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Abstract:

Dihydroquercetin (3,5,7,3'4'-pentahydroxy-flavanone) is known for its powerful antioxidant, organ-protective, and anti-
inflammatory activities that can be applied to heavy-metal intoxication. The present research objective was to evaluate
the possible protective potential of dietary dihydroquercetin in a rat model of subacute (92 days) intoxication with nickel
nanoparticles.

The experiment involved five groups of twelve male Wistar rats in each. Group 1 served as control. Other groups received nickel
nanoparticles as part of their diet. Groups 2 and 4 received nickel nanoparticles with an average diameter of 53.7 nm (NiNP1),
while groups 3 and 5 were fed with nanoparticles with an average diameter of 70.9 nm (NiNP2). The dose was calculated as
10 mg/kg b.w. Groups 4 and 5 also received 23 mg/kg b.w. of water-soluble stabilized dihydroquercetin with drinking water.

After the dihydroquercetin treatment, the group that consumed 53.7 nm nickel nanoparticles demonstrated lower blood serum
glucose, triglycerides, low-density lipoprotein cholesterol, and creatinine. Dihydroquercetin prevented the increase in total
protein and albumin fraction associated with nickel nanoparticles intake. The experimental rats also demonstrated lower levels
of pro-inflammatory cytokines IL-18, IL-4, IL-6, and IL-17A, as well as a lower relative spleen weight after the treatment. In the
group exposed to 53.7 nm nickel nanoparticles, the dihydroquercetin treatment increased the ratio of cytokines IL-10/IL-17A and
decreased the level of circulating FABP2 protein, which is a biomarker of increased intestinal barrier permeability. In the group
that received 70.9 nm nickel nanoparticles, the dihydroquercetin treatment inhibited the expression of the fibrogenic Timp3 gene
in the liver. In the group that received 53.7 nm nickel nanoparticles, dihydroquercetin partially improved the violated morphology
indexes in liver and kidney tissue. However, dihydroquercetin restored neither the content of reduced glutathione in the liver nor
the indicators of selenium safety, which were suppressed under the effect of nickel nanoparticles. Moreover, the treatment failed
to restore the low locomotor activity in the elevated plus maze test.

Dihydroquercetin treatment showed some signs of detoxication and anti-inflammation in rats subjected to nickel nanoparticles.
However, additional preclinical studies are necessary to substantiate its prophylactic potential in cases of exposure to
nanoparticles of nickel and other heavy metals.
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INTRODUCTION

Nickel nanoparticles are components of catalysts
that hydrogenate vegetable fats in the food industry [1].
They can be used in theranostics, insecticides, and cos-
metics [2—4]. Miners, chemists, and metallurgists may
inhale aerosol of nickel-containing nanoparticles [5].
Nickel and its oxide nanoparticles are toxic: they cause
oxidative stress, apoptosis, and fibrotic changes [6—8].
Nickel derivatives are also known for their reproductive
toxicity and allergenicity [9]. The International Agency
for Research on Cancer classified nickel and its compo-
unds as possibly carcinogenic to humans (Group 2B) [10].

Strict hygienic standards can reduce the harmful
effects of nickel-containing nanoparticles on human
health. However, the food industry is not always able
to limit or ban their use. Therefore, food science needs
new research on the dietary prevention of (nano)nickel
toxicity, including cases of work-related exposure. Some
nutritional substances possess antioxidant and bio-
protective properties that can reduce the consequences
of nickel intoxication, e.g., epigallocatechin-3-gallate,
cinnamic acids, ascorbic acid, vitamin E, glycine, mono-
sodium glutamate, etc. [6, 7, 9, 11].

Bioflavonoids are of particular scientific interest as
substances capable of inhibiting the toxicity parame-
ters of nickel nanoparticles. Dihydroquercetin (3,5,7,3’,4’-
pentahydroxyflavanone) was first isolated from Sibe-
rian larch (Laric Sibirica L.). It possesses a powerful
antioxidant, organ-protective, and detoxifying effect, as
well as a low toxicity [12, 13]. Unfortunately, natural
dihydroquercetin is notorious for its low solubility in
water, which affects its bioavailability [13]. However,
nanotechnology makes it possible to produce dihyd-
roquercetin in a stabilized water-soluble and more
bioavailable form [14].

The research objective was to study the effect of
stabilized water-soluble dihydroquercetin on the vital
signs of rats exposed to nickel nanoparticles in a 92-day
experiment.

STUDY OBJECTS AND METHODS

Nanomaterials. We used two preparations of nickel
nanoparticles (Nanostructured & Amorphous Materials
Inc., USA) with article numbers 0282HW and 0283HW.
The sizes of primary nickel nanoparticles were 20 and
40 nm, as declared by the manufacturer. A transmission
electron microscopy showed that the actual average
diameter of nickel particles was 53.7 + 2.9 (M + m) and
70.9 + 3.3 nm, respectively. The particles had a spherical
shape. The nickel content was > 99 %, according to the
energy dispersive spectroscopy. The two preparations
differed by more than two times in the content of
particles with a diameter of < 50 nm: 55.5 and 24.0%
of the total amount, respectively. Both preparations
were dispersed in an aqueous suspension with ice coo-
ling by ultrasound for 15 min at a frequency of 44 kHz
and a specific power of 2 W/cm® before given to the
experimental animals.
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Dihydroquercetin. Dihydroquercetin was admini-
stered to the rats as a water-soluble stabilized form of
Taxifolin-Aqua (Prodvinutye Tekhnologii LLC, Russia).
This product was registered in Russia as dietary sup-
plements (No. RU.77.99.11.003.E.003036.07.18). A high
performance liquid chromatography analysis (Guideline
R.4.1.1672-2003) showed that the content of the active
substance was 3 mg/mL. Taxifolin-Aqua included some
approved food additives, polyvinylpyrrolidone (E1201)
as a stabilizer, and potassium sorbate (E202) as a pre-
servative.

Animals and experimental diets. The experiment
involved six-week-old male Wistar rats with an average
initial body weight of 170 + 10 g obtained from the
Scientific Center for Biomedical Technologies of the
Federal Medical and Biological Agency of Russia. The
research followed the rules of proper laboratory practice
and international recommendations for the humane
treatment of animals in accordance with the EU Council
Directive 2010/63/EU (Directive 2010/63/EU on the pro-
tection of animals used for scientific purposes) and
Recommended Practices 1.2.2520-09 on the Toxico-
logical and Hygienic Assessment of Nanomaterial Safety.
The design was approved by the Ethics Committee
of the Federal Research Center of Nutrition and
Biotechnology, Protocol 7, September 17, 2021. The rats
were kept in pairs in polycarbonate cages at 21-24°C,
30—-60% relative humidity, 12 light/12 dark cycle.

The animals were divided into five groups of twelve
with the same initial body weight (p > 0.1, one-way
ANOVA test). For 92 days, the rats received a balanced
semi-synthetic diet according to AIN-93G with minor
modifications and had unlimited access to drinking
water [15]. The average estimated intake of nickel as a
natural component of the diet was 0.03 mg/kg b.w.

Group 1 served as control and received no additives
with the diet and drinking water. Starting with day 1,
groups 2 and 3 received smaller nickel nanoparticles
with an average diameter of 53.7 nm and larger nickel
nanoparticles with an average diameter of 70.9 nm,
respectively. The amount was calculated based on the
weight of the daily consumed food as 10 mg/kg b.w. per
day. Groups 4 and 5 received the same nanoparticles as
groups 2 and 3, respectively. Additionally, they received
a water-soluble stabilized form of dihydroquercetin with
drinking water at 23 mg/kg b.w. based on anhydrous
dihydroquercetin. The weight of food and water
consumed by the rats was recorded daily to adjust the
daily intake of nickel and dihydroquercetin, if necessary.
The average concentration of dihydroquercetin was
0.2 mg/mL in drinking water in groups 4 and 5.

The cognitive function was assessed using the
Conditioned Passive Avoidance Reflex test on days 65,
66, and 86. The level of anxiety-like functions and
locomotor activity was tested on day 57 using the
elevated plus maze (Panlab Harvard Apparatus, Spain).
The methodology followed the pattern developed by
Mzhelskaya et al. [15]. The rats were decapitated un-
der ether anesthesia on day 93 after a 16-h fast.
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Blood was collected in two portions in tubes with
tripotassium EDTA salt as anticoagulant to determine
the hematological profile and in dry sterile tubes to
obtain blood serum. The internal organs, i.e., liver,
kidneys, spleen, and ileum, were separated into sections
with sterile surgical instruments and weighed on an
electronic balance (£ 1 mg). The liver sample was
divided into three parts. Part 1 was homogenized in
0.1 M Tris-KCl buffer pH 7.4 in a Potter-Elway homo-
genizer in a ratio of 1:4 by weight to determine the thiol
content. Part 2 was immediately frozen at —80°C for the
genetic analysis. Part 3 was fixed in a chemically pure
3.7% formaldehyde solution in 0.1 M Na-phosphate
buffer pH 7.0 for morphological studies.

Laboratory research methods. The leukocyte blood
formula was determined using a Coulter AC TTM 5 diff
OV hematological analyzer (Beckman Coulter, USA)
with a standard set of staining reagents (Beckman
Coulter, France). The biochemical parameters of blood
serum involved glucose, triglycerides, total and
LDL-cholesterol, total protein, albumins, globulins,
creatinine, urea, uric acid, activity of alanine, and
aspartate aminotransferases. They were determined
using a Konelab 20i biochemical analyzer (Thermo
Fischer Scientific, Finland) as instructed by the ma-
nufacturer. The content of reduced thiols in the liver
tissue homogenate was measured spectrophotometri-
cally using the Ellman’s reagent. We determined the
selenium concentration in urine and blood serum by the
microfluorimetric method with 2,3-diaminonaphthalene.
The content of fatty acid binding protein (FABP2) in
blood serum was obtained by enzyme immunoas-
say (Cloud-Clone Corp., China). Cytokines II-15, 1L-4,
IL-6, IL-10, and IL-17A were tested using a multiplex
immunoassay Luminex 200 device (Luminex Corpotion,
USA). The xMAP technology was provided by Lumi-
nex XPONENT Version 3.1 software. A BioPlex Pro™
Reagent Kit V contained Bio-Plex Pro™ Reagents:
Pro-Rat 33-Plex Standards, Rat Cytokine IL-15 Set,
Rat Cytokine IL-4 Set, Rat Cytokine IL-6 Set, Rat
Cytokine IL-10 Set, Rat Cytokine IL-17A Set (Bio-
Rad Laboratories Inc., USA). Fibrosis genes Timpl,
Timp3, MMp2, and MMp?9 in the liver were determined
by the real-time reverse transcription polymerase
chain reaction (RT-PCR). The primers and probes were
provided by DNA Synthesis (Russia). We used a CFX 96
instrument (Bio-Rad Laboratories, Inc.)) as amplifier.
The gene expression was assessed by the value of the
cycle threshold (Ct — cycle threshold) and normalized
by the conditionally constitutive comparison genes Actb
and Gapdh using the 2-AACt method as described by
Trusov et al. [16].

The morphological examination of liver, kidney,
and ileum tissue occurred after they were dehydra-
ted in alcohols and xylene, embedded in paraffin, cut
into 5-um sections with a microtome, and subjected
to Van Gieson staining with hematoxylin-eosin and
fuchsin-picric acid. The study involved an Axio Imager
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Z1 microscope (Zeiss, Germany) with a digital camera
at 100%, 200x%, and 400 magnifications.

The statistical processing determined the sample
mean M with the standard mean square error m. We
tested the hypothesis about the heterogeneity of the
distribution of values across experimental groups using
a one-factor ANOVA test. The pairwise differences bet-
ween the experimental groups were established using
the nonparametric Mann-Whitney test. The differences
were considered significant at p < 0.05.

RESULTS AND DISCUSSION

Figure la illustrates the actual consumption of
nickel nanoparticles in groups 2—5. The differences fell
within the statistical error, except for days 13 and 42
(£ 15-17%). These differences were completely compen-
sated during the last five weeks of the experiment. The
consumed amount of dihydroquercetin was maintained
the same with the mean square error (s.d.) of + 8%.

All animals gained body weight (Fig. 1b). However,
group 4, which consumed smaller nickel nanoparticles
and dihydroquercetin, had a much lower weight. The
decline became significant compared to the control
(group 1) on day 35 and compared to group 2, which
involved smaller nickel nanoparticles, on day 63.

The conditioned reflex of passive avoidance test
revealed no differences in anxiety-like and cognitive
functions in all experimental groups. In the elevated
plus maze test, all experimental groups showed
poor locomotor activity, especially in terms of the
maximal speed in the open and closed arms (Fig. 2a).
Dihydroquercetin treatment did not improve the situa-
tion: group 5, which consumed larger nickel nano-
particles and dihydroquercetin, demonstrated a further
decrease in locomotor activity compared to group 3,
which consumed larger nickel nanoparticles. The mea-
sured anxiety-like functions level depended on the
ratio of the times spent in the closed and open arms.
The elevated plus maze test revealed no significant
differences in anxiety-like functions between the groups.
However, the lowest anxiety-like functions index was
observed in group 5, which received larger nickel
nanoparticles and dihydroquercetin (Fig. 2b).

After the experiment, the rats in groups 2 and 3,
which received nickel nanoparticles of different ave-
rage diameters, showed a significant decrease in the
total reduced thiols (Fig. 3a) in the liver. In rats, it is
usually manifested by reduced GSH glutathione. The
dihydroquercetin treatment did not affect this indicator
compared to the groups that received only nickel
nanoparticles. However, the difference between the
groups that received dihydroquercetin and the control
remained insignificant. The mean urinary selenium
excretion (Fig. 3b) decreased sharply compared to
the control in all groups of rats treated with nickel
nanoparticles. Group 3 with larger nickel nanoparticles
was the only exception due to an abnormally high
level of excretion in three rats. The dihydroquercetin
treatment did not affect this indicator. However, the level
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Figure 1 Integral indicators of rats (M 4+ m): the actual dose of nickel consumed in groups 2-5 (a); average body weight of rats
in groups 1-5 (b) during the experiment. NiNP1 — smaller nickel nanoparticles; NiNP2 — larger nickel nanoparticles; NiNP1 +
DHQ — smaller nickel nanoparticles + dihydroquercetin; NiNP2 + DHQ — larger nickel nanoparticles + dihydroquercetin
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Figure 2 Performance in the elevated plus maze test: a — locomotor activity: maximal speed in an open arms, a closed arms,
and the maze in general; b — anxiety-like functions: time spent in a closed arms ratio to time spent in an open arms.

NiNP1 — smaller nickel nanoparticles; NiNP2 — larger nickel nanoparticles; NiNP1 + DHQ — smaller nickel nanoparticles +
dihydroquercetin; NiNP2 + DHQ — larger nickel nanoparticles + dihydroquercetin
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Figure 3 Biochemical parameters of rats demonstrating the state of the glutathione system, selenium satiety, and the integrity of
the intestinal barrier: a — reduced glutathione in liver; b — urinary selenium excretion; ¢ — selenium concentration in blood serum;
d — circulating fatty acid-binding protein (FABP2) concentration in blood serum. NiNP1 — smaller nickel nanoparticles; NiNP2 —
larger nickel nanoparticles; NiNP1 + DHQ — smaller nickel nanoparticles + dihydroquercetin; NiNP2 + DHQ — larger nickel
nanoparticles + dihydroquercetin

of selenium in the blood (Fig. 3c) was slightly (by 10% smaller nickel nanoparticles, led to a significant dec-

in absolute value) but significantly reduced in group 4, rease in total protein, albumin and glucose. The content
which consumed smaller nickel nanoparticles and dihyd- of creatinine and triglycerides in group 4 decreased
roquercetin, compared with the control. compared with group 2, which received smaller nickel

The level of circulating fatty acid-binding protein nanoparticles. The activity of alanine aminotransferase
(FABP2) is a biomarker of impaired permeability of the in group 4 was higher compared to group 2. However,
small intestine barrier [17]. In blood serum (Fig. 3d), it it remained within the upper limit for rats of this age

demonstrated a significantly heterogeneous distribution (101-161 TU/mL) and did not differ significantly from
in groups 1-5 (p = 0.002, ANOVA) with a pronoun- the control (group 1). Group 4 demonstrated the highest

ced tendency (p = 0.056) to increase in group 2, which de Ritis ratio, i.e., serum aspartate aminotransferase
involved smaller nickel nanoparticles. In this group, ratio to alanine aminotransferase, which was almost
the dihydroquercetin treatment led to a significant twice as big as in group 2. In combination with data
decrease in this indicator (p2/4 = 0.012) with an almost on glucose, triglycerides, and low-density lipoprotein
complete normalization in absolute value. For animals cholesterol, this result shows that dihydroquercetin
treated with larger nickel nanoparticles, we registered ~ boosted the catabolic processes in rats exposed to
no changes in the intestinal permeability indicator for nickel nanoparticles [18].
circulating fatty acid-binding protein, regardless of the Unlike group 2, group 3, which consumed larger
dihydroquercetin administration. nickel nanoparticles, demonstrated less changes in
The biochemical analysis of blood serum (Table 1) biochemical profile. However, group 3 had aspartate
showed that group 2, which received smaller nickel aminotransferase activity below the bottom limit
nanoparticles, had a significantly greater content of to-  of the norm. Albumin and creatinine activity also
tal protein, albumin and globulin fractions, glucose, slowed down in this group, whereas globulin fraction
and low-density lipoprotein cholesterol compared to increased compared to the control (p < 0.05). The
the control, while the level of uric acid went down. The dihydroquercetin treatment administered to group 5 fai-
dihydroquercetin treatment in group 4, which received led to reverse these changes, with the only exception
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Table 1 Biochemical profile of rats

Group 1 2 3 4 5 ANOVA
Preparation Control NiNP1 NiNP2 NiNP1 + DHQ NiNP2 + DHQ
Indicator, units

Alanine aminotransferase, ME/L 157 +£22 103 +25 91 £207F 162 + 9# 132 +£12

Alanine aminotransferase, ME/L 65.5+4.1 623+53 55.0+3.2 469+ 1.4% 49.5 £ 3.5¢ *
Aspartate aminotransferase ratio to alanine ~ 2.55+0.36 1.83+0.44 1.79+045 3.47+0.18# 2.77+0.33 *
aminotransferase

Total protein, g/L 73.6+x1.5 805+£1.2f 722+£0.7 71.5+0.8# 65.6+1.37#  *
Albumin, g/L 304+04 41.7+£04Ff 353+£047 343+0.61# 321+ 1.37#  *
Globulins, g/L 351£0.9 388+1.0f 433+0.671 43.4%0.71# 402+ 1.27#  *
Glucose, mmol/L 6.27+0.30 745+0.31F 6.45+£0.14 6.43+0.12# 6.24 £0.22 *
Triglycerides, mmol/L 1.65£0.17 2.17+0.24 1.24+025 136=+0.13# 1.39£0.18 *
Cholesterol, mmol/L 0.81+0.06 0.92+0.05 0.82+0.04 0.81+0.06 0.78 £0.06

Low density lipoprotein cholesterol, mmol/L  0.25+0.02 0.37+0.03f 0.21£0.02 0.19£0.01f# 0.19+0.02 *
Creatinine, pmol/L 65.1+£19 67.7+1.6 55715 48.6+237# 404 +£2.91#  *
Uric acid, pmol/L 118+7 95 + 57 83 + 57 83 £ 27 79 £ 6F *
Urea, pumol/L 552+£023 6.14£022 6.16+£0.33 5.88+0.48 4.68 £0.25# *

NiNP1 — smaller nickel nanoparticles; NiNP2 — larger nickel nanoparticles; NiNP1 + DHQ — smaller nickel nanoparticles + dihydroquercetin;

NiNP2 + DHQ - larger nickel nanoparticles + dihydroquercetin
* — p<0.05 in groups 1-5 (one way ANOVA test);
+ — significant difference with group 1 (control);

# — significant difference with the group without dihydroquercetin

of aspartate aminotransferase. Group 5 also showed
a very low urea content compared to the control.

When we introduced dihydroquercetin into the diet
of rats treated with nickel nanoparticles, it sometimes
affected their immune system (Fig. 4). Group 4, which
received smaller nickel nanoparticles together with
dihydroquercetin, demonstrated a much lower content of
total leukocytes, monocytes, and lymphocytes (Fig. 4a),
as well as a lower spleen weight (Fig. 4b), compared
to group 2. The change in spleen weight was also re-
gistered in group 5. Unlike group 2, group 4, which
received smaller nickel nanoparticles and dihydroquer-
cetin, had lower levels of pro-inflammatory cytokines
IL-1p, IL-4, and IL-17A (Fig. 4c-h). Group 4 also
had the maximal ratio of IL-10 and IL-17A, which
indicated that tolerogenic Treg lymphocytes were more
active than immunostimulatory subpopulations Thl
and Thl7. The production of the pro-inflammatory
cytokine IL-6 was much higher in groups 2 and 3,
which received nickel nanoparticles, compared with
the control. The dihydroquercetin treatment abolished
this effect. These results indicate that dihydroquercetin
probably had an anti-inflammatory effect in our model.
Group 5, which consumed larger nickel nanoparticles,
also experienced the anti-inflammatory effect of
dihydroquercetin: the levels of pro-inflammatory IL-15,
IL-4 and IL-17A dropped, although the ratio of IL-10
and IL-17A remained low. Thus, different sizes of nickel
nanoparticles might have been responsible for different
immune disorders in rats.

Figure 5 illustrates the data obtained on the ex-
pression of some fibrogenic genes in rat liver. Nickel
nanoparticles obviously increased the expression of fib-
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rogenesis markers MMp2 and MMp9 in group 2 and
Timp3 and MMp9 in group 3. Group 5, which received
larger nickel nanoparticles, demonstrated a lower 7Timp3
expression after the dihydroquercetin treatment. In rats
that consumed smaller nickel nanoparticles, dihydro-
quercetin had no effect on fibrogenic genes. A morpho-
logical study of liver tissue with Van Gieson collagen
staining revealed that fibrous elements accumulated
mainly in the perivascular region (Fig. 6a—e). However,
we could not assess the effect of dihydroquercetin on
their number.

We used light-optical microscopy to study the
structure of liver, small intestine, and kidneys stained
with hematoxylin-eosin (Table 2). Under the effect of
both sizes of nickel nanoparticles, the liver tissue sho-
wed a decrease in the average diameter of cell nuclei,
as well as an increase in the number of binuclear cells
and cells that contained nuclei with broken perikarotic
membrane. The small intestine mucosa had a greater
ratio of the lengths of villi and crypts. The kidney
tissue revealed glomerular edema with a lower ratio of
the diameter of the Shumlyansky-Bowman capsules to
that of the glomeruli. The dihydroquercetin treatment
neutralized the reducing effect on the diameter of the
nuclei on the minor axis. In the group that received smal-
ler nickel nanoparticles, the dihydroquercetin treatment
also averted the increase in the number of damaged
nuclei in the liver and glomerular edema in the kid-
neys. Other morphological changed caused by nickel
nanoparticles demonstrated no normalizing effect of
the dihydroquercetin treatment.

The results allow us, in general, to conclude
that the dihydroquercetin treatment produced no
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Figure 4 Immunological indicators in experimental rats: a — leukocytes and their populations in the blood; b — relative spleen
weight; c—h — serum concentration of cytokines (c — IL-14; d — IL-4; e — IL-6; f — IL-10; g — IL-17A; h — IL-10 ratio to IL-17A).
NiNP1 — smaller nickel nanoparticles; NiNP2 — larger nickel nanoparticles; NiNP1 + DHQ — smaller nickel nanoparticles +

dihydroquercetin; NiNP2 + DHQ —

larger nickel nanoparticles + dihydroquercetin
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T — significant difference with control; # — difference with the group
without dihydroquercetin (p < 0.05); n = 6 — number of animals in
each group

Figure 5 Expression of fibrogenic genes in liver. NiNP1 —
smaller nickel nanoparticles; NiNP2 — larger nickel
nanoparticles; NiNP1 + DHQ — smaller nickel nanoparticles +
dihydroquercetin; NiNP2 + DHQ — larger nickel nanoparticles +
dihydroquercetin

antitoxic effect in terms of the locomotor activity
in the elevated plus maze test and their antioxi-
dant status, e.g., GSH content and selenium content.
However, we registered certain favorable changes in
the biochemical markers of blood serum, which indi-
cated some hypolipidemic and hypoglycemic effect
of dihydroquercetin, at least in relation to smaller
nickel nanoparticles. In group 4, exposed to smaller
nickel nanoparticles, the dihydroquercetin treatment
decreased the level of pro-inflammatory cytokines, as
well as improved the functioning of the immune system
in terms of integral (spleen mass) and hematological
parameters. It also reduced the level of the biomarker
of impaired intestinal permeability FABP2, the edema
of the glomeruli in the kidneys, and the number
of cells with impaired nuclear structure in the liver.
In the case of rats exposed to larger nickel nanopartic-
les, the anti-inflammatory effect of dihydroquercetin
was less manifested. However, we observed a decrease
in the expression of one fibrogenic gene in the liver.
The dihydroquercetin treatment increased the ratio of
aspartate aminotransferase to alanine aminotransferase,
which indicated the activation of catabolic processes.

Figure 6 Light optical micrographs of rat liver sections, Van Gieson staining, 200x magnification: a — control; b — smaller nickel
nanoparticles (NiNP1); ¢ — larger nickel nanoparticles (NiNP2); d — smaller nickel nanoparticles + dihydroquercetin (NiNP1 + DHQ);
e — larger nickel nanoparticles + dihydroquercetin (NiNP2 + DHQ)

Table 2 Morphometric parameters of the internal organs of rats

Group 1 2 3 4 5 ANOVA

Preparations Control NiNP1 NiNP2 NiNP1 + DHQ NiNP2 + DHQ

Indicators, units

Liver Core diameter along minor axis, um 21.2+0.4 193 +03f 18.7+0.21 20.6+0.6 20.2 £ 0.5# *
Core diameter along major axis, pm 24.1+0.4 21.6+03F 21.0+0.4f 22.5+0.5% 22.5+0.5F *
Binucleated cells, per 100 nuclei 42+0.7 9.8+£227 145+£24% 113217 8.1+1.67 *
Cells with disintegrated nuclei, 52746 94.0%x87f 59.0+£9.9 67.8+4.67# 57.8+3.8F *
per 100 nuclei

Small  Villus length, pm 108746 1473151 1331+761 1672+72% 1377 £1031  *

intestine  Crypt length, pum 546 £37 466+ 32 430 £31 427 £ 34% 387 £ 427 *
Villus to crypt ratio 2.1+£02 32+£02f 33+047 4.0+037# 3.6+0.27 *

Kidney Capsule diameter ratio 1.26 £0.03 1.12£0.041 1.12£0.047 1.22+0.05 1.14 £0.041  *

to glomerular diameter

NiNP1 — smaller nickel nanoparticles; NiNP2 — larger nickel nanoparticles; NiNP1 + DHQ — smaller nickel nanoparticles + dihydroquercetin;

NiNP2 + DHQ - larger nickel nanoparticles + dihydroquercetin
* — p <0.05 for groups 1-5 (one-way ANOVA test);
1 — significant difference with control (p < 0.05);

# — significant difference with the group without dihydroquercetin (p < 0.05)
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As for the unfavorable effects of dihydroquercetin,
it inhibited the total body weight gain in rats treated
with larger nickel nanoparticles.

We retrieved no publications on the antitoxic effect
of dihydroquercetin on (nano)nickel and its compo-
unds. This research might be the first to report the
effects listed above. However, the beneficial effects of
dihydroquercetin for heavy metals are well-known. In
rats exposed to excess iron, dihydroquercetin inhibited
peroxide processes in the liver tissue, weakened
histopathological changes, and decreased the expression
of caspase-3, IL-15, and IL-6 [19]. The cytoprotective
effect of dihydroquercetin was registered in a model of
human keratinocytes treated with cadmium salt [20].

The anti-inflammatory effect of dihydroquercetin in
the liver of rats intoxicated with alcohol was associated
with the activation of the PI3K/Akt signaling path-
way with a corresponding suppression of NF-«kB ex-
pression [21]. The ability of dihydroquercetin to inhibit
the processes of fibrous degeneration of the liver tis-
sue was demonstrated in a model of rats intoxicated
with CCH4 [22]. Dihydroquercetin inhibited pathological
tissue changes in mice with renal fibrosis induced by
TGF-A1 [23]. It averted the increase in spleen mass in
rotenone-treated mice [24]. In mice with dextran-sulfate-
induced colitis, dihydroquercetin decreased the per-
meability of the intestinal barrier by stimulating the
expression of claudin-1 and occludin intercellular con-
tact proteins, while reducing the levels of IL-15 and
IL-6 [25].

The anti-inflammatory and lipid-lowering effect of
dihydroquercetin as part of a natural plant extract was
demonstrated on 3T3-L1 differentiating adi-pocytes [26].
In type 2 diabetic mice model of the KK-Ay/Ta line,
dihydroquercetin decreased the level of glucose, serum
insulin, and the HOMA index [27].

Most publications reported the ability of dihydro-
quercetin to affect the production of various cytokines
in vitro and in vivo. For instance, dihydroquercetin
activated the AMPK/Nrf2/HO-1 signaling axis and dec-
reased the levels of IL-6 and IL-10 in mice with endo-
toxemia caused by bacterial lipopolysaccharide [28].
In in vitro systems, dihydroquercetin reduced the
production of IL-6 and LTC4 and suppressed the acti-
vity of type 2 cyclooxygenase by inhibiting intracellular
calcium mobilization [29]. Dihydroquercetin inhibited
pyroptosis and the production of IL-la,f, and IL-18
in rat myoblasts of the H9C2 cell line treated with
hydrogen peroxide [30]. In a mouse psoriasis model,
dihydroquercetin suppressed the expression of IL-17A
and the activity of CD3+ cells, especially the yoT

subpopulation. The effect was presumably associated
with the activation of the PPARy signaling pathway [31].

Our research proved the anti-inflammatory, cytokine-
modulating, hypolipidemic, hypoglycemic, and, possibly,
antifibrogenic effects of dihydroquercetin on rats into-
xicated with Ni-containing nanoparticles. As seen from
the review above, our results are consistent with the data
of numerous studies performed on alternative in vitro
and in vivo models.

CONCLUSION

In this research, we introduced bioflavonoid
dihydroquercetin into the diet of rats subjected to the
toxic effect of nickel nanoparticles. The dihydroquer-
cetin treatment led to some beneficial effects, e.g., it
lowered systemic inflammation, normalized individual
indicators of liver and kidneys, improved the level of
proinflammatory cytokines, restored the biochemical
parameters of blood serum, suppressed one fibrogenic
marker, and decreased the intestinal barrier permeability.
However, dihydroquercetin failed to restore such para-
meters as behavioral reactions, selenium status, intesti-
nal mucosa morphology, and glutathione in the liver. In
fact, it inhibited weight gain under certain conditions.
Thus, the obtained results demonstrate certain pros-
pects for the dietary use of water-soluble stabilized
dihydroquercetin against nanonickel intoxication and,
potentially, other heavy metals. Further extensive pre-
clinical studies are needed to substantiate these data.
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