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Abstract. We developed w-3-enriched bread by adding a liposomal polyunsaturated
fatty acids (PUFASs) concentrate to the bread recipe. We determined that subsequent
feeding of the w-3-enriched bread to experimental animals in the alimentary
dyslipidaemia state led to normalisation of the lipid profile of the blood serum, with
a decrease in the total cholesterol, triglycerides, and low-density and very low-
density lipoproteins. The high-density lipoproteins, antioxidants, reduced glutathione
and glutathione reductase activity index increased compared to the corresponding
indicators in animals with alimentary dyslipidaemia that were fed bread without w-3.
The wWw-3-enriched bread diet significantly decreased harmful oxidation products
(diene conjugates and malondialdehyde) in the blood plasma, erythrocytes and liver.
Therefore, the results suggested that bread enriched with w-3 fatty acids is a functional
food with hypolipidaemic action. The results on the total content of fatty acids in lipids
from bread samples prepared according to a standard recipe and bread enriched
with concentrate showed that the relative content of omega-3 PUFAs in the fortified
bread significantly increased by 3.2 times compared to bread without the addition
of concentrate. The additive did not change the consumer qualities of the finished
product (taste and smell of the bread).

alimentary dyslipidaemia, antioxidant effect, bread, functional food, lipid
profile, W-3 polyunsaturated fatty acids

Due to a number of objective reasons our diet has ceased to meet the optimal nutritional
requirements of a healthy body. The observed imbalance in the nutrition structure of the
population is one of the reasons for the mortality increase from chronic non-infectious
diseases [36]. This demonstrates the need for healthy food products with high nutritional
and biological value. In order to preserve the health of a modern human being, functional
foods, generally defined as whole, fortified, enriched or enhanced foods that provide
additional health benefits [5], should be widely implemented in all segments of the

population.
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The w-3 fatty acids are unique in their effectiveness, preventive and curative proper-
ties [28]. Eicosapentaenoic (EPA), docosahexaenoic acid (DHA) and other w-3 PUFAs
are important structural components of cell membranes. When incorporated into phos-
pholipids, they affect various cell membrane attributes, such as permeability, flexibility
and the activity of membrane-bound enzymes. They are also precursors in the biosyn-
thesis of eicosanoids (lipid regulators) [19]. The level of eicosanoids synthesised in vivo
depends on the composition and amount of fatty acids in the diet [6]. Consumption
of w-3 PUFAs in the composition of products or biologically active additives is one
approach to preventing cardiovascular diseases [8].

w-3 PUFAs can have a beneficial effect in vivo only if they are incorporated into the
daily diet in appropriate amounts and in the optimal ratio with w-6 PUFAs [17]. In Russia,
it is recommended to take 0.8—1.6 g/day or 1-2% of the daily nutritional value of w-3
PUFAs and 8-10 g/day or 5—-8% of the daily nutritional value for w-6 PUFAs [25]. In
Brazil, the National Health Surveillance Agency (ANVISA) believes that foods enriched
with w-3 PUFAs should ensure intake of at least 0.1 g EPA and/or DHA per meal in
100 mg or 100 ml, to be able to assert their functional properties [10]. In Europe, it is
recommended a daily consumption of long-chain w-3 PUFAs (EPA+DHA) in amount of
2 g/day and w-6 PUFAs in amount of 10 g/day [32]. Despite the differences, the optimal
W-6/w-3 ratio in the daily diet is the same and is 5—10:1 in different documents.

Enrichment of commonly consumed foods with w-3 PUFAs is considered to be an
innovative approach, which is most advantageous for the health of people that do
not require major changes to their dietary habits [13]. Therefore, it is necessary to
complement daily consumable products, such as butter, eggs and products thereof,
pasta, sauces, juices, meat, and dairy products with w-3 PUFAs, obtaining thereby the

so-called functional foods [12].

In various foods, such as bakery products, dairy and other products, addition of PUFAs
has certain restrictions due to their susceptibility to oxidation, which can readily lead to
the emergence of extraneous odours and, moreover, cause significant loss of quality
of products, nutritional value and bioavailability [12]. In order to prevent the oxidation
of PUFAs when delivering them in vivo, they need to be protected from the external
environment. Particularly, encapsulation is widely used to mask the undesirable taste
and odour of w-3 PUFAs and stabilise them against degradation and oxidation [2]. Most
methods of microencapsulation of various bioactives used in the food industry are based
on the use of a biopolymer matrix consisting of sugars, starches, proteins, dextrins and
alginates [7]. From a biocompatibility perspective, liposomes are ideal carriers. They are

formed from natural lipids and, therefore, are non-toxic, do not cause adverse immune
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reactions and are biodegradable, i.e. they are destroyed by conventional enzymes
present in the body [1]. In the food industry, liposomes have been used for controlled
delivery of diverse ingredients, such as proteins, enzymes, vitamins and fragrances [33].

Long-chain PUFAs are mostly found in the fats of fish, marine invertebrates and
marine mammals. Research of the fatty acid composition of lipids of the Baikal seal
showed that its liver and blubber are rich in PUFAs including the essential fatty acids
(up to 4% EPA) [18]. Previously, we obtained a PUFAs concentrate from the Baikal seal
blubber by its complex formation with urea [37]. The content of wW-3 PUFAs increased
in the concentrate and the ratio of w-6/W-3 in the obtained concentrate was 1.3:1. A
method to incorporate the concentrate into liposomal structures was also proposed
[37]. In a subsequent evaluation of the biological effectiveness of the liposomal PUFAs
concentrate performed in an experimental rat model of diet-induced dyslipidaemia, we
showed a decrease in the total cholesterol (TC; 48%), triglycerides (TG; 35.9%), and
in the cholesterol of low-density (CLDL; 58.5%) and very low-density (CVLDL; 70.3%)
lipoproteins in the blood serum of the animals [38]. Furthermore, the indicators of the
cholesterol of high-density lipoproteins (CHDL) increased by 90%, while the atherogenic
index (Al) decreased 11.2 times compared to the animals fed the atherogenic diet only
(no oral supplementation of the liposomal PUFAs concentrate) [38].

The current paper aimed to evaluate the influence of white wheat bread enriched
with the liposomal PUFAs concentrate on the lipid profile and oxidative status of animal

models of atherogenic dyslipidaemia.

2.1. Obtaining enriched bread

We have previously described the methods for producing the liposomal PUFAs con-
centrate [37]. The w-3-enriched bread was prepared by introducing the liposomal
suspension of the PUFAs concentrate into a white wheat bread recipe with partial
replacement of the water. The required amount of water was calculated based on the

moisture content of the flour.

2.2. Acidic methanolysis of bread oil

The oil in the bread samples was isolated by the Bligh and Dyer (1959) method. Acidic

methanolysis of the oil contained in 100 mg of sample was performed in 5 mL of 2N
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HCI in methanol at 80°C for 45 min. At this stage, fatty acids and aldehydes from the
complex lipids are released in the form of methyl esters and dimethylacetals. These
components were extracted with hexane (400 pL) for 5 min and the resultant fatty acid
methyl esters (FAME) analysed by gas chromatography—mass spectrometry (GC-MS)
using an Agilent Packard HP 6890N gas chromatograph equipped with an HP-5MS
column (0.25 pmi.d.) and an HP MSD 5973N quadrupole mass spectrometry detector
(Agilent, Santa Clara, USA). The injection volume was 1-2 pL. Helium was used as the
carrier gas at a constant flow rate of 1.5 mL/min. The column temperature programme
was as follows: 125°C (isotherm 0.5 min), followed by 125—320°C (7°C/min, isotherm 0.5
min). The evaporator temperature was 280°C. The sample volume was 1 pL with steam

splitting 40:1.

2.3. Experimental design to assess the biological activity of the
product

The biological effectiveness of the product was performed using 40 adult male Wistar
rats weighing 130-150 g, which were obtained from the nursery of the Research Institute
of Biophysics of the Angarsk State Technical Academy. Previously, all animals used in
the experiment had a standard vivarium diet and water ad libitum. The experiments
were conducted in accordance with the Rules of good laboratory practice in the Rus-
sian Federation (GLP) (approved by the Russian Ministry of Health, order N 267 of
19.06.2003).

The experimental hyperlipidaemia within rats was induced using the model of alimen-
tary hypercholesterolemia (atherogenic diet) by introduction of cholesterol (BioChemica,
AppliChem GmbH, Germany) at a dose of 25 mg/100 g of the body weight of the rat
and 5% lard of the total weight of the animals’ diet, within 21 days into the typical diet.

The animals were divided into four experimental groups (n=10) including group | —
intact (animals had standard feed and water); group Il — control (the animals were on an
atherogenic diet for 21 days); group Ill — «control bread» (animals had white wheat bread,
produced according to a standard recipe daily, for 21 days after the atherogenic diet),
and group IV — «test bread» (animals had bread, enriched with the liposomal PUFAs

concentrate, daily for 21 days after the atherogenic diet).
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2.4. Evaluation of hypolipidaemic effectiveness of bread

In order to assess the hypolipidaemic effectiveness of the w-3-enriched wheat bread,
we determined the TC, TG, CHDL, CLDL, and CVLDL in the blood serum of the rats
using a Mindray BS-400 automatic biochemical analyser (China) and standard reagents
obtained from Abris+ (Russia) and Dias (Russia).

The Al was calculated to describe the atherogenic blood properties, according to the

following formula:

_TC-CHDL
Al = CHDL ()

2.5. Determination of oxidation products

The concentrations of malondialdehyde (MDA) in the liver homogenates and in the
serum were determined by the method of Mihara [26], which is based on the reaction of
MDA with 2-thiobarbituric acid (TBA) (Sigmak- Aldrich, St. Louis, USA). The concentration
of TBA-active products in the samples was measured spectrophotometrically at 535 and
570 nm. The MDA content in the erythrocytes was obtained according to the method
described by Ernster and Nordenbrand [11].

The diene conjugates (DCs) content in the erythrocytes was established accord-
ing to the method of Placer (1968), modified by Gavrilov and Mishkorudnaya [14] for
erythrocytes. The haemolysate of erythrocytes was shaken with a distilled solution of
isopropanol:heptane (1:1), followed by addition of heptane. After 1-2 h, the absorption
spectrum of the mixture was recorded (232 nm) with a Cary 300 UV-vis spectropho-
tometer (Varian, USA). The extinction coefficient at 233 nmwas 2.2 x 107> cm™' M~'. The
DCs in the blood plasma and the liver homogenate were determined by the classical
method [35].

2.6. Determination of the antioxidant activity of bread

The amount of reduced glutathione (GSH) (Sigma—Aldrich, St. Louis, USA) was deter-
mined by the method of Beutler (1975) [3], based on the interaction of GSH with 5,5’-
dithio-bis-2-nitrobenzoic acid to form the yellow anion of 2-nitro-5-thiobenzoate, which
was recorded spectrophotometrically at 412 nm.

The GSH reductase activity was determined Glatzle [16] by monitoring the change in
the oxidation rate of NADPH (GERBU Biotechnic GmbH, Germany), which was recorded

spectrophotometrically as the decrease in optical density at 340 nm.
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Figure 1: The total fatty acids composition in bread samples. Note: * - reliable deviation in the value in
the «test bread» group compared to the value in the «control bread» group (p<0.05); SFA - saturated fatty
acids, MUFA - monounsaturated fatty acids.

The total content of antioxidants (TCA) in the blood serum was amperometrically
assessed using a Tsvetyauza-01-AA flow-injection system equipped with a plunger
pump (Scientific Production Association, Khimavtomatika, Russia) at a working electrode
potential of 1.3 V and an eluent feed rate of 1.2 cm®/min. Gallic acid (Vecton Corp, Russia)
was used as a standard. The repeatability indicator (relative root-mean-square deviation
of repeatability) was 5%.

All data were presented as means + standard deviation (means + SD) and evaluated
by one-way ANOVA by IBM SPSS Statistics 19.0 (SPSS Inc., Chicago, IL) to detect inter-
group differences. Differences were considered to be statistically significant if p values
<0.05.

3.1. Fatty acid composition of enriched bread

As the liposomal PUFAs concentrate was in a suspension, its introduction to the bread
recipe was done by replacing part of the water. Control samples were prepared accord-
ing to the recipe without adding extra ingredients. The liposomal PUFAs concentrate
was added to the test samples of wheat bread at 30 g/100 g flour. The research data on
the total fatty acid composition of lipids in various bread samples (control bread made
according to the standard recipe, test bread enriched with the PUFAs concentrate) are
presented in Figure 1.

The w-3 fatty acids content increased 3.2 times in the test sample compared to the

control. Increasing the content of w-3 PUFAs changed the w-6/w-3 ratio in the test
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Figure 2: Effect of wheat bread enriched with the liposomal PUFAs concentrate on the lipid profile of the
experimental animals.

bread, which was 5.8:1, whereas, in the control sample the corresponding ratio was
20:1. This addition does not alter the taste and aroma of bread and gave no foreign
odours [24].

3.2. Hypolipidaemic effect of enriched bread

Figure 2 shows the lipid profile of the blood serum of animals in an experimental
hyperlipidaemic state when fed with bread made according to a standard recipe and
with the w-3-enriched bread. The TC content in the blood serum of animals on the
atherogenic diet (control group) was (p<0.05) reliably increased by 24.36% relative to

the intact group.

The TC content in the blood serum reliably increased by 29.38% when compared with
the intact group, as a result of the atherogenic diet of the experimental animals treated
with wheat bread prepared according to the standard. Perhaps a small increase in the
total pool of cholesterol is associated with an increase in the proportion of synthesised
cholesterol by adding bread to the diet. In contrast, the TC indices decreased by 25.47%
within the animals treated with the w-3-enriched bread compared to the control group
(atherogenic diet only). The introduction of bread enriched with w-3 fatty acids on the
background of the atherogenic diet reduced the TC content of the blood to levels similar
to the intact group.

The CLDL and CVLDL contents in the blood serum of the animals on the atherogenic
diet reliably increased in the control group by 62.35 and 29.41%, respectively, in compar-
ison with those in the intact group. The CLDL level decreased by 7.59% and the CVLDL
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Figure 3: The atherogenic index of the experimental animals. Note: * - reliable value deviation compared
to the intact group (p<0.05). " - reliable value deviation in the "test bread” group compared to the value in
the «control bread» group (p<0.05). 2 - reliable value deviation in the “test bread” group compared to the
value in the "control bread” group (p<0.05).

increased by 24.45% within animals treated with bread without w-3 in comparison with
the control group. The CLDL and CVLDL contents among rats treated with w-3-enriched
bread decreased, respectively, by 150 and 17.24%, compared to the control group. The
TG content in the blood serum of the same group decreased by 15.38%, whereas the
content of TG among animals treated with bread without w-3 increased by 24.24% when
compared with the control group. This, apparently, is connected to the high content of

easily digestible carbohydrates in the diet.

The CHDL index in the blood serum of animals on the atherogenic diet (control group)
decreased by 19.23% in comparison to the corresponding index of the intact group. The
CHDL content increased by 10.34% when the animals received the control white wheat
bread on the background of the atherogenic diet, while the content of CHDL within

animals treated with w-3-enriched bread increased by 17% relative to the control group.

On the basis of the obtained results, the Al within the experimental rats was cal-
culated. It was found that the Al among rats treated with w-3-enriched bread on the
background of the atherogenic diet, decreased 2.2 times in comparison to the control
group and was within close proximity to the corresponding indicator in the intact group

(Figure 3).

3.3. The accumulation of oxidation products in experimental ani-
mals

Alimentary dyslipidaemia within the experimental animals was accompanied by an
increased activity in the bio-oxidation processes in the blood plasma, erythrocytes and

liver of rats, as evidenced by an increase in the content of lipid oxidation products.
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TABLE 1: Contents of malondialdehyde and diene conjugates in the plasma, erythrocytes and liver of
experimental animals (n=10).

Group DC of DC of ery- DC of liver, MDA of MDA of MDA of liver,
plasma, throcytes, nmol/g plasma, erythrocytes, nmol/g
nmol/ml nmol/mi nmol/ml nmol/mi

Intact 3.06+0.11 14.32+0.56 47.00+1.14 2.27+0.09 13.33+1.09 37.09+0.22

Control 4.69+0.09* 16.65+0.48* 85.50+3.21* 3.48+0.06* 27.82+0.91*  91.20+0.65"

“Control 3.34+0.12' 16.12+0.65 87.92+2.32 3.07+0.05' 23.97+1.48 65.80+0.36'
bread”

“Test 2.87+0.10'2 14.78+0.16'? 52.26+1.67'2 2.45+0.10'? 14.46+3.30'? 42.60+1.52'?
bread”

Note: * - reliable value deviation compared to the intact group (p<0.05). !- reliable value deviation in
the studied group compared to the value in the control group (p<0.05). 2 - reliable value deviation
of the "test bread” group compared to the value in the "control bread” group (p<0.05).

It is known that the resulting lipid radicals, as well as MDA and DCs, can attack
the proteins and nucleic acids. The aldehyde groups of these lipid oxidation com-
pounds form intermolecular cross-linking, which disturbs the structure and functionality
of macromolecules. Lipid oxidation leads to the disruption of the membrane bilayer
organisation, which can cause damage to membrane-bound proteins (Krinsky 1988).
Table 1 presents data on DCs and MDA contents in the plasma, erythrocytes and liver
of the experimental animals.

Table 1 shows a decrease in the DCs content in the plasma (63.41%), erythrocytes
(12.65%), and in liver homogenates (63.60%) within animals treated with w-3-enriched
bread compared to the control group. Regarding the final products of oxidation, the
results show that the MDA content reliably decreased in the blood plasma (42%),
erythrocytes (92.39%), and liver (114.1%) among animals treated with test bread compared
to the control group. Notably, a reliable decrease in the indicators of oxidation product
accumulation was observed only for the DCs and MDA values of the plasma, as well
as the MDA content of the liver, among animals treated with bread without X-3 in

comparison with the control group.

3.4. The antioxidant effect of enriched bread

In addition to investigating the oxidation processes, we examined the state of the in
vivo antioxidant system. In particular, the TCA was estimated in the erythrocytes of the
experimental animals.

The charts in Figure 4 reveal the TCA in the erythrocytes reliably decreased by 14%
in the control group when compared with the same indicator in the intact group. This

indicator increased by 7.65% among rats treated with wheat bread without X-3 compared
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Figure 4: The total content of antioxidants in the erythrocytes of experimental animals. Note: * - reliable
value deviation compared with the intact group (p<0.05). ' - reliable value deviation in the «test bread»
group compared to the value in the “control bread” group (p<0.05).2 - reliable value deviation in the «test
bread» group compared to the value in the "control bread” group (p<0.05).

to the control group. Among animals treated with K-3-enriched bread, the TCA value
in the erythrocytes reliably increased by 68.73% relative to the control group and by
45.13% when compared with the intact group.

The activity of protective mechanisms during oxidative stress is associated with the
antioxidant enzymes, as well as low-molecular cell components, one of which is GSH.
The significance of GSH in a cell is determined by its antioxidant properties. GSH not
only protects cells against toxic agents, such as free radicals, but, in general, defines the
redox status of the intracellular environment. In the cell, the thiol groups are in a reduced
state (SH) at about 5 mM. Such a high concentration of GSH in a cell leads to restoration
of any disulphide bond (S-S) formed between the cysteines of cytosolic proteins. In this
instance, the reduced form of GSH becomes oxidised (GSSG form). Reduced GSH is
a coenzyme of several enzymes, whose activity is based on the change in the redox
potential of GSH, which is a direct function of the destruction of free radicals. Oxidised
GSH is reduced by GSH reductase, which resides in a cell in the active state and is

induced by oxidative stress [23].

The activity indices of the GSH system of the experimental animals (Table 2) demon-
strated that the activity of GSH reductase reliably decreased by 58.27% within the control
group animals on the atherogenic diet compared to the intact group. Consequently,
the content of reduced GSH decreased by 23.37% among rats of the control group

compared to the intact group.

The GSH reductase activity reliably increased by 25.38% among animals treated with
bread without ¥-3 on the background of the atherogenic diet compared to the indicators

of the control group and the reduced GSH content decreased by 22.22%. For the
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TABLE 2: The activity of glutathione reductase, the content of reduced glutathione in the blood serum of

rats (n=10).
Indicator Intact Control Control bread Test bread

1  Glutathione reductase, 45.41+1.08 28.69+2.66* 38.45+1.34' 39.63+0.19"
mmol/min/g Hb

2 Reduced glutathione, 9.50+0.69 7.70+0.32* 6.30+0.42' 10.31+0.45'
nmol/g Hb

Note: * - reliable value deviation in the control group compared to the intact group (p<0.05).
1. reliable value deviation compared to the control group (p<0.05).

animals treated with the PUFA-enriched bread on the background of the atherogenic
diet, the GSH reductase activity reliably increased by 27.61% and the reduced GSH
content increased by 25.31% compared to the corresponding indicators in the control
group. Furthermore, in the group of animals treated with X-3-enriched bread, the reduced
GSH content reached the same level as that of the intact group and the GSH reductase
activity index came close to the value of the intact group.

Biological effects of X-3 family PUFAs are attributed primarily to their influence on the
function of cell membranes and their ability to affect the properties of the membrane-
bound receptors, signal transduction, as well as the activity of a large number of
membrane-bound enzymes [30]. However, a large number of double bonds in the
long-chain X-3 PUFAs makes them a prime target for reactive oxygen species, which
facilitates lipid peroxidation processes and increases the probability of oxidative stress
development [34].

Nonetheless, besides exhibiting prooxidant properties, PUFAs can also be effective
antioxidants [15]. According to Kravchenko [21] the antioxidant effect of B-3 PUFAs is a
result of both their radical binding capacity and their impact on the antioxidant enzyme
activity. Our findings point to a recovery of the antioxidant capacity in the animals treated

with X-3-enriched bread, following an atherogenic diet.

We studied the hypolipidaemic and antioxidant effects of wheat bread enriched with a
liposomal PUFAs concentrate in animals with experimentally-induced alimentary hyper-
lipidaemia. The lipid profile of the blood serum of the laboratory animals showed that the
inclusion of w-3-enriched bread on the background of the atherogenic diet decreased
the TC, as well as the pro-atherogenic fractions of lipoproteins (LDL and VLDL). In this
instance, the anti-atherogenic fractions (CHDL) increased, indicating the hypolipidaemic

effect of the food product. In addition to improving lipid metabolism, positive dynamics
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in the antioxidant status of the animals treated with the w-3-enriched product was
observed. Thus, bread enriched with liposomal PUFAs concentrate can be marketed as

a functional food with hypolipidaemic action.

The authors report no conflict of interest. The authors alone are responsible for the

content and writing of the manuscript.
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