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Abstract: China, as a contrary climate to the Mediterranean-climate region, is massive in planting
olive (Olea europaea) cultivation as an important oil crop. Nonetheless, Chinese olive leaves have
received little attention and there is little information about the phenols content. Therefore, in
this study, a multiple-response optimization was performed to maximize the total phenolic and
oleuropein content (TPC and OEC) by ultrasound-assisted extraction, and the aged and young leaves
prepared from six Chinese cultivars from January to December were investigated concerning seven
main phenolic composition. Under optimal conditions (power 260 W, time 10 min, liquid-solid
ratio 30 mL/g, and 50% ethanol), the highest TPC (197.32 mg/g DM) and OEC (74.68 mg/g DM)
were obtained. Findings revealed that the optimal olive leaves for phenolic compounds were the
young leaves in spring and winter, being oleuropein and luteolin-4′-O-glucoside present in higher
level, and the “Koroneiki” and “Jiufeng” cultivars were relatively stable. Furthermore, antioxidant
potential of the phenol extract and oleuropein was also evaluated based on the reducing power and
scavenging effect on 1,1-diphenyl-2-picrylhydrazyl (DPPH)and superoxide radical assays, and a
higher antioxidant effect of oleuropein was observed compared to the phenol extract. In addition,
oleuropein showed anticancer activity against HeLa cells, with a minimum inhibitory concentration
(EC50) value of 0.19 mg/mL at 48 h. These findings revealed an attractive source of biological
substances for further development and utilization of Chinese olive leaves.

Keywords: olive leaves; ultrasound-assisted extraction; phenolic compounds; oleuropein; antioxi-
dant activity

1. Introduction

Olive trees (Olea europaea L.), native to the Mediterranean region, were introduced
into China in 1964. The cultivation area of olive in China was about 39.6 million ha in
2018, yielding 54,000 t of olive oil, with the cultivation area being extensively distributed
in southwest provinces such as Gansu, Sichuan, and Yunnan [1]. With the industrial
boom of Chinese olive, a large number of by-products have been generated yearly during
cultivation and processing, yet most have no practical applications. Olive leaves, as
one of these residues, are the main by-products in olive industries, representing 10% of
olive fruit [2]. In China, more than 600,000 tons of olive leaves are heaped annually and
are usually burned or directly scattered on fields, potentially destroying the ecological
environment, creating pollution, and wasting natural plant resources [3].

Olive leaves, as traditional herbal teas used in Mediterranean folk medicine, are a rich
natural source of phenolic compounds including oleuropein, rutin, luteolin-7-O-glucoside,
apigenin-7-O-glucoside, and luteolin, the main component of which is oleuropein (OE),
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an intense antioxidant endowed with anti-cancer properties [4,5]. Hamd et al. have evalu-
ated the toxicity of oleuropein and found non-toxic in several animal species [6], but on
oleuropein-treated tumors, in addition to being great promise as a potential chemother-
apeutic agent for the treatment of HeLa cells, it can obviously inhibit the growth of neu-
roblastoma, human breast cancer cells MCF-7, and human lung carcinoma A549 cells [7,8].
Olive leaf extracts have long been known for their therapeutic and medicinal proper-
ties, namely antioxidative, antimicrobial, antiproliferative, and antihypertensive activities,
mainly as a result of their polyphenols [9,10]. There is a growing interest in utilizing phenol
extract (PE) of olive leaves in various industrial applications such as food additives and
nutraceuticals [11].

However, the phenolic compounds of olive leaves essentially vary by cultivar, leaf
age, sampling time, climatic condition, and geographical origin [5,12,13]. China has
a contrary climate with a Mediterranean-climate region, and Xichang city in Sichuan
province is a leading producer of olives, receiving 2431.4 h annual average sunshine and
17.5 ◦C total accumulative temperature [14]. Under the unique climate conditions in
China, significant differences have been found in the biochemical or genetic characteristics
of olive fruit [15–17]. Although olives have been developed for 60 years in China, the
existing research on olives is still mainly concentrated in the Mediterranean, while very
few studies have focused on the qualification and quantification of phenols from Chinese
olives, particularly olive leaves.

The development of cost-effective and sustainable extraction strategies to obtain high-
yield phenolic compounds is crucial for the valorization of Chinese olive leaves. Therefore,
several extraction methods have been employed for detecting the phenolic compositions of
olive leaves [5,18]. Compared to other novel extraction techniques, ultrasound-assisted
extraction (UAE) of polyphenols from olive leaves is simple, rapid, and inexpensive [4].
Optimization of the extraction conditions is necessary to obtain the anti-oxidative PE, as
many factors such as power, temperature, time, or solvent can influence the UAE [18].
In terms of total phenolicor oleuropein contents (TPC or OEC) in olive leaves, studies
have thoroughly explored using response surface methodology (RSM), and it has been
reported that artificial neural networks exhibit better prediction performance compared
to RSM, though the TPC (2.480 ± 0.060 ppm) and OEC (0.060 ± 0.012 ppm) were negli-
gible [19]. Thus far, even in more recent reviews, there is still a lack of information on
the optimization of total phenolic (TP) and OE from Chinese olive leaves under the same
extraction conditions.

The objective of this study was to optimize the extraction parameters for TPC and OEC
of olive leaves and determine the levels of seven phenolic compounds in aged and young
leaves from six Chinese olive cultivars in different seasons. In addition, the antioxidant
activities of different concentrations of TP and OE were assayed in vitro by assessing the
scavenging capability of DPPH radicals, superoxide anions and the reducing power, as
well as the anticancer activity against HeLa cells.

2. Materials and Methods
2.1. Materials and Chemicals
2.1.1. Plant Materials

Six main popularized varieties (“Salonenque”, “Koroneiki”, “Jufeng”, “Arbeqoina”,
“Arbosana”, and “Frantoio”) at Xichang, grown in the same orchard, were selected. The
aged and young leaves were collected on the 20th of each month from February to December
in 2019 and used for the quantitative determination of phenolic compounds, and the young
leaves of the “Picual” cultivar in February were used for extraction optimization. The
fresh sample was dried in a drying oven at 45 ◦C until a constant weight, ground using a
high-speed mill (FW177, Taisite Instrument, Tianjin, China), and then stored at −20 ◦C.
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2.1.2. Chemicals and Reagents

HPLC-grade oleuropein, apigenin-7-O-β-D-glucosidase, luteolin-4′-O-glucoside,
quercetin, luteolin, apigenin, rutin, and acetonitrile were purchased from Must Biotechnol-
ogy (Chengdu, China) and Acros Organics (Geel, Belgium). Dimethyl sulfoxide (DMSO),
CCK-8, fetal bovine serum (FBS), penicillin, and streptomycin were purchased from Beijing
Solarbio Science-technology Co., Ltd. (Beijing, China). Nicotinamide adenine dinucleotide
(NADH), phenazine methosulfate (PMS), 1,1-diphenyl-2-picrylhydrazyl (DPPH), and ni-
troblue tetrazolium (NBT) with a purity of 98% were obtained from Sigma Chemical Co.,
Ltd. (St. Louis, MO, USA). All chemicals used were of analytical grade, and the water was
of Milli-quality (Bedford, MA, USA).

2.2. UAE of Phenolic Compounds

Olive leaf powder (1 g) was mixed with different ethanol concentrations (50–90%)
using different liquid-solid ratios (10–50 mL/g). These samples were extracted in an
ultrasonic bath (Jiangsu, China) at various ultrasound powers (150–270 W) for varying
extraction times (10–50 min). Based on the results of the preliminary experiments, the
yield of TP and OE was stable at below 60 ◦C, and the changes was not obvious, thus
the extraction temperature was fixed at 60 ◦C. All extracts were centrifuged at 5000 rpm
for 10 min to collect the supernatant and filtered through a nylon membrane filter with
0.45-µm before high-performance liquid chromatography (HPLC) analysis. Each extraction
was triplicated, and all analyses were performed with three replications.

2.3. Optimization of Total Phenolic and Oleuropein

Response surface methodology (RSM) using Box-Behnken design (BBD) was em-
ployed to predict the influence of four independent variables on the responses (TPC and
OEC). The main factors affecting extraction efficiency, including the liquid-solid ration (X1,
mL/g), ultrasound power (X2, W), extraction time (X3, min), and ethanol concentration
(X4, %), were chosen as independent factors. The coding of the four variables and their
actual levels are given in Table 1, and the complete design consisted of 29 randomized runs
with five replicates at the central point. The experimental and predicted values of TPC
and OEC were also compared to evaluate the model validity. Runs were implemented in
triplicate to certify the results. The mathematical model describing the yield of TP and OE
as a function of the coded independent variable in the selected ranges was given by the
following Equation (1):

Y = A0 +
4

∑
i=1

Aixi +
4

∑
i=1

Aiix2
i +

4

∑
i<j=2

Aijxiyj (1)

where y is the response function (TPC and OEC); A0 is a constant; Ai, Aii, and Aij are
coefficients of the linear, quadratic, and interaction coefficients, respectively; xi and xj are
the independent factors.

Table 1. Box-Behnken design (BBD) design with the experiment variables and experimental data for the responses.

Run

Extraction Variables
TPC
(mg/g DM)

OEC
(mg/g DM)X1 (mL/g)

Liquid-Solid Ratio
X2 (W)
Power

X3 (min)
Tim

X4 (%)
Concentration

1 0(20) 0(240) 0(20) 0(60) 188.79 72.72
2 −1(10) 1(270) 0(20) 0(60) 183.00 71.57
3 −1(10) 0(240) 1(30) 0(60) 184.48 71.93
4 0(20) −1(210) 0(20) 1(70) 155.48 67.56
5 1(30) 0(240) 0(20) −1(50) 166.62 69.88
6 0(20) 0(240) 0(20) 0(60) 196.31 72.61
7 0(20) 1(270) −1(10) 0(60) 187.68 72.31
8 −1(10) −1(210) 0(20) 0(60) 172.54 72.84
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Table 1. Cont.

Run

Extraction Variables
TPC
(mg/g DM)

OEC
(mg/g DM)X1 (mL/g)

Liquid-Solid Ratio
X2 (W)
Power

X3 (min)
Tim

X4 (%)
Concentration

9 1(30) 0(240) 1(30) 0(60) 149.77 66.00
10 0(20) −1(210) −1(10) 0(60) 172.25 71.15
11 0(20) 0(240) 0(20) 0(60) 190.35 73.14
12 0(20) −1(210) 1(30) 0(60) 181.54 71.48
13 0(20) 0(240) −1(10) −1(50) 189.03 70.44
14 −1(10) 0(240) 0(20) 1(70) 164.92 68.89
15 0(20) −1(210) 0(20) −1(50) 166.55 68.49
16 0(20) 0(240) 0(20) 0(60) 197.00 73.00
17 0(20) 0(240) 0(20) 0(60) 196.83 72.82
18 −1(10) 0(240) 0(20) −1(50) 162.68 68.08
19 −1(10) 0(240) −1(10) 0(60) 175.40 70.66
20 1(30) 1(270) 0(20) 0(60) 156.54 70.52
21 0(20) 1(270) 1(30) 0(60) 153.09 66.83
22 0(20) 1(270) 0(20) −1(50) 168.37 69.00
23 1(30) 0(240) −1(10) 0(60) 186.93 71.78
24 1(30) −1(210) 0(20) 0(60) 169.31 69.89
25 0(20) 0(240) 1(30) −1(50) 139.56 65.49
26 0(20) 1(270) 0(20) 1(70) 129.00 63.91
27 0(20) 0(240) 1(30) 1(70) 140.46 65.12
28 1(30) 0(240) 0(20) 1(70) 110.79 61.52
29 0(20) 0(240) −1(10) 1(70) 132.55 64.60

Predicted 30 260.57 10.00 53.09 197.12 74.35
Experimental30 260.00 10.00 50.00 197.32 74.68

2.4. Determination of TPC

The TPC of the olive leaf extracts was determined using the Folin–Ciocalteu method [20].
The absorbance was measured at 760 nm with a microplate reader (Spectramax M2, USA).
The TPC results were expressed as milligrams of gallic acid equivalent per gram dry matter
(mg/g DM). All experiments were repeated at least three times.

2.5. Quantification of Phenolic Compounds Using HPLC

The compound analysis was performed using an HPLC system (Agilent 1260, Agilent
Technologies, California, CA, USA). The gradient elution, at a flow rate of 0.8 mL/min,
was achieved using the method previously established by Wang et al. [21]. The column
temperature was maintained at 30 ◦C, and the injection volume was 10 µL. The HPLC
system with a UV–VIS DAD detector at 350 nm was coupled to a Zorbax Eclipse Plus-C18
column (5.0 µm, 150 × 4.6 mm), and the mobile phase consisted of a mixture of water (0.2%
aqueous phosphoric acid, solvent A) and acetonitrile (solvent B): 0–5 min, 84% A; 5–20 min,
84–70% A; 20–25 min, 70–60% A; 25–30 min, 60–84% A; 30–35 min, 84% A. The amounts
of phenolic compounds were calculated using the calibration curve (C), and the equation
was as follows: content of phenolic compounds (mg/g) = ((C × V)/W)/1000, where V is
the volume of the extract (mL), and W is the dried weight of sample (g). All compound
contents were reported as mg of compound/g dry matter (DM).

Oleuropein in the extracted solutions was analyzed as follows: the determined wave-
length, 254 nm; column temperature, 30 ◦C; flow rate, 10 µL; and water (75%) and acetoni-
trile (25%) were used as mobile phase A and mobile phase B at 0.8 mL/min, respectively.
The data were expressed as means of the mg oleuropein per g dry matter.

2.6. Evaluation of Antioxidant Activities

The DPPH and superoxide radical assays were performed as previously reported with
modifications [22]. For the DPPH assay, the reaction mixture contained 135 µL of the DPPH
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solution (0.4 mM) and the phenol extracts and oleuropein (0.2–1.2 mg/mL) dissolved in
methanol. The mixture was shaken vigorously and incubated at 37 ◦C in the dark for 10 min.
The absorbance at 517 nm (Spectramax M2) was measured. For the superoxide radical
scavenging assay, different concentrations of phenol extracts and oleuropein were mixed
with 0.2 mL NBT (0.08 mM), 0.4 mL NADH (0.25 mM), and 0.2 mL PMS (0.06 mM) at 25 ◦C
for 25 min, and the absorbance was recorded at 560 nm. The DPPH and superoxide radical
scavenging activity (%) were calculated from the following equation: radical scavenging
activity (%) = (Acontrol − Asample)/Acontrol) × 100. The EC50 values (mg/mL), defined as
the concentration of the sample that gave 50% maximal response, were calculated from the
plot of % inhibition against concentration. Ascorbic acid (Vc) served as the positive control,
and all the analyses were carried out in triplicate.

The reducing power assay was performed as previously reported [23]. Briefly, 0.2 mL
of the sample (phenol extract and oleuropein) was mixed with 0.5 mL of phosphate buffer
(0.2 M, pH 6.6) and 0.5 mL of 1% potassium ferricyanide. The mixture was incubated at
50 ◦C for 20 min. Then, 0.5 mL of 10% trichloroacetic acid was added after cooling, and
the mixture was centrifuged at 3000 rpm for 10 min. Subsequently, 0.5 mL supernatant
was diluted in 0.5 mL of distilled water and reacted with 0.1 mL 0.1% ferric chloride. The
effective concentration (EC50, mg/mL) giving 0.5 of absorbance (the 50% maximal response)
was calculated from the plot of absorbance at 700 nm against the extract concentration. All
tests were carried out in triplicate.

2.7. Evaluation of Anticancer Activity

Human tumor cervical HeLa cells (Sichuan University, Chengdu, China) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) (1% penicillin-streptomycin solutions
and 10% fetal bovine serum (FBS) in a humidified 5.0% CO2 incubator at 37 ◦C. The cells
were treated with different oleuropein concentrations (0.4–2.0 mg/mL) and incubated for
12, 24, and 48 h in 100 µL of fresh growth medium. Then, 10 µL CCK-8 was added into the
cell wells for 1 h. The absorbance was measured at 450 nm, and the experiment was carried
out in triplicate for each sample. Cell viability was measured as follows: Cell viability (%)
= ((Asample − Acontrol)/(Acell − Acontrol)) × 100, where Asample is the absorbance of a well
with cells, the CCK-8 solution, and sample solution; Acontrol is the absorbance of a well
with the medium and the CCK-8 solution, without cells; Acell is the absorbance of a well
with cells and the CCK-8 solution, without the sample solution.

2.8. Statistical Analysis

All experiments were carried out in triplicate, and the data were reported as mean
± standard deviation (SD). The experimental results of response surface design were
analyzed using the Design-Expert 10 software (Trial version, State-Ease Inc., Minneapolis,
MN, USA). Statistical analysis included one-way analyses of variance (ANOVA) in SPSS
version 17 (SPSS Inc., Chicago, IL, USA).

3. Results
3.1. Extraction Optimization of TP and OE
3.1.1. Single-Factor Experiment

At the beginning of this study, the liquid-solid ratio, ultrasound power, extraction time,
and ethanol concentration were investigated to determine the appropriate experimental
ranges to be considered during the optimization process. The amount of TP and OE from
the olive leaves is presented in Figure 1. Figure 1A showed a similar influence of liquid-
solid ratio on the TPC and OEC, with a significant difference in the range of 10–50 mL/g.
The yield increased with the increase in the liquid-solid ratio and peaked at 20 mL/g,
which was probably because polyphenols, especially in the form of glycosides, have higher
yields in high-solubility hydroalcoholic solutions [18]. This indicated that 20 mL/g was
the optimal liquid-solid ratio. A similar trend in TPC and OEC was observed regarding the
effect of ultrasound power in Figure 1B. An increase in the TPC and OEC at a higher power
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was achieved, reaching the highest at 240 W. When the power was higher than 240 W, the
TPC and OEC began to decline, dropping to 204.12 and 73.78 mg/g at 270 W, and thus the
maximum power was fixed at 240 W. Extraction time was another important variable to
consider. Figure 1C shows that the TPC and OEC at 20 min were significantly higher than
at 10 min, and when the time was prolonged to 30 min, the TPC and OEC decreased from
206.37 to 200.94 and 74.40 mg/g to 73.0 mg/g, respectively. Hence, 20 min was considered
the optimal time. Simultaneously, different ethanol concentrations were also assessed at a
range from 50% to 90% (Figure 1D). The TPC and OEC at 70% ethanol were maximized
that was maybe higher concentration of aqueous ethanol improved the yield of phenolics
due to its polarity; however, this trend declined when the ethanol concentration varied
from 70% to 90%, suggesting that the optimal ethanol concentration was 70%, which was
in accordance with previous results for phenolic compounds of pomegranate peel [24].

Figure 1. Single-factor effect on the total phenolic and oleuropein content (TPC and OEC):
(A), solid-liquid ratio; (B), ultrasound power; (C), extraction time; (D), ethanol concentration.

3.1.2. Extraction Model Analysis

Based on the single-factor experiment, the phenolic extraction from olive leaves was
further optimized for the maximum TPC and OEC using the RSM approach. The design
variables in their coded form and the corresponding response values from the 29 treatments
are displayed in Table 1. A second-order polynomial model, expressing the correlation
between the extraction yield and four variables, was achieved as below in Equations (2)
and (3):

YTPC = 193.86 − 8.59×1 − 3.33X2 − 7.91X3 − 13.30X4 − 5.81X1X2 − 11.56X1X3 − 4.52X1X4 − 10.97X2X3 − 7.07X2X4 + 14.34X3X4 − 11.49X12 − 9.95X22 − 10.27X32 − 31.12X42 (2)

YOEC = 72.86 − 1.20X1 − 0.61X2 − 1.17X3 − 1.65X4 + 0.48X1X2 − 1.76X1X3 − 2.29X1X4 − 1.45X2X3 − 1.04 X2X4 + 1.37X3X4 − 0.98X12 − 0.73X22 − 1.70X32 − 4.80X42 (3)

The effects (linear, quadratic, and interaction) of the independent variables derived
from the statistical analysis by F-test and ANOVA are presented in Table 2, and the statistical
significance of Equations (2) and (3) was investigated for the quadratic equations of TPC
and OEC. The p-value was employed to test the significance of each coefficient, and the
higher the F-value, the lower the p-value, and the more significant the coefficient [25]. In
our study, the p-values were less than 0.0001, and the F-values of TPC and OEC were 40.56
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and 126.71, denoting that the regression models were extremely significant. Meanwhile,
the lack-of-fit test of TPC (0.0951) and OEC (0.0821) was not significant, and this predicting
mode could forecast the TPC and OEC according to the UAE parameters. For the fixed
model, a goodness-of-fit test was used to verify the high coefficient of determination
(R2) [26]. A high degree of correlation between the predicted and experimental values
was also found for TPC and OEC due to the similarity of R2 (TPC, 0.9759; OEC, 0.9922)
and their R2

adj (TPC, 0.9519; OEC, 0.9843). In addition, X4 had the most important impact
on TPC and OEC, followed by X1 and X3, and finally X2. The interactions of X1X3, X1X4,
X2X3, and X3X4 on the OEC were more noticeable than those of X1X2 and X2X4, and the
quadratic terms X12, X22, X32, and X42 were highly significant (p < 0.0001). While for
the OEC, all interaction and quadratic terms were significantly higher than that of the
interaction of X1X2.

Table 2. ANOVA for response surface quadratic equations of TPC and OEC by ultrasound-assisted extraction (UAE).

Factor
TPC OEC

SS DF MS F-Value p-Value SS DF MS F-Value p-Value

Model 13536.65 14 966.90 40.56 <0.0001 *** 279.95 14 20.00 126.71 <0.0001 ***
X1 885.11 1 885.11 37.13 <0.0002 ** 17.23 1 17.23 109.19 <0.0002 **
X2 133.27 1 133.27 5.59 0.0330 * 4.40 1 4.40 27.91 0.0002 **
X3 751.13 1 751.13 31.51 <0.0002 ** 16.54 1 16.54 104.83 <0.0002 **
X4 2122.95 1 2122.95 89.06 <0.0002 ** 32.60 1 32.60 206.60 <0.0002 **

X1X2 134.91 1 134.91 5.66 0.0322 * 0.90 1 0.90 5.72 0.0314 *
X1X3 334.53 1 534.53 22.42 0.0003 ** X1X3 12.43 1 12.43 78.73
X1X4 843.03 1 843.03 35.37 <0.0002 ** X1X4 21.02 1 21.02 133.21
X2X3 481.36 1 481.36 20.19 0.0005 ** X2X3 8.44 1 8.44 33.47
X2X4 200.22 1 200.22 8.40 0.0227 * X2X4 4.33 1 4.33 27.41
X3X4 823.12 1 823.12 34.53 <0.0002 ** X3X4 7.48 1 7.48 47.40
X1

2 857.04 1 857.04 35.95 <0.0002 ** X12 6.25 1 6.25 39.59
X2

2 641.97 1 641.97 26.93 0.0002 ** X22 3.48 1 3.48 22.07
X3

2 684.77 1 684.77 28.73 0.0002 ** X32 18.81 1 18.81 119.17
X4

2 6280.22 1 6280.22 263.45 <0.0002 ** X42 149.70 1 149.70 948.56
Lack of

Fit 271.02 10 27.10 1.73 0.3149 ns Lack of
Fit 2.03 10 0.20 4.46

Residual 333.73 14 23.84 Residual 2.21 14 0.16
Pure
Error 62.71 4 15.68 Pure

Error 0.18 4 0.045

Cor Total 13870.38 28 Cor Total 282.16 28
R2 0.9759 0.9922

R2
adj 0.9519 0.9843

*** Highly significant (p < 0.0001); ** more significant (p < 0.001); * significant (p < 0.05); ns, not significant (p > 0.05). (X1) liquid-solid ratio
(mL/g); (X2) ultrasonic power (W); (X3) time (min); (X4) concentration (%). SS, sum squares; DF, degree of freedom; MS, mean square.

3.1.3. Response Surface Analysis

To illustrate the interaction effects of the independent variables on the responses (YTPC
and YOEC), a three-dimensional (3D) response surface is presented (Figures 2 and 3), in
which two constants at the central level and two varying variables at the detection range
are presented. As can be seen in Figure 2A, D, the interaction of X1X2 at 20 min and 70%
ethanol exhibited a similar effect on the TPC and OEC. The effects of X1X2 on TPC and
OEC displayed a linear increase at first but decreased after a certain value (approximately
20 mL/g, 240 W). Similar impacts of X1X3 and X1X4 on the TPC and OEC were observed in
Figure 2B,C,E,F. The figures clearly showed the positive effects between the variables (X1X3
and X1X4); indeed, the highest yields of TP and OE were obtained with about 20 mL/g,
20 min, and 70% ethanol. Wang et al. found that ultrasound enabled the maximum yield
of total phenols from Sparganii rhizome in 40 min and 19.21 mL/g [27].
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Figure 3. Response surface plot for the interactions of ultrasound power, ethanol concentration and extraction time on TPC
(mg/g DM, (A–C)) and OEC (mg/g DM, (D–F)) by UAE.

In Figure 3A,D, the effect of X2X3 on the TPC and OEC was also investigated when
X1 and X4 were fixed at 20 mL/g and 60%. The TPC and OEC were enhanced with
the increase in power and time. The maximum values of TPC (195.38 mg/g) and OEC
(73.05 mg/g) were achieved in 20 min and 240 W, which may be due to the degradation
and fragmentation of phenolic compounds caused by cavitation bubbles using ultrasound
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waves, thus increasing the yield [28]. In these experimental conditions, high power (X2)
and high ethanol (X4) increased the TPC and OEC (Figure 3B,E); however, if the power
(270 W) and concentration (70%) were too high, an adverse effect was observed. Similarly,
once the time (X3) and ethanol (X4) exceeded 20 min and 60%, respectively, the TPC and
OEC began to decline (Figure 3C,F). This drop may be associated with the fact that too high
a concentration (70%) and long time (30 min) increased the impurities, thereby preventing
the dissolution of phenolic compounds [4].

3.1.4. Optimization of the Extraction Conditions

Based on the responses (YTPC and YOEC), the optimal parameters were verified
as follows: liquid-solid ratio 29.99 mL/mg, power of 260.47 W, time of 10 min, and
ethanol of 53.27%. The experimental values for TPC (197.32 ± 2.08 mg/g) and OEC
(74.68 ± 1.23 mg/g) were very close to the predicted values (197.12 mg/g; 74.35 mg/g)
under actual operating conditions (30 mL/g, 240 W, 10 min, and 50%). Hence, the re-
sponse surface modeling could be applied effectively to predict the enrichment of phenolic
compounds from “Xichang” olive leaves.

3.2. Quantification of Phenolic Compounds

Under optimized conditions, samples of phenolic extracts of aged and young leaves
were harvested from the six olive cultivars in different seasons. Seven main phenolic
compounds of the sample were distinguished based on previous literature reports [29],
and Figure 4A,B illustrate the chromatographic analysis of the standard mixture and
representative sample from the “Arbequina” cultivar in January, April, July, and October.
The levels of phenolic compounds between the aged and young leaves from January to
December were detected using methods previously established in our lab [20].

Figure 4. High-performance liquid chromatography (HPLC) chromatograms of phenolic compounds: (A) mixture standard;
(B) samples from the aged and young leaves (AL and YL) in January, April, July, and October.

3.2.1. Effect of Leaf Age and Season on Phenolic Compound Contents

Table 3 shows that the TPC differed significantly between the aged and young leaves
all year round, varying from 35.96 to 168.37 mg/g DM, and the level in the young leaves
was higher than in the aged leaves. The highest TPC was obtained in January (168.37 mg/g
DM) or December (133.25 mg/g DM), whereas the lowest concentration was detected in
April (35.96 mg/g DM) or September (78.15 mg/g DM). This seasonal change trend in TPC
in the olive leaves, increasing from October and reaching higher levels in December, was
also reported by Talhaoui et al., and verified our previous research results [20,30].
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Table 3. Quantification of the main phenolic compounds in both aged and young leaves from January to December *.

Months LA TPC OEC 1 2 3 4 5 6

January AL 167.58 ± 8.22 a 33.89 ± 2.61 hi 0.40 ± 0.162 hijkl 39.63 ± 2.88 cde 2.03 ± 0.15 efg 0.048 ± 0.006 a 0.020 ± 0.002 efg nd
YL 168.37 ± 7.99 a 67.57 ± 0.71 e 1.24 ± 0.164 b 49.58 ± 5.72 b 2.96 ± 0.33 bc 0.057 ± 0.007 a 0.425 ± 0.005 bc nd

February AL 89.27 ± 5.14 gh 22.99 ± 1.68 ijk 0.20 ± 0.003 lm 47.95± 0.69 bc 2.11 ± 0.03 ef 0.009 ± 0.001 defg 0.014 ± 0.003 fg nd
YL 93.12 ± 0.78 gh 44.65 ± 1.52 fg 0.26 ± 0.015 klm 37.78 ± 2.36 def 1.93 ± 0.12 efgh 0.023 ± 0.003 bc 0.113 ± 0.019 a 0.017 ± 0.001

March
AL 96.88 ± 5.51 fg 21.38 ± 3.26 jkl 0.20 ± 0.022 lm 28.35 ± 3.39 fghi 1.82 ± 0.21 fgh 0.011 ± 0.001 cdefg 0.010 ± 0.001 fg nd
YL 118.75 ± 2.04 bcde 89.16 ± 12.45 c 0.29 ± 0.017 klm 41.65 ± 2.69 bcd 1.63 ± 0.10 ghi 0.018 ± 0.002 cde 0.105 ± 0.009 ab nd

April AL 47.36 ± 5.67 i 74.74 ± 5.59 de 0.32 ± 0.227 jklm nd 0.30 ± 0.12 l 0.005 ± 0.001 efg 0.009 ± 0.004 fg 0.190 ± 0.132
YL 35.96 ± 4.13 i 14.72 ± 0.41 kl nd nd 0.28 ± 0.01 l 0.018 ± 0.006 bcd 0.067 ± 0.025 abcde 0.030 ± 0.002

May AL 111.25 ± 3.27 def 25.56 ± 0.35 ijk 0.16 ± 0.008 m 25.67 ± 0.91 ghij 1.64 ± 0.05 ghi 0.010 ± 0.002 cdefg nd nd
YL 117.67 ± 2.62 bcde 47.03 ± 0.85 fg 0.19 ± 0.035 lm 19.81 ± 0.50 hij 0.99 ± 0.04 jk 0.055 ± 0.010 a nd nd

June
AL 114.85 ± 2.62 cde 16.38 ± 0.18 kl 0.28 ± 0.015 klm 29.29 ± 1.20 fgh 1.92 ± 0.11 efgh 0.011 ± 0.002 cdefg 0.004 ± 0.001 g nd
YL 121.47 ± 2.41 bcd 148.10 ± 6.63 a 0.27 ± 0.003 klm 18.01 ± 9.32 j 1.53 ± 0.04 hi 0.031 ± 0.009 b 0.100 ± 0.039 ab 0.017 ± 0.001

July AL 88.67 ± 5.33 gh 22.06 ± 0.09 jk 0.59 ± 0.046 efgh 27.91 ± 1.77 fghi 2.05 ± 0.15 efg 0.006 ± 0.003 defg 0.004 ± 0.001 g nd
YL 90.47 ± 7.59 gh 90.23 ± 0.62 c 0.46 ± 0.024 hijkl 31.69 ± 2.12 efg 1.69 ± 0.10 ghi 0.012 ± 0.003 cdefg 0.043 ± 0.016 cdefg nd

August AL 126.29 ± 1.19 bcd 30.04 ± 0.03 ij 0.69 ± 0.025 def 35.40 ± 1.61 defg 2.60 ± 0.11 cd 0.016 ± 0.003 cdef 0.018 ± 0.007 efg nd
YL 124.56 ± 1.41 bcd 78.17 ± 0.38 d 0.62 ± 0.035 defg 31.27 ± 1.08 efg 1.51 ± 0.11 ij 0.031 ± 0.002 b 0.073 ± 0.009 abc 0.019 ± 0.002

September AL 78.15 ± 5.83 h 16.26 ± 0.63 kl 0.54 ± 0.044 fghi 20.88 ± 1.80 hij 1.32 ± 0.09 ij 0.005 ± 0.001 efg 0.007 ± 0.074 g nd
YL 103.08 ± 3.38 efg 41.62 ± 0.23 gh 0.34± 0.038 ijklm 18.69 ± 2.15 ij 0.99 ± 0.11 jk 0.004 ± 0.001 fg 0.058 ± 0.009 bcdef nd

October
AL 97.18 ± 7.54 fg 10.58 ± 0.09 l 0.52 ± 0.060 fghij 9.07 ± 1.39 k 0.65 ± 0.09 kl 0.006 ± 0.001 efg 0.009 ± 0.0.006 fg nd
YL 129.07 ± 3.43 bc 52.78 ± 0.81 f 0.90 ± 0.026 c 19.28 ± 0.81 ij 0.92 ± 0.05 k 0.010 ± 0.001 cdefg 0.059 ± 0.014 bcdef nd

November
AL 91.64 ± 2.51 gh 15.50 ± 1.32 kl 0.81 ± 0.028 cd 31.67 ± 1.36 efg 1.85 ± 0.09 efgh 0.008 ± 0.001 defg 0.032 ± 0.003 defg nd
YL 117.20 ± 3.781 bcde 106.49 ± 2.11 b 1.51 ± 0.095 a 62.33 ± 4.16 a 3.23 ± 0.22 ab 0.002 ± 0.001 g 0.099 ± 0.033 ab nd

December
AL 113.611 ± 11.93 cde 10.29 ± 0.12 gh 0.75 ± 0.006 cde 34.44 ± 0.43 defg 2.24 ± 0.03 de 0.005 ± 0.001 efg 0.017 ± 0.002 fg nd
YL 133.25 ± 3.42 b 24.33 ± 0.73 ijk 1.29 ± 0.013 b 47.75 ± 0.67 bc 3.56 ± 0.06 a 0.017 ± 0.003 cdef 0.088 ± 0.011 abc nd

* Values are presented as mean ± standard deviation; the date marked by different letters in a column indicated significant different (p < 0.05); nd, not detected. (LA) leaf age; (TPC) total phenolic content; (OEC)
oleuropein content; (1) rutin; (2) luteolin-4′-O-glucoside; (3) apigenin-7-O-glucoside; (4) luteolin; (5) quercetin; (6) apigenin.
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Oleuropein and luteolin-4′-O-glucoside were the most abundant phenolic components,
followed by apigenin-7-O-glucoside and rutin, whereas luteolin, quercetin, and apigenin
were the least abundant (Table 3). In the published literature, oleuropein was found to begin
accumulating in the leaves with an intense green color, with yellow or green-yellowish
leaves displaying significantly lower levels [31]. In this study, the oleuropein content of
the aged and young leaves followed this reported trend, except for April, where a high
level was detected in the young leaves. In terms of seasonal change, the OEC changed
drastically in summer and autumn. Especially in June and November, a sharp decline
in OEC was observed in the mature and senescent olive leaves, decreasing from 148.10
to 16.38 mg/g DM and from 106.49 to 15.50 mg/g DM, respectively. Meanwhile, rutin,
luteolin-4′-O-glucoside, and apigenin-7-O-glucoside exhibited fluctuations from 1.51 to
0.16 mg/g DM, from 62.33 to 18.01 mg/g DM, and from 3.56 to 0.28 mg/g DM, respectively.
Notably, these three compounds were much more unstable in April, with the content being
low or not even detected. This phenomenon has already been explored by Wu et al., who
reported that April, June, and September were the developmental periods of the shoots in
spring, summer and autumn in Xichang [14], but January and November were associated
with very slow growth of the leaves and near-dormancy, which would be an important
factor affecting the levels of these compounds [12]. Regarding luteolin and quercetin, their
concentration was relatively low, only amounting to 0.057 to 0.002 mg/g DM and 0.113
to 0.004 mg/g DM, respectively, throughout the entire year. Compared with the aged
leaves, higher levels of luteolin were noted in the young leaves from February to August,
while apigenin was found in low amounts in the young leaves in February, June, and
August, which was also determined in different parts of “Chemlali” variety with different
development stages by Abaza et al. [32].

Consequently, seasonal variations markedly affected these seven components in the
aged and young leaves, with the largest monthly fluctuation observed in summer and
autumn, and thus the optimum sampling time was in spring and winter. Meanwhile,
the content of these compounds increased in the young leaves and declined in the aged
leaves. These changes in phenolic levels in the olive leaves might be closely related to
the combination of climate conditions and nutrient cycling (buds, flowers, and fruits), as
suggested by Malik and Bradford and Xiao et al. [33,34].

3.2.2. Influence of Leaf Age and Cultivars on Phenolic Compound Contents

The variation in the major phenolic components in the aged and young leaves of
the six cultivars is presented in Table 4. The TPC varied extensively with the different
olive varieties, ranging from 151.04 to 123.18 mg/g DM, and the greatest levels were
discovered in the young leaves of “Koroneiki” and “Jiufeng”, whereas evidently lower
levels were presented in the aged leaves of “Koroneiki” and “Arbeqoina”. This general
trend, with lower contents in the aged leaves, was also detected for most of the seven
phenolic compounds. For instance, oleuropein, rutin, luteolin, and quercetin in all of the
samples, with values of 18.64, 1.74, 0.006, and 0.006 mg/g DM, respectively, displayed
minimum contents in the aged leaves. With the exception of “Frantioio”, apigenin was
hard to detect in the aged leaves, or was barely detectable. On the contrary, luteolin-4′-O-
glucoside and apigenin-7-O-glucoside were highest in the aged leaves. This change in the
aged leaves was previously reported by Ranalli et al., who highlighted that color/age and
genetic factors markedly modified the oleuropein content of Italian olive leaves [31].
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Table 4. Quantification of the main phenolic compounds in both aged and young leaves (AL and YL) in six Chinese olive varieties*.

Cultivars LA TPC OEC 1 2 3 4 5 6

Salonenque AL 127.68 ± 3.43 d 45.86 ± 0.25 g 2.15 ± 0.032 ij 43.26 ± 1.74 bcd 2.75 ± 0.13 c 0.015 ± 0.002 e 0.014 ± 0.003 fg

YL 141.60 ± 0.26 b 50.48 ± 0.32 f 2.92 ± 0.131 gh 22.80 ± 0.80 f 1.58 ± 0.05 e 0.039 ± 0.001 a 0.030 ± 0.001 e 0.034 ± 0.004 b

Arbeqoina AL 123.18 ± 1.74 de 43.41 ± 0.82 gh 7.70 ± 0.126 c 43.24 ± 0.36 bcd 3.85 ± 0.0.01 a 0.013 ± 0.001 e 0.012 ± 0.001 fg

YL 142.92 ± 0.67 b 67.94 ± 0.82 d 10.23 ± 0.060 a 45.26 ± 0.66 bcd 3.63 ± 0.15 ab 0.035 ± 0.002 a 0.080 ± 0.010 c 0.022 ± 0.001 c

Koroneiki
AL 123.66 ± 0.03 de 18.64 ± 0.33 j 2.99 ± 0.045 gh 52.65 ± 1.30 a 2.78 ± 0.03 c 0.017 ± 0.001 de 0.012 ± 0.001 fg

YL 146.45 ± 0.82 ab 121.46 ± 1.81 b 3.99 ± 0.101 e 35.49 ± 1.80 e 2.17 ± 0.18 d 0.036 ± 0.002 a 0.095 ± 0.003 b

Jiufeng AL 141.56 ± 2.01 b 58.26 ± 0.13 e 1.74 ± 0.110 j 48.75 ± 2.71 ab 2.29 ± 0.03 d 0.006 ± 0.002 f 0.014 ± 0.001 fg

YL 151.04 ± 0.43 a 136.54 ± 2.73 a 3.46 ± 0.226 ef 39.59 ± 0.57 de 2.09 ± 0.05 d 0.023 ± 0.001 c 0.072 ± 0.003 c 0.020±0.001 c

Frantioio
AL 127.71 ± 2.21 d 25.59 ± 0.34 i 2.61 ± 0.211 hi 48.53 ± 2.01 ab 3.73 ± 0.0.16 ab 0.023 ± 0.0.001 c 0.006 ± 0.001 g 0.043±0.005 a

YL 125.00 ± 2.85 de 42.69 ± 0.63 h 1.84 ± 0.035 j 46.25 ± 5.38 bc 2.45 ± 0.25 cd 0.028 ± 0.0.002 b 0.050 ± 0.0.005 d

Arbosana
AL 126.73 ± 1.47 d 44.53 ± 0.41 g 7.06 ± 0.432 d 43.70 ± 1.01 bcd 3.39 ± 0.15 b 0.013 ± 0.0.001 e 0.018 ± 0.0.003 f

YL 135.10 ± 2.82 c 95.83 ± 0.96 c 9.25 ± 0.140 b 40.40 ± 2.33 cde 1.67 ± 1.26 e 0.021 ± 0.0.002 cd 0.108 ± 0.004 a 0.020±0.002 c

* The date marked by different letters in a column indicated significant different (p < 0.05).
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As mentioned earlier, oleuropein was present at higher levels in the younger leaves,
including in “Jiufeng” (136.54 mg/g DM), “Koroneiki” (121.46 mg/g DM), and “Arbosana”
(95.83 mg/g DM). Among the six cultivars, “Koroneiki” exhibited higher levels of luteolin-
4′-O-glucoside (52.65 mg/g DM) and luteolin (0.036 mg/g DM) and a lower content of
oleuropein (18.64 mg/g DM). Another remarkable finding was that “Arbeqoina” pre-
sented the highest concentrations of rutin (10.23 mg/g DM) and apigenin-7-O-glucoside
(3.85 mg/g DM) and the lowest TPC (123.18 mg/g DM). In addition, “Arbosana” possessed
the greatest amount of quercetin (0.108 mg/g DM), while “Frantioio” presented the lowest
(0.006 mg/g DM). Compared to the aged leaves of “Frantioio”, no apigenin was detected
in both the aged and young leaves of “Koroneiki”, while other varieties were only found
in the young leaves. In summary, the seven phenolic components in the leaves of the six
olive cultivars matched those from other cultivars, such as Portuguese cultivars studied by
Vinha et al., and Spanish cultivars reported by Talhaoui et al [29,35].

3.3. Antioxidant Activity of TPs and Oleuropein

At optimum UAE conditions, samples of young leaves from the “Picual” cultivar in
February were concentrated by a rotary evaporator and dried at 45 ◦C in a vacuum drying
oven to obtain the phenol extract; the extract was fractionated on a Sephadex LH-20 to
obtain the purified oleuropein (70% oleuropein), which was investigated for its antioxidant
activity using in vitro assays (Figure 5 and Table 5).

Figure 5. Antioxidant and anticancer activities of samples from Chinese olive leaf at different
concentra-tions. (A) Reducing power; (B) DPPH radical scavenging activity; (C) Superoxide radical
scav-enging activity; (D) Dose and time response of oleuropein-treated HeLa cells.

Table 5. EC50 values (mg/mL) of the phenol extract (PE) and oleuropein (OE) from Chinese
olive leaves.

Antioxidant Activities
EC50 (mg/mL)

Cell Viability
EC50 (mg/mL)

PE OE OE

Reducing power 0.33 ± 0.046 0.29 ± 0.003 12 h 0.82 ± 0.119
DPPH radicals 0.14 ± 0.001 0.27 ± 0.016 24 h 0.36 ± 0.072

Superoxide radicals 0.93 ± 0.003 0.29 ± 0.001 48 h 0.19 ± 0.020

Reducing power is usually associated with the presence of reducers, which exert
antioxidant action by breaking the free-radical chain by donating a hydrogen atom [36].
From Figure 5A, the absorbances of PE and OE increased with increasing concentration,
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which indicated that the reducing power presented concentration-dependent activity. As
shown in Table 5, the EC50 values of OE (0.29 mg/mL) demonstrated higher reducing
capability than that of PE (0.33 mg/mL), although both were weaker than Vc. Perhaps
the OE may effectively contribute to electron reduction due to its radical scavenging ca-
pacities [37]. To gain insight into the radical-scavenging capacity, the PE and OE were
further tested. At 0.20–0.60 mg/mL, the scavenging ability of DPPH radicals was height-
ened with the increasing concentration of PE and OE, reaching about 90% at 0.6 mg/mL
(Figure 5B). When the concentration of PE and OE was increased to 1.20 mg/mL, the
DPPH scavenging abilities were about 92%, nearly equal to that of Vc. Furthermore, the
lower EC50 value of PE (0.14 mg/mL) revealed a higher DPPH scavenging effect than that
of OE (0.27 mg/mL), which was probably attributed to the synergy among flavonoids,
oleuropeosids, and phenols [38]. However, the EC50 value of PE on superoxide radicals was
as high as 0.93 mg/mL, which was clearly higher than that of OE (0.29 mg/mL), implying
that the OE showed stronger ability to scavenge superoxide anions (Table 5). Varying
concentrations of the PE and OE resulted in different scavenging activities; at 1.20 mg/mL,
the scavenging efficiency of PE on superoxide radicals was below that of Vc (95.49%) and
OE (84.44%), but a dose-effect relationship between the concentration and superoxide
scavenging efficiency was observed (Figure 5C). These findings were consistent with the
results for stoned table olives [37], and a higher antioxidant effect of OE was detected
compared with the PE, which has been discussed by Visioli et al. who reported that OE
was a potent scavenger of superoxide radicals [39].

3.4. Cell Viability of Oleuropein

HeLa is one of the most used cell lines in biomedical research. Studies have shown
that oleuropein, the main component of olive leaf extracts, inhibited growth and induced
apoptosis in HeLa cells in the range of 150–200 µM at 24 h [7]. In addition, in previous study,
we observed that PE–treated (0–800 µg/mL) normal cells were unharmed and also has
no inhibitory effect on HeLa cells [20]. Therefore, oleuropein was tested for its inhibitory
effect on HeLa cells, and the effective dose and time of oleuropein were evaluated in vitro
by CCK-8 analysis. As shown in Figure 5D, cell viability dropped in the first 24 h at the
range of 0.40–2.00 mg/mL, and as the treatment time was prolonged to 24 or 48 h, a similar
dose-dependent result was found. The orders of EC50 (mg/mL) were 48 h (0.19) < 24 h
(0.36) < 12 h (0.82), which showed a dramatic reduction in cell vitality with the extension
of time (Table 5). In addition, when the concentration of OE reached 0.80 mg/mL, a long
incubation period (24 or 48 h) caused a significant decrease in cell viability of 9.90% and
7.37% at 24 h and 48 h, respectively. In a similar study, such a dramatic increase in the
death of breast cancer cells was assumed to be the result of prolonged treatment time [40].
This finding might be because oleuropein inhibited the proliferation of HeLa cells. The
effect of oleuropein–treated HeLa cells was dose and time dependent, but it is necessary to
further study its signal pathway and molecular mechanism.

4. Conclusions

In the present study, a four-level BBD experiment based on RSM was used to optimize
the extraction conditions of TP and OE from Chinese olive leaves. The combination of a
liquid-solid ratio of 30 mL/g, ultrasound power of 260 W, extraction time of 30 min, and an
ethanol concentration of 50% was found to obtain the highest TPC (197.32 mg/g DM) and
OEC (74.35 mg/g DM). There was seasonal variation in the phenolic components between
the aged and young leaves from January to December, and a considerable difference in
phenolic levels among the six Chinese cultivars was observed, with the leaves of the
“Koroneiki” and “Jiufeng” varieties containing abundant phenols. Among the seven
components, oleuropein and luteolin-4′-O-glucoside were highest, apigenin-7-O-glucoside
and rutin were the second-most abundant, and luteolin and quercetin were the lowest.
The main components of the young leaves remained relatively constant in spring and
winter, whereas these compounds showed distinct changes in summer and autumn. The
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in vitro experiment demonstrated that the superoxide radical scavenging capacity of OE
was superior to that of PE, but both exhibited similar antioxidant activities on DPPH and
reducing power. Additionally, after 48 h of exposure, the cell activity against HeLa cells
decreased dramatically with increasing OE concentration. Our results confirmed the good
antioxidant and anticancer effect of Chinese olive leaves. Due to the multiple properties of
these leaves (antioxidant, anti-cancer, therapeutical, and functional), Chinese olive leaves
have a great potential for medicinal, cosmetic, and pharmaceuticaluses, and can be applied
in functionalizing/developing a wide range of food products.
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