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Abstract. The impact of perindopril and metformin on the markers of endothelial dysfunction in rats with acute
intracerebral hemorrhage and type2 diabetes mellitus. Zhyliuk V.I.,, Lievykh A.E., Shevtsova A.L.,
Tkachenko V.A, Kharchenko Yu.V. This comparative research is aimed to study the effect of perindopril and
metformin on the levels of biochemical markers of endothelial dysfunction in rats with type 2 diabetes mellitus (T2DM)
complicated by a brain hemorrhage. The study was carried out on 30 white male Wistar rats. T2DM was simulated by a
single intraperitoneal injection of nicotinamide and streptozotocin (NA/STZ). Intracerebral hemorrhage (ICH) was
induced by microinjection of 1 uL of bacterial collagenase 0.2 IU/uL into the striatum on the 60th day of the
experiment. Animals were randomized into 5 groups: A — negative control (intact, n=6); B — positive control 1
(NA/STZ, n=6),; C — positive control 2 (NA/STZ+ICH, n=6); D — perindopril (“Prestarium”, 2 mg/kg+NA/STZ+ICH,
n=6); E — metformin (“Siofor”, 250 mg/kg+NA/STZ+ICH, n=6). The studied drugs were administered intragastrically
Jor 20 days, starting from the 50th day after the induction of T2DM. Endothelial function was assessed by the content of
homocysteine (Hcy), advanced glycation end products (AGEs), endothelin-1 (ET-1), and von Willebrand factor (vWF)
in blood serum. It was found that long-term separate T2DM is accompanied by hyperhomocysteinemia, as well as an
increase in AGEs, ET-1, and vWF levels, indicating dysregulation of the hemostasis system and vascular tone. It should
be noted that brain hemorrhage in T2DM can enhance these manifestations, although the obtained differences were
characterized only by a persistent trend. At the same time, the effect of perindopril was limited only by a significant
decrease in AGEs levels by 31.2% (p<0.05). In turn, the action of metformin was characterized by a positive glycemic
control, as well as an effect on the state of the vascular endothelium, namely, a significant decrease in AGEs, ET-1 and
vWF levels by 37.6% (p<0.05); 5.5% (p<0.05) and 9.5% (p<0.05), respectively. It was also found that the
endotheliotropic properties of the studied drugs were not associated with an effect on homocysteine levels. Thus,
metformin in conditions of diabetes mellitus complicated by acute intracerebral hemorrhage has advantages over
perindopril in relation to endothelial dysfunction.

Pedepar. Biausinue nepunaonpuia u MerpopMuHa Ha MapKepbl TUCHYHKIIMU FHAOTETUS Y KPBIC C OCTPbIM
HHTpaunepedpaibHLIM KPOBOU3JIUSIHMEM Tpu caxapuoMm auadere 2 tTuna. Kumok B.U., JleBbix A.J.,
leBuoBa A.M., Tkauenko B.A., Xapuenko V0.B. [Jenvio dannozo cpasnumenvrnoeo ucciedoganus 6vlio uzyuerue
GIUSIHUSL NEPUHOONPULA U MEeMPOPMUHA HA YPOSHU OUOXUMUYECKUX MAPKEPO8 IHOOMENUANbHOU OUCHYHKYUU Y KPBIC
npu caxapuom Ouabeme 2 muna (C[H2), OCIONCHEHHOM 2eMOPPASUYECKUM NOPAJICEHUEM 20I06HO20 MO32d.
Oxcnepumenm npogeden na 30 benvix xpvicax-camyax nuHuu Bucmap. Mooenuposanue C/]2 ocyujecmensanu ooHo-
PA306bIM  BHYMPUOPIOWUHHBIM 88e0eHUeM Hukomunamuoa u cmenmoszomoyuna (HA/CT3). Buympumoszosoe kpo-
souznuanue (BMK) ¢opmuposanoce nymem muxpounvexyuu 1 mrxn 6axkmepuanvhoti xonnazenaswvl 0,2 ME/ukn 6
obnacmv cmpuamyma Ha 60 Oenv sxcnepumenma. Kusomuvie OblIU PAHOOMUZUPOBAHLL HA 5 epynn: A — HecamueHblil
KOHmpoav  (unmaxmuvte, n=6); B— nosumuenvii xowmponv 1 (HA/CT3, n=6); C— no3sumueHulii KOHMPOIb
2 (HA/CT3+BMK, n=6); D— nepunoonpun (“Ipecmapuym”, 2 me/ke+HA/CT3+BMK, n=6); E— mempopmun
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(“Cuogpop”, 250 me/ke+HA/CT3+BMK, n=6). Hccnedyemvie npenapamel 800U HYMpUdCceryo0oyHo ¢ mederue 20
OHetl, Hauunas ¢ 50 oua om unoykyuu C/H2. @yuxyus sH0Omenus oyeHusanidacs no cooeprcanuio comoyucmeuna (I'y),
KOHeuHblx npodykmos enuxupoeanus (KIII'), snoomenuna-1 (ET-1) u paxmopa on Bunnebpanoa (pB) 6 cvieopomke
Kposu. Ycmanognerno, umo onumenvroe meyenue uzonuposannozo C/{2 conposodicoaemcs eunepeomoyucmeuremuel, a
maxkaice nogviuenuem yposuei KIIT, ET-1 u ¢pB, ceudemenbcmayowux o HapyuleHuy pe2yiayuu CUCembl 2eMocmasa
u cocyoucmozo mounyca. Cnedyem ommemumy, 4mo 2emoppasuyeckoe nopasjicerue 201061020 mosea npu G2 moacem
VCUNUBAMb YKA3AHHbIE NPOSAGIEHUS, XOMS NOLYHEHHble OMAUYUS HOCULU UL Xapakmep cmoukol mendenyuu. [pu
9MOM GNUAHUE NEPUHOONPUNLA ObLIO 02paHUYeHo moabko sHayumvim Ha 31,2% (p<0,05) cuuswcenuem yposueu KIII. B
€6010 ouepedsb, delicmeue MempoOpMUHa XapaKmepuz08aioch KaK NOLONCUMENbHBIM SIUKEMUYECKUM KOHMPOTIeM, MaK
U 8IUAHUEM HA COCMOSIHUE SHOOMeENUs COCYO08, d UMEHHO — 0ocmoseprbim ymenvuueHuem yposuei KIIT, ET-1 u ¢pB na
37,6% (p<0,05); 5,5% (p<0,05) u 9,5% (p<0,05) coomseemcmeenrno. Taxdce ycmanosieHo, Ymo 3HOOMeENUOMPONHbLE
c80licmea UcciedyemMvbiX Npenapamos He ObLIU CEA3AHbI C GIUAHUEM HA YPOSHU comoyucmeund. Taxum obpazom,
MempopMuH 8 YCIo8UAX CAXapHO20 Ouadbema, OCIOHCHEHHO20 OCMPbIM UHMPAYepeOdPATbHbIM KPOBOUSTUAHUEM, UMeem

npeumyuecmead nepeo nePUHOONPULOM 6 OMHOULEHUU IHOOMENUATLHOU OUCHYHKYUU.

Type 2 diabetes mellitus (T2DM) belongs to the
group of chronic metabolic diseases and is caused by
insulin resistance or deficiency, resulting in
increased blood glucose levels. This form of
diabetes is the most common, as it accounts for 90-
95% of patients with diabetes mellitus (DM). Poorly
controlled diabetes mellitus is associated with an
increase in morbidity and mortality, and the main
cause of death is cardiovascular disease, including
atherosclerosis and hypertension [14]. Insulin
resistance in diabetes mellitus is associated with
many risk factors that usually precede the deve-
lopment of hyperglycemia. These typically include
obesity, dyslipidemia, which is characterized by
high triglycerides, high blood pressure, oxidative
stress, and endothelial dysfunction (ED) [14]. En-
dothelial cells, like their major products, nitric oxide
(NO) and prostacyclin play a key role in the
regulation of wvascular homeostasis. Diabetes-in-
duced ED is a critical and initiating factor in the
development of diabetic vascular complications. It is
characterized by reduced bioavailability of NO,
reduced synthesis of prostacyclin and endothelial
hyperpolarization factor (EHF) and increased pro-
duction or action of endothelial vasoconstrictors
(endothelin-1, von Willebrand factor, etc.) [13]. In
addition, hypertension and dyslipidemia lead to an
imbalance in angiotensin II — bradykinin homeo-
stasis, which is an additional factor in the deve-
lopment of ED and changes in blood vessels that
contribute to atherosclerosis and thrombosis [10].

Elevated levels of glucose and / or lipids that
accompany diabetes and obesity cause hyperpro-
duction of highly active carbonyl compounds and
reactive oxygen species (ROS) and, as a result,
initiate the development of "carbonyl" and "oxi-
dative" stresses. In particular, glycotoxins and
lipotoxins are able to react quickly and damage
various cellular and extracellular molecules, forming
the advanced glycation end products (AGEP) [6,
15]. Binding of AGEP to their receptors (RAGEP)
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increases the intracellular enzymatic production of
superoxide, which, in turn, not only has direct
harmful effects, but also activates various intra-
cellular signaling pathways, such as NF-kB, p38
MAPK, INK/SAPK, hexosamine pathway, protein
kinase C, AGEP /RAGEP, TNFa and sorbitol syn-
thesis, which further enhances superoxide pro-
duction and creates a "endless circle effect". In
addition, AGEP can accumulate in the vascular wall,
which reduces the activity of nitric oxide (NO) and
the expression of its synthase (eNOS) and increase
the expression of ET-1, which underlie the deve-
lopment of ED [3, 6]. Today, protein carbonylation
is one of the most harmful and irreversible modi-
fications and is considered a key factor in the
progression of diabetes and associated complications
[9]. Hyperhomocysteinemia is also an important
factor in ED, as it can reduce the synthesis and
bioavailability of NO and EHF, promote the pro-
duction of vasoconstrictive prostanoids and activa-
tion of ATl-receptors of angiotensin II (ATII), as
well as ROS generation by phosphorylation of
NADPH/oxide activity of angiotensin-converting
enzyme (ACE) and the formation of ATII, which
also activates NADPH oxidase [14].

Although diabetes is an independent risk factor,
primarily for ischemic stroke, it is also associated
with an increased risk of intracerebral hemorrhage
(IH), which is directly related to the duration of
diabetes. It is likely that there is a J-like relationship
between IH and glycosylated hemoglobin (HbAlc)
levels, suggesting that both poor control and extre-
mely intensive control of diabetes lead to an
increased risk of IH [4].

Perindopril belongs to the group of ACE inhi-
bitors (ACEI). It is nown known that ACE inhibitors
are able to improve endothelial function by
increasing NO production both directly and indi-
rectly. This effect is associated with the prevention
of ATII synthesis, which reduces NO production,
and the inhibition of bradykinin degradation, which
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stimulates local NO release. In the ACEI class,
perindopril has the highest selectivity for the site of
bradykinin binding compared to other members of
this group [2]. The combination of lipophilic profile,
high tissue affinity and high selectivity of bra-
dykinin / angiotensin I provide perindopril com-
plete and long-term inhibition of bradykinin
degradation and may have a greater physiological
effect compared to other ACE inhibitors [2].
Under conditions of DM and disorders of nitra-
tergic regulation of vascular tone, the increase in
the proportion of the bradykinin system may play
a key compensatory role.

Metformin belongs to the group of biguanides
and is the main drug for the treatment of T2DM.
Metformin lowers blood glucose levels, mainly by
increasing the sensitivity of the liver, muscle,
adipose tissue and other tissues to glucose, as well as
reducing insulin resistance. The positive fact is that
metformin does not cause hypoglycemia, so it is also
called "antihyperglycemic agent" [6]. The metabolic
effects of metformin in diabetes mellitus may also
provide it with endothelioprotective properties [6].

The aim of this comparative study was to
examine the effect of perindopril and metformin on
the level of biochemical markers of endothelial
dysfunction in the blood of rats with acute in-
tracerebral hemorrhage on the background of strep-
tozotocin-nicotinamide-induced diabetes.

MATERIALS AND METHODS OF RESEARCH

The study was conducted at the Department of
Pharmacology and Clinical Pharmacology, Dnipro
State Medical University (Dnipro). All procedures
(anesthesia, administration of drugs, withdrawal of
animals from the experiment, etc.) fully complied
with the principles of Directive N 2010/63/EC on
the protection of animals used for scientific purposes
(2010), the Law of Ukraine "On protection of
animals from ill-treatment” and the conclusion of the
commission on biomedical ethics of DSMU
(protocol No. 8 of 17.12.2019).

Type 2 diabetes mellitus was induced by a single
intraperitoneal administration of nicotinamide (NA,
230 mg/kg, Sigma-Aldrich, USA) and streptozotocin
(STZ, 65 mg/kg, AdoogBioscience, USA) to rats on
an empty stomach in citrate buffer (pH=4.5, 0.1 M)
[8]. Blood glucose levels were measured 72 hours
after diabetes induction. The study included animals
with a blood glucose content of not less than
8.3 mmol/l [7].

Intracerebral hemorrhage (IH) was induced by
microinjection of 1 pl dissolved in sterile saline of
0.2 IU of bacterial collagenase (type IV-S, 1 ul
0.2 IU/ul, “Sigma-Aldrich”, USA) on day 60 of the
study by stereotactic coordinates: anterior-
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posterior — 0.2 mm in front of the bregma, medio-
lateral — 2.8-3.0 mm on the right side of the bregma,
depth — 5.5 mm which corresponded to the striatum
area [5].

According to the results of the glucose tolerance
test, the animals were divided into five groups:
A — negative control [intact, saline, 5 ml/kg/day,
per os] (n=6); B — positive control 1 [NA/STZ+sa-
line, 5 ml/kg/day] (n=6); C — positive control
2 [NA/STZ+IH+saline, 5 ml/kg/day] (n=6); D —
animals that received perindopril (Prestarium,
Servier, Ireland) at a dose of 2 mg/kg/day
[NA/STZ+IH+Per] (n=6); E — animals that recei-
ved metformin (Siofor®, Berlin Chemie AG,
Germany) at a dose of 250 mg/kg/day
[TA/STZ+IP+Met] (n=6).

From the day 50 of daily induction of T2DM, for
20 days animals received test preparations or saline
intragastrically using a probe.

Fasting glucose levels were measured with a
Bionime Rightest GM300 meter (Bionime Cor-
poration, Switzerland) in blood samples obtained
from the tail vein. The oral glucose tolerance test
was performed twice — on day 49 and 69 of this
study. Areas under glycemic curves (blood glucose
area under the curve, AUCglu) were calculated
using GraphPad Prism 8.0 software.

On day 70 of the experiment, all animals were
removed from the experiment by administration of
sodium thiopental (50 mg/kg, intraperitoneally).
Venous blood samples in a volume of 5 ml were
obtained by puncture of the right ventricle of the
heart. The content of homocysteine (Hc) in the
serum was measured by enzymatic method using a
standard test kit “Homocysteine, enzymatic cycling”
(“DIALAB® GmbH” Wr. Neudorf, Austria) and
biochemical analyzer HTI BioChem SA (High
Technology Inc., USA). Levels of glycosylated he-
moglobin (HbAlc) in whole blood were determined
spectrophotometrically using a standard test kit
(“PJSC Reagent”, Ukraine) and expressed in pmol
of fructose/g Hb [8].

The content of advanced glycation end products
(AGEP) was measured by the fluorescence method
[12], using a fluorometer Hoefer DQ 2000 (USA)
with a fixed wavelength (excitation /radia-
tion =365 nm/460 nm). The obtained data were
presented in conventional units (CU) per mg of
protein (CU/mg of protein).

Serum levels of endothelin-1 (ET-1) and von
Willebrand factor (fV) were determined by enzyme-
linked immunosorbent assay using a semi-automatic
ELISA analyzer RT 2100 (Rayto, China), using test
kits “Rat Endothelin-1 (ET-1) ELISA Kit, Catalog
# MBS3808173” and “Rat Von Willebrand Factor
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(vWF) ELISA Kit, Catalog #MBS775527”
(MyBioSourse, Inc., San Diego, CA, USA).

The data obtained in the experiment were
processed by statistical methods using the licensed
program GraphPad Prism 9.0 (GraphPad Software,
Inc., La Jolla, CA, USA, GPS-2169913-THSG-
DF1FF). The reliability of intergroup differences
was established using the parametric Student's t-test
or one-way analysis of variance ANOVA and the
Mann-Whitney or Kruskal-Wallis test for abnormal
distribution [1]. The level of statistical significance
of the obtained results was p<0.05.

RESULTS AND DISCUSSION

The results of the study indicate that the
reproduction of T2DM (group B, NA/STZ) in rats
was characterized by an increase in HbAlc content
by 45.7%, p<0.05 relative to group A (intact). At the
same time, in rats with T2DM and IH (group C,
NA/STZ+IH) values of this indicator were by 63.4%
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higher than in group A, p<0.05 (Fig. 1). Metformin,
but not perindopril, statistically significantly reduced
HbAlc levels as compared with group B by 26.7%,
p<0.05, and with group C — by 34.6%, p<0.05. The
values of HbAlc in group D (NA/STZ+IH+Per)
were characterized only by a clear tendency to dec-
rease, especially in relation to animals of group C,
but had no statistical significance (Fig. 1A).

Presented in Fig. 1A analysis of glycemic curves
(AUCglu) shows that the course of T2DM (group B)
led to the development of glucose tolerance, as
evidenced by an increase in the area under the curve
by 45.9%, p<0.05. Moreover, the simulation of IH
(group C) did not significantly change the value in
this test, and its value was by 1.62 times, higher
p<0.05 than the data of group A. It was metformin,
not perindopril, that statistically significantly by
26.6%, p<0.05, decreased the AUC area relative to
group C, but not group B.
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Notes: A — negative control (intact); B — positive control 1 (NA/STZ); C — positive control 2 (NA/STZ+IH); D — perindopril (NA/STZ+IH+Per); E-

metformin (NA/STZ+IH+Met); * — p<0.05 — statistical significance.

Fig. 1. Content of glycosylated hemoglobin (HbAlc) and the area under the glycemic curves (AUCglu)
in the blood of rats with T2DM and IH in terms of administration of perindopril and metformin

Homocystein (HC) levels, as a predictor of ED
and atherogenesis in T2DM were also characterized
by a significant increase, but intracerebral hemor-
rhage did not significantly change its severity
(Fig. 2A). At the same time, experimental phar-
macotherapy did not affect any of the drugs used at
the HC level in rats.

It should be noted that the long course of T2DM
and IH reproduction under these conditions was

18

accompanied by a statistically significant increase of
serum levels of AGEP (Fig. 2B) by 1.46 times,
p<0.05, and by 1.62 times, p<0.05, respectively. At
the same time, both perindopril and metformin
reduced the content of these markers of carbonyl
stress by 31.2%, p<0.05, and 37.6%, p<0.05,
respectively. Moreover, in contrast to perindopril,
the effect of metformin was manifested relative to
group B (Fig. 2B).
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Notes: A — negative control (intact); B — positive control 1 (NA/STZ); C — positive control 2 (NA/STZ+IH); D — perindopril (NA/STZ+IH+Per); E —

metformin (NA/STZ+IH+Met); * — p<0,05 — statistical significance.

Fig. 2. Content of homocysteine (HC) and advanced glycation end products (AGEP) in the serum
of rats with T2DM and IH in terms of administration of perindopril and metformin

During the experiment, it was determined that the
levels of ET-1 increased the most in animals of
group C (Fig. 3A). Moreover, both research means
equally reduced its content under these conditions,
but only the introduction of metformin provided
statistically significant changes in this indicator for
animals of group C (Fig. 3A).

Similar changes were recorded for von
Willebrand factor levels (Fig. 3B). It was found that
the course of T2DM, both isolated and complicated
by intracerebral hemorrhage, led to an elevation of
fV in serum by 10.4%, p<0.05, and 15.2%, p<0.05,
respectively. At the same time, only experimental
metformin therapy contributed to a significant
reduction in fV by 9.5%, p<0.05, as compared with
group C (Fig. 3B).

Thus, the long-term course of isolated T2DM is
characterized by hyperhomocysteinemia, as well
as increased serum levels of end products of
glycation, endothelin-1 and von Willebrand factor,
which may indicate the initiation of oxidative and
carbonyl stress, as well as disorders of hemostasis
and vascular tone regulation. These processes are
key in the development of endothelial dys-
function, atherogenesis and thrombotic com-
plications in T2DM. It should be noted that
hemorrhagic brain damage in T2DM may
exacerbate these processes, although in our studies
statistical significance between the two groups of
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positive control was not observed, and the
differences were stable.

Interestingly, the therapeutic effects of the
studied drugs were in no way related to the effect
on homocysteine levels, and the effect of
perindopril was limited to a significant reduction
in AGEP levels.

At the same time, the pharmacological properties
of metformin in conditions of diabetes mellitus
complicated by IH were characterized by both po-
sitive glycemic control and effects on vascular
endothelium, namely the reduction of carbonyl stress
and endothelial dysfunction — ET-1 and fV. The
endothelial effects of metformin are probably
mediated by many mechanisms. It is known that this
agent is able to increase the concentration of
hydrogen sulfide gas transmitter (H2S) in tissues,
which functions due to sulthydration of potassium
channels and acts as an EHF [6]. Metformin is also
able to reduce the effects of endothelial dysfunction
induced by glucose fluctuations by improving the
intracellular assembly of eNOS and inhibition of
NADPH oxidase [11].

Thus, it can be assumed that the use of metformin
in diabetes, in particular complicated by hemor-
rhagic brain damage, has advantages over perin-
dopril as for the manifestations of diabetes-
associated endothelial dysfunction.
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Notes: A — negative control (intact); B — positive control 1 (NA/STZ); C — positive control 2 (NA / STZ + IH); D — perindopril (NA/STZ+IH+Per); E-

metformin (NA / STZ + IH + Met); * — p <0.05 - statistical significance.

Fig. 3. Levels of endothelin 1 (ET-1) and von Willebrand factor (fV) in the serum of rats
with T2DM and IH in terms of administration of perindopril and metformin

CONCLUSIONS

1. Hemorrhagic brain damage in type 2 diabetes
mellitus shows a tendency to increase the severity of
endothelial dysfunction caused by streptorotozo-
tocin-nicotinamide-induced diabetes mellitus in rats.

2. In experimental type 2 diabetes mellitus com-
plicated by intracerebral hemorrhage, perindopril
reduces serum advanced glycation end products but
does not affect glycemia and endothelin-1 and von
Willebrand factor levels.

3. Metformin inhibits carbonyl stress and im-
proves both glycemic status and endothelial function
in diabetic rats with Type 2 diabetes and hemor-
rhagic brain damage.

4. Metformin and perindopril do not affect the
manifestations of hyperhomocysteinemia caused by
diabetes mellitus.
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