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Abstract: Metabolic disorders (MDs), including dyslipidemia, non-alcoholic fatty liver disease, dia-
betes mellitus, obesity and cardiovascular diseases are a significant threat to human health, despite
the many therapies developed for their treatment. Different classes of bioactive compounds, such as
polyphenols, flavonoids, alkaloids, and triterpenes have shown therapeutic potential in ameliorating
various disorders. Most of these compounds present low bioavailability when administered orally,
being rapidly metabolized in the digestive tract and liver which makes their metabolites less effective.
Moreover, some of the bioactive compounds cannot fully exert their beneficial properties due to
the low solubility and complex chemical structure which impede the passive diffusion through
the intestinal cell membranes. To overcome these limitations, an innovative delivery system of phyto-
somes was developed. This review aims to highlight the scientific evidence proving the enhanced
therapeutic benefits of the bioactive compounds formulated in phytosomes compared to the free
compounds. The existing knowledge concerning the phytosomes’ preparation, their characterization
and bioavailability as well as the commercially available phytosomes with therapeutic potential to
alleviate MDs are concisely depicted. This review brings arguments to encourage the use of phyto-
some formulation to diminish risk factors inducing MDs, or to treat the already installed diseases as
complementary therapy to allopathic medication.

Keywords: bioactive compounds; cardiovascular diseases; diabetes mellitus; dyslipidemia; hepatic
disorders; inflammatory stress; metabolic disorders; metabolic syndrome; oxidative stress; phytosomes

1. Introduction

Metabolic disorders (MDs) are the main cause of life-threatening diseases such as dia-
betes mellitus (DM), cardiovascular diseases (CVDs) and liver pathologies, affecting people
worldwide, despite the various therapies developed for their treatment [1–6]. Connections
between these pathologies were established, and the underlying mechanisms interconnect-
ing them are intricated and involve the activation of different molecular pathways [7–9].
Extensive experimental and clinical evidence identified oxidative stress and inflammatory
stress as common denominators and important players in the inception and progression of
MDs [7,8,10]. Risk factors such as hyperglycemia, increased levels of advanced glycation
end-products and of free fatty acids, decreased levels of high-density lipoprotein choles-
terol (HDL-C) that appear in dyslipidemia, obesity, DM or non-alcoholic fatty liver disease
(NAFLD) determine the activation of pro-oxidative nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase (NADPHox), the uncoupling of endothelial nitric oxide syn-
thase (eNOS) or the dysfunction of mitochondria. Thus, the increased production of oxygen
reactive species (ROS) is determined. In parallel, the downregulation of the antioxidant
defense system including superoxide dismutase (SOD), catalase (CAT) and the enzymes
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involved in the metabolism of glutathione (GSH) is induced, resulting in a diminished
detoxification of ROS [8,10]. The increased oxidative stress further acts as a trigger for
the inflammatory stress, determining the increase in tumor necrosis factor alpha (TNF α),
C-reactive protein (CRP), nucleotide-binding oligomerization domain (NOD)-like recep-
tor protein 3 (NLRP3) inflammasome, nuclear factor kappa B (NF-kB), mitogen-activated
protein kinases (MAPK), Janus kinases (JNKs), interleukins (ILs), etc., further exacerbating
the pathological processes [8]. In addition, the excessive levels of ROS contribute to the
oxidation of low-density lipoproteins (LDLs) and HDLs, endothelial cell dysfunction or
apoptosis, vascular remodeling and atheroma formation [11], contributing to the develop-
ment of cardiovascular diseases (CVDs), one of the major complications of NAFLD, obesity
or diabetes.

Many therapies designed to treat MDs have failed completely or partially (cholesteryl
ester transfer protein inhibitors, troglitazone, vitamins), or were too expensive to be applied
to the entire population at CVD risk (apolipoprotein A-I Milano). Other treatments have
been successful, but they induce considerable side effects (statins, sulfonylureas, calcium
channel blockers, renin–angiotensin system inhibitors) [12–14]. Therefore, the exploration
for new products to prevent or treat MDs is of high and continued interest. In the last
decade, scientific researchers turned their attention to phytochemicals as effective, safe
and low-cost natural bioactive compounds for MD treatment [15–18]. Phytochemicals
such as polyphenols, alkaloids and terpenoids have good antioxidative activity and anti-
inflammatory effects, due to their ability to bind free radicals with their functional groups.
The main signaling pathways by which numerous natural bioactive compounds exert
anti-oxidant and anti-inflammatory actions involve the modulation of transcription factors,
the inhibition of NLRP3 inflammasome and NF-κB, activation of nuclear factor erythroid
2-related factor 2 (Nrf2) and protein kinase B (PKB/Akt), and the consequent stimulation
of eNOS, of antioxidant enzymes and the inhibition of NADPHox [19–21] (Figure 1). In
addition, notable lipid-regulatory effects have been described for some phytochemicals;
they inhibit the lipid absorption in the small intestine, stimulating the excess cholesterol
excretion via the gallbladder or small intestine, and impeding de novo lipid synthesis in
the liver. The molecular mechanisms responsible for the lipid-lowering effects of some
natural compounds involve the activation of essential transcription regulators, such as
sirtuin 1 (SIRT-1), liver X receptors (LXRs) and the peroxisome proliferator-activated recep-
tors (PPARs) [19,22–24] (Figure 1).

In addition, it is widely accepted that drugs derived from plant extracts are safer than
their synthetic equivalents [25]. It has been proven that natural compounds administered as
combined total extracts exert additive effects compared to their individual counterparts’ ad-
ministration [26]. Despite all these benefits acknowledged for phytochemicals, there are no
substantial clinical studies to prove the clear advantages of the therapies with phytochemi-
cals in CVDs, DM or hepatic disorders [18,27,28]. An explanation for the lack of consistent
data from clinical studies could be the limited solubility and low stability of the natural
bioactive compounds in circulation [18,28]. The polyphenols are compounds with very high
antioxidant and anti-inflammatory potential, but their bioavailability is very limited, due to
their rapid enzymatic modification in vivo that blocks the hydroxyl groups which exert their
antioxidant effect [19]. Another category of compounds that cannot fully exert their benefi-
cial properties are phytochemicals which cannot pass through the intestinal membranes by
passive diffusion, due to their large chemical structure [29]. For an ideal bioavailability, the
phytochemical molecules should be able to exhibit a hydrophilic–lipophilic balance [30].
Therefore, the delivery system must be developed to increase the solubility and stability
of the bioactive compounds from extracts. To overcome these limitations, researchers
developed new advanced drug delivery systems for phytochemicals. There are many types
of nanosystems that have been created for therapeutic purposes and classified in inorganic
nanoparticles (silica nanoparticles, magnetic nanoparticles, carbon nanotubes, polymeric
nanoparticles, polymerosomes) and organic nanoparticles, the latter including liposomes
(50–450 nm), phytosomes (50–10,000 nm), ethosomes (50–400 nm/2000–5600 nm), transfer-
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osomes (<300 nm), nanostructured lipid carriers (50–500 nm), cubosomes (100–500 nm),
solid lipid nanoparticles (10–1000 nm), hexosomes, nanoparticles (10 to 1000 nm), nio-
somes (100–2000 nm), nanocrystals (<1000 nm), nanomicelles (10–100 nm), nanoemulsions
(100–600 nm, 10–1000 nm), nanofibers (50–1000 nm) and microspheres (6–735 µm) [30–35].
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Among these, the phyto-phospholipid complexes, named phytosomes, are self-assembling
vesicular structures in aqueous environments, forming a unique and stable arrangement due to
the electrostatic interactions and hydrogen bonds formed between the polar head of phospho-
lipid (ammonium and negative phosphate groups) and the functional groups of phytochemicals
having an active hydrogen atom (-COOH, -OH, -NH2) (Figure 2).

There are important physico-chemical differences between phytosomes and liposomes,
giving important advantages to the former: (i) the size of phytosomes is smaller than
that of liposomes; (ii) the phytosomes are more stable due to the hydrogen bonds formed
between phospholipids and the carried active compounds, whereas no chemical bonds
are formed in liposomes; (iii) the molar ratio of phospholipids and natural compounds
is 1:1 or 2:1 in phytosomes, which confers a very low susceptibility to oxidation, while
in liposomes there are hundreds or even thousands of oxidation-prone phospholipids
surrounding the water-soluble compounds [36].

The phytosomes help to minimize the loss of bioactive compounds along the digestive
tract by limiting their degradation by the digestive enzymes and microbiota, improving
their retention in the small intestine and increasing their absorption. Thus, the phytosomes’
formulation increases the bioavailability of phytochemicals, strengthening their efficacy,
and allowing for an in vivo non-invasive delivery (oral or topic administration) [18,36].
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The phytosomes containing phytochemicals may be helpful for patients who are intolerant
to allopathic drugs or those who are not able to attain targeted parameters at the maximally
tolerated dose of the allopathic drug.
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The rationale of the present review is to highlight the scientific proof for the improved
benefic action of phytochemicals formulated in phytosomes compared to their free form
in order to stimulate the use of these phyto-phospholipid complexes as remedies for MD,
administered as complementary therapies to allopathic drugs. We briefly present specific
methods for the preparation and characterization of phytosomes, followed by scientific
evidence of their increased stability and bioavailability compared to unformulated phyto-
chemicals. We depict the data about the use of phytosomes with bioactive compounds or
plant extracts to safely alleviate oxidative and inflammatory stress, dyslipidemia, hyper-
glycemia and insulin resistance, the main risk factors in MD evolution.

The strategy to identify the pre-clinical and clinical studies that investigated the thera-
peutic potential of bioactive compounds formulated in phytosomes involved searching for
publications on PubMed, Scopus and Web of Science from 2000 to 2024, with restriction
to English language. The main keyword used was “phytosomes”, and the secondary key-
words were “metabolic disorders”, “oxidative stress”, “inflammatory stress/inflammation”,
“dyslipidemia”, “diabetes”, “metabolic syndrome”, “hepatic disorders/NAFLD” and
“cardiovascular diseases”. The resulting total number of papers was 941, out of which
we excluded the duplicates and retained only the articles with the full text available (ex-
cluded proceeding papers and conference abstracts). Thus, the final number of papers
that met the selection criteria was 132. Using the same exclusion criteria, the number of
papers that addressed the methods of phytosome preparation and characterization, and
the techniques for measuring the bioavailability of active compounds from phytosomes,
was 57.

2. Preparation and Characterization of Phytosomes with Bioactive Compounds
2.1. Preparation of Phytosomes with Bioactive Compounds

Phytosomes are prepared by complexing the natural bioactive compounds with phos-
pholipids in a suitable solvent. The phospholipids are glycerophospholipids such as phos-
phatidylcholine (PC), phosphatidylethanolamine, phosphatidylserine, phosphatidic acid,
phosphatidylinositol and phosphatidylglycerol. Among these phospholipids, PC is the
most frequently used to prepare phyto-phospholipid complexes because it exhibits amphi-
pathic properties which ensure moderate solubility in water and lipid environments [36].
In addition, PC shows low toxicity and robust biocompatibility because it is an essential
component of the cell membrane. Different solvents have been used for phyto-phospholipid
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complex formulation. Aprotic solvents, such as methylene chloride, chloroform, tetrahydro-
furan, dimethylsulfoxide, ethyl acetate or acetone have been used to prepare phytosomes,
but they have been largely replaced by protic solvents like ethanol, because it is a food
grade solvent, leaves less residues and causes minimal damage [37,38]. Regarding the
stoichiometric ratio of bioactive compounds and phospholipids, the phyto-phospholipid
complexes are employed by reacting the ingredients in a molar ratio ranging from 0.5 to
2.0 [39]. The stoichiometric ratio of 1:1 was considered optimal in many studies to prepare
phyto-phospholipid complexes [30], but this ratio should be adjusted every time a new
combination of phytochemicals and phospholipids is tested. The solvent, stoichiometric
ratio of active ingredients, reaction temperature and reaction duration are the primary
variables that influence the formation of phyto-phospholipid complexes [40]. Phytosomes
can be prepared by three main techniques: solvent evaporation/thin film hydration, anti-
solvent precipitation and freeze–drying [18]. A widely used technique for preparing
phyto-phospholipid complexes is the solvent evaporation/thin-layer hydration method,
according to which the PC and standardized extracts or bioactive compounds are combined
in a round bottom flask and dissolved in a proper solvent by heating at an ideal constant
temperature for a predetermined time duration. The complexes prepared in this way can
be finally obtained by evaporating the solvent under vacuum. The resulting dry film can be
sieved and stored in a desiccator or can be hydrated with the optimum volume of water, fol-
lowed by controlled sonication in order to obtain a certain size for the phytosome particles.
Then, the phyto-phospholipid complexes can be freeze–dried for long-term preservation,
and later formulated in capsules (Figure 3) [38,41,42].
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The size and morphology of particles are important indicators of the phytosomes’ quality. 
Different techniques can be used for phytosome size characterization, such as dynamic 
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[53] and size-exclusion chromatography (SEC) [54]. The measurement of size distribution 
and polydispersity of phytosomes gives information about their physical stability; it can 
be evaluated by DLS, an easy, very fast and precise method [18,38,45–47]. Zeta potential 
represents the complete charge generated by medium, defines the surface charge of phy-
tosomes in emulsions and reflects the stability of the phytosomes in the medium. This 
parameter can be negative, positive or neutral, depending on the composition of the phy-
tosomes. A zeta potential greater than +30 mV or less than −30 mV is known to correspond 
to a stable emulsion of phytosomes [51,52,55,56]. The electrostatic properties of phyto-
somes can be measured using Zeta Sizer [51,52,55,56]. The chemical composition and in-
teraction between phospholipid and phytochemicals are evaluated by high-performance 
liquid chromatography (HPLC) [38,46,52] and liquid chromatography coupled to mass-
spectrometry (LC-MS) [51]. To characterize the solid-state matter in the complex form, the 
thermal analysis is widely used. In differential scanning calorimetry (DSC), the determi-
nation of changes in solid-state properties, in accordance with the temperature change, 

Figure 3. The main steps for phytosome preparation by solvent evaporation/thin-film method.

The anti-solvent precipitation technique is the second most used method for the prepa-
ration of phytosomes. According to this technique, the phyto-phospholipid complexes
obtained as in the previously described method are finally precipitated by using a suitable
solvent, such as n-hexan [43,44]. By using the freeze–drying method, the bioactive com-
pound solubilized in the suitable solvent is mixed with the phospholipid alcoholic solution,
allowed to react in predetermined conditions followed by lyophilization in order to obtain
the phytosomes [42].

2.2. Characterization of Phytosomes with Bioactive Compounds

Several techniques were employed to establish the phytosomes’ size, composition,
morphology and other physical characteristics. Some of the physical properties of phyto-
somes can be explored by more than one technique. The main parameters for characteriza-
tion of phytosomes are: (i) size and shape; (ii) surface charge; (iii) chemical composition
and structure; (iv) stability; (v) encapsulation efficiency (EE%) and (vi) release behavior.
The size and morphology of particles are important indicators of the phytosomes’ quality.
Different techniques can be used for phytosome size characterization, such as dynamic
light scattering (DLS) [18,38,45–47], transmission electron microscopy (TEM) [18,38,47–50],
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scanning electron microscopy (SEM) [18,47–49,51,52], atomic force microscopy (AFM) [53]
and size-exclusion chromatography (SEC) [54]. The measurement of size distribution and
polydispersity of phytosomes gives information about their physical stability; it can be
evaluated by DLS, an easy, very fast and precise method [18,38,45–47]. Zeta potential repre-
sents the complete charge generated by medium, defines the surface charge of phytosomes
in emulsions and reflects the stability of the phytosomes in the medium. This parameter
can be negative, positive or neutral, depending on the composition of the phytosomes.
A zeta potential greater than +30 mV or less than −30 mV is known to correspond to
a stable emulsion of phytosomes [51,52,55,56]. The electrostatic properties of phytosomes
can be measured using Zeta Sizer [51,52,55,56]. The chemical composition and interaction
between phospholipid and phytochemicals are evaluated by high-performance liquid chro-
matography (HPLC) [38,46,52] and liquid chromatography coupled to mass-spectrometry
(LC-MS) [51]. To characterize the solid-state matter in the complex form, the thermal
analysis is widely used. In differential scanning calorimetry (DSC), the determination
of changes in solid-state properties, in accordance with the temperature change, provide
important information about the phytosomes’ stability, degradation and melting (Table 1).
Phyto-phospholipid complexation and molecular interactions in solution are studied by
employing spectroscopic techniques like proton (1H) nuclear magnetic resonance (NMR),
carbon-13 (13C) NMR, phosphorus-31(31P) NMR, and Fourier transform infrared (IR) spec-
troscopy (FTIR). Formation of the hydrogen bonds is associated with specific signals like
changes in chemical shift and line broadening in NMR spectra and with appearance of new
bands in IR spectra [38]. Studies of the phytosomes’ stability are performed to explore the
phytochemical changes in phytosomes during storage, and can be measured over several
months by determining average size, zeta potential, size distribution and drug content
with the same techniques. Determination of the encapsulation efficiency (EE%) begins
with the removal of free, unencapsulated phytochemicals from the phytosomes emulsion
by different methods, such as ultracentrifugation [18,38,46,52,57,58], the Sephadex gel col-
umn or dialysis method (specific cut-off) for several hours against buffer solution [18,45].
The formula for EE% calculation is as follows:

EE (%) = [(Initial amount of phytochemical − amount of free phytochemical from filtrate)/initial amount phytochemical] × 100

Table 1. General methods for the characterization of phytosomes containing bioactive compounds.

Parameter Techniques References

Average size and shape

• Dynamic light scattering (DLS)
• Scanning electron microscopy (SEM)
• Transmission electron microscopy (TEM)
• Cryo-TEM and freeze-fracture-TEM
• Fluorescence microscopy
• Atomic force microscopy (AFM)
• Field flow fractionation
• Size-exclusion chromatography

[18,38,45–47]
[18,48,49,51,52]

[18,47–50,52]
[59]

[52,60]
[53]
[54]
[54]

Surface charge • DLS [51,52,55,56]

Chemical composition and structure

• Gas chromatography-mass spectrometry (GC-MS)
• High-performance liquid chromatography (HPLC)
• Fourier-transform infrared spectroscopy (FTIR)
• 1H NMR (Nuclear Magnetic Resonance spectroscopy)
• 13C NMR (Nuclear Magnetic Resonance spectroscopy)
• 31P NMR (Nuclear Magnetic Resonance spectroscopy)
• Differential scanning calorimetry (DSC)
• Powder X-ray diffraction (PXRD)

[61]
[38,46,52]

[47,49,51,52,61,62]
[63–65]

[65]
[38]

[47,49,51,52,62]
[47,49,52]

Stability

• 31P (Nuclear Magnetic Resonance spectroscopy)
• Electron microscopy methods
• DSC
• DLS
• UV–Vis

[38]
[48,59]

[62]
[46,55,56]
[18,47,58]
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Table 1. Cont.

Parameter Techniques References

Encapsulation
efficiency (EE%) and

release behavior

• Mini-column centrifugation
• HPLC
• UV–Vis
• Dialysis
• Enzymatic assays
• Gel electrophoresis
• Liquid chromatography mass spectrometry

[18,38,52,57,58]
[38,46,49,52]

[58]
[38,46,49,52]

[18]
[18]
[51]

The amounts of free (unloaded) phytochemicals in filtrate could be measured spec-
trophotometrically (UV–Vis) [47,58] or by HPLC, ultra-performance liquid chromatography
(UPLC) or LC-MS methods [38,46,49,52]. The release of phytochemicals from phytosomes
can be abrupt or sustained. In vitro drug release is explored by introducing the phytosomal
solution into a dialysis membrane which is dipped into a container containing release
medium at a constant stirring speed and temperature. The phytochemical released in the
medium is quantified by spectrophotometry or HPLC, LC-MS methods. The established
and accepted methods for the characterization of phytosomes with bioactive compounds
are summarized in Table 1.

3. Evaluation of the Bioavailability of Active Compounds Formulated in Phytosomes

The phyto-phospholipid complexes being amphiphilic allows for a better dissolution
in the gastrointestinal fluid and very good absorption through the lipophilic membranes or
intestinal cells. Moreover, Wang H. et al. [66] indicated that the phospholipid molecules
have the potential to act as chaperones for the drugs, transporting them through the biolog-
ical membranes and improving their bioavailability. They also improve the drugs’ stability
by encapsulating them into the formed nanocarriers and protecting the drug molecules from
the aggressive environment in the gastrointestinal tract. Thus, the phyto-phospholipid
complexes can be transported via the microfold (M)-cell of the intestinal mucosa [28].
Many studies have been dedicated to the development and in vitro characterization of
phytosomes, but in vivo studies need to be conducted to prove their effectiveness and to
determine their oral bioavailability that is expressed as the rate and extent of the bioactive
compound absorption which can reach into the bloodstream. The experiments for mea-
suring the bioavailability of a bioactive compound can be achieved in animal models
or humans. After in vivo administration of the phytosomes and unformulated extracts,
the amount of drug entering into the systemic circulation is measured at different time
points and plotted to acquire the maximum drug concentration (Cmax), peak time (Tmax)
and area under the curve (AUC). These are the kinetic parameters that can be used to
characterize the properties of phytosomes in terms of bioavailability [67]. The relative
bioavailability of a bioactive compound can be calculated by dividing the value measured
for AUC of the compound in the phytosome by the AUC value of the unformulated com-
pound. The main parameters to be measured in order to establish the level of bioavailability
of the bioactive compounds formulated in phytosomes compared to unformulated com-
pounds are summarized in Table 2. An important advantage of the phytosomes is that they
can be administered through non-invasive routes. Thus, most of the products based on phy-
tosomes are designed for oral administration (see Table 3), but there are also phytosomes
created for nasal [68] or topic administration [69].

The commercially available products based on bioactive compounds or plant extracts
formulated into phytosomes and suitable for prevention or treatment of MD are reviewed
in Table 3.
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4. Pathologies Addressed by Natural Bioactive Compounds Formulated in Phytosomes

4.1. Oxidative and Inflammatory Stress

It is generally accepted that oxidative and inflammatory stress are responsible for the
initiation and progression of numerous diseases, including MD, and many therapies have
been attempted, but without remarkable results [27]. In the last quarter century, numerous
phytochemical formulations in phytosomes have been prepared and demonstrated to have
antioxidant and anti-inflammatory effects. Here, we display those with potential impact
on MDs. The first indication that a chemical bond is formed between phospholipids and
natural bioactive compounds in phytosomes came from the group of Bombardelli E. in
1989 [94]. After this moment, an increasing number of laboratories have approached and
developed this biotechnology.

4.1.1. Preclinical Studies

The extracts of Ginkgo biloba leaves have been found to possess multiple beneficial prop-
erties, the main active constituents being flavone glycosides, such as kaempferol, quercetin
and isorhamnetin [95]. The Ginkgoselect Phytosome® (Indena SpA, Milan, Italy) prepared
by mixing a stoichiometric amount of soy phospholipids and Ginkgo biloba leaf extract has
been tested for antioxidant properties in Wistar rats with rifampicin-induced hepatotoxicity
(500 mg/kg, for 30 days). Simultaneously administered, Ginkgoselect Phytosome® at
25 mg/kg and 50 mg/kg significantly lowered the plasma levels of lipid peroxides, and
elevated the amounts of GSH, SOD, CAT, glutathione peroxidase (GPx) and glutathione re-
ductase (GR) in liver homogenates, in a dose-dependent manner. No significant differences
between the groups treated with phytosomes or silymarin (100 mg/kg, positive control)
were observed [96].

The bioactive compound most frequently formulated in phytosomes and tested is cur-
cumin, the primary polyphenol found in turmeric (Curcuma longa) [18]. The antioxidant ac-
tivity of curcumin is due to its ability to scavenge radicals generated in oxidation processes,
and its anti-inflammatory effects are based on the down-regulation of cyclooxygenase-
2, MAPK and JNK, and the prevention of TNFα and ILs production [97,98]. Curcumin
formulated in nanophytosome (at a dose of 15 mg/kg for seven days) improved the an-
tioxidant effects in a mouse model of inflammation [99]. Acute inflammation in the mice
was induced by the administration of carrageenan (1%) into the subplantar region of the
paw. The pre-treatment with curcumin formulated in nanophytosomes induced a signifi-
cant increased enzymatic activity of CAT, SOD, GR and GPx, compared to unformulated
curcumin [99]. This study brings evidence that the phytosomal formulation of curcumin
improves its therapeutic potential.

Ginger (Zingiber officinale) rhizomes are used as food and drink spices and in tradi-
tional medicine for their antioxidant, anti-inflammatory, hypolipidemic, antidiabetic and
anticoagulant effects [100–104]. The most abundant bioactive compounds of the ginger
extract are gingerols and shogaols, able to trigger multiple signaling pathways to exert their
therapeutic effects, but having low bioavailability due to their low solubility [105]. There-
fore, high doses of ginger extracts are used with the intent to increase its benefits. Some side
effects have been described in these conditions, such as digestive tract irritation, bleeding
or cardiac arrhythmias [106]. The rosehip fruits (Rosa canina) have been used in traditional
medicine to reduce pain or as hypolipemic and hypoglycemic treatment, being charac-
terized as having antioxidant, anti-inflammatory, anti-obesity, hepatoprotective, nephro-
protective and cardioprotective properties [107,108]. The major bioactive constituents of
rosehips, flavonoids, anthocyanins and phenolic compounds are lipophilic and present
low bioavailability. Thus, Deleanu M. et al. [38] developed a new formulation of phyto-
somes with bioactive compounds from ginger and rosehips extracts, and demonstrated that
those with the mass ratio ginger extract:rosehip extract:phosphatidylcholine—0.5:0.5:1 had
the most effective antioxidant and anti-inflammatory effects in cultured human enterocytes.
Moreover, they showed that the phytosome formulation had doubled the plasma concen-
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tration of bioactive compounds, compared to unformulated extracts, by increasing their
absorption from the digestive tract and accumulation in the liver and kidneys of C57Bl/6J
mice. In addition, Deleanu et al. [38] evidenced that the antioxidant and anti-inflammatory
effects of the extracts were significantly improved by the phytosome formulation. These
properties have been demonstrated in mice with lipopolysaccharide (LPS)-induced sys-
temic inflammation as the increased plasma level of SOD2 and paraoxonase 1 (PON1), and
decreased protein expression of TNFα and IL-1 beta (IL-1β) in the liver and small intestine.
All these data confirm the enhanced therapeutic properties of ginger and rosehip extracts
formulated in phytosomes.

Gallic acid is a well-known flavonoid and the main bioactive compound of sumac
(Rhus coriaria L.), having antioxidant, anti-inflammatory and antitumoral activity [109,110].
Despite these beneficial activities, the therapeutic potential of gallic acid is limited due
to its low absorption, poor bioavailability and rapid elimination [111,112]. The group of
Abbasalipour H. et al. [113] formulated gallic acid and sumac extract in phytosomes and
tested their antioxidant properties at doses of 20 mg/kg daily in a rat model of valproic
acid-induced oxidative stress in the nervous system. Both types of phytosomes showed su-
perior antioxidant effects measured as increased plasma activity of GPx, GR, SOD, CAT and
GSH level, compared to unformulated gallic acid or sumac extract [113]. The mechanism
involves the Nrf2 signaling pathway that regulates the expression of various antioxidant
enzymes and is activated as a defense mechanism against oxidative stress [114]. Gallic acid
and sumac extract formulated in phytosomes, compared to the unformulated extract, man-
ifested better solubility and bioavailability, induced the doubling of Nrf2 gene expression
and blocked the binding of Nrf2 to Kelch-like ECH-associated protein 1 (Keap1), leading
to the activation of downstream antioxidative enzymes [113]. These results show that
the phytosomal formulation of plant extracts or of their active constituents can improve
their beneficial effects.

Berberine is a benzylisoquinoline alkaloid found in many plants, particularly in bar-
berry (Berberis vulgaris L. and Berberis aristata DC.), and has antihypertensive, hypoglycemic
and hepatoprotective effects [115–117]. It has high water solubility, but its bioavailability
is low when orally administered due to its high molecular weight and self-aggregation
tendency that impede its passage through the intestinal wall. Thus, the absolute bioavail-
ability of berberine is low, and high doses are necessary for administration in clinical
studies, which unfortunately causes adverse gastrointestinal effects [52,118]. To increase
berberine bioavailability and efficacy, the group of Güngör-Ak A. et al. [29] used the Quality
by Design method for the formulation design and selection of the optimum formula to
prepare berberine–phospholipid complexes using the reverse phase evaporation method.
The resulting berberine phytosomes have a small particle size and narrow particle size
distribution. The antipyretic activity was detected in rats only at high dose (209 mg/kg ver-
sus 104.5 mg/kg), and for longer periods of time (from 6–10 days to 8–14 days) compared
to unformulated berberine. The analgesic and anti-inflammatory effects of berberine in
phytosomes have been shown for the high dose only (209 mg/kg), which reduced the hind
paw edema induced by carrageenan and serotonin, the subcutaneous air-pouch Freund’s
complete adjuvant-induced inflammation, and inhibited the acetic acid-induced capillary
permeability in mice [29].

The wild leek (Allium ampeloprasum) is known for its nutritional and therapeutic
properties as antiplatelet, antidiabetic and anti-atherosclerotic effect [119]. Very recently,
the group of Shoeibi A. et al. [120] formulated in phytosomes a fraction enriched in polyphe-
nols extracted from leek and tested their antioxidant properties in BALB/c mice with colon
carcinoma. Administered at a dose of 50 mg total phenolic compounds/kg for 28 days,
the phytosomes increased the gene expression of GPx and SOD in the liver, and reduced
the lipid peroxides measured as malondialdehyde (MDA) levels, compared to the group
receiving unformulated leek extract [120].

The Gymnema inodorum leaf extract contains bioactive compounds, such as phenolic
acids, flavonoids, triterpenoids and pregnane glycosides, which have been shown to have
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antioxidant and anti-inflammatory properties and are beneficial for diabetic control, but
have low bioavailability [121,122]. Very recently, Nuchuchua O. et al. [26] developed
phytosomes with G. inodorum extract to overcome this limitation. The formulation of
G. inodorum phytochemicals in phytosomes significantly changed the particles’ surface
charge from neutral (blank phytosome) to negative (−35 mV to −45 mV), allowing for
the bioactive compounds to be embedded in the phospholipid membrane. Nanoparticles at
sizes lower than 200 nm show direct diffusion via the intestinal mucosal sites. Phytosomes
with G. inodorum extract exhibited increased anti-inflammatory activity in LPS-stimulated
RAW 264.7 macrophages, by lowering the production of nitric oxide (NO) induced by
pro-inflammatory conditions, compared to unformulated G. inodorum extract [26]. All
these data confirm the enhanced antioxidant and anti-inflammatory effects of plant extracts
following the phytosomal formulation.

Tripterine, also known as celastrol, is a phytochemical derived from the plant of
Trypterygium wilfordii and belongs to the family of quinone methides [123]. Tripterine ex-
hibits anti-inflammatory effects by modulating proinflammatory cytokines, such as IL-18
and IL-1β, and inhibiting the effects of LPS or interferon gamma (IFNγ) in macrophages [124].
Due to its low bioavailability and certain toxicity at high doses, tripterine has limited clini-
cal applications; thus, phytosome formulation was used as a method to increase tripterine
absorption and sustained release. In addition, selenium supplementation of phytosomes
for the improvement of SOD was also used to increase the beneficial effects of tripter-
ine [125–127]. Pyroptosis is an inflammasome-mediated programmed cell death dependent
on caspase-1, and it may be a major cause of multiple organ dysfunction [128]. Thus, in
the attempt to develop new drugs to treat inflammatory diseases, Liu S. et al. formulated
tripterine into phytosomes and functionalized them with selenium (Se@Tri-PTs) to attenu-
ate the cytotoxic effect of phytochemical and potentiate its anti-inflammatory effect [124].
Formulation in phytosomes increased the tripterine solubility by ~500-fold and their uptake
by murine J774A.1 macrophage, while the cytotoxicity decreased. Se@Tri-PTs inhibited the
activation of NRLP3 inflammasome and pyroptosis by reducing the cleavage of gasdermin
D and release of IL-1β in a dose-dependent manner (in a rage of 50–200 ng/mL) [124].
Thus, tripterine becomes safer and effective following formulation in phytosomes.

For hesperidin, a flavanoid within the flavanone subclass, numerous biological effects
have been described, such as anti-inflammatory, heart and blood vessels protection, anti-
diabetic and neuroprotective [19,129,130]. Due to its poor water solubility, which is further
diminished by the acidic environment, the reported bioavailability is low (<25%) and
the transmembrane permeability is reduced following oral administration. The group
of Kalita B. and Patwary B.N. [131] formulated phospholipid complexes with hesperidin
and demonstrated their enhanced solubility in a basic buffer system and a very balanced
partition coefficient, suggesting a good membrane permeation efficiency. In addition,
the complexes showed a concentration-dependent increase in the anti-oxidant activity,
similar to ascorbic acid [131].

4.1.2. Clinical Studies

In the late nineties, Nuttall S.L. et al. [132] prepared an extract from grape seeds formu-
lated in phytosomes (LeucoselectTM Phytosome®, Indena SpA, Milan, Italy), starting from
the observation that, in countries with increased consumption of red wine, the incidence
of coronary artery disease is lower compared to other countries. Grape seed proantho-
cyanidins have been reported to inhibit lipid peroxidation, capillary fragility and platelet
aggregation, and regulate the activity of phospholipase A2, cyclooxygenase and lipoxy-
genase [133,134]. Nuttall S.L. et al. [132] administered an equivalent of 300 mg of grape
procyanidins to 20 young healthy volunteers and induced a doubling of the serum total
antioxidant activity for over 3 h from ingestion. This observation marked a change in per-
ception according to which antioxidant consumption is part of a healthy diet for the concept
of therapeutic strategy in diseases which are known to be aggravated by oxidative stress.
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Studies have shown that, when administered orally, curcumin has a very short half-
life (10 min) due to its rapid metabolization, low absorption in the gastro-intestinal tract
and rapid excretion [135–139]. In order to boost curcumin activity, its complexation with
phospholipids to form phytosomes seems to be the most promising technology, due to
the demonstrated improvement in its intestinal absorption and metabolic stability [139].
Recently, it has been shown that a six months treatment with curcumin formulated in
phytosomes (Meriva®, Indena SpA, Milan, Italy, 500 mg tablet × 2/day, equivalent
of 100 mg curcuminoids/tablet) significantly reduced plasma pro-inflammatory medi-
ators, such as monocyte chemoattractant protein-1 (MCP-1/CCL-2), IFNγ and IL-4, as
well as lipid peroxidation products (thiobarbituric acid reactive substances, TBARS) in
chronic kidney disease patients [140]. Gut microbiota has been also influenced by Meriva®

treatment, the Escherichia-Shigella being significantly lowered, while Lachnoclostridium
and Lactobacillaceae spp. being considerably increased, the latter being known as playing
an important role in the maintenance of the gut barrier function. It is important to mention
that no adverse effects have been observed in the treatment group, confirming the good
tolerance of curcumin phytosomes even on long-term administration [140].

4.2. Dyslipidemia

Dyslipidemia, defined as increased plasma concentrations of total cholesterol (TC),
low-density lipoproteins cholesterol (LDL-C), triglycerides (TGs), low plasma concentra-
tions of HDL-C or a combination of these, is a well-known major risk factor for CVD [141].
Dyslipidemia can trigger the accumulation of lipids in the arterial wall, which results in
the development of the atherosclerotic plaque, the underlying cause of CVD [142]. Many
types of drugs have been developed in order to decrease circulating levels of choles-
terol. Among these, statins are one of the most widely used. They target endogen choles-
terol synthesis, by inhibiting hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase,
the rate-limiting enzyme in the cholesterol biosynthesis pathway. Another class of drugs
used for this purpose are Niemann-Pick C1-Like 1 (NPC1L1) inhibitors, such as ezetim-
ibe, which inhibits the absorption of cholesterol in the intestine [143]. A novel class of
lipid-lowering drugs that has emerged are monoclonal antibodies, such as evolocumab,
an inhibitor for proprotein convertase subtilisin/kexin type 9 (PSCK9), a known ligand of
LDL receptor (LDLR) [144]. One common aspect for all these drugs are their side effects,
such as dizziness, nausea, muscle weakness or headaches [145]. This is why the complemen-
tary therapies to all these drugs are the bioactive compounds that present lipid-lowering
properties with minimal side effects. Therefore, their formulation in phytosomes may be
a valid complementary therapy to allopathic lipid-lowering drugs.

4.2.1. Preclinical Studies

The curry tree (Murraya koenigii) is a rich source of alkaloids, coumarins and phyto-
chemicals such as girinimbin, iso-mahanimbin and koenimbine, which are known to have
antioxidant, antidiabetic and lipid-lowering properties, but have low bioavailability due to
their limited absorption through biological membranes [146]. Therefore, the group of Rani
A. et al. [51] prepared phytosomes containing M. koenigii extract to improve its bioavail-
ability and assessed the hypolipidemic effects in vivo, using streptozotocin (STZ)-induced
diabetic Wistar rats. The animals were treated for 21 days with phytosomes (100 mg/kg
and 200 mg/kg) or unformulated M. koenigii extract (200 mg/kg and 400 mg/kg). Animals
displayed significantly reduced levels of serum TC, TG, LDL-C and very low-density
lipoproteins cholesterol (VLDL-C), and increased levels of HDL-C compared to the un-
treated group. The phytosomes-treated group showed a tendency for lower concentrations
of TC, TG, LDL-C and VLDL-C and for higher concentrations of HDL-C compared to
the group treated with unformulated extract, but these differences were not statistically
significant [51].

Crataegus aronia is recognized to have lipid-lowering and antidiabetic properties [147,148].
The ethanolic leaf extract was found to be strongly enriched in phenols, flavonoids, alkaloids

13



Int. J. Mol. Sci. 2024, 25, 4162

and tannins. Altiti A.J. et al. [50] formulated the Crataegus aronia leaf ethanolic extract in
phytosomes and evaluated their potential to improve the lipidic profile of STZ-induced
diabetic Wistar albino rats, by comparing the effects to those of unformulated extract
at similar concentrations (150 and 250 mg/kg). Both the phytosomes and the extract
displayed lipid-lowering properties, by reducing the serum levels of TC, TG and LDL-C
and by increasing the levels of HDL-C at 21 days after the administration, but there was no
statistically significant difference between the two groups in this respect [50]. These results
show that, in some cases, the phytosomal formulation may not improve the therapeutic
effects of the bioactive compounds.

Caffeic acid is a very active hydroxycinnamic acid, being found in fruits, vegetables,
coffee and wine [149]. It possesses many health benefits, among which is the lipid regulatory
effect, but caffeic acid displays poor water solubility and poor oral absorption [150]. To
improve these aspects, Mangrulkar S. et al. [151] formulated caffeic acid in phytosomes
by encapsulating the bioactive compound in Phospholipon® 90H (Lipoid, Ludwigshafen,
Germany). They evaluated the lipid regulatory potential of the phytosomes on Sprague
Dawley rats fed a high fat diet for 8 weeks. The results show that formulated caffeic acid
significantly lowered the levels of TC, TG, LDL-C, VLDL-C and increased the level of
HDL-C, proving superior lipid regulatory action compared to the pure caffeic acid, at
the same concentration of 40 mg/kg [151].

The effects of curcumin formulated in phytosomes on atherosclerosis induced by a high fat
diet in New Zealand white rabbits were investigated by the group of Hatamipour M. et al. [152].
Curcumin phytosomes (Meriserin, Indena SpA, Milan, Italy) at two doses equivalent to 10 and
100 mg/kg of curcuminoids were administrated for 4 weeks. The results showed a significant
reduction in the atherosclerotic plaque histopathologically evaluated on sections of the aortic
arch. In addition, the intima/media thickness ratio and the macrophage infiltration rate of
the plaque were significantly decreased by the higher dose of curcumin phytosomes compared
to the lower one, the measurement being performed on hematoxylin-eosine stained sections of
the aortic arch [152].

The group of Poruba M. et al. [153] administered silymarin in different formulations
(a standardized extract of silymarin, micronized silymarin and silymarin in the form of
phytosome) to non-obese hereditary hyper-triglyceridemic rats as dietary supplements
(1%) for 4 weeks. The results showed that all tested forms of silymarin significantly
decreased the plasma levels of TG, TC and increased the HDL-C levels [153]. Silymarin
formulated in phytosomes significantly increased the protein expression of cytochrome
P450 4A (CYP4A), known as contributing to omega and omega-1 hydroxylation of fatty
acids required for the synthesis of TG [153]. The silymarin in the form of phytosome
had the best bioavailability [154]. All the three silymarin diets significantly increased
the protein expression of cholesterol 7alpha-hydroxylase (CYP7A1), a hepatic enzyme
responsible for metabolizing cholesterol into 7α-hydroxycholesterol, a rate-limiting step
for the bile acids synthesis. Silymarin in the form of phytosome significantly increased
the protein expression of ATP-binding cassette (ABC) transporters (ABCG5 and ABCG8),
regulating the cholesterol efflux from the hepatocytes into the bile [153]. The positive
effect of silymarin on plasma TC could be partly due to the higher excretion of cholesterol
mediated by CYP7A1 and ABC transporters. The decreased plasma level of TG may be
due to the increased liver TG metabolism through CYP4A. In this case, the formulation in
phytosomes added therapeutic value to silymarin.

4.2.2. Clinical Studies

Bergamot (Citrus bergamia) offers a unique profile of flavonoids and flavonoid gly-
cosides, such as neoeriocitrin, neohesperidin, naringin, rutin, neodesmin, rhoifolin and
poncirin [155]. Rondanelli M. et al. [156] aimed to evaluate the effect of bergamot phytocon-
stituents formulated in phytosomes on the lipid parameters in 64 overweight and obese class I
subjects (BMI 25–35 kg/m2) with diagnosed mild hypercholesterolemia (5.4–7.0 mmoL/L).
Bergamot Phytosome (Vazguard, Indena SpA, Milan, Italy) is an innovative lecithin formula-
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tion of the bergamot enriched polyphenols fraction (BPF), the phospholipids (sunflower
lecithin) being formulated with 40% in weight standardized BPF extract as described previ-
ously by Mollace V. et al. [93], in order to enhance the oral bioavailability of bergamot’s
main flavonoids. Tablets contain 500 mg of bergamot phytosomes (standardized to contain
11–19% of total flavanones). The bergamot phytosomes were administered for 12 weeks to
overweight and obese subjects, and after the first 30 days of treatment the values of TC and
LDL-C significantly decreased, while the level of HDL-C increased compared to the placebo
group [156]. The complex composition of bergamot extract endowed the phytosomes with
multiple mechanisms of action. Thus, the signaling pathways involved the direct stimula-
tion of AMP-activated protein kinase (AMPK), and the inhibition of HMG-CoA reductase
by some flavanones that have a hydroxyl mevalonate moiety [156].

4.3. Hepatic Disorders

The liver works like a central factory for the body metabolism, being the organ
responsible for nutrients processing, synthesis and catabolism of numerous key proteins
and lipids, as well as for drugs detoxification. Therefore, the health of the liver is very
important for the health of the whole body. NAFLD or the metabolic-associated fatty
liver disease (MAFLD) affects over 30% of the world population [157]. It arises from
lipid accumulation in hepatocytes, a process that alters the liver’s normal function. It is
associated with obesity, dyslipidemia and insulin resistance, which are risk factors for
type 2 DM (T2DM) and CVD [157,158]. Of interest, 75% of T2DM patients also display
NAFLD [157]. To date, there is no specific treatment for NAFLD, but previous studies have
shown that diets rich in antioxidants and anti-inflammatory phytochemicals, with little or
no side effects, can be effective in treating NAFLD [159].

4.3.1. Preclinical Studies

The Ginkgoselect Phytosome® (Indena SpA, Milan, Italy), prepared from soy phospho-
lipids and Ginkgo biloba extract, has been tested for hepatoprotective properties in Wistar
rats with rifampicin-induced hepatotoxicity (500 mg/kg, for 30 days). Treatment with
Ginkgoselect Phytosome® at 25 mg/kg and 50 mg/kg significantly lowered the plasma lev-
els of alanin aminotransferase (ALT) and aspartate aminotransferase (AST) and increased
the serum total proteins and albumin, the latter being indicators of the hepatoprotective
effects. No differences between the groups treated with phytosome and those treated with
100 mg/kg silymarin were observed [96]. Similar, the group of Naik S.R. et al. [160] con-
ducted a study on Wistar albino rats with carbon tetrachloride (CCl4)-induced liver damage
and intraperitoneally treated with Ginkgo biloba phytosomes (25 mg/kg and 50 mg/kg)
before and during the CCl4 treatment. The results show that the serum activity of ALT,
AST and alkaline phosphatases (ALPs) were significantly decreased in a dose-dependent
manner, while the serum total protein and albumin levels were increased in the phytosome-
treated group compared to the untreated animals [160]. The hepatoprotective effect of
G. biloba phytosomes has been confirmed by a histopathologic assay showing the regen-
eration of the liver cells after CCl4-induced injury and centrilobular necrosis of the liver
tissue. The beneficial effects of phytosomes have been comparable to those of silymarin,
a known hepatoprotective drug. In addition, the G. biloba phytosomes treatment increased
the hepatic level of GSH and the activity of the antioxidant enzymes SOD, CAT, GPx and
GR, while the TBARS levels were decreased in a dose-dependent manner, compared to
untreated animals [160].

Silybum marianum, known as milk thistle, is a recognized hepato-protectant used in the
treatment of hepatitis C, hepatocarcinoma, NAFLD and gall bladder disorders [161–163]. Four
isomers have been described within silymarin, such as silybin, isosilybin, silicristin and
silidianin, the main active component being silybin. Like many other naturally occurring
compounds, silymarin has limitations such as partial water-solubility, poor bioavailability
and poor intestinal absorption. In order to increase the bioavailability and to enhance
the beneficial effects of milk thistle extract, El-Gazayerly O.N. et al. [164] prepared phy-
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tosomes containing different molar ratios of soy lecithin/egg yolk and silybin, but the
most suitable formula was that which contained 0.25:1 egg yolk and silybin. Milk thistle
extract (equivalent to 200 mg silybin/kg, orally) and silybin phytosomes (equivalent to
200 mg/kg silybin, orally) were administered daily to male albino rats with CCl4-induced
liver injury for 10 days. Both the phytosomes and the milk thistle extract induced elevated
SOD levels in the treated groups, but the phytosomes were more efficient than milk thistle
extract in this respect. The phytosomes also proved to be more effective compared to
the milk thistle extract in the case of ALT, whose level was more decreased in the phy-
tosomes group [164]. In another study, Shriram R.G. et al. [47] investigated the efficacy
of phospholipid-based sylimarin phytosomes in enhancing the absorption and the oral
bioavailability of silymarin, as well as their hepatoprotective properties, in male Wistar
rats. The animals were orally treated by an optimized silymarin phytosomal suspension
(100 mg silymarin/kg/day) for 7 days, followed by a single i.p. dose of a mixture of
CCl4 and olive oil on the seventh day. The silymarin phytosomal formulation signifi-
cantly improved silymarin oral bioavailability compared to pure silymarin, as indicated by
a 6-fold increase in the systemic bioavailability. The results show that the treatment with
silymarin phytosomes was most efficient in restoring liver SOD, CAT, GPx, glutathione
S-transferase (GST), GR and GSH levels in rats, the increase in these enzymes’ levels being
more evident than in the group treated with plain silymarin. Pre-treatment with silymarin–
phospholipid complexes significantly abrogated the CCl4-induced increase in lipid perox-
ides measured as MDA levels, while pre-treatment with pure silymarin failed to protect the
rats from CCl4-triggered lipid peroxidation. Pre-treatment with pure silymarin resulted in
a moderate hepatoprotective effect as evidenced by a decrease in fatty tissue degeneration
and parenchymal cells damage. The silibinin accounts for 50–70% of the milk thistle ex-
tract, and it is the major bioactive flavonolignan in silymarin. Tang S. et al. [165] assessed
the hepatoprotective mechanism of silibinin–phospholipids complex in the pathogenesis
of acute liver injury and investigated how silibinin phytosomes modulate necroptosis-
S100A9-necroinflammation signaling molecules. To achieve this, BALB/c mice treated
with D-galactosamine (D-GalN)/LPS (in order to trigger liver injury) received by gavage
silibinin (25 mg/kg) or silibinin–phospholipid complex (25 mg/kg) 24 h before and 2 h
after acute liver insult. Serum activity of AST and ALT, as well as the hepatic pathology
score, were significantly decreased in the unformulated and formulated silibinin-treated
groups compared to the injured group, but there was no significant difference between
free silibinin and phospholipid complex formulation treatment. Of interest, the silibinin–
phospholipid complex treatment decreased the levels of necroptosis-signaling molecules,
S100 calcium-binding protein A9 (S100A9) and necroinflammation signaling molecules,
making it more effective compared to unformulated silibinin. In addition, the authors
incubated macrophages isolated from the tibia and femur of mice with formulated silib-
inin, in order to evaluate whether silibinin–phospholipid complex treatments promote the
polarization of macrophages toward an anti- or pro-inflammatory phenotype. Interestingly,
they detected a reduction in M1 markers (such as inducible nitric oxide synthase-iNOS,
CD86 and TNFα) and an increase in M2 markers (such as arginase 1-Arg1, CD206 and
transforming growth factor-beta-TGF-β), the level of TGF-β being significantly higher in
cells exposed to silibinin phytosomes compared to unformulated silibinin. This can be
a mechanism responsible for the hepatoprotective effects of phytosomes formulation of
silibinin, and all these results prove the advantages of this formulation for the therapeutic
potential of silymarin.

Naringenin is a natural bioactive compound belonging to the flavanone class, pos-
sessing antioxidant, anti-inflammatory and lipid-regulatory effects [19]. Due to its rapid
elimination, naringenin needs frequent administration to maintain an effective plasma
level. The group of Mukherjee P.K. [166] prepared naringenin–phospholipid complexes
and evaluated their antioxidant and hepatoprotective properties compared to free narin-
genin at a dose of 100 mg/kg in the model of CCl4-injuried rats. Their results indicated
that formulation of naringenin in phytosomes increases its maximum concentration by
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over 60% and prolongs its life in circulation (more than double, from 10 h at maximum
concentration to 25 h), compared to free naringenin. Thus, the phospholipid formulation of
naringenin increases its half-life and decreases the clearance rate, making it more effective
in protecting the liver against harmful CCl4. In this manner, the pre-treatment of rats with
naringenin phytosomes significantly reduced the plasma concentration of ALT, AST and
bilirubin increased by CCl4 administration, and increased the hepatic levels of the antioxi-
dant enzymes GPx, SOD and CAT, compared to free naringenin which has no significant
beneficial effects.

Catechin is a natural bioactive compound belonging to the flavonoids class that has
been shown to be a ROS scavenger, a promoter of anti-oxidant enzymes, hepatoprotective
and inhibitor of pro-oxidant enzymes [167,168]. The group of Athmouni, K. et al. [169]
developed catechin–phospholipid complexes and evaluated their protective effect on
cadmium-caused liver injuries in rats. They found that catechin (15 mg/kg body weight)
absorption in rats increased by 40% following formulation in phytosomes, compared to the
unformulated compound, and this could be related to its increased solubility. In addition,
treatment of rats having cadmium-induced liver injuries with catechin phytosomes induced
a significant decrease in plasma AST, ALT and bilirubin, and ameliorated the activities of
the antioxidant enzymes SOD, CAT and GPx, compared to unformulated catechin.

Apigenin is a hydrophobic, polyphenolic flavonoid known for its antioxidant,
anti-inflammatory, antidiabetic and anti-microbial potential [19]. The group of
Telange D.R. et al. [43] developed apigenin–phospholipid phytosomes to improve the aque-
ous solubility, in vivo bioavailability and antioxidant activity of apigenin. The optimized
formulation demonstrated a 36-fold higher aqueous solubility of apigenin, and a significant
increase (over 40%) in the bioavailability up to 8–10 h, compared to that of free apigenin
(at a dose of 100 mg apigenin/kg). The hepatoprotective role of apigenin phytosomes
was assessed on the rat model of CCl4-induced liver injury, and the results show that
phytosomes containing 25 mg apigenin/kg significantly increased the levels of GSH, SOD
CAT, and decreased the levels of lipid peroxides (TBARS), compared to free apigenin.

Ursolic acid is a pentacyclic triterpenoid, which is found either as a free acid or as
an aglycone of saponins. It is reported to have several therapeutic activities including
antihyperlipidemic effects by inhibiting the activity of pancreatic lipase [170] and it is also
known for its hepatoprotective potential in both acute and chronic liver diseases [171].
The major limitations of ursolic acid are its poor absorption, rapid elimination and hence
low bioavailability. Therefore, the group of Biswas S. [72] prepared and characterized
phospholipid complexes of ursolic acid in order to overcome these limitations. They
investigated ursolic acid’s hepatoprotective activity and bioavailability in CCl4-injuried
Wistar rats. The animals were treated with free ursolic acid extract or formulated in
phytosomes at doses of 10 and 20 mg/kg p.o. equivalent to pure ursolic acid, for 7 days.
After this time, a single i.p. dose of a mixture of CCl4 and olive oil was administered to rats,
to induce liver injury. The results show that the phytosome formulation increased the serum
bioavailability of ursolic acid by over 8-fold, and enhanced its elimination time by 12-fold
as compared to the pure compound at the same dose. Both formulas had hepatoprotective
actions in CCl4-treated rats demonstrated by the decrease in serum AST, ALT and ALP
activity, the effects being slightly increased in the phytosome group compared to those
with free ursolic acid. Total bilirubin serum levels were significantly decreased only in
the group that received ursolic acid formulated in phytosomes, compared to the CCl4
-treated group. The activity of the liver antioxidant enzymes SOD, CAT, GPx, GST and
GR, the GSH levels and the total protein concentration in the liver were best stimulated
by the administration of 20 mg/kg ursolic acid formulated in phytosomes. In addition,
the architecture of the liver tissue was significantly improved by the administration of
phytosomes with ursolic acid, compared to pure ursolic acid or to the CCl4 -treated group,
as it was evidenced by the hematoxylin-eosin-stained sections.

All these preclinical studies bring solid arguments for the use of phytosomal formula-
tion of bioactive compounds to treat hepatic disorders.

17



Int. J. Mol. Sci. 2024, 25, 4162

4.3.2. Clinical Studies

In the study conducted by Safari Z. et al. [172], patients with NAFLD received cur-
cumin phytosomes (250 mg containing 20% curcuminoids and 20% phosphatidylserine,
Indena SpA) or placebo pills daily for 12 weeks, followed by the evaluation of the lipid
profile, fasting blood sugar, anthropometric indices, liver enzymes, fibrosis and steato-
sis. The results showed that the administration of phytosomal curcumin significantly
improved the liver status by reducing fibrosis and steatosis in NAFLD patients compared
to the placebo group, but there was no difference in the lipid profile (TC, TG, LDL-C,
HDL-C) and fasting blood glucose between these groups [172]. Panahi Y. et al. [173]
aimed to evaluate the efficacy and safety of supplementation with phytosomal curcumin
(Meriva®, Indena SpA, Milan, Italy), which contained a complex of curcumin and soy
phosphatidylcholine in a 1:2 weight ratio, in subjects with NAFLD. The administration of
phytosomal curcumin (1000 mg/day in 2 divided doses) for 8 weeks to NAFLD patients
induced a significant decrease in the body mass index (BMI) values, the lowering of hepatic
AST and ALT activities as well as the reduction in the portal vein diameter and liver size
as compared to the placebo group. An increase in the hepatic vein flow velocity was
also observed between the two analyzed groups. Furthermore, ultrasonographic findings
(decrease in the echogenicity of the liver parenchyma) were improved in 75% of subjects
in the curcumin group, while the rate of improvement in the placebo group was 4.7%.
Formulation into nanophytosomes containing piperine has been shown to improve the low
bioavailability of curcumin by decreasing the conjugation of curcumin with glucuronic
acid in the liver and consequently lowering its elimination in urine [138]. Using these
types of nanophytosomes, Cicero A.F.G. et al. [174] conducted a study in which they ad-
ministered curcumin-containing phytosomes (Curserin®, Indena SpA, Milan, Italy: 200 mg
curcumin, 120 mg phosphatidylserine, 480 mg phosphatidylcholine and 8 mg piperine from
Piper nigrum L. dry extract) for 8 weeks to overweight subjects with suboptimal fasting
plasma glucose. The results showed that the treated group exhibited improved lipid profile
(as demonstrated by the decrease of TG and increase of HDL-C levels) as compared to
the placebo group. In addition, it was noticed the improvement of the hepatic function,
reflected by the reduction in the activities of AST, ALT and gamma–glutamyl transferase,
as well as in the fatty liver score [174].

Larger clinical studies are needed to consolidate the therapeutic potential of curcumin
formulated in phytosomes for hepatic disorders.

4.4. Diabetes Mellitus

Diabetes is one of the 21st century’s major health concerns, being one of the most encoun-
tered disorders nowadays, with a more than 50% increase since 2017 [175]. The alteration in
the microvasculature or macrovasculature leading to cardiovascular problems, diabetic
kidney disease, diabetic neuropathies or retinopathies determines increased morbidity and
mortality in diabetic patients [175]. The hallmark of DM is the increased level of plasma
glucose which appears as a consequence of an altered insulin metabolic pathway, either due
to its decreased secretion (caused by the dysfunction or even loss of function of pancreatic
beta cells, characteristic to type 1 DM), defective action (insulin resistance, characteristic to
T2DM) or both [8]. Another characteristic of DM is the presence of dyslipidemia charac-
terized by elevated fasting and postprandial TG, increased LDL-C levels and low levels
of protective HDL-C, which also plays an important role in the development of diabetic
vasculopathies [8]. Synthetic oral anti-hyperglycemic drugs such as insulin, sulfonylureas,
thiazolidinediones and biguanides were successfully developed for diabetes treatment.
Unfortunately, many of these drugs have significant side effects such as fatal hepatotoxicity,
increased risk of myocardial infarction and increased cardiovascular mortality (reviewed
in [14]). To overcome these problems, alternative or complementary therapeutic strategies
with little side effects, such as phytotherapy, were developed [139]. Different complex
mixtures or classes of bioactive compounds including alkaloids, flavonoids, polyphenols
and triterpenes were used for the amelioration of diabetic symptoms.
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4.4.1. Preclinical Studies

Rani A. et al. [51] tested phytosomes containing curry tree (Murraya koenigii) extract to
assess their antidiabetic effects in vivo, using STZ-induced diabetic Wistar rats. The animals
were treated for 21 days with glucose and with different doses of extract (200–400 mg/kg)
or phytosomes (100–200 mg/kg). The animals treated with phytosomes exhibited a 40%
reduction in serum glucose concentration at a lower dose, suggesting enhancement in its
therapeutic efficacy compared to the group treated with the extract. The levels of urea and
creatinine, important markers for renal disorder in DM, were restored to almost normal
levels in the treated group, indicating an antidiabetic activity of curry tree phytosomes [51].

Crataegus aronia is used to treat DM [50]. Nanophytosomes encapsulating C. aronia
leaf extract were developed very recently by the group of Altiti A. et al. [50] by mixing
1:1 phospholipid (lecithin) with C. aronia leaf ethanolic extract. The nanophytosomes
(150 mg/kg or 250 mg/kg) had hypoglycemic effects at 14 and 21 days of treatment of
STZ-induced diabetic Wistar albino rats. The effect was dose-dependent, slightly more
efficient than that of the unformulated extract at the same doses, but not equipotent to
metformin [50].

An interesting therapeutic approach designed to increase the beneficial effects of natu-
ral compounds was that in which a complex of more than one natural extract is encapsulated
in the same phytosome. This approach was chosen by Rathee S. and Kamboj A. [176] who
used extracts from fruits of Citrullus colocynthis (L.), Momordica balsamina and Momordica dioica
to obtain antidiabetic phytosomes. The optimized formula for these phytosomes was
obtained by using the three-level Box–Behnken design which considers parameters such as
phospholipid: extract ratio, process temperature and reaction time. The resulting phyto-
somes were stable and had a very good entrapment efficiency, while the polyherbal extracts
and phospholipids in the complex were joined by non-covalent-bonds and did not form
a new compound. To test the anti-diabetic effects, the polyherbal phytosomal formula-
tion was administered to STZ-induced diabetic Wistar rats in doses of 100 mg/kg and
250 mg/kg for 15 days. The results show that, although both concentrations are effective
in decreasing the serum glucose level, the lower concentration is more efficient, its effect
being comparable to that of 50 mg/kg metformin.

Chrysin is a flavonoid encountered in different plants, flowers and bee propolis. In
the context of DM, in vivo studies demonstrated that chrysin has hypolipidemic, anti-
inflammatory and anti-oxidant effects [177–179]. However, the decreased bioavailability
of chrysin due to its poor solubility and short circulation half-life leads to the necessity to
formulate it in an efficient delivery system. Recently, the group of Kim S.M. et al. [179]
used chrysin-loaded phytosomes prepared with egg phospholipid at a 1:3 molar ratio
(chrysin: phospholipid) to study the antidiabetic effects of this natural compound. After
9 weeks of nanophytosomes administration (100 mg chrysin equivalent/kg) to db/db
mice, the study demonstrated a decrease in serum glucose, insulin levels and homeostatic
model assessment for insulin resistance (HOMA-IR), similar to 200 mg/kg metformin
treatment. The hypoglycemic effect of chrysin nanophytosomes was due to their capacity
to inhibit the gluconeogenesis by down-regulating phosphoenolpyruvate carboxykinase
(PEPCK) in the liver, while stimulating the glucose uptake in db/db mice by increasing
glucose transporter type 4 (GLUT4) gene expression and translocation in the skeletal muscle.
Compared to free chrysin, the chrysin nanophytosomes demonstrated an additional effect
in modulating the glucose metabolism-related genes both in the liver (PEPCK, hexokinase 2)
and skeletal muscle (GLUT4, hexokinase 2 and PPARγ) due to the increased bioavailability
of the chrysin in the phytosome formulation [179].

Rutin is a citrus flavonoid glycoside found in different plants, including Ruta graveolens L.
(Rutaceae), Eucalyptus spp. (Myrtaceae) or Sophora japonica L. (Fabaceae) [180]. Besides be-
ing a powerful antioxidant and anti-inflammatory agent, rutin is also known for its antidia-
betic action. The mechanisms of rutin anti-diabetic effects include the reduction in carbohy-
drates absorption from the small intestine, the up-regulation of glucose uptake paralleled by
the suppression of gluconeogenesis as well as the increase in insulin secretion from pancreatic
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beta cells [181]. To overcome the limitation of its low bioavailability, rutin was encapsulated
by Amjadi S. et al. [182] into nanophytosomes in order to evaluate the therapeutic potency
of this nanocarrier in STZ-induced diabetic Wistar rats. The administration of rutin-loaded
nanophytosomes (25 mg rutin/kg per day) for 4 weeks to diabetic rats decreased the level of
glucose and glycated hemoglobin in the blood and restored the diabetes-induced damages in
the pancreas, liver and kidney (evidenced by the histopathological assay) in a more efficient
manner than free rutin. This demonstrates that encapsulation into phytosomes is an efficient
technique to enhance the rutin therapeutic potential in diabetic conditions. In addition, rutin
nanophytosomes were more effective than free rutin to control the hyperlipidemia, measured as
decreased TC, TG and increased HDL-C, to reduce the AST and ALT activities, and to attenuate
the oxidative stress expressed as decreased MDA levels and increased total antioxidant potential
due to the increased activity of SOD and GPx in the animal model.

Curcumin is a polyphenol with well-known anti-diabetic, lipid-lowering and hep-
atoprotective actions [183,184]. Studies have shown that curcumin possesses insulin-
sensitizing actions through different pathways. It was demonstrated that the molecu-
lar mechanisms of action of curcumin in DM include the activation of insulin receptors,
the increase in lipoprotein lipase activity, the stimulation of insulin-independent glucose up-
take by pancreatic beta cells and anti-inflammatory effects in adipose tissue, in parallel with
the enhancement of adipokines [139]. Recently, the group of Alhabashneh W. et al. [185]
tested curcumin phytosomes effects on glycemic and lipid profile of STZ-induced Wis-
tar diabetic rats. The phytosomes obtained by mixing 1:1 phosphatidylcholine (soybean
lecithin) and curcumin were orally administered to diabetic rats at 150 and 250 mg/kg
dose, for 3 weeks. The results show that curcumin phytosomes administration determines
the decrease in blood glucose, TC, LDL-C and TG in parallel with the significant rise in
HDL-C. The hypoglycemic and hypolipidemic effects were dose-dependent and the effects
of curcumin phytosomes were higher than for those treated with free curcumin at the same
dose [185].

Berberine is a multi-target natural product with beneficial effects in different patholo-
gies. Studies in humans show that berberine has a beneficial effect on the expression
of genes which ameliorate glucose levels (1 mg/day), regulate the cholesterol absorp-
tion (300 mg/day) or modulate the microbiota (500 mg/day) [186]. In the context of DM,
berberine has positive effects due to is antioxidant properties and also, very importantly,
because it targets AMPK, a protein involved in the regulation of glucose metabolism, fatty
acid oxidation and insulin resistance [187]. To overcome the low bioavailability of free
berberine, the group of Yu F. et al. [52] developed phytosomes loaded with berberine
using soybean phosphatidylcholine and commercially available berberine in a mass ratio
of 5:1. Pharmacokinetic studies demonstrated that the oral bioavailability of the berberine-
loaded nanophytosomes in Wistar rats was improved 3-fold as compared to the orally
administrated free berberine. The obtained phytosomes have also anti-diabetic effects,
the study demonstrating that administration of berberine in nanophytosomes (100 mg/kg)
for 4 weeks to diabetic db/db mice decreased the plasma fasting blood glucose and re-
verted the TG levels in the liver to a better extent than free berberine. The insulin levels
were not modulated either by free berberine or by the phytosome formulation.

Gymnema inodorum was successfully used in alternative medicine for the ameliora-
tion of DM. Its antidiabetic properties are due to the presence of active phenolic acids,
flavonoids, triterpenoid compounds and pregnane glycosides, this complex composition
conferring the G. inodorum extract antiglycemic and antioxidant effects and insulin-mimetic
properties [121,188–190]. The G. inodorum leaf extract formulated in phytosomes has been
tested for its anti-insulin resistance activity by measuring the glucose uptake and lipolysis
in LPS-treated 3T3-L1 adipocytes. The results evidence that LPS adipocytes exposed to phy-
tosomes with G. inodorum extract take up more glucose compared to LPS adipocytes alone,
but higher levels of phospholipid in phytosomes (mass ratio GI extract: PC = 1:2 versus
1:1) slightly interfered with the anti-insulin-resistant effects of the G. inodorum extract by
decreasing the glucose uptake and increasing the lipid degradation, measured as glycerol
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release in the culture medium [26]. These data highlight that an increased percentage of
phospholipids in phytosomes can invalidate their beneficial effects through the oxidation
products they can generate.

Tripterine is a pentacyclic triterpenoid quinone with anti-diabetic and anti-inflammatory
potential. The group of Zhu S. et al. [191] used selenized tripterine phytosomes (Se@Tri-
PTs) to identify the mechanisms by which these nanostructures alleviate podocyte injury,
a major contributor to diabetic nephropathy. The study showed that 5 µg/mL of selenized
phytosomes improved the viability of podocytes in vitro. In addition, the phytosomes reduced
NLRP3 expression, re-established the expression of proteins that regulate autophagic processes
(Beclin-1, microtubule-associated protein 1A/1B-light chain 3-LC3 II/LC3I, ubiquitin-binding
protein p62-p62 and SIRT-1) and decreased the apoptosis of podocytes exposed for 48 h to
high glucose [191].

4.4.2. Clinical Studies

Quercetin is a flavonol found in various fruits, vegetables or leaves, with beneficial
effects in human health. To overcome quercetin’s highly variable bioavailability (0–50%)
and rapid elimination (1–2 h half-life time), different innovative formulations to deliver
this active compound were tested. Quercetin Phytosome® (Quercefit™, Indena SpA, Milan,
Italy) is one of the quercetin formulations that demonstrated improved solubility in the
solution that simulated gastrointestinal fluids and also increased absorption (20-fold) [192].
Using this formulation, Riva A. et al. [192] evaluated the interaction between Querce-
fit and anti-diabetic therapy, antiplatelet agents and anticoagulants, in healthy subjects.
The topic is important, due to the fact that it is well known that the interaction between
synthetic drugs with different natural active compounds exists, and it can have serious
clinical outcomes [193,194]. The study involved 12 diabetic patients treated with antidi-
abetic metformin, 30 subjects with antiplatelet therapy (acetylsalicylic acid, ticlopidine
or clopidogrel) and 20 subjects with anticoagulants (warfarin or dabigatran), all of them
receiving supplementation with Quercetin Phytosome for at least 10 days. The Quercefit
supplementation consisted in the oral administration of two tablets of phytosomes/day,
corresponding to 200 mg/day of quercetin. The results showed that Quercefit administra-
tion did not induce significant differences in the fasting glycaemia or glycated hemoglobin
(for the anti-diabetic medication), measured bleeding time (for subjects with antiplatelet
therapy) or International Normalized Ratio (INR) level (for the subjects with anticoagulant
therapy) [178]. This study proves that the administration of quercetin phytosome does not
interfere with different classes of allopathic drugs, such as metformin, aspirin or warfarin.

Meriva curcumin phytosomes (Indena) were also used to evaluate the possible ben-
eficial actions of curcumin to improve the kidney functions of subjects with temporary
kidney dysfunction (TKD). This study included a total of 87 subjects with TKD divided
into two groups: one following the standard management (hydration, a reduced intake of
NaCl and other electrolytes, decreased intake of carbohydrates, abolition of drugs or com-
pounds that potentially harm the kidneys and a moderate exercise program) and a group
that followed the same standard management and received also a supplementation with
Meriva® (1.5 g/day, delivering 300 mg highly bioavailable curcumin) divided into three
administrations/day, for 4 weeks. The results of the study show that Meriva® reduced
the albumin almost to normal levels in the urine of patients with microalbuminuria and
macroalbuminuria, and decreased the oxidative stress measured as plasma free radicals.
The tolerability to Meriva® and the compliance of the patients were good. These parameters
were improved compared to those from the standard management group, suggesting that
Meriva can safely ameliorate the TKD symptoms [195].

The group of Cicero A.F.G. et al. [174] recently studied the effect of curcumin phytosome
containing piperine (Curserin®, Indena, SpA, Milan, Italy) on a placebo-controlled clinical
trial including 40 overweight subjects who received Curserin® compared to 40 overweight
subjects that received a placebo. The study showed that two capsules/day of Curserin®

administration for 8 weeks have beneficial effects on the: (i)anthropometric parameters
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(decreased BMI and waist circumference) and (ii) metabolic characteristics (decreased
HOMA-IR, fasting plasma glucose and fasting plasma insulin) as compared to the placebo
group. Very interesting, the authors observed for the first time a statistically significant
reduction in serum cortisol level in human subjects treated with Curserin®. In another
study, Mirhafez S.R. et al. [196] investigated the therapeutic properties of lower doses of
phospholipid formulation of curcumin on the lipid profile, hepatic enzymes and hepatic
fat mass in patients with NAFLD in a randomized controlled clinical trial. Patients in
the treated group received curcumin phytosome in a dose of 250 mg/day (Meriva, In-
dena SpA, Milan, Italy) for 2 months. The results show that AST levels in the serum
of the phytosome-treated group were significantly lower, as well as the NAFLD grade,
compared to the placebo group.

Berberine phytosome formulation (Indena SpA, Milan, Italy), containing berberine
extract (28–34%), in combination with sunflower lecithin, pea protein and grape seed extract,
was used in a recent pilot study to evaluate their possible beneficial effects in polycystic
ovary syndrome (PCOS), a medical condition associated with insulin resistance. A group of
12 normal and overweight women received two daily oral doses of 550 mg berberine tablets
for 60 days. The treatment determined the normalization of (i) the glycemic and insulin
profiles, measured as decreased HOMA-IR index, insulin and glycemia; (ii) lipid profile,
evidenced as a lowering of VLDL-C and TG levels and (iii) inflammatory status measured
as a decrease in TNFα and CRP levels in the plasma. In addition, the authors observed the
redistribution of adipose tissue with the reduction in the visceral fat and fat mass, without
any changes in the diet [187]. Importantly, the tested product was well-tolerated, with no
modifications in safety blood parameters as AST, ALT, gamma–glutamyl-transferase or
bowel discomfort, the lack of side effects being very important, permitting the long-term
use of berberine.

4.5. Metabolic Syndrome

The metabolic syndrome represents a condition including a cluster of risk factors that
contribute to the inception and progression of cardiovascular diseases. The risk factors
are dyslipidemia (high TC, LDL-C and TG levels, low HDL-C levels), abdominal obesity,
impaired fasting glucose/insulin resistance and high blood pressure. Among the induced
diseases, obesity is a complex disorder involving the excessive accumulation of fat in
the body. It is the most common disorder worldwide, which leads to many complications
such as DM, stroke and CVD. The above complications represent the leading causes of
mortality worldwide [197]. The treatment of obesity is mostly based on equalizing calorie
ingestion and energy consumption. Several natural compounds are used for the treatment
of obesity.

4.5.1. Preclinical Studies

Callistemon citrinus has been described as antimicrobial, anti-inflammatory, anti-
obesogenic, antioxidant and hepatoprotective [198,199]. The main bioactive components
are terpenoids, phenolic acids and flavonoids (including eucalyptine, blumenol, gal-
lic acid and protocatechuic acid) which have low oral bioavailability and absorption.
The group of Ortega-Pérez L.G. et al. [200] prepared Callistemon citrinus leaf extract in
phyto-phospholipid complexes aiming to use them (doses range 50–200 mg extract/kg)
for weight gain prevention in Wistar rats fed with a hypercaloric diet. They obtained
phytosomes with the C. citrinus extract of a small size, high entrapment efficiency, im-
proved oral bioavailability and enhanced stability at 20 ◦C (over three months) [201,202].
The phytosomes and unformulated C. citrinus extract exhibited similar inhibitory activity
against the free radicals assessed by 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) methods, and the ability to reduce
ferric to ferrous ions. In addition, both products reduced excessive weight in the obese
rats. The administration of C. citrinus phytosomes, even in low doses, further reduced the
adiposity index and TG levels in obese rats, compared to the unformulated extract [200].
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Soybean (Glycine max) is known to influence body weight due to its content of saponin,
proteins and phosphatidylcholine [203,204]. The topical route to administer bioactive com-
pounds has received considerable attention because it is a non-invasive path and is charac-
terized by high bioavailability due to the direct drug delivery to the site of action, avoiding
losses along the gastrointestinal tract [205]. Thus, the group of El-Menshawe S.F. et al. [69]
investigated the anti-obesity effect of soybean extract formulated in phytosomes and
included them into a thermogel to be applied on the abdomen of experimental male al-
bino rats fed with high-fat diet in order to gain weight. Their results showed that, after
a one-month treatment, the soybean phytosomal thermogel induced a decrease in body
weight (10%), adipose tissue weight (27%) and food consumption (35%) compared to rats
receiving thermogel with unformulated soybean extract. In addition, the animals with
soybean phytosomal thermogel presented a significant decrease in plasma levels of TC, TG,
LDL-C and VLDL-C, evidencing a slight systemic action of the formulated extract included
in thermogel. Moreover, the animals treated with soybean phytosomal thermogel have
shown a decreased size in the adipose cells in the epididymal adipose tissue, compared
to the crude soy thermogel group [69]. Therefore, topical phytosomal application of plant
extracts could be considered a promising formulation for future treatments.

4.5.2. Clinical Studies

The phyto-phospholipid formulation of curcumin was tested in human subjects diag-
nosed with metabolic syndrome to evaluate its ability to increase the vitamins levels, such
as vitamin E. Thus, the group of Mohammadi A. et al. [206] conducted a study that involved
120 subjects with metabolic syndrome, part of them receiving unformulated curcumin,
the others receiving lecithinized curcumin for 6 weeks in a dose of 200 mg active sub-
stance/day. The results evidenced that neither unformulated curcumin, nor the lecithinized
form, have an effect on serum levels of vitamin E, suggesting that the antioxidant prop-
erties of curcumin are not driven on vitamins, but on the modulatory effects exerted
on the antioxidant enzymes which further induce anti-inflammatory effects discussed in
Section 4.1.2.

The group of Rondanelli M. et al. [156] evaluated the effect of bergamot phytocon-
stituents formulated in phytosomes (Bergamot Phytosome, Vazguard, Indena SpA) on
visceral adipose tissue, as an indicator for the metabolic syndrome, DM and CVD [207,208]
in overweight and obese class I subjects. After one month of treatment with bergamot
phytosomes, the subjects showed a significant reduction in visceral adipose tissue com-
pared to the placebo group [156]. These results are of interest because visceral adipose
tissue is considered an endocrine organ able to influence the function of other organs such
as liver, heart or blood vessels. Beside the lipid-lowering effects of bergamot formulated
in phytosomes described in Section 4.2.2, its action as bodyweight regulator increases its
therapeutic potential.

The capacity to induce weight loss of Greenselect Phytosome, a green tea extract
devoid of caffeine and formulated in lecithin to improve the absorption of catechins, was
evaluated in a single blind, controlled study on 50 asymptomatic subjects with borderline
metabolic syndrome factors and with increased plasma oxidative stress. A group of
50 similar volunteers who took the blank formulation was considered as control group.
Greenselect Phytosome in the form of coated tablets (150 mg/tablet) was administered for
24 weeks, and the results show that the phytosome formulation promoted weight loss (8%),
reduced waist circumference (6%) and decreased the value of plasma free radicals by 33%,
as compared to the control group [83]. This study confirms the efficacy of green tea extract
formulated in phytosomes in inducing weight loss.

4.6. Cardiovascular Disorders

CVD represent the main cause of morbidity and mortality worldwide, and hyperc-
holesterolemia, hypertension, obesity, left ventricular hypertrophy or DM represent com-
mon CVD risk factors [209]. CVD includes disorders such as heart failure, myocardial
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infarction (MI), pulmonary embolism and stroke [210]. The molecular mechanisms of
CVD development have been extensively investigated in recent decades, the oxidative and
inflammatory stress being identified as important players in the advancement of these
disorders. Although important progresses were made, some of the current pharmacological
therapies used for CVD treatment (including statins, antihypertensive, antithrombotic
and anti-coagulation agents) present important side effects, the compliance of patients
to the therapy being sometimes reduced. In the last decade, natural products based on
concentrated mixtures of bioactive compounds with low side effects compared to pharma-
cological therapies were developed and experimentally evaluated in order to evaluate their
potential to ameliorate CVD effects.

4.6.1. Preclinical Studies

Gymnema sylvestre has been reported as possessing antioxidant, hypolipidemic and
antidiabetic properties, which have been attributed to its bioactive compounds, such as
triterpene glycoside named gymnemic acid [211,212]. The cardioprotective potential of
phospholipid–gymnemic acid complexes was evaluated in a rat model of cardiomyopathy
induced by doxorubicin (30 mg/kg/i.p./single dose). Pre-treatment with gymnemic acid
phytosomes (50 and 100 mg/Kg/p.o./day) for 30 days significantly reduced the cardiac
toxicity induced by doxorubicin, including improvement in hemodynamic parameters and
the ratio of heart weight to body weight. Moreover, the phytosome treatment decreased
the concentration of Ca2+ and lactate dehydrogenase (LDH) in serum, as well as the levels
of caspase-3 and TBARS in myocardium, compared to the untreated group. In addition,
the gymnemic acid formulated in phytosomes increased the levels of Na+/K+ ATPase and
antioxidant enzymes SOD, CAT and GPx, as compared to the pathogenic control group.
The anti-apoptotic effect of phytosomes with gymnemic acid was confirmed by prevention
of inter-nucleosomal DNA laddering on agarose gel electrophoresis [213].

The extracts from the leaves of Ginkgo biloba have been found to possess cardioprotec-
tive, antioxidant, hepatoprotective and antidiabetic properties [214,215]. The antioxidant
and cardioprotective effects of Ginkgo biloba phytosomes (Ginkoselect Phytosome®, Indena)
were investigated in rats with isoproterenol-induced cardiotoxicity (85 mg/kg). The oral
treatment with phytosomes (100 mg and 200 mg/kg) for 21 days lowered the serum levels
of AST, LDH and creatine phosphokinase (CPK) as markers of myocardial injury. Moreover,
the levels of lipid peroxides decreased and those of GSH, SOD, CAT, GPx and GR increased
in the myocardium of treated rats compared to untreated animals [216]. In addition to
the hypoglycemic, hypolipidemic, immunomodulatory and hepatoprotective effects of
Ocimum sanctum (Tulsi), good cardioprotective activity due to its antioxidant activity was
reported [217–219]. The constituents of O. sanctum, such as flavonoids (orientin, vicenin),
phenolic compounds (eugenol, cirsilineol, apigenin) and anthocyanins, have been shown
to scavenge lipid peroxides [220]. The cardioprotective activity of Ginkoselect Phytosome®

supplemented with O. sanctum leaf extract was tested in isoproterenol-induced myocardial
necrosis in rats. The results show that the co-administration of phytosomes (100 mg/kg)
and extract (50 and 75 mg/kg) for 30 days to rats with myocardial necrosis induces the
decrease in serum enzymatic markers of stressed myocardium (AST, LDH and CPK) and
reduced the level of myocardial MDA, as a lipid peroxidation marker. A significant restora-
tion of isoproterenol-affected activities and levels of AST, LDH, CPK, GSH, SOD, CAT,
GPx and GR in the hearts of treated rats was measured, the most effective combination
being 100 mg/kg phytosomes plus 75 mg/kg extract. The combined treatment failed to
enhance the cardioprotective activity of either herbs when used individually [221]. Thus, it
was demonstrated that phytosome formulation and combination with O. sanctum extract
augmented the cardioprotective and antioxidant properties of individual ingredients.

Withania somnifera, known as Ashwagandha, has medicinal potential as an anti-
inflammatory, anti-platelet, antihypertensive, hypoglycemic and hypolipidemic agent.
Phytosomal complexes of W. somnifera root extract have been developed as NMITLI-101,
NMITLI-118 and NMITLI-128 products (CSIR, New Delhi, India). To test the neuro-

24



Int. J. Mol. Sci. 2024, 25, 4162

protective potential against experimental stroke, a study was conducted on a middle
cerebral artery occlusion (MCAO) model in rats. The phytosomal complex NMITLI118RT+
was orally administrated at the dose of 85 mg/kg, 1 h prior to ischemia and 6 h post
reperfusion. The results evidence a reduction in the neurological deficit score (over 60%)
and decrease in the infarct size (over 50%), along with a 35% reduction in MDA levels and
over 50% increased of GSH level [222].

Carthamus tinctorius, known as safflower, has been widely used for the treatment
of cardio-cerebrovascular diseases, particularly cerebral infarction or cerebral ischemia-
reperfusion (CIR) injury [223,224]. The effect of safflower extract–phospholipid complexes
delivered via nasal route was tested on a rat model of MCAO and compared to the effect
of unformulated extract. The therapeutic effect of phytosomes was more effective on
cerebral infarction and acts by improving the blood circulation in the central nervous
system, reducing the inflammatory reaction and inhibiting apoptosis. The mechanism
responsible for these beneficial effects involves the caspase 3-mediated TNF-α/MAPK
signaling pathway [68]. This study provides additional proof that the formulation of plant
extracts in phytosomes increases their therapeutic potential.

Silybin is obtained from silymarin and is used as hepatoprotective agent [225], but its
water solubility is poor and requires frequent administration [226]. The mechanisms by
which silybin–phosphatidylcholine phytosomes reduce liver damage include the diminu-
tion in oxidative stress, lipid peroxidation and collagen accumulation in animal mod-
els [227]. The neuroprotective action of the silybin phytosomes (20 mg/kg per oral) against
CIR injury was investigated in Wistar rats by the group of Pasala P.K. et al. [228]. The CIR
injury was induced after 14 days of silybin pre-treatment by occlusion of bilateral com-
mon carotid arteries for 30 min followed by 4 h of reperfusion. Phytosomes treatment
significantly increases SOD and GSH levels, and decreases MDA, TNFα and IL-6 lev-
els in the hippocampus and cortex of treated CIR-injured rats. Histopathological studies
confirmed the beneficial effects of phytosomes treatment by the alleviation of cortex cell
death. In silico studies for proteins (TNFα, IL-6) involved in cerebral ischemia revealed
that phytosomes exhibit strong binding interaction with them compared to thalidomide
(positive control). Silybin formulation in phytosome increases its bioavailability and im-
proves its beneficial actions compared to treatment with silybin alone [228]. These data
confirm the enhancement of the therapeutic properties of bioactive compounds through
their formulation in phytosomes.

The phytosomes containing extracts of ginger rhizome and mulberry fruit have been
shown to decrease oxidative stress and inflammation [229]. The neuroprotective effect
against ischemic stroke of phytosomes with ginger and mulberry fruit extracts was studied
in male Wistar rats with metabolic syndrome induced by high-carbohydrate high-fat diet.
Various doses of phytosomes (50–200 mg/kg) have been administered for 21 days before
and 14 days after occlusion of the right middle cerebral artery. The results evidence that
phytosomes treatment significantly enhanced memory, decreased acetylcholinesterase
(AChE), IL-6 and MDA levels, and increased SOD, CAT and GPx levels, neuron density
and phosphorylation of extracellular signal-regulated kinase (ERK). These data suggest
the cognitive enhancing effect of phytosomes. The possible underlying mechanisms may
occur partly via the improvement in cholinergic function via the ERK pathway, together
with the decrease in neurodegeneration induced by the reduction in oxidative stress and
inflammation [230]. In another study, phytosomes with ginger and mulberry fruit extracts
significantly improved brain infarction, brain edema and neurological deficit score. In
addition, the reduction in DNA-methyltransferase 1 (DNMT-1), NF-κB, TNFα and CRP,
together with the increased activity of the aforementioned antioxidant enzymes and PPARγ
expression in the lesioned brain, were also measured. The possible underlying mechanism
may occur partly via the suppression of DNMT-1, giving rise to the improvement in
the signal transduction via PPARγ, resulting in the decrease in inflammation and oxidative
stress [231].

25



Int. J. Mol. Sci. 2024, 25, 4162

L-Carnosine and Aloe vera are food supplements used to enhance the exercise per-
formance of athletes and to manage DM based on their potential to scavenge free radical
and to exert anti-inflammatory activities [232–235]. It was demonstrated that nanophyto-
somes with L-carnosine/Aloe vera (25:1 w/w ratio) protect human umbilical vein endothe-
lial cells (HUVECs) against methylglyoxal-induced toxicity following 24–72 h exposure.
Nanophytosome-treated HUVECs (500 µg/mL) exhibited a greater ability in free radical
scavenging, NO synthesis, tube formation, wound healing and trans-well migration com-
pared to cells treated with unformulated constituents. The proangiogenic effects of the
nanophytosomes have been confirmed by the enhanced gene expression of the following
proangiogenic proteins: hypoxia-inducible factor 1-alpha (HIF-1α), vascular endothelial
growth factor A (VEGF-A), basic fibroblast growth factor (bFGF), vascular endothelial
growth factor (VEGF) receptor 2 (KDR) and angiotensin II (Ang II) [236]. These data em-
power the dual L-carnosine/Aloe vera nanophytosomes as potential therapy to attenuate
the T2DM-associated microvascular complications with a reduced angiogenesis.

The Rauvolfia serpentina root extract contains bioactive compounds, such as flavonoids,
N-containing indole alkaloids and phenols, and is effective in the treatment of diseases con-
nected with the central nervous system, such as hypertension, insomnia and epilepsy [237].
The constituents such as reserpine, ajamlicine, serpentine, ajmaline deserpidine and yohim-
bine alkaloids are responsible for its anti-hypertensive properties [238,239]. The nanofor-
mulation of the R. serpentina crude extract shows a lower potential to block the angiotensin-
converting enzyme compared to the unformulated extract (73.99% versus 83.11%) at
5 mg/mL concentration, but was non-hemolytic compared to the extract that shows 4.31%
hemolysis, as was demonstrated on human erythrocytes [240]. Thus, the formulation in
phytosomes made the R. serpentine extract safer, despite the 10% diminution in its efficacy.

4.6.2. Clinical Studies

Coenzyme Q10 (CoQ10) is able to prevent the injuries induced by free radicals
and inflammatory processes, but it is known as having low bioavailability [241,242].
The formulation of coenzyme Q10 into phytosomes increased its bioavailability by three
times versus standard pharmaceutical formulations and opened new opportunities for
using it in clinical practice [242]. The effects of acute and chronic supplementation with
CoQ10 phytosome on the endothelial reactivity and total antioxidant capacity were eval-
uated in a clinical study conducted in 20 healthy young non-smoking subjects. They
received 150 mg CoQ10 phytosome (equivalent to 30 mg CoQ10; Ubiqsome®, Indena SpA)
or placebo pills, once daily for the chronic group, and a double dose for the acute group.
CoQ10 phytosome improved endothelial reactivity, mean arterial pressure and total antiox-
idant capacity compared to baseline or placebo [243]. Further clinical studies are needed to
strengthen the therapeutic potential of CoQ10 formulated into phytosomes and to expand
the pathologies that can be addressed with this treatment.

The confirmed beneficial effects of bioactive compounds formulated in phytosomes to
improve the MD outcomes are schematically summarized in Figure 4.

The preclinical and clinical studies that evaluated the therapeutic potential of phyto-
somes and their mechanisms of action are summarized in Table 4.
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downwards arrow (↓) represents decreases.

5. Final Discussion

The phytosome formulation can save and amplify the therapeutic potential of phyto-
chemicals, being a very promising delivery system that ensures the entrapment capacity
and biocompatibility in safe conditions. In the present review, we documented and high-
lighted the studies which demonstrate the improved therapeutic qualities of the bioactive
compounds formulated in phytosomes. They can be used to counteract risk factors that
induce metabolic disorders, or to treat as complementary therapy the already installed dis-
eases. Many products based on phytosome formulation of bioactive compounds have been
prepared in the last two decades and proved the in vitro and in vivo enhanced bioavailabil-
ity of the carried phytochemicals, which consequently manifested the enhanced therapeutic
effects of the phytoconstituents.

The most investigated bioactive compounds formulated in phytosomes for their benefi-
cial effects in the treatment of MD are curcumin, silymarin, ginkgo biloba extract, berberine
and ginger extract. Their mechanisms of action involve the upregulation of antioxidant
enzymes SOD, CAT and the GSH system, the increase in anti-inflammatory Nrf2 and
NRLP3, the decrease in the pro-inflammatory cytokines, the induction of M2 macrophages,
lipid-lowering effects, increase in glucose uptake, reduction in hepatic transaminases and
regeneration of the liver tissue, all of which are associated with the decrease of visceral fat,
improvement in the hemodynamic parameters, angiogenesis and significant recovery of
infarcted tissues (Figure 4).

Remarkably, almost all reviewed studies demonstrate a good tolerability of the phy-
tosome formulation. Many of them show significantly improved effects compared to
the unformulated compounds or extracts, especially for those addressed to oxidative and
inflammatory stress, hepatic disorders, dyslipidemia and CVD. Great care must be taken in
future studies to establish the correct administered doses and the concentration of active
principles when comparing the effects of compounds formulated in phytosomes with those
unformulated. It is very important to verify the possible harmful effect of a high ratio of
phospholipids, which may become a potential source of lipid peroxides.

The results obtained so far in human subjects are promising. It is mandatory to extend
such studies on larger cohorts of subjects or patients or for longer periods of time. Thus,
additional clinical trials are necessary, but with improved and standardized study design,
with very well characterized formulations of the phytosomes in terms of concentration of
the active compounds and deliverable doses. The encouraging results obtained following
the use of phytosomes should stimulate scientists to further develop improved formulations
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of delivery for natural bioactive compounds to ensure their increased bioavailability and
improve compliance of patients at risk for MD.

6. Conclusions

Many bioactive compounds or plant extracts are known to exert multiple health
beneficial actions, having antioxidant, anti-inflammatory, lipid- or glucose-regulatory
properties, but their low solubility and stability restrict the application of these compounds
in therapy. In the present review, we emphasize the evidence supporting the use of
the formulation of bioactive compounds in phytosomes with the aim of increasing their
therapeutic potential. The encouraging results obtained in preclinical and clinical studies
following the use of phytosomes with bioactive compounds should stimulate scientists
to further discover and evaluate such products, and physicians to design larger trials
in order to test them. This will strengthen the confidence of physicians and patients in
the improved therapeutic effects of these phyto-phospholipid complexes. It is safe to say
that treatment with bioactive compounds formulated in phytosomes should be encouraged
as complementary therapy in MD patients, as well as in all subjects at risk.
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Abstract: This study evaluated the positive effects of autumn olive berries (AOBs) extract on delaying
aging by improving lipid metabolism in middle-aged Caenorhabditis elegans that had become obese
due to a high-glucose (GLU) diet. The total phenolic content and DPPH radical scavenging abilities
of freeze-dried AOBs (FAOBs) or spray-dried AOBs (SAOBs) were examined, and FAOBs exhibited
better antioxidant activity. HPLC analysis confirmed that catechin is the main phenolic compound
of AOBs; its content was 5.95 times higher in FAOBs than in SAOBs. Therefore, FAOBs were used
in subsequent in vivo experiments. FAOBs inhibited lipid accumulation in both the young adult
and middle-aged groups in a concentration-dependent manner under both normal and 2% GLU
conditions. Additionally, FAOBs inhibited ROS accumulation in a concentration-dependent manner
under normal and 2% GLU conditions in the middle-aged worms. In particular, FAOB also increased
body bending and egg production in middle-aged worms. To confirm the intervention of genetic
factors related to lipid metabolism from the effects of FAOB, body lipid accumulation was confirmed
using worms deficient in the daf-16, atgl-1, aak-1, and akt-1 genes. Regarding the effect of FAOB on
reducing lipid accumulation, the impact was nullified in daf-16-deficient worms under the 2% GLU
condition, and nullified in both the daf-16- and atgl-1-deficient worms under fasting conditions. In
conclusion, FAOB mediated daf-16 and atgl-1 to regulate lipogenesis and lipolysis in middle-aged
worms. Our findings suggest that FAOB improves lipid metabolism in metabolically impaired
middle-aged worms, contributing to its age-delaying effect.

Keywords: autumn olive (Elaeagnus umbellata Thunb.); middle-aged C. elegans; lipid metabolism;
delaying aging

1. Introduction

The prevalence of obesity is increasing at an alarming rate worldwide, especially in
recent decades [1]. The rise in obesity is also associated with an increased incidence of
significant health risk factors and diseases, including insulin resistance, type 2 diabetes, non-
alcoholic fatty liver disease, atherosclerosis, and certain cancers [2]. Obesity is influenced
by the processes of lipogenesis and lipolysis [3,4]. Caenorhabditis elegans is considered an
excellent multicellular organism model for studying the mechanisms of aging because it
has a short lifespan, rapid progeny reproduction, and well-defined genetic pathways [5].
Furthermore, molecular pathways involved in energy metabolism in mammals, including
humans, are strongly conserved in C. elegans [6]. Dietary glucose influences physiological
and molecular processes in C. elegans, making it a valuable model for understanding human
hyperglycemia and obesity. It has been reported that high-glucose diets (HGD) result in
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lipid accumulation, alter membrane fluidity, affect lifespan and progeny, and increase
cellular levels of reactive oxygen species (ROS) and protein glycosylation [7,8].

Indeed, middle-aged people who have maintained unhealthy eating habits are suscep-
tible to a variety of negative health outcomes [9]. Obesity in middle age is more sensitive to
arteriosclerosis than obesity in youth [10]. In particular, in the case of middle-aged women
who have reached menopause, abdominal and hepatic fat accumulation as well as waist
circumference increase due to changes in hormonal and metabolic profiles. Middle-aged
women with metabolic disturbances have an increased risk of cardiovascular disease and
acute coronary artery disease due to excessive production of very low-density lipoprotein
(VLDL), and even have a poorer prognosis than men [11]. However, although there are
many reports of short-term diet effects with test periods set to days or weeks in in vivo
studies, few studies have experimentally investigated accumulating dietary effects over
middle age.

Autumn olive (Elaeagnus umbellata Thunb.) is one of the wild spiny branched shrubs,
and is a plant in the Elaeagnaceae family that is native to Asia [10,11]. Autumn olive
berries (AOBs) mature between September and November to an edible dark red color,
and are sweet, sour, and juicy [12–14]. AOBs are known to contain a lot of catechins,
lutein, gallic acid, caffeic acid, phytoene, phytofluene, β-cryptoxanthin, β-carotene, and
α-cryptoxanthin [15,16]. Phytochemicals in AOBs, and particularly catechins, have been
reported to exhibit antidiabetic effects by regulating glucose levels [17–19]. On the other
hand, there are few studies on their anti-obesity effects related to lipid metabolism. Multiple
reports explained that catechins are the main compounds of AOBs; meanwhile, such cate-
chins are well-known compounds that have anti-obesity effects [20]. Thus, we hypothesized
that catechins of AOBs might show an inhibitory effect on lipid accumulation.

In this experiment, AOBs were prepared for use as the main ingredients for powdered
tea, and the following were investigated. First, we assessed the effect of AOBs on lipid
accumulation in nematodes fed a high-glucose diet by middle age. Second, we evaluated
the effect of autumn olive berries on menopausal symptoms (reduced behavior, decreased
fertility, ROS accumulation) in middle age. Finally, we studied whether the autumn
olive berries effect was affected by the intervention of lipid metabolism (lipogenesis and
lipolysis)-related genetic factors.

2. Results
2.1. Confirmation of the Antioxidant Activity and Polyphenol Contents of FAOBs and SAOBs

The total phenolic contents (TPC) of freeze-dried AOBs (FAOBs) and spray-dried AOBs
(SAOBs) were 258.23 ± 1.00 mg GAE/100 g and 63.02 ± 2.00 mg GAE/100 g, respectively
(Table 1). The DPPH scavenging capacity of FAOB and SAOB were 3842.23 ± 294.91 mg
AA/100 g and 3151.78 ± 395.08 mg AA/100 g, respectively (Table 1).

Table 1. TPC and DPPH values of freeze-dried AOBs (FAOBs) and spray-dried AOBs (SAOBs).

Samples TPC (mg GAE/100 g) DPPH (mg AA/100 g)

FAOB 258.23 ± 1.00 3842.23 ± 294.91
SAOB 63.02 ± 2.00 3151.78 ± 395.08

p-value * 0.05 0.03
TPC: total phenolic contents, GAE: gallic acid equivalent, and AA: ascorbic acid. All values represent the
means ± SDs of three separate experiments. *: Statistical analyses were performed using Student’s t-test (unpaired
and two-tailed).

2.2. Catechin Identification

The HPLC chromatograms of FAOB and SAOB are shown in Figure 1. The results show
that catechin was the key compound of FAOB. Interestingly, the catechin peak appeared
high in FAOB and low in SAOB. The SAOB results almost coincided with the chromatogram
of methanol used as the mobile phase. Quantification of catechin in FAOB and SAOB
showed that they contained 154.02 ± 5.29 and 27.53 ± 3.05 mg/100 g, respectively (Table 2).
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There were statistically significant differences in the catechin content of FAOB and SAOB
(p-value = 0.002), suggesting that differences in the physiological activities of FAOB and
SAOB might be attributed to the catechin content. Based on the previously indicated
polyphenol and catechin contents and antioxidant capacity results, we considered that
FAOB has more potential, and thus decided to use FAOB for further experiments.

Figure 1. HPLC chromatograms of freeze-dried AOB (FAOB) and spray-dried AOB (SAOB).
(A) HPLC chromatograms of catechin and two AOB extract samples. (B) Respective DAD spec-
tra of the peaks with the same retention time. The red dotted line on the HPLC chromatogram
represents the same retention time.

Table 2. Catechin contents of freeze-dried AOB (FAOB) and spray-dried AOB (SAOB).

Samples Catechin (mg/100 g)

FAOB 154.02 ± 5.29
SAOB 27.53 ± 3.05

p-value * 0.002
All values represent the means ± SDs of three separate experiments. *: Statistical analyses were performed using
Student’s t-test (unpaired and two-tailed).

2.3. Safety of FAOB in C. elegans

To determine the safe concentrations of AOB, an acute toxicity test was conducted with
different concentrations (31.25–1000 µg/mL) of AOB. As a result, various tested concentra-
tions of FAOB did not statistically show any difference in survival rates. However, survival
rates decreased by 2% and 4% at 500 and 1000 µg/mL FAOB, respectively. Thus, safe
concentrations (62.5, 125, and 250 µg/mL) of FAOB were used in subsequent experiments
(Figure 2A). Also, FAOB at 250 µg/mL did not affect the survival of nematodes compared
to the control, even under oxidative and heat stress conditions (Figure 2B,C).

2.4. FAOB Inhibits Lipid Accumulation in C. elegans

We examined the effect of AOB on fat accumulation in young and middle-aged
adult worms. AOB showed a concentration-dependent decrease in total fat accumulation
compared to the control under normal and 2% GLU diet conditions in young adult worms
(Figure 3B).

43



Int. J. Mol. Sci. 2024, 25, 3418

Figure 2. Safety of FAOB under various conditions. (A) The effect of AOB at different concentrations
(31.25–1000 µg/mL) under normal conditions (50 worms were used in each group). The effect of
FAOB at 250 µg/mL under (B) oxidative stress and (C) heat stress (n = 3 plates and 10 randomly
selected worms were used).

Figure 3. Inhibitory effect of AOB on lipid accumulation. (A) Images of stored body fat in young-
aged and middle-aged worms under normal and 2% GLU conditions. Quantification results of total
lipids in (B) young adult and (C) middle-aged worms under normal and 2% GLU dietary conditions.
(D) Triglyceride (TG) contents of middle-aged worms under normal and 2% GLU conditions. Bars
represent the means ± SDs of three separate experiments (for ORO assay, n = 3 plates and 10 randomly
selected worms were used. More than 2000 worms were used in each group for TG assay). Different
letters above the bars mean statistically significant differences (p < 0.05). “-” means untreated, and
“+” means treated.

The inhibitory effect of FAOB on total fat accumulation was also confirmed in middle-
aged worms (Figure 3C). Also, the triglyceride (TG) content in the AOB-treated group
was reduced compared to the control under normal and 2% GLU diet conditions in the
middle-aged group (Figure 3D).

2.5. AOB Reduces Reactive Oxygen Species (ROS) Accumulation in Middle-Aged C. elegans

ROS are metabolites that cause aging, and it has been reported in previous studies
that a high-GLU diet causes ROS accumulation [21]. FAOB exhibited a reduction effect on
ROS production in both young and middle-aged worms (Figure 4).
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Figure 4. Inhibitory effect of FAOB on reactive oxygen species (ROS) accumulation. (A) Images of
produced body ROS in middle-aged worms under normal and 2% GLU conditions. (B) Quantification
results of ROS contents in middle-aged worms under normal and 2% GLU dietary conditions. Bars
represent the means ± SDs of three separate experiments (n = 3 plates and 10 randomly selected
worms were used). Different letters above the bars mean statistically significant differences (p < 0.05).
“-” means untreated, and “+” means treated.

2.6. FAOB Exhibits an Age-Delaying Effect in C. elegans

In aging studies using nematodes, behavioral changes and offspring production ability
are identified as biomarkers [22]. In our results, FAOB increased locomotion ability and
fertility that were reduced by aging (Figure 5).

Figure 5. Age-delaying effects of AOB. (A) Bending and (B) reproduction abilities. Bars represent the
means ± SDs of three separate experiments (n = 3 plates and 10 randomly selected worms were used).
(A) Statistical analyses were performed using Student’s t-test (unpaired and two tailed). *** p < 0.001,
(B) Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test.
Different letters above the bars mean statistically significant differences (p < 0.05).
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2.7. FAOB Regulates Lipid Accumulation by Daf-16 under 2% GLU Dietary Conditions

To investigate whether AOB regulates lipid metabolism in middle-aged worms under
GLU feeding conditions, the total fat contents were analyzed using N2, daf-16, aak-1, akt-1,
and atgl-1 knockdown worms. Although body fat reduction was found in the FAOB-
treated group in wild-type N2 worms, such an effect of FAOB was not seen in daf-16 worms
(Figure 6). Other worm strains had statistically reduced body fat by FAOB treatment,
similar to N2. This means that the inhibitory effect of FAOB on body fat accumulation from
a GLU diet depends on daf-16.

Figure 6. The effect of FAOB on lipid levels alters depending on lipid metabolism-related factors
under 2% GLU dietary conditions. (A) Images of stored body fat in various worm strains under
2% GLU conditions. (B) Quantification results of total lipids in various worm strains under 2%
GLU conditions. Bars represent the means ± SDs of three separate experiments (n = 3 plates and
10 randomly selected worms were used). Different letters above the bars mean statistically significant
differences (p < 0.05). “-” means untreated, and “+” means treated.

2.8. FAOB Is Involved in Lipolysis Signaling Pathway under Fasting Conditions

To investigate whether FAOB is involved in lipolysis in middle-aged worms during
fasting, the total fat contents were analyzed using N2, daf-16, aak-1, akt-1, and atgl-1
knockdown worms. Body fat reduction was found in the FAOB treatment group compared
to the control in wild-type N2 worms under fasting conditions (Figure 7). This effect of
FAOB has not been seen in daf-16 and atgl-1 worms (Figure 7). In other worm strains, the
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body fat was statistically reduced by FAOB treatment, similarly to N2. Daf-16 and atgl-1
are factors involved in lipolysis signaling, and our results indicate that FAOB depends on
daf-16 and atgl-1 to intervene in lipolysis.

Figure 7. The effect of AOB on lipolysis alters depending on lipid metabolism-related factors under
fasting conditions. (A) Images of stored body fat in various worm strains under fasting conditions.
(B) Quantification results of total lipids in various worm strains under fasting conditions. Bars
represent the means ± SDs of three separate experiments (n = 3 plates and 10 randomly selected
worms were used). Different letters above the bars mean statistically significant differences (p < 0.05).
“-” means untreated, and “+” means treated.

3. Discussion

AOB is a red fruit that is reported to contain high levels of bioactive compounds such as
carotenoids, organic acids, cinnamic acids, benzoic acids, flavonols, anthocyanins, tannins,
and catechins [15–17]. We noted phenolic compounds among the bioactive substances in
AOBs. Phenolic substances reported to be present in AOBs, including catechins, caffeic
acid, chlorogenic acid, gallic acid, quercetin, and lutein, were used as reference compounds
for the HPLC analysis. As a result, catechin was detected as the single main substance of
AOBs we used, and the catechin content of FAOB was 5.95-fold higher than that of SAOB
(Figure 1, Table 2). It has been reported that the phenolic contents and antioxidant activity
of AOBs depend on the drying temperature during oven drying [15]. AOB was reported to
have different contents of sugars, organic acids, and proteins depending on maturity [23].
Also, the content of minerals and organic acids differed depending on the presence or
absence of the berry peels of Ellaegnus angustifolia L. [24]. In addition to AOB-related
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research, many studies have demonstrated that plant materials differ in their internal
and external quality factors and potency as a result of their cultivation characteristics and
post-harvest management [22,25]. On the other hand, plant extracts used in many studies
are extracted using alcoholic solvents to obtain phenolic substances [26]; however, we
performed water extraction because we intended to utilize AOB as a tea product. Taken
together, it is sufficiently predictable that different pretreatment variables (post-harvest
quality control, extraction, drying, and processing methods) of AOBs induce changes in
their functionality. Therefore, further research is needed on the relationship between the
composition profile and bioactivity of AOBs under different pretreatment conditions.

Catechins, widely recognized as the main functional components of tea and wine,
include catechin, epicatechin, epigallocatechin (EGC), epicatechin-3-gallate (ECG),
epigallocatechin-3-gallate (EGCG), and gallocatechin gallate (GCG) [27]. Catechins exhibit
anti-cancer, anti-obesity, anti-diabetic, anti-cardiovascular, anti-infection, liver-protective,
and nerve-protective properties [28,29]. In particular, catechin has antioxidant activity
that scavenges ROS and at the same time can positively regulate lipid metabolism [28–30].
Therefore, it is believed that AOBs containing catechin as the abundant ingredient have the
potential to effectively prevent obesity and related chronic degenerative diseases.

Lipid metabolism disorders and aging show close associations [21]. In particular,
increased lipotoxicity under specific conditions, such as aging, may contribute to a variety
of age-related diseases, including cardiovascular disease, cancer, arthritis, type 2 diabetes,
and Alzheimer’s disease [21,31–35]. Recent studies have described the mechanisms of
changes in lipolysis during aging [36,37]. However, although they can explain system-level
changes in lipid metabolism, how these changes influence aging and aging-related diseases
has not been verified [31]. Our results showed that during obesity induction with a high-
GLU diet, middle-aged and young worms accumulated 20% and 40% lipid, respectively
(Figure 3). It has been verified that more lipids accumulate with age when given the same
high-GLU diet over the same period.

There is an opinion that obesity, especially in middle age, can be caused not only by
changes in the metabolic system, but also by a decrease in physical activity [38]. In the
present study, day 7 worms were observed to experience a decline of more than 50% in
physical activity compared to day 1 worms (Figure 5A). This result is consistent with the
view that there is a decline in behavior in middle age that may lead to obesity. However,
further research is required, as we have not confirmed whether the metabolic system at the
molecular level has changed.

Lipid metabolism is regulated by lipid synthesis (lipogenesis) and lipid degradation
(lipolysis and beta-oxidation) [4,5]. These processes are intertwined at the molecular level
and require a logical understanding to gain insight. Crucial in lipid metabolism is the
working of daf-16/FOXO and atgl-1/ATGL [39–41]. In particular, FOXO is a key transcrip-
tion factor in lipid metabolism that controls the balance of lipogenesis and lipolysis by
downregulating ATGL, and is involved in lipid accumulation in mammals [41]. However,
there are only a few reports on the interaction between daf-16/FOXO and atgl-1/ATGL in
C. elegans.

We prepared worms under a high-GLU diet or fasting conditions to clearly define the
role of daf-16 and atgl-1 concerning the FAOB effect. As a result of FAOB administration, it
was confirmed that the effect seen in wild-type worms disappeared in daf-16 knockdown
worms under both GLU feeding and fasting conditions (Figures 6 and 7). This indicates
that FAOB is dependent on daf-16 related to lipogenesis and lipolysis. In addition, the
effect of FAOB seen in N2 was lost in atgl-1 knockdown worms under fasting conditions,
indicating that FAOB cooperates with atgl-1 under certain lipolytic conditions such as
fasting. Previous studies have shown that daf-16 and atgl-1 can be regulated by akt-
1/AKT and aak-1/AMPK [42–45]. However, our results confirmed that the FAOB effect is
dependent on daf-16 and atgl-1, but is not related to akt-1 and aak-1 (Figures 6 and 7). In
other words, this suggests that FAOB acts directly on daf-16 or atgl-1, rather than daf-16
and atgl-1 being involved by regulating the upstream factors akt-1 or aak-1. Although
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daf-16 is upstream of atgl-1, further gene expression analysis is needed to clarify their
upper and lower relationships for the effects of FAOB.

4. Materials and Methods
4.1. Preparation of AOB Extracts

The AOB samples used in this study were provided by NutriAdvisor (Seong-Nam,
Gyeonggi-do, Republic of Korea). AOBs were grown in Hapcheon, Gyeongsangsam-do,
Korea, and mature fruits were purchased in fresh condition and immediately freeze-dried
or spray-dried. FAOBs were dried in a vacuum at −20 ◦C for 72 h with a freeze dryer
(Ilshin Lab. Co., Gyeonggi-do, Republic of Korea). SAOBs were produced using a spray
dryer (Fisher Scientific, Vernon Hills, IL, USA). The spray drying conditions were set to an
injection temperature of 150 ◦C, an emission temperature of 100 ◦C, and a rotation speed
of 14,000 rpm. Since the AOB samples were prepared for use as the main material for the
tea powder, they were extracted under reflux at 80 ◦C with 100% distilled water (1:10 w/v)
without using an organic solvent. After that, the extracts were evaporated to remove the
solvent, and then made into powder. AOB samples were dissolved in DMSO to prepare a
15 mg/mL stock solution, and were stored at −80 ◦C and then diluted fresh in distilled
water to an appropriate concentration right before the experiment.

4.2. Reagents

All of the reagents used in our studies were HPLC or molecular biology grade.
Reagents, unless otherwise specified, were obtained from Sigma Chemical Co. (St. Louis,
MO, USA).

4.3. HPLC Analysis

To profile the phenolic compounds in AOB, information on the equipment, column,
and analysis methods required for HPLC operation are presented in Table 3. The catechin
used was D-catechin (CAS no. 154-23-4), which was dissolved in distilled water immedi-
ately before analysis. The catechin contents of the AOB samples were calculated using a
catechin (5–50 µg/mL) calibration curve.

Table 3. HPLC analysis conditions.

HPLC (UltiMate 3000, Thermo Scientific, Sunnyvale, CA, USA)

Column Waters symmetry C18 column (4.6 × 150 mm, 5 µm)

Mobile phase

(A) 0.1% (v/v) aqueous phosphoric acid
(B) Acetonitrile (Duksan, Ansan-si, Gyeonggi-do, Republic of Korea)

Gradient method:
50–90% solvent B for 1 min, 90–85% solvent B for 2 min, 85–80% solvent B
for 2 min, 80–70% solvent B for 3 min, 70–30% solvent B for 3 min, and a

linear step from 30 to 10% solvent B for 9 min.
Flow rate 0.8 mL/min

Inject volume 20 µL
Detector Diode array detector (DAD)

Wavelength 280 nm

4.4. Total Phenolic Contents (TPC) of AOB

The total phenolic contents (TPC) in the AOBs were determined using the Folin–
Ciocalteu (FC) method. Simply, 700 µL of the sample (mixed with FC in a 1:1 ratio) was
combined with 700 µL of sodium carbonate and left in the dark for 1 h. The absorbance
reading was performed at 720 nm. The total phenolic contents of the sample were calculated
using the equation derived from the gallic acid standard curve. The results were expressed
as gallic acid equivalents (GAE) per one hundred grams.
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4.5. DPPH Radical Scavenging Capacity

In a simple procedure, a sample of the same volume was mixed with a DPPH solution
(0.2 mM) and left at room temperature for 30 min. Then, the reaction mixture was measured
at 517 nm using a microplate reader (SYNERGY HTX, Biotek, Santa Clara, CA, USA).

The DPPH radical-scavenging activity was calculated using the following formula:

radical scavenging activity (%) = [1 − (sample O.D./blank O.D.)] × 100

Furthermore, we determined the value of the antioxidant capacity, which was calcu-
lated using an ascorbic acid (AA) calibration curve and expressed in micrograms of AA
one hundred per gram of sample dry weight (DW).

4.6. Worm Study
4.6.1. Worm Culture

To conduct the in vivo experiments, we use C. elegans strain N2 (wild-type) and its
derivative mutant strains; daf-16 (tm5030), atgl-1 (tm12352), aak-1 (tm1944), and akt-1
(tm399) were obtained from the National BioResource Project (NBRP) of Japan.

Maintenance of the worms was applied by modifying what was recorded in the
WormBook [46] to properly conduct our experiments. All of these strains were maintained
on nematode growth medium (NGM) plates that were spread with E. coli OP50 and
maintained at a temperature of 20 ◦C throughout the entire duration of the experiment.
Age synchronization of the nematodes was achieved by separating the eggs from gravid
adults using a solution comprising 6% sodium hypochlorite (Yuhanclorox, Seoul, Republic
of Korea) and 5 M NaOH.

4.6.2. Acute Toxicity

Toxicity assessments were performed with modifications to those recorded by the Or-
ganization for Economic Co-operation and Development (OECD) (2016) [47]. Synchronized
L4 was washed twice with M9 buffer and suspended in M9 buffer containing cholesterol.
Subsequently, 1 mL of this suspension was transferred to each well of a 24-well plate
(20–30 worms per well) and combined with 10 µL of various concentrations of FAOB and
SAOB. Then, the plates were incubated at 20 ◦C for 24 h. The acute toxicity results were
quantified as percent survival after counting living worms.

4.6.3. Determination of Stress Resistance

In the context of thermal and oxidative stress analysis, 50 synchronized N2 L1 larvae
were prepared as follows: OP50 and FAOB were combined, and the mixture was seeded on
NGM plates. The worm plate was first maintained at 20 ◦C for 60 h to assess the impact of
thermal stress. Subsequently, it was incubated at 35 ◦C for 18 h. To investigate the effect
on oxidative stress, the pretreated worms were transferred to a 24-well plate containing a
100 µM juglone (5-hydroxy-1,4-naphthoquinone) solution and incubated at 20 ◦C.

4.6.4. Oil Red O Staining

The oil red O assay was modified by Kim et al. [21]. L1 worms were exposed to
different concentrations of extracts for 7 days, and cultivated worms were fixed in 4%
formaldehyde for 24 h, then dehydrated with 60% isopropanol at −70 ◦C for 15 min.
The dehydrated worms were washed three times with M9 buffer and dyed with an oil
red O solution for 3 h. The stained worms were washed with M9 buffer, then observed
under a microscope (Nikon, Seoul, Republic of Korea). The relative strength of the stained
lipid droplets in the worms was quantified using Image J software (1.8.0, Joonas Regalis
Rikkonen, Barcelona, Spain).
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4.6.5. Triglyceride (TG) Quantification Assay

The adult worms that were in culture were suspended in 500 µL of M9 buffer con-
taining a 0.05% Tween-20 solution. Then, they were homogenized on ice for 5 min using
a glass homogenizer (ALLSHENG, Hangzhou, China) to collect the pellet, which was
subsequently centrifuged at 1000× g for 5 min. The obtained supernatant was analyzed
for TG content. The TG content was measured via absorbance at 570 nm using a TG kit
(Biomax, Gyeonggi-do, Republic of Korea).

4.6.6. Reproduction and Pumping Rates

To count the number of progenies, the worms were transferred to fresh NGM plates
daily throughout their reproductive period, and eggs were left on plates to hatch. The
offspring of each worm were counted when they reached the L2 or L3 stage. The test was
performed three times.

To evaluate behavior activity, we counted the number of pharyngeal pumps on 0, 1, 5,
and 7 days. Specifically, 10 nematodes were randomly selected for each concentration and
age point, and the pumping frequency was determined three times for 20 s. This test was
conducted three times.

4.6.7. Determination of ROS Level

L1 worms were maintained in different concentrations of extracts for 7 days, and then
incubated with 100 µM H2DCF-DA in the dark for 3 h. Subsequently, the nematodes were
fixed on microscope slides using NAN3 (2%). These slides were observed using a Nikon
ECLIPS Ci fluorescence microscope. The fluorescence intensities were examined using
Image J software. An average of 10 worms per group was chosen for quantification.

4.7. Statistical Analysis

The results are presented as the means ± standard deviations (SD) of three indepen-
dent replicates. The significance of intergroup differences was determined via one-way
analysis of variance (ANOVA) followed by Tukey’s multiple range test. SPSS 27.0 was
used for all statistical analyses except lifespan. p-values < 0.05 were considered to be
significant. The survival results were analyzed with the Kaplan–Meier method, using
the OASIS application (https://sbi.postech.ac.kr/oasis/, accessed on 29 November 2023).
p-values of survival differences were determined with the log-rank test. Statistical analyses
were performed using Student’s t test (unpaired, two tailed) with at least three replicates,
unless otherwise indicated. Statistical analyses were performed in SPSS 27.0.

5. Conclusions

This study investigated the relationship between obesity and aging in midlife, and
examined the positive effects of AOB. The bio-activity of plants can vary depending on
the drying method [24,48], and FAOB showed more effective radical scavenging ability
compared to SAOB, which is believed to be because FAOB contained more polyphenols,
including catechin. In the C. elegans study, treatment with FAOB significantly reduced lipid
accumulation in both the young and the middle-aged groups. In addition, FAOB inhibited
ROS accumulation in middle-aged worms under 2% GLU conditions. Interestingly, FAOB
attenuated aging symptoms, including increasing the movement and reproductive capacity
of aged worms. To understand the inhibitory effect of FAOB on lipid accumulation at the
molecular level, we performed further investigations on the daf-16, aak-1, akt-1, and atgl-1
genes, which are related to lipid metabolism. The lipid accumulation reduction effect of
FAOB was nullified under a high-GLU condition in the daf-16 knockdown mutant. The
FAOB effect under fasting conditions was also nullified in the daf-16 and atgl-1 knockdown
mutants. This suggests that these two factors are involved in the in vivo anti-obesity
activity of FAOB in middle-aged worms, and further suggests its potential for anti-aging
benefits. In summary, AOB acts on lipogenesis and lipolysis by regulating daf-16 and atgl-1
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in middle-aged worms and alleviates aging symptoms. These results suggest that AOBs
are a valuable material with the potential to delay aging by modulating lipid metabolism.
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Abstract: Berberine (BBR) is a natural alkaloid with multiple biotical effects that has potential as a
treatment for fatty liver hemorrhagic syndrome (FLHS). However, the mechanism underlying the
protective effect of BBR against FLHS remains unclear. The present study aimed to investigate the
effect of BBR on FLHS induced by a high-energy, low-protein (HELP) diet and explore the involve-
ment of the gut microbiota and bile acid metabolism in the protective effects. A total of 90 healthy
140-day-old Hy-line laying hens were randomly divided into three groups, including a control group
(fed a basic diet), a HELP group (fed a HELP diet), and a HELP+BBR group (high-energy, high-
protein diet supplemented with BBR instead of maize). Our results show that BBR supplementation
alleviated liver injury and hepatic steatosis in laying hens. Moreover, BBR supplementation could
significantly regulate the gut’s microbial composition, increasing the abundance of Actinobacteria
and Romboutsia. In addition, the BBR supplement altered the profile of bile acid. Furthermore,
the gut microbiota participates in bile acid metabolism, especially taurochenodeoxycholic acid and
α-muricholic acid. BBR supplementation could regulate the expression of genes and proteins related
to glucose metabolism, lipid synthesis (FAS, SREBP-1c), and bile acid synthesis (FXR, CYP27a1).
Collectively, our findings demonstrate that BBR might be a potential feed additive for preventing
FLHS by regulating the gut microbiota and bile acid metabolism.

Keywords: berberine; high-energy and low-protein diet; fatty liver hemorrhagic syndrome; gut
microbiota; bile acids

1. Introduction

Fatty liver hemorrhagic syndrome (FLHS) is a metabolic disease characterized by a
lipid metabolism disorder and accompanied by excessively high feed intake, increased body
weight, individual obesity, a decreased egg production rate, and engorged, pale combs.
Sudden death also occurs, and at necropsy, the syndrome is characterized by an excessive
accumulation of fat within the abdominal cavity, a pale and fragile liver sometimes void of
structural integrity, multifocal hemorrhages, and large blood clots in the abdominal cavity
as a result of liver rupture [1–3]. It is typically brought on by the interaction of genetic
and environmental variables, with an excessive intake of foods high in energy and low in
protein (HELP) in the diet being a major contributing factor [4,5]. Recently, studies showed
that a balanced diet structure and dietary additives can alleviate flora disorders and reduce
the development of liver disease [6,7]. High-fat diets alter the gut microbiota ecosystem,
resulting in severe liver diseases [8]. Nonalcoholic fatty liver disease (NAFLD), which
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has been renamed metabolic-associated fatty liver disease (MAFLD) in recent years [9],
is a common chronic disease characterized by fatty deposits in hepatic cells and liver
steatosis [10]. Liver steatosis is mainly characterized by an imbalance between fat secretion
and metabolism after the transportation of fat to the liver [11]. NAFLD is associated with
obesity, metabolic syndrome, and certain genetic variations, mainly due to the excessive
accumulation of fat in the liver. When compared to healthy people, the gut microbiota of
people with NAFLD shows significant structural and compositional abnormalities [12].
Reducing the ratio of Firmicutes to Bacteroidetes (F/B) is a crucial factor in improving
NAFLD [13]. Therefore, maintaining a healthy gut microbiome may provide a fundamental
strategy for preventing and treating FLHS, leading to a better understanding of the dietary
interventions necessary to maintain gut health and minimize liver disease risks.

Gut microbiota plays a critical role in regulating fatty liver illnesses by producing
bacterial metabolites, like short-chain fatty acids, secondary bile acids, and trimethy-
lamine [14,15]. Bile acids (BAs), which the liver produces from cholesterol and secretes
into the intestine, are metabolites of intestinal micro-organisms and can be effectively
utilized by intestinal micro-organisms [16]. Furthermore, they can regulate glucose and
lipid metabolism in the liver [17]. An increasing amount of experimental and clinical
evidence indicates that BAs hold exceptional potential as a therapeutic approach for fatty
liver disease, hypercholesterolemia, and metabolic diseases [18–20]. BA receptors are draw-
ing attention as potential therapeutic targets for liver illnesses because BAs perform their
numerous biological actions by attaching to their receptors [21]. More research has revealed
that modifications to the gut microbiota affect the host’s BA profiles, most notably in the
way taurine-conjugated BAs interact with the intestinal farnesol receptor (FXR) [22]. By
lowering hepatic and plasma lipid levels, reducing inflammation, and enhancing insulin
sensitivity, activation of the FXR may be able to reduce the symptoms of NAFLD [23].
Therefore, BAs can be used as a targeted therapeutic agent for fatty liver diseases.

In recent years, there have been many studies on some natural products as ideal candi-
dates for the treatment of NAFLD, and some of them are about to be approved. Berberine
(BBR) is one of them, which has been clearly demonstrated to have significant therapeutic
effects on NAFLD in some animal models and clinical studies [24]. However, whether BBR
has a positive therapeutic effect on FLHS induced by HELP diets and its mechanism of
action is yet to be clarified. BBR is a physiologically active isoquinoline alkaloid extracted
mainly from the roots or stems of the herb Coptis chinensis. It possesses various biological
effects, including immunomodulatory, antioxidant, and anti-inflammatory effects [25,26].
Recently, studies have revealed that BBR could directly regulate the composition of gut
microbiota [27]. The study of Zhu et al. showed that 250 mg/kg BBR added to the feed
of 1-day-old yellow-feathered broilers could reduce the Chao 1 and Shannon index, rep-
resenting the microbial α-diversity and the abundance of the phylum Firmicutes. The
genera Lachnospiraceae, Lachnoclostridium, Clostridiales, and Intestinimonas decreased,
whereas the abundances of the phylum Bacteroidetes and the genus Bacteroides increased
with BBR treatment. These results indicate that BBR improves the growth performance of
broilers and reshapes their intestinal flora structure, playing a beneficial role [28]. However,
although high doses of berberine can reduce intestinal inflammation in chickens and play a
positive role, it can also increase the relative abundance of the family Enterobacteriaceae
and decrease the relative abundance of the family Peptostreptococcaceae as well as the
protective genera of the Ruminococcaceae and the Lachnospiraceae families, leading to a
certain degree of dysbiosis [29]. BBR has also been demonstrated to be connected to the
gut microbiota as a lipid-lowering medication by controlling BA turnover and activating
subsequent ileal FXR signaling pathways [30]. BBR can reduce body weight, liver fat
deposition, and triglyceride content in high-fat diet-induced obesity [31]. Li et al.’s studies
have shown that BBR can ameliorate the progression of NAFLD by modulating the gut
microbiota and improving the intestinal mucosal barrier function [32]. The protective
effects of BBR on the gut microbiota and BA metabolism in FLHS, however, are the subject
of few investigations. In the current study, we look at whether BBR can reduce FLHS
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symptoms caused by HELP in Hy-line brown laying hens. Then, through analyzing the gut
microbiota and BA profile, we found that BBR could regulate glucose and lipid metabolism
in laying hens by modifying the BA metabolism and gut flora. This research may offer
fresh insight into how BBR improves FLHS by controlling the gut flora and BA metabolism.

2. Results
2.1. BBR Alleviated HELP-Induced Blood Lipid Metabolism and Hepatic Lipid Deposition

As shown in Figure 1A, histological observation shows that there is a great deal of
lipid-filled vacuoles in the liver cells of the HELP group, and the structure of the hepatic
cord and hepatic lobule disappear, while the control group presents normal liver cell
structure. The results obtained from transmission electron microscopy indicate that there is
an increase in the number of fat vacuoles, and a decrease can be observed in the number of
mitochondria within the HELP group (Figure 1B). Furthermore, the biochemical findings
indicate that there is a noteworthy elevation in the levels of TG, TC, and LDL-ch (p < 0.001)
within the HELP group. However, BBR intervention can mitigate pathological changes
in liver tissue, alleviate fatty degeneration, and significantly decrease blood lipid levels
(Figure 1C–E).
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Figure 1. BBR alleviated HELP-induced blood lipid metabolism and hepatic lipid deposition. (A) The
histological features (magnification: 200×, scale bar = 200 µm) and the frame indicate the location of
characteristic lesions. White arrows represent interstitial hepatic cords, black arrows represent cellular
steatosis, and blue arrows represent inflammatory cells; (B) Ultrastructural features (magnification:
1200×, scale bar = 2 µm), N: nucleus; Mito: mitochondria; (C) TG content; (D) TC content; (E) LDL-ch
content. Data were represented as the mean± SD. *** p < 0.001 vs. the Con group; ### p < 0.001 vs. the
HELP group. Con, control; HELP, high-energy low-protein diet; BBR, berberine. Below is the same.
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2.2. BBR Alters the Composition of Gut Microbiota in HELP-Fed Laying Hens

Intestinal flora is a micro-ecosystem in the body, and its diversity is a key indicator of
individual health. Therefore, the OTU species of each group were analyzed. There were
295 OTUs in the three groups, among which 136, 222, and 24 OTU species were unique in
the Con group, the HELP group, and the BBR + HELP group, respectively (Figure 2A). The
alpha diversity index is used to evaluate the richness and uniformity of micro-organisms in
samples. As shown in Figure 2B, at the same sequencing depth, ACE and Chao1 were sig-
nificantly increased in the HELP group and reduced in the HELP+BBR group. To measure
the extent of similarity between the microbial communities, beta diversity was calculated
using a weighted normalized UniFrac, and PCoA was performed (Figure 2C). The distance
between the three groups was obviously separated, and PERMANOVA similarity analy-
sis revealed that the three groups’ microbial distributions differed significantly from one
another (F = 3.462, p = 0.002).
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Figure 2. BBR alleviated HELP-induced intestinal microbiota dysbiosis. (A) Venn diagram showing
the unique and shared OTUs in the diverse groups; (B) Alpha diversity; (C) Multiple-sample PCoA
analysis; (D) Relative abundance of gut microbiota at the phylum level; (E) Relative abundance of the
significantly altered bacteria at the phylum levels from the three groups; (F) Relative abundance of
the significantly altered bacteria at the genus levels from the three groups; (G) Relative abundance of
gut microbiota at the genus level. Data are represented as the mean ± SD. * p < 0.05 and *** p < 0.001
vs. the Con group; # p< 0.05 and ## p < 0.01 vs. the HELP group.

The flora in each group was examined at the phylum and genus levels to further
assess the impact of BBR on intestinal flora. The results at the phylum level are shown in
Figure 2D,E. The first four bacterial groups (Firmicutes, Actinobacteria, Bacteroidetes, and
Proteobacteria) in the intestine of each group account for more than 90% of total phylum
levels. Firmicute abundance was significantly upregulated, Actinobacterium and Pro-
teobacterium abundances were significantly downregulated, and Bacteroidota abundance
was raised in the HELP group. Compared to the HELP group, the addition of BBR in
the HELP diet can further improve Firmicute abundance and reduce the abundance of
Actinobacteria, Proteobacteria and Bacteroidetes. At the genus level, 21 species of bacteria,
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such as Lactobacillus and Romboutsia, were detected, among which Lactobacillus was the
dominant bacteria with a relatively high abundance (Figure 2G,F). After BBR intervention,
the abundance of Lactobacillus in the HELP group showed an increase by approximately
25% compared to the HELP group. Conversely, the abundance of Lactobacillus experienced
a reduction of about 10% post-BBR intervention. Bacteroides were elevated in the HELP
group, and bacterial abundance tended to be normal after BBR intervention. In addition,
the abundance of Romboutsia flora showed a downward trend in the HELP group, but
after the addition of BBR intervention, the abundance of flora increased significantly. The
abundance of Aeriscardovia, Gallibacterium, and Enterococcus bacteria significantly decreased
in the HELP group but did not improve after BBR intervention.

2.3. Regulation of BBR on Bile Acid Metabolism Disorder in Chicken Feces

In the case of FLHS, the change in intestinal flora structure can lead to the abnormal
metabolism of bile acid, and the intestinal immune balance and the stability of the intestinal
barrier can be destroyed. BBR can further affect the metabolism of bile acid molecules
by modifying the makeup of the intestinal flora. In Figure 3A, the control group and
the HELP group can be observed to have different bile acid distributions. Specifically,
the bile acid reaches the maximum distance in both groups but is congregated in two
distinct quadrants for each group. However, when BBR is added to the HELP diet, the
bile acid metabolism in the feces of FLHS laying hens changes. In addition, 15 bile acids
in the intestinal contents of FLHS laying hens were accurately quantified and analyzed
by the partial least-squares method. Ten free bile acids, five conjugated bile acids, eight
primary bile acids, and five secondary bile acids were detected. Compared to the control
group, the content of chenodeoxycholic acid declined, and the content of Taurochenodeoxy-
cholic_acid, Taurocholic_acid, Cholic_acid, and Allocholic_acid increased in the HELP
group (Figure 3B–D). However, bile acid content continued to decrease with the addition
of BBR, indicating that BBR plays an important regulatory role in the bile acid metabolism
of FLHS laying hens induced by HELP.

Finally, this study analyzed the correlation between bile acid molecules and intesti-
nal microflora at the phylum and genus levels, respectively. The results showed that
bile acid was closely related to intestinal flora. At the phylum level (Figure 4A), the
bacterial abundance of ileal Actinobacteria was significantly positively correlated with Chen-
odeoxycholic_acid, Taurolithocholic_acid, and Allocholic_acid. In addition, the content of
Fusobacteria was positively correlated with 7_ketodeoxycholic_acid, 3_dehydrocholic_acid,
and 12_dehydrocholic_acid. Melainabacteria and Synergistetes were positively correlated
with 3_dehydrocholic_acid and taurochenodeoxycholic_acid, respectively. Firmicuteria was
negatively correlated with Chenodeoxycholic_acid. At the genus level (Figure 4B), the
bacterial abundance of Aeriscardovia, Enterococcus, and Veillonella were positively correlated
with taurolithocholic_acid, and significantly negatively correlated with taurochenodeoxy-
cholic_acid. Campylobacter and Romboutsia were negatively correlated with allocholic_acid,
and gallibacterium and lawsonia were significantly negatively correlated with 7_ketodeoxy-
cholic_acid.

2.4. BBR Alleviated HELP-Induced Abnormal Bile Acid Biosynthesis

As shown in Figure 5A,B,G,H, compared to the control group, FXR receptor-related
genes ASBT, FGF19 (ileum), and FGF19 (liver) mRNA levels declined (p < 0.001) in the
HELP group. The FXR gene and protein were significantly increased in the HELP group.
(p < 0.001; p < 0.01); bile acid synthesis genes CYP7a1 and ABCB11 mRNA levels were
downregulated in the HELP group compared to the control group (p < 0.001; p < 0.05).
Among them, CYP8b1 and CYP27a1 mRNA levels were upregulated in the HELP group
compared to the control group (p < 0.001; p < 0.05). However, added BBR can significantly
increase the expression of ASBT, FGF19 (ileum), FGF19 (liver), CYP27a1, and ABCB11
mRNA levels (p < 0.001). The results of CYP27a1 protein were consistent with the results of
gene expression.
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Figure 3. Regulation of BBR on bile acid metabolism disorder in chicken feces. (A) PLS-DA score plots
for discriminating the fecal BA profiles from three groups; (B) Ratio of primary bile acid to secondary
bile acid; (C) Composition of bile acid pool in feces; (D) Relative abundance of the significantly
changed BAs from different groups. Data are represented as the mean ± SD. * p < 0.05 and ** p < 0.01
vs. the Con group; # p < 0.05 vs. the HELP group.
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fecal BA and gut microbiota at the genus level. Squares in red with an asterisk refer to a significant
positive correlation, and squares in blue with an asterisk indicate a significant negative correlation.
Data are represented as the mean ± SD. * p < 0.05 vs. the Con group.
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Figure 5. BBR alleviated HELP-induced lipid metabolism. (A) Bile acid biosynthesis-related mRNA
expression level; (B) FXR receptor-related mRNA expression level; (C) Gluconeogenesis-related
mRNA expression level; (D) lipid synthesis-related mRNA expression level; (E) lipid oxidation-related
mRNA expression level; (F) Triglyceride hydrolysis-related mRNA expression level; (G) protein
bands; (H) The results of gray-value analysis of protein bands. Data are represented as the mean ± SD.
* p < 0.05, ** p < 0.01 and *** p < 0.001 vs. the Con group; # p< 0.05, ## p < 0.01 and ### p < 0.001 vs. the
HELP group.

2.5. BBR Alleviated HELP-Induced Abnormal Glucose and Lipid Metabolism

As shown in Figure 5C–F, compared to the control group involved in glucose metabolism
genes, FOXO1, HNF-4α, PCK-1, and G6Pase mRNA levels increased (p < 0.001), but CREB
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mRNA level declined (p < 0.01) in the HELP group. For the added BBR in the HELP
diet, the mRNA levels of FOXO1, HNF-4α, PCK-1, and G6Pase significantly declined
(p < 0.01 or p < 0.001). Meanwhile, compared to the control group, lipid metabolism genes
chREBP, PPARα, and PPAR-γ mRNA levels were reduced (p < 0.05), but CD36 and FAS
mRNA levels were upregulated (p < 0.01; p < 0.001) in the HELP group. Added BBR can
significantly upregulate chREBP, PPARα, and PPAR-γ mRNA levels (p < 0.01 or p < 0.001) in
the BBR+HELP group. At the same time, the expression of lipid synthesis proteins FAS and
SREBP-1c in the HELP group significantly increased (p < 0.01; p < 0.001), and the addition
of BBR could reduce the expression of proteins (p < 0.001) (Figure 5G,H). Additionally,
compared to the control group, ApoC II mRNA levels were reduced (p < 0.01), but ApoC III
and ATGL mRNA levels were upregulated (p < 0.01 or p < 0.001) in the HELP group. For
added BBR in the HELP diet, the mRNA levels of ApoC III and ATGL were significantly
reduced (p < 0.01), and ApoC II mRNA level was upregulated (p < 0.05).

3. Discussion

FLHS is a prevalent nutritional metabolic disease that affects laying hens, causing liver
injury and a sudden decline in egg production during the peak laying period. However, a
complete understanding of the underlying mechanisms concerning the development and
advancement of FLHS remains to be fully elucidated. Recently, mounting evidence has
suggested that the participation of the gastrointestinal–hepatic axis plays a crucial role in
the emergence and advancement of NAFLD [33,34]. The gut microbiota, a fundamental
component of the gut–liver axis, has been extensively recognized for its pivotal role in
rewiring the energy metabolism of the host. In the present study, we successfully induced
liver fat deposition in laying hens through a HELP diet (3100 kcal/kg, 12% crude protein),
thus corroborating our previous study [5]. Furthermore, BBR has a direct impact on the
microbiota in the intestine and controls the metabolism of bile acid through the regulation
of the FXR signaling pathway. As a result, it enhances liver lipid metabolism in laying hens.

The gastrointestinal–hepatic axis plays a key role in the development of NAFLD [35].
The expression of fatty acid synthase (FAS) and sterol regulatory element binding protein-
1c (SREBP-1c) in the liver has been demonstrated to be inhibited by gut microbiota-
derived metabolites derived from tryptophan metabolism. These metabolites control
lipid metabolism by activating the hepatic aromatic hydrocarbon receptor (AHR) [36].
Accumulating evidence indicates the potential therapeutic effects of fecal microbiota trans-
plantation in mitigating high-fat diet-induced steatohepatitis in murine models [37]. This
effect may be due to an increase in beneficial gut microbiota, which improves the integrity
of intestinal tight junctions and reduces the levels of lipopolysaccharides (LPS) [38]. In
the present study, the intestinal microbiota structure in laying hens promotes hepatic
lipid deposition, as demonstrated by alterations in intestinal microbiota α-diversity and
β-diversity. Additionally, the supplementation of BBR has the potential to modulate the
intestinal microbiota.

Recent research has indicated that BBR may directly improve the function of the in-
testinal barrier, reduce inflammation, control the bile acid signal pathway, and regulate the
axis of bacteria–gut–brain [39]. In both normal-chow-diet (NCD) and high-fat-diet (HFD)
conditions, BBR had a significant impact on the makeup of the gut microbiota [40]. In
particular, within the order Clostridiales, families Streptococcaceae, Clostridiaceae, and
Prevotellaceae, as well as genera Streptococcus and Prevotella, BBR has shown a particu-
lar capacity to diminish the relative abundance of bacteria involved in the formation of
branched-chain amino acids (BCAAs) [41]. In our results, according to the PCoA score plots,
all three groups were significantly separated compared with themselves, indicating changes
in bacterial communities. At the phylum level, the HELP group showed an increase in
Firmicutes and Bacteroidetes. Firmicutes, as opposed to Bacteroidetes, digest sugar more
effectively and favor energy resorption, the process by which surplus energy is converted
to fat and stored in liver tissue when it is not used [42]. At the genus level, we found that
the Romboutsia significantly increases in the BBR group compared with the HELP group.
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Romboutsia was dramatically reduced in obese individuals [43]. Other studies have con-
nected Romboutsia to glycerophospholipids, which have been connected to obesity-related
fatty liver disease [44,45]. Therefore, we speculate that BBR may improve lipid metabolism
in HELP laying hens by regulating changes in the abundance of Romboutsia.

The field of metabolomics has recently gained popularity in biomedical research,
although identifying many metabolites in untargeted metabolomics remains challenging.
However, in nonalcoholic fatty liver disease, BA metabolism emerges as a desirable thera-
peutic target [46]. Therefore, in the current investigation, BA-targeted metabolomics was
used to identify the alterations to BA in FLHS following BBR administration. A total of
15 bile acid metabolites were identified, among which the HELP group’s primary BA-to-
secondary-BA ratio was higher than that of the Con group. After BBR treatment, the ratio of
primary BA to secondary BA changed, manifested in Tauro chenodeoxycholic acid (TDCA)
and Taurocholic acid (TCA). TUDCA, a derivative of Ursodeoxycholic acid (UDCA), was
used for the treatment of liver dysfunction and increased HFD-induced obesity in a rat
model [47,48]. Simultaneously, Cholic acid was converted into taurocholic acid, which
could affect the metabolism of lipids and lipoproteins, glycolysis and gluconeogenesis, and
fatty acid production [49]. These findings align with our experimental results that suggest
that when FLHS occurs in laying hens, the body can relieve liver damage by secreting
UDCA and TCA. However, additional supplementation of BBR can exogenously reduce
damage and reduce the secretion of UDCA and TCA. Furthermore, by regulating the intesti-
nal transit of bile acids, the gut microbiota can maintain bile acid homeostasis and regulate
bile acid metabolism. According to earlier studies, gut microbes deconjugate primary bile
acids generated from the host using bile salt hydrolases found in Actinobacteria [50]. At
the phylum level, our analysis also revealed a substantial positive correlation between
Actinobacteria and Chenodeoxycholic acid, Taurolithocholic acid, and Allocholic acid. Like-
wise, Aeriscardoviay was inversely connected with Taurochenodeoxychlic acid at the genus
level but had a positive correlation with Chenodeoxycholic acid and Taurolithocholic acid.

By activating FXR and TGR5, BAs function as signal molecules that regulate not only
their biosynthesis but also vital metabolic processes [51,52]. Therefore, we investigated
whether the FXR signaling pathway is involved in the effects on BA production of the
enhanced intestinal microbiota caused by BBR. Our findings in the current study showed
that BBR stimulated liver FXR signaling to affect hepatic BA problems, and downstream
bile acid synthesis-related genes (CYP27a1 and ABCB11 (p < 0.01)) are markedly upreg-
ulated in the BBR group, indicating that BBR can promote bile acid metabolism. Recent
investigations have highlighted the significance of FXR as a critical therapeutic target in
NAFLD, with encouraging findings showcasing the substantial amelioration of pathological
manifestations in patients with NASH upon treatment with FXR agonists [53]. Pentho-
rum chinense Pursh extract promotes bile acid biosynthesis and further reduces NAFLD
in mice that are fed a high-cholesterol diet by promoting the production of the enzymes
CYP7a1 and CYP8b1 and activating the liver’s FXR receptor [54]. By contrast, in our re-
sults, we found that BBR can reduce the expression of CYP7a1 and CYP8b1 and inhibit
the activation of FXR. Moreover, based on Chao Yang et al., 28 weeks of FLA treatment
substantially decreases the development of NASH in NAFL-model mice fed an HFD. These
advantageous effects can be attributed to the regulation and enhancement of gut flora- and
microbiota-related BAs, which in turn activate the intestinal FXR-FGF15 and TGR5-NF-κB
pathways [55]. Additionally, Triglyceride and fatty acid metabolism are regulated by FXR.
Haczeyni et al. demonstrated that Obeticholic acid reduced SREBP-1c expression and
increased PPARα expression through the hepatic FXR signaling pathway in the liver of
HFD mice [56]. Moreover, PPARγ and SREBP-1c expression are suppressed, and PPARα
expression is increased by FXR, which is one strategy for preventing fat accumulation [57].
In the present study, BBR downregulated the glucose metabolism genes (FOXO1, HNF-4α,
PCK-1, and G6Pase (p < 0.001)) and downstream lipogenic genes (FAS and CD36 (p < 0.001)),
as well as upregulating the expression of PPARα, PPARγ, and downregulating downstream
triglyceride hydrolysis genes (ApoC III and ATGL (p < 0.01)). Thus, from our results that
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detect the genes and proteins of glucose and lipid metabolism downstream of the FXR
signaling pathway, it is also shown that BBR has a positive therapeutic effect on liver lipid
deposition caused by HELP.

4. Materials and Methods
4.1. Animals and Experimental Design

This study was approved by the Committee for the Care and Use of Experimental Ani-
mals at Jiangxi Agricultural University (No: JXAULL-202218). All experimental procedures
adhered to the standards established by Jiangxi Agricultural University’s Experimental
Animal Care and Use Committee. A total of 90 Hy-line laying hens, aged 140 days and in
good health, were randomly distributed among three groups: control (Con), high-energy
low-protein (HELP), and berberine (BBR)+ HELP. The diets provided to the laying hens in
these groups comprised the basal diet, HELP diet, and HELP diet enriched with 100 mg/kg
BBR, respectively. The experiment lasted for 140 days, during which all groups of hens
received sufficient food and water. The nutritional requirements for the hens’ baseline
diet were formulated in accordance with the standard guidelines specified by the National
Research Council (1998). The HELP diet differed only in its energy and protein standards.
The composition of both the basal and HELP diets can be found in Table 1.

Table 1. Composition and nutrient levels of diets (air-dry basis) %.

Composition of Diet % Control Group HELP Group

Corn 64.00 70.00
Wheat Bran 2.00 1.20

Soybean Meal 24.00 14.58
Fat-Soybean Oil 0 4.22

Calcium 8.00 8.00
* Premix 2.00 2.00

Total 100.00 100.00
Nutrient level

Crude Protein CP 15.86 12.00
Available Phosphorus (AP) 0.51 0.46

Arginine 1.03 0.74
Methionine 0.37 0.32

Valine 0.77 0.58
Metabolic Energy (kcal/kg) 2678.99 3100.00

Met + Cys 0.67 0.56
* The ingredient of premix: The ingredient of premix: multiple vitamins, 30 mg; cupric sulfate, 4.6 mg; ferrous
sulfate, 28.4 mg; manganous sulfate, 35.46 mg; zinc sulfate, 76 mg; zeolite powder, 6 mg; sodium selenite, 5 mg;
anti-oxidizing quinolone, 50 mg; choline, 90 mg; bacitracin zinc, 26.7 mg; bran, 350 mg; methionine, 100 mg.

After the 140-day experiment, each of the hens underwent anesthesia induced by
an intravenous injection of sodium pentobarbital, administered at a dosage of 50 mg/kg
following a 12-hour fast. Subsequently, samples of liver, distal ileum tissue, and ileal feces
were carefully preserved at temperatures of −20 ◦C or −80 ◦C. Additionally, a segment of
the liver tissue was preserved in a solution containing 4% paraformaldehyde to facilitate
the examination of the corresponding indicators.

4.2. Histopathological Examination

The specific experimental method is consistent with Gao et al. [58]. The liver tissue
specimens were washed with normal saline and then fixed in a 4% paraformaldehyde
solution. After one week, the samples were routinely embedded and sliced (5 µm) and
stained with hematoxylin and eosin (H&E). Afterward, pathological sections were observed
using an optical microscope, and photographs were taken.
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4.3. Determination of Liver Biochemical Indexes

We assessed the levels of triglyceride (TG), total cholesterol (TC), and low-density
lipoprotein cholesterol (LDL-ch). In short, an appropriate amount of liver tissue (tissue
weight: homogenate medium = 1:9) was weighed to prepare tissue homogenate. The
homogenate was then centrifuged at 2500 rpm for 10 min to obtain the supernatant for
testing, following the instructions provided by the manufacturer, the Nanjing Jiancheng
Bioengineering Institute (based in Nanjing, China).

4.4. Sequencing of 16S rDNA

The total microbial genomic DNA from the hen’s ileum feces was extracted and sent
to BIOTREE (Shanghai, China). The DNA concentration and purity were assessed. A
total of 1 ng/µL DNA concentration was selected as the template to amplify the V3–V4
fragment and the 16S rDNA gene using forward primer (5-CCTACGGGNGGCWGCAG-3)
and reverse primer (5-GACTACHVGGG TATCTAATCC-3), and specific primers and high-
fidelity enzymes were selected for PCR amplification [59]. The PCR amplification of the 16S
rDNA gene was performed as follows: initial denaturation at 95 ◦C for 3 min, followed by
27 cycles of denaturing at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and extension at 72 ◦C
for 45 s, and single extension at 72 ◦C for 10 min, and ending at 4 ◦C. The PCR mixtures
contained 5 × Trans Start Fast Pfu buffer 4 µL, 2.5 mM dNTPs 2 µL, forward primer (5 µM)
0.8 µL, reverse primer (5 µM) 0.8 µL, Trans Start Fast Pfu DNA Polymerase 0.4 µL, template
DNA 10 ng, and ddH2O up to 20 µL. PCR reactions were performed in triplicate. The
PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer’s
instructions and quantified using Quantus™ Fluorometer (Promega, WI, USA). Purified
amplicons were pooled in equimolar, and paired-end sequenced (2 × 300) on an Illumina
MiSeq platform (Illumina, San Diego, CA, USA). The 16S rDNA gene sequencing reads were
demultiplexed, quality-filtered by Trimmomatic, and merged by FLASH with the following
criteria: (i) 300 bp reads were truncated at any site receiving an average quality score of <20
over a 50 bp sliding window, and truncated reads shorter than 50 bp were discarded. Reads
containing ambiguous characters were also discarded; (ii) only overlapping sequences
longer than 10 bp were assembled according to their overlapped sequence. The maximum
mismatch ratio of the overlap region was 0.2. Reads that could not be assembled were
discarded; (iii) samples were distinguished according to the barcode and primers, and the
sequence direction was adjusted for exact barcode matching and 2 nucleotide mismatches
in primer matching.

Operational taxonomic units (OTUs) with 97% similarity cutoff were clustered using
UPARSE (version 7.1, http://drive5.com/uparse/, 6 August 2022), and chimeric sequences
were identified and removed. The taxonomy of each OTU representative sequence was
analyzed by the RDP Classifier (http://rdp.cme.msu.edu/, 6 August 2022) against the 16S
rDNA database (e.g., Silva 132/16s_bacteria) using a confidence threshold of 0.7.

4.5. Quantitative Analysis of BA Profile in Ileal Feces

The concentration of BA in the samples was determined using UPLC–TQMS, a method
developed in a previous study [60,61]. In short, 1000 µL of formic acid extract containing
0.1% formic acid was added to 25 mg of fecal samples, vortexed, and mixed under ice-water
bath conditions, ground ultrasonically, left to stand at −40 ◦C, and centrifuged. Finally, the
supernatant was extracted for UPLC–TQMS analysis.

4.6. Quantitative Real-Time PCR Analysis

Total RNA was extracted from liver tissues using the Trizol reagent (Takara, Dalian,
China), as directed by the manufacturer. The RNA was then dissolved in 40 µL of clean,
diethyl pyrocarbonate-treated water and stored at −80 ◦C. A biophotometer (Eppendorf,
Germany) and agarose gel electrophoresis were used to evaluate the quantity and quality of
the RNA. A One-Step gDNA Removal and cDNA Synthesis SuperMix kit from TransGen,
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Beijing, China, was used for the reverse-transcription (RT) procedure. The Anchored Oligo
(dT)18 Primer, 10 µL of 2XES Reaction Mix, 1 µL of RT Enzyme Mix, 1 µL of gDNA Remover,
and 7 µL of RNase-free ddH2O and cDNA made up the 20 µL of RT reactions. The reaction
was carried out at 42 ◦C for 15 min, followed by 85 ◦C for 5 s, and finally, 4 ◦C indefinitely.
The resulting cDNA was stored at −20 ◦C for real-time PCR.

The acquired chicken gene sequences and NCBI GenBank accession numbers are
shown in Table 2. Shanghai Bioengineering Co., Ltd. was tasked with creating the primers
for the housekeeping gene actin using the Primer Express 3.0 program. The ABI Quant
Studio 7 Flex PCR apparatus was used to carry out the experiment. The reaction process
was carried out in the following steps: predenaturation at 95 ◦C for 30 s, denaturation at
95 ◦C for 5 s, and annealing at 60 ◦C for 34 s. A total of 40 cycles were carried out. The
2−∆∆ct approach was used to determine the relative mRNA levels.

Table 2. Gene primer sequence and their GenBank accession number.

Gene Name Accession Number Primer Sequences (5′ to 3′)

FXR AF49249.7
Forward: CTCTCGCAAAATGGGGCAGT

Reverse: CGCGGGAATTCGATTGGC

ASBT AB970773.1
Forward: ACCATGAAATTGAAACAAGAGTGAA

Reverse: TGGGATAACTTTAGCCTGTCCA

FGF19 NM_204674.3
Forward: GCCAGAGGTCTACTCATCGC
Reverse: ACCTGCAACATTCTGCGGTA

CYP7a1 NM_001001753.2
Forward: GCTCCGCATGTTCCTGAATG
Reverse: ATGGTGTTAGCTTGCGAGGC

CYP8b1 NM_001389480.2
Forward: TACCAAGGGACAGGGAACAAGGAG

Reverse: GGAGGCAACACGGCATAGGC

ABCB11 XM_046921923.1
Forward: ATCTTGGCCATCCAGCAAGG

Reverse: ACTGGCTCTTGCTCAACAACACC

G6Pase BM439740.1
Forward: TCCAGCACATCCACTCCATCTACC
Reverse: TCAACACCAAGCATCCGCAGAAG

CREB CAJNRD030001119.1
Forward: ACCTGCCATTGCCACTGTTACG
Reverse: CTCCATCCGTGCCGTTGTTAGAC

FOXO1 NM_204328.2
Forward: ACACAGTGAACCCCATGTCA
Reverse: AGGGGCATACGGGTTCATAG

HNF-4α AY700581.1
Forward: AGGATGTCTTGCTGCTAGGG
Reverse: GCAGGCGTATTCATTGTCGT

FAS AB495724.1
Forward: ACTGTGGGCTCCAAATCTTCA
Reverse: CAAGGAGCCATCGTGTAAAGC

ATGL EU240627.2
Forward: GCTGATCCAGGCCTGTGTCT

Reverse: TGGAGGTATCTGCCCACAGTAGA

PPAR-γ AB045597.1 Forward: CACTGCAGGAACAGAACAAAGAA
Reverse: TCCACAGAGCGAAACTGACATC

CD36 NM_001030731.1 Forward: CTGGGAAGGTTACTGCGATT
Reverse: GCGAGGAACTGTGAAACGATA

ChREBP EU152408.1 Forward: GATGAGCACCGCAAACCAGAGG
Reverse: TCGGAGCCGCTTCTTGTAGTAGG

PPAR-α AF163809.1 Forward: GACACCCTTTCACCAGCATC
Reverse: CCCTTACAACCTTCACAAGCA

ApoC II CM040951.1 Forward: CCTCCCAGCTCACCCAATT
Reverse: CAGGATCCCGGTGTAAGTCA

ApoC III NM_001302127.2 Forward: AAGGTGCAGGAGTACGTCAA
Reverse: GCGTTGTCTGACAGCCATTT

CYP27a1 XM_040676620.2 Forward: CTTCCCCAAGAACACCCTCT
Reverse: AAGGGATGGAGCTGAAAGGG

PCK-1 NM_205471.2 Forward: TCAACACCAGATTCCCAGGC
Reverse: CCTCATGCTAGCCACCACAT

β-actin L08165.1 Forward: ATTGCTGCGCTCGTTGTT
Reverse: CTTTTGCTCTGGGCTTCA
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4.7. Western Blot Analysis

An appropriate amount of liver tissue was taken and homogenized by adding lysate
tissue. The tissue homogenate was then centrifuged at 4 ◦C at 15,000 rpm for 10 min. The
total protein content of the liver samples was determined using the BCA protein detection
kit (Solarbio, Beijing, China). The primary antibodies of FXR (1:1000) (Cat No. TD12402S)
and CYP27a1 (1:1000) (Cat No. T58677S) were procured from ABMART. SREBP-1c (Cat No.
14088-1-AP), FAS (1:1000) (Cat No. 60196-1-lg), and β-actin (1:5000) (Cat No. 81115-1-RR)
were procured from Proteinates. The Bio-Rad ChemiDoc Touch imager (Bio-Rad ChemiDoc
Touch, California, USA) captured the signal. Finally, the gray cost of the corresponding
protein was analyzed using ImageJ software V1.8.0 (ImageJ, RRID:SCR_003070).

4.8. Statistical Analysis

The data were presented as mean ± standard deviation (SD). GraphPad Prism 9.0
(GraphPad Inc., La Jolla, CA, USA), Microsoft Excel 2019, and SPSS version 26.0 (SPSS Inc.,
Chicago, IL, USA) were utilized for data analysis. One-way analysis of variance (ANOVA)
and post hoc testing, known as the least significant difference (LSD), was employed in
the data analysis. Statistical significance was set at a p-value of less than 0.05 (p < 0.05).
Correlation analysis between fecal BA-related bacteria was performed using Spearman’s
rank correlation, with a coefficient of > |0.5|, as well as a p-value < 0.05.

5. Conclusions

In summary, our study suggests that BBR has a potential therapeutic effect on FLHS,
potentially through modulating the gut microbiota and regulating lipid metabolism. This
novel finding provides important insights into the pathogenesis of FLHS and may con-
tribute to the development of new treatments for FLHS.
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Abstract: Ginseng is usually consumed as a daily food supplement to improve health and has been
shown to benefit skeletal muscle, improve glucose metabolism, and ameliorate muscle-wasting
conditions, cardiovascular diseases, stroke, and the effects of aging and cancers. Ginseng has also
been reported to help maintain bone strength and liver (digestion, metabolism, detoxification, and
protein synthesis) and kidney functions. In addition, ginseng is often used to treat age-associated
neurodegenerative disorders, and ginseng and ginseng-derived natural products are popular natural
remedies for diseases such as diabetes, obesity, oxidative stress, and inflammation, as well as fungal,
bacterial, and viral infections. Ginseng is a well-known herbal medication, known to alleviate the
actions of several cytokines. The article concludes with future directions and significant application of
ginseng compounds for researchers in understanding the promising role of ginseng in the treatment
of several diseases. Overall, this study was undertaken to highlight the broad-spectrum therapeutic
applications of ginseng compounds for health management.

Keywords: ginseng; compounds; treatment; disease; mechanism

1. Introduction

Natural products are viewed as a primary source of therapeutic agents and have
been identified in plants, microorganisms, animals, insects, and marine organisms [1].
Natural products have diverse pharmacological properties and play important roles in
drug discovery and development by serving as novel lead templates. Aspirin (from willow
tree bark), digoxin (from the flower; Digitalis lanata), morphine (from opium), artemisinin,
camptothecin, lovastatin, maytansine, reserpine, and silibinin are just a few examples
of drugs directly or indirectly derived from natural products [2]. Some semi-synthetic
therapeutic agents (hybrids of natural and synthetic sources), such as penicillin [3] and
paclitaxel (an anti-cancer drug derived from the Pacific yew, Taxus brevifolia) [4], are typically
produced by chemically transforming natural products [5]. The chemical, functional, and
structural diversities of small molecule natural products have been explored [2]. The
interactions between biological macromolecules (mainly proteins) and natural products
explain the therapeutic efficacies of natural products. Furthermore, natural products do
not cause as many adverse effects as synthetic compounds and combinatorial libraries [2].

The use of Chinese medicine has risen in popularity after the 2015 Nobel Prize was
awarded for the discovery that artemisinin is an effective treatment for malaria [6]. Gin-
seng (a medicinal herb) and its derived natural products are amongst the most popular
natural remedies and are used to treat various diseases and conditions such as diabetes [7],
anti-oxidative [8], inflammation [9], cancers [10], fungal, bacterial, viral, stress [11], and
neurodegenerative diseases (ND) [12], as well as brain ischemia [13], hypertension [14],
obesity [15], cardiovascular diseases and stroke [16], sarcopenia [17], muscle-wasting con-
ditions [18–20], muscle aging, and cancer cachexia [21–23]. Known side effects of ginseng

71



Int. J. Mol. Sci. 2023, 24, 17290

include headaches, diarrhea, blood pressure changes, skin irritations, and vaginal bleed-
ing [24]. Overall, ginseng has been reported to be a useful management option for many
diseases, as is suggested by its name—Panax is derived from the Greek pan akheia, mean-
ing “cures all diseases” [25]. A summary of known ginseng compounds is provided in
Table 1.

Table 1. List of several known compounds of ginseng along with their molecular formula and weight.
The compounds known in the different parts of the ginseng plant, such as root and flower bud,
having higher molecular weight as compared to other parts of the ginseng plant.

Part of Ginseng Compounds Name PubChem ID Molecular Formula Molecular Weight
(g/mol)

Hydrolysis

Protopanaxadiol (PPD) 9920281 C30H52O3 460.7

Protopanaxatriol (PPT) 9847853 C30H52O4 476.7

Panaxadiol 73498 C30H52O3 460.7

Panaxatriol 73599 C30H52O4 476.7

Leaves

Ginsenoside F1 9809542 C36H62O9 638.9

Ginsenoside F2 9918692 C42H72O13 785.0

Ginsenoside F3 46887678 C41H70O13 771.0

Ginsenoside F4 102004835 C42H70O12 767.0

Ginsenoside Ki 102294899 C37H64O10 668.9

Ginsenoside Km 102294900 C37H64O10 668.9

Ginsenoside Rh6 131752646 C36H62O11 670.9

Ginsenoside Rh7 101096472 C36H60O9 636.9

Ginsenoside Rh8 85245726 C36H60O9 636.9

Roots

Ginsenoside Ra1 100941542 C58H98O26 1211.4

Ginsenoside Ra2 100941543 C58H98O26 1211.4

Ginsenoside Ra3 73157064 C59H100O27 1241.4

Ginsenoside Rb1 9898279 C54H92O23 1109.3

Malonylginsenoside Rb1 118987129 C57H94O26 1195.3

Ginsenoside Rb2 6917976 C53H90O22 1079.3

Ginsenoside Rb3 12912363 C53H90O22 1079.3

Ginsenoside Rc 12855889 C53H90O22 1079.3

Ginsenoside Rd 11679800 C48H82O18 947.2

Ginsenoside Rf 441922 C42H72O14 801.0

20-Glucoginsenoside Rf 3052077 C48H82O19 963.2

Ginsenoside Rg1 441923 C42H72O14 801.0

Ginsenoside Rg2 21599924 C42H72O13 785.0

Ginsenoside Ro 11815492 C48H76O19 957.1

Ginsenoside Rs1 85044013 C55H92O23 1121.3

Ginsenoside Rs2 162343294 C55H92O23 1121.3
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Table 1. Cont.

Part of Ginseng Compounds Name PubChem ID Molecular Formula Molecular Weight
(g/mol)

Steamed roots

Ginsenoside Rg3 9918693 C42H72O13 785.0

Ginsenoside Rg5 11550001 C42H70O12 767.0

Ginsenoside Rg6 91895489 C42H70O12 767.0

Ginsenoside Rh1 12855920 C36H62O9 638.9

Ginsenoside Rh2 119307 C36H62O8 622.9

Ginsenoside Rh3 20839223 C36H60O7 604.9

Ginsenoside Rh4 21599928 C36H60O8 620.9

Ginsenoside Rh5 10699455 C37H64O9 652.9

Ginsenoside Rk1 11499198 C42H70O12 767.0

Ginsenoside Rk2 90472238 C36H60O7 604.9

Ginsenoside Rk3 75412555 C36H60O8 620.9

Ginsenoside Rs3 100937823 C44H74O14 827.0

Ginsenoside Rs5 102021585 C44H72O13 809.0

Flower buds

Floralginsenoside A 16655581 C42H72O16 833.0

Floralginsenoside B 101423532 C50H84O21 1021.2

Floralginsenoside C 16655212 C42H72O15 817.0

Floralginsenoside D 16655213 C42H72O15 817.0

Floralginsenoside E 101423533 C41H70O15 803.0

Floralginsenoside F 101423534 C48H82O20 979.2

Floralginsenoside G 101423535 C48H82O21 995.2

Floralginsenoside H 101423536 C53H90O25 1127.3

Floralginsenoside I 16655580 C42H72O16 833.0

Floralginsenoside J 101423537 C41H70O15 803.0

Floralginsenoside K 101423538 C50H84O21 1021.2

Floralginsenoside Lb 102512867 C48H82O19 963.2

Floralginsenoside M 101423540 C48H82O19 963.2

Floralginsenoside N 101423541 C53H90O22 1079.3

Floralginsenoside O 101423542 C53H90O22 1079.3

Floralginsenoside P 101423543 C53H90O23 1095.3

Floralginsenoside Ta 46224641 C36H60O10 652.9

Floralginsenoside Tb 46224642 C35H62O11 658.9

Floralginsenoside Tc 46224643 C53H90O25 1127.3

Floralginsenoside Td 46224646 C53H90O25 1127.3

Ginsenoside I 102050355 C48H82O20 979.2

Ginsenoside II 101717751 C48H82O19 963.2

Fruits 25-Hydroxyprotopanaxadiol 158501 C30H54O4 478.7

Seeds Panaxadione 25233029 C30H48O5 488.7

Seventeen Panax species are now recognized, but commercial P. ginseng cultivars
are largely found in South Korea and China [26]. The two most well-known are Panax
ginseng and Panax quinquefolius [27]. The world’s major ginseng producers are China,
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South Korea, Canada, and the United States [27], and South Korea is the largest ginseng
distributor [27]. P. ginseng and its ginsenoside components are non-toxic and used to treat
chemotherapy-induced side effects such as nephrotoxicity, hepatotoxicity, cardiotoxicity,
immunotoxicity, and hematopoietic suppression [28]. Here, we report the broad-spectrum
therapeutic applications of known ginseng compounds. The strategy used to identify the
articles include performing thorough searches in reputable academic databases such as
PubMed, Scopus, SciFinder, Science Direct, Google Scholar, and the Scientific Information
Database. The study focused on English language papers with particular keywords related
to ginseng plants, natural compounds, biological investigations, and activities. The aim of
this review was to explore ginseng-related natural compounds with potential use for the
management of human health.

2. Protopanaxadiol (PPD) and Protopanaxatriol (PPT)

Protopanaxadiol (PPD) and protopanaxatriol (PPT) are active compounds found in
members of the Panax genus, mainly in the roots, stems, leaves, and flowers. PPD is
used to treat endometriosis and has been shown to significantly upregulate endometrial
receptivity-related molecules, such as interleukin 6 family cytokine, insulin-like growth
factor-binding protein 1, and collagens, to restrict the pelvic macrophage inflammatory
response and to recover fertility in mice with endometriosis. Thus, the literature shows
that PPD prevents and is a promising treatment for endometriosis [29]. On the other hand,
PPT ginsenosides have pharmacological effects on the central nervous and cardiovascular
systems [30], and PPT reportedly acts as a PPARγ antagonist [31]; thus, targeting PPARγ is
considered a promising treatment option for obesity.

3. Ginsenoside F1 (GF1)

GF1 is a ginseng saponin isolated from a traditional Chinese medicine used to treat
ischemic stroke. GF1 activates the IGF-1/IGF1R pathway [32] to promote angiogenesis,
which reduces cerebral ischemia. In addition, GF1 may improve cerebrovascular function
and accelerate recovery from ischemic stroke. In zebrafish, GF1 repaired vascular defects
caused by axitinib [33], and in vivo and in vitro studies revealed that GF1 protects against
Aβ accumulation. At 2.5 µM, GF1 reduced Aβ-induced cytotoxicity by reducing Aβ

accumulation in mouse neuroblastoma neuro-2a (N2a) and human neuroblastoma SH-
SY5Y neuronal cell lines. Additionally, GF1 reduced Aβ plaques in the hippocampus
of (APP/PS1) double-transgenic AD mice [34,35]. Collectively, studies have shown GF1
is a highly active component in P. ginseng that can cross the BBB and has therapeutic
potential for treating ND. Furthermore, GF1 reduces eosinophilic inflammation in chronic
rhinosinusitis by enhancing NK cell activity [36].

4. Ginsenoside F2 (GF2)

GF2 is a minor component in P. ginseng with therapeutic applications in inflammatory
diseases [37]. GF2 treatment attenuated liver damage in C57BL/6J WT mice (a model of
alcoholic liver injury) [37] and suppressed the expression of TGF-β2 (a pro-apoptotic factor)
to reduce hair loss in a dihydrotestosterone-induced mouse model [38]. It has been well
established that excessive alcohol consumption can result in vitamin/mineral shortages
(possibly due to liver damage) and subsequent hair loss because appropriate nourishment
is required to maintain hair quality. In addition, alcohol suppresses nutrient breakdown
and the body’s capacity to absorb nutrients. Currently, hair loss is a major issue among
young men. We suggest that the effects of GF2 on known targets of hair loss should be
investigated to manage this condition.

5. Ginsenoside F3 (GF3)

GF3 was isolated from the leaves of P. ginseng [39]. At concentrations ranging from 0.1
to 100 µmol/L, GF3 not only stimulated murine spleen cell proliferation but also raised
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the production of IL-2 and IFN-γ. It improved immunity by modulating the synthesis and
gene expression of type 1 and 2 cytokines in murine spleen cells [40].

6. Ginsenoside F4 (GF4)

GF4 considerably enhanced the hyperglycemic state of db/db mice, alleviated dys-
lipidemia, and helped in SM glucose uptake. Protein tyrosine phosphatase 1B (PTP1B) is a
major negative regulator of the insulin signaling pathway. The inhibition of this enzyme
by GF4 resulted in increased insulin receptor and insulin receptor substrate 1 tyrosine
phosphorylation and enhanced insulin sensitivity. Overall, GF4 activates the insulin sig-
naling pathway by inhibiting PTP1B [41]. Further, GF4 has an inhibitory effect on human
lymphocytoma Jurkat (JK) cell by inducing apoptosis [42].

7. Ginsenoside Ra1 (GRa1)

GRa1 is a key active ingredient in ginseng with immune regulatory, anti-inflammatory,
and anti-oxidant properties [43]. Little is known about the effects of GRa1 on human
health compared to other known ginseng compounds. GRa1 can affect the cardiovascular
system, immune regulation, and nervous system [44]. It is present in both red ginseng
powder and red ginseng concentrate samples [45]. GRa1 has been reported as a significant
inhibitor of protein tyrosine kinase activation induced by in vitro hypoxia/reoxygenation
in cultured human umbilical vein endothelial cells [46]. However, GRa1 has been shown
to have anti-inflammatory and anti-oxidant properties, and thus it might be effective for
the management of cancers and other inflammation-related diseases such as autoimmune
diseases (rheumatoid arthritis), cardiovascular diseases (high blood pressure and heart
disease), and gastrointestinal disorders (inflammatory bowel disease).

8. Ginsenoside Rb1 (GRb1)

In vitro and in vivo studies have demonstrated GRb1 to have diverse pharmacological
applications in metabolic disorders due to its anti-apoptotic effects and ability to regulate
oxidative stress, inflammatory responses, and autophagy. In addition, GRb1 suppresses
obesity, hyperglycemia, and diabetes by regulating glycolipid metabolism and improving
insulin and leptin sensitivities [47]. GRb1 may increase insulin sensitivity by downregulating
11β-hydroxysteroid dehydrogenase type I in T2D [48]. The administration of GRb1 (60 mg/kg
of body mass intraperitoneally (i.p.)) daily for 12 days decreased adipose tissue and leptin
levels in KK-Ay DM mice [49]. Furthermore, GRb1 (20 mg/kg of body mass, daily) reduced
hepatic fat formation and enhanced insulin sensitivity in obese diabetic db/db mice; these
effects were confirmed by reductions in liver weight and hepatic triglyceride contents [50].
GRb1 at 10 mg/kg of body mass (i.p.) daily considerably reduced body weight gain, improved
glucose tolerance, and increased fasting plasma insulin levels in high-fat diet-induced obese
mice and rats [51,52]. In addition, GRb1 increased GLUT4 translocation in C2C12 myotubes
and 3T3-L1 cells by activating the adiponectin signaling pathway [53]. Notably, GRb1 is a
major component of ginseng [53], which is frequently used as a natural medication in diabetic
patients. Altogether, GRb1 has the potential to be used as an anti-obesity, anti-hyperglycemic,
and anti-diabetic drug that affects multiple targets.

9. Ginsenoside Rb2 (GRb2)

It is a PPD-type saponin abundant in the stems and leaves of ginseng [54]. GRb2
significantly enhanced the viability of HT22 murine hippocampal neuronal cells [55] and
inhibited the growth, migration, and invasion of colorectal cancer cells (HT29 and SW620
cell lines) [56]. GRb2 has been used to manage atherosclerosis [57], insulin resistance
and obesity [58], endothelial cell senescence [59], and suppression of glutamate-induced
neurotoxicity [55]. Thus, GRb2 appears to have potential for treating diabetes, obesity,
tumors, viral infections, and cardiovascular conditions.
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10. Ginsenoside Rb3 (GRb3)

GRb3 is a ginseng-derived natural product with cardioprotective properties [60] that
can reduce the risk of myocardial infarction by inhibiting oxidative stress and suppressing
inflammation [61]. It was found in an in vivo study to reduce the levels of the inflammatory
markers NF-κB and CD45 and enhance the activities of crucial proteins of the contraction
unit (cardiac troponin protein I (cTnI) and α-actinin) to recover cardiac function [62].
Furthermore, in vivo and in vitro studies have shown GRb3 mitigates oxidative stress by
triggering the anti-oxidation signaling of PERK/Nrf2/HMOX1 [63]. Studies indicate that
GRb3 may be helpful for treating heart-related disorders.

11. Ginsenoside Rc (GRc)

GRc has been reported to enhance bone development in ovariectomy-induced osteo-
porotic mice and to stimulate osteogenic differentiation in vitro through the Wnt/β-catenin
signaling pathway [64]. Additionally, an in vivo study demonstrated that GRc administra-
tion significantly attenuated acetaminophen-induced hepatotoxicity, repaired liver damage,
and improved survival [65]. In addition, in a dose-dependent manner, GRc reduced the
proliferation and viability of 3T3L1 preadipocytes, adipocyte numbers, and lipid accumula-
tion in maturing 3T3L1 preadipocytes, indicating it inhibited lipogenesis [66]. Collectively,
it would appear that GRc has potential utility for managing several diseases.

12. Ginsenoside Rd (GRd)

The leading causes of muscle wasting are aging and cancer, and there are no effective
cures for these conditions. However, GRd has been shown to alleviate muscle wasting.
In mice, GRd administration suppressed age- and cancer-induced muscle atrophy and
improved grip strength, hanging times, muscle mass, and muscle tissue cross-sectional
areas; at the molecular level, GRd inhibited STAT3 phosphorylation and suppressed atrogin-
1, muscle RING-finger protein-1 (MuRF-1), and myostatin levels [67]. Myostatin is a well-
known inhibitor of muscle development [68]. MuRF1 is a key factor in the SM atrophy
process that occurs during catabolic conditions, making MuRF1 a promising target for
pharmaceutical therapies for muscle-wasting conditions [69]. SM improvement is necessary
for healthy life [70,71]. Furthermore, GRd improved ischemic stroke-induced damage
by suppressing oxidative stress and inflammation, prolonging neural cell survival by
upregulating the endogenous anti-oxidant system and phosphoinositide-3-kinase/AKT
signaling [72]. Thus, GRd may be an innovative natural product for treating muscle-
wasting conditions, act as an anti-diabetic therapy by improving muscle health, and have
anti-inflammatory, neuroprotective, and cardioprotective properties.

13. Ginsenoside Rf (GRf)

GRf is a constituent of Korean ginseng and upregulates markers of myoblast differen-
tiation and mitochondrial biogenesis. GRf improves exercise tolerance in mice, possibly
by enhancing mitochondrial biogenesis and myoblast differentiation via AMPK and p38
MAPK signaling pathways, suggesting that GRf boosts energy production to meet the
increased demands of working muscle cells [73]. In addition, GRf has been reported to
have neuroprotective and anti-inflammatory effects under hypoxic conditions. The binding
of GRf at the active site of PPARγ suggests that it binds at the position used by known ago-
nists [74]. In 3T3L1 adipocytes, GRf treatment downregulated PPARγ and perilipin (lipid
droplet-associated protein) levels and reduced lipid accumulation [75]. These observations
suggest GRf might be useful for treating obesity.

14. Ginsenoside Rg2 (GRg2)

GRg2 promotes porcine mesenchymal stem cell (pMSC) proliferation, prevents D-
galactose-induced oxidative stress and senescence, and increases autophagic activity
through the AMPK signaling pathway. Furthermore, long-term culture with GRg2 pro-
moted pMSC proliferation, prevented replicative senescence, and preserved stemness [76].
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In addition, the ability of GRg2 to exert its anti-atherosclerotic effects at the cellular and
animal levels supports ginseng’s role as a functional dietary regulator [77]. Additionally,
GRg2 was found to decrease mRNA levels of the inflammatory factors TNF, IL-6, and IL-8,
and at 20 µM, it considerably suppressed IL-6, IL-8, and IL-1 [77]. These findings suggest a
strategy for muscle regeneration based on the in vitro expansion of pMSCs.

15. Ginsenoside Rg3 (GRg3)

Acute pancreatitis (AP) is a systemic inflammatory response syndrome. In a study
performed using a cerulein-induced murine model of AP to investigate the effect of GRg3,
cerulein increased serum amylase, TNFα, IL-6, IL-1β, ROS, and Fe2+ levels, and GRg3 co-
treatment decreased cerulein-induced ROS buildup and cell death in pancreatic tissues [78].
Due to the lack of an effective delivery approach, it is difficult to deliver GRg3 to body
organs due to its hydrophobic nature. However, the intramyocardial injection of GRg3-
loaded PEG-b-PPS nanoparticles in a rat ischemia–reperfusion model improved cardiac
functions and reduced infarct sizes [79].

16. Ginsenoside Rg5 (GRg5)

GRg5 was administered to nude mice bearing A549/T tumors to combat multidrug
resistance. Treatment with GRg5 and docetaxel considerably suppressed the growth of
drug-resistant tumors without increasing toxicity compared to docetaxel alone at the same
dose [80]. In another study, GRg5 remarkably suppressed breast cancer cell propagation
by inducing mitochondria-mediated apoptosis and autophagic cell death. It was also
found that GRg5 decreased the phosphorylation of PI3K, Akt, and mTOR and attenuated
PI3K/Akt signaling in breast cancer [81]. Thus, GRg5 has therapeutic potential as a breast
cancer treatment. Furthermore, GRg5 [82] and GRh1 [83] can both alleviate cisplatin-
induced nephrotoxicity [82], presumably due to their anti-oxidant, anti-apoptotic, and
anti-inflammatory effects.

17. Ginsenoside Rh1 (GRh1)

GRh1 is obtained from red ginseng and used to improve physical fitness. In a cisplatin-
induced injury model, GRh1 enhanced the vitality of HK-2 cells and inhibited ROS pro-
duction and apoptosis [83], which suggested that GRh1 has potential use for alleviating
cisplatin-induced nephrotoxicity in cancer patients. In addition, GRh1 was found to have
an anti-cancer effect on breast cancer by inhibiting the ROS-mediated PI3K/Akt pathway
and causing cell cycle arrest, apoptosis, and autophagy [84]. An in vitro study reported
that GRh1 (at 100 µM) significantly inhibited cell migration and invasion and effectively
inhibited colorectal cancer development [85]. Currently, GRh1 is mostly being used as an
anticancer agent and could be further explored for its use against various other cancers.

18. Ginsenoside Rh2 (GRh2)

GRh2 is obtained from the roots of P. ginseng and has been reported to have anti-
tumor effects by immunomodulating the tumor microenvironment (TME) [86], regulating
HMGB1/NF-κB signaling, and improving the oxygen–glucose deprived environment of
cardiomyocytes [87]. However, the in vivo effects of GRh2 have not yet been well explored,
and its therapeutic effects are unknown.

19. Ginsenoside Rh3 (GRh3)

Lung cancer is the second most common cause of cancer-related death after breast
cancer [88]. In vitro, GRh3 (at 50 µM) inhibited the proliferation of A549 and PC9 cells,
and in another in vitro study, GRh3 inhibited tumor growth by causing cell arrest in
the G1 phase. In vivo, GRh3 at 50 and 100 mg/kg significantly inhibited lung cancer
metastasis [89]. GRh3 also inhibited HCT116 (colon cancer) cell proliferation, invasion,
migration, and arrested cells in the G1 phase by downregulating genes related to DNA
replication [90]. In addition, GRh3 significantly ameliorated myocardial necrosis and
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caspase 3 levels in male Sprague Dawley rat myocardial tissues by hindering the p38
MAPK pathway [91].

20. Ginsenoside Rh4 (GRh4)

GRh4 significantly inhibited the production of pro-inflammatory cytokines (TNF-α,
IL-6, and IL-1β) in RAW264.7 cells (macrophages). JAK-STAT, TNF, NF-κB, and PI3K-Akt
were identified as the main pathways used by GRh4 to reduce inflammation [92]. It has
also been reported that GRh4 protects kidneys from cisplatin-induced oxidative injury [93].
GRh4 has been shown to have a high anti-lung adenocarcinoma efficacy in vitro and in vivo.
Lung adenocarcinoma is a typical cellular breakdown in the lungs with a high harm that
desperately should be treated [94]. Further, it is reported that GRh4 inhibits colorectal
cancer cell proliferation [95], breast cancer growth [96], and delays SM aging through the
SIRT1 pathway [97].

21. Ginsenoside Rh7 (GRh7)

GRh7 has been reported to inhibit H1299 (a lymph node-derived human non-small
cell lung cancer cell line) growth (by 83%) and proliferation. In the same study, A549 (also
an NSCLC cell line) and H1299 cells were used to study the time-dependent effects of GRh7
on cell growth. After treatment with 25 µM GRh7 for 4 days, A549 growth was inhibited
by 72% and H1299 growth by 75% compared to non-treated controls [98]. These results
suggest GRh7 has anti-cancerous properties that warrant further investigation.

22. Ginsenoside Rk1 (GRk1)

GRk1 is produced by thermally dehydrating GRg3, a saponin present in Panax ginseng
Meyer. GRk1 effectively inhibited N-methyl-D-aspartate receptors in cultured hippocam-
pal neurons [99] and protected human melanocytes from H2O2-induced death. PIG1
melanocytes were pretreated with GRk1 at 0, 0.1, 0.2, or 0.4 mM for 2 h and then exposed to
H2O2 under cytotoxic conditions (at 1.0 mM for 24 h). GRk1 pretreatment at 0.2 or 0.4 mM
for 2 h considerably improved cell viability and decreased cell shrinkage versus H2O2
treatment controls [100]. In another study, GRk1 treatment reversed cisplatin-induced
increases in the protein levels of Bax, cleaved caspase 3 and 9, and Bcl-2 [101]. GRk1 was
also reported to have anti-tumor activity against lung squamous cell carcinoma [102], and
at 30 mg/kg, GRk1 injections markedly inhibited tumor xenograft growth [103].

23. Ginsenoside Rk3 (GRk3)

GRk3 is a key bioactive constituent in ginseng and has robust anti-oxidant properties.
GRk3 was found to enhance neuronal apoptosis, decrease intracellular ROS production,
and restore mitochondrial membrane potentials in PC12 and primary neuronal cells. GRk3
also improved spatial learning and reduced memory deficits in an amyloid precursor
protein (APP)/presenilin 1 (PS1) double transgenic mouse model of Alzheimer’s disease
(AD) [104]. AD has devastating effects on society with a limited number of approaches
for its treatment [105]. AD is caused by mutations in one of the genes that codes for APP
and presenilins 1 and 2. The majority of these gene mutations boost Aβ42 production [106].
Parkinson’s disease (PD) is the second most common ND without any proper cure [107] and
is categorized as a movement disorder. Natural products for the management of PD have
also been reported [108]. Additionally, several other natural products have been reported
for the management of AD and other NDs [109,110]. The anti-cancer effects of GRk3 were
also checked in Eca109 and KYSE150 cell lines (both esophageal squamous carcinoma cell
lines), and it was observed that GRk3 suppressed proliferation and colony formation for
both cell types. This inhibition was ascribed to blocking of the PI3K/Akt/mTOR pathway
and consequent activation of apoptosis and autophagy [111]. GRk3 might be an effective
anti-tumor agent for esophageal cancer and for the treatment of renal dysfunctions caused
by cisplatin-induced oxidative injury [93]. Furthermore, GRk3 improved hematopoietic
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function in myelosuppressed mice [112] and inhibited the proliferation, migration, and
invasion associated with the extramedullary infiltration of leukemia [113].

24. Ginsenoside Ro (GRo)

GRo is a primary saponin in P. ginseng C.A. Meyer with several biological actions. In
B16F10 tumor-bearing mice, GRo significantly inhibited tumor growth [114], LPS-induced
lung damage, and TNF, IL-6, and IL-1 transcript levels in tumor tissues. Furthermore, in a
dose-dependent manner, GRo suppressed the phosphorylation of NF-κB and MAPKs and
the nuclear translocation of the p65 subunit. These findings imply that GRo targets inflam-
mation by directly inhibiting the TLR4 signaling pathway [115]. The anti-inflammatory
effects of GRo have been linked to a significant decrease in levels of pro-inflammatory
cytokines generated by lipopolysaccharides. In a dose-dependent manner, GRo enhances
cell survival while lowering reactive oxygen species (ROS) and nitric oxide generation pro-
duced by lipopolysaccharides [116]. Further, GRo improves obesity and insulin resistance
in mice [117].

25. Floralginsenoside A (FGA)

Melanin provides UV protection and removes ROS from the skin. However, excessive
melanin production and its accumulation in the skin can result in pigmentation disorders
(e.g., solar lentigo, melasma, and freckles) [118]. Melan-a cells, an immortalized C57BL/6
mouse melanocyte cell line containing high levels of melanin, were used to investigate
the melanin-inhibitory activity of FGA. At a concentration of 160 µM, FGA inhibited
melanin activity by 23.9% without causing cytotoxicity. Tyrosinase is a key player in the
biosynthesis of melanin, and the main mechanism underlying the anti-melanogenesis
effects of inhibitory agents involves the downregulation of MITF (microphthalmia-related
transcription factor) due to the ERK-induced phosphorylation of MITF at serine-73, which
triggers the ubiquitination of MITF and its subsequent degradation. The phosphorylation
of MITF at serine 29 activates Akt signaling and inhibits melanin production. FGA can
block MITF–tyrosinase signaling and/or activate ERK–Akt signaling, which are both
involved in melanogenesis. In addition, FGA treatment dose-dependently decreases the
expressions of tyrosinase and MITF. Furthermore, FGA (at 160 µM) significantly and
dose-dependently augmented phospho-ERK and Akt signaling pathways [119]. Tyrosinase
activity and melanin content inhibition may result in skin whitening. However, the potential
carcinogenic side effects of the agent currently used (kojic acid) to whiten skin [120]
necessitates the development of new, safer, more effective depigmenting agents, and
natural products feature prominently in these studies. Makeup/cosmetic production is
expanding, especially in South Korea. Thus, the identification of natural makeup agents is
likely to result in commercially attractive health and skin care products.

26. Future Perspectives

This study was performed to summarize what is known about the influence of ginseng
and its derived natural products on diseases. It is well known that synthetic drugs are
associated with adverse effects and that herbal remedies have been used for millennia
and are relatively free of side effects. As a result, perceptions are changing in favor of
natural therapies and traditional medicines. In particular, ginseng has been administered
as an herbal medicine for thousands of years and is now commercially available in pill
and tea forms. Intriguingly, one clinical study reported that patients who took ginseng
after curative surgery had a 38% higher overall survival rate and a 35% higher 5-year
disease-free rate [19,121].

The roles and functions of a number of ginseng compounds are listed in Table 2. Several
of the natural products isolated from ginseng are therapeutically beneficial. Natural products
have been thoroughly investigated in vitro and in vivo, and we suggest in silico studies
be undertaken to aid in the primary screening of ginseng natural products. It has been
reported that in silico-screened compounds produce better results during subsequent in vitro
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or in vivo testing [122–124]. Most of the natural products mentioned have anti-diabetic, anti-
neuroprotective, anti-cancer, anti-oxidant, and anti-inflammatory effects. We suggest that the
repurposing of these compounds be attempted to improve their therapeutic effects.

Table 2. Therapeutic application of different ginseng compounds in disease management.

Compound Name Function Model/Object/Experiments Reference

Protopanaxadiol recovery from endometriosis mice [29]

Ginsenoside F2 alcoholic liver damage
improvement C57BL/6J WT or IL-10 knockout mice [37]

Ginsenoside F1

repair the vascular defects
caused by axitinib in zebrafish in vivo tests in zebrafish [33]

reduce Aβ-induced cytotoxicity neuroblastoma neuro-2a (mouse) and
neuroblastoma SH-SY5Y (human) [34]

Ginsenoside Rh7 anticancerous properties A549 and H1299 cell line [98]

Ginsenoside Rb1

decrease adipose tissue and
leptin levels KK-Ay DM mice [49]

reduce hepatic fat formation obese diabetic db/db mice [50]

reduce body weight gain HFD-induced obese mice [51]

increase GLUT4 translocation C2C12 and 3T3-L1 cells [53]

Ginsenoside Rb2
improve cell viability HT22 murine hippocampal neuronal cells [55]

inhibit the growth of colorectal
cancer cells HT29 and SW620 cell lines [56]

Ginsenoside Rc
enhance bone development ovariectomy-induced osteoporosis mice [64]

reduce the proliferation and
viability process 3T3L1 [66]

Ginsenoside Rd enhance hypertrophy aged mice [67]

Ginsenoside Rg2 encourage pMSC proliferation MTT assay [76]

Ginsenoside Ro inhibit tumor growth B16F10 tumor-bearing mice [114]

Ginsenoside Rg3 decrease ROS buildup mice [78]

Ginsenoside Rh2
improve the oxygen–glucose
deprivation environment of

cardiomyocytes
regulate the HMGB1/NF-κB signaling [87]

Ginsenoside Rh1 anticancer effect on breast
cancer cells

inhibition of the ROS-mediated PI3K/Akt
pathway [84]

Ginsenoside Rh3 inhibit proliferation A549 and PC9 cells [89]

Ginsenoside Rk3 improve neuronal apoptosis PC12 and primary neuronal cells [104]

Floralginsenoside A melanin inhibitory activity C57BL/6 mouse melanocyte cell line [119]

27. Conclusions

Ginseng and ginseng-derived natural products are attractive candidates for the treat-
ment of several disease. Furthermore, this study showed that ginseng and its derived
natural products are powerful therapeutic agents/supplements that improve health and
increase energy. Therefore, we suggest that clinical trials be performed to confirm the
therapeutic efficacies of ginsenosides in cancer, stroke, obesity, aging, and NDs.
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Abstract: Ellagic acid (EA) is present at relatively high concentrations in many berries and has many
beneficial health effects, including anticancer properties. To improve the development and utilization
of blackberry fruit nutrients, we divided Hull blackberry fruits into five growth periods according to
color and determined the EA content in the fruits in each period. The EA content in the green fruit
stage was the highest at 5.67 mg/g FW. Single-factor tests and response surface methodology were
used to optimize the extraction process, while macroporous resin adsorption and alkali dissolution,
acid precipitation, and solvent recrystallization were used for purification. The highest purity of the
final EA powder was 90%. The anticancer assessment results determined by MTT assay showed that
EA inhibited HeLa cells with an IC50 of 35 µg/mL, and the apoptosis rate of the cells increased in a
dose-dependent manner, with the highest rate of about 67%. We evaluated the changes in the mRNA
levels of genes related to the EA-mediated inhibition of cancer cell growth and initially verified the
PI3K/PTEN/AKT/mTOR pathway as the pathway by which EA inhibits HeLa cell growth. We hope
to provide a theoretical basis for the deep exploration and utilization of this functional food.
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1. Introduction

Blackberries (Rubus spp.) are fruits of interest owing to their high content of antho-
cyanins and ellagitannins as well as other phenolic compounds that contribute to their
good biological activities [1], including antioxidant [2], anticancer [3], anti-inflammatory [4],
antibacterial [5] and others. This fruit is composed of an aggregate of droplets 1–3 cm in
diameter that change color from green to red to black as it ripens [6]. However, the majority
of blackberry varieties have a sour taste when fresh and are not easy to store, which is
detrimental to the development and utilization of blackberries. Consequently, studying the
functional components of blackberries by optimizing the extraction and utilization process
is important.

Reportedly, the highest concentrations of ellagic acid (EA) are found in fruits of plants
of the genus Rubus [7]. In plants, EA is a biologically active polyphenolic compound
that occurs naturally as a secondary metabolite in many plants, where it is produced
mainly by hydrolyzing ellagitannins [8]. Structurally, EA is considered a dimeric gallic
acid derivative because it constitutes a dilactone of hexahydroxy-diphenic acid (HHDP)
(Figure 1) [9]. In recent decades, EA has attracted increasing attention due to its pronounced
antioxidant [10,11], anticancer [12–14], anti-inflammatory [15,16], and antimutagenic prop-
erties [17,18]. Many studies have shown that EA can regulate a range of cell signaling
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pathways to prevent, mitigate or slow the progression of chronic diseases such as cardiovas-
cular disease [19] and neurodegenerative diseases [20], diabetes [21], and cancer [13,14,22].
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The evidence from epidemiologic and clinical studies suggests that a daily intake
of 400–800 g of vegetables and fruits may prevent 20% or more of cancer cases. Studies
in vitro, animal, and clinical studies have demonstrated the potential role of berry phenolic
compounds in reducing cancer risk [23]. EA has a significant inhibitory effect on chemical-
induced carcinogenesis and many other types of carcinogenesis, such as liver, lung, colon,
breast, and cervical cancer [24–29]. Cervical cancer is the fourth leading cause of cancer
death in women [27]. Long-term infection with human papillomavirus (HPV) is one of the
causes of cervical cancer, and approximately 91% of cervical cancer patients are infected
with high-risk HPV [30]. Studies have found that 16/18 are the two most prevalent HPV
subtypes in patients with cervical cancer. Several studies have shown that the E6/E7 gene
is the most abundant viral transcript in biopsies and HPV-positive cells from HPV-positive
cervical cancer patients. E6/E7 plays a key role in the process of viral replication and
carcinogenesis. The open reading frames of E6/E7 sequences are directly involved in
regulating the growth and proliferation of cervical cancer cells and are closely related to
apoptosis [31–35]. In this paper, apoptosis-related pathways and E6/E7 genes were selected.
Changes in the mRNA levels of the related pathway genes were determined by qPCR,
which initially revealed the related pathway of EA to inhibit the growth of HeLa cells. This
provides part of the theoretical basis for the further development of EA in blackberry fruit.

EA has special physicochemical properties and low solubility in many solvents, so
improving its extraction efficiency is significant for its utilization and research. In this
study, the different growth stages of Hull were divided into five periods according to color,
including green fruiting (S1), green to red (S2), red fruiting (S3), red to purple (S4), and
ripening (S5). We determined the EA content as well as other antioxidants in fresh fruits at
each stage. After determination and analysis, we selected the S1 period fruits for extraction
and purification. After finally obtaining 90% pure EA powder, we further investigated
the in vitro anticancer activity of EA and its possible pathway to inhibit cancer cells. It is
hoped that this work will provide a theoretical basis for exploring the effective utilization
value of blackberries and developing more functional foods.

2. Results
2.1. Determination of EA

The important morphological indicators and EA content in Hull fruits were measured
at each ripening stage. Fifteen fruits were randomly selected to measure their weights and
diameters, as shown in Figure 2b. The EA content showed a decreasing trend with fruit
growth and development. Among the five stages, the highest EA content was found at the
S1 stage at 5.67 mg/g (Figure 2c), while the lowest EA content was found at the S5 stage at
0.77 mg/g. Others were S2 with 1.54 mg/g, S3 with 0.89 mg/g, and S4 with 0.99 mg/g.
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Figure 2. Hull fruit indicators: (a) Hull fruit appearance at each stage; (b) morphological indicators
of Hull fruits at different coloring stages; (c) EA content in Hull fruits at different coloring stages.

2.2. Measurement of Fruit Quality Indexes

The antioxidant capacity and antioxidant substances as well as the content of saccha-
rides in the fruits of Hull at different coloring stages were determined, which showed that
the antioxidant substances and antioxidant capacity declined gradually with fruit growth
and development (Figure 3). Among them, vitamin C decreased and then increased during
fruit development, and the content was the highest in the S1 stage, while anthocyanin,
which is related to fruit color, gradually accumulated with fruit growth and development.
The total antioxidant capacity of fruits in Hull was 857.90 U·mgprot−1 FW in S1 period,
DPPH scavenging capacity was higher at 340.07 mg Trolox·g−1 FW, and the highest content
of anthocyanin was 0.91 mg·g−1 FW in S5 stage.
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Sugars are one of the important evaluation indexes of fruit flavor, which gradually
accumulated with fruit growth and development, and reached the highest in the S5 period.
The soluble sugar content increased linearly during fruit development, with the highest
content of 61.78 mg/g in the S5 period, while the fructose content decreased gradually in the
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S1–S3 period, with the lowest content of 12.71 mg/g in the S3 period. The fructose content
increased linearly in the middle and late stages of fruit development, with the highest
content of 56.65 mg/g in the S5 period (Figure 4). EA synthesis pathway is the mangiferolic
acid pathway, the starting material is phosphoenolpyruvic acid, EA can combine with
sugar to form glycosides, which leads to a decrease in free EA content. The high content
of antioxidants and the low content of sugars in the S1 period during fruit growth and
development make it suitable as a sample for EA extraction.
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2.3. Single-Factor Tests for EA Extraction

EA lyophilized powder was made from S1 fruits with the highest EA content. Four
factors, including ethanol concentration, solid–liquid ratio, extraction time, and extraction
temperature, were used to analyze the extraction process. The EA extracted under different
conditions was determined and the optimal extraction conditions were studied. The results
of the single-factor experiment showed that the optimal extraction conditions were a solid–
liquid ratio of 1:20, an ethanol concentration of 40%, an extraction time of 20 min, and an
extraction temperature of 80 ◦C.

The extraction efficiency of EA increased gradually with the increase in ethanol volume
fraction and reached a peak extraction of 47.39 mg/g when the ethanol concentration
reached 40%. However, the extraction efficiency decreased gradually when the ethanol
concentration exceeded 40%. Therefore, the optimum concentration of ethanol is 40%
(Figure 5a).
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(b) solid–liquid ratio; (c) ultrasonication time; (d) ultrasonication temperature.

The solid–liquid ratio has a strong influence on the extraction efficiency of EA. The
smaller the solid–liquid ratio is, the more incomplete the extraction is and the lower the
extraction efficiency is; the larger the solid–liquid ratio is, the more unnecessary waste will
be produced, which also reduces the extraction efficiency. When the solid–liquid ratio was
1:20, the EA had been fully precipitated, and the EA content was 38.33 mg/g. Finally, 1:20
was chosen as the optimal solid–liquid ratio (Figure 5b).

Ultrasound can destroy the cell wall and make the cell contents more soluble in the
extraction solvent. As the extraction time increased, the extraction rate of EA gradually
increased, but a too-prolonged extraction time would consume a lot of time and cause
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problems such as EA aging, so the best extraction time was 20 min (Figure 5c). When
the ultrasonic extraction time was 20 min, the maximum amount of EA extracted was
51.75 mg/g.

EA is not sensitive to high temperatures and is not highly soluble in many solvents. The
extraction rate and solubility increased with increasing extraction temperature. When the
temperature reached 80 ◦C, the EA content also reached the highest value of 53.46 mg/g.
However, prolonged extraction at high temperatures will lead to the aging of EA and
reduce its activity. Hence, 80 ◦C was chosen as the optimal extraction temperature. The
best extraction conditions derived from the single-factor test were solid–liquid ratio of
1:20, ethanol concentration of 40%, ultrasonic extraction temperature of 80 ◦C, and time of
20 min. Under these conditions, the content of the extracted EA lyophilized powder was
55.20 mg/g (Figure 5d).

Solvent extraction is the earliest and most classical method. And ultrasonic waves
have the advantages of penetration and cavitation, which can make the liquid molecules
collide and interact with each other, thus rapidly rupturing the plant cell wall and releasing
phenolic compounds. Ultrasonic extraction is easier to operate, with lower instrument
costs, and is more efficient than other techniques [36,37]. Because of its similar polarity
to EA, acetone is difficult to react with hydrolyzed tannins compared to other solvents.
Li and colleagues used acetone as an extraction solvent and determined that an 80%
acetone solution (containing HCl and vitamins) with a solid–liquid ratio of 1:12 (g/mL)
was the most effective for EA extraction (323 µg/g) at 80 ◦C and reflux extraction for 90
min [38]. Ethanol is recognized as a low-toxicity organic reagent. Wang and coworkers
used anhydrous ethanol as a solvent to extract EA from raspberries by ultrasound-assisted
extraction. The best extraction conditions were as follows: solid–liquid ratio of 1:14 (g/mL),
ultrasonic extraction for 20 min, and extraction temperature at 80 ◦C, and 670.28 µg/g of
EA was obtained [39].

2.4. Response Surface Methodology to Optimize EA Extraction

According to the results of the single-factor experiments, the best three values were
selected, and the above four critical factors were optimized using the experimental design
software Design-Expert 8.0.6.1 (Stat-Ease, Minneapolis, MN, USA) and the Box–Behnken
design method; the related process mathematical models were established and verified.
The results of EA extraction were determined according to the experimental conditions
shown in Tables 1 and 2.

Table 1. Response surface design experimental setup and results.

Number A (◦C) B (min) C (mL/g) D/% Ellagic Acid Content (mg/g)

1 1 0 1 0 48.28
2 0 0 0 0 54.84
3 1 1 0 0 51.24
4 0 −1 1 0 46.26
5 0 0 −1 1 48.12
6 −1 0 −1 0 50.21
7 0 1 1 0 49.06
8 −1 0 1 0 48.73
9 0 −1 −1 0 47.22
10 0 1 0 1 48.82
11 0 1 −1 0 50.83
12 1 0 0 −1 50.75
13 0 0 0 0 54.86
14 −1 −1 0 0 48.62
15 1 0 0 1 49.51
16 0 −1 0 1 46.36
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Table 1. Cont.

Number A (◦C) B (min) C (mL/g) D/% Ellagic Acid Content (mg/g)

17 0 0 1 1 47.11
18 0 0 1 −1 47.95
19 −1 0 0 1 49.70
20 1 0 −1 0 50.10
21 −1 1 0 0 52.04
22 0 0 0 0 55.55
23 0 1 0 −1 52.18
24 −1 0 0 −1 52.50
25 1 −1 0 0 47.52
26 0 0 0 0 55.72
27 0 −1 0 −1 46.87
28 0 0 −1 −1 50.95
29 0 0 0 0 54.71

Table 2. Analysis of variance (ANOVA) of the fitted quadratic polynomial model.

Source Sum of Squares DF Mean
Square F Value p Value

Model 223.41 14 15.96 80.66 <0.0001
A 1.61 1 1.61 8.16 0.0127
B 37.85 1 37.85 191.3 <0.0001
C 8.42 1 8.42 42.55 <0.0001
D 11.16 1 11.16 56.42 <0.0001

AB 0.023 1 0.023 0.12 0.7385
AC 0.029 1 0.029 0.15 0.708
AD 0.62 1 0.62 3.12 0.099
BC 0.17 1 0.17 0.85 0.3734
BD 2.04 1 2.04 10.34 0.0062
CD 0.99 1 0.99 5 0.0422
A2 22.71 1 22.71 114.81 <0.0001
B2 74.74 1 74.74 377.81 <0.0001
C2 87.38 1 87.38 441.69 <0.0001
D2 55.37 1 55.37 279.86 <0.0001

Residual 2.77 14 0.2
Lack of fit 1.91 10 0.19 0.88 0.6044
Pure error 0.86 4 0.22
Cor total 226.18 28

R-squared 0.9878
Pred R-squared 0.9455
Adj R-squared 0.9755

Note: differences were considered significant at the level of p < 0.05.

By response surface analysis, the EA extraction efficiency equation in relation to the
main factors was determined to be y = 55.13 − 0.37A + 1.78B − 0.84C − 0.96D + 0.076AB −
0.085AC + 0.39AD − 0.20BC − 0.71BD + 0.50CD − 1.87A2 − 3.39B2 − 3.67C2 − 2.92D2.
The partial regression coefficients of the primary terms in the order of B > D > C > A
indicated that the most influential factor on the EA extraction efficiency was the extraction
time, followed by the solid–liquid ratio, ethanol concentration, and extraction temperature.
The ANOVA results showed that the experimental model was significant with a misfit of
0.604 and an R2 of 0.988, which was similar to the predicted R2 = 0.946, indicating that the
experimental results were reliable.

Using Design-Expert 8.0.6.1 software, the contour lines and response surface maps of
the corresponding quadratic regression equations were obtained (Figure 6). Discretization
of the slope of the response surface and the contour of the response surface can directly
reflect the interaction between the factors. It can be seen from the figure that the response
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surfaces of extraction time and liquid–solid ratio are very steep, indicating that extraction
time and solid–liquid ratio have a significant effect on the extraction volume. In addition,
the contours are elliptical in shape, indicating that the interaction between them is also very
significant. The best process for extracting EA was determined to be a 1:20 solid–liquid
ratio, 40% ethanol concentration, 80 ◦C extraction temperature, and 20 min extraction time.
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2.5. Purification of EA

The purification experiments were mainly performed by adsorption of macroporous
resins, and the most suitable macroporous resin was selected by determining the static
adsorption and resolution. HPD300 and HP20 had strong adsorption capacity for EA, and
the adsorption capacity was stable after 5 h. The adsorption rates were about 65% and
63%, and the amounts of EA adsorbed on the resins were 13.77 mg/g and 13.43 mg/g,
respectively. The results showed that the resolution of EA was completed after adding
ethanol for 30 min, with the highest resolution of 93% and 88% for HP20 and HPD300,
respectively (Figure 7). HP20 macroporous resin was selected for subsequent purification.
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In order to separate compounds, the adsorption force of macroporous resins depends
on the physical adsorption between the macroporous resins and the adsorbed substances
through van der Waals forces. Macroporous resins have the advantages of high extraction
rate, non-toxicity, non-harmfulness, and non-pollution of the environment. Wang’s group
compared the adsorption capacity of different resins for EA, and finally chose HPD 600 for
the first isolation and purification of the crude extract of EA [40]. In the experiment, the EA
concentration measured at constant volume was 61%, and after the second purification by
CG-161 resin, the final concentration of EA reached 80%.

The first purified powder collected after adsorption with HP20 macroporous resin
contained 20% EA. The recovery of EA from the fruit was 85%. After that, the supernatant
was extracted continuously (twice) by column adsorption, and the purified powder with
55% EA content was recovered. This powder was completely dissolved with NaOH and
precipitated with HCl, and a precipitated powder with about 85% EA content was collected.
Then, the powder was further dissolved in methanol, heated under reflux conditions and
the precipitate was collected by centrifugation. The final high-purity powder with 90% EA
content was obtained and used for the following evaluation of anticancer activity. Infrared
spectra (pure) νmax/cm−1 3474, 3155, 1721, 1618, 1582, 1510, 1446, 1398, 1374, 1326, 1260,
1194, 1111, 1038, 922, 875, 813, 757, 687, 634, 580, 535, and 460 (Figure S1). The retention
time of EA in the UPLC was 12.38 min. EA retention time in UHPLC was 12.38 min, which
was similar to the literature (Figure S2) [41].

2.6. Biological Evaluations
2.6.1. Anticancer Activity of EA In Vitro

We further evaluated the anticancer activity of the purified EA on the growth of the
human cancer cell lines HeLa, HepG2, MCF-7, and A549 and normal cells (HUVECs) by
MTT assay in vitro. The results are shown in Figure 8.
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Figure 8. The anticancer activity of the purified EA extract. (a) The rates of inhibition of four types of
cancer cells induced by EA; (b) IC50 values of the purified EA extract against four types of cancer
cells; (c) selectivity indices (SIs) of the purified EA extract. *** p < 0.001; ** p < 0.01; * p < 0.05.

According to Figure 8a, EA-mediated growth inhibition occurred in a dose-dependent
manner. The highest inhibition rate was observed in HeLa cells with an IC50 of 35 µg/mL,
while in MCF-7 cells, the IC50 was 73 µg/mL, in HepG2 cells, the IC50 was 213 µg/mL, in
A549 cells, the IC50 was 242 µg/mL, and in HUVECs, the IC50 was 258 µg/mL (Figure 8b).
The toxicity of EA to the nonmalignant cell line (HUVECs) was also investigated to char-
acterize the selectivity, which is expressed as the selectivity index (SI) (SI = (IC50 for non-
malignant HUVECs)/(IC50 for the human tumor cell lines)) [42], as illustrated in Figure 8c.
An important consideration for future pharmacological applications is the SI. EA exhibits
moderate to good cytotoxic activity against human cancer cells, with significantly enhanced
selectivity for HeLa, MCF-7, HepG2, and A549 cells (SI value > 1). Li and colleagues further
demonstrated the anticancer properties of EA in human cervical cancer cell lines by MTT
assays. These authors confirmed that EA reduced the proliferation of human cervical cancer
HeLa, SiHa, and C33A cells in a dose- and time-dependent manner, and the inhibitory
effect was significantly more pronounced in HeLa cells than in SiHa and C33A cells [30]. In
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another study, it was previously reported that EA dose-dependently inhibited the growth
of HeLa cells [43], which is consistent with our findings.

In order to investigate the apoptosis-inducing ability of EA in HeLa cells, we chose
three EA concentrations (50, 25, and 12.5 µg/mL) that were close to the IC50 of HeLa cells.
Figure 9 is an image of normal HeLa cells in a logarithmic growth phase under a normal
light microscope, with clear cell boundaries and moderately pike-shaped morphology.
After incubation with different concentrations of EA for different times (24 and 48 h),
the morphology and number of HeLa cells were observed under the light microscope.
The results showed that the number of cells gradually decreased with the increase in
culture concentration and time, and the cells became wrinkled, rounded, and lost their
original morphology.
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Figure 9. HeLa cells incubated with EA. (A–C) are images taken under a light microscope after
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2.6.2. Induction of Apoptosis In Vitro

It is generally recognized that the mechanism of anticancer action of EA involves the
regulation of apoptosis. Apoptosis is characterized by numerous morphological changes
in the structure of the cell, together with many enzyme-dependent biochemical processes.
The result of apoptosis is the removal of cells from the body with minimal damage to
surrounding tissues. And the initiation of apoptosis depends on the activation of a series of
cysteine-aspartate proteases called caspases [44].

To further investigate the exact mechanism by which EA inhibits the proliferation
of HeLa cells, we used flow cytometry to assess the effect of EA on HeLa cell apoptosis.
The results indicated that the apoptosis rate of HeLa cells was dose-dependent with EA
concentration. The apoptosis rate was highest at about 67% when the EA concentration
was 50 µg/mL, 45% when the EA concentration was 25 µg/mL, and 44% when the EA
concentration was 12.5 µg/mL. The data showed (Figure 10) that EA significantly inhibited
the proliferation of HeLa cells by inducing apoptosis.
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2.6.3. Confocal Fluorescence Imaging In Vitro

As mentioned above, EA can inhibit cell proliferation by inducing apoptosis. Therefore,
we tried to visualize the induced apoptosis process by confocal fluorescence imaging
(Figure 11).
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Figure 11. Confocal fluorescence microscopy images of HeLa cells incubated with 50 µg/mL EA for
48 h at 37 ◦C. Scale bar = 20 µm.

As D’Arcy reported, apoptosis can be distinguished from non-programmed forms of
cellular necrosis by visual observation under a microscope and by a variety of molecular
biology techniques including flow cytometry and DNA fragmentation assays using An-
nexin V-FITC staining [44]. After Annexin V-FITC staining, the cytoplasm displays green
fluorescence and the PI after staining, the nucleus shows red fluorescence. Apoptotic cells
stained only green fluorescence, necrotic cells stained green and red fluorescence, and
normal cells did not fluoresce. Almost no green or red fluorescence signal was observed
in the negative control, indicating that the cells were in a normal state. After treatment
with EA (50 µg/mL) for 48 h at 37 ◦C, the green fluorescent signal was strong and the red
fluorescent signal was weak in the cytoplasm, which indicated that EA had the ability to
induce apoptosis.

2.6.4. Apoptosis Pathway Assay

In order to further determine the pathways by which EA inhibits the growth of HeLa
cells, we studied the changes in the mRNA levels of genes associated with the apoptotic
pathway. Changes in apoptosis-related pathway genes are shown in Figure 12. The results
showed that caspase, PTEN, TSC, and mToR expression were up-regulated and AKT, PDK1
expression were down-regulated, which showed a dose-dependent relationship with EA.
E6/E7 are two sequences encoded by HPV18 whose open reading frames are directly
involved in cervical cancer cell growth and development. We further evaluated the E6/E7
gene. The mRNA levels of E6/E7 were determined to decrease gradually with the increase
in EA incubation time and concentration. The phosphatase and tensin homolog (PTEN),
which is deleted on chromosome 10, is a tumor suppressor that negatively regulates the
AKT/PI3K with negative regulatory effects, and the AKT/PI3K signaling pathway is
associated with tumorigenesis and apoptosis [45,46]. The mammalian target of rapamycin
(mTOR) is involved with malignancy-associated genes, which can promote cancer cell
proliferation and inhibit apoptosis [47]. TSC upstream of the mTOR signaling pathway,
and the TSC1/TSC2 complex can inhibit mTOR activity [48]. The above results tentatively
suggest that EA may inhibit cell growth through the above-related pathway.
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3. Discussion

It has been shown that daily consumption of phenolic-rich foods has a preventive
effect on some diseases [49,50], so it has a positive effect on the breeding of plants with
high phenolic acid content. In this paper, we initially determined the trend of EA content
during the growth and development process of Hull fruits; the results showed that Hull
has high EA content. The highest EA content was 5.76 mg/g FW in the S1 period and
the lowest EA content was in the S5 period. Because metabolites during fruit ripening
depend on the expression of relevant genes and the action of biological enzymes [51],
metabolomics and transcriptomics are of great significance for the study of metabolite
accumulation. Therefore, elucidating the molecular mechanism of EA accumulation in
blackberry fruits will have a positive effect on the targeted selection of superior varieties,
and it will be beneficial to develop effective methods to improve fruit quality in response
to market demand.

As verified by in vitro cell assay, the results indicated that EA could regulate the
expression of E6/E7 genes through PTEN/AKT/mTOR/PI3K-related pathways and inhibit
the growth and development of HeLa cells. In a few words, EA inhibits the growth of
HeLa cells by inducing apoptosis. Apoptosis is a form of cell suicide in a physiological
mode, resulting in controlled cell death. It plays a central role in cancer and can provide
important information for studying behaviors related to development and homeostasis
regulation. Consistent with Li’s findings [30], E6/E7 is directly involved in the growth and
development of cervical cancer cells, and EA has an inhibitory effect on its expression, so
EA shows an inhibitory effect on HeLa. As per our previous report, polyphenol extract may
interact with DNA in an intercalation mode to change or destroy DNA and cause apoptosis,
and inhibit cell proliferation. When DNA damage is introduced into cells from exogenous
or endogenous sources there is an increase in the amount of intracellular reactive oxygen
species (ROS) that may be related to apoptosis [42]. EA is a kind of natural polyphenol, the
further possible mechanism may be that EA can induce apoptosis by interacting with DNA
in an intercalation mode, changing or destroying DNA. However, EA cannot be exploited
for in vivo therapeutic applications in the current situation because of its poor water
solubility and accordingly low bioavailability. Thus, further work to improve its water
solubility and bioavailability will be needed in the future. Despite the fact that blackberry is
one of the natural sources of EA, an edible berry rich in several phenolic acids, the digestive
and absorptive transformation of EA after ingestion into the human body is necessary. As
Lei [52] reported that EA in pomegranate leaf is rapidly absorbed and distributed as well
as eliminated in rats. Zhou and co-workers determined the pharmacokinetics of oral EA
in rats with rapid distribution and time to peak. The blood concentration peaked at 0.5 h
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with Cmax = 7.29 µg/mL, and the drug concentration decreased to half of the original after
57 min of administration [53]. Therefore, increasing the drug concentration, prolonging
the retention time of EA, and improving the bioavailability are of great significance in the
research and development as well as utilization of botanical drugs.

4. Materials and Methods
4.1. Materials and Chemicals

Hull blackberry fruits were collected from the Baima Science Research Base of the
Institute of Botany, Jiangsu Province, and Chinese Academy of Sciences (Nanjing, China),
and the disease-free fruits were stored at −30 ◦C. EA standards (content > 96%, were used
as control analysis; content > 98%, standard products). The total antioxidant capacity
assay kit, DPPH free radical scavenging capacity assay kit, plant soluble sugar content test
kit, Vitamin E assay kit, Vitamin C assay kit, and fructose assay kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) were used. The macroporous resins HPD100,
HPD300, HPD600, AB-8, and HP20 (Sobolai, Beijing, China) and acetonitrile, trichloroacetic
acid, potassium bromide (KBr), Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine
serum (FBS), phosphate-buffered saline (PBS), 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-
2-H-tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), penicillin/streptomycin,
trypsin, the RNA extraction kit (Keybionet, Nanjing, China), and Annexin V-FITC/PI
(Beyotime, Shanghai, China) were purchased commercially. HeLa, HepG2, MCF-7, and
A549 cells and HUVECs were kindly provided by Cell Bank, Chinese Academy of Sciences.

4.2. Measurement Method of EA
4.2.1. UV Spectrophotometric Method

The EA content was rapidly determined by UV spectrophotometry. EA is a phe-
nolic acid that reacts with bases, and this complex has a maximum absorption peak of
357 nm [54]. According to this method the gradient concentration EA absorbance values
were determined and the standard curve was plotted as in Figure 13. The standard curve
gave the equation of y = 0.0531x + 0.0042 after fitting (R2 = 0.9997).
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4.2.2. UHPLC Analysis

An Agilent 1260 Infinity II ultra-high performance liquid chromatography system was
used for separation by Phenomenex Gemini 5u C18 column (250 mm × 4.60 mm, 5 µm).
The mobile phase water(A)/acetonitrile(B) (A:B = 85:15) acidified to 0.05% (w/v) with
trichloroacetic acid. The flow rate was 1 mL/min; the column temperature was 30 ◦C; the
wavelength of 254 nm; and the injection volume of 10 µL [55].

4.3. Measurement of Fruit Quality Indexes

Ultrasound-assisted solvent extraction method was used to extract the anthocyanin
in the fruits, and anthocyanin content was determined at 510 nm by UV spectropho-
tometry [56]. Determination of the total phenol content of the fruit was carried out by
Floin–Ciocalteu method [57], absorbance value was measured at 750 nm, and the total
phenol content in the sample was calculated by the standard curve y = 0.128x + 0.00045
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(R2 = 0.999). The content of the remaining substances was determined according to the
method of the kit instructions.

4.4. Single-Factor Experiments of EA Extraction from Blackberries

For each stage, 50 g of fruit was homogenized and prepared. Extraction conditions
were as follows: the temperature of ultrasonic extraction was 50 ◦C, the time of ultrasonic
extraction was 20 min, the solid–liquid ratio was 1:10, and the solvent was anhydrous
ethanol. After the extraction, the extract was centrifuged at 7000 rpm for 5 min, and then
1 mL of the clarified supernatant was added with 4 mL of NaOH (0.1 mol/L), absorbance
value was measured at 357 nm, so as to calculate the concentration of EA.

An analysis of four extraction process factors was performed to determine the effect of
each factor on extraction efficiency in order to optimize the extraction process: solid–liquid
ratio (1:5, 1:10, 1:15, 1:20, 1:25, 1:30, 1:35, and 1:40 (g:mL)), ethanol concentration (100%, 90%,
80%, 70%, 60%, 50%, 40%, 30%, 20%, and 10%), ultrasonic time (10 min, 20 min, 30 min,
40 min, and 50 min) and extraction temperature (50 ◦C, 60 ◦C, 65 ◦C, 70 ◦C, 75 ◦C, 80 ◦C,
85 ◦C).

4.5. Response Surface Factor Test

From the results of single-factor experiments, the Box–Behnken design in Design-
Expert v8.0 software was used to optimize the extraction process with ethanol concentra-
tion (A), solid–liquid ratio (B), extraction time (C) and extraction temperature (D) as the
independent variables, and amount of EA extracted as the dependent variable. Thus, −1, 0
and 1 denote the three levels of the independent variables. The experimental factors and
levels were designed as shown in Table 3.

Table 3. Single-factor level experimental design.

Factors Code
Coding Level

−1 0 1

Ethanol concentration A 30% 40% 50%
Solid–liquid ratio B 1:15 1:20 1:25
Extraction time C 10 min 20 min 30 min

Extraction
temperature D 75 ◦C 80 ◦C 85 ◦C

4.6. EA Purification Experiment

After pretreatment, five macroporous resins of different polarities were selected, which
include polar HPD600, weakly polar AB-8 and HPD300, and non-polar HP20 and HPD100.
Next, 100 mL triangular flasks were filled with 3 g of the resins and 50 mL of the EA
supernatant, and shaken for 5 min, 10 min, 15 min, 30 min, 60 min, 120 min, 180 min,
240 min, 300 min, and 360 min, at 150 rpm at room temperature. The EA content was
determined from these data and the adsorption curves were plotted. We rinsed the EA-
adsorbed resin with water to remove excess contaminants and liquid, and then added
50 mL of 60% ethanol and took samples at the same points to plot the resolution curves
in the adsorption experiments. The most effective resin was selected for subsequent
purification experiments.

The extracted supernatant was purified by column chromatography and eluted with
60% ethanol, and the primary purified EA powder was obtained after evaporation of
ethanol and freeze-drying. The primary purified EA powder was mixed with 1 mol/L
NaOH until it was completely dissolved, the pH was adjusted to 12~14, the pH was
then adjusted to 2~4 by adding HCl, and EA was precipitated overnight at 4 ◦C. The EA
precipitate was collected by centrifugation after secondary purification, and the secondary
purified product was added to a methanol solution at a ratio of 1:100. After heating to reflux
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at 80 ◦C for 2 h, the solution was recrystallized overnight at 4 ◦C and collected. Finally, the
relative content of EA was determined.

4.7. MTT Assay In Vitro

Human cervical cancer cells (HeLa), human non-small-cell lung cancer cells (A549),
human breast cancer cells (MCF-7), and human liver cancer cells (HepG2) were cultured
in vitro under 5% CO2 at 37 ◦C. Cancer cells were added to 96-well plates at a density of
1 × 104 cells per well. After 12 h of incubation, the medium was removed and the cells
were incubated with different EA concentrations (each concentration was repeated three
times) for 48 h. Then, the medium was removed and a new medium containing MTT
(1 mg/mL) was added and incubated for 4 h. The absorbance of each well was measured
at 595 nm. Cell viability values were determined (at least three times) according to the
following formula: cell viability (%) = absorbance of the experimental group/absorbance
of the blank control group × 100% [54,57].

4.8. Induction of Apoptosis In Vitro

HeLa cells (1 × 106) were cultured in 35 mm dishes and incubated at 37 ◦C for 24 h.
After adding EA at concentrations of 12.5, 25, and 50 µg/mL, the cells were incubated for
48 h (each concentration was repeated three times). DMSO (0.1%) was used as a control.
The treated cells were washed, trypsinized (without EDTA (ethylene diamine tetraacetic
acid), and centrifuged. Next, the cells were collected and resuspended in 500 µL of buffer
solution loaded with 5 µL of Annexin V-FITC and 5 µL propidium iodide (PI), the cells
were incubated for 5–15 min in the dark. Flow cytometry analysis was conducted with
a single 488 nm argon laser and 80,000 events with a BD Accuri C6 flow cytometer and
software (Becton, Dickinson and Company, Franklin Lakes, NJ, USA) [54].

4.9. qRT–PCR Detection

After treating the cells with the same procedure as in vitro apoptosis assessment, all
the cells were collected to extract all the RNA according to the kit method and reverse
transcribed to cDNA. cDNA was diluted to 400 ng/µL. The fluorescence quantification
reaction (qPCR) system had a total volume of 15 µL (1 µL of cDNA, 0.6 µL of primers,
5.3 µL of ddH2O, and 7.5 µL of mix). The primer sequences are detailed in Table 4.

Table 4. Primer sequences for quantitative fluorescence analysis.

Gene Name Forward (5′-3′) Reverse (5′-3′) Amplification Length (bp)

Caspase 3 ACCAGTGGAGGCCGACTTCT GCATGGCACAAAGCGACTGG 107
Caspase 8 ACCGAAACCCTGCAGAGGGA CATCGCCTCGAGGACATCGC 78
Caspase 9 GATGCCCTGTGTCGGTCGAG GTGGAGGCCACCTCAAACCC 139

AKT1 GCGGCACACCTGAGTACCTG CAGGCGACCGCACATCATCT 113
AKT2 CAGAACACCAGGCACCCGTT GCCCGCTCCTCTGTGAAGAC 143
AKT3 TGTCGAGAGAGCGGGTGTTC TGGTGGCTGCATCTGTGATCC 198
PTEN TCCCAGTCAGAGGCGCTATGT CCGTCGTGTGGGTCCTGAAT 199
TSC1 AAGCTTGGGCCTGACACACC CTGTCTCCCGCAGGGCTTTC 86
TSC2 ATCTGCAGCGTGGAGATGCC GTGTACGGCAGGGAGATGGC 200
mTOR GCCTTTCCTGCGCAAGATGC GCGGGCACTCTGCTCTTTGA 85
PI3K AGGAGATCGCTCTGGCCTCA TGGCTCGGTCCAGGTCATCC 161

E7 GGACGGGCCAGATGGACAAG GGGTTCGTACGTCGGTTGCT 122
E6 TGTGTCAGGCGTTGGAGACAT ACCTCAGATCGCTGCAAAGT 82

4.10. Data Analysis

The analytical data were statistically analyzed using SPSS Statistics 16.0 ((IBM, Chicago,
IL, USA) and one-way ANOVA at a level of reliability of 0.05%. Origin 2019b (OriginLab
Crop., Northampton, MA, USA) was used to analyze the IC50 values with linear fitting. All
experiments were repeated three times.
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5. Conclusions

As one of the earliest introduced blackberry varieties in China, the Hull variety is
currently planted over a large area in Jiangsu Province [58]. Hull is an extremely pro-
ductive variety, has a high resistance to stress, and is the parent of many bred blackberry
varieties [59,60]. Research has shown that the aging process and the occurrence of some dis-
eases are oxidative processes, and the daily consumption of phenolic acid-rich substances
has a positive effect on the occurrence and alleviation of some diseases [61,62]. Blackberries
are rich in a variety of antioxidant-active substances such as phenols, flavonoids, and
vitamins [63]. Blackberry fresh fruits are not easy to store, so the trend of blackberry active
substances as well as their extraction and purification have certain far-reaching signifi-
cance for the development and utilization of blackberries. In this research, in order to
further develop and utilize blackberry fruits in depth, the fruits were divided into different
developmental periods according to their color. The results showed that the EA content
decreased gradually with the growth of blackberry fruits. The total antioxidant capacity,
DPPH radical scavenging capacity, and total phenols in the fruit showed similar trends to
the EA content, which was the highest in the S1 stage. The anthocyanin and saccharides
accumulated gradually with the growth and development of the fruits, and the highest con-
tent was found at the S5 stage. The extraction process of EA was optimized by single-factor
and response surface test, and the high-purity blackberry EA powder was purified several
times. The results showed that EA had an anticancer effect and inhibited the growth of
HeLa cells by inducing apoptosis.
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Abstract: Previously, we demonstrated that the overexpression of antioxidant enzymes (SOD-1, SOD-
2, Gpx-1, CAT, and HO-1), transcription factor NFE2L2, and the signaling pathway (PI3K/Akt/mTOR)
contribute to the cisplatin resistance of SKOV-3/CDDP ovarian cells, and treatment with quercetin
(QU) alone has been shown to inhibit the expression of these genes. The aim of this study was to
expand the previous data by examining the efficiency of reversing cisplatin resistance and investigat-
ing the underlying mechanism of pre-treatment with QU followed by cisplatin in the same ovarian
cancer cells. The pre-incubation of SKOV-3/CDDP cells with quercetin at an optimum dose prior
to treatment with cisplatin exhibited a significant cytotoxic effect. Furthermore, a long incubation
with only QU for 48 h caused cell cycle arrest at the G1/S phase, while a QU pre-treatment induced
sub-G1 phase cell accumulation (apoptosis) in a time-dependent manner. An in-depth study of the
mechanism of the actions revealed that QU pre-treatment acted as a pro-oxidant that induced ROS
production by inhibiting the thioredoxin antioxidant system Trx/TrxR. Moreover, QU pre-treatment
showed activation of the mitochondrial apoptotic pathway (cleaved caspases 9, 7, and 3 and cleaved
PARP) through downregulation of the signaling pathway (mTOR/STAT3) in SKOV-3/CDDP cells.
This study provides further new data for the mechanism by which the QU pre-treatment re-sensitizes
SKOV-3/CDDP cells to cisplatin.

Keywords: quercetin; cisplatin; antioxidant systems; antioxidant enzymes; signaling pathway;
pro-oxidant effect

1. Introduction

Despite the significant strides that have been made towards the development of
targeted anticancer therapies, chemotherapy remains the first-line treatment for most
cancers [1,2]. Platinum-based antitumor drugs, such as cisplatin (CDDP) (Figure 1), are
established chemotherapeutic agents in the treatment of a number of cancers and sarcomas;
however, the development of cisplatin resistance is a major obstacle to curative cancer
treatment [3]. Drug resistance phenomena can be developed through several mechanisms,
such as the overexpression of drug efflux pumps, activation of DNA repair efficiency, escape
of drug-induced apoptosis, active cell survival signals, and enhanced drug detoxifying
systems [4,5].
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Figure 1. The chemical structures of the platinum-based drug (cisplatin; CDDP) and polyphenol
(quercetin; QU).

Under normal physiological conditions, the cellular redox homeostasis ensures that
the cells respond appropriately to endogenous and exogenous stimuli. The redox systems
are perfectly suited to the regulation of the cell’s life-or-death decisions [6]. Both antioxidant
enzymes (superoxide dismutase (SOD), glutathione reductase (GR), catalase (CAT), etc.)
and low molecular weight antioxidants are, effectively, inbuilt defense strategies to maintain
cellular redox homeostasis during oxidative stress [7], which is defined as a disturbance in
the balance between the generation of reactive oxygen and nitrogen species (RONS) and
the antioxidant systems in the cell. The electron transport chain (ETC) in mitochondria
and the NADPH oxidases (NOX) are the major endogenous sources of ROS, including
the superoxide anion (O2

•–), hydrogen peroxide (H2O2), organic hydroperoxides (ROOH),
the hydroxyl radical (•OH), and the peroxyl radical (ROO), inside the cell. Enzymatic
antioxidant defense for ROS elimination occurs as a series of the following reactions: SODs
catalyze the dismutation of the O2

•– into H2O2. GPx catalyzes the detoxification of H2O2 by
reduced glutathione (GSH). Further on, GR reduces oxidized glutathione (GSSG) to (GSH)
using NADPH as the electron donor, while H2O2, which is found mainly in peroxisomes
and cytosol, is neutralized by the CAT enzyme [8].

In addition to its role in defense against oxidative stress, the thioredoxin (Trx) system
also regulates DNA synthesis, the cell cycle, and the apoptosis process in mammalian
cells [9]. The over-activated Trx system, which contributes significantly to cancer progres-
sion and therapy resistance, has been recognized in several human tumors, including such
highly aggressive types as lung, liver, pancreas, ovarian, and breast cancers. This antioxi-
dant system is composed of cytosolic/nuclear and mitochondrial thioredoxin reductases
(TrxR-1 and TrxR-2) and thioredoxins (Trx-1 and Trx-2), respectively. TrxR-1 and TrxR-2
are able to transfer electrons from NADPH to oxidized forms of Trx-1 and Trx-2, respec-
tively, which reduce their substrates using a highly conserved dithiol form of the active
site sequence [8]. Oxidized signal transducers and activators of transcription 3 (STAT3)
dimers, being one of the Trx target proteins, receive electrons from a reduced Trx form to
regenerate reduced STAT3 monomers. Upon Tyr705 phosphorylation, the transcriptionally
active phosphorylated STAT3 (pSTAT3) homodimer is formed, which in turn translocates
to the nucleus and interacts with specific DNA sequences to promote STAT3-dependent
gene expression [10]. The accumulating evidence shows that the overexpression of STAT3,
a transcription factor, has been observed in several cancer types and that it correlates with
increased tumor cell proliferation, survival, self-renewal, tumor invasion, and angiogene-
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sis, as well as higher cellular resistance to cisplatin [11,12]. Another important signaling
pathway that correlates with pro-survival, the mechanistic target of rapamycin (mTOR)
signaling, is also associated with CDDP resistance; it is necessary to phosphorylate STAT3
on serine727 to ensure its maximum activation [11].

A number of epidemiological studies have validated the fact that the consumption of
dietary polyphenols, mainly quercetin (QU) (Figure 1), is inversely correlated with cancer
incidence; this has been attributed to the antioxidant properties of QU, which prevent
cancer through the increasing expression of antioxidant enzymes [13]. Moreover, QU exerts
its anticancer activity by modulating cell cycle progression, reducing cell proliferation, and
inhibiting angiogenesis and metastasis progression [14], as well as by promoting apoptosis
and autophagy via the modification of various pathways, such as the PI3K/Akt/mTOR,
Wnt/β-catenin, and MAPK/ERK1/2 pathways [15]. QU, a DNA intercalator, causes S-
phase arrest during cell cycle progression and is consistent with the plausible induction of
DNA damage following DNA intercalation within the cancer cells, which can eventually
lead to the inducing of apoptosis [16]. In addition to these mechanisms, QU can also
trigger apoptosis via various mechanisms that depend on the type of cancer cells. For
instance, QU inhibited the growth of human A375SM melanoma cells through inducing
apoptosis via activation of the JNK/P38 MAPK signaling pathway [17]. In vitro and in vivo
mitochondrial-derived apoptosis following QU treatment in HL-60 AML cells was found
to occur via reactive-oxygen-species-mediated ERK activation [18].

However, the clinical application of QU is limited due to its poor solubility, low
bioavailability, poor permeability, and instability [19]. The bioavailability of quercetin
can be significantly enhanced when it is consumed as an integral food component [20].
The bioavailability of QU can be improved by encapsulating it in polymer micelles. The
intravenous administration of QU encapsulated in biodegradable monomethoxy poly
(ethylene glycol)-poly (ε-caprolactone) (MPEG-PCL) micelles significantly inhibited the
growth of established xenograft A2780S ovarian tumors through the activation of apoptosis
and the inhibition of angiogenesis in vivo. This confirms the effectiveness of the clinical
application of QU in the treatment of ovarian cancer [21].

QU also showed an anticancer effect on chemotherapy-resistant cells, such as CDDP,
through the inhibition of the proliferation of ovarian carcinoma (SKOV3) and osteosarcoma
(U2OS) human cell lines, as well as their cisplatin (CDDP)-resistant counterparts. Further-
more, the inhibition of the cyclin D1 level was associated with G1/S-phase alteration in
QU-treated cells. CDK and cyclin inhibition by QU may be a viable therapeutic target in the
ovarian CDDP-resistant cell line. Due to the ability of quercetin to overcome the resistance
of cancers toward CDDP, a significant emphasis should be placed on using combinatory
chemotherapy with cytotoxic drugs, particularly CDDP [22].

Despite the several studies which have investigated the anticancer effects of QU
in in vitro and in vivo models, some of these effects have not been observed in ovarian
cancer. However, to the best of our knowledge, the underlying mechanisms by which QU
sensitizes ovarian cancer cells to CDDP, particularly those with acquired CDDP resistance,
e.g., SKOV-3/CDDP, remain elusive and still need to be elucidated to a large extent. In the
previous study, after treatment with QU alone, cisplatin-resistant SKOV-3/CDDP ovarian
cancer cell lines exhibited inhibition in the gene expressions of antioxidant enzymes (SOD-1,
SOD-2, Gpx-1, CAT, and HO-1), transcription factor NFE2L2, and the signaling pathway
(PI3K/Akt/mTOR), which contribute to cisplatin-resistance in these cells [23].

In the present study, we attempted to explore the anticancer effects of QU pre-treatment
on the CDDP-resistant ovarian adenocarcinoma human SKOV-3/CDDP cell line model.
For the first time, we provide evidence that QU pre-treatment exerts pro-oxidant activity
on the SKOV-3/CDDP cell line via alleviation of the protein expression of the cytosolic
and mitochondrial thioredoxin antioxidant (Trx/TrxR) system that maintains STAT3 in
a reduced/active state. We also identified the mechanism by which QU pre-treatment
sensitizes SKOV-3/CDDP cells to cisplatin-induced apoptosis through a downregulation
signaling (mTOR/STAT3) pathway. Thus, this research provides a better understanding of

106



Int. J. Mol. Sci. 2023, 24, 10960

the mechanisms involved in QU-mediated CDDP sensitization in SKOV-3/CDDP ovarian
cancer cells.

2. Results
2.1. QU Pre-Treatment Inhibits the Cell Survival of SKOV3 and SKVO3/CDDP Cell Lines

In our recently published research articles [23,24], IC50 doses of the QU and CDDP
under investigation in the SKOV3 human ovarian cancer cell line and the CDDP-resistant
subline, SKVO3/CDDP, were screened as cell models. In order to determine whether QU
pre-treatment impairs the CDDP resistance in the SKOV3/CDDP cell line, we designed an
alternative QU pre-treatment strategy to compare it to the classical individual QU or CDDP
treatment, assuming that the individual treatment with QU or CDDP does not exhibit an
effect; the significant effect appears only when co-treatment is applied (Figure 2a).

Figure 2. The QU effect on the viability of SKOV3 and SKOV3/CDDP cells. (a) Design of QU
pre-treatment strategy. Both ovarian cancer cells were either treated individually with CDDP for 24,
48, and 72 h, or with QU for 48 h followed by replacement with fresh medium for an additional 24, 48,
and 72 h, or pre-treated with QU for 48 h followed by CDDP for an additional 24, 48, and 72 h after
changing medium. (b) QU pre-treatment effect on the CDDP efficacy. Both cells were treated with
QU (60 µM) for 48 h followed by fresh medium for 72 h and/or CDDP (5 µM for SKOV-3 and 17 µM
for SKOV-3/CDDP) for 72 h. Cell viability was assessed using an MTT assay. All data are presented
as mean ± SEM and were evaluated using one-way ANOVA followed by Tukey’s corrections for
multiple comparisons between different treatments; * p = 0.05/0.01, ** p = 0.005, **** p = 0.0001.

Based on our data, we decided to use the optimum minimum and maximum effective
doses of QU and CDDP as the reference values for QU (15 and 100 µM) for 24 h [23]
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(Figure S1). However, we found that a long pre-incubation with a significantly non-toxic
moderate dose (60 µM) of QU for 48 h was recognized as having an optimum effect on cell
viability, enabling it to re-sensitize the SKOV-3/CDDP cisplatin-resistant human ovarian
adenocarcinoma subline to CDDP, which was used in this experiment and further on in
the rest of the experiments in this study. For instance, at 60 µM of QU for 48 h, followed
by 5 µM (1/2 IC50) for 72 h, CDDP significantly resulted in the inhibition (65% decrease;
p < 0.0001) of the viability of the SKOV-3 cells, compared with CDDP (5 µM; 20% decrease)
and QU (60 µM; 35% decrease) alone (Figure 2b).

However, in the SKOV-3/CDDP subline cells, CDDP at the doses of 5 µM and 10 µM
did not result in any loss of viability, suggesting that these cells are endogenously resistant
to CDDP compared to the SKOV-3 cells (Figure S2). The MTT assay revealed that the
percentage of QU-treated cells decreased concomitantly when cisplatin was used at the
dose of 34 µM (IC50) and at 17 µM (1/2 IC50) (Figure S2). Thus, for the SKOV-3/CDDP
subline, the non-toxic dose of CDDP was optimized at 17 µM (1/2 IC50). In a similar
manner to the SKOV-3 cells, the pre-incubation of SKOV-3/CDDP subline cells with QU
significantly resulted in the inhibition of cell survival (65% decrease at 17 µM concentration
of CDDP for 72 h; p < 0.005), compared with the treatments with only CDDP (17 µM; 20%
decrease) and QU (60 µM; 35% decrease) alone (Figure 2b). These data revealed that the
pre-treatment with QU followed by CDDP effectively induced survival inhibition in both
ovarian cancer cells.

2.2. QU Pre-Treatment Increases Sub-G1 Phase Cell Accumulation in SKOV3 and SKVO3/CDDP
Cell Lines, with Increasing Apoptotic Cell Percentages

As cytotoxicity is frequently accompanied by cell cycle arrest, the impact of QU or
CDDP alone and QU pre-treatment in SKOV-3 and SKOV-3/CDDP cells was evaluated by
cell DNA content using PI staining for flow cytometry (Figure 3). The cell cycle analysis
showed that at the lower dose of 5 µM (1/2 IC50 SKOV-3) of CDDP treatment, the SKOV-3
cells were arrested at the S phase (Figure 3a), while only at the higher dose of 17 µM
(1/2 IC50 SKOV-3/CDDP) of CDDP were the SKOV-3/CDDP cells arrested at the S and
G2/M phases and slightly accumulated at the sub-G1 phase in a time-dependent manner
(Figure 3b). Compared to the control groups, the sub-G1 and G2/M phases of the SKOV-3
and SKOV-3/CDDP cells treated with only QU were time-dependently increased (Figure 3).
Therefore, the effect of CDDP on cell cycle distribution in QU pre-treated cells was the
induction of sub-G1 accumulation, which indicated apoptosis-associated chromatin degra-
dation and the arrest of the cell cycle in the G2/M or S phases. For the SKOV-3 cells, the
QU pre-treatment resulted in a significant increase in the sub-G1 phase, where it increased
from 61 ± 1% at 24 h to 72.4 ± 2% at 48 h (Figure 3c). Meanwhile, in comparison, the
percentage of cells in the sub-G1 phase at 72 h for the SKOV-3/CDDP cells was 53.5 ± 0.7%
(Figure 3d). In our previous study [23], we revealed that the treatment of cells with only
QU at a high dose (100 µM for 24 h) slightly increased the population of ovarian treated
cells in the S and sub-G1 phases, while with a long incubation period, mainly of 48 h, QU
significantly arrested the cell cycle at the G1/S phase and at the same time had no toxicity
effect even after 72 h of incubation (Figure S3). Representative flow cytometry images for
the cell cycle analysis are shown in (Figure 3).

Here, in addition to the pre-treatment strategy, we studied the synergistic approach by
adding QU and CDDP at the same time for 24 h, 48 h, and 72 h and analyzed the effect of
this combination on the cell cycle. Unexpectedly, the results of the cell cycle showed that
the synergistic approach in SKOV-3/CDDP leads to an arrested cell cycle in the G2/M or S
phases without a significant increase in the sub-G1 phase, even after the long incubation
(Figure S4). On the other hand, QU pre-treatment significantly increased the percentage of
cells in the sub-G1 phase and the sensitivity of the cisplatin-resistant ovarian cancer cells
SKOV-3/CDDP to CDDP even after replacing QU with a fresh medium for a period of 24,
48, and 72 h.
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Figure 3. Cell cycle progression of ovarian cancer cells treated with QU and/or CDDP. Cells were
incubated with QU (60 µM) for 48 h and then fresh medium and/or CDDP (5 µM for SKOV-3
and 17 µM for SKOV-3/CDDP) were added for further 24, 48, and 72 h incubation. After this
exposure period, cell DNA content analysis with PI staining was performed by flow cytometry.
(a) Representative flow cytometry dot plots; SKOV-3 and (b) SKOV-3/CDDP. (c) Representative flow
cytometry histograms; SKOV-3 and (d) SKOV-3/CDDP.

2.3. QU Pre-Treatment Induces Cellular Reactive Oxygen Species (ROS) Production by CDDP in
SKVO3/CDDP Cell Line

To investigate whether the accumulation of both ovarian cancer cells in sub-G1 by QU
pre-treatment was due to the induction of oxidative stress, intracellular ROS production
was evaluated by using the CellROX Deep Red assay (Figure 4). Our study suggested
that QU pre-treatment could induce earlier ROS production; therefore, we investigated
the change in the ROS level in pre-treated ovarian cancer cells. The treatment with QU
alone for 24 h and 48 h was found to reduce the ROS levels in comparison to those of
the control group in both types of cells (Figure 4). Following CDDP exposure for 4 h, no
increase in ROS levels was observed in either the SKOV-3 or the SKOV-3/CDDP cells
(Figure 4). In SKOV-3, after 24 h, CDDP triggered the ROS generation up to four-fold
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(17 ± 2.9% cells against 4 ± 0.3% in the control), whereas in the SKOV3/CDDP cells it was
only up to three-fold; this can be explained by the high level of antioxidant system in the
resistant cells [23] (Figure 4b). The QU pre-treatment reduced the effect of CDDP through
decreasing the intracellular ROS to the control level in SKOV-3 (Figure 4b). Conversely,
in SKOV-3/CDDP, the proportion of the fluorescent cells was 5 ± 1% and 9 ± 1% in the
untreated cells and the CDDP group, respectively, whereas the QU pre-treated cells had
23 ± 1% fluorescent cells (Figure 4b).

Figure 4. ROS flow cytometry detection in ovarian SKOV-3 and SKOV-3/CDDP cells under QU
and CDDP treatment. (a) Intracellular ROS level upon either QU or CDDP treatment alone and QU
pre-treatment. Both cultured cells were treated with either 60 µM QU (48 h) or 5 µM and 17 µM
CDDP (24 h) and QU pre-treatment (48 h), followed by 5µM or 17 µM CDDP (24 h) for SKOV-3 and
SKOV-3/CDDP, respectively, and subjected to ROS detection with CellROX Deep Red staining using
flow cytometry. (b) Quantitative analysis of CellROX Deep Red probe-positive cells.

According to these results, we evaluated the increase in the pro-oxidant effect of QU
pre-treatment concomitant with ROS production in the SKOV-3/CDDP cells. Interestingly,
this polyphenol compound had an antioxidant effect at 24 and 48 h and a pro-oxidant
effect only in the pre-treatment group. These results provide support for the proposal
that QU pre-treatment increased the sensitivity of CDDP-resistant ovarian cancer SKOV-
3/CDDP cells to CDDP and induced the accumulation of SKOV-3/CDDP cells in sub-G1
by promoting ROS formation.

2.4. QU Pre-Treatment Alleviates Protein Expression of Thioredoxin Antioxidant System
Trx/TrxR, as Well as the mTOR/STAT3 Signaling Pathway in SKVO3/CDDP Cell Line

To further elucidate whether the inducing of the accumulation of SKOV-3/CDDP
cells in sub-G1 and ROS production by QU pre-treatment is mediated through modulation
of the antioxidant system and signaling pathway, the protein expression level associated
with sensitivity to CDDP was assessed in ovarian cells using Western blot analysis. Our
study identified that the expressions of the important thioredoxin antioxidant system
Trx/TrxR, as well as the mTOR/STAT3 signaling pathway, were dramatically higher in the
SKOV-3/CDDP subline cells compared with those in the SKOV-3 cells (Figure 5a–c). This
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suggests that the overexpression of these proteins makes a significant contribution to the
development of SKOV-3/CDDP cells in their acquiring of resistance to CDDP. Previously,
we used SKOV-3 and SKOV-3/CDDP subline cells to analyze the effect of two different
doses (15 µM and 100 µM) of QU in modulating antioxidant enzymes (SOD-1, SOD-2,
Gpx-1, CAT, and HO-1), transcription factor NFE2L2, and the protein kinase pathway
(PI3K/Akt/mTOR) gene expression levels [23].

Figure 5. The effect of QU pre-treatment on Trx/TrxR system and mTOR/STAT3 signaling pathway
protein expression in ovarian cancer cells using Western blot analysis. Expression of (a) Trx/TrxR
and (b) mTOR/STAT3 protein level in ovarian SKOV-3/CDDP cancer cells compared to SKOV-3
cells. (c–e) Densitometry results. (c) SKOV-3 and SKOV-3/CDDP controls. (d) Trx/TrxR system.
(e) mTOR/STAT3 signaling pathway. The ovarian cancer cells were treated with 60 µM QU (48 h),
5 µM (24 h), or 17µM (48 h) CDDP, or pre-treated with 60 µM QU followed by 5 µM or 17 µM CDDP
(24 h and 48 h) for SKOV-3 and (d) SKOV-3/CDDP cells, respectively. GAPDH was used as loading
control. Values represent mean ± SD (n = 3).
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In the present experiment, we analyzed the most effective dose of QU followed by
CDDP in modulating the antioxidant system and protein kinase signaling pathway proteins.
Compared with individual action, the highest inhibition effect in SKOV-3/CDDP subline
cells that led to their increased sensitivity to CDDP was observed in the protein expression
levels after incubation with 60 µM QU for 48 h, followed by 5 µM CDDP for 24 h in SKOV-3
and 17 µM CDDP for 48 h in SKOV-3/CDDP (Figure 5a,b,d,e). The expression levels of the
cytosolic and mitochondrial Trx/TrxR system and the active phosphorylated forms of the
mTOR/STAT3 proteins in the SKOV-3/CDDP subline cells were effectively decreased by
the QU pre-treatment.

2.5. QU Pre-Treatment Triggers Apoptotic Mitochondrial Pathway in SKOV3 and SKVO3/CDDP
Cell Lines

To determine whether the growth inhibition and accumulation of both ovarian cancer
cells in sub-G1 by pre-treatment with QU were due to the induction of apoptosis, cell
apoptosis was assessed by flow cytometry based on Annexin-V/PI double staining analysis.
In contrast to the control group, a single treatment of CDDP mildly induced apoptosis at
an average of 0. 9 ± 0.1 and 4 ± 0.6% in the SKOV-3 cells and at an average of 2.5 ± 0.4
and 2 ± 0.1% in the SKOV-3/CDDP cells for 24 h and 48 h, respectively. QU monotherapy
slightly reduced the live cells and slightly increased apoptosis to an average of ~3 ± 0.4%
and ~1.5 ± 0.4% in SKOV-3 and SKOV-3/CDDP, respectively, compared to the untreated
cells (Figure 6a,b).

Figure 6. QU-pre-treatment-induced apoptosis in ovarian cancer cells. (a) Percent of apoptotic SKOV-
3 and (b) SKOV-3/CDDP cell lines after treatment with either QU or CDDP and QU pre-treatment
for different time periods, 24 and 48 h. (c) Representative Western blotting analysis of cleaved
caspase-9,7,3 and C-PARP proteins in ovarian cancer cells treated with QU and/or CDDP. Histone
was used as loading control. Values represent mean ± SD (n = 3).
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Apoptosis was induced by QU pre-treatment, which induced necrotic cells in a time-
dependent manner (Figure 6a,b). As the incubation time increased, the proportions of
Annexin V+/PI− (early stage of apoptosis) and Annexin V+/PI+ (late stage of apoptosis)
QU pre-treated ovarian cells were significantly higher than the CDDP and QU groups
(Figure 6a,b); in particular, apoptosis was induced by approximately 20.3± 3% in the SKOV-
3 QU pre-treated cells after 48 h, compared with the single-drug treatment group (Figure 6a).
The results also indicated that QU sensitization prior to treatment with CDDP in the
SKOV-3/CDDP cells substantially increased the percentage of apoptosis by ~41.5 ± 2% as
compared to the treatment with CDDP, with only 2 ± 0.1% apoptosis after 48 h (Figure 6b).

To further detect the mechanisms behind the apoptotic process induced by treatments
using either QU or CDDP and QU pre-treatment, we investigated the expression of specific
apoptosis marker proteins (cleaved caspase-9,7,3 and cleaved PARP) with Western blot in
both cancer cells. Compared with the loading control histone protein, the levels of cleaved
caspase-9, -7, and -3 proteins in both cells were observed only in the QU-pre-treated cells,
while the QU pre-treatment induced a high expression of cleaved PARP in both cell lines
compared with the mono-treatments (Figure 6c). In other words, these results demonstrated
that QU pre-treatment effectively inhibited cell growth by increasing apoptosis in ovarian
cancer cells. Taken together, the cell death effect of the studied QU compound was mediated
by inhibition of the mTOR/STAT3 pathway, as well as stimulation of the ROS-mediated
caspase-3, -7, and -9 activations.

3. Discussion

Ovarian cancer is a continuing health problem that accounts for a significant portion
of mortality among women around the world [25,26]. In current clinical practice, surgery
combined with chemotherapy based on platinum compounds is considered the standard
therapeutic strategy for ovarian cancer [27]. CDDP is one of the most effective chemothera-
peutic agents for ovarian cancer; however, resistance to this chemotherapeutic drug is a
major obstacle to curative cancer therapy. Ovarian cancer cells develop resistance to anti-
cancer drugs through various mechanisms, including DNA damage repair, cell metabolism,
oxidative stress, cell cycle regulation, apoptotic pathways, and abnormal signaling path-
ways [28]. Due to their various beneficial properties, polyphenols are potential therapeutic
candidates in cancer when combined with classical antitumor agents such as cisplatin [29].
For instance, QU could prevent ovarian cancer with its anti-inflammatory, pro-oxidative,
and antiproliferation effects, and cell cycle arrest [26]. Discovering the main quercetin
mechanisms that reduce cisplatin resistance is important for improving cancer treatment.
However, the role of quercetin in SKOV-3/CDDP has not yet been completely investigated.

We initially focused on the effect of QU alone on the ovarian adenocarcinoma SKOV-
3/CDDP cell lines to establish a baseline for comparison with our later study [23]. Hence,
we hypothesized that the pre-exposure to QU might impair cisplatin resistance in ovarian
adenocarcinoma cell lines. In the present study, we utilized two adenocarcinoma cell lines,
i.e., the SKOV-3 (wild type) and SKOV-3/CDDP cisplatin-resistant sublines. Optimum
doses for treatment were decided for QU and CDDP after examining the IC50 values from
our previously published data [23,24]. Pre-treatment with QU at low (15 µM) and high
doses (100 µM) for 24 h followed by CDDP showed an antiproliferative effect in the SKOV-
3/CDDP cisplatin-resistant subline, as well as in the SKOV-3 wild cells, and it showed a
sensitization of the resistant subline to the cytotoxicity of CDDP (Figure S1), while a long
incubation for 48 h showed a maximum antiproliferative effect (Figure 2b).

The pre-treatment of leiomyosarcoma cells with epigallocatechin-3-gallate, a polyphe-
nol compound, for 24 h failed to alter the S-phase cell cycle arrest induced by CDDP and to
modulate the CDDP effects on mitochondrial function [30]. Furthermore, a recent study
revealed that the higher efficacy of the prolonged pemetrexed pre-treatment of malignant
pleural mesothelioma (MPM) for 48 h induced a cell cycle arrest, mainly in the G2/M
phase, the accumulation of persistent DNA damage, and the induction of a senescence
phenotype, thereby sensitizing cancer cells to subsequent CDDP treatment [31]. In our
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study, the treatment of ovarian cancer cells with only QU for 24 h was shown to lead to a
slightly increasing cell cycle in the S phase, whereas a long treatment for 48 h significantly
induced a cell cycle arrest in the G1/S phase (Figure S3). The conditions of a long treatment
for 48 h significantly induced the cells to accumulate in sub-G1 after treatment with CDDP
and increased the sensitization of the SKOV-3/CDDP subline to the subsequent CDDP
treatment (Figure 3b,d). The sensitization of the ovarian cells to CDDP was observed
when the polyphenols, curcumin or QU, were added synergistically with CDDP, as well
as when they were added 24 h before [32]. In this study, two strategies (synergistic and
pre-treatment) were designed. The result revealed that the SKOV-3/CDDP cells failed to
enter into the sub-G1 phase even after a long incubation using the synergistic approach,
while the cells effectively accumulated in sub-G1 using the QU pre-treatment strategy
(Figure S4). Our strategy allowed the progression of the QU-treated cells into the S phase,
whereby re-exposure of the QU-exhausted cells to CDDP after washing out the QU from
the culture medium was sufficient to increase the duration of the S phase, which in turn led
to further cell damage. The evaluation of this pre-treatment therapy in cisplatin-resistant
ovarian cancer cells may lead to more efficient CDDP treatment.

The antioxidant or pro-oxidant properties of polyphenol compounds depend pre-
dominantly on the number and positions of the substituent hydroxyl groups, along with
their redox metal (Cu, Fe) chelating capacity. For example, the higher number of hydroxyl
groups, including the 3-OH group of the C ring of polyphenols in the presence of Cu(II)
ions, act as potential anticancer agents with moderate pro-oxidant activity, causing DNA
damage via interaction with DNA and ROS formation via the Fenton reaction. Otherwise,
the slight pro-oxidant activity of polyphenols acts as a preventive anticancer therapeutic
agent via the inducing of cellular antioxidant systems, including antioxidant enzymes,
and the synthesis of low-molecular-weight antioxidants, such as glutathione [33]. In this
study, QU could not effectively induce ROS generation, while CDDP slightly induced the
ROS level in the SKOV/CDDP cells. However, QU pre-treatment effectively triggered
the generation of ROS in the SKOV-3/CDDP cells. These data indicate that the increased
oxidative stress induced by QU pre-treatment may have activated an apoptotic cascade in
the SKOV-3/CDDP cells (Figure 4) and inhibited expression of antioxidant proteins and
the signaling pathway (Figure 5a,b,d,e). Alternatively, QU pre-treatment in SKOV-3 acts as
an antioxidant by decreasing ROS formation and inducing the expression of antioxidant
proteins (Figure 5a,d) and the signaling of the mTOR/STAT3 pathway (Figure 5b,e). In
the SKOV-3/CDDP cells, the oxidative stress was also monitored by the measuring of the
antioxidant system and the signaling pathway at the protein levels.

In addition to altered proliferation, the cell cycle, oxidative stress, cell metabolism,
increased ability to repair DNA damage, and reduced susceptibility to apoptosis, ovarian
cancer cells develop resistance to anticancer drugs through various other mechanisms,
defined as enhancement expression and alteration of signaling pathways [28]. In addition
to the generation of ROS species, we also monitored the changes in the oxidative stress
response proteins. Therefore, the marker proteins that were highly correlated with cellular
sensitivity to CDDP were screened. Notably, we previously [23] provided the molecular
evidence that antioxidant enzymes (SOD-1, SOD-2, Gpx-1, CAT, and HO-1), transcription
factor NFE2L2, and the PI3K/Akt/mTOR signaling pathway are upregulated in SKOV-
3/CDDP subline cells compared to normal line SKOV-3 cells and found that these gene
expressions were associated with CDDP tolerance. The individual treatment with QU
revealed marked downregulation in the expression of these genes. Our results suggest
that QU pre-treatment has the potential to increase sensitivity to CDDP in SKOV-3/CDDP
subline cells by regulating oxidative stress (ROS generation) and cell apoptosis via the
antioxidant system and the signaling pathway.

Hence, we assessed the pro-oxidative therapeutic potential effect of QU pre-treatment
on the antioxidative system. The thioredoxin system (Trx/TrxR) is essential to main-
taining cellular redox homeostasis in living organisms through detoxification of harmful
metabolites, i.e., ROS; however, the overexpression of the Trx-dependent system can also
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contribute to the intensifying of the process of oncogenesis, such as by the enhancement
of tumor growth, angiogenesis, and resistance to therapy via the modulation of both the
gene expression and the cell signaling pathways that lead to the regulation of apoptotic
pathways in cancer cells [34]. Compared to SKOV-3, which exhibits normal Trx/TrxR
protein expressions, SKOV-3/CDDP subline cells display unique overexpression in both
the cytosolic (TrxR-1) and mitochondrial (Trx-2) protein levels, which are directly associated
with resistance to cisplatin (Figure 5c). Accumulating evidence suggests that the tumoral ac-
tivity of the Trx-dependent system can be modulated by natural polyphenolic compounds,
which act as Trx/TrxR system inhibitors [34]. The inhibitory effect of QU depends on many
factors, including concentration, NADPH, and the time of exposition and involvement in
an attack on the reduced COOH-terminal active site sequence -Gly-Cys-Sec-Gly of TrxR.
The inhibition of TrxR activity is associated with the oxidization of Trx in the cells [35]. As
expected, QU pre-treatment effectively reduced the levels of thioredoxin system (Trx-1,
TrxR-1, and Trx-2) proteins in the SKOV-3/CDDP cells (Figure 5a,d).

Furthermore, STAT3 and its two phosphorylated forms (on Ser727 and Tyr705) were
also found to be inhibited at the protein (Figure 5b,e) level by the QU pre-treatment in the
SKOV-3/CDDP subline cells. Several TrxR-1 inhibitors also block the signal transducers
and activators of transcription 3 (STAT3) activity via accumulation of oxidized STAT3,
which blocks STAT3-dependent transcription [10,36] and induces cancer cell death [10].
Due to the thiol groups in the Cys residues in the active sites, reduced Trx catalyzes the
reduction in disulfide bonds within oxidized target proteins [36,37], such as STAT3 [36].

Previously, SKOV-3/CDDP subline cells were shown to overexpress the mTOR gene,
which was downregulated after treatment with QU [23]. A recent study demonstrated a
significant correlation between STAT3 and mTOR overexpression, which underlies cancer-
mediated drug resistance and cancer progression. Furthermore, the phosphorylation of
STAT3 on Ser727 is regulated by mTOR [11]. Our data support the findings of the study;
in particular, both STAT3 and mTOR were overexpressed in SKOV-3/CDDP compared
with SKOV-3, and after QU pre-treatment, SKOV-3/CDDP showed inhibition of two
phosphorylated STAT3 isoforms at Ser727 and Tyr705, as well as the inhibition of phospho-
mTOR Ser2448. This was followed by mTOR/STAT3 pathway inactivation, which ultimately
inhibits proliferation and induces caspase-dependent apoptosis in ovarian SKOV-3/CDDP
cancer cells.

Apoptotic cell death can be triggered by inhibition of the mTOR/STAT3 signaling
pathways that are closely linked with tumor progression. Moreover, inducing cell cycle
arrest by enhancing the p53 phosphorylation and apoptosis pathway after treatment with
QU in HPV-positive human cervical-cancer-derived cells may be one of the key mechanisms
underlying the inhibition of cell proliferation in cancer cells [38]. Annexin V/PI staining
showing early and late apoptotic cells suggests the activation of apoptosis following pre-
exposure to QU (Figure 6a,b). The results of this study also indicated that QU pre-treatment
induces SKOV-3 and SKOV-3/CDDP cell death through the mitochondria-dependent apop-
tosis pathway, where mitochondrial dysfunction, increased PARP cleavage, and activation
of caspase-9,-7,-3 are critical events for apoptosis (Figure 6c). QU showed induction in
both necrosis and apoptosis cell death in various cancer cells, including SCC-9 oral cancer
cells [39] and prostate cancer over a period of time [40]. Apoptosis was induced by QU
pre-treatment, and necrotic cells were induced in a time-dependent manner (Figure 6a,b).
The proposed anti-cancer and sensitizing mechanisms of QU pre-treatment are summarized
in Figure 7.

Taken together, the anticancer and chemosensitizing effects of QU pre-treatment
are associated with the inducing of ROS-mediated apoptosis and the alleviation of the
protein expressions that are highly correlated with cellular sensitivity to cisplatin, including
antioxidant enzymes and the signaling pathway.
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Figure 7. Ovarian SKOV-3/CDDP cells develop resistance to cisplatin through various mechanisms,
including oxidative stress, enhanced antioxidant thioredoxin (Trx/TrxR) system, and abnormal sig-
naling pathways. QU pre-treatment has been shown to influence various targets, including Trx/TrxR
anti-oxidant system and signaling pathways involved in tumor development and progression. This
antioxidant system is composed of thioredoxin reductases (TrxR), thioredoxins (Trx-1), and nicoti-
namide adenine dinucleotide phosphate (NADPH). Reduced Trx is maintained by TrxR, which
accept reducing equivalents from NADPH to the oxidized forms of Trx, that in turn catalyze the
reduction of disulfides (s-s) within oxidized cellular proteins, such as (STAT3). Inhibition of TrxR by
QU pre-treatment results in the accumulation of oxidized STAT3, which prevents STAT3-dependent
transcription. QU pre-treatment also targets mTOR. Inhibition of mTOR is associated with inhibition
of phosphorylation of STAT-3 at both Ser727 and Tyr705 that collectively inhibit SKOV-3/CDDP cell
survival and proliferation.

4. Materials and Methods
4.1. Reagents

The chemicals used in the experiments were purchased from the following suppliers:
cisplatin (cis-platinum (ii)-diamine dichloride (CDDP; Teva, Tel Aviv-Yafo, Israel)); 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (PanEco); and quercetin
(QU) (3,3′,4′,5,7-pentahydroxyflavone) from (Acros Organics, Geel, Belgium). The chemical
structures of CDDP and QU are illustrated in (Figure 1). The purity of QU was [97%
(HPLC)]. The stock quercetin solution was immediately prepared before use by dissolving
these test agents in dimethyl sulfoxide (DMSO) at 100 mM concentration.
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4.2. Cell Culture

The SKOV-3 non-resistant human ovarian adenocarcinoma and SKOV-3/CDDP cisplatin-
resistant subline cells were obtained from the All-Russian Scientific Center for Molecular
Diagnostics and Treatment. The SKOV-3 and SKOV-3/CDDP cells were cultured in DMEM
cell culture media supplemented with 10% heat-inactivated fetal bovine serum (HealthCare,
Chicago, IL, USA), 2 mM L-glutamine, 100 U/mL penicillin, and 50 µg/mL streptomycin.
All the cells were incubated at 37 ◦C under 5% CO2 in a humidified incubator.

4.3. Cell Viability (MTT Assay)

The inhibitory effect of the pre-treatment of QU followed by CDDP on ovarian cancer
cells was assessed using the MTT assay. The SKOV-3 and SKOV-3/CDDP cells were seeded
into 96-well plates (Nunc, ThermoFisher Scientific, Waltham, MA, USA) at a density of
5 × 103 cells per well overnight in triplicates. After the incubation period with QU, the
culture medium was replaced with a fresh medium, and the cells were then treated with
(5 µM, 1/2 IC50, for SKOV-3) or (17 µM, 1/2 IC50, for SKOV-3/CDDP) of CDDP for 72 h.
The culture medium was again replaced with a fresh medium and 20 µL; 5 mg/mL MTT
was added to each well; and the plates were further incubated at 37 ◦C for 4 h, allowing the
viable cells to reduce the yellow MTT to dark blue formazan crystals. The supernatant was
removed, and the formazan crystals were dissolved in 100 µL DMSO and mixed thoroughly
prior to determination of the absorbance at a wavelength of 570 nm using a Multiscan FC
plate reader (Thermo Scientific, Waltham, MA, USA). Cell viability was calculated according
to the following equation: cell viability (%) = (absorbance of experiment group/absorbance
of control group) × 100. The IC50 was developed by an inhibition curve and recorded as
the mean ± standard deviation of three independent experiments.

4.4. Cell Cycle Assay

The distribution of the cell cycle was analyzed by flow cytometry using the FACS
Canto II (BD Biosciences, Franklin Lakes, NJ, USA). The SKOV-3 and SKOV-3/CDDP cells
in the logarithmic growth phase were seeded at a density of 1.5 × 105 cells/well in a 6-well
plate, incubated at 37 ◦C, 5% CO2 until adherent, and treated with CDDP alone and QU
alone or followed by CDDP, as described above. After incubation, the cells were harvested
and washed once with phosphate-buffered saline (PBS). The pellets were then lysed in the
solution containing 0.1% sodium citrate, 0.3% NP-40, 50 µg/mL RNAse A, and 10 µg/mL
PI. The cells were analyzed using a BD FACS Canto II flow cytometer in a PE channel.
Ten thousand ‘events’ were acquired per each sample. The data were analyzed using the
FACSDiva program (BD Biosci., Franklin Lakes, NJ, USA).

4.5. Intracellular Reactive Oxygen Species (ROS) Assay

The intracellular ROS level was measured to detect the anti- or pro-oxidant effect of
QU pre-treatment on the SKOV-3/CDDP subline cells. ROS Deep Red dye (RDR; Cellular
Reactive Oxygen Species Detection Assay Kit; Abcam, Cambridge, UK) was used to assess
the production of ROS. CellROX Deep Red dye freely penetrates into cells, which in turn are
oxidized by ROS into a highly fluorescent color. Briefly, the SKOV-3 and SKOV-3/CDDP
cells were seeded at a density of 1.5 × 105 cells/well in a 6-well plate, treated with CDDP
alone for 4 h or 24 h, QU alone for 24 h or 48 h or followed by CDDP for 4 h or 24 h, and 5 mM
H2O2, as a positive control, (Ecotex, Moscow, Russia; a reference ROS inducer) for 30 min
separately. After incubation, the cells were finally stained with 5 µg/mL CellROX Deep Red
dye for 40 min at 37 ◦C in the dark and analyzed on a BD FACSCanto II (BD Biosciences,
Franklin Lakes, NJ, USA) flow cytometer in the APC channel (filter 660/20). The data were
analyzed using the FACSDiva program (BD Biosciences). The ROS production for each
compound was represented as the percentage based on the shift of the RDR fluorescence
in the drug-treated vs. untreated control cells. Ten thousand fluorescent ‘events’ were
acquired per each sample.
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4.6. Western Blotting Analysis

Proteins from the treated cells were extracted using RIPA lysis buffer (50 mM Tris-HCl
pH 7.4, 1% NP-40, 0.1% sodium dodecylsulfate, 150 mM NaCl, 1 mM EDTA) containing
a protein inhibitor cocktail and 2 mM phenylmethylsulfonyl fluoride, then kept on ice
for 30 min and centrifuged at 10,000× g for 15 min. The total protein in the lysates was
quantitated by the Bradford method [41]. The proteins were resolved by 10–15% SDS-PAGE
(40 mg total protein/lane) and transferred onto a 0.2 mm nitrocellulose membrane (GE
Healthcare Bio-Sci., Chicago, IL, USA). The membranes were blocked with 5% skimmed
milk in 1x TBST (Tris-buffered saline with 0.1% Tween-20), incubated for 2 h, and then
probed overnight at 4 ◦C with the indicated primary rabbit antibodies against catalase;
mTOR; phospho-mTOR (S2448); Trx1; TrxR-1(Abcam (Cambridge, MA, USA)); Trx-2; STAT3;
phospho-STAT3 (Tyr705 and ser727) (Sigma-Aldrich (St. Louis, MO, USA)); caspase 3;
caspase 7; caspase 9, PARP; the cleaved caspase 3 (Asp175); cleaved caspase 7; cleaved
caspase 9 (Asp330); cleaved PARP (Asp214); and Histon-3/GAPDH (as reference proteins)
(Cell Signaling Technology (Danvers, MA, USA)). Next, the membranes were washed
twice with 1x TBST and incubated with secondary antirabbit antibodies conjugated with
horseradish peroxidase (HRP) (Cell Signaling Tech., Danvers, MA, USA) for 1 h at room
temperature. The immunoreactive bands were visualized by enhanced chemiluminescence
using the Image Quant LAS 4000 system (GE Healthcare, Chicago, IL, USA).

4.7. Apoptotic Programmed Cell Death Analysis

Apoptosis was measured using the Annexin V-FITC apoptosis detection kits (Thermo
Fisher Scientific Inc., Waltham, MA, USA). The SKOV-3 and SKOV-3/CDDP cells in the
logarithmic growth phase were seeded at a density of 1.5 × 105 cells/well in a 6-well plate,
incubated overnight at 37 ◦C, 5% CO2, and treated with CDDP alone or QU alone and
followed by cisplatin. The cells were harvested and washed once with PBS and once with
1× binding buffer. The pellets were then resuspended in 100 µL 1× binding buffer, stained
with 5 µL of fluorochrome-conjugated Annexin V-APC or FITC, and incubated for 10–15 min
at room temperature in the dark. After adding 2 mL of 1× binding buffer, the samples were
centrifuged at 400–600 g for 5 min at room temperature. The supernatants were removed;
the cells were re-suspended in 200 µL of 1× binding buffer; 5 µL of propidium iodide
(PI) staining solution was added and incubated for 5–15 min on ice and analyzed by flow
cytometry on a BD FACSCanto II (BD Biosciences, Franklin Lakes, NJ, USA) in the APC
channel (filter 660/20 for detection of Annexin V-positive cells) and in the PerCP-Cy™5.5
channel (filter 695/40 for PI-positive cells). The data were analyzed using the FACSDiva
program (BD Biosci.).

4.8. Statistical Analysis

All the in vitro data presented herein are presented as the mean ± standard deviation
(SD). Each of the experiments was repeated at least three times (n = 3). Statistical analysis
and graphs were generated using GraphPad Prism 8.0 software (San Diego, CA, USA).

5. Conclusions

The in vitro data show that polyphenol QU increases the sensitivity of SKOV-3/CDDP
cisplatin-resistant human ovarian adenocarcinoma subline cells to cisplatin due to their
biological effects, including alteration of the cell cycle, classical pro-oxidation, upregulation
of ROS and downregulation of the thioredoxin antioxidant system (Trx/TrxR), and cell
signaling (mTOR/STAT3) suppression, which collectively lead to the enhancement of the
mitochondrial apoptotic pathway (Cas9, 7, and 3 and PARP). To confirm these results,
further studies should be conducted using other cell lines that are resistant not only to
cisplatin but also to other chemical drugs; future experiments are needed to validate the
effect of QU pre-treatment in vivo to assess their potential to reverse cisplatin resistance in
cell lines.

118



Int. J. Mol. Sci. 2023, 24, 10960

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms241310960/s1.

Author Contributions: Conceptualization, visualization, data curation, resources, software, statistical
analysis, A.A.H. and V.T.; writing—original draft preparation, A.A.H.; methodology, A.A.H., J.N.,
Y.V., and V.T.; writing—review and editing, A.A.H., E.K., and V.T.; supervision, A.A.H., E.K., A.S.,
and V.T.; funding acquisition, V.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by grant 075-15-2019-1661 from the Ministry of Science and
Higher Education of the Russian Federation.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This paper has been supported by the RUDN University Strategic Academic
Leadership Program. The figures were created with BioRender.com software.

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

References
1. Peng, L.; Zhu, H.; Wang, J.; Sui, H.; Zhang, H.; Jin, C.; Leping, L.; Xu, T.; Miao, R. MiR-492 Is Functionally Involved in Oxaliplatin

Resistance in Colon Cancer Cells LS174T via Its Regulating the Expression of CD147. Mol. Cell. Biochem. 2015, 405, 73–79. [CrossRef]
2. Bukowski, K.; Kciuk, M.; Kontek, R. Mechanisms of Multidrug Resistance in Cancer Chemotherapy. Int. J. Mol. Sci. 2020, 21, 3233.

[CrossRef]
3. Makovec, T. Cisplatin and beyond: Molecular Mechanisms of Action and Drug Resistance Development in Cancer Chemotherapy.

Radiol. Oncol. 2019, 53, 148–158. [CrossRef] [PubMed]
4. Zhang, T.; Yuan, Q.; Gu, Z.; Xue, C. Advances of Proteomics Technologies for Multidrug-Resistant Mechanisms. Future Med.

Chem. 2019, 11, 2573–2593. [CrossRef] [PubMed]
5. Saha, S.; Adhikary, A.; Bhattacharyya, P.; Das, T.; Sa, G. Death by Design: Where Curcumin Sensitizes Drug-Resistant Tumours.

Anticancer Res. 2012, 32, 2567–2584. [PubMed]
6. Trachootham, D.; Lu, W.; Ogasawara, M.A.; Rivera-dell Valle, N.; Huang, P. Redox Regulation of Cell Survival. Antioxid. Redox

Signal. 2008, 10, 1343–1374. [CrossRef]
7. Zandi, P.; Schnug, E. Reactive Oxygen Species, Antioxidant Responses and Implications from a Microbial Modulation Perspective.

Biology 2022, 11, 155. [CrossRef]
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Abstract: Histone deacetylase inhibitor (HDACi) is a drug mainly used to treat hematological
tumors and breast cancer, but its inhibitory effect on breast cancer falls short of expectations. Grape
seed proanthocyanidin extract (GSPE) with abundant proanthocyanidins (PAs) has been explored
for its inhibition of HDAC activity in vitro and in vivo. To enhance HDACi’s effectiveness, we
investigated the potential of PA to synergistically enhance HDACi chidamide (Chi), and determined
the underlying mechanism. We evaluated the half-inhibitory concentration (IC50) of PA and Chi using
the cell counting kit 8 (CCK8), and analyzed drugs’ synergistic effect with fixed-ratio combination
using the software Compusyn. Breast cancer cell’s phenotypes, including short-term and long-term
proliferation, migration, invasion, apoptosis, and reactive oxygen species (ROS) levels, were assessed
via CCK8, clone-formation assay, wound-healing test, Transwell Matrigel invasion assay, and flow-
cytometry. Protein–protein interaction analysis (PPI) and KEGG pathway analysis were used to
determine the underlying mechanism of synergy. PA + Chi synergistically inhibited cell growth
in T47D and MDA-MB-231 breast cancer cell lines. Short-term and long-term proliferation were
significantly inhibited, while cell apoptosis was promoted. Ten signaling pathways were identified
to account for the synergistic effect after RNA sequencing. Their synergism may be closely related
to the steroid biosynthesis and extracellular matrix (ECM) receptor interaction pathways. PA + Chi
can synergistically inhibit breast cancer cell growth and proliferation, and promote apoptosis. These
effects may be related to steroid biosynthesis or the ECM receptor pathway.

Keywords: histone deacetylase inhibitor; breast cancer; proanthocyanidins; synergistic effect; cell
proliferation; apoptosis; steroid biosynthesis; extracellular matrix receptor pathway

1. Introduction

Breast cancer is the most common cancer among women worldwide, with over 2.26 million
reported cases out of a total of 9.23 million female cancer cases. Chinese women account
for about 18.5% of these cases [1]. Approximately 70% of breast cancer cases are estrogen-
receptor-positive (ER+), but many patients develop primary or secondary resistance to
hormone therapy [2,3].

Histone deacetylase (HDAC) inhibitors are adjunctive drugs that can help cancer cells
regain sensitivity to hormone therapy [4]. HDAC is an enzyme that regulates histone lysine
residue acetylation, thereby altering gene expressions by modifying the spatial structure
of DNA [5–7]. In malignancies, tumor-suppressor genes were transcription inhibited and
resulted in tumor progression [8]. HDAC inhibitors (HDACi) have been used to treat
late-stage breast cancer, but their effectiveness varies among patients, highlighting the
importance of identifying the responders to this treatment [9–13]. Therefore, investigating
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the mechanism by which HDACi affect breast cancer cells is of significant importance.
Chidamide (or named tucidinostat, CS055; Chi) is a novel synthetic benzamide-type se-
lective HDACi developed in China that targets type I and IIa HDACs (HDAC1, HDAC2,
HDAC3 and HDAC10). Although it is included in the second-line treatment regimen in the
Chinese Society of Clinical Oncology (CSCO) guidelines based on successful results from
the ACE study, the clinical effectiveness of HDACi in solid tumors has been limited [14,15].
Therefore, exploring methods to enhance the efficacy of HDACi is warranted.

Proanthocyanidins (PAs) are flavonoids that are widely found in fruits, plant peels,
seeds, and processed beverages, such as green tea, black tea, and grape seed extract
(GSE/GSPE) [16–22]. PAs have been shown to have multiple therapeutic effects in both
malignant and normal tissues, including anti-angiogenesis, pro-apoptosis, and epige-
netic changes. Combining PAs with other drugs can also enhance the effects of the other
drugs [23,24]. Previous studies have reported that GSPE regulates histone acetylation and
decreases HDAC activity in both in vivo and in vitro settings, whether used individually
or in combination [23,25]. Therefore, the use of a safe and easily accessible PA as an HDACi
sensitizer to promote the effect of the HDACi could hold significant promise for patients
with advanced breast cancer.

This study aimed to investigate the synergistic inhibitory effect of the combined
administration of PA and Chi in the treatment of breast cancer. In addition, we aimed to
identify potential targets or pathways associated with the synergistic anti-tumor growth
and development effects of this combination therapy through transcriptome sequencing
and bioinformatic analysis. The findings could provide a new therapeutic direction for
HDACi as an adjuvant drug in treating advanced breast cancer.

2. Results
2.1. Proanthocyanidin in Combination with an HDACi Exerts Synergistic Anti-Tumor Effects on
Breast Cancer Cell Lines

(a) Breast cancer cell line selection based on HDAC expression screening from a single-cell
RNA expression profile

Chidamide (Chi) is an HDACi primarily used in patients with ER+ breast cancer. To
select a suitable cell line for our experiments, we screened a single-cell RNA sequencing
profile of four commonly used ER+ breast cancer cell lines (BT474, MCF7, T47D, and
ZR751) in the Gene Expression Omnibus (GEO) database. We observed variations in the
expression levels of HDAC1, HDAC2, HDAC3 and HDAC10 mRNAs targeted by chidamide
among the ER+ breast cancer cell lines. Notably, the T47D cell line exhibited significant
expression of HDAC1 and HDAC3 genes compared to the other cell lines, as shown in the
violin plot (Figure 1a). Therefore, we selected the T47D cell line and the widely accessible
triple-negative breast cancer (TNBC) cell line MDA-MB-231 as the primary cell lines for
subsequent experiments.

(b) Proanthocyanidins and chidamide synergistically inhibit breast cancer cell growth

To evaluate the inhibitory effects of applied drugs, we first determined the half-
inhibitory concentrations (IC50) of grape seed extract powder (the main component is PA)
and Chi, separately. The IC50 of PA for the T47D cell line was 90.74 µg/mL, and the IC50
of Chi was 9.778 µM (Figure S1a,b). In MDA-MB-231 cells, the IC50 of PA was 87.9 µg/mL,
and that of Chi was 3.096 µM (Figure S1c,d). These findings indicated that both drugs
exhibit growth-inhibiting effects on breast cancer cell lines of different molecular types.
Based on the IC50 values, we tested various combinations of PA and Chi and analyzed
them using a synergistic model. We observed a synergistic inhibitory effect when treating
T47D cells with a PA and Chi ratio of 18.5 to 1 (18.5:1) (Figure 1b, Table 1). Similarly,
MDA-MB-231 cells showed a synergistic effect at a ratio of 50 to 1 (50:1) (Figure 1c, Table 2).
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Figure 1. (a) Violin plot depicting the expression levels of HDACs in commonly used estrogen-
positive breast cancer cell lines (BT474, MCF7, T47D, and ZR751). (For gene expression level, n = 2158
(BT474), n = 839 (MCF7), n = 825 (T47D), and n = 943 (ZR751). ns p > 0.05, * p < 0.05, ** p < 0.01,
or **** p < 0.0001, statistical significances were assessed by one-way ANOVA after the D’Agostino-
Pearson normality test). (b) Cell inhibition curve and logarithmic combination index (LogCI) value
after treating T47D cells with a proanthocyanidin and chidamide (PA + Chi) ratio of 18.5 to 1. LogCI
value < 0 indicates synergistic effect between drugs. (c) Cell inhibition curve and LogCI value after
treating MDA-MB-231 cells with a PA + Chi ratio of 50 to 1.

123



Int. J. Mol. Sci. 2023, 24, 10476

Table 1. The fractional effect and CI value of T47D cell after treatment with 18.5:1 ratio of proantho-
cyanidins and chidamide.

Combination
(Drug A + Drug B)

PA Dose
(µg/mL)

Chi Dose
(µM)

Total Dose
(PA + Chi)

Fractional
Effect (Fa) CI Value

Grape seed proanthocyanidin extract
(GSPE/PA) + Chidamide (Chi)

27.75 1.5 29.25 0.433 0.75492
37 2 39.00 0.552 0.70197

46.25 2.5 48.75 0.705 0.53421
55.5 3 58.50 0.773 0.49223

64.75 3.5 68.25 0.806 0.49523
74 4 78.00 0.783 0.62861

Combination index (CI) values were calculated using Compusyn (version 1.0). CI value < 1 indicates synergistic
effect between drugs, and CI value > 1 indicates antagonistic effect between drugs.

Table 2. The fractional effect and CI value of MDA-MB-231 cells after treatment with 50:1 ratio of
proanthocyanidins and chidamide.

Combination
(Drug A + Drug B)

PA Dose
(µg/mL)

Chi Dose
(µM)

Total Dose
(PA + Chi)

Fractional
Effect (Fa) CI Value

Grape seed proanthocyanidin extract
(GSPE/PA) + Chidamide (Chi)

37.5 0.75 38.25 0.410 0.60335
50 1 51.00 0.536 0.64555
75 1.5 76.50 0.685 0.73750
100 2 102.00 0.758 0.84109
125 2.5 127.50 0.797 0.95470
150 3 153.00 0.819 1.07840
175 3.5 178.50 0.870 1.06536
200 4 204.00 0.881 1.16653

Combination index (CI) values were calculated using Compusyn (version 1.0). CI value < 1 indicates synergistic
effect between drugs, and CI value > 1 indicates antagonistic effect between drugs.

2.2. Analysis of the Cell Function of Proanthocyanidin in the Synergistic HDACi Inhibition of
Breast Cancer Cell Growth

(a) Cell proliferation was significantly inhibited by treatment with PA + Chi

To investigate the impact of the combination of PA and Chi on breast cancer develop-
ment, we conducted several tests to assess cancer cells’ phenotypic changes. Initially, we
used the CCK8 assay to evaluate the short-term proliferation capacity of T47D cells after
monotherapy (PA or Chi) or combination therapy (PA + Chi) at 0, 3, 4, 5, and 7 days. The
results showed that cell proliferation rate in the PA + Chi group was lower than in the PA or
Chi treatment groups. Furthermore, the differences in cell proliferation among the groups
increased in significance with an increase in culture time (p < 0.05) (Figures 2a and S2a,b).

(b) Clone-formation was dramatically inhibited by treatment with PA + Chi

The number of cell colonies formed in the PA + Chi group (133 ± 40) was significantly
lower than in the control, PA, or Chi group (467 ± 92, 386 ± 100, 806 ± 131, respectively)
(all, p < 0.05). Moreover, there were statistically significant differences between the control
group and PA group, the PA group and Chi group, and the Chi group and PA + Chi group
(Figure 2b). These findings suggested that the combination of PA + Chi can effectively
reduce the long-term proliferation ability of T47D breast cancer cells.

(c) Wound healing was not different in cells treated with PA, Chi, or PA + Chi

To evaluate cell migration ability, a wound-healing experiment was conducted 72 h
after treatment with PA, Chi, and PA + Chi. In the T47D cell line, the results showed no
significant difference in cell scratch healing ability within all groups (Figure 2c, p > 0.05).
This finding suggested that the synergistic effect of PA + Chi does not manifest by altering
migration ability.
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Figure 2. (a) Proliferation curves of T47D cells treated with proanthocyanidins (PA), chidamide (Chi),
and their combination (PA + Chi), and the difference at day 7 after treatment. (For proliferation
rate (%), n = 9 (Control), n = 9 (PA), n = 9 (Chi), and n = 9 (PA + Chi). * p < 0.05, or **** p < 0.0001).
(b) Clone formation assay showing the number of cell colonies formed by T47D cells treated with PA,
Chi, PA + Chi, and the control group. (For clone number present in histogram, n = 3 (Control), n = 3
(PA), n = 3 (Chi), and n = 3 (PA + Chi). * p < 0.05, or *** p < 0.001). (c) Wound-healing assay results
comparing T47D cell migration from 0 h to 72 h after treatment with PA, Chi, and PA + Chi. (×40)
(d) Transwell assay evaluating the invasive ability of T47D cells treated with PA, Chi, PA + Chi, and
the control group. Representative photographs and quantification of migrated cells through the upper
chamber are shown. The number of cells adhering to the outside membrane after 48 h was counted in
five randomly selected views (×200; For migration cell number, n = 5 (Control), n = 5 (PA), n = 5 (Chi),
and n = 5 (PA + Chi). * p < 0.05). (e) Apoptosis levels of T47D cells treated with PA, Chi, or PA + Chi
compared to the control group. Upper left: control; upper right: PA; bottom left: Chi; bottom right:
PA + Chi. (f) Percentage increase in reactive oxygen species (ROS) in T47D cells treated with PA, Chi,
and PA + Chi. No synergistic effect on ROS percentage change was observed. Statistical analysis for
all quantitative multi-group comparisons in the histograms was performed using one-way ANOVA
(Brown-Forsythe and Welch ANOVA tests for data with non-equal standard deviations).
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(d) No significant differences in cancer cell invasion inhibition via PA + Chi

To investigate the impact of PA + Chi on cell invasion ability, we conducted the Tran-
swell Matrigel invasion assay using each drug individually and in combination (PA + Chi).
The results demonstrated that compared to treatment with individual drugs, the number of
cells invading through the Transwell permeable membrane (containing Matrigel gel) was
lower in the PA + Chi group. However, only the difference between the PA group and the
PA + Chi group reached statistical significance (p < 0.05), while no statistical differences
were observed among other groups (p > 0.05) (Figure 2d). This finding suggested that the
synergistic effect of PA + Chi does not directly inhibit tumor invasion, but may be mediated
through the associated suppression of tumor growth.

(e) PA + Chi effectively promotes apoptosis

Flow cytometry was used to access apoptotic changes in T47D cells following treatment
with PA, Chi, and PA + Chi. The results revealed no significant difference in the proportion
of apoptotic cells between the control group (6.39% early apoptosis; 12.0% late apoptosis)
and the PA group (4.68% early apoptosis; 10.9% late apoptosis). Notably, the Chi group
exhibited a significant increase in late apoptosis (4.3% early apoptosis; 20.8% late apoptosis),
with levels approximately two times that of the control group. The PA + Chi group
demonstrated a significant elevation in both early and late stage apoptotic cells (14.9%
early apoptosis; 31.8% late apoptosis), collectively accounting for half of all cells analyzed
(Figure 2e). These findings conferred that the combination of PA + Chi may enhance cell
apoptotic ability.

(f) The level of reactive oxygen species (ROS) Was similar between cells treated with PA
and PA + Chi

The ROS detection kit and flow cytometry were employed to analyze the alterations
in ROS level in T47D cells following treatment with PA, Chi, and PA + Chi. The results
showed that the ROS levels in the control and Chi-treated groups were relatively low
(1.44% and 6.23%, respectively), with no significant difference between the two groups.
Remarkably, the cell treated with PA and PA + Chi exhibited a significant increase in ROS
level (66.7% and 71.9%, respectively) compared to the control group. However, there was
no significant difference in ROS levels between the two groups (Figure 2f), indicating that
the elevation in ROS was primarily caused by PA, and PA + Chi did not have a synergistic
effect on ROS levels.

2.3. Differential Gene Expression (DEG) Analysis and Gene Enrichment Analysis of
RNA-Sequencing

To identify the pathways associated with the synergistic action of PA + Chi in breast
cancer cells, transcriptome sequencing of twelve samples of T47D cell lines in four groups
(control, PA, Chi, and PA + Chi) was performed. Genes showing a differential expression
greater than 2-fold were identified using OmicShare tools. Genes that exhibited differential
expression only in the PA or Chi treatment groups were excluded. A Wayne diagram was
then constructed to illustrate the distribution of DEGs across the different groups, after
excluding genes that were differentially expressed in the control group. As shown in the
Wayne diagram, there were 38 DEGs in the PA group, 203 DEGs in the Chi group, and
436 DEGs in the PA + Chi group. After deducting the 187 genes found in the PA group and
the Chi group, 247 genes remained in the PA + Chi group, potentially exerting a synergistic
effect (Figure 3a).

126



Int. J. Mol. Sci. 2023, 24, 10476

Int. J. Mol. Sci. 2023, 24, x FOR PEER REVIEW  7  of  13 
 

 

2.3. Differential Gene Expression (DEG) Analysis and Gene Enrichment Analysis of   

RNA‐Sequencing 

To identify the pathways associated with the synergistic action of PA + Chi in breast 

cancer cells, transcriptome sequencing of twelve samples of T47D cell lines in four groups 

(control, PA, Chi, and PA + Chi) was performed. Genes showing a differential expression 

greater than 2‐fold were identified using OmicShare tools. Genes that exhibited differen‐

tial expression only in the PA or Chi treatment groups were excluded. A Wayne diagram 

was then constructed to  illustrate the distribution of DEGs across the different groups, 

after excluding genes that were differentially expressed in the control group. As shown in 

the Wayne diagram, there were 38 DEGs in the PA group, 203 DEGs in the Chi group, and 

436 DEGs in the PA + Chi group. After deducting the 187 genes found in the PA group 

and the Chi group, 247 genes remained in the PA + Chi group, potentially exerting a syn‐

ergistic effect (Figure 3a). 

 

Figure 3. (a) Venn diagram illustrating the overlap of differentially expressed gene (DEG) in T47D 

cells  treated with drugs.  (b) Significantly associated pathways, up‐regulated or down‐regulated, 
Figure 3. (a) Venn diagram illustrating the overlap of differentially expressed gene (DEG) in T47D
cells treated with drugs. (b) Significantly associated pathways, up-regulated or down-regulated,
possibly involved in the synergistic effect of proanthocyanidin (PA) and chidamide (Chi) on breast
cancer cell characteristics or functions. (c) Protein–protein interaction (PPI) analysis of 48 DEGs
related to T47D cells’ characteristics or functions using the STRING online tool.

To elucidate the pathways associated with the synergistic effect of PA + Chi in breast
cancer, we performed a bioinformatic gene enrichment analysis of the 247 genes identi-
fied as potential candidates for synergy based on the transcriptome sequencing data. We
also performed comprehensive pathway annotations, the widely used KEGG database.
By analyzing pathways at the B-level classification, we identified 21 candidate pathways
with a nominal p < 0.05 (Table 3). Further comparative analysis allowed us to identify
the top 10 pathways, which encompassed 48 genes related to tumor function, growth,
and development. These pathways included steroid biosynthesis pathway, extracellular
matrix (ECM) receptor interaction pathway, cytokine–cytokine receptor interaction path-
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way, cAMP signaling pathway, oxytocin signaling pathway, VEGF signaling pathway,
regulation of lipolysis in adipocytes pathway, lysine degradation pathway, regulation of
actin cytoskeletal pathway, and adhesion plaque pathway (Figure 3b). To gain deeper
insights into these pathways, protein–protein interaction (PPI) analysis was performed
to examine the interplay between genes involved. The results indicated that the steroid
biosynthesis pathway and ECM receptor interaction pathway were the most promising
pathways associated with the synergistic effect of PA + Chi (Figure 3c).

Table 3. Significant up-regulated or down-regulated pathways associated with synergistic PA + Chi
synergistic effect in drug-treated breast cancer cell T47D.

Pathway(s) Syn-DEGs (128) * p-Value(s)

Arrhythmogenic right ventricular cardiomyopathy 7 0.00018945
Steroid biosynthesis 4 0.00025239
Hypertrophic cardiomyopathy 7 0.00051916
ECM-receptor interaction 6 0.00258582
Human papillomavirus infection 12 0.00626547
Cytokine–cytokine receptor interaction 11 0.00643997
cAMP signaling pathway 9 0.00842445
Oxytocin signaling pathway 7 0.01070732
Platelet activation 6 0.01383732
Dilated cardiomyopathy 7 0.014181
Small cell lung cancer 5 0.01420596
VEGF signaling pathway 4 0.01536765
Regulation of lipolysis in adipocytes 4 0.01536765
Mucin type O-glycan biosynthesis 3 0.01713699
Glycosaminoglycan biosynthesis—keratan sulfate 2 0.01862032
Lysine degradation 4 0.01888023
Protein digestion and absorption 5 0.02191461
Regulation of actin cytoskeleton 8 0.02415313
Bladder cancer 3 0.02580077
Focal adhesion 7 0.04042669
Cardiac muscle contraction 4 0.04997453

* All pathways mentioned are significantly different (* p < 0.05) in KEGG analysis; p-values are aligned in
ascending order.

3. Discussion

Breast cancer is a complex disease characterized by abnormal cell proliferation in-
volving genetic and epigenetic changes. However, the clinical application of HDACi as a
therapy for breast cancer is limited due to frequent toxicity and adverse effects, including
those involving the blood, lymphatic, and gastrointestinal systems [26]. To overcome this
challenge, the combination of a polyphenoic compound, PA, and HDACi, such as Chi, has
been proposed as a strategy to enhance the therapeutic effect and reduce toxicity.

The findings of this study provide evidence, for the first time, that the combination of
PA and Chi effectively inhibits breast cancer cells’ short-term and long-term proliferation,
promotes apoptosis, and thus hold promise as a potential treatment for advanced breast
cancer. Moreover, the synergistic effect observed in breast cancer cells was associated with
the modulation of steroid biosynthesis and ECM receptor interaction pathways.

The metabolic alterations observed in malignancies involve changes in lipid metabolism,
and steroid biosynthesis plays a critical role in lipid production, with genetic alterations
associated with hormone-related tumors, such as breast and prostate cancer [27–29]. In our
study, we observed significant changes in the expression of genes that participated in steroid
biosynthesis, including LSS, DHCR24, TM7SF2, and LIPA, after treatment with PA + Chi.
Previous research has demonstrated the inhibitory effect of PAs on lipid metabolism and
the expression of steroid metabolism-related enzymes, which can suppress breast cancer
carcinogenesis [30–32]. Based on these findings, we hypothesize that the synergistic effect
of PA + Chi on the steroid biosynthesis pathway contributes to their anti-tumor activity.
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Furthermore, we identified significant changes in genes related to ECM receptor interaction
pathway, including COL1A1, COL4A6, COL6A2, ITGA1, ITGA5, and ITGB6, which are
essential for cell support, signaling, invasion, and metastasis [33], suggesting that the
modulation of the ECM receptor pathway may also contribute to the synergistic effect of
PA + Chi on breast cancer cells.

Our study has certain limitations that need to be acknowledged. First, we did not
confirm the entire pathway and specific genes involved in the observed synergistic effect.
Additionally, it is important to consider the post-transcriptional regulation effect of HDACi,
as it functions as an acetylation regulator. Further investigation employing techniques, such
as short-hairpin RNA to interfere with specific gene expression and conducting in vivo
experiments are warranted to validate the underlying mechanism of action of PA + Chi on
steroid biosynthesis and ECM receptor pathways in breast cancer cells.

In conclusion, our results suggest that the combination of PA and the HDACi Chi may
be a promising therapeutic approach for breast cancer. The mechanistic insights gained
from our study provide valuable information for the development of novel strategies to
treat advanced breast cancer, including drug-resistant forms of diseases.

4. Materials and Methods
4.1. Data Download, Processing, and Downstream Analysis

The raw data of single-cell RNA sequencing profile (GSE173634) were downloaded
from the Gene Expression Omnibus (GEO) database. The count matrix data were processed
using the Seurat package (version 4.1.1) of R software (version 4.1.3). A Seurat object was
created and selected luminal cell types, including BT474, MCF7, T47D, and ZR751 for
downstream analysis. The VlnPlot() function was used to investigate the expression levels
of HDAC genes in each cell type.

4.2. Half Inhibitory Concentration Analysis (IC50) of Drugs Using the Cell Counting Kit 8 (CCK8)

The T47D cell line was obtained from our laboratory. The MDA-MB-231 cell line was
obtained from Peking Union Medical College Cell Resource Center (Beijing, China). T47D
and MDA-MB-231 cells were cultured in T25 flasks. Cells were then seeded into 96-well
plates at a density of 5000–7000 cells/well, and cultured in logarithmic growth phase for
2 days. Once the cells adhered, 200 µL of 10% serum DMEM/1640 medium containing
gradient concentrations of PA, Chi, or PA + Chi was added to each well, and the plates
were incubated at 37 ◦C in a 5% CO2 incubator. After 72 h, 10% of CCK8 solution was
added to each well, and the plates were incubated at 37 ◦C and 5% CO2 for approximately
2 h. The absorbance of each well at 450 nm was then measured using a microplate reader.
Cell viability and IC50 values were calculated based on the absorbance readings.

4.3. Synergistic Effect Model Calculation and Short-Term Proliferation Analysis

The initial steps were similar to the cell IC50 analysis, wherein absorbance was mea-
sured and calculated as the cell inhibition rate. The obtained inhibition rates were then
entered into the Compusyn1.0 software to determine the synergistic model.

For proliferation detection, cells in the logarithmic growth phase were seeded into
96-well plates at a density of 500–1000 cells/well and allowed to attach for 2 days. Sub-
sequently, 10% serum DMEM medium containing a specific proportion of PA, Chi, or
PA + Chi was added to each well, and the plates were cultured in an incubator at 37 ◦C and
5% CO2. The cell proliferation rate was calculated.

4.4. Long-Term Proliferation Analysis via Clone Formation

Cells in the logarithmic growth phase (500–1000) were seeded onto 6-well plates and
incubated for 2 days until they attached to the surface. Then, the cells were treated with
varying proportions of PA, Chi, or PA + Chi for approximately 2 weeks. After the formation
of monoclonal colonies, the cells were fixed with 4% paraformaldehyde for 20 min and
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stained with 0.5% crystal violet for 15 min. At least 50 individual cells per monoclonal
colony were counted in each well using ImageJ software (Version 1.8.0.172).

4.5. Cell Migration Analysis via Wound Healing Assay

Approximately 100 µL of cells was seeded from a T25 flask onto a 6-well plate. After
2 days of incubation, three horizontal and vertical lines were drawn to divide the wells.
Then, 5% serum DMEM medium containing a specific proportion of PA, Chi, or PA + Chi
was added and the plates were incubated. Samples were collected at 0 and 72 h for
photography and analysis.

4.6. Cell Invasion Analysis Using Transwell Matrigel Invasion Assay

For cell invasion assays, approximately 10,000 T47D cells were seeded in 200 µL of
no-serum medium onto the upper chamber of Transwell inserts coated with Matrigel. Then,
400 µL of 10% DMEM was added to the lower chamber of the Transwell. The chambers
were incubated at 37 ◦C in a 5% CO2 incubator. After 48 h, the Transwell chambers were
removed, and the cells were fixed and stained with 4% paraformaldehyde and 0.5% crystal
violet, respectively. The number of invaded cells in five randomly selected fields of view
for each chamber was counted and compared.

4.7. Cell Apoptosis and Intracellular Reactive Oxygen Species (ROS) Analysis via Flow Cytometry

The Annexin V-FITC/PI staining kit was used to detect cell apoptosis. For flow
cytometry, the excitation light wavelength was set to 488 nm, FITC fluorescence was
detected by a passband filter with a wavelength of 515 nm, and PI was detected by a filter
with a wavelength greater than 560 nm. Cells in the right quadrant were compared.

To detect ROS levels, treated cells were incubated with a diluted 10 µM DHE fluores-
cent probe, allowing the samples to come into full contact with the probe. Flow cytometry
was used to detect the fluorescence intensity at an excitation wavelength of 535 nm and
emission wavelength of 610 nm. The P2 channel was used to delineate the ROS levels
within the cells.

4.8. Gene Enrichment Analysis and KEGG Analysis of RNA Sequencing

Following the administration of treatments, transcriptome sequencing data were
obtained from 12 samples with 3 replicates in 4 groups of T47D cells. The OmicShare
tools (www.omicshare.com/tools) from Gene Denovo were used to identify differentially
expressed genes (DEGs) in the treated groups compared to the control group, using a DEG
threshold of FDR < 0.05 and FC ± 2. The DEGs were then grouped, and a Wayne diagram
was drawn to select the synergistic-related DEGs. Common pathway annotation data were
also used to identify significantly enriched signaling pathways.

4.9. Protein–Protein Interaction Analysis

The protein–protein interaction analysis was performed using the STRING online tool
(version 11.5, https://cn.string-db.org/, accessed on 24 March 2023).

4.10. Statistical Analysis

Synergistic models with fractional effect (Fa) and CI values were analyzed using
Compusyn (version 1.0), which is a simple computerized analytical simulation based on
the median-effect principle of the mass-action law and its combination index theorem [34].
Statistical analyses in tumor growth and functions analysis part were conducted using
GraphPad Prism9 software. Multi-comparisons between data were performed using one-
way ANOVA (Brown–Forsythe and Welch ANOVA tests for data, which have non-equal
standard deviations), and statistical significance was set at p < 0.05. Statistical analyses in
KEGG pathways were previously mentioned. All statistical analyses in figures including
p-value(s) were marked in figure legends.
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5. Conclusions

In conclusion, our study demonstrates that the combination of PA and Chi exhibits
a synergistic anti-tumor effect on hormone receptor-positive and triple-negative breast
cancer cell lines. This combination effectively inhibited short-term and long-term tumor
cell proliferation, while promoting apoptosis. These findings suggested that the mechanism
underlying the synergistic effect of PA + Chi may be associated with these tumor pheno-
types. Furthermore, our results indicate a potential involvement of the steroid biosynthesis
pathway and ECM receptor interaction pathway in mediating the synergism observed with
PA + Chi treatment.
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Abstract: Targeting inflammation and the pathways linking inflammation with cancer is an innovative
therapeutic strategy. Tastants are potential candidates for this approach, since taste receptors display
various biological functions, including anti-inflammatory activity (AIA). The present study aims
to explore the power different tastes have to predict a phytochemical’s anti-cancer properties. It
also investigates whether anti-inflammatory phytocompounds also have anti-cancer effects, and
whether there are tastes that can better predict a phytochemical’s bivalent biological activity. Data
from the PlantMolecularTasteDB, containing a total of 1527 phytochemicals, were used. Out of these,
only 624 phytocompounds met the inclusion criterion of having 40 hits in a PubMed search, using
the name of the phytochemical as the keyword. Among them, 461 phytochemicals were found to
possess anti-cancer activity (ACA). The AIA and ACA of phytochemicals were strongly correlated,
irrespective of taste/orosensation or chemical class. Bitter taste was positively correlated with ACA,
while sweet taste was negatively correlated. Among chemical classes, only flavonoids (which are
most frequently bitter) had a positive association with both AIA and ACA, a finding confirming
that taste has predictive primacy over chemical class. Therefore, bitter taste receptor agonists and
sweet taste receptor antagonists may have a beneficial effect in slowing down the progression of
inflammation to cancer.

Keywords: taste; taste receptors; bitter; sweet; cancer; anti-inflammatory; phytochemical

1. Introduction

Taste receptors (TASRs) are sensory molecular structures specialized for detecting
the five basic tastes: sweet, sour, salty, bitter, and umami. Receptors for sweet, umami,
and bitter tastes belong to the G protein-coupled receptor superfamily, while salty and
sour taste receptors are ion channels [1,2]. Although certain traditional medical systems
(e.g., Ayurveda, Traditional Chinese Medicine) consider pungency and astringency to be
fundamental tastes, modern science does not recognize them as basic taste sensations.
Instead, they are classified as trigeminal orosensations that belong to chemesthesis, which
is defined as a general sensitivity of the mucosal surfaces or skin [3]. Certain members
of the transient receptor potential (TRP) channels family are the main transducers of
chemestetic sensations [4]. A growing body of evidence shows that TASRs, as well as other
orosensation transducers (e.g., TRPs), have widespread extraoral expressions (e.g., liver,
pancreas, stomach, heart, brain, respiratory system, kidney, urinary bladder, adipose tissue,
thyroid, gonads, spermatozoa, lymphocytes) and play important non-gustative, tissue-
specific biological roles, such as the regulation of gastrointestinal functions, immunity,
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endocrine secretions, muscle relaxation, etc. [3,5–7]. Tastants binding to TASRs activate
downstream signaling pathways in the target cells, leading eventually to either a gustatory
chemosensation or to various extra-gustatory effects. They may be exogenous (e.g., nutri-
ents, phytochemicals, xenobiotics) or endogenous (e.g., bile acids) compounds [8], and are
characterized by an extreme structural and functional heterogeneity [9]. The functional
diversity of TASR agonists led to the hypothesis that tastants have pharmacological signifi-
cance and may even, in the future, become drug-like effectors in the treatment of various
diseases [10–12].

Several studies have shown a direct involvement of bitter taste receptors in inflamma-
tory processes. For instance, TAS2R16 expression is elevated in inflammatory conditions,
and salicin, a TAS2R16 agonist, antagonizes NF-kB signaling [13]. Tiroch et al. demon-
strated that resveratrol exhibits its anti-inflammatory activities (IL-6 targeting pathway)
through the activation of TAS2R50 [14].

There is also increasing evidence about the multifaceted involvement of bitter taste re-
ceptors in cancer [15,16]. Recent studies have shown that bitter taste receptors are expressed
differently in cancerous tissues compared to normal, cancer-free tissues [17–20]. In most
cases, the expression of these receptors is downregulated. Additionally, overexpression of
TAS2R has been shown to have anti-cancer effects [19].

Cancer represents a massive healthcare burden worldwide [21]. Intense research
efforts have been focused on finding new methods of intervention in cancer prevention and
treatment, in the quest for new therapeutic molecular targets that can modulate mechanisms
involved in carcinogenesis. Targeting various pathways linking inflammation with cancer
represents such an innovative therapeutic strategy.

In relation to cancer, inflammation can be either beneficial or detrimental to the body.
Acute inflammation has been shown to inhibit tumor growth and is effective in treating
various types of cancers, including bladder and colorectal cancers [22,23]. However, chronic
inflammation can predispose the body towards cancer development. Chronic inflammation
sustains and stimulates every step of carcinogenesis by promoting mutagenesis, tumor
immune escape, inactivation of tumor suppressors, cell proliferation, etc., whereas cancer
initiates, facilitates, and maintains local inflammatory processes through the chemoattrac-
tion of inflammatory cells, damage-associated molecular patterns, and hypoxia, which
favors tumor growth and dissemination [24–26]. For instance, chronic gastritis increases
the risk of stomach cancer [26–28]. Scientists estimate that at least 20–25% of cancers are
produced or influenced by chronic inflammation [29,30], which may be linked to chronic
infections with various viruses [31–34], Helicobacter pylori [35], autoimmune diseases [36],
metabolic disorders [37], or exposure to various chemicals [38,39]. Tumor-promoting in-
flammation and genomic instability were considered to be the first two main “enabling
characteristics” or oncogenic drivers which allow evolving preneoplastic cells to develop
and acquire the aberrant phenotypic traits in the course of tumor growth and progression.
Since then, other “enabling characteristics” have emerged (e.g., non-mutational epige-
netic reprogramming, polymorphic microbiomes), adding more complexity to the cancer
pathogenesis [40,41].

Several molecular targets, including transcription factors (e.g., NF-kB, STAT-3, AP-1),
enzymes (e.g., COX-2, MAPK), and receptors (e.g., E series of prostaglandin receptors—EP
receptors) were found to be simultaneously involved in inflammation and carcinogenesis,
as well as in the progression of chronic inflammation towards cancer [25,42–46].

Plants are a huge reservoir of health-promoting compounds. At least 60% of approved
anti-cancer drugs are derived from medicinal plants [47]. Bitter phytochemicals have
displayed anti-cancer activity (ACA) in many in vitro and in vivo studies, with some of
them showing the direct contribution of TAS2Rs activation to this effect [18–20]. In several
cases (e.g., resveratrol, curcumin, kaempferol, epigallocatechin gallate) this ACA of bitter
phytocompounds was proven to be achieved by also acting on inflammatory signaling
pathways [48–52]. Regarding the anti-inflammatory potential of phytochemicals, our group
has previously shown that bitter phytocompounds have a higher probability of displaying
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anti-inflammatory activity (AIA), when compared to non-bitter phytocompounds, while a
sweet taste is negatively corelated with this activity [53]. In another study, we reported that
the taste of phytocompounds is a better predictor of the ethnopharmacological activities of
the medicinal plants than the phytochemical class [54].

By using data mining and statistical tools, the current research aims to determine
whether there is any concordance between the taste or chemical class of phytocompounds
and their evidence-based ACA, as well as between evidence-based ACA and AIA of
phytocompounds. If there is a positive AIA-ACA agreement, the study will investigate
whether taste or chemical class can predict this. Finally, the study aims to determine which
attribute of phytocompounds (either chemical class or taste) better predicts a potential
AIA-ACA agreement.

2. Results

Our analysis relies on the information gathered and made public in the PlantMolecu-
larTasteDB (PMTDB) (http://plantmoleculartastedb.org, accessed on 1 February 2023), a
previously published work, a database which contains a total of 1527 phytocompounds [9].
PMTDB is the largest database dedicated to individual plant-derived tastants (referred to
as “phytotastants” in this paper) and orosensation-active phytochemicals among all the
databases focused on flavor chemistry. In contrast, most databases are mixed collections of
tastants (natural and synthetic, phytocompounds and synthetic drugs) or odorants [55],
despite being sometimes larger (e.g., ChemTastesDB) [56].

The total number of phytocompounds included in the statistical analysis was 624:
429 with proven AIA and ACA, 82 with proven AIA but no ACA, 32 with proven ACA
but not AIA, and 81 without either AIA or ACA. The total number of phytocompounds
that fulfilled the inclusion criterion (a minimum of 40 hits in a PubMed search using
the name of the phytotastant as the keyword, for details see Section 4, Materials and
Methods) was obviously higher than that found in our previous study, mentioned in the
Introduction section [53]. Hydroxy-α-sanshool, caffeic acid ethyl ester, kaempferol-3-O-β-
galactopyranoside, guaiaverin, and clovamide are a few examples of such newly introduced
phytotastants in our statistical analysis.

Regarding the update of data on AIA recorded in the PMTDB, we took notice of new
studies about the AIA of various compounds that were available after the PMTDB was
publicly open (e.g., isoschaftoside [57], cis-aconitic acid [58]).

2.1. The Correlation between Anti-Inflammatory/Anti-Cancer Activity and Taste/Chemical Class

Among the six tastes/orosensations included in our study (bitter, sweet, sour, salty,
pungent, astringent), only bitter taste had a statistically significant positive association
with both AIA and ACA. This was reflected by the greater-than-one odds ratio (OR) with a
95% confidence interval (CI) not including one. Conversely, sweet taste had a statistically
significant negative association with ACA, as reflected by the less-than-one OR with a 95%
confidence interval not including one. Sweet taste might have a negative association with
AIA, but the p-value for this latter association was higher than the threshold calculated
according to Bonferroni correction (Table 1).

Among the chemical classes, only flavonoids have a statistically significant positive
association with both AIA and ACA (OR > 1.95% CI 3.03–324.24). By contrast, the saccha-
rides and alkaloids have a negative association with AIA, and saccharides and amino acids
have a negative association with ACA, as reflected by the less-than-one OR with a 95% CI
not including one (Table 2).
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Table 1. The correlation between anti-inflammatory/anti-cancer activity and taste. Legend:
PDA = pharmacodynamic activity, AIA—anti-inflammatory activity, ACA—anti-cancer activity.
Note: The third column contains the number of phytocompounds in each of the 4 cells of the
2 × 2 tables used for performing Fisher’s exact test: a = taste-yes, AIA/ACA-yes; b = taste-yes,
AIA/ACA-no; c = taste-no, AIA/ACA-yes; d = taste-no, AIA/ACA-no. As multiple comparisons
were performed, the significance level (commonly set at 0.05) was lowered according to Bonfer-
roni correction: the corrected significance level was 0.0035 (i.e., 0.05 divided by 14, the number of
comparisons). Statistically significant results are in bold type.

Taste/Orosensation PDA (a, b, c, d) Odds Ratio (OR) 95% Confidence
Interval for OR p-Value

Astringent ACA (75, 17, 386, 146) 1.67 0.97-2.99 0.073

Bitter (flavonoids only) ACA (57, 0, 5, 2) Infinity __ 0.01

Bitter ACA (324, 90, 137, 73) 1.92 1.32–2.77 7 × 10−4

Pungent ACA (64, 18, 397, 145) 1.3 0.75–2.32 0.42

Salty ACA (2, 2, 459, 161) 0.35 0.04–3.4 0.28

Sour ACA (29, 19, 432, 144) 0.51 0.28–0.95 0.039

Sweet ACA (55, 45, 406, 118) 0.36 0.23–0.56 1 × 10−5

Umami ACA (4, 5, 457, 158) 0.28 0.07–1.11 0.057

Astringent AIA (82, 10, 429, 103) 1.97 1.01–4.13 0.056

Bitter AIA (353, 61, 158, 52) 1.9 1.25–2.88 0.003

Pungent AIA (70, 12, 441, 101) 1.34 0.71–2.66 0.44

Salty AIA (3, 1, 508, 112) 0.66 0.07–17.56 0.55

Sour AIA (37, 11, 474, 102) 0.72 0.36–1.53 0.43

Sweet AIA (73, 27, 438, 86) 0.53 0.32–0.88 0.016

Umami AIA (6, 3, 505, 110) 0.44 0.11–2.16 0.21

Table 2. The correlation between anti-cancer/anti-inflammatory activity and chemical classes. Leg-
end: ACA—anti-cancer activity, AIA—anti-inflammatory activity, chemClass—chemical class. Note:
The third column contains the number of phytocompounds in each of the 4 cells of the 2 × 2 tables
built on the model mentioned in Section 4 (used for performing Fisher’s exact test): a = chemClass-yes,
AIA/ACA-yes; b = chemClass-yes, AIA/ACA-no; c = chemClass-no, AIA/ACA-yes; d = chemClass-
no, AIA/ACA-no. As multiple comparisons were performed, the significance level (commonly set at
0.05) was lowered according to Bonferroni correction: the corrected significance level was 0.001 (i.e.,
0.05 divided by 42, the number of comparisons). Statistically significant results are in bold type.

Chemical Class PDA (a, b, c, d) Odds Ratio
(OR)

95% Confidence
Interval for OR p-Value

alkaloids ACA (71, 37, 390, 126) 0.62 0.4–0.98 0.04

flavonoids ACA (62, 2, 399, 161) 12.48 3.58–76.76 7 × 10−7

flavonoid glycosides ACA (33, 4, 428, 159) 3.06 1.15–10.28 0.032

saccharides ACA (14, 18, 447, 145) 0.25 0.12–0.52 0.0002

amino acids ACA (9, 21, 452, 142) 0.14 0.06–0.3 3 × 10−7

monoterpenoids ACA (21, 6, 440, 157) 1.25 0.51–3.44 0.82

triterpenoids ACA (20, 2, 441, 161) 3.65 0.97–23.34 0.082

coumarins ACA (20, 1, 441, 162) 7.33 1.33–155.28 0.022

sesquiterpenoids ACA (18, 3, 443, 160) 2.16 0.68–9.33 0.31
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Table 2. Cont.

Chemical Class PDA (a, b, c, d) Odds Ratio
(OR)

95% Confidence
Interval for OR p-Value

phenolic others ACA (16, 3, 445, 160) 1.92 0.6–8.33 0.43

phenolic acids ACA (14, 4, 447, 159) 1.24 0.42–4.45 1

short aliphatic acids ACA (9, 9, 452, 154) 0.34 0.13–0.9 0.028

tannins ACA (14, 1, 447, 162) 5.07 0.89–109.2 0.13

diterpenoids ACA (12, 2, 449, 161) 2.15 0.54–14.29 0.54

sulfur compounds ACA (8, 6, 453, 157) 0.46 0.15–1.45 0.21

monoterpenoid
glycosides ACA (12, 1, 449, 162) 4.32 0.74–94.12 0.2

steroid glycosides ACA (10, 1, 451, 162) 3.59 0.59–79.2 0.3

fatty acids ACA (8, 2, 453, 161) 1.42 0.32–9.89 1

phenolic acid esters ACA (7, 3, 454, 160) 0.82 0.21–3.96 0.73

phenylpropanoids
(others) * ACA (7, 3, 454, 160) 0.82 0.21–3.96 0.73

triterpenoid glycosides ACA (9, 1, 452, 162) 3.22 0.52–71.78 0.47

alkaloids AIA (74, 34, 437, 79) 0.39 0.25–0.64 0.0002

flavonoids AIA (63, 1, 448, 112) 15.72 3.03–324.24 5 × 10−5

flavonoid glycosides AIA (34, 3, 477, 110) 2.61 0.87–10.89 0.12

saccharides AIA (16, 16, 495, 97) 0.2 0.09–0.41 2 × 10−5

amino acids AIA (25, 5, 486, 108) 1.11 0.44–3.33 1

monoterpenoids AIA (26, 1, 485, 112) 5.99 1.11–125.95 0.043

triterpenoids AIA (19, 3, 492, 110) 1.42 0.45–6.1 0.78

coumarins AIA (20, 1, 491, 112) 4.56 0.83–96.63 0.15

sesquiterpenoids AIA (18, 3, 493, 110) 1.34 0.42–5.79 0.78

phenolic others AIA (16, 3, 495, 110) 1.18 0.37–5.17 1

phenolic acids AIA (16, 2, 495, 111) 1.79 0.46–11.67 0.75

short aliphatic acids AIA (11, 7, 500, 106) 0.33 0.13–0.93 0.029

tannins AIA (14, 1, 497, 112) 3.15 0.55–68.05 0.33

diterpenoids AIA (13, 1, 498, 112) 2.92 0.5–63.36 0.48

sulfur compounds AIA (10, 4, 501, 109) 0.54 0.17–2.04 0.3

monoterpenoid
glycosides AIA (12, 1, 499, 112) 2.69 0.46–58.69 0.48

steroid glycosides AIA (8, 3, 503, 110) 0.58 0.16–2.76 0.43

fatty acids AIA (7, 3, 504, 110) 0.51 0.13–2.46 0.4

phenolic acid esters AIA (9, 1, 502, 112) 2.01 0.32–44.8 0.7

phenylpropanoids
(others) * AIA (8, 2, 503, 111) 0.88 0.2–6.16 1

triterpenoid glycosides AIA (10, 0, 501, 113) Infinity __ 0.22

Legend.* Other than the main classes of (iso)flavonoids, e.g., coumarins, stilbenes, lignans, and hydroxycinnamic
acids, hydroxycinnamic acids derivatives (such as amides or esters), cinnamic acid esters, methoxyphenols.
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The analysis was limited to flavonoids to determine whether the positive association
between flavonoids and AIA was mediated by a specific taste, and the result was statistically
significant for bitter taste only (see the row “bitter (flavonoids only)” in Table 1). A
similar computation was done for alkaloids, and no association was found between the
pharmacodynamic activity and taste. The same holds for amino acids.

For saccharides, sweet taste might be conceived as the mediator of the association
with the absence of AIA/ACA; however, this cannot be proven statistically, as all but one
saccharide (gentiobiose) are sweet.

Pooling together chemical classes did not influence these results (Table 3).

Table 3. The correlation between anti-cancer/anti-inflammatory activity and pooled chemical classes.
Legend: ACA—anti-cancer activity, AIA—anti-inflammatory activity, chemClass—pooled chemical
class. Note: The third column contains the number of phytocompounds in each of the 4 cells of
the 2 × 2 tables built on the model mentioned in Section 4 (used for performing Fisher’s exact test):
a = chemClass-yes, AIA/ACA-yes; b = chemClass-yes, AIA/ACA-no; c = chemClass-no, AIA/ACA-
yes; d = chemClass-no, AIA/ACA-no. As multiple comparisons were performed, the significance
level (commonly set at 0.05) was lowered according to Bonferroni correction: the corrected significance
level was 0.0015 (i.e., 0.05 divided by 34, the number of comparisons). Statistically significant results
are in bold type.

Pooled Chemical Class PDA (a, b, c, d) Odds Ratio
(OR)

95% Confidence
Interval for OR p-Value

alkaloids AIA (76, 34, 435, 79) 0.41 0.25–0.66 0.0003

amino acids AIA (25, 5, 486, 108) 1.11 0.44–3.33 1

coumarins AIA (22, 1, 489, 112) 5.03 0.92–106.32 0.01

diterpenoids AIA (16, 1, 495, 112) 3.62 0.64–77.5 0.33

fatty compounds AIA (16, 6, 495, 107) 0.58 0.23–1.64 0.26

flavonoids AIA (97, 4, 414, 109) 6.37 2.5–20.81 9 × 10−6

monoterpenoids AIA (48, 3, 463, 110) 3.8 1.29–15.65 0.014

phenolic acids AIA (27, 3, 484, 110) 2.04 0.67–8.62 0.33

phenolic others AIA (19, 3, 492, 110) 1.42 0.45–6.1 0.78

phenylpropanoids AIA (9, 2, 502, 111) 1 0.23–6.84 1

saccharides AIA (16, 16, 495, 97) 0.2 0.09–0.41 2 × 10−5

sesquiterpenoids AIA (18, 5, 493, 108) 0.79 0.3–2.43 0.59

short aliphatic acids AIA (11, 7, 500, 106) 0.33 0.13–0.93 0.029

steroids AIA (13, 3, 498, 110) 0.96 0.29–4.26 1

sulfur compounds AIA (10, 5, 501, 108) 0.43 0.15–1.42 0.16

tannins AIA (14, 1, 497, 112) 3.15 0.55–68.05 0.33

triterpenoids AIA (29, 3, 482, 110) 2.2 0.73–9.26 0.24

alkaloids ACA (73, 37, 388, 126) 0.64 0.41–1.01 0.056

amino acids ACA (9, 21, 452, 142) 0.14 0.06–0.3 3 × 10−7

coumarins ACA (21, 2, 440, 161) 3.84 1.03–24.49 0.055

diterpenoids ACA (13, 4, 448, 159) 1.15 0.39–4.16 1

fatty compounds ACA (15, 7, 446, 156) 0.75 0.3–2 0.62

flavonoids ACA (95, 6, 366, 157) 6.78 3.08–17.41 5 × 10−8
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Table 3. Cont.

Pooled Chemical Class PDA (a, b, c, d) Odds Ratio
(OR)

95% Confidence
Interval for OR p-Value

monoterpenoids ACA (40, 11, 421, 152) 1.31 0.67–2.73 0.51

phenolic acids ACA (23, 7, 438, 156) 1.17 0.51–2.99 0.83

phenolic others ACA (19, 3, 442, 160) 2.29 0.73–9.83 0.22

phenylpropanoids ACA (8, 3, 453, 160) 0.94 0.25–4.44 1

saccharides ACA (14, 18, 447, 145) 0.25 0.12–0.52 0.0002

sesquiterpenoids ACA (18, 5, 443, 158) 1.28 0.49–3.93 0.81

short aliphatic acids ACA (9, 9, 452, 154) 0.34 0.13–0.9 0.028

steroids ACA (15, 1, 446, 162) 5.44 0.96–116.79 0.083

sulfur compounds ACA (8, 7, 453, 156) 0.39 0.14–1.16 0.078

tannins ACA (14, 1, 447, 162) 5.07 0.89–109.2 0.13

triterpenoids ACA (29, 3, 432, 160) 3.58 1.19–14.97 0.024

2.2. Correlation between Anti-Cancer and Anti-Inflammatory Activity

The statistical analysis revealed a strong correlation between ACA and AIA, which
was maintained over the entire range of tastes/orosensations (Table 4) and chemical classes
(Table 5), with the exception of amino acids.

Table 4. The correlation between anti-inflammatory (AIA) and anti-cancer activity (ACA) for all
tastes and for each taste is taken separately. Salty and umami are absent due to the low count of
corresponding phytocompounds. Note: The second column contains the number of phytocompounds
in each of the 4 cells of the 2 × 2 tables built on the model mentioned in Section 4 (used for performing
Fisher’s exact test):a = AIA-no, ACA-no; b = AIA-yes, ACA-no; c = AIA-no, ACA-yes; d = AIA-yes,
ACA-yes. As multiple comparisons were performed, the significance level (commonly set at 0.05)
was lowered according to Bonferroni correction: the corrected significance level was 0.01 (i.e., 0.05
divided by 6, the number of comparisons).

Taste (a, b, c, d) Odds Ratio
(OR)

95% Confidence
Interval for OR p-Value

All tastes (81, 32, 82, 429) 13.16 8.25–21.32 3 × 10−30

Astringent (9, 1, 8, 74) 75.56 10.69–1847.1 3 × 10−7

Bitter (40, 21, 50, 303) 11.44 6.27–21.31 4 × 10−16

Pungent (8, 4, 10, 60) 11.45 2.93–51.13 0.0004

Sour (10, 1, 9, 28) 28.62 4.05–700.41 0.0001

Sweet (22, 5, 23, 50) 9.33 3.26–30.75 1 × 10−5

In Table 4, all results are either extremely high (for All Tastes and for Bitter) or highly
statistically significant. AIA-ACA association holds, irrespective of taste/orosensation or
chemical class.
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As illustrated in Table 5, the odds ratio (OR) is equal to zero for the chemical classes
in which no phytocompound was devoid of both AIA and ACA (a = 0) (coumarins, diter-
penoids, monoterpenoid glycosides, triterpenoid glycosides). For all these chemical classes,
the vast majority of phytocompounds have both AIA and ACA (d is disproportionately
higher than a, b, and c). For all the other chemical classes, OR is greater than one (and
sometimes even infinite), but it does not reach the level of statistical significance due to
the (very) low count of phytocompounds devoid of both AIA and ACA. The p-value is
higher than the Bonferroni corrected threshold and the less-than-one inferior limit of the
95% confidence interval for OR.

Table 5. The correlation between anti-inflammatory (AIA) and anti-cancer activity (ACA) for each
chemical class is taken separately. Note: The second column contains the number of phytocompounds
in each of the 4 cells of the 2 × 2 tables built on the model mentioned in Section 4 (used for performing
Fisher’s exact test): a = AIA-no, ACA-no; b = AIA-yes, ACA-no; c = AIA-no, ACA-yes; d = AIA-yes,
ACA-yes. Inf = infinity. As multiple comparisons were performed, the significance level (commonly
set at 0.05) was lowered according to Bonferroni correction: the corrected significance level was 0.002
(i.e., 0.05 divided by 21, the number of comparisons). Statistically significant results are in bold type.

Chemical Class (a, b, c, d) Odds Ratio
(OR)

95% Confidence
Interval for OR p-Value

alkaloids (24, 13, 10, 61) 10.93 3.97–32.64 2 × 10−7

flavonoids (1, 1, 0, 62) Inf 0.79–Inf 0.031

flavonoid glycosides (2, 2, 1, 32) 25.21 0.98–1904.49 0.026

saccharides (12, 6, 4, 10) 4.73 0.89–30.52 0.073

amino acids (5, 16, 0, 9) Inf 0.41-Inf 0.29

monoterpenoids (1, 5, 0, 21) Inf 0.09-Inf 0.22

triterpenoids (1, 1, 2, 18) 7.55 0.08–738.06 0.26

coumarins (0, 1, 1, 19) 0 0–770.62 1

sesquiterpenoids (2, 1, 1, 17) 23.02 0.74–2065.5 0.041

phenolic others (2, 1, 1, 15) 20.38 0.65–1840.77 0.051

phenolic acids (2, 2, 0, 14) Inf 0.75-Inf 0.039

short aliphatic acids (6, 3, 1, 8) 13.25 1–819.63 0.05

tannins (1, 0, 0, 14) Inf 0.36-Inf 0.067

diterpenoids (0, 2, 1, 11) 0 0–233.15 1

sulfur compounds (3, 3, 1, 7) 5.99 0.33–417.16 0.24

monoterpenoid
glycosides (0, 1, 1, 11) 0 0–464.61 1

steroid glycosides (1, 0, 2, 8) Inf 0.07-Inf 0.27

fatty acids (1, 1, 2, 6) 2.65 0.03–273.2 1

phenolic acid esters (1, 2, 0, 7) Inf 0.06-Inf 0.3

phenylpropanoids (1, 2, 1, 6) 2.65 0.03–273.2 1

triterpenoid
glycosides (0, 1, 0, 9) 0 0-Inf 1

The most significant results are synthesized in Figure 1.
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Figure 1. Flowchart showing the main statistical concordances found in the present study (Legend:
ACA = anti-cancer activity, AIA = anti-inflammatory activity, (+) = present, (−) = absent): ACA(+)
with AIA(+), bitter with ACA(+), bitter with AIA(+), flavonoids with ACA (+), flavonoids with
AIA(+), sweet with ACA(−), saccharides with ACA(−), saccharides with AIA(−), amino acids with
ACA(−), alkaloids with AIA(−). The association of sweet with AIA(+) is marginally statistically
significant - this is the reason a question mark accompanies the correspondent curved arrow.

3. Discussion

From the 624 total phytotastants that met our inclusion criteria, ACA activity was
present in 461 phytocompounds.

3.1. Taste as an Important Determinant of Pharmacodynamic Activity

The most relevant finding of the present study is that only bitter taste has a statistically
significant positive association with both ACA and AIA. The last concordance (bitter -AIA)
has already been proven in a previous study [53], performed on a smaller number of phyto-
compounds. The present investigation included a larger number of phytocompounds in the
PMTDB because more of them met the inclusion criterion of 40 hits in PubMed. Addition-
ally, we updated the data on the AIA of phytotastants available in the PMTDB. In line with
our observation/results, there is an increasing body of evidence that supports the involve-
ment of TAS2R agonists in alleviating the inflammatory processes [59,60] and their role as
chemopreventive and/or chemotherapeutic agents [19,61]. Regarding ACA, it is relevant
that the activation of various TAS2Rs subtypes (e.g., TAS2R4, TAS2R8, TAS2R13, TAS2R14,
TAS2R10, and TAS2R30/47) by bitter compounds such as quinine, apigenin, noscapine,
caffeine, and denatonium led to significant ACA in several cancer cell lines by multiple
mechanisms: reduced cell proliferation, metabolic activity, migration, invasion, motility,
metastasis and angiogenesis, increased apoptosis, and enhanced chemosensitivity to con-
ventional anti-cancer drugs [18–20,61]. TAS2Rs also play a role in the tumor-restraining
function of the fibroblasts found in the tumoral microenvironment. For instance, TAS2R9 is
upregulated in cancer-associated fibroblasts, the most representative cellular type in the
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stroma of pancreatic ductal adenocarcinoma, and it was proposed as a novel molecular
target, a candidate for the inhibition of cancer progression, by reprogramming the crosstalk
between fibroblasts and cancer epithelial cells [62].

A secondary finding is that there was only one other relevant association that was
identified: sweet taste is negatively correlated with both AIA and ACA. This association
does not contradict the idea that taste is an important determinant of pharmacodynamic
activity, which may be more important than the chemical class [54]. It is in fact the
most important general idea suggested by us in our present study, as well as in our
previous studies, regarding the relationship between tastes and (ethno)pharmacological
activities [3,9,53,63].

3.2. Upgrade of the Previously Reported Taste—AIA Associations

Our previous study reported a negative correlation between sour taste and AIA [53],
but this finding was not confirmed in the present analysis. There are several possible
explanations for this discrepancy. Firstly, new studies have been published regarding the
AIA of some phytochemicals, such as caproic acid [64] and cis-aconitic acid [58]. Secondly,
there were different numbers of compounds that met the inclusion criteria of at least 40 hits
in PubMed, such as hydroxy-α-sanshool.

3.3. The Pharmacodynamic Activity of Phytochemicals: Taste Has Predictive Primacy over
Chemical Classes

Among the chemical classes, only flavonoids have a statistically significant positive
association with both AIA and ACA. In contrast, saccharides and alkaloids have a negative
association with AIA, while saccharides and amino acids have a negative association with
ACA. The positive association between flavonoids and AIA/ACA does not contradict the
primacy of bitter taste over chemical classes as the determinant of AIA/ACA, since the vast
majority of flavonoids are bitter. Similarly, the negative association between saccharides
and AIA/ACA can be explained by the fact that most saccharides are sweet.

3.4. Bitter—Sweet: Are They in Opposition?

Both bitter and sweet taste receptors are G-coupled protein receptors. Bitter taste
receptors (TAS2R) consist of only one type of receptor and belong to the A class type
receptors, while sweet taste receptors (TAS1R) are dimers formed by two different G-coupled
protein receptors (TAS1R2 and TAS1R3) and belong to the C class type receptors [2,65,66].

Regarding the present contrasting results between bitter and sweet associations with
AIA and ACA (positive and negative associations, respectively) reported by our study,
it is interesting to note that these two tastes are frequently framed in various types of
opposition, from both traditional [3] and modern medical points of view [67].

For instance, in Ayurveda, bitter taste is considered to have dry and light (decreasing
weight) qualities, while sweet taste is considered to have wet/oily (emollient/moisturizing)
and heavy (increasing weight) qualities [3].

Modern science points to various types of bitter–sweet opposition. Structurally, the
majority of bitter tastants have a smaller size than sweet compounds, as well as higher
hydrophobicity [68]. Functionally, bitter taste receptor activation can produce a biological
effect, such as the secretion of antimicrobial peptides in sinonasal epithelial cells that co-
express both types of taste receptors. However, this effect may be suppressed by sweet
taste receptor activation [69–71]. Interestingly, two drugs that have similar, well-known
AIA, ibuprofen and flufenamic acid, showed contrasting results regarding the affinity for
TASRs: flufenamic acid was revealed as an agonist of bitter taste receptors TAS2R14 [72],
while ibuprofen was a potent inhibitor of sweet taste receptors TAS1R2/TAS1R3 [73].

Also, bitter tastants seem to have many common off-targets (e.g., cytochrome P450
enzymes, carbonic anhydrases, adenosine A3 receptor, hERG potassium channel), while
sweet compounds have very few [67]. In regard to caloric value, sweet foods such as
fruits and vegetables have a high nutritional value, while bitter have none, or are even
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anti-nutritional [74]. Bitter foods such as leafy greens and cruciferous vegetables are highly
nutritious, but bitter compounds in some plants can be toxic in large amounts [75]. In
terms of taste preferences, bitter is innately aversive and rapidly rejected, whereas sweet is
appetitive and avidly ingested [76]. Nevertheless, the inclusion of bitter items in diet was
associated with health-promoting effects [77,78], while a high-sugar diet was outlined as
contributing to the pathogenesis of several diseases (e.g., obesity, metabolic syndrome, and
inflammatory diseases) [79].

3.5. Anti-Inflammatory Activity- Anti-Cancer Activity Association Is Independent of Taste

Given the very strong association between AIA and ACA, any factor associated with
AIA (such as bitter taste) is expected to also be associated with ACA; of course, the reciprocal
is also true. Table 4 suggests that AIA-ACA association is independent of taste as it holds
over the entire spectrum of tastes/orosensations. The strong (and taste-independent) AIA-
ACA association is probably due to the many molecular pathways that inflammation and
neoplasia share [25,43–46]. The perpetuation of regenerative processes induced by chronic
inflammation frequently degenerates in cancer [29,30].

The potential role of anti-inflammatory plant-derived agents in cancer therapy has
been already hypothesized by other scientists [80]. The AIA-ACA concordance was also
highlighted by a previous mixed study based on field data obtained from Indian tribal
healers, chemoinformatic prediction tools (PASS database, admetSAR, CLC-pred), and
in vitro experiments, which concluded that the ethnopharmacological anti-inflammatory
plants may have anti-cancer potential [81]. Another research showed that synthesized
quinoline glycoconjugate derivatives exhibited a positive correlation between ACA and
AIA [82]. One of the most anti-inflammatory compounds against COX-2, compound C8,
also had the strongest cytotoxic activity against HeLa cells [82].

Our results are also in line with data proving the central role of NF-kB and COX-
2/PGE2 pathways in both inflammation and cancer. NF-kB is induced by pro-inflammatory
mediators, such as TNF, IL-1, and itself controls pro-inflammatory factors gene expression,
such as TNF, IL-1, IL-6, COX-2 [83]. Also, NF-kB occupies a crucial role in tumor initiation
and in cancer progression and spread [84], being simultaneously a facilitator of inflam-
mation progression towards cancer [85]. Various natural inhibitors of NF-kB signaling
(e.g., polyphenols, terpenoids) displayed simultaneous anti-inflammatory and anti-cancer
potential [86,87]. Therefore, some of these NF-kB inhibitors, administered as monotherapy
or combined therapy, were either investigated or are under current evaluation in clinical
trials for both types of conditions (e.g., the effects of curcumin in rheumatoid arthritis [88],
chemotherapy- or radiotherapy-induced oral mucositis [89], and oral leukoplakia [90], as
well as prostate cancer [91], metastatic tumors [92], resveratrol effects in smoking-induced
inflammation [93], and multiple myeloma [94]).

Interestingly, numerous studies have provided evidence that nonsteroidal anti-
inflammatory drugs (NSAIDs), including aspirin, may hold promise in helping to prevent
cancer. Experimental and epidemiologic studies, along with randomized clinical trials,
have shown that NSAIDs may have a prophylactic effect against certain cancers [95–104].
Also, specific anti-inflammatory therapy with canakinumab, an interleukin-1β inhibitor,
significantly reduced the incidence of lung cancer in patients with atherosclerosis [105].
Few studies reported opposite effects of excessive use of certain NSAIDs [106,107].

NSAIDs are known for their COX inhibitory activity [108]. COX-2 is the inducible
isoform and is linked to inflammatory processes [109], as well as to cancer [110]. Overex-
pression of this enzyme identified in various types of cancer, including breast, colon, and
prostate cancer, was associated to poor outcomes, poor prognosis, and reduced survival
rates [111,112].

The effects of COX-2 on cancer progression are often mediated via the COX-2/PGE2
pathway [25]. PGE2 is a proinflammatory factor, proven to be upregulated in cancer
cells [113–115] that bind to EP1, EP2, EP3, and EP4 receptors. Consequently, certain
downstream signaling pathways involved in tumor growth are activated, such as the
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PKA, β-catenin, NF-kB, or PI3K/AKT pathways [25]. Inhibition of the PGE2 pathway by
targeting EP receptors is currently being evaluated as a new therapeutic strategy for cancer
treatment [116–118].

3.6. Anti-Cancer Activity—Is Bitter Better?

The association of bitter taste with ACA is not surprising, since there is an important
body of evidence showing that TAS2R agonists are able to exert ACA, and TAS2Rs might
play an important role in carcinogenesis. In the majority of cases, TAS2R activation was
associated with antitumor activity [16,18,20,61]. The anti-cancer effects of bitter taste
receptor activation include the impact on apoptosis, proliferation, migration, invasion,
viability, cycle cell arrest, and stemness of cancer cells, and the influence on tumor growth.
There is a difference in TAS2R expression in neoplastic cells compared to normal cells. For
example, quinine (through the activation of TAS2R4) and apigenin (through the activation of
TAS2R14) significantly attenuated metastatic breast cancer cells proliferation and increased
the number of cells in the early apoptotic states, whereas, in a normal breast epithelial cell
line, these effects were absent [20]. As well, noscapine stimulation of TAS2R14 increased
ovarian cancer cells apoptosis [18], while Carey et al. highlighted TAS2R’s involvement in
the apoptotic process of head and neck squamous cell carcinoma cell lines [119].

To date, numerous studies show certain types of bitter taste receptors tend to be
downregulated in cancer cells compared to cancer-free cell lines (TAS2R1, TAS2R4, TAS2R8,
TAS2R10, TAS2R14, TAS2R38) [17–20]. Carey et al. examined the variation in expression of
bitter, sweet, and umami receptors in 45 solid tumors. They reported that TAS2R4, TAS2R5,
TAS2R14, TAS2R19, TAS2R20, and TAS2R31 expression was at a lower level in neoplastic
tissues compared to cancer-free tissues [120]. However, some studies indicate that there
is an overexpression in some bitter taste receptors in tumors. For instance, TAS2R14,
TAS2R20, and TAS2R30/31/43/45/46 have been shown to be expressed more in highly
metastatic cancer cell lines (MDA-MB-231) than in normal breast cell lines (MCF-10A) [121].
Another study demonstrated that, despite the tendency for some bitter taste receptors to
be downregulated in cancer tissues, TAS2R38 was often overexpressed in solid tumors, as
compared to normal tissues [120].

3.7. Anti-Cancer Activity—Is Sweet Worse?

Sweet taste is negatively correlated with ACA. Notably, a higher dietary intake of sugar,
which is more rapidly absorbed than other sources of carbohydrates, may increase plasma
glucose and insulin levels, which are known as risk factors for carcinogenesis [122,123].
According to a systematic review and meta-analysis of observational studies, there is a
statistically significant positive correlation between the incidence of breast and prostate
cancer and higher intake of sugar-sweetened beverages. The study also found a positive
correlation between fruit juice consumption and the risk of prostate cancer [124]. Obesity is
another redoubtable risk factor for cancer [125], while the ingestion of concentrated sugars
is probably the principal cause of obesity [126]. Moreover, there is mounting evidence that
caloric restriction and fasting, mimicking a low-carbohydrate, low-protein diet, are bene-
ficial in cancer prevention by reshaping metabolism and anti-cancer immunity [127,128].
Our findings may also be consistent with the results of a recent clinical trial that found
an association between increased cancer risk (all cancers, prostate cancer, breast cancer,
and obesity-related cancers) and the intake of artificial sweeteners, mainly aspartame and
acesulfame-K [129].

3.8. Limitations of the Study

Our research has several limitations that need to be considered. Firstly, the lack
of studies concerning ACA may still be caused by the absence of evidence, despite our
40 hits inclusion criteria. Secondly, studies regarding ACA/AIA were excluded from this
investigation if a metabolite of a specific phytocompound showed ACA/AIA activities,
but the corresponding parent phytochemical did not show such activities. For instance,
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gluconasturtiin itself, found in cruciferous vegetables, has no evidence-based ACA and was
therefore categorized in our statistical analysis as ACA(−), while its metabolite, phenylethyl
isothiocyanate (PEITC), has ACA [130,131]. Thirdly, there are contradictory data regarding
the positive or negative evidence of pharmacological activities of some phytochemicals.
For example, morphine has both antineoplastic and protumor effects [132–134], which
makes it difficult to categorize phytochemicals in one class or the other (positive evidence
or negative evidence). Fourthly, the inclusion criterion of at least 40 hits in a PubMed
search is justified by two reasons: (1) to use the same methodology as the one used in
our previous study; (2) to lower the probability for a specific item to be identified as not
having a biological role because it is not studied enough. On the other hand, there are
phytocompounds that have either AIA or ACA but do not meet the inclusion criterion of at
least 40 hits in PubMed. For example, santamarin displays both AIA and ACA [135–138],
but it did not meet the inclusion criterion, and therefore it was not included in our statistical
analysis. Lastly, time limitations are an important factor that can change outcomes. The
literature search for our study started in February 2023 and finished in June 2023. For some
phytocompounds, new studies may have been published after our search ended.

Finally, our study is limited by the lack of experimental validation of our results.
Simultaneous testing of AIA and ACA of a battery of phytotastants belonging to various
chemical classes and looking for potential AIA-ACA or taste -ACA/AIA or chemical class-
ACA/AIA concordances, or screening phytochemicals agonists of TAS2Rs for cancer cell
growth inhibitory capacity and looking for potential association between their half-maximal
inhibitory concentration (IC50) values and bitter taste threshold concentrations may be
interesting approaches for upcoming research initiatives.

4. Materials and Methods

The study relies on the information available from PMTDB (http://plantmoleculartastedb.
org accessed at 1 February 2023), a public database previously published, which contains a
total of 1527 phytotastants [9].

For any given compound, AIA and ACA are two of the most, and, implicitly, two of
the first, studied biological activities, only second to antimicrobial activity, according to our
previous study [53].

Both ACA and AIA were considered evidence-based if they were supported by at
least one correctly conducted study, irrespective of being performed in vitro or on animal
or human subjects. However, among the phytochemicals with positive evidence for AIA
and ACA, only those that also fulfilled the inclusion criterion were included/used in the
statistical analysis.

The ACA was searched for these compounds in three international databases: PubMed,
Google Scholar, and ScienceDirect.

The systematic literature research was made by using the phrases: [specific phyto-
chemical name] AND (cancer) or [specific phytochemical name] AND (chemopreventive) or
[specific phytochemical name] AND (cytotoxic) or [specific phytochemical name] AND (an-
tiproliferative) or [specific phytochemical name] AND (tumor) or [specific phytochemical
name] AND (neoplastic) or [specific phytochemical name] AND (chemotherapy).

ACA was considered when that specific phytocompound had a direct activity on
cancer cells or tumors, such as antiproliferative activity, induction of apoptosis, cytotoxic
activity on cancer cells, lowering the viability of the cancer cells, or diminishing the tumor
volume or growth. The effects on metastasis potential or the effects on invasion capa-
bility were not taken into account. Also, the effects on cancer vessels and the effects of
increasing the outcome of potentiating some chemotherapy treatment or reversing chemore-
sistance were not considered. The effects of phytocompounds as chemosensitizers was
also overlooked.

The eligible studies for our work were those using only single phytotastants. Studies
using plant extracts, a combination of a phytocompound with a chemotherapeutic agent,
or mixtures of two or more phytocompounds were excluded in the present research. Also,
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studies were excluded from this research if a metabolite of a specific phytocompound
showed ACA, but that parent phytochemical did not show any anti-cancer effect. The
exclusion of the phytochemical’s metabolite was necessary to evaluate the impact of taste
category on the pharmacodynamic activity of the phytochemical, as differences in taste
between the two could affect the results.

In case of AIA, we updated the data available in the PMTDB, performing again the
search for the phytotastants recorded as having negative evidence in the PMTDB and the
previous study, using the same keywords as before [53].

Taking into account that lack of AIA or ACA is difficult to identify by searching
the literature, we considered as “negative evidence for AIA/ACA” the fulfilment of two
criteria, a rule already used in our previous study [53]: (1) lack of any positive evidence
related to the respective pharmacological activity (AIA or ACA); and (2) the PubMed search
using the name of the phytotastant as a keyword produced at least 40 articles, meaning
that the phytocompound has been the object of a sufficient research/number of studies for
the respective pharmacological activity (AIA or ACA) to be identified, and that the lack of
positive evidence is not caused by a deficiency of studies.

Only 624 phytotastants (either with negative or positive evidence of AIA/ACA) out
of 1527 in the PMTDB fulfilled the inclusion criterion and were therefore included in the
statistical analysis (Figure 2).
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The correlations between two categorical parameters (such as taste and AIA/ACA or
chemical class and AIA/ACA) were analyzed by means of Fisher’s exact test, performed
on 2 × 2 contingency tables built on the model in Table 6. Fisher’s exact test was employed
(instead of the more commonly used Chi-squared test) because, in many instances, the
number of cells in these contingency tables, especially a, b, and/or c, are quite small, which
result in small (<5) corresponding expected values, precluding the employment of the
Chi-squared test. Moreover, Fisher’s exact test is always preferable to the Chi-squared
test, as it computes the probability directly and exactly, while the Chi-squared test only
approximates the probability, yielding results that are close to the true probability only
when the number of cells in the contingency table are (relatively) large.

Table 6. The 2 × 2 contingency table used for performing Fisher’s exact test (AIA/ACA = anti-
inflammatory/anti-cancer activity).

No AIA/ACA AIA/ACA

No Taste/Chemical class a b
Taste/Chemical class c d

The results were considered statistically significant if the p-value was below the
generally accepted threshold of 0.05. When multiple comparisons were performed, the sig-
nificance level (commonly set at 0.05) was lowered according to Bonferroni correction: the
corrected significance level was 0.05 divided by the number of comparisons. The rationale
for employing Bonferroni correction is that whenever large number of comparisons are
performed, there is a high probability that some results (about 1 in 20, should a threshold of
0.05 be used for p-value) appear significant by sheer chance, without reflecting a truth about
the real world. For example, if two comparisons are performed and a threshold of 0.05 is
employed, the probability that each of the comparisons yields a falsely significant result
is 0.05, but the probability that at least one of the two comparisons yields such a result is
0.05 + 0.05 = 0.1, so the 0.05 threshold for p-value is no longer observed. However, if the
threshold for the p-value is lowered o 0.025 (i.e., 0.0.5 divided by 2), then the probability that
at least one of the two comparisons yields a falsely significant result is 0.025 + 0.025 = 0.05,
so the generally accepted threshold of 0.05 is observed.

Odds ratio (OR) was used to estimate the odds that, say, a bitter phytocompound
(if we look at Table 1) has, for example, ACA. An OR of 1 means that there is no relation
between the bitter compound and ACA. An OR larger/smaller than 1 means that a bitter
compound has a higher/lower probability to have ACA than a non-bitter phytocompound
(1.92 in Table 1). In order to estimate the value in the real world, the 95% confidence interval
for OR is also provided, signifying that there is a 95% probability that the value in the real
world is somewhere between 1.32 and 2.77.

All the statistical calculations were performed using the R language and environment
for statistical computing and graphics, version 4.0.3 (copyrighted by The R Foundation for
Statistical Computing).

The chemical classes were chosen so as to be as disjunct as possible, i.e., each com-
pound fell in one, and only one, chemical class. In other words, the phytocompounds
were classified in mutually exclusive chemical classes. About two thirds of these classes
(monoterpenes, lignans, organic acids, carotenoids, cyanogen glycoside, fatty aldehy-
des, steroids, diterpenoid glycosides, phenolic glycosides, polyketides, proteins, alkaloid
glycosides, alkylamides, amides, anthraquinones, aromatic aldehydes, aromatic ketones,
chromones, coumarin glycosides, fatty acid esters, fatty alcohols, high aliphatic acids,
high aliphatic alcohols, lactones, medium aliphatic acids, naphthofurans, phenolic acid
glycosides, sesquiterpene, vitamins, amines, anthraquinone glycosides, aromatic esters,
carboxylic acids, cardenolides, cyclic polyols, guanidines, indoles, lignan glycosides, low
aliphatic alcohols, monoterpene, monoterpene alcohols, organic acids esters, phenolic acid
amides, phenylpropanoid glycosides, polyol phosphates, and sulfur compound glycosides)
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were too sparsely populated (less than 10 phytocompounds each) to be included in the
statistical analysis. Those included in the statistical analysis are listed in the first column
of Table 2. In order not to miss some important associations, some of these classes were
then pooled together (alkaloids = alkaloids + alkaloid glycosides, anthraquinones = an-
thraquinones + anthraquinone glycosides, coumarins = coumarins + coumarin glycosides,
cyanogen = cyanogen + cyanogen glycosides, diterpenoids = diterpenoids + diterpenoid gly-
cosides, fatty compounds = fatty acids + fatty acid esters + fatty aldehydes + fatty alcohols
+ high aliphatic acids + high aliphatic alcohols, flavonoids = flavonoids + flavonoids glyco-
sides, lignans = lignans + lignan glycosides, monoterpenoids = monoterpenoids + monoter-
penoids glycosides + monoterpene + monoterpene alcohols + monoterpenes, phenolic
acids = phenolic acids + phenolic acid glycosides + phenolic acids esters + phenolic acid
amides, phenolic others = phenolic others + phenolic glycosides, phenylpropanoids (others)
= phenylpropanoids (others) + phenylpropanoid (other) glycosides, polyols = polyols +
polyol phosphates, sesquiterpenoids = sesquiterpenoids + sesquiterpene, steroids = steroids
+ steroids glycosides + cardenolides, sulfur compounds = sulfur compounds + sulfur com-
pound glycosides, triterpenoids = triterpenoids + triterpenoids glycosides). Still, more
than half of the resultant classes (lignans, organic acids, cyanogen, carotenoids, proteins,
polyketides, anthraquinones, vitamins, naphthofurans, medium aliphatic acids, lactones,
chromones, aromatic ketones, aromatic aldehydes, amides, alkylamides, polyols, phenolic
acid esters, organic acids esters, low aliphatic alcohols, indoles, guanidines, cyclic polyols,
carboxylic acids, aromatic esters, and amines) included less than 10 phytocompounds and
were consequently eliminated from the statistical analysis.

The classes that were pooled together were: alkaloids, flavonoids, monoterpenoids,
triterpenoids, saccharides, phenolic acids, amino acids, sesquiterpenoids, coumarins, phe-
nolic others, fatty compounds, short aliphatic acids, diterpenoids, steroids, tannins, sulfur
compounds, and phenylpropanoids (others).

5. Conclusions

The present study demonstrates a strong association between ACA and AIA in phy-
tocompounds. In other words, an anti-inflammatory phytocompound is more likely to
also have ACA. This outcome supports the idea that targeting inflammation processes may
represent a useful chemopreventive, and even chemotherapeutic, strategy.

Bitter phytotastants showed a higher probability to exert both AIA and ACA, while
sweet ones had a negative correlation with both AIA and ACA. This result suggests a
potential beneficial implication of bitter taste receptor agonists and sweet taste receptor
antagonists in slowing down the progression of inflammation to cancer. TAS2Rs, for
example, are seen as promising targets in treating inflammation [14,60] and as potential
targets in cancer prevention and treatment [16]. Among chemical classes, only flavonoids,
which are most frequently bitter, had a positive association with both anti-inflammatory
and anti-cancer activities, confirming the predictive primacy of taste over chemical classes.
Experimental studies and clinical trials are necessary to confirm these results in the future.
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Abbreviations

ACA anti-cancer activity
AIA anti-inflammatory activity
chemClass chemical class
PMTDB PlantMolecularTasteDB
PDA pharmacodynamic activity
TASRs taste receptors
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Abstract: Actinobacillus pleuropneumoniae (APP) is the causative pathogen of porcine pleuropneumo-
nia, a highly contagious respiratory disease in the pig industry. The increasingly severe antimicrobial
resistance in APP urgently requires novel antibacterial alternatives for the treatment of APP infection.
In this study, we investigated the effect of tea polyphenols (TP) against APP. MIC and MBC of TP
showed significant inhibitory effects on bacteria growth and caused cellular damage to APP. Fur-
thermore, TP decreased adherent activity of APP to the newborn pig tracheal epithelial cells (NPTr)
and the destruction of the tight adherence junction proteins β-catenin and occludin. Moreover, TP
improved the survival rate of APP infected mice but also attenuated the release of the inflammation-
related cytokines IL-6, IL-8, and TNF-α. TP inhibited activation of the TLR/MAPK/PKC-MLCK
signaling for down-regulated TLR-2, TLR4, p-JNK, p-p38, p-PKC-α, and MLCK in cells triggered by
APP. Collectively, our data suggest that TP represents a promising therapeutic agent in the treatment
of APP infection.

Keywords: tea polyphenols; Actinobacillus pleuropneumoniae; epithelial barrier; TLR-4/MAPK/PKC-
MLCK signaling

1. Introduction

Tea is a popular beverage consumed worldwide. It is made from the leaves of the plant
Camellia sinensis, which originated in ancient China [1,2]. Tea polyphenols (TP) are a specific
bioactive ingredient of tea, and have various health promoting properties [3], including
antioxidant, antimutagenic, immuno-regulatory, hypocholesterolemic, antibacterial, and
anticancer activities [4,5]. If TP reach sufficient concentrations after drinking tea for a
long time, they are absorbed and retained and exert their desired effects in plasma and
tissues [1]. Supplementation with TP mainly alters the gut microbiome composition and
can benefit bone health [6], which can control obesity and related metabolic disorders [3,7].
TP have protective effects on high glucose-induced cell proliferation and senescence in
human glomerular mesangial cells (HGMCs) [8]. In addition, several studies have shown
that natural polyphenols not only have antibacterial effects, but also show low toxicity
and great bioavailability [9,10]. TP show great promise as antibiotic alternatives with
good antibacterial effects. Previous studies have shown that TP can lower the secretion
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of pro-inflammatory cytokines and reduce the inflammatory response to Fusobacterium
nucleatum [11], inhibit the virulence of Pseudomonas aeruginosa [12], and protect against
Haemophilus parasuis challenge [13]. However, the effects of TP on Actinobacillus pleuropneu-
moniae infection are not completely understood.

Actinobacillus pleuropneumoniae (APP) is one of the most common bacterial pathogens
causing porcine respiratory infections. It is an etiological agent for porcine pleuropneumo-
nia, which is characterized by acute hemorrhagic, purulent, and fibrous pleuropneumonia
symptoms [14]. APP can infect pigs of all ages, colonize the upper respiratory tract, and
breach the epithelial barrier to cause local or systemic infection [15]. The morbidity of the
resulting disease can be as high as 100%, but generally varies between 30–50% [16], and
causes considerable economic losses in the swine rearing industry [17]. It comprises two
biotypes based on their dependence on nicotinamide adenine dinucleotide (NAD) (biotype
1, biotype 2) [18]. At present, 19 different serotypes of APP have been recognized based on
their polysaccharide compositions [19], with serovars 1, 5, 9, and 11 considered the most
virulent [20]. Serotypes 1, 3, 4, 5, and 7 are typically isolated in China [21]. The varieties and
prevalence of the serotypes vary between most regions of China. Owing to the diversity
of serotypes and differences in their regional prevalence, there is currently no satisfactory
vaccine to control outbreaks of APP infection and antibiotics remain the most effective
means of control in most regions [22]. For pigs, APP infections are often treated with
macrolides, β-lactams, fluoroquinolones, and/or florfenicol in the swine industry [23–25].
From 2002 to 2013, a total of 71 APP isolates from pig farms in Australia showed a high
frequency of resistance to erythromycin and tetracycline [26]. Among 162 APP strains
collected from pigs in Spain from 2017 to 2019, a highly antibiotic resistance to doxycycline
was discovered [23]. However, some APP strains have begun to show varying degrees
of antibiotic resistance, and this presents problems in controlling outbreaks of porcine
pleuropneumonia [27–29], leading to an urgent need for alternatives to antibiotics.

Infection with APP can damage the porcine respiratory epithelial barrier [30]. Tracheal
epithelial cells play a defensive role in the epithelial barrier [31]. The epithelium is com-
posed of adherent cells, which are polarized and have an apical domain and a basolateral
domain [32]. It forms a physical barrier between the internal and external environment,
protecting against environmental contaminants and pathogens [33,34]. The epithelial cells
are tightly joined by a set of intercellular junctions composed of gap junctions, desmo-
somes, tight junctions (TJs), and adherence junctions (AJs) [32,35]. Epithelial tight junctions
are located at the apicolateral boundary of the epithelial cells and form the paracellu-
lar barrier. This barrier regulates epithelial permeability and the intramembrane barrier,
which separates the membrane components [32,36]. They are composed of at least three
membrane proteins, including zonula occludens-1 (ZO-1), claudins, and occludin [37,38].
Claudins and occludin are polytopic membrane proteins with four transmembrane do-
mains. The consensus is that claudins mainly modify the pore pathways, and that ZO-1,
occludin, and tricellulin regulate the leak pathways [36,39]. Adherence junctions are lo-
cated directly beneath the TJs and provide intercellular adhesion to maintain epithelial
integrity [40,41]. They are composed of E-cadherin, nectin, and α and β-catenin, which
have diverse functions, including the maintenance of actin binding, cells polarization, and
signal transduction-related transcriptional regulation [42–44]. The formation, dismantling,
and maintenance of TJs are regulated, in part, by phosphorylation and dephosphoryla-
tion of TJ proteins as well as some signaling pathways, including protein kinase C (PKC),
myosin light chain kinase (MLCK), and mitogen-activated protein kinases (MAPK) [45–48].

Pleuropneumonia infection causes substantial economic losses to the swine rearing
industry worldwide, and its various strains exhibit varying degrees of antibiotic resistance,
causing an urgent need for alternatives to antibiotics in combatting APP infection [27–29].
Despite the aforementioned antimicrobial potential of TP, their effectiveness against APP
infection remains to be elucidated. Other studies report that infection with APP can damage
the porcine respiratory epithelial barrier [30], although data regarding the effects of TP on
the respiratory epithelium remain limited. This study investigated the possible mechanisms
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by which the application of TP might affect the growth and virulence of APP and its effect
on the epithelial barrier in order to provide a new strategy for preventing APP infection
in pigs.

2. Results
2.1. TP Inhibit the Growth of APP In Vitro

The results of the micro-broth dilution assay showed that TP exhibited antibacterial
activity against APP (Table 1). The MIC and MBC values of TP were 0.625 mg/mL and
1.25 mg/mL, respectively. The growth properties of APP strains and TP (0 MIC, 0.5 MIC,
1 MIC, and 2 MIC) when co-cultured for 0, 1, 2, 3, 4, and 5 h were investigated. Cultures
were serially diluted with PBS and plated onto TSA, and the number of bacteria were
counted. The growth curves of the APP strains showed that TP exhibited a dose-dependent
bactericidal effect on APP. The growth of APP was significantly inhibited after co-culture
with TP (1 MIC) for 5 h (p < 0.001) (Figure 1A). The MIC and MBC values of florfenicol
were 1 µg/mL and 2 µg/mL, respectively. The addition of florfenicol to bacteria was used
as a control (Figure 1A).

Table 1. Minimal inhibitory concentration (MIC) and minimal bactericidal concentration (MBC)
values of TP for APP.

Medium Compound MIC (mg/mL) MBC (mg/mL)

TSB TP 0.625 1.25
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Figure 1. (A): Kinetics of the antimicrobial effects of TP on APP. APP and TP (0 MIC, 1/2 MIC,
1 MIC, and 2 MIC) were co-cultured for 0, 1, 2, 3, 4, and 5 h. The number of colonies was counted,
and kinetics curves were constructed. (B): Transmission electron microscope and scanning electron
microscopy analysis of APP. (a): Control untreated bacteria via TEM, the bar at the bottom right
means 5.0 µm. High-magnification image of area indicated in upper right corner, the bar at the bottom
right means 500 nm. (b): Bacteria treated with TP via TEM, the bar at the bottom right means 5.0 µm.
High-magnification image of area indicated in upper right corner, the bar at the bottom right means
500 nm. (c): Untreated bacteria control analysis via SEM, the bar at the bottom right means 2.0 µm.
(d): Bacteria treated with TP analysis via SEM, the bar at the bottom right means 2.0 µm. (C): The
cell viability of NPTr cells of TP treatment. (D): The adherent ability of APP to NPTr cells or NPTr
cells pretreatment with TP. Statistical analysis was performed by Student’s t-test. n = 3 in each group.
Results are expressed as the mean ± SD of three independent experiments. * p < 0.05, *** p < 0.001.
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2.2. TP Affect the Cellular Integrity of APP

The effect of TP on the cell integrity of APP was observed using a TEM and an SEM.
APP cells treated with TP (0.625 mg/mL) showed obvious damage when compared with
the control cells (Figure 1B). The treated cells showed instances of cell wall damage and
ruptured membranes, accompanied by the leakage of cytoplasmic contents.

2.3. TP Effect on the Adhesion of APP Bacteria

Figure 1C shows the results of LDH release from NPTr cells treated with different
concentrations of TP. Different concentrations of TP had little effect on the toxicity of NPTr
cells. As shown in Figure 1D, pretreatment with TP affected the capacity of APP strains to
adhere to NPTr cells. TP inhibited the ability of APP to adhere to NPTr cells.

2.4. Effect of TP on Pro-Inflammatory Cytokine Secretion and the mRNA Level of TLR2 and TLR4
in NPTr Cells

TP influenced the secretion of pro-inflammatory factors in NPTr cells infected by APP.
As shown in Figure 2A–C, secretion of IL-6, IL-8, and TNF-α pro-inflammatory factors in
NPTr cells infected by APP was significantly higher than in the control group. However,
pretreatment with TP for 3 h reduced the secretion of IL-6, IL-8, and TNF-α inflammatory
factors in NPTr cells.
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Figure 2. (A–C): Effect of APP on the Secretion of Inflammatory Factors in NPTr Cells or NPTr Cells
Pretreated with TP. (D,E): The mRNA levels of TLR2 and TLR4 in NPTr cells and TP pretreatment
cells infection with APP. Statistical analysis was performed by Student’s t-test. n = 3 in each group,
** p < 0.01, *** p < 0.001.

TP influenced the mRNA level of TLR2 and TLR4 in NPTr cells infected by APP. As
shown in Figure 2D,E, the secretion of TLR2 and TLR4 in NPTr cells stimulated by APP
was significantly than in the control groups. However, the secretion of TLR2 and TLR4
in cells pretreated with TP was significantly lower than in cells treated with APP alone
(Figure 2D,E). These results suggest that TP could inhibit the secretion of TLR2 and TLR4
in NPTr cells infected by APP.

2.5. TP Decrease the Disruption of Cellular Junctions in NPTr Cells

The effect of TP on the integrity of the epithelial barriers infected by APP was further
evidenced by the β-catenin and occluding levels of the two important TJ and AJ proteins.
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The localization of immunofluorescence of ß-catenin and occluding was observed by micro-
scope. As shown in Figure 3, there was a destructive effect on the NPTr cell TJs infected by
APP when compared with the control cells, and β-catenin and occludin expression was
downregulated. However, when NPTr cells were pretreated with TP, the downregulation
of these expressions was inhibited. This result was confirmed by immunoblotting. As
shown in Figure 4B, protein expression levels of β-catenin and occludin were significantly
decreased post-infection by APP in contrast to those of uninfected control cells. Following
pretreatment of NPTr cells with TP, the protein expression levels of β-catenin and occludin
were higher than those in untreated cells stimulated by APP. These results showed that
pretreatment of cells with TP can inhibit the destruction of the β-catenin and occludin
proteins, respectively, by APP.
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2.6. The Effect of TP on the Expression of Toll-like Receptor-Related Proteins in NPTr Cells

TP influenced the proteins expression level of TLR2 and TLR4 in NPTr cells infected by
APP. As shown in Figure 4A, the expression level of TLR2 protein in NPTr cells stimulated
by APP was significantly lower than that in the control groups. However, the protein
expression levels of TLR2 in cells pretreated with TP was significantly lower than in cells
treated with APP alone. For the pretreatment of NPTr cells with TP, the protein expression
levels of TLR4 were significantly lower than those in treated cells stimulated by APP. These
results suggest that TP could inhibit the upregulation of TLR2 and TLR4 protein expression
in NPTr cells infected by APP.

2.7. Effects of TP on PKC-α and MLCK Signaling Pathway Activated by APP

The protection mechanisms of TP on TJ of APP infected NPTr cells were determined
by measuring related protein expressions using Western blot assays. The phosphorylation
level of PKC-α was significantly increased under APP infection (p < 0.001). TP could
downregulate the expression of p-PKC-α induced by APP (Figure 4C). The MLCK pro-
tein was significantly increased in the NPTrs in APP group when compared to control
group (p < 0.0001). TP could inhibit the expression of MLCK protein (Figure 4D).

2.8. Effect of TP on the MAPK Signaling Pathway Activated by APP

We investigated the effect of APP on activation of the MAPK signaling pathway
in NPTr cells using Western blot analysis. The NPTr cells were infected with APP, and
phosphorylation of MAPK was measured using phospho-specific Abs. The data showed
that APP promoted the phosphorylation of JNK and p38 when compared with that in the
control condition (Figure 4E), whereas the phosphorylation of JNK and p38 in NPTr cells
challenged with APP was inhibited by TP (Figure 4F).

2.9. Protective Effect of TP on Mice Infected by APP

In a mouse model, the protective effect of TP was assessed by instillation of TP prior
to infection with APP. The results showed that the mice treated with TP suffered reduced
inflammation and had higher survival rates when compared with untreated mice infected
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with APP. TP were demonstrated to confer protective effects against a lethal dose of APP
(Figure 5A). We analyzed pathological samples of lung tissues of mice in the different
groups and collected serum to detect pro-inflammatory factors. The levels of serum pro-
inflammatory factors in the mice showed that the secretion of IL-1β, IL-6, and TNF-α
inflammatory factors significantly increased in mice infected APP. Pretreatment with TP
reduced the secretion of IL-1β, IL-6, IL-8, and TNF-α inflammatory factors, though the
differences do not seem to be significant (Figure 5B). As shown in Figure 5C, the tissues of
mice infected with APP showed abnormal lung tissue structure, partial alveolar atrophy,
alveolar wall thickening, and some protein fluid and inflammatory cell infiltration when
compared with the control group. However, symptoms were reduced in the lung tissues of
mice treated with TP.
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Figure 5. (A): Survival curves for mice in infection experiment. (B): Secretion of IL-1ß, IL-6, IL-8,
and TNF-α in the serum of mice infected with APP, as measured by ELISA. * p < 0.05, *** p < 0.001.
(a): IL-1β production in serum of APP-infected mice affected by TP. (b): IL-6 production in serum
of APP-infected mice affected by TP. (c): IL-8 production in serum of APP-infected mice affected
by TP. (d): TNF-α production in serum of APP-infected mice afected by TP. (C): Histopathology
of representative lung tissues from BALB/c mice and TP pretreatment mice infected with APP.
(e): control group. (f): mice with APP infection group. (g): mice administered with TP. The black
band at the bottom left of each picture indicates the scale bar (200 µm).

3. Discussion

Porcine pleuropneumonia is a common respiratory disease caused by APP infection.
There are 19 different serotypes of APP, and the current vaccines does not cover all the
serotypes. Antibiotic treatment remains an effective measure, but some strains have begun
to show varying degrees of antibiotic resistance. Antibiotic resistance is a major global
problem and there is an urgent need to develop new therapeutics. Considerable interest
has been shown in the potential of botanical medicines to prevent and alleviate diseases,
and these show great promise as antibiotic alternatives.
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Tea is one of the most frequently consumed beverages in the world and has a long and
rich history of medicinal benefits [49]. While there are multiple factors of tea influencing the
effective biological properties, tea polyphenols are the most significant and valuable com-
ponents [50]. Previous research has shown that TP have strong antibacterial properties and
show significant promise as antibacterial agents in combating bacterial diseases [10,13,51].
TP is a kind of pure natural biological active substance extracted from green tea; the content
is 98% in certificate of analysis. TP consist of different sorts of compounds. There are four
major tea catechins, including epigallocatechin gallate (EGCG, 31.12%), epicatechin gallate
(ECG, 20.31%), epicatechin (EC, 7.83%), and epigallocatechin (EGC, 6.02%), in accord with
compounds about tea catechins shown in previous studies [50]. This provides some theo-
retical basis for achieving the observed biological effect. In this study, TP extracted from
green tea exhibits antimicrobial activity towards APP. The determination of MIC, MBC,
and the growth curves of APP strains showed that TP had a dose-dependent bactericidal
effect on APP. The influence of TP on the integrity of APP cells was observed using a TEM,
which confirmed that APP cells treated with TP showed obvious damage, in accord with
those of previous studies [10,13,51,52]. In this study, we used a mouse model to examine
the influence of APP on lung tissues. APP associated lung damage was reduced, and the
survival rate was higher in mice fed TP when compared with untreated mice. The levels
of serum pro-inflammatory factors detected in mice showed that pretreatment with TP
reduced the secretion of IL-6, IL-8, and TNF-α inflammatory factors (Figure 5B). These
results suggest that TP confer protection against APP infection and may provide a new
means of disease prevention and treatment. Previous studies have used NPTr as a cellular
model to study the role of pathogens in porcine respiratory diseases [53–55]. In this study,
pretreatment of NPTr cells with TP showed that they inhibited the ability of APP to adhere
to NPTr cells, in concurrence with previous studies [11,52,56].

Tracheal epithelial cells play a significant role in airway defense under multiple
pathogen attacks [31]. TJs regulate the passage of ions and molecules through paracellular
pathways in epithelial and endothelial cells [47]. TJ and AJ proteins have multiple functions
and play important roles in maintaining epithelial barrier integrity [32,36,40,41]. However,
there are little data available on how TJ and AJ changes under APP infection and their
interaction mechanism. To explore the effect of TP on the integrity of the epithelial barrier
against APP infection, we examined the levels of two important TJ and AJ proteins, β-
catenin and occludin. Immunofluorescence analysis showed that APP infection altered
the localization of β-catenin and occludin in epithelial cells and disrupted the TJ and AJ
of NPTr cells. The distributions of occludin and β-catenin protein of APP infected NPTr
cells were significantly disrupted. These data provide evidence that APP infection can
alter the AJ and TJ and damage the epithelial barrier. The damage to junction proteins
was alleviated when we pretreated the cells with TP, showing that TP can prevent the
abnormalities caused by APP. This is in accordance with the results of previous studies
that show that TP promote the expression of connexins, thereby protecting them from
pathogens, a process largely prevented by TP supplementation [52,57–59].

It has been shown that PKCs can regulate the epithelial and endothelial barriers
through their regulatory effects as intracellular signaling molecules [48]. Activation of
PKC will increase cell permeability, which plays an important role in the regulation of
tight junctions [48]. This study confirmed the changes of PKC-α protein in NPTr cells
infected with APP. Compared with the control group, the expression of phosphorylation of
PKC-α of APP-infected was significantly increased. TP can attenuate the phosphorylation
of PKC-α. The results suggest that the protection effect of TP of tight junction abnormalities
may relate directly to inhibition of PKC and/or the downstream signaling pathways such
as MLCK.

Myosin light chain kinase (MLCK) is a key signaling node in physiological and patho-
physiological regulation of epithelial tight junctions [60]. MLCK has been demonstrated to
be the most important factor that influence TJ during inflammation. Increased MLCK is
an indicator of TJ barrier disruption and can be triggered by pro-inflammatory cytokines,
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including TNF-α, IL-1β, and several related molecules [60]. Our results showed that the
MLCK protein was significantly increased in APP challenged NPTr cells, suggesting that
APP infection could cause TJ barrier disruption. However, TP inhibited the protein levels
of MLCK induced by APP. The results indicate that the protective effects of TP on TJ may
derive from inhibiting the MLCK pathway. In order to comprehend the protective effect of
TP on epithelial barrier, further studies must be conducted.

An increasing number of cytokines have recently been confirmed to influence TJ
barrier function, and to be associated with intrinsic TJ proteins [61]. Previous research has
shown that IL-1β is the hallmark innate cytokine that plays a key role in the initiation of
inflammatory immune responses and has been associated with inflammatory cell migration
and osteoclastogenesis [62,63]. IL-6 is rapidly and transiently produced in response to
infections and tissue injuries, and is implicated in inflammation, hematopoiesis, and
immune responses [64]. IL-8 is a chemokine mainly produced by monocytes and epithelial
cells, and mediates the chemotaxis of neutrophils during acute phase of inflammation [65].
TNF-α is a multi-function cytokine and an important mediator of inflammatory responses,
produced by many types of immune cells including mucosal cells (such as epithelial
cells) [66]. It regulates a number of inflammatory signaling pathways in macrophages [67].
Previous studies have demonstrated that APP can induce breakdown of the integrity of
the porcine tracheal epithelial barrier, allowing tracheal epithelial cells to secrete various
cytokines [30]. In this study, porcine tracheal epithelial cells also produced IL-6, IL-8,
and TNF-α following exposure to APP, a result consistent with previous studies [30,53].
However, pretreatment with TP decreased the secretion of inflammatory factors IL-6, IL-8,
and TNF-α in porcine tracheal epithelial cells.

Activation of the MAPK pathway can lead to TJ and AJ opening or assembly. To our
knowledge, this is the first report showing TP inhibiting inflammatory responses inhibiting
p38 MAPK signaling and the TLR signaling pathway in tracheal epithelial cells (Figure 6).
JNK play an important role in regulating cell viability [68]. It has been reported that
activation of inflammatory signaling pathways, including JNK and p38, induces secretion
of cytokines [69]. In our study, TP decreased the secretion of inflammatory factors IL-6,
IL-8, and TNF-α. APP activated the inflammatory signaling molecules JNK and p38 in
NPTr cells. TP treatment significantly reduced APP-induced JNK and p38 phosphorylation
expression. It is suggested that TP potentially mediates activation of the p-p38 MAPK
pathway induced by APP. These data suggest that TP modulate the inflammatory immune
response to fight infection and improve healing.

Toll-like receptors (TLRs) are transmembrane pattern recognition receptors (PRRs)
that play a key role in microbial recognition, systemic bacterial infection, and control of
adaptive immune responses [70,71]. Toll-like receptor 2 (TLR2), one member of the TLR
family, recognizes conserved molecular patterns related to both Gram-negative and Gram-
positive bacteria, such as lipoteichoic acid (LTA), lipoarabinomannan, lipoproteins, and
peptidoglycan (PGN) [72,73]. Toll-like receptor 4 (TLR4) plays a crucial role in the infective
inflammation caused by Gram-negative bacteria [74,75]. Related research shows that Toll-
like receptor 4 plays a key role in mediating the innate immune response to pneumonia
infection [75,76]. A previous study demonstrated that Emodin inhibits influenza viral
pneumonia by inhibiting IAV-induced activation of TLR4, MAPK, and NF-kB pathways [77].
Ugonin M might exert efficacy on LPS-induced lung infection and inhibit not only NF-kB
and MAPK activation but also TLR4 protein expression [78]. In the present study, mRNA
levels of TLR2 and TLR4 in NPTr cells infected with APP were higher than those in control
cells. When NPTr cells were pretreated with TP, a similar result was obtained and the TLR2
and TLR4 mRNA level of NPTr cells infected with APP were suppressed and the protein
expression levels of TLR2 and TLR4 were significantly lower than those in treated cells
stimulated by APP.
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4. Materials and Methods
4.1. Cell Culture, Bacterial Culture, and TP

Newborn pig tracheal epithelial cells (NPTr) were cultured in Dulbecco’s modified
eagle medium (DMEM, high-glucose: Cytiva, Washington, DC, USA) supplemented with
10% fetal bovine serum (Gibco, New York, NY, USA), 100 U/mL penicillin, and 100 U/mL
streptomycin (Solarbio, Beijing, China) at 37 ◦C with 5% CO2. APP serotype 5b was ob-
tained from the State Key Laboratory of Agricultural Microbiology (Huazhong Agricultural
University, Wuhan, China). The bacterial strains were cultivated in BD™ tryptic soy broth
(TSB) and tryptic soy agar (TSA) or Mueller–Hinton (Beckton Dickson, New York, NY,
USA) supplemented with sterile newborn calf serum (10%, v/v, AusGeneX, Brisbane, Aus-
tralia) and 10 µg/mL nicotinamide adenine dinucleotide (NAD) at 37 ◦C. TP (purity: 98%,
molecular weight: 281.36) were bought from the Nanjing Tianrun Biotechnology Co., Ltd.
(Nanjing, China). This product is a kind of pure natural biological active substance ex-
tracted from tea; its main components are epigallocatechin gallate (EGCG), epigallocatechin
(EGC), epicatechin gallate (ECG), and epicatechin (EC).

Determination of minimum inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC).

The determination of MIC and MBC values of TP against APP were tested using a
modified broth micro-dilution assay as described by the Clinical and Laboratory Standards
Institute, CLSI 2015 [12]. Serial two-fold dilutions of TP (from 160 mg/mL) in culture
medium were placed in 96-well micro-titer plates, 100 µL per well. Each well was seeded
with APP at a final concentration of 5× 105 CFU/mL. Medium samples without bacteria or
TP were placed in wells as controls. The MIC value was the lowest concentration of TP at
which no bacterial growth was observed after 12 h at 37 ◦C. Samples of 10 µL aliquots per
well were spread onto TSA plates and left for 24 h at 37 ◦C, and the lowest concentration in
which no APP colony formed was taken as the tea polyphenol MBC.
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4.2. TP and APP Co-Cultivation Affects Bacteria Growth

The effect of TP on APP growth was explored as previously described [5], with minor
modifications. In summary, APP (1 × 108 CFU/mL) and TP (0 MIC, 1/2 MIC, 1 MIC, and
2 MIC) were co-cultured for 0, 1, 2, 3, 4, and 5 h. At each hourly point, cultures were diluted,
seeded onto TSA plates, and incubated for 24 h at 37 ◦C. The bactericidal effects of TP
against APP were defined by measuring the CFUs of each culture by counting the number
of APP colonies. The log10 CFU/mL vs. time over a 5 h period was plotted to visualize the
APP growth curves.

Transmission electron microscope (TEM) and Scanning electron microscope (SEM)
analysis of APP cellular integrity.

The damage caused to APP cells by TP was detected using TEM and SEM as previously
described [79], with modifications. APP was grown in TSB until OD600 to 0.6, then bacteria
were incubated with TP (0.625 mg/mL) at 37 ◦C for 3 h, and then fixed with electron
microscope fixative (2.5% glutaraldehyde) at 4 ◦C overnight. The bacteria samples were
post-fixed in 1% osmic acid for 2 h at room temperature, and ethanol and acetone were
then added in turn for dehydration. Finally, ultra-thin sections were embedded and dyed
with uranium and lead double staining. The morphology of the cells was observed under
a TEM (Hitachi, HT7700, Tokyo, Japan), or the dried samples were observed via a SEM
(Hitachi, SU8010, Tokyo, Japan); images were collected for analysis.

4.3. Cytotoxicity Detection Assay

In the cytotoxicity detection assay, NPTr cells were seeded into 96-well plates, with
106 cells per well. Different concentrations of TP were added to the cells as treatment
groups, and cells without added TP were used as negative controls. The viability of the
NPTr cells under different conditions were detected by measuring the amount of lactose
dehydrogenase (LDH) using an LDH assay kit (Beyotime, Shanghai, China) according to
the manufacturer’s protocols. The LDH viability in the supernatant was measured using a
microplate reader (Molecular Devices, Sunnyvale, CA, USA) at 490 nm.

4.4. Adherence Assay

In the adherence assay, NPTr cells were seeded into 24-well culture plates, with 106 cells
per well. After incubation overnight, control cells were not pretreated, and treatment group
cells were pretreated with TP (0.0625 mg/mL) for 3 h. Cells were then infected with APP at
a multiplicity of infection (MOI; bacterial cells per cell) of 10:1. Plates were incubated for 2 h
at 37 ◦C in 5% CO2 and washed three times with PBS to remove unadhered bacteria. The
cells with adherence bacteria were lysed with 0.025% Triton X-100 (Sinopharm Chemical
Reagent Co., Ltd., Shanghai, China) on ice for 15 min. The number of bacteria adhering to
NPTr cells were calculated.

4.5. Analysis of Cytokine, TLR2 and TLR4 mRNA Expression Using qRT-PCR

For analysis, 106 NPTr cells per well were seeded into 12-well plates. NPTr cells were
treated and infected as described above, with untreated cells serving as controls. One
group of cells were pretreated with TP (0.0625 mg/mL) for 3 h, and the other groups
were not pretreated. Cells were then infected with APP at a multiplicity of infection (MOI;
bacterial cells per cell) of 10:1. Plates were incubated at 37 ◦C in 5% CO2. After 2 h,
the total RNA of NPTr cells was extracted using Trizol reagent (Invitrogen, Burlington,
ON, Canada) according to the manufacturer’s protocols. The cDNA was amplified using
reverse transcriptase (Vazyme, Nanjing, China) and qRT-PCR with a SYBY Green qPCR Kit
(Vazyme, Nanjing, China) and were performed in triplicate. Expression of every gene was
normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The sequences of
primers used for the qRT-PCR analyses are listed in Table 2.
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Table 2. Primers used for qRT-PCR.

Gene Nucleotide Sequence (5′-3′) Tm (◦C)

GAPDH
GGCTGCCCAGAACATCATCC

60GACGCCTGCTTCACCACCTTCTTG

IL-6
GGAACGCCTGGAAGAAGATG

58ATCCACTCGTTCTGTGACTG

IL-8
TTTCTGCAGCTCTCTGTGAGG

58CTGCTGTTGTTGTTGCTTCTC

TNF-α
CGCATCGCCGTCTCCTACCA

60GACGCCTGCTTCACCACCTTCTTG

TLR-2
ACGGACTGTGGTGCATGAAG

58GGACACGAAAGCGTCATAGC

TLR-4
CATACAGAGCCGATGGTG

58CCTGCTGAGAAGGCGATA

4.6. Immunofluorescence Assay

NPTr cells were treated and infected as described above. Untreated cells were used
as controls. One group of cells were pretreated with TP (0.0625 mg/mL) for 3 h; the other
group was not pretreated. Cells were then infected with APP at a multiplicity of infection
(MOI; bacterial cells per cell) of 10:1. Plates were incubated for 2 h at 37 ◦C in 5% CO2. The
cells were fixed in 4% paraformaldehyde and blocked in 5% BSA in PBS-Tween 20 (PBS
containing 0.1% Tween 20) for 2 h at 37 ◦C. The cells were then labelled with antibodies
against β-catenin (Proteintech, Chicago, IL, USA) and occludin (Proteintech, Chicago, IL,
USA) at 4 ◦C overnight. After washing, cells were treated with a secondary antibody
(CyTM3 AffiniPure Goat Anti-Mouse IgG (H + L)) (Jackson, PA, USA) and incubated for 1 h
at room temperature. They were then washed with PBS three times, and the cell nuclei were
counterstained with DAPI staining solution. The slides were then sealed with a coverslip
using nail polish and kept in the dark until used. TJ and AJ proteins were visualized using a
Nikon Eclipse CI fluorescence microscope and Nikon DS-U3 imaging (Nikon, Tokyo, Japan).

4.7. Western Blotting

NPTr cells were treated and infected as described above. Untreated cells were used
as controls; one group of cells were pretreated with TP (0.0625 mg/mL) for 3 h and the
other groups were not pretreated. Cells were then infected with APP at a multiplicity of
infection (MOI; bacterial cells per cell) of 10:1. Plates were incubated at 37 ◦C for 2 h in
5% CO2. After 2 h, cells were lysed with RIPA lysis buffer (Beyotime, Shanghai, China)
with added protease inhibitors. The protein concentrations were measured with a BCA
protein assay kit (Beyotime, Shanghai, China). After SDS-PAGE separation, the protein
samples were transferred to PVDF membranes and blocked in Tris-buffered saline/Tween
20 (TBST) containing 5% skim milk (Beckton Dickson, New York, NY, USA). The PVDF
membranes were incubated overnight with the corresponding antibodies (Occludin Mono-
clonal antibody, Beta Catenin Monoclonal antibody, HRP-conjugated βeta actin antibody,
TLR2 Monoclonal antibody, TLR4 Monoclonal antibody, MLCK Polyclonal antibody, JNK
Monoclonal antibody, Phospho-JNK (Tyr185) Recombinant antibody, p38 MAPK Mono-
clonal antibody, and Phospho-p38 MAPK (Thr180/Tyr182) Polyclonal antibody, Proteintech,
Chicago, IL, USA; PKC alpha Antibody, Phospho-PKC alpha (Ser657) Antibody, Affinity
Biosciences, Cincinnati, OH, USA) at 4 ◦C. Then, the PVDF membranes were washed
with TBST and incubated with HRP-conjugated secondary antibodies (HRP-conjugated
Affinipure Goat Anti-Mouse IgG (H + L), HRP-conjugated Affinipure Goat Anti-Rabbit
IgG (H + L), Proteintech, Chicago, IL, USA) for 1 h at room temperature and visualized
with ECL solution (Vazyme, Nanjing, China). Finally, the PVDF membranes were observed
using the ChemoDoc™ Touch Imaging System (Bio-Rad, Watford, UK).
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4.8. Animal Assay

A total of 18 female BALB/c mice (6-weeks-old) were purchased from the Center
for Disease Control of Hubei Province (Hubei CDC, Wuhan, China). All animal experi-
ments followed the recommendations of the Laboratory Animal Monitoring Committee of
Huazhong Agricultural University. The mice were randomly divided into three groups
(six per group). One group was treated with TP (100 mg/kg) by oral gavage for 5 days.
The two other groups were treated with equivalent distilled water. The group pretreated
with TP and one of distilled water group were infected with APP (1.46 × 108 CFU) by in-
traperitoneal injection. The other group were treated with normal saline by intraperitoneal
injection, as a control group. Blood and lungs were obtained from the mice. Lung tissues
were fixed in 4% para-formaldehyde and used for histopathological analysis. The amounts
of inflammatory factors, including IL-1ß, IL-6, IL-8, and TNF-α, in the serum of the mice
were determined using an ELISA Kit (ml063132-J, ml063159, ml063162, ml063162, mlbio,
Shanghai, China) according to the manufacturer’s protocols.

4.9. Statistical Analysis

The results were analyzed using various statistical tests in GraphPad Prism version 8
(GraphPad Software, San Diego, CA, USA). Student’s t-test was used to analyze differences
between groups; ‘*’ indicates statistical significance at p < 0.05, ‘**’ indicates statistical
significance at p < 0.01, ‘***’ indicates statistical significance at p < 0.001, and ‘****’ indicates
statistical significance at p < 0.0001.

5. Conclusions

In summary, our results demonstrated that TP inhibited the growth of APP, disrupting
the integrity of APP cells. In a mouse model, TP reduced damage due to APP and gave
protection against APP exposure. In addition, it was found that TP inhibited the ability of
APP to adhere to NPTr cells. TP promoted the expression of junction proteins to conserve
the epithelial barrier integrity. It is possible that the protective effects of TP on TJ are
closely related to the inhibition of the activation of PKC and MLCK pathways. Our results
suggested that APP induces MAPK signaling pathway activation and TP inhibits the
MAPK signaling pathway via regulation of the inflammatory immune response. Our
results suggest that TP were demonstrated to confer protective effects against a lethal dose
of APP, and that they can be used as a replacement for antibiotics to provide a new strategy
for preventing APP infection in pigs.
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Abstract: Luteolin (Lut), a natural flavonoid compound existing in Perilla frutescens (L.) Britton, has
been proven to play a protective role in the following biological aspects: inflammatory, viral, oxidant,
and tumor-related. Lut can alleviate acute lung injury (ALI), manifested mainly by preventing
the accumulation of inflammation-rich edematous fluid, while the protective actions of Lut on
transepithelial ion transport in ALI were seldom researched. We found that Lut could improve the
lung appearance/pathological structure in lipopolysaccharide (LPS)-induced mouse ALI models and
reduce the wet/dry weight ratio, bronchoalveolar protein, and inflammatory cytokines. Meanwhile,
Lut upregulated the expression level of the epithelial sodium channel (ENaC) in both the primary
alveolar epithelial type 2 (AT2) cells and three-dimensional (3D) alveolar epithelial organoid model
that recapitulated essential structural and functional aspects of the lung. Finally, by analyzing the
84 interaction genes between Lut and ALI/acute respiratory distress syndrome using GO and KEGG
enrichment of network pharmacology, we found that the JAK/STAT signaling pathway might be
involved in the network. Experimental data by knocking down STAT3 proved that Lut could reduce
the phosphorylation of JAK/STAT and enhance the level of SOCS3, which abrogated the inhibition
of ENaC expression induced by LPS accordingly. The evidence supported that Lut could attenuate
inflammation-related ALI by enhancing transepithelial sodium transport, at least partially, via the
JAK/STAT pathway, which may offer a promising therapeutic strategy for edematous lung diseases.

Keywords: phytochemicals; network pharmacology; acute lung injury; 3D alveolar epithelial
organoid; epithelial sodium channel; JAK/STAT pathway

1. Introduction

In acute lung injury (ALI), the injury to the cells of alveolar epithelium may lead to
an inflammatory storm and progressive diseases. Pathological specimens from patients
with ALI or its severe form—acute respiratory distress syndrome (ARDS)—often show
diffuse alveolus damage, with an accumulation of inflammatory edema fluid; thus, the
effective clearance of superabundant fluid is necessary for restoring the gas exchange
in the alveoli [1,2]. Alveolar epithelial cells are composed mainly of alveolar epithelial
type (AT) 1 and 2 cells, the latter of which are involved in the effect of secretion and
regeneration to maintain lung homeostasis [3,4]. Bearing the potential of self-renewal and
differentiation into AT1 cells, AT2 cells can maintain alveolar function and are identified to
be the facultative progenitor cells in lung tissue repair during ALI [5]. The epithelial sodium
channel (ENaC) consists mainly of α/β/γ subunits and is responsible for transporting Na+
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from the apical to the basolateral side, thus regulating the water reabsorption of alveolar
epithelial cells [6].

Lipopolysaccharide (LPS), a major biologically active component of the Gram-negative
bacterial cell wall, can induce the features of acute inflammation in lung epithelium and
facilitate extensive tissue damage in the organs, such as kidney, heart, and liver [7–9]. In
LPS-induced ALI, ENaC expressed in AT2 cells can regulate the transepithelial sodium
transport, ensuring the fluid clearance in edematous alveoli [2,10]. However, despite
several important advances in ALI treatment during the last few decades, the specific
mechanisms of ENaC-involved regulation are still undetermined. Therefore, discovering
new drugs and therapeutic targets remains an urgent priority.

Organoids are three-dimensional (3D) structures derived from stem or progenitor cells,
the extracellular matrix of which possesses the fundamental composition and function of
multiple organs [11]. The aforementioned attributes render them a promising candidate
for both fundamental research and clinical diagnosis/treatment. At present, the lung
alveolar organoid has been a new pathological model for studying cell communication and
host–pathogen interactions and is a powerful platform for simulating lung diseases, which
can replace some animal experiments and, thus, minimize the use of animals in respiratory
research [12].

Luteolin (Lut) (3′, 4′, 5, 7-tetrahydroxyflavonoids), a bioactive polyphenolic compound,
can be extracted from many medicinal plants and some common vegetables/fruits, includ-
ing Perilla frutescens (L.) Britton [13]. According to the Chinese medical system, P. frutescens
can be used ethnically to treat respiratory problems, such as cold, fever, nasal congestion,
and cough [14]. Fifteen types of compounds, including Lut, apigenin, rosmarinic acid, and
caffeic acid, were separated and extracted from the P. frutescens leaves [15]. Among them,
Lut is a flavonoid compound, which possesses numerous beneficial pharmacological ac-
tions, including anti-inflammatory, anti-oxidant, anti-viral, anti-tumor, and other biological
properties [16–18]. Previous studies on ALI caused by sepsis or cecal ligation puncture
have shown that Lut has protective therapeutic effects [19,20]. The mechanisms of Lut
treatment in ALI have been uncovered to be related to inhibit the inflammatory reaction,
including reducing the pulmonary reactive oxygen sepsis, whereas the actions of Lut on
transepithelial ion transport in pneumonedema were seldom researched [21].

Network pharmacology is an innovation in elucidating the intricate progress of patho-
physiology by evaluating the interactions among herbs, components, targets genes, and
diseases. It is helpful in understanding the instinctive laws of formulas and revealing vari-
ous targets for traditional Chinese medicine actions [22]. In this research, we confirmed the
actions of Lut on the expression level of ENaC in primary AT2 cells, as well as constructed
a molecular docking model to study the potential mechanism in ALI treatment. Of note, we
established a lung alveolar model using a 3D alveolar epithelial organoid that was similar
to the actual in vivo state in order to explore a new strategy of Lut treatment in edematous
lung diseases.

2. Results
2.1. Lut Increased the Expression Level of ENaC in Primary AT2 Cells

The molecular structure of Lut is shown in Figure 1A. Firstly, we evaluated the effect
of Lut on primary AT2 cell viability by CCK8 assay, and the results showed that 5, 10,
and 20 µM Lut could promote the proliferation of AT2 cells treated without or with LPS
(Figure 1B, p < 0.05 vs. 0 µM group, p < 0.001 vs. LPS group). Notably, 10 µM of Lut showed
the highest protective effect, which was used as the optimal treatment concentration for the
subsequent cell experiments. However, with the further increases in concentration, 20 and
40 µM seemed to show lesser cell viability upon treatment with LPS, possibly due to the
cytotoxicity, which may counteract the visibly proliferative effects.
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Figure 1. Effects of Lut on cell proliferation inhibited by LPS. (A) The molecular structure of Lut. (B) 
Left panel: Cell viability was detected after incubation with Lut (0, 2.5, 5, 10, 20, and 40 µM). * p < 
0.05, compared with 0 µM group, n = 4. Mann–Whitney U test was used to analyze the difference of 
the means for significance. Right panel: Lut induced LPS-inhibited primary AT2 cell proliferation. 
*** p < 0.001, compared with LPS group, n = 4. One-way ANOVA followed by Bonferroni’s test was 
used to analyze the difference of the means for significance. 

As shown in Figure 2A, LPS reduced the quantity of α/γ-ENaC protein in AT2 cells com-
pared with the Control group (p < 0.01~0.05), which was prominently alleviated after the Lut 
administration (p < 0.001~0.05 vs. LPS group). β-ENaC expression was not checked due to the 
lack of a suitable commercial antibody. Real-time polymerase chain reaction (PCR) assay 
showed that Lut eliminated the decrease in α/β/γ-ENaC mRNA induced by LPS (Figure 2B, p 
< 0.05 vs. LPS group), indicating that Lut may attenuate ALI by upregulating the expression 
of ENaC to improve transepithelial sodium transport. Consistently, the real-time PCR assay 
showed that LPS significantly increased the expression levels of inflammatory cytokines (Fig-
ure 2C, p < 0.001~0.05 vs. Control group), which were inhibited by Lut (p < 0.01~0.05 vs. LPS 
group). 

 

Figure 1. Effects of Lut on cell proliferation inhibited by LPS. (A) The molecular structure of Lut.
(B) Left panel: Cell viability was detected after incubation with Lut (0, 2.5, 5, 10, 20, and 40 µM).
* p < 0.05, compared with 0 µM group, n = 4. Mann–Whitney U test was used to analyze the difference
of the means for significance. Right panel: Lut induced LPS-inhibited primary AT2 cell proliferation.
*** p < 0.001, compared with LPS group, n = 4. One-way ANOVA followed by Bonferroni’s test was
used to analyze the difference of the means for significance.

As shown in Figure 2A, LPS reduced the quantity of α/γ-ENaC protein in AT2 cells
compared with the Control group (p < 0.01~0.05), which was prominently alleviated
after the Lut administration (p < 0.001~0.05 vs. LPS group). β-ENaC expression was
not checked due to the lack of a suitable commercial antibody. Real-time polymerase
chain reaction (PCR) assay showed that Lut eliminated the decrease in α/β/γ-ENaC
mRNA induced by LPS (Figure 2B, p < 0.05 vs. LPS group), indicating that Lut may
attenuate ALI by upregulating the expression of ENaC to improve transepithelial sodium
transport. Consistently, the real-time PCR assay showed that LPS significantly increased
the expression levels of inflammatory cytokines (Figure 2C, p < 0.001~0.05 vs. Control
group), which were inhibited by Lut (p < 0.01~0.05 vs. LPS group).

2.2. Lut Suppressed Inflammatory Pulmonary Edema in ALI Mice

Through the prediction website pkCSM [23], we determined that the pharmacokinetic
parameters for the logarithmic ratio of the partition coefficient (LogP), volume of distri-
bution (VDss Log L/kg), total clearance (CLtot Log mL/min/kg), and oral acute toxicity
(LD50 mol/kg) were 2.2824, 1.153, 0.495, and 2.455, respectively. The results showed that
Lut is a small molecule with good pharmacokinetic properties, exhibiting high intestinal
absorption (>80%) and extensive distribution. Additionally, it serves as a substrate of
P-glycoprotein and exhibits poor distribution in the brain. The in silico evaluation indi-
cated that Lut has the potential to be developed as a pharmacological agent with suitable
intestinal absorption and low toxicity.

To confirm the possible therapeutic action of Lut on ALI mice caused by LPS, we
observed the appearance of the lungs and performed H&E for morphological research
to evaluate the changes in histology. As expected, the photographs of LPS-treated lungs
showed punctate hemorrhage and decreased surface smoothness, which were improved
after the Lut administration (Figure 3A). Moreover, Lut significantly eliminated the LPS-
induced increase in the lung wet/dry weight (W/D) ratio (Figure 3B, p < 0.05 vs. LPS
group), which further implied that Lut could relieve the degree of pulmonary edema in ALI
mice. Lung tissues in LPS group were significantly damaged, which were characterized
by hemorrhage, inflammatory cell infiltration, and increased alveolar wall thickness and
which were evidenced by an increased lung injury score (Figure 3C,D, p < 0.05 vs. Control
group). As expected, Lut alleviated the histopathology changes in LPS-induced ALI mice
(p < 0.05 vs. LPS group).
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Figure 2. Lut increased the expression levels of ENaC and inhibited inflammation in primary AT2
cells. Cells were treated with Lut (10 µM, 24 h), co-presence or absence of LPS (10 µg/mL, 12 h).
(A) Representative Western blot and corresponding graphical representation of data obtained from
Western blot assays for α/γ-ENaC in primary AT2 cells, where bands were quantified using gray
analysis (α, γ-ENaC/β-actin). * p < 0.05, ** p < 0.01, compared with Control group. & p < 0.05,
&&& p < 0.001, compared with LPS group, n = 4. One-way ANOVA followed by Bonferroni’s test
was used to analyze the difference of the α-ENaC means for significance. Mann–Whitney U test was
used to analyze the difference of the γ-ENaC means for significance. (B) The expression levels of
α/β/γ-ENaC mRNA were examined by real-time PCR with GAPDH set as the internal standard.
* p < 0.05, *** p < 0.001, compared with Control group. & p < 0.05, compared with LPS group, n = 4.
Mann–Whitney U test was used to analyze the difference of the α/γ-ENaC means for significance.
One-way ANOVA followed by Bonferroni’s test was used to analyze the difference of the β-ENaC
means for significance. (C) IL-1β, IL-6, and TNF-α levels in primary AT2 cells. * p < 0.05, *** p < 0.001,
compared with Control group. & p < 0.05, && p < 0.01, compared with LPS group, n = 4–5. Mann–
Whitney U test was used to analyze the difference of the IL-1β means for significance. One-way
ANOVA followed by Bonferroni’s test was used to analyze the difference of the IL-6/TNF-α means
for significance.

Alteration of the alveolar–capillary barrier was evaluated by bronchoalveolar lavage
fluid (BALF) protein concentration, which was reduced significantly by Lut (Figure 3E,
p < 0.001 vs. LPS group). Meanwhile, Lut could reverse the LPS-increased inflammatory
cytokines (Figure 3F, p < 0.01 vs. LPS group), supporting that inflammation reaction existed
in the LPS-induced ALI model and that one of the beneficial effects of Lut may be associated
with inflammation-related edema formation.
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stimulation. (A) Representative photographs of whole lungs from all the experimental groups. Scale 
bar = 0.5 cm. (B) The lung W/D ratio was calculated as wet weight/dry weight. * p < 0.05, compared 
with Control group; & p < 0.05, compared with LPS group, n = 4. Mann–Whitney U test was used to 
analyze the difference of the means for significance. (C) The effect of Lut was assessed by H&E 
staining. Scale bar = 200 µm. (D) Quantifying lung injury scores in the lungs. * p < 0.05, compared 
with Control group. & p < 0.05, compared with LPS group, n = 4. Mann–Whitney U test was used to 
analyze the difference of the means for significance. (E) Protein content in BALF of mouse lung. *** 
p < 0.001, compared with Control group. &&& p < 0.001, compared with LPS group n = 4. One-way 
ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for signifi-
cance. (F) IL-1β, IL-6, and TNF-α levels in BALF of LPS-induced ALI. ** p < 0.01, compared with 
Control group. && p < 0.01, compared with LPS group, n = 6. Mann–Whitney U test was used to 
analyze the difference of the means for significance. 

2.3. Establishment of the 3D Alveolar Epithelial Organoids 
The flow cytometry data showed that the purity of primary mouse AT2 cells was 81.33 

± 5.02% (Figure 4A), available for future co-culture with mouse lung fibroblasts. The 3D or-
ganoid cultures could be visualized between Days 4 and 12, and the number/size gradually 
increased over the culture time (Figure 4B). To better identify the 3D structure of alveolar 
epithelial organoids, we stained them with H&E and AT1 (PDPN)/AT2 (SP-C) markers, re-
spectively. As shown in Figure 4C,D, monolayer-like alveolar epithelial cells were formed, 
and the confocal tomography identified that both AT1 and AT2 cell markers were expressed, 
suggesting that the lung alveolar model was successfully established. 

Figure 3. Effect of Lut on morphological structure and inflammation in LPS-induced ALI. Lut
(20 mg/kg) was administered intraperitoneally to BALB/c mice 12 h before and after LPS (5 mg/kg)
stimulation. (A) Representative photographs of whole lungs from all the experimental groups. Scale
bar = 0.5 cm. (B) The lung W/D ratio was calculated as wet weight/dry weight. * p < 0.05, compared
with Control group; & p < 0.05, compared with LPS group, n = 4. Mann–Whitney U test was used
to analyze the difference of the means for significance. (C) The effect of Lut was assessed by H&E
staining. Scale bar = 200 µm. (D) Quantifying lung injury scores in the lungs. * p < 0.05, compared
with Control group. & p < 0.05, compared with LPS group, n = 4. Mann–Whitney U test was used
to analyze the difference of the means for significance. (E) Protein content in BALF of mouse lung.
*** p < 0.001, compared with Control group. &&& p < 0.001, compared with LPS group n = 4. One-way
ANOVA followed by Bonferroni’s test was used to analyze the difference of the means for significance.
(F) IL-1β, IL-6, and TNF-α levels in BALF of LPS-induced ALI. ** p < 0.01, compared with Control
group. && p < 0.01, compared with LPS group, n = 6. Mann–Whitney U test was used to analyze the
difference of the means for significance.

2.3. Establishment of the 3D Alveolar Epithelial Organoids

The flow cytometry data showed that the purity of primary mouse AT2 cells was
81.33 ± 5.02% (Figure 4A), available for future co-culture with mouse lung fibroblasts. The
3D organoid cultures could be visualized between Days 4 and 12, and the number/size
gradually increased over the culture time (Figure 4B). To better identify the 3D structure
of alveolar epithelial organoids, we stained them with H&E and AT1 (PDPN)/AT2 (SP-C)
markers, respectively. As shown in Figure 4C,D, monolayer-like alveolar epithelial cells
were formed, and the confocal tomography identified that both AT1 and AT2 cell markers
were expressed, suggesting that the lung alveolar model was successfully established.
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Figure 4. Establishment of 3D alveolar epithelial organoid model. (A) Representative data of flow 
cytometry for the purity of primary mouse AT2 cells (81.33 ± 5.02%), n = 3. (B) Representative DIC 
images of 3D organoid cultured for 8 days (40×). (C) H&E staining of 3D organoid culture. Scale bar, 
20 µm. (D) Representative images of confocal images for 3D organoid stained with AT1 (PDPN)/AT2 
(SP-C) markers. Scale bar, 50 µm. 
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vivo ALI state, we used 3D alveolar epithelial organoid immunofluorescence assay to de-
tect the ENaC protein expression level. The green fluorescence intensity of α/γ-ENaC in 
the LPS group was significantly lower than that in Control group (Figure 5A–C, p < 
0.001~0.05), which was enhanced after the Lut administration (p < 0.01~0.05 vs. LPS 
group), identifying that Lut could strengthen the salt water absorption in LPS-induced 
ALI. Moreover, Lut reversed the LPS-reduced α/β/γ-ENaC mRNA expression in the alve-
olar model (Figure 5D, p < 0.001~0.05 vs. LPS group). 

Figure 4. Establishment of 3D alveolar epithelial organoid model. (A) Representative data of flow
cytometry for the purity of primary mouse AT2 cells (81.33 ± 5.02%), n = 3. (B) Representative DIC
images of 3D organoid cultured for 8 days (40×). (C) H&E staining of 3D organoid culture. Scale bar,
20 µm. (D) Representative images of confocal images for 3D organoid stained with AT1 (PDPN)/AT2
(SP-C) markers. Scale bar, 50 µm.

2.4. Lut Elevated the Expression of ENaC in the Lung Alveolar Model

To verify the influence of Lut on the transepithelial sodium transport close to the
in vivo ALI state, we used 3D alveolar epithelial organoid immunofluorescence assay
to detect the ENaC protein expression level. The green fluorescence intensity of α/γ-
ENaC in the LPS group was significantly lower than that in Control group (Figure 5A–C,
p < 0.001~0.05), which was enhanced after the Lut administration (p < 0.01~0.05 vs. LPS
group), identifying that Lut could strengthen the salt water absorption in LPS-induced ALI.
Moreover, Lut reversed the LPS-reduced α/β/γ-ENaC mRNA expression in the alveolar
model (Figure 5D, p < 0.001~0.05 vs. LPS group).
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Figure 5. Effect of Lut on ENaC expression in 3D organoid culture. (A,B) Immunofluorescence stain-
ing showed the effect of LPS and Lut on the expression of α/γ-ENaC in 3D organoid culture. Scale 
bar, 50 µm. (C) Statistical diagram of α/γ-ENaC protein expression. * p < 0.05, *** p < 0.001, compared 
with Control group. & p < 0.05, && p < 0.01, compared with LPS group, n = 4. One-way ANOVA fol-
lowed by Bonferroni’s test was used to analyze the difference of the α-ENaC means for significance. 
Mann–Whitney U test was used to analyze the difference of the γ-ENaC means for significance. (D) 
The expression levels of α/β/γ-ENaC mRNA were examined by real-time PCR in 3D organoid cul-
ture. * p < 0.05, *** p < 0.001, compared with Control group. & p < 0.05, &&& p < 0.001, compared with 
LPS group, n = 4. One-way ANOVA followed by Bonferroni’s test was used to analyze the difference 
of the α/γ-ENaC means for significance. Mann–Whitney U test was used to analyze the difference 
of the β-ENaC means for significance. 
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and ALI/ARDS, respectively, were obtained, and the duplicates were removed. The pro-
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Figure 5. Effect of Lut on ENaC expression in 3D organoid culture. (A,B) Immunofluorescence
staining showed the effect of LPS and Lut on the expression of α/γ-ENaC in 3D organoid culture.
Scale bar, 50 µm. (C) Statistical diagram of α/γ-ENaC protein expression. * p < 0.05, *** p < 0.001,
compared with Control group. & p < 0.05, && p < 0.01, compared with LPS group, n = 4. One-way
ANOVA followed by Bonferroni’s test was used to analyze the difference of the α-ENaC means for
significance. Mann–Whitney U test was used to analyze the difference of the γ-ENaC means for
significance. (D) The expression levels of α/β/γ-ENaC mRNA were examined by real-time PCR in
3D organoid culture. * p < 0.05, *** p < 0.001, compared with Control group. & p < 0.05, &&& p < 0.001,
compared with LPS group, n = 4. One-way ANOVA followed by Bonferroni’s test was used to analyze
the difference of the α/γ-ENaC means for significance. Mann–Whitney U test was used to analyze
the difference of the β-ENaC means for significance.

2.5. Target Identification and Protein–Protein Interaction Analysis

A total of 412 putative gene targets and 1980/1935 disease gene targets related to Lut
and ALI/ARDS, respectively, were obtained, and the duplicates were removed. The protein
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targets were transformed to gene targets by the UniProt database. The intersection of
putative Lut and ALI/ARDS disease targets resulted in 84 overlapping genes (Figure 6A),
which were related to the Lut involvement of ALI/ARDS.
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Figure 6. Bioinformatics analysis of overlapping genes. (A) Venn diagram of 84 overlapping genes
between the predicted targets of Lut and the targets associated with ALI/ARDS. (B) PPI network of
the 84 overlapping genes. The importance of each gene was analyzed by STRING. The higher the
degree, the more crucial the gene. The degree of the outermost circle is 0–10, the middle circle is
11–20, and the smallest circle is >20. The colors of nodes from reddish to yellowish are arranged in
descending order on the basis of their degree values. (C) Cytohubba, the plug-in of Cytoscape, was
used to analyze the top 10 hub gene network of target proteins by MCC algorithm. (D) Cluster of
the 84 overlapping gene-containing PPI network. Three clusters were identified. Cluster 1 had the
highest score of 10.08, and JAK2 was identified as the seed gene. Cluster 2 had a score of 3.5, and
ALB was the seed gene. Cluster 3 had a score of 3.2, and EGFR was the seed gene.
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The protein–protein interaction (PPI) network was established using the String database
to construct a drug–disease target interaction network. After removing free proteins that
did not interact, there were 77 nodes (targets) and 430 edges (interactions) in the PPI
network. The node size and color were positively correlated with degree, suggesting
that darker and larger nodes played an important effect in the fight against ALI/ARDS
(Figure 6B).

2.6. Screening of the Hub Genes and Clusters in the PPI Network

We used the MCC algorithm based on Cytoscape plug-in Cytohubba to screen out the
top 10 Hub genes of target proteins and constructed the map of Hub gene network. TP53,
VEGFA, MMP9, PTGS3, IL6, ALB, JUN, CASP3, AKT1, and EGFR were predicted to be
the important targets for Lut intervention of ALI/ARDS (Figure 6C). We obtained three
clusters using MCODE, among which Cluster 1 had the highest score of 10.080, and JAK2
was the seed gene (Figure 6D).

2.7. Prediction of the Potential Signaling Pathways of Lut for ALI Treatment

To explore the biological functions of Lut against ALI/ARDS, 84 genes were analyzed
by GO analysis. The top 20 significantly enriched terms in GO and KEGG were selected,
according to the analysis of GO term (MF) and KEGG pathway with pv < 0.05 and qv < 0.05.
MF enrichment analysis was involved mainly with protein kinase and receptor ligand
binding activity, which may be closely related to the pathological process of ALI/ARDS
(Figure 7A).

The results of the KEGG pathways were related mainly to “PI3K/Akt”, “multiplevirus
infections”, “JAK/STAT”, and “HIF-1” (Figure 7B). The critical pathway target visualization
network is shown in Figure 7C; the corresponding targets of Lut for treatment of ALI were
closely related to the inflammatory reaction, in which the targets were focused mainly on
the JAK/STAT pathway.

2.8. Binding Activities of Lut to the JAK/STAT Pathway

Lut was selected as a molecular ligand to dock with the JAK2, STAT3, and SOCS3
(component in the JAK/STAT pathway), respectively. As shown in Figure 8A–C, the
affinities between the molecular ligand compound and the receptor proteins were all less
than −5.0 kcal/mol, indicating that Lut possessed good binding activity with JAK2, STAT3,
and SOCS3 proteins.

2.9. Validation of the Pathways and Targets

In order to verify the dependability of pathways and protein targets predicted by the
network pharmacology and molecular docking simulations, we selected the key targets
involved in the JAK/STAT pathway, including JAK2, STAT3, and SOCS3, for verification
using Western blot assay. We knocked down STAT3 first in the primary AT2 cells, and
the efficiency is shown in Figure 8D (p < 0.05 vs. Control group). LPS increased phospho-
specific forms of JAK2 and STAT3 (Figure 8E, p < 0.001~0.01 vs. Control group), which were
decreased after the Lut treatment (p < 0.001~0.01 vs. LPS + NC group), and the former was
not affected by the knockdown of STAT3. Meanwhile, the LPS-reduced SOCS3 expression
(p < 0.001 vs. Control group), a negative feedback regulator of JAK/STAT pathway, was
inhibited by Lut with or without STAT3 knockdown (p < 0.001 vs. LPS + NC group or LPS
+ siSTAT3 group). As shown in Figure 8E, compared with that in Control, the α/γ-ENaC
expression level in the LPS-treated AT2 cells was dramatically suppressed (p < 0.01~0.001
vs. Control group) and remarkably elevated by either the treatment of Lut or the lack of
STAT3 (p < 0.001~0.05 vs. LPS + NC group). Intriguingly, the Lut-enhanced α/γ-ENaC
expression was abolished after the co-administration of the STAT3 knockdown.
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Figure 7. GO and KEGG analysis of 80 common genes. (A) A bubble chart of top 20 enriched GO
items of potential targets in the molecular function. (B) Bubble chart of top 20 KEGG signaling
pathways related to the effect of Lut against ALI. The redder the bubble, the smaller the P-value; the
larger the bubble, the greater the number of genes that participated in this pathway. (C) The critical
signaling pathway target visualization network. PPI network of the top 20 KEGG signaling pathways
and associated target genes. Red nodes represent top 20 KEGG pathways, and blue nodes indicate
the genes that participated.
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Figure 8. Lut suppressed the activation of JAK/STAT signaling pathway in 3D organoid culture.
(A–C) Docking diagram of Lut with genes (JAK2, STAT3, and SOCS3) related to core pathway in
KEGG of ALI. (D) Representative Western blot and corresponding graphical representation for p-
STAT3/STAT3 of Control, NC (negative control), and siSTAT3 group in primary AT2 cells. * p < 0.05,
compared with Control group, n = 4. Mann–Whitney U test was used to analyze the difference of
the means for significance. (E) Representative Western blot and corresponding graphical represen-
tation for p-JAK2/JAK2, p-STAT3/STAT3, α/γ-EnaC, and SOCS3 in primary AT2 cells. ** p < 0.01,
*** p < 0.001, compared with Control group. & p < 0.01, && p < 0.01, &&& p < 0.001, compared with
LPS + NC group, ### p < 0.001, compared with LPS + siSTAT3 group, n = 3–4. One-way ANOVA
followed by Bonferroni’s test was used to analyze the difference of the means for significance.
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3. Discussion

Numerous lines of evidence indicate that exposure to LPS stimulation can elicit an
inflammatory response and other pulmonary lesions, ultimately leading to the development
of respiratory disorders. Serious pulmonary infection involved with LPS is a high risk
factor for ALI/ARDS, which can cause inflammatory cells to recruit into the lung, an
increase in capillary permeability, and alveolar edema [24–26]. The morphological changes
caused by LPS were significant inflammatory cell infiltration, alleviation by hemorrhage,
and thickness of the alveolar wall after the Lut treatment. In addition, the pulmonary
W/D ratio, which illustrates the amount of exudate in the lungs, was significantly reduced,
proving that Lut had a significant anti-edema effect on ALI. Our results also showed that
Lut reduced the protein content and inflammatory cytokines in BALF after lung injury,
suggesting that Lut alleviated the occurrence of LPS-induced protein-rich alveolar edema
and protected the alveolar–capillary barrier.

Na+ enters AT2 cells mainly through apical ENaC, which is then pumped out by
basolateral Na+ and K+-ATPase, accompanied by reabsorption of osmotic fluid [27–29].
The main determinant of alveolar fluid clearance is ENaC expressed on the apical side of
AT2 cells [30,31]. In this study, primary AT2 cells of mice were isolated, and the results
showed that Lut could reverse the LPS-induced decrease in ENaC expression at both the
protein and transcription levels, suggesting that Lut could improve transepithelial sodium
transport by upregulating ENaC expression.

However, the inability to maintain biological characteristics of primary AT2 cells dur-
ing culture has been an important obstacle in the research of pulmonary biology. Primary
AT2 cells can hardly be passaged by traditional culture methods, and they lose their charac-
teristic cuboid-like appearance with the culture time. Meanwhile, the production of surface
active substances decreases, and lamellar bodies are lost [32]. Compared with traditional
2D cell culture, the 3D alveolar epithelial organoids contain a variety of cell types and
exhibit closer cellular interactions with the stroma, resulting in functional micro-organs
that better simulate the physiological and pathological processes of organ tissues. We,
thus, selected AT2 cells and MLg cells of mice to co-culture in matrix glue to construct the
lung alveolar model using 3D alveolar epithelial organoids [11]. During the culture, we
added a TGF-β inhibitor to prevent excessive proliferation of MLg cells, and we promoted
the AT2 cell differentiation by inhibiting the TGF-β receptor signaling. The 3D alveolar
epithelial organoids were certified through confocal images by co-expression of AT1 and
AT2 cell markers (PDPN/SP-C), as well as alveolar epithelial structure by H&E staining.
In addition, immunofluorescence and real-time PCR assay were performed on this model,
which showed that Lut could reverse LPS-reduced ENaC expression at both the protein
and transcription levels.

LPS can activate the natural immune response and secrete a large number of inflam-
matory cytokines, such as TNF-α, IL-6, and IL-1β, the contents of which in BALF directly
reflect the degree of inflammatory response in the alveolar cavity [33,34]. In addition,
current research has suggested that epithelial cells are also involved in regulating inflam-
mation and lung defense, in which AT2 cells serve as one of the main sources of neutrophil
chemokines [35]. Our results showed that Lut had a significant anti-inflammatory effect
on the LPS-induced mouse ALI model. Meanwhile, Lut reversed the LPS-reduced mRNA
expression of IL-1β, IL-6, and TNF-α in primary mouse AT2 cells. The data proved that
Lut could alleviate ALI through enhancing ENaC expression in both the primary AT2 cells
and 3D alveolar epithelial organoid model, which lays a foundation for the mechanism of
Lut relieving inflammation-related pulmonary edema and provides a potential therapeutic
strategy for treating ALI (Figure 9).
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Figure 9. A schematic diagram for Lut to enhance the expression of ENaC in LPS-induced ALI.
Lut can interdict the effect of LPS by increasing the expression of ENaC mRNA and protein via
JAK/STAT pathway, as well as inhibiting the secretion of inflammatory cytokines in LPS-induced
ALI. ALI, acute lung injury; AT2, alveolar epithelial type 2; ENaC, epithelial sodium channel; LPS,
lipopolysaccharide.

The network pharmacology was applied to explore the inter-relationship between
pharmaceuticals and diseases for various purposes, such as finding new drugs, elucidating
pathogenesis, and discovering new targets [36–38]. We used the drug–disease network
for topological analysis and applied the corresponding molecular docking method to im-
prove the dependability of the target prediction results. Interactions between Lut and
possible protein targets were predicted by combining messages from free databases relat-
ing ALI/ARDS, together with revealing the signaling networks in which the Lut targets
participated. Hydrogen bonding seemed to be the main interaction form, according to
the molecular docking analysis. Pathway relationship uncovered that the Lut-regulated
signaling pathways contained mainly PI3K/Akt, multiple virus infections and JAK/STAT
in ALI/ARDS. TP53, IL6, AKT1, SRC, JUN, EGFR, VEGFA, CASP3, ALB, JAK2, MAPK1,
CCND1, RELA, and MMP9 were key genes with high degree values > 20. Through analyz-
ing the Hub genes and the predominant KEGG pathways, the possible mechanisms of Lut
in handling ALI/ARDS might be due to the JAK/STAT signaling pathway, which could
modulate oxidative stress, cell apoptosis, and inflammation in an ALI model [39]. In our
study, the treatment of Lut enhanced the SOCS3 expression and inhibited the phospho-
rylation level of JAK2 and STAT3 induced by LPS in the primary mouse AT2 cells. The
knockdown of STAT3 did not affect the above effects of Lut on JAK2 phosphorylation or
SOCS3 expression, indicating that they were upstream molecules for STAT3. Furthermore,
siSTAT3 could abrogate the Lut enhancement of ENaC protein expression, implying a
downstream mechanism involved with the STAT3 signal. Overall, Lut could attenuate
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inflammation-related ALI by enhancing transepithelial sodium transport, at least partially,
via the JAK/STAT pathway.

4. Materials and Methods
4.1. Reagents

Lut (CAS: 491-70-3, purity 98%), LPS (purity 98%), and 4′, 6-diamidino-2-phenylindole
(DAPI) were purchased from Solarbio Science & Technology Co., Ltd. (Beijing, China). BCA
protein detection and H&E kits were purchased from Beyotime Biological Co. (Shanghai,
China). Dispase II, DNase I, and Matrigel were provided by Sigma-Aldrich (St. Louis,
MO, USA). Low-melting-point agarose and primers were obtained from Sangon Biotech
Co., Ltd. (Shanghai, China). Biotinylated antibodies CD16/32 and CD45 were provided
by Miltenyi Biotec (Shanghai, China), and the information about specific antibodies are
listed in Table 1. ELISA and CCK-8 kits were purchased from Neobioscience Technology
Company (Shenzhen, China) and Biosharp Biological Technology Co., Ltd. (Guangzhou,
China), respectively.

Table 1. The information about the antibodies.

Antibody Manufacture WB IF FCM

SP-C Bioss (Beijing, China) 1:100 1:100
PDPN Santa Cruz (Dallas, TX, USA) 1:100

p-STAT3 Affinity (Cincinnati, OH, USA) 1:1000
p-JAK2 Affinity (Cincinnati, OH, USA) 1:1000
STAT3 Affinity (Cincinnati, OH, USA) 1:1000
JAK2 Affinity (Cincinnati, OH, USA) 1:1000

SOCS3 Affinity (Cincinnati, OH, USA) 1:1000
α-ENaC Santa Cruz (Dallas, TX, USA) 1:2000 1:200
γ-ENaC Santa Cruz (Dallas, TX, USA) 1:2000 1:200
β-actin Santa Cruz (Dallas, TX, USA) 1:1000

goat anti-mouse ZSGB-BIO (Beijing, China) 1:5000
goat anti-rabbit ZSGB-BIO (Beijing, China) 1:5000

FITC goat anti-rabbit ZSGB-BIO (Beijing, China) 1:100 1:200
TRITC goat anti-mouse ZSGB-BIO (Beijing, China) 1:100

WB: Western blot, IF: immunofluorescence, FCM: flow cytometry.

4.2. Animals

The Laboratory Animal Center of China Medical University provided the mice, with
the certificate number: SYXK (Liao) 2018-0008. Animal experiments were conducted under
the guidelines and regulations of Animal Care and Use Ethics Committee. Animals were
anesthetized with diazepam (17.5 mg/kg), followed by ketamine (450 mg/kg).

4.3. Primary Mouse AT2 Cell Culture and Cell Viability Analysis

The primary AT2 cells were isolated from mice and cultured as described earlier [40].
Then, the separated primary cells were modulated to 2.5 × 106 cells/mL in DMEM/F12
medium with FBS (10%, Gibco, New York, NY, USA), penicillin (100 IU), and streptomycin
(100 µg/mL). The medium was replaced first after 72 h and then every other day thereafter.

The optimal concentration of Lut was detected by CCK8 assay [41]. The primary
AT2 cells were incubated with Lut (0, 2.5, 5, 10, 20, and 40 µM) with or without LPS
(10 µg/mL) for 24 h. After treatment, the viability of cells was measured by a CCK-8 kit
(Biosharp, Guangzhou, China) according to the manufacturer’s protocol. In the following
cellular experiments, the primary AT2 cells were treated with Lut (10 µM, 24 h) and/or
LPS (10 µg/mL, 12 h), respectively.

4.4. Establishment of the ALI Mouse Model

The healthy BALB/c male mice with body weight of 20–25 g were randomly divided
into the following 4 groups: Control, LPS, Lut, and Lut + LPS. ALI animal model was
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established by intraperitoneal injection of LPS (5 mg/kg, Solarbio, Beijing, China) [21]. The
mice in Lut and Lut + LPS groups were intraperitoneally injected with Lut (70 µmol/kg,
Solarbio, Beijing, China) twice, 12 h before and after LPS injection [42].

4.5. Preparation for 3D Organoid Culture

Adult mouse lungs were used for the isolation of AT2 cells [11]. In brief, the lung was
perfused with 4 ◦C PBS. After trachea intubation, dispase II (3 mg/mL, Corning, New York,
NY, USA) was injected into the lung, followed by 1% low-melting-point agarose (42–45 ◦C,
Sangon Biotech, Shanghai, China). Then, the lung was incubated in dispase II for 45 min at
37 ◦C and gently torn in DMEM/F12 + DNase I (0.01%, Sigma, St. Louis, MO, USA). The
cell suspension was passed through serial filters (Solarbio, Beijing, China) and incubated
with biotinylated antibodies: CD16/32 and CD45 (Miltenyi Biotec, Shanghai, China) for
10 min. After being incubated with 10 µL Streptavidin MicroBeads (4 ◦C, Miltenyi Biotec,
Shanghai, China) for 15 min in dark, the cells were transferred onto plates pre-coated with
1 mg/mL IgG for 2 h, and the unattached cells were collected. The cell purity was detected
by flow cytometry with corresponding antibodies.

4.6. Identification of 3D Alveolar Epithelial Organoid

Mouse AT2 cells (6 × 103) and MLg2908 cells (2 × 105, American Type Culture
Collection) were suspended in a 1:1 mixture of growth-factor-reduced Matrigel (Corning,
New York, NY, USA) on polyester membrane cell culture transwells (0.4 µm pore size,
0.33 cm2 area, Corning, New York, NY, USA) and incubated for 30 min to allow the matrix
to solidify.

After fixation, permeabilization, and blocking, the 3D organic cultures were incubated
with SP-C and PDPN antibody overnight at 4 ◦C, respectively. The information about the
antibodies are listed in Table 1. The nucleus was stained by DAPI. Finally, the sections were
imaged by confocal microscopy.

4.7. Determination of Lung Wet/Dry Weight Ratio

The degree of pneumonedema was analyzed by lung W/D ratio to assess the severity
of ALI. The lung W/D ratio was acquired by dividing the wet weight by the lung weight
after 48 h of oven drying at 60 ◦C.

4.8. Bronchoalveolar Lavage Fluid Analysis

We collected the BALF to evaluate the extent of lung inflammation [43–45]. Alteration
of the barrier between alveolar and capillary was evaluated depending on the BALF protein
content via BCA kit (Beyotime Biotechnology, Shanghai, China), and the inflammatory
cytokines were tested by ELISA assay (Neobioscience, Shenzhen, China).

4.9. Histological Studies

Freshly harvested lung tissues and 3D organoid cultures were fixed, dehydrated, and
embedded in 4% paraformaldehyde, 30% sucrose, and OCT, respectively. To semi-quantify
the histopathologic changes in H&E (Beyotime Biotechnology, Shanghai, China) staining,
the Szapiel score was used to quantify alveolitis and determine the severity of lung injury
through the score of 0 (no injury) to 3 (maximum injury) [46].

4.10. Real-Time PCR

The total RNA (1 µg) in samples was extracted and acquired by TRIzol (Invitrogen,
Carlsbad, CA, USA) and used as the template for reverse transcription in triplicate. Real-
time PCR was processed with the primers shown in Table 2. Reaction was processed with
95 ◦C (30 s), followed by 50 cycles of 95 ◦C (5 s), 52 ◦C (30 s), and 72 ◦C (60 s). The relative
expression level of mRNA was obtained by 2−∆(∆CT) comparative method.
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Table 2. The information about the primers.

Primer Name Forward (5′–3′) Reverse (5′–3′)

α-ENaC AAC AAA TCG GACTGC TTC TAC AGC CAC CAT CAT CCA TAA A
β-ENaC GGG ACC AAA GCA CCA AT CAG ACG CAG GGA GTC ATAG
γ-ENaC GCACCG TTC GCC ACC TTC TA AGG TCA CCA GCA GCT CCT CA

IL-1β AGA AGC TGT GGC AGC TAC CTG GGA AAA GAA GGT GCT CAT GTC C
IL-6 GCT ACC AAA CTG GAT ATA ATC AGG A CCA GGT AGC TAT GGT ACT CCA GAA

TNF-α TCT TCT CAT TCC TGC TTG TGG GGT CTG GGG CCA TAG AAC TGA
GAPDH AGA AGG CTG GGG CTC ATT TG AGG GGC CAT CCA CAG TCT TC

4.11. Immunofluorescence Assay

The AT2 cells were incubated with primary α-ENaC and γ-ENaC antibodies, respec-
tively, and then with secondary antibody (Table 1). After the nuclei were stained by
DAPI, the sections were observed by a fluorescence microscope, and target proteins were
quantified through Image J software.

4.12. Target Prediction

The potential targets of Lut were acquired from Traditional Chinese Medicine Sys-
tems Pharmacology (TCMSP, https://tcmsp-e.com/tcmsp.php), SwissTargetPredictive
(http://www.swisstargetprediction.ch), and PharmMapper (http://www.lilab-ecust.cn/
pharmmapper). By converting protein targets into gene targets by the database of UniProt
(http://www.uniprot.org) and removing duplicate genes, we obtained 412 related genes.

The disease targets of ALI/ARDS were obtained from databases including Drug-
Bank (https://go.drugbank.com), GeneCards (https://www.genecards.org, accessed on 3
November 2022), PharmGKb (https://www.pharmgkb.org), and Online Mendelian Inheri-
tance in Man (OMIM, https://omim.org). The 1980/1935 related genes in ALI/ARDS were
obtained by merging the 4 disease database targets and deleting the duplicates.

4.13. Constructing Protein–Protein Interaction Networks

The intersection between disease and drug targets was captured by Venny 2.1
(https://bioinfogp.cnb.csic.es/tools/venny), and the Venn diagram was drawn. There
were 84 common targets between Lut and ALI/ARDS.

By using the limitation to “Homo sapiens” and confidence score ≥ 0.7, the 84 over-
lapped target PPI networks were obtained by the database of String (https://string-db.org).
The PPI network containing the degree values of nodes was generated by Cytoscape v3.7.2.
In Cytohubba plugin of CytoScape, PPI network Hub genes for Lut against ALI/ARDS
were calculated by MCC algorithm, and 10 core targets were acquired to construct the
related protein target networks. The major dense regions were selected from the network
of 84 overlapped genes using Cytoscape plugin Molecular Complex Detection, in which
seed genes were present in clusters with the largest MCODE Score. The following settings
were used: Degree Cut-off = 2, Node Score Cut-off = 0.2, K-Core = 2, and Max Depth = 100.

4.14. Pathway Enrichment Analysis

Annotation, Visualization, Integrated Discovery (https://david.ncifcrf.gov), and Ky-
oto Encyclopedia of Genes and Genomes (KEGG, www.kegg.jp/kegg) were used for
pathway enrichment analysis. p < 0.05 in KEGG enrichments was considered significant.

4.15. Molecular Docking Analysis

The docking ligand of Lut 3D structure in PDBQT format was obtained from the
PubChem database and Chem3D software. PyMol (https://pymol.org/2) was used
to delete water molecules and add hydrogen bonds of protein conformation, which
was acquired from the PDB (https://www.rcsb.org). AutoDock Tools V1.5.6 (http://
autodock.scripps.edu) software was used to detect the roots, set the rotatable key, calculate
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the Gasteiger charge, and identify the binding pockets. Then, AutoDockVinaV1.1.2 was
used for molecular docking, and the results were visualized using PyMol software.

4.16. Western Blot Assay

Proteins were separated and transferred to PVDF membranes (Invitrogen, Waltham,
MA, USA), which were then incubated with primary and secondary antibodies, respectively.
The information about the antibodies is also listed in Table 1. Finally, the protein bands
were visualized by ECL kit and quantitatively analyzed by the Image J.

4.17. Statistical Analysis

We applied Origin 2021 software to process the data as mean ± SE and assessed the
power of sample size firstly to meet p < 0.05. When the data passed the Levene’s test
for normality and Shapiro–Wilk’s test for heteroscedasticity, one-way analysis of variance
(ANOVA) and Bonferroni’s test was used for comparison among multiple groups. If the
data did not pass the normality and heteroscedasticity tests, the non-parametric t-test
(Mann–Whitney U test) was applied.
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Abstract: Actinobacillus pleuropneumoniae (APP) is responsible for causing Porcine pleuropneumonia
(PCP) in pigs. However, using vaccines and antibiotics to prevent and control this disease has become
more difficult due to increased bacterial resistance and weak cross-immunity between different APP
types. Naringin (NAR), a dihydroflavonoid found in citrus fruit peels, has been recognized as having
significant therapeutic effects on inflammatory diseases of the respiratory system. In this study, we
investigated the effects of NAR on the inflammatory response caused by APP through both in vivo
and in vitro models. The results showed that NAR reduced the number of neutrophils (NEs) in
the bronchoalveolar lavage fluid (BALF), and decreased lung injury and the expression of proteins
related to the NLRP3 inflammasome after exposure to APP. In addition, NAR inhibited the nuclear
translocation of nuclear factor kappa-B (NF-κB) P65 in porcine alveolar macrophage (PAMs), reduced
protein expression of NLRP3 and Caspase-1, and reduced the secretion of pro-inflammatory cytokines
induced by APP. Furthermore, NAR prevented the assembly of the NLRP3 inflammasome complex by
reducing protein interaction between NLRP3, Caspase-1, and ASC. NAR also inhibited the potassium
(K+) efflux induced by APP. Overall, these findings suggest that NAR can effectively reduce the lung
inflammation caused by APP by inhibiting the over-activated NF-κB/NLRP3 signalling pathway,
providing a basis for further exploration of NAR as a potential natural product for preventing and
treating APP.

Keywords: Actinobacillus pleuropneumoniae (APP); inflammatory injury; NLRP3 inflammasome; pro-
tein interactions; naringin (NAR); anti-inflammatory mechanism

1. Introduction

Actinobacillus pleuropneumoniae (APP) is responsible for causing porcine pleuropneu-
monia (PCP), which is characterized by acute haemorrhagic necrotizing pneumonia, as
well as chronic fibrinous pleuropneumonia [1]. The spread of APP between pig herds
occurs mainly through direct contact, aerosols, and manure [2]. The various virulence
factors of APP trigger cascade reactions after infection, leading to an “inflammatory storm”
characterized by lung haemorrhage, necrosis, and fibrinous exudate [1], resulting in a
mortality rate of up to 80–100%. Commonly used antibiotics like florfenicol, tetracycline,
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and enrofloxacin are usually employed for treating PCP. However, the effectiveness of an-
tibiotics in preventing and controlling the disease is being diminished by growing bacterial
resistance [3]. Additionally, the frequent international trade of newly developed species
has led to the emergence of more complex APP serotypes, resulting in poor cross-immunity
between different serotypes, which has created a bottleneck in vaccine prevention and
control [4,5]. As a result, the development of natural drugs for preventing and controlling
APP has become a topic of increasing interest among researchers.

Naringin (NAR) is a dihydroflavonoid compound abundantly found in the dried
unripe peel of the citrus “Tomentosa” or “mandarin (L.)” [6,7], which has traditional phar-
macological traceability and is known for its antitussive and expectorant effects [8]. Recent
studies have revealed that NAR has beneficial consequences including anti-inflammatory,
antioxidant, and anti-apoptotic responses [9–11]. After NAR enters the body, its active
metabolite naringenin protects endothelial cells from apoptosis and inflammation by reg-
ulating the Hippo-YAP pathway [12]. Most notably, NAR has shown effectiveness in
repairing inflammatory damage in the respiratory tract, and reducing sputum secretion
and inflammatory infiltration in lungs [13]. NAR can improve lung inflammation by in-
hibiting the release of interleukin (IL)-8, leukotriene B4, tumour necrosis factor (TNF)-α,
and persistent neutrophilic infiltration due to infection [14]. Furthermore, NAR can prevent
ovalbumin-induced airway inflammation by regulating the T1/T2 cell ratio [15]. However,
it has not been confirmed whether NAR has the ability to repair the inflammatory damage
caused by APP.

Porcine alveolar macrophages (PAM) are widely distributed on the alveolar and
bronchial surfaces, forming a vital defence barrier for innate lung immunity [16]. When
APP invades, pathogen-associated molecular patterns (PAMP) and damage-associated
molecular patterns (DAMP) in PAM are activated, causing it to release an excess of inflam-
matory cytokines [13,16]. When lung tissue is overloaded with inflammatory factors, it
activates the NLRP3 inflammatory vesicle classical/non-classical pathway in turn, which
mediates apoptosis as well as cellular pyroptosis via the caspase-1, caspase-8, and caspase-9
pathways, further exacerbating inflammation [17,18]. A large number of studies have
demonstrated that NLRP3 inflammasomes are associated with the pathogenesis of a variety
of respiratory diseases [19], such as rhinitis [20], asthma [21], and chronic obstructive
pulmonary disease (COPD) [22]. It has been found that the virulence factors Lipopolysac-
charide (LPS) [23] and Actinobacillus pleuropneumoniae toxin (Apx) [17] of APP could initiate
activation of the NLRP3 inflammasome signalling pathway, which is closely associated
with the lung inflammatory injury of PCP. Therefore, in the present study, we investigated
the role of NAR in repairing inflammatory lung injury through an APP-induced mice pneu-
monia model and a PAM inflammatory cell model, and elucidated the mechanism by which
NAR exerts anti-inflammatory effects by inhibiting the NF-κB/NLRP3 inflammasome
signalling pathway.

2. Results
2.1. Effects of NAR on Body Weight, Food Intake, and Macroscopic Lesions of Lung Tissue after
APP Infection

In the study, we observed weight changes and symptoms in mice after APP infec-
tion. Before infection, all groups of mice showed continuous weight gain from day 1 to
day 7; after APP infection on the 7th day, mice in the model group experienced significant
weight loss, decreased appetite, depression, and loose stool. The results showed that the
intervention of NAR was able to reverse the weight loss (Figure 1A). Before APP infection,
there were no differences in the food intake among the groups of mice. However, the
model group showed a decreasing trend in food intake compared to the control group
after infection, and NAR administration reversed the feed intake decline to some extent
(Figure 1B). The lung tissue was congested, haemorrhagic, purplish-red, and hardened in
texture after APP infection and the lesions were alleviated after NAR intervention, with
the highest concentration of NAR showing the most pronounced effect (Figure 1C). We
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further analysed total cell counts, as well as the percentage of neutrophils (NEs) and CRP
in the bronchoalveolar lavage fluid (BALF). The results showed that both entire cells and
NEs were significantly increased by the induced APP infection. However, after NAR inter-
vention, both the total cell count and the percentage of NEs decreased considerably, which
positively correlated with the NAR dosage (Figure 1D–F). Similarly, the levels of C-reactive
protein (CRP) were significantly increased by the APP infection, and NAR intervention
reduced the secretion of CRP in a dose-dependent manner (Figure 1G).
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Figure 1. Effects of NAR on APP-induced lesions in mice. (A) Effect of NAR on weight loss in
APP-induced mice. (B) Effect of NAR on food intake of mice. (C) Effect of NAR observed during lung
dissection after APP infection. (D) Observation of Swiss-Giemsa staining after BALF smears of mice
(100 µm). (E) Effect of NAR on the total number of cells in APP-induced BALF in mice. (F) Effect of
NAR on the percentage of NEs in APP-induced BALF in mice. (G) Effect of NAR on CRP in BALF of
APP-induced mice. (Different lowercase letters indicate statistically significant differences between
groups p < 0.05, while the same lowercase letters indicate no significant differences between groups
p > 0.05).

2.2. Effect of NAR on Histopathological Damage in the Lungs of Mice after APP Infection

After performing H&E staining on the lung tissues, we observed that the bronchial
mucosa in the control group remained intact, the lung lobules had a clear structure, and
the alveolar lumen was also unharmed. However, in the model group infected with APP,
the lung tissues showed degeneration and necrotic shedding of alveolar epithelial cells,
interstitial oedema, and haemorrhage. We also observed inflammatory cell infiltration,
alveolar dilation, and interstitial widening, with a predominant infiltration of NEs. After
administering NAR in different doses, we observed a reduction of tissue lesions in different
treated groups. Particularly in the high-dose group (Figure 2A), the infiltration of NEs
decreased, the degree of alveolar haemorrhage lessened, and the structure of the alveolar
wall was restored with the increased number of inflated alveolar lumens. To judge more
objectively, we used ImageJ software (Image Pro Plus version 6.0) to analyse the degree of
inflammatory cell infiltration, lung parenchyma, and alveolar wall thickness in the mice’s
lung tissue. The results showed that the model group had significantly higher levels of in-
flammatory cell infiltration, parenchymatous lung tissue, and alveolar thickening compared
to the control group. However, after the intervention of NAR, these judging indicators
were significantly reduced to a certain extent (Figure 2B). Since myeloperoxidase (MPO)
is mainly found in myeloid cells—such as NEs and monocytes—and closely associated
with inflammation, the results showed that MPO content was elevated in the model group
and significantly reduced after treatment of NAR in a dose-dependent manner, which was
consistent with the results for NEs in BALF (Figure 2C).
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Figure 2. Effect of NAR on APP-induced histopathological damage of lung tissue. (A) Pathological
tissue observation of mouse lung tissue under H&E staining. (B) Effect of NAR on the degree of
inflammatory cell infiltration, lung parenchyma, and alveolar wall thickness of mouse lung tissue.
(C) Effect of NAR on the content of MPO in lung tissue detected by ELISA. Scale bar: 100 µm (100×),
20 µm (400×). (Different lowercase letters indicate statistically significant differences between groups
p < 0.05, while the same lowercase letters indicate no significant differences between groups p > 0.05).

2.3. NAR Exerts Anti-Inflammatory Effects by Inhibiting the NLRP3 Inflammasome Signalling
Pathway in the Lungs

NLRP3 inflammasomes are considered to be closely associated with lung inflammation.
After an NLRP3 inflammasome is activated, the matured Caspase-1 lead cleaves Gasder-
minD (GSDMD), leading to cellular pyroptosis. We examined the expression of essential
proteins involved in the NLRP3 inflammasome signalling pathway using Western blotting.
The results showed that the phosphorylation level of the P65 protein increased after APP
infection, and the expression of NLRP3, Caspase-1, GSDMD, and IL-18 proteins was also
significantly elevated (p < 0.05). However, administration of NAR effectively inhibited the
expression of p-P65, NLRP3, Caspase-1, GSDMD, and IL-18 proteins (Figure 3A). Gene
expression analysis also confirmed that NAR could reduce the gene expression of NLRP3,
Caspase-1, and GSDMD (Figure 3B). Furthermore, ELISA assay results demonstrated that
the protein expression of IL-1β and IL-18 significantly increased after APP stimulation,
but decreased after NAR administration (Figure 3C). These findings suggest that NAR
provides anti-inflammatory effects by preventing the overactivation of crucial proteins in
the NLRP3 inflammasome signalling pathway induced by APP in vivo.

2.4. NAR Inhibits the First Signalling of NLRP3 Inflammasome Activation in PAMs

It is reported that activating the NF-κB signalling pathway is necessary to activate the
NLRP3 inflammasome. Specifically, the nuclear translocation of NF-κBP65 plays a crucial
role in regulating gene transcription and promoting the release of inflammatory factors such
as TNF-α and IL-6 (Figure 4A). In this study, we observed that the expression levels of these
inflammatory factors (TNF-α and IL-6) were significantly (p < 0.05) higher in PAMs caused
by APP, but decreased after NAR intervention. The results were consistent at both the
genetic and protein levels (Figure 4A,B). Furthermore, we analysed the protein levels of P65
in the nucleus and cytoplasm, respectively, and found that the levels of P65 in the nucleus
were significantly increased after APP infection, but decreased after NAR intervention.
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Meanwhile, the protein levels of P65 in the cytoplasm were significantly decreased after
APP infection and rebounded after NAR intervention. This result suggests that NAR
could inhibit the entry of P65 into the nucleus and maintain normal levels of P65 in the
cytoplasm (Figure 4C). Immunofluorescence results also supported that the expression of
P65 decreased in the cytoplasm and increased in the nucleus after APP infection, which
suggests that the NF-κB signalling pathway is over-activated. After NAR treatment, the
amount of P65 in the nucleus was significantly reduced (p < 0.05) (Figure 4D). Overall, our
results indicate that NAR exhibits anti-inflammatory effects by inhibiting the entry of P65
into the nucleus, reducing the activation of the first signal of NLRP3 inflammasomes.
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Figure 3. Effect of NAR on APP-induced NLRP3 inflammasome activation in mice lung tissue.
(A) Effect of NAR on the expression of essential proteins in the NLRP3 inflammasome signalling
pathway in lung tissue after APP infection. (B) Effect of NAR on the expression of critical genes in
the NLRP3 inflammasome signalling pathway in lungs after APP infection. (C) Effect of NAR on the
expression of IL-18 and IL-1β proteins in lung tissues, shown by ELISA assay. (Different lowercase
letters indicate statistically significant differences between groups p < 0.05, while the same lowercase
letters indicate no significant differences between groups p > 0.05).

2.5. NAR Exerts Anti-Inflammatory Effects by Inhibiting the NLRP3 Inflammasome Signalling
Pathway in PAMs

We observed a significant increase in the expression of NLRP3 and Caspase-1 in PAMs
after APP infection. However, after NAR introduction, a notable reduction in the expression
of NLRP3 and Caspase-1 was observed (Figure 5A,B). Meanwhile, NAR was also found
to significantly reduce the gene expression of inflammatory cytokines IL-1β and IL-18,
which are closely related to the NLRP3 inflammasome. We also examined the key factor
GSDMD, which is closely related to cellular pyroptosis, and whose cleavage at the Asp-275
site triggers cellular pyroptosis. The results indicate that the protein and gene expression
levels of GSDMD were higher after APP stimulation compared to the control group, and
the protein expression of FL-GSDMD (275) also significantly increased (p < 0.05). However,
the expression of these factors was inhibited considerably after NAR treatment (Figure 5B).
Additionally, the protein expression levels of IL-18 and IL-1β in the cell supernatant
increased significantly during infection, but decreased after NAR intervention in a dose-
dependent manner (Figure 5A–C). These results indicate that NAR effectively inhibits the
expression of essential proteins and genes in the NLRP3 signalling pathway induced by
APP infection, reduces the cleavage of GSDMD by Caspase-1, decreases cellular pyroptosis,
and exerts anti-inflammatory effects.
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Figure 4. Effect of NAR on APP-induced nuclear translocation of P65 protein in PAMs. (A) Effect of
NAR on relative mRNA expression of TNF-α and IL-6 in APP infection-induced PAM cells. (B) ELISA
detection of TNF-α and IL-6 in PAM cells. (C) Effect of NAR intervention on APP-induced P65 protein
nuclear translocation. (D) Confocal microscopy shows that NAR can reduce the nuclear load of P65 in
APP-induced PAM cells. Note: Green fluorescence represents P65, blue fluorescence represents DAPI.
Scale bar indicates 4 and 20 µm. (Different lowercase letters indicate statistically significant differences
between groups p < 0.05, while the same lowercase letters indicate no significant differences between
groups p > 0.05).
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Figure 5. Effect of NAR on the APP-induced NLRP3 inflammasome signalling pathway in PAMs.
(A) Effect of NAR on the expression of critical genes of the NLRP3 inflammatory vesicle signalling
pathway in PAMs. (B) Effect of NAR on the expression of essential proteins of the NLRP3 inflamma-
some in PAMs. (C) Effect of NAR on the expression of IL-18 and IL-1β proteins in PAMs. (Different
lowercase letters indicate statistically significant differences between groups p < 0.05, while the same
lowercase letters indicate no significant differences between groups p > 0.05).

2.6. NAR Exerts Anti-Inflammatory Effects by Interfering with the Assembly of NLRP3
Inflammasome Complex Proteins

In this study, we investigated the impact of NAR on the activation of the NLRP3
inflammasome’s initiating factors. Since ASC plays a crucial role in activating NLRP3
inflammasome complex proteins, we probed the level of oligomerization of the ASC protein.
Our findings revealed that after APP stimulation, the level of ASC aggregation increased in
PAMs compared to the control group, and the oligomerization level of ASC was significantly
reduced (p < 0.05) to some extent after NAR intervention (Figure 6A). To further understand
the assembly of NLRP3 inflammasome complex proteins, we used the immunoprecipitation
technique (Co-IP) to explore the interactions between receptor protein NLRP3, effector protein
Caspase-1, and junction protein ASC. The results showed that APP stimulation increased the
amount that NLRP3 and Caspase-1 proteins interacted with ASC, indicating an improved
assembly of NLRP3 inflammasome complex proteins. However, NAR intervention down-
regulated the protein expression of NLRP3, as well as Caspase-1’s interaction with ASC,
suggesting that NAR inhibited the assembly of NLRP3 inflammasome complex proteins
(Figure 6B). Additionally, intracellular potassium (K+) efflux also triggers the activation of
the NLRP3 inflammasome’s second signalling pathway. Through turbidimetric assay, we
measured the intracellular K+ content, and the results showed that the model group had
significantly reduced K+ content compared to the control group (p < 0.05). However, the cells
treated with NAR showed a dose-dependent increase in intracellular K+ content, indicating
that NAR could significantly inhibit APP-induced intracellular K+ efflux and subsequently
inhibit the activation of the NLRP3 inflammasome (Figure 6C).
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Figure 6. Effect of NAR on assembly of NLRP3 inflammasome complex proteins in PAMs induced
by APP. (A) Effect of NAR on the level of ASC oligomerization in APP-induced PAMs. (B) Effect
of NAR on the assembly of complex proteins of the NLRP3 inflammasome in APP-induced PAM
cells. (C) Effect of NAR on intracellular K+ efflux. (Different lowercase letters indicate statistically
significant differences between groups p < 0.05, while the same lowercase letters indicate no significant
differences between groups p > 0.05).

3. Discussion

Frequent international trade introductions have resulted in the continued spread of
APP worldwide and the severe blow it has inflicted on the pig economy. The effectiveness
of antibiotic and vaccine prophylaxis is greatly hampered by antibiotic resistance and poor
cross-immunity between serotypes [23]. In recent years, many natural drugs have been
found to possess anti-inflammatory properties. Therefore, we hope that the addition of
natural plant drugs to diets will reduce the inflammatory damage caused by pathogens to
the tissues of the organism, thus reducing the use of antibiotics and indirectly lowering
the risk of bacterial resistance, which is ultimately conducive to healthy farming and food
safety. NAR is an active flavonoid that is not only found in the peel of citrus fruits, but
also widely found in grapefruit, tomatoes, cherries, and other plants. It has the advantages
of being easy to extract, widely available, inexpensive, and safe to use [23]. Studies have
proved that NAR has a good repairing effect on respiratory inflammatory injury, which
can significantly reduce sputum secretion and inflammatory infiltration in the lungs, and
also decrease goblet cell proliferation and mucus secretion [24]. Therefore, we investigated
the protective effect of NAR on APP-induced lung inflammatory injury, which provides a
theoretical basis for developing natural drugs for treating PCP. The results of this study
showed that NAR was able to improve APP-induced symptoms such as loss of weight
and appetite, alleviate lung tissue lesions in mice, and significantly reduce inflammatory
cell infiltration, lung parenchymatous, and alveolar thickening in lung tissues. Through
further analysis, we discovered that the mechanisms of these actions may inhibit the over-
activation of the NF-κB/NLRP3 inflammasome signalling pathway, thereby exerting its
effect on alleviating the inflammatory injury of the lungs.

The pathogenesis of APP is mainly through the secretion of multiple virulence factors
that enter the lungs from the respiratory tract [20,25], adhere to and deposit in the alveolar
epithelium, and persistently stimulate PAMs, which form an essential immune barrier in
the lungs’ cell surface. Intracellular pattern recognition receptors (PRRs) activate pathogen-
associated molecular patterns (PAMPs) by recognizing virulence factors, or activate damage-
associated molecular patterns (DAMPs), and phosphorylate Toll-like receptors (TLRs)
through the TLR4 signalling pathway; this subsequently activates the NF-κB/MAKE/AP-1
pathway, promotes the transcription of NLRP3, proIL-1β, and proIL-18, and regulates the
intensity of the natural immune response [26]. When intense stimuli and inflammatory
responses persist, the dynamic immune balance is disrupted. The early production of
pro-inflammatory factors further promotes the release of cytokines, such as macrophage
inflammatory protein 1α (MIP-1α), macrophage inflammatory protein 1β (MIP-1β), IL-6,
IL-8, IL-12, etc., leading to a series of cytokine cascade responses that promote NEs to accu-
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mulate in large numbers in the alveoli, causing an inflammatory storm [18], and at the same
time inducing platelets to agglutinate in the lung tissues, causing capillary rupture, leading
to cell necrosis [27] and tissue damage [28]. We found that NAR significantly reduced the
number of NEs in BALF of APP mice, inhibited the secretion of pro-inflammatory factors
TNF-α and IL-6, reduced APP-induced lung congestion and necrosis, and reduced inflam-
matory cell infiltration, lung parenchyma, and alveolar thickening, which significantly
ameliorated the inflammatory injury of the lungs induced by APP.

The activation of the classical NLRP3 inflammasome requires two crucial signals:
signal 1 is the transcription of inflammatory cytokines, which involves the activation of
the NF-κB signalling pathway, thus activating the transcription of inflammatory cytokines
such as NLRP3, pro-Caspase-1, and pro-IL-1β [29], while signal 2 is the binding of NLRP3
and Caspase-1 to ASC to form NLRP3 inflammasome [30]. The LRR structural domain
of NLRP3 is usually in a state of autoinhibition; its protein spatial structure will change
after stimulation, and the NACHT structural domain of NLRP3 will mediate its own
oligomerization, recruiting ASC through the PYD structural domain and then recruiting
pro-Caspase-1 to form an inflammasome through the CARD structural domain of ASC
proteins, and the activated Caspase-1 not only cleaves and activates pro-IL-1β and pro-IL-
18 precursor proteins into mature forms of IL-1β and IL-18, but also cleaves Gasdermin
D, which plays a vital role in cellular pyroptosis [19] in our study. We found that NAR
reduced the nuclear translocation of NF-κB P65 and IL-6, as well as the TNF-α expression
induced by APP, thereby inhibiting NLRP3 inflammasome’s first signalling activation.
Immediately after that, we explored the effect of NAR on the second signalling of NLRP3.
As oligomerization of ASC is a critical step in the activation of the second signalling of
NLRP3 inflammasome, the assay results revealed that NAR was able to reduce the level of
ASC oligomerization dose-dependently, and also inhibit the protein interactions between
NLRP3, Caspase-1, and ASC, thus inhibiting the NLRP3 inflammasome complex protein
assembly. Meanwhile, NAR reduced the expression of IL-18, IL-1β, NLRP3, Caspase-1, and
GSDMD at the gene level, as well as NLRP3, Caspase-1, IL-18, GSDMD, and FL-GSDMD
(275) at the protein level, suggesting that NAR could play an essential role in inhibiting the
NF-κB/NLRP3 signalling pathway’s activation and also inhibit the NLRP3 inflammasome
complex protein, thus exerting an inhibitory effect on the inflammatory response. Since
intracellular K+ efflux could enhance the assembly of NLRP3 proteins and activate the
NLRP3 inflammasome, the results suggest that NAR could reduce APP-induced K+ efflux
and avoid exacerbating inflammatory responses.

In summary, NAR was able to alleviate pathological damage in mouse lung tissue due
to APP-induced injury; reduce the content of NEs in BALF; and decrease the expression
of crucial proteins and genes in the NLRP3 inflammasome signalling pathway in lung
tissue. Meanwhile, in the APP-induced PAMs inflammatory cell model, NAR was able to
not only reduce the nuclear translocation of the NF-κB P65 protein and thereby inhibit the
NLRP3 first signal activation, but also inhibit the oligomerization of ASC protein, as well as
reduce the protein interactions between NLRP3, Caspase-1, and ASC, thereby interfering
with the assembly of the NLRP3 inflammasome complex protein. Further, NAR treatment
could lessen the intracellular K+ efflux from the PAMs, thus exerting anti-inflammatory
effects. It was shown that NAR ameliorates inflammatory injury in the lungs caused by
APP induction by inhibiting the NF-κB/NLRP3 signalling pathway (Figure 7).
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Figure 7. Effect of NAR on APP-induced activation of the NLRP3 inflammasome signalling pathway.
The activation of the NLRP3 inflammasome is a dual-signalling activation mechanism. Firstly, APP
enters the organism and activates NF-κB via pathogen-associated molecular patterns (PAMPs) or
damage-associated molecular patterns (DAMPs). This prompts the entry of the P65 subunit into the
nucleus for transcription, thereby promoting the transcription and release of inflammatory factors
such as NLRP3, pro-Caspase-1, pro-IL-1β, and other inflammatory cytokines. Transcription and
release is the preparatory stage of NLRP3 inflammatory vesicle activation. The second signal is stim-
ulated by APP, K+ efflux, or other factors, which activates the assembly of the NLRP3 inflammasome
and, in turn, elicits pro-Caspase-1 to form activated Caspase-1. The activated Caspase-1 can cause
cellular death by cleaving Gasdermin D and can activate the NLRP3–ASC–Caspase-1 pathway to
increase the maturation and release of IL-1β and IL-18. It was found that NAR could alleviate the
APP-induced inflammatory response by inhibiting the dual signalling activation mechanism of the
NLRP3 inflammasome.

4. Materials and Methods
4.1. Chemicals and Reagents

NAR was purchased from Sigma Aldrich Chemical (St. Louis, MO, USA. HPLC≥ 98%,
chemical formula C27H32O14, molecular weight 580.54, CAS No. 10236-47-2); 1640 medium
(Gibco, Grand Island, NY, USA) and trypsin were purchased from JS Biosciences Co., Ltd.
(Lanzhou, Gansu Province, China); foetal bovine serum (FBS) and penicillin–streptomycin
antibiotics were purchased from Thermo Fisher Scientific (Waltham, MA, USA); nuclear
protein extraction kit was purchased from Solarbio Science & Technology Co., Ltd. (Beijing,
China); ELISA kits for IL-6, TNF-α, IL-1β, and IL-18 were purchased from Jianglai Industry
Co., Ltd. (Beijing, China); RNA extraction kit, TRIzol® Reagent RT-PCR kit, and SYBR®

green PCR master mix were purchased from TaKaRa (Tokyo, Japan); NLRP3, Caspase-1,
pro-Caspase-1, ASC, NF-κB P65, p-P65, IL-18, GAPDH, Lamin B, HRP-conjugated goat anti-
rabbit IgG, HRP-conjugated goat anti-mouse primary IgG, and Alexa Flour 488-labelled
anti-mouse IgG were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA);
bovine serum albumin (BSA) and ECL assay kits were obtained from Thermo Fisher
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Scientific (Waltham, MA, USA); bovine serum albumin (BSA) and ECL assay kits were
provided by Thermo Fisher Scientific (Waltham, MA, USA); and McConkay’s medium was
purchased from Sigma–Aldrich (Merk, Darmstadt, Germany).

4.2. Bacteria, Cellular Inflammation Models, and NAR Treatment

Actinobacillus pleuropneumoniae (APP) isolated from swine farms and verified through
Blast sequencing was conserved in our laboratory and resuscitated in TSA medium (addi-
tionally supplemented with 5% foetal bovine serum and 1% NAD) at 37 ◦C. PAMs were
purchased from Procell Life Science & Technology Co., Ltd. (Wuhan, China), then cul-
tured in 1640 medium, containing 1% penicillin–streptomycin and 10% FBS, at 37 ◦C in a
humidified atmosphere containing 5% CO2. After the cell fusion reached about 70–80%,
they were digested with trypsin and passaged for culture. The cells were pretreated with
NAR (10 µg/mL, 20 µg/mL, 30 µg/mL, and 40 µg/mL) for 12 h, then stimulated with APP
bacterial solution (1 × 107 CFU/mL) for 1 h. After removing the bacterial solution, the cells
were cultured as usual for 12 h and collected for Western blotting and RT-PCR assays, and
the supernatant was collected for ELISA tests.

4.3. Establishment of Animal Model and Treatment with NAR

Sixty Kunming mice (18–22 g) were provided by the Lanzhou Veterinary Institute of
CAAS (License No. SCXK Gansu 2023–016). Animal welfare statement: institutional ethical
and animal care guidelines were observed, and all experimental processes were conducted
according to the China Guide for the Care and Use of Laboratory Animals (protocol number:
IACUC-157031). The mice were randomly divided into five groups, namely the control
group (gavage with water), the model group (gavage with water + 108 CFU/mL APP
infection), the naringin low-dose group (gavage with 20 mg/kg NAR + 108 CFU/mL
APP infection), the naringin medium-dose group (gavage with 40 mg/kg + 108 CFU/mL
APP infection), and the naringin high-dose group (gavage with 80 mg/kg + 108 CFU/mL
APP infection) (n = 12). The drugs were administered by gavage continuously for eight d.
Saline was given to the control and model groups. On day 7, the mice were anaesthetized
through intraperitoneal injection of sodium pentobarbital (50 mg/kg b.w.) and infected
through tracheal intubation with mice from the model group and the administered group
(100 µL/each mouse, APP bacterial concentration of 1 × 108 CFU/mL), while the control
group was injected with an equal volume of sterile saline. The daily number of deaths,
body weight, and feed intake of the animals were recorded. The mice in each group were
anesthetized and executed 48 h after successful modelling, and different samples were
taken using the following steps.

4.4. Bronchoalveolar Lavage Fluid (BALF) Preparation and Analysis

Three mice were randomly picked from each group and fixed on the dissection table
in the supine position. The skin, subcutaneous tissue, and muscular layer were cleaned
and sequentially incised about 5 mm above the sternal pedicle, the lungs were exposed,
and the right lobe of the lung was ligated. The trachea was carefully cut into with an
oblique incision. The tracheal tube was introduced and placed 10–15 mm above the tracheal
eminence and then tied with a fine thread. The lungs were rinsed with pre-cooled PBS
(refrigerated at 4 ◦C in advance) and rinsed three times, 0.5 mL each time, for about 1.2 mL
of irrigating fluid (80% recovery rate). The BALF was then stained with Swiss-Giemsa
reagent solution, and the total cell and neutrophil counts were calculated using a blood cell
counter. Then, the BALF was centrifuged at 4 ◦C, 5000× g for 10 min, and the supernatant
was taken to detect the concentration of C-reactive protein (CRP).

4.5. Histopathologic Examination

Fresh mouse lung tissues were fixed in 4% paraformaldehyde for 3 d, dehydrated,
and embedded in paraffin wax. The wax blocks were cut into 5 µm thick sections with a
microtome, stained with haematoxylin–eosin (H&E), and finally sealed with neutral gum.
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The sections were placed under a microscope (DM 4000B, Leica, Wetzlar, Germany) to
observe the mouse lung tissue. The extent of lung injury and inflammatory cell infiltration
was analysed using ImageJ software.

4.6. Quantitative Real-Time PCR Analysis

Total RNA was isolated from cells or lung tissues using TRIzol reagent (15596026,
Invitrogen Life Technologies, Carlsbad, CA, USA), RNA was reverse transcribed into
cDNA according to the PrimeScript RT Reverse Transcription Kit (RR047Q, Takara, Dalian,
China), and mRNA expression was quantified using the Applied Biosystems Real-Time
Fluorescence Quantitative PCR System and the SYBR premix Ex Taq II (R075A, Takara,
Dalian, China). Quantification results were calculated using the 2®−∆∆Ct method compared
to β-actin as the reference mRNA (Table 1).

Table 1. Primer sequences of the target genes.

Target Sequence (5′-3′) Gene Bank Accession No.

IL-1β 5′-GCAGGCAGTATCACTCATTGT-3′

5′-GGCTTTTTTGTTGTTCATCTC-3′ LT727274.1

IL-6 5′-CTGCAGTCACAGAACGAGTG-3′

5′-GACGGCATCAATCTCAGGTG-3′ XM_047753916.1

TNF-α 5′-AAGGGAGAGTGGTCAGGTTGC-3′

5′-CAGAGGTTCAGTGATGTAGCG-3′ NM_001278601.1

IL-10 5′-GCTCCTAGAGCTGCGGACTGC-3′

5′-TGCTTCTCTGCCTGGGGCATCA-3′ XM_021175612.1

IL-18 5′-GCTTGAATCTAAATTATCAGT-3′

5′-GAAGATTCAAATTGCATCTTAT-3′ EF444989.1

NLRP3 5′-AGACCTCCAAGACCACTAC-3′

5′-ACATAGCAGCGAAGAACTC-3′ XR_004607107.1

Caspase-1 5′-TGCCCAGAGCACAAGACTTC-3′

5′-TCCTTGTTTCTCTCCACGGC-3′ XM_032910338.1

β-actin 5′-GGTCACCAGGGCTGCTTT-3′

5′-ACTGTGCCGTTGACCTTGC-3′ OY781925.1

4.7. Western Blotting Analysis

Collected lung tissues or cells were lysed with lysate supplemented with PMSF, and
then centrifuged at 4 ◦C for 10 min at 15,000× g. The supernatant was collected as pro-
tein extracts, and the concentration of protein samples was measured according to the
bicinchoninic acid assay (BCA). Equal protein samples were separated using 8–12% SDS-
PAGE and then electrotransferred into a nitrocellulose membrane (Millipore, Billerica, MA,
USA). The membranes were immersed in 5% skimmed milk powder and enclosed at room
temperature for 1 h. The membranes were incubated with NLRP3 (1:1000), Caspase-1
(1:1000), pro-Caspase-1 (1:1000), ASC (1:1000), NF-κB P65 (1:1000), NF-κB p-P65 (1:1000),
FL- GSDMD (275) (1:1000), GSDMD (1:1000), and IL-18 (1:1000). Then HRP-coupled goat
anti-mouse IgG secondary antibody (1:5000) or HRP-coupled goat anti-rabbit IgG sec-
ondary antibody (1:5000) was added and incubated at 37 ◦C for 1 h. The luminescent
solution was configured by mixing WesternBright Sirius HRP substrate’s solution A and
solution B in a ratio of 1:1. The moisture on the surface of the membrane was sucked
off with filter paper, and the luminescent solution was added dropwise. Ultimately, the
membranes were visualized with the chemiluminescence detection kit and examined with
a Biosciences Imager. GAPDH or Lamin-B served as the internal control normalized against
the overall proteins. Further, the phosphorylated proteins were normalized against their
respective total proteins.

4.8. ELISA Test

(1) The collected lung tissues from different groups of mice were removed, about
1 g was placed in 800 µL of pre-cooled TRIzol reagent, and an appropriate amount of
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zirconium oxide beads were added to homogenize the tissue in a tissue homogenizer. After
centrifugation for 10 min at 4 ◦C, 3000 r/min, the supernatant was collected. The levels of
TNF-α, IL-1β, IL-18, IL-6, and MPO were determined by referring to the instructions of the
mouse ELISA kit.

(2) Cytokine assay: The collected cell supernatant was kept on ice and immediately
added to the enzyme wells according to the instructions, and the absorbance value was
read at 450 nm on the enzyme labeller (Hong Kong Genetics Limited, Hong Kong, China).
The detailed steps were the same as above.

4.9. Immunofluorescence Staining

PAMs were placed on coverslips in 24-well plates and left to fuse to 70% for subsequent
experiments. After treatment, the cells were treated with NAR for 1 h before APP infection
and collected 30 min after APP infection for subsequent experiments. To the cell culture
plate, 1 mL of 4% paraformaldehyde was added for fixation, 0.03% Triton X-100 was
permeabilised for 20 min at room temperature, and 5% BSA was bound for 30 min at room
temperature, after which the binding solution was discarded. The cells were then incubated
overnight with P65 primary antibody (1:100) at 4 ◦C. After washing three times with
PBS, the cells were incubated with Alexa Fluor 488 coupled to goat anti-mouse secondary
antibody (1:1000) at room temperature for 1 h. Before the end of the incubation, 1 µg/mL
of blue fluorescent DAPI dye was added to the plate and incubated for 10 min to stain the
nuclear DNA of the cells. Using an IF laser scanning confocal microscope (German Zeiss
Z800), the cells were observed at 488 nm (green) and 405 nm (blue) excitation wavelengths
for cell fluorescence images.

4.10. Co-Immunoprecipitation

Cells were lysed with RIPA lysis buffer, and 50% proteinA/G-agarose working solution
was prepared using PBS; 50% proteinA/G-agarose working solution was added to the
samples at the rate of 100 µL proteinA agarose beads per 1 mL, and the samples were
shaken for 10 min at 4 ◦C on a horizontal shaker to remove the non-specifically bound
proteins. Specifically bound proteins were centrifuged at 4 ◦C, 14,000× g for 15 min, and
the supernatant was transferred to a new centrifuge tube to remove proteinA/G-agarose
microspheres; after measuring the concentration of the protein samples using a BCA, a
particular volume of primary antibody was added. The antigen–antibody mixture was
shaken slowly with a shaker, and the model was incubated at 4 ◦C overnight; the precipitate
was collected through centrifugation at 14,000× g rpm and washed three times with pre-
cooled PBS; the supernatant was collected, and protein denaturation was carried out by
adding PAS and Protein Sample Loading Buffer (Denaturing, Reducing, 5×) in a metal
bath at 100 ◦C for 10 min. The supernatant was collected and subjected to SDS-PAGE.

4.11. Statistical Analysis

The results were analysed using various statistical tests in GraphPad Prism version 9
(GraphPad Software, San Diego, CA, USA). All the data were statistically analysed through
one-way ANOVA using IBM SPSS 27 (SPSS Inc., Chicago, IL, USA). Values were expressed as
mean ± SEM. Differences between groups in body-related parameters were analysed using a
one-way analysis of variance (ANOVA) and Tukey’s post hoc test. For all tests, a probability
value (p) of less than 0.05 (p < 0.05) was considered statistically significant. Different lowercase
letters on the error bars indicate statistically significant differences (p < 0.05).

5. Conclusions

In short, this study has revealed that NAR has the potential to alleviate the inflam-
matory response caused by APP by inhibiting the activation mechanism of the NLRP3
inflammasome. It also provides a theoretical basis for the use of NAR as an animal feed ad-
ditive in the future. Thus, we can fully use the “vaccine-antibiotic-natural drug” triangular
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defence system to prevent and control lung bacterial infections in pig farms and promote
healthy breeding and a safe food supply.
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Abstract: In this paper, the in vivo behavior of orthopedic implants covered with thin films obtained
by matrix-assisted pulsed laser evaporation and containing bioactive glass, a polymer, and natural
plant extract was evaluated. In vivo testing was performed by carrying out a study on guinea pigs
who had coated metallic screws inserted in them and also controls, following the regulations of
European laws regarding the use of animals in scientific studies. After 26 weeks from implantation,
the guinea pigs were subjected to X-ray analyses to observe the evolution of osteointegration over
time; the guinea pigs’ blood was collected for the detection of enzymatic activity and to measure
values for urea, creatinine, blood glucose, alkaline phosphatase, pancreatic amylase, total protein, and
glutamate pyruvate transaminase to see the extent to which the body was affected by the introduction
of the implant. Moreover, a histopathological assessment of the following vital organs was carried
out: heart, brain, liver, and spleen. We also assessed implanted bone with adjacent tissue. Our studies
did not find significant variations in biochemical and histological results compared to the control
group or significant adverse effects caused by the implant coating in terms of tissue compatibility,
inflammatory reactions, and systemic effects.

Keywords: in vivo study; plant extract; orthopedic implant

1. Introduction

Orthopedic implants play a crucial role in the field of medical science by providing
support and restoring functionality to damaged or diseased bones and joints. To improve
the success and longevity of these implants, researchers have been exploring the use of
thin films from various materials or combinations of materials as coatings on implant
surfaces [1–6]. Thin films offer a range of benefits, including enhanced biocompatibility [7],
improved osseointegration [8], reduced infection rates [9], and controlled drug release [10].
Most modern approaches in this field involve the use of films containing plant extracts for
implant covering; this is an area of research that explores the potential benefits of incor-
porating natural compounds into thin-film coatings [11–14]. Plant extracts contain a wide
range of bioactive compounds, such as polyphenols, flavonoids, terpenoids, and alkaloids,
which have shown various beneficial properties, including antioxidant, antimicrobial, anti-
inflammatory, and osteogenic activities. These compounds have the potential to enhance
the performance of orthopedic implants when incorporated into thin-film coatings.

Researchers have been exploring various plant extracts and their incorporation into
thin-film coatings for orthopedic implants. Commonly used plant extracts include green tea
extract [15], curcumin (from turmeric) [16], aloe vera [17], chamomile, and ginkgo biloba,
among others. These extracts have shown promising results in enhancing biocompatibility,
antimicrobial activity, and tissue regeneration in preclinical studies.

The fabrication techniques for incorporating plant extracts into thin films can vary,
including methods such as electrospinning, layer-by-layer assembly, and physical vapor
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deposition. The choice of technique depends on the specific properties of the plant extract,
the desired film characteristics, and the intended application.

While the use of plant extract-containing films for implant covering is still an active
area of research, it shows potential for improving the performance of orthopedic implants
by harnessing the natural properties of these plant-derived compounds.

Our team has proposed and implemented a thin double-layered structure fabricated
by matrix-assisted pulsed laser evaporation (MAPLE) to cover a metallic implant [18].
The synthesized nanostructure consists of two overlapping layers: the lower layer com-
prises a biocompatible polymer for anticorrosive protection, and the upper one consists of
bioactive glass incorporating antimicrobial plant extract, acting as a drug delivery system.
Morphology, composition, adherence, ability for drug delivery, and biological properties
(cytotoxicity and antimicrobial effect) were studied and validated by in vitro tests. The
structures proved compact and stable, conserving a remarkable drug delivery ability for
more than 21 days, i.e., enough to ensure long-term microbe eradication.

The bioactive compounds from plant extracts promote cell adhesion, proliferation,
and differentiation, thereby enhancing tissue integration and reducing the risk of implant
rejection. Plant extracts possess natural antimicrobial properties, making them effective in
preventing bacterial colonization and reducing the risk of implant-associated infections.
By incorporating plant extracts with antimicrobial activity into thin-film coatings, the
films can create a protective barrier against bacteria, enhancing the long-term success of
orthopedic implants.

Inflammation is a common response after implantation, which can hinder proper
healing and the integration of the implant. Certain plant extracts have demonstrated
anti-inflammatory properties by modulating inflammatory pathways and reducing inflam-
matory markers [19,20]. Thin-film coatings containing these extracts can help minimize
inflammation at the implant site and promote better healing. Also, plant extracts have been
found to stimulate bone formation and enhance osteogenic activity. When incorporated into
thin-film coatings, these extracts can promote osseointegration, leading to improvements
in the stability and longevity of orthopedic implants [21–23]. This work describes the final
validation of a structure deposited over implants by in vivo tests, which are crucial. The
study was conducted according to the international standards [24].

These types of tests involve the evaluation of implant performance and biocompat-
ibility in living organisms, typically animal models. First, in vivo tests provide valuable
information about the biocompatibility of thin-film coatings. They help determine the
tissue response, inflammatory reactions, and the body’s acceptance of the implant with
the coating. These tests are essential to ensure that the coating does not cause adverse
reactions such as inflammation, infection, or immune responses. At the same time, in vivo
studies assess the integration of the implant with the surrounding tissues [25]. They help to
determine the degree of osseointegration, which is the direct structural and functional con-
nection between the implant and the bone. In vivo tests provide insights into the strength
and stability of the implant-coating system and its long-term performance. Moreover,
in vivo testing allows for the evaluation of the functional performance of the implant with
thin-film coating. This can include assessing the range of motion, load-bearing capacity,
and biomechanical properties. Such evaluations provide valuable data on the ability of the
coating to support normal physiological function.

In our work, some blood was used immediately after harvesting to quantify urea,
creatinine, glycemia, alkaline phosphatase, pancreatic amylase, total serum protein, and
glutamate pyruvate transaminase (TGP) to analyze how the body was affected by implant
insertion. Also, enzyme activity was evaluated by measuring superoxide dismutase,
catalase, and glutathione peroxidase.

Urea is the main nitrogenous final product of the metabolism of amino acids [26],
originating from the splitting of proteins in the stomach and intestine under the action
of proteolytic enzymes and their absorption through the intestinal wall [27]. The main
seat of urea formation is the liver, but growing tissue (for example, embryonic or tumor
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tissue) also has the ability to form urea from arginine. Most of the urea is eliminated by
glomerular filtration; 40–60% is redistributed in the blood depending on the tubular flow
and the antidiuretic hormone.

Urea in blood and urine varies in direct proportion to the protein diet and is inversely
proportional to cellular anabolism during growth, pregnancy, and convalescence [28].
Serum urea is primarily used as a measure of renal or metabolic dysfunction, but it also
provides important information about liver function and dietary protein intake [29].

Creatinine is creatine anhydride (methylguanidylacetic acid) and represents its elimi-
nation form; it is formed in the muscle tissue. Creatine is synthesized in the liver, and after
its release, it is taken up by the muscles in a percentage of 98.6%, where phosphorylation
takes place, with this form having an important role in storing muscle energy [30]. When
this muscle energy is required for the needs of metabolic processes, phosphocreatine is split
to creatinine. The amount of creatine converted into creatinine is maintained at a constant
level, which is directly related to the body’s muscle tissue mass.

The main utility of serum creatinine determination is the diagnosis of renal failure [31].
The disturbance of renal function reduces creatinine excretion, causing an increase in serum
creatinine. Thus, creatinine concentrations provide an approximation of the glomerular
filtration rate.

Amylase is an enzyme produced in the pancreas and salivary glands that hydrolyzes
starch, glycogen, and related polysaccharides to simple sugars. Amylase is also secreted
by the lining of the small intestine, ovaries, placenta, and fallopian tubes [32]. Pancreatic
amylase is more thermally labile than salivary amylase, has tissue specificity, and is secreted
by acinar cells. The dosage of pancreatic amylase gives indications about how the pancreas
works, with the values obtained being important for establishing a diagnosis. Pancreatic
amylase is generally the screening test for the diagnosis of acute pancreatitis, with its values
increasing 4–6 times above the reference limit [33].

Proteins have a vital role in the normal functioning of the body; therefore, a test that
determines total serum proteins is usually included in the list of investigations carried out
periodically as a screening method. More than 300 proteins are found in plasma. The test
that analyzes the level of total proteins does not count them but determines whether we
have enough for our body to function normally. A protein level that is too high or too
low can lead to weight loss, fatigue, and inflammatory diseases [34]. The determination of
total serum proteins can help diagnose liver and kidney diseases, among others. Proteins
are found as a component in enzymes, enzyme inhibitors, clotting factors, antibodies, and
transporter proteins. Proteins play the most important role in maintaining osmotic pressure.

Establishing the level of total serum proteins [35] helps in the investigation of ede-
matous syndromes, the diagnosis of conditions accompanied by hypercatabolism such as
hyperthyroidism, inflammations, neoplasias, chronic diseases, screening for the detection
of gammopathy.

Alkaline phosphatase is an enzyme that belongs to the class of hydrolases and is found
in the liver, digestive system, kidneys, and bones. Bone alkaline phosphatase is produced
in osteoblasts and plays a role in the formation of bone tissue [36]. The laboratory test
measures the activity of enzymes in the body and helps detect liver or bone disorders.

Increased values for alkaline phosphatase indicate the presence of a condition but
cannot show whether the liver or bile ducts are functioning problematically. For this reason,
in most cases, alkaline phosphatase is determined together with other specific analyses. It
can also be used in oncological diagnosis [37], especially for bone tumors, Paget’s disease,
and liver cancers [38].

Low alkaline phosphatase, that is a value below the reference range for the patient’s
age and sex, can be seen in those with familial bone disease (hypophosphatasia), achon-
droplasia, cretinism, malnutrition, vitamin C deficiency, zinc deficiency, and magnesium
deficiency, as well as in women with osteoporosis who have entered menopause [39].

Glutamate pyruvate transaminase is an enzyme found mostly in the liver and, to a
lesser extent, in the kidneys, myocardium, skeletal muscles, and pancreas, with a role in
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enzymatic reactions that use proteins as an energy source [40]. The absolute values of the
enzyme do not correlate directly with the severity of the organ’s suffering, as serial, periodic
determinations of the compound are necessary to monitor the evolution of the disease and
establish a prognosis in patients with this condition. The administration of medication
(acetaminophen) or substances with a liver-toxic effect (e.g., alcohol consumption) represent
other situations in which an increase in TGP values is recorded.

Increases of up to 20–100 times compared to the normal value are specific to acute viral
and toxic drug hepatitis, while multiplication by 2 or 3 of the physiological values occurs
in hepatic steatosis (fatty liver). Liver metastases are accompanied by moderate increases
in TGP, and in the case of a diagnosis of primary hepatoma, the changes are minimal [41].

Decreases in TGP values are found in urinary infections, neoplasia (hepatocellular carci-
noma), and pyridoxal phosphate deficiency (found in malnutrition and alcoholic hepatitis [42].

Superoxide dismutase (SOD) is an enzyme that catalyzes the dismutation of superoxide
(O2•) into hydrogen peroxide (H2O2) and molecular oxygen (O2). Superoxide is a reactive
oxygen species that can be produced in excess in inflammatory and oxidative processes [43].
SOD helps to eliminate superoxide and prevent the formation of other more harmful
reactive oxygen species. This can protect tissues against implant-induced oxidative stress
and promote healing and regeneration processes. SOD is widely distributed in humans,
in all other mammals, and in most chordates. It occurs in high concentrations in the liver,
heart, brain, kidney, and erythrocytes. Some enzymes (such as NADPH oxidase) are used
by human white blood cells to generate superoxide and other reactive oxygen species to kill
bacteria. The amount of SOD present in cellular and extracellular environments is crucial
for the prevention of diseases linked to oxidative stress [44].

Catalase (oxidoreductase, CAT) is an omnipresent antioxidant enzyme that exists in
most aerobic cells. Catalase is involved in the detoxification of hydrogen peroxide (H2O2),
a reactive oxygen species, which is a toxic product of both pathogenic reactive oxygen
species production and normal aerobic metabolism. In human beings, the highest levels
of CAT are in the kidney, liver, and erythrocytes, where it is believed to account for the
majority of H2O2 decomposition [45]. The measurement of catalase activity can provide
information about the ability of the antioxidant system to cope with the stress induced by
orthopedic implants.

Glutathione peroxidase (GPx) is an intracellular antioxidant enzyme that reduces
hydrogen peroxide to water and limits its harmful effects [46]. By limiting hydrogen
peroxide accumulation, GPx also modulates processes that involve it, like mitochondrial
function, growth factor-mediated signal transduction, and the maintenance of normal thiol
redox balance. The regulation and removal of hydrogen peroxide prevents the formation of
the highly reactive and damaging hydroxyl radical, which can be formed by the reaction of
hydrogen peroxide with Fe2+ (Fenton reaction) and may protect against oxidative stress [47].
GPx-1 is an isoform of GPx, one of several cellular enzymes that may modulate overall
redox stress. Decreased GPx-1 activity can promote susceptibility to oxidative stress by
allowing for the accumulation of harmful oxidants, whereas excess GPx-1 may promote
reductive stress, characterized by a lack of essential ROS needed for cellular signaling
processes. Excess oxidants or the loss of essential ROS can lead to diminished cell growth
and promote apoptotic pathways [48].

2. Results and Discussion

Because the processes in the guinea pig body are carried out much faster than in
humans [49], to obtain information on the behavior of the implant and the human body
for a long time after implantation, we analyzed the implant and the body of each guinea
pig at just 26 weeks after implantation. At that moment, the guinea pigs were subjected
to another surgical procedure to remove the implant from the body, and at the same time,
blood and organ harvests were collected from all the animals studied.
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2.1. X-ray Imaging

At 26 weeks after implantation, the guinea pigs were again subjected to X-ray analyses
to observe the evolution of osteointegration over time. Shown below are some radiographs
and the significant details of them (Figure 1). There is good bone implant stability and good
fixation (Figure 1a,b). In the case of a single guinea pig, the implant moves out of the bone
and becomes parallel to the bone, as shown in Figure 1c. This could be due not necesarily
an incorrect implantation but also to the fact that the animal feels a foreign body under
the skin and does its best to remove it. For this reason, the implantations were performed
carefully in areas where guinea pigs cannot reach with their teeth or claws.
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Figure 1. RX images of implants inserted in the humerus of guinea pigs: (a) lot I, (b) lot II, and (c) lot III.

2.2. EDS Analyses on Implants Removed from the Body

The results of the quantitative compositional analysis of stainless steel (OL) implant
coated with BG + neem/PMMA layer (referred to as BGN) are presented in Table 1. In ad-
dition to the components of hydroxyapatite (HA) (i.e., Ca, P, and O), EDS analyses revealed
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the presence of some trace elements (Na, Mg, F) characteristic of the bone mineral phase.
In addition to the above-mentioned elements, which are naturally found in the chemical
composition of healthy bone tissue, other species characteristic of the steel substrate could
also be detected.

Table 1. Chemical compositions in wt% of the coatings obtained by MAPLE.

Sample

Element

Ca P Na Mg C O Al Cr Fe Ni

Concentration (wt. %)

BGN 8.56 6.58 1.9 2.82 16.83 41.7 0.28 3.37 11.59 1.01

The Ca/P molar ratio of the material was ~1.30, indicating, according to FTIR results,
the presence of carbonate apatite [50], which means that consistent osteointegration has
taken place.

2.3. Blood Analyses

The harvested blood was used immediately after collection to measure values for
urea, creatinine, blood glucose, alkaline phosphatase, pancreatic amylase, total protein, and
TGP to see the extent to which the body was affected by the introduction of the implant of
titanium (Ti), stainless steel, or stainless steel coated. The obtained values are presented in
Table 2, also for guinea pigs without implant (WI). That table also contains normal blood
analysis values for guinea pigs from the literature [51].

Table 2. Blood analysis results for study groups.

Analysis Normal Values Lot I
Ti

Lot II
OL

Lot III
BGN

Lot IV
WI

Urea (mmol/L) 2.04–11.28 3.21 3.07 3.13 3.13

Creatinine (µmol/L) 23.90–73.45 59.4 58.67 52.8 61.6

Blood glucose (mmol/L) 4.62–19.55 15.44 12.90 14.74 10.22

Pancreatic amylase (U/L) 726.93–1831.55 1421 1420.33 1479 1707.25

Total protein (g/dL) 5.00–7.09 4.85 4.27 4.25 4.88

Alkaline phosphatase (U/L) 50.80–328.10 42 28 27 41

TGP (U/L) 41.45–165.35 23 22.33 21 22.25

The graphs in Figures 2–6 compare all the values with those measured for the tita-
nium implant because the process for the validation of the in vivo tests requires reporting
related to an implant made from a commonly used and accepted material, with established
characteristics, which, in bone implantology, is titanium.

Figure 2a shows that the process of urea formation and elimination worked properly.
Lower urea values compared to Ti values can suggest a more rapid formation of new bone
tissue, as in vitro tests have demonstrated [18].

Figure 2b does not show an increase in serum creatinine in the case of implantation,
instead showing a slight decrease, which proves the good functioning of the kidneys is not
affected by the introduction or presence of the implant.

From the point of view of blood glucose determination, Figure 3a contains values
obtained for all four groups of study, and we observed a slight increase in all cases with
implants (Ti, OL, or BGN) compared to the cases without implants (WI), a normal reaction
for a stressed body in which a foreign body is introduced.
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Figure 4. Relative variation in total proteins of guinea pig groups versus the group with the Ti implant.
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Figure 5. Relative variation in alkaline phosphatase of guinea pig groups versus the group with the
Ti implant.
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Figure 6. Relative variation in TGP of guinea pig groups versus the group with the Ti implant.

Comparing the Ti and BGN groups, we observed smaller blood glucose values in the
animals with implants coated with BGN because of its plant component, neem, which is
recognized for such an effect [52].

In our experiment, measured values of pancreatic amylase were in the normal range
in both the implanted and not-implanted guinea pigs, which underlined that the pancreas
is not affected by the presence of the implant in the body.

Also, the measured values of total protein are slightly lower than the normal ones,
including those of animals without implants, but very close to each other (Figure 4). This
fact, along with the results of the analyses described below, leads to the hypothesis of
the existence of a lower-protein diet of the animals during the study. Proteins can adsorb
on metal surfaces, and such protein adsorption layers can induce corrosion protection by
blocking the active sites of the surface [53].

Regarding the alkaline phosphatase values obtained for the guinea pigs implanted
with all types of implants, they are smaller than those for the pigs without implants
(Figure 5). This could be related to the fact that bone tissue reconstruction is magnesium-
consuming. Those with the BGN implant demonstrated a bigger rate of bone growth [18],
as determined by in vitro testing, and the relative variation in alkaline phosphatase was
bigger, which shows a good correlation.

Magnesium is a very important component of bone structure, an indispensable com-
ponent for the absorption of calcium from food and its fixation at the bone level [54].
Magnesium stored in bones is not passive but contributes to bone stabilization, growth, and
mineralization. During the bone synthesis process, intensified by the coating of the implant,
the need for magnesium increases, and its consumption leads to increased absorption from
the blood, hence the existing magnesium deficit.

As can be seen in Table 2, the TGP values are not in the normal range; instead, they are
almost half of the minimum normal value for all study groups, which is bad news. Also,
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there are lower alkaline phosphatase and total protein values, all of which suggest that
the nutrition of the guinea pigs was insufficient. In the studies that will follow, it will be
necessary to change guinea pigs’ diet with a much more protein-rich one. The good news
is that the TGP values measured for the guinea pigs with BGN or OL implants do not show
an increase, but they are smaller than for the animals with the Ti implants (Figure 6). Low
levels are generally considered good and are usually not a cause for concern. However,
in some cases, a low TGP can be a result of an underlying medical condition, such as
vitamin B6 deficiency.

2.4. Detection of Other Enzymatic Activity

The introduction of an implant into the body naturally produces oxidative stress [55], a
fact highlighted by the significant changes in enzyme activity for all three monitored enzymes.

Analyzing the obtained results, we noticed that the presence of the BGN implant in
the body causes it to release the largest amounts of SOD (see Figure 7), which can help to
quickly eliminate superoxide and prevent the formation of other more harmful reactive
oxygen species. This protects the tissues against the oxidative stress induced by the implant
and promotes the healing and regeneration processes.
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Figure 7. Superoxide dismutase values of guinea pig groups (* level of significance p < 0.5).

Analyzing the values obtained for CAT, we noticed that the introduction of the tita-
nium implant in the body leads to a slight decrease in catalase activity, and it seems that
the antioxidant system has a weak capacity to deal with the oxidative stress induced by the
implant. Things are completely different in the cases of the OL and BGN implants, where
catalase has a pronounced activity, especially in the BGN group, the calculations for which
generated statistically significant results (see Figure 8).
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Regarding GPx, the body reaction closest to the case of the guinea pigs with a titanium
implant was obtained in the BGN group (Figure 9).
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Figure 9. Glutathione peroxidase values of guinea pig groups.

All this shows that the best response to the oxidative stress generated by the intro-
duction of the implant into the body was recorded in guinea pigs with thin film-coated
implants rather than those with Ti or stainless-steel implants.

The results obtained for the SOD, CAT, and GPx activities are summarized in Table 3.

Table 3. Calculated values for enzymatic activity.

Lot SOD
(U/mL)

CAT
(nmol/min/mL)

GPx
(nmol/min/mL)

I
Ti 0.244 13.98 0.480

II
OL 0.250 17.26 0.462

III
BGN 0.270 18.39 0.486

IV
WI 0.206 14.43 0.739

Oxidative stress is a factor of the initiation of inflammation, fibrosis in various organs,
genotoxicity, the inhibition of cell multiplication, and, finally, cell death, and obtaining
lower values for oxidative stress in our work means there is a lower risk of these effects
occurring when implanting screws coated with such nanocomposite thin films into the
human body.

2.5. Histopathology Studies

Figure 10 shows histopathological images for guinea pigs’ organs after 26 weeks from
implantation: liver (a, b), spleen (c, d), brain (e, f), heart (g, h), bone, (i) and muscle (j).

A liver sample of approximately 7 × 5 × 2.4 cm was sectioned through the left and
right lateral lobes, processed, and embedded in paraffin. Figure 10a,b are diffuse; the hepa-
tocytes show predominantly optically empty cytoplasm, rarely (periportal) with granular
appearance, eosinophilic, central nucleus, rarely binucleated. The blood vessels and bile
ducts do not show changes. Panlobular hepatic glycogenosis can be interpreted. Glycogeno-
sis can be caused by increased glycogen synthesis (diets rich in carbohydrates, the adminis-
tration of corticosteroids, etc.) or in glycogen storage diseases with systemic manifestation.
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Figure 10. Histopathological images for liver (a,b), spleen (c,d), brain (e,f), heart (g,h), bone (i), and
muscle (j).

Spleen samples (2.9 × 1.6 × 0.5 cm) were sectioned in four slices parallel to the lon-
gitudinal axis, and two of which were processed and embedded in paraffin. Red pulp is
well represented, with areas of extramedullary hematopoiesis and the accumulation of
hemosiderin, and white pulp is represented by splenic follicles, occasionally with hyper-
plasia of the germinal centers. No pathological changes in the spleen were detected in the
examined sections.

Two longitudinal sections, one paramedian and one sagittal through half of the hemi-
sphere of brain, were processed and embedded in paraffin. In the examined sections, the
nervous tissue did not show any pathological changes.

Cord of 2.5 × 2 × 1.6 cm with hemopericardium was examined. Parasagittal sectioning
through the heart, including the four chambers and, partially, the great vessels, was
performed, and we also analyzed ectized blood and lymphatic vessels. Muscle fibers have
optically empty intracytoplasmic vacuoles (glycogen accumulations) of variable sizes. No
pathological changes were detected.

We should mention that the existence of glycogenosis in the liver and heart was also
observed in the control groups that did not receive implants, so it is not related to the
implant materials.

Histopathological examinations about bone and muscle are presented in Figure 10i,j,
which show antero-lateral musculature sectioned longitudinally parallel to the axis of the
humerus. After the decalcification of the bone (24 h), three slices parallel to the longitudinal
axis were made, of which the one that included the trajectory of the implant was included.

Focal periosteal reaction with proliferation of fibroblasts and osteogenic layer, abun-
dant adjacent fibrous tissue with reduced cellularity and a reduced number of capillaries of
uniform diameter, perpendicular or oblique to the surface of the periosteum (scar tissue).
The bone compact in the vicinity of the implant shows an irregular subperiosteal surface,
well-represented osteoid tissue, with rare, reduced foci of chondrocytes. Growth cartilage,
scapulohumeral articular surface and bone marrow do not show changes.

The muscles show discrete lipid infiltration and numerous eosinophilic cells focally
and peripherally aggregated among the connective tissue fibers, around a group of foamy
macrophages. Eosinophils are also present perivascularly, in variable numbers, and multifocal.

Interpretation: Periosteal hyperplasia. Callus in resolution. Discreet eosinophilic
myositis. Osseointegration is good, without inflammatory reactions or other adverse
effects. The presence of eosinophils in the tissue may indicate a parasitic infection or a
hypersensitivity response.
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3. Materials and Methods
3.1. Fabrication of the Structure for Implantation

Were made two lots of metallic screws—one lot of stainless-steel screws and one lot
of titanium grade 4 screws—with the proper dimensions for implantation: 3 mm long
and 2 mm diameter, with M2 thread and a rounded tip achieved with 2 drilling channels
(Figure 11). The implants were screwed with a cross key specially made for this experiment.
The stainless-steel screws composition is as follows: 64.26% Fe, 18.51% Cr, 13% Ni, 2.13%
Mo, 1.44% Mn, 0.48% Cu, 0.56% Si, 0.0265% C, 0.0036% S, and a smaller concentration of
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Some of the implants were covered with nanometric films containing bioactive glass (BG)
from SiO2-Na2O-K2O-CaO-MgO-P2O5 system, plant extract of Azadirachta indica (neem),
an Indian medicinal plant used in traditional Ayurveda treatment of various infections, and
Poly(methyl methacrylate) (PMMA) in two layered structures- BG + neem/PMMA/OL- using
an advanced laser-based technique (matrix assisted pulsed laser evaporation), like in [18].

3.2. Surgery and Implantation Procedure

For our in vivo studies, the chosen subjects for implant surgery (Figure 12) were guinea
pigs (Cavia porcellus), which have similar developmental and physiological characteristics
to humans and, in some ways, are better models than mice because of their relatively larger
body size and higher stress resistance to experimental manipulation [57]. The studies
were carried out at the Department of Sanitary, Veterinary and Public Health of Brasov
County (DSVSA).
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From the existing biobase, healthy animals (males) of the same age (one year) and
approximately the same weight (650–700 g) were selected and grown in optimal conditions,
as required by Law 149/2019 on the protection of animals used for scientific purposes,
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published in Official Monitor, MO, Part I nr. 619 of 25 June 2019, and also EU regulations
on animal research [24,57,58]. Ten guinea pigs for each material and ten control guinea pigs
were used.

Special cages with a minimum enclosure area of 2500 cm2, a minimum enclosure
height of 23 cm, and a floor area of 900 cm2 per animal were constructed. The heating,
ventilation, and lighting systems were inspected to ensure that the inside of the cages had a
constant temperature of 22 ◦C, constant humidity, and 12 h light/12 h darkness cycles.

Important notes:

• The persons conducting or participating in the experiments, as well as the persons who
cared for the animals, including those that supervised them, had received specialized
training and had experience with such studies.

• A minimum number of animals of low neurophysiological sensitivity (guinea pigs)
was used.

• All experiments were set up to prevent the experimental animals from suffering and
experiencing undue pain; hence, general anesthesia was used, and if the animals
suffered pain after the effect of anesthesia had passed, they were treated early with
analgesics applied for 5 days post-operation.

3.3. In Vivo Study

Screws consisting of the tested materials (steel, titanium, and steel coated with special
thin films) were implanted into the humerus bones of guinea pigs from three groups, and
the fourth group contained animals without implants, as shown in Table 4.

Table 4. The study groups.

Group Substrate Coating Name

I Ti without coating Ti

II OL without coating OL

III OL BG + neem/PMMA BGN

IV unimplanted guineea pigs WI

In the beginning, the pigs were weighed before being placed into a tucked position
to enable one to chip into the implantation area. Kanamycin sulfate ophthalmic ointment
(Antibiotice a+, Iasi, Romania) was applied to prevent corneal dryness during the surgery.
Implantation was performed under general anesthesia by the neuroleptic analgesic method
using a combination of ketamine (80 mg/kg body weight) and xylazine (10 mg/kg body
weight), following ISO 10993-6:2016 [24].

Before the effect of anesthesia had finished and for 5 days after the surgery, analgesic
injections (meloxicam) were applied for pain relief, and local treatment with both povidone
iodine and spray containing zinc was applied to avoid infections.

At the end of the intervention, each guinea pig was microcipated for full control
and handling without the risk of mistaking their belonging to one of the lots. X-ray post-
implantation radiographs were made to visualize the correct insertion of the implant into
the body.

For 26 weeks, the animals were kept, cared for, and supervised in accordance with the
Care and Housing Standards set out in ANNEX NO. 3, Law 149/2019 [57].

Remarks:

• The wounds of guinea pigs from Lot III healed after 7 days;
• After 7 days, 2 guinea pigs from Lot I required sewing to close their wounds and

anti-inflammatory treatment because they had a 1–2 cm long sore wound;
• One guinea pig from Lot II showed a 2 cm wound with a slight amount of blood-swelling

exudate and needed 2-wire emergency stitching, as well as an anti-inflammatory injection;
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• The occurrence of wounds may have been due to the stitching initially carried out on
the inside, which proved to be too weak. It may be useful in subsequent studies to
apply a “stitch in points” approach, which can lead to greater resistance.

To draw conclusions related to the influence of the implant on the guinea pigs’ body,
X-ray and energy-dispersive spectroscopy (EDS) analyses were performed, as well as blood
analyses, five months after implantation.

EDS was performed on all samples removed from the body after 26 weeks using a SiLi
detector (EDAX Inc., Philips, Edinburgh, The Netherlands) that has eZAF Smart Quant
Results software and operates at 15 kV.

Some blood was used immediately after harvesting to quantify urea, creatinine,
glycemia, alkaline phosphatase, pancreatic amylase, total serum protein, and glutamate
pyruvate transaminase to analyze how the body was affected by implant insertion.

3.4. Detection of Enzymatic Activity

Moreover, another part of the collected blood was harvested in EDTA anticoagulant
containers and centrifuged at 1000× g for 10 min to obtain plasma, which was then stored
at −20 ◦C. Using special kits (Cayman Chemical, Ann Arbor, Mi, USA), enzyme activity
was evaluated by measuring superoxide dismutase, catalase, and glutathione peroxidase.
Changes in the values of these parameters compared to the non-implanted group will
indicate the level of oxidative stress in the body and the degree of damage to the body
caused by inserting the implant, and comparisons with the group of guinea pigs implanted
with SS will show whether there are any advantages of implant coating.

The introduction of an orthopedic implant into the body triggers an inflammatory
response as a response of the immune system to the presence of a foreign body. This inflam-
matory response involves the release of pro-inflammatory cytokines such as interleukin-1
(IL-1), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α), as well as the forma-
tion of reactive oxygen species (ROS). These reactions can impact the performance and
durability of orthopedic implants.

Superoxide dismutase (SOD), glutathione peroxidase (GPx), and catalase (CAT) are
antioxidant enzymes involved in neutralizing and eliminating reactive oxygen species from
the body. These enzymes have an important role in protecting tissues against oxidative
stress and may be relevant in the context of coated implants.

Their activity is often measured to assess the level of oxidative stress induced by
orthopedic implants. Oxidative stress occurs when there is an imbalance between the
production of reactive oxygen species and the ability of the body’s antioxidant system
to neutralize them. Enzyme activity is therefore considered an important marker of the
cellular ability to combat superoxide free radicals and maintain the redox balance around
the implants.

3.4.1. Determination of Superoxide Dismutase

In this work, tetrazolium salt was utilized for the detection of superoxide radicals in
blood plasma. One unit of SOD is defined as the amount of enzyme needed to exhibit 50%
dismutation of the superoxide radical. Triplicate standards and samples were put on a well
plate up to a volume of 210 µL in a well-determined order.

Into the SOD standard wells, 10 µL of the standard solution of bovine erythrocyte
(Cu/Zn) with 7 different concentrations (and activity) and 200 µL of the diluted Radical
Detector (tetrazolium salt solution) were added. The sample wells contained 10 µL of
sample and 200 µL of the diluted Radical Detector. A reaction was initiated by adding
20 µL of diluted xanthine oxidase to all the wells; the well plates were shaken for a few
seconds and incubated on a shaker at room temperature for 30 min. Then, the absorbance
was read at 440–460 nm using a plate reader.

The average absorbance of each standard and sample was calculated, and sample
background absorbance was subtracted from the sample. The activity of superoxide dismu-
tase was determined (Table 3) using the formula below (where the necessary corrections are
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made) using the slope of the calibration curve (Figure 13) and the linearized SOD standard
rate (LR) as a function of final SOD Activity (U/mL):

SOD
(

U
mL

)
=

[(
sample LR − y intercept

slope

)
× 0.23 mL

0.01 mL

]
× sample dilution
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The equation of the calibration line is y = 1.06582 + 32.38154x, with a very good
correlation coefficient (R2 = 0.997), almost unitary.

3.4.2. Determination of Catalase

We used the peroxidatic function of CAT for the determination of enzyme activity.
This method is based on the reaction between the enzyme and methanol in the presence of
an optimal H2O2 concentration. The formaldehyde produced is measured using 4-amino-3-
hydrazino-5-mercapto-1,2,4-triazole (Purpald) as the chromogen.

The preparation of the formaldehyde standards was carried out by diluting catalase
formaldehyde standard with diluted sample buffer to obtain formaldehyde stock solution
with different concentrations: 0, 5, 15, 30, 45, 60, and 75 µM formaldehyde.

The standards, positive control (lyophilized powder of bovine liver CAT), and samples
were put in triplicate on a well plate up to a volume of 240 µL in a very well-established
order, following the assay protocol. The reactions were initiated by adding 20 µL of diluted
hydrogen peroxide to all the wells, and after 20 min of incubation at room temperature,
30 µL potassium hydroxide was added to each well to end the reactions. We put 30 µL of
catalase Purpald (chromogen) in each well, followed by incubation on a shaker for 10 min
at room temperature.

Absorbance was read at 540 nm, and the calibration curve was built. Using the curve
slope and the formula below, with necessary corrections, formaldehyde was determined.

Formaldechyde(µM) =

[
sample absorbance − y intercept

slope

]
× 0.17 mL

0.02 mL

The CAT activity of the sample was calculated (Table 3) using the following equation
and considering that one unit is the amount of enzyme that will cause the formation of
1.0 nmol of formaldehyde per minute at 25 ◦C.

CAT activity =
µm of Formaldehide sample

20 min
× sample dilution =

nmoL
min

/mL
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3.4.3. Determination of Glutathione Peroxidase

In this work, GPX activity was measured indirectly by the oxidation of NADPH, which
was accompanied by a decrease in absorbance at 340 nm.

On a well plate, in triplicate, the background (assay buffer), positive controls (bovine
erythrocyte GPX, lyophilized glutathione, and glutathione reductase), and the samples
were measured up to a volume of 190 µL in a very well- determined order, and the reaction
was initiated by quickly adding 20 µL of cumene hydroperoxide to all the wells.

Absorbance was read at 340 nm once per minute to obtain more than five readings;
the mean absorbance was calculated, and the calibration curve for each reading was
constructed. Using its slope and the formula below, where the necessary corrections are
made, GPX activity was determined (Table 3).

GPx activity =
slope

0.00373
× 0.19 mL

0.02 mL
× sample dilution

3.5. Histopathological Evaluation

The histopathological evaluation of orthopedic medical devices involves the exami-
nation of tissue samples collected from around the implant site to assess the local tissue
response and potential adverse reactions associated with the device, as well as the ex-
amination of vital organs, including the heart, liver, pancreas, spleen, and kidneys. This
comprehensive evaluation provides a broader understanding of the systemic effects and
potential adverse reactions associated with the medical device [59–61]. It is an important
component of preclinical and clinical studies to evaluate the biocompatibility and safety of
orthopedic implants.

Our histopathological evaluation of the different types of studied implants had mul-
tiple aims, the first of which was to assess tissue response to the implant. This involved
examining the cellular and structural changes, inflammation, fibrosis, vascularization, and
presence of foreign body reactions in the tissue surrounding the implant. This evaluation
provided insights into the biocompatibility and local tissue integration of the device [62].

The second aim was the identification of adverse reactions. Histopathological evalua-
tions help identify any adverse reactions or complications associated with the orthopedic
device. This may include the presence of necrosis, granuloma formation, chronic in-
flammation, excessive fibrosis, or other tissue abnormalities. The detection of adverse
reactions is crucial for understanding the potential risks and improving the design and
performance of medical devices and is of great importance in determining the possible
hospital-associated infections [63].

The third goal was the assessment of the potential systemic effects and toxicity caused
in vital organs, which involves any pathological changes, inflammation, or organ-specific
reactions that may result from the presence of the implant, as well as organ-specific toxicity
such as hepatotoxicity, nephrotoxicity, and cardiotoxicity, which may occur due to the
implant or its interaction with the body. Our histopathological evaluation of vital organs
also provided information on organ function and viability. It helped to assess the impact of
the implant on organ health and functioning, allowing for the detection of any abnormalities
or functional impairments.

The procedure used for our histopathological evaluation was the usual one. Tissue
samples were collected from the implant site during post-mortem examination. The
samples included samples of peri-implant tissue, adjacent bone, surrounding soft tissue,
and vital organs. The collected tissue samples were carefully dissected, fixed, processed,
and embedded in paraffin wax or frozen for sectioning. Paraffin sections were stained
with histological stains like Hematoxylin and Eosin (H&E) for general tissue assessment,
while other specialized stains were used to evaluate specific tissue components or reactions.
Then, the stained tissue sections were examined under a microscope.
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4. Conclusions

Our biochemical blood analysis and histological analysis of the guinea pigs’ organs
and of the tissues surrounding the implants did not show significant adverse effects caused
by the implant coating containing bioactive glass, a polymer, and natural plant extract in
terms of tissue compatibility, inflammatory reactions, and systemic effects.
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