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Abstract: 
Introduction. In view of the ongoing research into the negative effects of fruit juice on human health, we aimed to study the subchronic 
toxicity of apple juice, a model mixture based on its components, and ethanol on biomass growth, cellular oxidative enzymes, and 
chromosomal abnormalities in Allium cepa roots. 
Study objects and methods. Our objects of study included clarified apple juice and its components such as fructose, glucose, sucrose, 
D-sorbitol, and malic acid. After treating Allium cepa roots with apple juice and a model mixture in different concentrations, we 
analyzed their toxic effects on biomass growth, malondialdehyde levels, as well as the nature and frequency of proliferative and 
cytogenetic disorders in the plant tissues. 
Results and discussion. The incubation in an aqueous solution of apple juice at a concentration of 1:5 inhibited the growth in root 
mass by 50% compared to the control (water). The mitotic index of cells decreased with higher concentrations of juice, reaching zero 
at a 1:5 dilution. The fructose and model solutions in the same concentrations appeared less toxic in relation to cell mitosis and root 
mass growth. Although malondialdehyde levels increased in the onion roots treated with juice and model solutions, they were twice 
as low as in the control due to the juice’s antioxidant activity. Adding 1% ethanol to the 1:2 diluted juice abolished the effect of acute 
toxicity on root growth and reduced malondialdehyde levels by 30%. 
Conclusion. The study revealed a complex of interdependent biomarkers of apple juice responsible for its subchronic toxicity in 
Allium cepa roots. These data can be used to create biological response models based on the approaches of systems biology and 
bioinformatics.
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INTRODUCTION
New approaches to food testing are becoming 

increasingly urgent today, in view of continuously 
growing production and consumption of various foods. 
These approaches are primarily meant to ensure food 
safety by identifying possible toxic effects that food 
products and related additives may have on human 
health [1–4]. Any food component can have a negative 
effect on the human body. Excessive consumption can 
lead to the accumulation of toxic metabolic products. 
Some components can cause allergic reactions and 

modulate adaptation reactions [5]. Such studies are 
primarily based on in silico and in vivo methods of 
testing various types of food products.

Fruit juice is an integral part of the human diet 
and, undoubtedly, a complex food system. It contains 
physiologically active substances (vitamins, minerals, 
antioxidants, enzymes, and amino acids) that regulate a 
variety of metabolic processes and increase the body’s 
resistance to infections. In addition, epidemiological 
studies have proved that fruits and vegetables reduce 
the risk of chronic diseases [6, 7]. Clinical studies also 
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confirm that fruit juice can have beneficial effects on 
blood parameters, cholesterol, and heart function, as 
well as prevent cancer and Alzheimer’s disease [8–11].

However, the benefits of fruit juice are not as 
evident as they may seem [12]. As we know, natural 
mutagens, such as pyrolysidine alkaloids and some 
flavonoids, account for about 1% of dry matter in almost 
all higher plants. Moreover, vitamins C, E, and A can 
have mutagen-potentiating effects [13]. Recent studies 
have shown that fruits and juices can contribute to the 
development of cancer and asthma in children [7, 14–16].

Sugars contained in fruit juice and their potentially 
adverse metabolic effects have long been in the center 
of scientific debates. Fructose, in particular, is one of the 
main carbohydrate components of fruit juice. As early 
as the 1980s, it was considered responsible for several 
metabolic abnormalities [17, 18]. This carbohydrate can 
be “toxic”, especially when consumed with sweetened 
drinks. Moreover, it can participate in the pathogenesis 
of noncommunicable diseases such as obesity, diabetes, 
or arthritis [19, 20]. Sucrose, another carbohydrate 
component of fruit juice, has also shown negative 
mutagenic effects [21]. In the USA and Europe, a half 
of sugar consumption accounts for sweetened products 
with a thick consistency (yogurt, candy and chocolate 
bars, ice cream, etc.) and the other half, for sweetened 
fizzy drinks and fruit juices. The negative health effects 
of fructose have encouraged European countries to 
impose taxes on sweetened drinks [22].

Quality control is an equally important aspect 
of fruit juice safety. The past decades have seen a 
significant increase in the demand for juice, partly 
due to continuous improvement of its sensory (color, 
smell, texture, and taste) and technological (convenient 
packaging, long shelf life) characteristics. As a 
result, juice composition has undergone a number 
of changes, with added microelements and synthetic 
substances (acidity regulators, stabilizers, thickeners, 
and sweeteners). The technology of juice production 
(e.g., heat treatment) also affects juice properties. 
Although the use of these additives is strictly regulated, 
scientists are increasingly emphasizing a need for 
rigorous research into the mechanisms of their toxic 
manifestations [23, 24].

Studies have shown that food additives can lead 
to cancer and change the functioning of various  
organs [25–27]. Children are especially vulnerable to 
their toxic effects that can provoke allergies and other 
diseases if manufacturers do not follow strict regula- 
tions [28]. Although several types of food additives can 
be used in juice in various combinations, there have 
been no studies into their integrated toxic effect on the 
human body. Moreover, as chemically active agents, 
these additives or their oxidation products can interact 
with natural organic or inorganic juice compounds and 
cause especially dangerous mutagenic and carcinogenic  
effects [29].

In this regard, in vivo studies of subchronic toxicity 
of fruit juice components are becoming increasingly 
urgent. Modern food scientists aim to develop models 
in which the processes of detoxification and metabolism 
of toxic compounds are similar to those in the human 
body. At the same time, they strive not to use laboratory 
animals [4].

We find biotesting quite effective when using 
plants, in particular Allium cepa roots (Allium test). 
This test has been successfully used to study toxicity, 
cytotoxicity, and genotoxicity of various agents, 
including food additives, as well as to determine 
genotoxic effects of medicinal plant extracts [23, 
30–32]. The Allium test is simple, economical, well 
reproducible, highly sensitive, applicable in a wide pH 
range (3.5–11.0), and just as efficient as other biotests. 
We believe that this test can be reliably used to assess 
subchronic toxic effects of various juice components, 
both individually and in combination with each other. 
Similar studies in animals may not produce objective 
results. The components under study may be present in 
the animals’ basic diet, compromising the results.

Our aim was a comparative study of subchronic 
toxic effects that apple juice, its components, and 
ethanol have on biomass growth, oxidative enzyme 
activity at the cellular level, as well as the nature and 
frequency of proliferative and cytogenetic disorders in  
Allium cepa roots.

STUDY OBJECTS AND METHODS 
To model the composition of apple juice, we used the 

following materials: glucose (SIGMA-ALDRICH, lot.
SLBZ9363, Germany), fructose (SIGMA-ALDRICH, lot.
SLCC1647, Germany), sucrose (SIGMA-ALDRICH, lot.
BCCB2955, Germany), D-sorbitol (SIGMA-ALDRICH, 
lot.BCBT4918, Germany), malic acid (SIGMA-
ALDRICH, lot.MKBS7851, Germany), and clarified 
apple juice (10.5% carbohydrates) purchased from a 
retail outlet.

For biotesting, we used small 5–7 g Allium cepa L. 
onions of Stuttgart variety with a diameter of 2.5–3 cm, 
with their dry scaly outer layers removed. The roots 
were preliminarily germinated in 15 cm3 test tubes with 
bottled water in a thermostat (23–25°C) for two or three 
days in complete darkness. The bulbs with a sprouted 
root length of at least 1 cm were selected for further 
experiments. Prior to treating them with juice solutions 
and other compounds listed above, we measured the 
average root mass in the control group.

Then, the control samples were incubated in water, 
while the test samples were incubated in aqueous 
solutions in a thermostat (23–25°С) in complete 
darkness for 1, 2, or 3 days, depending on the purpose 
of the experiment. After incubation, the roots were cut 
off, wiped with filter paper, and weighed [33]. EC50 was 
determined as a concentration of material that reduced 
the test function (growth in root mass) by 50% compared 
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to the control, taking into account the average mass 
of the roots before treatment (except when they were 
treated with fructose).

For cytogenetic analysis, the cells of the root apical 
meristem were stained with a 2% aceto-orcein solution 
(1 g of orcein diluted in 50 cm3 of 45% CH3COOH). 
For long-term storage, the roots were placed in a 70% 
ethanol solution used as a preservative. Instant squash 
preparations were obtained to analyze the division 
of apical meristem cells, using an Axioskop 40 light 
microscope (Zeiss). In particular, we determined the 
mitotic index (ratio of dividing cells to total cells) 
and the chromosome aberration index (number of 
chromosomal aberrations related to total cells).

The intensity of lipid peroxidation in root tissues was 
determined based on the amount of malondialdehyde 
(MDA) interacting with 2-thiobarbituric acid and 
expressed in μmol/g (MDA in fresh mass) [34]. We 
placed 0.2–0.9 (± 0.0001) g into a 15 cm3 polymer tube, 
added 1 cm3 of trichloroacetic acid (Merck, Germany) at 
a concentration of 200 g/dm3 and then another 3 cm3 of 
the same solution after stirring the mixture. The tubes 
were centrifuged at 1000 g and 4°C for 15 min. Then, 
we transferred 1 cm3 of the upper liquid layer into 
another tube and added 4 cm3 of thiobarbituric solution ‒  
0.5 g thiobarbituric acid (Diaem, Russia) and 100 cm3 of 
trichloroacetic acid (200 g/dm3). The tubes were tightly 
closed and placed for 30 min in a water bath at 95°C, 
followed by cooling in an ice bath. Next, the tubes were 
centrifuged for 10 min at 1000 g and 20°C. The solutions 
were spectrophotometrically detected on a Cary  
WinUV 100 spectrophotometer (Varian, USA) at 600 
and 532 nm.

Statistical processing was performed in Microsoft 
Excel and Statistica (version 12). The Student’s criterion 
and Fisher transformation were used for comparative 
analysis of percentages.

RESULTS AND DISCUSSION 
After a three-day sprouting, the onion roots were 

treated with apple juice diluted with water for 2 days 

to determine the degree of juice dilution that causes 
subchronic toxicity. According to the Allium test, 
toxicity was determined by the changes in root mass 
after exposure to juice solutions, compared to the 
control. As we can see in Fig. 1, a decrease in root 
mass was observed at ten times dilution and EC50 was 
recorded at five times dilution (P ≤ 0.15).

The cytological analysis of the root meristem cells 
showed that higher juice concentrations decreased 
the mitotic index more intensively (Fig. 2) than the 
growth in root mass (Fig. 1). As we can see, the level of 
proliferation for meristematic cells, when treated with a 
1:20 diluted solution of apple juice, was half the control 
values, and their division almost stopped in the roots 
with a 50% delay in mass growth (EC50).

As we know, plants grow due to two main processes, 
cell division and extension. Like all eukaryotes, 
plant cells enter the cell cycle in response to external 
mitogenic stimuli. This process is regulated by a large 
number of compounds, such as phytohormones, ARGOS 
proteins, CLE peptides, transcription factors, cyclins, 
and cyclin-dependent protein kinases. Decreased cell 
proliferation during stress or after treatment with 
abscisic acid may result from activated expression of 
genes that encode protein inhibitors of cyclin-dependent 
protein kinases, ICK/KRP. However, the mechanisms 
that control differentiation can function independently 
of the cell cycle [35]. It appears that the subchronic 
amounts of apple juice triggered similar processes in our 
study and, therefore, the inhibition of cell proliferation 
did not significantly affect the growth in root mass.

The percentage of chromosomal aberrations in 
dividing cells in relation to total stained cells was quite 
low, about 0.4%, both in the control and the test samples 
treated with 1:20 and 1:10 diluted juice. We found no 
effect dependent on the amount. Neither could we 
determine this indicator in the test samples treated with 
a higher concentration of juice (1:5 and 1:2 dilution) due 
to the absence of dividing cells.

The abnormalities detected in both the control and 
the test samples included the adhesion of chromosomes 
to each other, their leading during anaphase, as well 

Figure 1 Growth in root mass after treatment with apple juice 
in different concentrations (n = 10). *P ≤ 0.15

Figure 2 Mitotic index of root meristem cells after treatment 
with apple juice in different concentrations (n = 10). *P ≤ 0.05
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as disorganization and disordered separation during 
metaphase and anaphase. However, these abnormalities 
were not distributed evenly among the samples. For 
example, aberrations (Fig. 3) and anaphase leading 
were almost ten times as high in the test samples. 
Also, micronuclei were detected during telophase 
and interphase in the samples treated with tenfold  
diluted juice.

With the data at hand, we had to understand which of 
the juice components was responsible for the identified 
toxic effects and to what extent. Carbohydrates are 
a major component of apple juice, with up to 10% of 
fructose, glucose, and sucrose (in 100 g juice). Taking 
into account published data on the negative effects of 
glucose on plant growth and development, we conducted 
several experiments to determine their toxicity for onion 
roots [36, 37]. We started with fructose, as its content in 
apple juice is two times as high as that of glucose and 
sucrose.

As we can see in Fig. 4, higher concentrations of 
fructose delayed the growth in root mass, but only 
a 10% concentration of this carbohydrate revealed a 
significant difference. After treatment with 10 and 15% 
fructose solutions, the roots died, becoming thin, soft, 
and slightly mucous. In the Allium test, this finding 
probably indicated acute toxicity of fructose in the given 
concentrations. Thus, the concentration of fructose 
should not exceed 10%.

Fructose at concentrations of 2 and 5% decreased 
the mitotic index in the test samples by only 17 and 
33%, respectively, compared to the control (Fig. 5). 
Like in the previous test, the comparative cytogenetic 
analysis did not reveal a significant increase in the 
number of chromosomal aberrations, compared to the 
control. However, we observed some redistribution in 
their spectrum. For example, higher concentrations of 
fructose in the test samples caused more disorders such 

as chromosomal bridges, fragmentation, and segregation 
(up to 20%), compared to the control.

According to the results, the subchronic toxicity of 
fructose, one of the main components of apple juice, is 
mainly associated with a weak mitosuppressive effect in 
the root meristem cells.

Then, we prepared a model aqueous solution from 
the main chemical components of apple juice. Their 
concentration ratios corresponded to those in juice [38]. 
In particular, 100 mL of the model solution contained 
7 g fructose, 2 g glucose, 1 g sucrose, 0.5 g D-sorbitol, 
and 0.3 g malic acid. Prior to that, we had measured 
the pH of the study objects to make sure that its range 
was acceptable for the Allium test (Table 1). Next, we 
analyzed the subchronic toxicity of the resulting model 
solution and apple juice in Allium cepa roots after two 
days of germination and two days of treatment.

According to the results, the growth in root mass 
after treatment with juice was 40% lower than after 
using the model solution (Table 2), despite the same 
degree of dilution (1:5, P < 0.05). The cytological 
analysis showed that the mitotic index of the root 
meristem cells after treatment with the 1:10 and 1:5 
model solutions did not differ much from the control. 
However, treatment with the 1:10 and 1:5 diluted juice, 
just like in the previous experiment (Fig. 2), reduced 
the mitotic index ten times and led to an almost 
complete halt in cell division. Thus, the chemical 
components of the model solution, which make up 

Figure 3 Chromosomal aberrations in onion root meristem 
cells: adhesion in metaphase (a), leading in anaphase (b), 
disorganization in anaphase (c), and a micronucleus in 
telophase (d)

 (a)  (b) 

 (c)  (d)

Figure 4 Growth in root mass after fructose treatment  
(n = 7). *P ≤ 0.1

Figure 5 Mitotic index of root meristem cells after fructose 
treatment (n = 7). *P ≤ 0.05
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the bulk of juice solids, were not responsible for the 
subchronic toxicity associated with violation of mitosis 
in the roots. Obviously, this effect was caused by other 
juice compounds with antiproliferative activity of  
natural origin.

Based on the data, we can conclude that these 
compounds (one or more) are present in juice in small 
quantities and have high biological activity. We need 
further studies to identify these substances and better 
understand the mechanisms of potential juice toxicity.

MDA is known to reflect the degree of lipid 
peroxidation resulting from the oxidation process. The 
higher its concentration, the more damaged are lipids 
in the walls of plant cells. In our study, the treatment of 
onion roots with the 1:10 and 1:5 diluted model solutions 
produced a dose-dependent increase in MDA, with its 
maximum levels twice as high as   in the control samples 
(Fig. 6). However, apple juice in the dilutions of 1:10 and 
1:5 increased this indicator by only 11%. Apparently, 
these results are indicative of the juice’s antioxidant 
activity.

To study toxic effects, we treated the onion roots, 
which had germinated for two days, with the 1:10 and 
1:2 diluted juice for only one day. As we can see in 
Table 3, a day of incubation brought about a slightly 
higher (10%) decrease in mitotic indices in these test 
samples than in those treated for two days, compared to 
the control (Fig. 2). Thus, the toxic effect was recorded 
as early as after the first cycle of cell division, while 
the decrease in root mass growth was more likely to be 
cumulative.

Food additives are commonly studied for toxicity 
separately from those food products which they are 
part of. We believe that such practice does not allow 
scientists to objectively determine the patterns of toxic 
manifestations. Therefore, our further experiments 
attempted to evaluate the effect of ethanol on the 
previously detected toxicity of Allium cepa roots, which 
had been germinated for two days and then incubated 
with apple juice for another two days. We chose this 
food additive due to the fact that 1 and 2% aqueous 
ethanol solutions delay the growth of Allium cepa roots 
within EC50 [29, 32]. In addition, ethanol may be part of 
some juice-containing products.

Table 4 shows that 1% ethanol increased the average 
mass of the roots treated with the 1:2 diluted juice 
by a factor of five. We believe that this effect can be 
associated with the activity of lipid oxidation enzymes 
and its regulation. Indeed, raising ethanol concentration 
to 2% not only decreased their activity, but made it 
lower than the control values   (Fig. 4). However, in the 
1:2 diluted juice samples, MDA was almost 1.7 times as 
high as in the control   (Fig. 7), which we had expected 
from the previous results (Fig. 3). Thus, 1% ethanol 
appeared to slow down the destruction of cell wall 
lipids caused by the juice components, which had a 
positive effect on the root growth. The question is, why 
is it that a higher concentration of ethanol (2%) did not 
cause a similar effect? Probably, despite lower lipid 
oxidation, the total toxicity of 2% ethanol was so high 
that it prevented the roots from growing and developing. 

Table 1 pH of study objects

Study object pH
Juice 3.88
Model solution 2.62
Juice:water = 1:5 4.23
Juice:water = 1:10 5.11
Model solution:water = 1:5 3.78
Model solution:water = 1:10 4.63

Table 2 Root mass growth, mitotic activity, and chromosomal 
aberrations of onion root meristem cells after two days  
of treatment with apple juice and model solution (n = 10)

Test variant Growth  
in root mass,  
g/onion 

Mitotic 
index, %

Chromoso- 
mal aberra- 
tions, % 

Control 0.273 ± 0.024а 10.30 ± 0.35a 0.21 ± 0.05a

Juice:water = 1:10 0.164 ± 0.031b 1.25 ± 0.14b 0.18 ± 0.05a

Juice:water = 1:5 0.091 ± 0.013c 0.99 ± 0.13b nd
Model solution:
water = 1:10

0.184 ± 0.027d 7.44 ± 0.32a 1.10 ± 0.13b

Model solution:
water = 1:5

0.158 ± 0.010d 9.15 ± 0.32a 0.40 ± 0.07b

a,b; a,c; a,d; c,d P ≤ 0.05; b,c P ≤ 0.1
nd ‒ not detected 

Figure 6 MDA concentration in onion roots treated with apple 
juice and model solutions

Table 3 Root mass growth, mitotic activity, and the frequency 
of chromosomal aberrations of onion root meristem cells after 
a day of treatment with apple juice (n = 5)

Sample Growth in 
root mass,  
g/onion 

Mitotic 
index, %

Chromoso- 
mal aberra- 
tions, %

Control 0.113 ± 0.018a 8.31 ± 0.31a 0.42 ± 0.07a

Juice:water = 1:10 0.099 ± 0.018a 4.57 ± 0.25b 0.17 ± 0.05b

Juice:water = 1:2 0.057 ± 0.011a 1.25 ± 0.12c 0.13 ± 0.04b

a,b; a,c; b,c P ≤ 0.05
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Another observation we made was that adding 1 and 
2% ethanol to the juice did not increase the proliferative 
activity of the meristem cells. This result was quite 
predictable since treating roots with ethanol solutions 
decreased the mitotic index of the meristem cells, 
compared to the control.

CONCLUSION 
Our study showed that apple juice manifested 

subchronic toxicity when it was diluted with water in a 
ratio of 1:5 (~ 2% soluble solids). The toxicity caused a 
50% delay in the growth of Allium cepa roots, compared 
to the control. At the same time, it sharply inhibited 
the division of meristem cells, with their mitotic index 
decreasing by a factor of 18 and the MDA concentration 
increasing by 11%. To identify the mechanisms of 
these disorders, we treated the roots with the main 
compounds of juice dry solids – fructose, glucose, 
sucrose, D-sorbitol, and malic acid – and compared the 
above indicators. We found that in contrast to the 1:5 
diluted juice, 2% fructose decreased the mitotic index by 
only 17%, compared to the control. The model solution 
containing 1.4% fructose, 0.4% glucose, 0.2% sucrose, 
0.1% D-sorbitol, and 0.06% malic acid showed a 40% 
higher growth in root mass compared to the 1:5 diluted 
juice (P < 0.05), the same mitotic index of meristem 

cells as the control, and a doubled concentration of MDA 
compared to the control.

Thus, the subchronic toxicity of apple juice primarily 
manifested through its antiproliferative activity in the 
meristem cells. However, the above juice components 
were not involved in that activity. What they were 
responsible for was an increased level of lipid oxidation 
in the root tissues, which was restrained by the natural 
antioxidants present in the juice.

In addition, we analyzed the contribution of a food 
additive (ethanol) to the potential toxicity of apple juice, 
using the Allium test. We found that 1% ethanol in the 
1:2 diluted juice reduced the concentration of MDA 
in the roots by 30%, with no effect of acute toxicity in 
relation to their growth.

The above effects of, and relationships between, 
various biomarkers of apple juice and its components 
can form a basis for more detailed large-scale research 
into its safety. Our findings can also be used to study 
the toxic potential of juice depending on manufacturing 
technology or food additives, as well as to create new 
juice-based products.
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Table 4 Root mass growth, mitotic activity, and the frequency 
of chromosomal aberrations of onion root meristem cells after 
two days of treatment with apple juice and ethanol (n = 9)

Sample Growth in root 
mass,  
g/onion 

Mitotic 
index, %

Chromoso- 
mal aberra- 
tions, %

Control 0.226 ± 0.044a 6.52 ± 0.26a 0.76 ± 0.09a

Ethanol (1%) 0.140 ± 0.022b 3.45 ± 0.21b 0.46 ± 0.08b

Ethanol (2%) 0.132 ± 0.039c 3.81 ± 0.20b 0.84 ± 0.09a

Juice:water = 1:2 0.012 ± 0.004d 0.04 ± 0.02c 0.00 ± 0.00c

Juice:water = 1:2 
+ ethanol (1%)

0.064 ± 0.030e nd nd

Juice:water = 1:2 
+ ethanol (2%)

0.017 ± 0.010f 0.03 ± 0.02c nd

a,c; a,d; a,e; a,f; b,e; b,f; c,e; c,f;  c,d P ≤ 0.05; a,b P ≤ 0.1; e,f P ≤ 0.15
nd ‒ not detected

Figure 7 MDA concentration in onion roots treated with apple 
juice and ethanol
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