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Abstract

The genus Epimedium L. comprises a group of perennial herbs widely distributed across
East Asia, with five representative species that include Epimedium grandiflorum C. Morren,
Epimedium brevicornu Maxim., Epimedium sagittatum (Sieb. et Zucc.) Maxim., Epimedium
koreanum Nakai. and Epimedium pubescens Maxim. For centuries, these species have been
used in traditional Chinese medicine for their aphrodisiac, anti-osteoporotic and estrogen-
like properties in the treatment of erectile dysfunction, osteoporosis, rheumatoid arthritis
and menopausal symptoms. The aim of this review is to present an extensive and updated
synthesis of the phytochemistry, biological activities and therapeutic properties of these
five species by examining the relationship between the phytochemical composition and
their pharmacological properties. Phytochemical analyses indicate that Epimedium spp.
are defined by their significant content of prenylated flavonol glycosides, including icar-
iin, icaritin, icariside, baohuoside and epimedin A-C. Recent studies have confirmed that
these compounds are responsible for the genus’ therapeutic potential. They possess a va-
riety of effects, ranging from aphrodisiac and antioxidant properties to anti-inflammatory
and immunomodulatory activities, as well as neuroprotective, cardioprotective and anti-
cancer benefits. Although preclinical findings are increasingly compelling, robust clinical
evidence is still lacking for all five species. Taken together, the data summarized here po-
sition Epimedium spp. as a valuable source of bioactive prenylated flavonoids, while un-
derscoring that standardized methodologies and rigorous clinical trials are essential to
translate this potential into validated therapeutic applications.
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1. Introduction

Phytotherapy, once rooted exclusively in traditional healing remedies, has under-
gone a profound scientific metamorphosis over the past few years [1]. Plant-based medi-
cine, once regarded primarily as empirical or folkloric, has become a vital resource for
developing new drugs thanks to advances in phytochemistry, pharmacology and molec-
ular biology [2]. The renewed interest in phytotherapy largely stems from the recognition
of medicinal plants as a valuable source of bioactive compounds with complex synergistic
actions that frequently exceed those of synthetic drugs [3]. In retrospect, a major limitation
of traditional herbal remedies has been the lack of standardization and the uncertainty
surrounding their pharmacokinetic properties. In recent years, advances in analytical
standardization have enabled more precise phytochemical characterization, while mod-
ern drug-delivery technologies have provided new strategies to overcome pharmacoki-
netic limitations [4]. In particular, advances in formulation, such as nanoparticles, nano-
crystals, nanoemulsions, phytosomes and liposomal delivery systems, have helped over-
come these limitations by increasing the bioavailability of phytoconstituents in order to
ensure predictable therapeutic effects [5].

Medicinal plants have long been recognized as an invaluable source of pharmacolog-
ically active molecules with numerous modern drugs being derived from phytoconstitu-
ents [6]. Among the most notable examples are: paclitaxel, a tetracyclic diterpenoid with
antineoplastic properties extracted from the bark of Taxus brevifolia Nutt. [7]; vincristine
and vinblastine, alkaloids used as anticancer agents isolated from Catharanthus roseus (L.)
G. Don; galantamine, an alkaloid obtained from Galanthus nivalis L., an acetylcholinester-
ase inhibitor used to delay cognitive decline in Alzheimer’s disease [8]; digoxin, a cardiac
glycoside isolated from Digitalis lanata Ehrh. used in heart failure and fibrillation [9]; mor-
phine, an opiate isolated from Papaver somniferum L. [10] as a potent analgesic [11]; arte-
misinin, isolated from Artemisia annua L. [12]; and quinine extracted from Cinchona offici-
nalis L. [13] used as antimalarial agents.

The genus Epimedium L. has attracted considerable scientific interest through its bio-
logical activities, assigned mainly to prenylated flavonoids [14]. Epimedium folium, known
as “Xiang Ling pi” or “nine leaves on three stems” is an herbal remedy obtained from the
dried leaves of 4 Epimedium species, Epimedium brevicornu Maxim., Epimedium sagittatum
(Sieb. et Zucc.) Maxim., Epimedium koreanum Nakai. and Epimedium pubescens Maxim. The
mix was first documented in Shennong Materia Medica Classic. Epimedium folium is used
in China, Japan and South Korea for its medicinal benefits such as improvement of erectile
function, strengthening bone and muscle, rheumatic pain alleviation. For centuries, these
species have been utilized for the treatment of sexual dysfunction, kidney-yang defi-
ciency, rheumatoid arthritis and osteoporosis [15]. The 2020 edition of the Chinese Phar-
macopeia officially recognizes five Epimedium species: Epimedium brevicornu Maxim.,
Epimedium sagittatum (Sieb. et Zucc.) Maxim., Epimedium koreanum Nakai., Epimedium pu-
bescens Maxim. and Epimedium wushanense T. S. Ying [16]. All five species are commonly
known as bishop’s hat, fairy wings, Rowdy lamb herb, barrenwort, yin yang huo or horny
goat weed. In addition to the Epimedium species mentioned above, this review also covers
Epimedium grandiflorum C. Morren, a species studied for its pharmacological properties
and therapeutic potential [17].

More than 130 secondary metabolites have been identified in Epimedium folium,
which include prenylated flavonoids, polysaccharides and organic acids, among which
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prenylated flavonoids exhibit notable pharmacological activity [15]. Icariin and its princi-
pal metabolite, icaritin, are the most studied bioactive compounds of Epimedium spp.
These phytoconstituents have shown anti-inflammatory and immunomodulatory activi-
ties, by modulating pro-inflammatory factors such as TNF-a, IL-6, and NF-kB signaling
pathway, with demonstrated therapeutic potential in neurodegenerative diseases, cardi-
ovascular diseases and several types of cancer [18,19].

Despite the growing body of evidence supporting the pharmacological proprieties of
Epimedium spp. extracts and their prenylated flavonoids content, the existing literature is
still fragmented, and extensive evaluations that integrate its phytochemical diversity with
mechanistic insights are limited.

The aim of the systematic review is to provide a comprehensive analysis of the recent
evidence on the phytochemical composition, biological activities and therapeutic poten-
tial of five Epimedium species: Epimedium grandiflorum, Epimedium brevicornu, Epimedium
sagittatum, Epimedium koreanum, Epimedium pubescens. This systematic review consolidates
recent advances in analytical chemistry, molecular pharmacology and experimental ther-
apeutics to identify the principal bioactive compounds, focusing on prenylated flavo-
noids, and to identify their mechanisms of action, thereby providing a framework for fu-
ture preclinical and clinical investigations.

2. Phytochemistry of Epimedium spp.

More than 270 compounds have been isolated from the genus Epimedium, among
which prenylated flavonoids represent the principal bioactive metabolites that largely ac-
count for their therapeutic potential for bone health, sexual function, and aging processes
[20]. Other classes of compounds reported in the selected Epimedium species include io-
nones, lignans and their glycosides, sesquiterpenes and their glycosides, phenolic glyco-
sides, phenylethanoids and their glycosides, and others. The phytochemical composition
of Epimedium varies across its different parts, with different species exhibiting distinct
compound profiles [21]. The prenylflavonoid glycosides and their main representatives,
icariin, epimedin A, B and C, are the main bioactive principles found in Epimedium spp.
and are known as the principal biologically active components and chemotaxonomic
markers in Epimedium crude plant extracts [22]. Detailed phytochemical analyses of the
Epimedium extracts have been performed using various chromatographic techniques
with Sephadex LH-20, silica gel, RP-18 silica and preparative TLC, resulting in the isola-
tion of pure compounds. Their structures were elucidated using UV, IR, 1D and 2D NMR
spectroscopic techniques, as well as the HRESIMS methods. Chemical transformations
have also been employed (Table 1).

Table 1. Distribution of major prenylated flavonoid markers across the five reviewed Epimedium

species.
. L. . . Anhy- . i
. .. Epimedi Epimedi Epimedi ... Baohu- Baohu- . ° . Desmethyl-An-  Species-Specific Com-
Species Icariin Icaritin . . droicari- Lo
nA nB nC osideI osideII tin hydroicaritin pounds
) Epimedigrandiosides A-B;
E. grandifiorum v - - N v - - v v korepimeosides A-B
Breviflavones A-B;
E. brevicornu N N N4 N N N4 N N N4 epimedokoreanin F; ZW1-
ZW4
Epimesatines A-S; sagit-
E. sagittatum v v v v v v v v v tasines A-C; yinyanghuo A—
E
Korepimeosides A-C;
E. koreanum N4 - N4 - N4 - N4 N4 N4 epimedokoreanin B; ko-

reanoside F/G
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E. pubescens

No unique markers reported

v v v v v v v v to date

v = confirmed in published phytochemical studies; — = not reported or absent in reviewed studies.

3. Epimedium grandiflorum C. Morren
3.1. Phytochemistry
3.1.1. Prenylated Flavonoids

Prenylated flavonoids constitute one of the major classes of bioactive compounds
that exhibit a flavonoid skeleton (2-phenylchromen-4-one) and a lipophilic prenyl group.
They exhibit a wide range of biological properties, including cytotoxic, anti-inflammatory,
neuroprotective, antimicrobial, antioxidant, anti-diabetic, estrogenic, cardioprotective
and enzyme inhibitory effects [23]. These substances are more lipophilic than the parent
flavonoids without prenylation, which gives them a higher affinity for P-glycoprotein in
cell membranes and makes them potential P-glycoprotein inhibitors [24]. In particular, 32
flavonoids isolated from Epimedium grandiflorum C. Morren, belong to the 8-prenylated
flavonol subclass (Figures 1 and 2). Structurally, they are characterized by the presence of
a prenyl substituent in the 8 position, a free -OH group or a-OH group incorporated with
sugar in positions C-3 and C-7, a free -OH group in the 5 position, and a methoxy or
hydroxyl moiety in the 4'-C position of the flavonoid rings [25]. According to the litera-
ture, the C-8 prenyl group is a key feature of both cytotoxic and osteogenic activity, con-
tributes to anti-inflammatory and enzyme inhibitory effects. Cyclisation of the C-8 prenyl
substituent significantly reduces cytotoxicity and affects the inhibition of TNF-a, COX and
NO production. The presence of a free -OH group at position C-3 contributes to cytotoxic
activity, but glycosylation could lower the activity. The presence of a hydroxyl group at
position C-4" enhances both cytotoxic and anti-inflammatory activity. Furthermore, the
presence of -OH groups at positions C-5 and C-7, as well as a keto group at position C-4,
enhances the anti-inflammatory effects. Characteristics favorable to better vasorelaxant
activity in prenylated flavonoids include prenylation of the A-ring and -OH groups at
positions C-2" and C-4' of the B-ring. Structural features associated with tyrosinase inhib-
itory activity include the presence of hydroxyl groups at positions C-5, C-7, C-2’ and C-4'
[26]. Regarding neuraminidase inhibition, the presence of hydroxyl groups at C-3" and C-
4" are beneficial. Isolated from Epimedium grandiflorum constituents epimedigrandioside
A, korepimeoside B, korepimeoside A, epimedoside and icariside II have demonstrated
cytotoxic activity against cancer cell lines—SK-MEL, KB, BT-549, SK-OV-3 and noncan-
cerous kidney cell lines LLC-PK1 and VERO with the ICso values between 9 and 45 uM.
Most of the 8-Prenylated flavonols present in Epimedium grandiflorum methanolic extract
possess anti-inflammatory activity. The most prominent of them are epimedigrandioside
A, korepimeoside B, korepimeoside A, icariside II, and desmethylicaritin because they
inhibit both NF-kB and iNOS, with the ICso values in the range of 14-26 pM [27].

https://doi.org/10.3390/plants15142114


https://doi.org/10.3390/plants15142114

Plants 2026, 15, 2114

5 of 34

OR;

R,0 0

OR,

OH o)

Figure 1. General chemical structure of prenylflavonol derivatives.
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Figure 2. General structure of pyranoflavonol derivatives.

3.1.2. Megastigmanes (Ionones)

Seventeen ionones have been isolated from the Epimedium grandiflorum plant. These
compounds belong to a large group called Cis-norisoprenoid megastigmanes. The mega-
stigmanes are subdivided into 17 classes. These secondary compounds originate from the
oxidative cleavage of carotenoids, and have potential applications in the food and phar-
maceutical industries as flavoring agents [28]. The biological properties described in the
literature include antioxidant, anti-inflammatory, anti-elastase, cytotoxic and tyrosinase
inhibitory activities [29]. The megastigmanes identified in Epimedium grandiflorum are clas-
sified as follows: (6S,9R)-Roseoside II, 9-epi-Blumenol B, icariside Bs, 9-epi-Blumenol C,
Blumenol C 9-O-3-p-glucopyranoside are in the a-ionol megastigmane class (Figure 3); (-
)-3-hydroxy-dihydro-p-ionone, icariside Be, icariside By, icariside B4 are in the (-ionone
megastigmane class (Figure 4); grasshopper ketone and icariside B are in the allene-pos-
sessing megastigmane class (Figure 5); and icariside Bs aglycone, icariside Bs, icariside B2
aglycone, icariside B2 and 3(3-Acetoxy-5a,6a-epoxy-[3-ionone are in the epoxy-f3-ionone
megastigmane class (Figure 6), while icariside Bio belongs to the a-ionone megastigmane
class [30]. The compound (6S,9R)-Roseoside II reveals strong anti-inflammatory activity
by inhibiting the LPS-induced NO release by macrophages with an ICso value of 7.31 uM
[31]. The SAR analysis defined that the saturation at the C-7 and C-8 positions in the side-
chain, the presence of a double bond conjugated with a C=O group and the sugar substit-
uent at the C-9 position play a crucial role in the discussed prominent effect. Both icariside
Bs and blumenol C 9-O-f-p-glucopyranoside also meet the structural criteria, except for
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the double bond at C-7, and exhibit anti-inflammatory activity. Regarding the anti-allergic
properties of Roseoside 1II, the presence of an enone functional group and double bond at
C-7 position in the side-chain determined considerable inhibition effect on histamine re-
lease from RBL-2H3 cells and rat peritoneal exudate cells [32]. Icariside Bz is one of the
main representatives of epoxy-f3-ionone megastigmanes, which are isolated in Epimedium
grandiflorum for the first time, and after that they were demonstrated in the other species.
Icariside B2 has anti-inflammatory effects by inhibiting MAPK/NF-«B pathways, reducing
pro-inflammatory cytokines (e.g., TNF-a, IL-6, IL-1f3), and decreasing iNOS and COX-2
expression. The compound is a mild inhibitor on both adipocyte differentiation and pan-
creatic lipase. Its anti-edema activity in carrageenan-induced mice has also been studied
[33]. The presence of the 3,6-epoxy ring system appears to play a key structural role for
the anti-inflammatory effect of the compound.

O

Figure 3. General structure of megastigman-4-en-3-one derivatives.

P @)
Z
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Figure 4. General structure of 3-hydroxy-dihydro-B-ionone derivatives.
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Figure 5. General structure of allene-possessing megastigmane derivatives.
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R,O
Figure 6. General structure of epoxy-ionone megastigmanes.

3.1.3. Other Compounds

Lignans are a class of secondary metabolites, consisting of two phenyl-propanoid
molecules connected by 8-8' carbon atoms. To date, twelve lignans and their glycosides
have been identified in Epimedium grandiflorum.

Sesquiterpene glycosides are a class of secondary metabolites formed by attaching
one or more sugar molecules to a 15-carbon terpene backbone consisting of three isopre-
noid units. Four sesquiterpene glycosides have been isolated from Epimedium grandiflorum
species: ikarisoside Ci, ikarisoside Cz, ikarisoside Cs, and ikarisoside Ca.

The presence of six phenol glycosides (icariside Aj, icariside Ao, icariside As, icariside
Ay, icariside As and icariside As) has been proven in plant extracts from aerial parts of
Epimedium grandiflorum. Five derivatives of phenethyl alcohol (tyrosol, phenethyl gluco-
side, icariside D1, salidroside and thalictoside) have been identified in Epimedium grandi-
florum plant material.

Seven additional compounds have been identified in Epimedium grandiflorum, along
with the previously mentioned constituents.

3.2. Biological Activities and Therapeutic Potential
3.2.1. Antioxidant Activity

Asif et al. investigated the antioxidant potential of Epimedium grandiflorum through
physicochemical characterization and in vitro evaluation [34]. The tested extracts were
obtained from powdered leaves and solvents such as methanol, chloroform, ethyl acetate
and n-hexane via hot extraction, as well as an aqueous extract prepared via cold extrac-
tion. The Epimedium grandiflorum leaves were purchased from China. The methanolic ex-
tract demonstrated substantial radical scavenging activity, as evidenced by standard an-
tioxidant techniques such as DPPH, phosphomolybdenum and ferric reducing assays,
suggesting a strong electron-donating capacity. The concentrations of the tested extracts
were not clearly reported, which prevents a quantitative comparison with the other stud-
ies [34]. In an in vivo study, Munir et al. evaluated the antioxidant potential of a crude
hydroethanolic leaf extract of Epimedium grandiflorum in male albino rats subjected to
CCL4-induced oxidative stress [35]. The leaves were collected from a local market from
Faisalabad, Pakistan. The extract was administered orally at doses of 50, 100 and 200
mg/kg body weight for 42 days. The treatment resulted in a dose-dependent antioxidant
capacity, as evidenced by increased activities of superoxide dismutase (SOD) and catalase
(CAT), and reduced malondialdehyde (MDA) levels [35]. Ilkhani et al. conducted an in
vivo study investigating the antioxidant effects of a crude hydroethanolic extract of
Epimedium grandiflorum, the leaves for the extract were purchased from a local market in
Teheran, Iran [36]. Using a rat model of experimentally induced cryptorchidism, the ex-
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tract was administered orally at doses of 100, 200 and 400 mg/kg for up to 28 days. Fol-
lowing the treatment, MDA levels were significantly reduced, while key antioxidant en-
zymes like SOD and glutathione peroxidase (GPx), were increased. These findings indi-
cate that oxidative stress in testicular tissue was attenuated. The highest dose (400 mg/kg)
produced the most significant biochemical and histological improvements, such as en-
hanced spermatogenesis and reduced tissue damage [36]. While all three studies reported
antioxidant effects, methodological differences prevented a direct comparison. Asif et al.
used chemical antioxidant assays to determine the radical scavenging capacity but do not
automatically predict in vivo activity [34]. Both Munir et al. and Ilkhani et al. evaluated
the antioxidant potential of the crude hydroethanolic leaf extract of Epimedium grandiflo-
rum in animal models, showing an improved endogenous antioxidant defense [35,36]. An
important limitation observed across all studies was the lack of standardization and quan-
tification of the main constituents of the used extracts, limiting the reproducibility and the
interpretation of the proposed mechanisms. The evidence gathered from the three pre-
clinical studies suggests that Epimedium grandiflorum has antioxidant capacities. In order
to fill the research gap, this activity requires validation in well-designed clinical studies.

3.2.2. Antiproliferative Activity

Zulfiqar et al. examined the antiproliferative potential of Epimedium grandiflorum us-
ing in vitro assays [27]. The crude methanolic extract from aerial parts and several isolated
prenylated flavonoids were tested using a WST-8 proliferation assay on four cell cancer
lines, SK-MEL, KB, BT-549 and SK-OV-3 and two non-cancerous lines, LLC-PK1 and Vero.
The methanolic extract at concentrations up to 100 pg/mL produced moderate inhibition
of iNOS activity, with an ICsoof 70 pig/mL. Isolated compounds exhibited significant anti-
proliferative effects, with ICso ranging from 9 to 45 uM. These observed antiproliferative
effects were associated with the presence of prenylated flavonoids rather than the crude
extract [27]. Complementing these findings, Telang et al. evaluated the antiproliferative
capacity of an aqueous extract obtained from the leaves and stems of Epimedium grandiflo-
rum. The extract was tested in vitro on the MCE-7 cancer cell line, at concentrations of
0.5%, 1.0% and 2.0% (v/v) [37]. The extract inhibited estrogen-stimulated cell proliferation
and induced G1 phase cell arrest, suggesting the potential to suppress the growth of es-
trogen-dependent tumors [37].

Although the results are promising, the two studies differ considerably in their meth-
odology, including the used extraction solvents, plant parts, concentrations and cell lines.
All the factors above can influence biological activity and prevent the rigorous interpreta-
tion of the observed results, emphasizing the need for additional studies that would adopt
the same methodological strategy, to compare and strengthen the available findings. The
evidence for the antiproliferative activity remains limited to in vitro studies, no in vivo or
clinical studies are available to further confirm the current findings.

3.2.3. Reproductive and Androgenic Activity

Epimedium grandiflorum, also known as horny goat weed, got its common name based
on a Chinese folk tale. According to the tale, a goat herder observed an unusually in-
creased libido in his goats after they consumed the plant. Epimedium grandiflorum was used
in traditional Chinese medicine as an aphrodisiac [38]. Nowadays, these stories are exam-
ined by scientists in an attempt to find a rational explanation for their traditional uses.
Munir et al. conducted an in vivo study on an Epimedium grandiflorum hydroethanolic leaf
extract with the purpose of investigating its androgenic effects [35]. The extract was ad-
ministered orally in doses between 50 and 200 mg/kg to male albino rats with carbon tet-
rachloride-induced toxicity for 42 days. The treatment significantly increased serum tes-
tosterone, luteinizing hormone and follicle-stimulating hormone levels, while decreasing
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the elevated progesterone and estradiol levels caused by CCls. On a histological level, at
the dose of 200 mg/kg, the extract improved testicular weight and restored normal testic-
ular architecture. These androgenic effects may be associated with the presence of prenyl-
ated flavonoids, including icariin derivatives, which have been implicated in hormonal
regulation [35]. Nasef and El-Sheikh [39] studied the reproductive and androgenic activity
of Epimedium grandiflorum in vivo on male Sprague-Dawley rats with cadmium chloride-
induced infertility. The administration method used was the incorporation of the whole
dried plant into the basal diet at 10%, 15% and 20% (w/w) for 28 days. The supplementa-
tion with Epimedium grandiflorum resulted in increased serum and testicular testosterone,
LH, FSH, GnRH and kisspeptin. The histological analyses revealed an increased weight
of accessory reproductive organs and restored testicular architecture in cadmium-exposed
rats. The results were associated with the presence of prenylated flavonoids, which may
reduce oxidative stress by increasing SOD, CAT and GPx, while decreasing MDA [39].
Another in vivo study conducted by Musa and Obeid [40] evaluated the protective effect
of the Epimedium grandiflorum aqueous leaf extract on the reproductive function of male
albino rats with cisplatin-induced toxicity. The extract was administered alone or co-ad-
ministered with cisplatin 2 mg/kg, at a dose of 350 mg/kg for a period of 52 days. Cisplatin
is an anticancer drug associated with reproductive side effects such us spermatogonial
apoptosis, sperm abnormalities and infertility. The extract was able to partially reduce the
cisplatin side effects by increasing sperm density and motility and restoring the integrity
of the epididymal tissue. The authors associated the observed effects with the presence of
prenylated flavonoids that can reduce oxidative stress through up-regulating SOD activ-
ity and decreasing lipid peroxidation. The extract’s reproductive capacity is inconclusive.
While sperm parameters and histological integrity were partially restored, the study did
not evaluate fertility indicators such as mating success or offspring production [40]. The
last study that focuses on the protective effects towards male reproductive health of
Epimedium grandiflorum was conducted by Al-Ibrahimi and Almuhana. Two extracts were
orally administered to male albino rats with amlodipine-induced testicular toxicity. Both
the aqueous extract at 500 mg/kg and the nano-extract at 1 mg/kg were administered daily,
alone or combined with amlodipine at 10 mg/kg, for 45 days. Results showed preserved
testicular morphology through maintaining the structure of seminiferous tubule and the
integrity of germinal epithelium, counteracting the degenerative changes induced by am-
lodipine. Although both formulations produced comparable effects, the nano-extract was
administered at a much lower dose, which may reflect a higher bioavailability of the ex-
tract when it is included in a nano formulation. No direct comparison was made between
the two formulations and without quantitative comparative data the superior efficacy of
the nano-extract cannot be proven. The study evaluated histological evidence without
measuring reproductive hormones or fertility. As a result, the mechanism responsible for
the observed reproductive effects of Epimedium grandiflorum remains unclear [41].

By analyzing all four studies, Epimedium grandiflorum showed consistent protective
effects regarding male reproductive function. Among the reviewed studies, Munir et al.
[35] and Nasef and El-Sheikh [39] documented an androgenic mechanism that improves
hormonal secretion and histological restoration. The next two studies focused on the pro-
tective effects rather than androgenic effects. Musa and Obeid [40] presented the partial
restoration of sperm quality and epididymal integrity in cisplatin-induced toxicity, while
Al-Ibrahimi and Almuhana [41] demonstrated the capacity to preserve testicular mor-
phology in amlodipine-induced toxicity. A substantial gap remains in the current litera-
ture, as the lack of standardized methodologies, fertility assessments and molecular mech-
anism analyses prevent the possibility of formulating a conclusion regarding the thera-
peutic relevance of Epimedium grandiflorum in male reproductive health. Even though the
main proposed mechanism centered on the antioxidant capacity of prenylated flavonoids,
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none of the studies provided a complete characterization of the underlying molecular,
functional and hormonal pathways (Figure 7).
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Figure 7. Pharmacological activities and mechanisms of action of Epimedium grandiflorum C. Morren.

4. Epimedium brevicornu Maxim.
4.1. Phytochemistry

Research shows that over 120 compounds are found in Epimedium brevicornu Maxim.,
which can be broadly classified into flavonoids, phenylpropanoids, phenylethanoid gly-
cosides, and lignans. The most notable and widely studied active compounds isolated
from the plant are icariin, epimedin A, epimedin B, and epimedin C, icaritin, icariside I
and icariside II, baohuoside I (icariside II) and bachuoside VI (Epimedin C), sagittatoside
B and epimedoside A from prenylated flavonoids group. Other flavonoids identified in
the Epimedium brevicornu plant extracts include hyperoside, quercetin-3-O-a-L-rhamno-
pyranoside, kaempferol-3-O-a-L-thamnopyranoside, amentoflavone, 2,3-dihydroa-
mentoflavone, bilobetin, apigenin-6,8-di-C-B-D-glucopyranoside, tricin and kumatak-
enin. Four main phenolic acids namely vanillic acid, isovanillic acid, p-hydroxybenzoic
acid and 3,4,5-trimethoxybenzoic acid, and two phenylpropanoids namely, hydroferulic
acid and hydrocaffeic acid have been identified. Regarding phenylethanoid glycosides
and chromones the major active principles are p-hydroxyphenylethanol, umbelliferone
(coumarin), epimedonins (e.g., epimedonins G-K and others). Among the structurally
unique compounds identified in Epimedium brevicornu are two novel minor flavonoids,
breviflavones A and B, which are positional isomers. Notably, only breviflavone B has
demonstrated estrogen receptor activity [42,43]. Hong et al., 2009 [44] developed a robust
LC-MS/MS method for measuring the two breviflavones in Epimedium ethanolic extracts
via selected reaction monitoring (m/z 437—m/z 367 for breviflavone A and m/z 437—m/z
351 for breviflavone B) under negative electrospray ionization mode. The authors ana-
lyzed the two compounds in ethanolic herbal extracts of the species E. brevicornu, E. kore-
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anum, E. pubescens, E. sagittatum and E. wushanese and established variations in content
ranging from 0.0181 to 0.1791% for breviflavone A and from 0.0026 to 0.0252% for brevi-
flavone B in the plant’s samples [44]. Epimedokoreanin F is a specific flavonoid glycoside
possessing an unusual furan ring isolated for the first time from Epimedium brevicornu leaf
extracts. It revealed a remarkable neuroprotective activity on the model of RSL3-induced
ferroptosis in HT22 cells [45]. The four new isoprenylated flavonoid glycosides called
ZW1-ZW4 have been extracted from Epimedium brevicornu plant material. These specific
compounds are potent stimulators of estrogen biosynthesis. ZW1 is a specific inhibitor of
phosphodiesterase 5 (PDED). It is widely used in research to explore the mechanism of
flavonoid analogs on estrogen biosynthesis. ZW1 increases estrogen production by up-
regulating aromatase mRNA and protein expression, promoting the phosphorylation of
CREB, and suppressing PDE3 [46]. The three dihydrophenanthrenes (epicornunin C; 4-
hydroxy-2,3,6,7-tetramethoxy-9,10-dihydrophenanthrene and Epicornunin D) isolated
from the leaves of Epimedium brevicornu showed notable cytotoxic effects against HepG2
liver cancer cells, with reported ICso values ranging from 32.8 to 87.3 uM [47].

4.2. Biological Activities and Therapeutic Potential
4.2.1. Direct and Indirect Anticancer Activity

The anticancer activity of Epimedium brevicornu has been demonstrated through re-
search on its isolated constituents. Network pharmacology and molecular docking were
the screening techniques used to identify 3-anhydroicaritin and isoliquiritigenin, promis-
ing active compounds of Epimedium brevicornu. Both compounds were evaluated in vitro
using the human triple-negative breast cancer cell line MDA-MB-231 at concentrations of
10 and 20 pmol/L. After treatment, cell viability was suppressed in a dose-dependent
manner, with IC50 values of 21.28 pumol/L for (-anhydroicaritin and 23.73 umol/L for
isoliquiritigenin. Cell migration was inhibited after 48 h. Apoptosis and necrosis were in-
duced after 96 h. These effects were attributed to the upregulation of the pro-apoptotic
protein Bax and modulation of TBK1/NAK signaling pathway, affecting cell proliferation
and immune-inflammatory responses [48]. From a methodological perspective, the reli-
ance on isolated compounds rather than a crude extract, the absence of in vivo validation
and the use of a single breast cancer line, limits the ability to determine whether the bio-
logical effects are specific to Epimedium brevicornu. Dou et al. [49] evaluated the antitumor
activity of Icariside II, a prenylated flavonoid isolated from Epimedium brevicornu. In vitro,
Icariside II was tested on AGS and MGC803 gastric cancer cell lines and on GES-1 normal
gastric epithelial cell line, at concentrations of 20, 40 and 60 pM. Icariside II showed no
cytotoxicity on GES-1, while inhibiting proliferation and inducing apoptosis of the gastric
cancer cell lines. In vivo, Icariside II was administered subcutaneously to BALB/c nude
mice at doses of 10, 20 and 40 mg/kg, resulting in dose-dependent inhibition of tumor
growth and reduced tumor weight. The proposed mechanism involves the suppression
of the Wnt/(-catenin signaling pathway, supported by the downregulation of Wnt3a, -
catenin, C-Myc and Cyclin D1 [49]. An important limitation of this study is the absence of
an in vivo toxicity assessment and a comparison with standard chemotherapy. The use of
subcutaneous xenograft tumors in immunodeficient nude mice may not fully reflect the
complexity of the human tumor microenvironment. Both studies provided evidence of
the direct anticancer activity of isolated compounds from Epimedium brevicornu. with dif-
ferences in their methodological approaches. 3-anhydroicaritin and isoliquiritigenin ex-
erted antiproliferative effects limited to in vitro testing on a single cancer cell line without
in vivo testing. Icariside II provides evidence from both in vitro and in vivo testing, offer-
ing stronger support for the proposed mechanism.

In addition to its direct cytotoxic effects, Epimedium brevicornu has demonstrated in-
direct antitumor activity through modulation of the immune system and the tumor mi-
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croenvironment. An indirect antitumor activity of Icariin, a prenylated flavonoid isolated
from Epimedium brevicornu was reported by Chen et al. [50]. Tested in vitro on CT26-WT
and HCT116 colorectal cancer cell lines co-cultured with M2 macrophages, at concentra-
tions of 10 and 20 pM, Icariin suppressed proliferation, migration and invasion of cancer
cells. In vivo, Icariin was orally administered at 100 mg/kg/day to BALB/c mice in an
AOM/DSS model with chemically induced colorectal cancer and a CT26-WT syngeneic
subcutaneous colorectal tumor model. Treatment resulted in reduced tumor growth and
decreased M2 macrophage infiltration. The indirect antitumor effect was mediated
through the inhibition of M2 macrophage polarization via the PI3K/AKT signaling path-
way [50]. A limitation of this study is the immunodependent mechanism of the observed
antitumor effect with no direct cytotoxicity demonstrated. Liu et al. [51] demonstrated an
indirect antitumor effect of an Epimedium brevicornu extract purchased commercially. The
extract was evaluated in vitro at concentrations of 0.25, 0.5 and 1.0 mg/mL against K562
leukemia target cells in a co-culture model with NK-92 effector cells. Results consisted in
an enhanced NK-cell mediated cytotoxicity, evidenced by increased production of IFN-y,
granzyme B, perforin and upregulated expression of the NKG2D receptor. In vivo, the
administration of the extract in doses of 200, 400 and 800 mg/kg/day to C57BL/6] mice
bearing Hepal-6 hepatocellular tumors resulted in dose-dependent inhibition of the tu-
mor growth, accompanied by reduced tumor weight and increased tumor cells apoptosis.
The antitumor effect was mediated through NK-cell activation rather than direct cytotox-
icity and attributed to activation of the cGAS-STING signaling pathway, with epimedin C
identified as the primary constituent targeting STING [51]. When it comes to indirect an-
ticancer activity, the studies highlight the immunomodulatory potential of Epimedium
brevicornu, despite differences in experimental standardization and model complexity.
Icariin shows immune-mediated anticancer effects through the alteration of macrophage
polarization within precise experimental conditions while the other study uses an unchar-
acterized Epimedium brevicornu extract. The incomplete characterization of the extract,
which does not include the plant part used, extraction method and solvent, limits study
reproducibility and prevents direct comparison with other studies.

4.2.2. Bone-Protective Activity

The osteogenic and anti-osteoporotic activities of a purified polysaccharide extracted
from Epimedium brevicornu were evaluated in vitro on murine osteoblasts exposed to dex-
amethasone at 25 and 100 pg/mL. Observed effects included the enhancement of cell sur-
vival and osteogenic maturation evidenced by increased proliferation, ALP activity, cal-
cium deposition and reduced apoptosis. These effects were mediated by activation of the
PI3K/Akt/mTOR and Wnt/B-catenin pathways associated with the suppression of
Bax/Bcl-2/caspase-3 signaling [52]. Using an in vivo model of C57BL/6 female mice with
retinoic acid-induced osteoporosis, Ma et al. [53] investigated the anti-osteoporotic activ-
ity of an Epimedium brevicornu leaf aqueous extract. The extract was administered orally
at 0.81 g/kg/day, and resulted in increased femur length, elevated serum IGF-1 and re-
duced CTX-I via the modulation of gut-bone axis and the inhibition of NLRP3/caspase-
1/IL-1f inflammatory signaling pathway [53]. Another aqueous extract from Epimedium
brevicornu leaves, was tested by Liu et al. [54] for anti-osteoporotic properties. Female
Sprague-Dawley rats with ovariectomy-induced osteoporosis received the extract orally
at 0.27, 0.81 and 2.43 g/kg/day. The reported effects included restored bone mineral den-
sity and increased serum levels of estradiol, osteoprotegenin and bone Gla protein
through the modulation of NPY, CGRP/CRLR, VIP and substance P pathways [54]. A re-
cent study conducted by Cai et al. [55] investigated the effects of Epimedium brevicornu
nanovesicles on female C57BL/6 ovariectomized mice. The extracellular nanovesicles
were administered orally at 1 x 10° particles/kg/day. The restoration of bone density and
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microarchitecture was caused by stimulating angiogenesis through the activation of
VEGF/VEGEFR?2 signaling pathway [55].

The identified studies that investigated the bone-protective and anti-osteoporotic ac-
tivity of Epimedium brevicornu used different types of formulations, ranging from purified
isolated polysaccharides to crude aqueous extracts and extracellular nanovesicles leading
to different proposed mechanisms of action. The observed beneficial effects were con-
sistent across multiple osteoporosis models, implying that the anti-osteoporotic activity
of Epimedium brevicornu is not limited to a single pathological pathway. Despite the favor-
able preclinical evidence, no clinical studies were done to validate them and confirm their
translational relevance to humans.

4.2.3. Neuroprotective Effects

A freeze-dried hydroethanolic extract containing 57% flavonoids from Epimedium
brevicornu leaves was evaluated by Li et al. [56] for its neuroprotective and anti-neuroin-
flammatory activities. The study used both in vitro and in vivo assessments. In vitro, the
extract was tested at 20-40 pg/mL on a BV2 microglial cell line stimulated with LPS. The
model used for the in vivo testing was C57BL/6 male mice with LPS-induced cognitive
impairment who received the extract via oral administration in doses of 50-200
mg/kg/day. The extract ameliorated cognitive deficits, suppressed microglial and astro-
cytic activation, and reduced Ap42 deposition through inhibiting PI3K/AKT and cGAS-
STING signaling pathways [56]. Continuing to investigate the neuroprotective potential
of Epimedium brevicornu, Niu et al. [57] analyzed a standardized flavonoid extract, admin-
istered orally, at 50, 100 and 200 mg/kg/day to male Sprague-Dawley rats with chronic
cerebral hypoperfusion induced by 2VO. The treatment ameliorated spatial learning and
memory impairments, alleviated white matter demyelination and restored mature oli-
godendrocytes population through inhibiting the Lingo-1/Fyn/ROCK axis and activating
the BDNF/TrkB, NRG-1/ErbB4 and PI3K/AKT/CREB pathways [57].

Despite addressing different neuropathological contexts, both studies support the
neuroprotective potential of Epimedium brevicornu flavonoid extracts through different yet
partially overlapping mechanisms. Li et al. [56] adopted a dual in vitro/in vivo design,
while Niu et al. [57] relied on an in vivo model that closely resembled human vascular
cognitive impairment. Both studies implicate the PI3K/AKT pathway, suggesting a mech-
anistic overlap, although each identified distinct signaling targets. The primary limita-
tions discovered by analyzing these studies are using only male mice as in vivo models
and the absence of any clinical data.

4.2.4. Androgenic and Reproductive Enhancing Activities

Wang et al. conducted a study that focused on the ethanol extracts of raw and suet
leaves of Epimedium brevicornu and their erectile-enhancing effects. The extracts were ad-
ministered orally at 2.25 g/kg/day to C57BL/6 male mice with kidney-yang deficiency in-
duced by corticosterone. Results showed elevated serum testosterone, restored CRH and
ACTH hormone levels through systemic regulation of the neuroendocrine-immune net-
work and local improvements caused by eNOS upregulation and PDE5A inhibition [58].
A recent study shifted the focus from an Epimedium brevicornu extract to investigating an
isolated compound, more precisely icariin. Liao et al. used a C18-4 mouse spermatogonial
stem cell line and C57BL/6 male mice with reproductive damage caused by H20:. In vitro,
the used concentrations were between 2.5 and 15 pmol/L and for the in vivo testing, icariin
was administered intraperitoneally at 100 mg/kg/day. Icariin promoted stem cell prolifer-
ation, reduced sperm abnormalities and prevented oxidative DNA damage through
PDESA inhibition [59]. Even if both studies supported reproductive-enhancing activities
they have different methodological approaches, Wang et al. tested a crude extract show-
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ing systemic hormonal and vascular effects but without isolating any active compounds,
limiting mechanistic clarity while better reflecting whole-plant activity. On the other side,
Liao et al. focused on icariin to identify the PDES5 inhibition as a more specific mechanism
of action. Taken together, they imply that the effects of the Epimedium brevicornu extracts
may be determined by icariin.

5. Epimedium sagittatum (Siebold & Zucc.) Maxim.
5.1. Phytochemistry

Phytochemical research has identified over 130 metabolites in Epimedium sagittatum
(Sieb. et Zucc.) Maxim. including the heavily studied prenylated flavonoids like icariin
and epimedin A-C. The other primary bioactive compounds of the group responsible for
the herb’s traditional uses are icariside I, icariside I, icaritin, sagittatoside A, sagittatoside
B, sagittatoside C, baohuoside I, baohuoside II, desmethylicaritin, desmethylanhydroi-
caritin, breviflavone A, breviflavone B, ikarisoside A, ikarisoside B, ikarisoside C,
epimedokoreanin B and epimedoside A. The other common flavonoids for the species are
genistein, daidzein, luteolin, hyperoside, apigenin, chrysoeriol and tricin. The most abun-
dant phenolic compounds found in the plant are salidroside, protocatechuic acid, p-hy-
droxybenzoic acid, p-dihydro coumaric acid, trans-p-coumaric acid, chlorogenic acid.
Lignans ikarisoside E6, ikarisoside E7, icariol Al, icariol A2, 3,5-demethoxy-syrin-
garesinol-glucoside, (-)-olivil, EL1, EL2, EL9 and (+)-dihydro-dehydrodiconiferyl alcohol-
4-O-B-D-glucopyranoside were identified in Epimedium sagittatum as a characteristic sub-
stance from the group [60,61]. The other compounds reported in Epimedium sagittatum
are ionones and their derivatives such as ikarisoside B2, ikarisoside B8 and ikarisoside
B9[60]; phenethyl alcohol glycosides such as ikarisoside D2 and ikarisoside D3 [60,62];
phytosterols (3-Sitosterol); and alkaloids (e.g., Magnoline, particularly concentrated in
stems/rhizomes). While many prenylated flavonoids are widely distributed across the
Epimedium genus, Epimesatines (A-S) are unique prenylated flavonoids that have been
isolated specifically from aerial parts of Epimedium sagittatum. Epimesatines A-I are nine
compounds known for displaying strong inhibitory activities against sphingosine kinase
1 (SPHK1), which is linked to anti-lung cancer pathways [63]. Epimesatines P-S are four
recently isolated cytotoxic flavonoids with unique ring structures. Characteristic features
of epimesatines Q and R is the presence of furan skeleton. Epimesatines P-S had notable
cytotoxic effect on the against MCF-7 human breast cancer cells. Epimesatins Q and R
display significantly better activity against MCE-7 cell line than epimesatins P and S, sug-
gesting that the presence of a furan moiety may increase their action against MCF-7 cell
line. Epimesatin Q showed stronger inhibitory activity at 1.27 pM compared to the posi-
tive control, docetaxel with an IC50 of 2.13 uM, revealing its healing potential in a breast
cancer treatment. Moreover, none of the tested substances exhibited obvious toxicity to-
ward MCF-10A human breast epithelial cell line [64]. Three unique prenylflavonol glyco-
sides called sagittasine A, B, and C have been structurally defined from the n-BuOH ex-
tract of the aerial parts of Epimedium sagittatum [61]. The other two specific acylated flavo-
nol glycosides kaempferol-3-O-(2"-E-p-coumaroyl,4"-Z-p-coumaroyl)-alpha-I-rhamnopy-
ranoside and kaempferol-3-O-(3"-Z-p-coumaroyl,4"-E-p-coumaroyl)-alpha-l-thamnopy-
ranoside have also been described in n-BuOH extract from the aerial parts of Epimedium
sagittatum [61]. Five new prenylflavones yinyanghuo A, yinyanghuo B, yinyanghuo C,
yinyanghuo D and yinyanghuo E, were isolated from the leaves of Epimedium sagittatum.
Compounds yinyanghuo A and yinyanghuo B showed significant antiplatelets induced
by arachidonic acid [65]. A novel tetraazacyclododecane alkaloid, 2-acetyl-1,4,7,10-
tetraazacyclododecane, was isolated from the stems of Epimedium sagittatum. The structure
of the new tetraazacyclododecane was determined by the interpretation of the spectro-
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scopic data [66]. A new [-ionone has been described for the first time from the stems of
Epimedium sagittatum (Berberidaceae) [67].

5.2. Biological Activities and Therapeutic Potential
5.2.1. Anti-Inflammatory Effects

The anti-inflammatory activity of an ethyl acetate extract from Epimedium sagittatum
aerial parts, was investigated in vitro by Yan et al. After characterizing the extract using
HPLC-MS/MS, eight compounds were identified, with the most abundant being Icariside
II and Icariin. The extract was tested at 12.5-50 pg/mL on RAW264.7 macrophages stimu-
lated with LPS. The effects presented were reduced TNF-a and IL-2 production and a
dose-dependent suppressed NO synthesis. The potentially involved mechanisms con-
sisted of the inhibition of TLR4/MD-2 complex formation, a decrease in NF-xB phosphor-
ylation and the prevention of p65 nuclear translocation [68]. A more recent study con-
ducted by Wang et al. tested a preparation obtained from the aerial parts of Epimedium
sagittatum for its anti-inflammatory potential and compared it with icariin. Icariin was
identified as the main component of the tested preparation through HPLC characteriza-
tion. The preparation was orally administered to male Sprague-Dawley rats at 1.17 and
4.68 g/kg/day for 4 weeks, while icariin was tested in vitro at 0.5-50 uM on NRK-52e renal
epithelial cells induced with Adriamycin. The treatment with Epimedium sagittatum im-
proved renal histopathology, reduced inflammatory markers such as IL-13, TNF-a, IL-6
and MCP-1 and attenuated oxidative stress, while icariin reproduced these effects in vitro.
The mechanism responsible for these effects is the activation of PI3K/AKT signaling path-
way followed by the downstream antioxidant response of Nrf2/HO-1/NQO-1 [69].

Analysis of both studies confirms the anti-inflammatory potential of Epimedium sag-
iftatum via different mechanisms, TLR4/MD-2/NF-kB signaling pathway for the in vitro
study conducted by Yan et al. and PI3K/AKT activation in the in vivo study conducted by
Wang et al. Through combining Epimedium sagittatum in vivo testing with in vivo icariin
testing, Wang et al. provided stronger translational evidence compared with Yan et al.
who remained limited to a single cell-based model without any in vivo validation. Neither
study fully specifies extract standardization criteria, limiting reproducibility and direct-
cross studies comparison.

5.2.2. Neuroprotective Effects

In order to investigate the possibility of using Epimedium sagittatum as a source for
neuroprotective therapeutic agents, Sheng et al. used Icariin, a prenylated flavonoid found
in high concentration in this species. Icariin was orally administered at 30, 60 and 120
mg/kg/day to male Sprague-Dawley with Alzheimer’'s disease, activating
BDNF/TrkB/Akt/CREB signaling cascade, which appeared to counteract synaptic deteri-
oration and memory impairment induced by the Api-4. Icariin restored cognitive perfor-
mance in a dose-dependent matter, increasing synapse density and improving postsyn-
aptic density thickness [70]. Shifting the focus towards Parkinson’s disease, Chen et al.
studied the neuroprotective effects of purified icariin isolated from Epimedium sagittatum.
In vitro, icariin was tested at 0.01 uM on MES23.5 dopaminergic cell lines, while the in
vivo model consisted in C57BL/6 ovariectomized female mice exposed to MPTP, who re-
ceived icariin intragastrically at 50, 100 and 200 mg/kg/day. The treatment preserved stri-
atal dopamine levels and reduced the number of tyrosine hydroxylase-positive neurons
affected by apoptosis. The neuroprotective mechanism consists of the activation of
PI3K/Akt and MEK/ERK intracellular pathways, which results in an increased Bcl-2 and
a decreased Bax and caspase-3 that will alter the apoptotic balance. Another investigation
conducted by Wu et al. used Sprague-Dawley male rats with Parkinson’s disease induced
by rotenone, to explore the potential neuroprotective effects of icaritin, a derivative of
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icariin. Icaritin was orally administered in doses of 3.27, 6.57 and 13.08 mg/kg/day. Single
cell RNA sequencing identified a new synapse-rich cell cluster (SRC) as being the target
of the icaritin treatment. Icaritin is binding to transcription factors such as SMAD3, CEBPB
and NR3C2 within these SRCs, as well as normalizing astrocyte-mediated energy and
phospholipid metabolism via GPI-PLD modulation. The reported effects of icaritin are
motor function restoration and dopaminergic loss prevention [71].

After a critical analysis of all three studies, a major advantage across all of them is the
use of isolated and purified compounds such as icariin and icaritin, reducing the ambigu-
ity of the pharmacological effects of crude plant extracts. Despite their shared foundation,
the scientific principles behind their experimental designs show significant variation.
While the study conducted by Chen et al. demonstrates a higher level of scientific rigor
by integrating both in vitro and in vivo tests, Wu et al. uses advanced single-cell RNA
sequencing to reveal new cellular targets like SCRs, and Sheng et al. relies exclusively on
an observational in vivo approach without pharmacological intervention to validate the
proposed mechanism. Finally, all three studies use in vivo models with acute chemically
induced injuries that do not entirely replicate chronic, progressive human neurodegener-
ation.

5.2.3. Erectile-Enhancing Activity

Li et al. examined the erectile-enhancing potential of three purified 8-isopentenyl fla-
vonoids, more precisely of icariin, 2-O"-rhamnosylicaridide II and baohuoside I, extracted
from Epimedium sagittatum. The test system incorporated both an in vitro enzymatic assay
and CCSMC rat corpus cavernosum smooth muscle cells, all three isolated compounds
were tested at 10 uM causing elevated intracellular cGMP levels and reduced calcium in-
flux. The cellular mechanism controlling smooth muscle relaxation involves the direct in-
hibition of PDE5A1, which activates protein kinase G downstream, reducing cytosolic
Ca? and facilitating cavernosal vasodilatation [72]. The potential PDE5A inhibition
caused by purified flavonoids isolated from a hydroethanolic extract of Epimedium sagit-
tatum leaves, was examined in an in vitro study conducted by Fang et al. The compounds
were tested at different concentrations using an in vitro enzymatic system combined with
X-ray crystallography, 0.1593-25 uM for the surface plasmon resonance binding assay and
5 mM for the crystallographic soaking drops. Crystallographic analysis confirmed that
these molecules bind to the PDESA catalytic domain [73]. Further investigation demon-
strated that prenylhydroquinones and flavonoids, including sagittatoside I, isolated from
a hydroethanolic extract of Epimedium sagittatum leaves, exhibit erectile enhancement ac-
tivity. The compound was tested combining an in vitro enzymatic analysis with molecular
docking throughout a 7-concentration series. Sagittatoside I exhibited potent PDE5SA in-
hibition with an ICsoof 1.86 pM. Biding affinity measurements above -7.0 kcal/mol con-
firmed stable, targeted binding directly within the PDE5A active site, validating sagittato-
side I as a major contributor to the aphrodisiac activity of Epimedium sagittatum [74]. A
crude hydroethanolic extract made from Epimedium sagittatum leaves was evaluated by
Zheng et al. for its aphrodisiac properties. The C57BL/6 male mice with kidney-yang de-
ficiency induced by corticosterone administration, received daily doses of 1.13 and 3.39
g/kg for 21 days. After the treatment, testosterone serum levels were elevated, and endo-
thelial nitric oxide synthase gene in corpus cavernosum was enhanced through direct sup-
pression of PDE5SA activity in order to ameliorate sexual dysfunction [75].

All four investigations reveal methodological differences as well as extensive, multi-
layered validation of Epimedium sagittatum aphrodisiac activity. The enzymatic-based
evaluations used purified, isolated flavonoids from Epimedium sagittatum extracts, which
led to successfully elucidating the exact cellular mechanisms of PDE5A inhibition. The
weakness of these studies was their strict reliance on in vitro and in silico techniques,
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lacking the physiological parameters necessary to confirm bioavailability and tissue pen-
etration. In contrast, the in vivo study provides the vital physiological insight that is miss-
ing in these biochemical studies. Any future preclinical studies must combine these ap-
proaches, utilizing flavonoids isolated from Epimedium sagittatum extracts within stand-
ardized in vivo models in order to validate their clinical potential for enhancing erectile
function.

6. Epimedium koreanum Nakai
6.1. Phytochemistry

Phytochemical research on Epimedium koreanum Nakai. has identified numerous bio-
active secondary metabolites, primarily consisting of flavonoids, as well as lignans, phe-
nols, and alkaloids. Li et al., 2016 [76] isolated, for the first time, three novel acylated
prenylflavonol glycosides, namely korepimeosides A-C along with twenty known deriv-
atives (epimedokoreanosid I, caohuoside B, korepimedoside C, epimedokoreanosid II,
korepimedoside A, koreanoside E, 3"'-carbonyl-2"-3-L-quinovosyl icariside II, hexan-
draside F, epimedin B, icariin II, icariin, sagittatoside, 2"-O-rhamnosyl icarisoside II, sag-
ittatoside B, anhydroicaritin-3-O-b-D-fucopyranosyl(1—2)-a-L-rhamnopyranoside, icari-
soside B, 2"-O-thamnosyl ikarisoside A, icarisoside F, icarisoside A, and epimedoside C)
from the EtOAc extract of the aerial parts of Epimedium koreanum. The structures of three
new compounds were established on the basis of chemical and spectroscopic methods as
icaritin 3-O-[2,6-O-diacetyl-b-D-glucopyranosyl(1—3)-4-Oacetyl-a-L-rhamnopyra-
noside], icaritin 3-O-[3,6-O-diacetyl-b-D-glucopyranosyl(1—3)-4-O-acetyl-a-L-rhamno-
pyranoside], and icaritin 3-O-[3,-O-acetyl-b-D-glucopyranosyl(1—3)-4-O-acetyl-a-Lrham-
nopyranoside], 7-O-b-D glucopyranoside [76]. Su et al. conducted a study of the chemical
composition of the aerial parts of Epimedium koreanum and determined the chemotaxo-
nomic significance of all 21 isolated compounds. They described the isolation of 11 flavo-
noids divided into three groups, anhydroicaritin (korepimedoside C, epimedoko-
reanoside I, epimedin B, icariine and icariside II), desmethylanhydroicaritin (epimedoside
E, epimedoside A, hexandraside E and ikarisoside B) and quercetin glycoside (quercetin
3-O-rhamnoside and hyperoside), and defined anhydroicaritin and desmethylanhydroi-
caritin with the pentenyl substituent at C-8 position as the most characteristic substances
of the genus Epimedium. As for the other compounds, epimedin B, icariine and icariside II
have been applied as reference standards in the quality control and pharmaceutical anal-
ysis of several species in the genus Epimedium, such as E. koreanum, E. brevicornum and E.
pubescens. The other broadly distributed desmethylanhydroicaritin flavonoids in the ge-
nus Epimedium are epimedoside E, epimedoside A, hexandraside E and ikarisoside B. The
anhydroicaritin derivatives with acetylated sugar groups called korepimedoside C and
epimedokoreanoside I, have been determined as distinctive components of E. koreanum.
Generally, the various identified prenylflavonoids serve as chemotaxonomic markers for
E. koreanum. Regarding the four isolated lignans, (-)-olivil and lariresinol are further clas-
sified as furan types, while (+)-cycloolivil (8) has a carbocyclic ring. Fourth compound is
aneolignan glycoside with two phenylpropanoids linked by an 8-O-4' bond. (-)-Olivil and
neolignan glycoside were reported only in E. sagittatum and E. grandiflorum before. (+)-
Cycloolivil is a major lignin that has been extracted from many species in the genus.
Lariresinol has been isolated from the family Berberidaceae for the first time. The six main
phenolics (4-hydroxybenzoic acid, protocatechuic acid, naringeninic acid, caffeic acid, me-
thyl chlorogenate) have been determined in E. koreanum, of which protocatechuic acid,
naringeninic acid and caffeic acid have not been previously reported for E. koreanum. Pro-
tocatechuic acid and naringeninic acid have been proved in E. sagittatum, while caffeic
acid has been identified in E. brevicornum. Methyl chlorogenate has been isolated from
family Berberidaceae for the first time. The dihydrophenanthrene derivative epimedoicar-
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isoside A is a specific component only for E. koreanum and has chemotaxonomic signifi-
cance for the species. Zhang et al., 2020 discovered two new flavonol glycosides, ko-
reanoside F and koreanoside G, in the leaves of Epimedium koreanum [77]. The key apor-
phine-type alkaloids found in the leaves of E. koreanum are epimediphine and magnoflor-
ine. Epimediphine acts as a dose-dependent inhibitor of acetylcholinesterase (AChE),
while magnoflorine, present in various Epimedium species, has been known for its im-
mune-regulating, antioxidant, and mild hypotensive effects [78].

6.2. Biological Activities and Therapeutic Potential
6.2.1. Anticancer Activity

Lee et al. conducted an in vitro study using three human brain cancer cell lines, A172,
U373MG and T98G, with the purpose of evaluating the anticancer activity of a crude aque-
ous Epimedium koreanum extract. The extract was applied at a concentration of 200 pig/mL.
The effects were observed only for A172 cells and included the suppression of cancer cell
migration and invasion. Epimedium koreanum exerted its antitumor effects by downregu-
lating NF-xB nuclear translocation which further reduced MMP-9, blocking the degrada-
tion of the extracellular matrix [79]. From an Epimedium koreanum extract to compounds
isolated from this species, Epimedokoreanin C was investigated by Liu et al. in an in vitro
study on NCI-H292 and A549 human lung cancer cell lines. The compound was used at
concentrations ranging from 5 uM to 25 uM. Post-treatment effects included reduced cell
viability and migration, as well as increased accumulation of cytoplasmatic vacuoles.
Epimedokoreanin C triggered abnormal micropinocytosis by dysregulating the Racl and
Arf6 proteins, promoting intracellular fluid accumulation, while inhibiting PIKfyve en-
zyme to prevent the breaking of the fluid vacuoles [80]. Another compound isolated from
Epimedium koreanum is Epimedokoreanin B. This phytoconstituent was investigated by
Zheng et al. for its antitumor potential both in vitro and in vivo. In vitro, the compound
was tested in A549 and NCI-H292, two human non-small cell lung cancer lines, at 540
UM. In vivo, the tumor-bearing zebra fish embryos were exposed to liquid environments
containing Epimedokoreanin B at 10 pM and 20 uM. Epimedokoreanin B induces parap-
tosis by triggering endoplasmic reticulum stress and blocking autolysosome formation,
which leads to the inhibition of cell proliferation and migration [81]. The crude extract
stabilized the cellular microenvironment by suppressing NF-«B-mediated cell invasion,
the isolated prenylated flavonoids destroy apoptosis-resistant cancer cells by triggering
distinct non-apoptotic death pathways. Unfortunately, all three studies failed to identify
the direct molecular binding sites that are responsible for initiating these pathways. Col-
lectively, these studies highlight an important knowledge gap. Because the crude extract
and the isolated compounds were investigated independently, it remains unclear how
these constituents interact within the natural phytochemical matrix. To bridge this gap,
future studies should evaluate the crude extract in parallel with different combinations of
these isolated compounds using in vivo models. These studies could determine whether
their distinct mechanisms interact synergistically to amplify tumor suppression or antag-
onistically to limit therapeutic efficacy.

6.2.2. Antioxidant Potential

The antioxidant activity of a crude hydroethanolic extract from Epimedium koreanum
leaves was studied by Zhao et al. through an in vitro DPPH chemical assay. The observed
effects revealed that the sample with the highest radical scavenging capacity had an ICso
value of 87.44 pg/mL and the sample with the lowest activity had an ICso value of 118.12
ug/mL. Antioxidant activity occurs through the phenolic groups of the preserved flavo-
noids, which facilitate electron delocalization and hydrogen bounding in order to neutral-
ize free radicals [82]. The second study that investigated the antioxidant potential was
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conducted by Li et al. This investigation focused on a purified polysaccharide fraction
isolated from Epimedium koreanum called EFPN-1 that was tested using vitro chemical as-
says. For the hydroxyl radical and ferrous ion chelation tests, EFPN-1 was applied at doses
ranging from 1 to 8 mg/mL, and for the DPPH tests the doses ranged from 0.05 to 0.4
mg/mL. The maximum concentration had a 90.05% hydroxyl radical scavenging rate and
a strong iron chelation capacity. EFPN-1 acts as an electron donor by stabilizing free rad-
icals and as an iron chelator to block the production additional oxidative stress [83]. Both
studies contain a comprehensive analytical characterization of the tested materials
through chromatography and spectrometry, linking phytoconstituents to their bioactivi-
ties. On the other side, both investigations rely exclusively on in vitro chemical tests to
evaluate antioxidant activity. The absence of any in vitro, in vivo or clinical evidence limits
the physiological relevance of the studied agents, thereby leaving their bioavailability and
metabolic properties unverified.

6.2.3. Cardioprotective

Irfan et al. studied the antiplatelet and antithrombotic properties of an ethyl acetate
fraction obtained from Epimedium koreanum. Washed human and rat platelets were used
for the in vitro assays and the fraction was applied at concentrations ranging from 15.6 to
200 pg/mL. For the in vivo tests, the Epimedium koreanum fraction was orally administered
at 100 and 300 mg/kg to AV-shunt rats, and intraperitoneally at 300 mg/kg to mice with
tail bleeding injury. The observed effects included the inhibition of platelet aggregation,
reduced thrombus weight and prolonged bleeding time. The mechanism of action oper-
ates by suppressing intracellular calcium release and ATP secretion while inhibiting in-
tegrin alIbp3 activation [84]. Kim and Shim continued to further investigate the cardio-
protective potential of the Epimedium koreanum by focusing on atherosclerosis prevention.
A hydroethanolic crude extract of Epimedium koreanum and eight of its isolated flavonoids
were tested in vitro on lipoproteins derived from human plasma, the extract was applied
at 10 and 100 pg/mL, while the isolated flavonoids were applied up to 40 uM. Treatments
preserved the structural integrity and anti-atherogenic function of HDL by preventing
apoA-I aggregation [85]. Both studies trace the studied therapeutic activities back to spe-
cific flavonoids, strengthening the pharmacological profile of Epimedium koreanum. Irfan
et al. links antithrombotic activity to icariin, while Kim and Shim attributed HDL preserva-
tion to des-O-methyl-3-anhydroicaritin. The gaps identified in these studies referred es-
pecially to methodological approaches; Kim and Shim relied only on in vitro testing, while
Irfan et al. incorporated in vivo experiments as well. However, because the extract was
administered in different ways to different models, it produces a pharmacokinetic incon-
sistency that complicates the understanding of the extract’s gastrointestinal absorption.

6.2.4. Neuroprotective

The evaluation of the neuroprotective activity of Epimedium koreanum was performed
by Wu et al. The total flavonoid fraction derived from the dried aerial parts of Epimedium
koreanum was tested on MPP+ exposed MES23.5 dopaminergic cell line at 0.125, 0.25 and
0.5 mg/mL. The same fraction was orally administered to C57BL/6 mice with injuries in-
duced by MPTP at 25, 50 and 100 mg/kg. Treatment prevented striatal dopamine loss,
protected tyrosine hydroxylase-positive neurons and maintained cellular viability
through an anti-apoptotic mechanism that regulates the levels of Bcl-2 and Bax [86]. Jeong
et al. evaluated a hydromethanolic subfraction of Epimedium koreanum and magnoflorine,
an isolated compound. In vitro testing involved an enzymatic assay; the concentrations
used went up to 200 ug/mL for the subfraction and up to 20 pg/mL for magnoflorine.
Results of the in vitro tests showed that both the hydromethanolic subfraction and mag-
noflorine inhibited the AChE enzyme in a concentration-dependent matter. For the in vivo
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experiments, an ICR mouse model with induced cognitive impairment by A4 intracer-
ebroventricular injection received the subfraction in doses of 200 and 300 mg/kg through
oral administration. The Epimedium koreanum subfraction reversed spatial and memory
deficits by restoring the cholinergic function [87]. The first study used an acute mode with
MPTP-induced injuries, which does not fully reflect the progressive nature of human neu-
rodegeneration. The second study used in vitro testing only for the hydromethanolic sub-
fraction, leaving the systemic efficacy of magnoflorine unconfirmed. As a future direction,
research should incorporate chronic disease models that would better mimic human neu-
rodegeneration and compare whole extracts to isolated compounds for a better under-
standing of the possible mechanisms.

7. Epimedium pubescens Maxim
7.1. Phytochemistry

The principal bioactive marker compounds isolated from E. pubescens Maxim. in-
clude flavonoid glycosides—icariin, epimedin A, epimedin B, and epimedin C. These are
the primary quality control markers designated by the Chinese Pharmacopeia. Other ma-
jor prenylated flavonols include icaritin, anhydroicaritin, desmethylanhydroicaritin, bao-
huoside I, baohuoside 1II (icariside II), icariside I, epimedokoreanin B. The major flavo-
noids and phenolic compounds identified in the plant include tricin, kaempferol, dai-
dzein, and 4-hydroxyethyl benzoate. Phenolic acids (such as chlorogenic acid) and alka-
loids (such as magnoflorine) are additional constituents of the phytochemical profile of
Epimedium pubescens Maxim. A recent publication presented a non-targeted metabolomics
study analyzing metabolic changes in E. pubescens under light stress. A total of 476 differ-
ential metabolites have been detected, with flavonoids displaying the most prominent up-
regulation (17.86%), including 6-hydroxy luteolin, pretenol A, and catechin derivatives.
KEGG enrichment analysis showed that pathways such as phenylalanine metabolism, fla-
vone, and flavonol biosynthesis were significantly enriched, highlighting the role of sec-
ondary metabolite accumulation in plant adaptation to light stress. The results provide
theoretical insights for optimizing cultivation practices and improving the medicinal
properties of E. pubescens [88]. Wang et al., 2020 [89] developed an efficient method for the
extraction of main biologically active components epimedin A, epimedin B, epimedin C
and icariin from Epimedium pubescens using deep eutectic solvents (DESs). DES composed
of lactic acid and choline chloride with the ratio of 2:1 was selected as the most promising.
The maximum extraction yields of 98%, 99%, 97%, 96% for epimedin A, epimedin B,
epimedin C and icariin, respectively, were obtained using a water content of 17.5% (v/v),
the volume of DES aqueous solution of 3.14 mL, and extraction time of 21 min [89].

7.2. Biological Activity and Therapeutic Potential
Anti-Osteoporotic Activity

Recent research has focused on the osteogenic activity of Epimedium pubescens by in-
vestigating the major isolated prenylated flavonoid, icariin, on BMSCs human bone mes-
enchymal stem cells. Icariin was used in concentrations ranging from 1 to 10 uM, at 5 uM
icariin showed the strongest cell proliferation and osteogenic differentiation. The bone-
restorative effects were driven by the upregulation of GLI-1 [90]. Another in vivo study
investigated chondroprotective and osteogenic activities of icariin, the major bioactive
compound isolated from Epimedium pubescens in vivo, on chickens with thiram-induced
tibial dyschondroplasia. Icariin was administered orally daily into the bird’s drinking wa-
ter at 10 mg/kg. The condition of the affected tibial bones showed an improvement
through the restoration of normal growth plate structures and enhanced angiogenesis.
Icariin manifested its effects by increasing the expression of BMP-2, which stimulates bone
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formation and chondrocyte differentiation [91]. Exploring the anti-osteoporotic activity of
the same isolated compound, Si et al. used a dual test system featuring both an in vitro
RAW?264.7 cell line and an in vivo ovariectomized rat model. The cell culture was treated
with icariin at 2.5, 5 and 10 uM, while the rats received icariin via oral administration at
125, 250 and 500 mg/kg. The treatment produced osteoclastogenesis inhibition and in vitro
results showed a marked suppression of osteoclast differentiation genes such as NFATc1,
Ctsk and trap; in vivo, the model had an improved bone density and reduced trabecular
bone loss. The osteoprotective effects were achieved through the modulation of the Cullin
3/Nrf2/OH signaling pathway [92]. These studies establish icariin, the key prenylated fla-
vonoid of Epimedium pubescens, as a possible anti-osteoporotic agent. Using the same com-
pound across all studies offers the possibility to understand how icariin acts in multiple
in vivo and in vitro models. This targeted approach highlights icariin’s ability to stimulate
bone formation while inhibiting bone resorption. In the future, new research must priori-
tize controlled clinical trials to validate the therapeutic potential of Epimedium pubescens
extracts and bioactive compounds.

8. Comparative Synthesis Across Epimedium Species

A comparative analysis of the five Epimedium species revealed a shared chemical
framework, variations in their mechanisms of action and different quality of supporting
evidence, suggesting that these species are not interchangeable.

8.1. Pharmacological Activities, Bioactive Compounds and Evidence Levels

The pharmacological evidence across the reviewed Epimedium species reveals com-
mon patterns and significant gaps in the current literature. An imbalance in research cov-
erage is evidenced by the high number of studies focusing on Epimedium brevicornu and
Epimedium sagittatum biological activities, all supported by in vitro and in vivo data. In
contrast, Epimedium pubescens is represented only by the anti-osteoporotic activity, in-
vestigated through the isolated compound icariin. This difference reflects a publication
bias, as species like Epimedium brevicornu and Epimedium sagittatum have been prioritized
in research following the Chinese Pharmacopeia, leaving species like Epimedium pubescens
and Epimedium grandiflorum understudied.

A systematic weakness across all reviewed species is represented by the lack of clin-
ical validation. All documented biological effects are based exclusively on preclinical
models. For species like Epimedium grandiflorum and Epimedium koreanum, most of their
pharmacological activities are limited to in vitro validation; while they provide insights
into the underlying mechanisms, they are unable to predict bioavailability or metabolic
stability in vivo. The antioxidant profile for both species relies on basic chemical assays or
single-enzyme tests, which prevents assessing the true physiological impact without the
support of in vivo data. The bone-protective and anti-osteoporotic activities of Epimedium
brevicornu benefit from consistent in vivo validation, positioning it as a strong candidate
for future translational research.

Another limitation is the heterogeneity of the bioactive agents tested across the in-
cluded studies. Several biological activities have been attributed to crude or partially char-
acterized extracts, NK cell activation for Epimedium brevicornu and the androgenic effects
for Epimedium grandiflorum, where the specific phytochemical constituents responsible for
these effects were not fully identified and extract standardization was not reported. This
limits mechanistic interpretation and hinders direct comparisons across Epimedium spe-
cies. By comparison, the neuroprotective and bone-protective activities of Epimedium
brevicornu and Epimedium sagittatum are supported by both in vitro and in vivo evidence,
but the findings are based on partially characterized flavonoid fractions rather than fully
defined bioactive compounds. The anti-osteoporotic activity of Epimedium pubescens is
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supported by the consistent use of isolated icariin, providing greater reproducibility and
stronger compound-specific activity. These differences are more likely to reflect variabil-
ity in methodological rigor and phytochemical characterization across the reviewed liter-
ature rather than genuine differences in the therapeutic potential of the species (Table 2).

Table 2. Summary of pharmacological activities, main bioactives, key mechanisms of action, and

evidence levels across five Epimedium species.

Species Activity Main Bioactive Key Mechanism(s) Evidence Level
. .. Hydroethanolic leaf ) )
E. grandiflorum Antioxidant y rosxt:;(t) 1ciea 1 SOD, CAT, GPx; | MDA In vitro + In vivo
Antiprolifera MeOH extract;
IZ ive prenylated flavo-  Inhibit iNOS; G1 arrest; ICs 9-45 uM In vitro
noids
Androgenic/Re- Hydroethanolic leaf 1 Testosterone, LH, FSH; 1 SOD; re- ) .
. . . In vitro + In vivo
productive extract stored testicular architecture
Anti-inflamma- Epimedigrandio- Inhibit NF-kB and iNOS; ICso 14-26 i
. . In vitro
tory side A; icariside II uM
. Anticancer (di- [-Anhydroicaritin; 1 Bax; | Wnt/p-catenin; modulate . .
E. I +1
brevicornu rect) icariside II TBK1/NAK nvitro + In vivo

E. sagittatum

E. koreanum

Anticancer (in-
direct)

| M2 macrophage polarization
Icariin; epimedin C (PI3K/AKT); cGAS-STING — NK cyto-

In vitro + In vivo

toxicity
Pol haride;
Bone-protective a Ou}elf;cscejtr;:cet,' 1 PIBK/AK/mTOR; 1 Wnt/B-catenin; 1 In vitro + In vivo
P d e VEGF/VEGFR2; | NLRP3/caspase-1
nanovesicles

Flavonoid extract =\ 2\ g1 | (GAS-STING (neuroin-

i 79 1 flavo- In vitro + In vi
Neuroprotective (57% to’Fa avo flam.); 1 BDNF/TrkB, NRG-1/ErbB4 n vitro + In vivo
noids)
Andro- Ethanol extract; 1 eNOS; | PDE5A; 1 Testosterone; pro- . .
. . L . In vitro + In vivo
genic/Erectile icariin tects spermatogonial stem cells

Anti-inflamma-
tory

Neuroprotective

Erectile-enhanc-

| TLR4/MD-2/NF-xB (in vitro);
PI3K/AKT — Nrf2/HO-1/NQO-1 (in
Vivo)
BDNEF/TrkB/Akt/CREB (Alzheimer’s);
PI3K/Akt + MEK/ERK (Parkinson’s)
PDE5AT1 inhibition — 1 ¢cGMP — |

Ethyl acetate ex-
tract; icariin

Icariin; icaritin

Icariin; baohuoside .
Ca?* — smooth muscle relaxation; 1

In vitro + In vivo

In vitro + In vivo

In vitro + In vivo

ing I; sagittatoside I eNOS
Inhibit hidonic acid-induced plate-
Antiplatelet Yinyanghuo A & B fibIt ataciidonic act .m tced pate In vitro
let aggregation
Aqueous extract; | NF-kB/MMP-9; paraptosis via ER
Anticancer epimedokoreanin B stress; micropinocytosis In vitro + In vivo
& C (Racl/Arf6/PIKfyve)
Hydroethanolic ex-
. YArOeanotic & p1ectron delocalization via phenolic .
Antioxidant  tract; polysaccha- roups; Fe2* chelation (EFPN-1) In vitro
ride EFPN-1 grotps ?
EtOAc fraction; des- : .
Cardioprotec- ¢ raction; des | Integrin allbp3; | intracellular Ca?; , .
. O-methyl--anhy- In vitro + In vivo
tive o preserves HDL/apoA-I
droicaritin
. 1 Bcl-2/| Bax — dopaminergic protec-
Total fl frac-
Neuroprotective otal flavonoid frac tion; AChE inhibition — 1 cholinergic ~ In vitro + In vivo

tion; magnoflorine .
function
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1 GLI-1 (osteogenesis); T BMP-2 (chon-
Isolated icariin ~ drocyte diff.); | Cullin3/Nrf2 — | oste-  In vitro + In vivo
oclastogenesis

Anti-osteopo-

E. pubescens .
rotic

1 upregulation/increase; | downregulation/decrease; AChE, acetylcholinesterase; BDNF, brain-de-
rived neurotrophic factor; BMP-2, bone morphogenetic protein-2; CAT, catalase; cGAS-STING, cy-
clic GMP-AMP synthase—stimulator of interferon genes; cGMP, cyclic guanosine monophosphate;
eNOS, endothelial nitric oxide synthase; FSH, follicle-stimulating hormone; GPx, glutathione perox-
idase; HDL, high-density lipoprotein; ICso, half-maximal inhibitory concentration; LH, luteinizing
hormone; MDA, malondialdehyde; NF-«B, nuclear factor kappa-B; NK, natural killer cell; NRG-
1/ErbB4, neuregulin-1/ErbB4 receptor; Nrf2/HO-1/NQO-1, nuclear factor erythroid 2-related factor
2/heme oxygenase-1/NAD(P)H quinone dehydrogenase 1; PDE5A, phosphodiesterase 5A;
PI3K/AKT, phosphoinositide 3-kinase/protein kinase B; SOD, superoxide dismutase; TLR4/MD-2,
Toll-like receptor 4/myeloid differentiation factor 2; TrkB, tropomyosin receptor kinase B.

8.2. Signaling Pathways and Mechanisms of Action

The PI3K/AKT axis is the most conserved pathway within the genus, reported in
Epimedium brevicornu, Epimedium sagittatum and Epimedium koreanum across pharmacolog-
ically distinct contexts, such as immunomodulation, neuroprotection and anti-inflamma-
tory signaling. This suggests that PI3K/AKT modulation is not specific to a certain species,
but rather a genus mechanistic tendency associated with the shared prenylated flavo-
noids, especially icariin and icaritin.

NF-«B inhibition, Bcl-2/Bax regulation and eNOS upregulation are shared across two
or three species, yet they operate by different mechanisms depending on the biological
context. NF-kB inhibition has been reported in the anti-inflammatory activity of
Epimedium grandiflorum and Epimedium sagittatum, and in the anticancer activity of
Epimedium koreanum. The variability reflects the pleiotropic nature of NF-kB signaling and
suggests that shared pathway involvement should not be interpreted as evidence of
equivalent pharmacological effects. Modulation of the Bcl-2/Bax axis is associated with
pro-apoptotic effects in cancer models for Epimedium brevicornu and Epimedium sagittatum,
and neuroprotective effects of Epimedium koreanum. The same molecular pathway can lead
to opposite functional outcomes, highlighting that cellular context and extract concentra-
tion are as important as pathway identity in determining pharmacological effects. By com-
parison, the shared eNOS/PDE5A axis in Epimedium brevicornu and Epimedium sagittatum
represents a consistent mechanism, both species contain icariin as a major constituent, and
their erectile-enhancement effects converge as a common sequence involving PDE5SA in-
hibition, cGMP accumulation and smooth muscle relaxation.

The cGAS-STING pathway documented exclusively in Epimedium brevicornu medi-
ates innate immune activation against tumors and neuroinflammation suppression; two
seemingly opposing biological outcomes from the same pathway in the same species. This
duality has not been reconciled in the reviewed studies and represents a critical
knowledge gap with significant implications for therapeutic safety. Equally notable is the
paraptosis mechanism reported only for epimedokoreanin B in Epimedium koreanum; as a
non-apoptotic cell death route that bypasses classical apoptosis resistance, it has high ther-
apeutic relevance for drug-resistant cancers, yet it rests on a single compound tested in
two lung cancer lines. Finally, the bone-specific BMP-2/GLI-1/Cullin3-Nrf2 axis unique to
Epimedium pubescens illustrates the risk of confining investigation to a single compound.
While the evidence for icariin’s osteogenic properties is consistent, the absence of data on
other pathways creates a falsely narrow mechanistic profile. Future studies should deter-
mine whether pathways identified in more-studied species are genuinely absent in
Epimedium grandiflorum and Epimedium pubescens, or merely uninvestigated (Table 3).
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Table 3. The distribution of key pharmacological signaling pathways documented across five

Epimedium species.

Pathway/Mechanism E. gran. E. brev. E. sag. E. kor. E. pub.
PI3K/AKT - v v v -
NF-«B inhibition v - v v -
PDESA inhibition — 1 cGMP - v N - -
BDNE/TrkB signaling - v v - -
Wnt/p-catenin - v - - -
Bcl-2/Bax apoptosis balance - v v v -
1 SOD/CAT/GPx; | MDA v - - v -
eNOS upregulation - v v - -
BMP-2/GLI-1/Cullin3-Nrf2 - - - - v
AChE inhibition - - - v -
cGAS-STING activation - v - - -
Paraptosis/non-apoptotic death - - - v -

1 upregulation/increase; | downregulation/decrease; v = pathway reported in reviewed studies; —=
not documented. The same pathway may mediate different biological activities depending on spe-
cies, compound, and experimental context. E. gran. = E. grandiflorum; E. brev. = E. brevicornu; E. sag.
= E. sagittatum; E. kor. = E. koreanum; E. pub. = E. pubescens. AChE, acetylcholinesterase; Bcl-2, B-cell
lymphoma-2; BDNF/TrkB, brain-derived neurotrophic factor/tropomyosin receptor kinase B; BMP-
2, bone morphogenetic protein-2; cGAS-STING, cyclic GMP-AMP synthase—stimulator of interferon
genes; eNOS, endothelial nitric oxide synthase; GLI-1, glioma-associated oncogene homolog 1;
MDA, malondialdehyde; = NF-«B, nuclear factor kappa-B;; Nrf2, nuclear factor erythroid 2-related
factor 2; PDE5A, phosphodiesterase 5A; PI3K/AKT, phosphoinositide 3-kinase/protein kinase B;
SOD, superoxide dismutase; Wnt/B-catenin, Wingless-related integration site/B-catenin pathway.

9. Materials and Methods
9.1. Study Design

The manuscript was designed as a systematic review in conformity with the 2020
PRISMA guidelines. The review was intended to provide an updated, comprehensive syn-
thesis of the phytochemistry, biological activities and therapeutic potential of five
Epimedium species: Epimedium grandiflorum, Epimedium brevicornu, Epimedium sagittatum,
Epimedium koreanum, Epimedium pubescens. The protocol included objectives, eligibility cri-
teria, search strategy and synthesis approach.

9.2. Literature Search Strategy

A systematic literature search was conducted in three electronic databases: PubMed,
Scopus and Google Scholar, to identify relevant studies published between 1991 and 2026
addressing phytochemistry, pharmacology, pharmacokinetics and toxicology of the five
Epimedium species. The search was performed using Boolean combinations of the follow-
ing keywords: “Epimedium grandiflorum”, “ Epimedium brevicornu”, “ Epimedium sagittatum”,
“Epimedium koreanum”, “Epimedium pubescens”, “horny goat weed”, “prenylated flavo-
noids”, “icariin”, “pharmacological activity”, “phytochemistry”, “antioxidant”, “anti-
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cancer”, “pharmacokinetics” and “toxicology”.
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9.3. Eligibility Criteria

Eligible articles included original research papers, pharmacokinetic investigations
and review articles providing mechanistic context, published in English between 1991 and
2026. Studies focusing on one or more of the five targeted Epimedium species were priori-
tized. Additional studies on shared bioactive compounds such as icariin, icariside and
epimedin A-C that offered relevant pharmacological or contextual support to the target
species were included.

The excluded articles were duplicate studies, non-English publications and studies
with no relevance to the phytochemical composition and pharmacological profile of the
five Epimedium species. Agronomic, purely botanical or cultivation studies were also ex-
cluded unless they contained phytochemical or pharmacological data.

9.4. Study Selection Process

The selection process was performed in line with the PRISMA 2020 framework (Fig-
ure 8).

e  Stage 1—Identification: Database searches were performed by A.S.F. and I.L. Records
were exported and compiled into a single reference library. Duplicates were identi-
fied and removed manually by cross-referencing titles, authors and publication years
across the three databases.

e  Stage 2—Screening: The titles and abstracts of the exported articles were screened for
relevance. The articles that did not relate to the five Epimedium species or to their
phytochemical and pharmacological profile were eliminated.

e  Stage 3—Eligibility assessment: The full text of the remaining articles was evaluated
against the predetermined inclusion and exclusion criteria. The articles that did not
meet the requirements regarding content relevance, language or methodology were
eliminated.

e  Stage 4—Inclusion: The studies that fulfilled all the eligibility criteria were included
in the present systematic review. The included studies were organized by species and
the following categories: phytochemical profile, biological activities and therapeutic
potential.
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Figure 8. PRISMA 2020 flow diagram. * Records identified from each database (PubMed, Scopus,
Google Scholar) are reported separately in the figure. ** No automation tools were used to exclude

records; all screening and exclusion decisions were made manually by the authors.

10. Conclusions

This systematic review consolidates current knowledge on the phytochemical com-
position, biological activities and therapeutic potential of five Epimedium species:
Epimedium grandiflorum C. Morren, Epimedium brevicornu Maxim., Epimedium sagittatum
(Sieb. et Zucc.) Maxim., Epimedium koreanum Nakai. and Epimedium pubescens Maxim. The
gathered evidence confirms that prenylated flavonoids, especially icariin, icaritin and
epimedin A-C represent the most important bioactive compounds. These flavonoids are
responsible for the pharmacological properties attributed to the genus such as antioxidant,
anti-inflammatory, immunomodulatory, neuroprotective, cardioprotective, bone-protec-
tive, androgenic and anticancer.

Although the current literature is abundant in preclinical studies, several limitations
were identified across the reviewed studies. The lack of standardization, the heterogeneity
of the experimental models, and the reliance on in vitro and acute in vivo models limit the
ability to generalize the current findings to clinical application.

Future research should prioritize the development of standardized extraction meth-
ods and the use of chronic in vivo models that would reflect human pathology more ac-
curately. To further validate the therapeutic potential of Epimedium spp. and support their
integration into clinical practice, future clinical trials are needed.
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The following abbreviations are used in this manuscript:

TNF-a Tumor necrosis factor alpha

IL-6 Interleukin-6

NF-«B Nuclear factor kappa B

RP-18 Linear d

TLC Thin-layer chromatography

uv Ultraviolet

IR Infrared

1D NMR One-Dimensional Nuclear magnetic resonance
2D NMR Two-Dimensional Nuclear magnetic resonance
HRESIMS High-Resolution Electrospray lonization Mass Spectrometry
COX Cyclooxygenase

NO Nitric oxide

ICso Half maximal inhibitory concentration
SK-MEL Skin melanoma cell line

KB Human epidermoid carcinoma cell line

BT-549 Human breast carcinoma cell line

SK-OV-3 Human ovarian carcinoma cell line

LLC-PK1 Porcine kidney epithelial cell line

VERO African green monkey kidney epithelial cell line
iNOS Inductible nitric oxide synthase

LPS Lipopolysaccharide

SAR Structure-Activity Relationship

RBL-2H3 Rat Basophilic Leukemia-2H3 cell line

MAPK Mitogen-activated protein kinase

IL-18 Interleukin 13

COX-2 Cyclooxygenase 2

DPPH 2.2-diphenyl-1-picrylhydrazyl

CCls Carbon tetrachloride

SOD Superoxide dismutase

CAT Catalase

MDA Malondialdehyde

GPx Glutathione peroxidase

WST-8 Water soluble tetrazolium salt-8

MCEF-7 Michigan Cancer Foundation-7

LH Luteinizing hormone

FSH Follicle-stimulating hormone

GnRH Gonadotropin-releasing hormone

LC-MS/MS Liquid chromatography-tandem mass spectrometry
m/z Mass-to-charge ratio
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PDE5
mRNA
CREB

PDE3
HepG2
MDA-MB-231
Bax
TBK1/NAK
AGS
MGC803
GES-1
CT26-WT
HCT116
AOM/DSS
PI3K/AKT
K562

NK-92
IFN-y
NKG2D
Hepal-6
cGAS-STING
ALP

mTOR

Bcl-2

IGF-1

CTX-1
NLRP3

NPY
CGRP/CRLR
VIP
VEGF/VEGFR2
BV2
ABa2/AP142
2VO
BDNEF/TrkB
NRG-1/ErbB4
CRH

ACTH
eNOS
PDESA

H202

SPHK1
MCEF-10A
HPLC-MS/MS
RAW264.7
TLR4/MD-2
NRK-52e
MCP-1
Nrf2/HO-
1/NQO-1
MES23.5
MPTP
MEK/ERK
SRC

SMAD3
CEBPB
NR3C2
GPI-PLD
CCsSMC

Phosphodiesterase 5

Messenger RNA

cAMP response element-binding protein

Phosphodiesterase 3

Human liver cancer cell line

Human triple negative breast cancer line

Bcl-2-associated X protein

TANK-binding kinase 1/NF-kappa-B-activating kinase

Human gastric adenocarcinoma cell line

Human gastric cancer cell line

Human gastric epithelial cell line

Murine colorectal carcinoma cell line

Human colorectal carcinoma cell line

Azoxymethane/Detran sodium sulfate

Phosphoinositide 3-kinase/Protein kinase B

Human chronic myelogenous leukemia cell line

Natural killer 92 cell line

Interferon gamma

Natural killer group 2D

Murine hepatocellular carcinoma cell line

Cyclic GMP-AMP synthase-stimulator of interferon genes
Alkaline phosphatase

Mammalian target of rapamycin

B-cell lymphoma 2

Insulin like growth factor 1

C-terminal telopeptide of type I collagen

NLR familypyrin domain containing 3

Neuropeptide Y

Calcitonin gene-related peptide/Calcitonin receptor-like receptor
Vasoactive intestinal peptide

Vascular endothelial growth factor/Vascular endothelial growth factor receptor 2
Murine microglial cell line

Amyloid beta 42

Two-vessel occlusion

Brain-derived neurotrophic factor/Tropomyosin receptor kinase B
Neuregulin 1/Erb-b2 receptor tyrosine kinase 4
Corticotropin-releasing hormone

Adrenocorticotropic hormone

Endothelial nitric oxide synthase

Phosphodiesterase 5A

Hydrogen peroxide

Sphingosine kinase 1

Human breast epithelial cell line

High-performance liquid chromatography tandem mass spectrometry
Murine macrophage cell line

Toll-like receptor4/Myeloid differentiation factor 2

Rat kidney epithelial cell line

Monocyte chemoattractant protein-1

Nuclear factor erythroid 2-related factor 2/Heme oxygenase-1/NAD(P)H quinone
dehydrogenase 1

Murine dopaminergic cell line
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

Mitogen-activated protein kinase/ Extracellular signal-regulated kinase
Synapse-rich cell cluster

Mothers against decapentaplegic homolog 3
CCAAT/enhancer-binding protein beta

Nuclear receptor subfamily 3, group C, member 2
Glycosylphosphatidylinositol-specific phospholipase D

Corpus cavernosum smooth muscle cells
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cGMP Cyclic guanosine monophosphate

Ca? Calcium

AChE Acetylcholinesterase

A172 Human glioblastoma cell line

U373MG Human glioblastoma astrocytoma cell line

T98G Human glioblastoma multiforme cell line

MMP-9 Matrix metallopeptidase 9

NCI-H292 Human mucoepidermoid pulmonary carcinoma cell line
A549 Human lung carcinoma cell line

Racl Ras-related C3 botulinum toxin substrate 1

Arfé ADP-ribosylation factor 6

PIKfyve Phosphoinositide kinase, FYVE-type zinc finger containing
EFPN-1 Epimedium korenum polysaccharide fraction 1

ATP Adenosine triphosphate

HDL High-density lipoprotein

apoA-I Apolipoprotein A-I

MPP+ 1-methyl-4-phenylpyridinium

DESs Deep eutectic solvents

BMSCs Bone mesenchymal stem cells

GLI-1 Glioma-associated oncogene Humalog 1

BMP-2 Bone morphogenetic protein 2

NFATc1 Nuclear factor of activated T-cells, cytoplasmatic 1
CtsK Cathepsin K
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