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Abstract: This explorative study aimed to assess the mutagenicity and genotoxicity of stored-cooked
beef patties formulated with and without phenols (7.00 mg of phenols/80-g patty) extracted from olive
vegetation water (OVW), as related to the formation of cholesterol oxidation products (COPs) and het-
erocyclic amines (HCAs). The patties were packaged in a modified atmosphere, sampled during cold
storage (4 ◦C) for 9 days, and grilled at 200 ◦C. The genotoxicity was evaluated by the Comet assay.
The patty extract was found to be genotoxic on primary peripheral blood mononuclear cells (PBMCs),
while no mutagenicity was detected. The addition of OVW phenols significantly decreased the geno-
toxicity of the patty extract and reduced the total COPs content in stored-cooked patties (4.59 times
lower than control); however, it did not affect the content of total HCAs (31.51–36.31 ng/patty) and
the revertants’ number. Therefore, these results demonstrate that the OVW phenols were able to
counteract the formation of genotoxic compounds in stored-cooked beef patties.

Keywords: cooked beef patties; olive by-products valorization; phenolic extract; mutagenicity;
genotoxicity; oxysterols; heterocyclic amines

1. Introduction

Diet is widely recognized as a major determinant in the onset and progression of
some chronic degenerative diseases, like cardiovascular diseases, cancer, and diabetes [1].
Regarding cancer, it has been estimated that a striking percentage of cases are attributed to
dietary factors (10–20%) and could be prevented by changing dietary habits [2]. However,
different foods can act as both risk and preventive factors for carcinogenesis. Among the
risk factors, the International Agency for Research on Cancer (IARC) has allocated red meat
consumption as a probable human carcinogen (Group 2A) and processed/cured meat as
a carcinogen (Group 1) [3–5]. These unhealthy properties have been linked mainly to the
addition of nitrates/nitrites and the associated formation of N-nitroso compounds (NOCs),
as well as to the generation of lipid oxidation compounds (i.e., malondialdehyde and 4-
hydroxy-nonenal from the degradation of unsaturated fatty acids) and cholesterol oxidation
products (COPs). COPs also play a pivotal role in the development of atherosclerosis and
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various chronic diseases [6,7], like Alzheimer’s disease [8], Parkinson’s disease [9], and neu-
roinflammation [10]; lately, they have also been implicated in human inflammatory bowel
diseases [11]. Cholesterol can be oxidized by enzymatic and non-enzymatic pathways
(autoxidation and photosensitized oxidation), which are highly dependent on processing
and environmental conditions (oxygen concentration, light, temperature/time). Indeed,
sterol oxidation is a multi-factorial process that is affected by food quality, manufacturing
procedures, storage conditions, and cooking methods [12]. In particular, high-temperature
cooking methods (such as grilling and barbecuing) have been shown to result in the ac-
cumulation of COPs in red meat steaks and patties [13]. Broncano et al. [14] grilled pork
steaks at 190 ◦C for 4 min and found that cooking doubled the COPs’ level in the grilled
samples (337.6 µg/100 g of meat) compared to the raw ones. Besides NOCs and COPs,
there are other carcinogenic chemical compounds that are also produced during meat
processing and cooking, such as polycyclic aromatic hydrocarbons (PAHs; classified into
different IARC groups (1, 2A and 2B) depending on the type of PAH) [15] and heterocyclic
aromatic amines (HCAs) [16]. The latter are known to be mutagenic and possibly carcino-
genic (groups 2A and 2B of the IARC classification), and the amount produced depends
on the amount of protein present, the cooking method, and conditions (temperature and
time). High-temperature cooking methods produce the highest levels of HCAs [17]. The
most common HCAs (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine (PhIP), 2-amino-3-
methylimidazo[4,5-ƒ]quinoline (IQ), 2-amino-3methylimidazo[4,5-ƒ]quinoxaline (MeIQx),
and 2-amino-3,4,8-trimethyl-imidazo[4,5-ƒ]quinoxaline (4,8-DiMeIQx)) are produced by
the amino acid’s pyrolysis or by a complex reaction that involves the product of the thermal
decomposition of amino acids (pyridine or pyrazine) and creatinine [18]. PhIP is the most
common dietary HCA found in the human diet, but IQ, MeIQx, and DiMeIQx are some of
the most powerful mutagenic substances analyzed with the Ames/Salmonella assay [19].
Numerous epidemiology investigations have suggested that a high consumption of well-
done meat may raise the risk of cancer in humans, mainly ascribable to the presence of high
quantities of HCAs [20]. To limit the impact of dietary COPs and HCA on cancer risk, it has
been advised to formulate food products with bioactive compounds having a free radical
scavenging activity, such as phenols [18]. This class of compounds are widely present
in virgin olive oils; in particular, for the aglycon forms of oleuropein and of demethy-
loleuropein and their derivatives (hydroxytyrosol (3,4-DHPEA) and tyrosol (p-HPEA)),
in vivo anticancer activity [21,22] has been demonstrated, together with the in vitro abil-
ity to defend against the DNA damage induced in different cellular systems by diverse
compounds [23]. Furthermore, as recognized by the EU Regulation No. 432/2012 [24]
for the authorized health claim, the dietary intake of virgin olive oil phenolic compounds
significantly contributes to reducing the levels of oxidized low-density lipoproteins (LDL)
in human plasma. However, most of the phenolic compounds present in olives are not
transferred to the oil but remain in the olive pomace and the olive vegetation water (OVW),
which are the solid and the liquid by-products, respectively, of the mechanical extraction of
olives [25,26]. For this reason, olive phenols are often recovered from the by-products of
the olive oil chain and used as extracts; in fact, they have already been tested in different
products of animal origin, demonstrating their efficacy as antioxidants [27–33].

Therefore, the purpose of this work was to assess the ability of an OVW phenolic
extract to counteract the formation of COPs and HCAs in grilled beef patties subjected to a
shelf-life study, as well as to evaluate its impact on the mutagenicity and cytotoxicity of
such cooked meat products.

2. Materials and Methods
2.1. Phenolic Extract (PE)

PE was produced from fresh OVWs as spray-dried powder, as reported by
Mercatante et al. [34]. The content of total phenols of the PE was 25.7 mg/g of dried product
(determined as reported in paragraph 2.3), with 3,4-DHPEA-EDA (oleacein), 3,4-DHPEA,
verbascoside, and p-HPEA being the main phenols, as reported by Miraglia et al. [35].
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2.2. Preparation of the Beef Patties

Two different beef meat cuts (shoulder and rump muscle trimming) from Spanish
adult bovines, were used for the preparation of the beef patties. After being trimmed
and minced (6-mm diameter), the meat was combined with salt (0.64 g/patty) and starter
cultures (Bactoferm® and SafePro®; Chr. Hansen GmbH, Hørsholm, Denmark). The
resulting meat batter was then split into two parts: (1) Control, meat batter added with
maltodextrin (0.28 g/patty; maltodextrin glucidex 19, Roquette, Beinheim, France); and
(2) P1, meat batter added with PE (≈7.00 mg phenols/patty). Beef patties of about 80 g each
were then molded. Two by two patties were placed in trays, covered with a three-polymer
packaging film with anti-UV and anti-fog properties (62-µm total thickness; Guillin 5025N,
Usmate-Velate, Italy), and saturated with a modified atmosphere mixture (50% nitrogen,
30% carbon dioxide and 20% oxygen). To imitate retail storage conditions, the beef patties’
trays were placed in a bench fridge (4 ◦C) for 9 days and exposed to 12-h fluorescent
illumination. The beef patties were sampled immediately after production, 6 days, and
9 days of storage (T0, T6, and T9, respectively), and grilled with an electrical grilling plate at
200 ◦C (4 min/side) to attain 70 ◦C at the core. The beef patties were chilled (20 ◦C/5 min)
before being placed in a blast chiller (−40 ◦C/15 min), vacuum-sealed in a plastic bag, and
stored at −80 ◦C. Two batches of beef patties were independently prepared.

2.3. Phenols Analysis

The extraction of the phenolic compounds from the PE was carried out by solubiliz-
ing 20 mg of the sample in 10 mL of water, which were then filtered through a 0.2-µm
PVDF syringe filter (Carlo Erba, Milan, Italy) and analyzed by HPLC-DAD according to
Selvaggini et al. [36]. A calibration curve with pure analytical standards was built for each
compound here evaluated. The results are expressed in mg/g of PE. Each measurement
was carried out in duplicate.

The extraction of the phenolic fraction from the beef patties was performed by solid-
phase extraction (SPE) as suggested by Miraglia et al. [35]. The HPLC-DAD analysis of the
purified phenolic extract was carried out as suggested by Selvaggini et al. [36]. Total phenols
were calculated as the sum of the detected and quantified single phenolic compounds (3,4-
DHPEA-EDA, 3,4-DHPEA, p-HPEA and verbascoside). Each measurement was performed
in duplicate.

2.4. Lipid Extraction

A modified version of the Folch method [37] was used to extract the lipid fraction
from 5 g of beef patties. Three independent replicates for each sample were carried out.

2.5. Determination of Cholesterol Oxidation Products (COPs)

COPs from the beef patties were extracted by cold saponification of the lipid extract,
purified by SPE-NH2, and injected as trimethylsilyl derivatives in Fast GC/MS as reported
by Barbieri et al. [28]. The mass spectra and retention times of COPs commercial standards
(Avanti Polar Lipids (Alabaster, AL, USA); Sigma Chemical (St. Louis, MO, USA); Steraloids
(Newport, RI, USA)) were used for the identification and quantification of the GC-MS
peaks. The COPs were quantified in the single ion monitoring (SIM) mode, by using
calibration curves built for individual oxysterols using the internal standard method (19-
hydroxycholesterol, Steraloids). The amounts of the single COP were expressed as µg/patty,
considering a patty weight of 80 g. Three independent replicates for each sample were
carried out.

2.6. Determination of HCAs

The extraction of HCAs from the beef patties was carried out according to
Turesky et al. [38]. The analysis of the aromatic amines was performed by UHPLC-DAD-Q-
TOF/MS; the instrument was an UHPLC system mod. 1260 Infinity (Agilent Technologies,
Santa Clara, CA, USA), composed of a binary pump, a degasser, an autosampler, and a
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thermostated oven coupled to a quadrupole-time-of-flight (Q-TOF) mass spectrometer
with Electrospray ionization (Dual ESI), model Agilent 6530 Accurate-Mass Q-TOF LC/MS
(Agilent Technologies, Santa Clara, CA, USA). The HPLC column was a Zorbax Eclipse
Plus-C18 (100 mm × 2.1 mm, 1.8 µm, Agilent Technologies). Five µL of the sample were
injected, and a mixture of H2O:CH2O2 (99.9:0.1, v/v) (solvent A) and CH3CN:H2O:CH2O2
(90:9.9:0.1, by volume) (solvent B) at a flow rate of 0.4 mL/min was used for eluting the
HCAs. The elution gradient was: 0 min, 98% phase A and 2% phase B; in 8 min, 40% A and
60% B; in 2 min, 0% A and 100% B maintained for 20 min. The mobile phase turned back to
the starting conditions and was maintained for 7 min to allow equilibration. The total HPC
run lasted 37 min of which 30 min was acquisition time.

A m/z range of 100–1600 was used for mass spectra acquisition in the positive-mode
ESI ionization, at a scan rate of 1.0 spectra/s. The Dual ESI source parameters were: gas
temperature, 350 ◦C; drying gas flow, 9 L/min; nebulizer pressure, 40 psig; capillary volt-
age, 3500 V; fragmentor, 120 V; skimmer, 65 V; 1 RF octapole, 750 V. Data were collected in
all ion MS/MS mode by using full scan and in MS/MS with collision energies ranging from
30 V to 35 V. The acquisition in MS/MS was performed to confirm the real presence of the
studied molecules in order to avoid false positives; for this reason, qualifiers correspond-
ing to the masses of other ions produced by the MS/MS fragmentation of the analyzed
compounds were used. HCAs were quantified using calibration curves for each compound
by means of the internal standard method; the results were expressed as ng/g of sample.
Two independent replicates for each sample were carried out.

2.7. Isolation of Mononuclear Cells from Peripheral Blood

Mononuclear cells (PBMCs) were isolated from leucocyte-enriched human peripheral
blood using Histopaque 1077, according to Rosignoli et al. [39]. The layer at the interface
with Histopaque-containing PBMCs was recovered and washed twice with simple RPMI
1640 medium. The recovered cells were counted with the trypan-blue exclusion method
and density adjusted to 1 × 106 cells/mL to use in the different tests.

2.8. Treatment of PBMCs with Meat Extracts and Cytotoxicity Analysis

The PBMCs were treated with the meat extracts in complete RPMI 1640 medium
(10% FCS, 2.0 mM L-glutamine, 100 U/mL penicillin and 100 U/mL streptomycin). The
incubation was carried out under 5% CO2 at 37 ◦C for 30 min. The cells were then recovered
to evaluate the viability by the trypan-blue exclusion method and the DNA damage by the
comet assay. The cytotoxicity tests were carried out with a Burker chamber as previously
reported [39]. None of the treatments induced any cytotoxic effect; indeed, the viability
detected was always above 85%.

2.9. Single-Cell Gel Electrophoresis (SCGE or Comet Assay)

The SCGE assay was performed using 50–100 µL aliquots of the cell suspension as
previously described [39]. After the inclusion of the cells in agarose and lysis, the slides
were treated with freshly made buffer (1 mM Na2EDTA, 300 mM NaOH) and incubated for
20 min for DNA unwinding. After electrophoresis (20 min at a fixed voltage of 25 V), the
slides were washed with neutralization buffer (0.4 M Tris–HCl, pH 7.5) and stained with
ethidium bromide (20 µg/mL). Before analysis, the slides were maintained at 4 ◦C in the
dark. All the procedure was performed under a red light to avoid further DNA damage.

2.10. Comet Detection

Twenty-four hours after being stained, the cells were examined under a fluorescent
microscope (Zeiss, Jena, Germany) at 400× magnification as reported by Collins [40].
The morphology of the comets was determined by a PC image-analysis (Comet assay II,
Perceptive Instruments, Bury Saint Edmund, UK). Many parameters are provided by the
software, including the “Tail Intensity%”, which is the percentage of fluorescence intensity
in the tail compared to the overall comet intensity [41].
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2.11. Ames Test

The Salmonella typhimurium his reversion test (Ames test) was performed according
to previous procedures [42].

2.12. Statistical Analysis

The data were processed with the XLSTAT software version 7.5.2 (Addinsoft, Paris,
France). The chemical data are presented as the mean values of three independent replicates
of each analysis. Firstly, to test the data’s normal distribution (p < 0.05), the Shapiro-Wilk
method was utilized. Thereafter, a two-way analysis of variance (ANOVA) was used to
analyze the data, setting formulation (F), storage time (S), and their interaction (F × S) as
factors. A post hoc Tukey’s honest significance test at a 95% confidence level (p < 0.05) was
used to distinguish the means of statistically diverse parameters. To compare C and P1,
the student’s t-test (p < 0.05) was used at each time point. To explore possible correlations
among all the tested parameters, principal component analysis (PCA) with a Varimax
rotation was performed.

3. Results and Discussion

The role of upcycling in processed meat and its impact on consumer acceptance is
a relevant aspect in the food industry. Upcycling involves transforming food waste and
by-products into new added-value products, which can help in mitigating the food waste
issue and contribute to a more sustainable food chain. Several studies have examined the
factors that could influence consumer acceptance of upcycled processed meat products [43].
Key findings include neophobia, awareness of food waste, environmentalism, age, gender,
education level, and knowledge of upcycled foods [43]. Another aspect that can also
significantly impact consumer acceptance is the higher level of processing required for
upcycled foods, as consumers generally prefer less processed products [44]. Last but not
least, consumers are also concerned about the safety of the upcycled products, since they
derive from food waste or by-products [44], so monitoring the safety of food products
formulated with natural extracts from agricultural by-products is a relevant issue.

3.1. Impact on Total Phenols in Stored-Cooked Beef Patties

Table 1 shows that the total phenols in stored-cooked P1 significantly decreased by
3.5 times from T0 to T9. The combined effect of storage time and cooking on phenols’
degradation is clearly related to their oxidative susceptibility [45], as extensively reported
by previous studies in different storage and cooking conditions [27,28,31,35].
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Table 1. Total phenols (mg/patty), single and total COPs (µg/patty), single and total HCAs (ng/patty)
of cooked patties during storage. C (Control), meat batter + maltodextrins; P1, meat batter + 7.00 mg
phenols/patty.

Storage Time (Days) SEM p

Samples 0 6 9 F S F × S

Total phenols C - B - B - B 0.52 *** *** ***
P1 1.62 a,A 0.92 b,A 0.48 c,A

7β-HC C 76.29 c,B 323.27 b,A 428.64 a,A 0.35 *** *** ***
P1 115.11 b,A 156.12 a,B 117.45 b,

5β,6β-EC C 51.55 c,B 172.47 b,A 283.72 a,A 0.34 *** *** ***
P1 67.75 b,A 84.59 a,B 67.66 c,B

5α,6α-EC C 17.00 c,B 101.29 a,A 77.98 b,A 0.22 ** N.S. N.S.
P1 18.96 b,A 27.26 a,B 30.84 a,B

CT C 8.73 c 24.75 a,A 21.38 b,A 0.12 ** N.S. N.S.
P1 8.35 b 10.64 a,B 9.07 b,B

7-KC C 76.15 c,B 324.02 b,A 547.61 a,A 0.63 *** *** ***
P1 109.03 b,A 116.14 a,B 80.78 c,B

Total COPs C 229.72 c,B 945.80 b,A 1359.33 a,A 0.82 *** *** ***
P1 319.20 b,A 394.74 a,B 295.80 c,B

IQ C n.d. n.d. n.d.
P1 n.d. n.d. n.d.

8-MeIQx C 20.21 N.S. 26.21 N.S. 24.54 N.S. 0.01 N.S. N.S. N.S.
P1 22.87 N.S. 24.86 N.S. 26.04 N.S.

4,8-DiMeIQx C 11.31 N.S. 9.80 N.S. 10.58 N.S. 0.00 N.S. N.S. N.S.
P1 9.91 N.S. 10.06 N.S. 10.27 N.S.

PhIP C n.d. n.d. n.d.
P1 n.d. n.d. n.d.

Total HCAs C 31.51 N.S. 36.01 N.S. 35.11 N.S. 0.01 N.S. N.S. N.S.
P1 32.78 N.S. 34.92 N.S. 36.31 N.S.

Results as reported as means and standard error means (SEM) of 2 or 3 independent replicates. a–c indi-
cates significant differences (Tukey’s test; p ≤ 0.05) within the same sample during the shelf-life. A-B indi-
cates significant differences (student’s t-test; p < 0.05) among different formulations. ** p < 0.01, *** p < 0.001.
4,8-DiMeIQx, 2-amino-3,4,8-trimethyl-3H-imidazo[4,5-f]quinoxaline; 5α,6α-EC, 5α,6α-epoxycholesterol; 5β,6β-
EC, 5β,6β-epoxycholesterol; 7β-HC, 7β-hydroxycholesterol; 7-KC, 7-ketocholesterol; 8-MeIQx, 2-amino-3,8-
dimethyl-imidazo[4,5-f]quinoxaline; CT, cholestanetriol; F, formulation; HCAs, heterocyclic aromatic amines; IQ,
2-amino-3-methyl-3H-imidazo[4,5-f]quinoline; n.d., not detected; N.S., non-significant; PhIP, 2-amino-1-methyl-6-
phenylimidazo[4,5-b]pyridine; S, storage.

3.2. Formation of COPs in Stored-Cooked Beef Patties

The total COPs levels in stored-cooked beef patties varied from 229.72 µg/patty to
1359.33 µg/patty (Table 1), being 4.59 times higher in C than in P1, after 9 days of storage.
In general, the total COPs significantly increased in all the cooked samples with increasing
storage time, but the addition of phenols was able to effectively limit cholesterol oxidation.
In fact, olive phenols have been proven to have good free radical scavengers, and thus they
have been lately used (as extracts from olive by-products) to stabilize meat products [27,28].
Moreover, orto-diphenols from olive oil can also chelate metal ions, thus reducing the
Fenton reaction and its impact on the oxidation process [46]. Considering individual COPs,
the most abundant were 7β-hydroxycholesterol (7β-HC) and 7-ketocholesterol (7-KC)
(76.29–428.64 and 76.15–547.71 µg/patty, respectively), followed by 5β,6β-epoxycholesterol
(5β,6β-EC) and 5α,6α-epoxycholesterol (5α,6α-EC) (51.55–283.72 and 17.00–77.98 µg/patty,
respectively); this COPs profile is similar to that reported by Barriuso et al. [47].

The main COPs detected in our study were those generated from 7-hydroperoxides
through a monomolecular reaction pathway, while those produced through a bimolecular
reaction between a hydroperoxyl radical and cholesterol were present at lower concen-
trations, especially CT since it requires water for its formation. In fact, depending on the
cooking conditions (time/temperature), grilling is known to dehydrate meat to a large
extent during cooking [47]. Most of the COPs were significantly influenced by product
formulation, storage time, and their interaction, except for 5α,6α-EC and CT, which were
only affected by the product formulation.
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In general, cholesterol in beef meat is highly susceptible to oxidation, especially when
meat is stored under commercial retail conditions and subsequently subjected to high-
temperature cooking in an oxygen-rich environment [47]. Oxysterols tend to form and
accumulate in stored-cooked meat, but their profile and amounts are highly dependent on
the storage (packaging, irradiation) and cooking conditions used [47]. During autoxidation
and thermally induced oxidation, hydroperoxides in C-7 are mainly formed, which can
undergo a dismutation and lead to the formation of 7-hydroxyl and 7-keto derivatives. In
particular, 7-KC is often the most abundant COP and has therefore been designated as a
reliable indicator of cholesterol oxidation in non-cooked food (about 30% of the total COPs
content) [48]; as confirmed by our data, 7-KC does not accumulate in extensively cooked
meat (200 ◦C/more than 5 min/side) (Table 1): in fact, 7-KC may break down, dehydrate,
and/or react with amino-containing molecules to form Schiff bases [48]. Dietary cholesterol
oxides, especially 7-KC and 7-HCs, have been shown to have significant adverse effects on
the human metabolism and, at relatively high concentrations, to have significant cytotoxic
properties; COPs have been implicated in cancer, cardiovascular diseases, neurodegener-
ative disorders, inflammatory bowel diseases, and retinopathies [9]. Although there are
no toxicity limits for COPs, the threshold of toxicological concern (TTC) for unclassified
substances that are potential DNA-reactive mutagens and/or carcinogens (0.15 µg per
person per day) [9], is currently used as a reference upper limit for COPs’ consumption in
an attempt to reduce their intake [9]. Considering our results, all samples of stored-cooked
beef patties were above this limit as single compounds and as the sum of the 5 COPs
detected here (>0.75 µg per person per day). On the other hand, neither the EU nor the US
currently have an accurate, detailed knowledge of the dietary exposure and consumption
of COPs, so it is still unknown whether the current dietary intake level in the population is
safe; for this reason, it is important to limit the intake of these substances and reduce their
presence in foods [49].

3.3. Formation of HCAs in Stored-Cooked Beef Patties

Protein-rich foods cooked at high temperatures produce HCAs, which are potent
mutagenic and carcinogenic compounds [19]. To limit and inhibit the formation of HCAs,
natural extracts from leaves, peels, and by-products of the agri-food industry are often
used, as they are abundant in phenolic substances with antioxidant properties [50]. In
fact, phenols can scavenge free radicals generated in several HCA synthesis processes [51].
Considering that OVW phenolic extracts are rich in 3,4-DHPEA-EA and 3,4-DHPEA [35],
which have been shown to withstand grilling and other severe cooking conditions (such as
deep- and pan-frying) [27–55], it was thus interesting to test OVW phenolic extracts for the
prevention of HCAs’ formation.

Table 1 also reports the presence of 4 major HCAs (IQ, 8-MeIQx, 4,8-DiMeIQx, and
PhIP). Only 8-MeIQx and 4,8-DiMeIQx were detected in C and P1 samples, with values
ranging from 20.21–26.21 and 9.80–11.31 ng/patty, respectively. PE addition and storage
length had no significant effect on the HCAs’ content. In fact, the HCAs levels found in
the present study were very low, so the phenol-enriched samples and C did not show
any statistically significant differences. This could probably be due to the “soft” cooking
conditions (200 ◦C, 4 min per side), to which the patties were subjected. Indeed, in a study
in which beef samples were previously marinated with different herbs and spices and
then grilled at 240 ◦C/10 min [53], higher concentrations of polar and non-polar HCAs
(207.2 ng/g meat) were detected in the control samples as compared to those found in our
study. In the above study, PhIP, IQ, and 7,8-DiMeIQx were the most abundant polar HCAs,
while MeIQ and MeIQx concentrations were below the detection limit in both the control
and marinated samples [52]. Moreover, marination was able to inhibit the production
of HCAs in grilled meat when individual herbs and spices and their combinations were
used, except for PhIP in grilled beef marinated with curry leaf. According to Gibis and
Weiss [51], in fact, phenolic compounds obtained from agri-food by-products act as radical
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scavengers, trapping free radicals generated in different pathways of HCA production
during red meat grilling.

3.4. Mutagenicity and Genotoxicity of Stored-Cooked Beef Patties

Little is known about the mutagenicity and genotoxicity of grilled red meat in relation
to the formation of COPs and HACs. In our study, we evaluated the cocktail effects of the
two processing contaminants (COPs and HCAs) obtained from extracts of stored-grilled
beef patties.

The genotoxicity of the extracts from stored-cooked beef patties formulated without
added phenols (C) or enriched with OVW phenols (P1: 7.0 mg phenols/patty) were
evaluated by the Comet assay on freshly isolated human PBMCs after exposure in complete
RPMI medium at 37 ◦C for 30 min. The results presented in Table 2 show that the solvent
(DMSO) did not induce DNA damage on the PBMC, whereas a clear effect was observed
after treatment with the control meat extracts. In fact, the damage was approximately twice
that of DMSO and was independent of storage time. The inclusion of phenols in the beef
patties significantly reduced the DNA damage and this effect was more evident after 6 days
of storage (Table 2). The genotoxicity-reducing effect in the P1 samples could be related to
the indirect effect of phenols as inhibitors of the neo-formation of genotoxic compounds like
COPs. On the other hand, the different meat extracts did not induce a significant increase of
revertants in the Ames/Salmonella assay compared to the spontaneous revertants (Table 2).
Although the inclusion of phenols slightly reduced the number of revertants, this effect
was not statistically significant.

Table 2. Comet assay determined the genotoxic effect (expressed as % of DNA in the tail) on freshly
isolated human PBMCs, while the Ames Test assessed the mutagenic effect (expressed as number
of revertants per plate) on the S. typhimurium TA98 strain. Both effects were induced by diverse
meat extracts (C, P1) after different storage time. C (Control), meat batter + maltodextrins; P1, meat
batter + 7.00 mg phenols/patty.

Storage Time (Days) SEM p

Samples 0 6 9 F S F × S

Comet Assay DMSO 2.8 C 2.5 B 2.4 B 0.52 ** N.S. N.S.
C 5.8 A 5.7 A 6.1 A
P1 4.1 a,B 1.9 b,B 3.0 ab,B

Ames Test Spontaneous revertants 12.2 N.S. 12.2 N.S. 12.2 N.S. 1.32 N.S. N.S. N.S.
C 20.5 N.S. 21.0 N.S. 13.5 N.S.
P1 13.5 N.S. 15.5 N.S. 11.5 N.S.

Results as reported as means and standard error means (SEM) of 3 independent replicates. a-b indicate significant
differences (student’s t-test; p ≤ 0.05) within the same sample during the shelf-life. A–C indicate significant
differences (student’s t-test; p ≤ 0.05) among different formulations. ** p< 0.01. F, formulation; N.S., non-significant;
S, storage.

A range of in vitro and in vivo biochemical activities have been attributed to COPs,
with relevant physiological and pathological implications [9]. The chemical structure of
oxysterols makes them more polar and diffusible across cell membranes than cholesterol [8],
thus making them more reactive. Indeed, several researchers have observed that COPs can
promote atherogenicity, cytotoxicity, mutagenicity, carcinogenicity, inflammation, fibrosis,
and programmed cell death in various cells and tissues [9]. Oxysterols may also contribute
to the development of multiple sclerosis, age-related macular degeneration, and osteo-
porosis [9]. Therefore, considering all these biological effects, it is important to evaluate
the efficacy and impact of natural antioxidants from vegetable extracts on the formation
and activity of COPs. Biasi et al. [54] tested the anti-inflammatory properties of phenolic
compounds found in Sardinian wine extracts, showing that these phytochemicals are able
to protect CaCo-2 human enterocyte-like cells from oxysterol-induced cytokine production.

On the other hand, little information is available about the genotoxicity of HCAs on
freshly isolated normal PBMC. While PhIP and IQ were tested for genotoxicity on human
cryopreserved lymphocytes [55], the only data available on the genotoxic effect of HCAs on
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PBMC are those of Fuccelli et al. [56]. Their findings demonstrated that DNA damage was
produced in PBMC by all the HCAs examined (PhIP, IQ, MeIQx, and DiMeIQx), and that
this damage was exacerbated by the addition of a metabolic activator (S9-mix). In the case
of DiMeIQx and MeIQx, the DNA repair inhibitors 1-fl-D-Arabinofuranosylcytosine (araC)
and hydroxyurea (HU) also increased the genotoxicity. They also demonstrated that in the
presence of phenolic compounds from extra virgin olive oil, olive leaf extracts, and olive
extracts, the genotoxic effect of some HCAs (especially PhIP) was inhibited by phenolic
extracts at low concentrations (0.1–1.0 µM). Shaughnessy et al. [56] instead analyzed the
genotoxicity and mutagenicity of the extracts obtained from beef meat cooked at two
different temperatures. The extract from meat cooked at 100 ◦C was not mutagenic, and
no HCAs were detected therein. On the contrary, the extract from meat cooked at 250 ◦C
showed a high content of HCAs, with PhIP as the most abundant compound; this extract
was mutagenic, displaying higher potency in strain YG1024 compared to strain TA98.

3.5. Principal Component Analysis (PCA)

All data were subjected to PCA to identify the factors that were more determinant for
evaluating the effects of PE addition and storage-cooking on beef patties (Figure 1). A total
variance of 82.39% was explained by the first two components (56.14% for PC1 and 26.25%
for PC2).
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Figure 1. Biplot of all parameters. 4,8-DiMeIQx, 2-amino-3,4,8-trimethyl-3H-imidazo[4,5-
f]quinoxaline; 5α,6α-EC, 5α,6α-epoxycholesterol; 5β,6β-EC, 5β,6β-epoxycholesterol; 7β-HC,
7β-hydroxycholesterol; 7-KC, 7-ketocholesterol; 8-MeIQx, 2-amino-3,8-dimethyl-imidazo[4,5-
f]quinoxaline; HCAs, heterocyclic aromatic amines; Triol, cholestanetriol.

Total phenols are in the opposite quadrant (2) with respect to the mutagenicity (Ames
test) and genotoxicity (Comet assay) parameters (quadrant 4), thus confirming an inverse
correlation among them. The CT6 and CT9 samples are more correlated to all COPs and are
in the same quadrant of total HCAs (except for 4,8-DiMeIQx), while P1 samples are in the
same quadrant as total phenols. Regarding mutagenicity and genotoxicity parameters, they
are located in the same quadrant of CT6 and CT9 samples, but they are not closely related.

The observed samples’ and parameters’ distribution in the biplot therefore explains
how the phenolic extract can limit the formation of COPs, as well as reduce the risk of
mutagenicity and cytotoxicity associated with the ingestion of grilled meat samples [18].
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Moreover, while phenols and COPs are more correlated to PC1, HCAs are more separated
on PC2. In fact, these compounds are known to cause DNA damage [9,57–61].

4. Conclusions

In conclusion, this preliminary study demonstrated that OVW phenols were able to
reduce the accumulation of genotoxic compounds in stored-cooked beef patties. The added
phenolic compounds progressively decreased due to both the storage and grilling to which
the samples were subjected, but more than 20% of the added phenols were still present
after 9 days in the display refrigerator. The retained phenols proved to be effective in
reducing the formation of cholesterol oxides (4.59 times lower in P1 than in C samples)
during the shelf-life of the patties. Regarding HCAs, very low levels (<40 ng/patty) were
found in both C and P1 samples under the cooking conditions tested, indicating that the
level of added PE did not affect the total HCA content. The Comet assay confirmed that
patty extracts were genotoxic on PBMCs, and this effect was reduced by the inclusion of
PE, while no mutagenicity was detected by the Ames test. In conclusion, this study demon-
strated that PE obtained from the purification of OVW could be a promising approach
for improving the oxidative stability and limiting the formation of potentially harmful
compounds in stored-cooked beef patties, thus helping to reduce the cancer risk associated
with the consumption of these products. To confirm these preliminary results, it would be
necessary to test other PE addition levels to better define the suitable doses to counteract
the formation/accumulation of these hazardous compounds. In addition, considering that
few in vivo studies have been performed on meat products enriched with PE from OVW, it
would be advisable to carry out more studies that are able to supply data about the ability
of PE to contrast the effects of long-term exposure to oxysterols and HCA levels that could
be physiologically important for humans.

Author Contributions: Conceptualization, A.T., M.T.R.-E. and R.F.; methodology, D.M., P.R. and
B.S.; formal analysis, D.M., S.C., P.R., V.C. and B.S.; investigation, D.M., A.T., M.T.R.-E. and R.F.;
resources, A.T., M.T.R.-E. and R.F.; data curation, D.M. and P.R.; writing—original draft preparation,
D.M., A.T., M.T.R.-E. and R.F.; writing—review and editing, D.M., S.C., V.C., B.S., A.T., M.T.R.-E.
and R.F.; visualization, D.M., A.T., M.T.R.-E. and R.F.; supervision, A.T., M.T.R.-E. and R.F.; project
administration, A.T., M.T.R.-E. and R.F.; funding acquisition, A.T., M.T.R.-E. and R.F. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Education, University and Research
(MIUR)—Programmi di Ricerca Scientifica di Rilevante Interesse Nazionale (MIUR-PRIN 2015,
prot. 20152LFKAT; project Title: Olive phenols as multifunctional bioactives for healthier foods:
evaluation of simplified formulation to obtain safe meat products and new foods with higher func-
tionality) and by the European Union—Next Generation EU (Project Code: ECS00000041; Project
CUP: C43C22000380007; Project Title: Innovation, digitalization and sustainability for the diffused
economy in Central Italy—VITALITY). D. Mercatante was granted a Ph.D. fellowship by the Italian
Ministry of Education, University and Research (MIUR).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

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

References
1. Neuhouser, M.L.; Prentice, R.L.; Tinker, L.F.; Lampe, J.W. Enhancing capacity for food and nutrient intake assessment in

population sciences research. Annu. Rev. Public Health 2023, 44, 37–54. [CrossRef] [PubMed]
2. Collatuzzo, G.; Boffetta, P. Cancers attributable to modifiable risk factors: A road map for prevention. Annu. Rev. Public Health

2023, 3, 279–300. [CrossRef] [PubMed]
3. Domingo, J.L.; Nadal, M. Carcinogenicity of consumption of red meat and processed meat: A review of scientific news since the

IARC decision. Food Chem. Toxicol. 2017, 105, 256–261. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev-publhealth-071521-121621
https://www.ncbi.nlm.nih.gov/pubmed/36525959
https://doi.org/10.1146/annurev-publhealth-052220-124030
https://www.ncbi.nlm.nih.gov/pubmed/36516461
https://doi.org/10.1016/j.fct.2017.04.028
https://www.ncbi.nlm.nih.gov/pubmed/28450127


Antioxidants 2024, 13, 695 11 of 13

4. International Agency for Research on Cancer—IARC. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans, Red
Meat and Processed Meat—Volume 114. Lyon, France. Available online: https://publications.iarc.fr/Book-And-Report-Series/
Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Red-Meat-And-Processed-Meat-2018 (accessed
on 30 April 2024).

5. Bouvard, V.; Loomis, D.; Guyton, K.Z.; Grosse, Y.; Ghissassi, F.E.; Benbrahim-Tallaa, L.; Guha, N.; Mattock, H.; Straif, K.
International Agency for Research on Cancer Monograph Working Group. Carcinogenicity of consumption of red and processed
meat. Lancet Oncol. 2015, 16, 1599–1600. [CrossRef]

6. Canzoneri, F.; Leoni, V.; Rosso, G.; Risso, D.; Menta, R.; Poli, G. Oxysterols as reliable markers of quality and safety in cholesterol
containing food ingredients and products. Front. Nutri. 2022, 9, 853460. [CrossRef]

7. Sawada, M.I.; Ferreira, G.D.S.; Passarelli, M. Cholesterol derivatives and breast cancer: Oxysterols driving tumor growth and
metastasis. Biomark. Med. 2020, 14, 1299–1302. [CrossRef] [PubMed]

8. Staurenghi, E.; Giannelli, S.; Testa, G.; Sottero, B.; Leonarduzzi, G.; Gamba, P. Cholesterol dysmetabolism in Alzheimer’s disease:
A starring role for astrocytes? Antioxidants 2021, 10, 1890. [CrossRef] [PubMed]

9. Poli, G.; Leoni, V.; Biasi, F.; Canzoneri, F.; Risso, D.; Menta, R. Oxysterols: From redox bench to industry. Redox Biol. 2022, 49,
102220. [CrossRef]

10. Malaguti, M.; Cardenia, V.; Rodriguez-Estrada, M.T.; Hrelia, S. Nutraceuticals and physical activity: Their role on oxysterols-
mediated neurodegeneration. J. Steroid Biochem. Mol. Biol. 2019, 193, 105430. [CrossRef]

11. Biasi, F.; Chiarpotto, E.; Sottero, B.; Maina, M.; Mascia, C.; Guina, T.; Gamba, P.; Gargiulo, S.; Testa, G.; Leonarduzzi, G.; et al.
Evidence of cell damage induced by major components of a diet-compatible mixture of oxysterols in human colon cancer CaCo-2
cell line. Biochimie 2013, 95, 632–640. [CrossRef]

12. Barriuso, B.; Ansorena, D.; Astiasarán, I. Oxysterols formation: A review of a multifactorial process. J. Steroid Biochem. Mol. Biol.
2017, 169, 39–45. [CrossRef] [PubMed]

13. Liu, Y.; Yang, X.; Xiao, F.; Jie, F.; Zhang, Q.; Liu, Y.; Xiao, H.; Lu, B. Dietary cholesterol oxidation products: Perspectives linking
food processing and storage with health implications. Compr. Rev. Food Sci. Food Saf. 2022, 21, 738–779. [CrossRef] [PubMed]

14. Broncano, J.M.; Petrón, M.J.; Parra, V.; Timón, M.L. Effect of different cooking methods on lipid oxidation and formation of free
cholesterol oxidation products (COPs) in Latissimus dorsi of Iberian pigs. Meat Sci. 2009, 83, 431–437. [CrossRef] [PubMed]

15. Straif, K.; Baan, R.; Grosse, Y.; Secretan, B.; El Ghissassi, F.; Cogliano, V. Carcinogenicity of polycyclic aromatic hydrocarbons.
Lancet Oncol. 2005, 6, 931–932. [CrossRef] [PubMed]

16. IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Some heterocyclic polycyclic aromatic hydrocarbons
and some related exposures. IARC Monogr. Eval. Carcinog. Risks Hum. 2010, 92, 1–853.

17. Ni, W.; McNaughton, L.; LeMaster, D.M.; Sinha, R.; Turesky, R.J. Quantitation of 13 heterocyclic aromatic amines in cooked beef,
pork, and chicken by liquid chromatography− electrospray ionization/tandem mass spectrometry. J. Agric. Food Chem. 2008, 56,
68–78. [CrossRef] [PubMed]

18. Hsu, K.Y.; Chen, B.H. Analysis and reduction of heterocyclic amines and cholesterol oxidation products in chicken by controlling
flavorings and roasting condition. Food Res. Int. 2020, 131, 109004. [CrossRef] [PubMed]

19. Sugimura, T.; Wakabayashi, K.; Nakagama, H.; Nagao, M. Heterocyclic amines: Mutagens/carcinogens produced during cooking
of meat and fish. Cancer Sci. 2004, 95, 290–299. [CrossRef] [PubMed]

20. Khan, I.A.; Khan, A.; Zou, Y.; Zhu, Z.; Xu, W.; Wang, D.; Huang, M. Heterocyclic amines in cooked meat products, shortcomings
during evaluation, factors influencing formation, risk assessment and mitigation strategies. Meat Sci. 2022, 184, 108693. [CrossRef]

21. Marrero, A.D.; Quesada, A.R.; Martínez-Poveda, B.; Medina, M.Á. Anti-Cancer, Anti-Angiogenic, and Anti-Atherogenic Potential
of Key Phenolic Compounds from Virgin Olive Oil. Nutrients 2024, 16, 1283. [CrossRef]

22. Castejón, M.L.; Montoya, T.; Alarcón-de-la-Lastra, C.; Sánchez-Hidalgo, M. Potential protective role exerted by secoiridoids from
Olea europaea L. in cancer, cardiovascular, neurodegenerative, aging-related, and immunoinflammatory diseases. Antioxidants
2020, 9, 149. [CrossRef] [PubMed]

23. Fuccelli, R.; Sepporta, M.V.; Rosignoli, P.; Morozzi, G.; Servili, M.; Fabiani, R. Preventive activity of olive oil phenolic compounds
on alkene epoxides induced oxidative DNA damage on human peripheral blood mononuclear cells. Nutr. Cancer 2014, 66,
1322–1330. [CrossRef] [PubMed]

24. European Commission Regulation EC No. 432/2012. Establishing a list of permitted health claims made on foods, other than
those referring to the reduction of disease risk and to children’s development and health. Off. J. Eur. Union. 2012, L136, 1–40.

25. Klen, T.J.; Vodopivec, B.M. The fate of olive fruit phenols during commercial olive oil processing: Traditional press versus
continuous two-and three-phase centrifuge. LWT-Food Sci. Technol. 2012, 49, 267–274. [CrossRef]

26. Romani, A.; Ieri, F.; Urciuoli, S.; Noce, A.; Marrone, G.; Nediani, C.; Bernini, R. Health effects of phenolic compounds found in
extra-virgin olive oil, by-products, and leaf of Olea europaea L. Nutrients 2019, 11, 1776. [CrossRef] [PubMed]

27. Balzan, S.; Taticchi, A.; Cardazzo, B.; Urbani, S.; Servili, M.; Di Lecce, G.; Berasategi Zabalza, I.; Rodriguez-Estrada, M.T.; Novelli,
E.; Fasolato, L. Effect of phenols extracted from a by-product of the oil mill on the shelf-life of raw and cooked fresh pork sausage
in the absence of chemical additives. LWT-Food Sci. Technol. 2017, 85, 89–95. [CrossRef]

28. Barbieri, S.; Mercatante, D.; Balzan, S.; Esposto, S.; Cardenia, V.; Servili, M.; Novelli, E.; Taticchi, A.; Rodriguez-Estrada, M.T.
Improved oxidative stability and sensory evaluation of beef hamburgers enriched with phenol extracts from olive vegetation
water. Antioxidants 2021, 10, 1969. [CrossRef] [PubMed]

https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Red-Meat-And-Processed-Meat-2018
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Red-Meat-And-Processed-Meat-2018
https://doi.org/10.1016/S1470-2045(15)00444-1
https://doi.org/10.3389/fnut.2022.853460
https://doi.org/10.2217/bmm-2020-0460
https://www.ncbi.nlm.nih.gov/pubmed/32969241
https://doi.org/10.3390/antiox10121890
https://www.ncbi.nlm.nih.gov/pubmed/34943002
https://doi.org/10.1016/j.redox.2021.102220
https://doi.org/10.1016/j.jsbmb.2019.105430
https://doi.org/10.1016/j.biochi.2012.10.011
https://doi.org/10.1016/j.jsbmb.2016.02.027
https://www.ncbi.nlm.nih.gov/pubmed/26921766
https://doi.org/10.1111/1541-4337.12880
https://www.ncbi.nlm.nih.gov/pubmed/34953101
https://doi.org/10.1016/j.meatsci.2009.06.021
https://www.ncbi.nlm.nih.gov/pubmed/20416691
https://doi.org/10.1016/S1470-2045(05)70458-7
https://www.ncbi.nlm.nih.gov/pubmed/16353404
https://doi.org/10.1021/jf072461a
https://www.ncbi.nlm.nih.gov/pubmed/18069786
https://doi.org/10.1016/j.foodres.2020.109004
https://www.ncbi.nlm.nih.gov/pubmed/32247473
https://doi.org/10.1111/j.1349-7006.2004.tb03205.x
https://www.ncbi.nlm.nih.gov/pubmed/15072585
https://doi.org/10.1016/j.meatsci.2021.108693
https://doi.org/10.3390/nu16091283
https://doi.org/10.3390/antiox9020149
https://www.ncbi.nlm.nih.gov/pubmed/32050687
https://doi.org/10.1080/01635581.2014.956251
https://www.ncbi.nlm.nih.gov/pubmed/25299479
https://doi.org/10.1016/j.lwt.2012.03.029
https://doi.org/10.3390/nu11081776
https://www.ncbi.nlm.nih.gov/pubmed/31374907
https://doi.org/10.1016/j.lwt.2017.07.001
https://doi.org/10.3390/antiox10121969
https://www.ncbi.nlm.nih.gov/pubmed/34943072


Antioxidants 2024, 13, 695 12 of 13

29. Hawashin, M.D.; Al-Juhaimi, F.; Ahmed, I.A.M.; Ghafoor, K.; Babiker, E.E. Physicochemical, microbiological and sensory
evaluation of beef patties incorporated with destoned olive cake powder. Meat Sci. 2016, 122, 32–39. [CrossRef]

30. Nieto, G.; Martínez, L.; Castillo, J.; Ros, G. Hydroxytyrosol extracts, olive oil and walnuts as functional components in chicken
sausages. J. Sci. Food Agric. 2017, 97, 3761–3771. [CrossRef]

31. Munekata, P.E.S.; Nieto, G.; Pateiro, M.; Lorenzo, J.M. Phenolic compounds obtained from Olea europaea by-products and their
use to improve the quality and shelf life of meat and meat products—A Review. Antioxidants 2020, 9, 1061. [CrossRef]

32. Galanakis, C.M. Phenols recovered from olive mill wastewater as additives in meat products. Trends Food Sci. Technol. 2018, 79,
98–105. [CrossRef]

33. Nardella, S.; Conte, A.; Del Nobile, M.A. State-of-Art on the recycling of by-products from fruits and vegetables of mediterranean
countries to prolong food shelf life. Foods 2022, 11, 665. [CrossRef] [PubMed]

34. Mercatante, D.; Ansorena, D.; Taticchi, A.; Astiasarán, I.; Servili, M.; Rodriguez-Estrada, M.T. Effects of in vitro digestion on the
antioxidant activity of three phenolic extracts from olive mill wastewaters. Antioxidants 2023, 12, 22. [CrossRef] [PubMed]

35. Miraglia, D.; Castrica, M.; Menchetti, L.; Esposto, S.; Branciari, R.; Ranucci, D.; Urbani, S.; Sordini, B.; Veneziani, G.; Servili,
M. Effect of an olive vegetation water phenolic extract on the physico-chemical, microbiological and sensory traits of shrimp
(Parapenaeus longirostris) during the shelf-life. Foods 2020, 9, 1647. [CrossRef] [PubMed]

36. Selvaggini, R.; Esposto, S.; Taticchi, A.; Urbani, S.; Veneziani, G.; Di Maio, I.; Sordini, B.; Servili, M. Optimization of the
temperature and oxygen concentration conditions in the malaxation during the oil mechanical extraction process of four Italian
olive cultivars. J. Agric. Food. Chem. 2014, 62, 3813–3822. [CrossRef] [PubMed]

37. Boselli, E.; Velazco, V.; Caboni, M.F.; Lercker, G. Pressurized liquid extraction of lipids for the determination of oxysterols in
egg-containing food. J. Chromatogr. A 2001, 917, 239–244. [CrossRef] [PubMed]

38. Turesky, R.J.; Taylor, J.; Schnackenberg, L.; Freeman, J.P.; Holland, R.D. Quantitation of carcinogenic heterocyclic aromatic amines
and detection of novel heterocyclic aromatic amines in cooked meats and grill scrapings by HPLC/ESI-MS. J. Agric. Food Chem.
2005, 53, 3248–3258. [CrossRef] [PubMed]

39. Rosignoli, P.; Fuccelli, R.; Sepporta, M.V.; Fabiani, R. In vitro chemo-preventive activities of hydroxytyrosol: The main phenolic
compound present in extra-virgin olive oil. Food Funct. 2016, 7, 301–307. [CrossRef]

40. Collins, A.; Dusinská, M.; Franklin, M.; Somorovská, M.; Petrovská, H.; Duthie, S.; Fillion, L.; Panayiotidis, M.; Raslová, K.;
Vaughan, N. Comet assay in human biomonitoring studies: Reliability, validation, and applications. Environ. Mol. Mutagen. 1997,
30, 139–146. [CrossRef]

41. Collins, A. The comet assay. Principles, applications, and limitations. Methods Mol. Biol. 2002, 203, 163–177.
42. Wahab, N.F.A.C.; Kannan, T.P.; Mahmood, Z.; Rahman, I.A.; Ismail, H. Genotoxicity assessment of biphasic calcium phosphate

of modified porosity on human dental pulp cells using Ames and comet assays. Toxicol. In Vitro 2018, 47, 207–212. [CrossRef]
[PubMed]

43. Lu, P.; Parrella, J.A.; Xu, Z.; Kogut, A. A scoping review of the literature examining consumer acceptance of upcycled foods. Food
Qual. Pref. 2024, 114, 105098. [CrossRef]

44. Thorsen, M.; Skeaff, S.; Goodman-Smith, F.; Thong, B.; Bremer, P.; Mirosa, M. Upcycled foods: A nudge toward nutrition. Front.
Nutr. 2022, 9, 1071829. [CrossRef] [PubMed]

45. Obied, H.K.; Prenzler, P.D.; Ryan, D.; Servili, M.; Taticchi, A.; Esposto, S.; Robards, K. Biosynthesis and biotransformations of
phenol-conjugated oleosidic secoiridoids from Olea europaea L. Nat. Prod. Rep. 2008, 25, 1167–1179. [CrossRef] [PubMed]

46. Ruíz-Delgado, A.; Roccamante, M.A.; Oller, I.; Agüera, A.; Malato, S. Natural chelating agents from olive mill wastewater to
enable photo-Fenton-like reactions at natural pH. Catal. Today 2019, 328, 281–285. [CrossRef]

47. Barriuso, B.; Ansorena, D.; Calvo, M.I.; Cavero, R.Y.; Astiasarán, I. Role of Melissa officinalis in cholesterol oxidation: Antioxidant
effect in model systems and application in beef patties. Food Res. Int. 2015, 69, 133–140. [CrossRef]

48. Rodriguez-Estrada, M.T.; Garcia-Llatas, G.; Lagarda, M.J. 7-Ketocholesterol as marker of cholesterol oxidation in model and food
systems: When and how. Biochem. Biophys. Res. Commun. 2014, 446, 792–797. [CrossRef] [PubMed]

49. Garcia-Llatas, G.; Mercatante, D.; López-García, G.; Rodríguez-Estrada, M.T. Oxysterols–how much do we know about food
occurrence, dietary intake and absorption? Curr. Opin. Food Sci. 2021, 41, 231–239. [CrossRef]

50. Meurillon, M.; Engel, E. Mitigation strategies to reduce the impact of heterocyclic aromatic amines in proteinaceous foods. Trends
Food Sci. Technol. 2016, 50, 70–84. [CrossRef]

51. Gibis, M.; Weiss, J. Antioxidant capacity and inhibitory effect of grape seed and rosemary extract in marinades on the formation
of heterocyclic amines in fried beef patties. Food Chem. 2012, 134, 766–774. [CrossRef]
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