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Abstract: Colorectal cancer (CRC) is one of the most common cancers in the world. When treating
patients, therapeutic agents have side effects; hence, the use of natural compounds found in medicinal
plants including pomegranate. Ultrasound assisted extraction (UAE) is a new technique evolving
to the detriment of traditional methods such as maceration. In this study, we investigated the
antioxidant and anticancer effect of pomegranate peel extracts obtained by maceration and UAE at
three different ultrasonic power levels (P1 = 10 W; P2 = 50 W; P3 = 100 W) on HCT-116 colorectal
cancer cells. Phytochemical screening highlighted the presence of primary and secondary metabolites
in pomegranate peels. In addition, the ethanolic extract obtained by UAE at 50 W was shown to be
the most concentrated in phenolic and flavonoid compounds and have the most powerful antioxidant
activity, which reached a maximum activity of 92% as determined by DPPH test. Similarly, the MTT
cell viability test showed that the extract obtained by UAE at 50 W had the most potent inhibitory
effect compared to the other extracts. In conclusion, the UAE at 50 W was shown to be the most
suitable and efficient extraction technique to obtain bioactive compounds from pomegranate peel
extracts that can be used in the treatment of CRC.

Keywords: colorectal cancer; pomegranate; ultrasound assisted extraction; maceration; antioxidant;
antiproliferative

1. Introduction

Colorectal cancer (CRC) is the third most common cancer and the second leading
cause of cancer-related deaths worldwide, where it accounts for nearly 1 million deaths per
year, in 2020 [1].

Researchers predict that the burden of CRC will increase from 1.9 million cases in 2020
to 3.2 new million cases and 1.6 million deaths a year globally, constituting an increase of
63% and 73%, respectively [2,3]. Early stage screening procedures do have the potential,
however, to significantly reduce the incidence and mortality of CRC and improve survival
rates [3]. The World Health Organization (WHO), the American Cancer Society, and the
Agency for Health Care Policy and Research (AHCPR) have recommended an annual fecal
occult blood test (FOBT) and sigmoidoscopy every 5 years and colonoscopy every 10 years
in adults aged 50 and over in an effort to decrease CRC incidence and mortality [4,5].

Significant progress has been made in the treatment of CRC with the approval of
new synthesized therapeutic agents that improve the condition of patients diagnosed with
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resectable or metastatic tumors [6]. However, these treatments are linked to many serious
side effects, such as diarrhea, myelosuppression, alopecia, severe neutropenia, reversible
hypertension, and proteinuria, among others [6,7]. Therapeutic approaches using plant
sources have been increasingly popular in recent years, as safer alternatives with lessened
side effects and long-term positive results, compared with conventional anticancer drugs.
Moreover, a number of widely used and successful anticancer therapeutics originate from
natural sources, such as camptothecin, taxol, paclitaxel, and vinblastine, thus highlighting
the importance of plant extracts in the identification and development of drug leads [8,9].

Punica granatum L., also known as pomegranate, is an edible fruit that is consumed
fresh or processed into juice, and it is native to several Asian countries; it has been cultivated
and naturalized over the whole Mediterranean region, including Afghanistan, India, China,
Japan, Russia, and the United States [10,11]. The peel takes up about 50% of the total weight
of the fruit, and it generates a large amount of waste [12]. The chemical composition of
pomegranate shows high concentrations of primary and secondary metabolites, which
are particularly observed in the peel. As such, pomegranate peels are essentially rich in
polyphenols, such as flavonoids (catechin, gallate, quercetin, rutin, kaempferol, luteolin,
naringenin), anthocyanins (cyanidin, delphinidin, pelargonidin), ellagitannins (punicalin,
punicalagin, casuarinin, corilagin, granatin), hydroxybenzoic, and hydroxycinnamic acids
(gallic acid, ellagic acid, caffeic acid, chlorogenic acid); they are also rich in dietary fibers
(galactose, cellulose), in addition to other components, such as minerals, glycosides, and
alkaloids [13,14]. These metabolites have the ability to trap reactive oxygen species (ROS)
and prevent carcinogenesis in vivo and in vitro [15]. Pomegranate has been widely used in
traditional medicine and fold remedies for the treatment of chronic diseases, such as type
2 diabetes, atherosclerosis, cardiovascular and inflammatory diseases, and several types of
cancer [16–19]. In addition, pomegranate peel has been shown to be effective in treating
ulcers, diarrhea, dysentery, intestinal parasites, and gum disease [20].

Conventional extraction methods, including hydro-distillation, maceration, percola-
tion, and high-pressure water extraction techniques, have been widely applied in natural
product extractions from plant tissues [21]. However, these methods have several disad-
vantages, including prolonged extraction time, the use of large volumes of solvents or toxic
solvents, non-optimal protocols, and, especially, the loss of quality of thermally sensitive
bioactive molecules [22,23].

Concurrently, there has been an increasing interest in the optimization of techniques
for the extraction and isolation of bioactive compounds from natural plant sources. For
example, new extraction methods such as ultrasound assisted extraction (UAE), allows
lower energy consumption while maintaining the quality of the final extract [23]. This
process is affected by several adjustable variables, which include the solvent, the frequency,
sonication power, temperature, and time [24]. Indeed, these parameters vary depending
on the sample and on the target molecule, and they require precise control for optimal
extraction in order to obtain the best possible quality of the extract, combined with the
knowledge that the chemical composition differs within the same species according to the
cultivar, growing region, climate, maturity, cultural practice, and storage, which all affect
biological properties [25].

The main objective of this study is to find new approaches to treat colorectal cancer
from natural compounds extracted from pomegranate peel and to prove their antioxidant
and anticancer activities, specifically on HCT-116 colorectal cancer cells. In addition, this
study aims to highlight the importance of the UAE technique compared to the traditional
maceration extraction method and to optimize ultrasound parameters to maximize the
extraction and quality of bioactive molecules in pomegranate peel from the local ecotype
grown in the Middle East area, Lebanon.
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2. Materials and Methods
2.1. Powder Preparation

Pomegranate fruits were obtained from the supermarket. They were peeled, and the
seeds were removed. Peels were then washed with distilled water and dried in the shade
at room temperature. The obtained dried peels were milled and stored in a desiccator until
further use.

2.2. Reagents and Chemicals

All chemicals used were of analytical grade. Absolute ethanol and methanol were
purchased from BDH England. Aluminum chloride was purchased from Merck Ger-
many. Gallic acid, Folin–Ciocalteau reagent, Rutin, and DPPH were purchased from Sigma
Aldrich, St. Louis, MO, USA. Phosphate buffer solution (PBS) was purchased from Gibco,
UK. The HCT-116 cell line was obtained from ATCC.

2.3. Extraction by Maceration

A total of 70% ethanol was added to pomegranate peel powder at a ratio of 10:1 (v/w),
macerated for 35 min at room temperature with gentle shaking, and then filtered under
vacuum. The filtrate was roto-evaporated at 40 ◦C and freeze-dried to obtain the extracted
powder, which was stored at −20 ◦C until further use.

2.4. Ultrasound Extraction

Ultrasound extraction was completed using the “Branson sonifier 250” sonicator.
An amount of 70% ethanol was added to pomegranate peel powder at a ratio of 10:1

(v/w) and sonicated at ultrasonic powers of 10 W, 50 W, or 100 W for 35 min on ice and
then filtered under vacuum. The filtrate was roto-evaporated and freeze dried to obtain the
extracted powder, which was stored at −20 ◦C until further use.

2.5. Calculation of Yield

The yield was calculated using the following equation:

Yield (R)% =
m2 − m1

m0
× 100 (1)

where m2 = mass of the flask with dry extract, m1 = mass of the empty flask, and m0 = initial
mass of the sample.

2.6. Qualitative Study—Phytochemical Screening

The chemical compositions of pomegranate extracts were determined using the quali-
tative tests shown in Table 1.

Table 1. Qualitative detection of primary and secondary metabolites of pomegranate peel extracts.

Metabolites Reagents Color

Reducing sugar Drops of Fehling (A + B) Brick-red precipitate

Anthraquinones HCl (10%) Precipitate

Proteins and amino acids Ninhydrin (0.25%) Blue color

Phlabotannins HCl (1%) Red precipitate

Alcaloïds Dragendorff
Reddish orange

precipitate/reddish brown or
turbidity

Resins Acetone + water Turbidity
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Table 1. Cont.

Metabolites Reagents Color

Terpenoïds Chloroform and concentrated
sulfuric acid

Reddish brown color in the
surface

Flavonoïds Potassium hydroxide KOH
(50%) Yellow color

Quinones HCl concentrated Precipitate or yellow color

Sterols et steroids Chloroform and concentrated
sulfuric acid

Red color of the upper layer and
greenish yellow fluorescence in

the acid layer

Flavanones H2SO4 Concentrated Purple red color

Saponins Vigorous shaking Layer of foam

Phenols FeCl3 (1%) + K3(Fe (CN)6) (1%) Greenish blue color

2.7. Quantitative Study
2.7.1. Total Phenolic Compounds (TPC)

− Preparation of the standard gallic acid curve:

The total phenolic content was determined using the Folin–Ciocalteu method [26]. A
standard curve was first performed using gallic acid as the molecule of reference. Different
concentrations of gallic acid solutions (3.125; 6.25; 12.5; 25; 50; 100, and 200 µg/mL) were
prepared by serial dilution from a stock solution of 400 µg/mL. The powder form of gallic
acid was dissolved in distilled water. A total of 100 µL of each gallic acid concentration was
mixed with 500 µL of the Folin reagent (10%). After 5 min of incubation, 2 mL of sodium
carbonate 7% Na2CO3 were added, thoroughly mixed by vortex, and then incubated for
30 min in the dark at room temperature. The blank was composed of 100 µL of distilled
water, 500 µL 10% Folin (10%), and 2 mL of Na2CO3. The experiment was carried out in
triplicate. The absorbance of the solutions was then read on the Hitachi U-2900 UV-Vis
spectrophotometer at 765 nm.

− Preparation of extracts:

A concentration of 1 mg/mL of each extract was prepared. An amount of 500 µL of
the Folin reagent (10%) was added to 100 µL of each extract and then incubated for 5 min
at room temperature. Then, 2 mL of Na2CO3 (7%) were added, mixed, and incubated for
30 min in the dark at room temperature. Each extract was made in triplicate. The blank was
composed of 100 µL of solvent (70% ethanol), 500 µL 10% Folin, and 2 mL of Na2CO3. The
absorbance of all samples was then read on the Hitachi U-2900 UV-Vis spectrophotometer
at 765 nm.

The phenolic content of each extract was calculated using the following equation:

Phenolic content = GAE × V × D
m

(2)

where GAE = gallic acid equivalent, V = extract volume, D = dilution factor, and m = extract
weight.

2.7.2. Total Flavonoid Compounds (TFC)

− Preparation of the standard rutin calibration curve:

The calibration curve was prepared using rutin as a standard as described in Quettier-
Deleu et al. (2000) [27]. Different concentrations of rutin solutions (3.125; 6.25; 12.5; 25;
50 and 100 µg/mL) were prepared by serial dilution from a stock solution of 400 µg/mL.
Rutin in powder form was dissolved in methanol. An amount of 1 mL of 2% methanolic
aluminum chloride was added to 1 mL of each concentration. The solutions were mixed by
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vortexing and incubated for 30 min in the dark at room temperature. The experiment was
carried out in triplicate. The blank was composed of 1 mL of methanol mixed with 1 mL of
2% methanolic aluminum chloride. The absorbance was then read on the Hitachi U-2900
UV-Vis spectrophotometer at 415 nm.

− Preparation of extracts:

A concentration of 1 mg/mL of each extract was prepared. An amount of 1 mL of
each extract was mixed with 1 mL of 2% methanolic aluminum chloride. All samples
were incubated for 30 min in the dark at room temperature. Each extract was prepared
in triplicate. The blank was composed of 1 mL 70% ethanol and 1 mL of 2% methanolic
aluminum chloride. The absorbance of all extracts was then read on the Hitachi U-2900
UV-Vis spectrophotometer at 415 nm.

The flavonoid content of each extract was calculated using the following equation:

Flavonoid content = RE × V × D
m

(3)

where RE = rutin equivalent, V = extract volume, D = dilution factor, and m = extract
weight.

2.8. Evaluation of Anti-Oxidant Activity by DPPH Test and Anticancer Activities

To measure the antioxidant activity of the extracts, the 2,2-diphenyl-1-picryl-hydrazyl
(DPPH) test was applied as described in Farhan et al. [28]. A concentration of 0.15 nM
DPPH was prepared by dissolving 3 mg of DPPH powder in 50 mL of absolute ethanol.
Increasing concentrations (5; 25; 50; 100; 200; 300; 400; 500, and 600 µg/mL) of each extract
were prepared by dilution from a stock solution of 1 mg/mL. For each extract, 1 mL of each
concentration was mixed with 1 mL of DPPH (0.15 nM). A control was prepared by mixing
1 mL of ethanol (70%) with 1 mL of DPPH. The blank was composed only of 70% ethanol.
All solutions were mixed and then incubated for 30 min in the dark at room temperature.
The absorbances of all samples were read on the Hitachi U-2900 UV-Vis spectrophotometer
at 517 nm. The rate of scavenging DPPH radicals by extracts was expressed as a percentage
of inhibition according to the following equation:

Percentage of inhibition =
Ac − Ae

Ac
× 100 (4)

where Ac = absorbance of the control, and Ae = absorbance of the extract.
The IC50 of each extract was determined (IC50 is the concentration required to scavenge

50% of DPPH).

2.9. Evaluation of Antiproliferative Activity by Cell Culture
2.9.1. Trypan Blue Cell Count

RPMI culture medium was removed from the plate containing the HCT-116 adherent
cells and rinsed with 3 mL of PBS. Then, 1 mL of trypsin was added and incubated at 37 ◦C
for 2 to 3 min, which was then inhibited by adding 2 mL of the culture medium. The cells
were centrifuged for 5 min at 1200 rpm at 20 ◦C, the supernatant was discarded, and the
pellet was re-suspended in 6 mL of RPMI. Afterwards, 10 µL of the pellet suspension were
mixed with 10 µL of trypan blue, and cells were counted using a Neubauer hemocytometer
slide under the microscope.

2.9.2. MTT Cell Viability Test

HCT-116 cells were seeded in 96-well plates at a density of 1 × 104 cells per well and
incubated at 37 ◦C for 24 h in a 5% CO2 incubator. The culture medium was then discarded,
and the cells were treated with increasing concentrations of each extract for a total period
of 72 h. Cell viability was determined by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), which was added to each well and incubated for 3 h.
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Then, isopropanol was added to dissolve the purple formazan crystals formed, and the
plate was agitated for 15 min. Finally, the absorbance was read by Elisa at a wavelength
of 570 nm, and the rate of cell proliferation was determined according to the following
equation:

% cell viability =
Ae
Ac

× 100 (5)

where Ae = absorbance of experimental wells, and Ac = absorbance of control wells.

2.10. Statistical Analysis

Three independent experiments were conducted to determine the mean + SD.

3. Results
3.1. Extraction Yield

Both maceration and ultrasonic extraction techniques were applied to pomegranate
peel samples using 70% ethanol as a solvent for a duration of 35 min. In addition, three
ultrasonic powers (10 W; 50 W; and 100 W) were applied to optimize ultrasound extraction
conditions. The extraction yields of the different extracts were obtained as described in
Equation (1).

Figure 1 shows that the yields of the different extracts varied depending on the
extraction method used. In addition, different efficiency rates were obtained with the
UAE technique depending on the ultrasonic powers applied. The results obtained showed
that the maceration extraction had the lowest yield (R = 6.61%), while UAE was more
efficient. Particularly, the highest efficiency was obtained at an ultrasonic power of 50 W
(R = 61.67%), while the other powers applied (10 W and 100 W) gave lower efficiencies
(53.89% and 60.08%, respectively).
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Figure 1. Percentage of extraction yield from ethanolic extracts of pomegranate peel obtained by
maceration and ultrasound assisted extraction at 10 W, 50 W, and 100 W. Experiments were repeated
three times (n = 3). Bars display mean ± S.D.

3.2. Phytochemical Screening

Phytochemical screening of the pomegranate peel ethanolic extracts obtained by
maceration and UAE was based on a set of qualitative tests based on the chemical reactions
between the extracts and the reagents listed in Table 1. These reactions highlight the
presence or absence of primary and secondary metabolites based on a change in color
detectable to the naked eye. Here, we showed that the ethanolic extracts of pomegranate
peel obtained by maceration and UAE were rich in primary and secondary metabolites.
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The ethanolic extracts obtained by maceration and UAE techniques (10 W; 50 W; and
100 W) all contained phenols, terpenoids, flavonoids, reducing sugars, proteins and amino
acids, alkaloid, sterols, and steroids. Flavanones were only observed in the ethanolic
extracts obtained using UAE. In addition, none of the extracts contained resin, quinones,
anthraquinones, phlabotannins, or saponins.

3.3. Quantitative Tests
Total Flavonoid Compounds (TFC)

The total level of phenols in the pomegranate peel extracts were measured by the Folin–
Ciocalteu colorimetric method, which is based on a mixture of tungstate and molybdate.
The phenolic compounds present in the solution reduce the heteropolyphosphotungstate–
molybdate complexes, thus resulting in the formation of a blue chromogen that is measured
by spectrophotometry. The results obtained were based on the gallic acid calibration curve,
which was the phenolic molecule of reference used. The gallic acid equivalence (GAE) of
each extract was determined by the following equation according to the calibration curve:

y = 0.0039x + 0.0082; R2 = 0.9981 (6)

The total phenolic compounds (TPC) present in the extracts were calculated using
Equation (2) and expressed in mg GAE/g of ethanolic extract of pomegranate peel (Figure 2).
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Experiments were repeated three times (n = 3). Bars display mean ± S.D.

Our results indicate that the levels of phenolic compounds present in the extracts
depended on the extraction method used and the ultrasonic power applied. The UAE
technique at the three different ultrasonic powers yielded samples richer in phenolic
compounds compared to the maceration extract, which was the least concentrated in
phenol with a TPC = 175.75 mg GAE/g of extract. More specifically, UAE at 10 W contained
182.02 mg GAE/g, which increased to 189.45 mg GAE/g of extract with the 50 W power.
The TPC level then dropped to 181.59 mg GAE/g of extract when the power was increased
to 100 W, as is shown in Figure 2, which may have been due to the degradation of phenolic
compounds exposed to higher ultrasonic power.

Flavonoids are secondary metabolites belonging to the polyphenol family and are an
important class of natural products and biologically active compounds. The aluminum
chloride colorimetric method was used to estimate flavonoid levels in the pomegranate peel
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extracts. Indeed, aluminum chloride forms stable complexes with the ketone or hydroxyl
groups of flavones and flavonols, thus giving a yellow coloration to the solution. The results
obtained were based on the rutin calibration curve, which was the flavonoid reference
molecule used. The rutin equivalence (RE) of each extract was determined by the following
equation according to the calibration curve:

y = 0.0149x − 0.0052; R2 = 0.9997 (7)

The total flavonoid compounds (TPC) in the extracts were obtained by applying the
Equation (3) and were expressed in mg RE/g of ethanolic extract of pomegranate peel, as
is shown in Figure 3.
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Our results showed that the maceration extraction yielded the lowest flavonoid level
(TFC = 69.63 mg RE/g extract) compared to the UAE extracts at the three different powers
(Figure 3). More specifically, the richest extract in flavonoids was obtained with the UAE
technique at 50 W, with 74.73 mg RE/g of extract. A higher power of 100 W caused a
relapse in the level of TPC in the sample (71.83 mg RE/g of extract), as is shown in Figure 3.

3.4. DPPH Antioxidant Activity

The antioxidant activity of the extracts was determined using the DPPH free radical
scavenging assay, which consists of measuring the ability of the extracts to trap this rad-
ical. The inhibition percentage was calculated as described in Equation (4). Our results
proved that all pomegranate peel extracts obtained by maceration and UAE exerted strong
antioxidant activity in a concentration-dependent manner, thus indicating that ethanolic
extracts of pomegranate peel are rich in antioxidant molecules capable of scavenging free
radicals (Figure 4). The extracts obtained by maceration and UAE at 10 W and 100 W
ultrasonic powers showed similar maximum antioxidant potentials, with 90.8%, 89.9%, and
90% maximum scavenging activity, respectively. On the other hand, the extract obtained
by UAE at 50 W exhibited the strongest free radical scavenging activity with 92.8% at
600 µg/mL.
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In addition, the IC50 of each sample was determined and is presented in Table 2. The
extract obtained from the UAE at 50 W had the lowest value (189.76 µg/mL) and, therefore,
the strongest antioxidant activity. This was followed by the maceration extract with an IC50
value of 197.55 µg/mL. The extracts obtained by UAE at 10 W and 100 W had similar IC50
values (205.69 µg/mL and 204.98 µg/mL, respectively).

Table 2. IC50 values of ethanolic extracts of pomegranate peels.

Extraction Method IC50

Maceration 197.55 µg/mL
UAE 10 W 205.69 µg/mL
UAE 50 W 189.76 µg/mL

UAE 100 W 204.98 µg/mL

These results show that the extraction with an UAE at the ultrasonic power of 50 W
was the richest in bioactive molecules that confer strong antioxidant activity.

3.5. MTT Antiproliferative Activity

We examined the anti-proliferative activity of the pomgranate peel ethanolic extracts
against HCT-116 colorectal cancer cells using the MTT assay. The cells were assessed
at 48 h and 72 h of treatment with various concentrations of the extracts. Cell viablity
was determined according to Equation (5). The results showed that ethanolic extracts of
pomegranate peel obtained by maceration and UAE decreased viability in a concentration-
and time-dependent manner (Figure 5). For example, at 48 h of treatment, the cell viabilty
of HCT-116 cells using the maceration extract at 5 µg/mL and 200 µg/mL was 80.9% and
56.16% that of the control cells, respectively. Additionally, at 72 h of treatment, it was
76.30% and 46.69% at 5 µg/mL and 200 µg/mL of extract, respectively.
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Ultrasound assisted extraction at the power of 10 W exerted a slightly higher antipro-
liferative effect compared to the maceration extract at 48 h of treatment, with a cell viablity
equal to 78.63% and 48.06% that of the control cells at 5 µg/mL and 200 µg/mL of extract,
respectively. However, no significant difference was observed at 72 h of treatment.

The extract obtained by UAE at 100 W had a more effective anti-proliferative effect
compared to the maceration and UAE at 10 W for extracts, particularly for those observed at
72 h of treatment. Finally, the extract obtained by UAE at 50 W exhibited the most powerful
anti-proliferative effect on the HCT-116 cells. For example, cell viability using 5 µg/mL
and at 200 µg/mL of extract was 81.50% and 44.72% that of control cells, respectively, at
48 h of treatment.

Because the extract obtained by UAE at 50 W exerted the highest inhibitory effect
on HCT-116 colorectal cancer cell proliferation, the morphology of these cells treated
with different concentrations of the extract were observed, as is depicted in Figure 6.
The untreated cells were confluent. They were adherent to the wall with an epithelial
morphology and with cell extensions clearly visible, while the treated cells began to
lose their adhesion to the wall and showed narrowing of the extensions as the extract
concentration increased. In addition, rounded and floating cells were observed in the
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media, which indicated cell death after 48 h and 72 h of treatment. We noticed that after
72 h of treatment, most of the cells shrank and became rounded. They detached from the
wall, thus losing their adhesion capacity, especially at high concentrations (Figure 6b).
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These results demonstrate that ethanolic extracts of pomegranate peels are able to
inhibit the proliferation of colorectal cancer cells in a dose- and time-dependent manner;
hence, they demonstrated their importance as natural anticancer agents. In addition, the
extraction carried out by UAE, particularly at the ultrasonic power of 50 W, was shown to
be more efficient than the maceration technique.

4. Discussion

Medicinal plants are known for their various pharmacological effects, and have been
used for the prevention and treatment of human diseases since ancient times. This is at-
tributed to the presence of primary and secondary plant metabolites, such as phenolic com-
pounds, alkaloids, flavonoids, and tannins, etc. [29]. Of particular interest, pomegranate
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has been shown to have several therapeutic properties and plays a role in the prevention
and treatment of various diseases, including cardiovascular diseases, diabetes, erectile
dysfunction, Alzheimer’s disease, obesity, reproductive disorders, and arthritis [13].

The industrial processing of pomegranate fruits results in huge amounts of by-
products, such as the pomegranate peels, which are regarded as waste in the food industry.
Contextually, the utilization of these by-products for medicinal and dietary applications has
been shooting up in recent decades due to their health benefits [30]. Interestingly, beside
the pomegranate fruit itself, this non-edible part of pomegranate has been shown to be
rich in bioactive molecules that are responsible for several biological activities, such as an-
timicrobial, antioxidant, anti-inflammatory, anticancer activities, among others. However,
these bioactive compounds are very sensitive to environmental factors, such as heat and
light, in addition to often having low solubility in water, all of which contribute to the lack
of long-term stability. The challenge proposed in the pharmaceutical field is to carry out
the extraction of these compounds in their active form while maintaining their chemical
configuration and, consequently, their biological properties.

The phytochemical screening carried out in this study proved that ethanol (70%)
is a good solvent for the extraction of bioactive molecules present in the pomegranate
peel. According to the results of the statistical analysis obtained by Živković et al. [31],
the most dominant factor influencing the extraction of total polyphenols was ethanol
concentration. In addition, the study realized by More and Arya [21] confirmed that an
ethanol–water mixture was the most appropriate solvent for the extraction of phenolic
compounds from pomegranate peels. In addition, results obtained by García et al. [32]
support the effectiveness of a solvent having an intermediate percentage of ethanol for
the extraction of TPC from pomegranate peels using pressurized liquid extraction, but the
combination of pressurized water and ethanol didn’t enhance the recovery of punicalagin.
These results prove that the presence of metabolites depends on the choice of solvent used
and the extraction method applied, all while taking into consideration the sample and
bioactive molecules of interest [33].

New “green” extraction techniques, such as UAE, are being developed with the aim
of reducing energy consumption during the extraction process, lowering operation tem-
peratures, and using alternatives to petroleum-based solvents, in addition to keeping the
process cost-effective while maintaining high safety and quality of the final extract [21,34].
In this study, the importance of ultrasound extraction and its effectiveness was highlighted
compared to the conventional maceration method; in addition, the conditions under which
ultrasonic extraction must take place were optimized.

The chemical tests realized in our study highlighted the presence of phenols, flavonoids,
terpenoids, sterols and steroids, alkaloids, reducing sugars, and proteins in ethanolic ex-
tracts of pomegranate peels. Moreover, ultrasonic extraction gave a much higher yield
compared to the maceration extract in less time. Results showed that maceration-based
extraction had an efficiency of 6.61%, while, in the case of UAE, the yield exceeded 50% for
the same extraction time (Figure 1). In addition, higher ultrasonic powers increased the
yield obtained. If fact, ultrasound-assisted extraction has been successfully employed for
the extraction of target compounds such as polyphenols, carotenoids, aromas, and polysac-
charides from various plant matrices (both whole plant and by-products) [35]. Indeed,
ultrasonic waves cause the formation and collapse of bubbles (cavitation phenomenon),
thus producing strong mechanical effects in the medium that disrupt the plant tissue and
break the cell walls, which thereby improve solvent penetration and the release of bioactive
compounds. When a liquid is subjected to high pressure, van der Waals’ intermolecular
forces weaken and are no longer able to maintain cohesion, which causes the formation
of gas-filled microbubbles [36]. Sound waves make microbubbles unstable, causing them
to collapse violently and create extreme localized conditions in the cavity. This cavity
collapses and generates shock waves that produce mechanical effects, such as cell wall
disruption, particle size reduction, intensive mixing, and hot spots. The cavities created
induce the structural modification of plant tissues, which facilitates the penetration of
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the solvent into the cells, where the primary and secondary metabolites can dissolve [37].
Several studies demonstrated the efficacy of UAE compared to traditional methods [38,39].
Further studies also highlighted the importance of combining ultrasound with another
extraction method, such as pressurized liquid extraction, as a clean and environmentally
friendly alternative for extracting phenolic compounds from pomegranate peels [40]. Com-
pared to other advanced extraction techniques, UAE is more economic, eco-friendly, and
convenient [41]. It is a simple and fast technique that consumes little energy, time, and
materials, thus producing pure products at higher yields [42]. Moreover, UAE is easy to
handle, safe, and reproducible, due to the fact that it can be operated under conditions of
atmospheric pressure and at an ambient temperature, which are suitable for heat-sensitive
compounds [43].

Similarly, quantitative tests performed to determine the level of TPC and TFC in
pomegranate peel extracts proved that ultrasonic extraction yielded extracts that were more
concentrated in secondary metabolites compared to maceration extraction. In addition,
increasing the ultrasonic power applied to the sample from 10 to 50 W resulted in an
even more concentrated extract in phenolic and flavonoid compounds. High-intensity
ultrasound can dissolve or disperse primary and secondary metabolites in the solvent to
preserve the entire and natural composition of the parent plant, which leads to extracts
having higher concentrations of primary and secondary metabolites [21]. However, an
increase to 100 W caused a relapse in the rate of phenolic and flavonoid compounds
(Figures 2 and 3). This means that the most suitable power to perform UAE on pomegranate
peel is 50 W.

In fact, some studies have shown that the variation in ultrasonic power can lead
to a certain selectivity for target molecules [44], and a high intensity could promote the
degradation of certain extracted compounds [45]. Here, it is suggested that a high power of
100 W causes the degradation and destruction of polyphenol compounds and flavonoids;
hence, the fall in TPC and TFC values that were obtained. Indeed, very high ultrasonic
powers, high temperature, and prolonged periods of ultrasonication in an aqueous solvent
can lead to the formation of free radicals (ROS) [46]. These radicals are responsible for the
degradation and destruction of phenolic compounds, since they act as reducing agents and
become oxidized by these radicals.

One of the common causes that is responsible for initiating cancer is oxidative stress
that takes place in cells. Free radicals that accumulate in the body at a high concentration
cause oxidative stress that generates DNA damage and consequently leads to cancer.
Antioxidants present in the body or in food prevent this cellular oxidation by neutralizing
these free radicals and decreasing their accumulation, which consequently decreases the risk
cancer initiation [47]. Secondary metabolites found in some plants, including phenolic acids,
polyphenols, and flavonoids, trap free radicals, such as peroxide, hydroperoxide, or lipid
peroxyl, thus inhibiting the oxidative mechanism that leads to degenerative diseases [48].
Particularly, polyphenols, such as flavonoids, are biologically active compounds that exhibit
many health-promoting properties, which mainly include antioxidant, anti-inflammatory,
antibacterial, and anticancer activities [49].

In our study, ethanolic extracts of pomegranate peels were shown to have a strong
antioxidant activity that reached 90% at a concentration of 600 µg/mL in vitro. Moreover,
the extract from UAE at 50 W was the richest sample in phenolic compounds, and it
exhibited strongest antioxidant power (IC50 = 189.76 µg/mL, compared to the other two
applied powers (10 W and 100 W) and the maceration extract, which had higher IC50 values
(Figure 4; Table 2). These results prove that phenolic compounds and flavonoids are able
to scavenge free radicals, and their abundance in an extract contributes to its antioxidant
activity. García et al. identified a total of eight phenolic acids and over six flavonoids in
pomegranate peels that were associated with antioxidant properties, antimicrobial activity,
and cytotoxicity [32].

In addition, the results of the MTT viability test showed a positive correlation with the
rates of TPC and TFC obtained. The inhibition of the proliferation of the HCT-116 colorectal
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cancer cell line was observed after treatment with the extracts obtained by both extraction
methods, which highlights the anticancer activity of the pomegranate peel. This inhibition
was dose-dependent, since higher concentrations decreased the viability rate, and it was
also time-dependent, with the lowest cell viability rates observed at 72 h of treatment.
The most powerful anti-proliferative effect was obtained with the UAE extract at 50 W,
which was also the richest in phenolic and flavonoid compounds. The treatment of HCT-
116 colorectal cells with 200 µg/mL caused a 44% decrease in cell viability after 48 h that
dropped to 12% after 72 h (Figure 5). This confirms that high levels of secondary metabolites
in the extract obtained by UAE at 50 W gave the extract an important anti-proliferative
property against colorectal cancer.

Various epidemiological studies showed that the ingestion of a phytochemical-rich
diet is associated with a decreased risk of developing colon cancer [50]. Several studies
prove the potential of polyphenols in cancer treatment via several regulatory mechanisms:
polyphenols promote apoptosis and cellular senescence, regulate autophagy, and inhibit
the proliferation and migration of cancer cells. They are less cytotoxic to normal cells than
to cancer cells. In addition, they can induce cellular stress through interaction with chemo-
therapeutic agents and the reduction or reversal of multidrug resistance [49]. Polyphenols
can also alter epigenetic modifications that play a crucial role in cancer prevention and
treatment, such as DNA methylation and histone changes, as well as regulate the expression
of non-coding miRNAs that modulate gene expression [51]. Additionally, polyphenols
can alter the activity of human topoisomerase II, which is essential for the survival of
actively growing tissues. This enzyme is responsible for maintaining genomic integrity
and is required to cut both DNA strands, as well as to ensure proper DNA replication and
chromosome segregation; hence, polyphenols are described as a potent topoisomerase II
poisons [52]. Kusmardi et al. showed that the ethanolic extract of pomegranate induced
apoptosis by increasing caspase-3 expression [53]. Another study conducted by Ahmed
et al. demonstrated the antitumor activity of pomegranate peel extracts in CRC through
the down-regulation of the Wnt/β-Catenin pathway, whose target genes play an ultimate
role in tissue homeostasis, as well as in the initiation and progression of CRC through the
regulation of various cellular processes, including proliferation, stem cell fate, survival,
differentiation, migration, and angiogenesis [54]. It is possible that the ethanolic extracts
of pomegranate peels exert their anticancer effects through similar mechanisms, which
further cements their potential to develop anti-CRC cancer therapeutics.

5. Conclusions

In conclusion, the pomegranate peel, which is considered as a food-waste, is rich in
bioactive molecules that are effective for the treatment of colorectal cancer. This study high-
lights the need to keep developing new extraction strategies, such as ultrasonic extraction,
and to optimize the parameters in order to obtain high-quality extracts.

UAE is a highly efficient, safe, and emerging technique that reduces extraction time
and energy consumption. UAE is indeed more efficient than the traditional maceration
method, since it makes it possible to obtain higher yields in less time. UAE also provides
the advantage of controlling the extraction conditions and adapting them according to the
sample and the desired target molecules to be isolated.

We have shown that it is preferable to apply moderate ultrasonic powers to the sample
during the extraction process in order to prevent the denaturation of bioactive molecules
and to maintain the effectiveness of the extract. In the case of Lebanese pomegranate peel
extract, the ultrasonic power of 50 W was the most suitable to extract active metabolites,
since it had the highest concentration of phenolic and flavonoid compounds, and it pro-
vided the extract with the most powerful antioxidant and anticancer activities compared to
the other extracts obtained by maceration or ultrasound at 10 W and 100 W. In addition, all
pomegranate peel extracts had the ability to inhibit the proliferation of HCT-116 colorectal
cancer cells after treatment for 48 h and 72 h, with the extract obtained by UAE at 50 W
exerting the most toxic effect on HCT cell proliferation. The current study revealed that
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a Lebanese variety of pomegranate is an abundant source of bioactive compounds with
promising antioxidant and anticancer properties in vitro; hence, we showed the importance
of its utility in the pharmaceutical industry as potential source for natural therapeutic
agents against colorectal cancer. However, this still warrants further investigation and
needs to be evaluated in human clinical trials. In addition, pomegranate peel extract forms
potential ingredients for the food industry. It offers important low-cost food supplements
that must be included in the population diet.
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