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Abstract: Increased enzyme activities of matrix metalloproteinase, myeloperoxidase, renin, histone
deacetylase, and poly (ADP-ribose) polymerase are indicators of the development of cardiovascular
diseases. Therefore, the search for new inhibitors of these enzymes is relevant. The effect of iron
dinitrosyl complexes and nitric oxide donors on these enzymes' activity was studied. It has been shown
by fluorescence spectroscopy that DNICs (at concentration 2x10-4M) inhibit the activity of these
enzymes. The constants of half-maximal inhibition of enzymes under the action of DNICs were
determined (104-10°M). The results showed that DNICs are effective inhibitors of matrix
metalloproteinase, myeloperoxidase, renin, and polyadenine-ribose polymerase but do not affect
histone deacetylase activity. These DNICs have been shown to have therapeutic potential for treating
cardiovascular diseases.
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1. Introduction

Cardiovascular diseases (CVD) have been the leading cause of death worldwide for
over 20 years. However, they have never claimed so many lives as they do today. Since 2000,
the number of deaths from cardiovascular diseases has increased by more than 2 million, and
in 2019 reached almost 9 million. Heart diseases account for 16% of worldwide deaths today
[1]. Therefore, the search for new cardioprotectors, and the study of their mechanism of action,
is highly relevant.

Nitric oxide (NO) is known to be involved in various physiological and
pathophysiological processes in mammalian organisms [2-4]. Therefore, the obtained data on
the diverse biological activities of this mediator radical and its reactions with biological
substrates in cells are used in the development of effective drugs - NO donors (NO-therapy) or
inhibitors of NO synthase activity (anti-NO-therapy) [5-8].

In recent years, there has been an exponential growth of interest in studying nitrosyl
complexes of transition metals, particularly iron complexes [9-12]. Previously, synthetic
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approaches were developed to create structural analogs of active sites of nitrosyl non-heme
[2Fe-2S] and [1Fe-2S] proteins, which are hybrid molecules containing two pharmacologically
significant fragments simultaneously: sulfur-containing ligands and NO groups— the dinitrosyl
iron complexes (DNICs) [13]. The molecular crystalline structures of DNICs were established
by X-ray diffraction analysis, and the properties of these new NO donors were studied by NGR
and IR spectroscopy [14,15]. However, there are no data in the literature on the molecular
targets of DNICs action.

Many enzymes are now known to be biomarkers and mediators for the development of
cardiovascular disease. Several studies have shown that myeloperoxidase (MPO), a heme-
containing protein with peroxidase activity, is an exceptional indicator of the development of
cardiovascular diseases. An elevated level of myeloperoxidase in the body indicates the risk of
developing atherosclerosis and indicates the progression of this disease [16—-18]. Poly (ADP-
ribose) polymerase (PARP) is a biomarker for the development of coronary heart disease [19-
21]. Increased levels of matrix metalloproteinases (MMPSs) correlate with many pathological
processes and diseases, including arthrosis, heart attack, fibrosis, arthritis, glaucoma, cirrhosis,
multiple sclerosis, aortic aneurysm, and many others [22-26]. Renin is a biomarker for the
development of hypertension [27-30]. Histone deacetylase (HDAC) is involved in multiple
processes associated with cardiovascular and metabolic diseases, including cardiac
hypertrophy and remodeling, fibrosis, calcium processing, inflammation, and energy
metabolism [31,32]. Therefore, the search for effective inhibitors or activators of these
enzymes is an urgent task. The results of this work can become the basis for the creation of a
new generation of drugs for NO-therapy of cardiovascular diseases.

The purpose of the study was to study the effect of DNICs on the activity of enzymes
that are biomarkers/mediators for the development of cardiovascular diseases: matrix
metalloproteinase, myeloperoxidase, renin, histone deacetylase, and poly(ADP-ribose)
polymerase.

2. Materials and Methods
2.1. Materials.

For cell culture, we used Dulbecco's Modified Eagle Medium (DMEM) with low
content of glucose (1 g/L), L-glutamine, and 25 mM HEPES (Biowest, France), or DMEM
with high content of glucose (4.5 g/l) (PanEko (Russia). Fetal bovine serum (FBS; ultra-low
endotoxin content), as well as 0.25% trypsin solution, 0.02% EDTA solution in HBSS, and
gentamicin (10 mg/mL) were purchased from Biowest (France). Various plastic labware
(culture flasks, Petri dishes, tubes, disposable pipettes) for cell culture were purchased from
Corning-Costar (USA). Recombinant human PARP-1 was kindly provided by Prof. Olga I.
Lavrik (Institute of Chemical Biology and Fundamental Medicine of the Siberian Branch of
the RAS, Novosibirsk).

2.2. Cell lines.

The human lung embryonic fibroblasts (cell line HLEF-104) and African green monkey
renal epithelial cells (line VVero) were purchased from the Russian Collection of Vertebrate Cell
Cultures (BioloT, St. Petersburg, Russia). Rat cardiomyoblast culture (cell line H9c2) was
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purchased from the ATCC cell culture collection (American Type Culture Collection; LGC
Standards, UK).

2.3. Cell culture.

The HLEF-104 cells and Vero cells were cultured in DMEM supplemented with 10%
fetal bovine serum (FBS, vol/vol), glutamine (0.15%), HEPES (10 mM, pH 7.2) and
gentamicin (50 mg/ml). The rat H9c2 cardiomyoblasts were cultured in DMEM medium
containing 10% fetal calf serum, L-glutamine (2 mM), and antibiotics (50 U/ml penicillin and
50 pg/ml streptomycin).

All cell types were cultured in plastic flasks (Corning Incorporated, Corning, NY, USA)
in an incubator at 37°C, 5% CO., and 90% humidity. Cells were grown to a density of 90%,
and then they were detached from the surface using 0.25% trypsin. The cell suspension was
centrifuged at 3000 g for 5 min.

The supernatant was removed, and the cell sediment was used to obtain cell lysates.

In all experiments, we utilized cultures of HLEF-104, H9c2, and Vero cells that
underwent not more than 20 and 25 passages, respectively.

2.4. Preparation of cell lysates.

Human lung embryonic fibroblasts (cell line HLEF-104), rat cardiomyoblasts (cell line
H9c2), and African green monkey renal epithelial cells (cell line VVero) were cultured in DMEM
medium with 10% FBS at 37°C and 5% COx. Cells were grown to a density of 90 % in culture
flasks. When a confluence of 90 % was achieved, cells were treated with 0.25% trypsin-EDTA,
precipitated by centrifugation at 3000 g for 5 min. Thereafter, the cell pellet was resuspended
in phosphate buffer (PBS, 0.1 M, pH 7.4), and cell lysates were prepared. Lysates were
prepared by squeezing cells five times through a syringe needle (needle diameter 25 G). An
aliquot was taken from the obtained lysates, and the protein concentration was measured and
was 1.5 mg/ml.

The cell lysates of HLEF-104 were used to determine the activity of MMP. The cell
lysates of H9c2 were used to determine the activity of MMO. The cell lysates of cell line Vero
were used to determine the activity of HDAC.

2.5. Synthesis of the dinitrosyl iron complexes (DNICs).

Water-soluble  cationic  dinitrosyl iron  complexes DNICs (DNIC#1-
[Fe(SC(NH2)2)2(NO),]Cl; DNIC#2- [Fe(SC(NH2)2)2(NO)2]2SO04; DNIC#3-
[Fe(SC(NH2)2)2(N0)2]2F62(3203)2NO4; DN|C#4-[Fe(SC(NH2)(NHC2H5))2
(NO2)ICI[Fe(SC(NH2)(NHC2Hs))CI(NO2)]; DNIC# 5-[Fe(SC(NH2)2)2(NO)2]CIOs; DNIC
#6-[Fe(SC(NH2)2)2(NO)2]CIO4CI), DNIC#7-[Fe(SC(NHCHs3)2)2(NO)2]BF4 with functional
sulfur-containing ligands, thiourea were synthesized as described in protocol [33, 34]. The
structures of DNICs has been confirmed by X-ray analysis, Mdssbauer, IR and EPR
spectroscopy [33, 35-37]. When dissolved in water solvents, these DNICs release NO as a
result of complex dissociation [33].
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2.6. Determination of the effect of DNICs on the activity of matrix metalloproteinases.

The Amplite™ Universal Fluorimetric MMP Activity Assay Kit (AATBioquest, Inc.,
USA) was used to determine the effect of DNICs on the activity of matrix metalloproteinases
by the fluorescent method in accordance with the manufacturer's protocol.

Analysis of the effect of DNICs (#1-7) was performed on HLEF-104 cell culture
lysates. Briefly, cell lysates containing the MMP enzyme (50 pl, protein content 162 pg/well)
were added to each well of a 96-well plate. Next, 50 ul of the tested DNICs were added to each
well (the final concentration of DNICs was 6.6 x 10°M). As a control, a cell lysate (50 pl)
containing the MMP enzyme was used, supplemented with 50 ul of buffer (no test compound).
The control without enzyme contained buffer solution (50 ul) and test compounds (50 ul) per
well. The plate was incubated at room temperature for 15 min. After 15 min, 50 pl of the
working solution of MMP substrate GreenTM was added to each well, and the plate was
incubated at room temperature for 60 min in the dark. Then the fluorescence intensity was
measured at Eex/Eem=490/525 nm on a spectrofluorimeter, using a Cary Eclipse
spectrofluorimeter (Varian Medical Systems, USA).

The 1Cso value (DNIC concentration causing 50% inhibition of MMP enzymatic
activity) was determined by constructing concentration-effect curves showing the change in
the effect of DNICs on MMP activity depending on their concentrations (10~, 106, 107, 10~
4102 and 102M).

2.7. Determination of the effect of DNICs on the activity of myeloperoxidase.

To assess the effect of DNICs on myeloperoxidase activity, a fluorescent method was
used using the Amplite™ Fluorometric myeloperoxidase Assay Kit (AATBioquest, Inc., USA)
according to the manufacturer's protocol.

Lysates of H9c2 cells (protein content 150 pg/well) were added to the wells of a 96-
well plate. As a control, we used the studied DNIC compounds and a buffer solution (without
the enzyme). A cell lysate containing MPO and buffer (no test compound) was used as a
positive control. The test DNICs (compounds 1-7, final concentration 6.6 x 10> M/well) were
added to the wells to the cell lysates and incubated at room temperature for 15 min. To assess
the enzymatic activity of MPO, a reaction mixture containing substrates (10 pl H20,, chloride
ions, and 20 pl Amplit Red substrate in test kit buffer (pH 7.4)) was added to the wells. The
plate was then incubated at room temperature for 60 minutes in the dark.

Fluorescence was measured on a Cary Eclipse spectrofluorimeter (Varian Medical
Systems, USA) at Eex/Eem=530/570 nm.

The 1Cso value (DNIC concentration causing 50% inhibition of MPO enzymatic
activity) was determined by constructing concentration-effect curves showing the change in
the effect of DNICs on MPO activity depending on their concentrations (10~, 107, 10-°, 107,
10-3 and 102M).

2.8. Determination of the effect of DNICs on the activity of renin.

To analyze the effect of DNICs on renin activity, a fluorescent method was used
(Amplite Universal Fluorometric Renin Red Activity assay Kit, AAT Bioquest, Inc., USA).
All procedures were performed according to the manufacturer's protocol. To recombinant renin
(12.5 pl/well, concentration 1 pg/ml) was added 10 pl of the tested DNICs (DNIC#3, 4 and 6,
final concentration 2.0 x 10*M/well). For control, 10 pl of Assay Buffer (no test compound)
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was added to renin. The plate was incubated for 15 min at 37°C. After 15 min, 10 ul of the
Renin Red substrate working solution was added to each well, and the plate was incubated at
37°C for 60 min in the dark. Then the fluorescence intensity was measured at Eex/Eem=540/590
nm using a Cary Eclipse spectrofluorimeter (VVarian Medical Systems, USA).

The ICso value (DNIC concentration causing 50% inhibition of Renin enzymatic
activity) was determined by constructing concentration-effect curves showing the change in
the effect of DNICs on Renin activity depending on their concentrations (107, 10°%, 10°°, 10
4,103 and 102M).

2.9. Determination of the effect of DNICs on the activity of histone deacetylase.

To analyze the effect of DNICs on histone deacetylase activity, a fluorescent method
for determining HDAC activity was used (Amplite Fluorometric HDAC Activity assay Kit,
AAT Bioquest, Inc., USA). All procedures were performed according to the manufacturer's
protocol. Testing the effect of DNICs (#3, 4, and 6) on HDAC activity was performed on
lysates obtained from African green monkey renal epithelial cells (cell line Vero).

Lysates (50 ul, protein content 62.5 pg/well) were added to each well of a 96-well
plate. Next, the tested DNICs were added to the lysates (DNIC#3, 4, and 6; 10 pl, final
concentration 2x10*M/well). Next, cell lysate supplemented with 10 pl of buffer (no test
compound) was used as a control. The plate was incubated at room temperature for 20 min.
After 20 min, a solution of GreenTM substrate (50 ul) was added to each well, and the plate
was incubated at room temperature for 60 min. The fluorescence intensity was then measured
on a spectrofluorimeter at Eex/Eem=490/525 nm using a Cary Eclipse spectrofluorimeter
(Varian Medical Systems, USA).

2.10. Determination of protein in cell lysates.

The protein content in the samples was determined by the Bradford method, using
bovine serum albumin as a standard [38].

2.11. Determination of the effect of DNICs on the activity of poly(ADP-ribose) polymerase-1.

The principle of the method is based on the analysis of the rate of histone protein
poly(ADP-ribosyl)ation using the original substrate-biotinylated NAD+. Briefly, reaction
mixtures (10 pl) consisting of recombinant PARP-1 (100 nM), decamer oligonucleotide (50
pg/ml), DNICs (100 uM) or 3-aminobenzamide (2 mM 3-AB, PARP-1 inhibitor was used as
a reference drug) in 50 mM Tris buffer (pH 7.8) containing KCI (100 mM), MgCl; (10 mM),
dithiothreitol (1 mM) and BSA (1 mg/ml) were prepared in 200 pl PCR vials. After the samples
were preincubated for 5 min at 37°C, 1 nmol NAD (a substrate-donor of ADP-ribosy| residues)
was added to the reaction mixture to initiate the auto poly(ADP-ribosyl)ation reaction. After
15 min of incubation at 37°C, the reaction was stopped by adding an equal volume of stop
solution to the test tubes. The amount of the poly(ADP-ribose) formed was determined by dot-
blot analysis on a nitrocellulose membrane using primary antibodies to PAR (mouse anti-
pADPr antibody 10H, sc-56198S; Santa Cruz Biotechnology, USA), secondary antibodies
conjugated with HRP (goat anti-mouse antibody P-GAM, #90724; Imtek, Russia), and HRP
chemiluminescent substrate (Pierce ECL Western Blotting Substrate; Thermo Scientific,
USA). Chemiluminescence was measured on a Cary Eclipse spectrofluorimeter (Varian
Medical Systems, USA) at an excitation wavelength of 530 nm.
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2.12. Statistical analysis.

All experiments were duplicated three times, and data are presented as averages of three
replicate experiments. Statistical analysis of the data was performed using the One-Way
ANOVA program. An asterisk indicates a statistically significant difference between the
positive control and all other treatments. Differences were considered significant at * - p <
0.05, ** - p<0.01, *** - p <0.001.

3. Results and Discussion

3.1. Effect of DNICs on the activity of matrix metalloproteinases.

The study results showed that DNICs (#1-7, at a concentration of 2x10* M) inhibit the
activity of MMPs in the human fibroblast lysate in the range from 38 to 98% (Figure 1). The
most effective MMP inhibitors are DNIC#3, 4, and 6 (MMP inhibition by 96, 98, and 76%,
respectively).

100 - [
80
S # -
g 60 I I
: :
£ 40 -
B ]
<
*
I
20 4
e ook
0 T T T v T T T T T T T T T T T
control 1 2 3 4 5 6 7
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Figure 1. Effect of DNICs (#1-7) on MMP activity. M+ m, n= 3, *p < 0.05, ** - p <0.01, *** - p <0.001.

For the most effective DNICs, concentration dependences were plotted according to
their effect on the activity of the MMP enzyme, and inhibition constants (ICso values) were
determined. The effectiveness of DNIC#3, 4, and 6 was assessed by constructing dose-
dependent curves (Figures 2A, 2B, 2C).

It was shown that the inhibitory effect of DNICs on MMPs is clearly dose-dependent.
A noticeable suppression of MMP activity occurs even at a DNICs concentration of about 10
uM. Calculation of 1Cso values was carried out using the approximation of experimental values
by the equation of the logistic curve by the method of non-linear regression method. It was
shown that DNIC#3 has ICso=4 x10° M, DNIC#4 has 1Cs0=7.5 x10*M, DNIC#6 has ICso =3.6
x10°M. It has been established that the most effective MMP inhibitors are DNIC#3 and #6.
Thus, it has been shown that DNICs can effectively suppress the activity of MMPs at
pharmacologically acceptable doses, while the effectiveness of the inhibitory action is largely
determined by the structure of DNICs.

Therefore, in this study, we have shown that DNIC#3, 4, and 6 effectively inhibit
MMPs and have the potential for the treatment of cardiovascular disease (e.g., atherosclerosis).
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Figure 2. Effect of different concentrations of DNICs on MMP activity: A-DNIC#3, B-DNIC#4, C-DNIC#6.

3.2. Effect of DNICs on the activity of myeloperoxidase.

To identify molecular targets of DNICs action, we studied the effect of these
compounds on MPO activity in the human fibroblast lysate using a fluorescent method. It was

shown that six out of seven tested DNICs compounds inhibited MPO activity, and compound
# 7 activated enzyme (Figure 3).
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Figure 3. Effect of DNICs (#1-7) on MPO activity. M £ m, n =3, *p < 0.05, ** - p <0.01.

Quantitative analysis of the effect of DNICs on the MPO activity showed that
compounds #1, 2, 5, and 6 inhibited enzyme activity by more than 30%, and compound #7
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activated MPO by 40%. Compounds #3, 4, and 5 showed the strongest inhibitory effect on
MPO - 56, 68, and 48%, responsibly.

To compare the effectiveness of two DNICs (#3 and 4), most strongly inhibiting MPOs,
we determined their 1Cso values using dose-dependent curves (concentration-effect). The
results showed that the 1Cso for DNIC#3 was 4.5 x10 M (Figure 4A), and for DNIC# 4 was
4.5x10~" M (Figure 4B).
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Figure 4. Effect of different concentrations of DNICs on MPO activity: A-DNIC#3, B- DNIC#4.

Since ICsp is an indicator concentration of the drug substance necessary required for
50% inhibition of enzyme activity in vitro, these data indicate that DNIC#4 has a stronger
pharmacological potential for use as a cardiological agent. It is known that NO binds reversibly
to many heme-containing binding proteins and can act as inhibitors inhibitor and activator of
the enzymatic catalytic activity [39]. Since it was previously shown that DNICs release NO
when dissolved [33], we assume that NO binds to Fe(ll) in the MPO active center and forms
a complex MPO-Fe(11)-NO. This iron-nitrosyl complex blocks the access of peroxide to the
catalytic center of the enzyme and induces inhibitory MPO bagging.

3.3. Effect of DNICs on the activity of renin.

Renin is an angiotensinogenase - a component of the renin-angiotensin system that
regulates blood pressure [40,41]. Renin is a biomarker for the development of hypertension
and regulates blood pressure and arterial vasoconstriction [42].

100—. I
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£ 704 " ®
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? 40—_
§ 30—-
20
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0 ] T T T T T T T
control 1 2 3
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Figure 5. Effect of DNICs on renin activity: 1- DNIC#3, 2 — DNIC#4, 3-DNIC#6. Here M £ m, n = 3, *- p<
0.05.
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Renin-inhibitors are important for creating new drugs for the treatment of hypertension
and coronary heart disease [43-45]. It is known that nitric oxide regulates the tone of small and
medium blood vessels, and vasodilation inhibits the production of vasoconstrictors [46-48].

Therefore, we investigated the effect of DNICs, nitric oxide donors, on human renin
activity. We have shown that DNIC (#3, 4, and 6) (at a concentration of 2x10 M) inhibits
renin activity (Figure 5). Quantitative analysis showed that DNICs inhibit renin activity by
46% (DNIC#3), 43% (DNIC#4), and by 50% (DNIC#6).

We determined the half-maximal renin inhibition constants (ICso). The results showed
that the 1Cso for DNIC#3 was 9.6x10°> M (Figure 6A), for DNIC#4 was 1.25x10*M (Figure
6B), and for DNIC#6 was 1x10 M (Figure 6C).

@ ® ]

A tivity of Renin, %
Aetivity of Re

DNICE3. M DNIC= M

Betivity of Renin, %

DNIC=6. M

Figure 6. Effect of different concentrations of DNICs on renin activity: A-DNIC#3, B- DNIC#4, C- DNIC#6.

The data obtained indicate that DNIC#3, 4, and 6 are effective renin inhibitors and
potential drugs for treating cardiovascular diseases, such as hypertension.

3.4. Effect of DNICs on the activity of histone deacetylase.

HDACSs regulate gene transcription by catalyzing the removal of acetyl groups from
key lysine residues in nucleosomal histones and recruiting other epigenetic regulators to the
DNA promoter/enhancer region [49]. It is known that HDACs are involved in developing
cardiovascular diseases, including hypertrophy and remodeling of the heart, and fibrosis [50].
Small molecule HDAC inhibitors may be powerful therapeutic agents for treating
cardiovascular diseases, atherosclerosis, myocarditis, cancer, and diabetes [51 -53].

We investigated the effect of DNICs (#3, 4, and 6) on the activity of the HDAC enzyme
in the monkey epithelial cell lysate. To analyze the effect of DNICs on HDAC activity, we
used a fluorescent method for determining HDAC activity (Amplite Fluorometric HDAC
Activity assay Kit, "Green Fluorescence™ AAT Bioquest, Inc., USA) in fibroblast lysates (cell
line Vero). It was shown that these compounds DNIC#3, 4, and 6 (at concentration 2x10* M)
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do not affect the activity of the HDAC enzyme (Figure 7). Furthermore, the observed
differences in activity were not statistically significant.

100 — 1
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$ |
U
é 60 H
B
&
z
£ 404
e
20
0 T T T T T
control 1 2 3

DNICs

Figure 7. The effect of DNICs on the activity of histone deacetylase: 1- DNIC#3, 2- DNIC#4, 5- DNIC#6. M +
m, n =3, *- p<0.05.

3.5. Effect of DNICs on the activity of PARP-1.

In order to identify molecular targets of DNICs action, the effect of DNICs on the
activity of recombinant human PARP-1 was studied. We analyzed the effect of six DNICs (#1,
2, 3,4, 6, 7) on the rate of the auto-poly( ADP-ribosylation of hrPARP-1. Analysis of the
reaction rate of hrPARP-1 auto modification using immunochemical dot-blot analysis of PAR
showed that all analyzed DNICs (at a concentration of 100 uM) had a significant inhibitory
effect (80-85 %) on the activity of recombinant hrPARP-1 (Figure 8A). Residual activity of
hrPARP-1 varied, depending on the tested DNICs, in a small range - from 15 to 20% (Figure
8B). At the same time, the classical inhibitor of PARP-1, 3-AB, suppressed PARP-1 activity
by 98 %.

Control 1 2 3 [ s &

®) o ® 9o

(B)

40

Activity of PARP-1, %0

20 I

H*
H

control 1 2 3 4 5 6 3-AB
DNICs

Figure 8. Effect of DNICs on the rate of auto-poly(ADP-ribosyl)ation of recombinant human PARP-1: (A)-
chemiluminescence imaging of PAR after dot-blot analysis; (B) - the results of a quantitative analysis of the
obtained image (chemiluminescent image): 1- DNIC#1, 2- DNIC#2, 3- DNIC#3, 4- DNIC#4, 5- DNIC#6, 6 —
DNIC#7, 3-AB (3-aminobenzamide). M+ m, n =3, *p <0.05, ** - p <0.01.
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Thus, the results obtained showed that the DNICs effectively inhibited the activity of
the human recombinant PARP-1. Therefore, they have the potential for the treatment of CVD.

4. Conclusions

Previously, some of the authors of this work developed new synthetic NO donors and
water-soluble cationic mono- and binuclear DNICs. By themselves, as donors of the
vasodilating NO molecule, these complexes can undoubtedly be considered pharmacological
substances with a potential cardioprotective effect. In this study, we tried to find out if they are
able to modulate somehow the catalytic activity of a number of enzymes known to mediate the
pathogenesis of CVD.

Cardiovascular disease results not only from overload or injury to the heart but also
from a complex interplay between genetic, neurohormonal, inflammatory, and biochemical
changes affecting myocardial cells, interstitial heart cells, or both. Important mediators and
indicators of these processes are some intra- and extracellular enzymes, including MMP, MPO,
renin, PARP. The aggravation of pathological disorders is usually accompanied by increased
activity of these enzymes in the tissues. It was shown that the use of inhibitors of MMP, MOP,
renin, PARP had a pronounced therapeutic effect in modeling CVD in animals.

It has been shown that MMP activity increases with the appearance and progression of
CVD. The level of MMPs and their systems of induction and activation increase with
pathological phenomena of CVD, such as heart failure, atherosclerosis, and heart infarction
[54,55]. It is known that under the conditions of myocardial infarction, the MMP level
significantly increases within a few hours after the infarction as a result of local activation of
cytokines and infiltration of inflammatory cells [56,57]. MMPs play an important role in
maintaining the structure and function of blood vessels but are also involved in pathological
processes such as tissue remodeling of the cardiovascular system, formation, and
destabilization of atherosclerotic plaques [58,59]. Thus, given the important role of MMP in
cardiovascular disease, the search for new MMP inhibitors is essential for the treatment of
cardiovascular disease.

In this study, we showed that DNICs effectively inhibited MMP. The results of our
study showed that of the seven studied DNICs, DNICs#3 and #6 were the most effective MMP
inhibitors. Matrix metalloproteinases are a family of calcium (Ca?") - and zinc (Zn%) -
dependent endopeptidases involved in both physiological and pathological processes in the
human body [60,61]. Since DNICs are known to be nitric oxide donors, it is likely that the
resulting NO induces the release of zinc from MMP active sites by N-nitrosylation of histidines
that coordinate Zn®*. As an alternative mechanism, it can be assumed that NO is able to inhibit
MMP by direct interaction with the Zn?* active site and thus competitively inhibit substrate
hydrolysis.

The results obtained show that myeloperoxidase is also a molecular target of cationic
DNICs. DNIC#3 and #4 effectively inhibited the activity MPO. Comparative evaluation of the
action of two compounds showed that DNIC#4 is more an effective inhibitor of enzyme activity
than DNIC#3. Evaluating the data obtained from a practical point of view, we can conclude
that DNIC#4 is a promising candidate for further pharmacological studies. MPO activation
under the action DNIC#7 indicates its therapeutic potential for treating immunodeficiency
states. NO is known to modulate the peroxidase activity of MPO with the help of at least two
different mechanisms [62,63]. At high concentrations of NO, reversibly bind-fused with Fe(l11)
in the active center of MPO and formed contains nitrosyl complex MPO-Fe(11)-NO, which
https://biointerfaceresearch.com/ 11 of 17
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leads to inhibition of the enzyme activity. However, at low NO concentrations, a significant
increase in the catalytic activity of MPO occurs since the stage that limits the rate of Fe(ll)
catalysis in MPO-Fe(ll1) is accelerated [62]. Based on the foregoing, we assume that DNICs
1-6 act according to the first mechanism. However, in the case of DNIC#7, we assume that
DNIC#7 when dissolved, it forms a small amount of NO, which causes MPO activation by the
second mechanism of action. In addition, compared to DNICs #1-6, compound DNIC#7 has a
structure that differs from that DNICs#1-6 because in the composition of this compound BF4
anion is present. It is known that MPO catalyzes the reactions of hydrogen oxides and with
other halides (Br—, I"), as well as pseudohalides (S~, CN") [62]. Since BF4™ (like Br) is extremely
reactive with non-metals and the strongest oxidizing agents, we assume that MPO catalyzes
the reactions of hydrogen oxide also with BF4", which leads to an increased reduction of the
enzymatic activity of MPO.

The renin-angiotensin-aldosterone system (RAAS) is a complex endocrine system that
regulates electrolyte levels, circulating plasma volume, vascular tone, and blood pressure in
healthy individuals. The RAAS is involved in developing and progressing cardiovascular
diseases, particularly atherosclerosis, hypertension, ischemia, and heart failure [64-66]. In the
body, renin acts on the blood glycoprotein angiotensinogen, specifically hydrolyzing the
peptide bond between leucine and valine. This produces an inactive decapeptide (angiotensin
1), which is converted enzymatically (under the action of an angiotensin-converting enzyme)
into the active hormone angiotensin Il (hypertension, or angiotonin), which constricts blood
vessels and stimulates the secretion of aldosterone by the adrenal glands [65,66]. These two
effects lead to an increase in blood pressure. Currently, RAAS has been identified as a
therapeutic target for the treatment of heart failure, and various pharmacological agents have
been developed that act at specific stages of the RAAS cascade, including angiotensin-
converting enzyme inhibitors, angiotensin receptor blockers, aldosterone antagonists, direct
renin inhibitors, and aldosterone synthase inhibitors [67,68]. Since it is known that NO
regulates the tone of small and medium blood vessels, and vasodilation [69-71], we were
interested in studying the effect of DNICs on renin activity. In this work, we have shown that
DNICs (at concentration 2x10*M) inhibit renin activity by 50%. These data indicate that
DNICs have the potential to design new drugs for the treatment of hypertension and coronary
heart disease.

Several authors currently suggest that PARP inhibitors can be successfully used in the
treatment of several cardiovascular diseases accompanied by acute or chronic inflammation
and cardiac surgery and transplantology [72-75]. Previously, it was shown that the PARP
inhibitor INO-1001 could be a potential cardioprotector in the complex therapy of a number of
cardiovascular pathologies [76]. The pharmacokinetics and pharmacodynamics of this inhibitor
have also been studied in patients with myocardial infarction [77,78]. In this work, we studied
the influence of DNICs (#1-6) on the catalytic activity of recombinant poly(ADP-ribose)-
human polymerase (hrPARP-1). It was shown that all DNICs have a pronounced inhibitory
effect on the activity of hrPARP-1. The maximum inhibitory effect of all DNICs on hrPARP-
1 was manifested at a concentration of 100 uM. Based on the results obtained, it can be
concluded that all DNICs considered in this work contain a universal pharmacophore that
determines the PARP-1 inhibitory effect of DNICs. We assume that treatment with hrPARP-1
by DNICs leads to reversible S-nitrosylation of Cys residues, involved in the formation of
coordination bonds with Zn?* in zinc fingers of the DNA-binding domain of the enzyme. The
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use of PARP inhibitors can be very effective in treating many pathologies, primarily
cardiovascular diseases.

Thus, the results of our study showed that DNICs are inhibitors of such enzymes as
matrix metalloproteinase, myeloperoxidase, renin, and poly(ADP-ribose) polymerase, which
are indicators of cardiovascular diseases. All this makes it possible to consider DNICs as
promising candidates for developing new drugs with a cardioprotective effect. Based on this,
it can be concluded that these DNICs have therapeutic potential for treating cardiovascular
diseases.
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