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Abstract: Olive leaves contain bioactive compounds that have been shown to activate AMP-activated
protein kinase (AMPK), which decreases intracellular lipid accumulation. Microwave-assisted
extraction (MAE) is a green extraction technique that is frequently used in the recovery of phenolic
compounds from plants. Thus, in this study, a Box-Behnken design was used to optimize MAE
conditions such as temperature, percentage of ethanol and extraction time to obtain the maximum
content of total compounds and compounds that activate AMPK. To this end, all extracts were
characterized by High-Performance Liquid Chromatography Coupled to Electrospray Ionization
Time-of-Flight Mass Spectrometry (HPLC-ESI-TOF-MS). The optimum conditions to obtain the
highest content of total compounds were 123 ◦C, 100% of ethanol/water (v/v) and 23 min, whereas the
optimum conditions for the highest amount of compounds that activate AMPK were 111 ◦C, 42% of
ethanol/water (v/v) and 23 min. Thus, a multi-analysis by desirability was carried out to establish
MAE optimal conditions for both responses. The optimum conditions were 111 ◦C, 100% EtOH and
23 min with a desirability of 0.97, which means that the responses are close to their individual optimal
values. As a result, the olive leaf extract obtained at these optimal MAE conditions has great potential
to be effective in the treatment of obesity.
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1. Introduction

The large amount of phenolic compounds present in olive leaves has attracted the interest
of researchers and many studies have reported that olive leaves provide beneficial effects such as
antioxidant capacity, antihypertensive, cholesterol lowering, cardioprotective, anti-inflammatory and
as a coadjuvant in the treatment of obesity [1–7].

The extraction process is the main step in the recovery and isolation of bioactive compounds
from plant samples [8]. Conventional extraction by maceration has several disadvantages such as low
phenolic recovery, longer extraction times, toxic solvents and high energy consumption [9]. Therefore,
green extraction techniques such as microwave-assisted extraction (MAE) have been developed to
resolve the disadvantages of conventional extraction by reducing the extraction time and solvent
consumption. This method is also respectful of the environment and it is economical [10]. Microwaves
are electromagnetic fields in the frequency between 0.3 and 300 GHz. Microwaves can penetrate some
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materials and interact with the polar components to generate heat [11]. Heat improves the diffusivity
of phenolic compounds from the matrix to the solvent [12].

Several parameters can affect the extraction efficiency of MAE, including microwave power,
extraction time, solvent type and composition, liquid to solid ratio, sample particle size, soaking time,
and number of extraction cycles [13]. With regard to the solvent, it is important that it provides high
extracting power and strong interplay with the matrix and the bioactive compounds. Thus, ethanol
and water are suitable in MAE because they can absorb microwave energy due to their high dielectric
constant and dielectric loss, and they are also safe to use in the food industry [14,15]. Other important
parameters in MAE are the time of extraction and the temperature. Short extraction times are used in
MAE to avoid the degradation of the chemically active structures of phenolic compounds. On the
other hand, high temperatures cause a decrease in viscosity and surface tension, which results in
better solvent penetration. However, high temperatures can also break down the molecular structure
of bioactive compounds, which results in a decrease in the extraction yield [16]. For these reasons,
it is important to determine the optimum value of these MAE parameters in order to improve the
extraction recovery of bioactive compounds.

Several studies have reported that secoiridoids present in extra virgin oil and olive leaves have
the capacity to activate the AMP-activated protein kinase (AMPK) [17,18]. This protein is the major
regulator of energy metabolism at both the cell and the whole body level [19,20]. Acute activation of
AMPK in adipose tissue suppresses lipolysis, whereas chronic pharmacological stimulation of this
enzyme remodels adipocyte metabolism to promote energy dissipation and prevent re-esterification of
fatty acids (FAs). These specific tissue effects indicate that this enzyme is suitable in the treatment of
obesity and its related metabolic disorders [21]. In addition, it has been reported that olive leaf extract
decreases intracellular lipid accumulation through AMPK dependent mechanisms in hypertrophic
adipocytes [22]. It has been suggested that this effect is due to the presence of several fractions in
olive leaf extract that contain specific compounds belonging to the secoiridoids, phenylethanoids,
phenylpropanoids and flavonoids subclasses [22]. High recovery of these bioactive compounds from
olive leaves can be achieved by optimizing the extraction conditions. In this study, an experimental
Box-Behnken response surface design was used to optimize the MAE parameters of temperature,
solvent composition and extraction time to obtain the highest total compounds content and compounds
with the capacity to activate AMPK from olive leaves. To this end, the determination of total compounds
in MAE olive leaf extracts was carried out by High-Performance Liquid Chromatography Coupled to
Electrospray Ionization Time-of-Flight Mass Spectrometry (HPLC-ESI-TOF-MS).

2. Materials and Methods

2.1. Chemicals and Reagents

Ethanol and methanol were purchased from Fisher Scientific (Leicestershire, UK), and water was
purified using a Milli-Q system (Millipore, Bedford, MA, USA). For HPLC analysis, LC-MS grade
acetronitrile was purchased from Fisher (Fisher Scientific UK, Leicestershire, UK) and ultrapure water
was obtained with the Milli-Q system described above. The acetic acid used was purchased from
Fluka (Buchs, Switzerland). The standard compounds used for the quantification were hydroxytyrosol,
and apigenin, which were purchased from Sigma-Aldrich (Saint Louis, MO, USA), and oleuropein was
from Extrasyntheèse (Lyon, France).

2.2. Samples

Olive leaves were purchased from Hojiblanca cultivar grown in Seville (Spain). After collection,
the fresh leaves were dried under controlled temperature at 22 ◦C. These were ground using an
ultra-centrifugal mill ZM 200 (Retsch GmbH, Haan, Germany). The resulting powder, with an average
particle size of 0.2 mm, was stored to avoid light exposure and kept at room temperature until
the extraction.
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2.3. Extraction of Phenolic Compounds from Olive Leaves by Microwave-Assisted Extraction (MAE)

MAE extraction was carried out in a microwave extraction reactor (Anton Paar GmbH, Graz,
Austria) equipped with two standard magnetrons of 850 W that deliver up to 1500 W microwave
power and an autosampler (model MAS 24). Extracts were prepared according to Pimentel-Moral et al.
by adding 3 g of dried olive leaf powder into a closed extraction vessel with 30 mL of ethanol/water
solvent mixture [23]. The solvent was selected because ethanol is generally recognized as a safe solvent
to use in food products [24]. Extraction time, temperature and percentage of ethanol were varied
according to the experimental design. After cooling, samples were centrifuged at 13,000 rpm for 15 min
at 4 ◦C in a centrifuge (Sorvall ST 16 R, Thermo Scientific, Leicestershire, UK) and the supernatant
was collected and evaporated at 35 ◦C to dryness in a Savan SC250EXP Speed-Vac (Thermo Scientific,
Leicestershire, UK). The extract was stored at −18 ◦C until further use.

2.4. Characterization of MAE Olive Leaf Extract by High-Performance Liquid Chromatography Coupled to
Electrospray Ionization Time-of-Flight Mass Spectrometry (HPLC-ESI-TOF-MS)

According to previous studies, dried olive leaf extracts obtained by MAE were reconstituted in the
proportion of 1/4 m/v (0.25 mg/mL) of MeOH/H2O (50/50) and the extracts were filtered prior to analysis
with single-use syringe filters (0.20 µm pore size) and then injected into the HPLC system [25,26].

Analyses of the phenolic compounds of olive leaves were carried out following the previously
validated method of Talhaoui et al. [26] using Agilent 1200 Series Rapid Resolution liquid
chromatography system (Agilent Technologies, CA, USA), which is comprised of a binary pump,
degasser, and auto sampler. Phenolic compounds were separated using a Poroshell 120 EC-C18
(4.6 × 100 mm, 2.7 mm) from Agilent Technologies, at 25 ◦C and a flow rate of 0.8 mL min−1. The mobile
phases were 1% of acetic acid as mobile phase A and acetonitrile as mobile phase B. The conditions of
the solvent gradient were as follows: 0 min, 5% B; 4 min, 9% B; 7 min, 12% B; 8 min, 15% B; 9 min, 16%
B; 14 min, 20% B; 15 min, 22% B; 18 min, 28% B; 19 min, 30% B; 20 min, 31% B; 21.50 min, 32% B; 23 min,
34% B; 24 min, 35% B; 25.5 min, 40% B; 27 min, 50% B; 30 min, 100% B; 34 min, 100% B; 36 min, 5% B.

In addition, the HPLC system was coupled to a microTOFTM (Bruker Daltonics, Bremen, Germany),
an orthogonal-accelerated TOF mass spectrometer, using an electrospray interface (model G1607A
from Agilent Technologies, Palo Alto, CA, USA). The effluent from the HPLC column was split
using a T-type phase separator before being introduced into the mass spectrometer (split ratio = 1:3).
Analysis parameters were arranged using a negative-ion mode with a scan range from m/z 50 to 1000.
The optimum values for the ESI−MS parameters were as follows: capillary voltage, +4.0 kV; drying
gas temperature, 200 ◦C; drying gas flow, 9.0 L min−1; and nebulizing gas pressure, 2.0 bar.

The data was processed using the software Data Analysis 4.0 (Bruker Daltonik, Bremen, Germany).
The identified compounds were carried out by the generation of the candidate formula with a tolerance
of 10 ppm (part per million mass error) using the SmartFormulaTM editor and considering their
retention time (RT), mass spectrum and the information available in the literature. The integration of
peak areas of compounds were carried out using Bruker Compass Target Analysis 1.2 software for
compound screening (Bruker Daltonics, Bremen, Germany). Three standard calibration graphs were
prepared for quantification of the compounds in the olive leaves using three standards (hydroxytyrosol,
oleuropein and apigenin).

2.5. Response Surface Methodology for Evaluation of MAE Parameters on Concentration of Compounds in
Olive Leaves

The evaluation was carried out using a Box-Behnken design with 3 variables. The MAE
independent variables were temperature (X1) (50–150 ◦C), percentage of ethanol/water (X2) (0–100% (v/v))
and extraction time (X3) (5–40 min). A total of 15 experiments with 3 central points were conducted in
a randomized order (Table 1). Optimum MAE conditions were estimated considering the maximum
responses variables: total compounds and total AMPK bioactive compounds by using Statgraphics
Centurion software provided by Statpoint Technologies. The relationship between the independent
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variables and concentration of compounds was analyzed by a response surface plot, which represents
the dependent variable as a function of the two most influential independent variables.

Table 1. Concentration of total compounds and total AMP-activated protein kinase (AMPK)
bioactive compounds in olive leaf extracts from microwave-assisted extraction (MAE) obtained
by Box Behnken design.

MAE X1 X2 X3
Total Compounds

(mg g−1 d.w.)
Total AMPK Bioactive Compounds

(mg g−1 d.w.)

1 50 100 22.5 35.72 ± 0.17 b 3.70 ± 0.10 b,c

2 50 50 40 21.85 ± 0.16 a 2.81 ± 0.05 a

3 100 50 22.5 57.37 ± 0.07 f 8.64 ± 0.08 g,h

4 150 100 22.5 74.24 ± 0.50 i 7.93 ± 0.21 g

5 100 100 5 67.18 ± 0.60 h 6.99 ± 0.16 f

6 150 0 22.5 51.36 ± 0.37 d 6.56 ± 0.21 f

7 100 100 40 63.55 ± 0.90 g 7.05 ± 0.24 f

8 50 0 22.5 21.84 ± 0.37 a 4.06 ± 0.35 c,d

9 50 50 5 21.02 ± 0.02 a 2.87 ± 0.10 a,b

10 100 0 40 39.19 ± 0.09 c 6.97 ± 0.13 f

11 100 50 22.5 58.25 ± 0.37 f 9.04 ± 0.53 h

12 100 0 5 35.73 ± 0.07 b 6.29 ± 0.06 f

13 150 50 40 38.81 ± 0.57 c 5.25 ± 0.21 e

14 100 50 22.5 62.49 ± 0.45 g 9.39 ± 0.02 h

15 150 50 5 53.47 ± 0.31 e 4.80 ± 0.002 d,e

X1: Temperature (◦C), X2: % EtOH/H2O (%(v/v)) and X3: Time (min). All results are expressed as mg g−1 of dry
matter of olive leaves. Different letters in the same column indicate significant differences (p < 0.05).

3. Results and Discussion

3.1. Determination of Phenolic and Other Compounds in Olive Leaf Samples by HPLC-ESI-TOF-MS

A total of 41 compounds were identified in MAE olive leaf extracts, which were identified by
considering their mass spectra as determined via TOF-MS and considering the data reported in the
literature [22,26–28]. Figure 1 shows the extracted ion chromatogram obtained by HPLC-ESI-TOF-MS
for each compound in the olive leaf extract from MAE 4. The parameters that enabled the identification
of these phenolic compounds were retention time, experimental and calculated m/z, error, mSigma
and the molecular formula (Supplementary Materials, Table S1).Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 15 
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Consequently, individual compounds in olive leaf extracts were quantified by calibration curves
of the standards: hydroxytyrosol, oleuropein and apigenin. All calibration curves revealed good
linearity among different concentrations, and the determination coefficients were higher than 0.9958 in
all cases (Supplementary Materials, Table S2). Quantification of individual compounds were classified
by families of simple phenols, secoiridoids, flavonoids, other phenolic compounds and elenolic acids
(Supplementary Materials, Table S3).

With regard to the simple phenols and derivatives, a total of three compounds were quantified.
According to these results, the extraction of simple phenols improved with the use of water as their
maximum content was obtained in MAE 12 and MAE 6 with 0% EtOH. This is due to the polar nature
of simple phenols that make them water soluble, and water is more efficient in solvent extraction than
ethanol [29]. In addition, the highest content of simple phenols was obtained in the extraction time
range of 5–22.5 min and a temperature of 100–150 ◦C.

With regard to secoiridoids, a total of 18 phenolic compounds were quantified. Of these, oleuropein
isomer a was the most abundant, with a high content of 60.00 ± 0.27 mg g−1 d.w. in MAE 4 (150 ◦C,
100% EtOH and 22.5 min). In addition, MAE 4 conditions resulted in the best total secoiridoids
content. Therefore, this result showed that an increase in temperature provides an increase in the
concentration of secoiridoids. This can be attributed to the increase in the solubility of oleuropein at
high temperatures and 100% of ethanol [30].

A total of 14 of flavonoids were found and the highest content was obtained at 100 ◦C, 50% EtOH and
22.5 min. The most concentrated flavonoid was luteolin glucoside isomer a (0.16 mg g−1 d.w.–0.55 mg g−1

d.w.). These results suggest that the content of flavonoids increases with the temperature up to 100 ◦C.
Thus, temperatures higher than 100 ◦C decreased the content of flavonoids because these compounds
are thermosensitive, especially flavonoids glycosides. This decrease was attributed to the thermal
oxidation of the hydroxyl groups of glycoside [31]. Regarding elenolic acids, four compounds were
quantified and 100 ◦C, 50% EtOH and 22.5 min were the best conditions for maximizing elenolic
content. Hence, an increase in the temperature up to 100 ◦C increases the content of these compounds,
whereas an increase in the extraction time from 22.5 min to 40 min decreases elenolic acid content.
This can be due to overexposure to microwave radiation, which leads to overheating and results in
thermal degradation and oxidation of elenolic compounds [32].

Finally, it is important to note that the lowest total content of compounds was 21.02 ± 0.02 mg g−1

d.w., which was obtained in MAE 9 (50 ◦C, 50% EtOH and 5 min) and 21.84 ± 0.37 mg g−1 d.w. in
MAE 8 (50 ◦C, 0% EtOH and 22.5 min), whereas the highest total content was 74.24 ± 0.50 mg g−1

d.w. which was obtained in MAE 4 at 150 ◦C, 100% ethanol and 22.5 min. Therefore, the highest
content of total compounds was obtained at the maximum temperature and percentage of ethanol.
This is because oleuropein, which is the most abundant secoiridoid in olive leaves, was extracted in
the highest quantity at 100% of ethanol. Ethanol has the capacity to absorb the microwave radiation
and heats up faster, thus, the increase in temperature improves the solubility of phenolic and elenolic
compounds in ethanol and improves matrix penetration due to a decrease in surface tension and
solvent viscosity [33]. In addition, the highest content of total compounds was obtained at 22.5 min.
However, the total content decreased in extended extraction times of 40 min because overheating the
solvent can lead to the degradation of most compounds [34].

3.2. Optimization of MAE Extraction Conditions

3.2.1. Optimization of Extraction Conditions for the Content of Total Compounds

The effect of optimization of temperature, time and % of ethanol amount on the content of the total
compounds was analyzed by response surface methodology (RSM). Table 2 shows the results of the
ANOVA test of the regression model for the response variable (total compounds). The data revealed
that the value of the determination coefficient (R2) was 97.03%. This result explained a considerable
part of the variance within the data. The proof of the lack of fit is a function of determining the model.
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The test is performed by comparing the variability of the residuals in the current model with the
variability in the observations under repeated conditions of the factors. Lack of fit for this model has a
p-value greater than 0.05 (p = 0.1716). Therefore, the model seems to be adequate for the data observed
at the 95.0% confidence level. ANOVA partitions the variability of total compounds into separate
pieces for each of the effects. Then it tests the statistical significance of each effect by comparing its
average square against an estimate of the experimental error. In this case, temperature (X1) (p = 0.0043),
% EtOH (X2) (p = 0.0069), the quadratic effect of the temperature (X11) (p = 0.0082) and quadratic of
time (X33) (p = 0.0198) had significant effects on the response variable (p-value less than 0.05, indicating
that they were significantly different from zero with a confidence level of 95.0%).

Table 2. ANOVA test for the response variable of total compounds.

Total Compounds

Source SS DF MS F-Value p-Value

X1 1723.74 1 1723.74 230.05 0.0043 *
X2 1071.32 1 1071.32 142.98 0.0069 *
X3 24.51 1 24.51 3.27 0.2122
X11 898.99 1 898.99 119.98 0.0082 *
X12 20.26 1 20.26 2.70 0.2418
X13 59.98 1 59.98 8.01 0.1055
X22 15.05 1 15.05 2.01 0.2921
X23 12.60 1 12.60 1.68 0.3242
X33 367.86 1 367.86 49.09 0.0198 *

Lack of fit 112.07 3 37.36 4.99 0.1716
Pure error 14.99 2 7.49

Total (corr.) 4280.1 14
R2 97.03

Adj R2 91.69

X1: temperature, X2: % EtOH, X3: Time, SS: Sum of squares, DF: Degree of freedom, MS: Mean square, R2: Quadratic
correlation coefficient; Adj R2: Quadratic correlation coefficient adjusted, * Significant (p < 0.05).

Response surface plots show the effect of two MAE parameters on the total content of compound
while keeping the third parameter constant, and these are displayed in Figure 2. Figure 2a shows
the positive effect of temperature and percentage ethanol on the total compounds, with the highest
content appearing at 100–150 ◦C and 80–100% EtOH, while Figure 2b shows the maximum value of
total compounds at 100–150 ◦C and 10–30 min. Finally, Figure 2c shows the effect of EtOH with time,
with the highest content appearing in the range of 15–30 min and 95–100% EtOH.

The fitted equation of the model for total compounds with the significant MAE parameters of X1

(temperature), X2 (% EtOH), X11 (quadratic of temperature) and X33 (quadratic of time) can be seen
below. The fitted equation of the model includes the effect of time (X3) (Equation (1)):

Total compounds = −57.8562 + 1.55431X1 + 0.231443X2 + 1.38944X3 − 0.00630364X11 −

0.0330993X33
(1)

Considering the equation to explain the model for total compounds behavior and understanding
the influence of each independent variable, an optimization of the conditions to obtain the highest
content of total compounds was proposed under the following optimized conditions: 123 ◦C, 100% EtOH
and an extraction time of 23 min to obtain a predictable value of 75.60 mg g−1 d.w. of total compounds.

To verify the suitability of the model for total compounds, the predictable value of total compounds
was compared with experimental values obtained at optimal conditions. The theoretical and experimental
values were 75.60 mg g−1 d.w. and 86.7± 0.4 mg g−1 d.w., respectively. Analysis of the results revealed an
acceptable variance (CV = 9.72%) between the theoretical and experimental data, therefore, the model
was considered suitable.
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Optimal conditions for the MAE of olive leaves have been reported previously in other research.
Rafiee et al. [35] reported the highest phenolic content, expressed as mg TAE/g power (dw), in ‘Koroneiki’,
‘Roghani’ and ‘Mission’ cultivar at 50% EtOH and 15 min. This study used a constant composition of
different solvents (water, 80% methanol, 50% ethanol and acetone). Japón-Luján et al. [36] found that the
optimum conditions of 200 W, 8 min and 80% ethanol obtained the maximum value of oleuropein and
flavonoids: 2.32% of oleuropein, verbascoside 631 mg Kg−1 d.w., apigenin-7-glucoside 1076 mg Kg−1

d.w., luteolin-7-glucoside 1016 mg Kg−1 d.w. in olive leaves. The optimum conditions found in these
previous studies are different to ours because these studies did not evaluate temperature as the third
MAE parameter and nor is it indicated even though it significantly affects phenolic recovery from olive
leaves in MAE. At high temperatures, the solvent power increases because of a decrease in viscosity
and surface tension, which helps the solvent to solubilize solutes and improves matrix wetting and
penetration. In addition, in a closed vessel microwave extraction, the temperature exceeds the boiling
point of solvent, leading to improved extraction efficiency [37]. Moreover, the pressure of the system
increases the boiling temperature of the solvent [38].

There are few studies that have been carried out on the optimization of three MAE parameters,
including the extraction temperature. Taamalli et al. [28] reported the optimal MAE parameters of
80 ◦C, 80% methanol and 6 min to obtain a yield of 16.70% of fresh leafweight. Alañón et al. [39]
optimized the MAE conditions for the highest content of total compounds in olive leaves by using
deep eutectic solvents with optimum conditions of 79.98 ◦C, 15.28 min and 48.63% of water, to obtain
28.52 mg g−1 d.w. of total compounds from olive leaves by HPLC-ESI-TOF-MS. Thus, there is a
great difference between these MAE optimum conditions compared to those obtained in the present
study. This could be because these previous studies used methanol and water as an extraction solvent.
Nevertheless, ethanol has been shown to be a good solvent for phenolic extraction and also it is safe
for human consumption [40]. Therefore, this study is the first time that the optimization of these MAE
parameters has been carried out using a mixture of ethanol/water as an extraction solvent in order to
obtain the maximum total compounds from olive leaves samples by HPLC-ESI-TOF-MS.

Furthermore, the experimental value of the content of total compounds obtained under optimum
MAE conditions in this study was 65.9% higher than the value of the sum of individual compounds



Appl. Sci. 2020, 10, 4620 8 of 14

obtained by Alañón et al. [39] at optimum MAE conditions. Besides, the experimental result of this
study was 40.5%, 39.9% and 31.3% higher than that obtained in ‘Sikitita’, ‘Picual’ and ‘Arbequina’ olive
leaves, respectively, by ultrasonic assisted extraction (UAE) [26]. Also this was 38.7%, 81.3%, 59.8%
and 37.6% higher than the means for all ‘Arbequina’; ‘Arbosana’, ‘Changlot Real’, ‘Picual’, ‘Koroneiki’
and ‘Sikitita’ cultivars, respectively, at four sampling times (June, August, October and December)
obtained by UAE [25]. Therefore, a high concentration of compounds in olive leaf extract was obtained
by using optimum MAE conditions compared with that obtained in previous studies using MAE and
UAE. However, this difference may be due to agronomic variability in the sample such as harvesting
season, cultivar, etc. [25].

3.2.2. Optimization of Extraction Conditions for the Content of Compounds from Olive Leaves with
Capacity to Modulate AMPK

According to Jimenez-Sanchez et al., there are compounds in different fractions of olive leaf extract
that decrease intracellular lipid accumulation through AMPK-dependent mechanisms in hypertrophic
adipocyte [22].

However, these bioactive compounds were not quantified in that previous study. For that reason,
it has been proposed that these compounds extracted by MAE should be quantified in order to establish
the best conditions to obtain their highest recovery. Among a total of 41 compounds determined in
olive leaf MAE extracts, 18 of them possess the capacity to activate the AMPK pathway (Table 3) [22].
It is important to note that according to Jimenez-Sanchez et al., demethyoleouropein, verbascoside,
hydroxyoleouropein, rutin, luteolin rutinoside and luteolin glucoside are the compounds that provide
the highest activation of AMPK and these were quantified in the previous study.

Table 3. Compounds identified in olive leaf extracts with the potential to modulate AMPK.

Peak AMPK Bioactive Compounds

9 Secologanoside isomer b
10 Elenolic acid glucoside isomer c
14 Demethyloleuropein
15 Hydroxyoleuropein/hydroxyoleuroside isomer a
16 Rutin
17 Luteolin rutinoside
18 luteolin glucoside isomer a
19 Verbascoside
22 Oleuropein glucoside isomer a
23 Diosmetin rhamnoside glucoside (diosmin)
24 luteolin glucoside isomer b
35 Oleuropein isomer c
36 Oleuropein isomer d
37 ligstroside
38 Luteolin
39 Quercetin
40 Oleuropein/oleuroside methyl ether
41 Resinoside

Table 1 shows the total content of these 18 compounds obtained in each extraction. Total AMPK
bioactive compounds ranged from 2.81 ± 0.05 mg g−1 d.w. in MAE 2 (50 ◦C, 50% EtOH and 40 min) to
9.39 ± 0.02 mg g−1 d.w. in MAE 14 (100 ◦C, 50% EtOH and 22.5 min). Therefore, high temperatures,
an intermediate percentage of ethanol and extraction time of 22.5 min generated the highest content of
total compounds with the capacity to modulate the AMPK activation route. The increasing temperature
speeds up the mass transfer of analytes from the sample to the extraction solvent due to the increase in
the diffusion speed and solubility, and the decrease in viscosity, surface tension and the strength of the
links between compounds and the matrix [41]. Therefore, high temperatures of 100 ◦C provided an
increase in the recovery of total compounds, whereas an extraction time of 40 min resulted in a decrease
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in the content of these compounds. This could be because prolonging the exposure to the extraction
microwave could lead to degradation of the compounds with overheating of the solvent [42].

A Box-Behnken design was used to maximize the content of these compounds with the capacity
to activate the AMPK pathway. Table 4 includes the results of the ANOVA test of the regression model
for the response variable (total AMPK bioactive compounds). The results indicated that the value
of the regression coefficient (R2) was 98.47%. This value justified a considerable part of the variance
within data. Lack of fit for this model has a p-value greater than 0.05 (p = 0.3957). Therefore, the model
seems to be adequate for the data observed at the 95.0% confidence level. The obtained parameters
of ANOVA confirmed that this model provides a suitable approach to the experimental conditions.
Temperature (X1) (p = 0.0091), quadratic of temperature (X11) (p = 0.0038) and the quadratic of time
(X33) (p = 0.0104) were the significant variables (p ≤ 0.05).

Table 4. ANOVA test for the response variable of total AMPK bioactive compounds.

Total AMPk Bioactive Compounds

Source SS DF MS F-Value p-Value

X1 15.41 1 15.41 108.22 0.0091 *
X2 0.40 1 0.40 2.79 0.2366
X3 0.16 1 0.16 1.11 0.4033
X11 37.2 1 37.2 261.32 0.0038 *
X12 0.75 1 0.75 5.25 0.1490
X13 0.07 1 0.07 0.48 0.5612
X22 0.29 1 0.29 2.06 0.2874
X23 0.10 1 0.10 0.70 0.4922
X33 13.50 1 13.50 94.82 0.0104 *

Lack of fit 0.71 3 0.24 1.67 0.3957
Pure error 0.28 2 0.14

Total (corr.) 65.46 14
R2 98.47

Adj R2 95.73

X1: temperature, X2: % EtOH, X3: Time, SS: Sum of squares, DF: Degree of freedom, MS: Mean square, R2: Quadratic
correlation coefficient; Adj R2: Quadratic correlation coefficient adjusted, * Significant (p < 0.05).

In Figure 3, the surface response plots show the effect of temperature with % EtOH (a), temperature
with time (b), and % EtOH with time (c) on total AMPK bioactive compounds. The significant effect of
temperature on the content of total AMPK bioactive compounds can be observed, with the maximum
value appearing at 90–130 ◦C, after which this response decreases (Figure 3a). Figure 3b shows that the
maximum content of total AMPK bioactive compounds is in the range of 100–130 ◦C and 20–30 min.
Figure 3c shows that the maximum value of this response was obtained in the range of 15–30 min,
after which it decreases, whereas the % EtOH did not has a significant effect on this response. This is
because high temperatures of 100–130 ◦C increase the solubility of these compounds so they have a
similar solubility in different ethanol compositions, while an extraction time higher than 20–30 min
results in a decrease in content. This is probably because these compounds were degraded due to
thermal degradation after a prolonged period of microwave radiation [43].



Appl. Sci. 2020, 10, 4620 10 of 14

Appl. Sci. 2020, 10, x FOR PEER REVIEW 11 of 15 

 
Figure 3. Response surface plots showing combined effects of process variables for total AMPK 
bioactive compounds: Temperature (°C)–% EtOH (a), temperature (°C)–time (min) (b) and % EtOH–
time (min) (c). 

The fitted equation of the model for total AMPK bioactive compounds (Equation (2) includes 
the significant effects of temperature (X1), quadratic of temperature (X11) and quadratic of time (X33). 
The model also considers the linear effect of time (X3). 

Total AMPK bioactive compounds = −9.84797 + 0.280015X1 + 0.285851X3 − 
0.00126127X11 − 0.00617407X33  (2) 

Considering the equation to explain the model for total AMPK bioactive compounds behavior 
and understanding the influence of each independent variable, an optimization of conditions to 
obtain the highest content of these compounds was proposed. A high value for this response variable 
can be obtained under the following optimized conditions: 111 °C, 42% EtOH and a total extraction 
time of 23 min to obtain a predicted value of 9.00 mg g−1 d.w. of total AMPK bioactive compounds.  

This theoretical optimum was experimentally verified. Analysis of the results revealed an 
acceptable variance (CV = 3.81%) between the theoretical (9.00 mg g−1 d.w.) and experimental data 
(9.5 ± 0.1 mg g−1 d.w.). This means that the experimental validation was consistent with the 
mathematical description of the model, which indicates the suitability of RSM in optimizing the total 
compounds that have the capacity to activate AMPK from olive leaf extracts by MAE. However, these 
MAE optimal conditions were different to those for total compounds. For example, ethanol 
composition was not a significant variable in total AMPK bioactive compounds. Therefore, a 
simultaneous optimization of MAE conditions by multi-response surface for total compounds and 
total AMPK bioactive compounds was carried out using Derringer’s desirability function method. 
Surface response plots are shown in Figure 4 for the effect of temperature with % of EtOH (a), with 
time (b) and % EtOH with time (c) by desirability. The optimal conditions were 111 °C, 100% EtOH 
and 23 min to obtain 74.39 mg g−1 d.w. of total compounds and 9.00 mg g−1 d.w. of total AMPK 
bioactive compounds, respectively. The optimized desirability was 0.97, that is close to 1, which 
means that the responses are close to their individual optimum values [44]. Therefore, the total 
content of compounds that possess the capacity to activate AMPK is related to the total compounds. 
In addition, the optimum 100% EtOH was the same as the optimum obtained for total compounds 
and this is because the % of ethanol did not have a significant effect in the total AMPK bioactive 
compounds. Moreover, the temperature of 111 °C was slightly lower than the optimum for total 
compounds (123 °C), whereas this was the same as the AMPK bioactive compounds. Nevertheless, 

Figure 3. Response surface plots showing combined effects of process variables for total AMPK bioactive
compounds: Temperature (◦C)–% EtOH (a), temperature (◦C)–time (min) (b) and % EtOH–time (min) (c).

The fitted equation of the model for total AMPK bioactive compounds (Equation (2) includes
the significant effects of temperature (X1), quadratic of temperature (X11) and quadratic of time (X33).
The model also considers the linear effect of time (X3).

Total AMPK bioactive compounds = −9.84797 + 0.280015X1 + 0.285851X3 − 0.00126127X11 −

0.00617407X33
(2)

Considering the equation to explain the model for total AMPK bioactive compounds behavior
and understanding the influence of each independent variable, an optimization of conditions to obtain
the highest content of these compounds was proposed. A high value for this response variable can be
obtained under the following optimized conditions: 111 ◦C, 42% EtOH and a total extraction time of
23 min to obtain a predicted value of 9.00 mg g−1 d.w. of total AMPK bioactive compounds.

This theoretical optimum was experimentally verified. Analysis of the results revealed an
acceptable variance (CV = 3.81%) between the theoretical (9.00 mg g−1 d.w.) and experimental
data (9.5 ± 0.1 mg g−1 d.w.). This means that the experimental validation was consistent with
the mathematical description of the model, which indicates the suitability of RSM in optimizing
the total compounds that have the capacity to activate AMPK from olive leaf extracts by MAE.
However, these MAE optimal conditions were different to those for total compounds. For example,
ethanol composition was not a significant variable in total AMPK bioactive compounds. Therefore,
a simultaneous optimization of MAE conditions by multi-response surface for total compounds and
total AMPK bioactive compounds was carried out using Derringer’s desirability function method.
Surface response plots are shown in Figure 4 for the effect of temperature with % of EtOH (a), with
time (b) and % EtOH with time (c) by desirability. The optimal conditions were 111 ◦C, 100% EtOH
and 23 min to obtain 74.39 mg g−1 d.w. of total compounds and 9.00 mg g−1 d.w. of total AMPK
bioactive compounds, respectively. The optimized desirability was 0.97, that is close to 1, which means
that the responses are close to their individual optimum values [44]. Therefore, the total content of
compounds that possess the capacity to activate AMPK is related to the total compounds. In addition,
the optimum 100% EtOH was the same as the optimum obtained for total compounds and this is
because the % of ethanol did not have a significant effect in the total AMPK bioactive compounds.
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Moreover, the temperature of 111 ◦C was slightly lower than the optimum for total compounds
(123 ◦C), whereas this was the same as the AMPK bioactive compounds. Nevertheless, the optimum
content of total compounds predicted at 111 ◦C was similar to its individual optimum value at 123 ◦C.
In addition, the bioactivity of the extracts is decreased due to the degradation of the compounds at high
temperatures [32]. For this reason, establishing an optimum temperature in which the AMPK bioactive
compounds content was the maximum was considered. Besides, according to our results, the highest
content of compounds with a demonstrated effect on the bioactivity of AMPK was obtained at 111 ◦C.
Therefore, these conditions are suitable for obtaining the maximum content for both responses.
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4. Conclusions

In this study, for the first time, we carried out an optimization of the MAE factors of temperature,
% EtOH and time for the total compounds (phenolic compounds and elenolic acids) obtained by
HPLC-MS. The optimum MAE conditions for the highest recovery of total compounds from olive
leaves were 123 ◦C, 100% EtOH and 23 min. An optimization of MAE conditions was also carried
out to obtain the maximum content of compounds from olive leaves that have shown the capacity
to activate AMPK, whereby the optimum MAE conditions were 111 ◦C, 42% ethanol/water (v/v) and
extraction time of 23 min. Thus, these optimum conditions for temperature and % EtOH were different
compared to those for total compounds. For that reason, a multi-response analysis by desirability was
carried out to obtain optimum MAE conditions for both responses. The optimum conditions were
111 ◦C, 100% EtOH and 23 min to obtain 74.39 mg g−1 d.w. of total compounds and 9.00 mg g−1 d.w.
of total AMPK bioactive compounds. Optimum desirability was 0.97, thus, these responses are close to
their individual optimum values. Therefore, these optimum MAE conditions can be applied to obtain
an olive leaf extract enriched in total compounds and in compounds with the capacity to activate
AMPK; thus, this could be used as a treatment in diseases such as obesity.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/13/4620/s1,
Table S1: Phenolic and other compounds identified in MAE olive leaf extracts by HPLC-ESI-TOF-MS., Table S2:
Calibration curves of standards., Table S3: Compounds quantified in MAE olive leaf extracts by HPLC-ESI-TOF-MS
(mg g−1 d.w.).

http://www.mdpi.com/2076-3417/10/13/4620/s1
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