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Abstract: The purpose of this investigation was to determine 1H-NMR profiling and antioxidant
activity of the most common types of honey, namely, citrus honey (HC1) (Morcott tangerine L. and
Jaffa orange L.), marjoram honey (HM1) (Origanum majorana L.), and clover honey (HT1) (Trifolium
alexandrinum L.), compared to their secondary metabolites (HC2, HM2, HT2, respectively). By using a
1H-NMR-based metabolomic technique, PCA, and PLS-DA multivariate analysis, we found that HC2,
HM2, HC1, and HM1 were clustered together. However, HT1 and HT2 were quite far from these
and each other. This indicated that HC1, HM1, HC2, and HM2 have similar chemical compositions,
while HT1 and HT2 were unique in their chemical profiles. Antioxidation potentials were determined
colorimetrically for scavenging activities against DPPH, ABTS, ORAC, 5-LOX, and metal chelating
activity in all honey extract samples and their secondary metabolites. Our results revealed that
HC2 and HM2 possessed more antioxidant activities than HT2 in vitro. HC2 demonstrated the
highest antioxidant effect in all assays, followed by HM2 (DPPH assay: IC50 2.91, 10.7 µg/mL;
ABTS assay: 431.2, 210.24 at 50 ug/mL Trolox equivalent; ORAC assay: 259.5, 234.8 at 50 ug/mL
Trolox equivalent; 5-LOX screening assay/IC50: 2.293, 6.136 ug/mL; and metal chelating activity
at 50 ug/mL: 73.34526%, 63.75881% inhibition). We suggest that the presence of some secondary
metabolites in HC and HM, such as hesperetin, linalool, and caffeic acid, increased the antioxidant
activity in citrus and marjoram compared to clover honey.

Keywords: honey; antioxidant; 5-LOX; metabolomics; NMR; docking

1. Introduction

Floral honey shows compositional variety, especially in aroma and flavor, because
different plants contribute their own bioactive constituents. The fragrant white flowers
of Murcott tangarins, which are a hybrid of Citrus reticulate and Citrus sinensis [1], are
produced singly or in a cluster of up to six flowers. The flower’s oil consists mainly of
linalool, limonene, sabinene, and trans-nerolidol and is used as stomachic carminative,
antimicrobial agent, and flavoring agent [2]. The flower of marjoram (Origanum mjorana),
commonly known as “sweet marjoram”, is a perennial herb native to eastern Mediterranean
countries. Marjoram is used worldwide as a spice product. Essential oils from aerial parts
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of the plants are used in the flavor, perfumery, and pharmaceutical industries. Marjoram
is well known for its insecticidal and medicinal value with antioxidant, anticancer, and
antimicrobial activities [3,4]. Egyptian clover, Trifolium alexandrinum L., is a winter crop
widely grown in Egypt, with white or yellow flowers. Its biological activities include
antioxidant, anti-inflammatory, anticestodal, and cytotoxic activities, and it is used as a
chemoprotective agent against cancers and cardiovascular diseases [4].

Honey is a naturally sweet substance made by honey bees from floral nectar, plant
secretions, or plant-sucking bee excretions. After nectar or honeydew collection, trans-
formation by interacting with certain substances in the bee, and maturation, it is then
deposited inside the beehive. Honey is produced under different climatic conditions, but
the main ingredients in most types of honey are similar.

The process by which nectar saccharides are converted into honey in honeybees
comprises regurgitation, evaporation, and enzymatic conversion [5]. One of nature’s most
complex foods, honey is the only sweetener that can be ingested without going through a
human digestive process [6]. Honey’s energy content is primarily determined by sugars,
which account for 95% of its dry weight and are mainly composed of the monosaccharides
fructose and glucose [7]. Honey contains roughly 25 oligosaccharides in addition to the two
primary sugar components (tri- and tetra-saccharides). The characterization of the honey’s
carbohydrate profile was published in different studies [7,8]. Water makes up 12–22% of
the composition of honey. Honey’s organoleptic and nutritional qualities are characterized
by additional minor components such as organic acids, vitamins, minerals, proteins, amino
acids, enzymes, volatiles, and phenolic compounds [9].

Honey’s beneficial health effects, such as its antioxidant, anti-inflammatory, antibacte-
rial, and immune system-stimulating qualities, are due to minor components in addition to
its high nutritional value [6,10].

In addition to being a supersaturated solution of glucose and fructose, honey
contains 200 other minor metabolites typically present between 0.01 and 10 ppm [11].
Using Nuclear Magnetic Resonance (NMR) spectroscopy to analyze honey has some ben-
efits over other traditional analytical techniques such as GC and GC-MS [12,13]. These
include the simultaneous detection of multiple components, the availability of a wealth of
information in a single measurement, the high reproducibility and comparability of the
data with a high statistical confidence level, and the minimal needs for sample and pre-
processing [13,14]. In particular, the metabolomics approach based on NMR spectroscopy,
in conjunction with multivariate statistical analysis, is a potent fingerprinting tool that
has been effectively utilized for biomarker identification, origin discrimination, and food
quality control [15–17]. This approach examines metabolite profiles and finds the main
discriminating components that differentiate honey varieties. Additionally, numerous
studies demonstrated that 1H-NMR-based screening techniques are effective tools for the
quick examination of honey’s authenticity [13].

The natural antioxidant properties of honey are well recognized; it contains flavonoids,
aromatic acids, and polyphenols derived from plants. Other bioactive components such
as organic acids, amino acids, vitamins, and proteins are also present [18–20]. Esters
are essential for honey’s antibacterial and antioxidant activities [21,22]. In addition to
phenolics, honey includes enzymes with antibacterial properties, such as glucose oxidase,
diastase, invertase, catalase, and peroxidase [18,19,23]. Phenolic acids, flavonoids, vitamins,
enzymes, and a trace amount of minerals, mainly copper and iron, are thought to be
responsible for honey’s redox properties [24,25]. However, little is understood about the
antioxidant properties of honey and the metabolic processes that underlie each component,
whether through reducing power or radical scavenging activity, due to their synergistic
interactions or the additive combined action of these minor components [10].

The secondary plant metabolites that honey bees acquire with flower nectars are
thought to be responsible for honey’s health-promoting qualities. The variety of honey’s
secondary metabolites is correlated with its biological activities [26].
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Generally, several elements, including botanical, geographic, climatic, and seasonal [27],
influence the chemical composition of honey and its quality. Other variables may be ex-
ternal, such as the environment, beekeeper honey treatment practices, storage conditions,
and intentional producer adulteration [28]. Several studies have demonstrated that most
chronic diseases, including cancer, coronary artery disease, and neurological deteriora-
tion, are caused by oxidative damage. Additionally, it has been established that honey’s
medicinal efficacy is invariably linked to its antioxidant activity against reactive oxygen
species [29]. As a result, current research has concentrated on the composition of the three
types of honey and their biological capabilities, including antioxidants, as honey includes a
high concentration of free radical scavengers, which support a balance between the levels
of antioxidants and free radical production [30]. The high concentration of reducing sugars,
more than 65% in honey, such as glucose and fructose, may result in increased reduc-
ing antioxidant power in the DPPH method, resulting in a positive error in determining
antioxidant activity [29].

Oxidative stress builds up in our bodies as time passes, leading to various illnesses.
Oxidative stress may be caused by many metabolic activities within the body and outside
stimuli, such as exposure to ultraviolet radiation (UV) and pollutants in the environ-
ment [31]. Scientific investigations have shown that free radicals, DNA damage, and cell
malignancy are directly linked. Moreover, oxidative stress is involved in the formation of
type II diabetes. Because of the significant healthcare costs incurred from these disorders,
practical solutions are required to relieve the burdens on people and society. Moreover, the
extensive secondary metabolites in honey extracts give them enormous preventive and
therapeutic capabilities [32].

More research on phytochemicals has revealed many modern medications, includ-
ing those now being researched. Natural product-derived bioactive chemicals are more
effective therapeutic agents with fewer side effects than synthetics [33]. Polyphenolic
natural compounds are a focus of research in both medical supplies and nutrition. In
addition to scavenging free radicals, polyphenols may also have potent immunological
modulatory and hormone action-inhibitory properties [34]. Polyphenols are also thought
to be effective peroxyl radical scavengers, owing to the hydrogen mobility in their molec-
ular structures [21]. Among polyphenols, phenolic acids are perhaps the most abundant
in honey. Additionally, they have been observed to affect honey’s flavor and physical
appearance, most notably in the color [35].

In this study, we compared the antioxidation potentials of the three most famous
regularly used honeys in Egypt (citrus honey, marjoram honey, and trifolium honey—
HC1, HM1, and HT1) and their secondary metabolites (HC2, HM2, and HT2). Their
radical scavenging potentials were also evaluated using DPPH, APTS, ORAC, and 5-LOX.
Additionally, metal chelating activities were also determined, since many free metals have
been linked to the production of free radicals [36,37]. The most active compounds suggested
in each honey were investigated by the 1H-NMR fingerprint technique using mathematical
models correlating their presence to antioxidant activity.

In addition, compounds that might contribute to the 5-LOX inhibitory activity of
the tested honey samples were predicted depending on a series of in silico and modeling
experiments. This work is one of the few studies [38,39] in metabolomics that has attempted
to correlate the antioxidant activity of the three most famous types of honey in Egypt to
their 1H-NMR profiles.

2. Materials and Methods
2.1. Honey Preparation and Collection
2.1.1. Honey Samples

Honey samples were collected in the 2019 season from private apiaries as follows:
citrus honey (Morcott tangerine L. and Jaffa orange L.) from Wadi Almollak, Ismailia Gover-
norate, in April; marjoram honey (Origanum majorana L.) from Sawiris Al-Gali Tamiya, Fay-
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oum Governorate, in May; clover honey (Trifolium alexandrinum L.) in Mansoura, Dakahlia
Governorate, at the end of June.

2.1.2. Preparation of Reference Slides

A pollen library of all the common plant species found in the honey-producing regions
was assembled as a reference library for identifying the pollen extracted from the honey
samples. The direct method was used to create reference slides of plant pollen [40]. Fresh
plants’ flower buds under study were stripped off their anthers, then washed in an ether-
filled watch glass. The ether was decanted, and the pollen was rinsed with fresh ether and
left to dry once a ring of pollen had formed at the edge of the ether solution. After being
transferred to a microscope slide, the pollen grains were mounted in Kaiser’s glycerin jelly
and sealed with paraffin after being warmed to 40 ◦C.

2.1.3. Qualitative Analysis of Pollen in Honey Samples

The investigation was based on the idea that microscopic elements were concentrated
by centrifuging the honey that had been dissolved in water, examining the sediments, and
examining them under a microscope. The method for pollen analysis was followed as
previously described [41]. Shortly after being dissolved in 20 mL of warm distilled water
(about 40 ◦C), a sub-sample of honey (10 g) was centrifuged twice (at 2000 rpm) for 10 min.
After drying with slight heating at 40 ◦C, the entire sediment was placed on a slide and
spread over an area of 20 mm × 20 mm. Glycerin/gelatin was used to mount the sediment,
and an alcoholic solution of fuchsin was used to stain it mildly. Slides were examined
under a microscope and identified using the reference.

2.2. Multivariate and Statistical Analysis
2.2.1. Metabolites Extraction

The secondary metabolite content of honey was extracted using the solid phase extrac-
tion (SPE) technique [42]. In brief, 200 g of the available honey samples was thoroughly
mixed with 400 mL of deionized H2O and 400 mL of MeOH until completely fluid, cen-
trifuged for 10 min at 400 rpm to remove solid particles, and then dried at 40 ◦C under
reduced pressure. Additionally, 100 g of the honey samples was dissolved in 500 mL of
acid water (adjusted to pH 2.0). To enable metabolite adsorption, the solution was treated
with 100 g of amberlite XAD-LH20 resin (100 m) and gently swirled for 30 min. After
stirring, 250 mL of acidic H2O and 250 mL of deionized H2O were used to wash the resin.
To extract the adsorbed metabolites, MeOH (750 mL) was used to wash the resin. As soon
as the resin gained its previous white appearance, this step was repeated three to four
times. The methanol extract was concentrated at 40 ◦C in a rotatory evaporator (Buchi, G.
Switzerland) before being used for chemical profiling and antioxidant assays [26,43].

2.2.2. H-NMR Analysis
1H NMR (400 MHz) spectra were carried out (Bruker, Munich, Germany) using

tetramethylsilane TMS as internal standard and dimethyl sulfoxide (DMSO-d6) as a solvent.
Chemical shift values are reported in ppm. Elemental analyses were performed at the
Microanalytical Unit, Faculty of Science Ain Shams University.

2.2.3. Multivariate and Statistical Analysis

MetaboAnalyst is a web-based statistical analysis platform that considers 1H-NMR
data. A single zip file comprising the sample name, peak list (ppm), and peak intensities was
required for this investigation. The initial step in data normalization was to normalize the
raw data using Pareto scaling and the median. After that, multivariate analysis was carried
out statistically using unsupervised principal component analysis (PCA) and supervised
partial least squares–discriminant analysis (PLS-DA).



Antioxidants 2022, 11, 1880 5 of 18

2.3. Antioxidant Activity
2.3.1. DPPH (Diphenyl-1-picrylhydrazyl) Assay

The 1,1-diphenyl-2-picrylhydrazyl (DPPH) assay, as outlined in [44], was used to
measure the honey samples’ efficiency in scavenging free radicals. By dissolving 2 mg
in 100 mL of MeOH, the solution (20 mg/L) was created. Then, 0.75 mL of methanolic
honey solution was added to 1.5 mL of solution in various concentrations ranging from 20
to 40 mg/mL. The absorbance was measured at 517 nm after 15 min of incubation at 25 ◦C.
The use of ascorbic acid served as a positive control. The ascorbic acid calibration curve
(10 and 50 mg/L) was used to calculate the concentration of honey sample needed to
scavenge 50% of the ascorbic acid (IC50) [45]. The experiment was conducted in triplicate,
and the following formula was used to determine the DPPH radical scavenging activity:

(Acontrol − Asample)/(Acontrol × 100) = DPPH radical scavenging activity (percent)

where Asample is the absorbance when a honey extract is present; Acontrol is the ab-
sorbance of the control reaction when a honey extract is not present.

2.3.2. ABTS Antioxidant Assay

With a few alterations noted by [46], the method of [47] was applied to assess the
free radical scavenging activity. To create the stable ABTS radical cation, the ABTS free
radical solution was created (final concentration: 7 mM/L) and incubated for 16 h with
potassium persulphate (final concentration: 2.45 mM/L). Five times more ABTS solution
was diluted to achieve an absorbance of 2.0–2.4 at 645 nm. In the concentration range of 0
to 0.125 mmol/L, a typical Trolox solution was created. Honey samples were made in water
at 1 g/mL concentration. Using a FLUOstar Omega microtiter plate reader (BMG LabTech,
Australia) set to 25 ◦C, 100 mL of ABTS solution was injected into each well of a 96-well
flat-bottomed plate. To obtain corrected values, the absorbance of sample and Trolox were
measured before and after injection of the ABTS solution. The Trolox-equivalent antioxidant
capacity (TEAC) was calculated as mol of Trolox per gram of honey using the following
equation, and used to express the antioxidant activity against free radicals.

Scavenging activity (percent) of ABTS = [1 − Ax/A0] × 100

where Ax is the absorbance of the leftover ABTS following the reaction with Trolox and
honey solution and A0 is the absorbance obtained using pure water. Trolox percent
inhibition was calibrated using a calibration curve. Micromoles of Trolox equivalents per
gram of honey (mol TE/g of honey) were used to express the results.

2.3.3. 5-Lipoxygenase Inhibitor Screening Assay

It is known that the oxidation of unsaturated fatty acids containing 1–4 diene groups is
catalyzed by lipoxygenase. The appearance of a conjugate diene at 234 nm was used to track
the transformation of linoleic acid into 13-hydroperoxy linoleic acid using a UV/visible
spectrophotometer. Rutin and nordihydroguaiaretic acid (NDGA), known to inhibit soy-
bean lipoxygenase, were employed as controls. The reaction was started by mixing 2.0 mL
of sodium linoleate (100 M) in phosphate buffer with aliquots (50 µL) of daily-prepared
lipoxygenase solution at a concentration sufficient to produce an easily quantifiable initial
rate of reaction. The enzymatic reactions were carried out in the absence or presence of an
inhibitor, and their kinetics were determined. The inhibitors were dissolved in DMSO to
the extent that an aliquot (30 µL) produced a final concentration of no more than 100 ppm
in each assay. A 30 µL aliquot of the inhibitors yielded a final concentration of no more
than 100 ppm in each assay after being thoroughly dissolved in DMSO. The initial reaction
rate was calculated using the slope of the straight-line portion of the curve and compared
to the control (30 µL of phosphate buffer (pH 9.0) instead of 30 µL of the inhibitor solution)
to determine the percentage inhibition of the enzyme activity. The concentration that
inhibited 50% of the enzyme (IC50) was established by charting the inhibition percentages
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as a function of the inhibitor concentration [48]. Each inhibitor concentration was tested
in triplicate, and the results were averaged (IC50 100 g/mL). Aqueous extracts were not
used in this study. A negative lipoxygenase assay result did not always imply that a plant
was incapable of acting as an anti-inflammatory agent. Throughout the intricate process of
inflammation, the active molecules may have impacts at additional sites [49].

2.3.4. Oxygen Radical Absorbance Capacity (ORAC) Assay

The ORAC test was created as previously reported [50]. AAPH produced free radicals
in this experiment, which caused fluorescein to oxidize and lose its fluorescence. Trolox
(5 g/mL, final concentration of 20 M) was employed as a reference, and all reagents were
made in phosphate buffer (pH 7.0). A final volume of 200 µL test solutions comprising
fluorescein (16.7 nM), honey at concentrations ranging from 1 to 10 mg/mL, and AAPH
at a concentration of 2.2 mg/mL were placed in each well of the plate reader (Ultimate
Concentration). After adding the AAPH, the plate was shaken for 5 s, and fluorescence
was observed every 60 s for 110 cycles at wavelengths of 535 and 485 nm for emission and
excitation, respectively. ORAC values were calculated using the area under the curve (AUC)
method and expressed in mol Trolox equivalent (TE)/g for all fluorescence experiments
carried out at 37 ◦C. A blank containing AAPH, fluorescein, and phosphate buffer was
provided (pH 7).

2.3.5. Determination of Metal Chelating Activity

According to previous instructions [51], metal chelating activity was assessed by
adding 0.1 mM FeSO4 (0.2 mL) and 0.25 mM ferrozine (0.4 mL) to 0.2 mL of honey extract.
The mixture’s absorbance at 562 nm was measured after 10 min of room temperature
incubation.

The metal chelating activity is calculated as (Acontrol − Asample)/Acontrol × 100,
where Asample is the absorbance in the presence of the extract, and Acontrol is the ab-
sorbance of the control reaction (without extract).

2.3.6. Statistical Evaluations of In Vitro Experiments

Each experiment was run three times to ensure accuracy and validity. The mean and
standard deviation of three different trials were shown in this example of data presentation.
GraphPad 5.0 was used to conduct statistical analysis (GraphPad Software, Inc., La Jolla, CA,
USA). Data comparison was performed using the ANOVA, where statistical significance
was found to exist when the p-value was <0.05.

2.4. In Silico and Modeling Investigation

As previously described, binding free energy estimation (∆G binding) and molecular
dynamic simulations were performed [52,53]. The Supplementary Materials file has a
detailed description of these procedures.

2.5. Identification of Isolated Compounds

The methanolic extract was fractionated by column chromatography with silica gel
eluted with chloroform/methanol gradient elution 99/1 to 1/1. The highest active fraction
(HC2) was subjected to an isolation process; three compounds were isolated and purified
by preparative TLC (8:2, v/v) chloroform/methanol.

1H-NMR spectra of isolated compounds dissolved in DMSO-d6 were determined
with 400 MHZ spectrometers.

3. Results
3.1. NMR Analysis

A range of metabolites have been identified or suggested as being responsible for the
antioxidant activity of these types of honey from the literature. 1H-NMR analysis of the
six honey samples using MestreNova revealed their metabolite profiles. We found that
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the honey samples showed more antioxidant activity than the honey extract samples. The
1H-NMR analysis indicated the presence of some minor metabolites in all three types of
honey samples (HC2-HM2-HT2), which might be responsible for antioxidant activity (gallic
acid, p-coumaric acid, quercetin, cinnamic acid, and chlorogenic acid) [54–56], and their
chemical structures are presented in Figure 1.

Figure 1. Structure of the secondary metabolites: (a) citric acid, (b) caffeic acid, (c) hesperetin,
(d) linalool, (e) gallic acid, (f) p-coumaric acid, (g) quercetin, (h) cinnamic acid, and (i) chlorogenic acid.

Linalool, hesperetin, and caffeic acid were found only in citrus and marjoram honey,
not clover honey. This could be why citrus and marjoram honey samples were more active
as antioxidants than trifolium honey [55,57–61].

On the other hand, three compounds were isolated using the column chromatography
of HC2 fraction; they were identified comparing their NMR data to the previously reported
ones. Compound 1 was characterized as caffeic acid; its 1H-NMR spectral data were in
good agreement with published data [62,63].

Since 1H-NMR spectral data of compound 2 revealed aromatic protons between
δH 6.18 and 7.66 and phenolic OH groups between δH 9.36 and 12.48, respectively, and
agreed with the literature [64,65], it was determined to be quercetin.

Compound 3 was characterized as hesperetin, as its 1H-NMR data were in agreement
with previous data [66,67].

From these data, we found that citrus honey was more active as an antioxidant then
marjoram honey, and the least antioxidant honey was clover or trifolium honey.

3.2. Multivariate Data Analysis

According to the PCA and PLS-DA multivariate analysis (Figure 2), we found that
HC2, HM2, HC1, and HM1 were clustered together at PC1 = −10,000, PC2 = −4500
(Figure 2A) and Component 1 = −1000, Component 2 = −4500 (Figure 2B), respectively.
However, HT1 and HT2 were plotted far from HC1, HM1, HC2, and HM2. There was
a disparity between HC1, HM1, HC2, HM2, and HT1 (10.7% in PCA, 13.7% in PLS-DA)
and HT2 (81.2% in PCA, 78.1% in PLS-DA). This finding indicates that HC1, HM1, HC2,
and HM2 have similar chemical compositions, while HT1 and HT2 were unique in their
chemical profiles.
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Figure 2. PCA and PLS-DA score plots of the 1H-NMR-derived data of the studied honey bee
products ((A) and (B), respectively).

3.3. Antioxidant Capacity

DPPH, ABTS, metal chelating activity, ORAC, and 5-LOX assays were used to evaluate
the antioxidant capabilities of honey extracts and their secondary metabolite samples.
Trolox, a substitute for vitamin E, resveratrol, and ascorbic acid were employed as standards.
For each gram of honey, scavenging capacity was calculated and given in micromoles of
reference standard equivalent.

3.3.1. DPPH Radical Scavenging Activity and Metal Chelating Activity

The DPPH assay was utilized to evaluate the scavenging capacity of honey sam-
ples, with ascorbic acid serving as the positive control. The unpaired electron in DPPH
reacts with a hydrogen atom provided by honey’s free radical scavenging antioxidant,
converting the purple-colored odd electron DPPH to its reduced yellow form. To determine
the scavenging ability of honey, the degree of decolorization would be determined using
a UV/visible spectrophotometer. The lower the IC50 value, the greater the capacity of
honey to scavenge radicals, as lowering DPPH requires less radical scavenging capac-
ity from honey. According to Figure 3, the most active scavenging agent is HC2 (citrus
honey secondary metabolites) with IC50 value of 2.91 µg/mL, followed by HM2 (marjoram
honey secondary metabolites), HT2 (trifolium or clover honey secondary metabolites),
HT1 (trifolium honey extract), HC1 (citrus honey extract), and HM1 (marjoram honey ex-
tract) samples with IC50 values of 10.7 µg/mL, 20.5 µg/mL, 220.43 µg/mL, 350.32 µg/mL,
and 470.42 µg/mL, respectively.

The antioxidant capacities of the secondary metabolites and honey sample extracts
were assessed in relation to various radicals (Figure 3, Table 1). The activity against the
ABTS•+ radical varied between 66.96 and 185.36 µmol TE µM/10 g Trolox and ranged
between 120.48 and 431.2 µmol TE µM/50 g Trolox. For HC2 honey, higher values
were reported. Additionally, a metal chelating test using honey extracts was evalu-
ated because excess free irons have been linked to the production and generation of
free radicals in biological systems. The six extracts showed substantial chelation activi-
ties in concentration-dependent manners, with each sample tested with a concentration
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of 10 µg/mL and 50 µg/mL (Figure 3). Both concentrations revealed that HC2 and HM2
had the strongest activity with 35.62% and 31.98% inhibition, respectively, while HT1 and
HC1 had the least.

Figure 3. (A) DPPH and (B) ABTS radical scavenging activities. (C) Trolox was used as positive
control for SBTS assay. (D) Metal chelating activities of different honey extracts. Data are reported as
mean ± SE values (n = 3).

Table 1. Free radical scavenging capacities of honey extracts measured with ABTS assay and metal
chelating activities at different concentrations on a micro-well plate.

ABTS Metal Chelating Activity

TE µM/g Trolox
TE µM/g Trolox = 36.56/250 × 1000 = 146.23 % Inhibition

Sample 10 µg/mL 50 µg/mL 10 µg/mL 50 µg/mL
HM2 113.88 ± 0.432 c 210.24 ± 1.68 c 31.98978 ± 1.475 c 63.75881 ± 0.7625 b

HT1 66.96± 1.25 a 120.48 ± 1.33 b 6.953549 ± 2.0365 a 40.21628 ± 1.2905 a

HT2 128.96± 0.458 c 224 ± o.655 c 26.50544 ± 1.598 c 60.74911 ± 0.83 b

HC2 185.36± 1.34 b 431.2 ± 2.15 a 35.62371 ± 1.3935 c 73.34526 ± 0.5475 c

HM1 111.0 ± 0.857 c 158.36 ± 0.442 b 21.51157 ± 1.71 b 46.32486 ± 1.1535 a

HC1 83.04 ± 0.612 a 214.76 ± 2.1 c 15.82658 ± 1.835 b 41.68769 ± 1.2575 a

Control 113.88 ± 0.035 c 210.24 ± 0.023 c

Means with different superscripts (a, b, c) between treatments in the same column are significantly different at
p < 0.05. Data are represented as mean ± SE values (n = 3).

3.3.2. ORAC Antioxidant Capacity and Lipoxygenase Inhibition Activity

The Oxygen Radical Absorbance Capacity (ORAC) experiment revealed that honey
samples have the following antioxidant capacities: HC2 > HM2 > HT2 > HM1 > HC1
> HT1. As shown in Table 2, honey extracts showed strong antioxidant activity due to
the secondary metabolites in HC2 and HM2, which had respective values of 259.5, 0.448
and 235.8, 1.03 molTE/g, while HC1 and HT1 had ORAC values of 209.7, 0.198 and 180,
0.672 molTE/g, respectively. As shown in Figure 4A,B, HC2 had the greatest ORAC value
of all the extracts tested, demonstrating its potential as a free radical scavenger. The
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investigated honey extracts significantly inhibited 5-lipoxygenase (5-LOX) activity in a
similar pattern; among the honey extracts, HC2 (IC50 2.293 g/mL) displayed the highest
antioxidant activity (Table 2), while HC1 (IC50 31.87 g/mL) displayed the lowest inhibition
of 5-LOX activity (Figure 4C).

Table 2. Free radical scavenging capacities of honey extracts measured with ORAC assay and
inhibition (%) of 5-lipoxygenase activity obtained. IC50 values represent the mean ± SD of three
determinations.

ORAC TE µM/L 5-LOX

Sample 10 µg/mL 50 µg/mL IC50 µg/mL ± SD

HM2 168.3 ± 0.839 c 235.8 ± 1.03 c 6.136 ± 0.4 a

HT1 101 ± 0.606 a 180 ± 0.672 a 23.36 ± 1.4 b

HT2 147.9 ± 0.0776 c 235.4 ± 0.0776 c 10.34 ± 0.6 a

HC2 150.1 ± 0.616 c 259.5 ± 0.448 c 2.293 ± 0.1 a

HM1 115.4 ± 0.175 a 226.8 ± 0.286 b 77.59 ± 4.6 c

HC1 134.7 ± 0.69 b 209.7 ± 0.198 b 31.87 ± 1.9 b

NDGA 2.696 ± 0.2 a

Means with different superscripts (a, b, c) between treatments in the same column are significantly different at
p < 0.05. Data are represented as mean ± SD values (n = 3).

Figure 4. (A) ORAC antioxidative activities. (B) TE/Trolox standard equivalent. (C) Lipoxygenase
(5-LOX) inhibition of honey extracts and their metabolites.
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3.4. Molecular Modeling Study

Several modeling and molecular simulation-based experiments were conducted to
determine which compounds might be responsible for the observed inhibitory activity
against 5-LOX. First, the structures of all identified compounds (Figure 1) were prepared
and docked inside the 5-LOX active site (PDB code: 6N2W). The resulted docking poses
for each structure were almost identical; hence, we selected the top-scoring pose for each
structure for the subsequent in silico experiment (Table 3). The purpose of the docking step
was to putatively generate the static binding mode of each structure inside the enzyme
active site. To validate the docking protocol used for the first docking step, the structure
of the reported 5-LOX inhibitor, nordihydroguaiaretic acid (NDGA) [68], was re-docked
inside the enzyme active site. The produced binding pose was almost identical to that of
the co-crystalized one with RMSD of 0.47Å.

Table 3. Docking and ∆G binding scores of the identified compounds inside the active site of 5-LOX,
along with their H-bonding and hydrophobic interactions.

Structure Docking Score
(kcal/mol)

∆G Binding
(kcal/mol)

Average
RMSD (Å) H-Bonding Hydrophobic

Interaction

Caffeic acid −7.1 −7.5 1.7 HIS-372 LEU-607
Hesperetin −7.5 −7.9 2.8 HIS-372 TRP-599, LEU-607
Quercetin −7.6 −8.4 4.0 HIS-372 TRP-599, LEU-607

Chlorogenic acid −6.1 −5.3 >5 ARG-596 TRP-599
Cinnamic acid −6.9 −4.7 >5 - TRP-599, LEU-607

p-coumaric acid −6.2 −4.1 >5 ARG-596 TRP-599
Citric acid −5.3 −3.6 >5 ARG-596, TRP-599 -
Gallic acid −4.7 −2.3 >5 TRP-599 -

Linalool −3.5 −1.1 >5 - TRP-599
NDGA * −7.9 −8.6 4.7 HIS-372, ARG-596 TRP-599, LEU-607

* NDGA is the previously reported 5-LOX co-crystallized inhibitor [68].

Second, generated binding poses from the previous step were used to estimate each
structure’s absolute binding free energy (∆G binding) inside the 5-LOX active site. This step
was carried out by conducting a series of molecular dynamics simulations (MDS) according
to the free energy perturbation (FEP) protocol [69]. The main purpose of this step was to
estimate the relative affinity of each structure towards the enzyme active site. The top three
structures (Table 3) with the lowest ∆G binding (<−7 kcal/mol) were then chosen along
with NDGA for subsequent 50 ns MDS runs to investigate their stability inside the 5-LOX
active site.

Third, caffeic acid, hesperetin, and quercetin showed the highest affinities toward the
5-LOX active site (∆G binding < −7 kcal/mol); they were then subjected to 50 ns long MDS
experiments to explore their dynamic binding stability and mode.

The most populated poses were extracted from each MDS run and are depicted in
Figure 5. The binding mode of each structure was aligned with that of NDGA to show
their degree of similarity, particularly with Fe+2 ion. Interestingly, the catechol moiety of
the three structures (i.e., caffeic acid, hesperetin, and quercetin) was aligned perfectly with
NDGA, establishing H-bonds with HIS-372 and coordinate interactions with Fe+2 ion. In
addition, only hesperetin and quercetin were able to establish hydrophobic interactions
with both TRP-599 and LEU-607.

RMSDs of caffeic acid, hesperetin, quercetin, and NDGA inside the 5-LOX active site
ranged from 1.7 Å to 4.1 Å, indicating stability over the simulation. In addition, quercetin
showed the lowest fluctuation during the MDS run, while caffeic acid showed the highest.
Overall, we could conclude from this modeling and simulation-based experiments that
caffeic acid, hesperetin, and quercetin were the potential 5-LOX inhibitors inside the honey
samples, particularly HC2, the most potent 5-LOX inhibitor, which was rich in caffeic acid
and hesperetin.
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Figure 5. Binding modes of caffeic acid, hesperetin, and quercetin inside the active site of 5-LOX
(brick red-colored structures; (A–C), respectively). Each structure with found to be aligned with
NDGA (cyan-colored structure), the reported 5-LOX co-crystallized inhibitor, at their catechol moiety.
These binding modes were extracted from the MDS runs as the most populated poses. D is the RMSD
of each structure inside the 5-LOX active site over 50 ns long MDS.

4. Discussion

From the literature, a range of metabolites have been suggested to be responsible for
the antioxidant activity of honey [26]. However, this work is one of the few studies in
metabolomics that have attempted to correlate the antioxidant activity of the three most
famous types of honey in Egypt—citrus honey (HC1), marjoram honey (HM1), and clover
honey (HT1)—compared to their secondary metabolites (HC2, HM2, HT2) by 1H-NMR
profiles, PCA, and PLS-DA multivariate analysis.

Honey’s antioxidant activity is influenced by several parameters, including concen-
tration, temperature, light, substrate type, physical system state, and the existence of
micro-components that function as pro-oxidants or synergists [70]. Additionally, it has
been proposed that honey’s organic acids, such as gluconic, malic, and citric acids, con-
tribute to antioxidant activity by chelating metals, thus enhancing the activity of flavonoids
through synergistic effects [71]. Additionally, the enzymes glucose oxidase and catalase
contribute to antioxidant action by their capacity to extract oxygen from the medium [72].
The essential elements of honey responsible for its antioxidant activity include phenolic,
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flavonoid, and carotenoid concentration, along with ascorbic acid and enzymes related to
floral capacity [29,73,74].

In this study, we focused on the secondary metabolites that may present in minor con-
centrations, such as gallic acid, p-coumaric acid, quercetin, cinnamic acid, and chlorogenic
acid, which might be responsible for antioxidant activity [54–56]. To exclude the effect of
organic acids and focus on secondary metabolites by using 1H-NMR metabolomics, six
honey samples were used from crude and prepared honey, and the analysis revealed that
their metabolite profiles have more antioxidant activities due to the presence of secondary
metabolites compared to the honey extract samples. The 1H-NMR analysis indicated the
presence of these secondary metabolites in all three types of honey samples (HC2, HM2,
HT2), whereas linalool, hesperetin, and caffeic acid were found only in citrus and marjoram
honey, not clover honey. This could be why citrus and marjoram honey samples were more
active as antioxidants than trifolium honey [55,57–61]. Moreover, using PCA and PLS-DA
multivariate analysis confirmed our result that HC1, HM1, HC2, and HM2 have similar
secondary metabolites, while HT1 and HT2 were unique in their chemical profiles, as we
found that HC2, HM2, HC1, and HM1 were clustered together; however, HT1 and HT2
were plotted far from them and each other.

The antioxidant activities of three different types of Egyptian honey (citrus, clover, and
marjoram) and their metabolites were evaluated and tested. Clover honey’s antioxidant
activity values were generally lower than those of marjoram and citrus honey [29,47,75]
based on colorimetrically scavenging activities against DPPH, ABTS, ORAC, 5-LOX, and
metal chelating activity in all honey extract samples in concentration-dependent ways.
This ideal concentration must be determined to accurately estimate the antioxidant activity
of honey types from various floral origins. On the other hand, the relative quantities of
minor chemicals, which may be essential to the antioxidant effect, may partially account for
the variations in the honey. Numerous authors showed a linear relationship between the
amount of all phenolic components and the antioxidant power of plant extracts [47,76,77].
Although their mode of action is unknown, phenolic chemicals and flavonoids are princi-
pally responsible for antioxidant activity, with minor chemical compounds [78].

It has been established that 5-LOX contributes to general cellular oxidative stress [79,80].
Accordingly, several previous reports have shown the potential of 5-LOX inhibitors in
reducing the 5-LOX-mediated elevated cellular oxidative stress, particularly in inflamma-
tory conditions [81,82], which can lead to cardiovascular, neuronal, and kidney dysfunc-
tions [79,83]. Several theories have been proposed; for example, cinnamon extract activity
was indicated as it is linked to free radical sequestration, hydrogen donation, metallic ion
chelation, or even has a role as a superoxide or hydroxyl radical substrate. The antioxidant
characteristics of these bioactive substances also interfere with propagation processes [84].

Honey’s total phenolic content is essential to correlate to its antioxidant properties. Our
current study showed a lower IC50 value by HC2 and HM2, suggesting that the sample had
more potent antioxidant properties, in agreement with several previous works [21,85]. This
showed that flavonoids, along with other honey constituents such as glucose and fructose,
could also contribute to the reducing power as one of the primary factors influencing the
honey samples’ reduction capacity. More research is needed to determine which phenolic
components are responsible for honey’s antioxidant action. Because honey is a complex
mix of many different compounds with diverse activity, the involvement of non-phenolic
chemicals, which are significant for antioxidant properties, must be examined. Honey also
contains amino acids, which have antioxidant properties. Histidine, taurine, glycine, and
alanine are a few free amino acids that have antioxidant potential [86]. The relationship
between radical scavenging activity and total phenolic content was stronger than between
radical scavenging activity and proline content [25]. Honey’s antioxidant action appears
complicated because it is connected to various substances, including enzymes, sugars, and
plant substrates.
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5. Conclusions

Our study results reveal that HC2 and HM2 possess the most potential in vitro an-
tioxidant activities. The citrus honey extract (HC2) demonstrated the highest antioxidant
activity in all assays (DPPH assay: IC50 2.91 µg/mL; ABTS assay: 431.2 at 50 µg/mL
Trolox equivalent; ORAC assay: 259.5 at 50 µg/mL Trolox equivalent; 5-LOX screening
assay/IC50: 2.293 µg/mL; metal chelating activity at 50 µg/mL: 73.34526% inhibition),
followed by HM2 extract (DPPH assay: IC50 10.7 µg/mL; ABTS assay: 210.24 at 50 µg/mL
Trolox equivalent; ORAC assay: 234.8 at 50 µg/mL Trolox equivalent; 5-LOX screening
assay/IC50: 6.136 µg/mL; metal chelating activity at 50 µg/mL: 63.75881% inhibition).

These results reveal that the secondary metabolites in HC and HM, which were identi-
fied as hesperetin, linalool, and caffeic acid, are responsible for increasing the antioxidant
activities in citrus and marjoram honey, more than in clover honey. Chromatographing of
the HC2 fraction resulted in the isolation and identification of three compounds (caffeic
acid, quercetin, and hesperetin) by 1H-NMR.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/antiox11101880/s1, Figure S1. 1HNMR chart of Citrus honey
extract and its 2nd metabolites (H1 and Hc); Figure S2. 1HNMR chart of Marjoram honey extract
and its 2nd metabolites (H2 and HM); Figure S3. 1HNMR chart of Clover honey extract and its 2nd
metabolites (H3 and HT); Figure S4. 1HNMR chart of compound no 2: Qurcetin; Figure S5. 1HNMR
chart of compound no 3: Hesperetin; Figure S6. 1HNMR chart of compound no 1: Caffeic acid.
Refs. [87–91] in Supplementary Materials.

Author Contributions: Conceptualization, M.M., A.T.A., E.W.Z., H.M.H. and R.M.; methodology,
M.M., A.T.A., A.M.S., R.O. and M.E.R.; software, A.M.S., U.R.A. and M.E.R.; validation, R.O., M.E.R.,
H.M.H., R.M. and M.S.H.; formal analysis, M.M., A.T.A., A.M.S., U.R.A. and E.W.Z.; investiga-
tion, M.M., A.T.A., A.M.S., U.R.A. and E.W.Z.; resources, A.M.S., R.O., M.E.R., H.M.H., R.M. and
M.S.H.; data curation, M.M., A.T.A., A.M.S., U.R.A. and E.W.Z.; writing—original draft prepara-
tion, M.M., A.T.A. and A.M.S.; writing—review and editing, M.A.Z., U.R.A., R.O., M.E.R., H.M.H.,
R.M. and M.S.H.; supervision, H.M.H., R.M. and M.S.H.; project administration, R.O. and M.E.R.;
funding acquisition, R.O. and M.E.R. All authors have read and agreed to the published version of
the manuscript.

Funding: The authors extend their appreciation to the Researchers Supporting Project (number
RSP2022R431), King Saud University, Riyadh, Saudi Arabia for funding this research work.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Feger, W.; Brandauer, H.; Ziegler, H. Analytical Investigation of Murcott (Honey) Tangerine Peel Oil. J. Essent. Oil Res. 2003,

15, 143–147. [CrossRef]
2. Tan, F.C.; Swain, S.M. Functional Characterization of AP3, SOC1 and WUS Homologues from Citrus (Citrus sinensis). Physiol.

Plant. 2007, 131, 481–495. [CrossRef] [PubMed]
3. Gharib, F.A.; Badr, S.E.A.; Al-Ghazali, B.A.S.; Zahran, M.K. Chemical Composition, Antioxidant and Antibacterial Activities of

Lavender and Marjoram Essential Oils. Egypt. J. Chem. 2013, 56, 1–24.
4. Abdalla, M.M.F.; Abd El-Naby Zeinab, M. Inbreeding and Fertility in Egyptian Clover, Trifolium Alexandrinum. J. Pharmacogn.

Phyther. 2012, 4, 16–25. [CrossRef]
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