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Abstract: Terpenes are compounds that include monoterpenes, sesquiterpenes, diterpenes, and
terpenes, where isoprene is the basic structural unit of multiple oxygenated hydrocarbons. Terpenes
are often found in plants, especially in some Zingiberaceae or tulips, and they have been obtained
by direct extraction, chemical synthesis, and microorganisms. They exhibit anti-bacterial, anti-viral,
anti-oxidant, and analgesic activity, aid digestion, and have other biological activities. Terpenes are
widely used as factors in food health and as anti-cancer treatments. They are used especially as
active substances in fermented Chinese baijiu products and gives Chinese baijiu its fruity aroma. To a
certain extent, terpenes affect the quality of baijiu. In pharmaceutical products, terpenes, especially
limonene and elemene, have strong biological activity that reduces the mitosis of tumor cells, induces
tumor cell apoptosis, and inhibits tumor cell growth. However, the low yield of terpenes limits its
application. Therefore, we review the sources of terpenes, focus on the biosynthesis pathway of
sesquiterpenes, and explore the latest research progress on terpenes that play a biologically active and
functional role in fermented products and pharmaceutical products, especially in the development
and utilization of the Chinese baijiu industry. We provide new research ideas for the improvement
and optimization of terpenes in various industries.
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1. Introduction

Terpenes are a class of hydrocarbons, and their oxygenated derivatives are found
widely in plants, microorganisms, marine organisms, fungi, and insects. There are many
kinds of terpene compounds, and their isomers exist in various forms. These can be di-
vided into monoterpenes (limonene), sesquiterpenes (elemene), diterpenes (camphene),
and polyterpenes (Figure 1) [1]. Most of these terpene compounds have strong lipophilic
tendencies [2]. They are soluble in organic solvents, and they contain asymmetric carbon
atoms with optical rotations. Low-molecular-weight terpenes, such as monoterpenes and
sesquiterpenes, are volatile oily liquids; their boiling point increases with an increase
in molecular weight and the number of double bonds. The high-molecular-weight ter-
penoids, such as diterpenoids and triterpenoids, are mostly solid crystals. In addition, the
carbon skeleton double bond and functional group double bond of terpenes react with
corresponding reagents, which can be used to separate, to extract, and to identify terpenes.

Terpene compounds are rich in variety and exhibit various forms. With the continuous
advancement in industrial processes, their applications are becoming more extensive. As
a fermented food, Chinese baijiu is one of the six major distilled liquors in the world.
There are a variety of flavor types, which mainly include 12 mainstream flavor types [3].
However, the current market is mainly dominated by strong flavor types represented by
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Wauliangye and Luzhou Laojiao (also known as ‘Luzhou-flavor liquor’) and Maotai and
Langjiu (commonly known as ‘Maotai liquor’). In these many flavor types of Chinese
baijiu, there are >300 trace components of main flavor substances, which include terpenes,
alcohols, acids, esters, amino acids, hydroxyl compounds, acetals, nitrogen-containing
compounds, sulfur-containing compounds, furan compounds, phenolic compounds, and
ethers [4]. These terpenes are derived mainly from raw materials or Daqu.
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Figure 1. Chemical structure of terpenoids.

Daqu is fermented at a high temperature, low pH, and with a high ethanol concen-
tration, but the microorganisms in it can still reproduce in large quantities. After a series
of metabolic processes, various flavor substances and functional factors are accumulated
in large quantities, so that fermented grains begin to exhibit special physiological activ-
ity after fermentation [5-11]. These terpenes provide a unique flavor to distillers’ yeast
fermentations that stimulates the taste buds and smell of consumers, The most important
terpene in this process is p-elemene, which is a class of sesquiterpene terpenoids found in
trace amounts in Chinese baijiu; it is considered a health function factor that not only gives
baijiu a special aroma, but which exhibits anti-tumor, anti-cancer, anti-inflammatory, and
other biological activities [12]. The content and type of these terpenes in baijiu affect the
quality of Chinese baijiu directly.

In the pharmaceutical industry, terpenes are used mainly as new anti-cancer drugs.
For example, elemene, which is a natural anti-cancer compound with minor toxic side
effects, inhibits lung cancer, liver cancer, nasopharyngeal carcinoma, and brain tumors [1].
In addition, terpenes, such as pinene and paclitaxel, are used widely in clinical medicine.
At the same time, terpenes can also be synthesized into adhesives, pesticides, curing
agents, and other products, which are generally applicable in agriculture, chemistry, and
other fields.

Research on terpenes in food and pharmaceutical products, which includes research
on synthesis pathways and biological activity, affects the yield of terpenes and the quality of
products directly. The production pathway of terpenes can be produced by microorganisms
in the biosynthesis pathway of mevalonate (MVA). However, to control or to increase the
yield of terpenes, it is necessary to improve the synthesis efficiency of the precursor sub-
stance isopentenyl diphosphate (IPP) and its isomer dimethylallyl diphosphate (DMAPP)
contained in terpenes, which comprises the substrate [13]. Therefore, the structure and
function of the key enzymes that catalyze the formation of precursor substances can be
analyzed, and the fermentation and production process of Daqu can be interrupted by
humans to regulate the activity of protease. This makes it possible to control the content
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of terpenes [14]. IPP and DMAPP are important precursors of terpenoids. These two
molecules are modified by downstream metabolic pathways to form a variety of known
sesquiterpenes [15]. The expression level of isopentenyl diphosphate isomerase (IPI) af-
fects the metabolic flow of precursor synthesis directly, which is the master switch for
downstream metabolic pathways. In summary, the structure of IPI, which is a key enzyme
in the synthesis of terpenoids, plays an important role in the synthesis of terpenoids by
microorganisms (Figure 2) [16]. Therefore, it is difficult, yet crucial, to study the microbial
synthesis pathway of terpenes, clarify the regulatory mechanism of terpenes, and mas-
ter the application and main functional activity of terpenes in food and pharmaceutical
products [17].

PDB ID:3ISY PDB ID:3K4Y

Figure 2. Three-dimensional structure of isopentenyl pyrophosphate isomerase. (PDB ID: 3ISY)
Crystal structure of an intracellular proteinase from bacillus subtilis. (PDB ID: 3K4Y) Crystal structure
of Isopentenyl Phosphate Kinase from M. jannaschii in complex with IPP.

2. Synthesis Pathway of Terpenes

Terpene compounds have a wide range of synthetic pathways. From existing reports,
most terpene compounds are obtained directly from plants, but the amount of terpene
compounds in plants is small and their regulatory mechanism is not clear. Therefore,
finding other sources of terpenes and exploring the synthesis pathways of different terpenes
can solve the problem of low abundance of terpenes for the pharmaceutical, food, and
especially liquor industries. This paper is guided by the sesquiterpene compound elemene
in terpenes. By exploring the source of terpenes in liquor and the synthesis path of different
isomers of elemene, the problems of low synthesis, low purity, and limited sources of
terpenes could be solved. By analogy, other terpenes that can also be obtained by biological
or genetic engineering will foster the promotion and use of terpenes.

2.1. Microbial Sources of Sesquiterpene Elemene

Elemene is a natural compound found in turmeric. Elemene contains three unsaturated
double bonds; based on the position of the double bonds, they are divided into y-elemene,
B-elemene, and J-elemene. Elemene sesquiterpenes are nitrogen-containing or oxygen-
containing derivatives of elemene [18]. They all exhibit biological activity that includes
anti-tumor, anti-cancer, and anti-inflammation properties, and they can also inhibit the
rupture of tumor cells to a large extent [11]. Therefore, it is of great significance to study
the synthesis of such compounds. Terpenoids are found widely in animals and plants in
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nature. At present, about 60,000 natural terpenoids have been isolated. The number of
compounds and structural skeletal types of sesquiterpene natural products are the most
common terpenoids. Most sesquiterpenes exhibit a wide range of biological activity, which
includes antibacterial activity, neuroprotective activity, cytotoxic activity, anti-inflammatory
activity, and anti-cancer activity. Therefore, studying the activity and application of these
substances will help us understand the potential value of these compounds [19].

Terpenes in Chinese baijiu mainly come from two sources: one is from raw materials,
that is, the raw materials of liquor production contain terpenes and include bound and
free forms. Free terpenes enter fermented grains directly and are distilled and retained
in liquor. Bound terpenes are broken due to enzymatic reactions or acid-heating, and
the terpene—glycosidic bond is broken, so that the terpenes are free (Figure 3); this is the
main source of terpenes in medicinal liquor [20]. Free terpenes contained in Xiaoqu and
Daqu in medicinal baijiu are derived from the Chinese herbal medicine added during the
production of Daqu and Xiaoqu [21].
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Figure 3. Biosynthesis pathway of terpenes in Chinese Baijiu. (a) synthesis path of conjugated
terpenes in Chinese baijiu. (b) microbial pathway of terpenes. (c) plastid pathway of terpenes.
ATOT: Acetoacetyl CoA thiolase, HMGS: Hydroxymethylglutaryl CoA synthase, HMGR: Hydroxy
methylglutaryl CoA reductase, MK: mevalonate kinase, PMK: Mevalonate dioxyphosphate kinase,
MPD: diphosphomevalonate decarboxylase, IPI: isopentenyl diphosphate isomerase, FPPS: Farnesyl
phosphate synthase, TPS: terpene synthase, DXS: Deoxyxylulose phosphate synthase, DXR: De-
oxyxylulose phosphate reducing isomerase, CMS: Cytidine diphosphate methylerythritol synthase,
CMK: Cytidine diphosphate methyl erythrose kinase, MCS: Methylerythritol diphosphate synthase,
HDS: Hydroxymethyl butenyl diphosphate synthase, IPK: Isopentenyl monophosphate kinase, GPPS:
Geranyl diphosphate synthase, GGPPS: Geranylgeranyl diphosphate synthase.

Another important source of terpenes is from the microbial pathway, that is, in the koji-
making and wine-making process. Some microorganisms, such as Streptomyces, begin with
acetyl-CoA and the methyl valonate pathway to generate terpenoids; this pathway is con-
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sistent with the plant terpene production pathways [22]. In this pathway, three acetyl-Co-A
molecules form 3-hydroxy-3-methylglutaryl-Co-A (HMG-CoA). HMG-CoA is reduced to
methylvalonate, which is then phosphorylated and decarbonylated to form IPP [22]. IPP
can also be synthesized by a non-methylvalonic acid pathway. The next series of reactions,
which include the binding of IPP units, form geranyl diphosphate, farnesyl diphosphate,
and geranyl geranyl diphosphate. These compounds are the precursors of monoterpenes,
sesquiterpenes, and diterpenes, respectively, and other terpenoids are derived from the
cyclization or secondary modification of these three precursors (Figure 3) [23].

2.2. Synthesis of the Sesquiterpene Lemene and Its Isomers

Elemene is a pale yellow or yellow, clear liquid, and is an active anti-cancer ingredient
extracted from the ginger plant turmeric. Its main biological activity is to reduce tumor
cells that have mitotic ability, induce tumor cell apoptosis, inhibit tumor cell growth, and
control malignant pleural effusion [24]. It is easily soluble in petroleum ether, chloroform,
or ethanol, and it has poor compatibility with water. The toxicity and side effects are small,
and it has little effect on normal cells and surrounding leukocytes and has no teratogenic
and mutagenic effects. However, elemene is derived mainly from plants. The high cost, low
purity, complicated chemical synthesis steps, and harsh requirements for the separation and
extraction of elemene from plants limit its application. Therefore, it would be advantageous
to find a feasible synthesis technology for elemene-type sesquiterpenes.

2.2.1. Total Synthesis of y-Elemene Sesquiterpenes

v-elemene sesquiterpenes are natural sesquiterpenoids isolated from the volatile oil of
turmeric rhizomes. These compounds exhibit anti-inflammatory, anti-fungal, anti-cancer,
anti-viral, and anti-microbial activity. Due to the application of natural products in the
development of new drugs in recent years, natural products such as y-elemene-type
sesquiterpenes with anti-tumor activity have attracted the interest of researchers.

Wu (1995) extracted y-elemene sesquiterpenes from the roots of crabapples, which
have neuroprotective and anti-inflammatory properties [25]. Lou et al. (2010) isolated
four new sesquiterpenes from turmeric; these compounds had a strong inhibitory effect
on lipopolysaccharide-induced nitroso production. Inorganic free radical nitroso is in-
volved in physiological and pathological processes, such as vasodilation, nonspecific host
defense, and chronic or acute inflammation [26]. Subsequently, Qiu et al. (2013) extracted
and isolated seven sesquiterpenes from the rhizomes of Curcuma wenyujin; y-elemene
sesquiterpenes showed strong inhibitory activity, which suggested that the presence of
hydroxyl and nitrogen atoms affected its biological activity [27]. In the summer of 2015,
11 natural sesquiterpenoids, which exhibited inhibitory effects on macrophage-induced
nitroso, were isolated from turmeric essential oil [28,29].

From the above synthesis, y-elemene had good biological activity, such as neuro-
protective and anti-inflammatory properties, and there have been an increasing number
of reports on the synthesis of y-elemene-type sesquiterpenes, which provides technical
guidance for research on these compounds. y-elemene-type sesquiterpenes and p-elemene-
type sesquiterpenes are similar in structure, so the study of y-elemene-type sesquiter-
penes can help us to explore S-elemene-type sesquiterpenes and the synthetic pathway of
fennel-type sesquiterpenes.

2.2.2. Total Synthesis of 3-Elemene-Type Sesquiterpenes

The technology for synthesizing sesquiterpenes of S-elemene includes the construction
of the main chiral center in the molecule, modifying it to construct the lactone ring structure
and, finally, improving the synthesis of the entire compound. B-elemene is an organic
compound that consists mainly of two basic elements, carbon and hydrogen. Its chemical
name is 1-methyl-1-vinyl-2,4-diisopropylcyclohexane. Its molecular formula is Cy5Hyg,
its molecular weight is 204.355, its density is 0.862 g/cm3, its boiling point is 252.1°, its
flash point is 98.3 °C, and storage conditions to 2-8 °C are appropriate. Li et al. (2016)
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found that B-elemene contained only carbon and hydrogen, that it was almost insoluble
in water, and that its bioavailability was not high. The introduction of water-soluble
and biocompatible compounds into S-elemene is based on the premise that the carboxyl
group is well-protected, and that it reacts with chlorinated B-elemene to form an alcohol
ester compound to obtain -elemene amino acid derivatives [30]. However, the synthesis
conditions of this pathway are difficult to control, so S-elemene amino acid derivatives are
synthesized directly without protecting the carboxyl group (Figure 4).

0 OH
~ -
~ = ~ //P/\lPQO
OH HO
Farnesyl pyrophosphate

>250°C as

Intramolecular cope
rearrangement

Germacrene A p-elemene

Figure 4. Synthetic steps of B-elemene. GMAS: Germacrene A is a synthase catalyst.

If B-elemene is used as a raw material, many new substances can be formed after some
chemical reactions, and derivatives of S-elemene are also formed. For example, f-elemene
chloride can be synthesized by an oxo reaction at the allylic position. If it continues, nine
compounds of B-elemene can be synthesized by introducing nitrogen-containing aromatic
heterocycles into the S-elemene parent through a nucleophilic substitution reaction. B-
elemene aromatic heterocyclic derivatives are then separated by preparative thin layer
chromatography to obtain the single isomer of the target compound.

2.2.3. Biosynthesis of Elemene

B-elemene belongs to the group of sesquiolefins without oxygen, and is an oily
monomer separated from the volatile oil of Wen Curcuma (Curcuma wenyujin). Its chemical
name is 1-methyl-1-vinyl-2,4-diisopropylcyclohexane; it is a natural terpenoid compound
with high efficiency, low toxicity, and broad-spectrum anti-microbial activity. However,
the high cost and low purity of f-elemene isolated from plants, the cumbersome chemical
synthesis steps, and the harsh conditions for S-elemene limit its wide application of. There
are two main pathways for the synthesis of terpenes: the mevalonate (MVA) pathway and
the deoxyxylulose-5-phosphate (DXP) pathway. The final product of the MVA pathway is
sesquiterpenoids, and the final product of the DXP pathway is monoterpenes or diterpenes.
Therefore, the search for a new biosynthetic pathway for f-elemene must start with the
MVA pathway. The promotion and application of elemene is of great significance.

Gao (2021) [31] studied the microbial biosynthetic precursor of B-elemene, gemene A.
The IPP gene, which is a key enzyme in the biosynthesis of terpenes, was cloned successfully.
At the same time, in this paper, this gene was cloned from the Lactuca sativa cDNA as a
template, and from cyanobacteria (GAS). This gene was codon-optimized and the whole-
gene was connected to the pET-28a vector. The authors used E. coli BL21 (DE3) as the
expression host for recombinant expression. The cloned LTC1 gene can be used as a source
for microbial synthesis of -elemene. Therefore, we successfully constructed a heterologous
MVA pathway composed of eight genes that were expressed functionally in Escherichia coli
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by using overlap extension PCR technology and conventional molecular-cloning technology.
These genes were co-expressed to achieve B-elemene biosynthesis.

However, by constructing the f-elemene biosynthesis pathway in microorganisms,
this system has low biosynthetic efficiency for S-elemene and would not be suitable for
industrial production. The experiment showed that the gemene A gene mainly existed in
the form of inclusion bodies (low protein solubility) after being expressed in Escherichia
coli, which was the limiting factor related to the production of gemene A. However, IPI of
microbial origin was chosen as the starting point, and the biochemical enzymatic activity of
IPI catalyzed the iso-differentiation between IPP and DMAPP. Through structural transfor-
mation, these two molecules were modified through downstream metabolic pathways to
form more than 30,000 known terpenoids [14]. Therefore, the expression level of IPI directly
affected the metabolic flow of the five-carbon precursor pool for terpenoid synthesis and
was the master switch of the downstream metabolic pathway (Figure 4). The protein of
this enzyme is conserved widely in the biological world (e.g., plants, animals, algae, fungi,
and bacteria). The molecular mechanism of the terpenoid biosynthesis pathway provides a
baseline for future work.

3. Types and Antibacterial Activity of Terpenes in Food and Pharmaceutical Products
3.1. Types of Terpenes in Chinese Baijiu and Their Antibacterial Activity

Chinese liquor is one of the six major distilled spirits in the world; about 98% of its
components are water and ethanol, and about 2% are trace components with aroma and
flavor [32]. Approximately 2% of the trace elements, which consist of thousands of species,
determine the style and taste of Chinese baijiu, its health characteristics, and efficacy [33].
The most important functional substances of Chinese baijiu come from pyrazines and
terpenes, and pyrazines are the unique flavor compounds in Chinese baijiu [34]. Twenty-six
different pyrazine compounds have been detected in Chinese baijiu and, of those, pyrazines
in Maotai-flavor and Jian-flavor baijiu have the highest concentration of 3000-6000 ug/L;
the concentration range is 500-1500 pg/L, and the total amount of pyrazine compounds in
individual Luzhou-flavor baijiu can also reach the level of Maotai-flavor baijiu. Terpenes
are present in Luzhou-flavor, Maotai-flavor, Fen-flavor, and Yao-flavor baijiu. Sixty-eight
terpenes have been detected in baijiu; 30 terpenes were detected in Luzhou-flavor liquors,
which included S-elemene, limonene, caryophyllene, terpene ether, terpene alcohol, terpene
ketone, terpene aldehyde, and terpene ester [35,36]. The sources of terpenes in liquor are
mainly raw materials and Daqu. In addition, microbial transformation is also an important
way to synthesize terpenes [37,38] (Table 1).

3.1.1. B-Elemene

Terpenoids are among the flavor compounds produced by microbial fermentation,
which contain strong fragrances of flowers, fruits, roses, and tobacco, and especially 8-
elemene. B-elemene is an extremely important health ingredient and flavor substance. The
production and enrichment of the terpene B-elemene, which is the main product of koji fer-
mentation, not only gives the unique flavor to Chinese baijiu, but stimulates the taste buds
and olfactory senses of consumers. The most important property of baijiu, however, is the
molecule B-elemene itself as a health ingredient, with antitumor, anticancer, antiinflamma-
tion, antimicrobial, and other biological activities. In particular, f-elemene showed strong
inhibitory activity against Escherichia coli, Micrococcus Tetragenus, and Bacillus subtilis, with
minimum inhibitory concentrations of 31.25 pg/mL, and 500 pg/mL, respectively [39,40].
In addition, it also inhibited the rupture of tumor cells to a large extent. Currently, it is
used widely in the treatment of lung cancer, gastrointestinal tumors, brain tumors, and
other cancers, with strong efficacy in killing tumor cells and inhibiting the growth of tumor
cells [41].
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3.1.2. Limonene

Limonene, which is 1-methyl-4-isopropyl-cyclohexene, is a monocyclic terpene found
widely in plants. It has a pleasant lemon fragrance and is found commonly in citrus
fruits, vegetables, and spices. It has a wide range of functions, such as preservation, bacte-
riostasis, anti-inflammation, and anti-tumor activity, as well as acting as an expectorant,
anti-asthmatic, and cholagogue. Dong et al. (2017) used gas chromatography to deter-
mine that the content of limonene in alcohol-water systems, such as pepper wine, was
0.8 ug/mL [42]. Limonene is a typical class of isoprenoid anti-cancer substances, and
R-(+)-limonene is a therapeutic agent that can treat chemically-induced breast cancer and
human gastric cancer metastasis [43]. Limonene in baijiu is used mainly as a health function
factor; its content in baijiu is small, but it also can give wine a special flavor and, in the
production of beer, it produces a bitter taste and a special hop aroma.

3.1.3. Caryophyllene

B-caryophyllene, also known as B-clove oil essence, is a kind of dicyclic sesquiterpene,
which is generally derived from the metabolic processes in plants and fungi. The production
of B-caryophyllene is based on plant extraction, but the content of -caryophyllene in plants
is low, and the concentration of the obtained product is low. The extraction is followed by
chemical synthesis, but the process is complex, and the cost is high. However, caryophyllene
synthesis by microbial fermentation has a fast growth rate and low cost [44]. In medicine,
B-caryophyllene is mainly caryophyllene, and its oxidation products have anti-bacterial,
lipid-lowering, anti-inflammatory, anti-tumor, and bactericidal activity, and it can also be
used as a sedative. Caryophyllene has an inhibitory effect on bacteria that causes rot, even
when the concentration of some Escherichia coli is only 62.5 ng/mL [45]. B-caryophyllane
was also found in fermented wine, raw wine, fermented grains, and Daqu, but the content
of B-caryophyllane is higher in medicinal baijiu [46].

3.1.4. Farnesol

Farnesol, which is also known as 7,11-trimethyl-2,6,10-dodecatrien-1-ol, is a non-cyclic
sesquiterpene alcohol compound derived mainly from plants. There are four isomers,
which are usually used directly as mixtures. It has a unique bell orchid aroma and is the
main source of the aroma. It is used widely as a major aroma component in cosmetics and
an anticancer drug in the pharmaceutical industry. It can also be used as an ideal aviation
fuel [47]. It is mainly a functional compound in the liquor industry, which provides a
special aroma in Chinese baijiu.

3.2. The Application and Function of Terpenes in Pharmaceutical Products

According to Global Cancer Data 2021, there were 192,900,000 new cancer cases and
99,600,000 cancer deaths worldwide in this year; today’s cancer rates are a major global
public health problem. In the search for ways to treat malignant tumors, research into
anti-cancer and cancer prevention active ingredients has been a major focus of the pharma-
ceutical industry. With increased research on the molecular mechanisms of tumorigenesis
and malignant transformation, many anti-cancer drugs have been screened by targeting
the related enzymes and receptors in the process of tumorigenesis and development [11].
For example, the natural diterpenoid taxol was isolated and purified from Taxus plants
and represents a new generation of anti-tumor drugs. The new internationally recognized
anti-cancer drug elemene, which is derived from Curcuma wenyujin, has strong medicinal
activity for inhibiting tumors, lung cancer, and nasopharyngeal carcinoma. Therefore, the
research and application of anticancer drugs is of great significance in the pharmaceutical
industry (Table 2).
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Table 1. Common terpenes in Chinese baijiu and their antimicrobial activity.

Terpenes Source CAS Anti-Microbial Activity Function Ref.
Anti-fungal and anti-bacterial . A national second-clas.s .
o .S . anti-tumor new drug, Can inhibit
Zingiberaceae plants, activity, especially for .
B-elemene . . 515-13-9 Lo . ) e lung cancer, liver cancer, [40,45]
microorganisms Escherichia coli, Bacillus subtilis, esophageal cancer
Tetralogy cocci, etc. phas 7
nasopharyngeal carcinoma
With anti-inflammatory,
anti-oxidant, anti- high blood
Plant Hydrocarbon monoterpenes, pressure, and other effects in the
. . 4 mainly for Gram-positive pharmaceutical industry, With )
Limonene tranmslfcorl?fllaatlion 138-86-3 bacteria and pathogenic anti-corrosion and fresh-keeping [48,49]
molds with strong inhibition effects in food processing and
imparts a lemon-like
aroma to wine
Microbial catalvsis Antibacterial activity, Edible spice or as a raw material
caaysts, Inhibition of pathogenic for synthetic spice, mainly used as "y
B-caryophyllene endophytic fungal 87-44-5 - . . / [44,50,51]
transformation fungl, spoilage bacteria, etc. a trace aroma substance in baijiu,
No anti-viral activity giving baijiu a burnt sweet aroma
o Regulates bile acid, glucose, and
Animals, n?iigi?;‘;fgg d(;;la lipid metabolism and inhibits
Farnesol plants, 4602-84-0 Paracoccus bmsilz’ensis, non-alcoholic steatohepatitis [42,52]
microorganisms d bacteri ! (NASH), Used widely in
and bactena cosmetics and food additives
Saccharomuces As a spice and sweetener in food,
. . yees . has anti-inflammatory properties,
Geraniol Cerevisiae engineering 106-24-1 Has strong antifungal effect h ¢ [53]
bacteria and prevents the occurrence o
cardiovascular diseases
Plants With anti-viral, anti-cancer,
B-damascenone Saccharomyces 23696-85-7 None e}nfa-mﬂan}n}atory, and.oiher [54,55]
cerevisiae. Pichia activity, and it is used mainly as a
’ flavoring agent in food
Chemlca(l s_ynthesm Has strong antioxidant properties,
Anisaldehyde hy droxyberr)lzal dehyde 123-11-5 Inhibits mycotoxins and it is used widely in food, [56,57]

salt)

spices, medicine

Note: Chemical Abstracts Service, CAS.

Terpene compounds are a kind of isoprene polymer, which is derived from meval-
onate. It is an important chemical component of natural medicine with a variety of skeleton
structures and a large number of biological activities. As an important medicinal com-
pound, menthol, a monoterpenoid compound, has analgesic and antipruritic effects, and
piperidone has the effects of relaxing smooth muscle and treating bronchial asthma. The
sesquiterpene compound [3-elemene can be used as an anti-cancer drug, which has a good
effect on inhibiting cancerous pleural effusion [75]. In addition, some terpenoids have
good inhibitory effects on platelet aggregation, dilation of the cardiovascular and cere-
brovascular system, increased blood flow, heart rate regulation, tge reduction of blood
pressure, reduction of blood lipids, and reduction of serum cholesterol. In terms of the
impact on the digestive system, oleanolic acid has the effect of protecting liver reductase
enzymes, and glycyrrhetinic acid is beneficial to the gallbladder and stomach, anti-gastric
ulcers, etc. [76]; in terms of the role of the respiratory system, andrographolide has a certain
anti-upper respiratory tract infection effect, and menthone has anti-asthmatic, expectorant,
cough-suppressant and other effects; for the nervous system, some terpenoids have the
effects of sedation, analgesia, local anesthesia, central excitation and neurolysis. In terms
of anti-tumor effects, paclitaxel has a good effect on breast cancer and ovarian cancer, and
some terpenoid derivatives attempt to treat liver cancer [77].



Fermentation 2023, 9, 119

10 of 17

Table 2. Common terpenes in medicine and their medicinal activity.

Mode of

Pharmacologic(al)

Pharmaceutical

Occurrence LD50 Action Products Preparative Technique Biological Properties Ref.
Reduce tumor cell Combined Fec'hno.logy of - . .
L. . steamdistillation, Inhibition of microbial-
mitosis, induce tumor Elemene oral milk, . . . 5 .
B3-elemene >5000 mg/kg P R solvent extraction, intestinal-brain axis [58,59]
cell apoptosis, inhibit elemene injection e Tl ag .
vacuum distillation, imbalance
tumor cell growth
column chromatography
Antitussive, expectorant,
antibacterial effect, Lo Inhibition of food
Qiulin limonene Droplet coalescence . .
Promote gallbladder, el . spoilage fungi,
. . capsules, distillation, extraction, . R .
D-limonene >4400 mg/kg dissolve stones, promote ; P . regulation of intestinal [60,61]
. . . eucalyptus pinene supercritical extraction RIS
the secretion of digestive, . tract, inhibition of
- : enteric soft capsules method
promote intestinal gas foodborne pathogens
accumulation
Antioxidant,
Local anesthesia, -caryophyllene Supercritical CO, antibacterial and
p-caryophyllene >48 mg/kg Treatment of colitis API extraction, spray drying anti-inflammatory 162,63]
activities
Antitoxic compounds,
Treatment of ulcers, Separated from plants by 1nh1b1t s almpnelle} .
. . . R typhimurium infection;
neurasthenia, skin aging, . alcohoextraction, . .
. . ) Geraniol soft antibacterial and )
Geraniol >3600 mg/kg thrombosis, arterial . chromatography, . [64-67]
. . capsules, geraniol . anti-inflammatory,
sclerosis, and immune condensation, . N
L. s s maintain intestinal
deficiency crystallization . .
microecological balance,
promote intestinal health
. . Realization of
Antitumor, antifungal, . R L
. X Eucalyptus pinene polymerization (cationic . -
antiallergic, and . o Pharmacological activity
. . enteric soft capsules, polymerization, free . .
Pinene >3700 mg/kg improves ulcers, reduce L . B and promotes intestinal [68-70]
. nateglinide radical polymerization, - P
the symptoms of allergic o . P peristalsis in rats
thinitis (antidiabetic drugs) radiation-induced
polymerization, etc.)
Antitumor drugs, Organic con1‘b1nafc10n of
. . solvent diffusion, .
treatment of lung cancer, ~ Paclitaxel, paclitaxel Lo : Strong antifungal
2 . . X liquid-liquid extraction, . 2 . )
Taxol 135-175 mg/m breast cancer, ovarian semi-synthetic : activity against [71-74]
- chromatographic
cancer, and other solid product docetaxel . pathogens
separation,
tumors L
recrystallization

3.2.1. Biological Activity of Elemene and Its Application

B-elemene is a volatile sesquiterpene, which is a natural anticancer compound with high
efficiency, low toxicity, and a broad spectrum. It is extracted mainly from Curcuma wenyujin and
Taro. It is China’s first internationally recognized new drug for chest cancer, ascites, and
solid tumors, and it comes with independent intellectual property rights. At the same
time, elemene in oral emulsions and injections is a new national, second-class drug in
clinical trials. Elemene induced tumor cell apoptosis and inhibited the growth of tumor
cells. It can also be used for cancerous ascites, pleural effusion, and cerebral edema, can
change and enhance immunogenic responses, and promote the body’s immune response.
Elemene can also enhance the efficacy of treating solid tumors, and reduce the side effects
of radiotherapy and chemotherapy. Elemene is an anti-cancer plant drug; it does not
contain epoxy, nitro, onion ring, or benzene ring toxic groups [78], has a broad spectrum of
anti-tumor activity, and presents minor side effects in the treatment of lung cancer, liver
cancer, nasopharyngeal carcinoma, and brain tumors. It has a significant inhibitory effect
on other cancer cells [79], and related reports have confirmed that 3-elemene prevents
lipid-induced, inflammatory pathways in heart failure [80].

Although elemene has many clinical applications, it is a volatile terpenoid oil, has poor
water solubility, is not conducive to absorption, and exhibits low bioavailability, which
limit its scope for clinical applications [81]. In addition, elemene is also accompanied by
fever, local pain, bleeding, and other adverse reactions during clinical use.

3.2.2. Biological Activity of Limonene and Its Application

Limonene, which is also known as dipentene and 1,8-terpene diene, is a natural func-
tional monoterpene with a chemical formula of C1oHyg. It is insoluble in water and can
be mixed with ethanol and ether. It is a colorless clarified liquid with a typical orange



Fermentation 2023, 9, 119

11 of 17

aroma of light sweetness. It has been used widely in the pharmaceutical industry. It
mainly comes from plants, bacteria, and fungi. Because of its availability, simple extraction,
varied applications, and high practical value, research on limonene has increased gradu-
ally and deepened in recent years. The application scenarios have expanded gradually,
and include food, medicine, and agriculture. Limonene has three isomers: L-limonene,
D-limonene, and D,L-limonene. Among them, D-limonene is used more widely and has
more prominent pharmacological activity. In addition to being used as a food additive, a
detergent, and insect repellent, D-limonene is used in the field of medicine for the treatment
of cholecystitis. In addition, it also inhibits gastroesophageal reflux and promotes gastroin-
testinal peristalsis, dissolves gallstones, and relieves angina pectoris [82]. Limonene has
broad-spectrum antibacterial activity against foodborne pathogens (e.g., Escherichia coli,
Staphylococcus aureus, Shigella). The limonene threshold has a scavenging effect on hydroxyl
radicals at 0.12 g/L [58], and this increases with an increase in concentration. Its anti-aging
effect can be applied to health care products and skin care products, and its antioxidant ca-
pacity increases with an increase in concentration. Second, limonene has anti-inflammatory
and anti-tumor effects, and its mechanism mainly acts to inhibit the production of cancer by
inhibiting pro-inflammatory factors that are associated with cancer [83]. Limonene can also
act on the respiratory mucosa to generate the secretion of mucus and to relieve bronchial
spasm, which relieves coughs and asthma.

As a natural monoterpene with various sources and with good antibacterial and clini-
cal effect, limonene has great development potential and economic value. However, the
low purity of limonene obtained in the natural way, the low yield, and the lack of security
during use have limited the promotion and application of limonene. Limonene is still in the
preliminary exploration stage, according to existing reports. Although it has been studied
intensively in the food field as a preservative, anti-oxidant, and condiment, research in clin-
ical medicine is lacking. Therefore, due to recent technical studies of the pharmacological
mechanism of limonene and evaluations of its safety for use, it is believed that limonene
and some limonene-rich substances can be used in the pharmaceutical industry.

3.2.3. Biological Activity and Application of Caryophyllene

Caryophyllene is a bicyclic sesquiterpene compound, which exists naturally in lemon,
clove leaf oil, nutmeg, and other plants. Caryophyllene can also be synthesized by con-
structing Saccharomyces cerevisiae bacteria. Caryophyllene has three isomers, «-, -, and y-;
B-caryophyllene has wide applications and strong biological activity. In the food industry,
B-caryophyllene mainly serves as a food flavor, given its citrus, spice, and other aromas.
B-caryophyllene is also used as a local anesthetic and in the treatment of colitis [60]. S-
caryophyllene has low water solubility, high affinity for cell membranes, and it is a selective
agonist. Its functions include regulating cytokine release inside and outside the central ner-
vous system and migration of immune cells, and protection against heat-induced injury [59].
However, the B-caryophyllene double bond is oxidized easily to peroxide in air, and the
unstable nature strongly irritates the skin, which can easily lead to a skin allergy [60]. This
limits the clinical application of B-caryophyllene, therefore, a technical solution to inhibit
the oxidation reaction of caryophyllene would provide theoretical guidance for the clinical
application of caryophyllene.

3.3. Application and Function of Terpenes in Other Products

In addition to the role of terpene substances as a health functional factor in the food
industry to enhance food quality, they serve as anti-cancer drugs to inhibit the spread
of tumor cells, to solve the problem of malignant pleural effusion, and to improve the
quality of life of patients. With the continuous advancement of industrialization, terpene
compounds are also an important class of spices and raw materials for cosmetics. Some
compounds are also important industrial raw materials, such as polyterpene compounds,
which can be used in the automotive and aircraft industry.
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3.3.1. Pinene

Pinene is the most important of the terpene compounds. There are two isomers: a-
pinene and B-pinene. It is a natural terpene substance, a colorless and transparent liquid,
insoluble in propylene glycol and glycerol, slightly soluble in water, and soluble in most or-
ganic solvents, such as ethanol, ether, chloroform, and glacial acetic acid. It is an important
raw material for the synthesis of flavors. It is used mainly for the synthesis of terpineol,
linalool, and some sandalwood flavors [66]. It can also be used for daily chemicals and
other industrial products. Examples of the application of pinene polymer include x-pinene
synthetic terpene resin, which is used in printing ink and paint [61]. Second, pinene can be
used to synthesize plasticizers for a curing agent of epoxy resin, flea insecticide, optical
glass adhesive, and wood preservative. There are also applications in rubber processing
and adhesive bonding. However, S-pinene is mainly used to prepare other compounds
through oxidation, reducing agent addition reactions, and so on. Using -pinene as the
starting material, a wide variety of compounds can be synthesized by chemical modifica-
tion. These compounds can be used as repellents, antifeedants, fungicides, insecticides,
pesticide synergists, and pharmacologically active substances [84].

3.3.2. Isoprene

Isoprene, which is 2-methyl-1,3-butadiene, is a common precursor of terpenes, and
it is a colorless, volatile liquid. High-purity isoprene is also known as synthetic natural
rubber’ because its molecular structure and properties are closest to natural rubber [85]. It
is used widely in rubber-processing fields, such as tires, tapes, and hoses [86]. Secondly,
styrene and isoprene, synthesized through anionic polymerization, are ideal materials
for the modification of adhesives, coatings, and plastics. Graded rubber can also be
synthesized with isobutylene [87]. In the fine chemical industry, pyrethroid insecticides,
such as permethrin, cypermethrin, and deltamethrin, were prepared from isoprene using
the vinylidene chloride addition method through ethyl dichloropyruvate.

Terpene compounds belong to the category of preface research in the pharmaceutical,
health and diet fields because of their large number, wide coverage and com-plex synthesis.
Terpenes are a group of hydrocarbons and oxygenated derivatives with a similar struc-
ture, which are widely found in plants. They have extremely important physiologically
active functions, such as anti-oxidant, anti-viral, anti-inflammatory, cough suppressant and
analgesic effects.

In addition to being an important health functional factor, terpenes are also natural
aroma components [88]. Almost all volatile components of flower fragrance contain ter-
penes, which are also characteristic aroma components of fruit fragrance [89]. Further-
more, terpenes are volatile substances in almost all floral fragrances and are often used
as some spices or special aroma substances. Additionally, as an effective anti-cancer
sub-stance, caryophyllene and anisaldehyde are also approved as food spices by GB 2760-
1996 [90]. The main volatile components in seasonings are hydrocarbons, aldehydes, ethers
and sulfur compounds. Among them, the volatile components that have a signifi-cant
contribution to the special odor of the seasoning are a-pinene, a-thujene, a-curcumene,
[-elemene, (3-sesquiphellandrene, 3-bisabolene, D-limonene, 3-carene, myrcene, cycloal-
kane, y-terpinene, 4-allyl anisole and anethole [91]. Although the content of limonene and
[-elemene is not high, it is the main source of olefins in pepper paste and contributes to the
formation of pepper paste aroma [92]. Geraniol is the main component of the distinctive
scent of peony flowers and is one of the flavorings of various roses. It is also an acyclic
monoterpene compound in the food, perfume and cosmetic industries [93]. In addition,
terpenes are also a source of wine aromas. 3-damascenone compounds have a natural rose
aroma and sweetness, the sweet aroma of grapes, and a persistent aroma. They are mainly
used as to enhance the aroma of wines [94]. They have great value potential for both the
wine and Chinese baijiu industry, as well as the pharmaceutical industry.

The research on the application and mechanism of terpene will provide new ideas for
the improvement and optimization of terpene production and quality control.
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4. Discussion

Terpenes are important functional factors in the food industry, especially where they
play an important role in the quality of Chinese baijiu. In particular, f-elemene not only
provides a special flavor to baijiu, but also improves its quality. Terpenes are used widely
in clinical medicine as new anti-cancer drugs in the pharmaceutical industry. However,
research on terpenes is mainly limited by the difficulty of sourcing the product, uncontrol-
lable synthesis pathways, unclear biological and antibacterial activity in baijiu, medicine
and other industrial products, and their small scope for application.

In terms of the source of terpenes, most of the terpenes in existing reports are extracted
directly from plants, but the effective content of terpenes (e.g., elemene, limonene) in plants
is low, the purity is low, and the steps are cumbersome, which is not conducive to the
acquisition of a large quantity of terpenes. On the other hand, terpenes isolated from
microbial sources have high purity and a controllable yield.

By analogy, other terpenes, if also obtained through biological means, will promote
the promotion and use of terpenes.

Terpenes are important functional substances in baijiu and directly affect its quality.
More than 68 terpenes have been detected in Chinese baijiu. Most of these terpenes are
derived from liquor-making raw materials and Daqu, but microbial transformation is also
an important method of producing terpenes. The study of the anti-bacterial activity and
types of these terpene functional substances in baijiu aids our understanding of Chinese
baijiu more comprehensively and objectively with terpenes as the starting point.

Moreover, terpenes have a place in the food, pharmaceutical and cosmetic industries
as a natural new drug molecule. Especially in the pharmaceutical industry, terpenes pro-
vide many new active molecules for the development of new drugs, such as paclitaxel,
selenodiene and limonene. These natural products exert their anti-tumor and anti-cancer
activities through different or novel mechanisms. In this paper, terpenoids are connected
by isoprene, containing five carbon atom units to form monoterpenes, sesquiterpenes, diter-
penes, and triterpenoids, containing different amounts of isoprene units. These terpenoids
exert different biological activities through different cellular mechanisms and structural
modifications. As plant-signaling molecules, many triterpenoids also show a wide range
of activities in the human body, such as anti-tumor, anti-bacterial, anti-inflammatory and
anti-viral activities. The peroxide bridge in the sesquiterpene artemisinin molecule interacts
with ferrous ions to produce free radicals that cause tumor cell death; paclitaxel is a natural
anticancer drug extracted from purple shirt or yew tree. Some second-generation paclitaxel
compounds obtained by the continuous modification of paclitaxel structure have unique
anti-cancer mechanisms, and their chemical structure affects the biological activity of the
drug to a certain extent.

Terpenes account for a significant proportion of the pharmaceutical industry today.
Applications of these new terpene anticancer drugs have reduced the burden on the
pharmaceutical industry to a certain extent, and this has also provided more choices
for patients. However, the application of terpenes in the pharmaceutical industry faces
the problems of complex sources, low yield, and low purity. However, if more biological
pathways can be found to synthesize terpenes, the promotion and application of terpenes in
the pharmaceutical industry can be better realized. Second, the safety and pharmacological
activity of terpenes in medicine have always been a focus and a difficult problem to be
solved. A further exploration of the mechanisms of action of terpenes in drugs should
provide a better grasp of its pharmacological effects.

5. Future Perspectives

With the advancement of industrialization, the use of terpenes as raw materials
with different molecular conformations will be used more frequently in the aerospace,
automotive, and aircraft industries, which will promote economic and social development.
However, the yield, purity, and mechanism of terpenes limit the promotion of terpenes.
Therefore, it is an effective entry point to select appropriate microbial sources, to explore
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the optimal synthesis path, to analyze the structure of key enzymes in the synthesis path,
to clarify the mechanism of action, and to explore the biological activity, functional activity,
and application of terpenes in various industries. In particular, the synthesis of terpenes
through microbial pathways is a hot topic in current research. Studying the metabolic
pathways of different terpenes and the mechanisms of action will provide new ideas for
the improvement and optimization of other terpenes.

In conclusion, terpenes are widely used as a health function factor in food, medicine
and other industries. Terpenes in fermented foods can be both food flavor substances
and health functional factors in a sense. For example, the content and type of terpenes
in Chinese baijiu directly affect the flavor and quality of baijiu. For the pharmaceutical
industry, terpenes, as a new anticancer drug, have the problem of improving the quality of
life of cancer patients after cancer to a certain extent. In addition, terpenes are involved
in both the use of spices and some industrial raw materials. For example, caryophyllene
and anisaldehyde are approved as food spices by national standards. Limonene and
pinene are the main sources of pepper flavor. Farnesol, as a fragrance component, can
be used in decorative cosmetics, high-grade perfume, shampoo, soap and other toiletries,
as well as non-cosmetic products, such as household cleaners and detergents. Based
on the application of terpenes in food and medicine, this paper discusses the biological
characteristics of terpenes, which provides a theoretical basis for the application of terpenes
to a certain extent, and also provides new ideas for the research and development of
terpenes in other industries. Terpene compounds obtained by biological methods have
the advantages of clear genetic background, controllable yield and strong biocompatibility.
The related methods should be the focus of future research.
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