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Background. Dry eye disease is a multifactorial condition, which is characterized by impairment of tear film formation. Lacrimal gland metabolism plays a critical role in dry eye
disease. Emotional stress may impair lacrimal gland function.
Purpose. We aimed to study production of nitric oxide from constitutive and inducible NOsynthases, activity of arginases and oxidative stress markers in lacrimal glands of rats during modeling of water avoidance stress (WAS) and its correction by metformin and corvitin.
Material and methods. We concluded our experiment on 36 adult male rats of Wistar line
weighing 190-240 g. Animals were divided into 6 groups consisting of 6 animals each,
namely: control group, WAS group, group of correction by metformin (200 mg/kg) and
group of correction by corvitin (10 mg/kg) during WAS modeling. And two drug-control
groups.
Results. WAS leads to increased activity of inducible NO-synthase, superoxide dismutase,
catalase and concentration of MDA by 1.59, 1.93, 1.97 and 1.28 times respectively. Metformin and corvitin decreased activity of inducible NO-synthase by 8.25 and 8.5 times respectively, concentration of MDA decreased by 1.35 and 1.26 times respectively. Activities of
superoxide dismutase did not change after introduction of metformin and corvitin. Metformin decreased catalase activity by 1.47 and corvitin increased it by 1.55 times. Production
of superoxide dropped during WAS by 1.59 times and was increased to level below or equal
to that of control animals with introduction of metformin and corvitin.
Conclusion. Increased activity of inducible NO-synthase during WAS is a possible reason
of tissue damage in lacrimal glands of rats. Introduction of metformin or corvitin during
WAS is an effective means for correction of tissue damage in lacrimal glands of rats due to
their ability to lower increased inducible NO-synthase activity.

Introduction

Dry eye disease is a multifactorial condition, which is
characterized by impairment of tear film formation. Insufficient production of tears and low quality of tears are
among main reasons of defective tear film formation. Dry
eye disease can reach prevalence of 75% among the adults
over 40 years old [1]. Its prevalence increases with age and
chronic illness comorbidities, such as depression, diabetes
and glaucoma [2].
In scientific literature, there are evidences of major
role of oxidative stress in development of dry eye disease.
The imbalance of reactive oxygen species (ROS) production and activity of antioxidant enzymes is a key factor
in oxidative damage to ocular surface tissues [3]. Redox
sensitive transcriptional factors also have a certain role
to play in development of dry eye disease. For instance,
erythroid-2–related factor 2 (Nfr-2) recognizes oxidative
damage on cellular level and activates the transcription
and translation of antioxidant enzymes, namely superoxide dysmutases (SOD) and catalase (CAT) [4].

However lacrimal glands also play important role in
dry eye disease pathogenesis. Removal of lacrimal glands
leads to activation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) in conjunctival tissue,
with subsequent oxidative damage [5]. People suffering
from emotional stress have increased chances of dry eye
disease development [6]. Increased transcription of inducible NO-synthase (iNOS) gene in lacrimal glands may also
contribute to dry eye disease formation, since concentration of iNOS is increased in tears obtained from Video Display Terminal workers [7].
Metformin has shown its potency in treatment of dry
eye disease caused by Sjögren's syndrome due to its ability to alleviate inflammation of lacrimal glands [8]. This
effect was observed due to inhibition of NF-κB activation
and AMPK activation in lacrimal glands. Topical usage of
quercetin also proved its effectiveness in treatment of dry
eye disease [9]. However, topical influence may be only
symptomatic treatment because it does not improve the
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state of lacrimal glands. Parenteral usage of water soluble
form of quercetin (corvitin), developed and produced in
Ukraine, may be a possible pathogenetic treatment of dry
eye disease.
Biochemical changes in lacrimal glands, including
abovementioned production of reactive oxygen and nitrogen species, during emotional stress are still described
insufficiently in scientific literature. Although there are
evidences about positive influence of treatment of dry eye
disease with medications influencing redox sensitive transcriptional factors, their impact on lacrimal glands during
emotional stress is still unrevealed.
The purpose of this work is to study production of nitric oxide from constitutive and inducible NO-synthases,
activity of arginases and oxidative stress markers in lacrimal glands of rats during modeling of water avoidance
stress (WAS) and its correction by metformin and corvitin.
Material and methods

We conducted our experiment on 36 adult male rats
of Wistar line weighing 190-240 g. Animals were divided
into 6 groups consisting of 6 animals each. First group
(Control group). Animals of this group were placed on a
platform (8×6 cm) in the middle of a plastic container with
a diameter of 90 cm and a height of 50 cm without water.
Rats stayed on the platform for 1 hour during 10 days. Additionally, these animals received an intraperitoneal injection of 0.1 ml 0.9% (w/v) sodium chloride solution and
intragastrical injection of 1 ml of 0.9% (w/v) sodium chloride solution via feeding probe.
Animals from second group (WAS group) were subjected to water avoidance stress as described by K. Yamamoto et al. [10]. Briefly, the rats were placed on a platform
(8×6 cm) in the middle of a plastic container with a diameter of 90 cm and height of 50 cm filled with water of 25°C
to 1 cm below the level of the platform. Rats avoided water
by staying on the platform for 1 hour during 10 days [10].
Animals from third group on the background of WAS
modelling received 200 mg/kg intragastrically 1,1-dimethylbiguanidine hydrochloride (metformin, TOV “Astrapharm”, Ukraine) each day [11].
Animals from fourth group on the background of WAS
modelling received 10 mg/kg intraperitoneally corvitin, a
quercetin complex with polyvinylpyrrolidine produced by
ZAT NVTS “Borshchahivsʹkyy CPP”, Ukraine (dose was
calculated in terms of quercetin) each day [12].
Two additional groups consisting of 6 animals each
were formed (groups five and six). These groups were
formed in order to evaluate an influence of medications
(metformin and corvitin) on lacrimal glands without WAS
interference. Metformin control group (group five) included animals, which were subjected to the same procedure as
animals from the control group, but additionally received
intragastrically 1,1-dimethylbiguanidine hydrochloride
(metformin, TOV "Astrapharm", Ukraine) each day. Corvitin group (group six) followed the same procedure as
mentioned above, but received 10 mg/kg intraperitoneally
corvitin each day.
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Animals were removed from experiment under thiopental narcosis by drawing blood from right heart ventricle. All biochemical studies were conducted in 10%
lacrimal gland tissue homohenate using Ulab 101 spectrophotometer.
The assessment of total NO-synthases activity (E.C.
1.14.13), arginases activity (E.C. 3.5.3.1), concentration
of nitrites (NO2-) and peroxinitrites (ONOO-) was performed as described in paper by O.Ye. Akimov and V.O.
Kostenko [13]. The activity of inducible NO-synthase
(E.C. 1.14.13.39) and constitutive forms of NOS (cNOS)
was evaluated as described by A.M. Yelins’ka et al. in her
work [14].
We evaluated the production of the superoxide radical
anion (SAR) by estimating the concentration of diformazan, yielded in reaction between SAR and Nitroblue Tetrazolium [15]. The activity of superoxide dismutase (E.C.
1.15.1.1, SOD) was determined according to the recommendations proposed by O.S. Brusov [16]; the activity of
catalase (E.C. 1.11.1.6, CAT) was assessed by the method
of M.A. Korolyuk [17]. Protein concentration was determined by Biurette method.
The concentration of free malondialdehyde (MDA)
was assessed by method based on reactions of 1-methyl2-phenylindole with malondialdehyde [18].
The results were tested for the data normality by the
Shapiro-Wilk test. Then it was analyzed by non-parametric analysis by the Mann-Whitney test. The difference between the groups was considered statistically significant
when p <0.05. For statistical studies we used Microsoft
Office Excel and “Real Statistics” add in for Excel (developed by Charles Zaiontz). Data is represented as mean and
standard error of mean (M±m).
Results

Introduction of metformin caused a decrease in total
NOS activity 2.89 times, iNOS activity 2.29 times and
cNOS activity in 5.13 times (Table 1). This change in NO
production had led to decrease in superoxide anion-radical
production by 19.5%. The activity of SOD did not change
and activity of CAT reduced 1.92 times. MDA concentration and nitrite concentration in lacrimal glands reduced
by 11.6% and by 42.55% respectively. Peroxynitrite concentration lowered by 17.7%. Arginase pathway of L-arginine cleavage decreased its activity by 20.8%.
Corvitin introduction showed similar changes, but did
not change antioxidant enzymes activity. Activity of iNOS
and cNOS dropped by 2.67 times and 4.55 times respectively. Total NOS activity decreased by 3.06 times. Arginases activity dropped by 37.5%. MDA concentration and
nitrite concentration in lacrimal glands reduced by 23.74%
and by 38.7% respectively. Peroxynitrite concentration
lowered by 28.7%.
The results showed statistically significant a 1.59-fold
increase in the activity of iNOS in the lacrimal glands
of rats during WAS modeling compared with the control
group of animals (Table 2). The total activity of NOS in
the lacrimal glands of rats under conditions of WAS cor-

ISSN 0030-0675. Journal of Ophthalmology (Ukraine) - 2022 - Number 3 (506)

rection by metformin decreased by 8.25 times, the activity of cNOS decreased by 3.75 times and the activity of
iNOS dropped by 12.75 times compared with WAS group.
The total NOS activity in the lacrimal glands of rats under
the conditions of WAS correction by corvitin decreased
6.6 times, the activity of cNOS lowered by 3.75 times and
the activity of iNOS dropped by 8.5 times compared with
WAS group.
The activity of arginases in the lacrimal glands of rats
under WAS increased 1.5 times compared with the control.
WAS correction by metformin and corvitin decreased arginase activity in the lacrimal glands of rats by 1.57 and 1.5
times respectively.
The concentration of nitrites in the lacrimal glands of
rats under WAS decreased by 3.24 times compared with
the control group. The concentration of nitrites in the lacrimal glands of rats under conditions of WAS correction by
corvitin increased 1.4 times compared with WAS group.
Metformin did not have any statistically significant influence on nitrite concentration in the lacrimal glands of rats
during WAS modelling.
The baseline SAR production decreased by 1.59 times
in the lacrimal glands of rats under WAS compared with
the control group of animals. Baseline SAR production increased 1.22 times in the lacrimal glands of rats under conditions of WAS correction by metformin and 1.39 times
under conditions of WAS correction by corvitin compared
with WAS group.
The activity of SOD in the lacrimal glands of rats
under WAS increased 1.93 times compared to control
group. Introduction of metformin and corvitin as means
of WAS correction did not change the activity of SOD in
the lacrimal glands of rats. Catalase activity in the lacrimal
glands of rats under WAS increased 1.97 times compared
to control group. Catalase activity in the lacrimal glands
of rats under conditions of WAS correction by metformin
decreased by 1.47 times compared with WAS group. Catalase activity in the lacrimal glands of rats under conditions
of WAS correction by corvitin increased 1.55 times compared with WAS group.
The concentration of MDA in the lacrimal glands of
rats under WAS increased by 1.28 times compared with
the control group. WAS correction by metformin and corvitin decreased MDA concentration in the lacrimal glands
of rats by 1.35 and 1.26 times respectively.
Discussion

WAS led to intensification of lipid peroxidation
(LPO) processes in lacrimal glands of rats as had been
proven by an increase of MDA concentration. However,
this increased LPO process has its own peculiarities. For
instance, WAS decreased SAR production in lacrimal
glands of rats, while increasing activity of SOD and CAT.
Increased antioxidant activity should have decreased intensity of LPO processes, but we observed quite opposite
situation.
The reason for decreased SAR production and increased LPO may lie in increased peroxynitrite formation.

In our study we established, that activity of iNOS is increased during WAS modeling. At the same time nitrite
concentration is decreased in lacrimal glands of rats. Nitrite is usually formed in reaction of nitric oxide (NO) with
oxygen (O2) present in tissues, while toxic peroxynitrite is
yielded in reaction of abovementioned nitric oxide with superoxide anion radical (O2•-). Therefore, decreased SAR
production and nitrite concentration in lacrimal glands of
rats may be the result of increased peroxynitrite formation,
which in turn may lead to increased LPO. Peroxynitrite
can react with carbon dioxide (CO2) resulting in formation
of highly reactive carbon trioxide (CO3•-) radical [19]. A
certain limitation of our work is the fact, that concentration
of nitrate anion (NO3-) was not evaluated. Nitrate being
the second stage product of nitric oxide oxidation by oxygen usually expresses less potent chemical activity and is a
metabolite to be excreted by kidneys to remove excessive
nitric oxide formed by NO-synthases [20]. However, it can
be reduced back to nitrites and even nitric oxide by nitratenitrite reductases [21].
Increased arginase activity may be considered as adaptive response to tissue damage. Arginase activity leads
to formation of potent stimulators of tissue regeneration
(putrescine, spermidine, spermine) with mediation of ornithine decarboxylase (EC 4.1.1.17).
WAS leads to increased damage to lacrimal glands of
rats on molecular level. Increased activity of iNOS may
be the underlying mechanism of increased tissue damage
during WAS.
Introduction of metformin during WAS modeling led to
decreased activity of NOS, including constitutive isoforms
compared to WAS group and decreased nitrite concentration in lacrimal glands of rats compared to control group.
Decreased iNOS activity is the result of metformin-dependent blockade of NF-κB activation [22]. Increase in SAR
production is not an adverse effect, since its production
during metformin introduction is lower compared to control group. Decreased iNOS activity impedes peroxynitrite
formation during WAS correction by metformin and leads
to decrease in LPO intensity. Increased activity of antioxidant enzymes, observed in this group, is the result stressdependent Nrf-2 activation and subsequent upregulation
of SOD and CAT genes transcription [23].
Quercetin, as the main active substance of corvitin, can
downregulate expression of iNOS and upregulate Nrf-2
genes [24]. This explains our findings such as decreased
iNOS and total NOS activity, increased activity of SOD
and CAT, as well, as decreased intensity of LPO. SAR production in this group does not exceed the level of control
animals. It is worth mentioning, that corvitin increased nitrite concentration in lacrimal glands of rats, which leads
to suggestion of decreased peroxynitrite formation in the
background of decreased iNOS activity.
Both metformin and corvitin decrease activity of arginase during WAS modeling. This may be due to the
decreased tissue damage in these groups, as proven by
lowered MDA concentration. Lowered activity of cNOS
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in groups of experimental animals which received metformin and corvitin during WAS modeling requires further
research and evaluation, since it may have adverse effects
on metabolism of lacrimal glands of rats in longer perspective.
Conclusions

Increased activity of inducible NO-synthase during
water avoidance stress is a possible reason of tissue damage in lacrimal glands of rats. Introduction of metformin
or corvitin during water avoidance stress is an effective
means for correction of tissue damage in lacrimal glands
of rats due to their ability to lower increased inducible NOsynthase activity.
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Table 1. Influence of metformin and corvitin on biochemical changes in lacrimal glands of rats from the control group (M±m)
Parameters

Groups
Control
group, n=6

Metformin administration
group, n=6

Corvitin administration
group, n=6

Total

0.52±0.04

0.18±0.008*

0.17±0.007*

Constitutive

0.20±0.02

0.039±0.0002*

0.044±0.004*

Inducible

0.32±0.02

0.14±0.008*

0.12±0.01*

0.24±0.11

0.19±0.01*

0.15±0.01*

0.303±0.013

0.244±0.004*

0.220±0.007*

Superoxide dismutase activity, c.u.

3.5±0.49

2.36±0.18

4.41±0.51

Catalase activity, nkat per g of tissue

12.76±1.3

6.66±0.24*

12.88±0.37

Malone dialdehyde concentration, nmol/L

9.35±0.11

8.27±0.02*

7.13±0.06*

Nitrite anion concentration, nmol/L

28.58±0.33

16.42±0.84*

17.53±1.48*

ONOO concentration, µmol per g of tissue

2.09±0.02

1.72±0.01*

1.49±0.01*

NOS activity, µmol/min per g of protein

Arginase activity, µmol/min per g of protein
Superoxide anion radical production,
nmol/s per g of tissue

-

Note: * – indicates that differences are statistically significant in comparison with control group (p<0.05).
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Table 2. Biochemical changes in lacrimal glands of rats during water avoidance stress modeling and its correction by metformin
and corvitin. (M±m)
Groups
Parameters

Control
group,
n=6

Water avoidance stress WAS correction WAS correction
(WAS) group,
by metformin,
by corvitin,
n=6
n=6
n=6

NOS activity, µmol/min per g of protein
Total

0.52±0.04

0.66±0.09

0.08±0.0007*/**

0.10±0.008*/**

Constitutive

0.20±0.02

0.15±0.06

0.04±0.0003*/**

0.04±0.0001*/**

Inducible

0.32±0.02

0.51±0.04*

0.04±0.0004*/**

0.06±0.008*/**

Arginase activity, µmol/min per g of protein

0.24±0.11

0.36±0.04*

0.23±0.01**

0.24±0.02**

0.303±0.013

0.191±0.008*

0.233±0.004*/**

0.266±0.004**

Superoxide dismutase activity, c.u.

3.5±0.49

6.77±0.63*

5.38±0.33*

6.82±0.19*

Catalase activity, nkat per g of tissue

12.76±1.3

25.2±1.3*

17.09±0.37**

39.07±2.31*/**

Malone dialdehyde concentration, nmol/L

9.35±0.11

11.96±0.2*

8.87±0.11**

9.52±0.65**

Nitrite anion concentration, nmol/L

28.58±0.33

8.82±0.96*

11.86±0.11*

12.36±0.17*/**

ONOO concentration, µmol per g of tissue

2,09±0,02

4,26±0,02*

2,83±0,01*/**

2,61±0,01*/**

Superoxide anion radical production,
nmol/s per g of tissue

-

Note: * – indicates that differences are statistically significant in comparison with control group (p<0.05); ** - indicates that
differences are statistically significant in comparison with water avoidance stress group (p<0.05).
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