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Editorial

Structure Identification and Functional Mechanism of Natural
Active Components: A Special Issue

Zhaohua Huang, Miao Zhu and Guowen Zhang *

State Key Laboratory of Food Science and Technology, Nanchang University,
Nanjing East Road 235, Nanchang 330047, China; zhaohuahuang@email.ncu.edu.cn (Z.H.);
13617912638@163.com (M.Z.)
* Correspondence: gwzhang@ncu.edu.cn; Tel.: +86-791-8830-5234; Fax: +86-791-8830-4347

The natural active components derived from plants have attracted widespread at-
tention due to their abundant species and source advantages. With the continuous deep-
ening of research, studies have shown that many natural active components have broad-
spectrum biological activities, such as antioxidant, antihypertensive, hypoglycemic, anti-
inflammatory, antibacterial, anticancer, and enzyme-inhibiting activity properties, which
are valuable sources of research and development in functional food factors and novel
drugs. Systematical studies on the structure of components, physiological activities, the
structure–activity relationship, and mechanisms of action for active components using
modern scientific methods and experimental means are hot research topics. In addition, the
exploration of the combined effect and mechanism of various natural bioactive substances
will provide a theoretical basis for the further processing and comprehensive development
of resources at multiple levels and from various points of view. This Special Issue of Foods,
entitled “Structure Identification and Functional Mechanism of Natural Active Compo-
nents”, provides a forum for researchers to communicate some of their latest findings in
this field. Subsequent to the peer review process, 9 original research articles were included
in this Special Issue of Foods.

Tang et al. [1] used the natural ingredient stigmasterol as an oleogelator to explore the
effect of concentration on the properties of organogels. Organogels based on rapeseed oil
were investigated using various techniques (oil binding capacity, rheology, polarized light
microscopy, X-ray diffraction, and Fourier transform infrared spectroscopy) to better under-
stand their physical and microscopic properties. Results showed that stigmasterol was an
efficient and thermoreversible oleogelator, which is capable of structuring rapeseed oil at a
stigmasterol concentration as low as 2% with a gelation temperature of 5 ◦C. The oil bind-
ing capacity values of organogels increased to 99.74% as the concentration of stigmasterol
was increased to 6%. The rheological properties revealed that organogels prepared with
stigmasterol formed a pseudoplastic fluid with non-covalent physical crosslinking, and the
G’ of the organogels did not change as the frequency of scanning increased, showing its
characteristic of a strong gel. The microscopic properties and Fourier transform infrared
spectroscopy showed that stigmasterol formed rod-like crystals through the self-assembly
of intermolecular hydrogen bonds, fixing rapeseed oil in its three-dimensional structure to
form organogels. Therefore, stigmasterol can be considered as a good organogelator. It is
expected to be widely used in food, medicine, and other biological-related fields.

Lactiplantibacillus plantarum could regulate certain physiological functions through the
AI-2/LuxS-mediated quorum sensing (QS) system. Qian et al. [2] explored the regulation
mechanism on the growth characteristics and bacteriostatic ability of L. plantarum SS-128.
In their work, a luxS mutant was constructed using a two-step homologous recombination.
Compared with ΔluxS/SS-128, the metabolites of SS-128 had stronger bacteriostatic ability.
The combined analysis of transcriptomics and metabolomics data showed that SS-128
exhibited higher pyruvate metabolic efficiency and energy input, followed by a higher

Foods 2022, 11, 1285. https://doi.org/10.3390/foods11091285 https://www.mdpi.com/journal/foods1



Foods 2022, 11, 1285

LDH level and metabolite overflow compared to ΔluxS/SS-128, resulting in stronger
bacteriostatic ability. The absence of luxS induces a regulatory pathway that burdens
the cysteine cycle by quantitatively drawing off central metabolic intermediaries. To
accommodate this mutations, ΔluxS/SS-128 exhibited lower metabolite overflow and
abnormal proliferation. These results demonstrate that the growth characteristic and
metabolism of L. plantarum SS-128 are mediated by the AI-2/LuxS QS system, which is
a positive regulator involved in food safety. It would be helpful to further investigate
the bio-preservation control potential of L. plantarum, especially when applied in food
industrial biotechnology.

Alzheimer’s disease (AD) is one of the most prevalent chronic neurodegenerative
diseases in elderly individuals, which can cause dementia. Acetylcholinesterase (AChE) is
regarded as one of the most popular drug targets for AD. Herbal secondary metabolites
are frequently cited as a major source of AChE inhibitors. In the study of Liao et al. [3],
baicalein, a typical bioactive flavonoid, was found to inhibit AChE competitively, with
an associated IC50 value of 6.42 ± 0.07 μM through a monophasic kinetic process. AChE
fluorescence quenching via baicalein was a static process. The binding constant between
baicalein and AChE was an order of magnitude of 104 L mol−1, and hydrogen bonding and
hydrophobic interaction were the major forces in forming the baicalein−AChE complex.
Circular dichroism analysis revealed that baicalein caused the AChE structure to shrink
and increased its surface hydrophobicity by increasing the α-helix and β-turn contents and
decreasing the β-sheet and random coil structure contents. Molecular docking revealed that
baicalein predominated at the active site of AChE, likely tightening the gorge entrance and
preventing the substrate from entering and binding with the enzyme, resulting in AChE
inhibition. The preceding findings were confirmed by molecular dynamics simulation.
The current study provides an insight into the molecular-level mechanism of baicalein
interaction with AChE, which may offer new ideas for the research and development of
anti-AD functional foods and drugs.

Rosemary (Rosmarinus officinalis L.) represents a medicinal plant known for its var-
ious health-promoting properties. Its extracts and essential oils exhibit antioxidative,
anti-inflammatory, anticarcinogenic, and antimicrobial activities. The main compounds
responsible for these effects are diterpenes carnosic acid, carnosol, and rosmanol, as well
as the phenolic acid ester rosmarinic acid. However, surprisingly, little is known about
the molecular mechanisms responsible for the pharmacological activities of rosemary and
its compounds. To discern these mechanisms, Lešnik and Bren performed a large-scale
inverse molecular docking study to identify their potential protein targets [4]. Listed
compounds were separately docked into the predicted binding sites of all non-redundant
holo proteins from the Protein Data Bank, and those with the top scores were further
examined. Lešnik and Bren focused on proteins directly related to human health, including
human and mammalian proteins, as well as proteins from pathogenic bacteria, viruses,
and parasites. The observed interactions of rosemary compounds indeed confirm the afore-
mentioned activities, whereas the authors also identified their potential for anticoagulant
and antiparasitic actions. The obtained results were carefully checked against the existing
experimental findings from the scientific literature, and as further validated using both
redocking procedures and retrospective metrics.

Taking into consideration the importance of biofilms in food deterioration and the
potential risks of antiseptic compounds, antimicrobial agents derived from natural products
are a more acceptable choice for preventing biofilm formation and in attempts to improve
antibacterial effects and efficacy. Citrus flavonoids possess a variety of biological activities,
including antimicrobial properties. Therefore, in the study of Wen et al. [5], the anti-biofilm
formation properties of the citrus flavonoid naringenin on the Staphylococcus aureus ATCC
6538 (S. aureus) were investigated using subminimum inhibitory concentrations (sub-MICs)
of 5~60 mg/L. The results were confirmed using laser and scanning electron microscopy
techniques, which revealed that the thick coating of S. aureus biofilms became thinner and
finally separated into individual colonies when exposed to naringenin. The decreased
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biofilm formation of S. aureus cells may be due to a decrease in cell surface hydrophobicity
and exopolysaccharide production, which is involved in the adherence or maturation of
biofilms. Moreover, transcriptional results show that there was a downregulation in the
expression of biofilm-related genes and alternative sigma factor sigB induced by naringenin.
This work provides insight into the anti-biofilm mechanism of naringenin in S. aureus and
suggests the possibility of naringenin use in the industrial food industry for the prevention
of biofilm formation.

Saussurea involucrate (S. involucrata) was reported to have an anti-hepatoma function,
but the mechanism is complex and unclear. To evaluate the anti-hepatoma mechanism of S.
involucrate comprehensively and make a theoretical basis for the mechanical verification
of later research, in the study of Gao et al. [6], the total phenolic acids from S. involucrate
determined by a cell suspension culture (ESPI) was mainly composed of 4,5-dicaffeoylquinic
acid, according to LC–MS analysis. BALB/c nude female mice were injected with HepG2
cells to establish an animal model of a liver tumor before being divided into a control
group, a low-dose group, a middle-dose group, a high-dose group, and a DDP group.
Subsequently, EPSI was used as the intervention drug for mice. Biochemical indicators
and differences in protein expression determined by TMT quantitative proteomics were
used to resolve the mechanism after the low- (100 mg/kg), middle- (200 mg/kg), and
high-dose (400 mg/kg) interventions for 24 days. The results showed that EPSI can not
only limit the growth of HepG2 cells in vitro, but can also inhibit liver tumors significantly,
with no toxicity at high doses in vivo. Proteomics analysis revealed that the upregulated
differentially expressed proteins (DE proteins) in the high-dose group were over three
times that in the control group. ESPI affected the pathways significantly associated with
the protein metabolic process, metabolic process, catalytic activity, hydrolase activity,
proteolysis, endopeptidase activity, serine-type endopeptidase activity, etc. The treatment
group showed significant differences in the pathways associated with the renin-angiotensin
system, hematopoietic cell lineage, etc. In conclusion, ESPI has a significant anti-hepatoma
effect, and the potential mechanism was revealed.

Tetrastigma hemsleyanum Diels et Gilg is a herbaceous perennial species distributed
mainly in southern China. The Tetrastigma hemsleyanum root (THR) has been prevalently
consumed as a functional tea or dietary supplement. In the study of Sun et al. [7], the
digestion models in vitro including colonic fermentation were built to evaluate the release
and stability of THR phenolics with the methods of HPLC–QqQ–MS/MS and UPLC–
Qtof–MS/MS. From the oral cavity, the contents of total phenolic and flavonoid began
to degrade. Quercetin-3-rutinoside, quercetin-3-glucoside, kaempferol-3-rutinoside, and
kaempferol-3-glucoside were metabolized as major components, and they were absorbed
in the form of glycosides for hepatic metabolism. On the other hand, the total antioxidant
capacity (T-AOC), superoxide dismutase (SOD), glutathione peroxidase (GSH-Px) activity,
and glutathione (GSH) content were significantly increased, while the malondialdehyde
(MDA) content was decreased in the plasma and tissues of rats treated with THR extract
in the oxidative stress model. These results indicated that the THR extract is a good
antioxidant substance and has good bioavailability, which can effectively prevent some
chronic diseases caused by oxidative stress. It also provides a basis for the effectiveness of
THR as a traditional functional food.

4-hydroxyderricin (4-HD), as a natural flavonoid compound derived from Angelica
keiskei, has largely unknown inhibition and mechanisms in liver cancer. Gao et al. [8]
investigated the inhibitory effects of 4-HD on hepatocellular carcinoma (HCC) cells and
clarified the potential mechanisms by exploring apoptosis and cell cycle arrest mediated
via the PI3K/AKT/mTOR signaling pathway. The results showed that 4-HD treatment
dramatically decreased the survival rate and activities of HepG2 and Huh7 cells. The
protein expressions of apoptosis-related genes significantly increased, while those related
to the cell cycle were decreased by 4-HD. 4-HD also downregulated PI3K, p-PI3K, p-AKT,
and p-mTOR protein expression. Moreover, PI3K inhibitor (LY294002) enhanced the
promoting effect of 4-HD on apoptosis and cell cycle arrest in HCC cells. Consequently, the
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authors demonstrated that 4-HD can suppress the proliferation of HCC cells by promoting
PI3K/AKT/mTOR signaling pathway-mediated apoptosis and cell cycle arrest.

Guo et al. [9] used eight extraction technologies to extract sweet tea (Lithocarpus litseifolius
(Hance) Chun) crude polysaccharides (STPs), and investigated and compared their chemical,
structural, and biological properties. The results revealed that the compositions, structures,
and biological properties of STPs varied based on different extraction technologies. Protein-
bound polysaccharides and some hemicellulose could be extracted from sweet tea with
diluted alkali solution. STPs extracted by deep-eutectic solvents and diluted alkali solution
exhibited the most favorable biological properties. Moreover, according to the heat map,
total phenolic content was the most strongly correlated with biological properties, indicating
that the presence of phenolic compounds in STPs might be the main contributor to their
biological properties. To the best of the authors’ knowledge, this study reports the chemical,
structural, and biological properties of STPs, and the results contribute to understanding the
relationship between the chemical composition and biological properties of STPs.

In summary, the findings published in this Special Issue clearly indicate both the
breadth and depth of the recent studies on the functional properties of natural active
components. However, our understanding of natural active components is still far from
adequate, and subsequent research must continue to build on previous studies. Finally, we
thank the authors for their valuable contributions to this Special Issue.
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Abstract: This work used the natural ingredient stigmasterol as an oleogelator to explore the effect of
concentration on the properties of organogels. Organogels based on rapeseed oil were investigated
using various techniques (oil binding capacity, rheology, polarized light microscopy, X-ray diffraction,
and Fourier transform infrared spectroscopy) to better understand their physical and microscopic
properties. Results showed that stigmasterol was an efficient and thermoreversible oleogelator, capa-
ble of structuring rapeseed oil at a stigmasterol concentration as low as 2% with a gelation temperature
of 5 ◦C. The oil binding capacity values of organogels increased to 99.74% as the concentration of
stigmasterol was increased to 6%. The rheological properties revealed that organogels prepared with
stigmasterol were a pseudoplastic fluid with non-covalent physical crosslinking, and the G’ of the
organogels did not change with the frequency of scanning increased, showing the characteristics of
strong gel. The microscopic properties and Fourier transform infrared spectroscopy showed that
stigmasterol formed rod-like crystals through the self-assembly of intermolecular hydrogen bonds,
fixing rapeseed oil in its three-dimensional structure to form organogels. Therefore, stigmasterol can
be considered as a good organogelator. It is expected to be widely used in food, medicine, and other
biological-related fields.

Keywords: organogel; rapeseed oil; stigmasterol; network structure

1. Introduction

Traditional hydrogenated fats or saturated fats contain many saturated fatty acids
(SFAs) and trans-fatty acids (TFAs) which have an impact on human health [1]. Their
excessive intake increases the risk of cardiovascular and cerebrovascular diseases [2],
obesity [3], diabetes [4], and other related diseases, making consumers aware of their
serious threats to dietary health [5]. Numerous studies have focused on exploring ways
to reduce the harmful content of SFAs and TFAs in foods [6–8]. Organogels have been
considered as an appropriate strategy to reduce SFAs and eliminate TFAs in the diet while
increasing the content of unsaturated fats [9].

Organogels are semi-solid systems; their liquid phase is fixed in a thermo-reversible
three-dimensional network using various oleogelators which lead to the formation of lipid
structures with obvious macroscopic properties (such as oil binding capacity, rheologi-
cal properties, and thermostability) [10]. As a substitute for saturated fatty acids, and
because of their properties, organogels have been widely applied in the food industry

Foods 2022, 11, 939. https://doi.org/10.3390/foods11070939 https://www.mdpi.com/journal/foods5
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and for shaping food products such as cakes, biscuits, meat products, chocolate, and ice
cream [11]. Additionally, organogels can be utilized to stabilize and control the release of
nutraceuticals and medicines [12]. They can be divided into low-molecular and polymeric
organogels by the types of gelators used [13]. The former are called physical organogels
formed by the low-molecules which can self-assemble to form supramolecular structures
through weak non-covalent bond interactions such as hydrogen bonds, van der Waals
forces, hydrophobicity, and π-π interactions [14]. The latter are referred to as chemical
organogels, wherein the strong chemical bond between polymer chains form a swelling
system with a cross-linked structure in organogels [15]. The physical organogels are more
commonly used than the chemical organogels because they can provide a network structure
to vegetable oils and are edible. However, as physical organogels have only recently been
investigated, detailed information on gelation phenomena and intermolecular interactions
is not yet available [16]. Moreover, the types of physical oleogelators are limited, mainly
including natural waxes [17], fatty acids, fatty alcohols [18], and compounds of sterols and
glutamine [19]. Therefore, a new oleogelator is required for further development.

Stigmasterol (ST), a natural 6-6-6-5 tetracyclic phytosterol [20], is a biosynthesized
triterpene sterol. It is commonly found in various plants and deodorized distillates due to
the refining of vegetable oils [21]. Recent studies have shown that stigmasterol exhibits a
variety of biological activities as an antioxidant [22], anti-inflammatory [23], anti-tumor [24],
and anti-diabetic [25]. Stigmasterol (Figure 1) has an amphiphilic structure with a large
oleophilic surface and polar OH head group. It can be used as a gelator to immobilize
liquid oil in the network structure by the self-assembly method [26].

Rapeseed oil is the second most abundantly produced edible oil in the world and is
rich in unsaturated fatty acids such as oleic acid, linoleic acid, and linolenic acid [27]. The
type and proportion of fatty acids are more in line with the dietary nutrition standards
which can effectively reduce cholesterol and cardiovascular disease [28]. Therefore, we
chose rapeseed oil as the base oil to prepare the edible organogels with stigmasterol as
the gelator. The effects of different stigmasterol concentrations on the oil binding capacity
(OBC), rheological properties, and microstructure of the organogels were researched. The
mechanism of gel formation of organogels was studied by polarized light microscopy, X-ray
diffraction (XRD), and Fourier transform infrared spectroscopy (FTIR). The results of this
study can provide theoretical and technical support for the development and application
of phytosterol organogels.

 
Figure 1. Chemical structure of stigmasterol.

2. Materials and Methods

2.1. Materials

Stigmasterol (90%) was obtained from Source Leaf Biotechnology (Shanghai, China);
commercial grade rapeseed oil (approximately 6% saturated, 58% monounsaturated, and
36% polyunsaturated) was acquired from a local supermarket. The rest of the chemicals
and reagents utilized in this experiment were of analytical grade.
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2.2. Methods
2.2.1. Organogel Preparation

The organogels were prepared by mixing a certain concentration of stigmasterol (1%,
2%, 3%, 4%, 5%, 6%, and 7% (w/w)) to rapeseed oil. The mixture was heated and stirred at
100 ◦C for 40 min in oill bath at 200 rpm. After that, the hot mixtures were cooled at 5 ◦C
for 24 h to form a gel. Physical properties of the samples were measured after this storage
as described below.

2.2.2. Gelation Temperature Phase Diagram

The organogel samples prepared by mixing stigmasterol at different concentrations
(1%, 2%, 3%, 4%, 5%, 6%, and 7% (w/w)) with rapeseed oil were poured into a serum bottle.
After that, they were stored at 5, 10, 15, 20, 25, and 30 ◦C for 24 h. The self-sustaining
ability of the samples was assessed visually by inverting the serum bottle. Samples were
categorized as a gel, thickened liquid, or liquid, based on the appearance of behavior [29].

2.2.3. Oil Binding Capacity

By measuring the oil loss of organogels after centrifugation, the oil binding capacities
(OBC) of the organogels were obtained. First, the weight of the Eppendorf tube (a) was
measured and the Eppendorf tube containing 2 g of the melted organogel samples was
weighed (b); after that, the tubes were stored at 5 ◦C for 24 h. Second, the tubes were
centrifuged at 10,000 rpm for 15 min and then inverted to drain the separated rapeseed
oil. The remaining organogel samples in the tube were then weighed (c). The oil binding
capacity was calculated using the following formula:

OBC(%) =
(c − a)
(b − a)

× 100% (1)

where a denotes the weight of the empty container, b represents the weight of the container
containing the primary sample, and c denotes the weight of the container containing the
sample after centrifugation. All the measurements were conducted in triplicate; the results
were reported as mean ± standard deviation (SD).

2.2.4. Rheological Characterization

The rheological properties of the organogels were analyzed by a Kinexus pro advanced
rheometer (Malvern Instruments Ltd., Malvern, UK) with a stainless steel cone-plate
geometry (40 mm, 1◦ angle, 1 mm truncation). All the rheological tests were conducted
within the linear viscoelastic range. Specifically, the frequency sweep experiments were
carried out at 25 ◦C under a constant strain within the linear viscoelastic domain, ranging
from 0.1 Hz to 100 Hz. The temperature sweeps tests were carried out at a constant
frequency of 1 Hz and a heating rate of 2 ◦C/min in the 25–100 ◦C range. The apparent
viscosity was measured with a constant shear strain with varying shear rates (from 0.01 s−1

to 100 s−1) at 25 ◦C.

2.2.5. Polarized Light Microscopy

Polarized light microscopy (#CX31., Olympus, Japan) was used to observe organogel
crystal morphology. The organogel samples were lightly smeared on a microscope slide
and a coverslip was carefully overlaid on the sample. After that, pictures were obtained
with 100× magnification using OLYCIA Series Imaging Analysis Software.

2.2.6. X-ray Diffraction Analysis

The XRD pattern was employed to analyze the crystallization patterns forms of the
organogels by XRD spectroscopy (SHIMADZU., Kyoto, Japan) with reflection geometry
and the Cu Kα radiation (λ = 1.542 Å) operating at 40 kV and 30 mA. The organogel samples
were scanned at a scan rate of 2◦/min with a 0.02◦ step size utilizing a 2θ range of 5◦ to 50◦.
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Each sample was tested in triplicate. The diffractograms were analyzed using MDI Jade 6.0
software (Materials Data Ltd., Livermore, CA, USA).

2.2.7. Fourier Transform Infrared Spectroscopy

The FTIR spectra of the samples were measured using an IRAffinity-1 model FTIR
instrument (SHIMADZU, Kyoto, Japan) coupled with an attenuated total reflection (ATR)
sampling accessory. The organogel samples, pure stigmasterol, and rapeseed oil were
scanned within the 4000–400 cm−1 range to explore the interactions of the gel compo-
nents [30].

2.2.8. Statistical Analysis

All experiments were performed in duplicate or triplicate. The data was analyzed
using SPSS 20 (SPSS Inc., Chicago, IL, USA) software, calculating mean value and standard
deviation (SD), the results were expressed as mean ±SD. The datasets were subjected to
analysis of variance, and Duncan’s multiple range test was used to assess the significant
differences between the mean values (a difference of p < 0.05 was regarded as substantially
different). Furthermore, the figures were drawn using Origin 2018 (OriginLab Corporation,
Northampton, MA, USA) for basic data processing and mapping.

3. Results and Discussion

3.1. Gelation Phase Diagram

Visual observation of appearance was performed to ascertain the gelation of the
organogels by simply inverting the serum bottle containing the samples. The systems that
did not flow under the influence of gravity were named organogels [31]. Figure 2 shows the
appearance and gelling behavior of organogels with different stigmasterol concentrations.

Figure 2. Temperature of Gelation Phase Diagram for different concentrations of stigmasterol
organogels at different temperatures: gel (i.e., freestanding gel), thick liquid (liquid was clearly
thickened, but freestanding gel was not observed), and liquid (i.e., no gelation observed).

It can be seen from Figure 2 that the formation of organogels was simultaneously
affected by gelling temperature and stigmasterol concentration. The samples thickened at
all temperatures under the stigmasterol concentration of 1%. When the stigmasterol con-
centration was ≥2%, the mixtures of stigmasterol and rapeseed oil could form organogels
at low temperatures (5 ◦C). When the stigmasterol concentration was ≥4%, the organogels
occurred at room temperature (25 ◦C). These results showed that the organogels only need
a small amount of stigmasterol (2%) to fix rapeseed oil with a 5 ◦C gelling temperature.

8



Foods 2022, 11, 939

With the increase in gelling temperature, the critical gelling concentration of stigmasterol
required for the formation of organogels gradually increases. It was possible that the
crystallization behavior and crystal structure of stigmasterol in rapeseed oil were extremely
sensitive to gelling temperature. The internal structure of organogels by the intermolecular
brownian motion decreased with the increasing gelation temperature [26]. According to
this result, we could gather the critical concentration of stigmasterol to form organogels
at different gelling temperatures. The organogels were prepared within the concentration
range of 2–7% at a gelation temperature of 5 ◦C to further understand the physicochemical
and microstructure properties of the organogels.

3.2. Physicochemical Properties of Stigmasterol Organogels

The physicochemical properties of stigmasterol organogels were studied by measuring
the OBC and rheological properties.

3.2.1. Oil Binding Capacity

The oil binding capacity (OBC) is used to characterize the strength and ability of the
organogels to decrease vegetable oil migration [32]. The OBC values of the organogels
with different stigmasterol concentrations are shown in Figure 3. The OBC values were
increased significantly from 50.74% to 99.74% when the concentration increased from 2% to
6%. It may be that with the increase in stigmasterol concentration, the internal system of
the organogels could form more crystal structures through molecular interactions [33]. This
further formed a three-dimensional network structure to fix up the rapeseed oil, resulting
in significantly increased OBC values. It was worth noting that the OBC value (99.93%) of
organogels did not change significantly with a 7% stigmasterol concentration.

Figure 3. Effect of stigmasterol concentration on the oil binding capacity of the stigmasterol
organogels. (Means with different letters in the same classification significantly differ at p < 0.05).

The self-assembled structure of stigmasterol may reach its saturation point [34] at 7%
concentration with rapeseed oil at 100 ◦C. These results were similar to those obtained by
Zefang Jiang, et al. It has been reported that the formation of organogels highly depends
on the ability of the solubility to the gelator, it must be relatively dissolved in solution so
that it can crystallize or self-assemble to form a microstructure in a solvent [7].

3.2.2. Rheological Properties

Rheological properties are also important physical and chemical characteristics of
organogels. It is essential to understand these rheological properties for the application of
organogels. In this experiment, the mechanical stability of the organogel was studied by
the oscillatory rheological experiment and the variation law of the apparent viscosity of the
organogels with the shear rate was studied by the static rheological experiment.

9



Foods 2022, 11, 939

The viscoelasticity of the sample was reflected by frequency scanning. In rheological
analysis, the G’ is the elastic modulus of the sample and the G” is the viscous modulus of
the sample. Frequency scanning is utilized to reflect the correlation between the viscoelastic
modulus and frequency. If the G’ > G” with the increase in frequency, the sample mainly
exhibits elastic deformation, indicating that the sample presents solid state. If the G’
= G”, the sample presents a semi-solid state. If the G’ < G”, the viscosity modulus of
the sample mainly has viscous deformation, indicating that the sample presents a liquid
state. All organogel samples showed a solid-state behavior with the elastic modulus
(G’) higher than the viscosity modulus (G”) within the frequency range of 0.1–100 Hz
(see Figure 4). Additionally, the G’ and G” values of organogels were independent of
the increase in scanning frequency. These results showed that the organogels prepared
from different concentrations of stigmasterol had a good tolerance in the test range of
deformation frequency and were formed by a non-covalent physical cross-linked gel
network structure [32]. Furthermore, the G’ value was closely related to the stigmasterol
concentration, the G’ value increased notably when the concentration was increased from
2% to 6%, but the result was reversed at a concentration of 7%.

Figure 4. Viscoelastic properties of stigmasterol organogels from the different stigmasterol concentra-
tions (2–7%) with the scanned frequency range from 0.1 Hz to 100 Hz at 25 ◦C.

Those results in rheology follow the same tendency observed in the oil binding capacity,
that is, as the concentration of stigmasterol increased, G’ values and the oil binding capacity
increased. However, the G’ value decreased at the stigmasterol concentration of 7%, which
could mean that when the stigmasterol concentration reached 7%, the organogel system
was under a supersaturated state. This supersaturation may affect the change of crystal
structural units in the organogel [35], leading to the decrease in its structural integrity,
decreasing the G’ value. It was reported that the supersaturated state could increase
the nucleation rate of crystals in the organogels [36], resulting in the formation of more
individual networks in the organogels system; however, those crystal structures from
different single networks were usually less entangled than the permanent junction of
crystal structure in an organogels network. Therefore, the integrity of the structure and
the overall mechanical properties decreased with the increasing nucleation rate and the
number of structural elements. The results of frequency scanning showed the formation of
a gel network and the physical interaction between organgeltor and vegetable oil.

A temperature ramp test of organogels is illustrated in Figure 5 to study the temperature-
dependent flow behavior of the stigmasterol organogels. As the scanning temperature
increased, the G’ and G” values of organogels were significantly reduced and the critical
phase transition temperature (G’ = G”) gradually emerged at the stigmasterol concentration
of 2–6%. This result indicates that the organogels showed a viscous behavior at high
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temperatures in a completely molten state. The critical phase transition temperature
increased prominently from 45 ◦C to 95 ◦C with the increasing concentration. However,
the absence of the critical phase transition temperature was found in the organogels at
a 7% stigmasterol concentration, which showed the organogels did not undergo a gel-
sol transformation [37]. Therefore, the organogels have high thermal stability with a 7%
stigmasterol concentration. This may be because the number of crystals was increased with
the increase in the stigmasterol concentration; a higher temperature was needed to destroy
the organogel structure [38].

Figure 5. Different stigmasterol concentrations (2–7%) of stigmasterol organogels had viscoelastic
properties in the temperature range of 25 to 100 ◦C.

Figure 6 shows that the initial apparent viscosity of organogels increases with the
increasing stigmasterol concentration, forming stronger organogel structures. However, the
complex viscosity of the organogel samples decreased exponentially as the shear rate was
enhanced, reflecting its shear-thinning behavior [39]. This was likely due to the dynamic
forces generated in the shearing process causing the fracture of the crystalline structure
of stigmasterol organogels [40]. Similar results have been reported in many organogel
structures with pseudoplastic properties [40–42]. The relationship between the apparent
viscosity and shear rate of organogels prepared with different concentrations of stigmasterol
is consistent with the power-law equation.

η = Kγ(n−1), 0 < γ ≤ 1 (2)

where η denotes the apparent viscosity, γ represents the shear rate, K denotes the flow
consistency index, and n is the degree of pseudo-plasticity index [43]. The fitting results
(see Table 1) were shown that the organogels with a higher concentration of stigmasterol
have higher consistency, the K value reached the maximum at 253.6 Pa·s at a stigmasterol
concentration of 7% (see Table 1). More crystals were formed and cross-linked with
increasing concentration; therefore, a stronger crystalline structure was provided to the
entrapped oil molecules, resulting in higher resistance to shearing. The flow behavior
index (n) < 1, between 0.03 to 0.47, indicated that organogel samples were a pseudoplastic
fluid in this shear range. The crystal particles’ gradual and orderly arrangement along the
direction of shear depolymerization with the shear rate increased [44], which explained
why the organogel system became more pseudoplastic and stronger with the increase in
stigmasterol concentration. Additionally, the square value of the correlation coefficient (R2)
of the fitting function was between 0.991 and 0.999, indicating that the relationship between
the apparent viscosity and shear rate test data conforms to the power-law equation.
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Figure 6. Changes in the apparent viscosity of stigmasterol organogels with different stigmasterol
concentrations (2–7%) and shear rates ranging from 0.01 s−1 to 100 s−1.

Table 1. Values of power-law parameters (K, n) of the stigmasterol organogels at different stigmasterol
concentrations in the range of 0.01–100 s−1.

ST Concentration K/Pa·s n R2

2% 0.42 ± 0.027 0.47 ± 0.087 0.997
3% 12.71 ± 0.088 0.42 ± 0.068 0.991
4% 39.49 ± 0.069 0.25 ± 0.025 0.991
5% 63.66 ± 0.032 0.14 ± 0.017 0.998
6% 81.59 ± 0.019 0.08 ± 0.022 0.997
7% 253.60 ± 0.048 0.03 ± 0.046 0.999

Note: Values are means ± standard of deviations.

3.3. Microstructure Properties of Stigmasterol Organogels

Morphology of the stigmasterol organogels was studied using a polarized light micro-
scope (PLM), XRD, and FTIR.

3.3.1. Polarized Light Microscopy

The three-dimensional network structure is the basis of the mechanical properties of
organogels [45]. The influence of gelator concentration on the crystal morphology and
microstructure in the organogel system was observed using a polarizing microscope im-
age. The results for the organogels are shown in Figure 7. The stigmasterol crystals were
uniformly dispersed in the oil phase, appearing as birefringent patches against a black
background [46]. The organogel prepared with 2–4% stigmasterol showed a randomly
distributed rod-like crystal structure, while the organogels prepared from 5%–6% stig-
masterol showed a rod-like crystal structure with close distribution, the crystal units of
stigmasterol formed the three-dimensional structure of the organogels. The number of
crystals increased significantly and the internal crystal size of the organogels gradually
decreased from random crystal to tightly distributed rod structure with the increase of
stigmasterol concentration. However, when the stigmasterol concentration was 7%, the
crystal structure of organogels partially overlapped [47]. This is probably because a high
oleogelator concentration leads to a higher degree of supersaturation which can accelerate
nucleation and restricted the further growth of stigmasterol crystals.
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Figure 7. Microstructures of stigmasterol organogels observed at 100× after 24 h storage at 5 ◦C.

The polarized light results of stigmasterol organogels further confirm that the crystal
structure of the organogels can self-assemble to form a compact rod-like fiber structure as
the concentration of stigmasterol increases. This structure shows a stronger combination
ability of the oil phase and can affect the mechanical resistance of the OBC and create a
higher complex module (G’) in the rheological behavior, proving the correlation between
the microstructure of the organogel and its mechanical resistance [48]. The crystal net-
work formed by the independent assembly was rearranged when the concentration of
stigmasterol reached the supersaturated state, leading to the instability of the organogel
structure and the decline of the macroscopic properties. The concentration of the oleoge-
lator plays a key role in controlling the non-covalent interaction-driven self-assembly of
fibrillar networks in most cases.

3.3.2. X-ray Diffraction

The microstructure diagram of the gel system can only analyze the changes in crystal
units in the gel system. However, the changes in cell parameters and crystal types can be
obtained more accurately by XRD analysis. The d-spacing distance in the XRD analysis
parameter represents the distance between two diffraction crystal planes of the sample
and is used to reflect the crystal type of the sample and the homogeneous polycrystalline
phenomenon of fat [49].

The diffraction patterns of rapeseed oil, neat stigmasterol, and organogels prepared
with different concentrations of stigmasterol are shown in Figure 8a,b. Two major peaks
at 4.52 Å and 4.26 Å were observed in pure stigmasterol and stigmasterol organogels,
respectively. In the wide-angle region, the peak around 4.5 Å is usually considered as the
characteristic peak of β-polymorph, and peak around 4.2 Å is the characteristic peak of
α-polymorph [50]. In other words, the major peaks corresponding to pure stigmasterol
and organogels reveal two distinct modes of parallel stacked arrangements, namely α and
β. The organogel samples contained the positions and d-spacing of the main peaks corre-
sponding to stigmasterol which indicated that the diffraction pattern of stigmasterol did not
change during the formation of organogels. The diffraction patterns of both stigmasterol
and organogel samples showed the existence of long and short spacing peaks. According
to reports, the presence of long-spacing peaks provides information about the order of the
molecular layers, while the presence of short-spacing peaks provides information about
the lateral stacking of molecular layers [51]. Compared with the spectra of stigmasterol,
the intensity of long-distance peaks in the organogel changed and the positions of some
peaks shifted. This indicated that the addition of rapeseed oil in the stigmasterol caused
a rearrangement of stigmasterol molecular packaging [52]. In addition, the long-distance
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peak of organogels enhanced with increasing concentrations of stigmasterol, indicating that
the number of crystal structures of organogels increased. This corresponds to the results
presented by polarizing microscopes. The variation of the spacing peak of organogels
increases with the increasing stigmasterol concentration which further explains the effect
of stigmasterol concentration on the structure of organogels.

 

Figure 8. The XRD patterns of rapeseed oil and stigmasterol (a); organogels with diverse stigmasterol
concentrations (b).

3.3.3. Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is necessary to understand the interaction between the packing
arrangements of organogelator molecules. The FTIR spectra of rapeseed oil, original
stigmasterol, and the organogel samples prepared by different concentrations of stigmas-
terol are shown in Figure 9a,b. The spectra show the absorption bands of organogel
owing to the functional groups in rapeseed oil and stigmasterol. The infrared absorption
band of rapeseed oil ranged between 400–1800 cm−1 and 2800–3100 cm−1. The peaks
of C-H emerged at approximately 3000 cm−1. Furthermore, the bands below 3000 cm−1

(2920 cm−1) are attributed to the symmetric and anti-symmetric stretching of C-H in -
CH3 and -CH2 functional groups [53], respectively. The characteristic absorption peak
around 3346 cm−1 is the spectra of original stigmasterol, linked to the stretching of -OH
groups [54]. The organogel samples only showed the characteristic peak around 3338 cm−1,
suggesting that the intermolecular hydrogen bonding observed in the oleogels comes from
stigmasterol [55]. Furthermore, new covalent bonds did not form, which is consistent
with the results of rheological frequency scanning. However, the characteristic peak of
stigmasterol in the organogel samples shifted to a lower wavenumber with the stigmas-
terol increasing concentration. These results showed that the three-dimensional network
structure of organogels was formed by stigmasterol aggregates through intermolecular hy-
drogen bonding and that the supramolecular aggregates are spontaneously formed through
aggregation-nucleation-growth pathways of the stigmasterol crystals [56]. Stigmasterol
was a kind of low molecular oleogelator that required the formation of a self-assembled
network structure before supramolecular aggregation in an organogel structure could
occur. Therefore, the self-assembly pathway of the stigmasterol determined the internal
structure of the organogel which further affected its macroscopic properties. This is in
line with previous research by Meng, Z et al. which showed that hydrogen bonds may
have been responsible for the formation of the crystal structure that fixed the sunflower
oil and provided the favorable physical characteristics of the PGE organogel [46]. Similar
results were also observed in the SMS-PO organogels [57] reported by Suzuki, M. We thus
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conclude from the FTIR measurements that the hydrogen bonds play a significant role in
the formation of the stigmasterol organogels.

 

Figure 9. The FT-IR of rapeseed oil and stigmasterol (a); organogels with diverse stigmasterol
concentrations (b).

4. Conclusions

We prepared the rapeseed oil-based organogels using stigmasterol as a self-assembly
oleogelator. The formation of the organogel was related to the gelling temperature and
the concentration of the oleogelator which had a critical gelation concentration of 2% at a
gelling temperature of 5 ◦C. The results of macroscopic characteristics showed that the oil
holding capacity increased to more than 99.74% when the stigmasterol concentration was
6%. The rheological properties revealed that the organogels prepared with stigmasterol
were a pseudoplastic fluid with shear thinning. The results of microscopic characteristic
tests showed that the stigmasterol concentration had a significant effect on the integrity and
fineness of the crystal structure of the organogels, playing a key role in the densification of
crystal network units and crystal size of the organogels. Stigmasterol impregnates rapeseed
oil with intermolecular hydrogen bonding to form the crystal network structure, further
proving that the concentration of stigmasterol had an important effect on the physical
properties and microstructure of the rapeseed oil-based organogels.
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This study demonstrates that stigmasterol is a preferable oleogelator to provide an
effective approach for the preparation of highly unsaturated organogels. Stigmasterol traps
liquid oil in its thermoreversible gel network through gelation, resulting in an organogel
with plastic solid properties. Because these liquid oils have specific consistency and hard-
ness without changing their chemical composition, they have great application potential for
replacing saturated fats with plastic fats. More extensive applications of rapeseed oil-based
organogels should be investigated in order to generate healthier and more spreadable food
products in the future.
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Abstract: Lactiplantibacillus plantarum could regulate certain physiological functions through the
AI-2/LuxS-mediated quorum sensing (QS) system. To explore the regulation mechanism on the
growth characteristics and bacteriostatic ability of L. plantarum SS-128, a luxS mutant was constructed
by a two-step homologous recombination. Compared with ΔluxS/SS-128, the metabolites of SS-
128 had stronger bacteriostatic ability. The combined analysis of transcriptomics and metabolomics
data showed that SS-128 exhibited higher pyruvate metabolic efficiency and energy input, followed
by higher LDH level and metabolite overflow compared to ΔluxS/SS-128, resulting in stronger
bacteriostatic ability. The absence of luxS induces a regulatory pathway that burdens the cysteine
cycle by quantitatively drawing off central metabolic intermediaries. To accommodate this muta-
tions, ΔluxS/SS-128 exhibited lower metabolite overflow and abnormal proliferation. These results
demonstrate that the growth characteristic and metabolism of L. plantarum SS-128 are mediated by
the AI-2/LuxS QS system, which is a positive regulator involved in food safety. It would be helpful
to investigate more bio-preservation control potential of L. plantarum, especially when applied in
food industrial biotechnology.

Keywords: quorum sensing; Lactiplantibacillus plantarum; bacteriostatic ability; transcriptomics;
metabolomics

1. Introduction

Lactic acid bacteria (LAB) comprise a huge group of safe and widespread microor-
ganisms in nature, and they are primarily applied as starter cultures and probiotics [1,2].
LAB are apprehended as ideal candidates for commercial exploitation in food industry
with their status recognized as Generally Regarded As Safe (GRAS) and Qualified Pre-
sumption of Safety (QPS) in the European Union [3,4]. Aside from the health-promoting
and probiotic properties, certain LAB producing organic acids, including lactic acid and
phenyllactic acid (PLA), are also associated with food industrial biotechnology, providing
food preservation for biocatalysis [5–9]. Today’s food industry faces the tremendous prob-
lem in producing goods that are not only productive, but also wholesome for customers,
as well as longer-lasting [4,5]. Consequently, the scientific research in the potential of
LAB as bio-preservatives has attracted continuous interest. Strategies of enhancement on
bio-preservation potential can be roughly classified into two major types: the strain de-
velopment strategy and microbiological control strategy. The strain development strategy
involves natural approaches or metabolic engineering, and it is used for strain transforma-
tion. The microbiological control strategy involves the regulation of LAB to microorganisms
throughout the food system or environment. Both strategies are regulated by quorum
sensing (QS), which provides new opportunities to enhance the safety and quality of foods
by the “positive regulation” of QS.
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QS, associated with some cellular activities, is a process in which cells socially co-
ordinate gene expression, involving producing extracellular signaling molecules called
autoinducers [10–12]. The QS mediated by autoinducer-2 (AI-2)/LuxS could be detected in
various Gram-negative and -positive organisms [13,14]. The gene luxS converts S-ribosomal
homocysteine (SRH) into homocysteine and 4,5-dihydroxy-2,3-pentanedione (DPD) that un-
dergoes spontaneous rearrangements to form AI-2. The exogenous addition of AI-2 could
show influences on the biofilm formation, bacteriostatic action, and stress tolerance by LAB
have been reported [14–18]. However, to enhance the “positive regulation” of QS in LAB,
focusing on the metabolic pathway regulated by luxS could be an effective way compared
with the addition of expensive signaling molecules. Previous studies have shown that
the inactivation of the luxS gene has shown greatly impacts on the Lactobacillus reuteri
100-23C behaviors, which are inhabited in mice intestinal tracts [19]. Lebeer et al. reported
that the luxS mutation could show indirect impact on biofilm formation in Lactobacillus
rhamnosus GG, while it was not impacted by exogenous AI-2 mediated QS [20]. The role
of the luxS mediated molecular mechanisms from the proteomic analyses in bacteriocin
production was reported by Jia et al. [21]. However, the growth characteristic of the wild
strain and the luxS mutant in the above studies showed inconsistent trends. Meanwhile,
the regulation of AI-2/LuxS on LAB growth characteristics and bacteriostatic ability has
not been elucidated yet.

L. plantarum possesses the ability of rapid proliferation, due to the strong resistance
against the environment of complex food matrix, indicating its high potential for industrial
application [16,22]. Unlike other strains, L. plantarum can synthesize homocysteine from
cysteine by direct sulfhydrylation involving the cysK enzyme, to ensure the regeneration of
the methyl group of S-adenosyl methionine (SAM) [20]. Since the unique functions of the
cysK enzyme carried out are pretty similar to the luxS, we hypothesized that it contributes
to enhancing the growth ability and stress resistance of L. plantarum, and also helps to focus
on the luxS.

Previously, we found that the cooperation of L. plantarum showed high biopreservative
activity, which was related to the AI-2/LuxS system [23], but the role of the luxS system
has not been clearly elucidated. In this study, we aimed to understand the regulation
mechanism of the AI-2/LuxS-mediated QS system on the growth characteristics and
bacteriostatic ability of LAB, to provide a basis for improving its bio-preservation function.

2. Materials and Methods

2.1. Construction of luxS-Mutant of SS-128

The luxS-mutant of SS-128, named ΔluxS/SS-128, was constructed using fusion PCR
and a two-step homologous recombination. In brief, the luxS gene-flanked two fragments
were amplified and fused by overlap extension PCR with a primer pair. The primers
are shown in Table 1. The ligation products, transforming into competent Escherichia coli
pFED760, generated the recombinant plasmids, which carried the homologous fragments
for allelic exchange of flanking fragments of the luxS gene. The pFED760 was a temperature-
sensitive plasmid and was a kind gift from Professor Yiyong Luo (Kunming University of
Science and Technology, Kunming, China). Recombinant plasmids pFED760-luxS were ex-
tracted and transformed into SS-128 by electroporation. The ΔluxS/SS-128 was constructed
through a two-step homologous recombination by changing the temperature to control the
replication and suicide of pFED760.

2.2. AI-2 Assay

The AI-2 bioluminescence assay was operated according to the approach with some
modifications [24]. The Vibrio harveyi strain BB170 was cultured in AB medium at 30 ◦C for
12 h and diluted with the AB medium at a ratio of 1:5000. The medium was added to the
diluted V. harveyi culture at a final concentration of 10% (v/v). The white 96-well plates
vibrated at 100 rpm at 30 ◦C (PBS was used as the negative control). Light production was
recorded every 30 min using a Synergy H4 hybrid microplate reader (Bio-Tek, Winooski,
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VT, USA) in the bioluminescence mode. AI-2 activity was calculated as the difference
compared with the bioluminescence level in the control group and presented as relative
luminescence units (RLUs).

Table 1. Primer sequences.

Gene Name Oligonucleotide Sequence (5′-3′)

Up Forward TATCCC ACTACCTGAA ACTCG
Reverse GCACCACCATTACTTTTTATATTGTAGCACATTGCCCGTTA

Down
Forward TAACGGGCAATGTGCATACAATATAAAAAGTAATGGTGGTGC
Reverse GCTGGTGCTTCGTAAACTTCC

16S rRNA
Forward CGTAGGTGGCAAGCGTTGTCC
Reverse CGCCTTCGCCACTGGTGTTC

LuxS
Forward CGGATGGATGGCGTGATTGACTG
Reverse CTTAGCAACTTCAACGGTGTCATGTTC

UD
Forward GTTCTGCACGGACGCTATCT
Reverse ATTAACTTGCGTTGGTAGGC

The total RNA was directly extracted from L. plantarum according to the approach
described by Zhang et al. at incubation times of 6, 8, 10, 12, 14, 16, 20, 24, 36, 48 h, re-
spectively [25]. The bacteria were collected after being washed twice with PBS. According
to the protocol, the obtained precipitate was used for total RNA extraction with TRIzol
Reagent (Invitrogen, Carlsbad, CA, USA). The quality of the RNA was detected through the
agarose gel electrophoresis, and the concentration was measured through the NanoDrop
spectrophotometer (Nano-200, Hangzhou Austrian Sheng Instrument Co., Ltd., Hangzhou,
China). RT-qPCR amplifications were measured in three biological replicates using a
Bio-Rad CFX Connect System (Bio-Rad Laboratories, Inc., California, USA). The house-
keeping gene, 16S rRNA, was chosen to normalize RNA amounts (internal control). The
sequences coding for the 16S rRNA, luxS of the wild type (WT) SS-128 and the mutant strain
ΔluxS/SS-128, were designed based on the L. plantarum WCFS1 gene sequences (GenBank,
no. NC_004567.2, from https://www.ncbi.nlm.nih.gov/nuccore/NC_004567.2/, accessed
on 10 April 2021). qPCR was performed with ChamQ SYBR Color qPCR Master Mix on a
CFX Connect Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA,
USA). The primer sequence is demonstrated in Table 1. Each experiment was repeated
three times and analyzed using the 2−ΔΔCT method.

2.3. Bacterial Growth Assay

SS-128 (wild type) and ΔluxS/SS-128 (luxS mutant type) were first propagated twice
in MRS broth at 37 ◦C overnight. The 1% overnight cultures (18 h) were inoculated into
a 5 mL fresh medium under aerobic conditions at 37 ◦C for 48 h. During the incubation,
the bacterial density of the samples was determined every 2 h at 600 nm. Plate counting
was used to determine the live cell number of the samples. The WT and mutant strains
cultured for 14 h were collected by centrifugation and then were immediately frozen and
stored at −80 ◦C.

2.4. Flow Cytometry Assay

The live/dead cells were determined by flow cytometry employing fluorescence
after being stained with SYTO 9 and propidium iodide (PI). The counting method was con-
structed by Leonard and Bensch et al. [25,26], with some modifications. Cells (102–103 cells/μL)
were incubated with SYTO 9 (5 μg/mL) and PI (5 μg/mL) for 3 min in dark. Flow cyto-
metric analyses were carried out using a BD FACSVerse™ flow cytometry (BD Biosciences,
San Jose, CA, USA). Data were analyzed by using FlowJo software 10.6.1 (Tree Star Inc.,
Ashland, OR, USA).

21



Foods 2022, 11, 638

2.5. Determination of Bacteriostatic Ability

The agar diffusion assay was used to identify the bacteriostatic ability of cell-free
supernatant (CFS) by Zhang and Li et al. [27,28]. A 15 mL aliquot of 0.4% soft agar with
2% bacterial culture medium was poured into a sterile Petri dish, and sterile Oxford cups
(φ = 7.64 mm) were put on the surface of the medium. The Oxford cup was filled with the
CFS of L. plantarum (200 μL). The inhibition zone could be measured after incubation at
28 ◦C for 24 h.

2.6. Transcriptome Analysis

RNA isolation and high-throughput RNA sequencing (RNA-Seq) were conducted
by Oebiotech Corp. (Shanghai, China). Total RNA was extracted using a Total RNA
Purification Kit (Sangon Biotech, Shanghai, China), followed by evaluating the RNA
integrity on Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The
libraries were sequenced on an Illumina sequencing platform (HiSeq 2500), and 150-bp/125-
bp paired-end reads were generated. The gene expression profiles were analyzed based on
reads per kilobase of transcript per million mapped read (RPKM) normalization. DESeq
was used to standardize the counts of genes in each sample, and NB was used to test the
difference significance of reads. Differential genes were screened according to the difference
multiple and different significance test results. Finally, the GO and KEGG enrichment of
differentially expressed genes were analyzed under the cutoff of p-value < 0.05 using the
BLAST program.

2.7. Non-Targeted Metabolomic Analysis
2.7.1. Sample Preparation

A total of 20 μL of 2-chloro-l-phenylalanine (0.3 mg/mL) dissolved in methanol as in-
ternal standard and methanol-water (4:1 = v/v) were added to each sample. Trichloromethane
was added to each aliquot. The mixture was extracted in the ice water bath with ultrasoni-
cation for 20 min and then centrifugation (13,000 rpm, for 10 min at 4 ◦C). A total of 1 mL of
supernatant was dried in a freeze concentration centrifugal dryer, sequentially redissolved
in 25% methanol, and incubated at 4 ◦C for 2 min. After that, the mixtures were centrifuged
again, using the same step as before. The supernatant of each tube was filtered to LC–MS
and GC–MS for analysis. QC samples were prepared by mixing aliquots of all samples to
be a pooled sample.

2.7.2. Gas Chromatography/Mass Spectrometry (GC/MS) Analysis

The derivatized samples were analyzed on an Agilent 7890B gas chromatography
system coupled to an Agilent 5977A MSD system (Agilent Technologies Inc., CA, USA). A
DB-5MS fused-silica capillary column (30 m × 0.25 mm × 0.25 μm, Agilent J&W Scientific,
Folsom, CA, USA) was utilized to separate the derivatives. Helium (>99.999%) was used
as the carrier gas at a 1 mL/min constant flow rate through the column. The QCs were
injected at regular intervals throughout the analytical run to provide a set of data from
which repeatability could be assessed.

2.7.3. Ultrahigh Performance Liquid Chromatography/Mass Spectrometry (UPLC/MS)
Analysis

ACQUITY UPLC I-Class system (Waters Corporation Milford, Milford, MA, USA)
coupled with VION IMS QTOF Mass spectrometer (Waters Corporation Milford, Milford,
MA, USA) was used to analyze the metabolic profiling in both ESI positive and ESI negative
ion modes. An ACQUITY UPLC BEH C18 column (1.7 μm, 2.1 × 100 mm) was employed
in both positive and negative modes. Water and Acetonitrile/Methanol 2/3 (v/v), both
containing 0.1% formic acid were used as mobile phases A and B, respectively. The injection
volume was 1 μL. Data were collected in full scan mode (m/z ranges from 50 to 1000)
combined with MSE mode, including two independent scans with different collision
energies (CE) that were alternatively acquired during the running process.
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2.7.4. Data Preprocessing and Analysis

The acquired LC–MS raw data were analyzed by the progenesis QI software (Waters
Corporation, Milford, CT, USA) to identify the metabolites. The raw data were converted
to .abf format, followed by processing on the MD-DIAL software through LUG database
(Untargeted database of GC–MS rom Lumingbio).

Principle component analysis (PCA) and (orthogonal) partial least-squares-discriminant
analysis (O) PLS-DA were carried out to visualize the metabolic alterations among experi-
mental groups after mean centering (Ctr) and Pareto variance (Par) scaling, respectively.
Variable importance in the projection (VIP) ranks the overall contribution of each variable
to the OPLS-DA model, and those variables with VIP > 1 are considered relevant for group
discrimination. In this study, the default seven-round cross-validation was applied with
one/seventh of the samples being excluded from the mathematical model in each round.

The differential metabolites were selected based on the combination of a statistically
significant threshold of VIP values obtained from the OPLS-DA model and p values from a
two-tailed Student’s t-test on the normalized peak areas, where metabolites with VIP values
larger than 1.0 and p values less than 0.05 were considered as differential metabolites.

2.8. Statistical Analysis

All results were statistically analyzed with IBM SPSS Statistics version 19.0. Data were
presented as means and standard deviations. One-way analysis of variance followed by
Duncan’s post hoc test was used to compare the mean differences. A p-value < 0.05 was
considered significant.

3. Results

3.1. Confirmation of luxS Gene Knockout

In order to confirm the function of luxS as a S-ribosylhomocysteine lyase, a knockout
mutant of luxS was constructed. Gene luxS was successfully deleted by a temperature-
sensitive plasmid pFED760 (Figure 1a). The PCR in the luxS-mutant generated a short
3224-bp DNA fragment (lane 1) as expected, while a normal 3701-bp DNA fragment (lane 2)
was amplified in WT strain when using UD-f and UD-r primer pair in Table 1 (Figure 1b).
From lane 3, it can be seen that the primers of luxS did not amplify the gene. The sequencing
of PCR products also confirmed that the luxS-mutant was successfully achieved.

To determine the effect of luxS knockout on the AI-2 production ability of the strains,
we monitored the AI-2 levels in the supernatants of L. plantarum SS-128 and ΔluxS/SS-
128 by bioluminescence assay using the V. harveyi BB170 strain. Lack of the luxS gene,
which encodes an enzyme involved in methionine metabolism, ultimately leads to the loss
of AI-2. As shown in Figure 1c, the accumulation concentration of AI-2 of L. plantarum SS-
128 was at its highest in the late exponential phase and diminished slowly in the stationary
phase. It was agreed with the results of Amandeep et al. [29], which reported that AI-
2 activity increased till the late exponential phase. Moreover, the results demonstrated
that AI-2 activities of SS-128 were significantly increased at 14 h compared to those of
ΔluxS/SS-128 combined with transcript-level expression analysis (Figure 1d). These data
suggested that the deletion of the luxS contributed to a disability in synthesizing AI-2.

3.2. Growth Characteristics of L. plantarum SS-128 and ΔluxS/SS-128

The behaviors of L. plantarum exposed to 37 ◦C were summarized in Figure 2. Results
in Figure 2a showed that the tested SS-128 started to grow exponentially earlier compared
with ΔluxS/SS-128. The pH of SS-128 reached its lowest value (3.54) after 14 h of cultivation,
then began to increase, and the time was 2 h earlier than that of defective strain. These
properties differ from the growth rate of L. reuteri luxS mutant [19]. This might be account
for the cysK enzyme in L. plantarum. Gu et al. reported that the exogenous synthetic
AI-2 led to different growth feedback on physiological behaviors of Enterococcus faecium
and Lactobacillus fermentum in vitro [15,16]. However, the live cell number of the ΔluxS/SS-
128 was significantly higher than that of the SS-128 at the late exponential phase (12–18 h)
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(Figure 2b). It is speculated that the proportion of viable bacteria in ΔluxS/SS-128 was
higher than that in the SS-128 within 12–18 h.

For determining the viable cell proportion (VCP) of L. plantarum, the SYTO 9 and PI
staining was used to analyze the membrane integrity by flow cytometry. The results of
double-staining on L. plantarum (Figure 2c) showed the live/dead cells, respectively. The
VCP was 83.6% in SS-128 and 94.6% in ΔluxS/SS-128 at 14 h, and no apparent difference
in the proportion of viable bacteria at 24 h was shown in Figure 2c (p < 0.05). The results
demonstrated that the VCP in ΔluxS/SS-128 was higher than that in SS-128 during the late
exponential phase. L. plantarum proliferates by binary fission, in which the cell must double
its mass, replicate its DNA and divide equally to produce two daughter cells [30]. Based on
this way of splitting and the adequate nutrition, the higher total number of living bacteria
should exhibit an exponential increase with the normal proliferation rate of normal cells.
However, the live cell number of the luxS mutant did not increase many times as much
as that of the wild strain at the late exponential phase, contrary to the normal rate of the
cell proliferation. Empirical evidence suggests that E. coli and Schizosaccharomyces pombe,
all copied by binary division, avoid division by prolonging senescence when conditions
are unfavorable [31,32]. Therefore, we hypothesized that the luxS gene might regulate cell
proliferation, thereby affecting cell growth.

Figure 1. Two-step homologous recombination (a), PCR amplification (b), AI-2 activity (c), and
transcription of the luxS gene (d) in SS-128 and ΔluxS/SS-128. All data points mean ± standard
deviations (n = 3) with * denoting statistically significant differences (p < 0.05).
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Figure 2. Cell density (a), live cell number (b), VCP of L. plantarum by flow cytometry (c), and images
of inhibition zone of SS-128 and ΔluxS/SS-128 against E. coli, S. baltica, S. aureus, and A. johnsonii (d).
All data points mean ± standard deviations (n = 3).

3.3. In Vitro Bacteriostatic Effect of L. plantarum SS-128 and ΔluxS/SS-128

LAB have great potential in hindering the activity of pathogenic and spoilage bacteria
in food systems by producing bacteriostatic compounds mainly composed of organic
acids [4,33]. Thus, we compared the bacteriostatic ability of cell-free supernatant against
E. coli, Shewanella baltica, Staphylococcus aureus and Acinetobacter johnsonii of L. plantarum
SS-128 and ΔluxS/SS-128 (Figure 2d). E. coli and S. aureus are common food spoilage
and pathogenic microorganisms [34–36], while A. johnsonii and P. fluorescens are the main
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spoilage potential organism during the iced storage of aquatic products [37,38], which may
pose considerable risks to the health of consumers. The activity was evaluated by Oxford
cup tests with the sample from that of the CFS; the MRS broth without L. plantarum as the
control. The inhibitory zone diameter of each sample was measured with calipers and
summarized in Table S1. As shown in Figure 2d, the control group showed no bacteriostatic
ring, indicating that MRS broth has no bacteriostatic ability against the food-borne spoilage
and pathogenic bacteria. In contrast, SS-128 exhibited a clear antibacterial ring around
the bacteria and was larger than that of ΔluxS/SS-128 after 14 h. In particular, the CFS of
SS-128 collected at 24 h showed significant antibacterial activity against S. baltica (16.41 mm)
compared with ΔluxS/SS-128 (15.18 mm) (p < 0.05). According to the above results, the
metabolites of SS-128 had stronger bacteriostatic ability.

3.4. The Organic Acids Production of L. plantarum SS-128 and ΔluxS/SS-128

To further explore the regulation of the luxS gene on the main bacteriostatic metabo-
lites (organic acids) produced by L. plantarum, the organic acids production in L. plantarum
SS-128 and ΔluxS/SS-128 was measured. The data suggested that the organic acid produc-
tion of L. plantarum SS-128 was significantly decreased upon knockout of the luxS gene
(Figure 3a,b). The lactic acid production of L. plantarum SS-128 was 20.96% to 64.12% higher
than that of the luxS mutant type in 12–16 h (p < 0.05) (Figure 3a). QS is widely believed
to regulate the metabolism of bacteria (e.g., Pseudomonas aeruginosa and S. baltica) [39,40].
Similar results were observed for PLA production in 12–14 h. These results indicated that
the production of lactic acid and PLA in L. plantarum might be related to the regulation
of AI-2/LuxS system. In our study, a lower number of viable bacteria and stronger bacte-
riostatic ability persisted in SS-128 compared with ΔluxS/SS-128 after 14 h, which could
further confirm the regulation of luxS on the growth characteristics and metabolism of
L. plantarum.

Lactate dehydrogenase (LDH), widely distributed in diverse sources including LAB,
catalyzes the reduction of pyruvate to lactic acid. It can also catalyze the conversion of
phenylpyruvic acid (PPA) to PLA due to its broad substrate specificity [41]. Therefore, the
determination of LDH activity could reflect the effect of luxS gene on the acid production
capacity of L. plantarum. Figure 3c shows the LDH activity in L. plantarum evaluated after
8, 10, 12, 14, 16, and 24 h of cultivation. Compared with ΔluxS/SS-128 (2.32 mU/104 cell),
LDH activity was significantly increased in SS-128 after 10 h (4.25 mU/104 cell) (p < 0.05).
During the exponential growth period, the LDH activity of SS-128 remained stable and
significantly higher than that of ΔluxS/SS-128 (p < 0.05).

3.5. Transcriptomics Analyses between L. plantarum SS-128 and the ΔluxS/SS-128

The luxS gene is involved in QS, which has been shown to regulate critical physiologi-
cal traits and various adaptive processes in different bacteria [42,43]. Therefore, probing the
relationship between AI-/LuxS-mediated QS and the cell transcriptional expression levels
is the premise to influence bacterial metabolites accumulation. Based on this, the expres-
sion profile of L. plantarum without luxS gene was discerning, and transcriptome analysis
was performed on wild type and mutant type. Overall, 22.92 and 22.83 million reads of
SS-128 and ΔluxS/SS-128 were used for further analysis, respectively, and 94.06–94.48% of
the total reads mapped to the reference genome, among which 66.10–76.02% were coding
sequence (CDS) mapped reads (Table S2). There were significant differences between
ΔluxS/SS-128 and SS-128 in PCA model (Figure 4a). The differences between the first
and the second principal component were 77.93% and 11.78%, respectively. A total of
157 genes were identified in ΔluxS/SS-128 from uniquely matched reads data compared to
SS-128 expressing at different levels (p < 0.05) (Figure 4b).

The 157 differentially expressed genes (DEGs) were subsequently applied to functional
analysis in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway functional enrich-
ment. As shown in Figure 4c, KEGG enrichment analysis found that some pathways were
remarkably changed after the luxS gene knocked out in the histogram. These pathways in-

26



Foods 2022, 11, 638

cluded “Membrane transport”, “Carbohydrate metabolism”, and “Amino acid metabolism”.
Our data indicated that, owing to the loss of the luxS gene, a series of transport-related
pathways were adjusted, and the pathways involved in energy metabolism were also
changed in the process of cell growth. The identified DEGs were combined with functional
analysis results, such as KEGG annotations based on previous reports. These genes were
considered the most critical genes related to cell growth and accumulation of metabolites,
mainly involved in PTS, tricarboxylic acid (TCA), and methionine cycle (Table 2).

Figure 3. Extracellular concentrations of L-lactic acid (a) and PLA (b) detected by HPLC in SS-128 and
ΔluxS/SS-128; LDH activity (c). All data points mean ± standard deviations (n = 3) with * denoting
statistically significant differences (p < 0.05); n.s.: not significant.
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Figure 4. PCA analysis (a), volcano plot (b), and KEGG pathway of DEGs at level 2, (c) (ΔluxS/SS-
128 vs. SS-128).

Table 2. DEGs involved in PTS, pyruvate metabolism and quorum sensing.

Locus Tag Entry Gene Name (ID) Definition Fold Change p-Value

PTS

K02793 manXa mannose PTS system EIIA component 1.56 ↓ 1.12 × 104

K02768 fruB fructose PTS system EIIA component 1.68 ↓ 2.14 × 106

K02810 scrA, ptsS sucrose PTS system EIIBCA component 1.54 ↓ 8.15 × 103

K02761 celB, chbC cellobiose PTS system EIIC component 3.36 ↓ * 2.21 × 104

K02760 celA, chbB cellobiose PTS system EIIB component 1.92 ↓ 6.99 × 104

K02759 celC, chbA cellobiose PTS system EIIA component 3.19 ↓* 4.32 × 104

K02773 gatA, sgcA galactitol PTS system EIIA component 1.88 ↓ 2.76 × 104

K02774 gatB, sgcB galactitol PTS system EIIB component 1.71 ↓ 1.46 × 102

K02755 bglF beta-glucoside PTS system EIIA component 5.93 ↓ * 3.28 × 109

K02798 cmtB mannitol PTS system EIIA component 1.59 ↓ 1.49 × 105

LP_RS14755 PTS system EIIC component 1.74 ↓ 1.79 × 102

LP_RS12340 PTS system EIIA component 1.67 ↓ 3.06 × 102

LP_RS12650 PTS system EIIB component 1.52 ↓ 4.89 × 102

LP_RS12655 PTS system EIIC component 2.33 ↓ * 9.25× 1010

LP_RS13505 beta-glucoside PTS system EIIBCA component 1.54 ↓ 8.15× 103

LP_RS14845 PTS system EIIB component 1.71 ↓ 1.46 × 102

LP_RS14850 PTS system EIIA component 1.88 ↓ 2.76 × 104

Pyruvate
metabolism

K00927 PGK, pgk phosphoglycerate kinase 1.52 ↑ 1.85 × 105

K00016 ldh L-lactate dehydrogenase 2.58 ↓ * 1.03 × 102

K01610 pckA, PEPCK phosphoenolpyruvate carboxykinase (ATP) 1.51 ↑ 3.95 × 102

K00027 ME, maeA malate dehydrogenase 4.87 ↑ * 5.68 × 103

K01676 fumA, fumB fumarate hydratase, class I 3.39 ↑ * 1.10 × 104

K00244 frdA fumarate reductase flavoprotein subunit 4.08 ↑ * 3.14 × 102

K01744 aspA aspartate ammonia-lyase 1.70 ↑ 1.99 × 107

K01939 purA, ADSS adenylosuccinate synthase 1.55 ↑ 2.25 × 102

K01512 acyP acylphosphatase 1.70 ↑ 2.95 × 105

Methionine
cycle

K07173 luxS S-ribosylhomocysteine lyase 2.53 × 104

K01738 cysK cysteine synthase 2.95 ↓ 5.85 × 1010

K01999 livK branched-chain amino acid transport system
substrate-binding protein 2.01 ↓ * 2.75 × 102

Fold change was ΔluxS/SS-128 vs. SS-128. ↑ and ↓ represented up and down regulation, respectively. * fold
change was significantly higher than 2 (p < 0.05).
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3.6. Metabolomics Analyses between L. plantarum SS-128 and the ΔluxS/SS-128

Except for transcriptome sequencing analysis, the untargeted GC–MS and LC–MS
metabolomics analyses were used to further explore the adaptation of metabolic processes
in L. plantarum SS-128 response to the luxS gene. The total number of metabolites detected
in samples was 357, 2316, and 1330 for GC–MS, LC–MS positive ion mode, and negative
ion mode, respectively. The tested samples were apparently separated from the wild type
and mutant type in Figures 5a and S1a. Furthermore, the first principal components (PC)
were clearly separated by the OPLS-DA model, corresponding a variation between groups
of 38.7% (GC–MS) and 54.7% (LC–MS). These data indicated that the cell metabolism was
changed significantly owing to the knocked out of the luxS gene (Figures 5b and S1b). The
OPLS-DA model screened out differentially expressed metabolites in the two groups. The
structure identities of 110 metabolites screened by GC–MS were assigned, among which
26 metabolites were significantly upregulated and 84 metabolites were significantly down-
regulated (p < 0.05) (Figure 5c). LC–MS identified a total of 464 differentially expressed
metabolites. Meanwhile, there were 17 metabolites substantial decreased and 33 metabo-
lites increased in the first 50 metabolites that exhibited significant differences (p < 0.05)
(Figure S1c).

Figure 5. Changes in the metabolite contents compared the luxS mutant group with the control by
GC–MS. The PCA (a), OPLS-DA (b), volcano plot (c), and metabolic pathway enrichment map-Top
20 (d) between ΔluxS/SS-128 and SS-128 under the cut off of p < 0.05 (ΔluxS/SS-128 vs. SS-128). The
red line and blue line in (d) indicate p = 0.01 and 0.05, respectively.

To investigate the metabolic pathways involved, KEGG pathway analysis was per-
formed. Among the top-20 metabolic pathway enrichment map, the differentially expressed
metabolites (DEMs) in mutant type compared with WT strains were mainly enriched on
aminoacyl-rRNA biosynthesis, ABC transporters, amino acid metabolism, pyrimidine
metabolism and purine metabolism (Figure 5d). Based on the above, the key differential
metabolites involved in the enriched pathways were listed in Table 3.
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Table 3. Differential metabolites involving PTS, nucleotide synthesis, pyruvate metabolism, cysteine
and methionine metabolism.

Metabolites KEGG KEGG Annotation Dataclass Formula VIP p-Value FC

2′-Deoxyguanosine
5′-monophosphate C00362 Purine metabolism LC C10H14N5O7P 1.12 3.46 × 108 1.53 ↑
Deoxyguanosine C00330 Purine metabolism LC C10H13N5O4 1.26 2.38 × 106 1.84 ↑

Guanine C00242 Purine metabolism GC C5H5N5O 1.38 6.32 × 104 2.05 ↑ *
Hypoxanthine C00262 Purine metabolism GC C5H4N4O2 2.27 4.52 × 105 5.61 ↑ *

Xanthine C00385 Purine metabolism LC C5H4N4O2 1.14 1.08 × 107 2.21 ↑ *
Cytosine C00380 Pyrimidine metabolism GC C4H5N3O 1.43 5.73 × 104 2.15 ↑ *

dCMP C00239 Pyrimidine metabolism LC C9H14N3O7P 1.62 1.58 × 104 1.62 ↑
dTMP C00364 Pyrimidine metabolism LC C10H15N2O8P 5.82 1.20 × 107 1.73 ↑

Pseudouridine
5′-phosphate C01168 Pyrimidine metabolism LC C9H13N2O9P 4.18 6.41 × 105 1.15 ↑

Uracil C00106 Pyrimidine metabolism GC C4H4N2O2 1.67 3.17 × 105 2.59 ↑ *
Uridine C00299 Pyrimidine metabolism GC C9H12N2O6 1.29 3.43 × 104 1.86 ↑
Uridine

5′-monophosphate C00105 Pyrimidine metabolism LC C9H13N2O9P 2.20 5.38 × 104 1.42 ↑
Orotidine C01103 Pyrimidine metabolism LC C10H12N2O8 1.42 7.33 × 107 4.61 ↓ *

L-glutamine C00064 Purine metabolism
pyrimidine metabolism GC C5H10N2O3 3.13 3.58 × 107 22.12 ↓ *

Flavin
Mononucleotide C00061 Oxidative phosphorylation

Riboflavin metabolism LC C17H21N4O9P 1.04 4.29 × 103 1.66 ↑

Riboflavin C00255 ABC transporters
Riboflavin metabolism LC C17H20N4O6 1.23 3.40 × 103 2.22 ↑ *

Flavin adenine
dinucleotide C00016 Riboflavin metabolism LC C27H33N9O15P2 2.96 2.77 × 1010 1.64 ↑
D-Glycerate
2-phosphate C00631 Glycolysis/Gluconeogenesis LC C3H7O7P 1.81 2.85 × 107 1.84 ↑
D-Glycerate
3-phosphate C00197 Glycolysis/Gluconeogenesis LC C3H7O7P 1.10 9.00 × 108 1.79 ↑

Phosphoenolpyruvic
acid C00074 Glycolysis/Gluconeogenesis

Citrate cycle (TCA cycle) LC C3H5O6P 1.86 5.37 × 108 1.91 ↑
Isocitric acid C00311 Citrate cycle (TCA cycle) GC C6H8O7 1.22 2.09 × 102 4.97 ↑ *
Succinic acid C00042 Citrate cycle (TCA cycle) GC C4H6O4 1.47 1.91 × 104 2.17 ↑ *

L-aspartate C00049 Cysteine and methionine
metabolism GC C4H7NO4 1.29 4.77 × 103 2.02 ↑ *

L-glutamate C00025 Alanine, aspartate and glutamate
metabolism LC C5H9NO4 8.24 1.44 × 105 1.52 ↑

N-acetyl-glutamate C01250 Arginine biosynthesis GC C7H11NO4 1.84 2.72 × 104 3.37 ↑ *

Glutathione (GSH) C00051 Cysteine and methionine
metabolism | ABC transporters GC C10H17N3O6S 1.25 8.57 × 104 1.82 ↑

L-gamma-glutamyl-
L-valine C03740 Glutathione metabolism LC C10H18N2O5 1.34 3.31 × 106 1.34 ↑

Malic acid C00149 Citrate cycle (TCA cycle) GC C4H6O5 1.13 2.28 × 104 2.62 ↓
Fumaric acid C00122 Citrate cycle (TCA cycle) GC C4H4O4 1.49 3.51 × 103 1.52 ↓
L-lactic acid C00186 Pyruvate metabolism GC C3H6O3 2.05 5.33 × 104 4.56 ↓

L-Phenylalanine C00079 Phenylalanine metabolism LC C9H11NO2 5.94 2.58 × 104 3.24 ↓
Phenyllactic acid C05607 Phenylalanine metabolism LC C9H10O3 1.15 8.02 × 108 1.61 ↓

Aconitic acid C00417 Citrate cycle (TCA cycle) GC C6H6O6 1.19 2.58 × 104 1.54 ↑
Citric acid C00158 Citrate cycle (TCA cycle) GC C6H8O7 2.62 3.81 × 106 5.75 ↓ *

L-methionine C00073 Cysteine and methionine
metabolism GC C5H11NO2S 1.17 1.14 × 103 1.69 ↓

S-adenosyl-L-
methionine

(SAM)
C00019 Cysteine and methionine

metabolism LC C15H22N6O5S 1.81 1.49 × 1010 16.66 ↓ *

S-ribosyl-L-
homocysteine

(SRH)
C03539 Cysteine and methionine

metabolism LC C9H17NO6S 5.76 1.00 × 108 4.71 ↑ *

L-cystathionine C02291 Cysteine and methionine
metabolism GC C7H14N2O4S 2.40 9.01 × 108 6.85 ↓ *

L-homocysteine C00155 Cysteine and methionine
metabolism GC C4H9NO2S 2.03 1.44 × 105 1.73 ↓

S-adenosyl-L-
homocysteine

(SAH)
C00021 Cysteine and methionine

metabolism GC C14H20N6O5S 2.92 2.72 × 104 2.58 ↓
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Table 3. Cont.

Metabolites KEGG KEGG Annotation Dataclass Formula VIP p-Value FC

Serine C00065 Cysteine and methionine
metabolism GC C3H7NO3 1.58 6.93 × 105 0.42 ↓

Homoserine C00263 Cysteine and methionine
metabolism GC C4H9NO3 1.76 1.39 × 106 2.80 ↓ *

O-acetyl-L-serine C00979 Cysteine and methionine
metabolism GC C5H9NO4 1.51 1.02 × 105 2.89 ↓ *

Creatine C00300 Glycine, serine and threonine
metabolism LC C4H9N3O2 2.01 1.23 × 108 0.65 ↓

D-fructose
2,6-bisphosphate C00665 Fructose and mannose

metabolism GC C6H14O12P2 1.51 1.04 × 103 2.27 ↓ *

D-fructose C02336

Phosphotransferase system
(PTS)

Fructose and mannose
metabolism

GC C6H12O6 1.74 2.06 × 107 2.70 ↓ *

Cellobiose C00185 Phosphotransferase system
(PTS) GC C12H22O11 1.73 1.40 × 106 1.59 ↓

Galactose C00984
Galactose metabolism

Phosphotransferase system
(PTS)

GC C6H12O6 1.48 5.98 × 106 2.08 ↓ *

Glucose-6-
phosphate C00092 Phosphotransferase system

(PTS) GC C6H13O9P 1.35 1.41 × 104 1.93 ↓
D-ribulose

5-phosphate C00199 Pentose phosphate pathway GC C5H11O8P 1.09 3.31 × 103 1.61 ↓

UDP-glucose C00029 Pyrimidine metabolism
Pentose and glucuronate LC C15H24N2O17P2 1.53 3.97 × 105 3.80 ↓ *

D-glucose C00031
Glycolysis/Gluconeogenesis
Phosphotransferase system

(PTS)
LC C6H12O6 2.04 2.79 × 105 2.33 ↓ *

Fold change was ΔluxS/SS-128 vs. SS-128. ↑ and ↓ represented up and down regulation, respectively. * fold
change was significantly higher than 2 (p < 0.05).

4. Discussion

Since the above results showed that AI-2/LuxS positively regulated the bacteriostatic
activity and growth of L. plantarum SS-128, to explore the correlation between two regulatory
networks, the metabolome and transcriptome data were subjected to integrated analysis.
The results suggest that the knockout of luxS gene resulted in the overall downregulation
of methionine and cysteine cycling pathways. By comparing the ΔluxS/SS-128 with the
SS-128, the metabolites (SAM, L-cystathionine, O-Acetyl-L-Serine, et al.) and genes (luxS
and cysK) showed a lower expression in the mutant strain. Due to the disruption of the
methionine cycle, L-homocysteine cannot be replenished-resulting in the consumption of a
large SAM as methyl provider, and eventually, the dynamic cycle is disrupted. It is worth
noting that it is converted to S-adenosine homocysteine (SAH) when methyl groups are
transferred from SAM to nucleic acids, proteins, or other compounds via a SAM-dependent
methyltransferase [44]. Therefore, SAM participated in DNA and protein methylation as a
major methyl donor for methylation in living cells [45]. Thus, it can be inferred that luxS
in the methionine cycle is involved in the regulation of methylation of DNA and other
substances and cysteine metabolic pathways.

Bacteria, yeast, and mammalian cells are all dependent on an adequate supply of
purines and pyrimidines to maintain proliferation. The proliferation of LAB requires a
deoxyriboside bound to purine and pyrimidine bases [46]. As shown in Table 3, the DEMs,
such as hypoxanthine, uracil, and riboflavin, were significantly increased by 5.61, 2.59, and
2.22 times, respectively. Therefore, the differential purine metabolites may be the response
of the luxS mutant strain to changes in cellular metabolism, which is consistent with
previous similar studies. It was reported that purine and purine precursors are related to cell
growth under stress conditions [47–49]. Uracil dramatically affected L. plantarum growth
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incubated in ordinary air, and uracil sensitivity in aerobiosis was found in L. plantarum [50].
The accumulation of metabolites in the nucleotide synthesis pathway in cells reflects the
delay of nucleotide metabolism in cell proliferation, further confirming the regulation of
luxS on cell proliferation.

A significant increase in SRH was observed due to the interruption of activated methyl
cycle (AMC) and store depletion of L-homocysteine. Intracellular L-cysteine levels have
properly been regulated for proper cell growth [51]. As shown in Figure 6, L-cysteine
was maintained only by the pyruvate, while the contents of metabolites in other related
metabolic pathways were significantly decreased. The phenomenon is similar to the
“anaplerotic sequences” described by Hans Kornberg in Biochemistry that some key in-
termediates are removed during the growth process, other related metabolites are used
for the net production of the intermediate [52]. This is consistent with previous studies
in which cysteine-deficient cells exhibited over 100-fold increased oxidative stress com-
pared with the cysteine-added cells and was associated with protective mechanisms of
cell growth [53]. Since pyruvate is a major metabolic junction linking carbohydrate or
amino acid utilization to energy generation and biosynthetic pathways, the content of key
intermediate metabolites requires timely replenishment through auxiliary reactions [54,55].
In response to the interruption of the methionine cycle, glycolysis and TCA cycle were
upregulated to “maintain” the ATP for energy and NADPH for reducing power. DEGs
related to pyruvate metabolism and TCA cycle, such as pckA, ME2, fumA, and frdA, were up-
regulated in ΔluxS/SS-128 compared to the control. Whereas operated by the “anaplerotic
sequences”, L-lactic, PLA, malate and fumarate synthesis were downregulated to maintain
the overall rate of pyruvate, oxaloacetate, and phosphoenolpyruvate synthesis.

Figure 6. Changes of the expression levels of genes and metabolisms involved in L. plantarum
(ΔluxS/SS-128 vs. SS-128). Pathways were constructed based on information provided in the KEGG
database and previous studies. Microcompartments are depicted by dotted green lines.

The primary fermentation metabolite of LAB is lactic acid, which results in an envi-
ronment of the lower pH which generally limits the growth of pathogenic and spoilage
microbes [3]. The solubility of undissociated lactic acid within the cytoplasm membrane
and the insolubility of dissociated lactic acid may affect the pH gradient across the mem-
brane and reduce the available energy for cell growth [56]. As shown in Figure 6 and
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Table 3, while succinic acid was accumulated in the TCA cycle, the lactic acid and PLA
produced by fermentation of the ΔluxS/SS-128 was significantly lower than that of the
SS-128. This conclusion was consistent with the result of lactic acid and PLA production by
extracellular accumulation of SS-128 and ΔluxS/SS-128. Yang et al. reported that exogenous
DPD could promote the growth and the production of PLA of L. Plantarum AB-1 cells [57].
Similarly, our data suggest that the lactic acid and PLA production of L. plantarum SS-
128 was regulated by the AI-2/LuxS system. The crucial enzyme in lactic acid fermentation
is LDH, which is mainly responsible for catalyzing the reversible reduction of pyruvate to
lactic acid [58]. Recently, LDH has also been shown to be the main enzyme catalyzing the
PPA to PLA, which is a broad-spectrum antibacterial compound [59,60]. The significant
reduction of ldh of defective strains in transcriptomics results was also consistent with our
previous experimental results (p < 0.05) (Figure 3c). The results indicated that the pyruvate
production was maintained by increasing the directly related anabolism of the ΔluxS/SS-
128, followed by a reduction in directly related catabolism. Thus, downregulation of the ldh
reduces the production of the organic acid.

In addition, our results showed that the yield of malic acid, fumaric acid and citric
acid in ΔluxS/SS-128 were also significantly downregulated (p < 0.05). The production
of organic acids is undoubtedly the decisive factor to prolong the shelf life and safety of
products by LAB, which was an important indicator to reflect the biocontrol ability. The
significant decrease of organic acid production confirmed the regulation effect of luxS on
the bacteriostatic ability of LAB.

Unlike pyruvate metabolism to output energy in the form of ATP, PTS is an ATP-
dependent mechanism for absorbing sugars. It is dominant among the three mechanisms
(PTS, secondary carriers and ABC transporters) of LAB, accounting for about 52%. It
provides an essential carbon source to support lipid production and the biosynthesis of nu-
cleotides and non-essential amino acids (NEAAs). Due to the various carbohydrate sources
supplemented in MRS medium, the result of combined omics analysis could reflect the
difference in carbohydrate transport capacity of SS-128 compared with ΔluxS/SS-128. More
than 200 unigenes were involved in carbohydrate metabolism during the growth of L. plan-
tarum, and 36 of these unigenes were involved in membrane transporter. Twenty-seven
of these unigenes were DEGs in the PTS, and 17 of them in KEGG enrich top 20 (Figure 4)
were summarized in Table 2. The results suggested that most of the DEGs associated
with PTS were significantly downregulated (p < 0.05). Genes celA, celB, and celC encoding
cellobiose transport system permease are responsible for the carbohydrates utilization in
ΔluxS/SS-128, and significantly downregulated 1.92-, 3.36-, and 3.19-fold compared to
SS-128. The bglF was downregulated 5.93-fold change in response to stimulating growth.
Normal cells often increase the uptake of glucose to provide the significant carbon source
for the production of lipids, nucleotides, and non-essential amino acids [61,62]. Therefore,
lower transcript levels of genes encoding specific carbohydrate PTS components indicate
that ΔluxS/SS-128 may only be able to uptake and utilize the limited range of energy
substances, as part of a defense mechanism against the genetic mutations, and this could
explain their less efficient for growth and lower biocontrol ability.

5. Conclusions

In summary, the comparative multiomic analyses demonstrated that the higher pyru-
vate metabolic efficiency and energy input, followed by higher LDH level and metabolite
overflow in SS-128, resulted in stronger bacteriostatic ability compared to that of ΔluxS/SS-
128. These results suggest that the AI-2/LuxS could positively regulate the bacteriostatic
activity and growth of L. plantarum SS-128. Our data indicated that L. plantarum as bio-
preservatives was mediated by AI-2/luxS targeting to improve food safety, but further
studies are needed to explore the strategies of enhancing positive regulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11050638/s1, Figure S1: Changes in the metabolite contents
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compared the luxS mutant group with the control by LC-MS; Table S1: The mean inhibition zone
diameter (mm) of CFS of L. plantarum against the E. coli, S. baltica, S. aureus and A. johnsonii; Table S2:
Comparison of statistical results and reference genome.

Author Contributions: Conceptualization, Y.Q.; data curation, Y.Q. and H.Z.; formal analysis, Y.L.
and H.Z.; funding acquisition, Z.L.; investigation, Y.Q. and Y.L.; methodology, Y.Q.; software, T.X.;
supervision, M.Z. and Z.L.; visualization, T.X.; writing—original draft, Y.Q.; writing—review &
editing, Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No.
31972141) and the National key research and development program (No. 2021YFD2100504).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was financially supported by the National Natural Science Foun-
dation of China (no. 31972141) and the National key research and development program (No.
2021YFD2100504).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hatti-Kaul, R.; Chen, L.; Dishisha, T.; Enshasy, H.E. Lactic acid bacteria: From starter cultures to producers of chemicals. FEMS
Microbiol. Lett. 2018, 365, fny213. [CrossRef] [PubMed]

2. Barcenilla, C.; Ducic, M.; López, M.; Prieto, M.; Álvarez-Ordóñez, A. Application of lactic acid bacteria for the biopreservation of
meat products: A systematic review. Meat Sci. 2022, 183, 108661. [CrossRef] [PubMed]

3. Crowley, S.; Mahony, J.; van Sinderen, D. Current perspectives on antifungal lactic acid bacteria as natural bio-preservatives.
Trends Food Sci. Technol. 2013, 33, 93–109. [CrossRef]

4. Nasrollahzadeh, A.; Mokhtari, S.; Khomeiri, M.; Saris, P.E. Antifungal Preservation of Food by Lactic Acid Bacteria. Foods 2022,
11, 395. [CrossRef] [PubMed]

5. Michon, C.; Langella, P.; Eijsink, V.G.; Mathiesen, G.; Chatel, J.M. Display of recombinant proteins at the surface of lactic acid
bacteria: Strategies and applications. Microb. Cell Fact. 2016, 15, 70. [CrossRef]

6. Gao, C.; Ma, C.; Xu, P. Biotechnological routes based on lactic acid production from biomass. Biotechnol. Adv. 2011, 29, 930–939.
[CrossRef]

7. Gálvez, A.; Abriouel, H.; Benomar, N.; Lucas, R. Microbial antagonists to food-borne pathogens and biocontrol. Curr. Opin.
Biotechnol. 2010, 21, 142–148. [CrossRef]
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Abstract: Alzheimer’s disease (AD) is the most prevalent chronic neurodegenerative disease in
elderly individuals, causing dementia. Acetylcholinesterase (AChE) is regarded as one of the most
popular drug targets for AD. Herbal secondary metabolites are frequently cited as a major source of
AChE inhibitors. In the current study, baicalein, a typical bioactive flavonoid, was found to inhibit
AChE competitively, with an associated IC50 value of 6.42 ± 0.07 μM, through a monophasic kinetic
process. The AChE fluorescence quenching by baicalein was a static process. The binding constant
between baicalein and AChE was an order of magnitude of 104 L mol−1, and hydrogen bonding and
hydrophobic interaction were the major forces for forming the baicalein−AChE complex. Circular
dichroism analysis revealed that baicalein caused the AChE structure to shrink and increased its
surface hydrophobicity by increasing the α-helix and β-turn contents and decreasing the β-sheet
and random coil structure content. Molecular docking revealed that baicalein predominated at the
active site of AChE, likely tightening the gorge entrance and preventing the substrate from entering
and binding with the enzyme, resulting in AChE inhibition. The preceding findings were confirmed
by molecular dynamics simulation. The current study provides an insight into the molecular-level
mechanism of baicalein interaction with AChE, which may offer new ideas for the research and
development of anti-AD functional foods and drugs.

Keywords: baicalein; acetylcholinesterase; inhibitory mechanism; conformational change; molecular
docking; molecular dynamics simulation

1. Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative disease featuring hidden
onset, is clinically the most prevalent dementia form, which manifests as cognitive im-
pairment, such as memory loss, out-of-control behaviour, and emotional disorder [1,2].
According to Alzheimer’s Disease International’s data in September 2021, the number
of AD patients worldwide is 55 million. With the increase in the ageing population, the
number of AD patients is estimated to reach 78 million by 2030 and 139 million by 2050,
with a new AD case appearing every 3 s [3]. AD has become a major challenge impacting
the health of older adults and has become a public health concern [4].

The aetiology of AD is currently unknown [5]. Scholars both at home and abroad
have proposed multiple hypotheses about its pathogenesis, among which the “cholinergic
hypothesis” is the most developed and well-known [6–8]. Degeneration of basal cholinergic
neurons in the forebrain and loss of associated cholinergic neurotransmitters in the cerebral
cortex and other regions lead to the degradation of cognitive function in AD patients [9].
Acetylcholinesterase (AChE, Acetylcholinesterase, E.C.3.1.1.7) is a serine protease that
catalyses the hydrolysis of acetylcholine (ACh), an essential neurotransmitter in vivo, and
decomposes it into acetic acid and choline, thus blocking nerve impulse transmission [10,11].
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According to research, AD patients lack the cholinergic nerve cells in the basal forebrain and
thus exhibit enhanced AChE activity and decreased acetylcholine content [12]. As a result,
acetylcholinesterase inhibitors targeting AChE are mainly used to treat AD in the clinic,
according to the “cholinergic hypothesis.” Four of the five anti-AD drugs approved by the
FDA include AChE inhibitors (namely tacrine, donepezil, galanthamine, and rivastigmine,
Figure 1) [13,14]. Tacrine, however, was withdrawn in 2013 owing to severe hepatotoxicity
and other side effects [15]. The other three clinically utilised drugs have varying side effects
and can only treat mild-to-moderate AD symptoms; therefore, in-depth research is required
to achieve satisfactory therapeutic results [16]. The failure of clinical AD drug research
teaches us that drug selection must be based on both safety and targeting, and screening
AD inhibitors from natural products is an effective strategy [17].

Figure 1. Structure of baicalein (A) and FDA-approved AChE inhibitors (B–E).

Foods high in flavonoids have been found to reduce the neurodegenerative pathologi-
cal process of AD animal models and improve cognitive function [18]. Epidemiological
studies have also demonstrated that eating a substantial amount of foods rich in flavonoids
can improve normal cognitive function and reduce the incidence of dementia in the local
population [19]. Flavonoids are highly effective in alleviating reversible neurodegenerative
pathological processes and improving age-related cognitive decline [20] and thus have
become a hot spot in the research and development of anti-AD drugs and functional food
factors both at home and abroad.

Baicalein (5,6,7-trihydroxyflavone, as shown in Figure 1A) is an effective active com-
ponent monomer of flavonoids extracted from the root of Scutellaria baicalensis Georgi [21],
and it exerts numerous pharmacological effects, including antioxidant [22], scavenging
oxygen free radicals [23], anti-inflammatory [24], antimicrobial [25], anti-carcinogenic [26]
and neuroprotective effects [27]. The effects of baicalein on alleviating AD and improving
cognition and brain protection have been reported [28–30]. Baicalein can activate the PI3K
pathway, inhibit the levels of GSK3β and BACE1, reduce the content of total Aβ, and play
a neuroprotective role in mice, thereby enhancing memory [31]. Wei [32] confirmed that
baicalein can effectively alleviate cognitive impairment induced by Aβ 1-40 in rats and
change the protein expression level in the cerebral cortex and hippocampus. Studies by
Han [33] and other scholars have shown that baicalein is a selective and specific inhibitor
of BACE and AChE that can be utilised to prevent and treat AD. Xie [34] investigated the
inhibitory effect of 20 flavonoids on AChE and explored their structure−activity relation-
ship in the preliminary stages. However, the detailed molecular mechanism of baicalein
against AChE is yet to be explored.
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In the current study, UV–Vis absorption, fluorescence, and circular dichroism (CD)
spectroscopy were used to investigate the inhibitory activity, inhibitory kinetics, binding
properties, number of binding sites, type of acting force, and effect on the conformation of
AChE by baicalein. A PC12 cytotoxicity test was performed to assess the safety of baicalein.
For the interaction of baicalein with AChE, the molecular simulation was utilised to predict
binding sites, binding conditions, and major amino acid residues. Molecular dynamics
(M.D.) simulation was used to investigate the stability of protein skeleton, peptide flexibility,
and free energy of amino acid residues before and after the binding of baicalein with AChE.
The findings may provide novel insights into the mechanism of baicalein in AChE inhibition
and serve as a reference for the research and development of flavonoids, such as baicalein,
as anti-AD food functional factors and drugs.

2. Materials and Methods

2.1. Materials

AChE (137 U/mg, Electrophorus electricus) was provided by Sigma-Aldrich Co.
(St. Louis, MO, USA), and their stock solutions with 10 U/mL concentrations were pre-
pared with 0.1 M phosphate-buffered saline (pH 7.6) and stored at −20 ◦C. Baicalein
(purity ≥ 98%) was obtained from the National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China) and dissolved in ethanol to prepare the stock solu-
tion (5 mM). 5,5-Dithiobis-(2-nitrobenzoic acid) (DTNB), acetylthiocholine iodide (ATCI),
galathamine hydrobromide, and 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) were provided by Aladdin Chemistry Co., Ltd. (Shanghai, China). Foetal
bovine serum (FBS) was purchased from Gibco (Carlsbad, CA, USA). Dulbecco’s modified
Eagle’s medium (DMEM), trypsin, and other cell culture reagents were purchased from
Solarbio (Beijing, China). All remaining reagents were of analytical grade.

2.2. Enzyme Activity Assay

AChE activity was evaluated per Ellman’s method, albeit with a slight modifica-
tion [35]. Quartz cuvettes (3 mL) were utilised for measuring the assay mixture activity.
Solutions containing varying amounts of baicalein, phosphate-buffered saline (0.1 M,
pH 7.6), and 50 μL of AChE (2 U/mL, 3.4 × 10−8 M) were cultivated in 30 min at 25 ◦C.
After the pre-incubation period, 50 μL of 5, 5-dithiobis-(2-nitrobenzoic) acid (DNTB, 5 mM)
was added. The reaction was then initiated with 50 μL of acetylthiocholine iodide (ATCI,
15 mM). The absorbance at 412 nm was monitored every 5 s with the TU−1901 dual-beam
UV–Vis Spectrophotometer (Persee; Beijing, China). The samples were measured thrice,
and the average value was considered. Enzyme activity without baicalein was identified
to be 100%. Herein, the measured half-inhibitory concentration (IC50) for baicalein and
the relative enzymatic activity agreed with those reported previously [36]. Galantamine
hydrobromide served as the positive control.

2.3. Kinetic Analysis of the Inhibitory Type

To assess the kinetic mode of AChE inhibition displayed by baicalein, the inhibitory
effect was determined with four different concentrations of baicalein (0, 4, 8, and 10 μM)
when different substrate concentrations of ATCI coexisted in the same way of as the AChE
activity assay. The Lineweaver–Burk plots and Michaelis–Menten enzyme kinetics were
applied to analyse the inhibitory type. For competitive type inhibition, the dynamic double
reciprocal equation was used as follows [37]:

1
v
=

Km

vmax

(
1 +

(I)
Ki

)
1
(S)

+
1

vmax
(1)

Kapp
m =

Km(I)
Ki

+ Km (2)
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where (I) and (S) denote the inhibitor and substrate concentrations, respectively; ν repre-
sents the enzyme reaction rate irrespective of the presence of baicalein; νmax is the maximum
catalytic reaction rate; Ki, Km, and Kapp

m stand for the inhibition constant, Michaelis−Menten
constant, and apparent Michaelis constant, respectively.

The kinetic process and rate constants for enzyme inactivation were determined
through the time-course test. Baicalein with concentrations of 2, 4, 8, and 16 μM was used
for analysing the time-course. Enzyme activity at each concentration was measured every
3 min for 0–30 min, every 6 min for 30–60 min, and then at 70 and 80 min.

2.4. Fluorescence Spectrum Measurement

A spectrofluorometer (model F-7000; Hitachi, Tokyo, Japan) containing a thermostat
bath was used to measure the fluorescence spectra. The AChE solution (2.5 mL; 0.17 μM)
was introduced into a 1.0 cm path length quartz cell, followed by titration through the
successive addition of 2.0 mM of diluted baicalein solution (to obtain the concentration
range of 0–16 μM). The well-mixed solutions were set aside for three min for equilibration
purposes. The fluorescence spectra were measured in the 290–450 nm range, and the
relevant excitation wavelength set was 280 nm at 25 ◦C, 31◦C, and 37 ◦C. Excitation and
emission bandwidths were 2.5 nm. In addition, synchronous fluorescence spectra for
AChE with baicalein were conducted by fixing the interval of excitation and emission
wavelength constants at 15 nm and 60 nm. Fluorescence data were amended according to
our previous reports to erase the re-absorption possibility and the inner filter effects of UV
absorption [38].

2.5. CD Spectra Measurements

Far-UV CD spectra were measured using a spectrometer (MOS 450 CD; Bio-Logic,
Claix, France) with a 1.0 mm path length quartz cuvette. All the spectra were measured
in the 200–240 nm range at 25 ◦C, and the associated scan speed was 60 nm min−1. The
AChE in the PBS was completely blended with baicalein at varying concentrations and
then equilibrated for three min before CD measurements. The spectra were amended by
subtracting the spectrum of the buffer with that of baicalein at the same concentration as the
sample solution. Three scans were conducted, and the ellipticity in millidegrees indicated
the results. The contents of the discrepant secondary structures (α-helix, β-sheet, β-turn,
and random coil) from AChE were measured based on CD spectroscopic data following the
online SELCON3 program (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml. Accessed
on: 18 August 2021) [39].

2.6. Cytotoxicity of Baicalein in PC12 Cells

PC12 cells were purchased from the NanJing KeyGen Biotech Co. Ltd. (Nanjing,
China). These cells were cultivated in high-glucose DMEM supplemented with 10% FBS,
100 U/mL of penicillin and 100 μg/mL of streptomycin at 37 ◦C under a humidified 5%
CO2 atmosphere. Baicalein was dissolved in DMSO to prepare a 5 mM stock solution and
diluted with serum-free media before use. PC12 cells were seeded into a 96-well plate
at the density of 2 × 10 4 cells/well (100 μL) and cultured for 24 h. Next, the medium
was changed, and the cells were treated with baicalein at 0, 1, 10, 20, 40, and 80 μM. Each
concentration had six replicate wells, and the culture was continued for 24 h. To determine
the effect of baicalein on cell viability, 20 μL of MTT (5 mg/mL) was added to each well.
After 4 h, the resulting formazan crystals were dissolved by adding 150 μL of DMSO for
10–15 min. The absorption (O.D.) of each hole at 570 nm wavelength was measured using
an enzyme-labelled instrument (Varioskan LUX; Thermo Fisher Scientific, Waltham, MA,
USA). Cell viability was expressed as the percentage of the control.

2.7. Molecular Docking

Molecular docking was adopted for visualising the interaction of baicalein with AChE
through the Discovery Studio 4.5 program (neotrident, Beijing, China) [40]. The crystallo-
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graphic structure of the donepezil–AChE complex (PDB ID: 4EY7) was acquired through
the RCSB Protein Data Bank (http://www.rcsb.org/. Accessed on: 28 September 2021) [41].
According to the special tetramer structure in AChE, Chain A was selected for simulation
optimisation, and hydrogenation and polarity addition were conducted. The 3D structure
of baicalein was plotted using the Chem3D Ultra 8.0 (Cambridge Soft, Waltham, MA, USA),
and molecular optimisation was performed to obtain the conformation with minimum
energy. Then, the CHARMm force field algorithm was used, wherein AChE and baicalein
served as the receptor and ligand, respectively. Therefore, to validate the accuracy of
docking, the co-crystallised ligand donepezil was re-docked into the active site of AChE.
The molecular docking was performed using the CDOCKER algorithm, with 100 running
times, and the docking tolerance was set to 0.25 Å. The best binding pose with the lowest
energy was selected for examining the interplay of baicalein with AChE.

2.8. M.D. Analysis

M.D. simulation was conducted using the GROMACS 4.5.6 software, with the AMBER
99SB-ILDN force field [42,43]. The PDB file for AChE was complied with the PDB file
for molecular docking. The AChE– and AChE−baicalein complex systems were solvated
using the explicit SPC solvent model [44] and then placed within a dodecahedron box full
of water molecules, ensuring a minimum of the 1 nm distance between all protein atoms
and the box wall. The system surface charges were neutralised by adding 18 Na+ and nine
Cl−, followed by energy minimisation. The minimised system was equilibrated through
NVT at 300 K and one bar for 100 ps, whereas M.D. simulation was conducted by NPT
ensemble. Finally, the running time of M.D. simulations was set to 60 ns [45].

2.9. Statistical Analysis

All samples were tested in triplicate, and the results are indicated as mean ± standard
deviation. Data analysis was performed with a one-way analysis of variance in Origin
9.0 (Origin Lab, Northampton, MA, USA), and a p-value of <0.05 was considered statisti-
cally significant.

3. Results and Discussion

3.1. Inhibitory Effect of Baicalein on AChE

Baicalein and galanthamine hydrobromide (Figure 1) significantly prohibited AChE
activity in a dose-dependent manner (Figure 2A), with IC50 values of 6.42 ± 0.07 μM
and 0.29 ± 0.02 μM, respectively. The AChE activity was almost completely inhibited by
galanthamine. However, AChE activity inhibition by baicalein displayed a decreasing
trend. When baicalein reached a concentration of 26.7 μM, the final inhibition rate was 90%.
Although baicalein inhibited AChE less effectively than galantamine, it was recognised
as a compound with potential bioactivity that might prevent both Aβ aggregation and
amyloid fibril plaque formation [33]. Moreover, baicalein demonstrated a lower IC50 value
than baicalin (204.1 ± 16.5 μM), a flavone glycoside of baicalein. In vitro glycosylation
of dietary flavonoids decreased plasma protein affinity [46]. Flavone glycosylation also
altered the distribution and density of the electronic cloud among the rings, causing
significant steric hindrance [47]. Thus, baicalein’s inhibitory activity was substantially
greater than its glycosylation activity. It may be deduced that glycosylation reduces AChE
inhibitory activity, and the conclusion was reached in our prior study [40]. Furthermore,
the hydroxyl groups in the A ring may play a key role in AChE inhibition by baicalein,
thereby supporting the docking results, suggesting that the hydroxyl groups of flavonoids
form hydrogen bonds containing AChE active site residues [48].
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Figure 2. (A) Effect of baicalein and galantamine hydrobromide on the activity of AChE at 25 ◦C
(pH 7.6); c(AChE) = 0.57 nM, c(ACTI) = 0.25 mM. (B) Plots of v versus (AChE). c(ACTI) = 0.25 mM
and c (baicalein) = 0, 2, 4, 8, and 16 μM for curves a→e, respectively. (C) Lineweaver–Burk curve of
baicalein, c(AChE) = 0.57 nM; c (baicalein) = 0, 4, 8, and 10 μM for curves a→d. (D) Time course for
the relative activity of AChE in the presence of baicalein at the concentrations of 2, 4, 8, and 16 μM for
curves a→d, respectively. c(AChE) = 0.57 nM and c(ACTI) = 0.25 mM. Semilogarithmic plot analysis
for baicalein at 2 μM (the upper-right panel) and 16 μM (the lower-right panel), and the slope of the
curves suggests the inactivation rate constants.

The solvent and temperature influencing factor tests were performed to optimise the
experimental conditions, considering the impact of solvent and temperature on AChE
activity. No evidence of AChE inactivation was available in the ethanol concentration
range of 3%, as shown in Figure S1 (supplementary data). The enzyme activity revealed a
prolonged inactivation trend with an increase in the solvent concentration. Thus, the final
ethanol concentration in the reaction system was regulated by 3%. The activity of AChE
slowly increased between 19–37 ◦C and was relatively stable between 37–43 ◦C, whereas
it decreased rapidly at >43 ◦C temperature (Figure S2). Baicalein is a yellow, reductive
component that darkens during incubation. With an increase in the incubation temperature,
the colour darkens more noticeably, interfering with the UV measurement. Therefore, the
incubation temperature was adjusted to room temperature (25 ◦C).

3.2. Inhibition Kinetics of Baicalein

The plots for ν vs. AChE concentration with varying concentrations of baicalein were
drawn to assess the inhibition reversibility against AChE (Figure 2B). When baicalein was
added, the straight lines through the origin exhibited favourable linearity, and the slope
progressively reduced, indicating that the baicalein-induced inhibition was reversible,
and the binding mode was noncovalent interaction between baicalein and AChE [49].
Lineweaver–Burk plots were used to determine the inhibitory type and kinetic parameters
of baicalein against AChE. The AChE activity is shown in Figure 2C at varying ATCI
concentrations with varying baicalein levels. The lines of double reciprocal plots were
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intersected on the Y axis, which indicated a competitive inhibition, similar to chrysin’s
impact on xanthine oxidase [50]. The secondary plot for Kapp

m vs. (I) (insert Figure 2C)
demonstrates linear fitting, assuming a single inhibition site or a single class of inhibition
sites [37]. The Km and Ki values obtained from Equations (1) and (2) were 1.674 and
(4.32 ± 0.26) μM, respectively.

3.3. Inactivation Kinetics and Rate Constants

The time courses for AChE inhibition with varying concentrations of baicalein were
examined in 80 min to acquire the inactivation kinetics and rate constants (Figure 2D). The
figure shows that the inhibition of AChE by baicalein was time dependent. The enzyme
activity reduced rapidly in the first 20 min and then gradually became steady after 40 min.
Thereafter, the enzyme activity did not change dramatically. Subsequent semilogarithmic
plot analysis revealed that the baicalein-induced inactivation was a monophasic first-order
process with no intermediates. When the baicalein concentration ranged between 2 μM
and 16 μM, the rate constants (k) of inactivation increased from (1.48 ± 0.03) × 10 −4 s−1 to
(5.18 ± 0.08) × 10 −4 s−1. By using the equation ΔΔG◦ = −R.T. ln k, the transition free en-
ergy change (ΔΔG◦) was measured as 21.85 kJ mol−1 s−1, which reduced to 18.74 kJ mol−1 s−1

upon addition of baicalein. The variation in ΔΔG◦ potentially induced enzyme inactivation
(Table 1) [51].

Table 1. Inactivation rate constants for AChE with baicalein.

Baicalein
(μM)

Inactivation Rate Constant a

(×10 −4 s−1) Transition Free Energy
Change b (kJ mol−1 s−1)

k

2 1.48 ± 0.03 21.85
4 2.42 ± 0.05 20.63
8 4.01 ± 0.02 19.38
16 5.18 ± 0.08 18.74

a k is the first-order rate constant. The values of k were significantly different (p < 0.05) from each other; b Transition
free-energy change, ΔΔG◦ = −R.T. lnk, where k is the time constant of the inactivation reaction.

3.4. Fluorescence Quenching of AChE by Baicalein

The remarkable inhibitory effect of baicalein on AChE indicated that the inhibitor was
possibly bound to the enzyme [52]. Fluorescence quenching experiments were conducted
to examine the binding property, binding constant, and binding site to further investigate
the interactions between baicalein and AChE [53]. As shown in Figure 3A, the maximum
fluorescence emission peak of AChE occurred at 343 nm after excitation at 280 nm, and
baicalein exhibited no interference with AChE fluorescence since it did not display any sig-
nal under the same conditions (Curve l). The AChE fluorescence quenching was conducted
by serially adding baicalein with no visible peak shift, implying that baicalein interacts
with AChE.

The fluorescence quenching data, including quenching constant (KSV) and bimolec-
ular quenching constant (Kq), were assessed using the known Stern−Volmer equation to
elucidate the quenching mechanism for AChE fluorescence through baicalein [54]. The
Stern–Volmer plots exhibited favourable linearity at 25 ◦C, 31 ◦C, and 37 ◦C (Figure 3B),
indicating the presence of a single quenching type alone. Additionally, the relevant KSV
values (shown in Table 2) reduced with an increase in temperature, proving that the fluores-
cence quenching mechanism through baicalein was static. Moreover, the corresponding Kq
values of 1013 L mol−1 s−1 magnitude order were substantially higher than the quenching
rate constant for maximum scattering collision (2.0 × 10 10 L mol−1 s−1) [55].The results
also indicate that the static quenching mode triggered the quenching of baicalein to form a
ground-state complex rather than a dynamic collision.
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Figure 3. (A) Fluorescence spectra of AChE in the presence of baicalein at varying concentrations
(pH 8.0, T = 25 ◦C). c(AChE) = 0.17 μM, c(baicalein) = 0, 1.6, 3.2, 4.8, 6.4, 8.0, 9.6, 11.2, 12.8, 14.4, and
16.0 μM (curves a→k), respectively. Curve l depicts the emission spectrum of baicalein alone. (B) The
fluorescence quenching curve of baicalein on AChE at 25, 31, and 37 ◦C. Synchronous fluorescence of
AChE when baicalein was added at different concentrations: (C) Δλ = 15 nm, (D) Δλ = 60 nm; c(AChE)
= 0.17 μM, c(baicalein) = 0–16.0 μM for curves a→k. (E) Synchronous fluorescence quenching ratio
(RSFQ = 1 − F/F0) of different amino acid residues of AChE. (F) The CD spectra of AChE in the
presence of baicalein, c(AChE) = 0.75 μM; the molar ratios of baicalein to AChE were 0:1 (a), 2:1 (b),
and 6:1 (c).

Table 2. The quenching constants (KSV), binding constants (Ka), and relative thermodynamic parame-
ters for baicalein−AChE interaction under three temperature conditions.

T (◦C) KSV (×104 L mol−1) R a Ka (×104 L mol−1) R b n ΔH◦ (kJ mol−1) ΔG◦ (kJ mol−1) ΔS◦ (J mol−1 K−1)

25 6.45 ± 0.02 0.9989 6.66 ± 0.05 0.9982 0.88 ± 0.01
−17.01 ± 0.02

−22.71 ± 0.06
19.15 ± 0.0931 5.78± 0.03 0.9972 5.84 ± 0.01 0.9979 0.93 ± 0.03 −22.83 ± 0.03

37 5.22± 0.07 0.9946 5.11 ± 0.04 0.9967 1.13 ± 0.02 −22.94 ± 0.08

R a indicates the correlation coefficient of the KSV values; R b represents the correlation coefficient of the Ka values.
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3.5. Binding Parameters and Thermodynamics

The binding constant (Ka) for the AChE–bacalein complex and the binding site number
(n) were measured using Equation (3) [54]:

log
F0 − F

F
= n log Ka − n log

1

(Qt)− (F0−F)(Pt)
F0

(3)

(Qt) and (Pt) denote the bacalein and AChE concentrations, respectively. The order of
magnitude of Ka values was 104 L mol−1 (Table 2), which indicated that bacalein bound
to AChE with a moderate affinity. The n values approached 1, indicating the presence of
merely one binding site for bacalein on AChE, which is congruent with the results of the
Lineweaver−Burk plot analysis [56].

In general, four noncovalent interaction forces exist between small molecules and
macromolecules, namely hydrogen bonds, van der Waals forces, electrostatic forces, and
hydrophobic interactions [57]. To identify the binding forces between bacalein and AChE,
the thermodynamic parameters were measured following the Van’t Hoff equation:

log Ka = − ΔH◦

2.303RT
+

ΔS◦

2.303R
(4)

ΔG◦ = ΔH◦ − TΔS◦ (5)

where Ka denotes the binding constant, and R represents the gas constant (8.314 J mol−1 K−1).
The temperatures (T) used were 25 ◦C, 31 ◦C, and 37 ◦C. As shown in Table 2, ΔG◦ and ΔH◦
showed negative values, which indicated that the interplay of bacalein with AChE was
spontaneous, and the binding was exothermic. Furthermore, the positive ΔS◦ and negative
ΔH◦ values indicated that the hydrogen bonds and hydrophobic interactions exerted main
effects on the complex formation [58].

3.6. Synchronous Fluorescence Spectroscopy

For the investigation of AChE-related conformational changes, synchronous fluores-
cence spectroscopy is used. The fluorescence spectra between 15 and 60 nm at the wave-
length interval (Δλ) indicate the fluorescence characteristics for Tyr and Trp residues and
can reveal the microenvironment information of the proteases. As shown in Figure 3C,D,
the increase in baicalein concentration resulted in the bathochromic shifts from 294 to
295 nm for Tyr residues and 285 to 287 nm for Trp residues of AChE. The findings indicate
that the hydrophobicity of Tyr and Trp residues in the milieu was increased and that
baicalein triggered a conformational change in AChE and influenced the microenvironment
for amino acid residues. Tyr and Trp residues were contrasted in contribution based on
their ratios in synchronous fluorescence quenching (RSFQ = 1 − F/F0). With an increase
in the concentration of baicalein, the RSFQ value for Trp residues reached 63.83%, which
was higher than that for Tyr residues (58.48%) (Figure 3E). The current finding implies that
the Trp residue contributed more to the interplay between baicalein and AChE than the
Tyr residue because Trp residue was closer to the binding site and had more substantial
binding power with baicalein [59].

3.7. CD Spectra

CD may provide information on the stereochemistry of a protein-bound drug and
protein conformation through secondary structure analysis, consequently revealing infor-
mation about the binding process [60]. As shown in Figure 3F, two negative CD absorption
bands appeared in the AChE spectra at approximately 210 and 222 nm, due to π→π*
and n→π* transitions in amide groups, which have been defined as characteristic bands
of the α-helix structure [55]. Moreover, the presence of baicalein increased the negative
intensity of the band at 210 nm relative to the intensity of the band at 222 nm, indicating that
baicalein interacted with AChE mainly by π→π* transition and altered the conformation
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of AChE. The findings of thermodynamics analysis show that the hydrophobic interactions
and hydrogen bonds were the dominant forces during the interplay of baicalein with AChE.
With the increase in the molar ratios of baicalein to AChE from 0:1 to 6:1, the α-helix and
β-turn contents increased gradually, whereas the contents of the β-sheet and random coil
decreased (Table 3). The current result is consistent with that of Manavalan et al. [61].
The observed increase in the α–helix contents indicated that the AChE structure became
increasingly compact, which may have prevented the substrate from accessing the active
cavity, resulting in a decrease in the AChE catalytic activity.

Table 3. Secondary structure contents of the baicalein–AChE complex of varying molar ratios.

Molar Ratio
(Baicalein):(AChE)

α-Helix (%) β-Sheet (%) β-Turn (%) Random Coil (%)

0:1 34.35 ± 0.74 18.62 ± 0.06 19.18 ± 0.28 28.02 ± 0.65
2:1 38.82 ± 0.08 14.57 ± 0.13 21.42 ± 0.57 25.36 ± 0.29
6:1 42.53 ± 0.35 7.73 ± 0.03 28.15 ± 0.89 21.71 ± 0.47

3.8. Cytotoxicity of Baicalein in PC12 Cells

The cytotoxicity of baicalein in PC12 cells was evaluated using the MTT assay. Figure 4
demonstrates that the viability of the PC12 cells changed slightly under different concentra-
tions of baicalein. However, the change was not statistically significant compared with that
of the control group, indicating that baicalein was nontoxic to PC12 cells at the concentration
range of 1–80 μM.

Figure 4. The cytotoxicity of baicalein in PC12 cells. Data are presented as the mean ± SEM of six
independent experiments. The same letter “a” indicates no significant difference (p > 0.05).

3.9. Molecular Docking

The co-crystallised ligand donepezil was re-docked into the active site of AChE to
validate the accuracy of the docking protocol. The outcome is depicted in Figure 5A, and
the root mean square deviation (RMSD) between the docking and original co-crystallised
pose was 0.844 Å.

The binding position, binding mode, and force type of the interaction between
baicalein and AChE were predicted using a molecular simulation technique. Accord-
ing to the X-ray crystal structure analysis, the active site of AChE contains a narrow and
deep gorge comprising two binding sites, namely the Ser-His-Glu catalytic site at the gorge
bottom and peripheral anion site (PAS) at the gorge entrance.

As shown in Figure 5B, baicalein penetrated the active site of AChE, and the bind-
ing pattern was consistent with the competitive inhibition type of baicalein on AChE.
Baicalein’s lowest binding energy to AChE was −33.26 kJ mol−1, close to the thermo-
dynamic experimental data. Figure 5C,D demonstrate the baicalein binding area and
the main amino acid residues interacting with baicalein in AChE in 3D and 2D modes.
Baicalein formed three hydrogen bonds with AChE. The C6-hydroxyl group in the A ring
of phenylchromen formed a hydrogen bond with the O atom of Trp86 (catalytic site) at
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the choline-binding site, with the bond length 2.04 Å. The C7-hydroxyl group formed two
hydrogen bonds with the oxygen atom of Tyr72 and Asn87 residues, with bond lengths of
3.85 Å and 2.67 Å, respectively. The main phenylchromen had apparent π-π stacking, and
hydrophobic interaction with the PAS active site residues Trp86, Tyr124, Phe338, and Tyr337
inhibited the AChE activity by suppressing aromatic inner surface induction. The Val73,
Asp74, Tyr341, Pro88, Gln71, Ser125, Leu130, Gly126, Gly121, Gly120, and His447 residues
surrounded the whole baicalein molecule by van der Waals forces. These residues were
found in either the middle gorge area or the substrate-binding site, where they interacted
with baicalein to decrease AChE activity. Furthermore, the PAS locus was linked to the
allosteric control of AChE. [62]. Therefore, it is plausible to conclude that baicalein can
simultaneously induce the allosteric structure of AChE, causing the gorge entrance to
constrict and thereby preventing the combination of the substrate and enzyme active site
and eventually inhibiting AChE activity.

Figure 5. (A) Docked conformer of donepezil (white) and original pose of co-crystallised donepezil
(red). The results of molecular docking and interaction of baicalein with AChE. (B) The 3D ribbon
model of AChE (4EY7) docked with the optimal pose of baicalein. (C) The binding area of baicalein
in AChE, with only the key residues shown. (D) The 2D schematic graphs of the main amino acid
residues interacting with baicalein in AChE. The interaction is indicated in different colours.
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3.10. M.D. Simulation

M.D., a typical computer simulation tool for studying protein stability, can visibly
illustrate the dynamic changes of the protein skeleton with time and space. Understanding
the link between enzyme structure and function is critical for understanding the inherent
flexibility of proteins. As a result, M.D. simulations of the AChE crystal and the bacalein–
AChE complex were run in 60 ns.

The findings of the RMSD were used to evaluate the dynamic changes in system
stability and determine the time when the system reaches a steady state. The RMSD values
for free AChE varied from 0.15 to 0.24 nm and tended to reach equilibrium at 35 ns, as
shown in Figure 6A. The RMSD value of the protein skeleton fluctuated slightly in the first
35 ns, and a stable complex was formed slowly through hydrogen bonds or intermolecular
forces; the RMSD value of the enzyme became stable after 35 ns. Overall, the RMSD value
of the complex did not vary greatly, indicating that the binding of baicalein and AChE
would only marginally alter the freedom of protein movement and that the stability of the
baicalein−AChE complex was comparable to that of AChE [63].

Figure 6. M.D. simulation of baicalein with AChE for 60 ns. The RMSD (A) and RMSF (B) plots, and Rg
values (C) of the baicalein–AChE complex and free AChE backbone. (D) The number of hydrogen bonds
between baicalein with AChE during simulation. The SASA values of the residues Trp (E) and Tyr (F).
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The flexibility of amino acid residues was demonstrated by root mean square fluctu-
ation (RMSF) during the whole simulation duration. High RMSF values of amino acids
provide high flexibility during binding. The local amino acid residues of 70−100, 110−150,
and 330−380 in AChE showed an obvious fluctuation, possibly due to the participation
of amino acid residues at the sites in the allosteric formation of the enzyme to form stable
complexes, as is consistent with the main amino acid residues during the interaction with
baicalein in molecular docking. The presence of baicalein reduced the RMSF value of AChE
residues (as shown in Figure 6B), indicating that baicalein limited the flexibility of the
AChE structure, which might be due to the increase in the content of the rigid structure
(α-helix) of AChE due to interaction [64].

The radius of gyration (Rg) is an important parameter that reflects the compactness of
protein structure [65]. After 45 ns of simulation, the Rg value tended to become stable and
slightly lower than that of free AChE (Figure 6C), indicating that baicalein might induce the
AChE structure to become more compact. The hydrogen bonds and other forces formed
during the bonding process may have rendered the steric structure of AChE more stable,
which conformed to the CD analysis results. Figure 6D depicts the variation in the number
of hydrogen bonds fabricated in the complex during simulation. The hydrogen bonds
varied from 0 to 3, with 1−2 being the most prevalent. The solvent-accessible surface area
(SASA) of a system in interaction with solvents indicates surface changes in the system. To
further verify the change in the microenvironment hydrophobicity of Trp and Tyr residues,
the SASA values of the Trp and Tyr residues were compared before and after stimulation
(Figure 6E,F). The SASA of Trp residue decreased noticeably, implying that Trp residues’
microenvironment hydrophobicity had improved. The overall SASA for Tyr residues,
on the other hand, tended to decline slightly, which indicated a minor increase in the
microenvironment hydrophobicity of Tyr residues [40]. The results corresponded with
those of synchronous fluorescence research.

4. Conclusions

The present study investigated the inhibitory action of baicalein on AChE and the
underlying mechanism at the molecular level by using several spectroscopic and com-
puter simulation techniques. Baicalein was discovered to be a highly effective reversible
competitive inhibitor of AChE. Baicalein could statically quench AChE fluorescence. The
hydrogen bond and hydrophobic interaction aided the binding between baicalein and
AChE. Baicalein bound to AChE at one binding site, and the order of magnitude of the
binding constant was 104 L mol−1. A cytotoxicity test showed that baicalein did not affect
the activity of PC12 cells. The interaction of baicalein with PAS residues (Tyr72, Tyr124,
Phe338, and Tyr337) caused an increase in the α-helix content AChE, making the structure
of the enzyme more compact and increasing the surface hydrophobicity of AChE. Through
hydrogen bonding, hydrophobic interaction, and van der Waals force, baicalein may embed
into the active site of AChE to form a relatively stable complex. The binding caused a
conformational shift in the enzyme and tightened the structure of the gorge entrance, pre-
venting the substrate from entering and binding with the enzyme’s active site, eventually
inhibiting AChE activity. M.D. simulation analysis showed that the binding of baicalein
with AChE might influence the stability of the protein skeleton. As fluctuating peptides,
the 70–100, 110–150, and 330–380 residues might participate in causing conformational
changes in the enzyme and forming stable complexes. Furthermore, a slight decrease in
the Rg value reflects a moderate compact structure of AChE. Overall, the current study
investigated the mechanism of AChE inhibition by baicalein and provided a new direction
for the research and development of anti-AD food functional factors and drugs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/foods11020168/s1, Figure S1: Effect of ethanol on AChE activity;
Figure S2: Effect of temperature on AChE activity.
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Abstract: Rosemary (Rosmarinus officinalis L.) represents a medicinal plant known for its various
health-promoting properties. Its extracts and essential oils exhibit antioxidative, anti-inflammatory,
anticarcinogenic, and antimicrobial activities. The main compounds responsible for these effects are
the diterpenes carnosic acid, carnosol, and rosmanol, as well as the phenolic acid ester rosmarinic
acid. However, surprisingly little is known about the molecular mechanisms responsible for the
pharmacological activities of rosemary and its compounds. To discern these mechanisms, we per-
formed a large-scale inverse molecular docking study to identify their potential protein targets. Listed
compounds were separately docked into predicted binding sites of all non-redundant holo proteins
from the Protein Data Bank and those with the top scores were further examined. We focused on
proteins directly related to human health, including human and mammalian proteins as well as
proteins from pathogenic bacteria, viruses, and parasites. The observed interactions of rosemary
compounds indeed confirm the beforementioned activities, whereas we also identified their potential
for anticoagulant and antiparasitic actions. The obtained results were carefully checked against the
existing experimental findings from the scientific literature as well as further validated using both
redocking procedures and retrospective metrics.

Keywords: rosemary; inverse molecular docking; carnosol; carnosic acid; rosmanol; rosmarinic acid

1. Introduction

Rosemary (Rosmarinus officinalis L.), which belongs to the Lamiaceae family, represents
an evergreen, perennial, branched shrub that can grow up to three feet tall. It grows
fragrant, needle-like, dark green leaves with curved margins and tiny white, pink, purple,
or blue flowers [1,2]. The plant is native to the Mediterranean region and its leaves are used
extensively in Mediterranean cuisine, mainly as a spice.

Rosemary has been found to possess several bioactive compounds that exert various
pharmacological activities, particularly antioxidative [3], anti-inflammatory [4], antidi-
abetic [5], and antibacterial [6], effects. Moreover, rosemary extracts exhibit promising
anticarcinogenic activities in several in vitro [7–9] as well as in vivo studies [10,11].

Carnosic acid (Figure 1a), carnosol (Figure 1b), rosmanol (Figure 1c), and rosmarinic
acid (Figure 1d) are most frequently cited in relation to the beneficial pharmacological
activities of compounds found in rosemary [12]. Carnosol, carnosic acid, and rosmanol
represent polyphenolic diterpenes with similar structures. They consist of the main abi-
etane scaffold, a fused six-membered tricyclic ring system, with one of these rings being
aromatic. Carnosic acid represents the major constituent of rosemary and constitutes up to
4% of the dried leaves [13]. However, it is not very stable and, once isolated, undergoes
oxidation leading to the formation of the γ-lactone carnosol, which causes it to lose the

Foods 2022, 11, 67. https://doi.org/10.3390/foods11010067 https://www.mdpi.com/journal/foods53



Foods 2022, 11, 67

acidic properties [14]. Oxidation of carnosic acid can alternatively lead to rosmanol, which
differs from carnosol in that it has a free hydroxyl group at the C-7 atom and that the
γ-lactone is formed via C-20 and C-6 atoms. The three diterpenes form a very effective
oxidation cascade, which is vital for the rosemary’s potent antioxidative activity. When
carnosic acid is oxidized by free radicals, it forms a quinone derivative. This substance can
then undergo isomerization, producing carnosol, or a redox reaction, yielding rosmanol.
Thus, carnosic acid, while itself a potent antioxidant, can form two additional substances
that also exhibit potent antioxidative activities. This mechanism probably represents the
main reason behind the extraordinary antioxidative properties of rosemary [15]. Moreover,
these compounds also exhibit antibacterial [16], antiviral [17,18], anti-inflammatory [19,20],
antiproliferative [7,8,21–28], and antidepressant [29,30] effects. The study by Romo Va-
quero, et al. [31] in rats showed that after oral intake, the glucuronide derivatives of these
compounds can be found in plasma as early as 25 min after administration, indicating a
good bioavailability. Moreover, carnosic acid was also found in the brain tissue of rats, sug-
gesting that it is able to cross the blood–brain barrier, giving credence to a number of studies
in which various positive neuroprotective and cognitive effects were established [32,33].

Figure 1. Molecular structures and atom numbering of compounds investigated in the inverse dock-
ing study (a) molecular structure of carnosic acid, (b) carnosol, (c) rosmanol, and (d) rosmarinic acid.

Rosmarinic acid represents an ester of caffeic acid and 3,4-dihydroxyphenyllactic
acid [34]. The structure contains two electroactive catechol moieties that can neutralize
free radicals through the electron/proton donor mechanism. Examination of the steps
reveals that rosmarinic acid is first oxidized at the caffeic acid moiety of the molecule, while
the second step corresponds to the oxidation of the 3,4-dihydroxyphenylic acid moiety.
Moreover, the hydroxyl and carboxylic oxygens form a system that exerts good metal
chelating properties [35]. Rosmarinic acid can also insert itself into lipid membranes where
it effectively inhibits lipid peroxidation [36]. Numerous studies describe that rosmarinic
acid exhibits also anti-inflammatory [37,38], antimicrobial [39], anticarcinogenic [7,40,41],
and neuroprotective effects [42]. However, unlike the diterpenes in rosemary, the oral
bioavailability of rosmarinic acid is poor and amounts to only about 1% in rats [43]. This
highlights the need to develop novel delivery systems, such as nanoparticles, to improve
the poor pharmacokinetic properties of rosmarinic acid [44,45].

Our aim is to identify potential protein targets of carnosic acid, carnosol, rosmanol,
and rosmarinic acid using the inverse docking methodology [46], in which a ligand is
docked to a multitude of protein binding sites. The method is typically applied to discover
new potential protein targets for small molecule drugs [47] or natural products [48–50] and
to explain their mechanisms of action in various diseases. To the best of our knowledge
such an investigation has never been performed for the major rosemary compounds.
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2. Materials and Methods

2.1. Starting Coordinates of Rosemary Compounds

The initial coordinates of carnosic acid, carnosol, rosmanol, and rosmarinic acid were
obtained from the ZINC15 database [51], using ZINC IDs ZINC000003984016,
ZINC000003871891, ZINC000031157853, and ZINC0000899870, respectively. Prior to per-
forming inverse molecular docking, all molecules were subjected to a quantum mechanical
geometry optimization procedure using the MP2/6-31G* level of theory/basis set combina-
tion. This optimization was performed in Gaussian 16 [52].

2.2. In Silico Determination of ADME Properties

In silico determined ADME/Tox profiles provide a useful tool for predicting the
pharmacological and toxicological properties of investigated molecules [53]. To provide
a more detailed prediction of the pharmacokinetic properties of carnosic acid, carnosol,
rosmanol, and rosmarinic acid, which would complement the known experimental data, we
implemented the SwissADME web server [54]. SwissADME represents a freely available
tool that enables robust predictions of absorption, distribution, metabolism, and extraction,
based on the two-dimensional data of the molecule. In addition, it yields predictions on
drug-likeness based on well-established metrics.

All compounds were inputted on the SwissADME webpage (http://www.swissadme.
ch/ date accessed: 20 December 2021) using the Simplified Molecular-Input Line-Entry
System (SMILES) strings.

2.3. Inverse Molecular Docking

Our goal was to gain mechanistic insight into the potential mechanism of pharma-
cological actions of the investigated rosemary compounds using CANDOCK (Chemical
Atomic Network based Docking) [55] inverse molecular docking on more than 65,000 pro-
tein structures potentially associated with human pathologies. Protein binding sites for
small molecules were obtained from the ProBiS-Dock Database [56]. The main advantage
of defining binding sites in this way is that multiple spherical centroids are defined in
advance to describe a very accurate 3D shape that can be used in conjunction with the
CANDOCK algorithm. Moreover, binding sites at the interface of multiple protein chains
are also considered for docking.

For docking, the CANDOCK algorithm applies a hierarchical approach to reconstruct
small molecules from the atomic lattice using graph theory, while applying a generalized
statistical potential function for scoring. The docking scores represent approximations
of the relative binding free energies and are expressed in arbitrary units. Specifically,
CANDOCK finds the best-docked poses of small-molecule fragments and applies a fast-
maximum-clique algorithm [57] to link them together. In the molecular reconstruction,
the algorithm uses iterative dynamics for better placement of the ligand in the binding
pocket. After the initial docking and reconnection procedure is completed, a minimization
procedure based on the Chemistry at Harvard Macromolecular Mechanics (CHARMM)
force field [58] is performed to model the induced fit of the ligand binding to the protein
binding site.

2.4. Method Validation

To retrospectively validate our inverse molecular docking procedure, we applied
receiver operating characteristic curves (ROC) [59], enrichment curves [60], and predic-
tiveness curves (PC) [61]. Briefly, the ROC metric plot shows a correlation between the
true-positive fraction (TPF) on the y-axis and the false-positive fraction (FPF) on the x-axis.
In our case, the TPF represents experimentally confirmed protein targets of rosmarinic
acid from the ChEMBL database [62] with the corresponding PDB entries, while the FPF
represents all other protein targets from the ProBiS-Dock database. We did not perform
an analogous validation for diterpenes as only a small number of confirmed targets is
available for them. The area under the ROC curve (ROC AUC) represents a simple measure
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to evaluate the overall performance of the inverse molecular docking method. The larger
the ROC AUC, the more effective is the method at discriminating true from false targets.
The enrichment curve represents the early quantification of target proteins from the TPF.
Moreover, PC also provides the early detection quantification of target proteins from the
TPF, but in addition, it can be used to define the threshold for potential targets from the in-
verse molecular docking to be tested experimentally. Contrary to ROC, PC can describe the
dispersion of the inverse docking scores well. To quantify the early detection, we applied
the enrichment factor of 1% of the compounds tested (EF) [63], the Boltzmann-enhanced
discrimination of ROC (BEDROC) [59], and the robust initial enrichment (RIE) [63] mea-
sures as well. Using PC, the standardized total gain (TG) [61] was also determined, which
summarizes the contribution of the inverse molecular docking scores in explaining the
probability of targets over the entire protein dataset. To calculate all of the listed measures,
the Screening Explorer web server [64] was implemented.

3. Results

3.1. Inverse Molecular Docking of Diterpenes

Because of their similar structure and good agreement, the docking results for carnosic
acid, carnosol, and rosmanol were combined and analyzed together: the diterpene ligand
with the best score for the individual protein was considered. The 0.05% (3.5σ) top scoring
proteins from the entire docked database were selected (Figure 2) and among them, those
with implications for human health were chosen. Human and mammalian proteins as well
as proteins from pathogenic bacteria, viruses, and parasites were considered. Moreover,
mammalian proteins were considered in order to increase the protein space available for
docking, where we assumed that within the class of mammals, analogous proteins and
their binding sites are similar enough so that our findings from non-human mammals are
transferable to human proteins.

Figure 2. Normal distribution fit of the inverse docking scores. (a) Combined distribution of docking
scores obtained by inversely docking the rosemary diterpenes carnosic acid, carnosol, and rosmanol
to the whole ProBiS-Dock Database. (b) Distribution of docking scores for rosmarinic acid. A cut-off
criterion of 3.5 σ was used to select the most promising protein–ligand complexes to be further
investigated in more detail.

In Table 1, we present the highest-scoring protein–ligand complexes based on the
cut-off criterion of 3.5 σ. Moreover, where data were available, we redocked ligands/drugs
that are known to bind to the presented targets using an analogous procedure as the one
applied for inverse docking. These results, presented in Table S1, show that in all cases
except for K-Ras G12C and enhanced intracellular survival protein, the docking scores of
the known ligand/drugs are worse than the ones of the rosemary diterpenes. This indicates
an already strong binding affinity of the rosemary compounds, although they have not yet
been rationally optimized for these specific protein targets.
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Table 1. Best scoring human, mammalian, and pathogen protein targets of rosemary diterpenes
carnosic acid, carnosol, and rosmanol. Docking scores independent of the organism or type of protein
are collected in Supplementary Materials in Table S2.

Rank
PDB ID with

Chain
Ligand

Predicted
Ligand Docking

Score (arb.
Units)

Protein Name Organism
Protein Function and
Disease Correlation

Reported
Experimental
Correlation of

Protein and
Ligand

1 4lucB Carnosic acid −69.9 K-Ras G12C Homo sapiens
Controls cell proliferation

and differentiation. Its gene
is a proto-oncogene.

[65]

2 3oojA Carnosic acid −68.2

Glucosamine-
fructose-6-
phosphate

aminotransferase

Escherichia coli

Catalyzes the first step in
hexosamine metabolism and
is needed for E. coli growth

and infection spread.

[66–68]

3 3srdD Carnosic acid −68.1 Pyruvate kinase
M2 Homo sapiens

Catalyzes the last step in the
glycolysis. Important in
providing ATP to cancer

cells.

4 1kenA Carnosic acid −66.9 Hemagglutinin
HA1 Influenza A virus Enables viral entry into cells

causing the flu.

5 2hpeA Carnosic acid −65.0 HIV-2 protease
Human

immunodeficiency
virus 2

Hydrolyzes peptide bonds
leading to functional

proteins essential for HIV
infectivity.

[69]

6 4jd6C Carnosic acid −64.8
Enhanced

intracellular
survival protein

Mycobacterium
tuberculosis

Acetylates amine groups in
aminoglycoside drugs, thus
preventing the binding to

the ribosome, leading to M.
tuberculosis resistance.

7 5u46A Carnosic acid −64.7

Peroxisome
proliferator

activated
receptor delta

Homo sapiens

Regulates lipid catabolism
and its transport and storage

and is also associated with
insulin secretion and

resistance. It is implicated in
metabolic disorders and

cancer.

γ isoform [70]

8 3mt7A Carnosic acid −64.5 Glycogen
phosphorylase

Oryctolagus
cuniculus

Breaks the non-reducing
ends in the chain of glycogen

that enables glucose
production. Its inhibition

can manage type II diabetes.

9 3rycC Carnosic acid −64.2 Tubulin Rattus norvegicus

Involved in cell division as it
forms microtubules which in

turn form mitotic spindles
that pull chromosomes apart
during cell division. Tubulin

targeting is used in cancer
treatment.

10 2j9kB Carnosic acid −63.5 HIV-1 protease
Human

immunodeficiency
virus 1

Hydrolyzes peptide bonds
leading to functional

proteins essential to HIV
infectivity.

[69]

11 1fxfB Carnosol −63.3 Phospholipase
A2 Sus scrofa

Catalyzes the hydrolysis of
glycerophospholipids thus
releasing free fatty acids,

including arachidonic acid.
Its action is implicated in

several inflammation-based
diseases such as arthritis,
coronary artery disease,
Alzheimer’s and cancer.

12 3ogpA Carnosic acid −63.3 FIV Protease
Feline

immunodeficiency
virus

Hydrolyzes peptide bonds
leading to functional

proteins essential to FIV
infectivity in cats.

13 2p2hA Carnosic acid −63.1

Vascular
endothelial

growth factor
receptor 2

Homo sapiens
Signal protein crucial in

angiogenesis. Its inhibition
is used in cancer treatment.

Negative: [71]
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Table 1. Cont.

Rank
PDB ID with

Chain
Ligand

Predicted
Ligand Docking

Score (arb.
Units)

Protein Name Organism
Protein Function and
Disease Correlation

Reported
Experimental
Correlation of

Protein and
Ligand

14 5ilqC Carnosic acid −63.0
Aspartate

carbamoyltrans-
ferase

Plasmodium
falciparum

Enzyme involved in
pyrimidine biosynthesis,

crucial for Plasmodium
falciparum (causative agent

of malaria) survival and
replication.

15 4iv5A Carnosic acid −62.8
Aspartate

carbamoyltrans-
ferase

Trypanosoma
cruzi

Enzyme involved in
pyrimidine biosynthesis,

crucial for Trypanosoma cruzi
(causative agent of Chagas

disease) survival and
replication

3.1.1. K-Ras

K-Ras is a GTPase responsible for relaying signals from outside the cell to the nucleus.
It represents a part of the rat sarcoma/mitogen-activated protein kinase (RAS/MAPK)
pathway, and K-Ras signaling leads to cell growth, proliferation, and differentiation. K-Ras
is of utmost clinical importance as it represents the most frequently mutated oncogene in
pancreatic, colon, and lung cancers [72]. Numerous attempts have been made to develop
compounds that inhibit the function of K-Ras, but with limited success only [73]. The
non-druggability of K-Ras is mainly due to the lack of a well-defined binding pocket, as
well as the high affinity for guanosine triphosphate (GTP), with which alternative drug
molecules have difficulty competing. Nevertheless, progress has been made in recent years
in modulating K-Ras with small-molecule ligands. Fell, et al. [74] developed a potent
inhibitor of the oncogenic K-Ras G12C mutant that induces the formation of a new binding
pocket near the nucleotide (GTP) binding site (Figure 3a). Binding to this new pocket results
in signal inhibition by arresting the enzyme in its inactive state. Interestingly, this induced
binding pocket was ranked most favorable of all the protein binding sites tested by our
method for carnosic acid (Table 1). Carnosic acid docks at this induced binding site where it
forms two hydrogen bonds with Thr58 side chain and two hydrogen bonds to the backbone
atoms of Ala59 and Gly60 (Figure 3b, Table S4). A strong salt bridge with a distance of 4.1 Å
is additionally created between the carboxylate of carnosic acid and Arg68. Finally, the
relatively large hydrophobic ring system of carnosic acid forms hydrophobic interactions
with Glu62, Tyr96, and Gln99. Although none of the diterpenes have been previously
reported to bind directly to K-Ras, rosemary extracts have indeed been shown to lead to the
down-regulation of K-Ras expression in colon cancer cells [75]. This suggests an interesting
potential of carnosic acid for a two-pronged attack on the protein by down-regulating its
expression and by inhibiting it directly.
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Figure 3. (a) K-Ras protein structure highlighting the GTP- and induced-binding site. (b) The induced
binding site of the K-Ras protein (blue) with docked carnosic acid (carbon atoms depicted in grey).
Orange dotted lines represent salt–bridge interactions, and blue dotted lines H-bonding interactions.
Amino acid residues forming hydrophobic interactions are denoted with yellow sticks.

3.1.2. Glucosamine/Fructose-6-Phosphate Aminotransferase

In humans, infection with pathogenic strains of Escherichia coli leads to various diseases
such as gastroenteritis, septic shock, and urinary tract infections. In addition, some strains
have been linked to colon cancer because they can synthesize substances that damage
DNA [76]. While most Escherichia coli infections can be treated with existing antibiotics,
such as fluoroquinolones, the proliferation of multidrug-resistant strains produces the
need to identify new compounds with antimicrobial activity. Although specific binding of
rosemary diterpenes to glucosamine/fructose-6-phosphate aminotransferase (GlmS) is not
reported in the scientific literature, a number of studies shows that rosemary compounds
indeed exhibit activity against Escherichia coli [66–68]. Since no mechanism of this inhibition
has yet been reported, we speculate that carnosic acid may bind to GlmS, which catalyzes
the first step in hexosamine metabolism by converting fructose-6P to glucosamine-6P using
glutamine as a nitrogen source [77], yielding N-acetylglucosamine an essential building
block of bacterial cell walls. Therefore, targeting this enzyme could lead to the inhibition of
bacterial growth [78]. Predicted interactions between carnosic acid and GlmS are presented
in Table S5.

3.1.3. Pyruvate Kinase 2–Muscle Isoform

Cancer cells often rely on glycolysis to meet their high energy demands, whereas nor-
mal cells derive most of their energy from oxidative phosphorylation [79]. This difference
in cell metabolism can be, therefore, exploited to target cancer cells. The muscle isoform of
pyruvate kinase 2 (PKM2) is universally expressed in cancer cells and catalyzes the final
step of glycolysis by transferring a phosphate group from phosphoenolpyruvate (PEP) to
adenosine diphosphate (ADP), resulting in one molecule of pyruvate and one molecule
of adenosine triphosphate (ATP). On the other hand, the remaining isozymes of pyruvate
kinase are expressed in most normal tissues, so targeting PKM2 represents a viable way
to selectively inhibit glucose metabolism in cancer cells [80]. Carnosic acid binds at the
site where variations in two amino acid residues are present compared to PKM1, namely
Ile389Met and Gln393Lys (Table S6). These variations result in a significant decrease in
docking score as the best PKM1 isoform scores −65.1 A.U compared to −68.1 for the M2
isoform (Table 1), which may indicate that carnosic acid is indeed selective towards PKM2.
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3.1.4. Hemagglutinin HA1

Influenza virus hemagglutinin (HA) represents a surface glycoprotein that is critical
for viral infectivity. It has multifunctional activity, allowing entry of the virus by binding to
sialic acid at the surface of host cells, while also being responsible for the fusion of the viral
envelope to the endosomal membrane [81]. Due to its importance, this protein forms a key
target for neutralizing antibodies [82]. However, it is also possible to target it with small
molecules such as arbidol [83]. Carnosic acid docks to a cavity in the HA trimer stem at the
interface between the three protomers. This binding site is separate from the conserved
epitope targeted by the neutralizing antibodies. The drug arbidol is known to stabilize the
conformation of HA, thereby preventing the large conformational changes required for
membrane fusion. This could potentially also be the case with carnosic acid, as it forms
three hydrogen bonds, one with each protomer, and could thus act as a so-called molecular
glue that binds the protomers together, making them nonfunctional (Figure 4, Table S7).

Figure 4. Carnosic acid glues together chains A, C and D of the HA glycoprotein. Carbons of carnosic
acid are displayed as teal sticks, chain A in orange, chain B in green, chain C in sky blue and chain D
in dark blue pipes and planks. Amino acids forming hydrogen bonds (denoted with red dotted lines)
are displayed as sticks of matching colors.

3.1.5. HIV-1 and HIV-2 Protease

Human immunodeficiency viruses (HIV) protease is a retroviral aspartyl protease
involved in the hydrolysis of several peptide bonds, which is essential for the life cycle
and replication of HIV [84]. Small molecule inhibitors of HIV protease play a critical
role in the effective treatment of acquired immunodeficiency syndrome AIDS, as they
represent part of the highly active antiretroviral therapy (HAART). While HIV-1, carrier of
the HIV-1 protease isoform, forms the most common subtype worldwide, HIV-2 remains
mainly confined to West Africa and is also spreading in India [85,86]. However, the
treatment of HIV-2 is more difficult than that of HIV-1, as most antiviral drugs have been
developed for the HIV-1 isoform. HIV-2 proteases have also been found more resistant
to small-molecule inhibition [87]. Moreover, dual infection with both isoforms is possible
as well [88]. Consequently, novel inhibitors for both HIV proteases would be of great
benefit. It has been shown that carnosic acid exhibits potent inhibition of the HIV-1 protease
isoenzyme with an IC90 = 0.08 μg/mL [69]. Inhibition has not yet been experimentally
demonstrated for the HIV-2 isoform; however, our studies suggest that carnosic acid is also
capable of inhibiting this isoform. This finding can also be corroborated by the fact that
the binding sites of both isoforms are very similar, with a sequence identity close to 70%
and the ProBiS Z-score of 3.76 [58]. ProBiS Z-score measures the statistical and structural
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significance of local binding site similarity. Binding site alignments leading to ProBiS
Z-Scores higher than 2 are considered to be very similar. In addition, all the equivalent
binding site amino acid residues are of the same charge and polarity type. Overall, carnosic
acid could prove to be a valuable starting point for the development of antivirals that
would be effective against both strains of HIV.

Interestingly, the inverse docking results also suggest a high binding ability of carnosic
acid to the HIV-related feline immunodeficiency virus (FIV) protease, which causes an
AIDS-like syndrome in cats. HIV-2 and FIV proteases possess a binding site similarity
of 1.90, expressed by the ProBiS Z-score, and a general sequence similarity of 26%. The
relatively different binding sites result in different binding positions of carnosic acid in
HIV-2 and FIV proteases. In HIV-2, the ligand is positioned deeper in the major binding
site, which is located between the two protomers (Figure 5, Tables S8, S13 and S15).

Figure 5. Comparison of HIV-2 (grey cartoon) and FIV (purple cartoon) protease. Carnosic acid
in HIV-2 binds deep into the protease binding site and forms a hydrogen bond with the backbone
nitrogen of Ile50 (red dotted line). On the other hand, carnosic acid is located closer to the protease
surface in FIV and forms a hydrogen bond H-bond with the backbone nitrogen of Asp29 (red
dotted line).

3.1.6. Enhanced Intra-Cellular Survival Protein

Tuberculosis represents the leading cause of infectious death worldwide, primarily due
to the emergence of multidrug-resistant tuberculosis and due to extensively drug-resistant
strains of Mycobacterium tuberculosis [89]. Up-regulation of the enhanced intra-cellular
survival (Eis) protein was found to be the sole cause of resistance to the aminoglycoside
of last resort-kanamycin in approximately one-third of Mycobacterium tuberculosis isolates.
Specifically, Eis represents an acetyltransferase responsible for Mycobacterium tuberculo-
sis resistance to multiple aminoglycoside drugs. A distinctive property of Eis is that it
acetylates the aminoglycoside drugs at multiple amine functional groups, preventing
them from binding to their target, the ribosome. The simultaneous use of Eis inhibitors
with anti-tuberculosis drugs may therefore provide a way to combat this resistance by
restoring aminoglycoside drug activity [90]. Carnosic acid docks to the aminoglycoside
binding pocket formed by the N-terminal domain to which also tobramycin binds, thereby
suggesting the possibility of competitive inhibition of Eis by carnosic acid (Table S9) [91].

3.1.7. Peroxisome Proliferator-Activated Receptor δ

The peroxisome proliferator-activated receptor (PPARδ) functions as a sensor for di-
etary and endogenous fats [92]. It regulates the transcription of genes associated with
lipid and glucose metabolism. Specifically, it controls lipid degradation, transport, and
storage, while also being associated with insulin secretion and resistance. PPARδ ago-
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nists have been shown beneficial in models of metabolic disorders in primates and may
thus possess therapeutic potential in hyperlipidemia, atherosclerosis, obesity, and dia-
betes [93,94]. PPARδ is also associated with cancer by promoting chronic inflammation
through increasing cyclooxygenase-2 (COX-2) expression and prostaglandin E2 production,
leading to an increase in proinflammatory cytokine concentrations. Moreover, the ability of
PPARδ to promote the use of fatty acids as the energy source may enhance cell survival and
proliferation under harsh metabolic conditions often found in tumors. Therefore, PPARδ
agonists may be useful in treating metabolic disorders, while antagonists may reduce
inflammation-related disorders and slow down cancer progression.

Whereas there are no experimental data that carnosic acid, carnosol, or rosmanol
bind to PPARδ, it is known that both carnosol and carnosic acid represents agonists of the
PPARγ isoform with half maximal effective concentration (EC50)values of 41 and 20 μM,
respectively [95]. Carnosic acid docks to PPARδ in the same Ω-pocket where serotonin
binds to PPARγ which also acts as agonists at PPARδ. The binding site possesses 62%
amino acid sequence identity and a ProBiS Z-score of 3.36. From the superposition of
PPARδ (with docked carnosic acid) and PPARγ (with serotonin) Ω-pockets, we observe
that PPARγ produce steric clashes with carnosic acid (Figure 6, Table S10). However, due
to experimental evidence, that carnosic acid indeed binds to PPARγ, we can predict that
induced fitting effects play an important role. Because PPARδ possesses a smaller threonine
in this place and because the overall binding site is similar, we can hypothesize that carnosic
acid could bind even stronger to the PPARδ isotype as preliminary induced fitting would
not be required.

Figure 6. The Ω-pocket superimposition between PPARδ (orange cartoon and sticks) and PPARγ
(blue cartoon and sticks). The first amino acid residue numbering corresponds to PPARδ, and the
second to PPARγ. Serotonin is displayed using blue balls and sticks and the docked carnosic acid
using orange balls-and-sticks. We emphasize the difference in amino acid residues Thr252 versus
Arg288. Compared to Thr252 in PPARδ, the large Arg288 in PPARγ would lead to stearic clashes
with carnosic acid.

3.1.8. Glycogen Phosphorylase

Glycogen phosphorylase (GP) is an enzyme that cleaves the non-reducing ends in
the chain of glycogen to produce glucose-1-phosphate monomers which can be further
converted to free glucose [96]. Because glycogen is an important source of blood glucose,
GP represents a promising target for the treatment of type II diabetes, and its inhibitors have
been shown effective in controlling blood glucose concentrations in animal studies [97].
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GP can exist in two different forms that bind different regulatory molecules: the active
phosphorylated (on Ser14) GPa and the non-phosphorylated GPb form. In addition, GP
has been reported to bind compounds at four different binding sites, identified as: (a) the
catalytic, (b) the allosteric (indole), (c) the novel allosteric, and (d) the inhibitory site
(caffeine) [98]. In our study, carnosic acid docked to the catalytic site (a) of the GPb
form, specifically to the α-D-glucose binding site, therefore, it might act as a competitive
inhibitor with respect to glucose-1-phosphate (Figure 7) [96,99]. Glucose-1-phosphate forms
hydrogen bonds with Glu672, Asn284, Ser674, His337, and Asn484, while the docked pose
of carnosic acid binds to the cofactor pyridoxal phosphate with two hydrogen bonds, but
also forming hydrogen bonds with Lys574 and Thr676 (Table S11).

Figure 7. Glucose-6-phosphate (G6P, light blue sticks) overlapped with carnosic acid (brown sticks)
in the catalytic binding site of glycogen phosphatase. Important amino acid residues are shown in
grey sticks. Hydrogen bonds formed by carnosic acid are presented with red dotted lines, while
the hydrogen bonds formed by glucose-6-phosphate are shown with blue dotted lines. The cofactor
pyridoxal phosphate (PLP) is presented in orange sticks.

3.1.9. Tubulin

Tubulins represent protein monomers of microtubules, which form an essential com-
ponent of the eukaryotic cytoskeleton [100,101]. They are involved in cell division as
microtubules form mitotic spindles that are used by the cell to pull the chromosomes
apart. Microtubules are produced by the polymerization of dimers of α- and β-tubulin
that join together to form long hollow tubes called microtubules. Microtubule targeting
agents such as chemotherapeutics vinblastine, colchicine, and paclitaxel bind to tubulin
and disrupt microtubule dynamics, leading to a loss of function and to subsequent cell
arrest or apoptosis. They can be classified into subgroups based on their binding site within
the tubulin dimer: (a) the paclitaxel site at the β-tubulin in the microtubule lumen; (b) the
vinblastine site at the interdimeric interface of two heterodimers; and (c) the colchicine site
at the β-tubulin at the intra-subunit interface of a heterodimer. In our study, carnosic acid
docked to the colchicine-binding site (c) (Table S12) and could therefore, like colchicine,
potentially lead to microtubule depolymerization.

3.1.10. Phosholipase A2

Phospholipases A2 (PLA2) represent enzymes that catalyze the hydrolysis of glyc-
erophospholipids at the sn-2 position, releasing free fatty acids, including arachidonic acid.
The action of PLA2 forms a crucial upstream step that increases free arachidonic acid levels
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and triggers the storm of eicosanoids, especially after inflammatory cell activation. Due
to their involvement in the inflammatory response, PLA2 are thought to be associated
with various diseases such as arthritis [102], cancer [103], coronary heart disease [104], and
neurological disorders such as Alzheimer’s disease and multiple sclerosis [105]. In our
study, carnosol docks between the two subunits of the dimer and forms a large hydrophobic
and desolvated surface that is buried. Most of the carnosol molecule is located within the B
subunit. (Figure 8, Table S14). Binding to identical active site as the alkyl portion of the
tetrahedral mimic inhibitor MJ33.

Figure 8. Carnosol (carbons denoted with green sticks) docks between subunits A (blue surface) and
B (orange surface) of the phospholipase A2.

3.1.11. Vascular Endothelial Growth Factor Receptor 2

Vascular endothelial growth factor receptors (VEGFR) represent tyrosine kinase re-
ceptors for vascular endothelial growth factor (VEGF), a signaling protein critical in angio-
genesis [106]. Because solid cancer tumors require an adequate blood supply to grow and
metastasize, the inhibition of VEGFR signaling with small molecule drugs such as sorafenib
or pazopanib is used as a well-established treatment in various cancers, since tumors cannot
grow more than 2 mm without angiogenesis. VEGFR-2 plays an important role in cell
migration and proliferation-two crucial steps of angiogenesis. Carnosic acid docks to the
binding site representative of type II kinase inhibitors. In general, type II inhibitors, such as
sorafenib and lenvatinib, are often more specific than those targeting only the ATP binding
site [107,108]. They represent a class of compounds that capture kinases in an inactive form
and occupy both the adenine region (of ATP) as well as a hydrophobic pocket adjacent
to the ATP binding site [109]. However, due to the small size of carnosic acid, only the
hydrophobic binding site is actually occupied (Figure 9, Table S16). This is consistent with
the experimental finding that carnosic acid or carnosol actually do not possess a measurable
inhibitory activity against VEGFR2 [109]. However, given the strong interaction measured
between carnosic acid and VEGFR2 applied in the inverse docking method, carnosic acid
could potentially serve as a base compound to which a specific ring system region would
be added to also target the adenine binding site.
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Figure 9. VEGFR2 binding sites. The VEGFR2 enzyme is presented with pink surface; the amino acid
residues of the adenosine binding site are shown in pink sticks and of the lipophilic allosteric binding
site in brown sticks. The docked carnosic acid located in the allosteric site displayed in brown balls
and sticks and the ATP molecule in pink balls and sticks. The typical type II inhibitor imatimib,
binding to both sites concurrently is depicted in yellow balls-and-sticks.

3.1.12. Aspartate Carbamoyltransferase

Plasmodium falciparum and Trypanosoma cruzi represent parasites that cause malaria
and Chagas disease, respectively [110]. Aspartate carbamoyltransferase is an enzyme
involved in pyrimidine biosynthesis that catalyzes the formation of phosphate and N-
carbamoyl L-aspartate from carbamoyl phosphate and L-aspartate. Reproduction of both
parasites requires a sufficient supply of purines, as they form the building blocks of
nucleic acid molecules. Recent studies in Plasmodium falciparum have shown that aspartate
carbamoyltransferase represents a suitable drug target, as its inhibition leads to a reduction
in parasite growth [111]. Carnosic acid docks in the aspartate carbamoyltransferase of
both Plasmodium falciparum and Trypanosoma cruzi at the interface between the protomers
in the carbamoyl phosphate domain, where the carbamoyl phosphate substrate binds
(Tables S17 and S18) [112].

3.2. Inverse Docking of Rosmarinic Acid

Table 2 lists the top-scoring protein–ligand complexes based on the cut-off criterion
of 3.5 σ. We focus only on protein targets related to human health, i.e., we present only
proteins from humans and mammals, as well as proteins from pathogenic microorganisms.
As before, where data were available, we redocked ligands/drugs known to bind to the
presented protein targets using a procedure analogous to inverse docking. These results,
presented in Table S1, show that the docking scores of known ligand/drugs are in all cases
worse than those of rosemarinic acid. Again, this may indicate an already strong binding
affinity of rosmarinic acid, although it has not yet been rationally optimized for these
specific protein targets.
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Table 2. Best scoring mammalian, human, and pathogen protein targets of rosmarinic acid. Docking
scores independent of the organism or type of protein are collected in Supplementary Materials in
Table S3.

Rank
PDB ID

with
Chain

Predicted
Ligand

Docking Score
(arb. Units)

Protein Name Organism
Protein Function and Disease

Correlation

Reported
Experimental
Correlation of

Protein and
Ligand

1 2d1jA −86.1 Coagulation
factor X

Homo
sapiens

Serine endopeptidase is involved
in the coagulation cascade. Its
deficiency leads to a bleeding

disorder. Its inhibitors are popular
anticoagulants.

2 1fxfB −84.8 Phospholipase
A2 Sus scrofa

Catalyzes the hydrolysis of
glycerophospholipids thus
releasing free fatty acids,

including arachidonic acid. Its
action is implicated in several

inflammation-based disease such
as arthritis, coronary artery

disease, Alzheimer’s and cancer.

[113]

3 2jt5A −84.5
Matrix

metalloproteinase-
3

Homo
sapiens

Zinc-dependent endopeptidase
which is involved in the

remodeling of the extracellular
matrix. Involved in arthritis,

multiple sclerosis, aneurysms, and
the spread of metastatic cancer.

After traumatic brain injury,
matrix metalloproteinase-3

(MMP-3) concentrations increase
and lead to additional damage to

the blood–brain barrier.

4 4jzbA −83.2
Farnesyl

pyrophosphate
synthase

Leishmania
major

Farnesyl pyrophosphate synthase
(FPPS) is an essential enzyme
involved in the biosynthesis of

ergosterol in leishmania parasites,
the causative agents of

leishmaniasis.

[114]

5 3qmuB −80.2 Glutamate de-
hydrogenase 1

Bos Taurus
Part of the glutaminolysis

pathway, playing a crucial role in
nitrogen and carbon metabolism.

Inhibition leads to in vivo and
in vitro reduced viability of

cancer cells.
6 5fi6A −77.6 Glutaminase

Homo
sapiens

3.2.1. Coagulation Factor X

Factor X represents an enzyme involved in the coagulation cascade that, when acti-
vated by the hydrolysis of factor Xa, claves prothrombin to the active thrombin, which
in turn converts soluble fibrinogen to insoluble fibrin strands [115]. The role of factor X
is particularly important because it is the first enzyme where the intrinsic and extrinsic
coagulation pathways converge. Drug manipulation of the coagulation cascade is ex-
tremely important in modern medicine, since reducing excessive coagulation is critical
for preventing diseases such as myocardial infarction and ischemic stroke, which belong
among the leading causes of death and disability in the Western world [116,117]. Oral
inhibitors of factor X, such as rivaroxaban, are already successfully used in clinical prac-
tice [118]. Rosmarinic acid docks in an analogous manner to a number of sulfonamide
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factor X inhibitors (Table S19) [119]. Its caffeic acid ring binds to the S1 pocket, while its
3,4-dihydroxyphenyllactic acid moiety binds to the S4 pocket (Figure 10).

Figure 10. Factor Xa binding site. Factor Xa is shown in blue ribbons and surface, its important
amino acid residues in blue sticks. Rosmarinic acid (green carbons) is docked in the same binding
site as the one occupied by a known inhibitor (orange sticks) with a PDB ID: D01. The caffeic acid
part of rosmarinic acid docks to the S1 pocket, and the 3,4-dihydroxyphenyllactic acid moiety to the
S4 pocket.

3.2.2. Phospholipase A2

Similar to the case of carnosol, our inverse docking algorithm also detected a strong
binding to the enzyme phospholipase A2. This is consistent with existing experimental
evidence, as the PDB contains a snake toxin phospholipase A2 homolog (PDB ID: 3QNL)
bound with rosmarinic acid, and this complex was also applied later on in our study to
validate the inverse docking algorithm by redocking. Compared to the main active site,
its binding site is located in a different region between the dimer site where the MJ33
inhibitor was reported to bind and where carnosol was docked in this study (Table S20).
We have here an interesting case where two rosemary compounds potentially inhibit the
same enzyme.

3.2.3. Matrix Metalloproteinase-3

Matrix metalloproteinase-3 (MMP-3) represents a zinc-dependent endopeptidase Ma-
trix metalloproteinase-3 (MMP-3) represents a zinc-dependent endopeptidase involved in
extracellular matrix remodeling [120]. It is, therefore, required for physiological processes
such as embryonic development and reproduction and is also involved in various patho-
logical processes. Moreover, MMP-3 can also activate other metalloproteinases, enter cell
nuclei, and control gene expression. Excessive activation of MMPs can lead to excessive
degradation of the extracellular matrix and to numerous pathological conditions such as
arthritis, multiple sclerosis, aneurysms, as well as the spread of metastatic cancer. Fur-
thermore, it has been shown that following a traumatic brain injury, MMP-3 levels can
also increase and cause additional damage to the blood–brain barrier [70]. The discovery
of novel small molecule inhibitors of MMP-3 is, therefore, of great importance for the
treatment of numerous diseases [120]. The 3,4-dihydroxyphenyllactic moiety of rosmarinic
acid docks to the catalytic region, but it is too far from the catalytic zinc ion to form direct
interactions with it (Figure 11, Table S21). The caffeic acid moiety docks to the S1’ pocket
that delimits the active site. The S1’ pocket is known to confer the selectivity of compounds
towards different matrix metalloproteinases. Therefore, compounds that interact within
the S1’ pocket and not with the catalytic zinc could selectively inhibit one particular MMP
without affecting the activities of the remaining ones.
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Figure 11. Rosmarinic acid docked in MMP3 (blue ribbons). The rosmarinic acid docks near the
catalytic zinc ion and one of the catechol groups positions inside the S1′ selectivity pocket. Important
amino acid residues are shown in blue sticks, hydrogen bonds are denoted with dotted blue lines and
coordinative bonds with dotted purple lines.

3.2.4. Farnesyl Pyrophosphate Synthase

Leishmania major represents an intracellular, pathogenic, parasitic organism that causes
cutaneous leishmaniasis. The World Health Organization stated that leishmaniasis is one of
the most neglected diseases. Moreover, 350 million people are considered at risk of contract-
ing the disease, approximately 12 million people are infected worldwide, and an estimated
two million new cases occur each year [121]. Farnesyl pyrophosphate synthase (FPPS)
represents an important enzyme involved in the biosynthesis of ergosterol in Leishmania
parasites. Antiparasitic compounds targeting the ergosterol biosynthesis play an important
role in the treatment of leishmaniasis, and the inhibition of FPPS has been shown largely
effective against the related Leishmania donovani [122]. Interestingly, a study [114] showed
that carnosic acid and carnosol form potent inhibitors of human FPPS, with IC50 values of
20.0 and 13.3 μM, respectively. It also demonstrated that inhibition of the human form of
the enzyme leads to the induction of apoptosis in pancreatic cell lines by downregulating
RAS prenylation. Leishmania major FPPS is not among the 0.05% best scoring proteins
of rosemary diterpenes and is not listed in Table 1. However, it still scored extremely
high with carnosol (−60.4), which is within the 3.0σ. Thus, as with phospholipase A2,
we have yet another interesting case of two rosemary polyphenols potentially inhibiting
the same enzyme. Both rosmarinic acid and carnosol bind approximately to the same
protein space, with portions of the ligands occupying the same region as the reported
Leismania minor FPPS inhibitor 1-(2-hydroxy-2,2-diphosphonoethyl)-3-phenylpyridinium
(300B) (Figure 12, Table S22). Part of the rosmarinic acid enters the substrate-binding region
where the substrate isopentenyl pyrophosphate is present in an uninhibited enzyme.
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Figure 12. Comparison of ligand binding to farnesyl pyrophosphate synthase (blue surfaces). (a) Com-
parison between the crystal ligand 300B (blue carbons) and rosmarinic acid (green carbons) binding.
(b) Comparison between the crystal ligand 300B (blue carbons) and carnosol (brown carbons) binding.
The enzyme substrate isopentenyl pyrophosphate (IPP) was not present during the inverse docking
but is shown for comparison purposes using white carbons.

3.2.5. Glutamate Dehydrogenase 1 and Glutaminase

Glutaminase and glutamate dehydrogenase 1 (GDH1) represent enzymes that are
both part of the glutaminolysis pathway. Glutaminolysis begins with the conversion of
glutamine to glutamate by glutaminase, while the next step is catalyzed by GDH, which
converts glutamate to 2-oxoglutarate. The two enzymes play a crucial role in nitrogen and
carbon metabolism, as the product 2-oxoglutarate feeds the citric acid cycle. Numerous
cancer cells rely on increased glutaminolysis to meet their energy requirements. It has
thus been shown that the inhibition of glutaminase and GDH1 by small molecules leads
to a decreased viability of cancer cells in vivo and in vitro. Consequently, they form
promising targets for cancer treatment [123,124]. It has been already shown that the plant
compounds from green tea epigallocatechin gallate and epicatechin gallate strongly inhibit
GDH [125–127]. According to our inverse docking procedure, rosmarinic acid is located at
a different binding site than the green tea compounds. It binds at hexameric 2-fold axes
between the dimers of the GDH subunits, where known inhibitors such as bithionol are
also located (Table S23) [127].

Rosmarinic acid binds to the allosteric pocket formed at the interface between the two
dimers of glutaminase (Figure 13). In numerous crystal structures of glutaminase in the
PDB, co-crystallized inhibitors have occupied this binding site, e.g., 3UO9, 3VOZ, and 3VP1
(Table S24) [128,129].

Figure 13. Glutaminase binding sites. Two protomers forming glutaminase are shown on blue
surfaces. The main glutamine substrate-binding pockets are highlighted in orange surfaces, whereas
rosmarinic acid (carbons denoted with green sticks) docks into the allosteric binding site (green
surfaces) formed between the two glutamase protomers.
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3.3. Method Validation
3.3.1. Redocking Procedure

To validate the inverse molecular docking procedure, a redocking study was per-
formed using all available protein complexes from the PDB containing rosmarinic acid
(PDB structures: 6MQD, 3QNL, and 4PWI). An analogous redocking procedure using
the investigated diterpene structures could not be performed because protein structures
containing carnosic acid, carnosol, or rosmanol do not yet exist in the PDB. Redocking of
rosmarinic acid was performed by first removing the ligand from the binding site. Then,
the CANDOCK algorithm was used with identical settings for inverse molecular docking to
bind rosmarinic acid to the binding site defined by the crystal structure. The actual binding
site definition was again identical to the one found in the ProBiS-Dock Database. To evalu-
ate the success of the redocking procedure, the root-mean-square deviation (RMSD) of all
heavy atoms between the co-crystallized and the redocked rosmarinic acid was measured.

From a molecular docking perspective, rosmarinic acid represents a problematic
molecule, because it contains a high number, namely seven, rotatable bonds, which makes
it difficult for the docking algorithms to consistently identify the correct conformer of this
molecule. This problem is reflected in the fact that we obtained a low RMSD value of
1.3 Å only with the PDB structure 3QNL, which is a snake venom-derived phospholipase
A2 structure [113], compared to the original crystal structure (Figure 14). The redocking
procedure was not successful for 4PWI or 6MQD structures with significantly larger RMSD
values (not shown), implying that the correct pose was not detected with the CANDOCK
docking algorithm. However, based on a successful redock with 3QNL and on the fact that
the docking algorithm identified numerous targets that have already been also experimen-
tally confirmed for both rosemary diterpenes as well as rosmarinic acid, we are confident
that the method is capable of recognizing correct protein targets to large extent.

Figure 14. A successful redocking of rosmarinic acid to the crystal structure of phospholipase A2
(PDB ID: 3QNL) from the snake venom (depicted in blue ribbons and transparent surfaces). The
stick structure of rosmarinic acid with blue carbons represents the native ligand position found in the
crystal structure, while the structure with orange carbons displays the redocked structure. Hydrogen
atoms are not shown for clarity. The RMSD between the two rosmarinic acid structures is 1.3 Å.

3.3.2. Validation Using ROC, EF, and PC

We performed the inverse molecular docking using the CANDOCK algorithm on all
proteins from the ProBiS-Dock database, including 206 experimentally confirmed targets
of rosmarinic acid, whose measured IC50 values were < 10 μM [62]. The ability of our
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protocol to distinguish the confirmed protein targets from proteins that reportedly do not
bind rosmarinic acid was evaluated using the metrics established in the virtual screening
community (Figure 15). It was successful in discriminating between the true and false
targets of rosmarinic acid (ROC AUC of 0.627). The early detection of protein targets was
assessed by the BEDROC of 0.071, by the RIE of 1.403, and by the EF 1% of 1.46, which is
satisfactory. The inverse molecular docking protocol based on the CANDOCK algorithm
resulted in score variations for the detection of true target proteins (TG determined from
PC has a value of 0.171), which in combination with ROC AUC above 0.6 indicates that
the protocol provides good results in agreement with the experiments [61]. Moreover,
our inverse molecular docking protocol has been already extensively validated by Fine
and Konc et al. [55], Furlan et al. [50,130], Kores et al. [49,131], and Jukič et al. [132] using
different molecules of interest.

Figure 15. Validation of the inverse molecular docking protocol using rosmarinic acid: (a) the ROC
curve, with the ROC AUC of 0.627; (b) predictiveness curve, from which the TG of 0.171 is determined;
(c) enrichment curve.

3.4. In Silico Prediction of Pharmacokinetic Properties

In concurrence with experimental findings [31], the SwissADME web server [54]
indeed predicts that carnosic acid, carnosol, and rosmanol all exhibit high gastrointestinal
absorption (data shown in Supplementary Materials). On the contrary, the server predicts
low gastrointestinal absorption for rosmarinic acid, which is again in line with the available
in vivo data [43]. All compounds are predicted to be moderately soluble. Diterpenes
are overall predicted as quite lipophilic, with a consensus score of logP above 3.5 for
carnosic acid and carnosol, and 2.9 for rosmanol. Rosmarinic acid, as expected, due to
the large number of polar functional groups, exhibits a much lower logP value of 1.2.
Interestingly, carnosol is the only molecule predicted to penetrate the blood–brain barrier,
however experimental studies on rat animal models show that carnosic acid also effectively
penetrates the blood–brain barrier [32]. The SwissADME output is presented in its entirety
in the Supplementary Materials.

4. Discussion

Natural plant-based compounds play an important role in the development of novel
drugs as they may possess several advantages over conventional synthetic compounds,
namely, fewer side effects, lower long-term toxicity, and versatile biological effects [130]. We
report the potential targets of the major compounds from Rosmarinus officinalis, including
the diterpenes carnosic acid, carnosol, and rosmanol, as well as the polyphenolic ester
rosmarinic acid. Their targets were identified in silico using an inverse molecular docking
approach. All four compounds were individually docked to all non-redundant holo-
proteins available in the PDB. To identify the binding sites of each protein in advance,
we applied the recently developed ProBiS-Dock Database—a freely available repository
of binding sites between small ligands and proteins. Thereby, the docking procedure

71



Foods 2022, 11, 67

was limited to binding sites already known to bind at least one drug-like small-molecule
ligand or to binding sites exhibiting a high similarity with the already known binding sites.
Moreover, we used the novel CANDOCK algorithm, which employs a fragment-based
docking approach with maximum clique and a knowledge-based scoring function.

Due to the similar molecular structure and docking/scoring values, we combined
the results of all three investigated diterpenes into a single set (Table 1). We identified
numerous human/mammalian proteins that could explain the observed anticarcinogenic
activities of rosemary diterpenes. The best docking score was obtained for the complex
between carnosic acid and the proto-oncogene K-Ras G12C. Moreover, the anticarcinogenic
activities can also be explained by the potential binding of rosemary diterpenes to pyruvate
kinase, PPARδ, tubulin, VEGFR2, and phospholipase A2. In general, phospholipase A2
has also been strongly implicated in inflammation-related disorders, so its inhibition
may be likewise beneficial in arthritis, coronary artery disease, or dementia. Due to the
identification of potential binding of the investigated diterpenes to glycogen phosphorylase,
which facilitates glucose production, these compounds may be also useful in the treatment
of type II diabetes. Furthermore, rosemary diterpenes exhibit antiviral activities.

From previous experimental studies, it is known that carnosol strongly inhibits HIV-1
protease. However, we also found out that rosemary diterpenes may bind strongly to
the HIV-2 enzyme isotype. These compounds therefore likely represent a good starting
point for the development of drugs against AIDS that could treat concurrent infections
with HIV-1 and HIV-2. Interestingly, all diterpenes also yield good docking scores when
bound to the feline immunodeficiency virus (FIV) protease, which is strongly related to
HIV proteases, suggesting their potential utility in veterinary medicine. Finally, we have
also found out that these compounds can bind to HA1 of the influenza A virus, potentially
reducing its infectivity.

The antibacterial activity of investigated diterpenes can be explained by our discovery
that they can bind to the enzyme glucosamine-fructose-6-phosphate aminotransferase in
Escherichia coli, which is critical for the first step of hexosamine metabolism responsible
for bacterial growth. Encouragingly, we have also found out that they can bind to the Eis
protein of Mycobacterium tuberculosis, which confers resistance to aminoglycoside drugs,
rendering them inactive. Therefore, the inhibition of this enzyme in conjunction with
tuberculosis treatment could be beneficial in reducing the bacterial resistance to these drugs.

The investigated diterpenes also displayed binding to aspartate carbamoyltransferase
of two different pathogenic parasites-P. falciparum and T. cruzi. P. falciparum represents
the causative agent of malaria, while T. cruzi causes Chagas disease. Inhibition of this
enzyme results in the inability of the two parasites to produce pyrimidines, limiting their
biosynthesis of new nucleic acids.

Like diterpenes, rosmarinic acid also shows binding to proteins involved in carcino-
genesis, namely matrix metalloproteinase-3 and phospholipase A2. Interestingly, all four
compounds display very favorable binding scores for the enzyme phospholipase A2, which
could provide a possible explanation for the strong anti-inflammatory effects of rose-
mary. According to our results, rosmarinic acid may also interfere with the glutaminolysis
pathway, as it forms top-scoring complexes with two related enzymes—glutaminase and
glutamate dehydrogenase. Inhibition of this pathway by small-molecule drugs has been
indeed shown to reduce cancer cell viability. Moreover, the complex between rosmarinic
acid and coagulation factor X yielded the best scoring result. Regulating blood clotting
with drugs is of utmost importance, as reducing excessive blood clotting is crucial in
preventing diseases such as heart attacks and ischemic strokes, which belong among the
leading causes of death and disability in the Western world. Furthermore, rosmarinic acid
might also possess antiparasitic activity as its binding to farnesyl pyrophosphate synthase
(FPPS) of Leishmania major obtained a favorable docking score. This parasite causes zoonotic
cutaneous leishmaniasis, and inhibition of the FPPS prevents the biosynthesis of ergosterol.

The results of this study will facilitate future molecular dynamics studies. Therein, we
plan to investigate the dynamic binding patterns of prior parameterized rosemary com-
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pounds to the notable protein targets identified here. The molecular dynamics observations
will be extended with the linear interaction energy as well as linear response approximation
calculations to obtain the binding free energy values, which will then be compared with
drug ligands already known to bind to the protein targets described here.

5. Conclusions

Using an in silico inverse molecular docking procedure, we identified protein targets
that could explain the observed pharmacological activities of rosemary or its major polyphe-
nolic constituents. By identifying protein structures to which carnosic acid, carnosol, ros-
manol, and rosmarinic acid can bind, we provide possible explanations for the observed
anticarcinogenic, anti-inflammatory, antidiabetic, antiviral, and antibacterial activities of
rosemary. In addition, using this methodology we were able to predict new effects of these
compounds that have not yet been reported, namely their anticoagulant and antiparasitic
activities. Lastly, we believe that our research can form the basis for the development of
novel drugs, where the rosemary compounds studied here could serve as a starting point
for efficient drug design.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/foods11010067/s1. Table S1: Best docking scores of ligands/drugs known to bind to a specific
target. Table S2: Best docking scores for carnosol, carnosic acid and rosmanol. Table S3: Best docking
scores for rosmarinic acid. Table S4–S24: Interaction of compounds with respective targets presented
in Table 1; Table 2. The SwissADME output file can be found in the file swissadme_output.xlsx
supplied as part of the Supplementary Materials.
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Abbreviations

SMILES Simplified Molecular-Input Line-Entry System
CANDOCK Chemical Atomic Network based Docking
CHARMM Chemistry at Harvard Macromolecular Mechanics
ROC Receiver operating characteristics curve
PC Predictiveness curve
TPF True positive fraction
FPF False positive fraction
PDB Protein Data Bank
ROC AUC Area under the receiver operating characteristics curve
EF Enrichment factor
BEDROC Boltzmann-enhanced discrimination of ROC
RIE Robust initial enhancement
TG Total gain
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Eis Enhanced intracellular survival
HIV Human immunodeficiency virus
FIV Feline immunodeficiency virus
RAS/MAPK Rat sarcoma/mitogen-activated protein kinase
GTP Guanosine triphosphate
GlmS Glucosamine/fructose-6-phosphate aminotransferase
PKM Pyruvate kinase M
PEP Phosphoenolpyruvate
ADP Adenosine diphosphate
ATP Adenosine triphosphate
HA Hemagglutinin
AIDS Acquired immunodeficiency syndrome
HAART Highly active antiretroviral therapy
PPAR Peroxisome proliferator-activated receptor
COX-2 Cyclooxygenase-2
EC50 Half maximal effective concentration
GP Glycogen phosphorylase
PLA2 Phospholipase A2
VEGFR Vascular endothelial growth factor receptor
VEGF Vascular endothelial growth factor
MMP Matrix metalloproteinase
FPPS Farnesyl pyrophosphate synthase
IPP Isopentenyl pyrophosphate
GDH1 Glutamate dehydrogenase 1
RMSD Root-mean-square deviation
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Abstract: Taking into consideration the importance of biofilms in food deterioration and the potential
risks of antiseptic compounds, antimicrobial agents that naturally occurring are a more acceptable
choice for preventing biofilm formation and in attempts to improve antibacterial effects and effi-
cacy. Citrus flavonoids possess a variety of biological activities, including antimicrobial properties.
Therefore, the anti-biofilm formation properties of the citrus flavonoid naringenin on the Staphylococ-
cus aureus ATCC 6538 (S. aureus) were investigated using subminimum inhibitory concentrations
(sub-MICs) of 5~60 mg/L. The results were confirmed using laser and scanning electron microscopy
techniques, which revealed that the thick coating of S. aureus biofilms became thinner and finally
separated into individual colonies when exposed to naringenin. The decreased biofilm formation of
S. aureus cells may be due to a decrease in cell surface hydrophobicity and exopolysaccharide produc-
tion, which is involved in the adherence or maturation of biofilms. Moreover, transcriptional results
show that there was a downregulation in the expression of biofilm-related genes and alternative
sigma factor sigB induced by naringenin. This work provides insight into the anti-biofilm mechanism
of naringenin in S. aureus and suggests the possibility of naringenin being used in the industrial food
industry for the prevention of biofilm formation.

Keywords: naringenin; biofilm formation; cell surface hydrophobicity; confocal laser scanning
microscopy; biofilm-related genes

1. Introduction

Staphylococcus aureus is a common pathogen and is responsible for food poisoning
through the production of thermally stable enterotoxins in various kinds of food [1,2].
A microbial biofilm is an aggregation of bacteria that is composed of extracellular poly-
meric substances, which are attached on the surface of microorganisms [3]. The most
common feature of microbial lifestyles is attachment onto a surface by biofilm formation.
Notably, S. aureus can form biofilms on different surfaces in food processing plants and
is very adaptable to various environmental stressors including acids, salts, antibiotics,
and detergents [4–6]. The presence of S. aureus biofilm on food contact surfaces creates
serious problems for the food industry because it can lead to food spoilage and disease
transmission [7,8]. Therefore, it is important to inhibit the formation of S. aureus biofilms
on food contact to surfaces ensure the manufacture of safe food products.

Flavonoids from fruits and vegetables have been shown to has a range of biologi-
cal activities [9,10]. For example, the citrus flavonoid naringenin have beneficial effects
on human health by preventing various diseases, including diabetes, hypertension and
cancer [11–13]. Moreover, naringenin has wide antibacterial activity and can prevent the
growth of numerous microorganisms [14,15]. Specifically, naringenin from bergamot peel
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inhibits Escherichia coli, Lactococcus lactis, Salmonella Enteritidis, and Pseudomonas putida
with minimum inhibitory concentration (MIC) values ranging from 0.25 to 1.0 g/L [9].
A small number of studies have reported that naringenin inhibits the biofilm formation
of microorganisms (Escherichia coli, Vibrio harveyi and Streptococcus mutans) by affecting
the expression of bacteria related genes and surface hydrophobicity [16,17]. In our earlier
study, we determined that naringenin has strong antibacterial activity against S. aureus
via such mechanisms of action as disrupting the bacterial cytoplasmic membrane and
binding to its genomic DNA [18]. Moreover, we also found that naringenin has a strong
effect in suppressing the biofilm formation of S. aureus on the surface of glass and plastic
well plates. However, to the best of our knowledge, research into biofilm inhibition by
naringenin is limited, and its anti-biofilm mechanism is also unclear.

Hence, we aimed to study the effect of naringenin on the inhibition of the biofilm
formation of S. aureus at different temperatures (25 and 37 ◦C) using confocal laser and
scanning electron microscopy techniques and exopolysaccharide production (EPS) and
hydrophobicity assays. Furthermore, our study also investigated the genes (sigB) related to
S. aureus biofilms using RT-qPCR, which is the main regulator of gene transcription and
expression under the stress conditions induced by naringenin.

2. Materials and Methods

2.1. Bacterial Strain and Biofilm Formation

The foodborne strain S. aureus was obtained from the Microbial Culture Collection
Center of Guangdong Institute of Microbiology (Guangzhou, China) and activated by
culturing twice in 100 mL of sterile tryptic soy broth (TSB, Beijing Aoboxing Biotechnology
Co., Ltd., Beijing, China) at 37 ◦C for 24 h. The effect of naringenin (purity ≥ 98%, Aladdin
Chemical Co., Shanghai, China) on S. aureus growth was evaluated by transferring pre-
cultured S. aureus cells into fresh TSB liquid medium (OD600 nm ≈ 0.08) and cultivating in
96-well polystyrene plates at different temperature (25 and 37 ◦C) with gentle shaking. In
order to measure the absorbance value of S. aureus growth, a FilterMax F5 multifunctional
microplate reader (American molecular devices company, Sunnyvale, CA, USA) was used.

The biofilm assay was performed under similar conditions without shaking. The vol-
ume of DMSO, that was used to dissolve naringenin was equal in all of the samples, while
the final concentration of naringenin varied from 0 to 60 mg/L. The crystal violet staining
method was used to quantify S. aureus biofilm according to a relevant publication [19].

2.2. Cell Surface Hydrophobicity of S. aureus

The effects of naringenin on S. aureus cell surface hydrophobicity were evaluated at
25 and 37 ◦C by analyzing cells adhesion to xylene, as previously described [20]. After
cultivation to the stationary-phase (48 h for S. aureus at 25 ◦C, and 12 h for S. aureus at
37 ◦C), S. aureus cells were collected by refrigerated centrifugation at 4000× g for 5 min.
The S. aureus pellet was washed twice using distilled water and resuspended in 3 mL of a
0.85% NaCl solution (OD600 nm ≈ 0.3), which defined as A1. Xylene (1 mL) was added to a
3 mL suspension of S. aureus and then incubated for 15 min at 25 ◦C. After vortexing for
two minutes and then incubating for 15 min, the mixture separated into a xylene/water
bilayer system. The OD600 nm of the aqueous phase of the bilayer was recorded as A2. The
index of cell surface hydrophobicity (I) was determined using Equation (1):

I = (1 − A2/A1) × 100% (1)

2.3. Quantification EPS Production of S. aureus

After growing in the various subminimum inhibitory concentrations of naringenin,
the S. aureus cells were centrifuged (12,000× g for 15 min at 4 ◦C) and the supernatant
of S. aureus was then filtered through glass fiber filters. An equal volume of absolute
ethanol was then added to this supernatant of S. aureus and incubated overnight at 4 ◦C
to precipitate EPS. The precipitate was resuspended in water with gentle heating (50 ◦C)
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and then quantified using a phenol–sulfuric acid procedure [21]. The percentage of EPS
reduction upon exposure to naringenin was evaluated using Equation (2):

Reduction of EPS (%) = (1 − E2/E1) × 100% (2)

where E1 and E2 are the absorbances at 490 nm for S. aureus cells grown in the absence and
presence of naringenin, respectively.

2.4. CLSM and SEM of S. aureus Biofilms

A 3 mL aliquot of inoculum (OD600 nm ≈ 0.1) was transferred into the wells of a 6-well
plate containing 13 mm-diameter sterile glass coverslips. After incubation at 25 and 37 ◦C
for 48 h and 12 h respectively, the medium with free-floating S. aureus cells was removed
and the coverslips washed thrice in sterile 0.85% saline solution. S. aureus biofilms on
glass coverslips were then stained for 20 min in the dark at room temperature with diluted
5(6)-carboxy fluorescein diacetate succinimidyl ester (Aladdin Chemical Co., Shanghai,
China). The stained biofilms were adjusted and photographed using a confocal laser
scanning microscope (Leica, Wetzlar, Germany). At least ten pictures were taken from
different locations for each sample, and the image data were then processed and analyzed.

S. aureus biofilms were prepared for SEM analysis as previously described, with minor
modifications [18]. Glutaraldehyde (2.5% in 0.01 M phosphate buffer, pH 7.2) was added to
the samples and incubated overnight at 4 ◦C and then dehydrated using a series of ethanol
solutions (20 min each time) of increasing concentration (30~100%). The dehydrated
biofilms were then incubated in tertiary butanol twice for 20 min each, followed by air-
drying overnight. After gold-coating by ion sputtering (Jeol JFC-1100, Tokyo, Japan), S.
aureus biofilms were photographed by scanning electron microscopy (SEM, Zeiss EVO18,
Germany) with operation at 10.0 kV.

2.5. RNA Extraction and Real-Time Quantitative PCR (RT-qPCR) Analysis

TRIzol reagent (Invitrogen, CA, USA) was used according to the kit instructions to
extract the S. aureus RNA. To check the concentration and purity, the RNA was measure at
OD260 and OD280 using an 1800 UV spectrophotometer (Shimadzu Corporation, Kyoto,
Japan). cDNA was reverse transcribed from 800 ng RNA with 4.0 μL of 5 × reaction
buffer, 0.5 μL Thermo Scientific RiboLock RNase Inhibitor (20 U) and 1.0 μL RevertAid
Premium Reverse Transcriptase (200 U), following the protocol of RevertAid Premium
First Strand cDNA Synthesis Kit (Thermo Scientific™ EP0733, Thermo Fisher Scientific,
Waltham, MA, USA).

RT-qPCRs was performed on an Applied Biosystems StepOne Plus™ thermocycler
(Life Technologies Inc., Milano, Italy) using the SybrGreen qPCR Master Mix, following
the kit instructions. Reactions were carried out in a system which was composed of 10 μL
Master Mix, 0.4 μL of 0.25 μM solutions of each primer (Table 1), and 2 μL cDNA, diluted to
a final volume of 20 μL using double-distilled water (DNase-free). The following thermal
profile was used: a holding step for 3 min at 95 ◦C, followed by a cycling step consisting
of 45 cycles at 95 ◦C for 7 s (to melt), 57 ◦C for 10 s (to anneal) and 72 ◦C for 15 s (to
extend). The endogenous reference gene of 16S rRNA was used to evaluate the changes in
transcriptional levels of the S. aureus RNA.

2.6. Statistical Analysis

Results are expressed as means ± standard deviation (SD), and data graphics were
drawn using OriginPro 7.0 (OriginLab, Northampton, MA, USA). SPSS software (IBM,
Armonk, NY, USA) was used to analyze the variance (ANOVA) by Tukey’s test, and p < 0.05
was represented for significant difference.
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Table 1. Sequences of the primers used for RT-qPCR.

Gene Primer

cidA
Forward 5′-AGCGTAATTTCGGAAGCAACATCCA-3′
Reverse 5′-CCCTTAGCCGGCAGTATTGTTGGTC-3′

icaA
Forward 5′-CTG GCG CAG TCA ATA CTA TTT CGG GTG TCT-3′
Reverse 5′-GAC CTC CCA ATG TTT CTG GAA CCA ACA TCC-3′

dltB
Forward 5′-GTGGACATCAGATTCACTTCC-3′
Reverse 5′-ATAGAACCATCACGAATTTCC-3′

agrA Forward 5′-TGATAATCCTTATGAGGTGCTT-3′
Reverse 5′-CACTGTGACTCGTAACGAAAA-3′

sortaseA
Forward 5′-AAACCACATATCGATAATTATC-3′
Reverse 5′-TTATTTGACTTCTGTAGCTACAA-3′

sarA
Forward 5′-CAAACAACCACAAGTTGTTAAAGC-3′

Reverse 5′-TGTTTGCTTCAGTGATTCGTTT-3′

sigB Forward 5′-AAGTGATTCGTAAGGACGTCT-3′
Reverse 5′-TCGATAACTATAACCAAAGCCT-3′

16S rRNA
Forward 5′-CGGTGAATACGTTCYCGG-3′
Reverse 5′-GGWTACCTTGTTACGACTT-3′

3. Results

3.1. Effects of Naringenin on S. aureus at Different Growth Temperatures

Figure 1 shows the effect of naringenin on cell growth profiles of S. aureus at different
temperatures as reflected by the optical density (OD) at 600 nm. Subminimum inhibitory
concentrations (MIC for 0.5 g/L) [22] values in the range of (5~60 mg/L) did not decrease
the cell density of S. aureus at 25 ◦C (Figure 1a) and 37 ◦C (Figure 1c). However, the time
taken to reach the stationary phase for S. aureus was significantly affected by temperatures.
S. aureus cultured at 37 ◦C takes 12 h to reach the stationary phase, as compared to 48 h for
S. aureus grown at 25 ◦C.

The effect of naringenin on the biofilms formed at different temperatures was mea-
sured by crystal violet staining, expressed as OD570 nm. Due to different growth rates,
S. aureus at 25 and 37 ◦C were incubated for 48 and 12 h, respectively. S. aureus biofilm
formation (measured at OD570 nm) decreased with increasing concentrations of naringenin.
For example, the OD570 nm of S. aureus grown at 37 ◦C was reduced by 0.94 (32.3%) with
10 mg/mL and 0.61 (56.1%) with 20 mg/mL naringenin (p < 0.05). A further decrease was
observed after the addition of 30 mg/mL or higher naringenin concentrations (Figure 1d).
By contrast, S. aureus cultivated at 25 ◦C showed a larger decrease (p < 0.05) in biofilm
formation (as measured by OD570 nm) in the presence of naringenin. For example, OD570
nm decreased from 1.21 to 0.22 (81.8%) after exposure to naringenin at a concentration of
20 mg/L (Figure 1b).

3.2. Changes in Cell Surface Hydrophobicity and EPS Production of S. aureus

Surface hydrophobicity of S. aureus cells was determined and expressed as hydropho-
bicity index (I). Figure 2a shows the significant dose-related reduction (p < 0.05) in cell
hydrophobicity of S. aureus with increasing naringenin concentration at both 25 and 37 ◦C.
Naringenin at a concentration of 10 mg/L dramatically reduced the surface hydrophobicity
of S. aureus cells grown at 25 and 37 ◦C by 40.6% and 57.2% (p < 0.05), respectively. The
respective values further decreased to 14.4% and 21.2% (p < 0.05) when the concentration
of naringenin was increased to 40 mg/L.

The effect of naringenin on the EPS production of S. aureus was also investigated. The
results reveal that S. aureus treated with various concentrations of naringenin (20, 40, and
60 mg/L) show a significant reduction (p < 0.05) in EPS compared to that of the control
(Figure 2b). For S. aureus grown at 25◦C, naringenin at 20 and 60 mg/mL reduced EPS by
59% and 5%, respectively. At 37 ◦C, the same concentrations of naringenin reduced EPS by
67% and 18%, respectively.
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(a) (b) 

 

(c) (d) 

Figure 1. Cell growth of S. aureus in the presence of naringenin (0~60 mg/mL) was measured at OD600 nm in 96-well plates
at 25 ◦C (a) or 37 ◦C (c). Biofilm formations of S. aureus with naringenin concentration of 0~60 mg/mL at 25 ◦C (b) or 37
◦C (d) for 48 and 12 h in 96-well plates, respectively. Biofilm OD values are processed as mean ± SD and a–g indicate
significant differences between different columns (p < 0.05).

3.3. Microscopic Observations of S. aureus Biofilm

Direct visual information, including the surface coverage and thickness of S. aureus
biofilms, were obtained by CLSM analyses. As shown in Figure 3a,b, S. aureus formed
thick and compact biofilms covering the surface of glass coverslips at 25 and 37 ◦C when
grown in the absence of naringenin. The confocal stack images show that the thick coating
of S. aureus biofilms represented by cell aggregations became thinner and looser on the
surfaces in the presence of 20 mg/L naringenin (Figure 3d). At 40 mg/L of naringenin,
there was a visible reduction in the numbers of microcolonies for S. aureus cells grown at
37 ◦C (Figure 3f). Compared to 37 ◦C, the cells grown at 25 ◦C had a more obvious decrease
associated with naringenin exposure, and the bacterial density was significantly decreased
(Figure 3c,e). These results were further confirmed by SEM images.

The SEM images show that naringenin inhibited the bacterial growth of S. aureus at
subminimum inhibitory concentrations (sub-MICs) values of 0, 20 and 40 mg/L. As the
concentration of naringenin increases, the total number of bacteria obviously decreased,
especially at high concentrations (Figure 4e,f) [17]. Compared to the incubation tempera-
ture of 37 ◦C (Figure 4b,d,f), the total number of S. aureus cultivated at 25 ◦C (Figure 4a,c,e)
showed a greater decrease, demonstrating that naringenin has a significant effect in sup-
pressing the biofilm formation of bacteria.
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(a) (b) 

Figure 2. Effects of naringenin in the concentrations of 0, 20 and 40 mg/L on cell surface hydrophobicity (a) and EPS
production (b) of S. aureus. Values are mean ± SD and there are significant differences between the values of columns
marked with different letters (a–d) and (A–D), as indicated (p < 0.05).

Figure 3. Confocal laser scanning microscopy (CLSM) analysis of biofilms formed by S. aureus
incubated with different concentrations of naringenin. (a,c,e) for S. aureus cells were grown at 25 ◦C
with naringenin at 0, 20 and 40 mg/L, respectively; (b,d,f) for S. aureus cells were grown at 37 ◦C
with naringenin at 0, 20 and 40 mg/L, respectively.

86



Foods 2021, 10, 2614

Figure 4. SEM images showing inhibitory activity of naringenin on biofilm formation of S. aureus cells. (a,c,e) for S. aureus
cells grown at 25 ◦C with naringenin at 0, 20 and 40 mg/L, respectively; (b,d,f) for S. aureus cells grown at 37 ◦C with
naringenin at 0, 20 and 40 mg/L, respectively.

3.4. Transcriptional Analysis of Biofilm-Related Genes in S. aureus Cells

The effect of naringenin on the level of expression of biofilm-related genes, including
cidA, icaA, dltB, agrA, sortaseA, sarA and sigma factor sigB in S. aureus cells, were studied by
RT-qPCR. Among the seven tested genes, icaA, agrA, sarA and sigB demonstrated signif-
icantly down-regulated (p < 0.05) gene expression when treated with naringenin, while
cidA and dltB were up-regulated. Specifically, icaA, agrA, sarA and sigB were significantly
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down-regulated (p < 0.05) by 0.47-, 0.49, 0.58- and 0.63-fold for S. aureus grown at 25 ◦C in
a culture medium with 20 mg/L naringenin (Figure 5a), and further decreased by 0.22-,
0.10-, 0.11- and 0.44-fold after the concentration of naringenin was increased to 40 mg/L,
respectively. Under the same conditions, the expression of cidA and dltB were mildly
up-regulated by 1.29- and 2.08-fold when S. aureus cells were exposed to naringenin at
40 mg/L. The expression of genes, including cidA, dltB, icaA, agrA, sarA and sigB, exhibited
a similar trend for S. aureus cells cultivated at 37 ◦C (Figure 5b).

 
(a) (b) 

Figure 5. Effect of naringenin on the expression levels of biofilm-related genes in S. aureus at 25 ◦C (a) and 37 ◦C (b), where
16S rRNA was used as a reference gene. Data are presented as means ± standard deviations. Relative expression values are
processed as mean ± SD and a–c indicate significant differences between different columns (p < 0.05).

By contrast, the levels of sortaseA expression in S. aureus cells grown at 25 ◦C were
down-regulated in the presence of naringenin at concentrations of 20 and 40 mg/L, ex-
hibiting 0.82- and 0.78-fold decreases (p < 0.05), respectively. At 37 ◦C, naringenin had no
obvious effect on the transcription level of the studied sortaseA genes.

4. Discussion

In this work, no significant inhibitory effect of naringenin on S. aureus biofilm for-
mation at 25 and 37 ◦C was found. However, the growth rate of S. aureus at 25 ◦C was
significantly lower than that at 37 ◦C, without the final biomass being affected. Thus,
different incubation times, i.e., 48 and 12 h, were used for 25 and 37 ◦C, respectively, to
compensate for variations in the time required to reach the stationary phase. At submini-
mum inhibitory concentrations (sub-MICs) values ranging from 5 to 60 mg/L, naringenin
dramatically inhibited S. aureus biofilm formation, with the biofilm formation further
decreasing as the concentrations of naringenin with increased. Compared to an incubation
temperature of 37 ◦C, the presence of naringenin resulted in a more significant effect on
S. aureus biofilm formation for cultivation at 25 ◦C. There are various incubation tempera-
tures that affect the growth of S. aureus and a series of changes caused by differences in
subsequent growth.

Cell surface hydrophobicity is an important physical-chemical property of bacteria that
facilitates their attachment to surfaces. Previously, it was reported that bacterial adherence
of oral streptococci to the tooth surface was significantly suppressed by the reduction in
cell surface hydrophobicity after treatment with constituents in cranberry juice and tea
extract polyphenols [23,24]. Our results indicated that the cell surface hydrophobicity of S.
aureus is reduced by treatment with naringenin (Figure 2a).
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EPS is also important for biofilm production, forming multiple layers that help
pathogens to adhere to surfaces and maintain biofilm architecture and acting as a protective
barrier to prevent the entry of antibacterial agents into bacterial cells [25,26]. Therefore,
the substantial decrease in EPS production by S. aureus after treatment with naringenin
(Figure 2b) is consistent with this scenario. Since EPS production and surface hydropho-
bicity are important factors for biofilm formation, the decreases in these two properties
following treatment with naringenin are the likely reasons that naringenin decreases biofilm
formation in S. aureus cells.

Naringenin is not an antibiotic and, thus, the results obtained from CLSM and SEM are
inconsistent with some previous studies that have reported that low concentrations of β-
lactam and aminoglycoside antibiotics often facilitate biofilm formation by bacteria [27,28].
However, the inhibition of biofilm formation by naringenin is in agreement with the
behavior of other flavonoids, including morin, rutin, quercetin and phloretin [25,29–31].
Notably, naringenin has a better effect on inhibiting the formation biofilms of S. aureus at
the incubation temperature at 25 than at 37 ◦C.

To elucidate the underlying molecular mechanism for the inhibition of S. aureus biofilm
by naringenin, we investigated the expression of some biofilm-related genes using RT-
qPCR, including dltB, sarA, sortaseA, agrA, icaA, cidA and sigB. The dltB gene is responsible
for D-alanylation of teichoic acids and the translocation of D-alanine through the cell
membrane. It has been previously reported that dltB deficiency results in a higher negative
net charge on the bacterial cell surface and defects in the initial binding of bacteria to a
surface in the process of biofilm formation [32]. The expression of cidA was reported to be
associated with extracellular DNA release, which is essential in the formation of S. aureus
biofilm [33]. Our results revealed that the dltB and cidA genes are mildly up-regulated
in S. aureus cells exposed to naringenin at 25 and 37 ◦C. Thus, it can be inferred that the
suppression of biofilm formation by naringenin is probably not through dltB and cidA in
S. aureus.

By contrast, the icaA, agrA and sarA genes are down-regulated in the presence of
naringenin. The ica operons encode enzymes involved in the biosynthesis of polysaccharide
intercellular adhesion [34]. Since it is well-known that the ability of S. aureus to form biofilm
is dependent on polysaccharide intercellular adhesion, down-regulation of icaA likely
decreases the production of polysaccharide intercellular adhesion, leading to reduction
of biofilm formation. Thus, the decreased expression of icaA by naringenin might lead to
a reduction in the biosynthesis of polysaccharide intercellular adhesion, which hinders
the attachment of S. aureus cells to solid surfaces and subsequent biofilm formation. Both
the agr (accessory gene regulator) and sar (staphylococcal accessory regulator) operons are
two regulatory elements that control the production of virulence factors, as well mediate S.
aureus biofilm formation by regulating the quorum sensing and polysaccharide intercellular
adhesion production [35]. Thus, it can also be inferred that the down-regulated gene
expression of agrA and sarA negatively affects biofilm formation by S. aureus. These data
are in agreement with previous studies showing that agr down regulation has a negative
impact on biofilm development by S. aureus [33,36].

Additionally, the expression levels of sigB were reduced for S. aureus cells exposed
to naringenin. sigB is an alternative sigma factor modulating various stress responses in
several Gram-positive bacteria, including S. aureus via a large regulon [37]. Overexpression
of these genes can confer more resistance to heat, oxidative and antibiotic stresses. In
summary, down-regulating the above genes may be the mechanism of action by which
naringenin inhibits biofilm formation.

In some Gram-positive bacteria, including staphylococci, enterococci and streptococci,
the sortaseA gene is responsible for coding a membrane enzyme that plays an important role
in grappling some surface-exposed proteins to the cell wall envelope [38]. Recent reports
have shown that sortaseA upregulation significantly increases the levels of biofilm formation
in staphylococcal strains [39]. Our results show a mild down-regulation of sortaseA in
the presence of naringenin for S. aureus grown at 25 ◦C. By contrast, at 37 ◦C no obvious
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change in the transcription level of sortaseA was observed. Since adhesion to the surface is
an essential step for biofilm formation, the larger decrease in biofilm formation observed in
S. aureus cultivated at 25 ◦C may be attributed to the down-regulated expression of sortaseA
in S. aureus cells exposed to naringenin.

5. Conclusions

The data from our investigation indicates the potential of naringenin as a natural
agent to prevent biofilm formation of S. aureus and possibly reduce health risks related
to biofilm-formation in the food industry. However, more studies are necessary to gain
a better understanding whether of there is any anti-biofilm activity toward other food-
borne pathogens in food industry, and the efficiency when considering stainless steel and
plastic surface.
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Abstract: Saussurea involucrata (S. involucrata) had been reported to have anti-hepatoma function.
However, the mechanism is complex and unclear. To evaluate the anti-hepatoma mechanism of
S. involucrata comprehensively and make a theoretical basis for the mechanical verification of later
research, we carried out this work. In this study, the total phenolic acids from S. involucrata de-
termined by a cell suspension culture (ESPI) was mainly composed of 4,5-dicaffeoylquinic acid,
according to the LC-MS analysis. BALB/c nude female mice were injected with HepG2 cells to
establish an animal model of liver tumor before being divided into a control group, a low-dose group,
a middle-dose group, a high-dose group, and a DDP group. Subsequently, EPSI was used as the
intervention drug for mice. Biochemical indicators and differences in protein expression determined
by TMT quantitative proteomics were used to resolve the mechanism after the low- (100 mg/kg),
middle- (200 mg/kg), and high-dose (400 mg/kg) interventions for 24 days. The results showed
that EPSI can not only limit the growth of HepG2 cells in vitro, but also can inhibit liver tumors
significantly with no toxicity at high doses in vivo. Proteomics analysis revealed that the upregulated
differentially expressed proteins (DE proteins) in the high-dose group were over three times that in
the control group. ESPI affected the pathways significantly associated with the protein metabolic
process, metabolic process, catalytic activity, hydrolase activity, proteolysis, endopeptidase activity,
serine-type endopeptidase activity, etc. The treatment group showed significant differences in the
pathways associated with the renin-angiotensin system, hematopoietic cell lineage, etc. In conclusion,
ESPI has a significant anti-hepatoma effect and the potential mechanism was revealed.

Keywords: S. involucrata; anti-hepatoma; traditional Chinese medicine; pharmacological mechanism;
proteomics

1. Introduction

Saussurea involucrata (S. involucrata) is a rare and slow-growing herb growing in the
Tianshan and Altay Mountains of Xinjiang Province, China, at altitudes over 2600 m.
S. involucrata has the effect of promoting blood circulation, relaxing tendons, dispersing
cold, and removing dampness [1]. It is mainly used for the treatment of coughs, rheumatoid
arthritis, high-altitude response, and stomach pain [2].

According to previous studies, S. involucrata has many bioactive compounds, includ-
ing lignans [3], flavonoids [3], coumarins [4], sesquiterpene lactones [5], steroids, and
phenylpropanoids [6]. These compounds show a wide range of biological activity, in-
cluding anti-inflammatory [7], anti-aging [8], antioxidant, anti-fatigue [8], and anti-tumor
effects [2]. In addition, it has been shown that the methanol extracted from S. involucrata
could inhibit the expression of cytokines stimulated by lipopolysaccharide (LPS), and the
ethyl acetate extract could effectively inhibit phosphorylation and activation of the EGFR,

Foods 2021, 10, 2466. https://doi.org/10.3390/foods10102466 https://www.mdpi.com/journal/foods93



Foods 2021, 10, 2466

Akt, and STAT3 pathway in PC-3 cells [9]. Meanwhile, S. involucrata also showed strong
anti-rheumatic activity in the clinical environment [10]. It can be seen that S. involucrata
has an obvious inhibitory effect on some inflammation.

Due to the unique growth environment and the long growth cycle of S. involucrata,
artificial cultivation is very difficult. In addition, with the market demand and overexploita-
tion, the stock of many rare medicinal plants had decreased sharply. Using biotechnology
to regulate plants’ secondary metabolism, obtain useful secondary metabolites and clarify
their biosynthetic pathway has become an important goal of researchers [11]. Through
the identification of metabolites and enzymes in the process of biosynthesis, people can
better understand the metabolic pathway of plant components, combined with genomic
and proteomic analysis technologies [12]. Under artificial control, a large number of prod-
ucts can be obtained in a short time from cell suspension cultures of S. involucrata, which
can ensure stable product quality and high-efficacy components, and realize large-scale
industrial production, to solve the problem of a shortage of S. involucrata.

This study was based on the previous research results of our team. We prepared the
total phenolic acids from S. involucrata through a cell suspension culture (EPSI). However,
its mechanism of action was not clear enough to guide clinical applications [13]. In order to
explore the potential anti-hepatoma mechanism of EPSI more comprehensively and make
a theoretical basis for later verification, this study depended on tumor-bearing BALB/c
mice model combined with proteomics technology to verify the mechanism of action of
S. involucrata on human hepatoma, while realizing the modern utilization of S. involucrata
resources and the accurate analysis of its drug theory.

2. Materials and Methods

2.1. Cell Suspension Culture of S. involucrata

A cell suspension culture of S. involucrata was provided by the Engineering Research
Center of Bioreactor and Pharmaceutical Development, Ministry of Education (College of
Life Science, Jilin Agricultural University).

2.2. Extraction of the Phenolic Acids in Cell Suspension Cultures of S. involucrata (EPSI)

Phenolic acids are soluble in organic solvents, so the total phenolic acids were extracted
by the organic solvent extraction method [14]. The method is as follows: The cell suspension
culture of S. involucrata was mixed 1:8 (m/v) with absolute alcohol, heated at 50 ◦C,
and stirred for 15 min. After the supernatant was collected, 8× absolute alcohol was
added to the precipitate and stirred for 2 h; the above steps were repeated twice. The
collected supernatant was filtered and subjected to rotary evaporation at 60 ◦C. After the
rotary distillation, the raw materials were collected with water, and the organic phase was
extracted with ethyl acetate. The above steps were repeated 3 times. After the materials
had been subjected to rotary evaporation at 60 ◦C, the concentrate (EPSI) was collected and
freeze-dried at −80 ◦C for storage.

2.3. Component Identification by Liquid Chromatography-Mass Spectrometry (LC-MS)

The composition of EPSI was analyzed by LC-MS (Thermo, Ultimate 3000LC, Q
Exactive HF) [15–17]. The conditions were as follows. Chromatographic column: C18
column (Zorbax Eclipse C18 [1.8 μm × 2.1 × 100 mm]); separation conditions: column
temperature: 30 ◦C; current speed: 0.3 mL/min; Mobile Phase A: water + 0.1% formic
acid (CAS: 64-18-6, Xiya Chemical Technology (Shandong) Co., Ltd., Linyi, China), Mobile
Phase B: acetonitrile (CAS: 75-05-8, Merck KGaA, Darmstadt, Germany); injection volume:
2 μL; autosampler temperature: 4 ◦C. The process of gradient elution is shown in Table 1.

The positive mode was used for analysis: Heater temperature: 325 ◦C; sheath gas
velocity: 45 arb; flow rate of the auxiliary gas: 15 arb; purge gas flow rate: 1 arb; electrospray
voltage: 3.5 kV; capillary temperature: 330 ◦C; S-lens RF level: 55%; scanning mode:
full scan (M/Z 100–1500) and data dependent secondary mass spectrometry (dd-ms2,
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TopN = 10); resolution: 120,000 (primary MS) and 60,000 (secondary MS); collision mode:
high-energy collision dissociation (HCD).

Table 1. The mobile phase gradient elution process .

Time (min) Current Speed (μL/mL) Gradient B (%)

0–2 300 - 5
2–6 300 Linear 30
6–7 300 - 30
7–12 300 Linear 78

12–14 300 - 78
14–17 300 Linear 95
17–20 300 - 95
20–21 300 Linear 5
21–25 300 - 5

Compound Discoverer 3.1 Software was used for correction of the retention time, peak
identification, and peak extraction. According to the secondary MS spectrum information,
the substances were identified by using the Thermo mzCloud Online Database (https:
//www.mzcloud.org/, accessed on 23 August 2021).

2.4. Effect of EPSI on the Multiplication of HepG2 Cells In Vitro

Hepatic cellular carcinoma (HCC) cell lines HepG2 were purchased from Bluef Biotech-
nology Development Co. Ltd. (Shanghai, China) and cultured in Dulbecco’s Modified
Eagle Medium (DMEM) (Thermo Fisher Scientific, Waltham, MA, USA) supplemented
with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific, Waltham, MA, USA).

After resuscitation, cells at the logarithmic phase were taken for standby. We adjusted
the cell concentration to 104 units/mL and added them to a 96-well culture plate at a
concentration of 100 μL/well for culturing (37 ◦C, CO2 concentration: 5%, 24 h). The old
medium was discarded after culturing, and a blank group with 100 μL of 5% medium was
added. For the experimental group, EPSI samples of different concentrations were added
and then cultured at 37 ◦C and 5% CO2 for 72 h.

CCK8 (CCK-8 Cell Proliferation and Cytotoxicity Assay Kit, Solarbio, Beijing, China)
and MTT (MTT Cell Proliferation and Cytotoxicity Assay Kit, Solarbio, Beijing, China)
were used to evaluate the inhibitory effect of EPSI on HepG2 cells in vitro. All operations
were carried out according to the operating instructions.

2.5. Acute Toxic Test

A fixed-dose procedure (FDP) was used to verify the acute toxicity of EPSI [18,19].
The dosage was set at 2000 mg/kg. Six- to eight-week-old BALB/c nude female mice
(Beijing Vital River Laboratory Animal Technology Co. Ltd., Beijing, China) were used as
the test animal. Intraperitoneal injection (I.P.) was used as the mode of administration. It
was considered that EPSI had no acute toxicity if the LD50 was >2000 mg/kg.

2.6. Establishment of the Animal Model

Six- to eight-week-old BALB/c nude female mice were purchased from Beijing Vital
River Laboratory Animal Technology Co. Ltd. (Beijing, China). All mice were housed under
controlled conditions in individual cages at 22 ± 3◦C and 60–70% relative humidity with
a 12 h dark/light cycle in a specific germ-free environment and were allowed free access
to sterile food and water. After 1 week of acclimation, each animal was subcutaneously
injected with 106 units of HepG2 cells. When there were measurable tumors with an
equivalent volume, the experiment animals were randomly divided into five groups.
The groups consisted of the control group (no gavage, free feeding, n = 8), the low-dose
group (100 mg/kg EPSI gavage for 24 days, free feeding, n = 8), the middle-dose group
(200 mg/kg EPSI gavage for 24 days, free feeding, n = 8), the high-dose group (400 mg/kg
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EPSI gavage for 24 days, free feeding, n = 8) and the DDP (PtCl2[NH3]2) group (10% DDP
intraperitoneal injection for 10 days, free feeding, n = 8). All operations were performed in
a sterile environment.

The weights and the tumor volumes of the experimental animals in each group were
measured once every 2 days at night during the intervention. The experimental animals
were sacrificed when there were significant differences in tumor volume. The tumors were
removed and stored at −80 ◦C after eyeball blood collection. All animal experiments were
approved by the Laboratory Animal Welfare and Ethics Committee of Jilin Agricultural
University (No. 20190410005), following National Research Council Guidelines.

2.7. Hematoxylin and Eosin (H&E) Staining

The tumor tissues obtained as described in Part 2.4 were separated by about 0.2 mm3,
without being frozen, and were fixed in a 4% paraformaldehyde solution for 12 h at room
temperature and embedded in paraffin. After cutting the paraffin into 5 μm sections,
the slides were dewaxed, rehydrated, and stained with 1% H&E at room temperature as
described previously.

2.8. Enzyme Linked Immunosorbent Assay (ELISA) analysis

Blood was drawn from the eyeball and centrifuged (3000× g, 10 min, 4 ◦C) to obtain
the serum. Tumor necrosis factor-α (TNF-α) was measured according to an ELISA kit
protocol (No. ML002095, Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai,
China).

2.9. Tandem Mass Tag (TMT) Quantitative Proteomics

The process of TMT quantitative proteomics was basically consistent with the research
methods for animal tissues in other studies [20]. The process is briefly described as
follows [21–23].

2.9.1. Total Protein Extraction

The sample was ground into powder at a low temperature and transferred to a tube
(cooled by liquid nitrogen). A certain amount of a PASP lysis buffer (100 mM NH4HCO3,
8 M Urea, pH = 8), was added, mixed, and ultrasonicated for 5 min under an ice bath to full
splitting. The product was centrifuged at 4 ◦C and 12,000× g for 15 min. Next, 10 mM DTT
(DL-dithiothreitol) was added to the supernatant and reacted at 56 ◦C for 1 h. Sufficient
IAM (iodoacetamide) was then added and reacted at room temperature without light for
1 h. After completing the above process, 4× the volume of acetone (precooled at 20 ◦C) was
added, precipitated at −20 ◦C for 2 h, and centrifuged at 4 ◦C and 12,000× g for 15 min,
and the precipitate was collected. After that, 1 mL of acetone (precooled at 20 ◦C) was
added to resuspend the precipitate, then the mixture was centrifuged at 4 ◦C and 12,000× g
for 15 min, the precipitate was collected, air-dried, and an appropriate amount of a protein
solution dissolution buffer (8 M urea, 100 mM TEAB (triethylammonium bicarbonate);
pH 8.5) was added to dissolve the protein precipitate.

2.9.2. Protein Quality Test

The Bradford protein quantitative kit was used to prepare a BSA (bovine serum
albumin) standard protein solution according to the instructions, and the concentration
gradient range was from 0 to 0.5 g/L. The BSA standard protein solution with different
concentration gradients and the sample solution were taken to be tested at different dilution
ratios and were added into a 96-well plate, the volume was made up to 20 μL, and
each gradient was repeated 3 times. After that, 180 μL of a G250 staining solution was
added immediately, and the mixture was placed at room temperature for 5 min, and the
absorbance at 595 nm was measured. The standard curve was drawn with the absorbance
of the standard protein solution, and we calculated the protein concentration of the sample
to be tested. For gel electrophoresis, 20 μg of the protein sample was loaded to 12% SDS-
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PAGE (Sodium dodecyl sulfate—Polyacrylamide gel electrophoresis). The electrophoresis
conditions were 80 V for 20 min in concentrated gel, then 120 V for 90 min in separation gel.
After electrophoresis, Coomassie brilliant blue R-250 staining was performed to decolorize
the sample until the bands were clear.

2.9.3. TMT Labeling of Peptides

A protein sample was taken and a DB dissolution buffer (8 M urea, 100 mM TEAB;
pH 8.5) was added to make up the volume to 100 μL. Trypsin and the 100 mM TEAB buffer
were added, mixed well, and digested at 37 ◦C for 4 h, then trypsin and CaCl2 were added
overnight. Formic acid was added to adjust the pH to be less than 3, then the sample was
mixed well and centrifuged at room temperature at 12,000× g for 5 min. The supernatant
was passed through the C18 demineralizer column slowly, then washed 3 times with a
washing buffer (0.1% formic acid, 3% acetonitrile). After that, an appropriate amount
of an elution buffer (0.1% formic acid, 70% acetonitrile) was added to collect the filtrate
and freeze-dried. The lyophilized sample was reconstituted by adding 100 μL of 0.1 M
TEAB buffer and 41 μL of TMT labeling reagent dissolved in acetonitrile. The reaction was
reversed and mixed at room temperature for 2 h. After that, 8% ammonia was used to
stop the reaction, and the samples marked with equal volume were mixed, desalted, and
lyophilized [24].

2.9.4. Separation of Fractions

The mobile phase composition was as follows: Mobile Phase A: 2% acetonitrile, with
the pH adjusted to 10.0 using ammonium hydroxide; B: 98% acetonitrile. The lyophilized
powder was dissolved with Solution A and centrifuged at 12,000× g at room temperature
for 10 min. The L-3000 HPLC (high-performance liquid chromatography) system with
a C18 column (Waters BEH C18, 4.6 × 250 mm, 5 μm; column temperature: 45 ◦ C) was
used to test the sample. The specific elution gradient is shown in Table 1. One tube was
collected every minute and divided into 10 fractions. After freeze-drying, 0.1% formic
acid was added to dissolve each fraction. The details of the elution gradient are shown in
Table 2. One tube was collected per minute and divided into 10 fractions. After freeze-
drying, 0.1% formic acid (FA) was added to dissolve each fraction.

Table 2. Peptide fraction separation: liquid chromatography elution gradient table.

Time (min) Flow Rate (mL/min) Mobile Phase A (%) Mobile Phase B (%)

0 1 97 3
10 1 95 5
30 1 80 20
48 1 60 40
50 1 50 50
53 1 30 70
54 1 0 100

2.9.5. LC-MS/MS Analysis

The mobile phase composition was as follows: Mobile Phase A: 0.1% formic acid;
Mobile Phase B: 80% acetonitrile and 0.1% formic acid. Next, 1 μg of the supernatant of
each fraction was injected and tested. The EASY-nLC 1200 UHPLC system (Thermo Fisher)
was coupled with the C18 Nano-Trap column (4.5 cm × 75 μm, 3 μm) as a homemade
analytical column and the C18 Nano-Trap column (15 cm × 150 μm, 1.9 μm) as a homemade
analytical column. The linear elution gradient is shown in Table 3. A Q Exactive HF-X mass
spectrometer (Thermo Fisher) was used with the ion source of Nanospray Flex (ESI) to
analyze the samples. The conditions were as follows: spray voltage: 2.1 kV; ion transport
capillary temperature: 320 ◦C, full scan range: m/z 350 to 1500; primary MS resolution:
60,000 (at m/z 200); automatic gain control (AGC) target value: 3 × 106; maximum ion
injection time: 20 ms. The top 40 precursors with the highest abundance in the full
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scan were selected and fragmented by higher-energy collisional dissociation (HCD) and
analyzed by MS/MS. The conditions were as follows: resolution: 30,000 (at m/z 200); AGC
target value: 5 × 104; maximum ion injection time: 54 ms; normalized collision energy:
32%; intensity threshold: 1.2 × 105; dynamic exclusion parameter: 20 s.

Table 3. Liquid chromatography elution gradient table.

Time (min) Flow Rate (nL/min) Mobile Phase A (%) Mobile Phase B (%)

0 600 94 6
2 600 85 15

48 600 60 40
50 600 50 50
51 600 45 55
60 600 0 100

2.9.6. Data Analysis
Identification and Quantitation of Protein

The resulting spectra from each run were searched separately against the homo_sapiens
_uniprot_2021_3_9 (194,557 sequences) database by the search engine Proteome Discov-
erer 2.4 (PD 2.4, Thermo). The search parameters were set as follows: mass tolerance
for the precursor ion was 10 ppm and the mass tolerance for production was 0.02 Da.
Carbamidomethyl was specified as a fixed modification; oxidation of methionine (M), and
TMT plex were specified as dynamic modifications. Acetylation, TMT plex, Met loss, and
Met-loss + Acetyl were specified as N-terminal modifications in PD 2.4. A maximum of
2 missed cleavage sites was allowed.

The software package PD 2.4 was used to improve the quality of the results for further
filtering. Peptide spectrum matches (PSMs) with a reliability of more than 99% were
identified as PSMs, which had to contain 1 unique peptide (5 unique peptides) or more.
The identified PSMs and proteins with a FDR no more than 1.0% were retained and tested.
The protein quantitation results were statistically analyzed by T-tests. The proteins whose
quantitation was significantly different between the high-dose group and the control group
(p < 0.05 and |log2FC| > 0.25 (FC > 1.2 or FC < 0.83) (fold change, FC)) were defined as
differentially expressed proteins (DEP).

Functional Analysis of Protein and DEP

Gene Ontology (GO) and InterPro (IPR) functional analyses were conducted using
the interproscan program against the non-redundant protein database (including Pfam,
PRINTS, ProDom, SMART, ProSite, and PANTHER) [21], and the COG (Clusters of Or-
thologous Groups) and KEGG (Kyoto Encyclopedia of Genes and Genomes) databases
were used to analyze the protein families and pathways. DEPs were used for volcanic
map analysis, cluster heat map analysis, and GO, IPR, and KEGG enrichment analysis [22].
The probable protein–protein interactions were predicted using the STRING-db server
(http://string.embl.de/, accessed on 23 August 2021) [23].

2.10. Statistical Analysis

All the data are presented as means ± standard deviation (SD). Statistical analysis was
carried out by GraphPad Prism version 6 (GraphPad Software, Inc., San Diego, CA, USA).
Difference comparisons were carried out using the T-test or one-way analysis of variance
(ANOVA) using IBM SPSS 25.0 (SPSS Inc., Chicago, CA, USA); p < 0.05 was considered
statistically significant.

98



Foods 2021, 10, 2466

3. Results and Discussion

3.1. Composition of the Extract of the Phenolic Acids in Cell Suspension Cultures from
S. involucrata (EPSI)

The total ion current is shown in Figure 1. The information of the qualitative metabolite
results (positive mode) based on Figure 1 are shown in Table 4. In EPSI, 13 substances with a
content of more than 1% were detected, including 4,5-dicaffeoylquinic acid (29.000%), linolenyl
alcohol (8.453%), 7-hydroxycoumarine (7.691%), chlorogenic acid (6.134%), metronidazole
(3.523%), apigenin 7-(6′′-crotonylglucoside) (2.814%), 9-oxo-10(E),12(E)-octadecadienoic acid
(2.618%), cynaroside (2.382%), phthalic anhydride (1.956%), hexadecanamide (1.883%), 3,4,5-
tricaffeoylquinic acid (1.773%), diisobutyl phthalate (1.139%), and triethyl phosphate (1.061%).
Many of them were reported to have biological activity and even pharmacology.

Figure 1. Total ion current (TIC) of EPSI.

Table 4. Composition of the extracts from cell suspension cultures of S. involucrata (content > 1%).

Name Formula CAS Content (%)

4,5-Dicaffeoylquinic acid C25H24O12 14534-61-3 29.000
Linolenyl alcohol C18H32O 506-44-5 8.453

7-Hydroxycoumarine C9H6O3 93-35-6 7.691
Chlorogenic acid C16H18O9 327-97-9 6.134

Metronidazole C6H9N3O3 443-48-1 3.523
Apigenin 7- (6”-crotonylglucoside) C25H24O11 NA 2.814

9-Oxo-10(E),12(E)-octadecadienoic acid C18H30O3 54232-58-5 2.618
Cynaroside C21H20O11 5373-11-5 2.382

Phthalic anhydride C8H4O3 85-44-9 1.956
Hexadecanamide C16H33NO 629-54-9 1.883

3,4,5-tricaffeoylquinic acid C34H30O15 86632-03-3 1.773
Diisobutyl phthalate C16H22O4 84-69-5 1.139
Triethyl phosphate C6H15O4P 78-40-0 1.061

4,5-Dicaffeoylquinic acid (isochlorogenic acid C), as the largest substance in the extract,
is considered to have the function of promoting blood circulation in traditional Chinese
medicine [2]. It has now been proven that it can improve the function of islet cells [25]
and even inhibit cancer [26,27]. There are reasons to believe that it is the main anti-
cancer ingredient of S. involucrata. As a lipid compound, linolenyl alcohol has been
rarely reported as a functional compound; only a few reports showed that it has a certain
antiviral activity [28,29]. 7-Hydroxycoumarine also occupied a certain ratio in the extract.
7-Hydroxycoumarin is one of the main chemical constituents of Angelica dahurica and can
inhibit the growth of malignant tumors [30]. Meanwhile, its derivatives also have typical
anti-inflammatory activities [31,32]. Chlorogenic acid is one of the main antibacterial
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and antiviral components of honeysuckle, which has good antioxidant and antibacterial
properties [33,34]. 9-Oxo-10(E),12(E)-octadecadienoic acid is a potent PPARα agonist that
decreases triglyceride accumulation [35], and can also induce the apoptosis of cancer
cells [36].

Thus, after the identification of the components of EPSI, a variety of components
with pharmacological effects were identified. These proved that EPSI may have potential
anti-hepatoma ability.

3.2. Growth Inhibition of EPSI in HepG2 Cells

The CCK8 and MTT methods were used to determine EPSI’s inhibition of HepG2 cell
proliferation. As shown in Figure 2A (CCK8), the inhibitory ability of EPSI on the prolifer-
ation of HepG2 was at a low level (< 20%) when the concentration was 100–200 μg/mL.
When the dose concentration was increased to 300 μg/mL, the proliferation inhibition of
EPSI in HepG2 cells increased to about 50%, which was significantly different from that at
a low dose (p < 0.05). When the dosage was over 400 μg/mL, the inhibitory ability of EPSI
in HepG2 increased slightly, and the maximum rate was about 58%. This result showed
that the IC50 value of EPSI was between 100–200 μg/mL for the CCK8 method. When the
dosage was between 100–300 μg/mL, EPSI showed an obvious inhibition ability in HepG2
cells.

Figure 2. The growth inhibition of EPSI in HepG2 cells: (A) CCK8; (B) MTT. Different lowercase letters represent significant
differences (p < 0.05).

In Figure 2B, we measured the growth inhibition of EPSI in HepG2 cells by the MTT
method. When the dose concentration was 25–100 μg/mL, the proliferation of HepG2
cells was still at a high level and the maximum inhibition was less than 25%. When the
dosage was 200 μg/mL, EPSI increased the inhibition of HepG2 cells significantly (55%,
p < 0.05). When the dosage was 400 μg/mL or higher, the inhibition ability of HepG2
improved slightly. The maximum inhibition ability of EPSI in HepG2 cells was about 67%.
These results showed that the IC50 value of EPSI was 100–200 μg/mL for the MTT method.
When the dosage was 100–300 μg/mL, EPSI showed good inhibition in vitro.

3.3. Acute Toxicity Test

The fixed-dose procedure (FDP), a classic way to determine the acute toxicity, was
used to verify the acute toxicity of EPSI. The acute toxicity test of EPSI in BALB/c mice
showed a LD50 of >2 g/kg, indicating that the product was safe for the experiment of
the next stage. This toxicity was lower than that of conventional drugs with anticancer
activity [37–39].

3.4. Effect of EPSI on Tumors in BALB/c Nude Mice

The bodyweight changes of all experimental animals are shown in Figure 3A. Com-
pared with the control group, the weight of the animals in the high-dose group showed a
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significant reduction (p < 0.05), which happened from Day 15. During the use of anticancer
drugs, the situation of weight loss occurs [40,41]. The intersection of liver cancer, anticancer
drugs, and weight change may be the thyroid gland [42,43], which is closely related to
the proliferation of liver cancer cells and changes in bodyweight. Whether EPSI affects
the thyroid needs further study. However, for cancer patients, keeping correct weight is
necessary to maintain efficacy [44,45].

Figure 3. Bodyweight and tumor volume changes in the animal experiment during treatment. (A) Bodyweight changes and
(B) tumor volume changes (n = 8; *: p < 0.05) at Day 23.

The changes in tumor volume are shown in Figure 3B. The state of the tumor at the
sacrifice of experimental animals is shown in Figure 4. Because of the individual differences
of experimental animals, the tumor volume was not very consistent. However, EPSI can
certainly inhibit the growth of tumors, because the tumor volume of the treatment group
(low/middle/high-dose groups) was lower than that of the control group (Figure 3B).
A significant difference was shown between the high-dose group and the control group
(p < 0.05). Meanwhile, the tumor volume of the medium-dose group and the high-dose
group was significantly smaller than that of the DDP group (p < 0.05), showing good
tumor inhibitory activity (Figure 3B). Observation of the tumor state after animal sacrificed
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also revealed the same situation (Figure 4): the tumor state of the treatment group was
significantly different from that of other groups.

The results of H&E staining showed the state of the tumor tissue directly, and the
results of the control group and the high-dose group are shown in Figure 4. Compared
with the control group, the tumors in the high-dose group showed the significant reduction
and destruction of tumor tissue. The tumor tissue in the control group was dense and
uniform, while that of the high-dose group was disordered and less density, with even a
lack of tissue. This result showed that EPSI had a significant inhibitory effect on hepatoma
tumors, especially at high doses. Because EPSI passed the acute toxicity test, the high-dose
group and the control group were selected for quantitative proteomic analysis.

Figure 4. The state and hematoxylin and eosin (H&E) staining of tumors at the sacrifice of experi-
mental animals (n = 8, representative samples are shown). Low dose: 100 mg/kg EPSI gavage for
24 days; middle dose: 200 mg/kg EPSI gavage for 24 days; high dose: 400 mg/kg EPSI gavage for
24 days; DDP: 10% DDP intraperitoneal injection for 10 days.

The effects of EPSI intake on TNF-α are shown in Figure 5. As a tumor necrosis
factor, TNF-α is an important serological indicator used to measure the severity of a
tumor. As shown in Figure 5, the serum TNF-α level in the control group was the lowest
(116.11 pg/mL), which was basically the same as that in the DDP group (120.42 pg/mL).
The level of TNF-α in the treatment group showed an obvious upward trend with an
increase in the dosage. Although the low-dose group (124.82 pg/mL) increased slightly,
no significant differences (p > 0.05) were seen compared with the control group. TNF-α
in the middle-dose group (149.89 pg/mL) and the high-dose group (169.29 pg/mL) were
significantly increased (p < 0.05) compared with the control group.

BALB/c mice are innately immune-deficient animals. The test animals have no
thymus, resulting in T-cell defects and dysfunction. At this time, we can judge that the
higher the TNF-α content, the stronger the immune response of the tested animals and
the more obvious the improvement of their immunity. Therefore, these results mean that
with the increase in the EPSI dosage, the limited immune system of the test animals was
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activated and produced a stronger immune response in the case of a lack of immune
function.

Figure 5. TNF-α content in the serum of experimental animals (n = 8). Low dose: 100 mg/kg EPSI
gavage for 24 days; middle dose: 200 mg/kg EPSI gavage for 24 days; high dose: 400 mg/kg EPSI
gavage for 24 days; DDP: 10% DDP intraperitoneal injection for 10 days. Different lowercase letters
represent significant differences (p < 0.05).

3.5. Protein Expression Differences Induced by EPSI

The proteomic data of the tumors from the high-dose group of BALB/c mice are shown
in Figure 6A. In total, 116 differentially expressed proteins (DE proteins) and 6787 proteins
were identified in this experiment. On the whole, the number of upregulated DE proteins
(99) was far more than that of downregulated DE proteins (17) between the control group
and high-dose group after the intervention, and the upregulated DE protein amounts in
the high-dose group were over 3 times higher than that in the control group when the fold
change was 1.2×. The volcano map of the DE proteins with a 1.2× fold change is shown in
Figure 6B. According to Figure 6B, the number of upregulated and downregulated proteins
in the treatment group had unique proteins.

Figure 6. Distribution of proteins identified in tumor of BALB/c mice (n = 3). (A) Up-regulated
and down-regulated of the DE proteins (Filtered with the threshold value of expression fold change,
p < 0.05); (B) Volcano plot of the DE proteins. The X-axis was the fold change, and the Y-axis was the
significant difference p value. Red dots represented the expression of up-regulated and green dots
represented the down-regulated.
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3.6. GO Enrichment of Differentially Quantified Proteins

Following the GO classifications for biological process (BP), cellular component (CC),
and molecular function (MF), the enrichment results were examined to compare the func-
tional correlations of DE proteins; the results are shown in Figure 7. In the upregulated
proteins (Figure 7A), the proteins had functions in biological process and molecular func-
tion, but not cell component. These proteins are mainly concentrated (>20%) in protein
metabolic processes (BP), metabolic processes (BP), catalytic activity (MF), and hydrolase
activity (MF). In the downregulated proteins (Figure 7B), by comparison, all three classifi-
cations of proteins existed, and their functions showed a high concentration. Proteolysis
(BP), endopeptidase activity (MF), and serine-type endopeptidase activity (MF) were the
main roles of these proteins. These results suggest that the intake of EPSI associated with
the anti-hepatoma effect may be achieved through specific mechanisms.

Figure 7. GO enrichment results. (CC: cell component; MF: molecular function; BP: biological process; n = 3). (A)
Upregulated DE proteins (p < 0.05); (B) downregulated DE proteins (p < 0.05).

3.7. Specific Regulation Pathways for Inhibiting Liver Tumor Proliferation by EPSI

To further explore the related pathway of EPSI for anti-hepatoma effects and inhibi-
tion of liver tumors, KEGG pathway enrichment analysis was carried out (Figure 8). In
the upregulated proteins (Figure 8A), the highest degree of protein enrichment was in
caffeine metabolism, while most DE proteins with higher reliability appeared in the renin-
angiotensin system. In the downregulated proteins (Figure 8B), two kinds appeared in
neuroactive ligand-receptor interaction and hematopoietic cell lineage. The results showed
that the inhibition of liver tumors by EPSI was closely related to the above pathways.

In the detailed KEGG pathway enrichment results (Table 5), we found 12 typical
enrichment pathways in the process of inhibiting liver tumors by EPSI (p < 0.05). The
names of the enriched KEGG pathways and the enriched proteins with significant changes
are also listed in Table 5, while a description of the proteins is shown in Table 6.

Structural domain enrichment can identify the domain entries that are statistically
significantly enriched. This function or positioning may be the cause of the differences.
From the statistics of the enrichment results, a bubble chart of the structural domain is
shown in Figure 9. As for the previous expression, peptidase S1/S6, chymotrypsin/Hap,
peptidase cysteine/serine, and trypsin-like should be considered as the typical structural
domains.
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Figure 8. KEGG enrichment results. (A) Upregulated; (B) downregulated (n = 3). The X-axis is the
ratio of the number of DE proteins in the corresponding pathway to the number of total proteins
identified in the pathway. The greater the value, the higher the enrichment degree of the DE proteins
in the pathway. The colors of the points represent the p-value of the hypergeometric test. The redder
the color, the smaller the value, indicating that the reliability of the test is greater and more statistically
significant. The size of the dot represents the number of DE proteins in the corresponding pathway.
The larger the dot, the more DE proteins in the pathway.
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Table 5. KEGG enrichment results (top 12, p < 0.05).

ID Title x y n N Prot ID

04614 Renin-angiotensin system 2 12 27 3214 B2R941 P23946
00650 Butanoate metabolism 2 18 27 3214 Q02338 Q08426
00380 Tryptophan metabolism 2 21 27 3214 Q9BS61 Q08426
04640 Hematopoietic cell lineage 2 23 27 3214 P17301 E7ESP4
00232 Caffeine metabolism 1 2 27 3214 P47989
04611 Platelet activation 3 74 27 3214 P17301 E7ESP4 O15264
04977 Vitamin digestion and absorption 1 4 27 3214 E1B4S8
00310 Lysine degradation 2 36 27 3214 Q9NVH6 Q08426
03320 PPAR signaling pathway 2 36 27 3214 A0A140VKG0 Q08426

05412 Arrhythmogenic right ventricular
cardiomyopathy (ARVC) 2 37 27 3214 P17301 E7ESP4

04610 Complement and coagulation
cascades 2 40 27 3214 A0A0F7G8J1 Q19UG4

04975 Fat digestion and absorption 1 6 27 3214 E1B4S8

ID: the ID of the enriched KEGG pathway; Title: the name of enriched KEGG pathway; X: the number of DE proteins associated with this
pathway; Y: the number of background (all) proteins associated with the pathway; n: the number of DE proteins annotated by KEGG;
N: the number of background (all) proteins annotated by KEGG; Prot ID: the enriched protein list.

Table 6. Description of the enriched proteins.

Prot ID Description

B2R941 cDNA, FLJ94198, highly similar to Homo sapiens
carboxypeptidase A3 (mast cell)

P23946 Chymase
Q02338 D-beta-hydroxybutyrate dehydrogenase, mitochondrial
Q08426 Peroxisomal bifunctional enzyme
Q9BS61 Kynurenine 3-monooxygenase
Q08426 Peroxisomal bifunctional enzyme
P17301 Integrin alpha-2
E7ESP4 Integrin alpha-2
P47989 Xanthine dehydrogenase/oxidase
O15264 Mitogen-activated protein kinase 13
E1B4S8 Apolipoprotein B (Fragment)

Q9NVH6 Trimethyllysine dioxygenase
Q08426 Peroxisomal bifunctional enzyme

A0A0F7G8J1 Plasminogen
Q19UG4 Christmas factor (Fragment)

Prot ID: the enriched protein list; description: the function of the protein described in the database.

3.8. Interaction Analysis of Differentially Expressed Proteins

According to the KEGG enrichment results (Table 5), we found that a few DE proteins
appeared in multiple pathways, such as Q08426, E7ESP4, etc. These results showed that
there should be a close relationship between the DE proteins, and between the pathways.
The protein interaction network is shown in Figure 10. There are three main associated
relationships in the network: the first is centered on P17301, the downregulation of which
caused upregulation of other three proteins (E1B4S8, P12830, Q8TDR6) and downregulation
of the other four (Q19UG4, A0A0F7G8J1, Q597H1, and Q99542). The second line established
the relationships among Q6B051, B2R941, and P23946. In addition, there was also an
association between Q08426 and P48163. The above results established the relationship
between hematopoietic cell lineage, vitamin digestion and absorption, ARVC, complement
and coagulation cascades, and fat digestion and absorption.
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However, we were also aware that the situation that the metabolic pathways and
related DE proteins summarized above may not be all related to EPSI. Because EPSI is not
soluble in water, a certain amount of ethanol must be used as the solvent of EPSI during
the feeding of experimental animals. Therefore, the above differences might have the effect
of ethanol intervention in the body. We should probably pay more attention to what other
pathways the related DE proteins appeared in. Therefore, we summarized the relevant
information (Table 7).

Figure 9. The enrichment results of the domain (n = 3). The X-axis is the ratio of the number of
differential proteins in the corresponding domain to the number of total proteins identified in the
domain. The greater the value, the higher the enrichment degree of DE proteins in the domain. The
colors of the points represent the p-value of the hypergeometric test. The redder the color, the smaller
the value, indicating that the reliability of the test is greater and more statistically significant. The
size of the dot represents the number of DE proteins in the corresponding domain. The larger the dot,
the more DE proteins in the domain.

In this result, nine DE proteins and 54 related KEGG pathways were shown; mean-
while, the pathways that have been reported to be directly associated with cancer were
marked [46–74]. Among these, some are directly related to liver cancer or tumors, such
as platelet activation [75], the PI3K-Akt signaling pathway [76], and the PPAR signaling
pathway [77], etc. We found that, besides liver cancer, these signaling pathways appeared
in studies on cancers of the breast, colon, and thyroid frequently. There are reasons to
believe that the inhibitory effect of EPSI on liver tumors may be the same as the inhibitory
mechanism of these cancers. We will carry out a demonstration of the metabolic pathways
based on the results of this study in follow-up studies.
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Table 7. KEGG pathways associated with DE proteins which had relationships in the network.

Prot ID KEGG Pathway

P17301

Hematopoietic cell lineage *
Platelet activation *

Arrhythmogenic right ventricular cardiomyopathy (ARCV)
ECM-receptor interaction *

Hypertrophic cardiomyopathy (HCM)
Dilated cardiomyopathy (DCM)

Small-cell lung cancer *
Proteoglycans in cancer *

Focal adhesion *
Phagosome *

Regulation of actin cytoskeleton *
PI3K-Akt signaling pathway *

Human papillomavirus infection *
Pathways in cancer *

E1B4S8
Vitamin digestion and absorption

Fat digestion and absorption
Cholesterol metabolism *

P12830

Apelin signaling pathway *
Thyroid cancer *

Rap1 signaling pathway *
Bladder cancer *

Endometrial cancer *
Melanoma *

Cell adhesion molecules (CAMs) *
Pathogenic Escherichia coli infection *

Gastric cancer *
Adherens junction *

Bacterial invasion of epithelial cells
Pathways in cancer *

Hippo signaling pathway *

Q19UG4 Complement and coagulation cascades *

A0A0F7G8J1

Complement and coagulation cascades *
Neuroactive ligand-receptor interaction *

Staphylococcus aureus infection *
Influenza A

B2R941
Renin-angiotensin system *

Protein digestion and absorption *
Pancreatic secretion *

P23946 Renin-angiotensin system *

Q08426

Butanoate metabolism
Tryptophan metabolism *

Lysine degradation *
PPAR signaling pathway *

Peroxisome *
Beta-alanine metabolism *

Propanoate metabolismCarbon metabolism *
Metabolic pathways *

Fatty acid degradation *
Fatty acid metabolism *

Valine, leucine, and isoleucine degradation *

P48163
Carbon metabolism *
Pyruvate metabolism
Metabolic pathways *

Prot ID: the enriched protein list; *: reported to be directly associated with cancer or tumors.

108



Foods 2021, 10, 2466

Figure 10. Protein interaction network. Each node in the interaction network represents a protein, and the node size
represents the number of interacting proteins. The larger the node is, the more proteins interact with it. The color of the
node indicates the expression level of the protein in the comparison pair: red represents significantly high expression of the
protein and blue represents significantly low expression of the protein.

4. Conclusions

In summary, we identified the main components of EPSI by LC-MS and determined
that it contained a variety of anti-inflammatory and anti-cancer components. On this
foundation, we found that the EPSI showed good growth inhibition of HepG2 cells in vitro,
while the high dose of EPSI had an obvious anti-hepatoma effect in vivo, and this effect
was better than that of DDP without toxicity. To explore its anti-hepatoma mechanism, a
TMT quantitative proteomic approach was used to examine the inhibition of liver tumors
by EPSI. DE proteins and their relevance, and the related metabolic pathways were counted
and displayed. The upregulated pathways, such as the renin-angiotensin system, and
the downregulated pathways, such as hematopoietic cell lineage, and the changes in the
PI3K-Akt signaling pathway and the PPAR signaling pathway may be the significant keys
to the anti-hepatoma effects. Moreover, the key DE protein intervening in the pathways is
probably a new target for the treatment of liver tumors. Moreover, our work shines a new
light on the crucial inhibitive function of S. involucrata in the progression of liver disease.
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Abstract: Tetrastigma hemsleyanum Diels et Gilg is a herbaceous perennial species distributed mainly
in southern China. The Tetrastigma hemsleyanum root (THR) has been prevalently consumed as a
functional tea or dietary supplement. In vitro digestion models, including colonic fermentation, were
built to evaluate the release and stability of THR phenolics with the method of HPLC-QqQ-MS/MS
and UPLC-Qtof-MS/MS. From the oral cavity, the contents of total phenolic and flavonoid began to
degrade. Quercetin-3-rutinoside, quercetin-3-glucoside, kaempferol-3-rutinoside, and kaempferol-3-
glucoside were metabolized as major components and they were absorbed in the form of glycosides
for hepatic metabolism. On the other hand, the total antioxidant capacity (T-AOC), superoxide
dismutase (SOD), glutathione peroxidase (GSH-Px) activity, and glutathione (GSH) content were
significantly increased, while malondialdehyde (MDA) content was decreased in plasma and tissues
of rats treated with THR extract in the oxidative stress model. These results indicated that the THR
extract is a good antioxidant substance and has good bioavailability, which can effectively prevent
some chronic diseases caused by oxidative stress. It also provides a basis for the effectiveness of THR
as a traditional functional food.

Keywords: Radix Tetrastigma; colonic fermentation; phenolics; antioxidant capacity; bioavailability

1. Introduction

Tetrastigma hemsleyanum Diels et Gilg, a herbaceous perennial species, is distributed
mainly in southern China. The Tetrastigma hemsleyanum root (THR, called “Sanyeqing”
in Chinese) is one of the functional foods commonly used in China. As an edible plant,
THR has been prevalently consumed as a dietary supplement, nutrient, or health tea for its
health benefits. Meanwhile, the specific bioactive properties of THR such as immunoregula-
tory, antioxidant, anti-inflammatory, antipyretic, analgesic, and antiproliferactive capacity
have been widely reported. It has also been applied to treat high fever, infantile febrile
convulsion, pneumonia, asthma, hepatitis, rheumatism, menstrual disorders, sore throat,
and scrofula [1,2]. In our previous publication, abundant flavonoids and phenolic acids
were found in THR, which may be responsible for their bioactivity above. Moreover, the
phenolics extract from THR showed strong antioxidant activities in several in vitro assay
systems (DPPH, FRAP, and ABTS) [3]. Although the phenolics extract from THR has strong
in vitro antioxidant capacity, few studies have reported its in vivo antioxidant effects.

Foods 2021, 10, 2123. https://doi.org/10.3390/foods10092123 https://www.mdpi.com/journal/foods113
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The overproduction of reactive oxygen/nitrogen species (ROS/RNS), e.g., superoxide
(O2

−), hydrogen peroxide (H2O2), hydroxyl radical (OH), singlet oxygen (O2), nitric oxide
(NO·), peroxynitrite (ONOO−), and nitrogen dioxide (NO2), leads to an imbalance between
the pro-oxidant and the antioxidant, which is the main cause of oxidative stress [4,5]. Under
normal physiological conditions, these active substances are not necessarily a threat to
the body. However, when they are unable to be cleared by the body to a certain degree,
the risk of diseases increases, e.g., inflammation, cancer, type 2 diabetes mellitus (T2DM),
and atherosclerosis [5,6]. To combat the oxidative stress, a defense system was established,
which refers to various antioxidant enzymes, including superoxide dismutase (SOD),
gluthatione peroxidase (GSH-Px) and catalase (CAT) [7]. On the other hand, oxidative
stress induces lipid peroxidation [8], and malondialdehyde (MDA), which is a peroxidation
product of polyunsaturated fatty acids, was detected as the index of lipid peroxidation [9].
There is lack of information on how these phenolics extracts from THR affect the in vivo
antioxidant enzymes and MDA.

Dietary polyphenols have received increasing attention in recent years, due to their po-
tential antioxidant properties [10]. Generally, the in vivo bioactivity of phenolics (including
antioxidant activity) is significantly distinct from the in vitro data; therefore, the phenolic
content in food does not reflect its absorption and metabolism in the human body [11]. For
example, the first pass effect of xenobiotics, as well as low phenolic absorbability, leads to
an extremely low phenolic concentration in systematic circulation [12]. Meanwhile, the
structure modification during metabolism in the body has a considerable influence on the
bioactivity as well. In contrast, the liberation of phenolics from matrices during digestion
and colonic fermentation potentially promote the concentration of phenolics in plasma.
In parallel, the structure alteration yielded by pH, enzymes, and gut microbials also con-
tribute to the bioavailability and bioactivity of phenolics [13]. Mosele et al. [14] found
that intestinal microbes were beneficial for polyphenol metabolism when they studied
pomegranate products (juice, pulp, and peel extract) with in vitro gastrointestinal digestion
and colonic fermentation models. However, the release rate and stability of THR phenolics
during the digestion process as well as the specific routine of microbial metabolism during
colonic fermentation are still unknown.

In this paper, in vitro simulated gastrointestinal digestion and colonic fermentation
models were built to evaluate the stability and catabolism of Tetrastigma hemsleyanum
phenolics combined with HPLC-QqQ-MS/MS and UPLC-Qtof-MS/MS methods, which
have been used to identify metabolites from animals or humans. Furthermore, after oral
administration of THR extract to rats, the regulating effects of these phenolics and/or
their metabolites on the antioxidant enzyme activities, the total non-enzymatic antiox-
idant capacity, and lipid peroxidation in plasma and different tissues of rats were also
investigated.

2. Materials and Methods

2.1. Materials and Reagents

Fresh Tetrastigma hemsleyanum roots were purchased from Jiangxi Shangrao Red Sun
Agricultural Development Co., Ltd. (Nanchang, China). Pepsin, bile salts, and pancreatin
were obtained from Aladdin Co. Ltd. (Shanghai, China). Human salivary a-amylase, DPPH,
and DMSO were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Methanol,
acetonitrile, formic acid, and other solvents and chemical agents were obtained from Merck
(Darmstadt, Germany). Water was purified in-house by a Milli-Q system (Bedford, MA,
USA). The superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), total antioxidant
capacity (T-AOC), reduced glutathione (GSH), and malondialdehyde (MDA) kits were
purchased from Nanjing Jiancheng Bioengineering Company (Nanjing, China).

2.2. Extract Preparation

THR samples were dried until constant weight by an electro-thermostatic blast oven
(Senxin, Shanghai, China) and ground into fine powder (through a 200 mesh sieve). The
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powder (1.0 kg) was extracted with 20 L 80% methanol (v/v) for 45 min at 50 ◦C by ultra-
sonication (Shumei Instrument Factory, Kunshan, China). The suspension was centrifuged
at 3000× g for 10 min (Thermo Scientific, Waltham, MA, USA), and was evaporated at
50 ◦C using a rotary vacuum evaporator (Eyela N-100, Miyagi, Japan). About 20% of its
original volume remained, which was thoroughly freeze-dried (SIM International Group
Co. Ltd., San Francisco, CA, USA). The dried THR extract was stored at −80 ◦C before use.

2.3. In Vitro Gastrointestinal Digestion

The in vitro digestion model was slightly adapted from Minekus et al. [15] and Mc-
Clements et al. [16]. Three stages including in vitro oral, gastric, and intestinal digestion
were carried out to revivify the physical and chemical effects of THR extract in the human
body. All digestion processes were placed into a thermostatic water-bath shaker (37 ◦C,
400 rev/min), as well as away from light. Gastric and intestinal stages were air-free under
nitrogen.

2.3.1. Oral Digestion

The simulated salivary fluid (SSF) consisted of human salivary a-amylase (75 U/mL),
CaCl2·2H2O (0.75 mM) and HBSS solution (10×) to 1× in the final stage. The SSF mixture
was pre-warmed for 2 min at 30 ◦C. The freeze-dried THR extract was weighed (1 g) and
mixed with 10 mL SSF in 50 mL polyethylene tube to perform the digestion for 5 min.

2.3.2. Gastric Digestion

After oral digestion, 6 mL simulated gastric fluid (SGF) was added to the 10 mL
extract-SSF mixture, and shaken for 30 min in the 37 ◦C water bath. To be specific, the
SGF was phosphate buffer, which was adjusted to pH 2 by hydrochloride acid (1 M), and
contained porcine pepsin (2000 U/mL) and CaCl2·2H2O (0.15 mM). Prior to seal-capping,
most air was blown off by nitrogen.

2.3.3. Intestinal Digestion

After gastric digestion, the gastric samples-chime was neutralized to pH 5.8 by di-
carbonate (2 M), then mixed with simulated intestinal fluid (SIF), which consisted of
pancreatin, bile salts, and CaCl2·2H2O at a final concentration of 100 U/mL, 0.01 mM, and
0.3 mM, respectively. Then, the mixed digestive juice was adjusted to pH 8 with NaOH for
digestion for 8 h. PMSF was added to terminate the reaction with a final concentration of
0.174 mg/mL.

The digestive juices of each stage were freeze-dried, including oral digestive products
(THR-O), gastric digestion products (THR-G), and intestinal digestive products (THR-I).
Then, all dried samples were re-dissolved with 80% methanol, which were purified by
Agilent C18 solid phase extraction column and stored at −80 ◦C before analysis. All samples
were taken 3 times in parallel.

2.4. In Vitro Colonic Fermentation

The in vitro fermentation colonic model was based on Maccaferri and Pereira-Caro
with slight modification [17,18].

2.4.1. Preparation of Anaerobic Medium

A total of 7.5 g bouillon culture-medium was dissolved in 250 mL of distilled water
and the mixture was filtered. The filtrate was sterilized at 120 ◦C for 20 min, and 1.5 mg
hemin and 0.25 μL vitamin K1 were added when the temperature of filtrate dropped to
room temperature.

2.4.2. Preparation of Human Intestinal Bacterial Suspension

Three healthy young female volunteers (24–40 years old, who had not taken any
antibiotics or fungi within 3 months before sampling and had no intestinal or metabolic dis-
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eases) were selected to collect their fresh feces. Then, the feces were mixed with anaerobic
medium under anaerobic condition to make the final concentration of the fecal suspension
5%, which was filtered with gauze to obtain the intestinal bacteria solution. The operation
of stools and filtration was restricted in 10 min.

2.4.3. Intestinal Flora Fermentation

Under anaerobic condition, the THR extract after in vitro gastrointestinal digestion
was added to the intestinal bacteria solution at a final concentration of 0.01 g/mL, which
was placed into temperature-controlled anaerobic incubator (10% CO2, 10% H2, and 80%
N2, 37 ◦C) for 48 h. Samples were taken at 0, 12, 24, and 48 h and freeze-dried. All dried
samples were re-dissolved with 80% methanol, which were purified by Agilent C18 solid
phase extraction column and stored at −80 ◦C before analysis. All samples were taken
3 times in parallel at all time points.

2.5. Qualitive and Quantitative Analysis of Phenolic Compounds
2.5.1. Qualitive Analysis by LC-QTOF-MS/MS

LC conditions: UPLC system (Agilent 1290 infinity series) was applied to Chro-
matographic separation, including a degasser, a binary pump (Bin Pump SL), an injector
(HiP-ALS), a column oven (TCC SL), and a DAD detector (Agilent Technologies, Santa
Clara, CA, USA). Agilent Zorbax EclipseXDB-C18 columns (4.6 mm × 250 mm, 5 μm) and
Agilent Eclipse XDB-C18 guard columns (4.6 mm × 12.5 mm, 5 μm) were used. The mobile
phase consisted of A (water containing 0.2% formic acid, v/v) and B (acetonitrile containing
0.2% formic acid, v/v). The gradient elution program was as follows: 0–10 min, 14–18% B;
10–30 min, 18–20% B; 30–35 min, 20–18% B; and 35–40 min, 18–14% B. The injection volume
was 10 μL, the column temperature was 40 ◦C, and the flow rate was 0.5 mL/min. The
DAD was set between 280 and 320 nm to obtain a real-time chromatogram with absorption
peaks in the range of 190–400 nm.

MS conditions: Quadrupole time-of-flight precision mass spectrometer (Agilent 6538)
equipped with an electrospray ionization source (ESI) was applied in negative mode.
The full mass spectral data were obtained at m/z 50–1000 mass range. The best mass
spectrometry parameters were as follows: capillary voltage 3.5 kV, injection cone voltage
35 V, desolvation gas flow (N2) velocity 900 L/h, injection cone flow (N2) velocity 50 L/h,
desolvation temperature 325 ◦C, ion source temperature 150 ◦C; inlet pressure was set to
10 psi in CID mode with high purity argon gas as collision gas; the CID collision energy of
polyphenol monomer was set to 5, 10, 15, 20, 25, and 30 eV, and the collision energy was
set to 5, 10, 15, 20, 25, 30, 40, and 50 eV; and the cracking voltage was 120 V.

2.5.2. Quantitative Analysis by LC-QqQ-MS/MS

LC conditions: UPLC system (Agilent 1290 infinity series) was applied to Chro-
matographic separation, including a degasser, a binary pump (Bin Pump SL), a injector
(HiP-ALS), a column oven (TCC SL), and a DAD detector (Agilent Technologies, Santa
Clara, CA, USA). Agilent Zorbax EclipseXDB-C18 columns (4.6 mm × 250 mm, 5 μm)
and Agilent Eclipse XDB-C18 guard columns (4.6 mm × 12.5 mm, 5 μm) were used. The
mobile phase consisted of A (water containing 0.1% formic acid, v/v) and B (methanol
containing formic acid, v/v). The gradient elution program was as follows: 0–5 min,
15–20% B; 5–15 min, 20–35% B; 15–25 min, 35–40% B; 25–38 min, 40–45% B; 38–45 min,
45–60% B; 45–55 min, 60–75% B; 55–65 min, 75–100% B; and 65–70 min, 100–15% B. The
injection volume was 10 μL, the column temperature was 40 ◦C, and the flow rate was
1 mL/min. The DAD was set between 280 and 320 nm to obtain a real-time chromatogram
with absorption peaks in the range of 190–400 nm.

MS conditions: Triple series quadrupole mass spectrometer (Agilent 6430 QqQ)
equipped with an electrospray ionization source (ESI) was applied in negative + MRM
mode. The full mass spectral data was obtained at m/z 50–1000 mass range. The best mass
spectrometry parameters were as follows: capillary voltage 4 kV, injection cone voltage
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35 V, desolvation gas flow (N2) velocity 900 L/h, injection cone gas flow (N2) velocity
50 L/h, desolvation temperature 300 ◦C, and ion source temperature 150 ◦C; inlet pressure
was set to 15 psi with high purity argon gas as collision gas. Quantitative ion pair, collision
energy, and cracking voltage were individually optimized for each monomer.

2.6. In Vivo Antioxidant Activities
2.6.1. Animals

Sprague–Dawley (SD) rats (male, Batch No. SCXK 2015-0003), weighing approxi-
mately 200–220 g, were purchased from Shanghai Laboratory Animal Center, Chinese
Academy of Sciences (Shanghai, China). They were acclimatized in an environmentally
controlled breeding room for 7 days prior to treatments. The experimental protocols were
approved by the Animal Ethics Committee of Nanchang University (No. 20150829).

2.6.2. Experimental Design

Forty SD rats were randomly divided into five groups (n = 8) as follows:
Group I, normal control (saline); Group II, model control (D-galactose (D-gal) solution,

200 mg/kg BW); Group III, positive control (Vitamin C (VC) solution, 200 mg/kg BW);
Group IV, low dosage (THR extract, 200 mg/kg BW); and Group V, high dosage (THR
extract, 1000 mg/kg BW).

Rats in all groups were fasted for 12 h before the treatments but with access to
deionized water [7]. The doses were also chosen based on the common intakes of THR in
China and there was no toxic effect on the rats in our pre-experiments (data not shown).
Rats in Group I were intraperitoneally injected with physiological saline, and rats in
Groups II–V were intraperitoneally injected with D-gal solution (200 mg/kg BW per day).
In addition, rats in Group III, IV, and V were intragastrically administered with VC, low-,
and high-dose THR extract solutions at 200, 200, and 1000 mg/kg BW per day, respectively.
This process lasted 20 days.

Blood samples were collected and centrifuged at 4000× g for 10 min. The organs (liver,
heart, and kidney) of the rats were immediately dissected out, cleaned, and weighed after
plasma collected. Then, they were homogenized in 10 mM Tris-HCl buffer (pH 7.4) and
centrifuged at 3000× g for 15 min. The supernatants were analyzed for the antioxidant
activities. All the above procedures were conducted at 4 ◦C.

2.6.3. Antioxidant Assays

For the SOD, GSH-Px, T-AOC, and GSH and MDA levels, the 96-well microplates
(BD Falcon, Franklin Lakes, NJ, USA) with a multi-well plate reader (Thermo Scientific
varioskan flash, Waltham, MA, USA) were used according to the method reported by Li
et al. [4]. Results of the enzyme activities and T-AOC capacity were expressed as units per
milliliter (U/mL) in plasma or per milligram of protein (U/mg prot) in tissues.

GSH can react with 5,5′-dithio-bis-(2-nitrobenzoic acid), which was measured at
412 nm and the results were expressed as milligram per milliliter (mg/mL) in plasma or
milligram per gram of protein (mg/g prot) in tissues. MDA is a product of lipid peroxide
degradation that condenses with thiobarbituric acid (TBA) to form a red product with
strong absorption at 532 nm [19]. The results were expressed as nanomoles per milliliter
(nmol/mL) in plasma or nanomoles per milligram of protein (nmol/mg prot) in tissues [7].

2.7. Statistical Analysis

Results were expressed as means ± SD. All data were analyzed by the SPSS statis-
tical software, version 19.0 (SPSS Inc., Chicago, IL, USA), which was carried out using
one-way analysis of variance (ANOVA) followed by Duncan’s multiple range tests to
estimate statistical significance at the level of p < 0.05. Furthermore, the LC-MS data
were acquired and analyzed by MassHunter Acquisition B.03.01 and Qualitative Analysis
B.03.01. The MassBank (http://www.massbank.jp, accessed on 25 April 2017), Chem-
Spider (http://www.chemspider.com, accessed on 6 May 2017), and Phenol-Explorer
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(www.phenol-explorer.eu, accessed on 2 May 2017) databases were used to analyze the
MSn data.

3. Results and Discussion

3.1. Change in Phenolic Profiles of THR Extract during In Vitro Digestion

The changes of total phenolic and flavonoid content of THR extract during the in vitro
simulated digestion were explored. In vitro digestion model has been widely used to study
changes in food composition [20]. As shown in Table 1, the total phenolic and flavonoid
contents of the THR extract decreased obviously after oral, stomach, and intestinal diges-
tions. After oral digestion, the total phenolic content decreased slightly from 225.38 to
214.13 mg GAE/g DW, and the total flavonoid decreased from 124.95 to 109.47 mg CAE/g
DW. This result was different from the previous reports, which showed that short-term
oral digestion and α-amylase had little effect on the polyphenols, and that oral digestion
can be omitted [11,14]. However, Nada Bahloul et al. [21] reported that polyphenols, the
aqueous extracts from Tunisian diplotaxis, were digested in large quantities in the oral
digestion compared to stomach and intestinal digestions. The discrepant results may be
due to the different structures of the phenolic substances extracted by various substances.
Obviously, after gastric digestion, the total phenolic content reduced significantly from
214.13 to 104.61 mg GAE/g DW and total flavonoid decreased from 109.47 to 83.64 mg
CAE/g DW, which indicated that many components were unstable in the stomach en-
vironment, such as the ring cleavage of anthocyanins [22]. However, Mosele et al. [11]
studied the stability and metabolism of Arbutus unedo bioactive compounds and found that
polyphenols were stable in the stomach, which might be protected by a certain amount of
pectin formed in the gel. According to our previous study [3], rutin and isoquercitrin were
the main components in THR extract, which had a high rate of metastasis when passed
through the small intestine wall [23,24]. Interestingly, the polyphenol and flavonoid in
the THR extract appeared to be more stable in the intestine, especially flavonoids. After
intestinal digestion, total phenolic content decreased from 104.61 to 97.53 mg GAE/g DW
and total flavonoid content decreased slightly from 83.64 to 81.98 mg CAE/g DW. It was
suggested that the phenolic components of the THR extract were degraded to some extent
during the digestion of the gastrointestinal tract.

Table 1. Total phenolic content and total flavonoid content of THR extract during in vitro gastroin-
testinal digestion and colonic fermentation by human microflora A.

Sample
Total Phenolic Content
(mg GAE/g DW) B

Total Flavonoid Content
(mg CAE/g DW) C

Raw 225.38 ± 2.62 h 124.95 ± 3.31 g

In vitro gastrointestinal digestion
Oral digestion 214.13 ± 2.34 g 109.47 ± 1.78 f

Gastric digestion 104.61 ± 1.51 f 83.64 ± 2.14 e

Intestinal digestion 97.53 ± 2.47 e 81.98 ± 1.37 e

In vitro colonic fermentation by human microflora
0 h 86.93 ± 2.09 d 72.44 ± 1.56 d

12 h 78.27 ± 1.88 c 61.25 ± 1.08 c

24 h 65.42 ± 3.53 b 49.84 ± 1.67 b

48 h 33.85 ± 2.05 a 17.56 ± 1.29 a

A Results are expressed as mean ± standard deviation of three replicates. Values followed by different letters
(a–h) within the same column are significantly different (p < 0.05). B Phenolic contents are expressed as mg gallic
acid equivalents (GAE) in 1 g of dry weight of extracts ± standard deviation. C Flavonoid contents are expressed
as mg catechin equivalents (CAE) in 1 g of dry weight of extracts ± standard deviation.

Gastrointestinal digested samples were analyzed by LC-QTOF-MS/MS and LC-
QqQ-MS/MS. There are four distinct peaks in Figure 1. According to our previous re-
port [3], quercetin-3-rutinoside (rutin, peak 1), quercetin-3-glucoside (isoquercitrin, peak 2),
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kaempferol-3-rutinoside (peak 3), and kaempferol-3-glucoside (peak 4) were identified. As
shown in Table 2, the changes in the contents of four substances mainly occurred in the
gastric digestion compared to the oral and intestinal digestions. Kaempferol-3-rutinoside
was the most abundant of the four substances, as shown in Table 2, reaching 53.48 mg
kaempferol/g DW. From the mouth to the intestine, the content of rutin reduced by about
half, but it was more stable in the gastrointestinal tract [25]. This might have been caused
by two factors. Firstly, rutin may interact with other substances (such as proteins or polysac-
charides) to form a complex, which could not be detected in the present analytical method.
Secondly, there may be significant differences in the in vitro digestion parameters and
representation methods, such as filtration, centrifugation, membrane dialysis, etc. [25]. On
the other hand, isoquercitrin can be degraded into quercetin due to digestive enzymes in
the stomach [26] or degraded into aglycon and quercetin in the gut, which were absorbed
or entered the colon degraded by microorganisms [27]. In addition, it has been reported
that isoquercitrin can be absorbed directly into the body [23,24]. Kaempferol glycosides
are also unstable under oral and gastrointestinal conditions. It has been reported that
kaempferol glycosides can be hydrolyzed to aglycone kaempferol in oral and intestine
digestion by glycosidases, which will bind to starch in the digestive tract [28]. During
gastrointestinal digestion, part of kaempferol glycosides were degraded or absorbed, and
another part entered the lower digestive tract to continue to metabolize. It has been re-
ported that about 48% of dietary polyphenols were bioaccessible in the small intestine and
42% in the large intestine, while the rest were not accessible [29]. Because of the limitation
of chromatographic conditions, the corresponding metabolites were not found.

 

Figure 1. The change of the major phenolics in THR extract during the in vitro gastrointestinal digestion.
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Table 2. Identification and quantification of the major phenolics in THR extract during the in vitro gastrointestinal digestion
and colonic fermentation by human microflora A.

No. Compounds B tR
(min)

Parent/
Daughter Ions

(m/z)
Raw

Gastrointestinal Digestion Colonic Fermentation by Human Microflora

Oral Gastric Intestinal 0 h 12 h 24 h 48 h

1 Quercetin-3-
rutinoside 27.41 609/301 16.86 ±

1.19 h
14.09 ±
1.25 g

8.77 ±
0.86 f

8.04 ±
0.45 d

8.12 ±
0.79 e

6.70 ±
0.26 c

3.37 ±
0.03 b

3.19 ±
0.40 a

2 Quercetin-3-
glucoside 29.18 463/301 12.55 ±

1.03 h
11.24 ±
1.31 g

7.18 ±
1.12 f

6.63 ±
0.58 e

6.57 ±
0.58 d

4.92 ±
0.68 c

2.48 ±
0.11 b

2.42 ±
0.21 a

3 Kaempferol-3-
rutinoside 30.39 593/285 53.48 ±

3.47 h
49.13 ±
2.76 g

27.94 ±
1.34 f

27.88 ±
1.07 e

24.5 ±
2.01 d

21.98 ±
1.91 c

21.46 ±
1.31 b

7.67 ±
0.55 a

4 Kaempferol-3-
glucoside 31.26 447/285 19.97 ±

1.57 h
16.40 ±
1.44 g

9.54 ±
0.95 e

9.73 ±
1.04 f

9.38 ±
0.82 d

7.60 ±
0.64 c

4.54 ±
0.08 b

2.88 ±
0.09 a

A Results are expressed as mean ± standard deviation of three replicates. Values followed by different letters (a–h) within the same line are
significantly different (p < 0.05). B Peaks 1 and 2 were expressed as quercetin equivalents per g dry weight extract (mg quercetin/g DW).
Peaks 3 and 4 were expressed as kaempferol equivalents per g dry weight extract (mg kaempferol/g DW).

The polyphenol content in food does not represent the amount of metabolic absorp-
tion in the body. During the digestion process, various components are continuously
exposed to physical (temperature), chemical (pH), and biological (enzyme) conditions [11],
which will affect the bioavailability and biological activity of potential food bioactive
compounds [13]. On the other hand, food matrices should be considered, which affect
the stability of polyphenols during gastric and intestinal digestion and the proportion
of phenolic compounds that reach the colon or are absorbed [14]. The food we consume
every day contains a lot of polyphenols, but, in fact, only a small part can be absorbed.
Demethylation and deglycosylation are the main ways polyphenols are metabolized, which
can improve their effectiveness of [30]. Some in vitro studies showed that the phenolic
compounds can be transported through the intestinal epithelial cells in the form of glyco-
sides via sugar transporters [22]. After absorption, they were hydrolyzed to aglycons by
β-glucosidase. Moreover, aglycones can also be formed in the lumen through the action
of membrane-bound lactase phlorizin hydrolase (LPH), which was absorbed passively
through the epithelium, as compared with conjugation in the ileal epithelium or the liver.
Hepatic metabolites (methylated, sulfated, or glucuronidated conjugates) were returned
via the enterohepatic circulation (in bile) to the gut lumen [22,31].

3.2. Change in Phenolic Profiles of THR Extract during In Vitro Colonic Fermentation

The gastrointestinal digested samples were further used to carry out colonic fermenta-
tion because intestinal microbes are an important part of our entire digestive ecosystem.
It is important to study the effects of microorganisms on the digestion and absorption of
phenols. As shown in Table 1, one-third of the total phenolics and half of the flavonoids,
which were not digested in the gastrointestinal tract, entered the colon. However, this result
was not the same as Mosele et al. [14], who reported that most of the phenolics entered
into the colon. When polyphenols reached the colon, they were absorbed intactly through
the epithelium or metabolized by the colonic microbiotas [22]. Analyzed with LC-QTOF-
MS/MS, four substances were found as shown in Figure 2, including quercetin-3-rutinoside
(rutin, peak 1), quercetin-3-glucoside (isoquercitrin, peak 2), kaempferol-3-rutinoside (peak
3), and kaempferol-3-glucoside (peak 4). Some small peaks were also shown in Figure 2,
which could not be detected with the existing chromatographic conditions due to the
low content. After 48 h of fermentation, the total phenolic content reduced from 86.93
to 33.85 mg GAE/g DW and the total flavonoid content reduced from 72.44 to 17.56 mg
CAE/g DW, indicating that colonic microorganisms can decompose these polyphenols. As
Mosele et al. [14] reported, tannic acid and ellagic acid were metabolized into urolithins by
microorganisms, which were considered to be a potentially biologically active microbial
metabolite.
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Figure 2. The change of the major phenolics in THR extract during colonic fermentation by human microflora.

As shown in Table 2, it was obvious that the contents of the four substances dropped
to a lower level after 48 h of microbial metabolism. After 24 h of fermentation, the con-
tents of quercetin-3-rutinoside and quercetin-3-glucoside remained basically unchanged.
However, kaempferol-3-rutinoside and kaempferol-3-glucoside were degraded throughout
the fermentation process. It has been proven that rutin was degraded into quercetin and
further converted into 3-hydroxylphenylacetic acid under the action of microorganisms in
the colon [20]. In addition, rutin can be converted to isoquercitrin by microorganisms under
anaerobic condition [32], and isoquercitrin was decomposed into quercetin and glucose
by microorganisms through O-deglycosylation [33]. Kaempferol glycosides were reported
to be degraded to kaempferol and corresponding sugar ligands through deglycosylation.
Kaempferol was further degraded to form 3-(4-hydroxyphenyl) propionic acid through
ring fission under the action of microorganisms, which was further degraded to form 3-
phenylpropionic acid and phenylacetic acid. 3-Phenylpropionic acid can also be converted
to phenylacetic acid [34]. Many substances, which are digested difficultly in the gastroin-
testinal tract, can be degraded under the action of colonic microorganisms. Chlorogenic
acid is considered to be a substance that is difficult to be absorbed in the gastrointestinal
tract. It has even been reported to be resistant to intestinal enzymes [35] but can be ab-
sorbed after being broken down into small molecules by microorganisms [36]. Chlorogenic
acid was one of the main components of THR extract in our previous identification [3].
It can be degraded into caffeic acid and quinic acid by microorganisms, and caffeic acid
can be converted into ferulic acid by deacetylation [20]. 3-(3-Hydroxyphenyl) propionic
acid, a decomposition product of caffeic acid, was metabolized through the transport of
Caco-2 cells in liver [37]. In the metabolic absorption of the colon, phenolic compounds
entering the colon were mainly composed of unabsorbed glycosides and conjugates that
pass through the ileal and hepatic metabolic cycles [22,31]. Flavonoids that entered the
colon were metabolized into simple phenolic acid under the action of microorganisms with
the form of fission, ring-opening, and other degradation [22], which entered the circulation
via transporters or by passive diffusion [37].
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3.3. In Vivo Antioxidant Activities of THR

The MDA and GSH contents and the antioxidant capacity of SOD, GSH-Px, and T-
AOC enzymes in plasma, liver, heart, and kidney samples of rats under different treatment
regimens were tested to evaluate the antioxidant activity of THR extract. The effects of
THR extract were also compared with the positive control of VC. Results are shown in
Figure 3.

  

  

 

Figure 3. The changes of (A) MDA contents; (B) GSH contents; (C) SOD activities; (D) GSH-Px activities; and (E) T-AOC
in different groups. Data were presented as mean ± SD (n = 8); values not sharing a common superscript letter denote
significant difference (p < 0.05). Rats were divided into 5 groups as follows: I: normal control group (saline); II: model
control group (D-gal solution, 200 mg/kg BW); III: positive control group (VC solution, 200 mg/kg BW), IV: low dosage
group (THR extract, 200 mg/kg BW), and V: high dosage group (THR extract, 1000 mg/kg BW). Please note that the data
of the I, II, and III groups were the same as we used in our previous paper (Journal of Functional Foods 2017, 30, 179–193),
experiments for which were carried out simultaneously with the current paper.
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3.3.1. Effect on MDA and GSH Contents

MDA and GSH contents can reflect the level of oxidative stress in the body. As shown
in Figure 3A,B, compared with the normal control group (group I), the MDA content
increased significantly and GSH content reduced in plasma and various tissues in the
model control group (group II), which showed that the D-gal model was established
successfully. As shown in Figure 3A, MDA contents were reduced significantly, or even
lower than the positive control group in plasma, in both low- and high-dosage groups.
It indicated that THR extract can effectively reduce the lipid peroxidation. As shown in
Figure 3B, compared with the model control group (group I), the GSH contents remained
basically unchanged in the low dosage group (group IV), but increased significantly in
the high-dosage group (group V). It was indicated that the effect of the THR extract was
dose-dependent. A high-dose (1000 mg/kg BW) THR extract had a significant effect on
the reduction of MDA and the increase of GSH, which was similar to or stronger than
the positive control (group III, 200 mg VC/kg BW). Interestingly, the contents of MDA
and GSH were the highest in plasma compared to other tissues. THR extract showed
significant beneficial effects, especially at higher doses, that ultimately contributed to
reducing oxidative stress and protected rats from oxidative damage in different tissues and
organs.

3.3.2. Effects on SOD, GSH-Px, and T-AOC Activities

SOD and GSH-Px are important antioxidant enzymes in the body. As shown in
Figure 3C–E, the SOD, GSH-Px, and T-AOC activities were reduced significantly by D-gal
solution (group II) compared with the blank control group (group I), which showed that
the D-gal model was established successfully. From group IV and group V, it was clear that
there was a dose-dependent effect on SOD, GSH-Px and T-AOC activities. Low-dose THR
extract (group IV) showed significant effects on SOD, GSH-Px, and T-AOC activities in
plasma, but no significant effects were found in other tissues except the T-AOC in the liver.
However, the SOD, GSH-Px, and T-AOC activities were improved obviously in plasma and
other tissues treated with high-dose THR extract. The activity of SOD and GSH-Px in the
plasma and kidney were higher than those in the liver and heart (Figure 3C,D). However,
the T-AOC activity was higher in the plasma than in other tissues (Figure 3). High-dose
THR extract (1000 mg/kg BW) showed significantly stronger T-AOC activity than VC
(Figure 3E). In general, the use of THR extract can increase the antioxidant capacity of rats
and reduce the damage caused by D-gal.

3.3.3. The Relationship between Metabolites and In Vivo Antioxidant Activities

It was shown that gastrointestinal digestion and colonic fermentation had significant
effects on the antioxidant activity of polyphenol. The structure of polyphenols was changed
in these degradation processes, leading to the change of antioxidant activity [20]. Luzardo-
Ocampo et al. [24] found that the antioxidant activity of digested corn (Zea mays L.) and
common beans (Phaseolus vulgaris L.) were higher than their methanol extracts, but Bao
et al. [38] found that the antioxidant activity of flavonoids from tartary buckwheat rice
decreased after in vitro digestion. Food matrix showed a significant impact on digestion;
generally, free polyphenols were extracted but there are many bound polyphenols in
food that may be released during digestion. Of course, the antioxidant activity changed
due to the polyphenol structural modification when the extracts were used for in vitro
digestion. It has been reported that the antioxidant activity of the parent phenols was
reduced under microbial action, but the overall antioxidant capacity did not diminish due
to the accumulation of metabolites that might produce the same antioxidant capacity as the
parents [20]. However, the antioxidant activity of metabolites was higher than that of their
parents in some cases, such as dihydroferulic acid, a metabolite of chlorogenic acid [20].
Although in vitro antioxidant experiments cannot reflect in vivo antioxidants, they can be
used as a reference.
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It has been reported that bioactive components in diets act in two ways: by directly
scavenging free radicals and/or by activating the transcription of cytoprotective enzymes
involved in the detoxification of xenobiotics [22]. On one hand, polyphenols and their
metabolites play an antioxidant role directly, which can be absorbed directly or after
being metabolized in gastrointestinal digestion and colon fermentation. On the other
hand, polyphenols and some simple phenolic acids as their metabolites can activate the
Keap1/Nrf2/ARE (Kel-Ch ECH associating protein 1/nf-e2-related factor 2/Antioxidant
The Response Elements) pathway, and these active substances can modify the key cysteine
residues on Keap1, which enables binding to NRF-2 and migration of the activated complex
into the nucleus, where it activates genes with antioxidant elements, coding antioxidant
enzymes such as superoxide dismutase, catalase, glutathione synthetase, etc. [22]. Rats
treated with THR extract showed positive effects on MDA, GSH, SOD, GSH-Px, and T-
AOC (Figure 3). The dose-dependence indicated that polyphenols in THR have good
bioavailability, and the dietary intake of foods with higher polyphenols has potential
benefits for oxidative stress. Therefore, THR as a traditional functional ingredient with
good biological value has great potential.

4. Conclusions

The stability and catabolism of THR were evaluated under in vitro simulated gastroin-
testinal digestion and colonic fermentation models. Total phenolic and flavonoid content
were degraded during each digestion process. THR extract showed higher gastrointestinal
digestibility and less reaching the colon; in other words, it may be absorbed in the gastroin-
testinal tract and have high bioavailability. Quercetin-3-rutinoside, quercetin-3-glucoside,
kaempferol-3-rutinoside, and kaempferol-3-glucoside were the main substances of THR,
which were degraded at various stages, while their in vivo metabolites [3] could help
explain the favorable changes in several antioxidant biomarkers (SOD, GSH-Px, T-AOC)
and the lipid peroxidation product (MDA) in rats treated with THR extract. This also
proved that THR is reasonable as a traditional functional food and is effective to treat
chronic diseases caused by oxidative stress.
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Abstract: 4-hydroxyderricin (4-HD), as a natural flavonoid compound derived from Angelica keiskei,
has largely unknown inhibition and mechanisms on liver cancer. Herein, we investigated the
inhibitory effects of 4-HD on hepatocellular carcinoma (HCC) cells and clarified the potential mech-
anisms by exploring apoptosis and cell cycle arrest mediated via the PI3K/AKT/mTOR signaling
pathway. Our results show that 4-HD treatment dramatically decreased the survival rate and activities
of HepG2 and Huh7 cells. The protein expressions of apoptosis-related genes significantly increased,
while those related to the cell cycle were decreased by 4-HD. 4-HD also down-regulated PI3K, p-PI3K,
p-AKT, and p-mTOR protein expression. Moreover, PI3K inhibitor (LY294002) enhanced the promot-
ing effect of 4-HD on apoptosis and cell cycle arrest in HCC cells. Consequently, we demonstrate
that 4-HD can suppress the proliferation of HCC cells by promoting the PI3K/AKT/mTOR signaling
pathway mediated apoptosis and cell cycle arrest.

Keywords: Angelica keiskei; chalcone; anti-tumor; mechanism; apoptosis; cell cycle

1. Introduction

Hepatocellular carcinoma (HCC) is the second most common cause of cancer-related
death and is currently the sixth most diagnosed cancer worldwide. The global incidence
varies with geographic location, but is generally higher in East Asia and Africa [1,2].
To date, chemotherapy is still the most frequently used and effective way to cure HCC.
Currently, numerous first-line treatment drugs, such as sorafenib, donafenib, anlotinib, and
lenvatinib have been utilized for the clinical treatment of HCC [3]. Although side effects of
targeted chemotherapeutic agents are rare, there have been several cases of acquired skin
perforation [4]. More seriously, HCC patients usually develop tolerance to chemotherapy
drugs due to the intrinsic resistance or the acquired resistance [5]. Hence, developing
notable anti-HCC ingredients derived from natural products is of great significance, and
among which, plant flavonoids have been continuously attractive to researchers globally so
far [6]. Studies have also shown that flavonoids exhibit good tolerance and efficacy against
a variety of tumors, including liver cancer [7].

Nowadays, the regulation of apoptosis and cell cycle has attracted much attention for
the treatment of cancers, such as HCC. Apoptosis, also called programmed cell death, plays
a prominent role in a diversity of physiological and pathological processes [8]. Existing
studies have found that apoptosis pathways include mitochondrial pathways, endoplasmic
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reticulum pathways, and death receptor pathways [9]. Mitochondrial apoptosis pathways
are the most common, where the abnormal expression of Bcl-2 family proteins, cytochrome
c, and caspases may occur [10]. Moreover, apoptosis is recognized as one of the valid
strategies for tumor suppression, which involves a variety of morphological changes and
cell signal transduction pathways [11]. The cell cycle is closely related to DNA repli-
cation and cell proliferation, including four phases of G0/G1, S, G2, and M. Cell cycle
activities are usually regulated by cyclins (CCNs), cycle-dependent kinases (CDKs), and
cyclin-dependent kinase inhibitors (CKIs) to maintain the activities of normal cell [12].
Abnormal expressions of these cell cycle factors can lead to uncontrolled cell prolifera-
tion and promote the occurrence of carcinogenesis [13]. It is well documented that more
than 90% of human cancers are related to the accelerated G1 phase due to the abnormal
expression of CCNs, CDKs, and CKIs [1,14]. Increasing evidence suggests that abnormal
activation of the phosphatidylinositol-3-kinase (PI3K), AKT, and mammalian target of
rapamycin (mTOR) pathway is a frequent event in numerous malignant tumors, including
prostate cancer [15], gastrointestinal cancer [16], breast cancer [17], non-small cell lung
cancer [18], acute myeloid leukemia [19], and liver cancer [20]. Recently, the activation of
the PI3K/AKT/mTOR signaling pathway was found to be closely related to the regulation
of apoptosis and cell cycle arrest in human endometrial cancer cells [21] and HCC [22].
A new report also showed that the natural flavonoid pectolinarigenin could induce cell
apoptosis and G2/M phase cell cycle arrest of HCC by regulating the PI3K/AKT/mTOR
pathway [23].

Angelica keiskei Koidzumi (A. keiskei), a traditionally healthy vegetable which is orig-
inally planted in pacific-coast islands in Japan, has been reported to contain varieties of
bioactive compounds, especially chalcones [24]. It was officially recognized by the Na-
tional Health Commission of China as a source of new food ingredients in 2019 after its
introduction in the early 1990s, and its in-depth development and industrialization have
been rapidly heating domestically ever since [25–28]. 4-hydroxyderricin (4-HD), as one of
the most abundant chalcone in A. keiskei, exists in all parts of the plant. It has been proved
to exhibit antibacterial [29], anti-inflammatory [24], antidiabetic [30,31], hypotensive [32],
lipid regulation [32–34], and prevention of muscle atrophy [35] and loss [36], making it a
valuable food-source active compound, which shows the promising potentiality of applica-
tion in formulation or preparation for nutraceutical and functional foods. Specifically, in
the research field of anti-cancer effects, it is reported to show anti-osteosarcoma effect by
inhibiting the activation and differentiation of M2 macrophages [37]. Moreover, another
study demonstrates that 4-HD can suppress melanomatogenesis by targeting BRAF and
PI3K [38]. Currently, the literature relating the inhibitory effect and mechanisms of 4-HD on
liver cancer is limited. Furthermore, no studies have reported the regulating roles of 4-HD
on apoptosis and cell cycle arrest in HCC. Herein, we aimed to study the inhibitory effect
of 4-HD on HCC and clarify the potential mechanisms by exploring PI3K/AKT/mTOR
signaling pathway mediated apoptosis and cell cycle arrest.

2. Materials and Methods

2.1. Materials and Cell Culture

HepG2 and Huh7 of human HCC cell lines were supplied by the Cell Bank of the
Chinese Academy of Sciences (Shanghai, China) [39]. The DMEM medium (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% FBS (Invitrogen, Carlsbad, CA, USA) and 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) were employed for cell culture at
37 ◦C in a humidified incubator (5% CO2).

2.2. Cell Counting Kit-8 (CCK-8) Assay

A single-cell suspension was firstly prepared based on digestion of the HepG2 and
Huh7 cells in the logarithmic growth phase with trypsin. It was then counted, seeded into
a 96-well plate at a density of 5 × 103 cells/mL, and placed in an incubator for culture.
After the cells adhered to the wall, they were treated with 4-HD or 4-HD+LY294002 for
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48 h, protected from light, and 10 μL of CCK-8 (Solarbio, Beijing, China) solution was
added to each well without air bubbles. Then the cells were incubated for 30 min. Lastly, a
microplate reader (Thermo Fisher Scientific, Waltham, MA, USA) was employed to read
the absorbance, which was detected at 450 nm [40].

2.3. Wound Healing Assay

HepG2 and Huh7 cells were collected in the logarithmic growth phase and spread
evenly in a six-well plate. When the cell growth density reached 95%, a 10 μL pipette tip
was used to streak the line gently with a straight edge. After slowly washing with PBS,
1% serum-containing medium was added to the 6-well plate. Subsequently, 4-HD or a
mixture of 4-HD and LY294002 was added for 48 h. An inverted phase-contrast microscope
(Olympus, Tokyo, Japan) was used to observe cell migration.

2.4. Transwell Assay

The serum-free medium and Matrigel were diluted at a ratio of 1:8, added vertically
to the upper chamber of the Transwell chamber (Corning, NY, USA), and placed in the
incubator overnight. 2 × 105 cells/mL were added to the upper chamber of the small
chamber, and 4-HD, LY294002 and DMEM medium containing 20% bovine fetal serum
were added to the lower chamber of the small chamber. 4% paraformaldehyde was poured
into the 24-well plate, then the lower chamber was placed on a 24-well plate. Crystal violet
was added to the 24-well plate after the cells were fixed for 30 min. After staining, the
24-well plate was placed under a microscope (Olympus, Tokyo, Japan) for observation.

2.5. Cell-Cycle Analysis

The cells were firstly cultured for 48 h. Afterwards, the cell cycle was analyzed via the
cell cycle analysis kit (Beyotime, Shanghai, China). Briefly, the collected cells were fixed
with cold ethanol (70%) and kept at 4 ◦C overnight. DNA was stained with propidium
iodide (PI, 0.05 mg/mL) and RNase (2.0 mg/mL). Then, the pretreated cells were placed
on the FACScan flow cytometer (BD Biosciences, San Jose, CA, USA) for cell cycle analysis.
The cell percentages in G0/G1, S and G2/M phases were calculated by the Cell Lab Quanta
SC software (BD Biosciences, San Jose, CA, USA).

2.6. Apoptosis Analysis

An Annexin V-FITC apoptosis detection kit (Sigma-Aldrich, USA) was utilized for the
evaluation of the effect of 4-HD treatment on cell apoptosis via flow cytometry. HepG2
and Huh7 cells were prepared into a single cell suspension. Then it was seeded in a 6-well
plate (2 × 105 cells/mL) and treated with 4-HD or LY294002 for 48 h. Subsequently, the
cells were digested, centrifuged, mixed with Annexin V-FITC, and then the solution of PI
staining was added. Then the cells were incubated for 15 min and kept from light at room
temperature. Finally, the cell apoptosis was detected by flow cytometry.

2.7. TUNEL Assay

TUNEL assays were implemented according to the kit manufacturer’s protocol (Ab-
cam, USA). The HCC cells were incubated in a 48-well plate for 48 h, and then fixed by
4% paraformaldehyde. After that, 0.1% TritonX-100 was added to the 48-well plate. 3%
H2O2 was used to block the cells, then Tunel reaction buffer was added, and the cells were
incubated in the 37 ◦C incubator in the dark for 60 min. A confocal fluorescence microscope
(Nikon, Tokyo, Japan) was employed to observe the cell morphology.

2.8. Immunofluorescence Staining

Cells were seeded on clean glass slides and treated with 4-HD or 4-HD+LY294002
for 48 h. 4% paraformaldehyde was used to fix the cells and TritonX-100 was added in
0.3% PBS to permeabilize the cells at room temperature. The following primary antibodies
were used: anti-p-AKT (Abcam, Cambridge, UK). PBS contains 5% BSA was used to
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dilute the antibodies, and after washing, Cy3-conjugated goat anti-mouse IgG (Beyotime,
Shanghai, China) was utilized to incubate the cells at room temperature for 1 h. Lastly, it
was determined by a fluorescence microscope (Nikon, Tokyo, Japan).

2.9. Western Blotting Analysis

Western blot was performed via the standard methods. HepG2 and Huh7 cells were
placed in a 6-well plate with a density of 5 × 105 cells and incubated at 37 ◦C for 24 h.
The total protein of each treatment group was extracted with lysis buffer containing 1%
phenylmethanesulfonyl fluoride (PMSF). After separated, the proteins were then trans-
ferred to PVDF membranes (Solarbio, Beijing, China). The following primary antibodies
were used for Western blot analysis: PI3K p85 (ABclonal A4992), Bax (ABclonal A19684),
Bcl-2 (ABclonal A0208), cleaved caspase-3 (WL02348), CDK1/CDC2 (WL02373), cyclin B1
(WL01760), GAPDH (ab8245), AKT (#4685S), p-AKT (#4060S), p-PI3K p85 (#4228), m-TOR
(#2983), p-mTOR (#5536), caspase-3 (#9662), caspase-9 (#9508S), cytochrome c (#11940T),
PARP (#9532S), cyclin D1 (#2978P), CDK4 (#12790S), and CDK6 (#13331S). The antibodies
and all secondary antibodies were supplied by CST (Danvers, MA, USA) and the mem-
branes were visualized by BM Chemiluminescence Western Blotting Kit (Sigma-Aldrich,
Schnelldoff, Germany). All the experiments were repeated three times.

2.10. Statistical Analysis

The results are presented as the standard error of mean ± mean, and one-way analysis
of variance (ANOVA) was employed to evaluate the data. Duncan’s multiple range test
was performed to compare the differences among the groups via the SPSS software (version
22.0), and statistical significance was represented by p < 0.05 [41]. Each experiment was
repeated at least three times.

3. Results

3.1. Subsection
3.1.1. 4-HD Inhibited the Proliferation and Metastasis of HepG2 and Huh7

The CCK-8 assay was employed to explore the effects of 4-HD on the cell viability of
human HCC cells HepG2 and Huh7. As shown in Figure 1A,B, different concentrations
of 4-HD (0, 5, 10, 20, 30, 40, 50, 80, and 100 μM) were selected and incubated with HepG2
and Huh7 cells for 24 h and 48 h, respectively. When the concentration of 4-HD was above
40 μM, the cell viability of the two types of HCC cells was significantly decreased after 24 h
incubation (p < 0.05 for all) (Figure 1A). When the incubation was prolonged to 48 h, the
cell viability was remarkably decreased by 4-HD with a concentration higher than 20 μM
(p < 0.01 for all) (Figure 1B). A notable dose-dependent manner was observed.

The wound-healing assay was implemented to observe the migration effect of 4-HD
on HCC cells. As shown in Figure 1C,D, the wound healing of HepG2 and Huh7 cells was
markedly reduced after co-incubation with 20 μM and 40 μM of 4-HD for 48 h (p < 0.001
for all), compared with the control group, suggesting that 4-HD can effectively inhibit
the migration process of HepG2 and Huh7. Subsequently, the Transwell experiment was
employed to record the number of HepG2 and Huh7 cells passing through the Transwell
chamber after 48 h of exposure to different concentrations of 4-HD. As seen in Figure 1E,F,
the number of lower chambers was decreased when the concentration of 4-HD was raised
(p < 0.001 for all). And obviously, 4-HD inhibited the invasion ability of HepG2 and Huh7
in a dose-dependent manner. Combining the results of wound healing and Transwell
experiments, it can be inferred that 4-HD can significantly restrain the migration and
invasion of HepG2 and Huh7.
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Figure 1. 4-HD inhibits the proliferation and metastasis of HCC cells. (A,B) Determination of the survival rate of HepG2
cells and Huh7 cells treated with 4-HD (0–100 μM) after 24 h or 48 h by CCK-8 assay; (C,D) Evaluation of effects for 4-HD
on cell migration by wound healing assay; (E,F) Assessment of effects for 4HD-treated cell invasion by Transwell assay.
* p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

3.1.2. 4-HD Induced Apoptosis and Cell Cycle Arrest in HepG2 and Huh7 Cells
4-HD Induced Apoptosis in HepG2 and Huh7 Cells

To further evaluate the pro-apoptosis effects of 4-HD on HepG2 and Huh7 cells,
TUNEL and flow cytometry were successively performed. As shown in Figure 2A,B, the
number of positive cells in the 4-HD treatment group was increased in a dose-dependent
manner (p < 0.01 for all), compared with the control group. It can be observed from
Figure 2C,D that, as the concentrations of 4-HD went up, the rate of apoptosis exhibited an
upward trend (p < 0.05 for all). Furthermore, Western blot experiments were employed to
explore the mechanism of 4-HD-induced apoptosis of HepG2 and Huh7 cells. As seen in
Figure 2E,F, the expressions of cytochrome c, cleaved caspase-3, cleaved caspase-9, cleaved
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PARP, and Bax proteins were up-regulated as the concentrations of 4-HD rose, while the
expressions of pro-caspase-3, pro-caspase-9, PARP, and Bcl-2 proteins were remarkably
down-regulated (p < 0.05 for all). These results indicate that 4-HD can promote HepG2 and
Huh7 cells apoptosis by activating the mitochondrial apoptosis pathway.

Figure 2. Effects of 4-HD on apoptosis of HepG2 and Huh7 cells. (A,B) TUNEL (green) and DAPI (blue) double-positive
cells were elevated after treatment with various concentrations of 4-HD (magnification, 400×); (C,D) Cells were treated
with 4-HD for 48 h, stained with annexin V-FITC/PI, and then analyzed by flow cytometry; (E,F) The effects of 4-HD on the
expressions of Bax, Bcl-2, cytochrome c, caspase-9, caspase-3 and PARP proteins were evaluated via Western blot. Relative
expressions of the proteins were normalized to GAPDH. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

4-HD Induced Cell Cycle Arrest in HCC Cells

Cells can be divided into the G0/G1, S, and G2/M phases according to the DNA
content and detected by flow cytometry. Herein, the effects of 4-HD on the cell cycle of
HepG2 and Huh7 cells were investigated. After PI staining, the cells in different cell cycles
were distinguished according to the fluorescence intensity. As shown in Figure 3A,B,E,F,
the proportion of HepG2 cells in the G2/M phase was increased with the elevation of
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4-HD concentrations. However, the proportion of Huh7 cells in the G0/G1 phase was
surprisingly increased as well, suggesting that 4-HD can block HepG2 cells in the G2/M
phase and Huh7 cells in the G0/G1 phase (p < 0.01 for all).

Figure 3. The effect of 4-HD on HCC cell cycle distribution. (A,B) Phase distribution of HepG2 treated with 4-HD for 48 h
by flow cytometry analysis; (C,D) The effects of 4-HD on the expression of Cyclin B1 and CDK1/CDC2 in HepG2 cells
were evaluated by Western blot; (E,F) Phase distribution of Huh7 treated with 4-HD for 48 h by flow cytometry analysis;
(G,H) The effects of 4-HD on the expressions of Cyclin D1, CDK4 and CDK6 in Huh7 cells were evaluated by Western blot.
Relative expressions of the proteins were normalized to GAPDH. ** p < 0.01, *** p < 0.001, **** p < 0.0001.

HepG2 and Huh7 cells were respectively incubated with 4-HD at concentrations of
20 μM and 40 μM for 48 h, and the proteins were extracted. As displayed in Figure 3C,D,G,H,
the relative protein expressions of cyclin B1 and CDK1/CDC2 were determined. In HepG2
cells, the levels of cyclin B1 and CDK1/CDC2 were declined with the increasing concentra-
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tions of 4-HD, while in Huh7 cells, the expressions of cyclin D1, CDK4, and CDK6 were
dramatically down-regulated. It can be inferred that 4-HD can induce HepG2 cells arrest at
the G2/M phase and Huh7 cells arrest at the G0/G1 phase (p < 0.01 for all).

3.1.3. 4-HD Regulated the PI3K/AKT/mTOR Pathway

To investigate that 4-HD regulates the PI3K/AKT/mTOR pathway, the protein expres-
sions of genes related to the pathway were detected. It can be observed from Figure 4A,B
that, as the concentration of 4-HD raised, the expressions of PI3K, p-PI3K, p-AKT, and
p-mTOR proteins were down-regulated, while the expressions of AKT and mTOR proteins
were up-regulated (p < 0.05 for all). Moreover, the same results were obtained in the
immunofluorescence experiment, as shown in Figure 4C, indicating that 4-HD can inhibit
the phosphorylation of AKT.

In order to confirm whether 4-HD governed the PI3K/AKT/mTOR axis, PI3K inhibitor
LY294002 was selected, Western blot analysis and immunofluorescence experiments were
performed to detect related proteins. Figure 4D,E shows that the expressions of p-PI3K, p-
AKT, and p-mTOR proteins in the 4-HD+LY294002 group were notably decreased compared
with the 4-HD group (p < 0.05 for all). As seen in Figure 4F from immunofluorescence
results, the expressions of p-AKT gradually were decreased, compared with the control
group. What’s more, the inhibitory effect of p-AKT was enhanced by LY294002+4HD group.

Then, aiming to validate whether the PI3K/AKT/mTOR signaling pathway was
involved in 4-HD inhibiting the migration and invasion of HCC cells, LY294002 was
incubated with HepG2 cells, followed by wound healing and Transwell experiments. It
can be observed from Figure 4G,H that the wound healing width of 4-HD and LY294002
combined treatment group was markedly higher than that of LY294002 alone treatment
group, indicating that LY294002 combined treatment can enhance the inhibition of cell
migration (p < 0.05 for all). As noticed in Figure 4I,J, the number of HepG2 cells that
invaded the lower chamber in the 4-HD and LY294002 combination group was eminently
lower than that in the 4-HD group (p < 0.01 for all). It can be inferred from these results
that 4-HD can inhibit the proliferation and metastasis of HCC cells by regulating the
PI3K/AKT/mTOR pathway.

3.1.4. 4-HD Induced Apoptosis and Cycle Arrest of HCC Cells by Regulating the
PI3K/AKT/mTOR Pathway

To further verify whether PI3K/Akt/mTOR signaling pathway is involved in the
process of 4-HD inducing apoptosis and cell cycle arrest of hepatoma cells, as shown in
Figure 5A,B, the proportion of apoptosis in the 4-HD + LY294002 treatment group was
increased, compared with the control group (p < 0.001). As seen in Figure 5C,D, compared
with the 4-HD group, the expressions of cytochrome c, cleaved caspase-3, cleaved caspase-9,
cleaved PARP, and Bax proteins were remarkably elevated in the 4-HD + LY294002 group,
accompanied by the decreasing expressions of pro-caspase-3, pro-caspase-9, PARP and
Bcl-2 proteins (p < 0.05 for all).

The cell cycle distribution of HepG2 was assessed by flow cytometry. As exhibited in
Figure 5E,F, compared with the 4-HD group, the cell proportion at the G0/G1 phase was
declined, while the one at the G2/M phase was increased after combining with LY294002
(p < 0.01 for all). Furthermore, Western blot was performed to verify the expression of
cyclin. As shown in Figure 5G,H, 4-HD+LY294002 treatment significantly down-regulated
the expressions of CDK1/CDC2 and Cyclin B1 proteins (p < 0.05 for all). Combining the
above experimental data, it can be concluded that 4-HD can induce apoptosis and cycle
arrest of HCC cells through the PI3K/AKT/mTOR signaling axis.
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Figure 4. 4-HD inhibited the proliferation and metastasis of HCC cells by regulating the
PI3K/AKT/mTOR signaling pathway. (A,B) Relative proteins expressions of PI3K/AKT/mTOR
pathway in HepG2 cells and Huh7 cells treated with 0 μM, 20 μM, and 40 μM of 4-HD for 48 h;
(C) Immunofluorescence was employed to quantify the expression of p-AKT protein in HepG2 cells
(magnification: 400×); (D,E) Relative proteins expressions of PI3K/AKT/mTOR pathway in HepG2
cells were treated with PBS (control), 4-HD (40 μM 4-HD), LY294002 (10 μM LY294002) and 4-HD
+ LY294002 (40 μM 4-HD + 10 μM LY294002) for 48 h; (F) immunofluorescence was performed to
quantify the expression of p-AKT protein in HepG2 cells treated with LY294002 (magnification:
400×); (G,H) wound healing assay was carried out to conduct the effect of LY294002 on the migration
of HepG2 cells; (I,J) Transwell assay was implemented to detect the effect of LY294002 on the invasion
of HepG2 cells. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 vs. control (0 μM); # p < 0.05,
## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. 40 μM 4-HD.
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Figure 5. 4-HD induced apoptosis and cycle arrest of HCC cells by regulating the PI3K/AKT/mTOR signaling pathway.
(A,B) Cell apoptosis proportion treated with 4-HD+LY294002 was detected by flow cytometry; (C,D) The effects of LY294002
on the expressions of Bax, Bcl-2, cytochrome c, caspase-9 and caspase-3 and PARP in HepG2 cells treated with 4-HD were
evaluated by Western blotting; (E,F) Cell cycle distribution proportion treated with 4-HD+LY294002 was determined by
flow cytometry; (G,H) Effects of LY294002 on the expressions of cyclin B1 and CDK1/CDC2 proteins in HepG2 cells treated
with 4-HD were assessed by Western blotting. Relative expressions of the proteins were normalized to GAPDH. * p < 0.05,
** p < 0.01, *** p < 0.001 vs. control (0 μM); # p < 0.05, ## p < 0.01, ### p < 0.001, #### p < 0.0001 vs. 40 μM 4-HD.
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4. Discussion

4-HD is one of the major natural chalcone isolated from A. keiskei with various func-
tional properties, such as anti-tumor. To our knowledge, this is the first study evaluating
the inhibitory effects of 4-HD on HCC cells. In two typical HCC cell lines, HepG2 and
Huh7, we found 4-HD induced remarkable cell cycle arrest and apoptosis along with
the inhibitory effect on the proliferation and metastasis. What’s more, we proved that
4-HD may promote apoptosis and cell cycle arrest of the HCC cells by modulating the
PI3K/AKT/mTOR signaling pathway.

Apoptosis is the main way of programmed cell death, which can restrain tumor
cell growth [42]. Drug-induced cell apoptosis is mainly regulated by the mitochondrial
mechanism through caspase activations [43]. Caspase and Bcl-2 family genes play an
important regulatory role in the process of cell apoptosis [44]. Caspase-3 regulates the
entire process of cell apoptosis [45]. Bcl-2 is a membrane protein that inhibits the release
of cytochrome c (Cyto-C) by regulating the permeability of the mitochondrial membrane
and restrains the activation of caspase-3 to exert anti-apoptotic effects [46]. Bax, as a pro-
apoptotic protein, can be suppressed by forming a dimer with Bcl-2, while its activation
destroys the integrity of the mitochondrial membrane. Subsequently, cyto-C is released
from the mitochondrial membrane, which activates caspase-3 and induces mitochondrial
apoptosis [47]. Our results showed that the expressions of pro-apoptotic proteins were up-
regulated while those of anti-apoptotic proteins were down-regulated by 4-HD treatment.
A previous study has shown that 4-HD can induce apoptotic death of HL60 cells through
death receptor-mediated and mitochondrial pathways [48], which is consistent with our
findings that 4-HD induces mitochondrial apoptotic cell death to exert anti-HCC cell
proliferation effects.

The cell cycle is regulated by a protein complex composed of cyclins and cyclin-
dependent kinases (CDK). It has been reported that the abnormal levels of CDK4, CDK6,
and cyclin D1 in various human cancer cells are closely related to the abnormal proliferation
of cancer cells [49,50]. Cell cycle arrest is considered as a potential target for cancer therapy
in numerous malignant cancers [51]. Decrease in cyclin D inhibits growth and induces
cell death in tumors such as esophageal, colon, and pancreatic cancers [52–54]. Many
chemotherapeutic drugs exhibit anti-tumor effects by inducing cell cycle arrest [55]. The
activation of CDK1/CDC2 and cyclin B1 plays a key role in the initial stages of mitosis.
And the existing document indicates that the down-regulation of CDK1/CDC2 and cyclin
B1 is related to the G2/M cycle arrest [56]. In this study, the expressions of cyclin B1 and
CDK1/CDC2 proteins in HepG2 cells treated with 4-HD were down-regulated, while those
of cyclin D1 and CDK4 were down-regulated in Huh7 cells, suggesting that 4-HD can
trigger HepG2 cells arrest at G2/M phase and Huh7 cells arrest at G0/G1 phase.

PI3K/AKT/m-TOR cascade is a signal transduction pathway that regulates cancer
cell growth, proliferation, cell energy, proliferation, senescence, and angiogenesis [57].
Inhibiting the different processes of the PI3K/AKT/m-TOR pathway is a common strat-
egy for the treatment of human malignant tumors [58]. Many bioactive flavonoids, such
as collagen and paclitaxel, have been reported to down-regulate the expressions of pro-
teins such as p-PI3K, p-AKT, and p-mTOR by inhibiting PI3K/AKT/mTOR pathway in
HCC [59,60]. Our study shows that the protein levels of PI3K, p-PI3K, p-AKT, and p-
mTOR were down-regulated following 4-HD treatment, while the expressions of AKT
and mTOR proteins were up-regulated, indicating that the suppression effect of 4-HD on
the PI3K/AKT/mTOR signaling pathway. Moreover, we also co-treated the HCC cells
with both 4-HD and LY294002, an inhibitor of PI3K. Both apoptosis and cycle arrest were
exacerbated in the co-treatment groups. A previous study demonstrated that 4-HD could
promote apoptosis and induces cycle arrest in melanoma by targeting PI3K [32], which
complies with our findings. Collectively, all these results indicated that 4-HD induced
apoptosis and cell cycle arrest of the HCC cells by modulating the PI3K/AKT/mTOR
signaling pathway to inhibit the proliferation of HCC cells (Figure 6).
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Figure 6. Proposed mechanism for 4-HD inducing apoptosis and cycle arrest in HCC cells through the
PI3K/AKT/m-TOR signaling pathway. ⊥ indicates an inhibitory effect and → indicates a promoting effect.

5. Conclusions

In summary, this study revealed that 4-HD exhibited proliferation inhibitory effects
in HepG2 and Huh7 cells in a dose-dependent manner. The potential mechanism may be
related to the inhibition of the PI3K/AKT/m-TOR signaling pathway and the subsequent
inducing of mitochondrial apoptosis and cell cycle arrest. This study provides a new
strategy for the therapy of HCC and a theoretical basis for the exploiting of 4-HD as an
anti-hepatoma natural functional ingredient.
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Abstract: Eight extraction technologies were used to extract sweet tea (Lithocarpus litseifolius (Hance)
Chun) crude polysaccharides (STPs), and their chemical, structural, and biological properties were
studied and compared. Results revealed that the compositions, structures, and biological properties
of STPs varied dependent on different extraction technologies. Protein-bound polysaccharides and
some hemicellulose could be extracted from sweet tea with diluted alkali solution. STPs extracted by
deep-eutectic solvents and diluted alkali solution exhibited the most favorable biological properties.
Moreover, according to the heat map, total phenolic content was most strongly correlated with
biological properties, indicating that the presence of phenolic compounds in STPs might be the
main contributor to their biological properties. To the best of our knowledge, this study reports the
chemical, structural, and biological properties of STPs, and the results contribute to understanding
the relationship between the chemical composition and biological properties of STPs.

Keywords: herbal tea; extraction methods; polysaccharides; structural properties; biological properties

1. Introduction

Lithocarpus litseifolius (Hance) Chun (Fagaceae family), commonly known as “sweet
tea”, is an underutilized plant distributed mainly in the mountainous area of South China,
which has rich natural resources [1]. Sweet tea has both medicinal and edible functions, and
has been used as a daily beverage and traditional herbal medicine to prevent and manage
certain chronic diseases, especially diabetes [2]. In 2017, sweet tea was listed as a new food
material by the National Health and Family Planning Commission of China. It contains
plentiful polysaccharides, flavonoids, and polyphenolic ingredients, which have extensive
biological properties, such as anti-diabetic, anti-hypertensive, neuroprotective, hepatopro-
tective, and anti-aging effects [3–5]. As some of the main bioactive components in sweet
tea, sweet tea polysaccharides (STPs), however, have not been intensively investigated in
respect of their structural and biological properties.

Different extraction technologies and extraction solvents can significantly affect the
extraction yields, chemical compositions, and structural and biological properties of plant
polysaccharides [6,7]. Traditional and simple hot water extraction is widely used to extract
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polysaccharides from plant cells. However, the shortcomings of the hot water extrac-
tion method are also obvious; that is, it is time-consuming and inefficient. Therefore,
some new extraction technologies have gradually replaced traditional hot water extraction.
In recent years, other extraction technologies, including microwave-assisted extraction,
ultrasound-microwave-assisted extraction, pressurized water extraction, high-speed shear-
ing homogenization extraction, deep eutectic solvent-assisted extraction, deep eutectic
solvent-microwave-assisted extraction, and alkali-assisted extraction, have been efficiently
used in extracting polysaccharides from plants. Numerous studies have demonstrated
that the chemical, structural, and biological properties of natural polysaccharides can
be influenced by extraction technologies [7–9]. However, to the best of our knowledge,
the chemical, structural, and biological properties of sweet tea polysaccharides have not
been explored, and whether these properties are affected by different extraction methods
remains unknown.

In this study, we report the chemical, structural, and biological properties of STPs, as
well as the impacts of different extraction technologies on them. Results from this study
can contribute to understanding the relationship between the chemical composition and
biological properties of STPs.

2. Materials and Methods

2.1. Materials and Chemicals

Sweet tea, the tender leaves of L. litseifolius after fixation, were obtained from Sichuan
Mu Jiang Ye Ke Tea Co., Ltd. (Chengdu, China). The samples were dried to constant weight
by an air-dryer (DHG-9246A, Jinghong Experimental Equipment Co., Ltd., Shanghai,
China) at 50 ◦C, ground into fine powder with a mill (Guanze Biological Technology Co.,
Ltd., Shanghai, China), and passed through an 80-mesh sieve. Finally, the sweet tea powder
was stored at −20 ◦C for further analysis.

The chemicals, including vitamin C (Vc), sodium azide, butylated hydroxytoluene
(BHT), 2,2-diphenyl-1-picrylhydrazyl (DPPH), 3-ethylbenzthiazoline-6-sulphonic acid
(ABTS), aminoguanidine (AG), acarbose, and α-glucosidase (10 U/mg), were purchased
from Sigma-Aldrich ((St. Louis, MO, USA). Thermostable α-amylase (40,000 U/g) and
pancreatic lipase (4000 U/g) were purchased from Solarbio (Beijing, China). All reagents
and chemicals were of analytical grade.

2.2. Extraction of Crude Polysaccharides from Sweet Tea
2.2.1. Preparation of Raw Materials

The sweet tea (2.0 g) was accurately weighed and sonicated twice with 80% ethanol
(v/v, 20 mL) by an ultrasonic cleaner (800 W, PL-S80T, Kangshijie Biotechnology Co., Ltd.,
Dongguan, China) for 30 min at room temperature (25 ± 1 ◦C) with the power of 80% to
remove most of the alcohol-soluble compounds. After centrifugation, the obtained residues
were separately subjected to the following extraction processes.

2.2.2. Hot Water Extraction (HWE)

HWE was carried out using our previously reported method [7]. Briefly, the residues
were extracted twice with ultrapure water (1:20, w/v) at 95 ◦C for 2 h. After centrifugation,
the obtained supernatant was collected to first remove starch by thermostable α-amylase
(5 U/mL). Then, the water-extracted crude polysaccharides (STP-W) from sweet tea were
obtained by alcohol-precipitation, dialysis, and lyophilization.

2.2.3. Microwave-Assisted Extraction (MAE)

MAE was performed based on our reported method [8]. In brief, the residues (2.0 g)
were mixed with deionized water (1:30, w/v). Thereafter, the further extraction was executed
twice by a microwave oven (MKJ-J1-3, Qingdao Makewave Microwave Applied Technology
Co., Ltd., Shandong, China) at 500 W for 6.5 min. Then, the following treatment procedures
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were consistent with Section 2.2.2. Finally, the microwave-extracted crude polysaccharides
were obtained and termed STP-M.

2.2.4. Ultrasound-Microwave Assisted Extraction (UMAE)

UMAE was carried out using our reported method [8]. Briefly, the residues (2.0 g) were
extracted once with deionized water (1: 42, w/v) by ultrasonic homogenizer (650 W, JY92-
IIN, Ningbo Scientz Biotechnology Co., Ltd., Ningbo, China) for 21 min at the ultrasonic
amplitude of 68% and at room temperature (25 ± 1 ◦C). Then, the extraction solution
was further extracted once by MAE, which was described in Section 2.2.3. Finally, the
ultrasound-microwave-extracted crude polysaccharides were obtained and termed STP-U.

2.2.5. Pressurized Water Extraction (PWE)

PWE was carried out using our reported method [8]. Briefly, the residues (2.0 g) were
extracted twice with deionized water (1: 30, w/v) by the laboratory-scale high pressure
reactor (LEC-300, Shanghai Laibei Scientific Instruments Co., Ltd., Shanghai, China) for
40 min at 1.6 MPa and 55 ◦C. Then, the next treatment procedures were consistent with
Section 2.2.2. Finally, the pressurized water-extracted crude polysaccharides were obtained
and termed STP-P.

2.2.6. Alkali-Assisted Extraction (AAE)

AAE was performed based on the method previously reported by Yao et al. [10].
Briefly, the residues were extracted twice with 60 mL of 0.3 M NaOH solution containing
0.3% (w/w) NaBH4 at room temperature (25 ± 1 ◦C) for 3 h. The extracting solution was
neutralized by 1 mol/L HCl. Finally, the alkali-extracted crude polysaccharides (STP-A)
were obtained.

2.2.7. High-Speed Shearing Homogenization Extraction (HSHE)

HSHE was performed by the optimized method with minor adjustments [11]. Briefly,
the residues were mixed in ultrapure water at 80 ◦C for 5 min, and were further extracted
by a high-speed shearing homogenizer (AD500S-H, ANGNI Instruments Co., Ltd., Shang-
hai, China) at 7500 rpm for 10 min. Finally, the high-speed shearing-extracted crude
polysaccharides (STP-H) were obtained.

2.2.8. Deep Eutectic Solvent-Assisted Extraction (DAE)

DAE was conducted using the optimized method with minor adjustments [12]. Briefly,
DES was prepared by mixing ethylene glycol (EG) with choline chloride (ChCl) (3:1, molar
ratio). The DES was maintained at 80 ◦C and stirred until a clear solution was obtained.
The DESs used as solvents were prepared by mingling DES with distilled water (7:3, v/v).
Then, the residues were extracted twice by HWE, which was described in Section 2.2.2.
Finally, the DES-extracted crude polysaccharides (STP-DW) were obtained.

2.2.9. Deep Eutectic Solvent Microwave-Assisted Extraction (DMAE)

DMAE was carried out using the optimized method with minor adjustments [12]. The
preparation of DES was the same as the method mentioned in Section 2.2.8. The residues
were extracted twice by MAE. Finally, the DES-microwave-extracted crude polysaccharides
(STP-DM) were obtained.

2.3. Determination of Chemical Compositions of STPs

The proteins, total polysaccharides, uronic acids, and total phenolics in STPs were
measured by Bradford’s method, the phenol-sulfuric acid method, the m-hydroxydiphenyl
method, and the Folin–Ciocalteu method based on our previous studies, respectively [7].
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2.4. Determination of Structural Properties of STPs
2.4.1. Determination of Molecular Weights (Mw), Compositional Monosaccharides, and
Apparent Viscosities

The weight-average Mw and Mw/Mn (polydispersities) of STPs were estimated by
high-performance size exclusion chromatography coupled with multi-angle laser light
scattering and a refractive index detector (HPSEC-RID, Wyatt Technology Co., Santa
Barbara, CA, USA). A Shodex OHpak SB-806M HQ column was used at 30 ◦C. In addition,
constituent monosaccharides of STPs were also measured by high-performance liquid
chromatography (HPLC, Agilent Technologies, Santa Clara, CA, USA) analysis based on
the previously reported method [8]. The apparent viscosities of STPs were also performed
based on our previous reports [8].

2.4.2. Fourier Transform Infrared (FT-IR) Spectroscopy and Nuclear Magnetic Resonance
(NMR) Analysis

The FT-IR spectroscopy analysis of STPs was conducted based on our previous re-
ports [13]. The nmR analysis of STPs was performed based on the method previously
reported by Nie et al. [14]. Briefly, 0.5 mL of D2O containing 20.0 mg of sample was
stored overnight before the nmR analysis. Furthermore, the 1D nmR spectra (1H and
13C) were measured by a Bruker Ascend 600 MHz spectrometer (Bruker, Rheinstetten,
Germany) equipped with a z-gradient probe with frequencies of 600.13 MHz for protons
and 150.90 MHz for carbon.

2.5. Evaluation of Biological Properties of STPs
2.5.1. In Vitro Antioxidant Assays

The in vitro antioxidant assays used in this study included reducing powers, DPPH,
and ABTS assays, all of which were described in our previous work in detail [8]. BHT
(mg/mL) was used as the positive control for the DPPH assay, and Vc (mg/mL) was used
as the positive control for the reducing power and ABTS assays.

2.5.2. In Vitro α-Glucosidase Inhibitory Assay

The α-glucosidase inhibitory assays of STPs were analyzed at five concentrations ac-
cording to the previously reported method [14]. Acarbose was used as the positive control.

2.5.3. In Vitro Antiglycation Assay

Inhibition of the formation of advanced glycation end-products (AGEs) by STPs was
determined by the BSA-glucose model (BSA-Glc) as in the formerly reported method [15].
The quantification of AGEs was conducted by using fluorescence at wavelengths of 370 nm
for excitation and 440 nm for emission. AG was used as the positive control.

2.6. Statistical Analysis

All the assays were conducted in triplicate, and data are presented as means ± standard
deviation. Origin 9.0 software (OriginLab, Northampton, MA, USA) was applied for the
statistical analysis, which was conducted by one-way analysis of variance (ANOVA) plus
post hoc Duncan’s test, with p < 0.05 defined as statistical significance. The heat map was
drawn via Origin 9.0, and the correlation coefficient (r) was calculated.

3. Results and Discussion

3.1. Yields and Chemical Compositions of STPs

As shown in Table 1, STP-P had the highest extraction yield (3.98 ± 0.22%), and STP-W,
STP-A, STP-H, and STP-DW had similar extraction yields, lower than STP-P. In addition,
the STP-DM, STP-M, and STP-U had lower extraction yields than other STPs. These results
suggest that the extraction methods and solvents had great effects on the extraction yields
of STPs, in agreement with the result of a previous study [9]. In this study, the STP-P
obtained by the PWE method showed the highest extraction yields, which might be due
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to the high pressure that increased the solubility of polysaccharides and subsequently led
to infiltrating the solvent into the sample by reducing the surface tension and viscosity,
thereby increasing the yields of polysaccharides [16].

Table 1. Chemical compositions of STPs extracted by different methods.

Samples
Extraction

Yields
(%)

Total Polysac-
charides

(%)

Protein
Contents

(%)

Degree of
Esterification

(%)

Total Uronic
Acids

(%)

TPC
(mg GAE/g)

STP-W 3.65 ± 0.12 b 81.82 ± 0.93 bc 3.79 ± 0.18 d 27.97 ± 1.22 e 40.18 ± 1.09 b 17.44 ± 0.92 e

STP-M 2.27 ± 0.08 d 81.48 ± 1.36 bc 5.48 ± 0.24 c 34.08 ± 1.73 c 24.11 ± 0.78 f 40.22 ± 1.25 c

STP-U 1.96 ± 0.15 e 86.25 ± 2.12 a 6.43 ± 0.22 b 31.04 ± 1.38 d 34.90 ± 1.28 d 41.12 ± 2.09 c

STP-P 3.98 ± 0.22 a 80.93 ± 1.52 c 5.26 ± 0.19 c 29.09 ± 1.33 de 44.70 ± 0.84 a 28.33 ± 0.98 d

STP-H 3.51 ± 0.18 b 76.64 ± 0.77 d 5.83 ± 0.28 c 41.36 ± 1.65 b 29.32 ± 1.03 e 26.63 ± 1.17 d

STP-DW 3.44 ± 0.16 b 83.82 ± 1.89 ab 3.16 ± 0.16 e 46.43 ± 1.79 a 36.93 ± 1.67 c 47.52 ± 1.62 b

STP-DM 2.74 ± 0.21 c 81.29 ± 1.20 bc 5.48 ± 0.37 c 42.52 ± 1.88 b 36.66 ± 1.35 c 60.10 ± 1.70 a

STP-A 3.54 ± 0.16 b 77.56 ± 0.98 d 9.86 ± 0.61 a - 9.42 ± 0.63 g 60.50 ± 1.36 a

STP-W, STP-M, STP-U, STP-P, STP-H, STP-DW, STP-DM, and STP-A indicate sweet tea polysaccharides extracted by hot water extraction,
microwave-assisted extraction, ultrasound-microwave-assisted extraction, pressurized water extraction, high-speed shearing homogeniza-
tion extraction, deep eutectic solvent-assisted extraction, deep eutectic solvent-microwave-assisted extraction and alkali-assisted extraction,
respectively. Values represent mean ± standard deviation, and statistical analysis was carried out by ANOVA plus post hoc Duncan’s test;
statistical significance (p < 0.05) is indicated with different lowercase letters (a–g).

Furthermore, different extraction technologies can also affect the contents of total
polysaccharides and proteins in samples. The contents of total polysaccharides in STPs
ranged from 76.64 to 86.25%, suggesting that polysaccharides were the main ingredient
in each sample. Besides, the contents of proteins in STPs ranged from 3.16 to 9.86%, and
STP-A had a significantly (p < 0.05) higher protein content (9.86 ± 0.61%) compared to other
STPs, which might be associated with the reason that alkaline conditions could destroy
the hydrogen bridge and release the proteins into the alkaline solution [17–19]. Notably,
the highest content of proteins and generally the lowest content of total polysaccharides in
STP-A indicated that STP-A extracted by AAE comprised protein-bound polysaccharides,
which was similar to previous research results [20,21].

The uronic acid contents of STPs ranged from 9.42 to 44.90%. STP-P (44.70 ± 0.84%)
and STP-W (40.18 ± 1.09%) had the highest uronic acid contents, followed by STP-DW
(36.93 ± 1.67%) and STP-DM (36.66 ± 1.35%), while STP-A (9.42 ± 0.63%) had the lowest
uronic acid content, which might be due to the destruction of galacturonic acid and
glucuronic acid by alkali, in accordance with previous studies [16,20,22]. Moreover, STP-
DW (46.43 ± 1.79%) and STP-DM (42.52 ± 1.88%) had the highest degree of esterification,
while STP-A had no degree of esterification. Although 80% ethanol was used to remove
most of the small molecules, some phenolic compounds were still detectable and their
contents were measured by the Folin–Ciocalteu method. Total phenolic content (TPC) in
STPs ranged from 17.44 to 60.50 mg GAE/g. Compared with other STPs, relatively high
TPC was found in STP-A (60.50 ± 1.36 mg GAE/g) and STP-DM (60.10 ± 1.70 mg GAE/g),
with no statistical difference. Previous studies reported that deep-eutectic solvents could
improve the solubility of plant bioactive ingredients and obtain different polysaccharides
and flavonoids [23–25]. In addition, the alkaline solution could also increase the dissolution
of phenolic compounds and flavonoids, which was similar to the result of the previous
research [19].

3.2. Structural Properties of STPs
3.2.1. Molecular Weights of STPs

As shown in Figure 1, two fractions (fractions 1 and 2) were detected, and fraction 2
was determined as the major polysaccharide fraction in STPs. The weight-average Mw and
Mw/Mn of two polysaccharide fractions in STPs are also presented in Table 1. The Mw of
fractions 1 and 2 varied from 1.66 × 106 to 7.51 × 106 Da and 0.89 × 105 to 7.20 × 105 Da,
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respectively. The order of the Mw of fraction 1 in STPs was as follows: STP-H > STP-U>
STP-A > STP-M > STP-W > STP-P > STP-DM > STP-DW. Different extraction technologies
showed remarkable differences in molecular weights of STPs. The polysaccharide fraction 1
of STP-H (7.51 × 106 Da) had the highest Mw, followed by STP-U (5.08 × 106 Da) and
STP-A (4.98 × 106 Da), while STP-DM (2.30 × 106 Da) and STP-DW (1.66 × 106 Da) had
the lowest Mw. This phenomenon was similar to other studies, in that the molecular
weight of polysaccharides extracted by HSHE was higher than that extracted by traditional
hot water extraction [11]. The low Mw of fraction 1 in STP-DM and STP-DW might be
related to the breakdown of glycoside bonds by DESs. In addition, the polydispersities
of fractions 1 and 2 in STPs ranged from 1.20 to 1.94 and from 1.22 to 1.82, respectively,
consistent with their HPSEC chromatograms.
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Figure 1. HPSEC chromatograms of STPs. STP-W, STP-M, STP-U, STP-P, STP-H, STP-DW, STP-DM,
and STP-A indicate sweet tea polysaccharides extracted by hot water extraction, microwave-assisted
extraction, ultrasound-microwave-assisted extraction, pressurized water extraction, high-speed
shearing homogenization extraction, deep eutectic solvent-assisted extraction, deep eutectic solvent-
microwave-assisted extraction, and alkali-assisted extraction, respectively.

3.2.2. Compositional Monosaccharides and Apparent Viscosities of STPs

The compositional monosaccharides and apparent viscosities of STPs were further
investigated. Figure 2A shows the HPLC-UV profiles of STPs extracted by eight extraction
technologies. In addition, the molar ratios of compositional monosaccharides are sum-
marized in Table 2. The compositional monosaccharides of STP-A were Man, Rha, GlcA,
GalA, Glc, Gal, Xyl, and Ara. Compared with STP-A, the Xyl in other STPs was almost not
detected. In addition, except for Xyl, the ratio of Man in STP-A was also significantly higher
than that in other STPs. The reason for this phenomenon was that hemicellulose in the cell
wall could be extracted in alkaline solutions, which was similar to the result of the previous
research [26]. The extraction in alkaline conditions causes cell wall swelling and hydrogen
bond disruption between hemicellulose and cellulose. It can also disrupt ether bonds
among hemicellulose and lignin, causing the release of hemicellulose. Moreover, the ratio
of GalA in STP-A was significantly lower than that in other STPs, which was in accordance
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with the content of uronic acids. Furthermore, the ratio of Glc in STP-H was significantly
increased, which might be due to the cellulose in the cell wall extracted by HSHE. With
the combination of fierce collision, pressure differential relief, and high-intensity shearing
force, the cell wall was destroyed, and polysaccharides and cellulose were extracted by
HSHE [11]. These findings demonstrate that different extraction technologies, especially
the alkali-assisted extraction method, had significant effects on the types and molar ratios of
compositional monosaccharides in STPs. Sun et al. [26] and Yan et al. [27] also reported that
extraction technologies can affect the compositional monosaccharides of polysaccharides.

Figure 2. HPLC profiles (A), apparent viscosities (B), and FT-IR spectra (C) of STPs. STP-W, STP-M,
STP-U, STP-P, STP-H, STP-DW, STP-DM, and STP-A indicate sweet tea polysaccharides extracted
by hot water extraction, microwave-assisted extraction, ultrasound-microwave-assisted extraction,
pressurized water extraction, high-speed shearing homogenization extraction, deep eutectic solvent-
assisted extraction, deep eutectic solvent-microwave-assisted extraction, and alkali-assisted extrac-
tion, respectively. MD, mixed standard of monosaccharides; Man, mannose; Rha, rhamnose; GlcA,
glucuronic acid; GalA, galacturonic acid; Glc, glucose; Gal, galactose; Xyl, xylose; Ara, arabinose.
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Table 2. Molecular weight (Mw), polydispersity (Mw/Mn), and molar ratios of compositional monosaccharides of STP.

STP-W STP-M STP-U STP-P STP-H STP-DW STP-DM STP-A

Mw (Da)
Fraction 1

(× 106)
3.20

(±0.25%) e
3.57

(±0.29%) d
5.08

(±0.38%) b
2.92

(±0.20%) f
7.51

(±0.21%) a
1.66

(±0.28%) h
2.30

(±0.22%) g
4.98

(±0.26%) c

Fraction 2
(× 105)

1.39
(±0.86%) d

7.20 (±
0.36%) a

6.79
(±0.42%) b

1.16
(±0.61%) f

1.68
(±0.51%) c

0.89
(±1.25%) g

1.24
(±0.86%) e

1.23
(±2.82%) e

Mw/Mn

Fraction 1 1.43
(±0.38%)

1.47
(±0.44%)

1.58
(±0.59%)

1.94
(±0.31%)

1.65
(±0.32%)

1.53
(±0.43%)

1.44
(±0.32%)

1.20
(±0.43%)

Fraction 2 1.50
(±1.43%)

1.12
(±0.48%)

1.13
(±0.60%)

1.41
(±0.93%)

1.51
(±0.80%)

1.82
(±2.13%)

1.56
(±1.56%)

1.66
(±5.07%)

Monosaccharides and Molar Ratios

Mannose 0.13 0.06 0.03 0.03 0.05 0.09 0.03 0.71
Rhamnose 0.52 0.20 0.45 0.38 0.24 0.25 0.33 0.24
Glucuronic

acid 0.17 0.16 0.15 0.15 0.21 0.25 0.17 0.20

Galacturonic
acid 2.33 0.57 1.85 2.34 1.88 0.71 1.54 0.22

Glucose 0.54 0.17 0.13 0.62 3.49 0.12 0.62 0.16
Galactose 1.49 1.20 1.24 1.41 0.85 1.51 1.23 1.15

Xylose 0.08 0.00 0.00 0.09 0.00 0.00 0.18 1.54
Arabinose 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

STP-W, STP-M, STP-U, STP-P, STP-H, STP-DW, STP-DM, and STP-A indicate sweet tea polysaccharides extracted by hot water extraction,
microwave-assisted extraction, ultrasound-microwave-assisted extraction, pressurized water extraction, high-speed shearing homogeniza-
tion extraction, deep eutectic solvent-assisted extraction, deep eutectic solvent-microwave-assisted extraction, and alkali-assisted extraction,
respectively. Values represent mean ± standard deviation, and statistical analysis was carried out by ANOVA plus post hoc Ducan’s test;
statistical significance (p < 0.05) is indicated with different lowercase letters (a–h).

Moreover, Figure 2B shows the effects of shear rate on the apparent viscosities of
STPs (10 mg/mL) extracted by different extraction technologies. The order of the apparent
viscosities of STPs was as follows: STP-H > STP-A > STP-U > STP-M > STP-W > STP-P >
STP-DM > STP-DW. Results show that STP-H had a significantly higher viscosity compared
to other STPs, similar to the results for pectin from pomelo [11]. Furthermore, the results
illustrate that the apparent viscosities of STPs had a close association with their Mw, and
different extraction technologies could change the apparent viscosities of STPs.

3.2.3. FT-IR Spectra of STPs

The FT-IR spectra (Figure 2C) were applied to compare the structural properties of
STPs. Results show that the absorption peaks of eight STPs exhibited differences. Briefly,
2920 and 3416 cm−1 were the broad peaks caused by the stretching vibration of the hydroxyl
group and the C-H asymmetric stretching vibration, respectively. In the FT-IR spectra of
STP-W, STP-M, STP-U, STP-P, STP-H, STP-DW, and STP-DM, the signal at 1735 cm−1 was
attributed to the stretching vibration of the esterified carboxylic groups (-COOR). As shown
in Table 2, with the exception of STP-A, which had no degree of esterification, the DE of
other STPs ranged from 27.97 to 46.43%, which was similar to the FT-IR spectra of STPs.
Furthermore, the strong absorption peaks at approximately 1049, 1102, and 1167 cm−1

were assigned to the stretching vibrations of the C-O-C glycosidic band and the C-O-H
side group vibration of a pyranose ring, suggesting that the eight extracted STPs contained
pyranose sugar [28].

3.2.4. NMR Analysis

NMR analysis was applied to compare the structural properties of STPs. 1H and
13C analyses (1D nmR spectra) are shown in Figures 3 and 4, respectively. The signals
at 5.25 and 1.25 ppm were tentatively deduced to be the H-1 and H-6 of 1,2-α-L-Rha,
respectively [29]. The peaks at 5.09 and 4.13 ppm were tentatively deduced to be the H-1
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and H-2 of 1,5-α-L-Ara, respectively [29]. The weak signal at 2.16 ppm was tentatively
deduced to be the existence of acetyl groups [29], and the strong peak at 3.81 ppm was
tentatively deduced to be the signal of methyl esters connecting to carboxyl groups of
D-GalA [29]. In addition, the peak at 4.46 ppm was tentatively deduced to be the H-1
of 1,6-β-D-Gal, and the peaks at 4.23 and 3.72 ppm were tentatively deduced to be the
H-4 and H-5 of 1,4-β-D-Gal [29,30], respectively. The peak at 3.95 ppm was tentatively
deduced to be the H-3 of 1,4-α-D-Glc [29]. The peak at 4.18 ppm was tentatively deduced
to be the H-3 of 1,4-α-D-GalA, and the peak at 4.01 ppm was tentatively deduced to be
the H-4 of 1,4-β-D-GlcA [29,31]. It is worth noting that the difference between STP-A and
other STPs is obvious. Compared to other STPs, the signal of methyl esters connecting
to carboxyl groups of D-GalA at 3.81 ppm was not detected in STP-A. However, some
new peaks were detected in STP-A between 3.19 and 3.78 ppm. The peak at 3.78 ppm
was tentatively deduced to be the H-3 of 1,4-β-D-Man [32]. The signals at 3.55, 3.38, 3.29,
and 3.19 ppm were tentatively deduced to be the H-4, H-3, H-5, and H-2 of 1,4-β-D-Xyl,
respectively [33]. As shown in Table 2, each sample had at least six different compositional
monosaccharides. However, only three to four anomeric peaks were present in the 1H-NMR
spectra. The reason for this phenomenon may be that the 1H-NMR spectra (Figure 3) show
peaks for very broad deuterated water (D2O) located from 4.6 to 5.0 ppm, so some peaks
corresponding to the anomeric region might be covered by D2O. Previous studies have
found that different extraction solvents including acid, hot water, and alkali extractions
only have different effects on the degradation of polysaccharides without changing the
major glycosidic linkages (the backbone) [20]. The reason for this phenomenon was that
hemicellulose in the cell wall could be extracted by alkali-assisted extraction methods,
which was consistent with the result for the compositional monosaccharides.

Likewise, some differences were observed between the 13C nmR spectra of STP-A and
other STPs. The 13C nmR spectra of STP-A showed that the methyl of acetyl groups was
at 19.43 ppm [14], and the signal at 83.87 ppm was tentatively deduced to be the C-4 of
1,5-α-L-Ara [34]. The signal at 64.14 ppm was tentatively deduced to be the C-6 of 1, 4-β-D-
Man [29]. The signals at 72.14 and 75.60 ppm were tentatively deduced to be the C-2 and
C-4 of 1,4-β-D-Xyl [33], respectively. The signals at 65.90 and 99.41 ppm were tentatively
deduced to be the C-6 of 1,2-α-D-Ara and C-1 of 1,2-α-L-Rha, respectively [35,36]. The
signal at 68.11 ppm was tentatively deduced to be the C-2 of 1,4-α-D-GalA, while the
signal at 76.56 ppm was tentatively deduced to be the C-3 of 1,4-α-D-Glc [31,37]. The
C-1 signal for 1, 6-β-D-Gal was at 104.51 ppm [38]. The C-3 signal for 1, 4-β-D-GlcA was
at 79.28 ppm [31]. The C-1 signals for 1, 3-α-L-Ara and 1, 5-α-L-Ara were at 112.34 and
110.34 ppm, and the signal at 86.93 ppm was tentatively deduced to be the C-2 of 1, 5-α-
L-Ara [39]. Similar to STP-A, the signals of other STPs were also detected at 64.25, 76.07,
79.40, 83.74, 86.77, 110.18, and 112.14 ppm. However, some new signals were detected
in other STPs. For other STPs, the peak at 173.52 ppm was tentatively deduced to be
the C-6 of un-esterified carbonyl groups of D-GalA [29]. The signal at 103.19 ppm was
tentatively deduced to be the C-1 of 1,2-α-L-Rha [40]. The signals at 81.85 and 74.60 ppm
were tentatively deduced to be the C-4 and C-3 of 1,4-α-D-GalA [41,42], respectively. The C-
2 and C-4 signals for 1, 4-β-D-GalA were detected at 70.00 and 77.34 ppm [35], respectively.
The signals at 73.44 and 107.25 ppm were tentatively deduced to be the C-2 and C-1 of 1,
4-β-D-Gal, respectively [36,38]. Furthermore, the signal at 55.85 ppm was the response to
the presence of a methyl group esterified carboxyl group of GalA [39]. The peaks between
52 and 57 ppm were tentatively deduced to be the amino-substituted carbon signals of an
amino sugar residue [43], suggesting the presence of proteins in the sample. Finally, results
from the FT-IR spectra, the compositional monosaccharides, and the nmR spectra suggested
that rhamnogalacturonan I (RG I), arabinogalactan (AG), and hemicellulose might exist in
STP-A, and homogalacturonan (HG), AG, and RG I might exist in other STPs. However,
1D nmR spectra can only analyze the preliminary structure of tea polysaccharides, and the
precise structures of STPs need further clarification (e.g., using methylation and 2D nmR) in
the future. In short, the structure of polysaccharides extracted by alkali-assisted extraction
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methods from sweet tea was significantly different, suggesting that different extraction
technologies can obtain different polysaccharides even in the same material.

Figure 3. 1H nmR spectra of STPs. STP-W, STP-M, STP-U, STP-P, STP-H, STP-DW, STP-DM, and
STP-A indicate sweet tea polysaccharides extracted by hot water extraction, microwave-assisted
extraction, ultrasound-microwave-assisted extraction, pressurized water extraction, high-speed
shearing homogenization extraction, deep eutectic solvent-assisted extraction, deep eutectic solvent-
microwave-assisted extraction, and alkali-assisted extraction, respectively.
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Figure 4. 13C nmR spectra of STPs. STP-W, STP-M, STP-U, STP-P, STP-H, STP-DW, STP-DM, and STP-A indicate sweet
tea polysaccharides extracted by hot water extraction, microwave-assisted extraction, ultrasound-microwave-assisted
extraction, pressurized water extraction, high-speed shearing homogenization extraction, deep eutectic solvent-assisted
extraction, deep eutectic solvent-microwave-assisted extraction, and alkali-assisted extraction, respectively.
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3.3. Biological Properties of STPs
3.3.1. In Vitro Antioxidant Activities

Excessive reactive oxygen species (ROS) can lead to oxidative stress [44]. Elevated
ROS levels can lead to the production of free radicals, which may have harmful effects on
nucleic acids, proteins, and lipids [45]. Meanwhile, free-radical-induced oxidative stress is
one of the important factors leading to various diseases, such as cancer, neurodegenerative
disorders, and inflammatory diseases. Previous studies found that polysaccharides could
protect from ROS-induced oxidative damage by scavenging free radicals [46]. Therefore,
the antioxidant activities of different STPs were further studied. As shown in Figure 5A–C,
the IC50 values of DPPH and ABTS radical scavenging activities of STPs ranged from
0.41 to 5.03 mg/mL and 0.60 to 3.26 mg/mL, respectively. The reducing powers of STPs
(5.0 mg/mL) ranged from 60.97 to 120.77 μg Trolox/mg. STP-DW and STP-DM possessed
the highest antioxidant activities among all STPs, while STP-W and STP-H showed the
lowest antioxidant activities.

The antioxidant activities of polysaccharides depend on a variety of structural prop-
erties, such as compositional monosaccharides, chemical compositions, Mw, functional
groups, and types of glycosidic linkages [9,21]. Compared with high-molecular-weight
polysaccharides, STP-DM and STP-DW with relatively low molecular weights exhibited
higher antioxidant activities, which might be due to their non-compact structure, expos-
ing more free hydroxyl groups to react with free radicals [22]. In order to evaluate the
correlation between chemical composition and biological properties of STPs, a heat map
analysis was performed. As shown in Figure 5F, there was a positive correlation of the TPC
with the DPPH (r = 0.843) and ABTS (r = 0.763) radical scavenging activities, suggesting
that the presence of phenolic compounds in the STPs might be the main contributor to
their antioxidant activities. Previous studies reported that the presence of some reducing
compounds may cause the overestimation of TPC values due to the fact that they interfere
with the determination of the Folin–Ciocalteu assay, such as protein [47]. According to
the heat map, the correlation between protein content and antioxidant activities was not
obvious (r < 0.000), indicating that proteins in the STPs might not significantly contribute
to their antioxidant activities. As a result, STP-DM, STP-DW, and STP-A with the highest
antioxidant activities might be closely related to the presence of phenolic compounds in
the STPs. Indeed, many phenolic compounds, especially phenolic acids, exhibit good
radical scavenging activities [48], which is similar to the result of the previous research [15].
Furthermore, the key factors for the antioxidant capacity of phenolic compounds might
be related to the H-atom transfer, the metal chelation, and the electron transfer [49]. In
the process of food grinding and processing, phenolic compounds can be spontaneously
and quickly combined with cell wall polysaccharides in covalent and non-covalent man-
ners when cell walls break down [50]. In the extraction processing, the combination of
phenolic compounds and polysaccharides might be an important reason for the relatively
high TPC in the STP-DM, STP-DW, and STP-A. In addition, Siu et al. [51] reported that
phenolic and protein components instead of carbohydrates were mainly responsible for
the antioxidant activities of mushroom polysaccharides. Consistent with that study, the
antioxidant activities of STPs might be mainly due to STP-bound phenolic compounds.
Overall, the antioxidant activities of STP-DM, STP-DW, and STP-A were significantly
(p < 0.05) higher than those of other STPs, suggesting that DMAE, DAE, and AAE may be
potential technologies for the extraction of STPs with relatively high antioxidant capacity.
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Figure 5. Reducing power (A), DPPH radical scavenging activity (B), ABTS radical scavenging
activity (C), α-glucosidase inhibitory activity (D), and in vitro antiglycation activity (E) of STPs, and
heat map analysis of the correlation between chemical composition and biological properties (F). STP-
W, STP-M, STP-U, STP-P, STP-H, STP-DW, STP-DM, and STP-A indicate sweet tea polysaccharides
extracted by hot water extraction, microwave-assisted extraction, ultrasound-microwave-assisted
extraction, pressurized water extraction, high-speed shearing homogenization extraction, deep
eutectic solvent-assisted extraction, deep eutectic solvent-microwave-assisted extraction, and alkali-
assisted extraction, respectively. BHT, butylated hydroxytoluene; Vc, vitamin C; AG, aminoguanidine;
TP, total polysaccharides; PC, protein contents; TPC, total phenolic content; TUA, total uronic acids;
DE, degree of esterification; GIA, α-glucosidase inhibitory activity; AA, antiglycation activity. The
error bars indicate standard deviation, and statistical analysis was carried out by ANOVA plus post
hoc Duncan’s test; statistical significance (p < 0.05) is indicated with different lowercase letters (a–h).

3.3.2. In Vitro α-Glucosidase Inhibitory Activity

Previous studies found that natural polysaccharides affect blood glucose levels by
improving insulin resistance, promoting insulin secretion, and regulating the activity of
related enzymes. Several findings have demonstrated that the degradation of carbohy-
drates can be effectively attenuated by α-glucosidase inhibitors [18]. Sweet tea has been
widely used as a traditional Chinese herbal medicine to relieve hyperglycemia in the
people of China. Previous studies indicated that the flavonoid extracts from sweet tea
had significant in vitro hypoglycemic activity, and could significantly inhibit the activity
of α-glycosidase [52,53]. However, there have been no reports about the α-glucosidase
inhibitory activity of sweet tea polysaccharides. This study demonstrated that STPs had
α-glucosidase inhibitory activity and different extraction technologies could differently
influence the α-glucosidase inhibitory activity of STPs. As shown in Figure 5D, the IC50
of α-glucosidase inhibition by STPs was measured from 0.013 to 1.114 mg/mL. The order
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of the α-glucosidase inhibitory activity was as follows: STP-DM > STP-DW > STP-A >
STP-U > STP-M > STP-P > STP-H > STP-W. Compared with the positive control acarbose
(IC50 = 0.585 mg/mL), STP-DM, STP-DW, STP-A, and STP-U exhibited better inhibitory ef-
fects on α-glucosidase, while STP-M, STP-P, STP-H, and STP-W had relatively poor effects.
The strong α-glucosidase inhibitory effects of STP-DM, STP-DW, STP-A, and STP-U might
be related to their lower viscosity and molecular weight, and higher contents of uronic
acids and TPC. Previous research reported that the more electric charges the polysaccha-
rides have, the more easily they can form macromolecular complexes with α-glucosidase,
leading to the blocking of enzyme activity [18]. Chen et al. [18] and Jia et al. [54] reported
that polysaccharides with lower Mw had higher α-glucosidase inhibitory activities due to
increased exposure to the active sites of the enzyme. In addition, Yuan et al. [55] reported
that the α-glucosidase inhibitory effects might be related to high TPC, consistent with the
results shown in Figure 5F.

3.3.3. In Vitro Antiglycation Activity

Reducing sugar could combine with the free amino groups in fats and proteins, leading
to the formation of AGEs [56]. Elevated AGEs can lead to cell damage, and further promote
the occurrence of various diseases, including cataracts, cancer, aging, neurodegenerative
diseases, and cardiovascular diseases [57]. Therefore, the antiglycation activity of STPs was
further investigated and compared. As shown in Figure 5E, the antiglycation activities of
STPs as represented by IC50 were 1.01–8.33 mg/mL. Compared with the positive inhibitor
AG (IC50 = 1.13 mg/mL), STP-DM, STP-DW, and STP-A exhibited similar inhibitory effects
on AGEs. Furthermore, the antiglycation activities of STP-DM, STP-DW, and STP-A were
significantly (p < 0.05) higher than those of other STPs, and STP-W also exhibited the
lowest inhibitory effects. It was suggested that different extraction technologies can affect
the antiglycation activity of STPs. Results also suggest that the DMAE, DAE, and AAE
could be excellent technologies to obtain polysaccharides with relatively high antiglycation
activity. As shown in Figure 5F, a positive correlation (r = 0.727) was found between the
antiglycation activities of STPs and their TPC, suggesting that the presence of phenolic
compounds in the STPs might also mainly contribute to their antiglycation activities.

4. Conclusions

In conclusion, this study systematically explored and compared the effects of eight
extraction methods, including HWE, MAE, UMAE, PWE, HSHE, DAE, DMAE, and AAE,
on the extraction yields, chemical compositions, structure properties, and biological prop-
erties of STPs. The results show that the pressurized hot water extraction method had
the highest extraction yield among the selected methods. The chemical compositions,
molecular weights, monosaccharide compositions, apparent viscosities, and biological
properties of STPs were influenced by different extraction methods. Moreover, according
to the heat map, TPC was most strongly correlated with the biological properties of STPs. It
was speculated that the combination of phenolic compounds and polysaccharides during
the extraction processing might be an important reason for the biological properties of
STPs. Overall, this study for the first time interpreted polysaccharides extracted from sweet
tea, and suitable extraction methods that can be applied to obtain STPs with high yields
and biological properties, such as hypoglycemic and antiglycation activities, and which
can be developed into functional foods to prevent and manage certain chronic diseases,
such as diabetes. Results from this study can contribute to understanding the relationship
between the chemical composition and biological properties of natural polysaccharides.
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