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Abstract

The genus Dracocephalum (Lamiaceae), comprising over 60 species predominantly dis-
tributed in Europe and Asia, has historically been used in traditional medicine and has
recently attracted growing scientific interest due to its diverse pharmacological and phyto-
chemical properties. Despite increasing pharmacological and phytochemical investigations,
the antioxidant potential and related bioactivities of Dracocephalum species remain frag-
mented across individual studies, with limited efforts to comparatively integrate evidence
on phytochemical diversity, antioxidant relevance, and pharmacological variability. There-
fore, this review consolidates and critically evaluates current knowledge regarding the phy-
tochemical diversity, antioxidant potential, and therapeutic applications of Dracocephalum
species, emphasizing their bioactive compounds and antioxidant-driven mechanisms. Par-
ticular attention is given to polyphenolic and phenolic constituents—including flavonoids,
phenolic acids, terpenoids, and volatile compounds, with rosmarinic acid, tilianin, luteolin
derivatives, and apigenin derivatives identified as key contributors to biological activity.
Unlike previous reviews, which primarily focused on isolated pharmacological effects or
individual species, this study provides a comparative and integrative perspective by linking
phytochemical composition with antioxidant-related activities and therapeutic implications
across species. By synthesizing fragmented evidence and highlighting methodological
advances in chromatography, metabolomics, and comparative analyses, this review iden-
tifies current knowledge gaps and outlines future perspectives for phytopharmaceutical,
nutraceutical, and functional food applications.

Keywords: Dracocephalum; antioxidant activity; Lamiaceae; flavonoids; tilianin; rosmarinic
acid; medicinal plants; phenolic compounds; natural antioxidants

1. Introduction
The genus Dracocephalum, part of the family Lamiaceae, includes more than 60 species,

many of which have been traditionally used in various ethnomedical practices [1,2]. These
species show a wide ecological range, thriving in habitats such as steppes, semi-arid regions,
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deserts, and high-altitude alpine environments across temperate Eurasia. A small number
of narrowly endemic taxa are found in parts of North America and North Africa [2–4]. The
geographic distribution of Dracocephalum ranges from temperate lowlands to challenging
alpine regions, with the genus preferring temperate continental climates. These climates
are characterized by marked seasonality, notable temperature fluctuations, and moderate
rainfall, often concentrated during specific times of the year [5].

Owing to their distinctive floral structure, which resembles a dragon’s head, species
within the genus Dracocephalum are commonly called “dragonhead” plants [3]. Moreover,
many species in this genus have garnered significant scientific interest due to their phyto-
chemical composition and the wide range of biological activities they exhibit [2]. In this
context, several parts of the plant, including the aerial parts, leaves, flowers, and roots, have
been extensively used for their medicinal properties [6]. In many regions, herbal remedies
made from these plants are employed to treat digestive problems, respiratory issues, in-
flammatory diseases, fever, and cardiovascular conditions [6]. For instance, Dracocephalum
moldavica L. has traditionally been consumed as an herbal infusion because of its pleasant
aroma and potential health benefits [3]. Beyond their traditional uses, Dracocephalum species
are also valued for their aromatic and culinary applications, particularly as herbal teas and
functional beverages [3].

In recent decades, the genus Dracocephalum has garnered significant interest from
the scientific community, mainly due to the discovery of a wide range of bioactive com-
pounds [2]. Advances in modern analytical techniques have revealed that species of this
genus are rich in secondary metabolites, including flavonoids, phenolic acids, terpenoids,
lignans, and essential oil components [5,7]. Most of these compounds exhibit notably
strong antioxidant properties [2]. For example, flavonoids such as tilianin, luteolin, and
apigenin derivatives have been identified as major phytochemicals in several Dracocephalum
species [5,7,8]. These compounds exhibit diverse pharmacological effects, including sig-
nificant anti-inflammatory, cardioprotective, and neuroprotective activities [8]. Moreover,
recent studies have reported the isolation of new compounds from this genus [9]. For
instance, moldavica acid A, a novel salicylic acid derivative isolated from Dracocephalum
moldavica, has been shown to modulate molecular pathways associated with cardiovascular
protection [9].

The genus has been studied for a range of pharmacological effects, including antimi-
crobial, antiviral, anticancer, antioxidant, and anti-inflammatory activities [10–13]. Extracts
and isolated compounds from various Dracocephalum species have shown promising bi-
ological effects in both laboratory and live models, emphasizing their potential for use
in pharmaceuticals and nutraceuticals [12,13]. Recent research has also investigated inno-
vative applications of Dracocephalum-derived compounds in fields like food technology,
nanotechnology, and biomedical engineering [14,15]. For instance, essential oils from Draco-
cephalum moldavica have been incorporated into nanoemulsions and active food packaging
systems to improve food preservation and quality [14]. Additionally, new nanomaterials
derived from this plant have displayed potential therapeutic effects in biomedical appli-
cations [15]. Despite the increasing number of studies on the genus Dracocephalum, the
available information remains fragmented across different scientific disciplines [2].

Therefore, a thorough review of the existing literature is needed to summarize current
knowledge on botanical features, traditional uses, phytochemical composition, biological
activities, and emerging research directions for these plants [2]. The aim of this review is to
provide a comprehensive overview of the genus Dracocephalum, highlighting its ethnob-
otanical significance, phytochemical diversity, antioxidant activity, pharmacological effects,
and recent research developments focused on innovative applications and biotechnological
methods [2,3].
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1.1. Botanical Characteristics and Taxonomy of Dracocephalum

The genus Dracocephalum encompasses a diverse array of species exhibiting unique
morphological traits and ecological adaptations. These features, along with their taxo-
nomic classification, offer a valuable framework for exploring the genus’ diversity and its
significance in phytochemical and pharmacological research.

1.1.1. Taxonomic Classification Within the Lamiaceae Family

The genus Dracocephalum belongs to the Lamiaceae family, one of the most diverse
families of aromatic and medicinal plants, which includes numerous genera of pharmaco-
logical and culinary importance, such as Mentha, Salvia, and Thymus [2,3]. Members of
this family are usually characterized by the presence of glandular trichomes responsible
for the production of essential oils, as well as a rich diversity of secondary metabolites,
including flavonoids, terpenoids, and phenolic acids [2].

Within the Lamiaceae family, the genus Dracocephalum is classified in the subfamily
Nepetoideae and the tribe Mentheae, which includes several aromatic genera widely used
in traditional medicine [5]. Phylogenetic analyses based on molecular markers, including
ITS regions and chloroplastic DNA sequences, have confirmed the close evolutionary
relationships between Dracocephalum and other genera within this group [5].

The genus includes over sixty accepted species, distributed predominantly in the
temperate regions of Europe and Asia, with the greatest diversity observed in Central Asia
and the mountainous areas of the Northern Hemisphere [2,6]. In recent decades, many
species have attracted increasing scientific interest due to their phytochemical diversity
and wide range of biological activities [2].

1.1.2. Morphological Characteristics of the Genus

Species of the genus Dracocephalum are typically herbaceous plants that can be annual,
biennial, or perennial, depending on environmental conditions [3]. These plants are com-
monly found in grasslands, steppes, and mountainous regions, where they have adapted
to a variety of climatic conditions [6].

• Stems

The stems are generally upright and quadrangular, a notable morphological charac-
teristic of the Lamiaceae family. This structure provides support and indicates the usual
arrangement of vascular tissues [2,3].

• Leaves

The leaves are opposite and simple in form, with shapes ranging from lanceolate to
ovate. They frequently contain glandular structures that produce and store essential oils
and volatile compounds, which contribute to the plants’ aromatic properties and biological
activities [2,3].

• Flowers and inflorescences

The flowers are among the most distinctive features of the genus, typically arranged in
verticillaster inflorescences, a characteristic common to numerous Lamiaceae species [2,3].
The flower colors range from blue and violet to purple or white, thereby enhancing their
ornamental and ecological functions [3].

• Dragonhead-shaped corolla

The nomenclature Dracocephalum derives from the Greek terms “drakon” (dragon) and
“kephale” (head), referencing the bilabiate corolla that resembles a dragon’s head [3,16]. The
upper lip curves over the reproductive structures, while the lower lip functions as a landing
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zone for pollinators, thereby facilitating plant–pollinator interactions and reproductive
success [3,5].

1.1.3. Geographic Distribution and Ecological Habitats

Species of the genus Dracocephalum are widely distributed across Europe, Central Asia,
the Middle East, Siberia, and East Asia [6]. The genus exhibits particularly high diversity in
Central Asia and western China, where numerous species grow naturally in mountainous
and steppe environments [5].

In Europe, species such as Dracocephalum moldavica and Dracocephalum ruyschiana L. are
commonly found in temperate regions and have been traditionally cultivated as medicinal
and aromatic plants [3,17]. In the Middle East, Dracocephalum kotschyi Boiss. is an endemic
species with significant ethnomedicinal importance [6].

In Siberia and East Asia, species such as Dracocephalum tanguticum Maxim., Draco-
cephalum heterophyllum Benth., and Dracocephalum rupestre Hance thrive in alpine and
semi-arid environments and are known for their distinctive phytochemical profiles [18–20].

The ecological adaptability of Dracocephalum species enables them to grow in diverse
habitats, including grasslands, rocky slopes, and high-altitude ecosystems, contributing to
the extensive diversity observed within the genus [6].

1.1.4. Species Diversity

The genus Dracocephalum encompasses numerous species exhibiting a broad spectrum
of morphological and chemical characteristics [2]. Although over sixty species have been
identified, only a limited number have been comprehensively investigated regarding their
phytochemical composition and pharmacological attributes [2]. This uneven research focus
has primarily concentrated on a limited number of species, notably Dracocephalum moldavica
and Dracocephalum kotschyi Boiss., leaving many species insufficiently studied. Conse-
quently, our understanding of the genus relies predominantly on a small subset of species,
underscoring the need to broaden comparative studies to include additional species.

Among the most extensively studied species are:

• Dracocephalum moldavica, known for its essential oil composition, phenolic compounds,
and pharmacological activities [7,21,22]

• Dracocephalum kotschyi, rich in flavonoids and widely studied for its biological proper-
ties [23–25]

• Dracocephalum heterophyllum, investigated for phenolic alkaloids and antioxidant com-
pounds [18,26]

• Dracocephalum tanguticum, characterized by flavonoids with cardioprotective ef-
fects [19,27]

• Dracocephalum rupestre, studied for its metabolomic profile and use in herbal tea
preparations [20,28,29]

• Dracocephalum multicaule Montbr. & Aucher ex Benth., analyzed for variations in
essential oil composition during different phenological stages [30,31]

The diversity of species within the genus reflects a wide range of ecological adapta-
tions and phytochemical profiles, emphasizing Dracocephalum as a noteworthy subject for
phytochemical and pharmacological research [2]. A simplified schematic in Figure 1 offers
a visual overview of the key Dracocephalum species discussed in this review. It highlights
the main species covered in the sections that follow.
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Figure 1. Schematic overview of representative Dracocephalum species discussed in the present review.
The diagram summarizes the principal species covered in the literature.

1.2. Ethnobotanical and Traditional Uses

Species of the genus Dracocephalum have been extensively used in traditional medicine
throughout Europe, Asia, and the Middle East for centuries, underscoring their enduring
therapeutic and cultural significance [3,6]. Ethnobotanical research indicates that various
plant components, including aerial parts, leaves, flowers, and roots, are frequently used in
herbal preparations to treat a range of ailments [6].

The geographical distribution and diversity of these traditional applications are sum-
marized in Figure 2, which illustrates the use of Dracocephalum species across Europe,
Asia, China, Iran, and Mexico. The figure emphasizes their role in addressing digestive
disorders, respiratory diseases, inflammatory conditions, and cardiovascular ailments, as
well as their integration into herbal formulations, functional beverages, and traditional
therapeutic preparations.

Figure 2. Ethnobotanical and traditional applications of Dracocephalum across various geographical
regions. The figure consolidates its uses in Europe and Asia, including China, Iran, and Mexico,
emphasizing its role in managing digestive, respiratory, inflammatory, and cardiovascular condi-
tions. Additionally, it highlights its integration into herbal formulations, functional beverages, and
traditional therapeutic preparations.
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1.2.1. Conventional Medicinal Applications

Traditional medicinal practices have extensively used Dracocephalum species to treat
digestive issues, respiratory ailments, inflammatory diseases, fever, and cardiovascular
conditions [2,3,6].

These applications are primarily attributed to their bioactive compounds, which
exhibit antioxidant, anti-inflammatory, and antimicrobial properties [2]. An illustrative ex-
ample is the Iranian product Spinal-Z, which contains Dracocephalum kotschyi, traditionally
used for cancer treatment, particularly gastrointestinal cancers [13].

Scientific investigations have identified flavonoids such as xanthomicrol as key bioac-
tive constituents responsible for their cytotoxic and therapeutic effects [13]. Additionally, a
notable ethnomedicinal example from Mexican traditional medicine is the remedy known
as “three toronjiles,” a herbal preparation combining Dracocephalum moldavica with Agas-
tache mexicana subsp. mexicana and Agastache mexicana subsp. xolocotziana, all belonging
to the Lamiaceae family [32]. This preparation is traditionally administered as an infu-
sion and is commonly used to manage gastrointestinal discomfort, stomach pain, colic,
abdominal cramps, digestive disturbances, anxiety, and stress-related symptoms [32]. In
Mexican folk medicine, the remedy is valued for its calming and gastrointestinal-relieving
effects and has been associated with traditional treatment approaches for digestive and ner-
vous system-related complaints [32]. Recent pharmacological investigations have further
explored its spasmolytic activity, indicating that interactions among constituent species
may influence the overall therapeutic effect and highlighting both the complexity and
ethnopharmacological relevance of this traditional herbal combination [32]. Recent studies
have further emphasized the importance of flavonoids, phenolic acids, and other bioactive
constituents in supporting the therapeutic potential of medicinal plants and their traditional
applications [33].

1.2.2. Utilization in Herbal Teas and Functional Beverages

Several Dracocephalum species are popular in herbal teas and functional drinks for their
appealing aroma and potential health benefits [3]. Among these, Dracocephalum moldavica
stands out for its lemon-like scent and is often prepared as an herbal infusion [3]. A notable
example is Maojian tea, made from Dracocephalum rupestre and traditionally enjoyed in
China [20]. Metabolomic research has shown that this tea is rich in bioactive compounds,
including flavonoids and phenolic acids, which enhance its antioxidant effects [20,28].
Detailed phytochemical investigations continue to expand knowledge regarding the di-
versity of flavonoids, phenolic compounds, and other secondary metabolites occurring in
medicinal plant species [34].

1.2.3. Culinary and Aromatic Applications

In addition to their medicinal applications, Dracocephalum species are employed in
culinary practices and aromatherapy for their volatile compounds and essential oils [3].
These primarily consist of monoterpenes and other aromatic constituents that improve the
flavor of herbal products and may contribute to food preservation [14,30,31].

1.2.4. Cultural and Regional Practices

The ethnomedicinal applications of Dracocephalum vary by region, emphasizing local
customs and biodiversity [6]. In Iran, Dracocephalum kotschyi is frequently used for gastroin-
testinal and inflammatory ailments [6], while in China and Central Asia, Dracocephalum
moldavica is prominent in traditional remedies for cardiovascular and nervous system
conditions [9]. Although these applications are significant, certain species are threatened by
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overharvesting and habitat destruction, thereby underscoring the necessity for sustainable
practices and conservation initiatives [6].

2. Methodology
2.1. Study Design

This review aims to summarize and critically assess the existing scientific evidence
concerning Dracocephalum species, with an emphasis on phytochemical diversity, an-
tioxidant activity, biological significance, and emerging applications, paying particular
attention to variations in antioxidant potential among different species. In addition
to a narrative review, a bibliometric analysis was conducted to investigate research
trends, thematic development, and the scholarly interest in Dracocephalum. The study
was structured to include evidence on botanical and ethnobotanical backgrounds, phyto-
chemical composition, antioxidant properties, pharmacological relevance, and recent
scientific developments, providing a comprehensive overview of current knowledge on
Dracocephalum species.

2.2. Literature Search Strategy and Data Sources

A thorough literature search was conducted using two major scientific databases,
Scopus and PubMed, selected for their extensive coverage of biomedical, pharmaco-
logical, phytochemical, and natural product research. The search took place in April
2026, focusing on the keyword “Dracocephalum” across titles, abstracts, and keywords to
ensure comprehensive retrieval of relevant publications. The strategy aimed to identify
studies on phytochemical diversity, antioxidant activity, ethnobotanical significance,
biological mechanisms, essential oils, pharmacological properties, metabolomics, and
species-specific research on Dracocephalum. Special emphasis was placed on publica-
tions addressing antioxidant metabolites, modulation of oxidative stress, phytochemical
characterization, and comparative biological evidence across species, as these topics are
crucial to this review.

All document types indexed in the selected databases were included to ensure broad
scientific coverage. Duplicate records were identified and removed using the Digital Object
Identifier (DOI) to reduce redundancy and improve dataset consistency.

2.3. Data Processing and Analytical Approach

After retrieving the literature, the collected records were organized and processed
to facilitate statistical evaluation and comparative interpretation of the scientific litera-
ture on Dracocephalum species. Duplicate publications across databases were identified
and removed using the Digital Object Identifier (DOI) to improve data consistency and
reduce redundancy.

The retrieved literature was then categorized and examined to support the evalu-
ation of scientific development, thematic emphasis, and research evolution related to
Dracocephalum, with particular focus on phytochemical composition, antioxidant activity,
biological relevance, and emerging scientific applications. Records indexed in Scopus and
PubMed were compared to provide a broader perspective on the diversity and orientation
of scientific research involving the genus.

Data organization, statistical processing, and graphical visualization were performed
using Microsoft Excel. Network visualization and thematic mapping were conducted using
VOSviewer (version 1.6.20; Centre for Science and Technology Studies, Leiden University,
Leiden, The Netherlands), enabling comparative interpretation of scientific relationships,
thematic organization, and research development patterns across the retrieved literature.
A schematic overview of the study methodology is presented in Figure 3. The workflow
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summarizes the literature retrieval process from Scopus and PubMed, record screening and
duplicate removal procedures, data extraction, and the bibliometric analyses conducted us-
ing Microsoft Excel and VOSviewer to evaluate publication trends, geographic distribution,
citation patterns, and research themes.

Figure 3. Methodological workflow of literature retrieval, data processing, and bibliometric analysis.
Records were retrieved from the Scopus (n = 926) and PubMed (n = 327) databases in April 2026 using
the keyword “Dracocephalum”. Following duplicate removal and data screening, 843 records from
Scopus and 327 records from PubMed were retained for analysis. Bibliometric data were extracted
and analyzed using Microsoft Excel for publication trends, country distribution, citation analysis,
and research productivity assessment, while VOSviewer was employed for network, overlay, and
density visualizations of keyword co-occurrence patterns and research themes.

3. Results and Discussion
In accordance with the specified methodological framework, the literature was metic-

ulously reviewed to provide a comprehensive overview of current scientific knowledge on
Dracocephalum species, with particular emphasis on antioxidant activity and its phytochem-
ical basis. To facilitate a coherent interpretation of the literature, bibliometric findings are
first presented to contextualize scientific development and research priorities, followed by
phytochemical and antioxidant-related evidence. This section integrates bibliometric data,
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phytochemical findings, antioxidant mechanisms, and species-specific biological insights
to facilitate a clear and comparative interpretation of the extant literature.

The initial section (Section 3.1) outlines bibliometric results concerning publication
trends, global distribution of research activity, sources of publications, authorship patterns,
thematic progression, and keyword co-occurrence analyses. Comparing data from Scopus
and PubMed offers insights into how scientific interest in Dracocephalum has developed
over time, while VOSviewer analyses highlight key thematic links and research directions.
These results provide context for the field’s scientific growth and pinpoint primary research
areas, especially in phytochemistry, pharmacology, and antioxidant studies.

The following sections explore the phytochemical diversity of Dracocephalum species
and the biological significance of their major secondary metabolites, including flavonoids,
phenolic acids, terpenoids, lignans, and volatile compounds. Special focus is placed
on metabolites associated with antioxidant activity, including rosmarinic acid, tilianin,
luteolin derivatives, apigenin derivatives, and other compounds involved in oxidative
stress regulation and radical scavenging.

This review compares evidence for antioxidant activity across Dracocephalum species,
focusing on similarities and differences in phytochemical content, antioxidant capacity,
biological significance, and experimental findings. It also discusses the mechanisms under-
lying antioxidant effects—such as free radical scavenging, metal ion chelation, preventing
lipid peroxidation, and enhancing natural antioxidant defenses—to provide a clear under-
standing of how these biological activities operate across various studies.

The section concludes by synthesizing current findings to highlight research gaps,
methodological limitations, and future scientific directions in the pharmaceutical, nu-
traceutical, functional food, and biotechnology applications of Dracocephalum-derived
antioxidant compounds.

3.1. Bibliometric Analysis of Dracocephalum Research

The rising scientific focus on Dracocephalum species highlights their complex phyto-
chemistry, antioxidant capabilities, and wider pharmacological significance. Reviewing
existing research provides valuable insight into how research priorities have evolved, the
main scientific themes, and the growing interest in their biological activities and therapeu-
tic uses.

The analysis of the retrieved literature reveals a gradual shift from descriptive botan-
ical and taxonomic studies to research focused on phytochemistry, pharmacology, and
antioxidants. There is growing interest in identifying bioactive metabolites, modulating
oxidative stress, analyzing essential oil composition, and exploring new technological
applications of compounds from Dracocephalum.

The following sections outline the main bibliometric insights on publication trends,
geographic distribution of research, scientific productivity, thematic areas, and network
relationships within the field. Collectively, these findings offer a broader view of the
scientific progress in Dracocephalum research and help contextualize the increasing focus on
antioxidant activity, phytochemical diversity, and species-specific biological significance.

3.1.1. Temporal Trends in Scientific Publications

Publication trends in the PubMed and Scopus databases show a consistent increase
in Dracocephalum research, particularly after 2010, with accelerated growth in recent years
(Figures 4 and 5). Although publication output differs between databases, both indi-
cate growing interest in the phytochemical composition, pharmacological properties, and
antioxidant activity of Dracocephalum species. This increase may be associated with ad-
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vances in analytical methodologies and the growing interest in plant-derived bioactive
compounds [2,7].

Figure 4. Temporal distribution of scientific publications related to the genus Dracocephalum indexed
in the PubMed database.

Figure 5. Temporal distribution of scientific publications related to the genus Dracocephalum indexed
in the Scopus database.

3.1.2. Geographic Distribution of Research Activity

Research activity on Dracocephalum is predominantly concentrated in Asia and Europe,
regions corresponding to the natural distribution and traditional medicinal use of several
species within the genus (Figure 6). A bibliometric analysis of publications indexed in
the Scopus database identified contributions from 72 countries based on the keyword
“Dracocephalum” (data retrieved in April 2026 and subsequently curated to remove irrelevant
records). As illustrated in Figure 6a, Iran and China are the leading contributors, with 348
and 275 publications, respectively, followed by the Russian Federation (71 publications),
the United States (39 publications), Poland (35 publications), and India (27 publications).
Countries with lower publication output are represented by lighter shades, whereas those
with higher output are shown in darker shades. To improve readability, Figure 6b presents
the top 20 countries ranked by publication output, highlighting the major geographical
contributors to Dracocephalum research.
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(a) (b) 

Figure 6. Global distribution of scientific publications related to the genus Dracocephalum indexed in
the Scopus database. (a) Geographic map showing the distribution of publications across 72 countries
identified through a Scopus search using the keyword “Dracocephalum” (April 2026 dataset); color
intensity reflects publication output, ranging from countries with a single publication to the highest-
producing countries, including Iran (348 publications) and China (275 publications). (b) Bar chart
showing the top 20 countries ranked by publication output.

3.1.3. Research Focus and Scientific Domains

Beyond geographical distribution, the analysis of publication sources and research
themes provides additional insight into the main scientific directions of Dracocephalum
research. The most productive journals include Chemistry of Natural Compounds, Industrial
Crops and Products, and Natural Product Research, reflecting the field’s interdisciplinary na-
ture, particularly in phytochemistry, pharmacology, and natural product science (Figure 7).

Figure 7. Top 10 journals publishing research on Dracocephalum based on Scopus data, showing the
number of publications per journal.

Research on Dracocephalum species primarily focuses on phytochemistry, antioxi-
dant activity, pharmacological effects, and essential oil composition. Numerous studies
investigate bioactive compounds such as flavonoids, phenolic acids, terpenoids, and ros-
marinic acid, while recent research increasingly employs advanced methodologies includ-
ing metabolomics, molecular docking, and nanotechnology-based approaches [28,35].

Analysis of authorship patterns indicates that research on Dracocephalum involves a
diverse and internationally distributed group of researchers, with only a limited number of
authors publishing multiple studies. Among the most productive authors are Xing J.-G. and
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Wang Z., together with several other contributors showing similar publication frequencies
(Figure 8).

 
Figure 8. Top 10 authors publishing research on Dracocephalum based on Scopus data, ranked by the
number of publications.

3.1.4. Network Analysis of Research Themes Using VOSviewer

To further explore thematic relationships and the evolution of research interests within
the field, a keyword co-occurrence analysis was conducted in VOSviewer using the Sco-
pus dataset.

The analysis identified several interconnected research clusters primarily associ-
ated with essential oils, phytochemistry, pharmacological activity, and plant physiology
(Figure 9a–c). Frequently occurring terms included essential oil, flavonoids, rosmarinic
acid, oxidative stress, and Dracocephalum moldavica, highlighting the predominance of
phytochemical and biological studies within the field.

 
(a) (b) (c) 

Figure 9. Keyword co-occurrence analysis of Dracocephalum research based on Scopus data using
VOSviewer: (a) network visualization; (b) overlay visualization based on average publication year;
and (c) density visualization. Node size reflects keyword frequency, while colors indicate thematic
clusters, temporal evolution, and research intensity.

The overlay visualization indicated a gradual transition from taxonomy- and
biodiversity-oriented studies to molecular and pharmacological investigations, includ-
ing metabolomics, gene expression, and network pharmacology. Density visualization
further confirmed the central importance of essential oils and phenolic compounds in
current Dracocephalum research. Overall, the Scopus-based analysis suggests an increasing
shift toward integrative biological and pharmacological approaches.
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3.1.5. Comparative Analysis of Research Themes: PubMed vs. Scopus

A comparative analysis of the PubMed dataset revealed a more compact and
biomedical-oriented research structure than that observed in Scopus (Figure 10a–c).
Frequently occurring terms included Dracocephalum moldavica, Dracocephalum kotschyi,
flavonoids, rosmarinic acid, oxidative stress, inflammation, and essential oil, indicating a
stronger emphasis on biological activity and therapeutic applications.

(a) (b) (c) 

Figure 10. Comparative VOSviewer analysis of PubMed-indexed Dracocephalum research: (a) network
visualization of keyword co-occurrence; (b) overlay visualization based on average publication year;
and (c) density visualization highlighting the most intensively studied biomedical topics.

In contrast to the broader and more interdisciplinary Scopus network, themes related to
taxonomy, ethnobotany, and plant physiology were less represented in PubMed, reflecting
the predominantly biomedical orientation of this database. Overlay visualization indicated
that PubMed-indexed studies are mainly associated with recent pharmacological and
bioactivity-oriented research directions, while density visualization highlighted the central
importance of essential oils, flavonoids, and oxidative stress-related studies.

Overall, the comparison demonstrates the complementary nature of the two databases:
Scopus provides a broader multidisciplinary perspective, whereas PubMed captures the
biomedical dimension of Dracocephalum research more specifically.

The bibliometric findings highlight phytochemistry and antioxidant activity as domi-
nant research themes, thereby supporting a more detailed discussion of the phytochemical
basis underlying the biological relevance of Dracocephalum species.

3.2. Phytochemical Composition of Dracocephalum and Its Relevance to Antioxidant Activity

Following the bibliometric analysis, the identified research trends indicate that phyto-
chemistry and antioxidant activity represent the central scientific focus of Dracocephalum
studies. Species of the genus Dracocephalum are recognized for their remarkable chemical
diversity and the presence of secondary metabolites with potential biological activities, es-
pecially antioxidant properties [2,36,37]. As shown in Figure 11, the study of these bioactive
compounds involves several steps, including extraction, advanced phytochemical analysis
(e.g., HPLC, LC-MS, GC-MS, and NMR), identification of key constituents, and subsequent
evaluation of their antioxidant activity [38].

Phytochemical studies have shown that these plants contain a wide range of bioactive
compounds, including flavonoids, phenolic acids, terpenoids, lignans, alkaloids, and
volatile constituents of essential oils [2,7,39,40]. They may exhibit strong antioxidant
activity through mechanisms such as free radical scavenging, metal ion chelation, and
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inhibition of oxidative processes, with phenolic compounds and flavonoids playing a major
role [21,23,41,42]. Modern analytical methods have enabled the identification of numerous
compounds and the detailed profiling of phytochemicals, aiding in the discovery of new
antioxidant molecules [7,9]. Dracocephalum moldavica has been reported to contain at least
68 compounds, including flavonoids (tilianin, luteolin and apigenin derivatives), phenolic
acids (rosmarinic acid, caffeic acid), and volatile terpenoids, many of which contribute to
its antioxidant activity [7,20].

Figure 11. Schematic overview of the workflow for extracting, analyzing, and assessing Dracocephalum
phytochemicals and their antioxidant activity.

The chemical makeup of Dracocephalum species can vary greatly depending on fac-
tors such as geographical origin, environmental conditions, developmental stage, and
extraction techniques, all of which can influence both the concentration and diversity of
compounds [21,30]. These variations can also significantly affect the antioxidant potential
of extracts from different species.

3.2.1. Volatile Compounds and Essential Oils

Among the diverse classes of secondary metabolites identified in Dracocephalum
species, volatile compounds and essential oils represent an important group contributing to
biological activity and antioxidant potential. Essential oils are among the most significant
phytochemicals present in various Dracocephalum species, contributing to their distinctive
aroma and diverse biological activities [30,43]. These volatile compounds primarily consist
of terpenes, including monoterpenes and sesquiterpenes, along with their oxygenated
derivatives, thereby contributing to the chemical diversity and functional attributes of
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the genus [30,31,44]. They are also essential for plant defense, ecological interactions,
and adaptation to environmental stressors [31]. Biosynthetically, terpenes originate from
isoprene units and are classified into groups such as monoterpenes (C10) and sesquiter-
penes (C15), which represent the predominant constituents in Dracocephalum essential
oils [30,45]. In addition to their antimicrobial and aromatic properties, numerous volatile
constituents in Dracocephalum essential oils exhibit antioxidant activity by scavenging free
radicals, inhibiting lipid peroxidation, and modulating oxidative processes in biological sys-
tems [30,31,46,47]. Synergistic interactions among these constituents may further augment
the overall antioxidant capacity [48,49].

The composition and yield of these oils are substantially affected by factors such as
the plant’s growth stage, environmental conditions, geographical origin, and processing
methods [30,50–52]. For instance, harvesting at specific phenological stages, such as dur-
ing flowering, can markedly improve both the quality and quantity of the oils [30,52].
Cultivation practices and extraction strategies also influence the accumulation of volatile
compounds and their biological activities [50,51]. Concerning post-harvest processing
techniques—including drying and extraction methods—these significantly affect volatile
compound profiles and, consequently, antioxidant potential [53–55]. Modern extraction
techniques, such as microwave-assisted methods, can enhance extraction efficiency and pre-
serve heat-sensitive constituents [55,56]. Among the Dracocephalum species, Dracocephalum
moldavica has been extensively investigated for its essential oil composition and biological
effects. Its oil contains a complex mixture of volatile compounds and demonstrates notable
antioxidant and antimicrobial activities, underscoring the importance of these constituents
for plant physiology and potential industrial applications [46,57–60].

Recent investigations have also explored innovative applications, such as incorpo-
rating Dracocephalum moldavica essential oil into nanoemulsions and edible coatings—
biodegradable films derived from seed mucilage—to enhance antioxidant and antimi-
crobial effects, thereby helping to preserve foods and extend their shelf life [14,61–64]. Such
strategies offer promising alternatives to synthetic preservatives.

Essential oils are increasingly recognized for their multifunctional biological activities,
including antioxidant, antimicrobial, and anti-inflammatory effects, rendering them valu-
able in pharmaceutical, cosmetic, and food industries [48,65–67]. Their antioxidant prop-
erties are closely linked to their chemical composition, particularly oxygenated terpenes
and other bioactive compounds [46,47]. Research on other species, such as Dracocephalum
foetidum Bunge, reveals the presence of monoterpene glycosides and phenylpropanoid
derivatives, which may contribute to plant defense mechanisms and antioxidant func-
tions [68]. Overall, volatile compounds and essential oils derived from Dracocephalum
species constitute complex, biologically active phytochemicals influenced by environmen-
tal, genetic, and technological factors. They play a crucial role, directly or indirectly, in the
genus’ antioxidant properties, emphasizing their significance for scientific research and
industrial applications.

3.2.2. Flavonoids

Flavonoids are among the most abundant and biologically significant secondary
metabolites in Dracocephalum species, contributing substantially to their medicinal proper-
ties, particularly their antioxidant activity [7,69–71]. These compounds are recognized as
effective natural antioxidants, capable of donating hydrogen atoms or electrons, thereby
neutralizing reactive oxygen species (ROS) and preventing oxidative chain reactions in
biological systems [7,72,73].

Structurally, flavonoids possess a C6-C3-C6 structure (two aromatic rings linked by a
3-carbon heterocyclic unit) and are classified into various subclasses—flavones, flavonols,
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flavanones, isoflavones, anthocyanidins, and flavanols—which differ according to substitu-
tion patterns and oxidation levels [74,75]. Flavones, such as tilianin, luteolin derivatives,
apigenin derivatives, and acacetin glycosides, are the most commonly reported in Dra-
cocephalum [7,8,76,77]. Tilianin (acacetin-7-O-β-D-glucopyranoside), the main flavonoid
in Dracocephalum moldavica, has attracted considerable attention due to its potent antiox-
idant and cardioprotective effects, establishing it as a marker compound for the genus
(see Figure 12) [8,78–80]. Its antioxidant activity is associated with its ability to regulate
oxidative stress pathways, reduce ROS production, and protect cellular structures from
damage [72,78].

Figure 12. Chemical structure of tilianin (acacetin-7-O-β-D-glucopyranoside) isolated from Draco-
cephalum species.

Advanced analytical techniques, such as UPLC-MS and LC-MS, have facilitated the
identification of numerous flavonoids in Dracocephalum, including aglycones and glyco-
sylated forms [76,81,82]. These methodologies have broadened the understanding of the
diversity and distribution of flavonoids across different plant parts and species [81,83,84].

In Dracocephalum moldavica, flavonoids are key bioactive constituents, and their levels
are strongly correlated with antioxidant activity, as demonstrated by various laboratory
assays [70,76,85,86]. The increased flavonoid content generally corresponds to increased
radical-scavenging capacity, thus underscoring their role in the plant’s antioxidant poten-
tial [70,72].

Studies on Dracocephalum kotschyi have identified methoxylated flavones, including
xanthomicrol, luteolin, and apigenin derivatives, which are integral to the plant’s biological
activity [13,74]. In particular, xanthomicrol has been highlighted as a major bioactive
compound with substantial pharmacological potential, including antioxidant and cytotoxic
properties [13].

Techniques such as two-dimensional liquid chromatography combined with HPLC-
DPPH assays have allowed the isolation of antioxidant flavonoids from Dracocephalum
heterophyllum, confirming their direct involvement in radical scavenging [26]. DPPH-
guided fractionation further confirms the significant contribution of these flavonoids to the
antioxidant effects observed in plant extracts [26].

Flavonoid profiles and accumulation levels can vary considerably due to environ-
mental factors, cultivation conditions, and developmental stages, which influence the
antioxidant efficacy of extracts [84,87,88].

Flavonoids from Dracocephalum rupestre and related plants also demonstrate notable
antioxidant activity, supporting their traditional use as functional foods and herbal reme-
dies [89,90]. The presence of flavonoid glycosides and phenylpropanoid derivatives further
enhances their biological significance [91].
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Overall, flavonoids constitute a fundamental component of the phytochemical compo-
sition of Dracocephalum and are vital for its antioxidant properties. Their structural diversity
and ability to modulate oxidative stress highlight their importance as bioactive agents with
potential applications in pharmaceuticals, nutraceuticals, and functional foods [7,72,92].

3.2.3. Phenolic Acids

Alongside flavonoids, phenolic acids constitute another major group of antioxidant-
related phytochemicals contributing to the biological relevance of Dracocephalum species.
Phenolic acids are found widely in Dracocephalum species, significantly contributing to
their antioxidant and overall pharmacological effects [7,93,94]. These compounds have one
or more hydroxyl groups attached to aromatic rings, which confer strong redox activity,
enabling them to act as effective antioxidants in biological systems [93,95].

The antioxidant activity of phenolic acids mainly comes from their ability to donate
hydrogen atoms or electrons, scavenge reactive oxygen species (ROS), chelate transition
metals, and inhibit lipid peroxidation [95–97]. Additionally, phenolic acids can influence cel-
lular signaling pathways involved in oxidative stress and inflammation, thereby providing
cellular protection [98–100].

Among the phenolic acids identified in Dracocephalum, rosmarinic acid is distinguished
as particularly prominent and extensively studied. It is present in several species and is
recognized for its potent radical-scavenging capability and ability to inhibit oxidative chain
reactions [7,101,102]. The antioxidant efficacy of rosmarinic acid is associated with its
chemical structure, notably its multiple hydroxyl groups that stabilize free radicals and
enhance its redox potential [102–104]. Furthermore, rosmarinic acid has demonstrated sup-
plementary health benefits, including anti-inflammatory and cardioprotective properties,
attributable to its antioxidant activity [100,103].

Various Dracocephalum species also contain phenolic acids, including caffeic acid and
cinnamic acid derivatives [9]. These compounds support the antioxidant properties of
plant extracts by protecting lipids, proteins, and nucleic acids from oxidative damage
and enhancing the body’s natural antioxidant defenses [9,97,99]. The biological effects
of phenolic acids rely heavily on their chemical structure—particularly the number and
position of hydroxyl groups, the degree of conjugation, and the presence of substituents—
which influence their ability to scavenge radicals and chelate metals [95,105]. Structure–
activity studies show that phenolic acids with ortho-dihydroxyl groups have stronger
antioxidant effects due to the increased stability of the phenoxyl radicals they produce [95].
In addition to direct radical scavenging, phenolic acids can regulate gene expression,
enzyme activity, and cellular signaling pathways associated with oxidative stress, thereby
exerting indirect antioxidant effects [99,100]. Their metabolites might also contribute
to biological activity, indicating that both parent compounds and their transformation
products are involved in antioxidant defense [99].

The variety of phenolic compounds in Dracocephalum suggests potential synergistic
interactions with flavonoids and other polyphenols, which could enhance the overall antiox-
idant capacity of the extracts [93,106]. This synergy is especially relevant in complex plant
matrices where multiple compounds work together more effectively to control oxidative
processes than individual components [94,106].

Recent phytochemical investigations have identified novel phenolic derivatives, in-
cluding moldavica acid A, a new salicylic acid derivative isolated from Dracocephalum
moldavica [9]. This compound influences pathways associated with cardiovascular health,
thereby linking antioxidant activity to cardiovascular benefits [9]. Progress in analytical
methodologies such as HPLC, LC–MS, and UPLC has significantly enhanced the detection,
quantification, and analysis of phenolic acids in Dracocephalum species [107,108], facilitating
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comprehensive profiling and a deeper understanding of the correlation between chemical
composition and antioxidant activity [96,109].

Extraction methods and processing conditions are pivotal in determining the yield and
composition of phenolic acids, thereby influencing their biological activity and potential
applications [109–111]. Consequently, optimizing extraction techniques is imperative to
enhance the recovery of antioxidant compounds from plants [96,111].

Overall, phenolic acids are a fundamental component of the phytochemical profile of
Dracocephalum species and are integral to their antioxidant effects through multiple mecha-
nisms. Their structural diversity, potent redox properties, and capacity to act synergistically
with other bioactive compounds underscore their importance as primary contributors to
the genus’ pharmacological, nutraceutical, and functional attributes [7,93,94].

3.2.4. Other Secondary Metabolites

Dracocephalum species encompass a range of secondary metabolites extending be-
yond flavonoids, phenolic acids, and volatile terpenoids. These include lignans, alkaloids,
phenylpropanoids, and other phenolic derivatives, thereby augmenting the chemical and
biological diversity of the genus [7,18,112]. Although less extensively studied, these com-
pounds are likely to contribute to antioxidant effects through diverse and synergistic mech-
anisms [7,93]. Lignans, particularly in Dracocephalum moldavica, represent a noteworthy
category, encompassing over 28 distinct variants, including newly identified dracomolphins
A–E, which have been isolated for their therapeutic potential. These phenolic constituents
are associated with the plant’s antioxidant, anti-inflammatory, and antitumor properties
and frequently function as Nrf2 transcriptional activators [112].

Recent research indicates the presence of numerous structurally diverse compounds
exhibiting antioxidant, anti-inflammatory, and cytoprotective activities, thereby implying
their broader biological significance [113–115]. Certain secondary metabolites may collab-
orate synergistically with flavonoids and phenolic acids, enhancing antioxidant capacity
through their combined effects [93,106].

Advanced techniques such as LC–MS and UPLC have facilitated detailed identifica-
tion of these minor compounds, revealing new bioactive substances [35,107,108], thereby
enhancing our understanding of their distribution and potential pharmacological applica-
tions [35,116]. Additionally, iridoid glycosides such as harpagide and harpagide acetate
have been identified in Dracocephalum moldavica, further enhancing its chemical diversity
and biological activity [117,118].

In summary, these secondary metabolites enhance the chemical diversity of Dra-
cocephalum, are important for antioxidant activity, and deserve further investigation in
phytochemistry and pharmacology [7,37,113–116].

3.3. Antioxidant Activity of Dracocephalum Species

Oxidative stress plays a major role in the development of many chronic diseases,
including cardiovascular disorders, neurodegenerative diseases, metabolic syndrome, and
cancer. It results from an imbalance between reactive oxygen species (ROS) production
and the ability of biological systems to neutralize these reactive intermediates with en-
dogenous antioxidants. Consequently, natural antioxidants from medicinal plants have
gained attention for their potential to prevent oxidative damage and maintain cellular
homeostasis [2].

The genus Dracocephalum has been extensively studied for its rich content of natural
antioxidant compounds. Many species contain high levels of phenolic acids, flavonoids, ter-
penoids, and other secondary metabolites with potent radical-scavenging abilities, thereby
enhancing their pharmacological effects [2,7]. Notably, flavonoids such as tilianin, lu-
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teolin derivatives, apigenin derivatives, and xanthomicrol, along with phenolic acids
like rosmarinic acid and caffeic acid derivatives, have been identified as key antioxidant
components in various Dracocephalum species [2,7]. To better contextualize antioxidant-
related evidence across the genus, the following sections provide comparative summaries
of species-specific findings on phytochemical composition, antioxidant potential, and
reported biological relevance.

3.3.1. Dracocephalum moldavica L.

Among the species of the genus, Dracocephalum moldavica has received particular at-
tention due to its rich phytochemical composition and strong antioxidant capacity [119].
A thorough investigation of polyphenolic extracts from Dracocephalum moldavica showed
significant antioxidant, anti-inflammatory, and antigenotoxic effects [120]. The authors
observed that the extract’s antioxidant activity was closely related to its high levels of
phenolic compounds, particularly flavonoids and phenolic acids, which are known to
effectively scavenge free radicals and chelate metals [41]. The study indicated that these
compounds could help protect against oxidative stress-related cellular damage [41,121].
Similarly, research on extracts from Dracocephalum moldavica seeds prepared with different
extraction methods revealed considerable antioxidant activity. Researchers found that ex-
traction techniques significantly affect both phenolic content and antioxidant potential, with
polar solvents generally yielding higher phenolic levels and stronger radical-scavenging
effects [21,122,123]. Advanced analytical techniques, such as UPLC-Q-TOF-MS/MS, have
enabled the identification of numerous antioxidant compounds in Dracocephalum moldavica.
These analyses identified a wide variety of flavonoids and phenylpropanoids, including
derivatives of luteolin-7-O-glucuronide, apigenin-7-O-glucuronide, rosmarinic acid, tilianin,
and acacetin, all of which are known for their potent antioxidant properties [7,120,124]. In
addition to in vitro assays, several studies have explored the biological significance of these
antioxidant compounds. For instance, research on Dracocephalum moldavica tea shows that
the plant may offer beneficial metabolic effects, partly due to its antioxidant properties. The
study showed that drinking Dracocephalum moldavica tea alleviated metabolic issues caused
by a high-fat diet, suggesting that its bioactive compounds might help reduce oxidative
stress and lipid metabolism problems [92,125].

Recent investigations have also explored the utilization of Dracocephalum moldavica
seed mucilage in the development of biodegradable edible films. These films, derived
from seed mucilage, demonstrate promising physicochemical properties and possess po-
tential applications within the food industry, including the incorporation of antioxidant
compounds [126]. The bioactive constituents in the mucilage matrix may enhance the films’
antioxidant capacity, suggesting their potential as natural packaging solutions that mitigate
oxidative spoilage in food products [126]. Furthermore, these biodegradable films provide
an environmentally sustainable alternative to synthetic packaging, combining antioxidant
functionalities with principles of sustainable development [126]. This underscores the
versatility and significance of Dracocephalum moldavica within the food and nutraceutical
sectors [126].

In addition to Dracocephalum moldavica, several other Dracocephalum species have
been investigated for their antioxidant-related phytochemicals and biological activity,
highlighting both shared characteristics and species-specific differences in phytochemical
composition and antioxidant potential.

3.3.2. Dracocephalum kotschyi Boiss.

Dracocephalum kotschyi, a species with a long history in traditional Iranian medicine,
has been extensively studied for its antioxidant properties. Research shows that extracts
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from its aerial parts have strong antioxidant activity, mainly due to high levels of flavonoids
and phenolic compounds [23,127–129]. Notably, xanthomicrol, luteolin, and apigenin
derivatives are key contributors to this activity [13]. The main bioactive compound appears
to be a flavone called xanthomicrol (Figure 13), which can inhibit the growth of various
cancer cells more selectively than doxorubicin. This compound has been identified as a key
bioactive component responsible for several pharmacological effects of the species [13]. En-
vironmental factors and cultivation methods also impact the production of antioxidants in
this plant [130]. Studies indicate that elicitors or nanoparticles can boost secondary metabo-
lite production and enhance antioxidant enzyme activity, suggesting that biotechnological
strategies could improve their antioxidant potential [24,33,131,132].

Figure 13. Chemical structure of xanthomicrol, a major flavonoid with antioxidant activity isolated
from Dracocephalum kotschyi.

Recent studies further substantiate the considerable antioxidant and biological po-
tential of Dracocephalum kotschyi. Analyses of essential oil composition have identified
a complex profile enriched with bioactive compounds that exhibit demonstrable antiox-
idant, antimicrobial, and cytotoxic activities, thereby underscoring its pharmacological
significance [133–135]. Comparative investigations between wild and cultivated specimens
have indicated that environmental conditions markedly influence essential oil composition
and antioxidant capacity, underscoring the significance of ecological factors in metabolite
variability [136–141]. Furthermore, drying methods have been shown to substantially affect
phytochemical content and antioxidant properties, implying that post-harvest processing is
instrumental in maintaining bioactivity [142].

Phytochemical investigations have identified several key flavonoids, including ca-
lycopterin and luteolin derivatives, that contribute to the species’ antioxidant and anti-
inflammatory activities [143,144]. These compounds are also associated with immunomod-
ulatory effects, as demonstrated by studies showing the regulation of inflammatory media-
tors and transcription factors in activated macrophages [145]. Moreover, recent research
has highlighted the inhibitory effects of Dracocephalum kotschyi extracts on enzymes impli-
cated in metabolic disorders, such as type 2 diabetes, further supporting its therapeutic
potential [146,147].

In addition to antioxidant activity, Dracocephalum kotschyi demonstrates a broad spec-
trum of biological effects, including anti-inflammatory, antimicrobial, antiparasitic, and
anticancer properties. Experimental research has confirmed its efficacy in mitigating in-
flammation in animal models, inhibiting the proliferation of pathogenic microorganisms,
and inducing apoptosis in cancer cell lines [135,148–154]. Moreover, essential oils and
plant extracts have exhibited activity against Toxoplasma gondii, suggesting potential
antiparasitic applications.

Biotechnological approaches have also been explored to enhance the production of
valuable secondary metabolites. Hairy root cultures have been identified as a promis-
ing source of rosmarinic acid and flavonoids, offering a controlled system for increasing
the yield of antioxidant compounds [155]. Additionally, nanotechnology-based stud-
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ies, including the synthesis of gold and silver nanoparticles using plant extracts, have
demonstrated enhanced biological activities and potential applications in medicine and
biotechnology [156–160].

In addition to pharmacological research, recent investigations have explored innova-
tive applications of Dracocephalum kotschyi essential oil in food preservation. For instance,
emulsion-based edible films incorporating this essential oil into chitosan–gelatin com-
posites have demonstrated enhanced antioxidant and antimicrobial properties, thereby
contributing to the preservation of grape quality during storage [61]. These findings un-
derscore not only the antioxidant efficacy of Dracocephalum kotschyi but also its potential
role in functional food systems and natural preservation technologies, where plant-derived
antioxidants are crucial for extending shelf life and maintaining product quality [61,161].

3.3.3. Dracocephalum heterophyllum Benth.

The antioxidant capacity of Dracocephalum heterophyllum has been extensively investi-
gated using advanced chromatographic and analytical techniques, thereby enabling the
identification of several bioactive compounds with significant radical-scavenging activity.
A notable study employed preparative two-dimensional liquid chromatography, combined
with an online HPLC-DPPH assay, to successfully isolate multiple antioxidant constituents
from the plant’s aerial parts [26]. These findings provide strong evidence that Dracocephalum
heterophyllum represents a valuable natural source of antioxidant compounds.

In addition to flavonoids, phenolic alkaloids isolated from this species have also
demonstrated antioxidant activity, further highlighting its chemical diversity and pharma-
cological potential [18]. These compounds may contribute to antioxidant effects through
both direct radical scavenging mechanisms and modulation of oxidative stress-related
pathways [99].

Furthermore, the use of advanced analytical and bioactivity-guided fractionation
techniques has enabled a more accurate correlation between chemical composition and
antioxidant activity in Dracocephalum heterophyllum. This comprehensive approach demon-
strates that the species encompasses multiple categories of bioactive compounds that
function synergistically to augment its antioxidant capacity [26,162].

Recent studies have expanded the understanding of the antioxidant and pharmaco-
logical properties of Dracocephalum heterophyllum. Extracts rich in phenylethanoids and
flavonoids have demonstrated strong antioxidant activity, confirming their ability to neu-
tralize free radicals and reduce oxidative stress [163]. Additionally, ursolic acid-rich extracts
have exhibited significant antioxidant, antidiabetic, and cytotoxic activities, suggesting a
multifunctional therapeutic potential [164].

The antioxidant properties of Dracocephalum heterophyllum are closely linked to its
protective function across diverse disease models. Empirical research has demonstrated
hepatoprotective effects, wherein plant extracts mitigate oxidative damage and inflamma-
tion in models of acute hepatitis [165,166]. Likewise, extracts have been documented to al-
leviate nonalcoholic steatohepatitis (NASH), recently also known as metabolic dysfunction-
associated steatohepatitis (MASH) and fibrosis by modulating oxidative stress, bile acid
metabolism, and inflammatory responses [167,168].

Additionally, several isolated compounds, such as furanocoumarins and samwinol,
have been recognized as potent antioxidants with neuroprotective effects. These substances
can mitigate oxidative stress-induced damage and reduce neuroinflammation, highlighting
their potential in neurodegenerative disease research [169,170]. Beyond its antioxidant
capabilities, Dracocephalum heterophyllum exhibits various biological activities, including
anti-inflammatory, antimicrobial, antidiabetic, and cardioprotective effects. Its essential
oils and extracts have shown antimicrobial and antidiabetic properties, underscoring their
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pharmacological importance [171,172]. Moreover, flavonoid fractions have been found to
protect hypertrophic cardiomyocytes, suggesting benefits for cardiovascular health [173].

These findings collectively suggest that Dracocephalum heterophyllum is a rich source of
bioactive compounds with strong antioxidant properties and multiple therapeutic uses. Its
diverse phytochemical profile and wide range of biological activities make it a promising
candidate for further pharmacological and biotechnological research.

3.3.4. Dracocephalum tanguticum Maxim.

Dracocephalum tanguticum has garnered significant scientific attention due to its rich
phytochemical composition and extensive biological activities, notably its antioxidant and
protective effects. Extensively used in traditional Tibetan medicine, this species contains a
variety of bioactive compounds, including flavonoids, triterpenoids, sesquiterpenes, and
phenolic derivatives, each contributing to its pharmacological properties [174–178].

Flavonoids extracted from Dracocephalum tanguticum demonstrate considerable an-
tioxidant activity, which is intricately linked to their capacity to reduce oxidative stress.
Research indicates that these compounds primarily protect cardiomyocytes from dox-
orubicin toxicity by diminishing reactive oxygen species and stabilizing cell membranes,
thereby promoting cell survival and averting oxidative damage [19]. In addition to their
antioxidant properties, certain glucoside derivatives can induce vasorelaxation through
nitric oxide pathways, underscoring the connection between antioxidant effects, endothe-
lial function, and cardiovascular health [27]. Consequently, these flavonoids provide both
antioxidative and cardioprotective benefits.

Recent studies have advanced our understanding of the pharmacological effects
of Dracocephalum tanguticum, particularly its protective properties in the liver, nervous
system, inflammation, and cancer. Both in vivo and in vitro investigations demonstrate
that the plant’s ethyl acetate extract can mitigate alcohol-induced liver damage by activating
the Nrf2/Keap1 pathway and suppressing NF-κB-mediated inflammation [174]. These
findings underscore the significance of augmenting antioxidant defenses as a fundamental
mechanism underlying the plant’s hepatoprotective effects.

Transcriptomic analyses at the molecular level have elucidated the biosynthesis of
phenolic compounds, especially rosmarinic acid, a well-known antioxidant. Several genes
involved in the biosynthetic pathway of rosmarinic acid have been identified, demonstrat-
ing the plant’s capacity to produce substantial levels of this bioactive compound across
various organs [175]. These results highlight Dracocephalum tanguticum as a valuable natural
source of antioxidants with promising medicinal and biotechnological uses.

The antioxidant properties of Dracocephalum tanguticum are associated with significant
neuroprotective advantages. Studies demonstrate that flavonoid-rich extracts enhance
antioxidant enzyme activity, increase neurotrophic factors, and reduce oxidative damage
in models of cerebral ischemia, thereby protecting neurons from oxidative stress and
promoting neurological health [176,177].

In addition to antioxidant compounds, recently identified sesquiterpenes from this
species exhibit potent anti-inflammatory effects, suggesting their potential cooperative
role in modulating oxidative and inflammatory responses [178]. Furthermore, extracts
of Dracocephalum tanguticum have demonstrated antitumor and antiproliferative proper-
ties in oncological models, including glioblastoma cells, by inducing apoptosis through
the regulation of pathways associated with oxidative stress, cell death, and cellular sur-
vival [158,179,180].

Dracocephalum tanguticum is recognized as a valuable medicinal plant renowned for
its antioxidant, anti-inflammatory, hepatoprotective, neuroprotective, cardioprotective,
and cytoprotective properties. Its extensive phytochemical composition, corroborated by
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ongoing molecular and pharmacological research, highlights its potential in the develop-
ment of natural therapeutic agents [19,27,158,174–180]. Nevertheless, further investigations
are necessary to comprehensively elucidate its mechanisms and to facilitate the effective
translation of these findings into clinical applications.

3.3.5. Dracocephalum rupestre Hance

Dracocephalum rupestre is widely used as Maojian herbal tea in China and has long
been esteemed for its health-enhancing properties. Recent metabolomic and phytochemical
investigations have yielded comprehensive insights into its chemical profile, demonstrating
that the plant is abundant in phenolic compounds and flavonoids, which are principal
contributors to its antioxidant efficacy [20,28].

The antioxidant properties of Dracocephalum rupestre are linked to its capacity to
neutralize free radicals, inhibit oxidative processes, and safeguard biological molecules from
oxidative harm. Furthermore, investigations into its volatile and aroma-active compounds
have demonstrated that these constituents not only enhance the distinctive flavor of Maojian
tea but may also contribute to its biological effects [29,35,181].

Furthermore, specific flavonoids identified in this species, such as eriodictyol, have
been reported to exhibit significant antioxidant and neuroprotective effects. Eriodic-
tyol has been shown to modulate oxidative stress pathways and reduce reactive oxygen
species production, thereby contributing to cellular protection and potential therapeutic
effects [182–185].

In addition to these findings, experimental research has demonstrated that extracts
of Dracocephalum rupestre possess significant hepatoprotective effects. In vivo studies
have shown that the plant extract can mitigate carbon tetrachloride (CCl4)—induced
liver damage by enhancing antioxidant enzyme activity and reducing oxidative stress
markers, thereby protecting hepatic tissue from injury [89]. These advantageous effects are
primarily attributable to its high content of phenolic compounds and flavonoids, which
play a key role in attenuating oxidative damage and inflammation. Furthermore, the
combined antioxidant and hepatoprotective properties of Dracocephalum rupestre support its
traditional application as a functional beverage with systemic health benefits. Its capacity
to modulate oxidative stress and safeguard vital organs underscores its potential for use in
preventing and managing oxidative stress-related diseases.

Taken together, these findings substantiate the classification of Dracocephalum rupestre
as a functional beverage possessing significant antioxidant and health-promoting attributes.

3.3.6. Dracocephalum komarovi Lipsky

Dracocephalum komarovi has attracted considerable scientific attention due to its abun-
dant phytochemical composition and bioactive compounds with potential pharmacological
and antioxidant activities. Research into its phytochemistry has identified various sec-
ondary metabolites, including monoterpene glucosides and quinone derivatives, which
may contribute to its biological effects [186,187].

Research has documented the isolation of novel monoterpene glucosides demonstrat-
ing anti-inflammatory properties, indicating a close correlation between antioxidant and
anti-inflammatory mechanisms, as both processes are interconnected via oxidative stress
pathways [187]. Furthermore, compounds such as komaroviquinone have been examined
for their biological potential, including their participation in redox-related mechanisms and
prospective therapeutic applications in diseases associated with oxidative stress [188,189].

Furthermore, trypanocidal constituents isolated from Dracocephalum komarovi indicate
that this species contains structurally diverse compounds with potential biological activity,
including modulation of oxidative stress processes [186].
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Although the antioxidant activity of Dracocephalum komarovi has not been as extensively
studied as in other species, such as Dracocephalum moldavica or Dracocephalum kotschyi, the
presence of chemically diverse secondary metabolites suggests a promising antioxidant
potential that warrants further investigation [6,187,189].

3.3.7. Dracocephalum forrestii W.W.Sm.

Dracocephalum forrestii has been extensively investigated as a prospective source of
bioactive compounds exhibiting antioxidant properties, primarily through in vitro cul-
tures and phytochemical analyses. Research indicates that this species can synthesize
elevated levels of phenolic compounds, such as rosmarinic acid and salvianolic acid B,
recognized for their potent antioxidant effects [101]. Experiments involving transformed
shoots and hairy root cultures have demonstrated that environmental factors, particularly
light, significantly influence phenolic accumulation and antioxidant activity [190]. These
findings imply that controlled cultivation methodologies could enhance the production of
antioxidant metabolites.

Quantitative analyses have also confirmed that rosmarinic acid is a major antioxidant,
enhancing the species’ ability to scavenge radicals and exert biological effects [101]. In con-
clusion, Dracocephalum forrestii emerges as a promising source of natural antioxidants, espe-
cially for biotechnological efforts to boost the production of valuable phenolic compounds.

Further research confirms that extracts from in vitro shoot cultures exhibit potent
antioxidant activity, including free radical scavenging and reducing power, which are
closely linked to their phenolic content [191]. Multiple assays consistently demonstrate
their antioxidant potential, reflecting a strong capacity to neutralize reactive oxygen species.

Research concerning transformed shoots cultivated in bioreactors further corroborates
these findings. It demonstrates that the extracts exhibit substantial antioxidant activity,
although variations may be observed depending on the culture type and metabolite pro-
file [192]. The presence of both phenolic acids and flavonoid derivatives enhances this
activity, suggesting potential synergistic effects among compound classes.

More recent studies confirm that optimized culture conditions, including bioreactors
and specific light regimes, can enhance antioxidant potential, with extracts exhibiting
strong radical-scavenging activity and inhibiting oxidative processes such as lipid peroxi-
dation [193].

Overall, the data indicate that Dracocephalum forrestii is a promising source of natural
antioxidants. Its activity is closely associated with phenolic compounds and is affected by
cultivation conditions, positioning it as a compelling option for further pharmacological
and biotechnological research [191–193].

3.3.8. Dracocephalum foetidum Bunge

Dracocephalum foetidum has garnered scientific interest owing to its diverse phytochem-
ical profile, particularly the presence of monoterpene glycosides, phenylpropanoids, and
flavonoid derivatives. These compounds may contribute to its biological activity, including
antioxidant effects [68]. Phytochemical investigations have identified several secondary
metabolites with potential radical-scavenging capacity, suggesting that this species may
help modulate oxidative stress [68].

The antioxidant potential of Dracocephalum foetidum is thought to be linked to both
direct and indirect mechanisms, such as the neutralization of reactive oxygen species and
the augmentation of endogenous antioxidant defense systems [96,99]. Notably, phenyl-
propanoid derivatives in this species are known for their redox activity and may help
stabilize free radicals and prevent oxidative damage [68].
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Although the antioxidant activity of Dracocephalum foetidum has been less extensively
studied than that of other species, such as Dracocephalum moldavica or Dracocephalum kotschyi,
available data indicate that its phytochemical profile supports a potential role as a natural
source of antioxidant compounds [68].

Overall, Dracocephalum foetidum is a promising yet insufficiently studied species, and
additional research is required to comprehensively elucidate its antioxidant mechanisms
and potential applications within the pharmaceutical and nutraceutical industries.

3.3.9. Dracocephalum argunense Fisch ex. Link and Dracocephalum integrifolium Bunge

Dracocephalum argunense and Dracocephalum integrifolium are less studied species within
their genus. However, phytochemical research indicates they contain bioactive compounds
with potential antioxidant effects [194]. Reports have identified flavonoids, phenolic
compounds, and other secondary metabolites commonly associated with antioxidant
activity in plants [2,7]. While comprehensive antioxidant assessments are limited for
species such as Dracocephalum moldavica or Dracocephalum kotschyi, the presence of phenolic
compounds suggests they may have free-radical-scavenging capabilities and help modulate
oxidative stress [2].

Additionally, their chemical similarity to other members of the Lamiaceae family
supports the idea that they could serve as natural antioxidants. Still, further research is
necessary to confirm their biological activity and fully characterize their phytochemical
profiles [2,7].

In addition to their potential antioxidant activity, Dracocephalum argunense has ex-
hibited notable anti-allergic and anti-inflammatory properties in experimental models.
Research has indicated that aqueous extracts of this plant inhibit mast-cell-mediated hy-
persensitivity reactions by reducing histamine release and suppressing systemic and local
allergic responses in vivo [195,196]. These effects are linked to the modulation of intracellu-
lar calcium levels and the signaling pathways involved in mast cell activation [195].

Furthermore, Dracocephalum argunense has been reported to reduce the production of
pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-6
(IL-6), which play key roles in allergic inflammation [195,196]. The underlying mechanisms
include inhibition of transcription factors such as NF-κB and signaling pathways such as
p38 MAPK, as well as an increase in intracellular cAMP levels, thereby contributing to
the suppression of mast cell degranulation [195,196]. Similarly, Dracocephalum moldavica
exhibits anti-inflammatory effects by suppressing the TNF-α/NF-κB pathway, thereby con-
tributing to neuroprotection in vascular dementia models, highlighting a shared molecular
mechanism with Dracocephalum argunense [197].

These findings suggest that, in addition to their potential antioxidant properties,
species such as Dracocephalum argunense may have therapeutic potential for managing
allergic and inflammatory conditions, although further studies are needed to fully elucidate
their bioactive compounds and mechanisms of action.

3.3.10. Dracocephalum officinale L.

Dracocephalum officinale has recently garnered attention as a potential source of valuable
antioxidant phytochemicals; however, this species remains significantly less studied than
Dracocephalum moldavica or Dracocephalum kotschyi [198]. A recent phytochemical investiga-
tion of the blue-flowered variant cultivated in Ukraine revealed that this species contains
both a complex volatile fraction and a substantial array of phenolic acids, underscoring its
potential biological significance [198].

Gas chromatography–mass spectrometry analysis revealed 40 volatile compounds
in the essential oil, with pinocamphone, isopinocamphone, β-pinene, germacrene D, α-
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sabinene, myrtenol, and γ-elemene as the major constituents [198]. In parallel, high-
performance liquid chromatography analysis of the 80% methanolic extract identified
nine phenolic acids, among which rosmarinic acid and caffeic acid were the predomi-
nant compounds [198]. Since both rosmarinic acid and caffeic acid are well-recognized
antioxidant metabolites, their abundance strongly supports this species’ antioxidant poten-
tial [99,102,103,198].

The antioxidant activity of Dracocephalum officinale was assessed using the DPPH assay,
and the methanolic extract exhibited a moderate free-radical-scavenging effect, with an
IC50 of 1.65 mg/mL [198]. Although this activity was labeled as moderate, the findings
confirm that the species has a measurable antioxidant capacity, likely linked to its phenolic
acid profile, especially its high rosmarinic acid content [198].

Beyond its antioxidant potential, the phytochemical composition of Dracocephalum
officinale suggests broader pharmacological significance, particularly given the known
antimicrobial, anti-inflammatory, and protective effects of several of its volatile and phenolic
components [198]. Overall, this species seems to be a promising yet still underexplored
member of its genus, and additional research using more antioxidant models, mechanistic
assays, and in vivo studies is necessary to better understand its therapeutic potential [198].

3.3.11. Dracocephalum subcapitatum Kuntze

Dracocephalum subcapitatum is a relatively understudied species within its genus, with
limited yet emerging evidence supporting its pharmacological potential, particularly in
antioxidant activity and metabolic disorders [199]. Native to northeastern Iran, this plant
has been traditionally used, although its therapeutic properties have only recently started
to be explored through experimental studies [199].

Phytochemical analysis of hydroalcoholic extracts shows a substantial amount of total
phenolic compounds, approximately 70 mg gallic acid equivalents per gram of extract,
indicating a strong potential for antioxidant activity [199]. Phenolic compounds are known
for their ability to neutralize reactive oxygen species and inhibit lipid peroxidation, which
likely explains the biological effects observed in this species [93,96,199].

In vivo experiments using streptozotocin-induced diabetic rat models have shown
that Dracocephalum subcapitatum extract provides significant antioxidant and protective
benefits. Specifically, treatment led to a notable decrease in oxidative stress markers, such
as malondialdehyde (MDA), and a significant increase in the plasma total antioxidant
capacity [199]. These results suggest that the extract can effectively regulate oxidative
stress, a key factor in the development of diabetes and related complications.

Additionally, the extract demonstrated other health benefits, including antihyper-
glycemic and hypolipidemic effects, demonstrated by reductions in blood glucose, HbA1c,
triglycerides, and markers of organ damage [199]. The protective effects on liver, kidney,
and pancreatic tissues further support the idea that antioxidant mechanisms are closely
tied to its overall therapeutic potential. In summary, although Dracocephalum subcapitatum
is not yet fully characterized relative to other species in the genus, current evidence sug-
gests it may be a valuable source of natural antioxidants with potential applications in
managing metabolic and oxidative stress-related diseases. More phytochemical and clinical
research is needed to identify its active constituents and better understand its mechanisms
of action [199].

3.3.12. Understudied Dracocephalum Species

While many Dracocephalum species have been thoroughly studied, information on
several taxa remains limited. However, current research shows these plants contain various
phytochemicals and have promising antioxidant properties. The species discussed here are
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grouped together due to the limited evidence available, emphasizing their potential and
underscoring the need for further phytochemical and pharmacological research.

Dracocephalum microphyton C.Y.Wu & H.W.Li is a less well-known species within
the genus, with limited data on its phytochemical makeup and biological effects. This
species has mainly been studied from a taxonomic and botanical view, with recent research
emphasizing its morphological features, distribution, and evolutionary relationships within
the genus Dracocephalum [200].

Although detailed phytochemical and pharmacological research is currently limited,
its placement within the Lamiaceae family suggests it may contain bioactive compounds
typical of related species. These include flavonoids, phenolic acids, and terpenoids, which
are well known for their antioxidant activity, particularly in neutralizing reactive oxygen
species and protecting cells from oxidative stress.

From a chemotaxonomic perspective, Dracocephalum microphyton helps improve un-
derstanding of evolutionary relationships within the genus, as variations in morphological
and genetic traits may relate to differences in secondary metabolite profiles [200]. Such
insights are valuable for guiding future phytochemical studies, especially in identifying
species that could be new sources of natural antioxidants.

Given the growing scientific interest in understudied plant species, Dracocephalum
microphyton is a promising candidate for future research. Comprehensive phytochemical
screening and biological testing are essential for assessing its antioxidant potential and
potential therapeutic uses. Expanding studies on this species could lead to the discovery of
new bioactive compounds and improve understanding of the chemical diversity within the
genus Dracocephalum [2,200].

Another insufficiently explored species is Dracocephalum charkeviczii Prob., a rare medic-
inal plant native to coastal regions of the Russian Far East, Japan, and China. Available
studies have mainly focused on its conservation and in vitro propagation. Nevertheless,
phytochemical investigations have identified rosmarinic acid and rabdosiin in its leaves,
compounds known for their antioxidant and biological activities. Although current evi-
dence regarding its antioxidant potential remains limited, the presence of these metabolites
suggests that Dracocephalum charkeviczii represents a promising target for future phytochem-
ical and pharmacological research [201].

Collectively, these findings suggest that antioxidant activity in Dracocephalum species
is closely linked to phytochemical diversity, thereby supporting further discussion of the
mechanisms and biological implications underlying these effects.

3.3.13. Comparative Phytochemical Analysis Among Species

Comparative phytochemical analyses have demonstrated that various Dracocephalum
species exhibit distinctive chemical profiles, indicative of their ecological adaptations,
genetic variability, and evolutionary history [5]. These variations are particularly evident
in the distribution and abundance of principal bioactive compounds, including flavonoids,
phenolic acids, terpenoids, and other secondary metabolites, which are closely linked to
antioxidant activity [5,7].

As summarized in Table 1, different species of the genus are characterized by spe-
cific classes of compounds that contribute to their antioxidant potential. For instance,
Dracocephalum moldavica is particularly rich in flavonoids and phenolic acids, including
tilianin and rosmarinic acid, as well as volatile compounds such as monoterpenes and
sesquiterpenes, all of which are associated with strong radical scavenging activity and
inhibition of oxidative stress [8,21,41,46,57].
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Table 1. Major Phytochemicals Identified in Dracocephalum Species and Their Relevance to Antioxi-
dant Activity.

Species Major Compounds Compound Class Contribution to
Antioxidant Activity References

Dracocephalum
moldavica L.

Tilianin, rosmarinic
acid, luteolin
derivatives,
monoterpenes,
sesquiterpenes

Flavonoids, phenolic
acids, volatile
compounds

Strong radical
scavenging activity;
inhibition of oxidative
stress and lipid
peroxidation

[7,8,21,41,45,46,51,57]

Dracocephalum kotschyi
Boiss.

Xanthomicrol, luteolin,
apigenin derivatives Methoxylated flavones

Antioxidant activity
associated with flavone
structure and ROS
scavenging

[13,23,25]

Dracocephalum
heterophyllum Benth.

Antioxidative
flavonoids, phenolic
alkaloids

Flavonoids, alkaloids

ROS scavenging
confirmed by
HPLC-DPPH guided
isolation

[18,26]

Dracocephalum
tanguticum Maxim. Flavonoids Phenolic compounds

Reduction in oxidative
stress and protective
cellular effects

[19]

Dracocephalum foetidum
Bunge

Monoterpene
glycosides,
phenylpropanoids

Terpenoids,
phenylpropanoids

Modulation of
oxidative stress
pathways

[68]

Dracocephalum rupestre
Hance

Flavonoids, phenolic
compounds

Flavonoids, phenolic
acids

Antioxidant activity
associated with
functional beverage
(Maojian tea)

[20,28]

Dracocephalum komarovi
Lipsky

Monoterpene
glucosides, quinone
derivatives

Terpenoids, quinones

Potential antioxidant
activity via redox
modulation
mechanisms

[186,187,189]

Dracocephalum forrestii
W.W.Sm.

Rosmarinic acid,
salvianolic acid B Phenolic acids

Strong antioxidant
activity related to
phenolic accumulation

[101,190]

Numerous studies have demonstrated that species abundant in flavonoids and phe-
nolic acids, such as Dracocephalum moldavica and Dracocephalum kotschyi, typically exhibit
enhanced antioxidant activity due to the potent radical scavenging capacity of these con-
stituents [21,23,41]. Conversely, species characterized by higher concentrations of volatile
terpenoids or other secondary metabolites may exhibit moderate antioxidant effects, often
mediated indirectly by modulating oxidative stress pathways [31,68].

These interspecific variations in phytochemical composition may account for the
observed differences in antioxidant capacity among Dracocephalum species, as evidenced by
both in vitro and in vivo studies [21,23,41]. For instance, extracts exhibiting elevated levels
of total phenolics and flavonoids invariably show enhanced DPPH and FRAP antioxidant
activities, underscoring the pivotal contribution of these compounds to biological efficacy.

In addition to their pharmacological significance, these phytochemical variations are
also pertinent to chemotaxonomic investigations, as they offer valuable insights into the re-
lationships among species within the genus [5]. The identification of species-specific chemi-
cal markers, such as tilianin in Dracocephalum moldavica or xanthomicrol in Dracocephalum
kotschyi, can facilitate species authentication and quality assurance of plant-derived prod-
ucts [7,13].
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Furthermore, integrating phytochemical and biological data facilitates the identi-
fication of species with the greatest potential as natural sources of antioxidants. This
methodology is especially pertinent for selecting plant material within pharmaceutical,
nutraceutical, and food sectors, where both chemical composition and biological activity
are critical considerations [7].

In conclusion, comparative phytochemical analysis underscores the importance of
understanding species-specific chemical diversity in Dracocephalum, which is essential not
only for elucidating their biological activity but also for enhancing their use as sources of
natural antioxidants.

3.4. Mechanisms Underlying Antioxidant Activity

The antioxidant activity of Dracocephalum species is primarily attributable to elevated
levels of phenolic compounds and flavonoids, which constitute the principal bioactive
metabolites identified in numerous species within this genus [2]. These compounds possess
multiple hydroxyl groups that can donate hydrogen atoms or electrons, thereby neutral-
izing reactive oxygen species (ROS) and safeguarding biological systems from oxidative
damage [2,202].

A fundamental mechanism underlying their antioxidant efficacy is free radical scaveng-
ing, whereby phenolic constituents such as flavonoids and phenolic acids engage directly
with ROS, including superoxide, hydroxyl, and peroxyl radicals. This interaction con-
verts these radicals into more stable derivatives and disrupts oxidative chain reactions [2].
Flavonoids, including tilianin, luteolin derivatives, and apigenin derivatives—detected
across various Dracocephalum species—demonstrate robust free radical scavenging capa-
bilities owing to their polyphenolic framework [7,8]. Another vital mechanism involves
metal ion chelation, in which phenolic compounds bind transition metals such as iron and
copper, thereby catalyzing the generation of highly reactive hydroxyl radicals via Fenton
reactions. By sequestering these metals, they hinder ROS formation and diminish oxidative
stress [2], thereby enhancing the antioxidant efficacy of plant extracts.

In addition to direct free-radical scavenging and metal-chelating activities, certain
Dracocephalum flavonoids may exert antioxidant effects by modulating intracellular sig-
naling pathways. Eriodictyol and eriodictyol-7-O-glucoside isolated from Dracocephalum
rupestre were reported to activate the Nrf2/ARE pathway, promoting the expression of
antioxidant and cytoprotective enzymes, including HO-1, NQO1, and γ-GCS, thereby
enhancing cellular resistance to oxidative stress and oxidative damage [182,184].

Furthermore, compounds derived from Dracocephalum can inhibit lipid peroxidation, a
deleterious process that compromises cellular membranes and dietary lipids. By stabilizing
lipid radicals and interrupting oxidative chain reactions, they preserve cellular integrity and
enhance biological stability [2]. This attribute is particularly significant in food preservation,
where plant-based antioxidants help delay lipid oxidation.

The antioxidant potential of Dracocephalum extracts is frequently assessed via in vitro
assays such as DPPH radical scavenging, ABTS radical cation bleaching, and FRAP,
which rapidly gauge their capacity to neutralize free radicals and reduce oxidized
molecules [2,21,41]. For instance, extracts from Dracocephalum moldavica seeds, prepared
using various methods, exhibit potent antioxidant activity in DPPH and FRAP assays,
confirming the presence of active phenolics [21,123,126,203]. These polyphenolic extracts
also exhibit notable radical-scavenging and DNA-protective effects, underscoring their
antigenotoxic and antioxidant properties [22,41]. In addition, in vivo studies corroborate
these findings, demonstrating that consumption of Dracocephalum moldavica preparations
can bolster antioxidant defenses and influence metabolic pathways associated with oxida-
tive stress [125]. Notably, intake of Dracocephalum moldavica tea has been shown to mitigate
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high-fat diet-induced metabolic disorders and improve lipid metabolism, effects partly
attributable to its antioxidant constituents [125].

Recent investigations further reveal that compounds from Dracocephalum can modulate
cellular signaling pathways implicated in oxidative stress, inflammation, and apoptosis,
thereby suggesting protective effects beyond mere free-radical scavenging [8]. In sum,
the antioxidant activity of Dracocephalum arises from the synergistic actions of various
phytochemicals operating through mechanisms such as radical scavenging, metal chelation,
inhibition of lipid peroxidation, and regulation of endogenous antioxidant defenses. These
mechanisms account for the notable biological activities observed in extracts from multiple
Dracocephalum species and underscore their potential as natural sources of antioxidants for
pharmaceutical, nutraceutical, and food-preservation applications [2].

3.5. Towards Q-Marker Identification in Dracocephalum

Although there is growing evidence on the phytochemical composition and biological
activities of Dracocephalum species, a comprehensive framework that integrates chemical
analysis, biological efficacy, and quality control remains insufficiently developed. In recent
years, the idea of quality markers (Q-markers) has gained prominence as a key approach
for standardizing and evaluating the quality of medicinal plants and phytopharmaceuticals.
Q-markers are defined as quantifiable bioactive compounds that are directly linked to
the therapeutic effects, safety, and consistency of herbal medicines. Their identification
requires integrating phytochemical, pharmacological, and mechanistic data to link specific
compounds to biological activity and therapeutic relevance.

The genus Dracocephalum is a promising candidate for Q-marker-based standard-
ization because of its significant phytochemical diversity and increasing evidence of its
antioxidant-related pharmacological effects. Nonetheless, notable variations in phytochem-
ical composition have been observed across species, geographic locations, growth stages,
cultivation methods, and extraction processes, which may affect biological activity and
product quality [10,41]. Therefore, identifying reliable Q-markers can support the develop-
ment of standardized extracts that offer consistent antioxidant and therapeutic benefits.

Among the various phytochemicals found in the genus, phenolic acids and flavonoids
stand out as the most promising options for Q-marker selection. Rosmarinic acid is fre-
quently identified as a major phenolic compound in several Dracocephalum species, in-
cluding Dracocephalum moldavica and Dracocephalum forrestii [42,69,125]. Numerous studies
link rosmarinic acid levels with antioxidant activities such as radical scavenging, metal-
chelating, and protecting against oxidative DNA damage [42,69]. Additionally, rosmarinic
acid is recognized as a biologically significant phenolic metabolite with known antioxi-
dant, anti-inflammatory, and cytoprotective effects, supporting its potential as a primary
Q-marker candidate for Dracocephalum-based products [69].

Flavonoids represent a second major group of candidate Q-markers. Recent phyto-
chemical studies show that luteolin and apigenin derivatives are among the most common
and characteristic flavonoids in the genus [8]. Their widespread presence in various species,
along with their known antioxidant and anti-inflammatory effects, makes them valuable for
quality evaluation. In Dracocephalum kotschyi, luteolin is identified as a major antioxidant
component, exhibiting strong free-radical scavenging and significantly contributing to
the extract’s antioxidant activity [148]. Similarly, apigenin derivatives have been associ-
ated with diverse biological effects and can serve as additional markers that indicate both
antioxidant and pharmacological properties [184].

Tilianin (acacetin-7-O-glucoside), one of the most extensively investigated flavonoids
in Dracocephalum, represents another promising Q-marker candidate. This compound
has been reported in significant amounts in Dracocephalum moldavica and has attracted
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considerable attention because of its antioxidant, anti-inflammatory, cardioprotective, neu-
roprotective, and metabolic regulatory activities [78,101]. Beyond its abundance, tilianin
exhibits clear mechanistic links with oxidative stress modulation and cellular protection,
supporting its suitability as a bioactivity-oriented quality marker. The growing pharmaco-
logical evidence on tilianin further strengthens its potential value for the standardization
of Dracocephalum-based nutraceuticals and phytopharmaceuticals [78,101].

Additional compounds could also be useful for future Q-marker panels. Phenolic
metabolites like caffeic acid, salvianolic acid B, and related phenylpropanoid derivatives
have been found in various Dracocephalum species and show strong antioxidant proper-
ties [125]. Similarly, eriodictyol and eriodictyol-7-O-glucoside extracted from Dracocephalum
rupestre have exhibited powerful antioxidant effects by activating the Nrf2 signaling path-
way, thereby boosting cellular defenses against oxidative stress [182,184]. These results are
especially significant because they demonstrate a direct mechanistic link between specific
phytochemicals and the body’s natural antioxidant pathways, which is a crucial factor in
selecting modern Q-markers.

From a mechanistic perspective, the proposed Q-markers collectively represent the
primary antioxidant pathways identified in Dracocephalum species. These encompass direct
free radical scavenging, metal ion chelation, inhibition of lipid peroxidation, regulation
of reactive oxygen species (ROS) production, and activation of endogenous antioxidant
defenses such as the Nrf2/ARE pathway [42,148,182,184]. Consequently, the selected
compounds not only underscore key chemical constituents but also serve as indicators of
biological activity.

Based on the currently available evidence, rosmarinic acid, tilianin, luteolin derivatives,
and apigenin derivatives are the most promising Q-marker candidates in Dracocephalum
species. Nevertheless, future studies integrating metabolomics, bioactivity-guided frac-
tionation, pharmacokinetic studies, and comparative analyses across multiple species are
necessary to confirm their validity and develop standardized quality control methods. An
integrated Q-marker system such as this would support the creation of reliable, effective,
and scientifically validated Dracocephalum products for pharmaceutical, nutraceutical, and
functional food uses.

3.6. Comparative Analysis of Antioxidant Activity Among Dracocephalum Species

Considering the antioxidant mechanisms discussed above, a comparative evaluation
among Dracocephalum species could provide further insight into variations in their phy-
tochemical profiles, antioxidant capacity, and biological significance. A comprehensive
analysis of the available literature indicates that antioxidant activity is a common and
defining feature across numerous Dracocephalum species; however, its intensity, underlying
mechanisms, and biological relevance vary considerably depending on species-specific
phytochemical composition (Table 2). These variations are primarily attributed to differ-
ences in the content and diversity of phenolic compounds, flavonoids, and other secondary
metabolites [2,7].

Among the investigated species, Dracocephalum moldavica and Dracocephalum kotschyi
are the most extensively studied and consistently demonstrate strong antioxidant activ-
ity. This effect is largely associated with their high concentrations of flavonoids and
phenolic acids, particularly rosmarinic acid, tilianin, and methoxylated flavones such as
xanthomicrol [2,13,21,41]. These compounds exhibit potent radical scavenging activity,
metal-chelating properties, and the ability to inhibit lipid peroxidation, thereby contributing
to significant antioxidant effects in both in vitro and in vivo models [21,41].
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Table 2. Antioxidant activity reported in different Dracocephalum species.

Species Plant Material/Extract Main Compounds
Involved

Antioxidant Evaluation
Method References

Dracocephalum moldavica L. Polyphenolic extract
(aerial parts)

Rosmarinic acid, luteolin,
apigenin derivatives Radical scavenging assays [41]

Dracocephalum moldavica L. Seed extracts Phenolic compounds,
flavonoids DPPH, FRAP, TPC [21]

Dracocephalum moldavica L. Herbal tea Flavonoids, phenolic
acids

Metabolic and antioxidant
evaluation [43,125]

Dracocephalum kotschyi
Boiss. Aerial parts Xanthomicrol, luteolin,

apigenin Antioxidant assays [13,23]

Dracocephalum
heterophyllum Benth. Aerial parts Phenolic alkaloids,

flavonoids
HPLC-DPPH guided
isolation [18,26]

Dracocephalum tanguticum
Maxim. Flavonoid fractions Flavonoids Cellular oxidative stress

models [19]

Dracocephalum rupestre
Hance Maojian tea Phenolic compounds,

flavonoids
Metabolomic profiling,
antioxidant assays [20,28]

Dracocephalum komarovi
Lipsky

Aerial parts/isolated
compounds

Monoterpene glucosides,
quinones

Redox-related and
anti-inflammatory assays [186–189]

Dracocephalum forrestii
W.W.Sm. In vitro cultures Rosmarinic acid,

salvianolic acid B
Phenolic content &
antioxidant evaluation [101,190]

Dracocephalum foetidum
Bunge Aerial parts Monoterpene glycosides,

phenylpropanoids
Phytochemical analysis &
inferred antioxidant activity [68]

Dracocephalum officinale L.
Aerial parts/80%
methanolic
extract/essential oil

Rosmarinic acid, caffeic
acid, pinocamphone,
isopinocamphone,
β-pinene

DPPH free radical
scavenging assay; HPLC
analysis of phenolic acids;
GC–MS analysis of volatile
compounds

[198]

In contrast, species such as Dracocephalum heterophyllum and Dracocephalum tanguticum
have been less extensively investigated, yet they display promising antioxidant-related
biological activities. In these species, antioxidant effects are associated with specific sec-
ondary metabolites, including phenolic alkaloids and flavonoid glycosides, which have
been shown to neutralize reactive oxygen species and protect cellular structures against
oxidative damage [18,19,26].

Dracocephalum rupestre, traditionally consumed as Maojian herbal tea, represents an
important example of a functional plant with antioxidant potential. Its rich content of
phenolic compounds and flavonoids contributes to its ability to scavenge free radicals and
support health-promoting effects, highlighting its relevance in nutraceutical and dietary
applications [20,28]. The presence of bioactive flavonoids, such as eriodictyol, further
supports its role in modulating oxidative stress and exerting neuroprotective effects [204].

Other species, including Dracocephalum komarovi and Dracocephalum forrestii, demon-
strate antioxidant potential that is closely linked to their unique phytochemical profiles. In
Dracocephalum komarovi, monoterpene glucosides and quinone derivatives are believed to
contribute to redox-related mechanisms and indirect antioxidant effects [186–189]. Mean-
while, Dracocephalum forrestii is characterized by high levels of phenolic acids, such as
rosmarinic acid and salvianolic acid B, whose accumulation can be enhanced through
controlled in vitro culture systems [101,190].

Besides these well-studied species, several lesser-known members of the genus have
recently gained interest. Dracocephalum officinale shows moderate antioxidant activity, as
evidenced by DPPH radical-scavenging assays, which correlate with its phenolic acid
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content, particularly rosmarinic and caffeic acids [198]. Although its antioxidant effect is
less potent than that of highly active species, its phytochemical profile indicates potential
for further exploration in pharmacological development. Similarly, Dracocephalum subcap-
itatum has shown notable antioxidant-related biological effects in experimental models.
Its relatively high phenolic content helps reduce oxidative stress markers and boost total
antioxidant capacity in vivo, especially under conditions such as diabetes [199]. These
findings emphasize its potential role in managing disorders linked to oxidative stress.

In contrast, species such as Dracocephalum microphyton remain largely unexplored in
terms of phytochemistry and antioxidant testing. Current knowledge is largely limited
to taxonomic and phylogenetic studies; however, based on its classification within the
Lamiaceae family, it likely contains bioactive compounds with potential antioxidant proper-
ties [2,200]. This highlights the need for future research focusing on underexplored species
within the genus.

An important factor influencing antioxidant activity across Dracocephalum species is
the extraction method and processing technique employed. Studies have demonstrated
that solvent polarity, extraction conditions, and methodology significantly affect the yield
of phenolic compounds and, consequently, the measured antioxidant capacity [21,96]. For
example, polar solvents typically result in higher phenolic content and stronger radical
scavenging activity compared to non-polar solvents [21].

Additionally, environmental factors, cultivation practices, and developmental stages
play a crucial role in regulating the biosynthesis of antioxidant metabolites. External stimuli
such as light, nanoparticles, and elicitors have been shown to enhance the accumulation of
phenolic compounds and improve antioxidant responses in several species [23,33,190,205].

Overall, comparative analysis highlights that the antioxidant potential of Draco-
cephalum species is strongly dependent on their phytochemical diversity and environmental
interactions. While certain species, such as Dracocephalum moldavica and Dracocephalum
kotschyi, stand out as particularly rich sources of natural antioxidants, other species remain
underexplored and may be valuable candidates for future pharmacological and nutraceuti-
cal applications. Further research is required to elucidate the specific mechanisms of action
of individual compounds and to validate their therapeutic potential in clinical settings [2].

3.7. Innovative and Emerging Research Approaches in Dracocephalum

Recent advancements in phytochemical, pharmacological, and biotechnological re-
search have catalyzed the development of innovative techniques to enhance the extraction,
characterization, and application of bioactive compounds from Dracocephalum species.
These methodologies are particularly significant for augmenting the antioxidant capac-
ity of plant-based compounds and expanding their application across pharmaceutical,
nutraceutical, and industrial fields [2].

3.7.1. Advanced Analytical and Metabolomic Approaches

Modern analytical techniques have greatly enhanced our understanding of the chemi-
cal complexity of Dracocephalum species. Advanced methods such as UPLC, LC–MS, and
metabolomic profiling enable thorough identification of phenolic compounds, flavonoids,
and other secondary metabolites that contribute to antioxidant activity [7,20].

These techniques enable detailed profiling of phytochemicals and help link chemical
composition with biological effects. Specifically, metabolomic analyses provide a compre-
hensive view of plant metabolism, aiding the discovery of biomarkers associated with
antioxidant and other pharmacological properties [20].
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3.7.2. In Silico and Molecular Modeling Approaches

Beyond experimental research, computational methods such as molecular docking,
density functional theory (DFT), and network pharmacology are increasingly utilized
to investigate the mechanisms through which Dracocephalum compounds exert their ef-
fects [206,207]. These in silico approaches facilitate the prediction of interactions between
phytochemicals and biological targets implicated in oxidative stress and disease.

For example, flavonoids and phenolic compounds have been shown to bind to en-
zymes and receptors implicated in oxidative damage, thereby elucidating their antioxidant
and therapeutic properties [206,207]. Furthermore, computational modeling can accelerate
drug discovery by identifying promising bioactive compounds and supporting subsequent
experimental validation.

3.7.3. Nanotechnology and Delivery Systems

Nanotechnology-based approaches are promising for enhancing the stability, bioavail-
ability, and biological activity of compounds derived from Dracocephalum. Notably, na-
noemulsions and nanoparticle delivery systems are particularly relevant. For instance,
nanoemulsion-based formulations, consisting of essential oil dispersed in aqueous sys-
tems using surfactants, have demonstrated improved antioxidant and antimicrobial per-
formance, contributing to enhanced oxidative stability and prolonged shelf life of food
products (Figure 14) [14]. These findings further emphasize the multifunctional relevance
of Dracocephalum moldavica essential oil as a natural source of antioxidant compounds with
potential applications in food technology and preservation strategies [14].

Figure 14. Preparation and application of Dracocephalum moldavica essential oil nanoemulsion utilized
in active food packaging systems. The nanoemulsion formulation enhances the stability, bioavail-
ability, antioxidant activity, and antimicrobial properties of the essential oil, thereby improving food
preservation [14].

3.7.4. Nanoparticles and Elicitor-Based Enhancement of Phytochemicals

Recent research has demonstrated that the use of nanoparticles and elicitors can sub-
stantially increase secondary metabolite production in Dracocephalum species. Treatments
with compounds such as zinc oxide or copper oxide nanoparticles have been shown to
stimulate the accumulation of phenolic compounds and enhance antioxidant enzyme
activity [33,132,205].

Similarly, elicitors such as chitosan nanoparticles have been employed in plant cell
cultures to provoke stress responses that enhance the synthesis of bioactive compounds,
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including flavonoids and phenolic acids [205,208]. These strategies offer a promising
approach for augmenting the yield and quality of antioxidant compounds in plant systems.

Additionally, plant extracts from Dracocephalum moldavica have been successfully used
in the green synthesis of metallic nanoparticles, especially silver nanoparticles, serving
as both reducing and stabilizing agents. This environmentally friendly method enables
the rapid production of nanoparticles with controlled size and shape while avoiding the
use of toxic chemicals [209]. Furthermore, these biosynthesized nanoparticles demon-
strate notable biological activities, including antibacterial effects, further emphasizing
the multifunctional potential of Dracocephalum-derived compounds in nanobiotechnology
applications [205,209].

These strategies offer a promising approach to increasing the yield and quality of
antioxidant compounds in plant systems.

3.7.5. Biotechnological Approaches and Sustainable Production

Biotechnological methods such as plant tissue culture, callus cultures, and cell suspen-
sion cultures have become increasingly popular as sustainable approaches for producing
valuable secondary metabolites from Dracocephalum species [210]. These techniques allow
for the controlled production of bioactive compounds regardless of environmental con-
ditions, reducing dependence on natural plant populations. In vitro systems also enable
precise control of growth parameters and elicitation strategies to boost yields of antioxidant
compounds, while genetic and metabolic engineering approaches can further enhance the
biosynthesis of targeted phytochemicals. Additionally, accurate molecular authentication
methods are vital for correctly identifying Dracocephalum species used in biotechnological
processes, preventing adulteration and ensuring consistent phytochemical production [211].

3.7.6. Future Perspectives: AI, Multi-Omics, and Translational Research

Spray-drying methods have been increasingly optimized to enhance the stability and
usability of Dracocephalum moldavica extracts. This process turns liquid extracts into stable
powders, preserving key phytochemicals, such as phenolic compounds and flavonoids, that
contribute to antioxidant activity [212]. Studies on process optimization show that factors
such as inlet temperature, airflow rate, and carrier concentration significantly impact the
physicochemical properties and antioxidant capacity of the final product. These findings
highlight the importance of precise control over processing conditions to protect bioactive
compounds and enable large-scale industrial use [213].

The incorporation of advanced analytical techniques, computational modeling, nan-
otechnology, and biotechnology exemplifies a multidisciplinary approach to Dracocephalum
research. In this context, standardized extracts such as Rosmatin, characterized by a high
content of rosmarinic acid and flavonoids, have demonstrated notable anti-inflammatory
and gastroprotective effects, supporting their potential therapeutic applications [212]. On-
going research in this domain is anticipated to facilitate the discovery of new compounds,
optimize delivery systems, and advance applications within pharmaceutical, nutraceutical,
and industrial sectors [2]. These advances highlight the growing importance of bioactive
compounds from Dracocephalum in translational and industrial contexts, while also pointing
to the necessity for more comprehensive and predictive research approaches that enhance
phytochemical analysis, biological understanding, and application-focused development.

Recent advancements in artificial intelligence (AI), machine learning, and multi-omics
technologies offer promising opportunities to enhance the understanding, prediction, and
practical application of bioactive compounds in Dracocephalum species. Machine learning
methodologies have demonstrated considerable potential for forecasting key secondary
metabolites in Dracocephalum moldavica, including compounds associated with stress tol-
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erance and phytochemical responses, while also reducing reliance on labor-intensive,
time-consuming, and chemically demanding analytical techniques [214]. Predictive models,
particularly those based on neural networks, can support the estimation of vital biochemical
traits, improve the efficiency of phytochemical screening, and foster the sustainable cultiva-
tion of medicinal plants through more rapid and precise data-driven assessments [214].

In parallel, recent advancements in genomics, transcriptomics, metabolomics, and
integrated multi-omics methodologies have the potential to substantially augment our com-
prehension of phytochemical diversity, antioxidant compounds, and biosynthesis pathways
in Dracocephalum species [215]. The integration of multi-omics approaches has previously
contributed to the identification of genes involved in flavonoid glycosylation and tilianin
biosynthesis in Dracocephalum moldavica, thereby enhancing the mechanistic understanding
of biologically active metabolites and their biosynthetic regulation [215]. These methodolo-
gies may facilitate more precise identification of antioxidant phytochemicals, accelerate the
discovery of therapeutically significant metabolites, and bolster translational initiatives in
pharmaceuticals, nutraceuticals, and functional foods. Overall, the combination of artifi-
cial intelligence prediction, machine learning, and multi-omics strategies could serve as
a pivotal pathway for the advancement of Dracocephalum research and the enrichment of
scientific knowledge regarding its antioxidant properties.

3.8. Industrial and Nutraceutical Applications

The innovative and emerging research approaches discussed above further support
the practical translation of bioactive compounds derived from Dracocephalum into indus-
trial, nutraceutical, and pharmaceutical applications. Species of the genus Dracocephalum
have attracted increasing scholarly interest owing to their extensive potential applications
in the industrial, pharmaceutical, and nutraceutical sectors. This heightened interest is
primarily due to their rich phytochemical profile, which includes flavonoids, phenolic
acids, terpenoids, and essential oil constituents [216]. These compounds are linked to
various biological activities, including antioxidant, antimicrobial, anti-inflammatory, and
cardioprotective effects [2,7,217].

The diversity of these bioactive compounds positions Dracocephalum species as valu-
able natural resources for developing functional products, ranging from food additives and
nutraceuticals to pharmaceutical formulations and cosmetic ingredients [2].

3.8.1. Functional Foods and Herbal Teas

Various Dracocephalum species are traditionally used to prepare herbal infusions and
functional beverages, particularly in regions with a longstanding history of medicinal plant
use [3]. These products are increasingly recognized not only for their sensory attributes but
also for their potential health benefits.

A noteworthy example is Maojian herbal tea, derived from Dracocephalum rupestre,
which is extensively consumed in China and esteemed for its distinctive aroma and bioac-
tive composition [20,28]. Metabolomic investigations have demonstrated that this tea
encompasses a broad spectrum of phenolic compounds and flavonoids, which substantially
contribute to its antioxidant properties and potential health advantages [20].

Additionally, the chemical composition and biological effects of Maojian tea can vary
with processing techniques, such as those used in green and black tea manufacturing,
which affect the levels of active compounds [20]. These results emphasize how processing
conditions play a crucial role in shaping the functional qualities of plant-based drinks.

Another significant species is Dracocephalum moldavica, whose aerial parts are fre-
quently used to prepare aromatic herbal infusions and are reported to possess digestive,
anxiolytic, and antioxidant properties [3,218]. Experimental investigations have also demon-
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strated that intake of Dracocephalum moldavica tea may improve metabolic parameters and
reduce oxidative stress in high-fat diet models, thereby reinforcing its potential as a func-
tional beverage [125].

3.8.2. Nutraceuticals and Dietary Supplements

The rising demand for natural health-enhancing products has prompted further in-
vestigation into Dracocephalum species as sources of nutraceutical ingredients and dietary
supplements [2]. The presence of bioactive compounds, such as tilianin, rosmarinic acid,
and other flavonoids, has been linked to numerous health benefits, including antioxidant,
cardioprotective, and anti-inflammatory effects [7,8].

Tilianin, in particular, has been extensively investigated for its role in cardiovascu-
lar protection, including its ability to modulate inflammatory pathways and oxidative
stress mechanisms [8,219]. Similarly, rosmarinic acid is recognized for its strong radical-
scavenging activity and capacity to protect biological systems from oxidative damage [7].

These compounds may be integrated into nutraceutical formulations intended to
mitigate oxidative stress, promote cardiovascular health, and enhance overall physiolog-
ical functions. Additionally, the synergistic effects of various phytochemicals present
in Dracocephalum extracts may enhance their effectiveness compared with isolated com-
pounds [2,220].

3.8.3. Essential Oil Industry

Essential oils derived from various Dracocephalum species have garnered significant
interest owing to their aromatic properties and potential industrial applications [17,30].
These oils are abundant in monoterpenes, sesquiterpenes, and oxygenated derivatives,
which contribute to their distinctive fragrance and biological activities [30,31].

Beyond their applications in perfumery and cosmetics, these essential oils possess
antimicrobial and antioxidant properties, making them suitable as natural preservatives in
food systems [2,221]. For example, essential oil derived from Dracocephalum moldavica has
been integrated into nanoemulsions and active packaging systems, thereby enhancing food
preservation and extending shelf life [14].

Furthermore, research indicates that essential oils derived from Dracocephalum species
may exert protective effects against oxidative stress in biological systems, thereby support-
ing their use in functional products and pharmaceutical formulations [31].

3.8.4. Cosmetic and Pharmaceutical Applications

The extensive phytochemical profile of Dracocephalum species underscores their po-
tential for integration into cosmetic and pharmaceutical products [2]. The presence of
antioxidant and anti-inflammatory compounds makes these plants particularly suitable for
formulations designed to safeguard the skin against oxidative stress and environmental
damage (exposome).

Phenolic compounds and flavonoids derived from these species may help prevent pre-
mature skin aging by neutralizing reactive oxygen species and mitigating inflammation [7].
These attributes underpin their application in anti-aging, protective, and therapeutic cos-
metic formulations.

Recent advancements in nanotechnology have created new opportunities to utilize
compounds derived from Dracocephalum. For example, carbon dots synthesized from
Dracocephalum moldavica have demonstrated promising therapeutic properties, particularly
in modulating inflammation and oxidative stress in biomedical applications [15]. Addition-
ally, biotechnological methods such as plant tissue culture and elicitor-based systems may
promote the sustainable production of bioactive compounds, thereby further increasing the
industrial potential of Dracocephalum species [132,210].
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Additional experimental and clinical findings support the dermatological potential of
Dracocephalum moldavica. Its extracts have been shown to upregulate key collagen-related
genes (COL3A1, COL6A1, COL16A1) and promote extracellular matrix organization, which
are essential for maintaining skin integrity and elasticity [222]. Oral supplementation has
also been reported to significantly improve skin hydration and increase dermal thickness,
reinforcing its value as a natural anti-aging and collagen-enhancing agent [223].

3.9. Research Gaps

Despite the promising biological activities and the increasing industrial applications
previously referenced, substantial research gaps and methodological limitations remain.
These challenges impede a more comprehensive understanding and restrict the broader
utilization of Dracocephalum species. Presently, only a limited number of species, such
as Dracocephalum moldavica and Dracocephalum kotschyi, have been extensively examined,
leaving many other species insufficiently explored or entirely uncharacterized in terms of
their phytochemical composition and biological effects [2]. Future investigations should
therefore prioritize less-explored Dracocephalum species to obtain a more comprehensive
view of the genus diversity and bioactive potential.

Another significant limitation is the insufficiency of clinical evidence supporting the
therapeutic applications of Dracocephalum species. Although numerous in vitro and in vivo
studies have demonstrated promising antioxidant, anti-inflammatory, and pharmacological
effects, well-designed clinical trials remain limited [2]. Such studies are vital to substantiate
the efficacy, safety, and potential health benefits of these plant-derived compounds in
human subjects.

Furthermore, the standardization of plant extracts poses a substantial challenge to their
development into pharmaceutical and nutraceutical products. Variability in phytochemical
composition, influenced by environmental conditions, geographical origin, cultivation
practices, and extraction methods, can significantly affect biological activity, particularly
antioxidant capacity [7]. Consequently, it is imperative to establish standardized proto-
cols for extraction, characterization, and quality control to guarantee reproducibility and
consistency of results.

Toxicological evaluation remains an area requiring additional scrutiny. Although
Dracocephalum species are traditionally regarded as safe, comprehensive research concerning
their toxicity, potential adverse effects, and long-term safety remains limited, particularly
for concentrated extracts and isolated compounds intended for pharmaceutical use [2].

Future research should adopt an integrated, multidisciplinary approach that merges
phytochemical, pharmacological, and clinical studies. Furthermore, employing advanced
technologies such as metabolomics, nanotechnology, and biotechnology can significantly
improve the discovery, production, and delivery of bioactive compounds. Developing
sustainable cultivation methods and biotechnological systems, such as plant tissue cultures,
will be essential to ensure a consistent supply of high-quality plant material [209].

Overall, addressing these research gaps will be essential to fully harness the potential
of Dracocephalum species as valuable sources of natural antioxidants and to advance their
applications in medicine, nutrition, and industry.

Clinical Research Gaps

Although most evidence on Dracocephalum species comes from phytochemical in-
vestigations and preclinical research, a few human clinical trials have provided initial
support for their therapeutic potential. However, the current clinical evidence is limited
and requires validation through larger, more rigorous studies.
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A randomized, double-blind, placebo-controlled clinical trial conducted in Iran evalu-
ated the effectiveness of Dracocephalum kotschyi extract in patients with IBS-D [153]. The
study involved 76 adults aged 18–50 years who met the Rome III diagnostic criteria for
irritable bowel syndrome. Participants took 75 mg capsules of Dracocephalum kotschyi dry
extract or placebo three times daily for four weeks and were followed for another four
weeks. Outcomes were measured using the IBS Severity Index and the IBS-QOL ques-
tionnaire. The treatment group showed significant improvements in symptoms, including
reduced abdominal discomfort, fewer bowel disturbances, lower disease severity, and
better quality-of-life scores. Some benefits decreased after stopping treatment, but overall,
the effects remained better than placebo. The authors suggested that Dracocephalum kotschyi
extract might be a promising additional therapy for IBS-D, owing to its anti-inflammatory,
antispasmodic, antioxidant, and gastroprotective effects [153].

Beyond gastrointestinal applications, a double-blind, randomized, placebo-controlled
clinical trial evaluated the anti-aging and skin health effects of Dracocephalum moldavica
extract in 103 healthy women aged 35–65 years [222]. Participants took either 100 mg
of the extract or a placebo daily for 12 weeks. Results showed notable increases in skin
hydration at 4, 8, and 12 weeks. Ultrasound scans indicated improvements in dermal and
overall skin thickness, pointing to better skin structural integrity. In vitro tests with human
dermal fibroblasts revealed increased expression of genes related to extracellular matrix
and collagen production, including COL3A1, COL6A1, COL16A1, and BGN. The extract,
rich in flavonoid-glucuronides with antioxidant and anti-inflammatory properties, likely
contributed to these benefits [222]. The study suggests that Dracocephalum moldavica is a
promising plant-based nutricosmetic ingredient that can boost collagen synthesis, enhance
skin hydration, and support healthy skin aging.

Additionally, a randomized, double-blind, placebo-controlled trial investigated the
effects of Dracocephalum extract on sleep quality in postmenopausal women aged 50–60
years [224]. The authors did not clearly identify the Dracocephalum species used or offer
detailed phytochemical information about the extract, potentially impacting reproducibility
and comparability with other clinical research. Participants in the intervention group took
250 mg capsules of the extract twice daily for a month, while the control group received
starch capsules as a placebo. Sleep quality was measured using the Pittsburgh Sleep
Quality Index (PSQI). Results showed a significant reduction in the mean PSQI score in
the treatment group, from 12.69 ± 3.98 at baseline to 8.58 ± 1.97 by the end, with only
slight changes in the placebo group. The difference between the groups after treatment was
statistically significant. The authors proposed that the plant’s effects might stem from its
impact on neurochemical pathways involved in sleep regulation, including modulation
of γ-aminobutyric acid (GABA) metabolism and neurotransmitter signaling [224]. These
findings suggest that Dracocephalum extract could be a safe and effective herbal option for
enhancing sleep quality and reducing sleep issues in postmenopausal women.

Despite these promising findings, the clinical evidence for the medicinal use of Draco-
cephalum species is still limited in both scope and quality. Additionally, human studies have
mainly concentrated on Dracocephalum kotschyi and Dracocephalum moldavica, leaving many
other species unexamined. Critical factors such as long-term safety, pharmacokinetics,
bioavailability of active compounds, optimal dosing strategies, herb–drug interactions, and
efficacy across different populations remain poorly understood. Therefore, larger multicen-
ter randomized controlled trials with extended follow-up periods are needed to confirm the
therapeutic benefits observed to date and to support the development of evidence-based
pharmaceuticals, nutraceuticals, and functional foods derived from Dracocephalum species.
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3.10. Future Directions

While considerable progress has been made in characterizing the phytochemicals,
assessing biological effects, and exploring the pharmacology of Dracocephalum species, sev-
eral crucial research challenges persist. Recent developments in genomics, metabolomics,
biotechnology, and pharmaceutical sciences provide new opportunities to better understand
the molecular mechanisms underlying the biological activities of Dracocephalum compounds.
Future research should go beyond traditional phytochemical screening and adopt inte-
grated approaches that connect genetic regulation, metabolite production, bioavailability,
and clinical outcomes. In particular, employing advanced omics technologies, explor-
ing plant–microbiota interactions, creating innovative delivery systems, and conducting
well-structured clinical trials are expected to greatly improve the translational potential of
Dracocephalum studies, helping to develop evidence-based therapeutic and nutraceutical
products [225–227].

3.10.1. Multi-Omics and Single-Cell Sequencing Approaches

Recent genomic and transcriptomic research has greatly enhanced our understanding
of the biosynthetic pathways that produce biologically active compounds in Dracocephalum
species. Transcriptome analysis of Dracocephalum tanguticum has identified key genes
involved in rosmarinic acid synthesis, offering valuable insights into the regulation of
phenolic compound production [226]. Likewise, transcriptomic studies of Dracocephalum
kotschyi have helped identify candidate genes linked to the biosynthesis of methoxylated
flavonoids, including those with known antioxidant and anticancer effects [227]. More
recently, the creation of chromosome-level and telomere-to-telomere genome assemblies
for Dracocephalum moldavica and Dracocephalum rupestre has provided essential genetic re-
sources for exploring secondary metabolism, functional genomics, and molecular breeding
approaches [225,228].

Future research should focus on combining genomics, transcriptomics, metabolomics,
and proteomics to create comprehensive multi-omics platforms for Dracocephalum species.
These approaches could reveal key regulatory networks that govern the biosynthesis
of flavonoids, phenolic acids, terpenoids, and other important metabolites. Moreover,
advanced techniques such as single-cell RNA sequencing and spatial transcriptomics might
identify cell-specific gene expression patterns and metabolite distributions, providing new
insights into the spatial organization of secondary metabolite production. While these
technologies have not yet been applied to Dracocephalum species, their use could accelerate
the discovery of new bioactive compounds and enhance metabolic engineering efforts to
increase the production of valuable phytochemicals [225–228].

3.10.2. Gut Microbiota Interactions and Functional Foods

Recent research suggests that the biological impact of plant-derived polyphenols
is predominantly influenced by their interactions with gut microbiota. Flavonoids fre-
quently undergo significant microbial biotransformation, yielding metabolites with varying
bioavailability and biological activity. Additionally, these compounds can modify the
composition and functions of intestinal microbial communities, supporting gastrointestinal
health and overall wellness [229,230]. Since Dracocephalum species are rich in flavonoids,
rosmarinic acid, and other phenolic compounds, investigating their interactions with the
gut microbiome presents a valuable research opportunity.

Particular attention should be paid to rosmarinic acid, a key phenolic component found
in several Dracocephalum species. Recent studies indicate that rosmarinic acid can decrease
intestinal inflammation, enhance barrier integrity, and influence microbial populations
by specifically targeting gut microbiota [231]. Additionally, emerging evidence suggests
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that flavonoids impact not only gut health but also the gut–brain axis, influencing cogni-
tive functions, neuroinflammation, and neurological disorders via microbiota-mediated
pathways [230]. Future studies should explore whether phytochemicals derived from
Dracocephalum may function as ingredients in functional foods to modify gut microbiota
composition and improve overall health. Human intervention trials evaluating microbial
metabolites, diversity, and health outcomes would be particularly advantageous in this
context [229,231].

3.10.3. Nanotechnology and Advanced Delivery Systems

Despite the impressive pharmacological potential of flavonoids and phenolic com-
pounds from Dracocephalum, their practical use is often hindered by poor water solubility,
low stability, fast metabolism, and limited bioavailability. These issues can significantly
diminish the therapeutic effects of otherwise promising bioactive ingredients. Recently,
nanotechnology-based delivery systems have become effective solutions for addressing
these problems by increasing stability, improving intestinal absorption, extending circu-
lation time, and providing controlled release of active substances [232,233]. Therefore,
incorporating nanotechnology into research on Dracocephalum represents a key step toward
developing more effective pharmaceutical and nutraceutical products.

Encouraging evidence has been documented for Dracocephalum moldavica, in which
solid lipid nanoparticles loaded with total flavonoid extracts exhibited enhanced physico-
chemical properties and markedly augmented cardioprotective activity compared with con-
ventional extracts in experimental models of myocardial ischemia–reperfusion injury [232].
Furthermore, recent investigations suggest that nanoparticle-based approaches can stim-
ulate plant growth, increase flavonoid accumulation, enhance antioxidant capacity, and
improve essential oil production in Dracocephalum kotschyi. These findings highlight the
potential of nanotechnology not only for drug delivery but also for the cultivation of
medicinal plants and the biosynthesis of metabolites [234]. Future research should focus
on nanoemulsions, lipid nanoparticles, polymeric nanocarriers, phytosomes, and other
sophisticated delivery systems specifically tailored for Dracocephalum-derived compounds.
Such approaches may enhance bioavailability, facilitate targeted delivery, reduce dosages,
and augment therapeutic efficacy, thereby advancing next-generation phytopharmaceuti-
cals [232–234].

3.10.4. Clinical Validation and Translational Research

Although numerous in vitro and in vivo studies have demonstrated antioxidant, anti-
inflammatory, antimicrobial, cardioprotective, neuroprotective, and anticancer effects of
Dracocephalum species, the clinical application of these findings has been limited. A key
obstacle is the lack of standardized herbal preparations, which hampers comparison of
results across studies and reduces reproducibility. Recent studies emphasize the need for
developing validated standardization protocols, quality-control measures, and consistent
dosage forms for Dracocephalum-based products [235,236]. These initiatives are crucial to
ensure uniform phytochemical content, biological effectiveness, and safety.

Future translational research should focus on identifying reliable phytochemical mark-
ers, developing standardized extraction techniques, and comprehensively characterizing
bioactive compounds. It is equally imperative to pursue pharmacokinetic, toxicological, and
dose–response investigations to enhance understanding of the absorption, metabolism, and
long-term safety of Dracocephalum preparations. Furthermore, forthcoming clinical studies
must incorporate precise botanical identification of the species, coupled with detailed
phytochemical profiling and standardization of the extracts employed. These measures are
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vital for improving reproducibility and facilitating meaningful comparisons across clinical
research [235,236].

Another key research focus is the conservation and utilization of genetic diversity
within the Dracocephalum genus. There is notable variation among populations in morphol-
ogy, essential oil composition, and phytochemical profiles, indicating a strong potential
to select elite chemotypes with enhanced medicinal properties [16]. The integration of
genomic data, phytochemical analysis, breeding initiatives, and clinical studies could facil-
itate the development of standardized, evidence-based pharmaceuticals, nutraceuticals,
and functional foods derived from Dracocephalum species. Large-scale, multicenter random-
ized controlled trials, supported by comprehensive phytochemical standardization and
biomarker-driven methodologies, will be imperative for confirming the genus’ therapeutic
capabilities and for transitioning its applications from traditional practices to contemporary,
evidence-based products [16,235,236].

4. Conclusions
Taken together, the available evidence discussed throughout this review highlights

both the scientific relevance and practical potential of Dracocephalum species as important
sources of antioxidant phytochemicals. The genus Dracocephalum constitutes a highly
valuable and chemically diverse group of medicinal plants with considerable potential
as sources of natural antioxidants. The comprehensive body of research reviewed herein
underscores the richness of the phytochemical composition, encompassing flavonoids,
phenolic acids, terpenoids, lignans, and other secondary metabolites. Notably, flavonoids
and phenolic acids—especially tilianin, luteolin, and apigenin derivatives, as well as
rosmarinic acid—are identified as primary contributors to the antioxidant capacity observed
across various species [7,8].

The antioxidant activity of Dracocephalum species is extensively supported by experi-
mental evidence demonstrating their capacity to neutralize free radicals, regulate oxidative
stress pathways, and safeguard biological systems from oxidative damage. These effects
are closely linked to the total phenolic and flavonoid content of plant extracts, thereby
underscoring the pivotal role of these compounds in determining biological efficacy. Ad-
ditionally, the variety of mechanisms involved—including radical scavenging, metal-ion
chelation, and modulation of oxidative enzymes—indicates that compounds derived from
Dracocephalum may act through multiple complementary pathways.

Comparative analyses indicate that the antioxidant potential varies substantially
among different species, reflecting disparities in phytochemical composition and ecolog-
ical adaptation. While well-documented species such as Dracocephalum moldavica and
Dracocephalum kotschyi demonstrate consistently high antioxidant activity, other species—
including Dracocephalum heterophyllum, Dracocephalum tanguticum, Dracocephalum foetidum,
and Dracocephalum komarovi—also display promising biological properties that have not
been sufficiently investigated. This underscores the need to broaden research beyond the
most extensively studied species.

In addition to their pharmacological significance, Dracocephalum species exhibit sub-
stantial potential for practical applications across multiple sectors. Their incorporation into
functional foods, herbal teas, dietary supplements, and natural preservatives underscores
their versatility and increasing significance within the nutraceutical and food industries.
Furthermore, the use of essential oils and bioactive extracts in cosmetic formulations and
pharmaceutical products underscores their industrial relevance.

Recent advances in analytical techniques, metabolomics, nanotechnology, and biotech-
nology have substantially improved the understanding and application of Dracocephalum
species. These pioneering methodologies have facilitated more accurate identification of
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bioactive compounds, optimized extraction processes, and the development of sophisti-
cated delivery systems that enhance bioavailability and stability. Such advancements are
crucial for translating laboratory research into practical, real-world applications.

Nevertheless, despite these advancements, numerous significant challenges persist.
The paucity of clinical studies hampers the comprehensive validation of the therapeutic
efficacy of these plants in humans. Furthermore, variability in phytochemical composition,
influenced by environmental conditions and extraction techniques, complicates standard-
ization and reproducibility. Resolving these issues will be essential for the development of
safe, efficacious, and standardized products derived from Dracocephalum species.

From a future perspective, research should concentrate on elucidating the molecular
mechanisms underlying the biological activities of individual compounds, investigating
synergistic interactions within complex plant extracts, and expanding studies to under-
explored species. Additionally, sustainable cultivation practices and biotechnological
production systems are imperative to guarantee the consistent availability of high-quality
plant material.

In conclusion, the genus Dracocephalum represents a substantial and promising source
of natural antioxidants, possessing considerable potential for future pharmaceutical, nu-
traceutical, and industrial applications. Ongoing interdisciplinary research encompassing
phytochemistry, pharmacology, biotechnology, and clinical science will be essential to
unlocking the full therapeutic and commercial potential of these plants, thereby supporting
their sustainable and effective utilization.
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The following abbreviations are used in this manuscript:

ABTS 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)
DPPH 2,2-diphenyl-1-picrylhydrazyl
FRAP ferric reducing antioxidant power
DNA deoxyribonucleic acid
RNA ribonucleic acid
ROS reactive oxygen species
TPC total phenolic content
TFC total flavonoid content
C10 10 carbon atoms
C15 15 carbon atoms
C6-C3-C6 two aromatic rings linked by a three-carbon heterocyclic unit
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HPLC high-performance liquid chromatography
LC–MS liquid chromatography–mass spectrometry
GC–MS gas chromatography–mass spectrometry
UPLC ultra-performance liquid chromatography
UPLC–MS ultra-performance liquid chromatography–mass spectrometry
EO essential oil
NO nitric oxide
Nrf2 nuclear factor erythroid 2-related factor 2
Keap1 Kelch-like ECH-associated protein 1
NASH nonalcoholic steatohepatitis
MASH metabolic dysfunction-associated steatohepatitis

UPLC-Q-TOF-MS/MS
ultra-performance liquid chromatography–quadrupole time-of-flight
mass spectrometry/mass spectrometry

CCl4 carbon tetrachloride
NF-κB nuclear factor kappa B
TNF-α tumor necrosis factor alpha
IL-6 interleukin 6
p38 MAPK p38 mitogen-activated protein kinase
cAMP cyclic adenosine monophosphate
ARE antioxidant response element
HO-1 heme oxygenase-1
NQO1 NAD(P)H quinone oxidoreductase 1
γ-GCS gamma-glutamylcysteine synthetase
IBS irritable bowel syndrome
IBS-D diarrhea-predominant irritable bowel syndrome
IBS-QOL irritable bowel syndrome quality of life
PSQI Pittsburgh Sleep Quality Index
GABA gamma-aminobutyric acid
RCT randomized controlled trial
BGN biglycan
COL3A1 collagen type III alpha 1 chain
COL6A1 collagen type VI alpha 1 chain
COL16A1 collagen type XVI alpha 1 chain
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