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Abstract: Herbal tea has numerous biological activities and exhibits broad benefits for human health.
In China, the flower buds of Lyonia ovalifolia are traditionally processed as herbal tea, namely White
Que Zui tea (WQT). This study was aimed to evaluate the effect of ultra-high hydrostatic pressure
(UHHP) pretreatment on the chemical constituents and biological activities of free, esterified, and
insoluble-bound phenolic fractions from WQT. A total of 327 chemical constituents were identified
by a quasi-targeted metabolomics analysis. UHHP pretreatment extremely inhibited reactive oxygen
species (ROS) production and cell apoptosis in H2O2-induced HepG2 cells, and it increased the
activities of intracellular antioxidant enzymes (SOD and CAT) and GSH content in different phenolic
fractions from WQT. In addition, after UHHP pretreatment, the anti-inflammatory effects of different
phenolic fractions from WQT were improved by inhibiting the production of nitric oxide (NO)
and pro-inflammatory cytokines (TNF-α, IL-6, and IL-1β) in LPS-induced RAW264.7 cells. Thus,
the UHHP method might be a potential pretreatment strategy for improving the bioavailability of
phytochemicals from natural plants.

Keywords: Lyonia ovalifolia; ultra-high hydrostatic pressure pretreatment; UHPLC-MS/MS analysis;
antioxidant activity; anti-inflammatory activity

1. Introduction

Tea is the most widely used beverage around the world with a long history of con-
sumption. Usually, tea can be grouped into six categories, containing oolong tea, green
tea, white tea, black tea, yellow tea, and dark tea according to different processing tech-
niques [1]. Generally, these teas are mainly made by the fresh leaves of Camellia sinensis (tea
plant). Furthermore, herbal teas derived from the leaves and flowers of medicinal or edible
plants play an important role in our daily life with various biological activities [2]. Recently,
increasing investigations were performed on herbal teas such as Shi Ya tea [3], Rooibos
tea [4], Tibetan tea [5], Mate tea [6], and so on. They have anticancer, neuroprotective,
anti-inflammatory, antitumor, hepatoprotective, and antiviral activities [7,8]. In addition,
phenolic compounds constitute the important chemical composition in herbal teas, and
they are potent bioactive agents in the human body.

Plants are rich in natural products including flavonoids, lignans, saponins, steroids,
and polysaccharides. Some of these have potent immunomodulatory, anti-inflammatory, an-
tioxidant, hypoglycemic, hypolipidemia, and anticancer activities, and they have potential
in the treatment of inflammation-related diseases, metabolic disorders, and cancers [9–14].
Generally, phenolic compounds exist in plants in three forms, which are free, esterified,
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and insoluble-bound phenolics [15,16]. Free and esterified phenolic fractions are rela-
tively easy to extract with a high extraction rate, whereas the insoluble-bound phenolic
fraction is bound to biomacromolecules, resulting in a low extraction rate [17]. In recent
years, solvent extraction, supercritical fluid extraction, microwave-assisted extraction [18],
ultra-high hydrostatic pressure technology (UHHP) [16], and ultrasound-assisted extrac-
tion [19] have been developed to increase the extraction rate of polyphenols, especially
insoluble-bound phenolics. Moreover, a recent study has found that UHHP combined
with ultrasound-assisted extraction technology can significantly enhance the extraction
efficiency of insoluble-bound phenolic compounds [16].

The flower buds of L. ovalifolia, also known as White Que Zui tea (WQT) in Yunnan
province, are used as a popular herbal tea. In addition, the flowers of L. ovalifolia have been
also used to treat swelling, dermatitis, and intestinal inflammation as a Traditional Chinese
Medicine [20]. A previous study reported that L. ovalifolia presented terpenoids, lignans,
and flavonoids [21]. To date, the phytochemical investigation on L. ovalifolia is limited, and
its biological assessment has not been studied yet.

This paper aimed to investigate the effects of UHHP pretreatment on the chemical con-
stituents of six phenolic fractions and compared their antioxidant activities, cytoprotective
effects, and anti-inflammatory activities before and after UHHP pretreatment.

2. Materials and Methods
2.1. Chemicals

DCFH-DA and an Annexin V-FITC/PI apoptosis kit were purchased from Beijing 4A
Biotech Co., Ltd. (Beijing, China). DPPH, ABTS, TPTZ, MTT, and LPS were purchased from
Sigma-Aldrich (Shanghai, China). SOD, CAT, and GSH kits were purchased from Nanjing
Jiancheng (Nanjing, China). FBS, DMEM, streptomycin, and penicillin were purchased
from Gibco (Grand Island, NY, USA). ELISA kits for human TNF-α, IL-6, and IL-1β were
obtained from (Lianke) Biotech (Hangzhou, China).

2.2. Materials and Treatment

The WQT was collected from Wuding country in Yunnan Province, China. Firstly,
the WQT was crushed into powder form by a grinder and divided into two groups. One
group was used directly for the extraction of different phenolic fractions. The other group
was transferred into a sealed vacuum package. Subsequently, the powder was treated
at 500 MPa by using ultra-high hydrostatic pressure equipment (HHP-600, Baotou Kefa
High Pressure Technology Limited Company, Baotou, China) for 10 min, followed by
ultrasound-assisted extraction with a methanol aqueous solution, and the collected filtrate
was freeze-dried.

2.3. Extraction of Different Phenolic Fractions

The free, esterified, and insoluble-bound phenolic fractions in the normal and UHHP-
pretreated WQT were carried out according to our previous study [16]. In brief, 10 g of
the WQT powder was degreased three times with petroleum ether (1:10, w/v). For further
sample extraction, the powder was ultrasonically extracted with 70% methanol aqueous
solution three times (30 min each time) at room temperature. Afterwards, the supernatant
was collected after filtrating with a Buchner funnel and concentrated to remove methanol
by a rotary evaporator (IKA, Germany). The remaining aqueous solvent was adjusted
to pH 2.0 with 6 mol/L HCl. Free fractions were extracted with ethyl acetate-ether five
times (1:1, v/v). The free phenolic fractions (FP) were obtained by freeze-drying after the
supernatant was concentrated. The 4 mol/L NaOH (1:1, v/v) was used to hydrolyze the
remaining aqueous phase for 4 h at room temperature and then acidified to pH 2.0 with
6 mol/L HCl. By fractionation with ethyl acetate-ether, the esterified phenolic fraction (EP)
was obtained after collecting and concentrating the organic phase. The remaining solid
residue was hydrolyzed for 4 h with 4 mol/L NaOH and filtrated with the Buchner funnel.
The filtrate was adjusted to pH 2.0 with 6 mol/L HCl, and then ethyl acetate-ether was
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used to extract the insoluble-bound phenolic fractions (IBP). The samples were preserved
at 4 ◦C for further study.

2.4. UHPLC-MS/MS Analysis of WQT

The chemical constituents in WQT were performed by using the UHPLC-MS/MS
quasi-targeted metabolomics analysis. The FP, EP, IBP, UFP, UEP, and UIBP after liquid
nitrogen grinding were treated in methanol, vortexed and shook, and let stand for 5 min in
an ice bath. The solution was centrifuged at 15,000 g for 20 min, and then the supernatant
was subjected to the UHPLC-MS/MS analysis after the filtration by a 0.22 µm microporous
membrane.

The chromatographic conditions were the following: column (Xselect HSS T3, 2.5 µm,
2.1 × 150 mm); ultrapure water and acetonitrile (mobile phase A and B containing 0.1%
methanoic acid) were utilized for the analysis. The gradient elution procedure was as
follows: 0–2 min, 5–95% B; 2–15 min, 95–100% B; 15–17 min, 100% B; 17.01–20 min, 5% B.
The column temperature was set at 50 ◦C, the flow rate was 0.4 mL/min, and the injection
volume was 2 µL, respectively. Typical ion source parameters were as follows: curtain
gas pressure: 35 psi; ionspray voltage: −4500 V; temperature: 550 ◦C; ion source gas 1
and 2 pressure: 60 psi; DP: ± 100 V. Based on the NovoDB database (novogene database),
the sample was identified using the multiple reaction monitoring mode (MRM) in order
to obtain the mass spectra of several samples. The SCIEX OS V1.4 software was used to
integrate and calibrate the mass spectra and then output the relative molecular masses,
retention times, peak areas, and identification results.

2.5. Determination of the Content of Total Phenolics (TPC) and Total Flavonoids (TFC)

The TPC was measured by the Folin-Ciocalteu (FC) method using the previously
reported literature [22]. All samples were dissolved in 80% methanol aqueous solution. In
short, the sample solution (1.0 mL, 1.0 mg/mL) and the FC reagent (0.5 mL) were reacted
for 1 min, and then distilled water (7.0 mL) and the Na2NO3 solution (1.5 mL, 20% m/v)
were added for further incubation in a heated water bath (70 ◦C). The absorbance of all
samples was recorded at 765 nm in a Spectra-Max M5 microplate reader (Molecular Devices,
Sunnyvale, CA,USA). The result was calculated as milligrams of gallic acid equivalent
(GAE)/g dry extract.

The TFC was determined by using the method described previously [23]. In short, the
sample solution (1.0 mL), the ethanol aqueous solution (1.5 mL, 60% m/v), and the NaNO2
solution (0.15 mL, 5% m/v) were successively added to the Eppendorf tubes and reacted for
8 min after uniformly mixing. Afterwards, the mixture was reacted with Al (NO3)3 (10%
m/v, 0.15 mL), NaOH (4% m/v, 2.0 mL), and the ethanol solution (60% m/v, 6.7 mL) in turn
at room temperature. After 12 min, the absorbance was determined immediately at 510 nm.
The TFC was expressed as mg of the rutin equivalent per gram of extract (mg RE/g).

2.6. Evaluation of Antioxidant Activity by DPPH, ABTS, and FRAP Assays
2.6.1. DPPH Assay

The antioxidant activities of different phenolic fractions in WQT were analyzed by
researching their scavenge capacity of the DPPH radical based on a previous method after
a slight adjustment [24]. The sample solutions (0.5 mL) at concentrations of 12.5, 25, 50,
100, and 200 µg/mL were mixed with the DPPH reagent (0.1 mmol, 2 mL) and placed in
the dark environment. The absorbance value under 517 nm was determined after 30 min.
Following this formula:

(A control − A sample)/A control × 100 (1)

the DPPH radicals scavenging activity (%) was computed.
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2.6.2. ABTS Antioxidant Assay

The ABTS antioxidant assay was measured based on the approach described previ-
ously [25]. The sample solutions (0.5 mL) of different concentrations were treated with the
ABTS solution (4.0 mL) in a water bath (30 ◦C) for 6 min, and afterwards the absorbance
of different phenolic fractions was measured under 734 nm. The calculation method was
similar to the DPPH assay.

2.6.3. Determination of Ferric-Reducing Antioxidant Power (FRAP)

The FRAP value of WQT was performed in terms of the reported method [26]. The
300 mM acetic acid solution (pH = 3.6), 20 mM FeCl3, and 10 mM TPTZ were mixed
together (10:1:1, v/v/v) and heated at 30 ◦C to obtain the FRAP solution. The preheated
FRAP solution (4.5 mL) was reacted with 0.5 mL of the sample solution, which was then
treated for 10 min at 30 ◦C. The absorbance value at 593 nm was then measured.

2.7. Intracellular Antioxidant Assay
2.7.1. Cytotoxic Test

DMEM supplemented with 1% penicillin-streptomycin and 10% FBS was used to
culture human HepG2 cells. The cells were then cultured at 37 ◦C in a cell incubator with
5% CO2.

A cytotoxicity test was carried out by the MTT method [27]. Briefly, HepG2 cells
(1 × 105 cells/mL) were cultured in a 96-well plate. After 24 h, the cells were incubated
containing the samples of different concentrations. Next, after 20 h, the cell culture medium
was removed, the MTT solution was applied to each well for 4 h at a concentration of
0.5 mg/mL. Then, DMSO was used to dissolve the formazan. The absorbance at 570 nm
was measured.

2.7.2. Measurement of Reactive Oxygen Species

Based on the previous method [28], the intracellular ROS production was determined.
In 6-well plates, HepG2 cells were cultured at a density of 1× 105 cells per well. Afterwards,
the samples at a concentration of 50 µg/mL were cocultured with the cells for 24 h, and VC
(10 µg/mL) was used as a positive control. H2O2 was added to all groups excluding the
control group with a final concentration of 1.0 mmol/L for 6 h. Whereafter, the cells were
washed thrice with PBS, and then treated for 30 min with DCFH-DA (10 µM) at 37 ◦C in
the dark. By using flow cytometry (Guava® simple Cyte 6-2L, Millipore, Billerica, USA),
the ROS level was immediately determined.

2.7.3. Evaluation of SOD, CAT Activities, and GSH Content

To analyze the effects of different phenolic fractions on CAT, GSH, and SOD expression,
HepG2 cells were cultured as per Section 2.7.1. After centrifugation for 10 min, the cells
were collected and homogenized in the phosphate buffer. The intracellular antioxidant
enzyme activities were measured by using commercially available kits.

2.8. Determination of Cellular Apoptosis Assay

A quantitative analysis of cell apoptosis was determined by using the Annexin V-
FITC/PI apoptosis kit and flow cytometry. The specific experimental method was similar to
the method of the ROS experiment. The cells were stained with Annexin V-FITC (5.0 µL) and
10.0 µL PI (20.0 µg/mL), then incubated in the dark environment. The cellular apoptosis
assay was immediately determined by flow cytometer.

2.9. Determination of NO Level and Pro-Inflammatory Cytokines (TNF-α, IL-6, and IL-1β) Assay

The RAW264.7 cells were purchased from the Cell Bank, Kunming Institute of Zoology.
The cell culture and cytotoxicity tests were performed as per Section 2.7.1. Briefly, the cells
(1 × 105 cells/mL) were seeded into 24-well plates for 24 h. FP, EP, IBP, UFP, UEP, UIBP,
and DXM were treated for 4 h. Subsequently, all groups except the model group were
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stimulated with LPS (1.0 µg/mL) for 20 h. Finally, the cell supernatant was collected, and
the contents of NO, TNF-α, IL-6, and IL-1β were measured based on the instructions of the
commercial kit [29].

2.10. Statistical Analysis

All tests were performed in triplicate and the experimental data were expressed as
the mean ± SD, with p < 0.05 indicating statistical significance. A one-way ANOVA and
Tukey’s test were used to evaluate the data analysis and principal component analysis
using Origin 9.0 software (Origin Lab, Northampton, MA, USA).

3. Results and Discussion
3.1. The Chemical Constituents in WQT

Chemical constituents from WQT were studied by the UHPLC-MS/MS quasi-targeted
metabolomics analysis. The total ion chromatograms (TICs) of the different phenolic frac-
tions in WQT are shown in Figure S1 (supplementary material Figure S1). A total of 327 con-
stituents were determined under the negative ESI mode (supplementary material Table S1)
based on the NovoDB database (novogene database), including 39 phenylpropanoids,
91 flavonoids, 36 phenols, 60 carbohydrates, 24 terpenoids, 2 alkaloids, 2 quinones, 13 ben-
zoic acids, and 60 organic acids. As shown in Figure S1 and Table S1, protocatechuic
acid, gallic acid, and rutin were the abundant phenolic compounds in the FP, EP, and IBP,
respectively, according to their relative higher peak heights and areas. After the UHHP
pretreatment, the relative contents of chemical constituents of UFP, UEP, and UIBP were
significantly increased. For example, the content of gallic acid in UEP was 1.33 times that of
EP, and the content of rutin in UIBP was nearly two-fold higher than that in IBP. This phe-
nomenon might be related to the principle of UHHP on phytochemical extraction. UHHP
pretreatment could destroy the cell structure and block the binding bind between the
secondary metabolites (especially phenolic acids and flavonoids) and biomacromolecules
(lignin, polysaccharides, or proteins) [30]. These findings were the same as our previously
reported data that UHHP could increase the content of phenolic compounds [16].

3.2. The Contents of Total Phenolics (TPC) and Total Flavonoids (TFC) in Different Phenolic
Fractions from WQT

The TPC and TFC in FP, EP, IBP, UFP, UEP, and UIBP were presented in Figure 1A,B.
Among the FP, EP, and IBP, the TPC and TFC values of EP were the highest with
349.01 ± 19.36 mg GAE/g extract and 160.41 ± 8.3 mg RE/g extract (p < 0.05), respec-
tively. However, the TPC and TFC values of UEP increased to 409.27 ± 9.36 mg GAE/g
extract and 225.3 ± 8.3 mg RE/g extract after UHHP pretreatment, respectively. The
values of TPC and TFC of FP also increased from 251.38 ± 10.2 to 343.4 ± 11.2 mg
GAE/g extract, and from 128.3 ± 11.3 to 196.2 ± 10.3 mg RE/g extract after UHHP
treatment, respectively. Nevertheless, IBP showed the lowest levels of TPC and TFC
with 169.14 ± 12.3 mg GAE/g extract and 97.1 ± 5.7 mg RE/g extract, respectively
(p < 0.05), which were almost half of those of EP. UIBP possessed low TPC and TFC
values with 206 ± 12.4 mg GAE/g extract and 125.1 ± 8.7 mg RE/g extract (p < 0.05),
respectively. Previous studies indicated that the peel of araticum fruit (Annona crassiflora
Mart) principally involved esterified phenolic fractions [31]. In addition, it is notewor-
thy that the TPC and TFC of UEP were about two times those of the EP. Therefore,
UHHP pretreatment could enhance the extraction yield and biological accessibility of
phenolic compounds regardless of the free, esterified, and bound phenolics. This result
was in agreement with the above chemical constituents.
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Figure 1. The contents of total phenolics and total flavonoids as well as their antioxidant activities of
free, esterified, and insoluble-bound phenolic fractions from normal and UHHP-pretreated White
Que Zui tea (WQT). (A): Total phenolic content; (B): total flavonoid content; (C): DPPH radical
scavenging activity; (D): ABTS radical scavenging ability; (E): iron reduction antioxidant capacity
(FRAP). All the values are expressed as mean ± SD (n = 3). “*” means significant differences between
the same fractions from the normal and UHHP-pretreated WQT (p < 0.05). FP and UFP: free phenolic
fraction from normal and UHHP-pretreated WQT; EP and UEP: esterified phenolic fraction from
normal and UHHP-pretreated WQT; IBP and UIBP: insoluble-bound phenolic fraction from normal
and UHHP-pretreated WQT.

3.3. Antioxidant Activities of Different Phenolic Fractions from WQT

Phenolic compounds exist widely in the plant kingdom, with simple or complex
structures, and have been shown to have potent antioxidant activities in vivo or in vitro
experiments [32]. Therefore, DPPH, ABTS, and FRAP assays were used in the current
study to evaluate the antioxidant capacities of different phenolic fractions in WQT with or
without UHHP pretreatment.

3.3.1. DPPH Radical Scavenging Abilities of Different Phenolic Fractions from WQT

The determination of DPPH radical scavenging ability is applied generally to evaluate
the scavenging ability of phytochemicals [33]. The DPPH scavenging activities of different
phenolic fractions from WQT were positively related with the concentration of pheno-
lic compounds. EP possessed the strongest DPPH radical scavenging activity in normal
phenolic fractions of WQT as shown in Figure 1C. With concentrations ranging from 12.5
to 200 µg/mL, its DPPH radical scavenging rates increased from 45 to 85%. Moreover,
the IC50 values of FP, EP, and IBP were 28.57 ± 1.34 µg/mL, 14.79 ± 2.30 µg/mL, and
48.77 ± 2.54 µg/mL in the DPPH radical scavenging assay, respectively. After UHHP
pretreatment, the DPPH scavenging abilities of UFP, UEP, and UIBP were significantly en-
hanced (p < 0.05), and the IC50 values of them were 17.86± 0.34 µg/mL, 12.39± 1.3 µg/mL,
and 40.45 ± 1.54 µg/mL, respectively. In addition, it is noteworthy that UEP and UFP on
DPPH radical scavenging activities reached almost 100% at a concentration of 200 µg/mL.
The Pearson correlation coefficients between antioxidant activities, and TPC and TFC val-
ues were investigated in the present study. The IC50 values of DPPH radical scavenging
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activities were negatively correlated with TPC and TFC contents in different phenolic
fractions from WQT (r = −0.97 and −0.88, respectively, p < 0.05).

Phenolics and flavonoids might be the main contributor of WQT to the antioxidant
capacities. Moreover, phenolic acids are regarded as effective hydrogen donors because
of their characteristic easily ionized carboxyl groups; the number of hydroxyl groups was
positively correlated with antioxidant capacity [34]. Gallic acid had four hydroxyl groups
in its molecular structure [35]. Compared to other phenolic fractions, UEP had the strongest
ability to scavenge free radicals. This result might be related to the highest content of gallic
acid in UEP.

3.3.2. ABTS Radical Scavenging Abilities of Different Phenolic Fractions from WQT

As demonstrated in Figure 1D, the ABTS radical scavenging abilities of different
phenolic fractions from WQT increased with increasing concentrations. In particular, EP
possessed the highest ABTS scavenging ability, regardless of UHHP pretreatment. FP, EP,
and IBP had IC50 values of 20.9 ± 1.4, 12.7 ± 2.2, and 79.51 ± 2.5 µg/mL, respectively.
Furthermore, the IC50 values of UFP, UEP, and UIBP in WQT were 13.25 ± 1.34 µg/mL,
10.59 ± 1.36 µg/mL, and 39.36 ± 1.4 µg/mL, respectively. Thus, UHHP pretreatment
could promote the ABTS scavenging abilities of different phenolic fractions in WQT. The
significant linear correlations (r = −0.85 and −0.78, p < 0.05) were surveyed between the
contents of TPC, TFC, and the IC50 values of ABTS radical scavenging activities in FP, EP,
IBP, UFP, UEP, and UIBP. These results indicated that phenolic constituents in WQT had a
close relationship with the ABTS radical scavenging activity.

3.3.3. FRAP Evaluation of Different Phenolic Fractions from WQT

The FRAP method is an efficient and sensitive method to detect the antioxidant
capacity of phytochemicals [36]. The FRAP values of UFP, UEP, and UIBP (Figure 1E)
were extremely higher than those of FP, EP, and IBP in a concentration-dependent manner
(p < 0.05), especially UEP. Moreover, this result was positively correlated with the TPC and
TFC (r = 0.82 and 0.94, p < 0.05). The above data indicated that the FRAP values of the
different phenolic fractions in WQT increased linearly with increasing TPC and TFC values.
Therefore, the antioxidant capacity may be related to the contents of TPC or TFC.

3.4. Intracellular Antioxidant Activities of Different Phenolic Fractions from WQT
3.4.1. Inhibitory Effect on ROS Production

ROS are produced during the breathing process of living organisms and are crucial for
biological processes such as cell proliferation, apoptosis, and signal transduction [37]. H2O2
could readily penetrate the cell membrane, producing a large number of free radicals that
attack the mitochondrial membrane, resulting in excessive intracellular ROS production [38].
Excessive ROS could cause oxidative stress to induce cell and tissue damage, thereby
resulting in genomic instability, cell death, or tumorigenesis [39].

In this study, the inhibitory effects of different phenolic fractions from WQT on ROS
production in H2O2-induced HepG2 cells were explored by flow cytometry. The cytotoxicity
experiment manifested that all samples were non-toxic on HepG2 cells at a concentration
up to 100 µg/mL. Therefore, 50 µg/mL in this study was selected for further investigation.
The intracellular ROS level is presented in Figure 2: the relative amount of ROS in the
model group increased to 387.84 ± 4.27%, which was almost three times higher than that
of the control group. The six phenolic fractions could efficiently suppress intracellular ROS
generation. The relative ROS contents of the UFP, UEP, and UIBP were significantly lower
than those of FP, EP, and IBP (p < 0.05), which indicated that UHHP pretreatment of WQT
could observably suppress ROS production. Interestingly, UEP (163.25 ± 7.09%) had the
strongest inhibitory effect activity, and its effect was essentially similar to that of the positive
group (VC with 143.6 ± 4.45%). Additionally, the ROS levels in the samples showed a close
statistical correlation with their TPC (r =−0.94) and TFC (r =−0.96). The relative content of
phenolic compounds increased after UHHP pretreatment. Proto-catechuic acid, gallic acid,
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and rutin as the major phenolic constituents in FP, EP, and IBP, had significant antioxidant
capacity [40–42]. Thus, the phenolics and relative content of phytochemicals may be the
main influencing factors on the ROS inhibition [22].
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Figure 2. The inhibitory effects of intracellular ROS of the free, esterified, and insoluble-bound
phenolic fractions from the normal and UHHP-pretreated White Que Zui tea (WQT) in H2O2-
induced HepG2 cells. “*” indicated significant differences in the same fractions between the normal
and UHHP-pretreated WQT (p < 0.05); “#” indicated significant differences between the H2O2 group
and the sample groups (p < 0.05); “&” indicated significant differences between the VC group and
the sample groups (p < 0.05). All the values were expressed as mean ± SD (n = 3). FP and UFP: free
phenolic fraction from normal and UHHP-pretreated WQT; EP and UEP: esterified phenolic fraction
from normal and UHHP-pretreated WQT; IBP and UIBP: insoluble-bound phenolic fraction from
normal and UHHP-pretreated WQT.

3.4.2. Effects of Different Phenolics Fractions on Cellular SOD, CAT Activities, and
GSH Level

SOD, CAT, and GSH are significant parts in the cellular antioxidant enzyme system.
They can mitigate oxidative damage in H2O2-induced HepG2 cells and maintain the
dynamic balance of oxidative stress in the antioxidant defense system [43]. Intracellular
antioxidant enzymes will scavenge free radicals as endogenous antioxidants when oxidative
stress occurs [44]. The SOD, CAT activities, and GSH level were determined to evaluate
whether all different phenolic fractions from WQT had a positive effect on endogenous
enzymatic activities in HepG2 cells induced by H2O2.

In this study, the SOD and CAT activities as well as the GSH level dramatically
decreased in the model group in comparison to the control group (p < 0.01) (Figure 3).
Figure 3 indicates that UEP had the highest antioxidant ability with 464 ± 15.2 U/mg,
205 ± 5.22 U/mg, and 834 ± 25.2 U/mg of SOD, CAT, and GSH, respectively, followed
by EP (418 ± 16.1, 163 ± 6.05, and 748 ± 16.05 U/mg, respectively), while IBP showed
the lowest SOD, CAT activities, and GSH level. Furthermore, the cytoprotective activity
of UEP was similar to that of the positive group (VC). The result was similar to the above
ROS results. Thus, WQT could protect HepG2 cells from H2O2-induced oxidative stress
not only by scavenging intracellular ROS, but also by enhancing the defense system of
antioxidant enzymes.
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Figure 3. The effects of the free, esterified, and insoluble-bound phenolic fractions from the normal
and UHHP-pretreated White Que Zui tea (WQT) on SOD (A), CAT (B), and GSH (C) expressions.
* p < 0.05 compared to the model group; ** p < 0.01 compared to the model group; ## p < 0.01 compared
to the control group. All the values are expressed as mean ± SD (n = 3). FP and UFP: free phenolic
fraction from normal and UHHP-pretreated WQT; EP and UEP: esterified phenolic fraction from
normal and UHHP-pretreated WQT; IBP and UIBP: insoluble-bound phenolic fraction from normal
and UHHP-pretreated WQT.

3.5. Inhibitory Effect on H2O2-Induced Cell Apoptosis of Different Phenolic Fractions from WQT

Cell apoptosis, as a normal physiologic procedure, is defined as the independent and
orderly death by genes’ regulation to maintain a stable homeostasis. However, abnormal
cell apoptosis will induce inflammatory diseases and autoimmune disorders [38]. In
the present study, the cell apoptosis results of different phenolic fractions in WQT were
measured by flow cytometer and are described in Figure 4. After pretreatment with 1.0 mM
H2O2, the cell apoptosis rate in the H2O2-treated group (10.83 ± 0.8%) was significantly
higher than that of the control group (1.45 ± 0.62%). However, compared to the model
group, the cell apoptosis of all samples was remarkably suppressed (p < 0.05), especially
after UHHP treatment. UEP displayed the strongest anti-apoptosis effect, followed by EP,
UFP, FP, and UIBP, whereas IBP had the lowest activity (p < 0.05). Interestingly, the cell
apoptosis rate of the UEP was close to that of the positive group. In six phenolic fractions,
there was a highly negative correlation between the cell apoptosis and their TPC (r = −0.98)
and TFC (r = −0.91). These results suggested that the phenolic compounds of WQT may be
responsible for its cytoprotective effects. The previous literature also showed that UHHP
pretreatment increased the anti-apoptotic effects of the different phenolic fractions of mango
leaves [16].

3.6. Anti-Inflammatory Activities of Different Phenolic Fractions from WQT

Inflammation, an important component of immunopathogenesis, responds to patho-
logical conditions through the production of NO and pro-inflammatory cytokines [45].
During inflammatory diseases, macrophages overproduce mediators that cause damage
to cells, ultimately leading to the severe clinical symptoms of immune disorders [46]. The
different phenolic fractions from WQT were determined for their anti-inflammatory ac-
tivities on LPS-induced RAW264.7 cells. As shown in Figure 5A, the expression of NO
was greatly increased in the model group compared to the control group (p < 0.01). The
release of NO was inhibited after the intervention of different phenolic fractions from WQT,
especially after UHHP pretreatment. In addition, UEP had the strongest inhibitory effect on
NO expression, which was equal to the effect of the positive group (DXM). The expression
of NO in the UEP decreased by two-fold compared to that of EP.
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Figure 4. The inhibitory effects of the free, esterified, and insoluble-bound phenolic fractions from the
normal and UHHP-pretreated White Que Zui tea (WQT) on apoptosis in H2O2-induced HepG2 cells.
(A): flow cytometry analysis; (B): the apoptotic cell percentages of different groups. “*” indicated
significant differences in the same fractions between the normal and UHHP-pretreated WQT (p < 0.05);
“#” indicated significant differences between the H2O2 group and the sample groups (p < 0.05); “&”
indicated significant differences between the VC group and the sample groups (p < 0.05). All the
values are expressed as mean ± SD (n = 3). FP and UFP: free phenolic fraction from normal and
UHHP-pretreated WQT; EP and UEP: esterified phenolic fraction from normal and UHHP-pretreated
WQT; IBP and UIBP: insoluble-bound phenolic fraction from normal and UHHP-pretreated WQT.

As described in Figure 5B–D, the model group markedly upregulated the expression of
inflammatory cytokines including TNF-α, IL-6, and IL-1β (p < 0.01), which were suppressed
after the treatment with all different phenolic fractions. Furthermore, UEP displayed the
best inhibitory effect on inflammatory cytokines, which was comparable to that of DXM.
Therefore, WQT exhibited anti-inflammatory effects by reducing the excessive expression
of pro-inflammatory cytokines and NO. UHHP pretreatment can disrupt the cell wall,
resulting in rapid penetration of the solvent into the cell, and facilitating the elution of
the compounds [15]. The phenolic content increased significantly after UHHP treatment.
The anti-inflammatory effect observed may be due to the synergistic effect of the phenolic
compounds identified in the extract [47]. Furthermore, a previous study has also revealed
that the extracts with high polyphenol content could inhibit the NO level and the production
of pro-inflammatory cytokines in LPS-induced RAW264.7 cells [48].

3.7. PCA Analysis

A principal component analysis (PCA) was used to analyze the variation of exper-
imental data on the biological activities of FP, EP, IBP, UFP, UEP, and UIBP from WQT.
Figure 6 shows the total variation accounted for 96.7%, of which PC1 accounted for 91.8%
and PC2 accounted for 4.9%. The upper left quadrant of PC1 included UFP and UEP that
possessed higher flavonoid contents and FRAP value. Meanwhile, they were opposite
to the inhibitory effect of intracellular ROS and cell apoptosis, indicating that UEP and
UFP had better cytoprotective effects. Furthermore, UIBP and IBP presented in the upper
right quadrant of PC1, demonstrating poor ABTS and DPPH radical scavenging activi-



Foods 2023, 12, 628 11 of 15

ties. In addition, EP and UEP showed strong inhibitory effects on NO expression and
pro-inflammatory cytokines’ production (TNF-α, IL-6, and IL-1β), and had the highest TPC
and TFC contents.
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Figure 5. The inhibiting effects of NO and pro-inflammatory factors (TNF-α, IL -6, and IL-1β)
produced by LPS-induced RAW264.7 cells from the normal and UHHP-pretreated White Que Zui tea
(WQT). (A): NO content; (B): TNF-α; (C): IL -6; (D): IL-1β. ** p < 0.01 compared to the model group;
## p < 0.01 compared to the control group. All the values are expressed as mean ± SD (n = 3). FP
and UFP: free phenolic fraction from normal and UHHP-pretreated WQT; EP and UEP: esterified
phenolic fraction from normal and UHHP-pretreated WQT; IBP and UIBP: insoluble-bound phenolic
fraction from normal and UHHP-pretreated WQT.
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WQT; IBP and UIBP: insoluble-bound phenolic fraction from normal or UHHP-pretreated WQT.

4. Conclusions

In this paper, UHHP pretreatment extremely enhanced the TPC, TFC, antioxidant ac-
tivities, cytoprotective effects, and anti-inflammatory activities of FP, EP, IBP, UFP, UEP, and
UIBP from WQT. A total of 327 chemical constituents were identified by a quasi-targeted
metabolomics analysis, and WQT was mainly rich in flavonoids and phenolic compounds.
Different phenolic fractions from WQT exhibited potential antioxidant activities by scaveng-
ing DPPH and ABTS radicals, and they had significant cytoprotective effects by inhibiting
oxidative stress damage and cell apoptosis in H2O2-induced HepG2 cells. Moreover, six
phenolic fractions from WQT also inhibited NO and pro-inflammatory cytokine (TNF-α,
IL-6, and IL-1β) expressions in LPS-stimulated RAW264.7 cells. Particularly, UEP had the
highest phenolic and flavonoid contents, and exhibited the strongest antioxidant activities,
cytoprotective effects, and anti-inflammatory activities. Based on the above experimental
results, UHHP could enhance the extraction rate of phytochemicals and bioactivities of
WQT, which provide an effective value for further utilization and development of WQT in
functional food applications.
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Abbreviations

ABTS 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)
CAT Catalase
DCFH-DA 2′,7′-dichlorofluorescin diacetate
DMEM dulbecco′s modified eagle′s medium
DPPH 2-diphenyl-1-picrylhydrazyl radical
DXM Dexamethasone
FBS fetal bovine serum
GSH Glutathione
IL-1β interleukin-1β
IL-6 interleukin-6
LPS Lipopolysaccharide
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-trazolium bromide
SOD superoxide dismutase
TNF-α tumor necrosis factor-α
TPTZ 1,3,5-tri(2-pyridyl)-2,4,6-triazine
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9. Grgić, J.; Šelo, G.; Planinić, M.; Tišma, M.; Bucić-Kojić, A. Role of the encapsulation in bioavailability of phenolic compounds.
Antioxidants 2020, 9, 923. [CrossRef]

10. Zhang, J.K.; Zhou, X.L.; Wang, X.Q.; Zhang, J.X.; Yang, M.L.; Liu, Y.P.; Cao, J.X.; Cheng, G.G. Que Zui tea ameliorates hepatic
lipid accumulation and oxidative stress in high fat diet induced nonalcoholic fatty liver disease. Food Res. Int. 2022, 156, 111196.
[CrossRef]

11. Ren, L.; Zhang, J.; Zhang, T.H. Immunomodulatory activities of polysaccharides from Ganoderma on immune effector cells. Food
Chem. 2021, 340, 127933. [CrossRef] [PubMed]

12. Zhang, T.H.; Zhong, S.N.; Li, T.Z.; Zhang, J. Saponins as modulators of nuclear receptors. Crit. Rev. Food Sci. Nutr. 2020, 1, 94–107.
[CrossRef] [PubMed]

13. Zou, H.Y.; Ye, H.Q.; Kamaraj, R.; Zhang, T.H.; Zhang, J.; Pavek, P. A review on pharmacological activities and synergistic effect of
quercetin with small molecule agents. Phytomedicine 2021, 92, 153736. [CrossRef] [PubMed]

14. Zhang, J.; Ren, L.; Zhang, T.H.; Pavek, P.; Kamaraj, R. Dietary phytochemicals as modulators of human pregnane X receptor. Crit.
Rev. Food Sci. Nutr. 2021, 1–23. [CrossRef]

15. Wang, Y.P.; Wang, Z.X.; Xue, Q.W.; Zhen, L.; Wang, Y.D.; Cao, J.X.; Liu, Y.P.; Khan, A.; Zhao, T.R.; Cheng, G.G. Effect of ultra-high
pressure pretreatment on the phenolic profiles, antioxidative activity and cytoprotective capacity of different phenolic fractions
from Que Zui tea. Food Chem. 2023, 409, 135271. [CrossRef]

16. Zhang, J.; Wang, Y.D.; Xue, Q.W.; Zhao, T.R.; Khan, A.; Wang, Y.F.; Liu, Y.P.; Cao, J.X.; Cheng, G.G. The effect of ultra-high
pretreatment on free, esterified and insoluble-bound phenolics from mango leaves and their antioxidant and cytoprotective
activities. Food Chem. 2022, 368, 130864. [CrossRef]

17. Deng, J.L.; Xiang, Z.Y.; Lin, C.B.; Zhu, Y.Q.; Yang, K.J.; Liu, T.H.; Xia, C.; Chen, J.; Zhang, W.H.; Zhang, Y.H.; et al. Identification
and quantification of free, esterified, and insoluble-bound phenolics in grains of hulless barley varieties and their antioxidant
activities. Lwt-Food Sci. Technol. 2021, 151, 112001. [CrossRef]

18. Thu Dao, T.A.; Webb, H.K.; Malherbe, F. Optimisation of pectin extraction from fruit peels by response surface method:
Conventional versus microwave-assisted heating. Food Hydrocolloid 2021, 113, 106475. [CrossRef]

19. Gu, J.Y.; Zhang, H.H.; Zhang, J.X.; Wen, C.T.; Ma, H.L.; Duan, Y.Q.; He, Y.Q. Preparation, characterization and bioactivity of
polysaccharide fractions from Sagittaria sagittifolia L. Carbohyd. Polym. 2019, 229, 115355. [CrossRef]

20. Lv, X.J.; Li, Y.; Ma, S.G.; Qu, J.; Liu, Y.B.; Li, Y.H.; Zhang, D.; Li, L.; Yu, S.S. Antiviral triterpenes from the twigs and leaves of
Lyonia ovalifolia. J. Nat. Prod. 2016, 384, 132517. [CrossRef]

21. Zhao, D.R.; Su, L.H.; Li, R.T.; Chen, X.Q.; Li, H.M. Chemical constituents from the twigs and leaves of Lyonia ovalifolia. Biochem.
Syst. Ecol. 2018, 78, 1–4. [CrossRef]

22. Gao, S.H.; Zhao, T.R.; Liu, Y.P.; Wang, Y.F.; Cheng, G.G.; Cao, J.X. Phenolic constituents, antioxidant activity and neuroprotective
effects of ethanol extracts of fruits, leaves and flower buds from Vaccinium dunalianum Wight. Food Chem. 2021, 374, 131752.
[CrossRef] [PubMed]

23. Zhao, T.R.; Sun, M.X.; Kong, L.P.; Xue, Q.W.; Wang, Y.D.; Wang, Y.F.; Khan, A.; Cao, J.X.; Cheng, G.G. Bioactivity-guided isolation
of phytochemicals from Vaccinium dunalianum Wight and their antioxidant and enzyme inhibitory activities. Molecules 2021,
26, 2075. [CrossRef] [PubMed]

24. Minh, T.N.; Van, T.M.; Khanh, T.D.; Xuan, T.D. Isolation and identification of constituents exhibiting antioxidant, antibacterial,
and antihyperuricemia activities in piper methysticum root. Foods 2022, 11, 3889. [CrossRef] [PubMed]

25. He, S.Y.; Cui, X.Y.; Khan, A.; Liu, Y.P.; Wang, Y.D.; Cui, Q.M.; Zhao, T.R.; Cao, J.X.; Cheng, G.G. Activity guided isolation of
phenolic compositions from Anneslea fragrans Wall. and their cytoprotective effect against hydrogen peroxide induced oxidative
stress in HepG2 cells. Molecules 2021, 26, 3690. [CrossRef]

26. Oyeniran, O.H.; Ademiluyi, A.O.; Oboh, G. African mistletoe (Tapinanthus bangwensis Lor.) infestation improves the phenolic
constituents, antioxidative and antidiabetic effects of almond (Terminalia catappa Linn.) host leaf in sucrose-rich diet-induced
diabetic-like phenotypes in fruit fly (Drosophila melanogaster Meigen). Food Front. 2021, 2, 77–90. [CrossRef]

27. Yang, M.L.; Wang, Y.D.; Patel, G.; Xue, Q.W.; Singor Njateng, G.S.; Cai, S.B.; Cheng, G.G.; Kai, G.Y. In vitro and in vivo anti-
inflammatory effects of different extracts from Epigynum auritum through down-regulation of NF-κB and MAPK signaling
pathways. J. Ethnopharmacol. 2020, 261, 113105. [CrossRef]

28. Gu, C.Z.; Yang, M.L.; Zhou, Z.H.; Khan, A.; Cao, J.X.; Cheng, G.G. Purification and characterization of four benzophenone
derivatives from Mangifera indica L. leaves and their antioxidant, immunosuppressive and α-glucosidase inhibitory activities. J.
Funct. Foods 2018, 52, 709–714. [CrossRef]

29. Ding, J.; Mei, S.H.; Gao, L.; Wang, Q.; Ma, H.L.; Chen, X.M. Tea processing steps affect chemical compositions, enzyme activities,
and antioxidant and anti-inflammatory activities of coffee leaves. Food Front. 2022, 3, 505–516. [CrossRef]

30. Zhou, J.X.; Ma, Y.L.; Jia, Y.J.; Pang, M.J.; Cheng, G.G.; Cai, S.B. Phenolic profiles, antioxidant activities and cytoprotective effects of
different phenolic fractions from oil palm (Elaeis guineensis Jacq.) fruits treated by ultra-high pressure. Food Chem. 2019, 288, 68–77.
[CrossRef]

31. Arruda, H.S.; Pereira, G.A.; de Morais, D.R.; Eberlin, M.N.; Pastore, G.M. Determination of free, esterified, glycosylated and
insoluble-bound phenolics composition in the edible part of araticum fruit (Annona crassiflora Mart.) and its by-products by
HPLC-ESI-MS/MS. Food Chem. 2017, 245, 738–749. [CrossRef] [PubMed]

http://doi.org/10.3390/antiox9100923
http://doi.org/10.1016/j.foodres.2022.111196
http://doi.org/10.1016/j.foodchem.2020.127933
http://www.ncbi.nlm.nih.gov/pubmed/32882476
http://doi.org/10.1080/10408398.2018.1514580
http://www.ncbi.nlm.nih.gov/pubmed/30582348
http://doi.org/10.1016/j.phymed.2021.153736
http://www.ncbi.nlm.nih.gov/pubmed/34560520
http://doi.org/10.1080/10408398.2021.1995322
http://doi.org/10.1016/j.foodchem.2022.135271
http://doi.org/10.1016/j.foodchem.2021.130864
http://doi.org/10.1016/j.lwt.2021.112001
http://doi.org/10.1016/j.foodhyd.2020.106475
http://doi.org/10.1016/j.carbpol.2019.115355
http://doi.org/10.1021/acs.jnatprod.6b00585
http://doi.org/10.1016/j.bse.2018.02.006
http://doi.org/10.1016/j.foodchem.2021.131752
http://www.ncbi.nlm.nih.gov/pubmed/34896954
http://doi.org/10.3390/molecules26072075
http://www.ncbi.nlm.nih.gov/pubmed/33916551
http://doi.org/10.3390/foods11233889
http://www.ncbi.nlm.nih.gov/pubmed/36496697
http://doi.org/10.3390/molecules26123690
http://doi.org/10.1002/fft2.67
http://doi.org/10.1016/j.jep.2020.113105
http://doi.org/10.1016/j.jff.2018.11.045
http://doi.org/10.1002/fft2.136
http://doi.org/10.1016/j.foodchem.2019.03.002
http://doi.org/10.1016/j.foodchem.2017.11.120
http://www.ncbi.nlm.nih.gov/pubmed/29287435


Foods 2023, 12, 628 15 of 15

32. Camboim Rockett, F.; de Oliveira Schmidt, H.; Schmidt, L.; Rodrigues, E.; Tischer, B.; Ruffo de Oliveira, V.; Lima da Silva, V.;
Rossini Augusti, P.; Hickmann Flôres, S.; Rios, A. Phenolic compounds and antioxidant activity in vitro and in vivo of Butia and
Opuntia fruits. Food Res. Int. 2020, 137, 109740. [CrossRef] [PubMed]

33. Kolodziejczyk-Czepas, J.; Nowak, P.; Moniuszko-Szajwaj, B.; Kowalska, I.; Stochmal, A. Free radical scavenging actions of three
Trifoliumspecies in the protection of blood plasma antioxidant capacityin vitro. Pharm. Biol. 2015, 53, 1277–1284. [CrossRef]

34. Leopoldini, M.; Marino, T.; Russo, N.; Toscano, M. Antioxidant properties of phenolic compounds: H-atom versus electron
transfer mechanism. J. Phys. Chem. A 2004, 108, 4916–4922. [CrossRef]

35. Palafox-Carlos, H.; Gil-Chávez, J.; Sotelo-Mundo, R.; Namiesnik, J.; Gorinstein, S.; González-Aguilar, G. Antioxidant interactions
between major phenolic compounds found in ‘Ataulfo’ mango pulp: Chlorogenic, gallic, protocatechuic and vanillic acids.
Molecules 2012, 17, 12657–12664. [CrossRef] [PubMed]

36. Cui, Q.M.; Wang, Y.D.; Zhou, W.B.; He, S.Y.; Yang, M.L.; Xue, Q.W.; Wang, Y.F.; Zhao, T.R.; Cao, J.X.; Khan, A.; et al. Phenolic
composition, antioxidant and cytoprotective effects of aqueous-methanol extract from Anneslea fragrans leaves as affected by
drying methods. Int. J. Food Sci. 2021, 56, 4807–4819. [CrossRef]

37. Hu, Y.M.; Lu, S.Z.; Li, Y.S.; Wang, H.; Shi, Y.; Zhang, L.; Tu, Z.C. Protective effect of antioxidant peptides from grass carp scale
gelatin on the H2O2-mediated oxidative injured HepG2 cells. Food Chem. 2021, 373, 131539. [CrossRef]

38. Zhao, Y.; Liu, S.N.; Sheng, Z.L.; Li, X.; Chang, Y.N.; Dai, W.C.; Chang, S.K.; Liu, J.M.; Yang, Y.C. Effect of pinolenic acid on
oxidative stress injury in HepG2 cells induced by H2O2. Food Sci. Nutr. 2021, 9, 5689–5697. [CrossRef]

39. Xu, Y.; Ji, Y.; Li, X.; Ding, J.Z.; Chen, L.Q.; Huang, Y.F.; Wei, W.X. URI1 suppresses irradiation-induced reactive oxygen species
(ROS) by activating autophagy in hepatocellular carcinoma cells. Int. J. Biol. Sci. 2021, 17, 3091–3103. [CrossRef]

40. Liu, J.; Meng, C.G.; Yan, Y.H.; Shan, Y.N.; Kan, J.; Jin, C.H. Protocatechuic acid grafted onto chitosan: Characterization and
antioxidant activity. Int. J. Biol. Macromol. 2016, 89, 518–526. [CrossRef]

41. Yang, J.X.; Guo, J.; Yuan, J.F. In vitro antioxidant properties of rutin. LWT-Food Sci. Technol. 2008, 41, 1060–1066. [CrossRef]
42. Yen, G.C.; Duh, P.D.; Tsai, H.L. Antioxidant and pro-oxidant properties of ascorbic acid and gallic acid. Food Chem. 2002,

3, 307–313. [CrossRef]
43. Niki, E. Assessment of antioxidant capacity in vitro and in vivo. Free. Radic. Bio. Med. 2010, 49, 503–515. [CrossRef]
44. Wang, L.Y.; Ding, L.; Yu, Z.P.; Zhang, T.; Ma, S.; Liu, J.B. Intracellular ROS scavenging and antioxidant enzyme regulating

capacities of corn gluten meal-derived antioxidant peptides in HepG2 cells. Food Res. Int. 2017, 90, 33–41. [CrossRef] [PubMed]
45. Yang, S.; Li, F.Y.; Lu, S.Y.; Ren, L.M.; Bian, S.; Liu, M.C.; Zhao, D.Q.; Wang, S.M.; Wang, J.W. Ginseng root extract attenuates

inflammation by inhibiting the MAPK/NF-κB signaling pathway and activating autophagy and p62-Nrf2-Keap1 signaling
in vitro and in vivo. J. Ethnopharmacol. 2021, 283, 114739. [CrossRef] [PubMed]

46. Thi Ngoc Anh, P.; Hae Lim, K.; Dong-Ryung, L.; Bong-Keun, C.; Seung Hwan, Y. Anti-inflammatory effects of scrophularia
buergeriana extract mixture fermented with lactic acid bacteria. Biotechnol. Bioproc. E 2022, 27, 370–378. [CrossRef]

47. Saji, N.; Francis, N.; Schwarz, L.J.; Blanchard, C.L.; Santhakumar, A.B. The antioxidant and anti-inflammatory properties of rice
bran phenolic extracts. Foods 2020, 6, 829. [CrossRef]

48. Gu, I.; Brownmiller, C.; Stebbins, N.B.; Mauromoustakos, A.; Howard, L.; Lee, S.-O. Berry phenolic and volatile extracts
inhibit pro-inflammatory cytokine secretion in LPS-stimulated RAW264.7 cells through suppression of NF-κB signaling pathway.
Antioxidants 2020, 9, 871. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.foodres.2020.109740
http://www.ncbi.nlm.nih.gov/pubmed/33233305
http://doi.org/10.3109/13880209.2014.974064
http://doi.org/10.1021/jp037247d
http://doi.org/10.3390/molecules171112657
http://www.ncbi.nlm.nih.gov/pubmed/23103532
http://doi.org/10.1111/ijfs.15084
http://doi.org/10.1016/j.foodchem.2021.131539
http://doi.org/10.1002/fsn3.2534
http://doi.org/10.7150/ijbs.55689
http://doi.org/10.1016/j.ijbiomac.2016.04.089
http://doi.org/10.1016/j.lwt.2007.06.010
http://doi.org/10.1016/S0308-8146(02)00145-0
http://doi.org/10.1016/j.freeradbiomed.2010.04.016
http://doi.org/10.1016/j.foodres.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/29195889
http://doi.org/10.1016/j.jep.2021.114739
http://www.ncbi.nlm.nih.gov/pubmed/34648903
http://doi.org/10.1007/s12257-021-0308-6
http://doi.org/10.3390/foods9060829
http://doi.org/10.3390/antiox9090871

	Introduction 
	Materials and Methods 
	Chemicals 
	Materials and Treatment 
	Extraction of Different Phenolic Fractions 
	UHPLC-MS/MS Analysis of WQT 
	Determination of the Content of Total Phenolics (TPC) and Total Flavonoids (TFC) 
	Evaluation of Antioxidant Activity by DPPH, ABTS, and FRAP Assays 
	DPPH Assay 
	ABTS Antioxidant Assay 
	Determination of Ferric-Reducing Antioxidant Power (FRAP) 

	Intracellular Antioxidant Assay 
	Cytotoxic Test 
	Measurement of Reactive Oxygen Species 
	Evaluation of SOD, CAT Activities, and GSH Content 

	Determination of Cellular Apoptosis Assay 
	Determination of NO Level and Pro-Inflammatory Cytokines (TNF-, IL-6, and IL-1) Assay 
	Statistical Analysis 

	Results and Discussion 
	The Chemical Constituents in WQT 
	The Contents of Total Phenolics (TPC) and Total Flavonoids (TFC) in Different Phenolic Fractions from WQT 
	Antioxidant Activities of Different Phenolic Fractions from WQT 
	DPPH Radical Scavenging Abilities of Different Phenolic Fractions from WQT 
	ABTS Radical Scavenging Abilities of Different Phenolic Fractions from WQT 
	FRAP Evaluation of Different Phenolic Fractions from WQT 

	Intracellular Antioxidant Activities of Different Phenolic Fractions from WQT 
	Inhibitory Effect on ROS Production 
	Effects of Different Phenolics Fractions on Cellular SOD, CAT Activities, and GSH Level 

	Inhibitory Effect on H2O2-Induced Cell Apoptosis of Different Phenolic Fractions from WQT 
	Anti-Inflammatory Activities of Different Phenolic Fractions from WQT 
	PCA Analysis 

	Conclusions 
	References

