and joint homeostasis.

In experimental osteoarthritis models, tetrahydrohyperforin, a chemical analogue of
hyperforin, attenuated cartilage degeneration and inflammatory changes while enhancing
protective autophagy [306]. Hyperforin-related interventions have also been associated
with suppression of PGE2 and pro-inflammatory cytokine production and attenuation of
oxidative stress, processes relevant to bone and cartilage homeostasis [62,63].

Additional experimental evidence suggests potential promotion of osteoblast dif-
ferentiation and mineralization together with suppression of osteoclast-mediated bone
degradation [63,307]. These effects may favor bone preservation and, through attenua-
tion of inflammatory signaling, potentially limit cartilage and synovial injury [63,307].
However, direct evidence demonstrating these effects specifically with purified hyperforin
remains limited.

Overall, the musculoskeletal evidence should be considered preliminary. Findings
obtained with tetrahydrohyperforin or hyperforin-containing preparations cannot be as-
sumed to represent equivalent effects of purified hyperforin. Dedicated compound-specific
studies are therefore required before potential applications in osteoporosis, osteoarthritis,
rheumatoid arthritis, sarcopenia, or age-related musculoskeletal decline can be established.

11.6. Healthy Aging and Longevity

Aging is characterized by progressive molecular and cellular dysfunction involving
oxidative stress, chronic low-grade inflammation, mitochondrial impairment, loss of pro-
teostasis, and reduced regenerative capacity [308]. Several biological actions of hyperforin
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intersect with these processes, providing a mechanistic rationale for its potential relevance
to healthy aging.

Experimental evidence suggests that hyperforin may support cellular resilience
through antioxidant and anti-inflammatory effects, potentially limiting oxidative macro-
molecular damage and chronic inflammation associated with aging (“inflammaging”) [6,8].
Its effects on mitochondrial homeostasis, cellular bioenergetics, and autophagy may
further support cellular quality control and the clearance of damaged proteins and or-
ganelles [5,8,309]. Neuroprotective actions involving TRPC6 and BDNF-associated sig-
naling and attenuation of neuroinflammatory pathways may additionally contribute to
preservation of neuronal homeostasis [5,8,309].

However, these findings derive predominantly from mechanistic and disease-oriented
experimental studies rather than dedicated aging or longevity models. Direct evidence that
hyperforin delays age-related functional decline or extends healthspan or lifespan remains
insufficient. Accordingly, its potential geroprotective role should currently be regarded as
hypothesis-generating rather than an established therapeutic application.

11.7. Critical Appraisal of Current Evidence

Overall, the emerging applications discussed in this section show markedly differ-
ent levels of preclinical maturity. Wound healing and dermatological applications have
the comparatively strongest experimental support, including tissue-specific and topical
models demonstrating effects on epithelial repair, keratinocyte biology, inflammation,
and antimicrobial protection. Pain management is supported by relevant animal stud-
ies but relies predominantly on hyperforin-containing H. perforatum preparations rather
than purified hyperforin. In contrast, musculoskeletal and healthy-aging applications
remain substantially less developed and are based mainly on limited preclinical evidence
or mechanistic extrapolation.

Interpretation is constrained by the predominance of in vitro and animal studies,
heterogeneous formulations and experimental protocols, and limited compound-specific
evidence. The frequent use of hyperforin-containing H. perforatum preparations prevents
unequivocal attribution of observed effects to hyperforin, while evidence involving hyper-
forin analogues should likewise not be considered equivalent to purified-hyperforin efficacy.
Human evidence is scarce or absent for most indications and, where available—particularly
in wound and dermatological applications—is limited by small samples, variable formula-
tions and hyperforin content, and inconsistent outcome assessment.

Accordingly, these findings support promising but indication-dependent preclinical
potential rather than established therapeutic efficacy. Wound healing and dermatological
applications appear to warrant the highest priority for further translational investigation,
whereas pain, musculoskeletal disorders, and healthy aging require substantially greater
compound-specific and disease-specific validation. Future studies should prioritize chemi-
cally characterized hyperforin, clinically relevant formulations and exposure levels, robust
disease-specific models, and appropriately designed human studies before therapeutic
applications can be established. For topical applications, local tissue exposure may be
more relevant than systemic plasma concentrations, whereas systemic indications require
demonstration that experimentally active concentrations can be reproduced in the relevant
target tissue following clinically feasible dosing.

The most relevant preclinical findings across the emerging applications discussed in
Section 11 are summarized in Table 8, with emphasis on the experimental model, interven-
tion type, principal biological mechanisms, and relative maturity of the available evidence.
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Table 8. Key preclinical evidence for the emerging therapeutic applications of purified hyperforin and hyperforin-containing preparations *.

Application/Domain Main Preclinical Models Type of Intervention Principal Mechanisms/Targets Most Important Preclinical Findings References

Wound
healing—keratinocyte

differentiation and
re-epithelialization

Keratinocyte cultures and ex vivo
skin/wound models

Purified hyperforin and
hyperforin-containing

preparations

TRPC6-dependent Ca2+

signaling; keratinocyte
differentiation;

epidermal-barrier regulation

↑ epidermal differentiation markers;
accelerated wound closure; enhanced

re-epithelialization and
epidermal-barrier restoration

[154,271,288]

Wound
healing—anti-inflammatory

and antimicrobial effects

Cellular inflammatory models
and wound-related experimental

systems

Purified hyperforin and
hyperforin-containing

preparations

↓ TNF-α, IL-1β, IL-6, IL-17A and
IL-23; ↓ prostaglandin synthesis

and oxidative stress;
antibacterial/antibiofilm activity

Reduced inflammatory responses and
microbial burden potentially

interfering with wound repair;
activity against S. aureus, MRSA,
Streptococcus spp. and selected

resistant bacteria

[63,153,161,176,219,220,223,271,289]

Wound healing—in vivo
tissue repair Animal wound-healing models

Predominantly
hyperforin-rich H. perforatum
preparations/formulations

Anti-inflammatory, antioxidant,
antimicrobial and regenerative

mechanisms; angiogenesis; ECM
remodeling

Accelerated wound closure; ↑
granulation tissue and angiogenesis;

improved collagen
deposition/organization,

re-epithelialization, ECM remodeling
and histological healing

[290–293]

Psoriasis and keratinocyte
hyperproliferation

Keratinocyte models and
psoriasis-related experimental

systems

Predominantly purified
hyperforin; some

hyperforin-containing
preparations

TRPC6-dependent Ca2+

signaling; keratin-1/-10,
involucrin and transglutaminase;

Th17/TNF-α-associated
inflammation

↓ pathological keratinocyte
proliferation and DNA synthesis; ↑

differentiation; suppression of
inflammatory cytokine responses

relevant to psoriasis

[153,154,271,297]

Atopic dermatitis and
inflammatory skin

dysfunction

Atopic dermatitis-related and
inflammatory skin models

Purified hyperforin and
hyperforin-containing

preparations

Epidermal-barrier regulation;
inflammatory and oxidative

signaling; keratinocyte
differentiation

Improved experimental
epidermal-barrier function and

attenuation of inflammatory and
oxidative responses; disease-specific

evidence remains limited

[271,274,298]

Dermatological
antimicrobial protection

Skin-associated microbial
systems, particularly S. aureus

Purified hyperforin and
hyperforin-containing

preparations

Direct antibacterial activity;
membrane-active antimicrobial

mechanisms

Antibacterial activity against
organisms relevant to inflammatory

skin disease, potentially
complementing barrier-restorative

and anti-inflammatory effects

[70,233,299]

Neuropathic and
inflammatory pain

Rodent neuropathic-pain models,
including chronic constriction

injury, diabetic neuropathy and
oxaliplatin-induced neuropathy

Predominantly
hyperforin-containing H.

perforatum
extracts/preparations

Opioid-dependent mechanisms;
↓ PGE2 and inflammatory

signaling; possible
monoaminergic/GABAergic,

TRPC6, redox and
neuroinflammatory modulation

↓ mechanical hyperalgesia and
antinociceptive responses; improved

nociceptive thresholds in several
neuropathic-pain models

[63,302–304]
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Table 8. Cont.

Application/Domain Main Preclinical Models Type of Intervention Principal Mechanisms/Targets Most Important Preclinical Findings References

Osteoarthritis/cartilage
degeneration

Experimental osteoarthritis
models

Tetrahydrohyperforin, a
chemical analogue of

hyperforin

Autophagy regulation;
anti-inflammatory signaling;

cartilage-protective mechanisms

↓ cartilage degeneration and
inflammatory changes; ↑ protective

autophagy
[306]

Bone remodeling and
skeletal homeostasis

Osteoblast/osteoclast-related
experimental systems

Hyperforin-related
interventions;

compound-specific
purified-hyperforin evidence

remains limited

↓ PGE2 and inflammatory
cytokines; ↓ oxidative stress;

osteoblast
differentiation/mineralization;

osteoclast regulation

Potential ↑ osteoblast differentiation
and mineralization and ↓
osteoclast-mediated bone

degradation; possible preservation of
bone mass

[62,63,307]

Healthy aging/cellular
resilience

Predominantly mechanistic
cellular and experimental

evidence rather than dedicated
lifespan models

Hyperforin-related
experimental interventions;

no well-developed
aging-specific intervention

program

Antioxidant defense;
inflammation/inflammaging;
mitochondrial homeostasis;

autophagy/proteostasis;
TRPC6/BDNF-associated

neuroprotection

Potential attenuation of oxidative and
inflammatory damage, support of

mitochondrial function and
autophagic quality control, and

improved cellular resilience; direct
lifespan extension has not been

established

[5,6,8,309]

* Note: The preclinical evidence summarized in Section 11 differs substantially in maturity and intervention specificity. Wound healing and dermatological
applications are supported by comparatively broader experimental evidence, including purified hyperforin studies and tissue-specific models. In contrast, pain
studies rely largely on hyperforin-containing H. perforatum preparations, while musculoskeletal evidence includes studies of tetrahydrohyperforin and other
hyperforin-related interventions. Evidence concerning healthy aging remains predominantly mechanistic and indirect, with limited aging-specific or lifespan
studies. Accordingly, findings obtained with botanical preparations or hyperforin analogues should not be interpreted as equivalent to compound-specific efficacy
of purified hyperforin.
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12. Human Clinical Evidence of Hyperforin-Containing
H. perforatum Preparations
12.1. Overview of Clinical Research

An important consideration when interpreting the available clinical evidence is that
almost all RCTs have evaluated hyperforin-containing preparations (standardized or non-
standardized H. perforatum extract preparations or formulations) rather than purified
hyperforin. Because these preparations contain numerous biologically active constituents,
including hypericin, flavonoids, phenolic acids, and other phytochemicals, the observed
therapeutic effects cannot be attributed exclusively to hyperforin. Although mechanistic,
cellular, and animal studies strongly support hyperforin as one of the principal bioactive
constituents responsible for many pharmacological actions of H. perforatum, synergistic
or additive interactions among multiple constituents may also contribute to the clinical
efficacy of standardized extracts. To avoid duplication with the preceding disease-specific
sections, the present section provides the detailed synthesis of human clinical evidence,
whereas Sections 5–11 emphasize mechanistic and preclinical findings.

Moreover, adequately powered RCTs evaluating purified hyperforin as a single thera-
peutic agent are currently lacking. Therefore, the independent clinical efficacy of hyperforin
remains to be established, and future studies should directly compare purified hyper-
forin with standardized hyperforin-containing preparations or formulations to clarify their
relative therapeutic contributions.

Throughout this section, the nature of the intervention underlying the clinical evi-
dence is explicitly distinguished. Unless otherwise stated, clinical efficacy findings refer
to standardized or otherwise characterized H. perforatum preparations containing hyper-
forin together with other phytochemical constituents rather than to purified hyperforin
administered as a single therapeutic agent. Accordingly, efficacy demonstrated with such
multicomponent preparations is interpreted as evidence for the preparation studied and not
as direct proof of the independent clinical efficacy of hyperforin. Compound-specific thera-
peutic conclusions are therefore restricted to evidence obtained with purified or chemically
defined hyperforin, which remains very limited in human studies.

The clinical evidence base comprises RCTs, comparative effectiveness studies, ob-
servational investigations, systematic reviews, and meta-analyses. The majority of these
studies have focused on depressive disorders, particularly mild-to-moderate major de-
pression, whereas a smaller number have examined anxiety symptoms, stress-related
disorders, cognitive outcomes, dermatological applications, wound healing, and inflam-
matory conditions. More recently, interest has expanded toward the potential role of
hyperforin-containing preparations in neurodegenerative, metabolic, cardiovascular, gas-
trointestinal, and immune-mediated disorders; however, clinical evidence in these areas
remains preliminary and insufficient to support definitive therapeutic recommendations.

It should be noted that the interpretation of the clinical literature is highly compli-
cated by substantial methodological heterogeneity. Variations in extract standardization,
hyperforin content, treatment duration, dosing regimens, patient populations, outcome
measures, and study design contribute to inconsistencies among findings. Furthermore,
standardized H. perforatum extracts, preparations and formulations frequently contain
differing concentrations of hyperforin, hypericin, flavonoids, and other phytochemicals,
thereby limiting the ability to establish clear dose–response relationships and accurately
attribute therapeutic outcomes to hyperforin alone.
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12.2. Depression and Mood Disorders
12.2.1. Clinical Trials

Among all investigated indications, depression represents the therapeutic area for
which the strongest clinical evidence currently exists. Several RCTs have evaluated the effi-
cacy of standardized hyperforin-containing preparations in patients with mild-to-moderate
major depressive disorder, dysthymia, adjustment disorders, and depressive symptoms
associated with chronic stress and psychosocial burden.

Across multiple studies, treatment with hyperforin-containing preparations has been
associated with significant reductions in depressive symptom severity and improvements
in psychological well-being, emotional functioning, and quality of life, particularly in
patients with mild-to-moderate depression [108,109,118,310–316]. These benefits have been
documented using validated psychometric instruments, including the Hamilton Depres-
sion Rating Scale (HAM-D), Montgomery–Åsberg Depression Rating Scale (MADRS), Beck
Depression Inventory (BDI), and Clinical Global Impression (CGI) scale. Clinical improve-
ments generally become evident after several weeks of treatment and have been observed
across diverse patient populations, including adults, elderly individuals, and patients with
recurrent depressive episodes [108,109,118,310–316].

Several investigations have reported associations between the hyperforin content of H.
perforatum preparations and antidepressant efficacy, supporting a possible or important
contribution of hyperforin to the activity of these extracts [108,109,118,310–316]. How-
ever, such associations do not establish that hyperforin independently accounts for the
observed clinical effect, because the preparations contain multiple pharmacologically active
constituents. It should be noted that most of the high-quality clinical trials specifically
evaluating hyperforin-containing preparations were conducted between 1998 and 2010.
Since then, relatively few large RCTs have been performed, and recent publications have
focused more on systematic reviews, meta-analyses, comparative effectiveness studies, and
observational research rather than new pivotal RCTs.

12.2.2. Comparative Efficacy

Evidence from systematic reviews and meta-analyses generally supports the efficacy
of standardized H. perforatum preparations over placebo in mild-to-moderate depression,
although effect estimates and conclusions vary according to the preparations, populations,
and trials included [104,106,316–321]. Comparative trials have reported therapeutic effects
almost similar to those achieved with selective serotonin reuptake inhibitors (SSRIs), tri-
cyclic antidepressants (TCAs), and other antidepressant classes [104,106,316–321]. These
comparative findings apply to the specific multicomponent H. perforatum preparations
evaluated and should not be interpreted as demonstrating therapeutic equivalence between
purified hyperforin and conventional antidepressant drugs.

Several studies have also shown comparable reductions in depressive symptom scores
between hyperforin-containing preparations and commonly prescribed antidepressants,
including fluoxetine, sertraline, paroxetine, citalopram, and imipramine [104,106,316–321].
Moreover, patients receiving hyperforin-containing preparations frequently demonstrate
higher treatment adherence and lower discontinuation rates, findings largely attributed to
improved tolerability and fewer adverse effects [104,106,316–321].

Nevertheless, evidence supporting efficacy in severe major depressive disorder,
treatment-resistant depression, bipolar depression, and psychotic depression remains
considerably weaker. Consequently, most evidence-based guidelines recommend St. John’s
Wort primarily for mild-to-moderate depressive disorders rather than severe psychiatric
conditions. Consistent with this clinical evidence, specified H. perforatum herbal prepara-
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tions are recognized by the EMA/HMPC under a well-established-use indication for mild
to moderate depressive episodes [110].

Despite the generally promising evidence for standardized H. perforatum preparations
in mild-to-moderate depression, the magnitude and consistency of antidepressant effects
vary among individual trials. Several factors may contribute to this heterogeneity. First,
preparations differ substantially in extraction procedure, total extract dose, hyperforin
concentration, hypericin and flavonoid content, and pharmaceutical formulation; therefore,
products nominally classified as H. perforatum extracts cannot necessarily be regarded as
pharmacologically equivalent. Second, trials differ in baseline depression severity, diag-
nostic criteria, duration of treatment, comparator, outcome instrument, and definitions
of response or remission. Differences in adherence, concomitant medication use, study
setting, and population characteristics may further contribute to between-study variability.
Importantly, a relationship between hyperforin content and antidepressant efficacy has
been suggested in some studies, but this does not establish hyperforin as the sole active
constituent because other components of the phytocomplex may exert additive, synergistic,
or pharmacokinetic effects. Thus, the relatively consistent evidence supporting standard-
ized H. perforatum extracts in mild-to-moderate depression should not be interpreted as
equivalent evidence for purified hyperforin, and variation among products remains an
important limitation when comparing clinical studies.

12.3. Other Clinical Applications
12.3.1. Anxiety Disorders

Although anxiety has received less clinical investigation than depression, hyperforin-
containing preparations have shown preliminary benefit in generalized anxiety symptoms,
mixed anxiety–depressive states, adjustment disorders, and stress-related psychopathol-
ogy [311,322–325]. However, dedicated RCTs in primary anxiety disorders remain limited,
precluding definitive therapeutic recommendations.

12.3.2. Cognitive Health

Clinical investigations evaluating cognitive outcomes remain relatively scarce. Nev-
ertheless, preliminary evidence suggests that hyperforin-containing preparations may
improve attention, memory performance, executive function, and overall cognitive effi-
ciency, particularly among individuals experiencing depressive symptoms, chronic stress,
or age-related cognitive decline [326–329]. Preliminary clinical evidence suggests that
hyperforin-containing preparations may improve attention, memory, executive function,
and cognitive efficiency, particularly in individuals with depressive symptoms, chronic
stress, or age-related cognitive decline [326–329]. These findings are biologically consistent
with the preclinical mechanisms discussed in Sections 4 and 5; however, large RCTs with
cognition as a primary endpoint are lacking [14,64,330,331].

12.3.3. Inflammatory Disorders

Clinical evidence outside neuropsychiatric indications remains limited. Topical
hyperforin-rich preparations have shown benefit in atopic dermatitis and other dermato-
logical applications, including improved tissue repair and barrier function with reduced
inflammatory and oxidative responses [271,299,332–335]. However, high-quality RCTs
investigating purified hyperforin in autoimmune diseases, inflammatory bowel disease,
rheumatoid arthritis, or other chronic inflammatory disorders remain largely absent. Con-
sequently, the majority of evidence supporting anti-inflammatory applications continues to
derive from mechanistic and preclinical research.
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12.4. Strength of Evidence

Currently, there is no clinical study assessing the potential beneficial effects of the
purified hyperforin in any disease area. The strongest evidence currently supports the
use of hyperforin-containing preparations in mild-to-moderate major depressive disorder,
depressive symptoms associated with stress-related conditions, and the improvement of
mood and emotional well-being. These indications are supported by several RCTs, system-
atic reviews, and meta-analyses demonstrating efficacy superior to placebo and broadly
comparable to conventional antidepressant therapies. However, these potential thera-
peutic indications should be interpreted with appropriate caution, as the available RCTs
demonstrate considerable variability in study populations, intervention protocols, outcome
assessments, and methodological quality, thereby limiting the strength and generalizability
of the current clinical evidence. The use of hyperforin-containing preparations instead of
purified hyperforin remains an additional challenge.

Moderate evidence exists for the management of anxiety symptoms associated with
depression, stress-related psychological disturbances, quality-of-life enhancement, and
certain dermatological and wound-healing applications. Although encouraging clinical
findings have been reported, the number of well-designed studies remains considerably
smaller than that available for depression. Thus, more well-designed RCTs should be
performed in order for reliable conclusions to be drawn, using purified hyperforin and not
hyperforin-containing preparations as the principal treatment approach.

In contrast, evidence remains preliminary for neurodegenerative disorders, cognitive
decline, AD, PD, cardiovascular disease, metabolic syndrome, type 2 diabetes mellitus,
inflammatory bowel disease, autoimmune disorders, cancer prevention, adjunctive onco-
logical applications, and healthy aging. In these areas, current support derives primarily
from mechanistic investigations, cellular experiments, and, to a lesser extent, animal stud-
ies, with only limited human clinical validation. Moreover, in several of these disease areas,
clinical evidence is completely lacking.

A small open-label clinical study evaluated hyperforin-containing preparations in
patients with dementia who exhibited neuropsychiatric symptoms such as agitation, ap-
athy, depression, and behavioral disturbances. Improvements were reported in several
behavioral and psychological symptoms associated with dementia, although the study was
small and uncontrolled [329,336].

In Table 4, the available clinical evidence on the hyperforin-containing preparations
and formulations across disease domains is summarized. It should be noted that the
indicated treatment durations represent approximate ranges across the clinical studies
summarized within each disease domain. Exact treatment periods varied according to
study design, population, formulation, dosage regimen, and outcome assessment. Almost
all clinical investigations evaluated standardized hyperforin-containing preparations rather
than purified hyperforin; consequently, the reported clinical effects cannot be attributed
exclusively to hyperforin. Hence, the information summarized in Table 9 should be inter-
preted within the context of the overall quality and type of evidence available for each
disease area.
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Table 9. Summary of available clinical evidence on hyperforin-containing preparations or formulations across disease domains.

Clinical Indication Representative Clinical
Evidence Population Intervention and Approximate

Duration Main Clinical Findings References

Major depressive disorder,
mild-to-moderate

RCTs, comparative trials,
systematic reviews, and

meta-analyses

Adults with mild-to-moderate
major depressive disorder

Standardized hyperforin-containing
preparations, typically administered

for approximately 4–12 weeks

Significant reductions in HAM-D,
MADRS, BDI, and CGI scores;

efficacy superior to placebo and
broadly comparable to SSRIs and

TCAs

[104,106,108,109,118,310–321]

Stress-associated depressive
symptoms and adjustment

disorders

RCTs and observational
studies

Adults with subclinical,
adjustment-related, or

stress-associated depressive
symptoms

Hyperforin-containing preparations,
generally administered for
approximately 4–12 weeks

Improvements in depressive
symptoms, emotional well-being,
stress coping, and psychological

functioning

[311–316]

Dysthymia and persistent
depressive symptoms

Clinical trials and
observational studies

Adults with chronic low-grade or
persistent depressive symptoms

Standardized hyperforin-containing
preparations, generally administered

for approximately 6–12 weeks

Improvements in mood symptoms
and psychological functioning [310–316]

Generalized anxiety symptoms
and mixed anxiety–depressive

states

Small RCTs and
observational studies

Adults with anxiety symptoms,
mixed anxiety–depression, or

stress-related psychopathology

Hyperforin-containing preparations,
typically administered for
approximately 4–12 weeks

Reductions in anxiety severity and
associated stress-related symptoms [311,322–325]

Stress-related psychological
disorders

Clinical and observational
studies

Individuals experiencing chronic
psychosocial stress or

adjustment-related symptoms

Standardized hyperforin-containing
preparations, generally administered

for approximately 4–12 weeks

Improvements in stress tolerance,
emotional stability, psychological

well-being, and quality of life
[311,322–325]

Cognitive dysfunction and
age-related cognitive decline

Pilot studies and small
clinical investigations

Older adults and individuals with
depressive symptoms, chronic
stress, or age-related cognitive

complaints

Hyperforin-containing preparations,
evaluated over approximately 4–12

weeks in most short-term
investigations

Possible improvements in attention,
memory, executive function, and

overall cognitive efficiency
[326–329]

Dementia and neuropsychiatric
symptoms associated with

cognitive impairment

Small open-label and
exploratory studies

Patients with dementia presenting
agitation, apathy, depression, or

other behavioral symptoms

Hyperforin-containing preparations,
evaluated over an estimated
4–12-week treatment period

Improvements reported in selected
behavioral and psychological

symptoms of dementia
[329,336]

Inflammatory skin disorders,
including atopic dermatitis and

psoriasis

Small RCTs, pilot trials,
and dermatological studies

Patients with atopic dermatitis,
psoriasis, or related inflammatory

skin conditions

Topical hyperforin-rich formulations,
generally applied for approximately

2–8 weeks

Reductions in erythema, pruritus,
inflammation, and lesion severity;

possible improvement in
skin-barrier function

[271,299,332–335]

Wound healing and tissue repair Small clinical studies and
topical intervention trials

Patients with acute or chronic
wounds

Topical hyperforin-rich formulations,
generally evaluated for

approximately 2–12 weeks,
depending on wound type and

healing time

Enhanced epithelial regeneration,
tissue repair, and wound closure

reported in selected studies
[271,299,332–335]
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12.5. Comparison with Conventional Therapies
12.5.1. Efficacy

For mild-to-moderate depressive disorders, hyperforin-containing preparations
demonstrate therapeutic efficacy that is broadly comparable to many conventional antide-
pressants. Several comparative studies have reported similar improvements in depressive
symptom severity and psychological functioning [101,103,106,116,118,317,337].

However, unlike conventional antidepressants, which generally target a limited num-
ber of neurotransmitter systems, hyperforin exerts a multimodal pharmacological profile
encompassing neurotransmission, neuroplasticity, neurotrophic signaling, inflammation,
oxidative stress, mitochondrial function, and cellular energy metabolism [8,14,54]. This
broader spectrum of biological activity may offer advantages in complex disorders charac-
terized by multifactorial pathophysiology.

Nonetheless, conventional pharmacotherapies generally benefit from a substantially
larger clinical evidence base, more clearly established dosing protocols, and stronger regula-
tory approval frameworks, particularly for severe psychiatric illnesses and chronic systemic
diseases. Conversely, the clinical studies evaluating hyperforin-containing preparations
are characterized by considerable methodological heterogeneity and several important
limitations, which complicate interpretation of the findings and may overestimate the
independent contribution of hyperforin to the reported antidepressant effects, particularly
because most investigations have evaluated standardized hyperforin-containing prepara-
tions rather than purified hyperforin.

12.5.2. Comparative Safety with Conventional Therapies

One of the potential clinical advantages of hyperforin-containing H. perforatum prepa-
rations is their generally favorable tolerability profile relative to several conventional
antidepressant therapies. Clinical studies have reported lower overall rates of treatment-
emergent adverse events, with reported reactions generally being mild and transient, most
commonly including gastrointestinal discomfort, headache, dizziness, fatigue, and dry
mouth [2,317,321,322,338,339]. These findings are particularly relevant in the treatment
of mild-to-moderate depressive disorders, where tolerability may substantially influence
adherence and treatment persistence.

Compared with many conventional antidepressants, hyperforin-containing prepara-
tions have also been associated with lower incidences of sexual dysfunction, body weight
gain, sedation, and anticholinergic adverse effects [103,107,317,339]. Because these adverse
effects can negatively affect quality of life and contribute to treatment discontinuation dur-
ing conventional antidepressant therapy, the comparatively favorable tolerability profile of
H. perforatum preparations may represent a clinically meaningful advantage in appropri-
ately selected patients [2,103,107,317,321,322,338,339]. Nevertheless, this advantage should
be interpreted cautiously, as it primarily concerns the burden of common treatment-related
adverse effects and does not imply an absence of clinically important safety risks.

Most importantly, this tolerability advantage must be balanced against the substantial
drug-interaction liability associated with hyperforin-containing preparations. Hyperforin-
mediated activation of the PXR, with subsequent induction of CYP3A4, P-glycoprotein,
and other drug-metabolizing and transport systems, can produce clinically significant
pharmacokinetic interactions with concomitant medications [43,174,340,341]. These inter-
actions are particularly relevant in patients receiving multiple pharmacotherapies and
may limit the suitability of hyperforin-containing preparations despite their otherwise
favorable tolerability profile. The molecular mechanisms, affected drug classes, and clinical
implications of these interactions are discussed comprehensively in Section 13.6.
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Accordingly, the safety profile of hyperforin-containing H. perforatum preparations
should be regarded as different rather than unequivocally superior to that of conven-
tional antidepressants. Their lower burden of several common adverse effects must be
weighed against a potentially greater risk of clinically significant pharmacokinetic drug
interactions [43,174,340,341]. Careful medication review and individualized risk–benefit
assessment are therefore essential when considering their use, particularly in patients
receiving concomitant medications.

12.5.3. Cost-Effectiveness

Direct pharmacoeconomic evidence remains limited, with only a small number of
formal economic evaluations having been conducted. Nevertheless, available analyses
suggest that standardized hyperforin-containing preparations may represent a cost-effective
treatment option for mild-to-moderate depressive disorders [107,321,342,343]. Comparable
clinical efficacy, lower rates of adverse events, improved treatment adherence, reduced
treatment discontinuation, and lower healthcare utilization associated with adverse-effect
management appear to contribute to favorable economic outcomes relative to several
conventional antidepressants [107,321,342,343].

However, it should be noted that economic outcomes associated with healthcare in-
terventions, including phytotherapeutic products, vary substantially across jurisdictions
owing to differences in healthcare-system organization, reimbursement policies, regulatory
requirements, health technology assessment procedures, product standardization, and local
prescribing practices [344,345]. Consequently, cost-effectiveness findings generated in one
setting may not be directly generalized to other healthcare environments, highlighting
the importance of context-specific economic evaluations. Moreover, concerns regarding
product quality, variability in hyperforin concentration, and lack of international stan-
dardization remain important barriers to broader clinical implementation, highlighting
cost-effectiveness issues [344,345].

12.6. Critical Appraisal and Translational Integration of Human Clinical Evidence

Collectively, the available human evidence reveals a marked imbalance between the
breadth of the experimental pharmacology of hyperforin and the maturity of its clinical
validation. Standardized hyperforin-containing H. perforatum preparations are supported
by the strongest clinical evidence in mild-to-moderate depressive disorders, where RCTs
and evidence syntheses indicate clinically relevant efficacy and generally favorable tol-
erability. More limited human evidence suggests potential benefits in anxiety-related
and stress-associated symptoms and selected dermatological applications. In contrast,
proposed applications in neurodegenerative, cardiometabolic, gastrointestinal, immune-
mediated, oncological, infectious, musculoskeletal, and healthy-aging conditions remain
predominantly supported by mechanistic and preclinical findings rather than definitive
clinical trials.

An important limitation across the clinical literature is the persistent disconnect be-
tween the compound investigated mechanistically and the interventions evaluated in
humans. Most molecular and cellular studies have examined purified hyperforin, whereas
clinical investigations have predominantly employed chemically complex H. perforatum
extracts containing hyperforin together with several other biologically active constituents.
Consequently, the clinical efficacy observed with standardized botanical preparations
cannot be attributed exclusively to hyperforin, and the therapeutic dose, dose–exposure
relationship, pharmacodynamic profile, long-term safety, and independent clinical efficacy
of purified hyperforin remain insufficiently defined.
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Translation is further constrained by pharmaceutical and methodological factors. Poor
aqueous solubility, chemical instability, variable oral exposure, formulation-dependent
pharmacokinetics, heterogeneity in extract composition and hyperforin content, and clin-
ically relevant drug-interaction liability complicate the transition from promising exper-
imental activity to reproducible clinical efficacy. At the clinical-study level, variation in
formulations, doses, treatment duration, study populations, comparators, and outcome
measures further limits direct comparison among trials and contributes to uncertainty
regarding the generalizability of the available findings.

Furthermore, the current evidence suggests that the principal translational challenge
is no longer simply to demonstrate additional biological activity, but to establish a coherent
pathway linking mechanistically validated targets to reproducible pharmacological expo-
sure, clinically relevant target engagement, demonstrable therapeutic efficacy, acceptable
safety, and eventual real-world implementation. This progression requires chemically
characterized and preferably purified hyperforin formulations, optimized delivery systems,
rigorous human pharmacokinetic and dose-finding studies, biomarker-informed early-
phase investigations, adequately powered RCTs, and subsequent assessment of long-term
effectiveness, safety, interaction liability, and implementation feasibility.

Accordingly, three levels of clinical inference should be distinguished: evidence for the
efficacy of a defined H. perforatum preparation; evidence suggesting that hyperforin content
may influence the activity of that preparation; and direct evidence for the independent
efficacy of purified hyperforin. The current clinical literature provides substantial support
for the first level in mild-to-moderate depression, some indirect support for the second, but
remains insufficient for the third. These levels should not be treated as interchangeable.

13. Overview of Safety, Toxicology, and Drug–Drug Interactions Issues
13.1. Introductory Interpretations

Assessment of the therapeutic potential of hyperforin requires consideration of its
safety, toxicological profile, pharmacokinetic behavior, and interaction liability. Although
hyperforin-containing preparations generally show an acceptable safety profile in experi-
mental and clinical settings, uncertainties remain regarding long-term exposure, product
standardization, interindividual variability, and clinically significant drug–drug interac-
tions [43,345–351].

Direct mechanistic evidence identifies hyperforin as an important contributor to the
pharmacokinetic interaction potential of H. perforatum through activation of xenobiotic-
sensing pathways and induction of drug-metabolizing enzymes and transport pro-
teins [43,340,346–348,352]. However, clinically observed interaction profiles are gen-
erally derived from multicomponent H. perforatum preparations and therefore should
not be attributed exclusively to hyperforin. Accordingly, evaluation of both intrinsic
toxicity and interaction-mediated risk is essential for defining its therapeutic window
and guiding safe clinical and pharmaceutical development.

13.2. General Safety Profile

Current evidence indicates that standardized hyperforin-containing H. perforatum
preparations are generally well tolerated during short- to medium-term use, with low
rates of treatment discontinuation and serious adverse events across randomized con-
trolled trials, comparative studies, systematic evaluations, and post-marketing surveil-
lance [1,101,103,107,317,319,322,339,346,353–362]. However, these findings primarily con-
cern multicomponent botanical preparations and should not be directly extrapolated to
purified hyperforin, particularly during prolonged exposure or when using formulations
designed to increase systemic bioavailability [43,346,352,360,361,363].
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Comparative studies generally indicate that standardized H. perforatum preparations are
as well or better tolerated than several conventional antidepressants, with a lower burden of
some treatment-associated adverse effects [101,103,317,319,353,357,358,360,361]. Nevertheless,
favorable tolerability does not imply an absence of clinically relevant safety concerns.

The safety profile of hyperforin is influenced by exposure-, formulation-, and patient-
related factors, including dose and treatment duration, hyperforin content and bioavail-
ability, age and clinical status, genetic variability, comorbidities, and concomitant phar-
macotherapy [1,43,346,349,360,362,363]. Importantly, these factors affect not only intrinsic
toxicity but also the likelihood and magnitude of pharmacokinetic interactions. Thus,
hyperforin-containing preparations may exhibit relatively favorable short- to medium-term
clinical tolerability, whereas the intrinsic tolerability and therapeutic margin of purified
hyperforin in humans remain insufficiently characterized, an issue addressed in detail in
Section 13.5 [43,346,349,352].

13.3. Toxicological Evidence
13.3.1. Acute Toxicity

Available toxicological evidence indicates that hyperforin has relatively low acute
toxicity. Animal studies of purified hyperforin and hyperforin-containing preparations
have reported high LD50 values and limited evidence of acute organ toxicity, with adverse
effects occurring predominantly at supratherapeutic exposures [1,2,136,346,355,364–368].
These findings are broadly consistent with clinical experience showing that standardized H.
perforatum preparations are generally well tolerated at recommended doses, with serious
acute toxic effects being uncommon [1,101,338,346,355,358,360,361,363].

Nevertheless, experimental LD50 data and the tolerability of multicomponent botanical
preparations cannot establish the acute safety profile or therapeutic margin of purified
hyperforin in humans. Thus, current evidence supports relatively low acute toxicity under
experimental and conventional-use conditions, but compound-specific human safety data
remain limited.

13.3.2. Chronic Toxicity

Long-term toxicological data specific to purified hyperforin remain limited. Repeated-
dose animal studies and longer-term investigations of standardized hyperforin-containing
H. perforatum preparations have generally reported little evidence of cumulative organ
toxicity under the conditions examined [317,339,360,361,363,364,366,369–377]. However,
differences in preparation, dose, exposure duration, and systemic bioavailability limit direct
extrapolation to prolonged treatment with purified hyperforin.

An additional concern during chronic exposure is sustained activation of PXR-dependent
pathways, with consequent induction of CYP3A4 and drug transporters [43,174,352,369–377].
This effect is better regarded as chronic pharmacokinetic interaction liability rather than
conventional cumulative organ toxicity, but it may substantially influence clinical safety
during prolonged treatment, particularly in patients receiving concomitant medications.

Overall, the available evidence does not indicate a strong cumulative toxicological sig-
nal, but the limited compound-specific and long-term data preclude definitive conclusions
regarding the chronic safety of purified hyperforin.

13.4. Adverse Effects
13.4.1. Common Adverse Events

The adverse effects most frequently associated with hyperforin-containing prepara-
tions are generally mild and reversible. Commonly reported events include gastrointestinal
discomfort, nausea, abdominal pain, headache, dizziness, fatigue, xerostomia, mild agita-
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tion, restlessness, and sleep disturbances [1,101,108,355,360,361]. These symptoms typically
occur infrequently and rarely necessitate treatment discontinuation.

Photosensitivity reactions have occasionally been reported, particularly following
exposure to high-dose hyperforin-containing preparations. However, these effects are
generally attributed primarily to hypericin rather than hyperforin, and clinically significant
photosensitivity remains uncommon at standard therapeutic doses [378–381].

Importantly, hyperforin-containing preparations consistently demonstrate lower in-
cidences of sexual dysfunction, sedation, weight gain, cognitive impairment, and anti-
cholinergic effects than many conventional antidepressant agents, thereby contributing to
improved treatment adherence and patient acceptability [101,103,104,317,339].

13.4.2. Serious Adverse Events

Serious adverse events attributable to hyperforin are relatively uncommon; neverthe-
less, several clinically relevant safety concerns have been identified. The most notable in-
volves the potential development of serotonin syndrome when hyperforin-containing prepa-
rations are combined with serotonergic agents, including SSRIs, SNRIs, monoamine oxidase
inhibitors, certain opioid analgesics, and selected antimigraine medications [346,382,383].
Excessive serotonergic stimulation may result in autonomic instability, neuromuscular
abnormalities, altered mental status, and, in severe cases, life-threatening complications.

Isolated cases of mania and hypomania have also been reported, particularly among
individuals with bipolar spectrum disorders or pre-existing mood instability [384–388].
Consequently, caution is warranted when hyperforin-containing preparations are adminis-
tered to susceptible populations.

Although hepatotoxicity has occasionally been reported, available evidence does not
support a strong causal association between hyperforin or hyperforin-containing prepara-
tions exposure and clinically significant liver injury [1,43,361,389,390]. Systematic reviews,
RCTs, and pharmacovigilance analyses have generally failed to identify a consistent hepa-
totoxic signal, and St. John’s wort is considered an unlikely cause of clinically apparent
liver injury [1,43,361,389,390].

In contrast, an important safety concern is the pharmacokinetic interaction liability
of hyperforin-containing preparations. Direct mechanistic evidence demonstrates that
hyperforin activates PXR-dependent pathways and induces CYP450 enzymes and drug
transporters, providing a strong mechanistic basis for many of the clinically relevant
interactions observed with H. perforatum products [1,43,361,389,390].

13.5. Drug–Herb Interactions

Drug–herb interactions constitute a major limitation to the clinical use of hyperforin-
containing H. perforatum preparations and represent an important safety concern associated
with these products. A distinction should, however, be made between compound-specific
mechanistic evidence and clinical interaction evidence obtained with multicomponent
botanical preparations. Mechanistic studies provide strong evidence that hyperforin
activates PXR, resulting in induction of CYP3A4, P-glycoprotein, and other xenobiotic-
metabolizing systems, thereby establishing hyperforin as a major mechanistic contributor
to the pharmacokinetic interaction potential of H. perforatum [43,173,174,391]. In contrast,
most clinically documented herb–drug interactions have been demonstrated using H. perfo-
ratum extracts or products containing hyperforin together with multiple other bioactive
constituents. These clinical observations therefore establish the interaction liability of the
preparations studied but do not, by themselves, demonstrate that the observed effects are
attributable exclusively to hyperforin. Nevertheless, the association between hyperforin
exposure or content and the magnitude of enzyme induction provides complementary
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evidence supporting an important contribution of hyperforin to the interaction potential of
these preparations [346].

13.5.1. CYP3A4 Induction

Hyperforin functions as a high-affinity ligand of PXR, a xenobiotic-sensing nuclear re-
ceptor that serves as a master regulator of genes involved in drug metabolism and transport.
Upon activation, PXR induces the transcription of multiple drug-metabolizing enzymes and
transporters, most notably CYP3A4 and P-glycoprotein [43,173,174,391]. Because CYP3A4
is responsible for the metabolism of more than half of clinically prescribed medications,
hyperforin-mediated PXR activation provides a well-established molecular mechanism
that can account for a substantial component of the pharmacokinetic interaction potential
of hyperforin-containing H. perforatum preparations [43,173,174,391]. This mechanistic
attribution should be distinguished from clinical interaction studies conducted with mul-
ticomponent H. perforatum preparations, in which the contribution of hyperforin cannot
always be isolated from that of the complete phytochemical matrix.

Consequently, hyperforin-induced CYP3A4 expression can accelerate drug clearance,
reduce systemic drug exposure, diminish therapeutic efficacy, and increase the risk of
treatment failure. The magnitude of this effect depends on hyperforin dose, duration of
administration, formulation characteristics, and interindividual variability.

13.5.2. P-Glycoprotein Induction

In addition to CYP3A4 induction, hyperforin markedly increases expression of P-
glycoprotein (ABCB1/MDR1), an ATP-dependent efflux transporter expressed in the intesti-
nal epithelium, liver, kidneys, blood–brain barrier, and other tissues [173,174,382,392,393].
Activation of PXR by hyperforin upregulates ABCB1 transcription, leading to increased
transporter expression and activity. Enhanced P-glycoprotein-mediated efflux reduces
intestinal absorption, decreases oral bioavailability, and lowers systemic exposure to numer-
ous therapeutic agents, thereby contributing substantially to clinically significant herb–drug
interactions associated with hyperforin-containing preparations [173,174,382,392,393].

Collectively, the combined induction of CYP3A4 and P-glycoprotein creates a highly
effective pharmacokinetic interaction mechanism capable of significantly altering the dis-
position of numerous therapeutic agents.

13.5.3. Interactions with Therapeutic Agents

The PXR-mediated induction of CYP3A4 and P-glycoprotein by hyperforin provides
a strong mechanistic basis for reduced exposure to susceptible concomitant medications.
Clinically, however, the majority of documented interactions have been reported follow-
ing administration of multicomponent H. perforatum preparations rather than purified
hyperforin. Accordingly, the clinical findings summarized below should primarily be
interpreted as evidence of herb–drug interactions associated with the preparations studied,
with hyperforin representing a mechanistically well-supported contributor rather than an
exclusively established causal constituent.

Concomitant use of hyperforin-containing H. perforatum preparations with seroton-
ergic antidepressants may increase the risk of serotonergic toxicity and serotonin syn-
drome, particularly with selective serotonin reuptake inhibitors, serotonin–norepinephrine
reuptake inhibitors, tricyclic antidepressants, monoamine oxidase inhibitors, and other
serotonergic agents [349,382,383,394]. Such combinations should therefore generally be
avoided or undertaken only with appropriate clinical supervision.

Interactions with oral contraceptives are also clinically important. Hyperforin-
containing preparations may reduce circulating concentrations of ethinyl estradiol and
progestins, leading to breakthrough bleeding, enhanced follicular development or ovu-
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lation, and potentially reduced contraceptive efficacy [395–399]. These findings support
avoidance of high-hyperforin preparations during hormonal contraceptive use or the use
of appropriate alternative contraceptive measures.

Particularly serious interactions occur with immunosuppressive agents, including cy-
closporine, tacrolimus, and sirolimus. Hyperforin-mediated induction of drug metabolism
and transport can markedly reduce systemic exposure to these agents, resulting in sub-
therapeutic concentrations and, in transplant recipients, an increased risk of graft rejec-
tion [348,400–403].

Clinically relevant interactions have also been documented with anticoagulants.
Hyperforin-containing preparations may reduce warfarin anticoagulant activity and interna-
tional normalized ratio (INR), while pharmacokinetic studies indicate reduced exposure and
pharmacodynamic activity of direct oral anticoagulants such as rivaroxaban [382,404–406].
These interactions may compromise anticoagulant efficacy and warrant avoidance or careful
clinical monitoring.

Interactions with anticancer agents are similarly concerning because reduced systemic
drug exposure may compromise therapeutic efficacy. Decreased exposure has been reported
for agents including irinotecan and its active metabolite SN-38, imatinib, and docetaxel
following concomitant use of H. perforatum preparations [348,407–410]. Given the narrow
therapeutic window and potential consequences of treatment failure, concomitant use
with anticancer therapy should generally be avoided unless specifically evaluated and
closely supervised.

Overall, these findings demonstrate that the clinical safety of hyperforin-containing
preparations depends not only on their intrinsic tolerability but also on concomitant phar-
macotherapy. The interaction risk is particularly important for medications with narrow
therapeutic indices or for which modest reductions in systemic exposure may compromise
treatment efficacy.

13.6. Regulatory Considerations

Regulatory authorities have recognized both the therapeutic use and safety concerns
associated with H. perforatum products, particularly the substantial variability in hyperforin
content and its implications for pharmacokinetic interactions. Accordingly, regulatory
considerations focus primarily on product standardization, interaction risk, appropriate
labeling, and patient counseling.

European Food Safety Authority (EFSA) assessments have highlighted marked vari-
ability in hyperforin content among commercially available H. perforatum preparations,
with differences exceeding 60-fold in some analyses [346,411–414]. Importantly, hyper-
forin content correlates with the magnitude of CYP3A4 induction, indicating that product
composition is a major determinant of interaction potential [346,411–414]. These findings
emphasize the importance of standardized preparations and quantitative characterization
of hyperforin exposure when evaluating product safety.

In the United States, H. perforatum products are generally marketed within the dietary-
supplement framework. The U.S. Food and Drug Administration (FDA) has issued communi-
cations concerning clinically significant interactions with prescription medications, particularly
those resulting from induction of CYP450 enzymes and drug transporters, and emphasizes
appropriate disclosure and consultation with healthcare professionals [346,415–417].

Similarly, European Medicines Agency (EMA) monographs recognize H. perforatum
as a herbal medicinal product while emphasizing quality control, standardized manufac-
turing, contraindications, and clinically relevant drug interactions [43,418–422]. Particular
attention is directed toward hyperforin because of its central role in PXR activation and
subsequent induction of CYP450 enzymes and P-glycoprotein [43,418–422]. EMA guid-
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ance therefore emphasizes interaction warnings and professional counseling, especially in
patients receiving concomitant prescription medications.

Overall, these regulatory perspectives converge on a common principle: the safety
of H. perforatum products depends not only on intrinsic tolerability but also on standard-
ized hyperforin content and appropriate management of drug-interaction risk. Greater
consistency in product characterization and labeling is therefore essential for predictable
pharmacological activity and safer clinical use.

13.7. Critical Appraisal of the Current Safety Evidence

Overall, the available evidence indicates a generally adequate short- to medium-
term tolerability profile for standardized hyperforin-containing H. perforatum preparations,
with most reported adverse events being mild and reversible and serious direct toxic
effects uncommon. However, this evidence should not be interpreted as establishing
the safety of purified hyperforin. Most clinical safety data derive from multicomponent
botanical preparations, while compound-specific information on purified hyperforin—
particularly during prolonged exposure or with formulations designed to increase systemic
bioavailability—remains limited.

Importantly, the principal clinical safety concern appears to arise less from intrinsic
toxicity than from pharmacokinetic interaction liability. Hyperforin-mediated activation of
PXR and subsequent induction of CYP3A4 and P-glycoprotein provides a strong mechanis-
tic basis for the clinically important pharmacokinetic interactions observed with hyperforin-
containing H. perforatum preparations. However, because most clinical interaction data
derive from multicomponent preparations rather than purified hyperforin, the magnitude
of clinical interaction attributable specifically to hyperforin remains incompletely defined.
This risk is especially relevant in patients receiving drugs with narrow therapeutic in-
dices, individuals with multimorbidity or polypharmacy, and clinical settings requiring
prolonged treatment. Thus, conventional adverse-event frequency alone is insufficient
to characterize the overall safety profile of hyperforin. Accordingly, drug–herb interac-
tions currently represent among the major practical safety limitations to the clinical use of
hyperforin-containing preparations.

Safety interpretation is further complicated by variability in hyperforin content, formu-
lation, administered dose, duration of exposure, patient characteristics, and concomitant
pharmacotherapy. Accordingly, the current evidence supports favorable intrinsic tolera-
bility under selected conditions but not an unequivocally low-risk safety profile. Future
studies should prioritize long-term evaluation of chemically characterized purified hyper-
forin, exposure–toxicity relationships, standardized and highly bioavailable formulations,
vulnerable populations, and systematic assessment of clinically relevant drug interactions.
Such evidence will be essential for defining a reliable therapeutic window and determining
whether purified hyperforin can be developed safely as a pharmaceutical intervention.

Table 10 integrates these findings according to evidence source, preparation eval-
uated, principal safety finding, and clinical significance, thereby highlighting both the
relative strengths of the available safety evidence and the areas in which uncertainty
remains greatest.
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Table 10. Source-specific evidence for the safety, toxicological profile, and clinical significance of hyperforin and hyperforin-containing preparations *.

Category Evidence Source & Preparations
Evaluated Source-Specific Findings Clinical Significance References

Overall safety and
tolerability

RCTs, comparative trials, systematic
reviews, and post-marketing studies of

standardized hyperforin-containing
preparations

Good tolerability with low
discontinuation and serious

adverse-event rates; fewer sexual,
sedative, cognitive, metabolic, and
anticholinergic adverse effects than

several antidepressants.

Supports short- to medium-term
use in appropriately selected

patients.

[1,101,103,107,317,319,322,339,346,
353–361]

Acute toxicity
Experimental animal studies of purified
hyperforin and hyperforin-containing

preparations

High LD50 values and minimal organ
toxicity; adverse effects mainly at

supratherapeutic doses.

Suggests a broad acute safety
margin; human extrapolation

remains limited.
[1,2,136,346,355,364–368]

Chronic toxicity

Repeated-dose animal studies of purified
hyperforin and long-term studies of
standardized hyperforin-containing

preparations

Minimal cumulative organ toxicity
reported; purified hyperforin and

long-term data remain limited.

Long-term safety requires
further investigation,

particularly in polypharmacy.

[43,174,317,339,352,360,361,363,364,
366,369–377]

Hepatotoxicity

Systematic reviews, RCTs,
pharmacovigilance studies, and case

reports of hyperforin-containing
preparations

Sporadic reports without a consistent
hepatotoxic signal or causal association.

Clinically significant liver injury
appears uncommon; monitoring
may be warranted in susceptible

patients.

[1,43,361,389,390]

Common adverse effects
Clinical trials and post-marketing studies

of standardized hyperforin-containing
preparations

Mild gastrointestinal symptoms,
headache, dizziness, fatigue, xerostomia,

agitation, restlessness, and sleep
disturbance.

Adverse effects are generally
mild, transient, and rarely

treatment-limiting.
[1,101,108,355,360,361]

Neurological and
psychiatric safety

Clinical studies, case reports, and
pharmacovigilance analyses of

hyperforin-containing preparations

Mild agitation and sleep disturbance; rare
mania or hypomania in susceptible

individuals.

Monitor patients with bipolar
disorder or mood instability. [1,101,108,355,360,361,384–388]

Serotonergic toxicity

Case reports, pharmacovigilance studies,
and systematic reviews of

hyperforin-containing preparations used
with serotonergic drugs

Occasional serotonin syndrome with
concomitant serotonergic medications.

Avoid concomitant use with
serotonergic medications when

possible.
[346,349,382,383,394]

Photosensitivity Clinical reports and safety studies of
hyperforin-containing preparations

Uncommon at therapeutic doses;
primarily attributed to hypericin.

Advise photoprotection in
highly photosensitive

individuals.
[378–381]
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Table 10. Cont.

Category Evidence Source & Preparations
Evaluated Source-Specific Findings Clinical Significance References

Pregnancy and lactation
Limited clinical studies and regulatory
assessments of hyperforin-containing

preparations

Maternal and fetal safety remains
insufficiently characterized.

Generally not recommended
because of insufficient safety

data.
[346,411–422]

Genotoxicity and
carcinogenicity

Experimental toxicological studies of
purified hyperforin and

hyperforin-containing H. perforatum
preparations

No consistent genotoxic or carcinogenic
signal identified; evidence remains

limited.

Current evidence is reassuring
but remains insufficient for

definitive conclusions.
[66,67,70,200]

PXR activation and CYP3A4
induction

CYP3A4 induction
Mechanistic, pharmacokinetic, and

interaction studies of purified hyperforin
and hyperforin-containing preparations

Hyperforin activates PXR and induces
CYP3A4 in a dose-dependent manner.

May reduce efficacy of
concomitant CYP3A4 substrates. [43,173,174,340,346–348,352,391]

P-glycoprotein induction
Mechanistic and clinical pharmacokinetic

studies of purified hyperforin and
hyperforin-containing preparations

Increased P-glycoprotein expression
reduces systemic drug exposure.

May decrease systemic exposure
to P-glycoprotein substrates. [173,174,382,392,393]

Clinically relevant drug
interactions

Clinical interaction studies,
pharmacovigilance analyses, and

regulatory assessments of
hyperforin-containing preparations, with

mechanistic evidence from purified
hyperforin

Documented interactions with
antidepressants, oral contraceptives,

anticoagulants, immunosuppressants,
antiretrovirals, anticancer agents, and

cardiovascular drugs.

Major safety concern;
medication review is essential

before use.

[43,173,174,340,346–
352,382,383,391–410,418–422]

* Clinical findings derived from multicomponent H. perforatum preparations should be interpreted as preparation-specific evidence and do not establish the
independent efficacy, safety, or interaction profile of purified hyperforin unless supported by compound-specific evidence.
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14. Current Limitations, Knowledge Gaps, and Barriers to
Clinical Translation
14.1. Overview

Despite extensive investigation of its pharmacological properties, hyperforin has not
yet emerged as a clinically validated therapeutic agent. This translational gap reflects
several interconnected limitations, including the predominance of mechanistic and preclin-
ical evidence, limited compound-specific human data, heterogeneity among hyperforin-
containing H. perforatum preparations, physicochemical and pharmacokinetic constraints,
clinically relevant interaction liability, and challenges in pharmaceutical development and
regulatory standardization. Importantly, the maturity of evidence varies substantially
across therapeutic areas: depression has the strongest human support, although predomi-
nantly from standardized hyperforin-containing H. perforatum preparations, whereas most
other proposed applications remain largely preclinical.

These barriers are closely interrelated, as variability in compound and formulation
characteristics influences systemic exposure, which in turn affects target engagement,
efficacy, safety, and interpretation of clinical findings. The following subsections examine
the principal factors that currently limit the development of hyperforin as a chemically
defined and clinically validated therapeutic intervention.

14.2. Preclinical–Clinical Translation Gap

A major limitation in the development of hyperforin is the marked imbalance between
extensive mechanistic and preclinical evidence and comparatively limited compound-
specific clinical validation. Most proposed therapeutic effects have been demonstrated in
cellular or animal models, which are valuable for identifying biological mechanisms but
do not fully reproduce human disease complexity, pharmacokinetics, comorbidities, or
treatment responses. Moreover, experimental concentrations and exposure conditions may
not always be clinically attainable, and modulation of molecular or biochemical endpoints
does not necessarily translate into meaningful patient benefit.

An additional challenge is the compound–preparation attribution gap. Whereas
mechanistic studies frequently investigate purified hyperforin, most human trials have
evaluated standardized H. perforatum extracts containing hyperforin together with hyper-
icin, flavonoids, and other bioactive constituents. Consequently, clinical outcomes observed
with these preparations cannot be attributed specifically to hyperforin, and possible addi-
tive or synergistic effects among constituents cannot be excluded.

This distinction is particularly important because the relatively mature clinical ev-
idence for depression does not constitute equivalent evidence for purified hyperforin,
while most other proposed applications remain supported predominantly by preclinical or
mechanistic findings. Thus, establishing compound-specific efficacy, clinically achievable
exposure, and target engagement represents a critical prerequisite for translating the exten-
sive experimental literature on hyperforin into clinically validated therapeutic applications.

14.3. Standardization and Formulation Variability

A major barrier to the clinical translation of hyperforin is the substantial variability
in its content and stability across H. perforatum preparations. Differences in botanical source,
extraction and manufacturing procedures, storage conditions, and formulation technologies can
markedly influence hyperforin concentration, purity, stability, and biological activity, thereby
contributing to variability in pharmacokinetic exposure, efficacy, and safety [31,32,423–431].

This problem is compounded by the physicochemical instability of hyperforin, which
is susceptible to degradation during extraction, purification, storage, and formulation,
particularly following exposure to light, oxygen, heat, and moisture [31,35,45,432–434].
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Consequently, nominally similar preparations may deliver substantially different amounts
of intact and bioavailable hyperforin, complicating comparisons across experimental and
clinical studies.

Insufficient analytical and manufacturing standardization therefore represents a major
obstacle to reproducibility and to the establishment of reliable dose–exposure–response
relationships [32,435]. Future development should prioritize chemically characterized
preparations with defined hyperforin content, validated stability, and reproducible for-
mulation characteristics to enable meaningful comparison across studies and support
subsequent pharmacokinetic and clinical evaluation.

14.4. Pharmacokinetic and Bioavailability Limitations

The clinical translation of hyperforin is constrained by unfavorable physicochemical and
pharmacokinetic properties. Its high lipophilicity, poor aqueous solubility, chemical instability,
and formulation-dependent absorption contribute to variable systemic exposure and complicate
the establishment of reproducible dose–exposure relationships [31,39,40,433,434,436,437].

Following absorption, hyperforin undergoes extensive metabolism involving CYP3A4
and CYP2C enzymes, while systemic exposure may vary substantially according to
formulation characteristics, dose, metabolic phenotype, and other patient-related fac-
tors [39,362,436,437]. These sources of variability complicate extrapolation from adminis-
tered dose to circulating and tissue concentrations and may partly account for inconsisten-
cies among experimental and clinical findings.

A major translational challenge is therefore the exposure–translation gap between ex-
perimentally active concentrations and those reproducibly achievable in humans. Robust
pharmacokinetic–pharmacodynamic characterization is needed to establish the sequence
from administered dose to circulating concentration, tissue exposure, target engagement,
and biological or clinical response [39,40,362,436,437]. This issue is further complicated by
hyperforin-mediated induction of drug-metabolizing enzymes and transporters, which can
alter its own pharmacokinetic context as well as that of concomitant medications [362,436,437].

Overall, the combination of physicochemical instability, variable absorption and
metabolism, and interaction liability limits predictable systemic exposure and repre-
sents a major obstacle to defining clinically relevant dosing regimens. Addressing these
limitations will require standardized formulations and rigorous pharmacokinetic stud-
ies capable of linking hyperforin exposure to target engagement and therapeutic re-
sponse [31,39,433,434,436,437].

14.5. Sources of Inconsistency Across the Evidence Base

The apparent inconsistencies across the hyperforin literature should not necessarily be
interpreted as contradictory biological effects, because the studies frequently differ at sev-
eral levels simultaneously. At the intervention level, purified hyperforin, hyperforin-rich
fractions, standardized H. perforatum extracts, and heterogeneous commercial preparations
are often considered within the same broad evidence base despite substantial differences in
chemical composition and delivered hyperforin dose. At the experimental level, studies
differ in model system, concentration, treatment duration, route of administration, and
endpoints. At the clinical level, variability in disease severity, diagnostic criteria, extract
composition, dose, treatment duration, comparator, concomitant therapies, and outcome
measures further limits direct comparison. Pharmacokinetic variability provides an ad-
ditional source of heterogeneity because differences in formulation, chemical stability,
absorption, metabolism, and drug–transporter interactions may produce substantially
different systemic and tissue exposures even when nominal administered doses appear
similar. Consequently, discordant findings should be interpreted within the context of
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intervention identity, achievable exposure, methodological quality, and level of evidence
rather than considered interchangeable evidence for or against hyperforin efficacy.

14.6. Limited Long-Term Clinical Evidence and Remaining Mechanistic Uncertainties

Long-term clinical evidence for hyperforin remains limited. Even in depression,
where human evidence is comparatively mature, most trials have been of relatively short
duration and have evaluated standardized H. perforatum preparations rather than purified
hyperforin. For other proposed chronic indications, long-term disease-specific evidence
is sparse, limiting conclusions regarding sustained efficacy, cumulative safety, and the
consequences of prolonged exposure.

Important mechanistic uncertainties also remain despite the extensive experimental
literature. Hyperforin influences multiple interconnected pathways, including TRPC6-
dependent signaling, neurotransmission and neurotrophic responses, inflammatory and
redox regulation, mitochondrial function, apoptosis, autophagy, and metabolic homeostasis.
However, the relative contribution and hierarchical organization of these mechanisms re-
main incompletely defined. In particular, it is unclear whether TRPC6 activation represents
a dominant upstream mechanism across biological contexts or whether hyperforin acts
through context-dependent multitarget effects involving several parallel pathways.

The biological response to hyperforin may also vary according to tissue, dose, disease
state, and individual characteristics, while pharmacogenomic, epigenetic, microRNA-
mediated, microbiota-related, metabolomic, and broader network-level influences remain
insufficiently characterized. These factors may contribute to heterogeneity among exper-
imental and clinical findings and complicate identification of primary molecular actions
versus secondary downstream responses.

Overall, the broad pharmacological activity of hyperforin provides substantial ther-
apeutic potential but also complicates mechanistic interpretation and clinical translation.
Future studies should therefore prioritize clinically relevant exposure conditions and es-
tablish causal links among hyperforin exposure, primary target engagement, downstream
biological responses, and clinically meaningful outcomes.

14.7. Integrated Appraisal of Evidence Maturity and Translational Readiness

The therapeutic evidence for hyperforin is characterized by a marked imbalance
between extensive mechanistic and preclinical investigation and comparatively limited
compound-specific clinical validation. Translational maturity also differs substantially
across therapeutic domains. Depression and mood disorders represent the most clini-
cally developed indication, supported by randomized trials and evidence syntheses of
standardized hyperforin-containing H. perforatum preparations; however, these findings
do not establish the independent clinical efficacy of purified hyperforin. Anxiety and
selected dermatological applications have emerging but substantially less developed hu-
man evidence, whereas neurodegenerative, cardiometabolic, inflammatory, oncological,
infectious, gastrointestinal, musculoskeletal, and healthy-aging applications remain pre-
dominantly preclinical.

This heterogeneity in translational maturity is summarized in Figure 4. Importantly,
the classification reflects the relative maturity of the overall evidence base rather than
established clinical efficacy of purified hyperforin. Mechanistic plausibility or reproducible
activity in cellular and animal models should not be considered equivalent to therapeutic
efficacy, particularly when the concentrations, formulations, or routes of administration
used experimentally may not correspond to clinically achievable human exposure. Accord-
ingly, the translational significance of each therapeutic domain depends on the convergence
of disease-specific mechanistic evidence, reproducible in vivo efficacy, pharmacokinetic
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feasibility, intervention specificity, and supportive human evidence rather than on the
breadth of reported biological activities alone.

Figure 4. Therapeutic landscape of hyperforin according to the maturity of mechanistic, preclinical,
and human evidence. Therapeutic areas are grouped according to their relative translational maturity,
ranging from predominantly preclinical evidence to emerging and comparatively developed human
evidence. Depression and mood disorders represent the most clinically investigated domain, although
the available human evidence derives predominantly from standardized hyperforin-containing H.
perforatum preparations rather than purified hyperforin. The classification is intended as a qualitative
synthesis of the evidence reviewed and should not be interpreted as a formal certainty-of-evidence
grading or as confirmation of clinical efficacy of purified hyperforin.

Overall, the evidence therefore identifies a substantial translational gap: hyperforin is
a pharmacologically pleiotropic and extensively investigated natural compound, but its
development as a chemically defined therapeutic agent remains immature. In particular,
clinical evidence obtained with multicomponent H. perforatum preparations must be dis-
tinguished from direct evidence for purified hyperforin, for which adequately powered
clinical validation remains lacking. The interacting factors responsible for this discrepancy
are integrated in Section 14.7.

A more detailed qualitative comparison of mechanistic, animal, and human evidence
across the principal therapeutic domains is provided in Table 11. The ratings represent a
structured qualitative appraisal within the framework of this narrative review and should
not be interpreted as formal certainty-of-evidence grades or as substitutes for validated
systems such as GRADE. Ratings were based on predefined dimensions including study
quantity; consistency and reproducibility; methodological rigor and disease relevance;
disease and intervention specificity; availability of disease-specific in vivo evidence; avail-
ability and methodological quality of human studies; concordance across mechanistic,
animal, and human evidence; and translational relevance, including pharmacokinetic feasi-
bility and reproducibility of exposure. Higher ratings therefore indicate a broader, more
consistent, and more translationally informative evidence base rather than simply a greater
number of publications.
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Table 11. Qualitative appraisal of the relative strength and translational maturity of evidence across the principal disease areas reviewed and corresponding research
priorities 1,2.

Therapeutic Area Mechanistic Evidence Animal Evidence Human Evidence Overall Evidence Maturity Principal Limitation Research Priority

Depression and mood
disorders ★★★★★ ★★★★★ ★★★✩✩ Moderate–strong

Human efficacy is supported primarily
by standardized hyperforin-containing
H. perforatum preparations rather than

purified hyperforin; compound-specific
efficacy remains unresolved

RCTs of chemically
defined/purified hyperforin;
human PK, dose-finding, and

target-engagement studies

Anxiety and stress-related
disorders ★★★★✩ ★★★★✩ ★★✩✩✩ Moderate

Human studies are fewer and frequently
involve mixed anxiety–depressive

populations and complete botanical
preparations

Dedicated anxiety RCTs using
chemically characterized

interventions and validated
anxiety-specific outcomes

Cognitive dysfunction and
neurodegenerative diseases
(AD and related cognitive

decline)

★★★★★ ★★★★✩ ★✩✩✩✩ Emerging/preliminary

Extensive mechanistic and experimental
evidence but very limited

disease-specific human evidence;
available clinical observations largely

concern botanical preparations or
neuropsychiatric symptoms rather than

disease modification

Translational PK/PD studies
followed by early-phase

disease-specific clinical trials

Parkinson’s disease and other
neurodegenerative disorders ★★★★✩ ★★★✩✩ ✩✩✩✩✩ Preliminary

Evidence remains predominantly
mechanistic and preclinical, with

insufficient compound-specific human
validation

Replication in
disease-relevant animal

models, exposure–response
studies, and subsequent

early-phase clinical evaluation

Inflammatory and
immune-mediated disorders ★★★★✩ ★★★✩✩ ★✩✩✩✩ Preliminary–emerging

Strong
anti-inflammatory/immunomodulatory

rationale, but evidence varies
substantially among diseases and many

proposed indications are based on
mechanistic extrapolation

Disease-specific in vivo
validation using purified
hyperforin followed by

biomarker-guided
translational studies

Cardiometabolic disorders,
including obesity and T2DM ★★★★✩ ★★★★✩ ★✩✩✩✩ Emerging

Consistent metabolic and inflammatory
mechanisms with supportive preclinical

findings, but limited direct clinical
evidence for hyperforin

Human PK/PD studies and
proof-of-concept trials with
metabolic and inflammatory

endpoints

Cancer ★★★★★ ★★★✩✩ ✩✩✩✩✩ Preliminary

Extensive anticancer mechanisms and
in vitro findings substantially exceed

in vivo and human evidence; clinically
achievable exposure remains uncertain

Pharmacologically realistic
in vivo validation,

tumor-specific PK/PD
assessment, and translational

oncology studies
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Table 11. Cont.

Therapeutic Area Mechanistic Evidence Animal Evidence Human Evidence Overall Evidence Maturity Principal Limitation Research Priority

Dermatological disorders
and wound healing ★★★✩✩ ★★★✩✩ ★★✩✩✩ Moderate

Encouraging topical human evidence
exists, but studies are relatively small,
and formulations are heterogeneous

Larger controlled trials using
standardized topical

formulations and clinically
relevant endpoints

Gastrointestinal disorders ★★★★✩ ★★★✩✩ ✩✩✩✩✩ Preliminary
Mechanistic and animal evidence is

promising, but disease-specific clinical
validation is essentially absent

Additional disease-specific
in vivo studies followed by

early-phase clinical
investigation

Infectious diseases ★★★★✩ ★★✩✩✩ ✩✩✩✩✩ Preliminary

Antimicrobial/antiviral activity is
supported mainly by in vitro evidence,
with limited in vivo confirmation and

uncertain clinically achievable exposure

Pharmacologically realistic
in vivo validation, PK/PD

characterization, and
resistance/safety assessment

Musculoskeletal disorders
and pain ★★★✩✩ ★★✩✩✩ ✩✩✩✩✩ Preliminary

Biological plausibility derives largely
from anti-inflammatory, antioxidant,

and tissue-protective mechanisms, with
limited disease-specific validation

Disease-specific animal
studies using defined

hyperforin preparations
before clinical investigation

Healthy aging and
age-related functional

decline
★★★✩✩ ★★✩✩✩ ✩✩✩✩✩ Exploratory

Evidence is largely indirect and
extrapolated from neuroprotective,

metabolic, antioxidant, and
anti-inflammatory actions

Mechanistic validation in
aging-specific models and
identification of clinically
relevant aging endpoints

1 Evidence ratings represent a qualitative narrative appraisal by the authors and are not derived from a validated certainty-of-evidence framework. Ratings were
based on the relative quantity, consistency, disease specificity, intervention specificity, and translational maturity of mechanistic, animal, and human evidence
identified in this review. 2 The star-based evidence ratings represent an author-derived qualitative synthesis rather than a validated evidence-grading system. Ratings
were based on the relative quantity, consistency, methodological strength, disease specificity, intervention specificity, and translational maturity of mechanistic,
animal, and human evidence identified in this narrative review. The ratings represent a qualitative comparative appraisal developed for the purposes of this narrative
review and should not be interpreted as formal GRADE assessments, systematic certainty-of-evidence ratings, or quantitative scores. In addition, ratings represent an
author-derived qualitative consensus assessment based on the predefined criteria described in the text and should not be interpreted as formal certainty-of-evidence
grading. ★✩✩✩✩: very limited evidence; predominantly mechanistic or exploratory; ★★✩✩✩: limited evidence; some reproducible preclinical support but
substantial gaps; ★★★✩✩: moderate evidence; consistent mechanistic/preclinical findings with emerging human support; ★★★★✩: substantial evidence; strong
preclinical evidence with supportive but incomplete clinical validation; ★★★★★: extensive evidence within the relevant evidence domain, based on multiple
consistent and methodologically informative studies; this rating does not necessarily indicate established clinical efficacy of purified hyperforin.
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The qualitative evidence ratings were assigned collectively by all authors following
a comprehensive evaluation of the available mechanistic, preclinical, translational, and
clinical literature. Final ratings for each therapeutic domain were determined after detailed
discussion of the predefined evidence dimensions and were reached by consensus among
all authors.

14.8. Why Has Hyperforin Not Yet Achieved Clinical Translation?

Despite more than two decades of pharmacological investigation and a substantial
body of mechanistic and preclinical evidence, hyperforin has not progressed to a clinically
validated therapeutic agent. This discrepancy is best understood not as a failure of bio-
logical activity, but as the consequence of a multistep translational bottleneck in which
compound attribution, pharmaceutical development, human exposure, safety, clinical
validation, and regulatory feasibility remain insufficiently connected.

The first and most fundamental problem is the disconnect between the compound
evaluated experimentally and the interventions assessed clinically. Mechanistic studies fre-
quently investigate purified hyperforin under chemically defined conditions, whereas most
human studies have evaluated multicomponent H. perforatum preparations. Consequently,
clinical effects observed with these botanical products cannot be attributed unequivo-
cally to hyperforin, while the independent efficacy, therapeutic dose, exposure–response
relationship, and therapeutic window of purified hyperforin remain largely undefined.
This experimental-to-clinical attribution gap is illustrated in Figure 5 and represents the
principal obstacle to establishing hyperforin as a distinct therapeutic entity.

A second interconnected barrier concerns the transition from biological activity to
reproducible human exposure. Hyperforin combines poor aqueous solubility, chemical
instability, variable oral bioavailability, and formulation-dependent pharmacokinetics.
Thus, even where experimentally relevant mechanisms are well characterized, it remains
uncertain whether comparable and sustained target exposure can be achieved safely in
humans. Importantly, pharmaceutical strategies designed to increase systemic exposure
must also confront a countervailing safety problem: hyperforin activates PXR and induces
CYP3A4 and P-glycoprotein, creating clinically relevant interaction potential. Increasing
bioavailability may therefore improve pharmacological exposure while simultaneously
increasing interaction liability, particularly in patients with chronic diseases who commonly
receive multiple medications.

These limitations create a further clinical-development problem. Without a standard-
ized purified formulation and predictable human pharmacokinetics, it is difficult to define
rational dose ranges, demonstrate pharmacodynamic target engagement, select clinically
relevant biomarkers, or design adequately powered compound-specific randomized trials.
The translational pathway therefore remains incomplete at several sequential stages: chemi-
cal standardization → reproducible exposure → target engagement → efficacy → long-term
safety and interaction assessment. Failure to establish one stage weakens the interpretabil-
ity of the next, helping explain why extensive mechanistic evidence has not yet generated
corresponding compound-specific clinical validation.

Hyperforin also occupies an unusual regulatory and commercial position between a
botanical constituent and a conventional drug candidate. Botanical preparations are intrin-
sically more difficult to standardize because of variability in phytochemical composition,
whereas development of purified hyperforin according to conventional pharmaceutical
standards would require extensive formulation optimization, toxicological characteriza-
tion, pharmacokinetic and dose-ranging studies, and phase II–III clinical evaluation. Such
development demands considerable resources, while the commercial incentives may be
comparatively limited for a naturally occurring compound.
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Figure 5. Experimental-to-clinical attribution gap in hyperforin research. Experimental and pre-
clinical investigations frequently evaluate purified hyperforin under chemically defined conditions,
enabling compound-specific mechanistic assessment. In contrast, most available clinical evidence
derives from multicomponent H. perforatum preparations, in which variability in composition and the
presence of additional bioactive constituents complicate attribution of clinical effects specifically to hy-
perforin. Bridging this gap requires standardized purified-hyperforin formulations, characterization
of human pharmacokinetics and dose–exposure relationships, demonstration of target engagement,
adequately powered compound-specific randomized controlled trials, and comprehensive long-term
safety assessment.

Taken together, these interconnected barriers explain why hyperforin remains phar-
macologically compelling but clinically underdeveloped. The central challenge is therefore
no longer to identify additional biological activities, but to establish whether a chemically
defined and pharmaceutically optimized hyperforin intervention can achieve reproducible
human exposure, demonstrable target engagement, acceptable safety and interaction liabil-
ity, and clinically meaningful efficacy. Addressing these sequential requirements provides
the basis for the research priorities and translational development strategy outlined in
Section 15.

15. Future Directions and Research Priorities
15.1. Translational Priorities

Future hyperforin development should follow a sequential translational strategy pri-
oritizing: chemically defined intervention identity and formulation; reproducible human
exposure; pharmacodynamic target engagement; safety and drug-interaction character-
ization; and subsequently compound-specific efficacy trials. Studies should explicitly
distinguish purified hyperforin from H. perforatum preparations and report purity/content,
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dose, formulation, stability, and relevant pharmaceutical characteristics. Therapeutic de-
velopment should be prioritized according to disease-specific evidence maturity, in vivo
reproducibility, pharmacokinetic feasibility, preliminary human support, and anticipated
benefit–risk rather than pursued simultaneously across all proposed indications. The
qualitative hierarchy presented in Table 11 can therefore guide prioritization for compound-
specific clinical development.

Figure 6 summarizes the proposed stepwise pathway from chemical standardization
and formulation optimization through human pharmacokinetics, target engagement, safety
and interaction assessment, proof-of-concept studies, and ultimately adequately powered
randomized trials and regulatory evaluation. Progression to each stage should depend on
satisfactory evidence from the preceding stage.

Figure 6. Proposed roadmap for the translational development of hyperforin from mechanistic
evidence to clinical implementation. The framework prioritizes sequential development through
compound standardization and formulation optimization, characterization of human pharmacokinet-
ics and exposure variability, demonstration of pharmacodynamic target engagement, comprehensive
safety and drug-interaction assessment, and adequately powered randomized controlled trials using
chemically defined hyperforin interventions. Later-stage implementation would require confirmation
of clinical effectiveness, regulatory evaluation, and integration into appropriate therapeutic settings.
Cross-cutting priorities include methodological rigor, reproducibility, interdisciplinary collaboration,
data integration, ethical conduct, and harmonization of analytical and regulatory standards.

15.2. Mechanistic Validation and Biomarker-Guided Development

A central priority for hyperforin development is to distinguish primary pharmaco-
logical actions from secondary or context-dependent responses. Although experimental
evidence implicates TRPC6-mediated Ca2+ signaling and multiple neurobiological, mi-
tochondrial, inflammatory, redox, autophagic, apoptotic, and metabolic pathways, their
causal and temporal hierarchy remains incompletely defined. Future studies should there-

https://doi.org/10.3390/cimb48090937

https://doi.org/10.3390/cimb48090937


Curr. Issues Mol. Biol. 2026, 48, 937 84 of 107

fore move beyond descriptive pathway associations by using target-specific pharmacologi-
cal inhibition, genetic manipulation, dose–response approaches, and tissue- or cell-specific
models to establish causal relationships and identify mechanisms most relevant to disease-
specific therapeutic effects.

Systems-biology and integrated multi-omics approaches may complement targeted
mechanistic studies by characterizing tissue-specific molecular responses, efficacy or toxic-
ity signatures, and candidate biomarkers associated with hyperforin exposure and respon-
siveness [438–443]. Such approaches may also help distinguish primary pharmacological
effects from downstream network responses and identify sources of interindividual vari-
ability. However, findings from high-dimensional datasets require targeted experimental
and independent validation before translational or clinical application.

In parallel, development should prioritize indication-specific pharmacodynamic
biomarkers capable of linking hyperforin exposure to biological target engagement. Can-
didate panels may encompass inflammatory and redox, neurotrophic, mitochondrial,
metabolic, immune, genomic/epigenetic, and microbiome-related measures, selected ac-
cording to the mechanism most strongly supported for the therapeutic indication [444–447].
Their primary translational value is to determine whether biologically meaningful target
modulation occurs at clinically achievable hyperforin exposures, thereby linking pharma-
cokinetics with biological response and clinical outcomes.

Validated biomarkers could subsequently support dose selection, confirmation of tar-
get engagement, identification of responder subgroups, patient enrichment, and evidence-
based go/no-go decisions during early clinical development [444,445]. Integration of
pharmacodynamic and multi-omics biomarkers may further facilitate patient stratification
and adaptive dose optimization [444–447]. Nevertheless, biomarker-guided strategies
should complement rather than replace clinically meaningful outcomes and adequately
powered randomized evidence.

15.3. Pharmaceutical Optimization and Human Pharmacokinetics

Development of a chemically defined, stable, reproducible, and clinically suitable
purified-hyperforin formulation is a prerequisite for compound-specific therapeutic evalua-
tion. Pharmaceutical optimization should prioritize protection against chemical degrada-
tion, reproducible drug content and release, and predictable absorption using appropriate
delivery technologies, including lipid-, polymer-, or cyclodextrin-based systems. However,
formulation performance should be judged by demonstrated pharmaceutical and pharma-
cokinetic advantages rather than improvements in solubility or in vitro release alone.

Promising formulations should undergo standardized physicochemical and controlled
human pharmacokinetic evaluation to characterize stability, bioavailability, systemic ex-
posure, dose proportionality, elimination, interindividual variability, and, where relevant,
food effects and tissue distribution. Critically, these studies should determine whether expo-
sures associated with experimental pharmacological activity are achievable and sustainable
at clinically acceptable doses.

Pharmacokinetic development should be integrated with the pharmacodynamic strat-
egy described in Section 15.2. Early clinical studies should establish exposure–target engage-
ment and exposure–response relationships using validated, indication-specific biomarkers
rather than considering systemic exposure as an isolated endpoint. This approach would
clarify whether increasing exposure produces biologically meaningful target modulation
and provide a rational basis for dose selection and progression to proof-of-concept trials.

Particular attention should be given to the interaction liability associated with PXR
activation and induction of CYP3A4 and P-glycoprotein. Improved bioavailability should
not automatically be considered advantageous, because greater systemic exposure may
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also increase clinically relevant drug interactions. Formulation and dose-ranging studies
should therefore incorporate exposure-dependent assessment of enzyme and transporter
induction, with dedicated clinical interaction studies where appropriate, particularly for
chronic indications and populations with multimorbidity or polypharmacy.

15.4. Clinical Trial Development and Precision Approaches

Following pharmaceutical optimization, human pharmacokinetic characterization,
demonstration of target engagement, and initial safety assessment, clinical development
should proceed through a sequential, indication-specific framework. Early-phase studies of
chemically characterized purified hyperforin should establish tolerability, dose–exposure
relationships, pharmacodynamic activity, interaction liability, and the dose range required
for biologically meaningful target engagement before progression to proof-of-concept
efficacy trials.

Subsequent proof-of-concept studies and RCTs should prioritize indications according
to the evidence-maturity framework presented in Section 14.6 and Table 11. Trials should
be adequately powered and indication-specific, with appropriate comparators, clinically
meaningful predefined outcomes, standardized safety and drug-interaction monitoring,
and suitable follow-up. Where compound-specific efficacy is being evaluated, purified
hyperforin or a chemically defined hyperforin formulation should be used. Studies of
H. perforatum preparations remain clinically relevant but require detailed phytochemi-
cal characterization, and their therapeutic effects should not be attributed exclusively
to hyperforin.

Precision approaches may complement this pathway when supported by a validated
biological rationale. Pharmacogenomic variation and other patient-level biological char-
acteristics, including inflammatory, metabolic, neurobiological, and microbiome-related
factors, may contribute to interindividual variability in hyperforin exposure, target en-
gagement, safety, and therapeutic response [448–451]. Prospective evaluation of these
determinants could help characterize response heterogeneity and inform subsequent pa-
tient stratification.

Integration of pharmacogenomic information with validated pharmacodynamic
biomarkers and multi-omics profiles may further support biomarker-guided stratifica-
tion, patient enrichment, individualized dose selection, and adaptive early-development
decisions [443,447–451]. However, such approaches should remain hypothesis-driven and
undergo prospective validation, complementing rather than replacing clinically meaningful
endpoints and adequately powered randomized evidence.

Combination therapy with conventional pharmacological agents may represent an
additional strategy in selected indications but should be considered only after the phar-
macokinetic and interaction profile of purified hyperforin has been adequately character-
ized. Given its PXR-mediated interaction liability, potential combinations should undergo
appropriate pharmacokinetic and interaction assessment to determine whether any phar-
macodynamic benefit is accompanied by clinically relevant alterations in co-administered
drug exposure.

Overall, clinical development should follow a stage-gated approach, with progression
to larger randomized trials contingent on reproducible human exposure, demonstrable
target engagement, acceptable safety and interaction liability, and preliminary therapeutic
efficacy. This strategy would concentrate resources on the indications, formulations, doses,
and patient populations with the greatest likelihood of clinically meaningful benefit.
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15.5. Standardization, Regulation, and Clinical Implementation

Successful translation of hyperforin into clinical practice will require regulatory and
quality-control frameworks that clearly distinguish purified hyperforin as a chemically
defined therapeutic candidate from hyperforin-containing H. perforatum preparations. Be-
cause botanical medicines, phytopharmaceuticals, nutraceuticals, and dietary supplements
are regulated differently across jurisdictions, development programs should define the
intended product category and apply appropriate quality, manufacturing, safety, and effi-
cacy requirements. Purified hyperforin intended for therapeutic use should increasingly be
developed according to conventional pharmaceutical principles.

Reproducible product quality is a central requirement. For purified hyperforin, stan-
dardization should incorporate validated analytical characterization, predefined purity
and stability specifications, assessment of degradation products, appropriate storage condi-
tions, and transparent formulation reporting. Hyperforin-containing botanical preparations
should similarly undergo quantitative characterization of hyperforin and other relevant
bioactive constituents, together with harmonized manufacturing and batch-to-batch quality
assessment. These measures are necessary to ensure that interventions evaluated across
preclinical and clinical studies are sufficiently characterized and comparable.

Regulatory development of purified hyperforin should integrate chemistry, manufac-
turing, and quality control with pharmacokinetic, pharmacodynamic, toxicological, and
clinical evidence. Product specifications and formulation characteristics should be linked to
reproducible human exposure, while dose selection should be guided by pharmacokinetic
and target-engagement data rather than nominal administered dose alone. Long-term safety
and drug-interaction liability, particularly those associated with PXR-dependent induction
of drug-metabolizing enzymes and transporters, should be incorporated prospectively
throughout development.

Clinical implementation would additionally require appropriate pharmacovigilance
and risk-management strategies, particularly for patients receiving concomitant medica-
tions or experiencing polypharmacy, prolonged treatment, or higher formulation-specific
systemic exposure. Clinically relevant interactions should be reflected in appropriate
labeling, contraindications, precautions, and monitoring recommendations.

Progress toward regulatory acceptance would also benefit from coordinated collabo-
ration among research, clinical, industry, and regulatory stakeholders. Harmonization of
intervention characterization, analytical and pharmacokinetic methods, safety assessment,
and clinical outcome definitions would improve comparability across studies and reduce
fragmentation of the evidence base.

Ultimately, regulatory and clinical progression should be evidence-gated rather than
activity-driven, requiring convergence of reproducible pharmaceutical quality, predictable
human exposure, validated target engagement, clinically meaningful efficacy, and an
acceptable long-term safety and interaction profile. Only when these requirements are
demonstrated for a clearly defined hyperforin intervention can its extensive experimental
pharmacology be meaningfully translated into a clinically validated therapeutic agent.

16. Conclusions
Hyperforin is a pharmacologically pleiotropic natural compound with a broad spec-

trum of biological activities supported by extensive mechanistic, cellular, and animal
evidence. Its ability to modulate interconnected processes involving neurotransmission,
neuroplasticity, inflammation, oxidative stress, mitochondrial homeostasis, immune reg-
ulation, cell survival, and metabolic signaling provides a biologically plausible basis for
its potential relevance across multiple disease states. Nevertheless, the breadth of these
experimentally demonstrated effects should not be interpreted as equivalent to therapeutic
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efficacy, and the maturity of the available evidence differs substantially among proposed
clinical applications.

A clear evidence hierarchy emerges from the current literature. Depression and mood
disorders represent the most clinically developed therapeutic domain, with randomized
trials and evidence syntheses supporting standardized hyperforin-containing H. perforatum
preparations for mild-to-moderate depressive disorders. However, because these prepara-
tions contain multiple pharmacologically active constituents, their clinical effects cannot
establish the independent therapeutic contribution of hyperforin. For most other proposed
applications—including neurodegenerative, inflammatory and immune-mediated, car-
diometabolic, oncological, antimicrobial, gastrointestinal, dermatological, musculoskeletal,
and healthy-aging indications—the evidence remains substantially less mature and is pre-
dominantly mechanistic or preclinical. Robust compound-specific clinical evidence for
purified hyperforin therefore remains lacking.

The central translational challenge is no longer simply to identify additional molecular
pathways or biological activities influenced by hyperforin, but to determine whether
its extensive experimental pharmacology can be converted into a chemically defined,
pharmacologically reproducible, safe, and clinically effective intervention. This transition
remains constrained by chemical instability, formulation-dependent exposure, limited
compound-specific human pharmacokinetic information, uncertainty regarding target
engagement at clinically achievable concentrations, and clinically relevant interaction
liability, particularly through PXR-dependent regulation of drug-metabolizing enzymes
and transporters.

Accordingly, hyperforin should currently be regarded as a promising but clinically
underdeveloped pharmacological candidate rather than an established therapeutic agent.
Its future therapeutic relevance will ultimately depend on whether a standardized and
chemically characterized intervention can achieve reproducible human exposure, demon-
strable target engagement, an acceptable long-term safety and drug-interaction profile, and
clinically meaningful efficacy. Establishing these requirements will determine whether the
substantial experimental promise of hyperforin can ultimately be translated into evidence-
based therapeutic application.
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Biological Activities of Rtanj’s Hypericum perforatum Infusion Tea and Methanolic Extracts: Insights from LC-MS/MS and
HPTLC–Bioautography. Plants 2025, 14, 1377. [CrossRef]

4. Güzel, M.A.; Kolaç, T.; Menevşe, İ.N.; Dündar, M.; Zengin, R.; Güzel, A.; Uğur, Y. Integrated Chemical and Biological Characteri-
zation of Hypericum perforatum Extract Using LC-MS/MS and In Vitro Functional Assays. Sci. Rep. 2026, 16, 6276. [CrossRef]

5. Suryawanshi, M.V.; Gujarathi, P.P.; Mulla, T.; Bagban, I. Hypericum perforatum: A Comprehensive Review on Pharmacognosy,
Preclinical Studies, Putative Molecular Mechanism, and Clinical Studies in Neurodegenerative Diseases. Naunyn-Schmiedeberg’s
Arch. Pharmacol. 2024, 397, 3803–3818. [CrossRef]

6. Poulaki, S.; Vlachonasios, K. Secondary Metabolites of Medicinal Use in Hypericum spp.: A Rich History and a Promising Future.
Med. Plant Biol. 2024, 3, e025. [CrossRef]

7. Wang, X.; Liu, W.; Chen, S.; Gao, Y.; Tian, J.; Gao, J. Four New Polyprenylated Acylphloroglucinols from Hypericum perforatum L.
Molecules 2024, 29, 1756. [CrossRef]

8. Li, X.-X.; Yan, Y.; Zhang, J.; Ding, K.; Xia, C.-Y.; Pan, X.-G.; Shi, Y.-J.; Xu, J.-K.; He, J.; Zhang, W.-K. Hyperforin: A Natural Lead
Compound with Multiple Pharmacological Activities. Phytochemistry 2023, 206, 113526. [CrossRef]

9. Liu, S.; Yu, B.; Dai, J.; Chen, R. Targeting the Biological Activity and Biosynthesis of Hyperforin: A Mini-Review. Chin. J. Nat. Med.
2022, 20, 721–728. [CrossRef]

10. Wurglics, M.; Schubert-Zsilavecz, M. Hypericum perforatum: A “Modern” Herbal Antidepressant: Pharmacokinetics of Active
Ingredients. Clin. Pharmacokinet. 2006, 45, 449–468. [CrossRef]

11. Traeger, A.; Voelker, S.; Shkodra-Pula, B.; Kretzer, C.; Schubert, S.; Gottschaldt, M.; Schubert, U.S.; Werz, O. Improved Bioactivity
of the Natural Product 5-Lipoxygenase Inhibitor Hyperforin by Encapsulation into Polymeric Nanoparticles. Mol. Pharm. 2020,
17, 810–816. [CrossRef]

12. Balkrishna, A.; Sharma, N.; Srivastava, D.; Kukreti, A.; Srivastava, S.; Arya, V. Exploring the Safety, Efficacy, and Bioactivity of
Herbal Medicines: Bridging Traditional Wisdom and Modern Science in Healthcare. Future Integr. Med. 2024, 3, 35–49. [CrossRef]

13. El-Saadony, M.T.; Saad, A.M.; Mohammed, D.M.; Korma, S.A.; Alshahrani, M.Y.; Ahmed, A.E.; Ibrahim, E.H.; Salem, H.M.;
Alkafaas, S.S.; Saif, A.M.; et al. Medicinal Plants: Bioactive Compounds, Biological Activities, Combating Multidrug-Resistant
Microorganisms, and Human Health Benefits—A Comprehensive Review. Front. Immunol. 2025, 16, 1491777. [CrossRef]

14. Bouron, A. Cellular Neurobiology of Hyperforin. Phytother. Res. 2024, 38, 636–645. [CrossRef]
15. Green, B.N.; Johnson, C.D.; Adams, A. Writing Narrative Literature Reviews for Peer-Reviewed Journals: Secrets of the Trade.

J. Chiropr. Med. 2006, 5, 101–117. [CrossRef]
16. Ferrari, R. Writing Narrative Style Literature Reviews. Med. Writ. 2015, 24, 230–235. [CrossRef]
17. Baethge, C.; Goldbeck-Wood, S.; Mertens, S. SANRA—A Scale for the Quality Assessment of Narrative Review Articles. Res.

Integr. Peer Rev. 2019, 4, 5. [CrossRef]
18. Ioannidis, J.P. Why Most Published Research Findings are False. PLoS Med. 2005, 2, e124. Correction in PLoS Med. 2022,

19, e1004085. https://doi.org/10.1371/journal.pmed.1004085. [CrossRef]
19. Song, F.; Parekh, S.; Hooper, L.; Loke, Y.K.; Ryder, J.; Sutton, A.J.; Hing, C.; Kwok, C.S.; Pang, C.; Harvey, I. Dissemination and

Publication of Research Findings: An Updated Review of Related Biases. Health Technol. Assess. 2010, 14, 8. [CrossRef]
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System of Hypericum perforatum L.: In Silico Design, In Vitro Antimicrobial–Toxicological Profiling, and In Vivo Wound-Healing
Evaluation. Gels 2025, 11, 431. [CrossRef]
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