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Enzyme Activities and DNA and reducing/antioxidant power (FRAP), and total antioxidant capacity (TAC). PFPE also displayed an-
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timicrobial activity against several pathogenic bacteria. Similarly, PFPE reduced acetylcholinesterase,
tyrosinase, and «-amylase activities. PFPE has been proven to have an anticancer effect against
colon carcinoma (Caco-2), hepatoma (HepG-2), and breast carcinoma (MDA) cancer cells. Apoptosis
Academic Editors: Khalid A. El occurred in PFPE-treated cells in a dose-dependent manner, and cell cycle arrest was observed.
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Furthermore, in breast cancer cells, PFPE down-regulated Bcl-2 and p21 and up-regulated p53
and Caspase-9. These results show that PFPE constitutes a potential source of polyphenols for
pharmaceutical, nutraceutical, and functional food applications.
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1. Introduction

Palm fruit pollen has been a natural product used in traditional medicine for many
This article is an open access article  centuries [1]. It is a derivative of the male flower of date palm trees and is rich in several
distributed under the terms and  PiOactive compounds, such as flavonoids, phenolic acids, and sterols [2]. Recently, there
conditions of the Creative Commons ~ as been increasing consideration for the potential health benefits of palm fruit pollen, and
Attribution (CC BY) license (https:// ~ numerous studies have examined its pharmacological properties [3-5].

creativecommons.org/licenses /by / Several studies have demonstrated that the anticancer activity of (PFPE) possesses
40/). anticancer activity. For instance, one study conducted by Majumder et al. (2022) [6]
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demonstrated that PFPE can inhibit the growth of breast cancer cells in vitro and induce
apoptosis in a dose-dependent manner. This study suggested this activity may be attributed
to the high content of bioactive compounds, such as polyphenols and flavonoids, in PFPE.
Similarly, Kadry et al. (2019) [7] reported the anticancer activity of PFPE on liver cancer
cells, showing that it inhibited their growth and proliferation and induced apoptosis in
a dose-dependent manner. Other studies [8-11] have also demonstrated the potential of
PFPE as an anticancer agent. However, further research is needed to fully understand the
mechanisms of action of PFPE’s anticancer activity and to evaluate its safety and efficacy
in human clinical trials. Overall, these findings suggest that PFPE may hold promise as a
natural product for the prevention and treatment of various types of cancer.

Furthermore, PFPE exhibits several health benefits, including potent antioxidant
properties that can protect cells from oxidative stress and prevent cellular damage [12,13].
Studies have shown that PFPE can scavenge free radicals and inhibit lipid peroxidation,
which is a key mechanism underlying many progressive diseases [4,14].

PFPE also possesses antidiabetic properties, which can improve insulin sensitivity
and control blood sugar levels [15,16]. Animal models of diabetes have demonstrated
that PFPE can diminish blood glucose and enhance glucose tolerance [17]. Furthermore,
PFPE exhibits anti-inflammatory activity, which is a key mechanism for many chronic
diseases. Several studies have verified that PFPE can impede the formation of cytokines
and reduce the expression of inflammatory markers, suggesting its potential as a natural
anti-inflammatory agent [18-20]. In addition, PFPE has immunomodulatory properties
that can help normalize the immune system and improve immune function [6,15]. Studies
have shown that PFPE can modulate the production of cytokines and chemokines, which
are key regulators of immune response [21].

PFPE is a natural product with a broad range of health benefits. While more research
is required to fully understand its pharmacological properties and mechanisms of action,
the existing evidence suggests that it may have the potential to be an antioxidant, anti-
inflammatory, immunomodulatory, antidiabetic, and anticancer agent [3,22-29].

Nevertheless, most of the bioactivities of PFPE were revealed in this study for the
first time. Consequently, the principal objective of this investigation was to explore the
functional health effects of PFPE on protein and DNA damage, in addition to the activities
of the enzymes x-Amylase, tyrosinase, and acetylcholinesterase, and antimicrobial activities
that have been connected to various diseases. Additionally, the effects of PFPE on the
propagation and apoptosis of hepatic, colorectal, and breast cancer cells were considered.

2. Materials and Methods
2.1. Study Materials

The study used Khalas variety palm fruit pollen contributed by the Al Foah Company,
Al Ain, UAE. Other materials used in the study include vitamin C (VC), TPTZ, rutin,
sodium nitroprusside, sodium acetate buffer, iron (III) chloride, FeSO,, DPPH®, 4-amino
benzene sulfonic acid, glacial acetic acid, ACS reagent, HySO4, NaH;PO4, (NH)2MoOy,
H,0O,, polysaccharide agarose, MTT, trypsin/ethylenediaminetetraacetic acid, DMSO,
protease-free (RNase A DNase), (EB/AO), (PFA), and pBR322 plasmid DNA bought from
Millipore Sigma Chemical Co. (Louis, MO, USA). Dulbecco’s Modified Eagle Medium
(DMEM) and Gibco RPMI-1640 were bought from Thermo Fisher Scientific (Waltham, MA,
USA). Normal somatic cells (HSF), breast carcinoma (MDA), colon carcinoma (Caco-2),
and hepatoma (HepG-2), cells were obtained from (ATTCC), the American Type Culture
Collection (Manassas, VA, USA).

2.2. Methods
2.2.1. Plant Material Extraction and Preparation

Phenolic compounds were extracted for HPLC analysis using accelerated solvent
extraction (ASE) with Dionex Co.’s Thermo Scientific ASE 350 (168 Third Avenue, Waltham,
MA, USA). Stainless steel extraction cells (11 mL) and amber collection vials (40 mL) were
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utilized, along with ASE Prep DE. The extraction was conducted at 25 °C with a pressure
of 1500 psi, a static time of 5 min, 4 static cycles, a 75% flush, and a 90 s purge. The entire
phenolic fraction was eluted with 300 mL of methanol, then dried under reduced pressure
at 50 °C. The resulting residue was suspended in 5 mL of distilled water and extracted with
5mL x 3 of diethyl ether. The ether extracts were combined, concentrated under nitrogen,
and dissolved in 1 mL of a 50:50 (v/v) methanol:water solution. Finally, all extracts were
filtered using a 0.45 um mesh and subjected to HPLC analysis.

2.2.2. Total Phenolic Content (TPC) Assay

The TPC of the methanol:water PFPE solution was determined by applying the spec-
trophotometric analysis through Folin-Ciocalteu’s phenol reagent, as described previ-
ously [30]. Using a standard curve for TPC, a gallic acid standard solution with concen-
trations ranging from 0 to 100 mg/L was utilized. The total phenolics in the PFPE were
reported as mg of gallic acid equivalent (GAE) per 100 g of PFPE.

2.2.3. Total Flavonoids Content (TFC) Assay

The TFC of the PFPE was evaluated utilizing the colorimetric technique explained
earlier [31]. An aliquot of PFPE or standard solution was mixed with water and a 5%
NaNO; solution. After 6 min, 10% AIClj3 solution was added, followed by the addition
of 1 M NaOH solution after 5 min. The total volume was then made up to 2.5 mL with
water, and the absorbance was measured at 510 nm against a blank. The TFC was reported
in terms of mg rutin equivalent (RE) per 100 g of PFPE. Rutin was used as the reference
standard as it is a commonly found flavonoid in food sources.

2.3. Antioxidants Activity
2.3.1. DPPH®- Free Radical-Scavenging Evaluate

A DPPH®- assay was performed by testing the activity of vitamin C (VC), PFPE, and
rutin at varying concentrations ranging from 0.1 mg/mL to 5 mg/mL against 1,1-diphenyl-
2, picrylhydrazyl radicals [32]. The percentage inhibition of these radical compounds was
determined using Equation (1):

% Inhibition DPPH® = (Abs. control — Abs. sample)/(Abs. control) x 100 @D

The absorbance of the DPPH® mixture without the test sample was considered as
the Abs. control test. Absorbance was measured with a Varian CARY 50 Scan UV-VIS
Spectrophotometer equipped with a Cary 50 Microplate Reader (Varian, Inc., Walnut Creek,
CA, USA).

2.3.2. ABTS®- Free Radical-Scavenging Quantitative Analysis

The ABTS®- free radical-scavenging assay was conducted to evaluate the free radical-
scavenging capacity of VC, PFPE, and rutin at different concentrations (0.1 mg/mL to
5 mg/mL). The ABTS® radicals are employed as a model system to assess the antioxidant
activity of the compounds [33]. The percentage inhibition of the ABTS® radicals by the test
compounds was calculated using Equation 1, as described earlier.

2.3.3. Ferric-Reducing/ Antioxidant Power (FRAP) Analysis

The ferric-reducing/antioxidant power (FRAP) assay was carried out on VC, PFPE,
and rutin at varying concentrations (0.1 mg/mL to 5 mg/mL) using a previously reported
method [34]. The FRAP reagent was prepared by mixing TPTZ (10 mM mixture) in 40 mM
HCI, FeCl3 (20 mM), and acetate buffer (pH 3.6, 0.3 M) in a ratio of 1:1:10 (v/v/v). Next,
1 mL of the test sample was mixed with 2 mL of freshly prepared FRAP reagent, and the
solutions were incubated for 30 min at 37 °C. The absorbance of the resulting mixture was
measured at 593 nm. Deionized water was employed as a blank, and FeSO4 was used to
establish the calibration curve. The FRAP values were expressed as pmol of Fe (II).
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2.3.4. Nitric Oxide Radical (NO) Test

The inhibition of the NO radical on the activities of VC, PFPE, and rutin was evaluated
using the Griess reaction at various concentrations ranging from 0.1 mg/mL to 5 mg/mL,
following a previously reported method [35]. The reaction mixture contained 2 mL of
sodium nitroprusside (10 mM), 0.5 mL of saline phosphate buffer, and 0.5 mL of the test
samples. The mixtures were incubated for 150 min at 25 °C. After incubation, 0.5 mL
of the reaction mixture was combined with 1 mL of sulfanilic acid reagent (0.33% in
20% glacial acetic acid). Following a 5 min wait, 1 mL of naphthyl ethylene diamine
dihydrochloride (0.1%) was added. The mixtures were left for 30 min at room temperature,
and the absorbance was measured at 540 nm. The percentage of nitrites was calculated
using Equation 1, as described earlier.

2.3.5. Total Antioxidant Capacity (TAC)

The (TAC) assay was carried out on VC, PFPE, and rutin at varying concentrations
(0.1 mg/mL to 5 mg/mL) according to a previously reported method [36]. Briefly, a reagent
containing sodium phosphate (28 mM), sulfuric acid (0.6 M), and ammonium molybdate
(4 mM) was added to 0.1 mL of the test samples, and the mixture was incubated at 95 °C
for 90 min. After cooling, the absorbance of the mixture was measured at 695 nm. A higher
absorbance value indicates a greater antioxidant capacity of the tested samples.

2.4. Enzyme Inhibitory Activity
2.4.1. The assay for Inhibiting Tyrosinase Enzyme Activity

To assess the inhibition of tyrosinase activity, a previously reported method was
followed in this study [37]. A mixture of L-tyrosine solution (4 mL) and phosphate buffer
(20 mM pH 6.8) was added to VC, rutin, PFPE, or kojic acid at concentrations ranging
from 0.1 mg/mL to 5 mg/mL. The mixture was incubated at 37 °C for 10 min, and then
1 mL of 50 units/mL mushroom tyrosinase liquefied in 0.2 M, pH 6.8 phosphate buffer was
added. The resulting mixture was incubated for an additional 10 min, and the absorbance
was measured at 475 nm. Ethanol (50%) was used as a blank, while 1 mL of deionized
water was a control. The percentage of tyrosinase inhibition activity was calculated using
Equation (1).

2.4.2. The Assay for Inhibiting Porcine x-amylase Enzyme Activity

In this study, the inhibition activity of porcine x-amylase was evaluated following a
previously reported method [38]. Sodium phosphate (0.02 M pH 6.9) was mixed with 50 uL
of PFPE, VC, rutin, or acarbose (used as a positive standard) at dilutions ranging from
0.1 mg/mL to 5 mg/mL, along with sodium chloride (6 mM) and 13 units/mL «-amylase
solution. The combination was incubated at 25 °C for a specific period, following which
starch solution mixed with sodium phosphate (0.02 M pH 6.9) and sodium chloride (6 mM)
was added and incubated at 25 °C for 10 min. After the incubation, 1 mL of dinitrosalicylic
acid (color reagent) was included in the mixture at 100 °C for 10 min to stop the reaction,
followed by chilling to 25 °C. The absorbance of the resulting combination was measured
at 540 nm, after adding 1 mL of deionized water. The percentage of inhibition activity of
porcine x-amylase was calculated using Equation (1).

2.4.3. The Assay for Inhibiting Acetylcholinesterase Enzyme Activity

To perform the test, a mixture of 25 uL of 0.28 U/mL of acetylcholinesterase, 325 uL
of 0.05 M Tris—HCl buffer pH 8, and 100 uL of PFPE, VC, rutin, or galantamine (used as a
positive standard) at concentrations ranging from 0.1 mg/mL to 5 mg/mL was prepared.
The mixture was then incubated at room temperature for 15 min. After this, 475 uL of
3 mM DTNB solution and 75 pL of acetylcholine iodide 15 mM were added to the mixture
and incubated for an additional 30 min at room temperature. Finally, the absorbance
of the mixture was measured at 405 nm, and the percentage of inhibition activity of
acetylcholinesterase was calculated by Equation (1), as explained earlier [32].
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2.5. Assay for DNA Damage Caused by Free Radicals

For the test, a combination of 4 puL of PFPE, rutin, or VC at dilutions ranging from
0.1 mg/mL to 5 mg/mL, along with 6 pL of H,O, 30%, 6 puL of PBS buffer, and 0.1 ug of
plasmid pBR322 DNA dissolved in 1 uL of PBS pH 7.4 50 mM was prepared. The prepared
samples were then exposed to UV irradiation for 5 min at 25 °C using an intensity of
25 W cm ™2 at 312 via a transilluminator UV TEM-26 (UVP, Upland, CA, USA). Once the
reaction was completed, the tested samples were electrophoresed through a polysaccharide
agarose 0.8% gel, and we stained the electrophoresed gel with ethidium bromide. The
electrophoresed gel was analyzed, and we captured photographs of the electrophoresed gel
using Image Lab 4.1 software, version 6.1.0. (Bio-Rad, Hercules, CA, USA). This method
allows us to detect any DNA damage caused by free radicals, and the use of different
concentrations of VC, rutin, or PFPE allows us to determine their ability to prevent or
reduce such damage. The use of electrophoresis and staining methods provides a visual
representation of the extent of DNA damage and allows for quantification of the results [39].

2.6. Assay for Protein Oxidation Produced by AAPH

To perform the experiment, bovine serum albumin (BSA) at a concentration of 0.5 mg/mL
was incubated with 20 mM AAPH in the presence or absence of VC, rutin, or PFPE at concen-
trations ranging from 0.1 mg/mL to 5 mg/mL. The mixture was then incubated in a shaking
water bath for 30 min at 37 °C. A control sample not including AAPH was also prepared.
After incubation, the mixture was loaded onto an SDS-PAGE 10% gel under reduction condi-
tions for 5 min at 100 °C. Images of the stained gel were captured using a Chemi-Doc MV
gel documentation system (Bio-Rad, Hercules, CA, USA). The intensity of the bands was
determined to quantify the aggregate of protein damage for all bands employing Image Lab
4.1 Software version 6.1.0 (Bio-Rad, Hercules, CA, USA). The method allows for detecting
protein oxidation induced by AAPH and determining the ability of VC, rutin, or PFPE to
prevent or reduce such damage. The use of SDS-PAGE and staining methods provides a
visual representation of the extent of protein damage and allows for quantification of the
results [39].

2.7. Antimicrobial Activity
2.7.1. Test for Susceptibility by Disk Diffusion

In this study, the agar-well diffusion approach was used to estimate the antimicrobial
potential of PFPE against several social pathogens, including Pseudomonas aeruginosa (ATCC
27853), Streptococcus mutans (ATCC 25175), Escherichia coli (ATCC 25922), Staphylococcus
aureus (ATCC 25923), Salmonella typhimurium (ATCC 14028), and Candida albicans (ATCC
10231). The pre-cultures of these pathogens were prepared through separate cultivation
on Muller-Hinton broth at 37 °C for 24 h. Three wells were created on the agar plates,
where 100 pL of each concentration of PFPE (5, 10, and 20 mg/well) were inoculated
separately into each well. After cultivation at 37 °C for 24 h, the developed inhibition zones
(Halo zones) around wells indicated positive results. Amoxicillin (AX-25) and ampicillin
(AM-10) were included as reference antibacterial drugs, while clotrimazole (CLT) and
amphotericin-B (AmB) were applied as reference antifungal drugs [40].

2.7.2. Assay of Minimum Inhibitory Concentrations (MICs)

The (MIC) for PFPE was calculated through the microdilution assay. Based on the
agar-well diffusion results, 100 pL from the PFPE-susceptible pathogens was inoculated
separately into a 96-well cell culture plate. For each pathogen, 100 uL of serially diluted
PFPE (5 concentrations of 0.625, 1.25, 2.5, 5, and 10 mg/well) was included to an ending vol-
ume of 200 puL/well. After incubation for 24 h at 37 °C, the bacterial growth was measured
through a microplate reader at 600 nm. The lowest dose in g/mL that prevented observable
cell growth was expressed as the MIC. This assay aimed to verify the antimicrobial potential
of PFPE against various human pathogens and to calculate the MIC for PFPE, which is
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the minimum concentration of the substance essential to inhibit the progression of the
pathogen [41].

2.8. Anticancer Activity
2.8.1. Cytotoxicity of PFPE on Normal Cells

In this study, normal HSF cells were planted onto a 96-well microplate and learned
overnight in a DMEM-supplemented medium. The PFPE was then added to the cells at
different concentrations, varying from 100 to 3200 pg/mL, and incubated for 24 and 48 h.
After washing the cells to remove debris and dead cells, 0.05% MTT solution was added to
each well and incubated for 3-5 h at 37 °C. The MTT liquid was then replaced with DMSO,
and the absorbance was measured at 570 nm. The safe dosage (EC1qp) and half maximal
inhibitory concentration (ICsg) of the PFPE were determined by applying GraphPad Prism
Version 7.0 software. The ECjq is the concentration of the extract that produces 100%
cell survival, while the ICsj is the concentration that produces a 50% reduction in cell
viability [42].

2.8.2. Anticancer Activity of PFPE against Cancer Cells (MTT) Assay

The antitumor properties of PFPE were evaluated against three different cancer cell
lines: HepG-2, MDA, and Caco-2. The cells were overlaid in 96-well plates and incubated
for 24 h before treatment. While Caco-2 and MDA cells were maintained in a supplemented
DMEM medium through 10% FBS, HepG-2 cells were kept in RPMI-1640 without 10%
FBS. The PFPE was included in the cells at several concentrations, ranging from 100 to
3200 pg/mL. The cells were then incubated for 24 and 48 h at 37 °C and 5% CO,. The
cytotoxicity of the PFPE on the cancer cells was strongminded using the MTT assay, and the
values of ECygp and IC5p were regulated using GraphPad Prism 7.0 software. In addition
to determining the cytotoxicity of the PFPE, the selectivity index (SI) was calculated. The
Sl is outlined as the ratio of the IC5y on normal (HSF) to the ICs( value of each cancer cell
line. This indicates the specificity of the extract toward the cancer cells and its potential as
a selective anticancer agent. Furthermore, the impact of PFPE on the morphology of the
treated MDA cells was inspected using phase-contrast microscopy at various concentrations
of 100, 200, and 400 g/mL [43].

2.8.3. Nuclear Staining Analysis

To test the capacity of PFPE to induce apoptosis in HepG-2 and MDA cells using
fluorescent nuclear staining techniques, the EB/AO and the PI dye were both employed to
stain the cells. MDA cells were learned on a sterile 24-well plate and bottled with PFPE
at 100, 200, and 400 pg/mL doses. Next, after incubating for 48 h, the cells were fixed
with 4% paraformaldehyde and dyed with PI (10 pg/mL) or EB/AO (100 pg/mL to each
dye) for 20 min. The stained cells were then observed and imprisoned using a fluorescent
phase-contrast microscope (Olympus, Tokyo, Japan) equipped with a dichromatic mirror
cut to 505 nm and an excitation filter (480/30 nm). The untreated cells were used as negative
reference cells. The fluorescent nuclear staining techniques utilizing EB/AO and PI dye are
standard methods for detecting apoptosis in cells. Ethidium bromide stains deadly cells
with red fluorescence, while acridine orange stains live cells with green fluorescence. The
PI dye is taken up by cells with damaged membranes, resulting in red fluorescence [44].

2.8.4. Cell Cycle Analysis

The flow cytometry method was used to determine the effect of PFPE on the cell cycle
distribution of MDA cells. The cells were handled with PFPE at doses ranging between
100, 200, and 400 g/mL for 48 h. After treatment, the MDA cells were trypsinized and
resuspended in cold PBS. The cells were then fixed in 70% cooled ethanol and washed
three times with cold PBS. The fixed cells were treated with PBS including 5 pg/mL
RNase A at 25 °C for an hour before being stained with PI (Sigma-Aldrich, St. Louis, MO,
USA) at a definitive concentration of 1 mg/mL in deionized water in the dark. The cell



Nutrients 2023, 15, 2614

7 of 22

cycle distribution of the handled MDA cells was examined using flow cytometry (Partec,
Jettingen-Scheppach, Germany) and analyzed using Cell Quist and Mod Fit version 5.1
software by reading at 488 nm after the cells were labeled with PI. The untreated MDA
cells served as the control sample [45].

2.8.5. Analysis of Quantitative Changes in Oncogene Expression

The PFPE involves purifying total RNAs from both untreated and treated HepG-2,
Caco-2, and MDA cells using the Gene JET RNA purification kit. The extracted RNA was
utilized to synthesize cDNA from mRNA, and qPCR was carried out, operating SYBR
green master mix with specific primers for the genes of interest. The genes of interest
include p53, Caspase-9, Bcl2, and p21, which are all contained in the control of apoptosis
and cell cycle progression. The following specific primers were used for each gene: 5'-
TCCGATCAGGAAGGCTA-GAGTT-3'/5-TCGGTCTCCTAA-AAGCAGGC-3' for p53, 5'-
ATTGCACAGCACGTTCACAC-3' 5-TATCCCATCCCAGGAAGGCA-3’ for Caspase-9,
5-ATGTTTTGCCAACTGGCCAAG-3'/5'-TGAGCAGCGCT-CATGGTG-3' for Bcl2, and 5'-
CCACAGCGATATCCAGACATTC-3'/5'-GAAGTCAAAGTTCCACCGTTCTC-3' for p21.
These primers were used to analyze and determine the relative changes in gene expression.
The relative change in gene expression in the treated cancer cells relative to untreated
cancer cells was calculated using the equation of 2—AACT, which is based on the difference
in threshold cycles (CTs) between the treated and untreated cells. The relative change in
gene expression between treated cancer cells and untreated cells was calculated using the
equation 2CT, which is based on the difference in CTs between the two groups [46].

3. Statistical Analysis

The research was conducted in triplicate (n = 3), meaning that each trial was repeated
three times to ensure the reliability and precision of the results. Statistical software (SPSS for
Windows, version 26, SPSS Inc., Chicago, IL, USA) was used to analyze the data. The change
in mean values between sample variabilities was determined using a one-way analysis of
variance (ANOVA), with a p-value of less than 0.05 considered statistically significant. Post
hoc analysis was accomplished using Tukey multiple-range tests to regulate the differences
between mean values. The mean values and standard deviation (SD) were intended for
each parameter to report the results. The use of triplicate trials, ANOVA, and post hoc tests
assists in ensuring the validity and consistency of the study’s findings [47].

4. Results and Discussion
4.1. Bioactive Compounds

The variation in the results of bioactive compounds among different studies may be
attributed to several factors, such as soil type, maturity, season, fertilizer, origin, growing
and storage conditions, diseases, and extraction procedures [48-50].

4.1.1. Total Phenolics Content

The Folin—Ciocalteu reagent is a widely used method for measuring the total phenolic
content of various samples, such as PFPE. The reagent reacts with phenols and other
reducing substances to form blue-colored complexes that spectrophotometry can quantify.
The absorbance of the complexes is proportional to the concentration of phenols in the
sample, which can be expressed as gallic acid equivalents (GAEs). In this study, the Folin—
Ciocalteu reagent was used to evaluate the total phenolic content of PFPE, which was
found to be 1474.33 & 11.85 mg (GAE)/100 g of PFPE, as shown in Table 1. This value is
comparable to those reported by previous studies using the same method ranging from
540 to 23,774 mg (GAE) /100 g of PFPE [2,24,51,52]. The Folin-Ciocalteu reagent is a simple
and reliable technique for assessing the antioxidant potential of phenolic compounds in
natural products [53].
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Table 1. Bioactive compounds of palm fruit pollen.

Bioactive Compounds (mg/100 g Palm Fruit Pollen)

TPC

TFC

Gallic Acid

4-Hydroxy-3-

Methoxybenzoic Acid Catechin Syringic Acid Epicatechin P-Coumaric Acid Ferulic Acid Rutin Cinnamic Acid

1474.33 4+ 11.85

771.00 £ 48.28

0.052 £ 0.003

0.007 + 0.000 0.928 £ 0.032 0.147 £ 0.003 0.347 £ 0.021 0.153 £ 0.003 0.020 £ 0.001 6.23 +0.111 1.51 £ 0.016

All values were expressed as mean & SD; n = 3. Nd: not detected; TFC: total flavonoids content; TPC: total
phenolics content. The results are reported on a wet basis.

4.1.2. Total Flavonoids Content

The total flavonoid content of PFPE is illustrated in Table 1. The results showed
that the PFPE contained a high quantity of flavonoids, with a total flavonoid content of
771.00 £ 48.28 mg (RE)/100 g. This is consistent with previous studies that have also re-
ported high levels of flavonoids in PFPE, which ranged from 467 to 7510 mg (RE)/100 g
of PFPE [2,24,51,52]. The high flavonoid content of PFPE is particularly noteworthy given
the health benefits associated with these compounds. Flavonoids have been shown to have
antioxidant, anti-inflammatory, and anticancer properties, among other health-promoting
effects.

4.1.3. HPLC Quantification of Phenolic Acids and Flavonoids

Table 1 displays the presence of phenolic acids and flavonoids in PFPE. Phenolic acid
and flavonoid standards were used to identify most of the phenolic compounds in PFPE,
but some compounds that had similar chromatographic performance and phenolic peaks
could not be confirmed due to the unavailability of standard compounds. The structure
of phenolic compounds in PFPE was determined, and the major ingredients were found
to be rutin, cinnamic acid, catechin, epicatechin, P-coumaric acid, syringic acid, gallic acid,
ferulic acid, and 4-Hydroxy-3-Methoxybenzoic acid, which were 6.23 £ 0.111, 1.51 & 0.016,
0.928 £ 0.032, 0.347 £ 0.021, 0.153 £ 0.003, 0.147 +£ 0.003, 0.052 £ 0.003, 0.020 £ 0.001, and
0.020 + 0.001 mg/100 g PFPE, respectively. The results of this investigation are consistent
with previous research on the polyphenols in PFPE [2,24,54], although some differences were
observed. These differences could be due to various factors, such as date fruit variety, degree
of ripeness, geographical and climatic conditions, fertilization, soil, cultivation practices,
and extraction method. In conclusion, the present study identified and quantified several
phenolic compounds in PFPE that are known to have various health-promoting effects.

4.2. Antioxidants Activity

To systematically estimate antioxidant activity, it is suggested to utilize multiple
methods due to the involved nature of the mechanism. In the case of assessing PFPE
antioxidant activity, a range of assays was employed. Phenolic compounds are supposed to
be the main contributors to this activity. Discrepancies between the findings of this study
and those reported in previous literature may result from factors such as fertilizer use, crop
maturity, seasonal variations, cultivation conditions, geographic location, soil composition,
disease presence, storage protocols, and the methods used for extraction [32,48].

4.2.1. DPPH®- Free Radical-Scavenging Activity

The stable free radical DPPH® is widely used in research to assess the effective-
ness of natural antioxidants in vitro [32,34,38]. The results showed that the antioxidant
activity of PFPE varied from 9.67 + 0.12% to 25.18 £ 0.36%, with an ICsy value of
974.00 £+ 28.02 pg/mL. In comparison, the ICsy values of vitamin C and rutin ranged
from 881 + 13.38 ug/mL to 417.80 & 5.78 ug/mL, respectively. The results indicated
that PFPE significantly inhibited the activity of DPPH®, as shown in Table 2 for ICsy and
Figure la. The statistical analysis revealed significant inhibition (p < 0.05). Furthermore,
the results were consistent with those reported previously in other studies [12,24,54,55].
In conclusion, the results also showed that the DPPH® scavenging activity of PFPE was
lower than that of vitamin C and rutin but still within a similar range. Overall, the results
support the potential use of PFPE as a natural antioxidant in various applications.
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Table 2. In vitro antioxidant inhibition activity. ICsy (ug/mL) is the concentration of PFPE, VC, and
rutin that can scavenge free radicals by 50%. The results are reported on a wet basis.

Antioxidant Inhibition Activity ICs (ug/mL)

Radicals
PFPE vC Rutin
DPPH 974.00 + 28.02 881.70 + 13.38 417.80 = 5.78
ABTS 106.60 + 1.05 0.69 £+ 0.06 6.50 £ 0.08
FRAP 1671.00 + 161.8 743.60 + 30.11 391.00 + 7.46
Total Antioxidant Capacity 1210.00 £ 57.32 3005.00 £ 72.45 17,600 4+ 41.64
Nitric Oxide 249.20 + 18.67 2710.00 +13.35 270.10 £ 3.51

All values were expressed as mean + SD; 1 = 3.
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Figure 1. (a) 2,2-diphenyl-1-picrylhydrazyl, (DPPH?®), (b) 2,2'-azino-bis (3-ethylbenzothiazoline-6-
sulfonic acid, (ABTS®), (c) ferric-reducing/antioxidant power, (FRAP), (d) total antioxidant capacity
(TAC), and (e) nitric oxide (NO) assays for (PFPE), vitamin C, and rutin at different concentrations.
Data are expressed as the mean & SD; n = 3.

4.2.2. ABTS®- Free Radical-Scavenging Activity

This assay measures how well antioxidants can remove ABTS® radicals. The samples
were tested at different concentrations (ranging from 0.1 to 5 mg/mL), and the results
for ICs5p are presented in Table 2, along with Figure 1b. The results showed that PFPE'’s
antioxidant activity increased with concentration, reaching a maximum of 89.29 £ 0.40%
at 5 mg/mL. VC and rutin also increased their antioxidant activity with concentration,
reaching a maximum of 90.13 % 0.04% and 92.69 + 0.32%, respectively. The ICs5, value of
PFPE was 106.60 £ 1.05 ng/mL, while VC and rutin had ICs values of 366.53 & 7.46 pug/mL
and 743.60 & 30.11 pg/mL, respectively.
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PFPE possesses high antioxidant activity, similar to VC and rutin. The high antioxidant
activity of PFPE may be due to the phenolic compounds, which can scavenge free radicals.

4.2.3. Ferric-Reducing/ Antioxidant Power (FRAP) Activity

The assay measures the effect of antioxidants in reducing a ferric complex to a ferrous
form. The higher the FRAP value, the higher the antioxidant activity. The FRAP values of
PFPE were tested and compared with those of vitamin C (VC) and rutin, which are known
antioxidants. The results are presented in Figure 1c and Table 2. The results showed that
the antioxidant activity of PFPE, VC, and rutin increased concentration-dependently. The
maximum FRAP value of PFPE was observed at 5 mg/mL, with a value of 788.74 £ 6.50.
Similarly, VC and rutin also exhibited a concentration-dependent increase in antioxidant
activity, with maximum FRAP values of 10,233.67 -+ 243.72 and 10,644.00 £ 86.02, respectively.
The ICs( value of PFPE was found to be 1671.00 & 161.80 ng/mL, whereas the ICs, values of
VC and rutin were 743.60 &+ 30.11 ug/mL and 391.00 & 7.46 ug/mL, respectively.

The results also show that PFPE had a lower FRAP value than VC and rutin at all
concentrations tested, indicating a lower antioxidant activity. However, the FRAP value
of PFPE elevated with higher concentration, suggesting a dose-dependent effect of PFPE
on reducing ferric ions. The IC5 value of PFPE was also higher than that of VC and rutin,
meaning that a higher concentration of PFPE was needed to achieve the same antioxidant
effect as VC and rutin. The lower antioxidant activity of PFPE compared to VC and
rutin may be due to the different chemical structures and mechanisms of action of these
compounds. VC and rutin act as antioxidants that can donate electrons or hydrogen atoms
to reduce ferric ions [56]. PFPE has phenolic compounds that may affect the FRAP assay
differently depending on their redox potential and interaction with the ferric complex [57].
Therefore, the FRAP assay may not reflect the full antioxidant potential of PFPE.

4.2.4. Total Antioxidant Capacity (TAC)

The TAC method stems from the capability of antioxidants to reduce Mo (VI) to Mo(V),
which in turn produces a green phosphate/Mo(V) complex upon reaction with phosphate [58].
Results shown in Figure 1d and Table 2 exhibited that the total antioxidant capacity of PFPE
increased concentration-dependently, with a maximum value of 0.067 £ 0.001 observed at
5mg/mL. VC and rutin also exhibited a concentration-dependent increase in total antioxidant
capacity, with maximum values of 0.041 4 0.000 and 1.57 & 0.01, respectively. The ICs value
of PFPE was found to be 1210.00 £ 57.32 pg/mL, whereas the ICs; values of VC and rutin
were 2710.00 =+ 13.35 ug/mL and 270.10 £ 3.51 pg/mL, respectively. These results indicate
that PFPE has moderate total antioxidant capacity, which is lower than rutin but comparable
to VC.

4.2.5. Nitric Oxide Radical (NO)-Scavenging Activity

Nitric oxide (NO)-scavenging activity refers to the ability of a substance to neutralize or
eliminate free radicals of nitric oxide, which can cause damage to cells and tissues [59]. The
nitric oxide (NO)-scavenging activity of PFPE, VC, and rutin was evaluated in this study.
The samples were tested at different concentrations, ranging from 0.1 to 5 mg/mL. Figure le
and Table 2 show that the NO-scavenging activity of PFPE increased in a concentration-
dependent manner, with a maximum inhibition of 37.75 £ 0.40% observed at 5 mg/mL.
The NO-scavenging activity of VC and rutin also showed a similar trend, with a maximum
inhibition of 56.55 £ 1.52% and 79.01 * 0.07%, respectively. The ICsy value of PFPE
was found to be 249.20 & 18.67 ug/mL, whereas the IC5) values of VC and rutin were
2710.00 £ 13.35 ug/mL and 270.10 & 3.51 pug/mL, respectively.

The results indicate that PFPE has moderate NO-scavenging activity, which is lower
than that of VC and rutin. The observed NO-scavenging activity of PFPE may be attributed
to the presence of various bioactive compounds.
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4.3. Enzyme Inhibitory Activity

Natural enzyme inhibitors can interact or bind to enzymes and decrease, reduce,
prevent, or eliminate their activity or work normally. They can be classified into two
main types: reversible inhibitors and irreversible inhibitors. They can have therapeutic
applications in the treatment of several diseases [60].

4.3.1. Tyrosinase Inhibition Activity

Tyrosinase is an enzyme that contains copper and is responsible for melanin pro-
duction in hair and skin, which can lead to diseases such as skin cancer and Parkinson’s
disease when overproduced [32,38,61]. The study investigated the inhibitory activity
of PFPE, VC, rutin, and kojic acid (a positive control) on tyrosinase, and the results in
Table 3 and Figure 2a show concentration-dependent inhibitory activity for all tested
compounds. At the highest concentration (5 mg/mL), PFPE inhibited 44.20 £ 0.20%,
VC inhibited 98.72 £ 0.15%, rutin inhibited 55.00 £ 0.23%, and kojic acid inhibited
99.88 £ 0.11%. ICs values were found to be 618.60 =+ 34.54 ug/mlL, 1881.00 £ 48.56 ug/mL,
494.40 £ 27.86 pg/mL, and 379.30 £ 29.28 pg/mL for PFPE, VC, rutin, and kojic acid,
respectively.

Table 3. In vitro enzyme inhibition activity. ICsq (1ug/mL) is the concentration of PFPE, VC, and rutin
that can scavenge free radicals by 50%. The results are reported on a wet basis.

Enzyme’s Inhibition Activity ICsg (ug/mL)

Enzymes PFPE VvC Rutin Kojic Acid Acarbose Galantamine

Tyrosinase 618.60 £ 34.54 1881.00 £ 48.56  494.40 £27.86  379.30 £ 29.28 - -
Porcine x-amylase  1084.00 & 36.22 97.62 £ 8.14 86.76 +4.43 - 197.90 +17.45 -
Acetylcholinesterase  653.60 & 18.54 721.40 £7.96 911.70 £17.21 - 319.60 £ 10.38

All values were expressed as mean + SD; n = 3.

The study’s results corroborate previous findings for VC, rutin, and kojic acid, while
this study is the first to report PFPE’s inhibitory activity on tyrosinase [32,38,61]. The
polyphenolic compounds in PFPE, such as hydroxyl groups and flavonoids, may contribute
to inhibitory activity by binding to the enzyme through hydrogen bonding or chelating
copper ions at the active site. Polyphenols are known to effectively inhibit the enzyme’s
activity, and research has shown that PFPE polyphenols such as ferulic acid and cinnamic
acid effectively inhibit and bind to several sites of the enzyme, leading to synergistic
inhibition [32,62].

4.3.2. Porcine o-Amylase Inhibition Activity

Amylase is responsible for breaking down starch into simpler carbohydrates. The
inhibition of this enzyme may help alleviate postprandial hyperglycemia, which is bene-
ficial for individuals [32,38,61]. The study evaluated the inhibitory activity of PFPE, VC,
rutin, and acarbose on x-amylase. The results in Table 3 and Figure 2b show that all tested
compounds had a concentration-dependent inhibitory effect on x-amylase. At the highest
concentration tested (5 mg/mL), PFPE inhibited amylase activity by 32.26 £ 0.56%, VC
inhibited it by 93.18 & 0.18%, rutin inhibited it by 91.51 & 0.51%, and acarbose inhibited
it by 99.12 4+ 0.10%. At the same time, IC5y was found to be 1084.00 £ 36.22 ug/mL,
97.62 £ 8.14 ug/mL, 86.76 & 4.43 pg/mlL, and 197.90 &+ 17.45 pug/mL for PFPE, VC, rutin,
and acarbose, respectively.

The results suggest that all tested compounds have inhibitory activity on amylase, with
acarbose exhibiting the highest activity as a positive control, followed by VC, rutin, and
PFPE. This is consistent with previous research that reported acarbose and VC’s inhibitory
activity on a-amylase [32,38,61]. However, this study is the first to report the inhibitory
activity of PFPE on amylase. The presence of polyphenolic compounds in PFPE may
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contribute to the inhibitory activity of x-amylase, as polyphenolic compounds are known
to inhibit enzymes by binding to active sites or through non-competitive inhibition [63].
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Figure 2. (a) Tyrosinase inhibitory activity, (b) porcine x-amylase inhibitory activity, and (c) acetyl-
cholinesterase inhibitory activity for PFPE, rutin, and vitamin C at different concentrations. Data are
expressed as the mean + SD; n = 3.

4.3.3. Acetylcholinesterase Inhibition Activity

Acetylcholinesterase inhibition is an effective approach for treating neurodegenerative
diseases, for example, Alzheimer’s disease (AD), due to its analgesic effects [32,38,61].
However, currently, available medications have limitations, such as side effects, rapid
half-lives, bioavailability, toxicity, and gastrointestinal issues. Therefore, natural acetyl-
cholinesterase inhibitors are being explored as a potential treatment for AD with minimal
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side effects [32,38,61]. The results in Table 3 and Figure 2c indicate that all the tested
compounds had a concentration-dependent inhibitory effect on AChE. At the highest
concentration tested (5 mg/mL), PFPE inhibited AChE activity by 17.33 £ 0.29%, VC
inhibited it by 7.61 % 0.18%, rutin inhibited it by 15.92 & 0.13%, and galantamine (a positive
control) inhibited it by 99.53 &+ 0.29%. Furthermore, the IC5y values were found to be
653.6 £ 721.4 ug/mlL, 911.7 pg/mL, and 319.6 ug/mL for PFPE, rutin, and galantamine,
respectively. VC did not show significant inhibitory activity on AChE. The results in-
dicated that all tested compounds had a concentration-dependent inhibitory effect on
AChHE. Galantamine was found to be the most potent AChE inhibitor among the tested
compounds, consistent with previous research on its effectiveness as a therapeutic agent
for AD [32,38,61]. However, this study is the first to report the inhibitory activity of PFPE
on AChE, with moderate inhibition activity, suggesting its potential as a natural source
of AChE inhibitors. VC did not exhibit significant inhibitory activity on AChE, possibly
because of its inability to cross the blood-brain barrier [64].

4.4. Free Radical-Induced Damage to DNA

The investigation is designed to study the ability of PFPE to protect pBR322 plasmid
DNA from oxidative damage caused by UV light and H,O,. The results presented in
Table 4 and Figure 3a—c show that the hydroxyl radical (OH®) generated by the photolysis
of HyO; caused DNA strand scission and resulted in a slow-moving open circular (OC)
band and a rapid-moving native supercoiled (SC) band [32,34,38]. Pretreatment with PFPE,
vitamin C, or rutin reduced DNA damage, as evidenced by an increase in the supercoiled
form and a decrease in the open circular structure of DNA. The results showed that PFPE
(for the first time) at concentrations ranging from 0.1 to 5 mg/mL provided a protective
effect against DNA damage, with the supercoiled DNA ranging from 5.02 £ 0.05% to
8.27 £ 0.16%. The ICs( value for PFPE was found to be 1428.00 £ 16.57 pg/mL. Vitamin C
also provided a protective effect, with the supercoiled DNA ranging from 15.90 £ 0.17%
to 22.22 £ 0.13% and an ICs value of 505.00 £ 21.63 pg/mL. Rutin exhibited the most
protecting effect, with the supercoiled DNA ranging from 17.73 = 0.47% to 71.49 £ 0.43%
and an ICsq value of 15.00 £ 0.22 pg/mL.

Table 4. In vitro DNA, BSA inhibition activity. ICsq (ug/mL) is the concentration of PFPE, VC, and
rutin that can scavenge free radicals by 50%. The results are reported on a wet basis.

DNA, BSA Damage Inhibition Activity ICsy (ug/mL)

PFPE vC Rutin
DNA 1428.00 £ 16.57 505.00 £ 21.63 15.00 + 0.22
BSA 64.81 £ 1.64 25.32 +£1.29 3.68 £0.35

All values are expressed as mean & SD; n = 3.

The results suggest that PFPE, vitamin C, and rutin can protect against oxidative
damage to pBR322 plasmid DNA. Rutin was found to be the most effective, followed by
vitamin C and PFPE. Interestingly, the investigation also found that PFPE protected the
DNA from radiation in vitro. This may be attributed to PFPE’s ability to neutralize O2°~
and (OH®) radicals. Overall, the experiment provides valuable insights into the potential
antioxidant and DN A-protective properties of DSE, vitamin C, and rutin. The use of the
pBR322 plasmid DNA as a model system provides a simple and effective way to assess
DNA damage caused by free radicals. However, it is important to note that the results
obtained using this system may not necessarily reflect the effects of these compounds on
DNA damage in living cells, and further studies are needed to establish the potential health
benefits of these compounds in vivo.
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Figure 3. Normal gel, 3D gel, and densitometric analysis for (a) PFPE, (b) VC, and (c) rutin at different
concentrations. C: plasmid, Ct.: plasmid + H,O, + UV, Lanes 1-5: plasmid + PFPE, VC, or rutin at
0.1-5 mg/mL + HpO, + UV. Data are expressed as the mean + SD; n = 3.

4.5. Protein Oxidation Produced by AAPH

Covalent modification of protein molecules results from oxidation by free radicals,
leading to functional alterations of the protein. The study investigated the protective
effects of PFPE, rutin, and vitamin C against protein damage caused by AAPH. The re-
sults, presented in Table 4 and Figure 4a—c, show that the band density of control BSA
was 100%, while the band density of treated BSA decreased to 18.98 + 0.32% after in-
cubation with AAPH for 30 min [32,34,38]. Treatment with PFPE, vitamin C, or rutin at
concentrations ranging from 0.1 to 5 mg/mL protected against BSA damage. The frag-
mentation of BSA decreased from 51.82 4 0.94% to 71.25 + 0.39% for PFPE, with an
ICs value of 64.81 + 1.64 ng/mL. Vitamin C showed protective effects as well, with
the fragmentation of BSA decreasing from 70.39 £ 0.69% to 81.08 £ 0.13% and an ICsg
value of 25.32 + 1.29 ug/mL. Rutin exhibited the strongest protective effect, with the
fragmentation of BSA decreasing from 94.84 4 0.26% to 99.28 £ 0.40% and an ICs( value of
3.68 £ 0.35 pg/mL. However, vitamin C exhibited both antioxidant and prooxidant effects
at 3 mg/mL and 5 mg/mL. Notably, the study found that PFPE provided protective effects
against free radical-induced protein damage for the first time. It is important to note that
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the study was conducted in vitro and may not fully reflect the effects of the compounds

in vivo.
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Figure 4. Densitometric analysis and SDS-PAGE of the effects of (a) PFPE, (b) VC, and (c) rutin
on the oxidative damage of BSA. C: BSA, Ct: BSA + AAPH, BSA + AAPH + PFPE, VC, or rutin at

concentrations of 0.1-5 mg/mL. Data are expressed as the mean + SD; n = 3. Different letters in a
column denote significant differences, p < 0.05.

4.6. Antimicrobial Activity

Antibiotic resistance is presently a significant risk to human health, and the importance
of the need for influential antimicrobial drugs that have a lower possibility of inducing an-
tibiotic resistance [65]. Natural phytochemicals are being considered due to their extensive
range of biological activities and biosafety. In this investigation, the antimicrobial potential
of PFPE was assessed against several pathogenic microbes [65]. The results, obtainable in
Table 5 and Figure 5, exhibited that PFPE has broad-spectrum antibacterial activity against
S. aureus, S. mutans, S. typhimurium, P. aeruginosa, and E. coli. However, C. albicans was
resistant to the antimicrobial activity of PFPE at the applied concentrations. The minimum
inhibitory concentration (MIC) results likewise displayed that PFPE was more effective
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against Gram-positive bacteria than Gram-negative bacteria, which is reliable with previous
research [24]. The lowest MIC values were 12.5 mg/well for S. mutans and 25 mg/well for
S. aureus, whereas the highest MIC values were 100 mg/mL against E. coli, followed by
50 mg/mL for both P. aeruginosa and S. typhimurium.

Table 5. The antimicrobial activity of PFPE against several human pathogens expressed in
inhibition-zone diameters (mm) with corresponding MIC values (mg/mL). The results are reported
on a wet basis.

PFPE (mg/Well)
Organism Control 1 Control 2 MIC (mg/mL)
5 10 20
S. aureus —ve —ve 12.50 £+ 1.10 19.00 £ 2.10 22.00 +1.30 25.00
S. mutans 37.00 4+ 2.80 18.00 + 1.48 14.00 £+ 1.50 18.00 £ 2.10 23.00 +1.90 12.50
E. coli 25.00 4+ 2.40 —ve —ve 10.00 £+ 0.49 11.00 £ 0.89 100.00
S. typhimurium 30.00 = 1.30 10.00 £ 0.80 13.00 £+ 0.47 17.00 £ 0.47 21.60 £+ 1.80 50.00
P. aeruginosa 28.00 £ 2.76 13.20 £ 0.68 14.20 £ 1.23 17.30 £ 2.10 20.60 +=1.90 50.00
C. albicans - 25.50 + 2.30 —ve —ve —ve -

Controls 1 and 2 are amoxicillin (25 mg/disc) and ampicillin (10 mg/disc), respectively, for bacteria, while clotrimazole
and amphotericin-B at a concentration of 10 mg/disc for yeast. All values are expressed as mean =+ SD; n = 3.

P. aeruginosa C. albicans

Figure 5. The antimicrobial activity of PFPE (1-3) at three different concentrations (5, 10, and
20 mg/well) through agar-well diffusion methods. Amoxicillin (AX-25) and amoxicillin (AM) were
applied as reference antimicrobial drugs for bacteria, while clotrimazole (CLT) and amphotericin-B
(AmB) were applied as antifungal references.

Gram-negative bacteria have an outer-envelope structure that selectively delays harm-
ful agents’ access to bacterial cells, which increases their drug resistance. Hence, targeting
and interfering with bacterial cell wall structure and function could be a possible antimi-
crobial mechanism for PFPE, as recommended by the study’s outcomes [24]. The absence
of antifungal activity against C. albicans additionally supports the hypothesis that PFPE
targets the bacterial cell wall structure and function to exercise its antimicrobial activity.

Overall, the investigation affords evidence that PFPE has broad-spectrum antibacterial
activity against numerous pathogenic microorganisms. These findings suggest that PFPE
has the potential to be used as a natural antimicrobial agent.
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4.7. Anticancer Activity

The effect of the PFPE on cell viability was examined using the MTT assay to see
whether it was cytotoxic to cancer cells and safe for normal cells (Table 6). The cytotoxic
effects of the PFPE were examined on the normal HSF cells, hepatoma HepG-2 cells, colon
cancer Caco-2 cells, and breast cancer MDA cells to ascertain their selectivity. In contrast,
the highest EC;oy and ICs( values denote the greatest level of safety. Table 1 shows that the
PFPE’s ECygp and ICsp values on normal cells were 3.25—4.8 and 2.86—4.98 times higher on
cancerous cells, respectively, after 24 and 48 h of treatment. Table 1 further shows that the
PFPE, when treated for 24 h, displayed significant anticancer activity against HepG-2, Caco-
2, and MDA cells with ICs, values of 430.3, 394.9, and 334.5 ng/mL with SI values of 2.86,
3.12, and 3.68, respectively. After treatment for 48 h, the values of ICsy were determined to
be 250.4, 246.9, and 223.5 pug/mL with SI values of 4.45, 4.51, and 4.98, respectively.

Table 6. ECyq, IC5 (ug/mL), and SI values of the PFPE against HSF, HepG-2, Caco-2, and MDA cell
lines after treatment for 24 and 48 h. The results are reported on a wet basis.

24h 48 h
Cells EC100 IC50 SI EC100 IC50 SI
HSF 133.24 +4.49 1232 £ 44.93 - 123.43 + 3.52 1114 + 39.02 -
HepG-2 41.04 £1.29 430.3 £12.95 2.86 £0.11 27.05 £1.16 250.4 £ 11.58 445+ 0.16
Caco-2 32.51 £1.68 394.9 £ 16.81 3.12+£0.12 29.36 £2.17 246.9 £ 25.42 4.51£0.15
MDA 3146 £1.74 334.5 £17.37 3.68 £ 0.14 25.69 £ 2.54 223.5 £ 21.72 498 £0.17

All values are expressed as mean + SD; n = 3.

Additionally, Figure 6 shows that the PFPE cytotoxicity was dose-dependent, with a
notable improvement in the extract’s safety toward normal HSF cells and increased selectiv-
ity against cancer cells. The proportional morphological alterations and nuclear staining of
MDA cells following 48 h of exposure to PFPE at 100, 200, and 400 pg/mL concentrations
are depicted in Figure 7. All photomicrographs demonstrate that the therapy significantly
impacted the morphology of the treated cells (Figure 7A). The morphological alterations
demonstrate that PFPE causes observable cell death and modifies cell morphology dose-
dependently. These alterations include blabbing, cell shrinkage, and nuclear condensation
(Figure 7A). By observing the nuclear alternation in MDA cells after treatment, it was
possible to provide additional evidence for PFPE’s ability to induce apoptosis, in contrast
to untreated MDA cells, which exhibit barely detectable PI-positive stained cells. Figure 7B
shows that the nuclei of the treated cells showed an increase in condensation and chromatin
fragmentation features when the dose of PFPE was increased. Figure 7C shows that PFPE-
treated MDA cells that have lost their membrane integrity have an increased incidence of
apoptosis at a late stage. The treated cells exhibit orange instead of green fluorescence in
negative control cells. Additionally, the number of necrotic cells rose dose-dependently, and
the treated cells’ nuclei unevenly produced red fluorescence rather than green in negative
reference cells. The number of necrosis cells increased, and it appeared as though some of
the cells were starting to be in the decomposition process (Figure 7C).

To obtain further insight into the PFPE anticancer mechanism, the arresting of the cell
cycle distribution of MDA cells after treatment with the extract was examined. The cell
distribution expansion in both G0/G1 and G2/M (main checkpoints phases) is enhanced by
PFPE, as shown in Figure 8A,B. By increasing the treatment dose (100, 200, and 400 g/mL),
the percentage of sub-G1 phase cells increased noticeably. However, as seen in Figure 8A,B,
the synthesis (S) phase is reduced dose-dependently. The results show that PFPE can cause
the cell cycle to be arrested in treated MDA cells as opposed to untreated cells, mostly
through triggering apoptosis in a dose-dependent manner. Figure 8C also shows that
the PFPE can up-regulate proapoptotic genes of p53 and Caspase-9 and down-regulate
oncogenes of Bcl-2 and p21 in the treated MDA cells. The PFPE (ICsy dosage) is shown
to have a significantly stronger activity to inhibit the expression of both Bcl-2 and p21
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Figure 6. Effect of PFPE on the viability of normal and cancer cell lines. Both normal (HSF) and
cancer (HepG-2, Caco-2, and MDA) cell lines were incubated with PFPE at different concentrations
(0-3200 pg/mL) for 24 h (A) and 48 h (B). The test of cell viability was assayed using the MTT method.
Data are expressed as the mean £ SD; n = 3.

100 pg/mL 200 pg/mL 400 pg/mL
- o >

./

e ge) > ‘
| ----

Figure 7. Investigation of the effect of PFPE at different ratios of 0.0 ug/mL (control), 100 ug/mL,
200 pg/mL, and 400 pg/mL on MDA cells under an inverted phase-contrast microscope. (A) Mor-
phological modifications of the treated cells with PFPE. (B) Fluorescence images of PI staining and
(C) fluorescence images of ethidium bromide-acridine orange staining of MDA cells.
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Figure 8. Cell cycle distribution of and gene expression profile of treated MDA cells with the
PFPE at different doses for 48 h, (A) original flow charts of cell cycle distribution diagrams, and
(B) quantitative distribution of PFPE-treated cells in different phases of the cell cycle in comparison
with untreated (control) cells. (C) Relative fold change in the gene expression of P53, caspase-9, Bcl2,
and p21 in the PFPE-treated cells using qPCR. Angiogenesis-related genes are evaluated in MDA
cells before and after treatment with the PFPE in comparison with 5-FU for 48 h. Data are expressed
as the mean + SD; n = 3.

5. Conclusions

The current research on PFPE mainly emphasizes exploring its health benefits and
some of the underlying mechanisms of action. The results from the present investigation
demonstrate, for the first time, that PFPE inhibits free radical activities and DNA and
protein damage, suggesting a strong potential for PFPE to protect against oxidative damage.
Furthermore, DSE also inhibited acetylcholinesterase, x-amylase, and tyrosinase, whose
activities have been associated with several widespread diseases. PFPE also possesses
anticancer effects against MDA, HepG-2, and Caco-2 cell lines. The study also observed that
PFPE could significantly up-regulate proapoptotic genes of p53 and Caspase-9 while down-
regulating oncogenes of Bcl-2 and p21. Moreover, it also has activity against several human
pathogens. The results suggest that PFPE could be used as an antioxidant, antimicrobial,
and anticancer agent. Furthermore, PFPE could be a promising natural source for use in
nutraceutical, pharmaceutical, and functional food applications.
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