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Abstract. Current concerns over the modern health status 
have been transpired due to the desire of consumers to gain 
the benefits of quality biofunctional foods, and the will of 
producers to improve the scalability of their products. The 
constant flow of scientific knowledge and technology manifests 
the progressive exploitation of the biological capacity of foods 
to produce an economic output. Therefore, the assessment 
of specific properties that agricultural products contain, is a 
prerequisite prior to their entering the market. In the present 
review article, a wide array of methodologies is proposed 
which may be used to evaluate the antioxidant, reductive and 
DNA protective capacity of honey at cell‑free, cell‑based in 
vitro and in vivo experimental levels. This proposed array is 
compiled by non‑laborious techniques that do not demand 
sophisticated and expensive equipment. Moreover, they can be 
followed by scientists to screen different honey batches and 
other agricultural goods that will allow enhanced repeatability 
and comparability among studies.
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1. Introduction

It is widely accepted that nutrition constitutes the main 
pillar which ensures a better quality of life and assists in 
the prevention of pathophysiological conditions. In recent 

years, the scientific community has aimed to shed light onto 
the discovery of natural products that contribute towards 
a healthier and more balanced diet. Agricultural products 
constitute the major source of interest of scientists, who aim 
to elucidate the specific biological properties that will have a 
beneficial overall effect on nutrition and well‑being.

Even though the Mediterranean Basin covers only 1.6% 
of the global land surface, it constitutes one of the world's 
richest sources of flora and fauna diversity. More specifically, 
the Mediterranean Basin comprises of 25,000  flowering 
plants, with almost half of these being endemic, representing 
10% of all known plants worldwide (1,2). This has led to the 
Mediterranean Basin being recognized as one of the top 25 
global biodiversity hotspots (3). Greece represents one of the 
most rich‑in‑flora territories of the Mediterranean Basin, since 
almost 6,000 species have been reported (4). The pharmaco‑
logical or nutritional use of regional flora has been extensively 
reported even in ancient years, where the empirical adminis‑
tration of botanies was used for healing or deterrent purposes. 
In recent years, despite the criticism concerning the French 
paradox (5,6), interest has arisen around nutrition, empha‑
sizing the crucial effects of a healthy diet on lifestyle (7). It 
was epidemiologically observed that the French initially, and 
later the Mediterranean population, exhibited a relatively low 
incidence of coronary heart disease (CHD) that may be attrib‑
uted to antioxidant‑rich foods consumed and their cumulative 
effects (8,9), despite the consumption of a high fat diet (10).

To a certain extent, honey is considered one of the corner‑
stones of the Mediterranean diet and is produced from the 
insect Apis mellifera. Greek honey is a natural food product, 
which in addition to its nutritional importance, possesses 
valuable chemopreventive properties due to the presence of 
bioactive ingredients, mainly divided into its antibacterial and 
antioxidant capacity (11). These two pillars affect each other, 
and their combination engenders the high health‑promoting 
properties of honey  (12‑17). Honey is characterized by its 
content variability since it is produced through water evapo‑
ration and the regurgitation of different plant nectars  (18). 
Thereafter, different Apis mellifera habitats result in different 
honey compositions, since the flora species from which honey‑
bees collect their nectar are dissimilar. Even though beekeepers 
acknowledge the habitat and the flowering plants it comprises, 
the composition and unique properties of honey remain elusive 
and can be only attributed to empirical and theoretical bases. 
Additionally, multicomponent analysis of honey batches will 
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allow the discrimination of natural and adulterated honey (19), 
reinforcing commercial value and consumers trust over honey 
quality.

To this end, it is of paramount importance to use scien‑
tific tools that will determine the beneficial properties of 
diverse agricultural products and more specifically, honey. 
The proposed methodology that is presented in the present 
review article determines the polyphenol content of honey 
gels with or without pollen and how this affects their anti‑
oxidant capacity (Fig. 1). This readout spectrum that includes 
biochemical and molecular parameters (Fig. 2), allows for the 
creation of a tag that describes the antioxidant potential that 
can improve the human body redox status through its ability 
to scavenge produced free radicals. Antioxidant capacity 
determination will allow scientists, producers and consumers 
to discern the quality of its produced batch that is able to 
certify health benefits and add product value. This effort to 
use easy‑to‑obtain readouts with well‑established techniques 
will ensure scientific integrity, comparability and repeat‑
ability. The aforementioned may also promote interest in the 
Mediterranean diet that has been undoubtedly shown to be 
associated with longevity and an improved quality of life (20).

2. Oxidative stress and counteractive mechanisms

A free radical is defined as a highly reactive and short‑lived 
atom or molecule that possesses an unpaired valence elec‑
tron. Its properties allow a reaction with adjacent molecules 
through reduction‑oxidation chemical reaction (redox). This 
process does not only heavily affect nearby molecules, but also 
allows unpaired electrons to be transferred from a target to a 
secondary target, creating a biochemical cascade and network 
of pro‑oxidant molecules (20). The most important free radi‑
cals are molecules in which their chemical core is occupied by 
oxygen, nitrogen or occasionally carbon.

Free radicals are produced at cellular levels physiologi‑
cally and are signaling molecules that contribute to different 
fundamental cellular (cell cycle, cell growth, cell adhesion, 
programmed cell death and chemotaxis) and molecular (gene 
expression, protein functions, protein‑protein interactions, 
Ca2+ buffering and redox homeostasis) programs (21). They 
are mainly produced in the mitochondrial electron trans‑
port chain, NADPH oxidases, xanthine oxidases and nitric 
oxidases. Internally they can be further produced during 
exercise, phagocytosis, inflammation and hypoxic conditions, 
such as ischemia/reperfusion (22). External stimuli, such as 
cigarette smoke, environmental pollutants, radiation, drugs, 
pesticides, chemical solvents and the ozone can also cause the 
generation of free radicals (22). Oxidative stress was initially 
introduced in 1985 and represents the imbalance between free 
reactive oxygen species (ROS) and the ability of a biological 
system to counteract their production and repair provoked 
damage (23,24). Thereafter it has been defined as the disrup‑
tion of the anti/pro‑oxidant equilibrium of an organism that 
leads to the destruction of biomolecules, such as proteins, 
lipids and DNA (25). At the organ level, oxidative stress has 
been directly implicated in the development of several patho‑
physiological conditions, with the list of disorders and diseases 
constantly increasing to date  (26,27). More specifically, 
oxidative stress has been linked as causative or contributing 

factor in several types of cancer, cardiovascular diseases, 
neurological disorders (Parkinson's, Alzheimer's, Huntington, 
bipolar disorder and schizophrenia), autoimmune diseases 
(rheumatoid arthritis), metabolic disorders (diabetes), chronic 
fatigue syndrome and even AIDS, hepatitis, aging and fragile 
X chromosome syndrome (27‑29).

Antioxidants counteract the produced free radicals 
when they are present at very low concentrations compared 
to those of an oxidizable substrate and delay or prevent the 
oxidation of that substrate. They successfully neutralize free 
radicals via borrowing them a free electron without becoming 
toxic themselves. There are two major types of antioxidant 
mechanisms: The enzymatic and non‑enzymatic  (26). The 
enzymatic branch contains endogenous proteins, such as 
superoxide dismutase  (SOD), catalase (CAT), glutathione 
peroxidase  (GPX) and glutathione reductase (GR). The 
non‑enzymatic branch contains molecules other than proteins 
that can scavenge radical molecules, such as vitamin  E, 
vitamin C, β‑carotene, coenzyme Q‑10, selenium and several 
bioactive phytochemicals. The latter is used to describe 
substances of plant origin present in food, with polyphe‑
nols to be the major bioactive/phytochemical compounds 
found in foods, as well as the most extensively studied ones 
for their multi‑dimensional biological properties  (30,31). 
Epidemiological studies have associated the consumption of 
fruits, vegetables and herbs with beneficial effects on chronic 
diseases, which have been attributed to their phytochemical 
properties (32,33). The term ‘polyphenols’ refers to a multitude 
of organic compounds, with one or more hydroxyls directly 
attached to one or more aromatic rings. Their protective 
antioxidant capacity derives from the ability of the phenolic 
groups to act as strong electron receptors, forming stable 
phenoxyl radicals.

3. In vitro cell‑free system measurements

Measurements that signify extract or compound bioactivity in 
in vitro cell‑free systems require reproducibility and compara‑
bility. For that, a specific unit is used to showcase the results 
and a standard that can be used from different laboratories 
globally is proposed. In particular, in all methodologies that 
are presented below, apart from the Folin‑Ciocalteu  (FC) 
method and reducing power assay, IC50 represents the concen‑
tration of the tested sample required for inhibiting the 50% 
of the corresponding free radical. Obviously, the lower the 
IC50 value, the greater the antioxidant capacity of the sample 
tested. For the same purpose, as regards the reducing power 
assay that will be explained further below, an AU0.5 value is 
estimated, representing the concentration of the tested sample 
required for achieving an absorbance value of 0.5. Moreover, 
for the determination of total phenolic content with the FC 
method, the analysis readout is expressed in mg GAE/g dry 
weight of tested sample. Additionally, a known antioxidant 
compound can serve as a standard, thus comparing its anti‑
oxidant activity with that of the tested sample. In this regard, 
vitamin C, a hydrophilic molecule that exhibits antioxidant 
activities through the neutralization of reactive species and the 
regeneration of other endogenous antioxidants can be used. 
The selection of vitamin C as a method standard lies also in 
its abundant presence in natural foods, including honey (34), 
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as well as in its fundamental roles for various endogenous 
processes (35,36).

The proposed methods can be applied for the evaluation 
of both lipophilic and hydrophilic antioxidants in the tested 
nutritional products providing a complete set of screening 
techniques. It has been proposed that the assays that involve 
peroxyl radical scavenging should be taken seriously into 
account as it is the most dominant in biological setups (37). 
Although 2,2'‑azino‑bis(3‑ethylbenzothiazoline‑6‑sulfonic 
acid  (ABTS) and 2,2‑diphenyl‑1‑picrylhydrazyl  (DPPH) 
assays rely on slow reactions that are sensitive to ascorbic 
acid, uric acid and polyphenols, enabling secondary reactions 
that are likely to occur and yield false‑positive results (38), 
they are preferable since they are easy to use and fast. Due 
to their drawbacks, they cannot be considered as stand‑alone 
techniques, but are used for preliminary screening purposes. 
Whenever it is possible, they should be used providing also 
kinetic data, i.e., by monitoring the reaction products over 
time instead of performing end‑point measurements, that 
might provide enriched data such rate constants that can serve 

as a reaction indicator (39). Finally, it is worth mentioning 
that none of the cell‑free assays that are described below can 
be expected to provide biological activity of antioxidants. 
Therefore, the use of cell‑based methods should be taken into 
consideration, as critical aspects of their use could bring valu‑
able complementary information for the activity of our tested 
samples in simplified biological systems such as cell cultures.

FC method for the evaluation of the total phenolic content 
(TPC). The FC assay is not specific for particular groups of 
phenolic compounds but is used for the determination of their 
total concentration in various extracts (40,41). Typically, the 
TPC is determined via a gallic acid (GA) standard curve (42,43). 
Gao et al (44) suggested that the main polyphenolic compo‑
nent of each food extract may be used as the assay standard. 
For example, the use of epigallocatechin as a standard is more 
preferable than GA, when TPC is measured in tea extracts. 
Generally, catechin, epigallocatechin and quercetin are used 
as commercial standards. However, due to the laborious nature 
of the identification of the main polyphenol, GA is widely used 

Figure 1. Illustration summary that depicts the scope of the review article.

Figure. 2. Proposed methodology to assess antioxidant capacity of different honey samples in three different levels; in vitro cell‑free or cell‑based system and 
in vivo system.
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for food extracts, including honey (45,46), since it represents a 
stable, simple and inexpensive commercial standard (44).

The FC method is proposed to evaluate the TPC of each 
honey batch derived from different sources of flower nectar. 
The FC method is a colorimetric assay and is based on a 
redox reaction of a specific reagent (FC reagent), a solution 
of phosphotungistic‑phosphomolybdenium heteropolymeric 
acids (47). Phenolic ions in plant extracts are oxidized in alkaline 
FC solution while heteropolymeric acids are reduced as shown 
on the following chemical reaction: P2W18O62

‑7 → H4P2W18O62
‑8, 

H2P2Mo18O62
‑6 → H6P2Mo18O62

‑7.
The reaction forms a blue chromophore that is a molyb‑

denum‑tungsten  (Mo‑W) complex that can be easily read 
spectrophotometrically at 765 nm (47). FC reagent alkalinity 
is regulated by saturated Na2CO3 solution and is a prerequisite 
for the determination of the phenolic ions without affecting 
FC reagent stability or reaction's end‑product. TPC can also 
be used to determine the level of adulteration (19). Heating 
and dilution processes with sugar syrup that is used during 
adulteration has a reducing effect in TCP. Thereafter, a marked 
decrease in TPC may indicate impurity.

DPPH• free radical neutralization assay for determination of 
antioxidant capacity. DPPH• free radical neutralization assay 
for determining the antioxidant capability of a substance was 
used for the first time by Brand‑Williams et al (48). Currently, 
the method has been evolved and has become one of the most 
established, yet simple, methods for the preliminary assess‑
ment of the antioxidant strength of substances or extracts that 
contain antioxidant compounds. The assessment is based on 
the interaction of the substance in question, with the stable 
free radical DPPH•. DPPH• free radical can be neutralized 
by receiving an electron or a hydrogen proton as follows: 
DPPH• (violet at 515 nm) + ArOH → DPPH(H) (colorless) + ArO•.

DPPH• is an organic, nitrogen‑based radical, that has a 
purple color and can be easily quantified spectrophotometri‑
cally at 517 nm. When a substance that exhibits antioxidant 
activity is added to a free radical solution, DPPH• is reduced by 
the addition of a proton atom and converted into DPPH‑H. The 
latter possess a yellow color and results a reduction in sample 
optical density. Significant decrease of antioxidant capacity 
through DPPH• readout could also implicate that honey batch 
underwent adulteration process (19). It is proposed that DPPH 
and TPC should be measured together in order to strengthen 
the probability of honey adulteration.

ABTS•+ free radical for determination of antioxidant capacity. 
The mechanistic principle of ABTS•+ free radical technique is 
similar to the one described with DPPH•. ABTS•+ free radical 
can be once again neutralized by the addition of either an elec‑
tron or a hydrogen proton (38): ABTS•+ (green at 730 nm) + ArOH → 
ABTS(H) (colourless) + ArO•.

Unlike DPPH•, which already exists as a stable radical, 
ABTS•+ needs to be produced by the oxidation of ABTS 
initially. Subsequently, formed ABTS•+ free radical reacts with 
the substance of interest. This technicality occurs to avoid 
any potential off‑site interactions between the antioxidant 
compound and the oxidative agents used for the oxidation 
of ABTS. Generally, the oxidation of ABTS occurs either 
through chemical reactions with various oxidizing reagents, or 

via enzymes such as peroxidases (49). The ABTS•+ free radical 
remains stable after its formation, has a green color and can 
be read with spectrophotometer as the previous read‑outs, at 
730 nm. Similarly, antioxidant substance donates hydrogen 
atom into ABTS•+ free radical resulting a drop in optical 
density.

The use of DPPH and ABTS assays will allow for a more 
representative estimation of the antioxidant capacity of the 
phenolic compounds that the specimen in question carries. 
Given the fact that DPPH and ABTS assays use organic 
(methanol) and water‑based solvents, they can detect mainly 
hydrophobic or both lipophilic and hydrophilic antioxidants 
respectively (50). Apart from polyphenols, honey also contains 
proteins that exert antioxidant capacity, such as catalase 
and glucose oxidase (51); however, their ability to scavenge 
relies on their enzymatic activity and not via hydrogen atom 
transfer (HAT) that DPPH• and ABTS rely on.

Hydroxyl radical (OH•) scavenging assay for the determina‑
tion of antioxidant activity. ΟΗ• can cause serious damage to 
cell biomolecules since it has detrimental effects in biological 
systems and is considered an extremely harmful compound in 
free radical pathology. This radical is produced in the vicinity 
of nucleic acids and causes significant damage if it is not 
reduced, since it cannot diffuse. It is known to induce several 
types of damage in DNA and RNA, leading to carcinogenesis, 
mutagenesis and cytotoxicity (52). The ability of an extract 
to scavenge the ΟΗ• is directly related to its antioxidant 
capacity. It was first described in 1997 (53), and it is performed 
to assess the antioxidant efficacy against natural processed 
pro‑oxidants such as ΟΗ•. The method relies on the oxidation 
of 2‑deoxyribose. During the Fenton reaction, ΟΗ• radicals 
oxidize 2‑deoxyribose into malondialdehyde (MDA), leading 
to a colorimetric outcome and can be measured spectropho‑
tometrically at 520 nm: 2‑deoxyribose + ΟΗ• → MDA. The 
ability of an extract to scavenge hydroxyl radicals is estimated 
as the rate of inhibition of 2‑deoxyribose oxidation by them.

Superoxide (O•
2

‑) radical scavenging assay. Superoxide 
radical (O•

2
‑) scavenging activity is evaluated by the Gülçin 

method (54). O•
2

‑ is able to lead to cell death, and contributes to 
enzyme inactivation, cell membranes and polysaccharide degra‑
dation. It is responsible for the peroxidation of unsaturated fatty 
acids (55) with some end‑products, such as MDA being muta‑
genic and carcinogenic (56). Furthermore, O•

2
‑ can damage DNA 

at guanine residues, that causes mutations resulting in cancer and 
aging (57). O•

2
‑ radicals are derived from PMS‑NADH systems 

through the oxidation of NADH and can be measured via the 
reduction of nitro blue tetrazolium (NBT). The O•

2
‑ reduction 

swifts yellow color derived from NBT2+ into blue which can be 
measured spectrophotometrically at 560 nm: PMS‑NADH + O2 
→ O•

2
‑; O•

2
‑ + NBT2+ (yellow) → formazan/NBT (blue). Substances 

with antioxidant capacity are able to inhibit NBT formation.

Reducing power assay. Metal ions are necessary in living 
organisms and play pivotal roles in a wide variety of physi‑
ological processes (58). Additionally, they contribute to the 
generation of ROS, such as hydroxyl radicals through the 
Fenton reaction. Therefore, the reducing power of a substance 
is related to the antioxidant capacity and constitutes a reliable 
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indicator of it. To determine the reducing capacity, the ability 
of the samples to reduce Fe+3 into Fe+2 is examined via the 
reducing power assay according to Yen and Duh  (59): 
2Fe(CN)6

‑3 + antioxidant‑H → 2Fe(CN)6
‑4 + antioxidant‑ + H+.

This reduction leads to a reaction with ferrocyanide, forming 
a complex that can be measured spectrophotometrically at 
700 nm, with the initial sample yellow color changing to different 
shades of green and blue, depending on the reducing power 
efficacy: 4Fe+3 + 3Fe(CN)6

‑4 (yellow) → Fe4[Fe(CN)6]3 (Prussian blue).
The higher the absorption becomes, the greater the reducing 

power is. Compounds with a reducing power potential indicate 
that they are electron donors and can reduce oxidized interme‑
diates to act as primary or secondary antioxidant compounds.

Peroxyl radical (ROO•)‑induced DNA damage. With the 
aforementioned methods, the scavenging efficacy and reducing 
power of different honey substrates can be determined spec‑
trophotometrically using technical or natural produced radical 
agents. The antioxidant capacity of a sample is preferable to 
be evaluated through a different methodology. For that, the 
protective action of the honey samples in question against 
single‑strand breaks in plasmid‑DNA induced by peroxyl 
radicals (ROO•) was assessed (59‑61). The method has been 
previously described by Priftis et al in 2015 (62). According 
to the assay, the thermal decomposition of 2,2'‑azobis(2‑amid‑
inopropane hydrochloride) (AAPH) leads to ROO• generation: 
R - N = N ‑ R → 2R• + N2; R• + O2 → ROO•.

Compounds bearing an azo group, such as AAPH, 
are widely used for the induction of lipid peroxidation 
in vitro (63,64), as well the previously mentioned single‑strand 
DNA breaks. Since plasmid DNA natively exists in its super‑
coiled conformation (65), the addition of AAPH to the reaction 
and the concomitant generation of ROO• leads to the forma‑
tion of single‑strand breaks. In this way, the plasmid DNA 
is converted to the open circular conformation, which runs 
slower than the supercoiled when electrophoresed on agarose 
gel (Fig. 3). In the presence of an antioxidant compound, ROO• 
are scavenged, single‑strand breaks are prevented, and thus 
plasmid‑DNA retains its supercoiled conformation.

4. In vitro measurements in cell cultures

Cell‑based in  vitro methods are performed to bypass the 
mechanistic limitations of the preliminary screening step 
of cell‑free assays. Cell lines differ from primary cells due 
to their immortalized cancerous phenotype. Their use in 
in vitro applications is advantageous as they produce high 
cell numbers, allowing experimental replications and repeti‑
tions. This also facilitates the use of the ‘Reduce’ principle 
of the 3Rs concerning the framework for performing more 
humane animal research. Another positive point is that they 
generate higher basal levels of ROS (66). ROS physiologically 
activate molecular pathways that enable cellular growth and 
replication (67), rendering an ideal platform to examine the 
antioxidant effect of polyphenolic content. This effect should 
not be considered one‑dimensional by examining a possible 
ROS decrease, but should involve the assessment of the overall 
equilibrium between oxidative‑antioxidant mechanisms and 
molecules (68). Although polyphenols affect oxidative and 
antioxidant molecules, thus altering cancer cell phenotypes 

such as proliferation and migration, the present review focused 
solely on the antioxidant capacity of polyphenols that are 
present in foods and more specifically, in honey. Thereafter, 
additional information concerning further tumorigenic mani‑
festations, pertains the scope of the present review article.

Vitamin C, a well‑known water‑soluble antioxidant, can 
serve as an example of poor protection against induced radical 
damage, localized in the core of a phospholipid bilayer such 
as cell membranes (69). In contrast to cell‑free systems, this 
experimental level incorporates biological factors such as 
absorption, distribution and metabolism. Of note, the selec‑
tion of representative cell‑line must answer the biological 
inquiry and take into consideration critical factors such as 
growth factors, sensitivity, biological background, avail‑
ability, handling convenience and the ability to develop data 
for possible comparative studies (70). A variety of cell‑line 
models have been proposed for specific scientific questions; 
however, the use of common immortalized cell lines is easier 
and more applicable (71).

HeLa and HepG2 are two cell lines that can be used. 
This proposal derives from their long‑term and extensive use 
in research, as well as due to their probable existence in the 
majority of the most laboratory structures worldwide. More 
elaborately, HeLa cells are derived from a glandular cervical 
cancer in 1951 and since then, they have been used and are widely 
referenced in thousands publications of biological studies 
that have contributed to a number of medical breakthroughs, 
from zero gravity effects and polio vaccine development, to 
AIDS studies and cancer worldwide (72). HepG2 cells, even 
though they have a cancerous phenotype, they also possess a 
number of the biochemical and morphological characteristics 
of primary hepatocytes (73,74), allowing for the study of the 
hepatoprotective effects and antioxidant properties of natural 

Figure 3. Representative agarose electrophoresis gel after peroxyl radical 
(ROO•)‑induced DNA damage. Lane 1, 1 kb Invitrogen DNA ladder; lane 2, 
pBlueScript II SK(+) DNA; lane 3, pBlueScript II SK (+) with 2'‑azobis(2‑amid‑
inopropane hydrochloride) (AAPH); lanes 4‑9, pBlueScript II SK (+) with 
2'‑azobis(2‑amidinopropane hydrochloride) (AAPH) supplemented with serial 
dilutions of tested sample (from 0.3 up to 9.5 mg/ml); lane 10, pBlueScript II 
SK (+) with the highest concentration (9.5 mg/ml) of the tested sample. The 
respective agarose gel depicts a representative experimental run of the effect of 
a native flower honey that was conducted in the authors' laboratory.

https://www.spandidos-publications.com/10.3892/ijfn.2021.15


KYRIAZIS et al:  METHODOLOGY FOR THE FUNCTIONAL ASSESSMENT OF HONEY6

products in a ‘platform’ that its main function is the detoxi‑
fication activity. Additionally, HepG2 is the most extensively 
studied liver cell line mainly due to availability, similarity in 
the human secreted proteins (75). Furthermore, the impor‑
tance of glutathione (GSH) in cancer biology followed by the 
significant abundant levels of glutathione in the hepatocytes, 
defines HepG2 cells a suitable cell‑line to determine ROS and 
GSH (76), under stress conditions and honey extracts treat‑
ments. Although HepG2 cells seem to represent the perfect 
candidate, an increased catalase expression and asymmetrical 
cell divisions have led to criticism (70). Moreover, Caco‑2 cells 
could serve as a good alternative cell line, as they ares used 
to evaluate the bioavailability and metabolic conversion of 
antioxidants, such as carotenoids and flavonoids, from whole 
foods (77‑79).

Determination of sample concentration through XTT 
cell‑viability assay. Different cell lines are cultured (80‑90% 
confluency) with their respective medium in 96‑well plates for 
24 h at 37˚C in 5% CO2. Fresh serum‑free medium supplemented 
with various sample concentrations is placed in cell cultures 
for a consecutive 24‑h incubation under the same conditions. 
Untreated cells are always used as the respective negative 
control. Working solution of sodium 3,3'‑[1(phenylamino)carb
onyl]‑3,4‑tetrazolium]‑3is(4‑methoxy‑6‑nitro) benzene sulfonic 
acid hydrate, also known as tetrazolium sodium or XTT (80), 
that contains XTT‑labeling reagent and XTT activator (50:1) 
is added to each well. Following 4 h of incubation, the optical 
density is measured at 450 nm with the background correc‑
tion at 690 nm. Additional cell‑free controls, such as medium 
supplemented with the samples alone and serum‑free medium 
alone, always should be placed to determine any color change 
of the media due to the sample content. The absorbance values 
shown by the tested samples alone must be subtracted from those 
derived from cell treatment together with the tested samples. 
The absorbance values of the control and samples are used for 
calculating the percentage inhibition of cell growth caused by 
the sample treatment. Following optical density calculations, the 
effect of the tested sample is expressed as the percentage of cell 
viability compared to untreated cells. The concentration that 
allows >75% viability is selected for following‑up sample redox 
biomarkers evaluation readouts: XTT tetrazolium + mitochon‑
drial dehydrogenase → XTT formazan.

One characteristic indicating that XTT is preferable over 
MTT assay is the nature of the solvent. XTT is water‑soluble 
and not toxic, while MTT needs to be dissolved in DMSO. 
Additionally, XTT does not require solubilization prior to quan‑
tification, thereby assay time is reduced. Moreover, the sensitivity 
of the XTT is similar or even superior than MTT reduction assay 
(81). Notably, XTT assay has been previously performed for 
determining the cytotoxic concentrations of natural food compo‑
nents, including olive oil (42), dairy products (82), grape (83,84) 
and coffee (85) extracts to a wide range of cell lines.

Assessment of GSH and ROS levels by flow cytometry. The 
tripeptide GSH consists of the amino acids cysteine, glycine 
and glutamic acid, and is a major antioxidant molecule 
playing an important role in the maintenance of redox homeo‑
stasis (86): 2GSH + H2O2 → GSSG + 2H2O; GSSG + NADPH 
+ H+ → 2GSH + NADP+.

The assessment of cellular GSH and ROS levels by flow 
cytometry can be performed as previously described  (42). 
More specifically, cell lines incubated in 25  cm2 flasks 
following the same confluency as XTT assay, are subjected 
to 24‑h incubation with the selected sample concentration. 
Following treatment, the cells are washed and resuspended 
after trypsin (0.25% w/v) application. Subsequently, the cells 
are washed to remove trypsin and stained with mercury 
orange (40 µΜ) or 2',7'‑dichlorodigydrofluorescein diace‑
tate (H2DCFDA; 10 µΜ) for 30 min in the dark at 37˚C to 
determine the GSH and ROS content, respectively. Cells are 
washed again with PBS to remove the excess dye. Cellular 
GSH and ROS levels are determined through flow cytometry 
at 488/580 nm for GSH and 488/530 nm for ROS, respectively. 
Following flow cytometry forward and side scatter gating, that 
takes into consideration cellular size and granularity, the mean 
fluorescence intensity is determined on minimum of 10,000 
cells per sample (Fig. 4). Data are presented as the fold change 
of mean fluorescence intensity in comparison with control 
experimental group.

Flow cytometry provides high speed analyses and 
measurements in large cell numbers. Moreover, it enables the 
non‑laborious quantification of fluorescence intensities. A 
critical aspect is the selection of the appropriate fluorescent 
dye or probe to assess redox potential. The most commonly 
used and inexpensive molecular probes for the assessment of 
cellular oxidative stress is H2DCFDA (87). Mercury orange 
is also able to bind with higher affinity to GSH than proteins, 
giving a degree of specificity (88,89).

Assessment of TBARS by spectrophotometry. Oxidative stress 
in cells leads to active and unstable lipid peroxides. The decom‑
position of unstable peroxides derived from polyunsaturated 
fatty acids (PUFAs) leads mainly to the formation of MDA (90): 
PUFA + •‑OH → lipid free radical + H2O; LFR + O2 → lipid 
peroxyl radical → lipid hydroperoxide → MDA. Thiobarbituric 
acid  (TBA) reactive substances  (TBARS) are one of the 
most frequently used methods for lipid peroxidation induced 
by the reactivity of free radicals, since they spectrophoto‑
metrically detect MDA levels (91). This method is based on a 
condensation reaction of two molecules of TBA with one 
molecule of MDA and absorbance is recorded at 532 nm (92): 
MDA + 2 TBA → MDA‑TBA2 adduct.

Cell lines treated with known effective concentrations 
are spinned down and lysed with whole cell lysis buffer 
[Tris (20 mM), NaCl (150 mM), 1% Nonidet P40, pH 7.5], 
containing protease inhibitors (Complete™ mini protease 
inhibitors; Roche Diagnostics). Following a 20‑min incuba‑
tion on ice and centrifugation (16,250 x g, 20 min, 4˚C) the 
supernatant that is the crude cell lysate is collected and used 
for the determination of TBARS. At first, an amount of the cell 
lysate is incubated for 10 min in 1:1 mix of trichloroacetic acid 
(TCA, 35%) and Tris‑HCl buffer (200 mM, pH 7.4) to induce 
protein precipitation that will easily enable the reaction of TBA 
with lipid macromolecules. Subsequently, Na2SO4 (2 M) and 
TBA (55 mM) mix solution are added, followed by incubation 
at 95˚C for 45 min to yield the complex with MDA. Following 
a follow‑up precipitation with 70% TCA and centrifugation 
(11,200 x g, 3 min, 25˚C), the optical density is monitored at 
530 nm. The TBARS concentration determination is based on 
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the molar extinction coefficient of ΜDA (156,000 mol/l) and 
is normalized to total protein concentration of cell lysate and 
presented as nmol TBARS per mg protein of total cell extract.

Comet assay. This fluorescence‑based methodology was 
originally proposed by Singh et al  (93). The Comet assay 
method relies on the ability of smaller DNA fragments to 
migrate more rapidly in an electric field than larger molecules. 
The method is performed in cells that are encapsulated in 
agarose gel and lysed with alkaline solution that is able to 

denature DNA. Thereafter, cells are placed on agarose film 
in microscope slide and following electrophoresis, cell‑DNA 
fragments are visualized through fluorescent microscopy 
with the use of intercalating dyes such as SYBR‑Green. 
Undegraded DNA appears solid in the nuclear area, whereas 
fragmented DNA‑induced by an oxidative agent move faster, 
appears as a ‘comet tail’ (Fig. 5). This technique allows for 
the verification of the antioxidant ability of different honey 
batches against DNA degradation that was initially assessed 
with ROO•‑induced DNA damage. DNA degradation can 

Figure 4. Representative (A and C) scatter plots and (B and D) histograms from flow cytometric analysis for the determination of (A and B, red color) ROS 
levels and (C and D, blue color) GSH. In scatter plots, gating is performed (R1 or R2) according to cell size and granularity. Subsequently, respective fluores‑
cence is determined in gated cells. ROS, reactive oxygen species; GSH, glutathione. The respective flow cytometry plots depict representative experimental 
runs of untreated HeLa cells that was conducted in the authors' laboratory.

Figure 5. Representative image of Comet assay performed in EA.hy926 cells treated with or without H2O2 (200 µM). The respective microscopy images 
derived from a representative experimental run in EA.hy926 cells that was conducted in the authors' laboratory.

https://www.spandidos-publications.com/10.3892/ijfn.2021.15
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be quantified through the determination of the displacement 
between the genetic material of the nucleus (‘comet head’) 
and the ‘comet tail’. Tail DNA% and tail moment are the main 
analysis readouts that are usually presented. Tail moment 
represents the induced DNA degradation, integrating both 
genetic material displacement and relative amount of DNA 
in the tail: Tail DNA% = tail DNA fluorescence intensity/cell 
(nucleus + tail) DNA fluorescence intensity. Tail moment = tail 
DNA% x tail length. Both parameters should be analyzed for 
at least 50 cells per treatment and mean values should be 
presented.

5. In vivo measurements

The previous techniques performed in both in vitro cell‑free 
or cell systems provide strong evidence for the antioxidant 
and reductive potential of each agricultural product or food; 
however, their impact on humans needs to be examined in 
order to discuss with clarity their beneficial effects on human 
health. This experimental level is of vital importance in the 
proposed protocol scheme, as the antioxidant capacity of 
foods is influenced by various parameters in vivo, such as gut 
absorption, metabolism, bioavailability and the presence of 
other compounds that exert reveal antioxidant activity (94). 
Therefore, it is of utmost importance that the preliminary 
screening performed with in vitro assays, always be comple‑
mented by their in vivo efficacy (95), since the use of in vivo 
assays offers highly relevant information for the performance 
and biological potential of antioxidants. The redox biomarkers 
proposed are cost‑effective, reasonably stable, and can be easily 
and accurately measured spectrophotometrically  (96‑99). 
Oxidative stress has been implicated in the development of 
numerous chronic or acute pathophysiologies and disease; 
however, the cause‑effect association is under perpetual 
investigation (100). The clinical significance of biomarkers of 
oxidative stress in humans must derive from a critical analysis 
of the markers that should give an overall index of redox status 
in particular conditions (101).

To determine the effects of honey or other agricultural 
goods, redox status parameters in human volunteers can be 
assessed at different time points. Several experimental plans 
can be followed, always depending on volunteer availability 
and tested products. A crossover study is considered the 
optimal choice as the influence of confounding covariates is 
reduced since every volunteer serves as its own control (102). 
A different approach is a longitudinal study in which redox 
status parameters in volunteers are evaluated before, during 
and after treatment (103). Peripheral blood from volunteers 
is fractionated and plasma with cellular pellet is used for 
the determination of different parameters. Red blood cell 
lysate derives from the osmotic lysis of the cellular pellet 
with distilled water (1:1 v/v). Following centrifugation, the 
erythrocyte lysate is used to determine the GSH concentra‑
tion and catalase activity (99). Additionally, hemoglobin levels 
are determined using the hemiglobincyanide (cynamethemo‑
globin) method in order to serve as normalization factor in 
GSH and CAT measurements.

Evaluation of lipid peroxidation levels through MDA 
determination. MDA levels, constituting products of lipid 

peroxidation, are assessed in plasma samples via two different 
methods. Initially, they can be quantified performing TBARS 
assay and the use of a spectrophotometer as mentioned in the 
in vitro section or using high performance liquid chromatog‑
raphy (HPLC). More specifically, if HPLC is available, MDA 
quantification is relatively more reliable when it is assessed 
fluorimetrically (104). Data are usually presented as nmol/lit 
of plasma.

Evaluation of protein carbonyls in plasma. Proteins are 
susceptible to oxidative damage with protein carbonyls (PC) 
to serve as generic markers of oxidation and a biomarker of 
oxidative stress (105). This assay allows the quantification 
of the PC content due to the ability of 2,4‑dinitrophenylhy‑
drazine  (DNPH) to react with protein carbonyls, yielding 
2,4‑dinitrophenylhydrazone (DNP‑hydrazone) as a product. 
Carbonyl groups (aldehydes and ketones) are mainly formed 
in proline, lysine and threonine amino acids of proteins and 
they are preferable markers due to their stable moieties (106). 
Hydrazones can be easily quantified using spectrophotometer 
at 375 nm. Data are usually presented as nmol/ml of plasma.

Total antioxidant capacity (TAC) determination in plasma. 
The determination of TAC is based on the method descirbed 
by Janaszewska and Bartosz (107). TAC refers to the ability of 
the plasma antioxidant components to scavenge free radicals, 
while each component contributes to the antioxidant capacity 
of plasma differently. The principle of the assay is based on the 
reaction of plasma antioxidant components with the commer‑
cial free radical DPPH•. In the presence of an antioxidant 
molecule, DPPH• is reduced to the corresponding hydrazine, 
leading to a decrease in optical density at 520 nm. Data are 
usually presented as nmol DPPH/ml of plasma.

Reduced GSH determination in red blood cell lysates. The GSH 
concentration is determined as previously described (108). The 
GSH concentration present in red blood cell lysate (RBCL) 
is determined using a spectrophotometer with the use of 
5,5‑dithio‑bis‑(2‑nitrobenzoic acid) (DTNB). GSH is oxidized 
by the DTNB which results into 2‑nitro‑5‑thiobenzoic 
acid (TNB), a colored product with absorption at 412 nm. Data 
are usually presented as mmol/gr hemoglobin.

Catalase (CAT) activity determination in red blood cell 
lysates. CAT activity is determined based on the method 
described by Aebi (109). CAT is an antioxidant enzyme cata‑
lyzing the decomposition of the excess amounts of hydrogen 
peroxide (H2O2) to water and oxygen, thus preventing from its 
conversion to the detrimental hydroxyl radicals (110). H2O2, is 
added to the erythrocyte lysate containing CAT and its decom‑
position is monitored through the decrease in optical density 
at 240 nm. Data are usually presented as units/gr hemoglobin.

6. Conclusion and future perspectives

A perpetual debate in the scientific community is the discovery 
of mechanisms and tools that will inhibit cellular oxidative 
processes and at the same time contribute to health promotion. 
Biofunctional foods possess a special position in this discus‑
sion, since they can be easily integrated in our daily routine, 
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exerting their beneficial properties. Therefore, research on 
the improvement of wellness has extensively increased over 
the past decades, satisfying in this manner, the increasing 
demands of the consumer for a balanced lifestyle (7,111‑114).

Although the use of honey has been associated since 
antiquity with the prevention of a number of diseases that 
implicate oxidative stress  (115,116), only recently, several 
studies have begun to document the beneficial biofunctional 
properties of honey (116‑120), providing a holistic approach 
for its bioactivity. The present review article brings forward a 
comprehensive strategy for the evaluation of the redox‑related 
effects of honey. The proposed approach is expected to set a 
basis in the field of functional nutrition, ensuring comparability 
and reproducibility among future studies that will determine 
unknown properties of different honey varieties or even other 
agricultural goods in in vitro and in vivo systems.
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