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Clinical evidence suggests that type 2 diabetes mellitus can increase the risk of intracerebral hemorrhage and provocation of neurode-
generation. This study was aimed at evaluating biomarkers of glycemic control, lipid profile, oxidative modification of proteins, as well as 
the functional state of endothelium in Wistar rats with type 2 diabetes mellitus complicated by intracerebral hemorrhage. Experimental 
type 2 diabetes mellitus was induced by intraperitoneal injection of streptozotocin (65 mg/kg) and nicotinamide (230 mg/kg). The intrace-
rebral hemorrhage was induced by microinjection of sterile saline containing 0.2 IU bacterial collagenase into the striatum. Assessed 
biomarkers included the area under glycemic curve, glycated hemoglobin, total cholesterol, triglyceride, high-density lipoprotein, ad-
vanced glycation end products, markers of oxidative modification of proteins – aldehyde- and ketonephenylhydrazones, and markers of 
endothelial dysfunction – homocysteine, endothelin-1, von Willebrand factor and asymmetric dimethylarginine in blood serum. Both rats 
with type 2 diabetes mellitus and rats with intracerebral hemorrhage and diabetes had a significant elevated glycemic control as compared 
to intact animals. But combined pathology was additionally characterized by an impairment of lipid profile (increased triglyceride level 
and decreased as total cholesterol and high-density lipoprotein) resulting in a rise in the atherogenic index of plasma. A significant increase 
in the content of the markers of oxidative modification of proteins was observed in both experimental groups. But the rats with intracere-
bral hemorrhage and diabetes only had higher levels of advanced glycation end products in comparison with intact animals. The highest 
levels of endothelin-1, as a biomarker of endothelial dysfunction, were observed in animals with intracerebral hemorrhage and diabetes. 
Homocysteine and von Willebrand factor were elevated in rats with type 2 diabetes mellitus, while acute intracerebral hemorrhage did not 
potentiate the further growth in its levels. Such effect was not accompanied by a marked increase of asymmetric dimethylarginine level in 
blood serum, although there was a clear trend. In conclusion, the development of intracerebral hemorrhage in rats with type 2 diabetes 
mellitus can intensify the manifestations of oxidative stress, worsen lipid profile, and aggravate endothelial dysfunction. In this case, the 
pathological process may have the character of a “vicious circle”.  

Keywords: glycemic control; lipid profile; endothelin-1; von Willebrand factor; oxidative modification of proteins; advanced glyca-
tion end products.  

Introduction  
 

Diabetes mellitus (DM) is one of the fastest growing global health 
challenges of the 21st century. Based on the International Diabetes Fede-
ration Diabetes Atlas (2019), 463 million adults aged 20–79 years (preva-
lence of 9.6%) are estimated to be living with diabetes mellitus today, and 
700 million (prevalence of 10.9%) are projected to be living with the 
condition by 2045. It is well established that type 2 diabetes mellitus 
(T2DM) is associated to a variety of non‐modifiable and modifiable risk 
factors. Type 2 diabetes mellitus belongs to a group of chronic metabolic 
diseases that 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. Poorly con-
trolled T2DM is associated with increased morbidity and mortality, and 
the leading cause of death is cardiovascular disease, including atheroscle-
rosis and hypertension (Su, 2015; Mashayekhi-Sardoo et al., 2021; Strain 
& Paldánius, 2021). Insulin resistance in type 2 diabetes mellitus is asso-
ciated with many risk factors that usually precede the development of 
hyperglycemia. These typically include obesity, dyslipidemia, which is 
characterized by high triglycerides, elevated blood pressure, oxidative 
stress, and endothelial dysfunction (ED) (Su, 2015). Endothelial cells, as 
well as their main products – nitric oxide (NO), prostacyclin, endothelin-1 

(ET-1), angiotensin II, von Willebrand factor (vWF), tissue plasminogen 
activator and reactive oxygen species (ROS) – play a key role in the regu-
lation of vascular homeostasis. Diabetes-induced endothelial dysfunction 
is a critical and initiating factor in the development of diabetic vascular 
complications. It is characterized by reduced synthesis and bioavailability 
of NO, reduced synthesis of prostacyclin and endothelium-derived hyper-
polarizing factor (EDHF) and increased production or action of endotheli-
al vasoconstrictors (ET-1, vWF, etc.) (Shi & Vanhoutte, 2017). Asymme-
tric dimethylarginine (ADMA) is a competitive inhibitor of endothelial 
nitric oxide synthase (NOS) and has recently been considered as one of 
the key biomarkers of endothelial dysfunction and inducers of atherogene-
sis, as well as a prognostic marker of cardiovascular events and mortality 
(Anderssohn et al., 2010; Avci et al., 2020). A positive association bet-
ween ADMA and insulin resistance has also been identified recently 
(El Assar et al., 2016; Lee et al., 2018).  

At the same time, changes in the blood plasma lipid profile are also 
major risk factors for cardiovascular events. Dyslipidemia in the form of 
increased levels of low-density lipoprotein (LDL) cholesterol, total choles-
terol (TC), triglycerides (TG), and decreased levels of high-density lipo-
protein (HDL) cholesterol is the cause of atherosclerosis. Nowadays LDL 
is considered the main therapeutic target. However, even with complete 
recovery of LDL levels, the risk of cardiovascular events remains high (Li 
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et al., 2021). In addition, hypertension and dyslipidemia lead to an imbal-
ance in angiotensin II – bradykinin homeostasis, which is an additional 
factor in the development of ED and changes in blood vessels that contri-
bute to atherosclerosis and thrombosis (Lancellotti et al., 2018).  

It is assumed that the greatest role in reducing endothelium-dependent 
vasodilation belongs to the development of intracellular oxidative stress. 
Free radical oxidation significantly reduces endothelial production of NO, 
which is rapidly degraded by superoxide and peroxide-anions with the 
formation of an extremely reactogenic compound, peroxynitrite, that is 
converted into unstable peroxynitric acid, which forms a hydroxyl radical 
(О-) (Anderssohn et al., 2010). Oxidative modification of proteins (OMP) 
is one of the early and the most reliable markers of tissue damage in many 
pathological conditions that involve free radicals, including T2DM. Dif-
ferent tissue proteins but not lipids or nucleic acids are effective traps of 
the generated ROS that are overproduced or accumulated in oxidative 
stress (Butko et al., 2013).  

In addition, the higher levels of glucose and/or lipids in diabetes are 
responsible for the increased production of highly reactive carbonyl com-
pounds – a condition referred to as “carbonyl stress”. In particular, glyco-
toxins and lipotoxins are able to react rapidly and damage various cellular 
and extracellular molecules forming advanced glycation end products 
(AGEs) (Nafisa et al., 2018; Yaribeygi et al., 2020; Menini et al., 2021). 
Binding of AGEs to their receptors (RAGE) increases the intracellular 
enzymatic production of superoxide, which in turn not only has direct 
harmful effects, but also activates various intracellular signaling pathways, 
such as NF-κB, p38 MAPK, JNK / SAPK, hexosamine biosynthesis 
pathway, protein kinase C, AGEs / RAGE, TNFα and sorbitol synthesis, 
which further enhances the production of superoxide and creates a “vi-
cious circle effect”. In addition, advanced glycation end products can 
accumulate in the vascular wall thereby reducing the activity of NO and 
the expression of endothelial nitric oxide synthase (eNOS), as well as 
increasing the expression of ET-1, which underlie the development of 
endothelial dysfunction (Ren et al., 2017; Nafisa et al., 2018). Nowadays 
protein carbonylation is one of the most harmful and irreversible of its 
modifications and is considered a key factor in the progression of diabetes 
and associated complications (Nair et al., 2021).  

Hyperhomocysteinemia is also an important factor in endothelial dys-
function as it may reduce the synthesis and bioavailability of NO and 
EDHF, promote the production of vasoconstrictor prostanoids and activa-
tion of angiotensin II type 1 (AT1) receptors, as well as ROS generation 
due to phosphorylation of NADPH oxidase or increasing the activity of 
angiotensin-converting enzyme (ACE) and the formation of angiotensin 
II, which also activates NADPH oxidase (Su, 2015).  

Intracerebral hemorrhage (ICH) is the most common cause of trau-
matic brain injury and the second most common cause of stroke as it oc-
curs spontaneously in hemorrhagic stroke. Non-traumatic intracerebral 
hemorrhage leads to spontaneous bleeding into brain tissue and causes 
high disability and mortality (Yu et al., 2015). There are many risk factors 
associated with non-traumatic ICH, but hyperglycemia is one of the most 
important causes of its occurrence (Hill, 2014). Although diabetes is an 
independent risk factor primarily for ischemic stroke, it may also be asso-
ciated with an increased risk of intracerebral hemorrhage, which is directly 
associated with diabetes duration, and such patients have more severe 
complications after ICH (Yu et al., 2015). The prevalence of diabetes was 
higher in people with ischemic stroke (33%, 95% CI 28–38%) compared 
with hemorrhagic stroke (26%, 95% CI 19–33%) and in the studies that 
included both stroke types (24%, 95% CI 20–28%) (Lau et al., 2018). 
A possible J-shaped relationship has been established between intracere-
bral hemorrhage and glycated hemoglobin (HbA1c) levels, suggesting 
that both poor control and extremely intensive control of diabetes may 
carry an increased risk of ICH (Saliba et al., 2019). However, the mechan-
isms responsible for the association between intracerebral hemorrhage and 
diabetes mellitus have not been sufficiently studied yet.  

Based on the prominent changes in carbohydrate and lipid metabo-
lism in rats with diabetes mellitus, the primary purpose of this study was 
investigation of evaluating biomarkers of glycemic and oxidation control 
as well as functional state of endothelium of rats with type 2 diabetes 
mellitus complicated by intracerebral hemorrhage.  
 

Materials and methods  
 

The study design, all experimental protocols and euthanasia of ani-
mals were approved by the Biomedical Ethics Committee of the Dnipro 
State Medical University (protocol No. 8 dated 17.12.2019). Experiments 
were performed in compliance with the Directive 86/609/EEC on the 
Protection of Animals Used for Experimental and Other Scientific Pur-
poses and the order No. 3447-IV of 21.02.2006 new editorship of 
08.08.2021 “On Protection of Animals against Abuse” and the Provisions 
of the “European Convention for the Protection of Animals used for Ex-
perimental and other Scientific Purposes” (Ukraine).  

The study was carried out on 24 male Wistar rats weighing 200–
250 g. Type 2 diabetes mellitus was simulated with a single intraperitoneal 
injection of nicotinamide (NA, 230 mg/kg) and streptozotocin (STZ, 
65 mg/kg) in citrate buffer (pH = 4.5, 0.1 M) to overnight fasted rats (Gha-
semi et al., 2014; Potârniche et al., 2018). Blood glucose level was measu-
red 72 hours after NA/STZ injection. Animals with values less than 
8.3 mmol/L were excluded from the study (Potârniche et al., 2018). Intra-
cerebral hemorrhage (ICH) in rats was induced by microinjection of 1 μL 
of bacterial collagenase 0.2 IU/μL (Type IV-S) (Chen et al., 2019). On the 
60th day after NA/STZ injection, a Hamilton microsyringe was inserted 
into the area of the striatum of anesthetized rats by the following stereotac-
tic coordinates: 0.2 mm anterior, 2.8–3.0 mm lateral, and 5.5 mm ventral 
to the bregma.  

According to the result of the oral glucose tolerance test, all rats with a 
similar degree of glycemia were randomly divided into three groups: 
group 1 – control (n = 8); group 2 – type 2 diabetes mellitus (n = 9); 
group 3 – intracerebral hemorrhage under type 2 diabetes mellitus (n = 7).  

Blood glucose level was measured with the blood glucose meter Bio-
nime Rightest GM300 (Bionime Corporation, Switzerland) in blood sam-
ples obtained from the tail vein. The oral glucose tolerance test was per-
formed on the 69th day of the study. Overnight fasted animals were given 
2 g/kg of 20% glucose solution by intragastric gavage 2 hours after drug 
administration. The area under the glycemic curve (AUC) was calculated 
using GraphPad Prism 9.0 software and expressed as mmol/L×120 min.  

On the 70th day of the study, blood samples were obtained by intra-
cardiac puncture from the right ventricle of the heart of anesthetized rats.  

Glycated hemoglobin (HbA1c) was measured spectrophotometrical-
ly in whole blood samples using a standard HbA1c kit (“Reagent”, 
Ukraine). The principle of the method is based on the presence of  
1-deoxy-1(N-valyl)fructose in а stable form of HbA1C. Further, it is de-
hydrated by phosphoric acid to 5-hydroxymethyl-2-furaldehyde that 
forms a colour complex with 2-thiobarbituric acid with the maximum 
absorption at 443 nm (Gabbay et al., 1979). The content of HbA1c was 
expressed as μmol fructose/g Hb.  

Total cholesterol, triglyceride, high-density lipoprotein, and glucose 
levels were measured in blood serum using diagnostic kits (“Reagent”; 
Ukraine). The content of TC, TG, HDL, and glucose was expressed 
as mmol/L. Atherogenic indices such as TG/HDL ratio and atherogenic 
index of plasma (AIP) were calculated by using the values of lipid profile 
parameters (Ho et al., 2015; Çoban et al., 2018). AIP was calculated using 
the following formula AIP = Log(TG/HDL) (Frohlich & Dobiásová, 
2003; Zhu et al., 2018).  

The level of advanced glycated end products (AGEs) was measured 
by fluorescence method (Münch, 1997), using Hoefer DQ 2000 Fluoro-
meter (USA) with fixed wavelengths (excitation / emission = 365 nm / 
460 nm). The results were expressed as arbitrary units (AU) per mg of 
protein.  

The markers of oxidative modification of proteins (aldehydephenyl-
hydrazones and ketonephenylhydrazones) were evaluated spectrophoto-
metrically by the method of B. Halliwell which is based on the reaction of 
interaction of oxidized amino-acid residues with 2,4-dinitro-phenylhyd-
razine (2,4-DNPhH) with formation of 2,4-dinitro-phenylhydrazones, 
which are proportional to the optical density at 270 and 363 nm (Butko 
et al., 2013). The content of carbonyl derivatives of oxidized proteins was 
expressed in units of optical density per mg of protein.  

Homocysteine level in serum was measured by enzymatic method 
using “Homocysteine, enzymatic cycling” kit (“DIALAB® G.m.b.H.” 
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Wr. Neudorf, Austria). This marker was assessed with a semiautomatic 
biochemical analyzer HTI BioChem SA (High Technology Inc., USA).  

The level of endothelin-1, von Willebrand factor, asymmetric dime-
thylarginine in blood serum were assessed using “Rat Endothelin-1 (ET-1) 
ELISA Kit, Catalog # MBS3808173”, “Rat Von Willebrand Factor 
(vWF) ELISA Kit, Catalog # MBS 775527” (MyBioSourse, Inc., San 
Diego, CA, USA), and “ADMA (Asymmetrical Dimethylarginine) 
ELISA Kit, Catalog # E-EL-0042” (ElabscienceBiotechnology Inc., 
Houston, TX, USA), correspondingly according to the manufacturer 
protocol. Absorbance was read on an ELISA microplate reader RT 2100 
(Rayto, China) at 450 nm.  

Statistical data analysis was performed by GraphPad Prism 9.0 
(GraphPad Software, Inc., La Jolla, CA, USA, 2020). All results are ex-
pressed as x ± SD (standard deviation). Statistical significance (Р < 0.05) 
was determined by one-way ANOVA for normally distributed variables; 
and Kruskal-Wallis H-test for non-normally distributed variables with 
Bonferroni correction.  
 

Results  
 

The results of the study showed that the development of type 2 dia-
betes mellitus in rats led to a significant increase in basal glycemia, but 
intracerebral hemorrhage did not affect its severity (Fig. 1a).  

The changes in blood glucose AUC in all groups of rats on the 
69th day of the experiment were shown (Fig. 1a, b). According to the data 
obtained, the course of type 2 diabetes mellitus (group 2) led to the deve-
lopment of glucose tolerance evidenced by an increase in glycemic AUC 
by 58.1% (P = 0.0118). Meanwhile, modeling intracerebral hemorrhage 
under diabetes (group 3) did not affect glucose tolerance in this test signifi-
cantly, and AUC value was higher by 75.3% (P = 0.0007) as compared to 
the negative control group (group 1). Additionally, it was found that 
NA/STZ-treated rats had increased level of glycated hemoglobin HbA1c 
by 37.3% (P = 0.0187) compared to the animals in the control group. 
However, this marker was higher by 53.9% (P = 0.0015) in rats with 
T2DM + ICH as compared to the control group (Fig. 1c).  
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Fig. 1. Markers of glycemic control in rats with type 2 diabetes mellitus and intracerebral hemorrhage:  
all data are presented as х ± SD; 1 – control rats (n = 8); 2 – rats with type 2 diabetes mellitus (n = 9); 3 – rats with intracerebral hemorrhage under  

type 2 diabetes mellitus (n = 7); a – concentration of glucose in the blood serum due to oral glucose tolerance test (on the 69th day of the experiment);  
b – the area under the glycemic curve (on the 69th day of the experiment); c – concentration of glycated hemoglobin (on the 70th day  

of the experiment); * – P < 0.05 with Bonferroni correction (in Fig. 1a compared to group 1)  

According to the data in Figure 2, the diabetic animals were characte-
rized by certain changes in lipid profile. In this regard, it is noteworthy that 
there was a moderate lowering in total cholesterol (TC) levels in rats with 
T2DM, which progressed under conditions of acute brain hemorrhage, 
and TC was decreased by 22.2% (P = 0.0309) in comparison with the 
control group (Fig. 2a). Moreover, HDL cholesterol level (Fig. 1b) in 
group 3 was less by 32.9% (P = 0.0243) and TG level (Fig. 1c) was higher 
by 31.4% (P = 0.0305) than the values of naive animals (group 1). Simul-
taneously, the ratio of AIP (Fig. 2d) was 2.97 times higher (P = 0.0127) 

than the values of group 1. Experimental diabetes was characterized by a 
non-significant increase of advanced glycated end products, but acute 
intracerebral hemorrhage in rats with T2DM led to a statistically signifi-
cant rise in the AGEs level by 53.9% (P = 0.0409) in comparison with 
control group 1 (Fig. 3a). At the same time, there was a significant increa-
se in the content of the markers of oxidative modification of proteins 
(APH and KPH) in both groups 2 (by 11.8% (P = 0.01) and 34.0% (P = 
0.0099), respectively) and group 3 (by 10.5% (P = 0.0345) and 38.7% 
(P = 0.0009), respectively) compared to the control group (Fig. 3b, c).  
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Fig. 2. Markers of lipid profile in the blood serum of rats with type 2 diabetes mellitus and intracerebral hemorrhage on the 70th day of the experiment:  
abrevation for groups see Figure 1; a – concentration of cholesterol; b – concentration of triglyceride; c – concentration of high-density lipoprotein;  

d – atherogenic index of plasma; * – P < 0.05 with Bonferroni correction  
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Fig. 3. The content of advanced glycated end products (а) and products of oxidizing modification of proteins (APH – aldehydephenylhydrazones) (b)  
and (KPH – ketonephenylhydrazones) (c) in the blood serum of rats with type 2 diabetes mellitus and intracerebral hemorrhage on the 70th day  

of the experiment: abrevation for groups see Figure 1; * – P < 0.05 with Bonferroni correction  

Homocysteine, as a predictor of endothelial dysfunction and athero-
genesis, also showed a clear tendency to increase in rats with T2DM, 
while acute intracerebral hemorrhage does not potentiate the further in-
crease in its level in these conditions (Fig. 4a).  

The highest level of endothelin-1 in the blood serum was observed in 
animals of group 3. It was increased by 5.1% (P = 0.0437) as compared to 
the level in group 1 (Fig. 4b). Similar changes were observed also for von 

Willebrand factor level (Fig. 4c). It was found that both type 2 diabetes 
mellitus and T2DM complicated by intracerebral hemorrhage were cha-
racterized by an increased serum vWF level (by 10.4%, P = 0.0177 and 
15.2%, P = 0.0017, respectively).  

It should be noted that changes of asymmetrical dimethylarginine 
level were present in the form of an upward trend only in both groups 3 
and 3 without any statistical significance (Fig. 4d).  
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Fig. 4. Markers of endothelial function in the blood serum of rats with type 2 diabetes mellitus and intracerebral hemorrhage on the 70th day of the expe-
riment: abbrevation for groups see Fig. 1; concentration of homocysteine (a), endothelin-1 (b), von Willebrand factor (c), asymmetrical dimethylarginine 

(d); * – P < 0.05 with Bonferroni correction  

Discussion  
 

The present study aimed to determine the existence of the influence of 
acute intracerebral hemorrhage under type 2 diabetes mellitus and the 
manifestations of endothelial dysfunction caused by this pathological 
condition. It was found that although there were no statistically significant 
differences between the groups of positive control, the values of markers 
representing the course of diabetes mellitus and its manifestations (glucose 
tolerance) were higher in the group of animals with intracerebral hemor-
rhage. The obtained data agree with the results of clinical studies con-
ducted earlier. It is known that the development of acute hemorrhagic 
stroke can provoke “stress” hyperglycemia, even in patients without dia-
betes or with its latent form, which may be associated with early patient 
mortality and more severe consequences of stroke (Lau et al., 2019). 
Higher glucose levels were shown to be accompanied by a higher in-
hospital mortality rate of patients with hemorrhagic stroke compared to 
patients with normal glycemic levels (Snarska et al., 2017). Another study 
also found that every increase in 1.0 mmol/L in blood glucose over 
5.0 mmol/L was associated with a 33% increased probability of 30-day 
mortality in patients with hemorrhagic stroke, after adjusting for diabetic 
status (Godoy et al., 2008).  

Dyslipidemia in diabetes is characterized by the presence of potential-
ly atherogenic lipids, including high level of triglyceride in the blood, 

moderately elevated LDL contents, and low concentration of HDL (Zam-
bon, 2020). Atherosclerosis is the key factor leading to vascular complica-
tions in patients with type 2 diabetes mellitus. Moreover, a lot of clinical 
trials report the importance of endothelial dysfunction and platelet hyper-
activity in the pathogenesis of atherosclerotic vascular complications by 
diabetes mellitus (Kaur et al., 2018). In our study, statistically significant 
changes in lipid profile were found only in the group of diabetic animals 
with intracerebral hemorrhage, which to some extent may indicate a dete-
rioration in lipid metabolism caused by acute cerebral hemorrhage in 
T2DM. At the same time, a progressive decrease in total cholesterol and 
HDL levels is also notable, as well as increase of triglyceride concentra-
tion in the blood of rats in the groups 2 and 3 compared with intact ani-
mals. The ratio of triglycerides to high-density lipoprotein (TG/HDL) is 
now considered as a biomarker of insulin resistance and atherogenicity. 
And the change of this marker could be an additional confirmation of type 
2 diabetes mellitus and atherogenesis in our study (Ho et al., 2015; Çoban, 
2018). Elevated TG levels reduce both the number and activity of insulin 
receptors on adipocytes. In addition, it is known that triglycerides are 
competitors of glucose for entry into the cell, and hypertriglyceridemia 
leads to the disruption of glucose oxidation. As a result, hypertriglyceri-
demia can cause glucose and insulin tolerance. In turn, low HDL levels 
also negatively affect the function of β-cells both by reducing their sensi-
tivity to glucose and by suppressing insulin secretion. However, increased 
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levels of TG and free fatty acids along with a decrease in HDL levels can 
also be a consequence of insulin resistance, and the above phenomena can 
indicate the presence of a “vicious circle” (Li et al., 2021). On the other 
hand, it is known that increased levels of triglycerides promote atheroge-
nesis under the arterial intima, as well as inhibiting fibrinolytic function 
and activating the extrinsic blood coagulation system, which leads to an 
increased risk of stroke. Hypertriglyceridemia can also be identified as a 
risk factor for cerebral hemorrhage. In addition, it is known that the HDL 
levels in patients with intracerebral hemorrhage are much lower, and the 
degree of HDL reduction is associated with the severity of hemorrhage 
(Wang et al., 2018). Due to some inconsistencies in the available literature, 
which are associated with the reduction of total cholesterol in the blood in 
different pathological conditions, the advantage of using TC as a marker 
of atherogenesis becomes somewhat questionable, and the data obtained 
in the present study are the subject of further research. In recent decades, 
epidemiologists and clinicians have assessed and predicted the risks of 
cardiovascular diseases associated with atherogenesis mainly by LDL 
levels. However, numerous studies indicate the importance not of the 
actual values of individual parameters of the lipid profile, but the ratio of 
lipids, which can be important markers of cardiovascular risk due to the 
imbalance between atherogenic and antiatherogenic lipoproteins. 
The atherogenic index of plasma (AIP) is the most prognostic and sensi-
tive marker compared to the other three atherogenesis markers, such as 
Castelli risk index-I (TC/HDL), Castelli risk index-II (LDL/HDL), and 
atherogenic factor ((TC-HDL)/HDL). An isolated increase in TG levels, 
although it increases the risk of coronary heart disease, can be balanced by 
HDL, which has an antiatherogenic effect (Bo et al., 2018). A marked 
increase of AIP in diabetic animals with intracerebral hemorrhage is an 
evidence of intensification of changes in lipid metabolism under type 2 
diabetes mellitus, which may contribute to active atherogenesis and a sig-
nificant increase in the risk of cardiovascular complications under these 
conditions and require urgent medical correction. Although the relation-
ship between lipid levels, lipid-lowering therapy, and the risk of intracere-
bral hemorrhage remains unclear, our findings are consistent with pre-
vious research (Ma et al., 2016). According to these data, low serum levels 
of TC and HDL may be associated with an increased risk of intracerebral 
hemorrhage, including during therapy with high doses of statins. Howe-
ver, the causes of dyslipidemia (particularly, decrease of TC levels) in the 
conditions of type 2 diabetes mellitus (both isolated and complicated by 
intracerebral hemorrhage) require further studies.  

Hyperglycemia is thought to trigger vascular damage by creating im-
balance between NO bioavailability and accumulation of ROS. Further-
more, hyperglycemia damages the vascular bed by several cellular me-
chanisms, comprising of enhanced production of intracellular advanced 
glycation end products (AGEs), increased expression of AGE receptors 
(RAGE) and ligands, augmented polyol and hexosamine flux, activation 
of protein kinase C (PKC) and overactivation of the hexosamine pathway. 
AGEs formation further lead to alteration of structural, functional and 
receptor recognition properties of matrix components. Sequentially, bind-
ing of AGEs to their receptors increases superoxide production, which 
promotes macrophage induced vascular inflammation. Furthermore, 
AGEs also induce decreased endothelial NO synthase (eNOS) expression 
as well as NO synthesis and increased endothelin-1 expression, leading to 
endothelial dysfunction (Odegaard et al., 2016; Kaur et al., 2018). Accord-
ing to our data, the course of T2DM (both isolated and complicated by 
ICH) was characterized by a significant intensification of oxidative mod-
ification processes and increasing content of early and late markers of 
protein carbonylation. Simultaneously, it should be noted that AGEs 
levels tended to increase in both experimental groups, but statistically 
significant differences were found only in the group of animals with 
T2DM+ICH. Thus, under hyperglycemic conditions, altered formation of 
various biochemicals including AGEs and ROS, significantly contributes 
to development of complications in diabetes mellitus, and the occurrence 
of intracerebral hemorrhage contributes to the severity of these processes.  

Vascular endothelium is a major target of oxidative stress, playing a 
critical role in the pathophysiology of several vascular diseases and dis-
orders, and its alteration significantly contributes to diabetic vascular pa-
thology. It is well known that hyperglycemia is able to cause endothelial 
dysfunction: most observations suggest that the damage from hyperglyc-

emia to endothelium is secondary to oxidative stress, but the data available 
in the literature seem to highlight more mechanisms that are heterogene-
ous and too complex to explain endothelial damage from hyperglycemia. 
It is important to underline that ED is related to specific pathophysio-
logical mechanisms that involve: alterations of the substrate/enzyme ratio; 
alterations in the expression/structure of NOS; signal alterations; and 
alterations of the availability of cofactors and destruction of NO (Carrizzo 
et al., 2018). Endothelial dysfunction is the key event that initiates the 
inflammatory mechanisms associated with vascular complications in 
T2DM patients (Dhananjayan et al., 2016). Furthermore, it is an initial 
event of atherogenesis, which involves imbalance in the tightly regulated 
equilibrium of vasodilators and vasoconstrictors together with the inhibi-
tion of the anticoagulant system.  

Homocysteine (Hcy) is considered a risk factor for atherosclerosis 
and cardiovascular disease (CVD), but the molecular basis of these asso-
ciations remains elusive. The impairment of endothelial function, a key 
initial event in the setting of atherosclerosis and CVD, is recurrently ob-
served in hyperhomocysteinemia. Various observations may explain the 
vascular toxicity associated with hyperhomocysteinemia. For instance, 
Hcy interferes with the production of nitric oxide (NO), a gaseous master 
regulator of endothelial homeostasis. Moreover, Hcy deregulates the 
signaling pathways associated with another essential endothelial gaso-
transmitter: hydrogen sulfide (Esse et al., 2019). Endothelial oxidative 
stress because of ROS accumulation is the major mechanism that media-
tes homocysteine-induced vascular injury. In addition to the interaction of 
homocysteine with cysteine to form a disulphide bond, homocysteine also 
directly inhibits the activity of antioxidants, thereby disrupting SOD, acti-
vating NADPH oxidases (NOXs) and subsequently producing superoxide 
anion, causing an accumulation of ROS. The generated ROS further 
activate the transcriptional activity of NF‐κB, which results in the expres-
sion of proinflammatory genes and vascular inflammation. ROS disturb 
lipoprotein metabolism, contributing to the growth of atherosclerotic 
vascular lesions (Škovierová et al., 2016; Fu et al., 2018; Esse et al., 2019). 
The data obtained in the present study indicate an increase in blood Hcy 
levels in rats with experimental T2DM and are consistent with previous 
studies (Elias et al., 2005). Hyperhomocysteinemia under these conditions 
can be aggravating and intensify the development of endothelial dysfunc-
tion and atherogenesis. However, modeling of ICH did not lead to a fur-
ther increase in the levels of this marker in the blood. It has been suggested 
that negative endotheliotropic effects of Hcy may be mediated by asym-
metrical dimethylarginine (Esse et al., 2019).  

NO is a key vasodilator endothelial factor formed by the oxidation of 
arginine by nitric oxide synthase (NOS). Moreover, this reaction requires 
the presence of NADPH and O2, and its result is the formation of NO and 
citrulline as end products. NOS activity is known to be inhibited by me-
thylated arginine analogs, such as NG-Methyl-L-arginine (L-NMMA) 
and asymmetrical dimethylarginine, which are synthesized in vivo by argi-
nine methyltransferases (Leiper & Vallance, 1999). Lysis of proteins con-
taining L-NMMA and ADMA promotes their transport into the cytosol 
and further from the cell into the blood. It is known that increased level of 
circulating asymmetrical dimethylarginine is associated with atherogene-
sis and endothelial dysfunction (Anderssohn et al., 2010; Esse et al., 2019; 
Avci et al., 2020). However, the association between asymmetrical dime-
thylarginine and diabetes remains questionable to this day. It probably 
depends on both the type and stage of diabetes. Contradictory data on the 
cardiovascular risk in people with and without diabetes mellitus have been 
reported, and the association of ADMA with diabetes remains controver-
sial, possibly as to the type and stage of diabetes. Clinical and experimen-
tal data suggest a multifaceted relationship between ADMA and insulin 
metabolism and its effects, on the one hand, and the use of ADMA and 
glucose, on the other hand (Anderssohn et al., 2010). This can be confir-
med by the results of the present study as a statistically significant increase 
in Hcy levels in the blood of rats with T2DM (both isolated and compli-
cated by ICH). Such effect was not accompanied by a marked increase in 
ADMA levels, although there was a clear trend.  

The development of endothelial dysfunction is further confirmed in 
the present study by increasing levels of endothelin-1. Moreover, mode-
ling of ICH contributed to higher levels of this key vasoconstrictor. Ac-
cording to the literature, hyperglycemia causes overproduction of ET-1. 
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High glucose-induced ET-1 production in endothelial cells and ET-1-me-
diated endothelial cell inflammation can be mediated by adapter molecule 
TRAF3 interacting protein 2 (TRAF3IP2). Previous studies identified 
endothelial TRAF3IP2 as a potential new therapeutic target to suppress 
ET-1 production and associated vascular complications in diabetes (Padil-
la et al., 2018). It is also known that there is a positive correlation between 
plasma ET-1 levels and microangiopathy in patients with type 2 diabetes 
mellitus. In addition, ET-1 can cause a decrease in tissue sensitivity to 
insulin and may be involved in the development of metabolic syndrome. 
The vasoconstrictive effect of ET-1 may be enhanced by its inhibitory 
effect on NO production (Kalani et al., 2008). A correlation between ET-1 
levels and ICH development has also been identified (Wang et al., 2018).  

In experimental models, von Willebrand factor supports the activation 
of multiple inflammatory pathways, such as complement cascade and 
NETosis, promotes atherosclerosis favouring plaque progression and 
complication, and exacerbates ischemia/reperfusion injury (Gragnano 
et al., 2017). The elevation of plasma vWF levels in the course of diabetes 
mellitus may indicate both the presence of endothelial dysfunction or vas-
cular inflammation, and a significant risk factor for thrombosis (Shahidi 
Anderssohn et al., 2010). An increase in plasma vWF levels can be ob-
served in traumatic brain injury and be an unfavourable prognostic marker 
of this pathological process (De Oliveira et al., 2007; Hubbard et al., 
2021). Moreover, vWF levels in cases of focal brain injury were signifi-
cantly higher than in cases of diffuse axonal lesions. In addition, patients 
with delayed traumatic intracerebral hemorrhage had significantly higher 
vWF levels as compared to patients without ICH (Yokota, 2007). Al-
though in the present study intracerebral hemorrhage did not lead to a 
further increase in vWF levels in diabetic rats, vWF may adversely affect 
the course of this pathology.  
 
Conclusion  
 

Development of intracerebral hemorrhage on the background of dia-
betes mellitus is aggravating in relation to lipid and carbohydrate metabo-
lism changes, as well as the functional state of the vascular wall. Concur-
rently, diabetes-induced endothelial dysfunction is also likely to exacerba-
te disorders caused by the development of intracerebral hemorrhage. 
In this case, the pathological process may have the character of a “vicious 
circle”. Joint assessment of glycemic and atherogenic indices together 
with biomarkers of glycation end products and oxidized proteins in the 
blood in relation to the assessment of vascular endothelial status provides a 
comprehensive picture of the assessment of risk factors for intracerebral 
hemorrhage in chronic diabetes.  
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