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Abstract

Zanthoxylum bungeanum Maxim. is an important edible and medicinal plant
widely used as a spice and traditional medicinal material. Although its peri-
carp has been extensively investigated because of its characteristic tingling
sensation and commercial value, the leaves and seeds remain underutilized
despite their distinct phytochemical profiles. This review summarizes the chem-
ical constituents and pharmacological activities of the pericarp, leaves, and
seeds, and discusses their implications for part-specific utilization. The peri-
carp is characterized by alkylamides, especially hydroxy-a-sanshool, and vol-
atile terpenoids, which are closely associated with sensory stimulation, anal-
gesic-like activity, and antibacterial effects. Leaves are enriched in flavonoids
and phenolic glycosides such as hyperoside, rutin, quercetin derivatives, and
kaempferol derivatives, supporting their antioxidant and preservative poten-
tial. Seeds are dominated by unsaturated fatty acids and phytosterols, particu-
larly a-linolenic acid and f-sitosterol, suggesting value as lipid-based nutri-
tional resources. This review aims to provide references for the whole-plant
utilization and sustainable development of Z. bungeanum as a medicine-food
homology plant.

Keywords
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1. Introduction

Zanthoxylum bungeanum Maxim., a deciduous shrub of the family Rutaceae, is
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widely cultivated in China, particularly in Sichuan, Shaanxi, Gansu, Chongging,
and other southwestern or northwestern regions [1] [2]. Owing to its distinctive
pungency, aroma, and tingling sensation, the dried pericarp of Z. bungeanum has
long been used as an important culinary spice and traditional medicinal material.
It has been recorded in the Pharmacopoeia of the People’s Republic of China since
1977 and has been used in prescriptions for abdominal pain, toothache, dyspepsia,
vomiting, diarrhea, ascariasis, and eczema [1].

As a plant used for both culinary and medicinal purposes, Z. bungeanum pro-
vides a useful model for examining how plant organs differ in chemical composi-
tion, pharmacological function, and industrial value. However, existing studies
mainly focus on the pericarp. In contrast, leaves and seeds, although generated in
large quantities during cultivation, pruning, harvesting, and processing, are still
frequently treated as low-value by-products or agricultural waste.

Different plant organs have distinct physiological functions and metabolic
pathways, leading to differences in the accumulation of secondary metabolites and
nutritional constituents. In Z. bungeanum, the pericarp is generally enriched in
alkylamides and aromatic volatile compounds, leaves tend to accumulate flavo-
noids, phenolic glycosides, and volatile terpenoids, whereas seeds are dominated
by lipid-related constituents such as unsaturated fatty acids and phytosterols.
These compositional differences are expected to determine organ-specific biolog-
ical activities and potential uses. Therefore, a systematic comparison of leaves,
pericarp, and seeds is essential for clarifying the functional advantages of each
plant part.

From the perspective of sustainable development, the comprehensive utiliza-
tion of Z. bungeanum is also of practical significance. Underutilization of leaves
and seeds not only reduces the economic value of the crop but may also cause
resource waste and environmental pressure when these materials are discarded or
burned. Developing part-specific utilization strategies can expand the value chain
from a single spice product to functional foods, natural medicinal products, feed
additives, cosmetic ingredients, and agricultural by-product valorization.

Accordingly, this review summarizes the chemical constituents and pharmaco-
logical activities of different parts of Z. bungeanum, with emphasis on the peri-
carp, leaves, and seeds. The review first compares the distribution of alkylamides,
volatile compounds, flavonoids/polyphenols, fatty acids, sterols, and other con-
stituents across plant parts; then discusses how these chemical differences are as-
sociated with analgesic, antibacterial, antioxidant, anti-inflammatory, and meta-
bolic regulatory activities; finally, it proposes targeted utilization routes and future

research directions for whole-plant resource development.

2. Chemical Constituents of Different Parts of
Zanthoxylum bungeanum

The chemical constituents of Z. bungeanum can be broadly classified into several

categories. These include alkylamides, volatile compounds, flavonoids and other
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polyphenols, fatty acids and sterols, as well as minor constituents such as alka-
loids, proteins, polysaccharides, minerals, and pigments. To highlight organ spec-
ificity, the chemical composition of the pericarp, leaves, and seeds is discussed
separately. Comparable constituent categories are maintained across different plant

parts to facilitate systematic comparison.

2.1. Chemical Constituents of the Pericarp

The pericarp is the most intensively studied and commercially utilized part of Z.
bungeanum. Its chemical profile is characterized by a combination of alkylamides,
volatile terpenoids, flavonoids, and coumarins. These constituents jointly deter-
mine the typical sensory quality and many of the pharmacological activities of the

spice.

2.1.1. Alkylamides (Sanshools)

Alkylamides, often referred to as sanshools, are the primary bioactive and charac-
teristic flavor components found in the pericarp of Z. bungeanum [3]. These com-
pounds, specifically polyunsaturated aliphatic acid amides, are the essential sub-
stances responsible for the unique “ma” (tingling and numbing) sensation and
pungency associated with this spice [4].

Numerous alkylamides have been identified in the Z. bungeanum pericarp and
can be classified according to structural features [3]. Among these compounds,
hydroxy-a-sanshool (HAS) is generally regarded as the most abundant and rep-
resentative alkylamide, and is therefore considered the principal contributor to
the characteristic sensory properties of the pericarp [3]. In addition to HAS, other
reported alkylamides include a-sanshool, S-sanshool, hydroxy-/-sanshool, hy-
droxy- y-sanshool, as well as a series of structurally related ZP-amides [3]. Although
these compounds share similar structural features, they exhibit distinct sensory
characteristics. For example, hydroxy-a-sanshool is mainly associated with tin-
gling and numbing sensations, whereas a-sanshool may produce both burning and
tingling perceptions, indicating that subtle structural differences among sanshools
can significantly influence sensory responses [3] [4].

Moreover, alkylamides in Z. bungeanum are chemically unstable and highly
sensitive to environmental conditions, which directly affects the quality and bio-
activity of the pericarp [3]. In particular, hydroxy-a-sanshool is highly susceptible
to ultraviolet irradiation, oxygen exposure, and elevated temperatures, leading to
rapid degradation under adverse processing and storage conditions [3]. Conse-
quently, significant losses in tingling intensity and aroma are often observed dur-
ing long-term storage or high-temperature cooking, reflecting the instability of
this key compound [3]. Therefore, beyond serving as characteristic flavor sub-
stances, alkylamides, especially HAS, are also regarded as important quality-con-
trol markers for Z. bungeanum pericarp and its derived products [3].

Furthermore, the distribution of alkylamides within the plant is highly organ-
specific. Compared with leaves and seeds, the pericarp is the principal enrichment

site of sanshools [3]. This preferential accumulation not only explains why the
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pericarp exhibits the most pronounced tingling and numbing sensory proper-
ties, but also accounts for its role as the primary source of the characteristic
analgesic activity of Z. bungeanum [3] [4]. Thus, the organ-specific concentra-
tion of hydroxy-a-sanshool further highlights its significance as both a phyto-
chemical marker and a functional basis for the pharmacological activities of the

pericarp [3].

2.1.2. Terpenoids

The terpenoids of the Z. bungeanum pericarp is mainly composed of monoter-
penes and oxygenated derivatives, which are key contributors to its characteristic
aroma [5]. Among these constituents, linalool, linalyl acetate, and limonene are
recognized as the major characteristic components, while other significant com-
pounds such as terpinen-4-ol, myrcene, and 1,8-cineole have also been identified
in substantial amounts [6]. The diversity of these volatile compounds contributes
to the chemical complexity of the pericarp and underlies its distinctive aromatic
profile [5].

Volatile components are the primary determinants of the distinctive odor and
flavor of Z. bungeanum pericarp [6]. Specifically, these compounds contribute a
wide range of sensory notes, including fresh, spicy, floral, citrus, minty, and cool-
ing aromas, which together define the unique sensory experience of the spice [6].
Therefore, the composition and relative abundance of terpenoids are critical fac-
tors influencing both the commercial quality and consumer perception of Z.
bungeanum products [5].

In addition to their sensory importance, terpenoids exhibit distinct physico-
chemical characteristics. The pericarp is the principal site of terpenoid accumula-
tion, with extraction yields generally reported at approximately 3% - 4% in dried
pericarps [6]. However, yields vary considerably depending on sample condition
and extraction method, reaching 5.12% or even 8% - 11% when extracted from
freshly harvested materials by hydrodistillation [6]. Therefore, these reported yields
should not be directly compared, as they were obtained under different sample
conditions and extraction methods. This variability highlights the strong influ-
ence of processing conditions on terpenoid recovery. The volatile oil is typically
described as a light yellowish-green liquid with a density ranging from 0.8563 to
0.947 g/mL, depending on source and extraction conditions [7]. These physico-
chemical characteristics provide important indicators for evaluating extraction ef-

ficiency and product quality.

2.1.3. Polyphenols
The pericarp of Z. bungeanum is rich in polyphenolic compounds, among which
flavonoids and coumarins constitute major contributors to its non-volatile bioac-
tive profile [8]. These compounds represent an important class of secondary me-
tabolites and contribute substantially to the chemical diversity and biological
functionality of the pericarp [8].

Among the flavonoids identified in Z. bungeanum pericarp, representative
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compounds include rutin, hyperoside (hyperin), quercitrin, quercetin, isoquer-
citrin, and hesperidin [8]. In addition to flavonoids, more than twenty coumarin
derivatives have been reported, including simple coumarins such as herniarin, um-
belliferone, and scopoletin; furanocoumarins including xanthotoxin, psoralen,
marmesin, and imperatorin; as well as pyranocoumarins such as decursinol [9].
This structural diversity suggests that polyphenolic constituents may contribute
to multiple biological and physicochemical functions within the pericarp [9].

From the perspective of polarity, these compounds are highly concentrated in
the pericarp and are particularly enriched in polar solvent fractions, such as n-
butanol and ethyl acetate extracts [10]. This preferential accumulation reflects
their relatively high polarity and provides an important basis for selective extrac-
tion and fractionation during phytochemical analysis [10].

In addition to their chemical and biological significance, polyphenolic com-
pounds also contribute to important sensory and quality-related traits of Z
bungeanum fruits [8]. For example, quercetin has been associated with the green
coloration observed in certain varieties, while other flavonoid constituents are in-
volved in regulating the red pigmentation of the pericarp [8]. Therefore, beyond
their role as bioactive metabolites, flavonoids and coumarins also serve as im-
portant determinants of external appearance and quality differentiation among Z.

bungeanum cultivars [8].

2.2. Chemical Constituents of the Leaves

2.2.1. Terpenoids

The leaves of Z. bungeanum represent an important secondary resource that, alt-
hough often regarded as an agricultural by-product, contain a rich array of volatile
compounds comparable in complexity to those found in the pericarp [5]. This
chemical richness highlights their potential for broader utilization beyond con-
ventional cultivation practices [5].

Similar to the pericarp, the terpenoid of Z. bungeanumleaves is a complex mix-
ture primarily composed of monoterpenes, sesquiterpenes, and their oxygenated
derivatives [5]. Major identified constituents include linalool, d-limonene, sab-
inene, a-pinene, f-myrcene, and trans-f-ocimene [5]. Moreover, depending on
the variety and harvest period, additional compounds such as 1,8-cineole (euca-
lyptol) and S-phellandrene may also be present, further contributing to the com-
positional diversity of leaf terpenoids [6]. In some green varieties, linalool can ac-
count for nearly 30% of the total volatile profile, indicating its dominant role in
defining leaf aroma characteristics [6]. Collectively, these compounds define the
fresh aromatic profile of the leaves and provide the chemical basis for both their
food applications and biological activities [11].

From a physicochemical and industrial perspective, although the pericarp re-
mains the richest source of terpenoids, with concentrations reaching up to 11% in
fresh samples, the leaves still contain abundant aromatic oils suitable for extrac-
tion and further utilization [12]. As these values were obtained under different

sample conditions and extraction methods, they should not be interpreted as di-
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rectly comparable. As leaves are frequently discarded during cultivation and har-
vesting, they are generally regarded as a typical by-product of the Z. bungeanum
industry [12]. Therefore, the development of efficient strategies for terpenoid ex-
traction from leaves offers considerable potential for sustainable resource utiliza-
tion [12]. Such approaches could transform agricultural waste into high-value raw
materials for the food, cosmetics, and pharmaceutical industries, thereby contrib-

uting to both sustainable development and rural economic revitalization [12].

2.2.2. Polyphenols

Polyphenols, especially flavonoids, constitute the primary non-volatile bioactive
secondary metabolites in the leaves of Z. bungeanum [12]. These compounds are
predominantly present as flavonols and their corresponding glycosides, forming
the principal basis of the leaf’s polyphenolic profile [11]. Compared with the vol-
atile fraction, these non-volatile constituents are particularly important due to
their bioactive properties and their contribution to the functional value of leaf ex-
tracts [12].

Among the identified flavonoids, hyperoside (quercetin-3-O-galactoside) is
recognized as the major bioactive flavonoid specifically enriched in leaf tissue
[11]. In addition, rutin (quercetin-3-O-rutinoside) is another prominent flavo-
noid glycoside widely reported in the leaves [11]. Quercetin and kaempferol serve
as the principal aglycone backbones of the leaf polyphenolic system and are com-
monly accompanied by structurally related derivatives such as quercitrin and
kaempferol-3-O-glucoside [11]. This compositional diversity reflects the com-
plexity of leaf polyphenol metabolism and underpins the broad biological poten-
tial of leaf-derived extracts [11].

From a physicochemical perspective, leaf flavonoids exhibit relatively high ex-
tractability under optimized processing conditions. Under extraction with 80%
ethanol at 80°C, the total flavonoid yield can reach approximately 5.74% [12]. This
value reflects a specific extraction protocol and should not be directly compared
with yields reported under different experimental conditions. However, these
compounds are sensitive to excessive thermal processing, and extraction times ex-
ceeding 55 minutes may result in degradation of flavonoid molecular structures
[12]. Therefore, careful optimization of extraction parameters is essential to max-
imize recovery while preserving structural integrity and bioactivity [12].

Notably, the polyphenolic composition of leaves differs markedly from that of
the pericarp. Scientific investigations suggest that leaves may contain higher total
flavonoid concentrations than fruit pericarps in certain Z. bungeanum varieties
[8]. In contrast, alkylamides such as sanshools, which define the characteristic “ma”
(tingling and numbing) sensation of the pericarp, are present only in extremely
low or trace amounts in leaf tissue [11]. This striking compositional difference
indicates organ-specific metabolic specialization and explains why the leaves are
primarily valued for their flavonoid-mediated bioactivities rather than the sensory

pungency characteristic of the pericarp [11].
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2.2.3. Minor Alkaloids and Other Compounds

In addition to flavonoids, Z. bungeanum leaves contain a variety of minor bioac-
tive secondary metabolites that further enrich their phytochemical complexity
and pharmacological potential [13]. Although generally present at lower concen-
trations than the dominant polyphenolic fraction, these constituents contribute
substantially to the functional diversity of leaf extracts [14].

Among these compounds, quinoline alkaloids represent an important special-
ized class, including skimmianine, dictamnine, and various furoquinoline deriva-
tives [4]. In addition, phenolic compounds such as hyperoside remain character-
istic bioactive components within leaf tissue and continue to attract considerable
attention due to their pronounced biological activities [11]. Small amounts of al-
kylamides (sanshools), together with various glycosides and triterpenes, have also
been identified; however, these are far less abundant than in the fruit pericarp
[13]. This compositional pattern further supports the organ-specific metabolic
specialization of Z. bungeanum leaves [13].

Functionally, these minor constituents provide an important pharmacological
basis for the medicinal value of leaf extracts [14]. For example, leaf-derived hy-
peroside has demonstrated significant anti-hypoglycemic and hepatocyte-protec-
tive effects, suggesting potential applications in the treatment of diabetes-related
metabolic disorders [11]. Moreover, certain alkaloids and related extracts have
exhibited anti-inflammatory, antibacterial, and anti-tumor activities [14]. Some
studies have further reported neuroprotective effects, indicating that specific al-
kaloids and leaf-derived extracts may alleviate learning and memory impairments
[13]. Collectively, these findings suggest that even low-abundance constituents
may exert significant biological effects [14].

From a physicochemical perspective, the relative abundance of characteristic
tingling alkylamides remains markedly lower in leaves than in the pericarp [13].
This distinction reinforces the functional divergence between these organs, with
leaves being primarily characterized by bioactive phenolics and alkaloids rather
than sensory-active sanshools [13]. Structurally, these compounds are typically
elucidated using advanced spectroscopic techniques, including 'H and "*C nuclear
magnetic resonance (NMR), high-resolution electrospray ionization mass spec-
trometry (HRESIMS), and infrared spectroscopy (IR), and are frequently isolated
as amorphous powders or viscous oils [15]. During phytochemical processing,
they are generally recovered from polar solvent fractions using methanol, ethanol,
or ethyl acetate extraction systems [13]. These analytical and extraction charac-
teristics provide an essential methodological basis for their identification and fur-

ther functional investigation [15].

2.3. Chemical Constituents of the Seeds

2.3.1. Fatty Acid Composition
The seeds of Z. bungeanum, which are generated as a primary by-product during
pepper processing, represent an important lipid-rich resource with considerable

industrial and nutritional value [16]. Their oil content typically ranges from 27%

DOI: 10.4236/fns.2026.177039

602 Food and Nutrition Sciences


https://doi.org/10.4236/fns.2026.177039

Y.C. Mu

to 31% [16]. Because oil contents reported for different crops may be determined
using different analytical methods and sample conditions, these values should be
interpreted as indicative rather than directly comparable. This high lipid accumu-
lation reflects the seeds’ role as the principal energy-storage organ of the plant and
highlights their potential for value-added utilization [16].

Chemically, seed oil is primarily composed of fatty acids that can be classified
into saturated and unsaturated groups [17]. The fatty acid profile is dominated by
four representative components: linoleic acid, oleic acid, palmitic acid, and a-lin-
olenic acid [17]. Among these, linoleic acid is one of the most abundant polyun-
saturated fatty acids and is recognized as a major resourceful component of the
seeds [17]. Oleic acid, as a major monounsaturated fatty acid, contributes to both
oxidative stability and nutritional quality, whereas palmitic acid represents the
predominant saturated fatty acid fraction [17]. Notably, the seeds are exception-
ally rich in a-linolenic acid, an essential omega-3 fatty acid, which in some studies
has been reported to account for up to 50.94% of total fatty acids [14]. This unu-
sually high abundance distinguishes Z. bungeanum seed oil from many conven-
tional edible oils [14].

From a physicochemical perspective, the seed oil is characterized by a high de-
gree of unsaturation, which is a defining feature of its functional and nutritional
properties [17]. Unsaturated fatty acids constitute approximately 81.64% of the
total fatty acid content in seeds, and this proportion remains high at approxi-
mately 78.95% even after refining [17]. This predominance of unsaturated lipids
contributes to the oil’s liquid state at room temperature and enhances its potential
health benefits [17]. Furthermore, the ratio of saturated, monounsaturated, and
polyunsaturated fatty acids is approximately 1:2:2.5, indicating a relatively bal-
anced lipid composition [17]. This composition closely aligns with nutritional
standards recommended by the World Health Organization, particularly due to
the elevated level of a-linolenic acid [17].

Compared with other organs of Z. bungeanum, the seeds exhibit a distinct met-
abolic specialization centered on lipid accumulation [17]. For example, the total
fatty acid concentration in seeds (331.63 mg/g) is substantially higher than that in
the pericarp (108.42 mg/g) [17]. Although both tissues contain fatty acids such as
oleic, linoleic, and linolenic acids, the seeds serve as the principal industrial source
of these lipids due to their markedly higher oil yield [17]. In contrast to the peri-
carp and leaves, which are enriched in alkylamides, flavonoids, and other phenolic
compounds, seeds generally contain relatively low concentrations of these second-
ary metabolites, including rutin and hyperoside [17]. This compositional diver-
gence further demonstrates the organ-specific metabolic differentiation of Z
bungeanum, with seeds primarily functioning as reservoirs of nutritional lipids
rather than sources of sensory-active or pharmacologically dominant secondary
metabolites [17].

2.3.2. Phytosterols and Tocopherols
In addition to their abundant fatty acid fraction, Z. bungeanum seeds also contain
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minor unsaponifiable constituents that contribute to their nutritional and phar-
macological value [2]. Among these, phytosterols represent an important class of
bioactive lipophilic compounds [2].

[-Sitosterol is the most prominent phytosterol identified in Z. bungeanum and
has been recognized as one of the five major active components highlighted
through network pharmacology analyses investigating its medicinal potential [2].
Due to its structural similarity to cholesterol, S-sitosterol has attracted considera-
ble attention for its potential physiological activities and therapeutic relevance [2].
Although tocopherols are commonly reported as characteristic minor constitu-
ents of many seed oils, the currently available evidence for Z. bungeanum seeds
primarily emphasizes S-sitosterol as the representative sterol component [2].

From a physicochemical perspective, S-sitosterol is a plant-derived sterol typi-
cally isolated as a white powder from lipophilic extracts using organic solvents
such as methanol or dichloromethane [2]. Its sterol-like structure and lipophilic
characteristics are consistent with its localization within the seed oil fraction [2].
Although present at much lower concentrations than the dominant fatty acids, phy-
tosterols such as SB-sitosterol further enhance the functional value of Z. bungeanum
seed oil and broaden its potential applications in nutritional and medicinal con-
texts [2].

2.3.3. Other Chemical Constituents

Beyond their dominant lipid fraction, the seeds of Z. bungeanum contain a diverse
range of additional chemical constituents, further supporting their value as a mul-
tifunctional phytochemical resource [16]. This compositional complexity distin-
guishes seeds not only as an oil source but also as a reservoir of minor metabolites
with potential nutritional and pharmacological relevance [2].

Fatty acids remain the predominant chemical constituents of the seeds, with
unsaturated fatty acids accounting for up to 78.95% of the total fatty acid profile
in seed oil [17]. The principal fatty acids include oleic acid, linoleic acid, and par-
ticularly high levels of a-linolenic acid, which may exceed 50% of total fatty acids
in certain assessments [17]. This exceptionally high degree of unsaturation con-
tributes substantially to the nutritional quality and functional properties of the oil
[17].

In addition to fatty acids, the seed coat contains natural melanin, which has
recently been identified as a characteristic pigment of Z. bungeanum seeds [18].
Seeds are also an important source of essential minerals and proteins, with phos-
phorus and potassium reported as particularly abundant mineral elements [16].
These nutritional components further enhance the resource value of the seeds and
broaden their potential applications in functional food development [16].

Although Z. bungeanum seeds do not exhibit the high enrichment of flavonoids
characteristic of leaves or the sensory-active alkylamides that define the pericarp,
they do contain trace levels of quinoline alkaloids, such as skimmianine, as well as
unique unsaturated amides [2]. The presence of these minor secondary metabo-

lites suggests that seed tissue retains a certain degree of phytochemical complexity
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despite its primary specialization in lipid accumulation [2].

From a physicochemical perspective, the seeds possess markedly higher total
fatty acid content (331.63 mg/g) than the pericarp, confirming their role as the
principal lipid-storage organ of the plant [17]. These lipids can be efficiently re-
covered through supercritical CO, extraction, which enables the production of
relatively pure seed oil while preserving sensitive lipophilic constituents [19]. The
extracted oil is typically described as a yellowish liquid enriched with lipophilic
secondary metabolites [20]. Collectively, these physicochemical characteristics re-
inforce the industrial potential of Z. bungeanum seeds as a valuable source of ed-

ible oil and functional biomaterials [16].

2.4. Comparative Analysis of Chemical Constituents among
Different Parts

The distribution of chemical constituents in different parts of Z. bungeanum

shows clear specialization, which forms the basis for their distinct functional prop-

Leaves @

Terpenoids, flavonoids, phenolic
glycosides, minor alkaloids

Pericarps @

Alkylamides (sanshools), terpenoids,
flavonoids, coumarins

Seeds %

Unsaturated fatty acids, phytosterols,
minor antioxidants

erties (Figure 1).

Figure 1. Distribution of major chemical constituents in different parts of Z. bungeanum.

Overall, available studies indicate distinct patterns of chemical specialization
among different organs of Z. bungeanum, although direct quantitative compari-
sons should be interpreted with caution because constituent contents are often
determined using different analytical methods and extraction conditions. The
pericarp is characterized by abundant alkylamides and volatile compounds. In
contrast, the leaves are relatively richer in polyphenolic compounds such as flavo-
noids and phenolic glycosides, while containing only trace amounts of alkyla-
mides. The seeds are dominated by lipid components, particularly unsaturated
fatty acids and phytosterols, with comparatively lower levels of the characteristic
secondary metabolites abundant in the pericarp.

Based on these compositional differences, different plant parts may be prefer-
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entially explored for different applications. The pericarp, enriched in alkylamides
and volatile compounds, may be suitable for the development of flavoring agents
and bioactive extracts. The leaves, characterized by abundant polyphenols, may
serve as promising sources of natural antioxidants and functional food ingredi-
ents. Likewise, the seeds, rich in unsaturated fatty acids and phytosterols, may
represent a promising resource for nutritional oil development and the value-
added utilization of processing byproducts.

These observations highlight the importance of part-specific resource utiliza-
tion and provide a conceptual framework for future studies on the pharmacolog-

ical activities and potential applications of different Z. bungeanum organs.

3. Pharmacological Activities of Different Plant Parts

The pharmacological activities of Z. bungeanum are closely associated with its or-
gan-specific phytochemical composition. Due to the differential accumulation of
bioactive constituents across the pericarp, leaves, and seeds, each plant part ex-
hibits distinct pharmacological properties and functional applications. This sec-
tion therefore examines the major biological activities of each organ separately,
with emphasis on their underlying chemical basis, experimental evidence, and
characteristic functional advantages, followed by a comparative analysis to high-

light their complementary pharmacological potential.

3.1. Pharmacological Activities of the Pericarp

3.1.1. Analgesic Effects

Alkylamides (sanshools) are the major contributors to the analgesic and local an-
esthetic effects of the Z. bungeanum pericarp. These compounds, which are poly-
unsaturated aliphatic acid amides, constitute the characteristic bioactive compo-
nents of the pericarp [6]. Phytochemical studies have identified more than 50 such
compounds within the genus, among which hydroxy-a-sanshool (HAS) is the
most abundant and pharmacologically potent constituent in the pericarp [21].
These alkylamides are also responsible for the plant’s distinctive “ma” (tingling
and numbing) sensation [6].

Experimental studies suggest that the analgesic effects of Z. bungeanum are me-
diated through interactions with sensory receptors and ion channels [6]. Experi-
mental studies indicate that sanshools, particularly HAS, may modulate voltage-
gated sodium channels in sensory neurons, where they inhibit the generation and
propagation of action potentials, thereby preventing pain signal transmission to
the central nervous system [22]. In addition, these compounds modulate A§ mech-
anonociceptors, contributing to the alleviation of mechanical pain [22]. They have
also been reported to function as agonists of transient receptor potential (TRP)
channels, especially TRPV1 and TRPA1, which play key roles in pain perception
and thermal sensitivity [23]. From an application perspective, the analgesic prop-
erties of the pericarp have long been recognized in Traditional Chinese Medicine

(TCM), where it has been used to treat toothache, abdominal pain, and gastroin-
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testinal discomfort associated with “cold” conditions or parasitic infections [6].
Traditionally, practices such as chewing the unripe fruit or bark have been used
to provide temporary relief of dental pain, giving rise to its traditional designation
as the “toothache tree” [6].

Overall, the pericarp is considered the primary source of rapidly acting alkyla-
mides and therefore represents the plant part most commonly associated with an-

algesic and numbing effects [6].

3.1.2. Antibacterial Effects

The antibacterial properties of Z. bungeanum pericarp are generally attributed to
its terpenoids and alkaloids, which together constitute the major contributor for
its antibacterial activity [22]. Among these constituents, the essential oil has been
the most extensively studied due to its broad-spectrum inhibitory effects against
microorganisms, while secondary metabolites such as quinoline alkaloids, includ-
ing dictamnine and skimmianine, also contribute to the suppression of pathogen
growth [24]. This antibacterial activity is closely associated with the characteristic
volatile profile of the pericarp, which also serves as an important indicator of its
overall quality [5].

Experimental studies have reported that Z. bungeanum extracts exhibit potent
inhibitory and bactericidal activity against a wide range of common human and
foodborne pathogens. In vitro studies have reported ignificant antibacterial effects
against Gram-positive bacteria, including Staphylococcus aureus, Bacillus subtilis,
and Bacillus anthracis [22]. In addition, strong inhibitory activity has been ob-
served against Gram-negative pathogens such as Escherichia coli, Pseudomonas
aeruginosa, Salmonella typhimurium, and Helicobacter pylori [25]. The terpenoid
also demonstrates notable antifungal activity, particularly against Candida albi-
cans as well as molds including Aspergillus niger and Penicillium species [22].
This broad antibacterial spectrum highlights the considerable pharmacological
and industrial relevance of pericarp-derived extracts.

The terpenoid plays a central role in mediating these antibacterial effects, with
major active constituents such as linalool, d-limonene, and terpinen-4-ol serving
as the primary functional components [20]. Mechanistic studies suggest that these
compounds exert antibacterial activity by disrupting bacterial cell wall and mem-
brane integrity, thereby increasing membrane permeability and compromising
cellular homeostasis [26]. For example, in vitro studies have shown that linalool
can damage the membrane structure of E. coli, resulting in leakage of intracellular
contents, depletion of adenosine triphosphate (ATP), and eventual cell death [27].
Furthermore, terpenoid components can inhibit microbial biofilm formation, as
demonstrated in studies involving Candida albicans, thereby enhancing their ef-
fectiveness against persistent microbial colonization [26].

Traditionally, these antibacterial effects have supported the medicinal use of Z.
bungeanum in the treatment of diarrhea, skin infections, and dental diseases [25].
More recently, its reported antibacterial activity has attracted increasing attention

in the development of natural food preservatives, antibacterial packaging materi-
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als, and anti-pruritic skincare products [5]. Overall, this terpenoid-centered aan-
tibacterial profile complements the pericarp’s rapid analgesic effects mediated by
alkylamides [7]. Overall, available evidence suggests that the pericarp is primarily
associated with rapid sensory responses and antibacterial activity, whereas the
leaves and seeds have been investigated more extensively for antioxidant and met-

abolic-related properties, respectively.

3.2. Pharmacological Activities of the Leaves

3.2.1. Antioxidant Activity

Experimental studies have shown that Z. bungeanum leaf extracts exhibit signifi-
cant antioxidant activity, which is primarily attributed to their high concentra-
tions of flavonoids and phenolic compounds [11]. These polyphenolic constitu-
ents form the major contributor for the antioxidant potential of leaf tissue. Among
them, hyperoside (quercetin-3-O-galactoside) has been identified as a major bio-
active compound and a potent natural antioxidant specifically enriched in the
leaves [11]. Other important contributors include rutin, quercetin, and kaempferol,
which collectively provide the leaves with strong radical-scavenging capability
through their polyhydroxylated structures [11].

The antioxidant activity of Z. bungeanum leaf extracts has been extensively
evaluated using standardized in vitro assays. In DPPH (1,1-diphenyl-2-picrylhy-
drazyl) radical-scavenging assays, leaf extracts demonstrate strong concentration-
dependent antioxidant activity, reflecting the high abundance of phenolic com-
pounds capable of neutralizing free radicals [11] [15]. Their total antioxidant ca-
pacity has also been validated using ABTS (2,2'-azino-bis-3-ethylbenzothiazoline-
6-sulfonic acid) assays, in which leaf flavonoids effectively reduce ABTS radicals
and significantly contribute to the overall Total Antioxidant Capacity (T-AOC) of
the plant [12]. Furthermore, strong performance has been observed in FRAP (Fer-
ric Jon Reducing Antioxidant Power) and hydroxyl radical-scavenging assays,
with antioxidant activity increasing proportionally with extract concentration [15]
[12]. These findings collectively demonstrate strong free radical-scavenging activ-
ity in vitro.

Comparative evaluations further highlight the potency of this antioxidant ac-
tivity. In several studies, Z. bungeanum leaf extracts exhibited antioxidant perfor-
mance superior to the synthetic antioxidant butylated hydroxytoluene (BHT), alt-
hough generally lower than that of high-purity vitamin C [12]. For example, at a
concentration of 10 mg/L, leaf extracts achieved approximately 15.94% of the an-
tioxidant activity of vitamin C while substantially exceeding the performance of
BHT [12]. Such results demonstrate the considerable practical value of leaf poly-
phenols as naturally derived antioxidant agents.

The biological significance of this antioxidant profile is reflected in the demon-
strated pharmacological effects of leaf-derived compounds. In experimental mod-
els, hyperoside, for example, has been reported to exhibit hepatocyte-protective

activity and alleviate hyperglycemia-induced oxidative stress in diabetic models
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[11]. In addition, the strong capacity of leaf extracts to inhibit lipid oxidation has
led to growing interest in their application as natural food preservatives, such as
in fresh-cut fruit and processed aquatic products, as well as high-value raw mate-
rials for the cosmetics and pharmaceutical industries [12].

Opverall, available evidence suggests that the antioxidant activity of Z. bungeanum
leaves is largely associated with their abundant polyphenolic compounds. This
functional specialization highlights the leaves as an important resource for sus-
tainable medicinal exploitation and industrial development, highlighting their po-

tential for antioxidant-related applications.

3.2.2. Antibacterial Activity

The antibacterial activity of Z. bungeanum leaves is generally attributed to their
abundant flavonoids, polyphenols, and terpenoid, which together constitute the
principal material basis for pathogen inhibition [12]. Unlike the pericarp, which
is mainly characterized by sensory-active alkylamides, the leaves represent a typi-
cal by-product enriched in aromatic oils, particularly linalool and other terpene
derivatives, as well as non-volatile polyphenolic compounds that provide broad-
spectrum antibacterial potential [12]. This compositional profile underpins the
unique functional specialization of leaf tissue in microbial inhibition and environ-
mental defense.

In vitro studies have reported antibacterial activity of leaf extracts and terpe-
noids exhibit inhibitory effects against a wide range of biological threats. Signifi-
cant antibacterial activity has been reported against common foodborne and path-
ogenic bacteria, including Escherichia coli and Staphylococcus aureus [25]. This
antibacterial efficacy is concentration-dependent and has been closely associated
with the abundance of linalool and related terpene constituents within the leaf
volatile profile [25]. In addition to bacterial inhibition, leaf-derived flavonoids ex-
hibit pronounced allelopathic activity against bloom-forming freshwater algae
such as Microcystis aeruginosa, suggesting considerable ecological application po-
tential [12]. Furthermore, these antibacterial properties may partly explain the
traditional use of leaf extracts in addressing skin, oral, and gastrointestinal micro-
bial disorders, including diarrhea and dysentery [25].

The antibacterial mechanisms of leaf-derived compounds involve multiple
modes of physiological disruption. Volatile components such as linalool compro-
mise microbial cell wall and membrane integrity, increasing permeability and
causing leakage of intracellular contents that ultimately leads to cell death [24]. In
algae, concentrated leaf extracts interfere with the oxygen-evolving complex at the
donor side of photosystem II (PSII) and inhibit electron transport processes,
thereby effectively suppressing photosynthetic activity and controlling algal pro-
liferation [12]. This dual capacity for direct microbial inhibition and photosyn-
thetic interference distinguishes leaf extracts from the primarily sensory-defense
mechanisms observed in the pericarp.

From an industrial perspective, the synergistic antibacterial and antioxidant

properties of Z. bungeanum leaves make them promising candidates for the de-
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velopment of natural preservatives and environmentally friendly bioactive agents
[12]. For example, leaf extracts and powders have been reported to significantly
extend the shelf life of fresh-cut apple slices [25]. In processed aquatic products
such as salted silver carp, leaf-derived additives not only inhibit lipid oxidation
and microbial growth but also improve sensory attributes including color and fla-
vor [25]. Moreover, their strong activity against algae and pathogenic microor-
ganisms positions them as eco-friendly alternatives to synthetic preservatives for
applications in food preservation, cosmetics, and environmental restoration [12].

Overall, the leaves exhibit a distinctive functional profile centered on broad-
spectrum antibacterial and allelopathic activity. Compared with the pericarp, which
specializes in rapid analgesic and antibacterial defense, and the seeds, which are
primarily associated with nutritional and metabolic regulation, current evidence
suggests that the leaves possess promising antibacterial and allelopathic proper-
ties, particularly in food preservation and related applications. These predictions
suggest a potential role as an underutilized resource for sustainable industrial de-

velopment.

3.3. Pharmacological Activities of the Seeds

3.3.1. Antioxidant Activity

Available evidence suggests that the antioxidant activity of Z. bungeanum seed
extracts and seed oil is primarily associated with their abundant unsaturated fatty
acids and lipid-soluble antioxidant constituents, which together constitute the
principal material basis for oxidative protection [28]. As a major lipid-rich by-
product, the seeds possess a distinct antioxidant profile that differs fundamentally
from the polyphenol-dominated antioxidant mechanisms of the leaves. The anti-
oxidant potential of seed oil is closely linked to its high degree of unsaturation,
with unsaturated fatty acids accounting for approximately 78.95% to 81.64% of
total fatty acids [28]. Among these, a-linolenic acid is particularly abundant, reach-
ing up to 50.94% in certain analyses, alongside substantial levels of linoleic acid
and oleic acid [28]. In addition, lipid-soluble antioxidants such as tocopherols and
[-sitosterol further enhance the oxidative stability and medicinal value of seed oil
[28]. The seed coat also contains natural melanin, a phenolic pigment with notable
antioxidant activity that represents an additional functional resource [29].

The antioxidant activity of seed extracts has been evaluated using several in
vitro assays. In DPPH radical-scavenging assays, seed extracts exhibit substantial
free radical-neutralizing capacity, with extraction solvent selection significantly
influencing antioxidant performance [28]. Extracts prepared with 90% ethanol
and methanol have shown particularly strong scavenging activity, which corre-
lates closely with the phenolic content retained in the seed residue [28]. Similarly,
FRAP assays indicate that antioxidant reducing power reaches maximal levels
when extraction is performed with 50% ethanol, suggesting an important contri-
bution from flavonoid and phenolic constituents present in the by-product matrix
[28]. Furthermore, the high abundance of a-linolenic acid and other polyunsatu-

rated fatty acids may contribute to the inhibition of lipid peroxidation, thereby
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protecting both food systems and biological membranes from oxidative deterio-
ration [28].

The biological significance of this antioxidant profile is reflected in the demon-
strated metabolic and cardiovascular benefits of seed-derived products. Animal
studies have shown that seed oil can alleviate high-fat diet-induced hyperlipidemia
by significantly reducing serum triglyceride (TG), total cholesterol (TC), and
malondialdehyde (MDA) levels, while improving oxidative stress status through
activation of the PPAR-y signaling pathway [6]. In addition, the characteristic
combination of a-linolenic and linoleic acids has been reported to prolong bleed-
ing and clotting times in mice, suggesting anti-thrombotic potential possibly me-
diated through regulation of the PI3K/Akt pathway and reduced vascular oxida-
tive injury [6]. These findings indicate that the antioxidant activity of seed oil is
closely linked to its broader metabolic regulatory functions.

From an industrial perspective, the strong antioxidant properties of Z. bungeanum
seeds support their development as high-value edible oils and natural antioxidant
resources for food and pharmaceutical applications [28]. This potential is partic-
ularly significant given that the seeds are often treated as low-value byproducts
during conventional pepper processing. Their conversion into functional antiox-
idant products offers an effective pathway for improving resource utilization and
promoting sustainable industrial development.

Overall, the antioxidant profile of Z. bungeanum seeds, centered on lipid-based
radical scavenging and oxidative stability, provides a clear functional contrast to
the pericarp, which specializes in rapid sensory-defense activities, and the leaves,
which rely primarily on flavonoid-mediated antioxidant protection. Overall, cur-
rent evidence suggests that seeds represent a promising resource for nutritional

and metabolic applications.

3.3.2. Nutritional and Metabolic Regulation Potential

The metabolic regulatory potential of Z. bungeanum seeds is generally attributed
to their exceptionally high content of essential unsaturated fatty acids and bioac-
tive sterols, which together constitute the principal material basis for their nutri-
tional and therapeutic functions [17]. As a major lipid-rich by-product of pepper
processing, the seeds possess a distinct biochemical profile dominated by a-lino-
lenic acid, linoleic acid, and oleic acid, with a-linolenic acid accounting for up to
50.94% of total seed oil in some analyses [17]. In addition to these essential fatty
acids, fS-sitosterol has been identified as a representative bioactive sterol within
the seed fraction. Owing to its relatively high oral bioavailability and cholesterol-
like structure, this compound is considered an important contributor to the seeds’
metabolic regulatory effects [2].

Experimental animal studies have suggested that the seeds’ demonstrated ca-
pacity for metabolic regulation, particularly in lipid and glucose homeostasis. Ex-
perimental studies have shown that administration of seed oil significantly re-
duces serum total cholesterol (TC), triglycerides (T'G), and malondialdehyde (MDA)

levels in hyperlipidemic models, indicating pronounced hypolipidemic and anti-
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oxidative effects [15]. These benefits are thought to be mediated through activa-
tion of the peroxisome proliferator-activated receptor gamma (PPAR-y) pathway,
which improves oxidative stress markers and promotes restoration of lipid bal-
ance [15]. These findings indicate the potential of seed oil for further investigation
in lipid metabolism regulation.

In addition to lipid regulation, Z. bungeanum seeds also exhibit promising anti-
diabetic effects. Network pharmacology and molecular docking analyses indicate
that S-sitosterol may function as a key anti-diabetic constituent by interacting
with insulin-related molecular targets [2]. These findings provide a theoretical ba-
sis for further experimental validation but do not by themselves confirm anti-di-
abetic efficacy.

Furthermore, the characteristic combination of a-linolenic and linoleic acids
confers anti-thrombotic potential. Experimental observations indicate that these
fatty acids have been reported to prolong bleeding and clotting times, likely
through attenuation of oxidative vascular damage and regulation of the PI3K/Akt
signaling pathway [15]. This vascular-protective effect complements the seeds’
broader metabolic benefits and highlights their potential role in cardiovascular
health management.

Opverall, available evidence suggests that the seeds exhibit a functional profile
primarily associated with lipid metabolism and vascular health-related activities.
Compared with the pericarp, which has been more extensively investigated for its
analgesic and antibacterial properties, and the leaves, which are mainly character-
ized by polyphenol-related antioxidant activity, the seeds have attracted increas-
ing attention for their nutritional composition and potential metabolic benefits.
Although current findings from experimental studies and network pharmacology
analyses indicate promising applications of seed-derived products, further in vivo
investigations and clinical studies are still required to validate their efficacy and
underlying mechanisms. The utilization of Z. bungeanum seeds as edible oils and
other value-added products therefore represents a promising direction for future

research and sustainable resource utilization.

3.4. Comparative Analysis of Pharmacological Activities

The pericarp, leaves, and seeds of Z. bungeanum exhibit marked organ-specific
differences in chemical composition, resulting in distinct yet complementary
pharmacological activities. Although previous studies have predominantly fo-
cused on the medicinal and culinary applications of the pericarp, comparative ev-
idence suggests that the leaves and seeds also possess distinct functional charac-
teristics and potential applications [7]. As summarized in Table 1, these three
plant parts differ substantially in their dominant bioactive constituents, relative
pharmacological emphasis, and pharmacological specificity, collectively forming
the biochemical foundation for the whole-plant utilization of Z. bungeanum. The
ratings are intended to summarize the relative emphasis of currently available ev-

idence rather than absolute pharmacological efficacy.
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Table 1. Semi-quantitative comparison of the dominant pharmacological characteristics of different organs of Z. bungeanum.

Dominant Major Pharmacological Relative . . .
Plant Part . . . Functional Orientation
Constituents Activities Activity Level*
X Alkylamides (HAS), Analgesic, local anesthetic, Rapid-response sensory and
Pericarp . . . 1 8. 8,88 ¢ o .
terpenoids antibacterial antimicrobial defense
Hyperoside, Antioxidant, antibacterial, Preventive protection and
Leaves . . . 18,8881 R .
flavonoids, terpenoids hepatoprotective oxidative stress regulation
Long-term metabolic
Unsaturated fatty Antioxidant, hypolipidemic, g .
Seeds . ) o i . Je e kK ¥ regulation and nutritional
acids, F-sitosterol anti-diabetic, anti-thrombotic )
suppor

*Activity intensity ratings are semi-quantitative assessments intended for comparative discussion only. The ratings are based on the

relative abundance of dominant bioactive constituents, the consistency of currently available experimental evidence (including in

vitro and animal studies), and the extent to which each pharmacological activity has been reported in the literature. They are not

derived from standardized efficacy measurements and should not be interpreted as direct quantitative comparisons among different

plant parts.

4. Challenges and Future Perspectives

4.1. Current Utilization Patterns

The current industrial utilization of Z. bungeanum is highly concentrated on the
pericarp, reflecting its dominant economic and commercial importance. As one
of China’s most important traditional condiments, Z. bungeanum is primarily val-
ued for its edible and medicinal pericarp, which contains the characteristic pun-
gent compounds and multiple bioactive constituents that have attracted wide-
spread attention in both culinary and pharmaceutical applications [5] [8]. The
annual production of Chinese Z. bungeanum has been reported to exceed 450
thousand tons, with a market value reaching approximately US$18 billion, demon-
strating the substantial scale of the pericarp-centered industry [8]. At present,
however, more than 90% of the pericarp is still marketed in whole-peppercorn or
bulk pericarp form, indicating that processing remains largely limited to primary
commercialization with relatively low levels of deep-value-added product devel-
opment [18].

In contrast, the leaves, seeds, and other byproducts generated during cultivation
and processing remain significantly underutilized despite their demonstrated
phytochemical and functional potential [17]. Current research and industrial de-
velopment have largely focused on mature pericarps, while systematic exploita-
tion of other plant parts, particularly seeds and seed oil, remains comparatively
limited [17]. Large quantities of agricultural residues, including seeds, leaves, and
stems, are often discarded or burned during harvesting and processing, resulting
not only in substantial resource waste but also in environmental concerns [25].
Notably, seeds account for approximately 60% of the total fruit mass as a major
processing byproduct. Although a small proportion is used for seedling propaga-
tion or oil extraction, the majority is still discarded or used as low-value fertilizer
[18]. Consequently, the current resource utilization rate of Z. bungeanumbyprod-

ucts remains relatively low, and the associated industrial chain is still character-
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ized by simple processing methods, limited product diversification, and low added
value [25].

This imbalance between intensive pericarp utilization and the neglect of other
bioactive plant parts highlights a critical opportunity for sustainable industrial
transformation. Improving the comprehensive utilization of Z. bungeanum re-
sources through the development of high-value products derived from leaves,
seeds, and processing residues might be essential for enhancing economic effi-
ciency, reducing environmental burden, and promoting the long-term sustainable

development of the industry.

4.2. Future Research Directions

Although substantial progress has been made in elucidating the chemical compo-
sition and pharmacological activities of Z. bungeanum, current research remains
largely focused on the pericarp, while the leaves, seeds, and other byproducts re-
main comparatively underexplored [8] [17]. Given the clear organ-specific differ-
ences in bioactive constituents and functional specialization, future studies should
move beyond the traditional pericarp-centered framework toward a more inte-
grated whole-plant utilization strategy.

First, systematic comparative studies across different plant parts should be
strengthened. Although major classes of compounds have been identified in the
pericarp, leaves, and seeds, their dynamic accumulation patterns, spatial distribu-
tion, and interactions under different developmental stages and cultivation con-
ditions remain insufficiently understood [8]. The integration of comparative
metabolomics and transcriptomics would provide deeper insight into the biosyn-
thetic mechanisms underlying organ-specific accumulation of alkylamides, flavo-
noids, and fatty acids, thereby supporting selective breeding and optimized culti-
vation practices.

Second, further investigation into molecular mechanisms is needed to clarify
the pharmacological basis of Z. bungeanum. Current studies have identified sev-
eral potential pathways involved in analgesic, antioxidant, and metabolic regula-
tory effects, including TRP channel modulation, PI3K/Akt signaling, and PPAR-
related pathways [2] [23]. However, many of these findings remain preliminary.
Future research should emphasize target validation, receptor-binding studies, and
in vivo mechanistic experiments to establish clearer structure-activity relation-
ships and reveal potential synergistic effects among multiple constituents.

Third, the establishment of standardized quality evaluation systems for differ-
ent plant-derived products is urgently required. Current quality assessment is still
largely based on sensory indicators such as aroma intensity and pungency, partic-
ularly for commercial pericarp products [5]. Future efforts should focus on iden-
tifying representative chemical markers for different plant parts, such as hydroxy-
a-sanshool for the pericarp, hyperoside for leaves, and a-linolenic acid for seeds,
combined with chromatographic fingerprinting and bioactivity-based evaluation
methods.
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Finally, future development should prioritize comprehensive industrial utiliza-
tion and green processing technologies. Advanced extraction methods, including
supercritical CO, extraction and ultrasound-assisted extraction, offer promising
approaches for improving extraction efficiency while reducing environmental im-
pact [18]. At the same time, integrated utilization strategies combining pericarp
processing, leaf extraction, and seed oil refinement should be developed to max-
imize resource efficiency and promote sustainable industrial transformation [25].

Overall, future research should emphasize systematic comparative investiga-
tion, mechanistic clarification, quality standardization, and integrated utilization.
Such efforts will provide the scientific foundation for transforming Z. bungeanum
from a traditionally pericarp-centered crop into a fully valorized medicinal and

industrial resource.

5. Conclusions

As a representative medicine-food homology plant, Zanthoxylum bungeanum
Maxim. possesses remarkable phytochemical diversity and organ-specific func-
tional specialization, which together underpin its long-standing dual application
in traditional cuisine and medicinal practice. This review systematically summa-
rizes recent research progress on the chemical constituents and pharmacological
activities of different plant parts, highlighting the organ-specific distribution of
major bioactive compounds and their associated pharmacological activities.

The pericarp remains the most extensively studied and industrially utilized
component, owing to its high enrichment of alkylamides and terpenoids, particu-
larly hydroxy-a-sanshool and characteristic terpenoid compounds. These constit-
uents are considered to contribute to rapid sensory stimulation, local anesthetic
effects, and potent antibacterial activity, establishing the pericarp as the primary
functional tissue for acute pharmacological intervention and culinary applica-
tions. In contrast, the leaves are characterized by abundant flavonoids and poly-
phenolic compounds, such as hyperoside, rutin, and quercetin derivatives, which
provide strong antioxidant, antibacterial, and hepatoprotective properties. These
features position the leaves as an important resource for preventive health regula-
tion and natural preservative development. Meanwhile, the seeds exhibit a distinct
chemical profile dominated by unsaturated fatty acids and bioactive sterols, par-
ticularly a-linolenic acid and f-sitosterol, which contribute to antioxidant protec-
tion, lipid metabolism regulation, anti-diabetic potential, and cardiovascular ben-
efits. These findings suggest that the seeds have considerable potential for long-
term nutritional intervention and metabolic health management.

These pronounced differences in chemical composition reflect a highly orga-
nized pattern of functional specialization among plant organs. More importantly,
the pharmacological activities of the pericarp, leaves, and seeds are not redundant
but strongly complementary. The pericarp primarily provides rapid-response de-
fense through analgesic and antibacterial mechanisms; the leaves contribute pro-

tective regulation through antioxidant and preservative effects; and the seeds sup-
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port systemic metabolic homeostasis through lipid-mediated pathways. This com-
plementary distribution forms a pharmacological continuum extending from im-
mediate symptom relief to preventive protection and long-term physiological reg-
ulation. Such an integrated functional framework provides compelling scientific
evidence for the comprehensive utilization of the entire plant.

From the perspective of medicine-food homology, Z. bungeanum exemplifies
the traditional concept that dietary materials can simultaneously serve therapeutic
functions. Its pericarp has long been valued as both a culinary spice and medicinal
agent for warming, pain relief, and pathogen inhibition, while modern studies in-
creasingly validate the health-promoting potential of leaf- and seed-derived prod-
ucts. The convergence of traditional empirical use and contemporary pharmaco-
logical evidence highlights the unique significance of Z. bungeanum as a model
species for exploring the scientific basis of medicine-food homology.

Nevertheless, current industrial development remains heavily concentrated on
pericarp utilization, resulting in substantial underexploitation of leaves, seeds, and
other byproducts. Future progress will depend on advancing comparative metab-
olomics, clarifying molecular mechanisms, establishing standardized quality-con-
trol systems, and promoting integrated whole-plant industrial models. Through
the coordinated development of pericarp-based medicinal spices, leaf-derived an-
tioxidants, and seed-based functional oils, Z. bungeanum can be transformed
from a traditionally pericarp-centered crop into a fully valorized, high-value bio-
logical resource.

In conclusion, the comprehensive exploitation of different parts of Z. bungeanum
not only deepens our understanding of its chemical and pharmacological com-
plexity but also provides an important pathway for realizing its full potential as a
medicine-food homology plant. Such progress will contribute significantly to sus-
tainable agricultural development, high-value resource utilization, and the mod-

ernization of traditional medicinal food systems.
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