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Abstract.
BACKGROUND: Heterocyclic aromatic amines are formed during thermal processing of meat and are known to be mutagenic
and carcinogenic factors, while the consumption of fruit and vegetables decreases the risk of cancer.
OBJECTIVE: The aim of the study was to investigate if berry fruit juices, a rich source of antioxidants (polyphenols,
flavonoids, anthocyanins, ascorbate), may protect DNA from damages induced by the heterocyclic amine 2-amino-1-methyl-
6-phenylimidazo(4, 5-b)pyridine (PhIP).
METHODS: Lymphocytes isolated from healthy volunteers were treated with 25–100 �M PhIP in the presence or absence
of pressed berry juice (0.1%) from: bilberry (Vaccinium myrtillus), chokeberry (Aronia melanocarpa), cranberry (Vaccinium
oxycoccos), raspberry (Rubus idaeus), rosehips (Rosa rugosa), sea-buckthorn (Hippophae rhamnoides), Noni (Morinda cit-
rifolia) and Goji (Lycium barbarum). Antioxidant power, polyphenols, flavonoids, anthocyanins and ascorbate concentration
in juices were determined. DNA damage was measured using comet assay.
RESULTS: Berry juices were not genotoxic and caused an overall significant decrease in oxidative stress and DNA damage
induced by PhIP. The antioxidant properties depend on concentration of polyphenols in juice.
CONCLUSIONS: Northern Hemisphere berries bear the negative effects of food mutagens. Berries as natural source of
polyphenols should be recommended in daily diet for maintaining health.
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FBBB Fast Blue BB N-(4-Amino-2,5-diethoxyphenyl)benzamide
FBS Fetal Bovine Serum
FDA Diacetate fluorescein
FRAP Ferric reducing antioxidant power assay
GPX Glutathione peroxidase
GST Glutathione S-transferase
HCA Heterocyclic aromatic amines
NATs N-acetyltransferases
N-OH-PhIP N-hydroxy-PhIP
PBML Human peripheral blood lymphocytes
PhIP 2-amino-1-methyl-6-phenylimidazo(4, 5-b)pyridine
RFU Relative fluorescence unit
ROS Reactive oxygen species
RPMI Roswell Park Memorial Institute Medium
SULTs Sulfotransferases
UGT UDP-glucuronosyltransferase

1. Introduction

Globally, cancer is one of the diseases that receives the most attention. Based on statistics of the National
Cancer Institute (NCI), in 2016 it was estimated that more than 1.5 million new cases of cancer would be
diagnosed and more than half a million people would die from cancer in the United States alone. The most
common cancers in 2016 were breast, lung, prostate and colon. Diet, which is associated with about 35% of
cases, is one of the primary determinants of the various types of cancer [1]. A particular relationship was observed
in the case of consumption of red meat and processed meat products, as studies indicate that thermal processing
of meat is a major cause of the creation of polycyclic aromatic hydrocarbons and heterocyclic aromatic amines
(HCA). These chemical compounds are characterized by their mutagenic and carcinogenic properties [2–4] and
are formed during thermal processing of high protein food, e.g. beef, poultry and fish [5]. Additionally, these
compounds are present in the environment, including cigarette smoke, exhaust fumes, municipal sewage and
river water samples [6]. More importantly, HCAs have been found in human tissues and body fluids, which
indicates an accumulation of these toxic substances [4]. HCAs are classified as probable and possible human
carcinogens by the International Agency for Research of Cancer (IARC). According to the European Prospective
Investigation into Cancer and Nutrition (EPIC), PhIP (2-amino-1-methyl-6-phenylimidazo(4, 5-b)pyridine) is
the most abundant heterocyclic amine present in processed meat in comparison to other HCAs [7]. On the other
hand, a great deal of studies suggests that consumption of fruit and vegetables decreases the risk of cancer [8–14].
An adequate intake of fruit may hinder cancer growth also by reduction of the amount of damage introduced
to DNA via oxidative stress either by enhancement of DNA repair processes [14], inhibition of pro-oxidative
enzymes [15, 16], inhibition of angiogenesis by suppression of the growth factors signaling pathways [17] and
induction of apoptosis in cancer cells [18, 19]. Grapefruit, cranberries, pomegranate, guava, pineapple and mango
[20], green tea, red wine, blueberries, blackberries, red grapes, kiwi, watermelon, parsley, and spinach [14] have
been proven to prevent carcinogenesis.

It has been shown that apple and grape seed juices prevent the formation of HCA [21], while sweet cherry,
blueberry, and blackcurrant prevent HCA-induced DNA damage by modulation of the activity of phase I detoxifi-
cation enzymes [22]. HCA genotoxicity is also inhibited by tea, soy and turmeric components [23–25], however,
the wild fruits growing in Northern Hemisphere are less known for their chemopreventive activity.
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The purpose of this study was to investigate the potentially protective effect of berry juices against the geno-
toxic action of heterocyclic amine PhIP on lymphocytes from healthy individuals. The total phenolic content,
flavonoids, anthocyanins and vitamin C concentration, reduction power and antioxidant activity of juices from
berry fruit were determined. The fruits of interest were chosen for their well-known health benefits: bilberry
(Vaccinium myrtillus), cranberry (Vaccinium oxycoccos), chokeberry (Aronia melanocarpa), raspberry (Rubus
idaeus), rosehips (Rosa rugosa), sea-buckthorn (Hippophae rhamnoides), Noni (Morinda citrifolia) and Goji
(Lycium barbarum). Sea-buckthorn, rosehips and chokeberries were part of the diet of the previous generations,
but nowadays they are not very popular ingredients and are restricted mainly to consumers who follow an eco-
logical lifestyle. Sea-buckthorn, rosehips, chokeberries, raspberries, bilberries and cranberries are native to the
Northern Hemisphere, therefore, we found it interesting to compare their properties to oriental fruit, namely
Noni and Goji. Although rosehips, raspberries and sea-buckthorn are not considered as berries in the botanical
classification, in colloquial speech all of the analyzed fruits are referred to in this way, so for simplicity the term
berry is used.

2. Materials and methods

2.1. Cells

Human blood was provided by the Regional Blood Donation and Transfusion Center in Krakow. The blood
was donated by three male, white, healthy donors aged 26, 34 and 36. Human peripheral blood lymphocytes
(PBML) were isolated from heparinized blood using the gradient centrifugation method with Histopaque 1077
(Merck), according to the manufacturer’s protocol and stored frozen until the experiment at –80◦C in 50% fetal
bovine serum (FBS), 40% RPMI-1640 and 10% DMSO.

2.2. Reagents

The following reagents were obtained from Merck (Sigma-Aldrich): Histopaque 1077; trypsin; ethidium bro-
mide; FBBB, (+)-catechin, cyanidin-3-glucoside, quercetin; hydrogen peroxide; DMSO; Triton X-100; Trizma
Base; 2′,7′-dichlorofluorescin diacetate.

RPMI 1640 was purchased from Cytogen GmbH; Fetal Bovine Serum (FBS) – Lonza; penicillin; strepto-
mycin – Biomed; agarose-normal melting point (NMPA), agarose-low melting point (LMPA) – Gibco BRL;
ethylenediaminetetraacetic acid (EDTA); propidium iodide – MP Biomedicals; 2,4,6-Tris(2-pyridyl)-s-triazine
(TPTZ) – Fluka Analytical; PBS without (w/o) Ca2+ and Mg2+; AlCl3; KCl; NaCl; NaNO2; HCl; NaOH;
methanol; sodium acetate trihydrate; ferrous sulfate heptahydrate – Avantor Performance Materials Poland S.A;
iron (III) chloride hexahydrate (PARK Scientific); PhIP (CAS-No. 105650-23-5, 98% purity) – Toronto Research
Chemicals Inc. PhIP was prepared in 1% DMSO and kept frozen (–20◦C).

2.3. Berry juices

Berry juices were obtained from commercial brands: Polska Róża and Oleofarm. Fruits were washed, milled,
mashed, pressed and the juice was pasteurized. The juices were used in 0.1% dilution, as it was established in
previous experiments that this provides the concentration of flavonoids in the in vitro culture comparable to the
levels obtained in serum after dietary ingestion of 60 ml fruit juice [18, 26], however, 1% dilution was also tested
to check if it is a critical concentration for cell viability.
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2.4. Cell culture and treatment

Before each experiment, lymphocytes were thawed in RPMI with 50% FBS and centrifuged at 1200 rpm at
4◦C for 5 min. Subsequently, the cells were seeded in a 96-well plate at a density of 1 × 104 cells per well in
RPMI medium with 10% FBS and incubated at 37◦C in 5% CO2 for 30 minutes [27]. Subsequently, the cells
were incubated in 25, 50, 75, 100 �M concentrations of PhIP, either with 0.1% berry juices for 1 hour. For the
genoprotection investigation, the tested cells were treated with 100 �M PhIP together with 0.1% juices for 1 h.
For the negative control samples the untreated cells were used, which were incubated in medium only. For the
positive control samples the cells incubated in medium with 100 �M PhIP were used. The concentration of PhIP
was chosen according to the obtained results which proved, that it will induce generation of DNA damage and
ROS. All the experiments were run independently for lymphocytes from the three donors and all samples were
run in duplicates.

2.5. Total polyphenols content – Fast Blue BB assay

Polyphenol content was determined using Fast Blue BB (FBBB). This is an alternative method to Folin-
Ciocalteu’s assay to quantify phenolic compounds through direct interaction of polyphenols with the FBBB
reagent in an alkaline medium [28] without interference of ascorbic acid. A 0.2 ml aliquot of 0.1% Fast Blue BB
reagent was added to 2 ml of samples, mixed for 1 min and 0.2 ml 5% NaOH was added. The reaction was allowed
to proceed at room temperature for 90 min. The absorbance was measured with the LEDetect spectrophotometer
(Labexim, Austria) at 420 nm. The results were expressed as quercetin equivalent weight [mg/ml].

2.6. Vitamin C content with Tillman’s method

Tillman’s method is based on the reduction of 2, 6-dichlorophenolinodophenol (DCPIP, Tillman’s dye) by
ascorbic acid. Because of the high coloration of berry fruit juices, the method was modified by an addition of
an organic solvent (chloroform). 10 ml of the centrifuged juice was diluted with chloroform to 50 ml. 10 ml of
the solution was titrated with 1 mM DCPIP until a slightly pink coloration lasting for at least 10 seconds was
visible. Each sample was analyzed in triplicate. The 1 mg/ml ascorbic acid solution was used as a standard.

2.7. Ferric reducing antioxidant power (FRAP) assay

The FRAP assay was adapted with minor modifications to evaluate the reducing power of the berry juices [29].
Briefly, the calibration curve was plotted using standard FeSO4 solution. FeSO4 solutions (0–1 mM) were mixed
with FRAP 1 solution (300 mM acetate buffer, 10 mM TPTZ) and incubated (20 min, RT, dark). FRAP 2 solution
(300 mM acetate buffer, 10 mM TPTZ, 20 mM FeCl3) was added to the 0.1% juices in ethanol. Subsequently, the
mixture was allowed to stand for 20 minutes and the absorbance was measured at 593 nm using a Spectra Fluor
Plus Tecan instrument (Tecan, Switzerland). Additionally, 0.1% vitamin C was used as a standard antioxidant
solution. The juices analysis was performed in triplicate. The results were expressed as the equivalent of Fe2+
ion concentration and as the equivalent of ascorbic acid.

2.8. Determination of total flavonoid content

For the evaluation of total flavonoid content, 0.3 ml of 5% NaNO2 was added to 1 ml of berry juice and
after 5 min incubation, 0.3 ml 10% AlCl3 was added. Then 2 ml 1 M NaOH was added to the samples. Then
the samples were diluted with 4 ml of distilled water. Absorbance was measured at 510 nm using LEDetect
spectrophotometer (Labexim, Austria). The total flavonoid content was determined by a (+)-catechin standard
curve and was expressed as catechin equivalents (CE) mg/ml [30].
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2.9. Determination of total anthocyanin content

The total anthocyanin content was determined by the pH differential method [31]. 0.2 ml of berry juice
were diluted either with 0.8 ml 0.025 M KCl (pH 1.0) or with 0.8 ml 0.4 M CH3COONa·3H2O (pH 4.5) buffer
solutions. Diluted samples were shaken and left in the dark for 15 min. Absorbance of each diluted sample
was measured at both 520 nm and 700 nm at LEDetect spectrophotometer (Labexim, Austria) using water as a
reference. Concentration was calculated as follows:

Anthocyanin pigment concentration = A × MW × DF × 103/ε × 1

Where: A = (A520 − A700)pH 1.0 − (A520 − A700)pH 4.5

� MW (molecular weight for cyanidin-3-glucoside) = 449.2 g/mol
� DF (dilution factor) = 5
� 103 = factor for conversion from g to mg
�

� = 26 900 molar extinction coefficient
� l = path length in cm

The total anthocyanin content was expressed as cyanidin-3-glucoside equivalents in mg/ml.

2.10. Evaluation of cell viability by double-staining fluorescence assay

For viability measurements in the presence of berry juices and PhIP, the differential fluorescence staining
method was performed [27]. Cells were seeded at 2 × 104 cells/well in 96-well plates for 1 and 24 hours and
0.1% juice or 100 �M PhIP were added to the respective wells. The staining dye was prepared by mixing
fluorescein diacetate in acetone (FDA, 5 mg/ml), ethidium bromide in PBS (EtBr, 200 �g/ml) and PBS w/o Ca2+
and Mg2+. Samples were mixed with FDA/EtBr and placed on microscope slides. The metabolically active
cells are able to hydrolyze fluorescein diacetate to fluorescein, while loss of membrane integrity allows ethidium
bromide to enter the cell and stain nucleic acids in red as it is shown in Fig. 1.

At least 100 randomly selected cells were analyzed per slide using a fluorescent inverted microscope Olympus
IX50 (Olympus, Tokio, Japan).

2.11. The comet assay – evaluation of DNA damage

The comet assay was performed under alkaline conditions according to the procedure described previously
[27].

A pattern of DNA migration through the electrophoresis gel in fluorescent microscope resembles a comet:
not damaged head and a tail of migrating fragments of damaged DNA as it is shown in Fig. 2. Comets were
visualized using propidium iodine staining. The fluorescence intensity of the comet tail depends on the amount of
DNA damage in the nucleus. A fluorescent microscope Olympus IX50 (Olympus, Tokio, Japan) equipped with
a 515–560 nm excitation filter and a 590 nm barrier filter was used at a magnification of 200×. 100 randomly
selected cells were analyzed per sample. All samples were proceeded in duplicates.

The images were analyzed in COMET ASSAY 2.6 software. The results from the three independent experi-
ments were expressed as % DNA in the comet tail (TDC).

2.12. Detection of reactive oxygen species by 2′,7′-dichlorodihydrofluorescein diacetate

Cells were seeded at 1 × 105 cells/ml in black 96-well plates, treated with the tested compounds for 1 hour
and subsequently a cell-permeable fluorogenic oxidant-sensing probe, 2′,7′-dichlorodihydrofluorescein diacetate
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Fig. 1. FDA/EtBr viability assay. Cell viability evaluation with the fluorescein diacetate and ethidium bromide differential staining method
visualized in fluorescence microscope (magnification 100×). The green labelled cells are metabolically active and the red labelled cells are
considered as dead.

(DCFH-DA), was added at a final concentration of 25 �M [32]. For the positive control, 1 mM H2O2 was used.
After 10 minutes the plate was centrifuged (3000 rpm, 5 min., RT) and the cell pellets were rinsed in PBS.
The plate was read at 485/530 nm. All samples were run in triplicate and three independent experiments were
performed.

3. Statistical analysis

Statistical analysis was carried out with Statistica 9 (StatSoft, USA) software. The results obtained from
lymphocytes donated by the donors did not differ significantly and they are expressed as a mean from three
experiments. The statistical significance of differences between the experimental conditions was assessed by a
one-way ANOVA test under the condition of positive homogeneity of variance in Levene’s test. The posteriori
Tukey’s test was performed. A p value of 0.05 was considered as the cutoff for significance. The correlation
analysis was performed with linear regression and the strength of correlation was established by Pearson’s
correlation factors.

4. Results

4.1. Total phenolic content, flavonoids, anthocyanins and vitamin C concentration and reducing power of juices

The results of measured concentrations of phenolic compounds, flavonoids, anthocyanins and vitamin C as
well as the reducing power of the berries’ juices are collected in Table 1.

We noted the highest content of phenolic compounds in rose hip (Rosa rugosa), chokeberry (Aronia
melanocarpa), sea-buckthorn (Hippophae rhamnoides) and Goji berry juices (Lycium barbarum) along with
the highest ferric reducing potentials also observed for these juices. Importantly, Rosa rugosa fruit had the
highest total content of polyphenols, the highest concentration of flavonoids, anthocyanins and ascorbic acid as
well as the highest reducing power. The highest ratio of antocyanins to total phenolic compounds was found
in chokeberry juice (over 61%), then in rosehips, bilberries and raspberries juice (48%, 48% and 42%). The
lowest anthocyanins to total phenolic ratio was found in Goji and sea-buckthorn (2.1% and 2.8%). The highest
flavonoid to phenolic ratio was found in Noni however this juice was characterized by lowest phenolic content
among studied juices (2 mg/ml).
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Fig. 2. Comet assay. The comet assay visualization in fluorescence microscope in magnification of 200×. The fluorescence intensity of
comet tail depends on the amount of DNA damage in nucleus. In the top picture: Nucleoids of not damaged cells; in the middle: Moderate
DNA damage; in the bottom picture: Comets of severely damaged cells.

There was a strong positive correlation found between the antioxidant activity of the fruit juices and total
phenolic content (y = 0.0774x–0.2476; R² = 0.738; p = 0.0051) (Fig. 3) The outstanding point is represent-
ing rosehip juice, which revealed higher antioxidant capacities than would be implied only by the flavonoid
content. After exclusion of rosehip juice point from the analysis, the correlation was stronger (R2 = 0.9947;
p = 0.0003). There was a significant correlation between FRAP and flavonoids and anthocyanins concentra-
tion (y = 2.7744x + 1.5681, R² = 0.7698, p = 0.0002 and y = 5.3907x+0.9455, R² = 0.5917, p = 0.0031 respectively,
shown in Fig. 3).

After excluding the outlier of rosehip juice, which was also characterized by very high ascorbic acid concen-
tration, there was no longer a significant correlation between the ascorbic acid content and the antioxidant power
of the juices (y =–17.572x + 19.655; R² = 0.0335, p = 0.7669). If rosehips juice was included in the analysis, the
correlation between FRAP and ascorbic acid concentration was very strong (y = 142.81x–19.313, R² = 0.879;
p = 0.0289) as shown in Fig. 4.
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Table 1

The antioxidant power (FRAP), polyphenols, flavonoids, anthocyanins and ascorbic acid concentrations in berry fruit juices. The results

are expressed as mean ± SD (N = 3)

Berry juice FRAP Polyphenols Flavonoids Anthocyanins Vitamin C

[eq.Vit.C] [mg/ml] [mg/ml] [mg/ml] [mg/100ml]

Bilberry Vaccinium myrtillus 0.44 ± 0.005 12.90 ± 2.01 2.22 ± 0.23 6.23 ± 0.03 3.8 ± 1.2

Chokeberry Aronia melanocarpa 0.50 ± 0.004 14.18 ± 1.05 3.5 ± 0.32 8.75 ± 0.54 10.6 ± 2.2

Cranberry Vaccinium oxycoccos 0.07 ± 0.001 1.71 ± 0.06 0.69 ± 0.21 0.29 ± 0.02 9.2 ± 0.4

Raspberry Rubus idaeus 0.11 ± 0.001 3.85 ± 1.22 1.60 ± 0.32 1.63 ± 0.07 28.9 ± 0.6

Rose hips Rosa rugosa 1.88 ± 0.004 20.36 ± 1.38 6.44 ± 0.97 9.93 ± 0.95 268.3 ± 15.7

Sea-buckthorn Hippophae rhamnoides 0.25 ± 0.013 7.28 ± 0.29 3.35 ± 1.08 0.21 ± 0.01 48.1 ± 7.2

Goji Lycium barbarum 0.37 ± 0.016 11.07 ± 1.05 4.00 ± 1.23 0.24 ± 0.01 2.9 ± 0.2

Noni Morinda citrifolia 0.08 ± 0.002 2.02 ± 0.02 1.01 ± 0.04 0.23 ± 0.01 2.1 ± 0.1

Vitamin C 0.1% 1 – – – 100

SD – standard deviation.

Fig. 3. The effect of phenolic compounds in berry juices on FRAP. The correlation between antioxidant power of berry juices measured
with FRAP method and concentration of polyphenols (p = 0.0051), flavonoids (p = 0.0002) and anthocyanins (p = 0.0031). The regression
after exclusion of rosehips outlier is also shown for polyphenols (p = 0.0000).
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Fig. 4. The relation between vitamin C concentration in berry juices and FRAP. The correlation between antioxidant power measured with
FRAP and concentration of ascorbic acid in berry juices (p = 0.0051).

Table 2

Viability of lymphocytes exposed to berry juices in concentration of 1% and 0.1% during 1 h and 24 h incubations

Juice 1% 1 h SD 1% 24 h SD 0.1% 1 h SD 0.1% 24 h SD

Control 94.7 4.1 84 6.5 98 1.7 90 3.8

Bilberry 87.7 6.3 52∗ 7.5 95 2.7 83 4.2

Chokeberry 88 9.1 83 7.5 94 3.9 83 2

Cranberry 91.3 3.3 89 0.5 96 1.4 83 1.3

Raspberry 87.7 4.9 81 16 97 2.1 80 12

Rosehips 86.3 7.6 67∗ 10 95 3.2 83 5.7

Sea-buckthorn 83.7 8.2 78 7.5 91 3.5 85 2.4

Noni 90.7 4.6 87 1.5 95 1.9 83 1

Goji 89.7 4.6 77 0 91 1 78∗ 2.5

SD – standard deviation. ∗p < 0.05 in comparison to control sample.

4.2. Determination of cell viability

To assess the viability of lymphocytes treated with juices at concentrations of 1% 0.1% for 1 and 24 h,
a differential double-staining fluorescence assay was performed. The results obtained in all experiments on
lymphocytes donated by different donors did not differ significantly.

The obtained data suggests that juices at concentrations of 1% and 0.1% are not toxic to lymphocytes after 1 h
and 24 h exposure. As shown in Table 2, when compared to the control, from 91 up to 98% of cells survived a
brief exposure to 0.1% juices. After 24 hours we observed a decrease in cell viability for of all the tested juices
as well as the control. The viability of cells exposed to 1% juice was significantly lower than exposed to 0.1%
(p < 0.05). Based on these results, further experiments were performed using 0.1% berry juices.

The cells were also exposed to 100 �M PhIP; their viability did not fall below 98% and statistical analysis
did not reveal significant differences between PhIP-treated cells and the control sample after 1 h incubation
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Fig. 5. Genotoxic effect of PhIP on lymphocytes. DNA damage measured with comet assay in lymphocytes exposed to different concentrations
of heterocyclic amine PhIP (0–100 �M). The results are shown as the percentage of Tail DNA Content (TDC) in comparison to control
sample (exposed to DMSO as PhIP solvent).

(Student t-test, � = 5%). However, the viability of lymphocytes after 24 h exposure to 100 �M PhIP significantly
decreased, therefore, the experiments with PhIP were carried out with 1 h incubation.

4.3. DNA damage

Results of the comet assay used for the assessment of the DNA damage level in individual lymphocytes after
exposure to different concentrations of PhIP are presented in Fig. 5.

The results indicate that PhIP induces DNA damage in a dose-dependent manner (y = 37.134x + 29.62;
R² = 0.99). At higher concentrations of 75 and 100 �M, the strongest potential of PhIP to induce DNA strand
breaks was observed. Based on these results, further experiments were performed using PhIP at a concentration
of 100 �M to evaluate the possible protective effect of berry juices more clearly. Since DMSO had no significant
influence on PhIP-induced DNA damage (p > 0.05), the samples treated with DMSO were considered as control
sample.

To evaluate the influence of the tested berry fruit juices on DNA damage induced by PhIP, lymphocytes were
simultaneously exposed to 0.1% berry juices and 100 µM PhIP for 1 hour. The level of DNA fragmentation in
lymphocytes was reduced significantly in comparison to the cells exposed only to PhIP (Fig. 6).

In comparison to the group treated with berry juices alone and cells treated with berry juices and 100 �M PhIP
there was no significant difference in DNA damage, thus berries efficiently protect DNA against PhIP-induced
damage. The exception was Goji juice and PhIP treated sample, where the increase of DNA damage level was
observed in comparison to lymphocytes treated with Goji juice only (p = 0.01).

4.4. ROS formation

Intracellular ROS level was quantified using 2′,7′-dichlorofluorescein diacetate (DCFH-DA) fluorescent dye.
DCFH-DA is oxidized into a highly fluorescing compound, 2′,7′-dichlorofluorescein (DCF) at presence of ROS,
and the fluorescence intensity correlates with the amount of ROS generated within the lymphocytes in density
1 × 105 cells/ml.

The results revealed dose-dependent correlation between PhIP concentration and ROS formation
(y = 0.044x + 5.22; R² = 0.9418). The strongest ROS release was observed in lymphocytes after 1-hour incubation
with 100 �M PhIP concentration (Fig. 7).
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Fig. 6. The effect of berry juices on DNA damage induced by PhIP. DNA damage measured with comet assay in lymphocytes exposed for
1 hour to different 0.1% berry juices alone and to 0.1% juices and 100 �M PhIP simultaneously. The results are shown as the percentage of
Tail DNA Content (TDC) in comparison to control sample. 100 �M PhIP was used as a positive control. *Asterisks indicate the significant
difference between cell treated with juices and PhIP in comparison to cells treated with PhIP only. **Double asterisks denotes the significant
difference between cells treated with juice and PhIP in compare to juice only.

Fig. 7. ROS formation in lymphocytes exposed to PhIP. Reactive oxygen species formation measured using DCFH-DA probe in lymphocytes
at a density of 1 × 105 cells/ml exposed to different concentrations of heterocyclic amine PhIP (0–100 �M). The results are shown as a
percentage of control sample. ROS level is expressed in relative fluorescence unit.

Consequently, ROS measurement was performed for lymphocytes exposed to 0.1% berry juices. In comparison
to untreated cells, we noted that juices from the tested berries did not significantly increase ROS production in
lymphocytes, with the exception of cranberries (p = 0.03) and Noni juices (p = 0.0002). The ROS formation was
negatively correlated with polyphenols concentration in berry juices as shown in Fig. 8 (y =–0.0826x + 6.4073;
R² = 0.4603; p = 0.0399) and FRAP (y = –0.8853x + 6.0595; R² = 0.4298; p = 0.04839).
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Fig. 8. The relation between polyphenols in berry juices and ROS formation in lymphocytes. The correlation between reactive oxygen
species formation in lymphocytes treated with berry juices. ROS generation was measured using DCFH-DA probe in lymphocytes at a
density of 1 × 105 cells/ml exposed for 1 hour to different 0.1% berry juices. ROS level is expressed in relative fluorescence unit.

Finally, the ability of juices to decrease ROS generated by PhIP was evaluated. Therefore, the lymphocytes
were simultaneously treated with 100 �M PhIP and 0.1% berry fruit juices. The results are shown in Fig. 9,
including cells treated with 100 �M PhIP only, as a positive control.

We noted that all of the investigated berry fruit juices reduced oxidative stress caused by 100 �M PhIP in
lymphocytes from healthy individuals.

5. Discussion

The results of this study demonstrate that PhIP leads to DNA damage induction in healthy lymphocytes in a
dose-dependent manner, as it is consistent with previous reports [33–35]. Regardless of the notion that PhIP is
one of the most abundant genotoxic amines in the human diet [36], the main aim of our study was to establish
the effect of berry juices against the harmful effect of PhIP on healthy lymphocytes.

Fruit juices, that can be directly consumed as part of the human diet, instead of isolated phytochemicals, were
chosen as the subject of this study because they presumably exhibit greater health benefits due to the synergic
effect of polyphenols, vitamins and other nutrients [37, 38]. It is important to highlight that the antioxidant
potential of whole dietary products should be tested, due to the unique complexity of phytochemicals contained
in them. In our diet we do not consume just a mixture of carotenoids, polyphenols, vitamins, minerals, amines
and other constituents. The active components function in comprehensive and balanced systems that are charac-
terized by a broad spectrum of synergic actions, and it is these systems – not the isolated compounds – that we
consume in plant food. The incubation of cells in a juice concentration of 0.1% is comparable to the polyphenol
concentration in serum achieved by consumption of 60 ml of juice [18, 26] and, as has been shown, higher
concentrations may reduce cell viability and increase DNA damage. However, fruits may differ in phytochem-
icals’ concentrations between different cultivars and due to weather, region, harvest time and stage of ripeness
[39–42]. Then research using separated compounds might be helpful to understand the mechanism of observed
phenomena. However, it must be stated that the study is always a simplified model whereas complex juices with
the variety of phytochemical composition faces the diversity of reactions of different tissues and inter-individual
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Fig. 9. The effect of berry juices on ROS induced in lymphocytes by PhIP. Reactive oxygen species formation measured using DCFH-DA
probe in lymphocytes at a density of 1 × 105 cells/ml exposed for 1 hour to different 0.1% berry juices alone and to 0.1% juices and 100 �M
aromatic amine PhIP simultaneously. The results are shown as a percentage of negative control sample. 100 �M PhIP was used a positive
control. *Asterisks indicate the significant differences between cell treated with juices and PhIP in comparison to cells treated with PhIP
only. **Double asterisks denotes the significant difference between cells treated with juice and PhIP in comparison to juice only. # Hashes
indicate significant differences between the cells treated with juice only to untreated cells.

variability resulting from genetic polymorphism, hormonal status and metabolic challenges. Therefore, in vitro
studies are an introduction helping to evaluate possible results of in vivo research.

In the first part of experiments, we investigated whether the tested juices contain high amounts of antioxidant
compounds. The studied juices differed in anthocyanins and flavonoid content. Chokeberries’, rosehips’ and
bilberries’ phytochemical composition was characterized by a prevalence of anthocyanins, which is consistent
with published data [43–48]. The lowest anthocyanins to total phenolic ratio was found in Goji and sea-buckthorn,
which was characterized by high flavonoid content – comparable to other studies [40, 45, 49–51]. The highest
flavonoid to phenolic ratio was found in Noni, however, this juice was characterized by the lowest phenolic
content among studied juices, which differs from other studies [39, 52]. Possibly Noni was harvested before
ripening to enable long-term transport what might explain the differences [39].

Especially high concentrations of polyphenols in Rosa rugosa juice were noted, as well as the concentrations
of flavonoids and anthocyanins were the highest among studied juices [41, 43, 44, 53]. We confirmed that
pasteurized juice pressed from rosehips also contains high amounts of vitamin C, over 260 mg/100 ml, while
fresh fruit content was found to vary from 400 to 2500 mg/100 g [54–56]. Moreover, in this study, a significant
anti-radical activity and genoprotective properties of rosehips were confirmed [32].

The bilberry (Vaccinium myrtillus) grows in North America, Europe, Asia and Africa; it is also known as
wild blueberries or European blueberries to distinguish it from American blueberries (Vaccinium cyanococcus).
We confirmed that main polyphenols in bilberries are anthocyanins [45–47, 53]. Bilberries pasteurized juice
contained less vitamin C than fresh fruit (3,8 mg/100 ml versus 18 mg/100 g [57]). Different species of blueberries
(Vaccinium) demonstrate anticarcinogenic action, especially due to their antioxidant properties [47, 53, 57–60].

Likewise, chokeberry juice revealed antioxidant and anti-inflammatory activity due to its free radical scav-
enging [45, 48, 61]. It was observed that chokeberry juice enhanced the tumor-promoting action of carcinogenic
N-nitrosodiethylamine in rat liver [62], and in our study we also observed an effect on ROS formation in human
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lymphocytes incubated with PhIP, which may indicate paths to new studies on the usage of chokeberries in
supportive therapy.

We confirmed that the juice of sea-buckthorn (Hippophae rhamnoides) contains flavonoids as the dominant
polyphenols fraction [45, 51, 63], however, the process of pressing and pasteurization of juice causes the loss
of vitamin C down to 48 mg/100 ml, while in fresh fruit it is reported at level of 114 to 1550 mg/100 g). Sea-
buckthorn juice acts as a genoprotective agent and its antioxidative properties have also been confirmed [45, 51,
64].

Cranberries (Vaccinium oxycoccos), the European swamp cranberry juice, contained the prevalence of
flavonoids, however, the concentration of polyphenols was much lower than reported previously [46, 47, 65, 66].
Although, some studies suggested that cranberries have genoprotective abilities [20, 67], in contrast we observed
a slight ROS generation capacity of cranberry juice. Nevertheless, it did not interfere with the protective action
of cranberries against PhIP-induced DNA damage.

Raspberries (Rubus idaeus) contain flavonoids and anthocyanins at a comparable level to cranberries [42, 45,
68]. Moreover, raspberries have proven their antioxidant action [42, 68].

Morinda citrifolia (commonly known as Noni fruit) is often used in the folk medicine of the Indian. The
anticarcinogenic and antimutagenic effects of Noni juice were proved in Drosophila [69], as well as in humans
[70]. However, in our study we did not confirm the reports of high phenolic content in Noni [69, 71]. Noni pressed
and pasteurized juice was characterized by very low concentration of polyphenols compounds, like flavonoids
and anthocyanins, and it revealed weak genoprotective abilities against PhIP induced damage. Moreover, Noni
also generated ROS and some DNA damage in lymphocytes by itself. The low polyphenols content and low
genoprotective capacity of Noni may indicate that the fruits were harvested before full ripening [39, 41].

Goji berry (Lycium barbarum) is the traditional Chinese medicinal plant which is valued for its abundance
of bioactive like anthocyanins [72]. It was demonstrated that Goji berries decrease levels of PhIP-induced DNA
damage [73–75], however, in our study Goji showed the weakest protective abilities of all of the studied fruits,
although, it has high flavonoid content. The possible explanation could be a presence of some additional chemicals
in juice, which block the positive effect of polyphenols. More accurate chemical analyzes are needed to explain
this observation.

The present results confirm the well-established genotoxic effect of PhIP [76]. More importantly, we have
shown here that berries native to the Northern Hemisphere act as antioxidants and protective agents and all tested
crude berry juices are able to reduce PhIP-induced DNA damage. The protective effect may be obtained by direct
antioxidant action, but also other mechanisms are possible, e.g. activation of detoxification enzymes [22, 77,
78]. The analysis of anthocyanins and flavonoids concentrations shows that both groups have a contribution to
antioxidant properties of berry juices.

The antioxidant action may also arise from the vitamin C content in fruit juices, however, as it was observed in
other studies, polyphenols contribute substantially to the antioxidant effect, while ascorbic acid makes a minor
contribution to the total antioxidant capacity [53]. Nevertheless, juices contain less vitamin C than fresh fruit
as it is partially lost during processing – juices exhibit strong antioxidant power correlated with polyphenols
concentration.

We observed a dose-dependent increase of ROS formation by PhIP. Previous reports have shown that PhIP
can lead to the production of ROS and DNA adduct formation in cancer cell lines [79, 80] as well as in normal
cell lines (MCF-10A, normal breast epithelial cells) [34]. We have shown that antioxidant-rich berry juices can
almost totally inhibit oxidative stress induced by PhIP.

6. Conclusions

Our results clearly show that PhIP is responsible for DNA damage and ROS formation in non-transformed
cells. Furthermore, as nontoxic agents, berry fruit juices rich in polyphenols display a great ability to reduce
DNA damage and ROS formation induced by PhIP.
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Due to the fact that both groups of tested samples (heterocyclic aromatic amines (PhIP) and berries) are present
in our diet, the results obtained in this study provide an up-to-date understanding of the role of the interaction
between components ingested on a daily basis. Testing the neutralizing capacity of fruit polyphenols towards
HCAs can serve as a new strategy in the field of chemoprevention of a wide variety of cancers. Furthermore,
as naturally occurring antioxidants, berries are effective in reducing the amount of free radicals generated in
normal cells, which provides protection against oxidative stress. The results show that berries native to the
Northern Hemisphere have strong genoprotective abilities and that the phenolic compounds are responsible
for the antioxidant action of berry fruit. It is extremely important to emphasize the importance of polyphenols
in maintaining health, because usually neither the nutrition data, nor any recommended dietary allowances
documents contain the information on necessity of consuming phenolic compounds. The classical dietetics
focuses solely on ensuring the fulfillment of the nutritional demand for vitamins, microelements and energetic
components. This can lead to the illusory impression that supplementation of analytical ingredients can fulfill all
of the nutritional needs. While polyphenols, especially flavonoids, seem to have important influence on human
wellness and their only dietary source are plants.

Current nutrition recommendations state that a plant-based diet is considered the most beneficial for humans
[81, 82], while processed meat products are proven to increase cancer risk [83, 84]. Moreover, the high ratio of
vegetable and fruit intake to meat consumption is confirmed as one of the most important factors in the context
of cancer development [8, 13]. The benefits of eating fruit cannot be overestimated [14, 85-86] and the more
types of fruit we eat, the more benefits for our health [87]. Therefore, berries, as natural source of polyphenols,
should be recommended in the daily diet.
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