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via Oxidative Stress Enzymes and PI3K/AKT/eNOS Signalling 
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Abstract. Diabetes mellitus (DM) is considered as the main complication of the cardiovascular 
system leading to vascular endothelial dysfunction (VED). Besides, melatonin (MEL) has been 
known to improve the vascular tone directly or indirectly with MEL receptors (MT1R and MT2R) and 
antioxidant properties, respectively. The rings were extracted from three groups including non-diabetes 
(non-DM), streptozotocin induced diabetes (STZ-induced DM) and STZ-induced DM treated with 
MEL (DM+MEL) in male albino rats. The experimental procedure includes thoracic aortic vascular 
reactivity of angiotensin 1–7 (Ang 1–7) and histological examination. The vascular reactivity was 
conducted across eight distinct groups, encompassing RO-31-8220 (5 μM), protein kinase C (PKC) 
inhibitor, Apocyanin [(APO, 10 micromolar (μM)], the nicotinamide adenine dinucleotide phosphate 
(NADPH) oxidase inhibitor, rotenone (ROT 50 μM), mitochondrial complex I electron transport chain 
inhibitor, oxypurinol (OXY, 100 μM), xanthine oxidase inhibitor, PI-3065 (1 μM), phosphoinositide 
3-kinases (PI3K) inhibitor, Ipatasertib (1 μM), protein kinase B (AKT) inhibitor, A779 (1 μM), the 
Mas receptor blocker and N(ω)-nitro-L-arginine methyl ester (L-NAME 200 μM), the nitric oxide 
(NO) inhibitor pre-incubation. However, it is worth noting that the pre-incubation with OXY resulted 
in a notably significant rightward shift in this response. Conversely, in the STZ-induced DM group, 
there was a notable significant rightward shift observed in response to each of APO, ROT, and OXY. 
MEL appeared to regulate the vascular tone within Ang 1–7 modulation in STZ-induced DM rats. 
Therefore, MEL could offer many vascular benefits within Ang 1–7 under diabetic condition.
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Introduction 
The presence of DM is associated with adverse 

cardiovascular implications (Aboalgasm et al., 
2021). It has been demonstrated that cardiovascular 
complexities represent a major mortality factor 
under DM consequences (Beckman and Creager, 
2016). Moreover, DM interferes with the protective 
mechanisms of the cardiovascular system, resulting in 
a compromised defence system (Chien et al., 2020). 
Furthermore, the compromised state can lead to 
dysfunction in the vascular endothelial cells (VECs), 
marked by a decrease in NO levels and an increase in 
vasoconstrictors (Sena et al., 2013). Moreover, there 
is substantial evidence supporting the notion that 
DM contributes to an elevated production of reactive 
oxygen species (ROS) in diverse body components, 
such as VECs, vascular smooth muscle cells (VSMCs), 
and even within the mitochondria (Tan et al., 2022). 
Moreover, the elevated glucose levels can serve as a 
stimulus for the emission of ROS from various origins, 
including the mitochondrial electron transport chain, 
NADPH oxidases, xanthine oxidase, and arachidonic 
acid pathways. Consequently, this may result in the 
disruption of nitric oxide synthases (eNOS) coupling 
under such circumstances (Kayama et al., 2015). 

Regarding the build-up of ROS, several studies 
have indicated that an increased presence of these 
molecules seems to diminish the availability of NO, 
potentially leading to intracellular infl ammation 
and apoptosis (Paneni et al., 2013). The renin-
angiotensin system (RAS) serves a crucial regulatory 
function in preserving blood pressure and electrolyte 
balance within the body (Paz Ocaranza et al., 2020). 
Specifi cally, the RAS activity increases with the 
presence of pathological conditions (Forrester et 
al., 2018). Initially, renin catalyses the cleavage of 
angiotensinogen to produce angiotensin 1–10 (Ang 
1–10); then, Ang 1–10 is further converted into 
angiotensin 1–8 (Ang 1–8) through the involvement 
of angiotensin-converting enzyme (ACE) (Fountain et 
al., 2023). At the same time, angiotensin-converting 
enzyme 2 (ACE2) can cleave both of Ang 1–8 and 
Ang 1–10 to produce Ang 1–7 and angiotensin 
1–9 (Ang 1–9), respectively (Bosso et al., 2020). In 
recent years, the Ang 1–7 / ACE2 / MasR axis has 
been recognised as a critical signalling pathway that 
neutralizes the vasoconstricting action of the renin / 
ACE / ANG 1–8 pathway (Tamanna et al., 2021). 
In addition, the activation of MasR by Ang 1–7 
action mostly appears to improve vascular endothelial 
function via reducing ROS production, enhancing 
endothelial nitric oxide synthase enzyme (eNOS) 
activity and attenuating NADPH oxidase (Xie et al., 
2022). Furthermore, located within cells, PI3K triggers 
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signalling cascades that regulate cellular survival, 
growth, mobility, differentiation, and the modulation 
of genetic information, thus playing a central role in 
the progression and development of atherosclerosis 
(Zhao et al., 2021). Differently, MEL is primarily 
synthesized by the pineal gland (Karamitri and 
Jockers, 2019). Many extensive researches have been 
conducted to explore its signifi cant effects on both 
the vascular tone and endothelial function (Tobeiha 
et al., 2022). Particularly, MEL exerts signals directly 
via both of MT1R and MT2R in the thoracic aorta 
(Molcan et al., 2021). The activation of these receptors 
in VECs is associated with increased NO production 
as well as vasorelaxation and improved endothelial 
function (Nikolaev et al., 2021). Correspondingly, 
MEL could play a role in maintaining proper vascular 
dilation and regulating blood fl ow (Ozkalayci et al., 
2021). Regarding vasodilation, MT2R in the VSMCs 
of the thoracic aorta has been implicated in controlling 
vascular contractility and inhibiting vasoconstriction, 
potentially infl uencing overall vascular tone and blood 
pressure regulation (Datta et al., 2021). Furthermore, 
MEL has free radical scavenging, antioxidant, and 
anti-infl ammatory properties, along with a protective 
effect against cardiovascular disease (Chitimus et 
al., 2020). Conversely, it has been demonstrated 
that MEL can increase the presence of the MasR 
in cardiovascular tissues (Lissoni et al., 2021). 
Nevertheless, there is an on-going debate regarding 
the cumulative evidence of MEL’s impact on the 
modulation of Ang 1–7 through oxidative stress 
enzymes and MasR signalling pathways. The current 
research seeks to examine how MEL affects the 
vascular response of the aorta to vasodilation induced 
by Ang 1–7, both in the presence and absence of 
RO-31-8220, APO, ROT, OXY, PI-3065, Ipatasertib, 
A779 and L-NAME pre-incubation in STZ-induced 
DM rats and non-DM rats.

Materials and Methods
Chemicals
Angiotensin 1–7, RO-31-8220, APO, ROT, OXY, 

PI-3065, Ipatasertib, A779, L-NAME and STZ were 
purchased from Sigma Aldrich company (USA).

Animals
The recent research utilized male albino rats 

(Rattus norvegicus) with a body weight (B. wt) 
ranging from 250 to 300 grams. These rats were bred 
and housed in the animal house of the Department 
of Biology at the College of Science, Salahaddin 
University-Erbil, Iraq. They were allowed to acclimate 
to standard environmental conditions, which included 
a temperature of 23 ± 2°C and a 12-hour light / 12-
hour dark cycle (with lights on from 06:00 to 18:00). 
The rats had continuous access to both tap water and 
food, which was available 24 hours a day. Ethical 
approval for the study was obtained from the Animal 
Research Ethics Committee associated with the 
College of Science at Salahaddin University-Erbil, 

Erbil, Iraq. This approval, with the reference number 
2636, was granted on August 7, 2022.

The present study involved 74 rats randomly and 
divided into three main groups: non-DM with 34 rats, 
STZ-induced DM with 18 rats, and STZ-induced 
DM treated with MEL with 22 rats. The study was 
commenced on May 6, 2021, and concluded on 
July 12, 2022. The research was conducted over 
approximately three distinct phases. The fi rst phase 
spanned three months and involved the care of rats. 
Subsequently, diabetes was induced using STZ, and 
MEL injections were administered daily. The second 
phase included the assessment of vascular reactivity 
to Ang 1–7. Finally, the third phase, which lasted 
about one month, was dedicated to the histological 
examination.

 Diabetes mellitus type 1 induction
To induce diabetes in the rats, about 40 male 

albino rats received an intraperitoneal (i.p.) injection 
of 50 mg/kg B.wt of STZ (Mostafavinia et al., 2016). 
The STZ was dissolved in sodium citrate buffer with a 
pH of 4.5. After the STZ injection, the rats were given 
access to a drinking solution containing 5% dextrose 
for a period of 24 hours. The presence of diabetes was 
confi rmed after 72 hours by assessing the rats’ blood 
glucose levels through the tail blood sample. Diabetes 
was considered established when the blood glucose 
levels exceeded 250 mg/dL, and this measurement 
was made 72 hours after the STZ injection.

Melatonin dose preparation
Melatonin tablets, specifi cally Melaplan 10 mg 

(PLANTE PHARMA, Poland), were dissolved in 
sterilized distilled water containing 1% ethanol. 
This dissolution resulted in a MEL solution with 
a concentration of approximately 150 mg/mL. 
Following 14 days after inducing DM in the rats using 
STZ, the rats were subjected to treatment. In this 
treatment, the administration of the MEL solution 
was carried out orally through gavage at a daily dosage 
of 30 mg/kg B.wt for a continuous 14 executive days.

Preparation of rat aortic rings
Following anaesthesia with an i.p. injection of 

combined 90 mg/kg B.wt ketamine and 10 mg/kg 
B.wt xylazine, the chests of the animals were opened 
using a midline incision. This procedure aimed to 
isolate the thoracic aorta from the aortic arches. A 
total of 294 aortic rings were prepared from 40 rats of 
non-DM, SZT-induced DM and STZ-induced DM 
treated with MEL groups. These rings were carefully 
removed and immediately placed in a Petri dish fi lled 
with cold Krebs-Henseleit buffer solution (KHBS) 
containing 122 mM NaCl, 4.7 mM KCl, 15.5 mM 
NaHCO3, 1.2 mM KH2PO4, 2.0 mM CaCl2, and 
11.5 mM D-glucose., with a pH of 7.4. The excess 
surrounding tissues were removed, and then, four 
aortic rings, each approximately 3 mm in length, were 
obtained for further experimentation.

Vascular reactivity measurements 
To evaluate vascular reactivity, the previously 
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prepared aortic rings were horizontally suspended 
using L-shaped stainless-steel hooks within a 5 mL 
organ bath vessel (Automatic organ bath, Panlab 
Harvard apparatus, USA) fi lled with KHBS. The 
bath solution was kept at a constant temperature 
of 37°C and continuously oxygenated with a gas 
mixture of approximately 95% oxygen and 5% carbon 
dioxide. The aortic rings were initially subjected to 
a basal tension of 2 gm for duration of 60 minutes. 
Subsequently, the rings were gradually stretched using 
KHBS and allowed to equilibrate for approximately 
60 minutes. During this equilibration period, the 
rings were periodically washed and adjusted every 15 
minutes to maintain a maximum stable constriction. 
To assess the functional integrity of the prepared 
aortic segments, a solution containing 60 mM KCl 
was employed. Following this, the endothelial 
integrity was evaluated by exposing the aortic rings to 
a solution of 1 μM acetylcholine in rings that had been 
pre-contracted with 1 μM phenylephrine (PE). Once 
these assessments were completed, such prepared 
rings were ready for the evaluation of the changes in 
the dose response curve (DRC) of Ang 1–7 induced 
aortic dilation, allowing for the measurement of how 
Ang 1–7 affected the dilation of the aortic rings.

Experimental design 
The current study included nine experiments 

(experiments I to VIII), collectively addressing 
vascular reactivity, involving the assessment of DRC 
triggered by Ang 1–7 across a concentration range 
from 5x10^-12 to 10^-6 μM. These experiments were 
conducted in non-DM rats, STZ-induced DM rats, 
and rats with STZ-induced DM treated with 300 
mg/kg body weight of MEL. Each vascular reactivity 
experiment (I to VIII) included pre-incubation for 20 
minutes with specifi c blockers or inhibitors or without 
blockers or inhibitors (control group) as following: 
Experiment I (vascular reactivity): RO-31-8220 
(5 μM), a PKC inhibitor; Experiment II (vascular 
reactivity): APO (10 μM), a NADPH oxidase inhibitor; 
Experiment III (vascular reactivity): ROT (50 μM), 
a mitochondrial complex I electron transport chain 
inhibitor; Experiment IV (vascular reactivity): OXY 
(100 μM), a xanthine oxidase inhibitor; Experiment V 
(vascular reactivity): PI-3065 (1 μM), a PI3K inhibitor; 
Experiment VI (vascular reactivity): Ipatasertib (1 
μM), an AKT inhibitor; Experiment VII (vascular 
reactivity): A779 (1 μM), a MasR blocker; and 
Experiment VIII (vascular reactivity): L-NAME (200 
μM), an NO inhibitor. Meanwhile, experiment IX 
focused on histological examination of thoracic aortae 
of non-DM (n = 17), STZ-induced DM (n = 13), 
and STZ-induced DM treated with 300 mg/kg B. wt 
of MEL (n = 19). The isolated tissues were fi xed in a 
10% buffered formo-saline solution and subsequently 
embedded in paraffi n for quantitative histological 
analysis. Hematoxylin-eosin (H and E) staining was 
employed for microscopic analysis, which included 
the counting of smooth muscle cells (SMCs) nuclei 

and measurement of tunica media thickness (TM). 
The analysis was performed in a double-blinded 
manner using ImageJ software version 1.8.0.

Statistical analysis
The study reported various parameters, including 

maximal effect (Emax), drug potency (pD2, expressed 
as -logIC50), dAUC% (difference area under the curve 
percentage), TM thickness, and SMCs nuclei count. 
These values are present as means and standard errors 
of the mean (SEM) to distinguish the impact of 
inhibitors and blockers on vascular responses to Ang 
1–7 in aortic segments from non-DM, STZ-induced 
DM, and STZ-induced DM treated with MEL. The 
data were analysed using one-way analysis of variance 
(ANOVA) to compare TM thickness, SMCs nuclei 
count, Emax, and pD2 among the studied groups, 
and the results were displayed as fi gures and tables. 
Additionally, two-way ANOVA was employed to 
compare the groups using DRC, followed by the 
Dunnett post hoc test. Furthermore, the Student 
t test was employed to compare pD2 values of the 
groups against the control group, and this comparison 
was illustrated in fi gures. Finally, the level of P < 0.05 
was employed as the criterion for establishing the 
statistical signifi cance level in the study.

Results 
Effect of melatonin on the vasodilatory 
response to Ang 1–7 via PKC activity
The isolated aortic rings were pre-incubated 

by RO-31-8220 (PKC inhibitor) revealing a non-
signifi cant difference of a vasodilatory response 
triggered by Ang 1–7 in the non-DM group as 
compared with the control group (Figure 1A). On the 
other hand, the aortic rings of STZ-induced DM rats 
showed a slight alteration (Figure 1B). Conversely, 
in diabetic rats treated with MEL, the response was 
slightly changed, while a signifi cant declination in 
potency (P = 0.0067) occurred as compared with 
the control rats (Figure 1C). Likewise, the level of 
dAUC% in STZ-induced DM rats treated with MEL 
exerted a signifi cant decrease (P < 0.05) as compared 
to the STZ-induced DM rats (Fig. 1D).

Effect of melatonin on the vasodilatory 
response to Ang 1–7 via NADPH oxidase 
activity
The aortic rings pre-incubated with APO 

(NADPH oxidase inhibitor) lead to non-signifi cant 
changes of the Ang 1–7 effect in non-DM rats. 
However, the potency was decreased signifi cantly 
(P = 0.0003) as compared with the control (Figure 
2A). Conversely, in the STZ-induced DM, the rings 
showed a signifi cant rightward shift in the vasodilatory 
response induced by Ang 1–7 at mentioned doses, 
but the potency remained unchanged as compared 
with the control group (Figure 2B). On the other 
hand, in STZ-induced DM treated with MEL, the 
vasodilatory response induced by Ang 1–7 showed 
a signifi cant decrease (P < 0.05) at the 10−6 dose, 
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followed by a signifi cant (P = 0.0067) decrease in 
the potency of Ang1–7 as compared with the control 
(Figure 2C). Additionally, the dAUC% of such an 
inhibitor was increased signifi cantly (P < 0.01) in 
the STZ-induced DM group as compared with the 
non-DM group. However, the dAUC% was declined 
signifi cantly (P < 0.05) in the diabetic group that was 
administered with MEL as compared with the STZ-
induced DM group (Figure 2D).

Effect of melatonin on the vasodilatory 
response to Ang 1–7 via mitochondrial activity
To investigate whether the complex I electron 

transport chain of mitochondria has roles in the 
vascular response to Ang 1–7, ROT was pre-
incubated with the aortic rings. In the non-DM 
group, there were no signifi cant differences observed 

Fig.1 Ang 1–7 DRC of aortic rings pre-contracted with 
PE (1 μM) in the presence of RO-31-8220 (5 μM). The 

data points in the study are represented as the mean 
values ± SEM. (CT, control; non-DM, non-diabetes 
mellitus rats; DM, Streptozotocin induced-diabetes 

mellitus rats; DM+MEL, Streptozotocin induced-diabetes 
mellitus in rats treated with melatonin; pD2, the potency 
of Ang 1–7; dAUC %, the percentage of difference area 

under curve; n, sample size). [* P < 0.05]. 

Fig. 2. Ang 1–7 DRC in aortic rings pre-contracted 
with PE (1 μM) in the presence of APO (10 μM). The 
data points in the study are represented as the mean 
values ± SEM. (CT, control; APO, apocyanine; non-
DM, non-diabetes mellitus rats; DM, Streptozotocin 

induced-diabetes mellitus rats; DM+MEL, Streptozotocin 
induced-diabetes mellitus in rats treated with melatonin; 
pD2, the potency of Ang 1–7; dAUC%, the percentage of 
difference area under curve). [*, P < 0.05; **, P < 0.01; 

***, P < 0.001; ****, P < 0.0001].

in the vasodilatory response induced by Ang 1–7, and 
Ang 1–7 potency remained unchanged (Figure 3A). 
While diabetes rings exhibited a notable reduction 
to Ang 1–7 activity, there were no statistically 
signifi cant alterations in Ang 1–7 potency (Figure 
3B). Nonetheless, when isolated rings were subjected 
to MEL treatment, the Ang 1–7 impact was alleviated 
through signifi cant (P = 0.0137) enhancement in the 
effectiveness of Ang 1–7 as compared with the control 
group (Figure 3C). Furthermore, the pre-incubation 
with ROT caused a signifi cant (P < 0.05) increase in 
dAUC% in the STZ-induced DM group as compared 
with the control rats. Conversely, under MEL 
infl uence, the dAUC% was restored in a signifi cant (P 
< 0.01) fashion as compared with the STZ-induced 
DM (Figure 3D). 
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Effect of melatonin on the vasodilatory 
response to Ang 1–7 via the xanthine oxidase 
activity
To assess the impact of xanthine oxidase on 

the vascular response to Ang 1–7, OXY (xanthine 
oxidase inhibitor) was pre-incubated. In the non-
DM group, the vasodilatory response induced by 
Ang 1–7 exhibited a signifi cant decrease at doses 
ranging between 5x10−7 to 10−6, followed by a 
highly signifi cant (P = 0.001) elevation in potency 
as compared with the control group (Figure 4A). In 
contrast, the vascular response of STZ-induced DM 
rings was declined signifi cantly at doses ranging from 
10−11 to 10−6 as compared with the control group along 
with non-signifi cant changes in potency (Figure 
4B). Conversely, in the diabetic condition and MEL 
administration, the previous effect was restored 
slightly as compared with the control group, while 

the potency remained unchanged as well (Figure 4C). 
Ultimately, the dAUC% value of OXY pre-incubation 
showed a dramatic (P < 0.01) elevation in the STZ-
induced DM rats as compared with the non-DM 
rats. However, the diabetic rings treated with MEL 
restored diabetic changes signifi cantly (P < 0.01) as 
compared with the diabetic group.

Effect of melatonin on Ang 1–7 Emax via 
PKC and oxidative stress enzymes activity
Table 1 shows the multiple comparison of the 

maximal response to the Ang 1–7 effect on isolated 
aortic rings with or without MEL administration and 
inhibitors. The control maximal responses to Ang 1–7 
was increased signifi cantly (P = 0.0048) in STZ-DM 
groups compared with the control of non-DM aortic 
rings. On the other hand, the presence of RO-31-
8220 produced a signifi cant (P = 0.0313) declination 
in STZ-induced DM treated with MEL against STZ-

Fig. 3. Ang 1–7 DRC in aortic rings pre-contracted 
with PE (1 μM) in the presence of ROT (50 μM). The 
data points in the study are represented as the mean 
values ± SEM. (CT, control; ROT, rotenone; non-

DM, non-diabetes mellitus rats; DM, Streptozotocin 
induced-diabetes mellitus rats; DM+MEL, Streptozotocin 
induced-diabetes mellitus in rats treated with melatonin; 
pD2, the potency of Ang 1–7; dAUC%, the percentage of 
difference area under curve; n, sample size). [*, P < 0.05; 

**, P < 0.01; ***, P < 0.001].
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Fig. 4. Ang 1–7 DRC in aortic rings pre-contracted 
with PE (1 μM) in the presence of OXY (100 μM). The 

data points in the study are represented as the mean 
values ± SEM. (CT, control; OXY, oxypurinol; non-
DM, non-diabetes mellitus rats; DM, Streptozotocin 

induced-diabetes mellitus rats; DM+MEL, Streptozotocin 
induced-diabetes mellitus in rats treated with melatonin; 
pD2, the potency of Ang 1–7; dAUC%, the percentage of 
difference area under curve; n, sample size). [*, P < 0.05; 

**, P < 0.01; ***, P < 0.001]. 
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induced DM rats. Meanwhile, APO mediated slight 
changes between all compared groups. In contrast, the 
presence of ROT in that response led to a signifi cant 
(P = 0.0437) increase in diabetic rats treated with 
MEL as compared with the STZ-induced DM group. 
Furthermore, the slight difference occurred in the 
presence of OXY in the studied groups.

Effect of melatonin on Ang 1–7 potency via 
PKC and oxidative stress enzymes activity
Table 2 shows the multiple comparisons of Ang 

1–7 potency with or without MEL administration and 
applied inhibitors. The Ang 1–7 potency produced 
slight changes of control groups in all comparison 
groups. In contrast, the Ang 1–7 potency in the 
presence of RO-31-8220 was increased dramatically 
(P = 0.0133) in STZ-induced DM as compared with 
the non-DM group, while the selected parameter 
was decreased signifi cantly (P = 0.0300) in STZ-
induced DM treated with MEL as compared with 
the STZ-induced DM group. Similarly, the pre-
incubation aortic ring with APO exhibited a 
signifi cant (P = 0.0211) declination of potency in 
STZ-induced DM as compared with the DM group. 
On the other hand, the multiple comparison of ROT 

pre-incubation revealed a signifi cant (P = 0.0220) 
decrease of Ang 1–7 potency in diabetic rats treated 
with MEL from the diabetic group. Additionally, in 
presence of OXY, the Ang 1–7 potency of isolated 
rings was also increased signifi cantly (P = 0.0082) 
in STZ-induced DM treated with MEL as compared 
with the non-DM group.

Effect of melatonin on the vasodilatory 
response to Ang 1–7 via the PI3K signalling 
pathway
In the presence of PI-3065 (PI3K inhibitor), the 

maximal vasodilatory response induced by Ang 
1–7 and Ang 1–7 potency showed non-signifi cant 
changes in the non-DM group as compared with the 
control group (Figure 5A). On the other hand, the 
presence of PI-3065 produced a slight increase in the 
response with unchanged potency as compared with 
the control group (Figure 5B). Correspondingly, the 
STZ-induced DM treated with MEL also produced 
slight changes of the vasodilatory response induced 
by Ang 1–7 with unchanged potency as compared 
with the control groups (Figure 5C). Besides, the 
dAUC% exhibited no changes among the studied 
groups (Figure 5D).

Table 1. The Emax value for Ang 1–7 reactivity via PKC enzyme and NADPH oxidase activity 

Groups
Emax (PE)

Multiple Comparisonnon-DM
(A)

DM
(B)

DM+MEL
©

CT 50.55 ± 8.922 66.46 ± 11.53 96.00 ± 8.000 (A vs. C) P < 0.0048
RO-31-8220 81.20 ± 6.697 95.54 ± 2.909 70.79 ± 7.761 (B vs. C) P < 0.0313

APO 75.60 ± 8.018 102.9 ± 6.283 91.02 ± 11.93 NS
ROT 62.77 ± 4.304 111.2 ± 6.174 83.49 ± 24.84 (A vs. B) P < 0.0437
OXY 99.45 ± 13.59 121.4 ± 21.78 81.6 ± 5.472 NS

Data are presented as mean ± SEM. One-way ANOVA was employed to analyse the studied groups followed by the 
Tukey test as post hoc. [Emax, maximum response; n, sample size, CT; control; MEL, melatonin; APO, apocyanin; 
OXY, oxypurinol; ROT, rotenone; non-DM, non-diabetes mellitus; DM, STZ-induced diabetes mellitus; P, probabil-
ity value; PE, phenylephrine; NS, non-significant difference; vs, versus].

Melatonin’s Role in Vascular Reactivity in Diabetic Rats

Table 2. The potency value for Angiotensin 1–7 reactivity via PKC enzyme and NADPH oxidase activity

Groups
pD2

Multiple ComparisonNon-DM
(A)

DM
(B)

DM+MEL
(C)

CT −10.03 ± 0.207 −9.947 ± 0.305 −11.00 ± 0.399 NS

RO-31-8220 −9.516 ±0.180 −10.27 ± 0.159 −9.561 ± 0.190
P < 0.0133 (A vs. B)
P < 0.0300 (B vs. C)

APO −8.648 ± 0.249 −9.688 ± 0.292 −9.520 ± 0.249 P < 0.0211 (A vs. B)
ROT −10.12 ±0.172 −10.64 ± 0.250 −9.202 ± 0.566 P < 0.0220 (B vs. C)
OXY −8.965 ± 0.179 −9.831 ± 0.416 −10.14 ± 0.145 P < 0.0082 (A vs. C)

Data are presented as mean ± SEM. One-way ANOVA was employed to analyse the studied groups followed by the 
Tukey test as post hoc. [pD2, Ang1–7 potency; n, sample size, CT; control; MEL, melatonin; APO, apocyanin; OXY, 
oxypurinol; ROT, rotenone; non-DM, non-diabetes mellitus; DM, STZ-induced diabetes mellitus; P, probability value; 
NS, non-significant difference; vs, versus].
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Effect of melatonin on the vasodilatory 
response to Ang 1–7 via the AKT signalling 
pathway
The aortic rings were pre-incubated by Ipatasertib 

(AKT inhibitor), showed slight changes in the 
maximal vasodilatory response induced by Ang 1–7 
and potency in the non-DM group as compared 
with the control group (Figure 6A). Likewise, that 
response was changed slightly in the STZ-induced 
DM group with no changes in potency as compared 
with the control group (Figure 6B). Similarly, the 
STZ-induced DM treated with MEL also produced 
slight changes in the vasodilatory response induced 
by Ang 1–7 with no changes in its potency against the 
control group (Figure 6C). Additionally, the dAUC% 
showed slight changes in all studied groups (Figure 
6 D).

Effect of melatonin on the vasodilatory 
response to Ang 1-7 via Mas receptor
The maximum vasodilatory response caused by 

Ang 1–7 revealed slight changes of isolated aortic 
rings pre-incubated with A779 in the non-DM group 
as compared with the control. However, the Ang 
1–7 effectiveness produced a signifi cant decrease 
(P = 0.0001) in the diabetic group as compared with 
the control group (Figure 7A). Similarly, under the 
STZ effect, the vasodilatory response triggered by Ang 
1–7 showed a signifi cant decrease (P = 0.002) in the 
potency as compared with the control groups (Figure 
7B). In contrast, under the diabetic condition with 
MEL treatment, the signifi cant decrease (P < 0.05) 
of the vasodilatory response occurred at 10−7, 5x10−7, 
and 10−6 concentration, but the potency of Ang 1–7 
remained unchanged as compared with the control 
group (Figure 7C). Conversely, the dAUC% showed 
slight changes in all the studied groups (Figure 7D) 
as well.

Fig. 6. Ang 1–7 DRC in aortic rings pre-contracted with 
PE (1 μM) in the presence of Ipatasertib (1 μM). The 
data points in the study are represented as the mean 

values ± SEM. (CT, control; Ipatasertib, AKT inhibitor; 
non-DM, non-diabetes mellitus rats; DM, Streptozotocin 
induced-diabetes mellitus rats; DM+MEL, Streptozotocin 
induced-diabetes mellitus in rats treated with melatonin; 
pD2, the potency of Ang 1–7; dAUC%, the percentage of 

difference area under curve). 
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Fig. 5. Ang 1–7 DRC in aortic rings pre-contracted with 
PE (1 μM) in the presence of PI-3065 (1 μM). The data 
points in the study are represented as the mean values ± 
SEM. (CT, control; PI-3065, PI3K inhibitor; non-DM, 

non-diabetes mellitus rats; DM, Streptozotocin induced-
diabetes mellitus rats; DM+MEL).
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Effect of melatonin on the vasodilatory 
response to Ang 1–7 via the NO activity
The Ang 1–7 effect of aortic rings pre-incubated 

with L-NAME showed non-signifi cant changes in 
the non-DM group as compared with the control. 
However, in diabetic rats, the potency was elevated 
dramatically (P = 0.0001) from to the control rats 
(Figure 8A). Similarly, in STZ-induced DM, the 
vasodilatory response triggered by Ang 1–7 showed 
non-signifi cant changes, but the dramatic increase 
(P = 0.001) in the potency occurred (Figure 8B). 
In contrast, in diabetic rats treated with MEL, a 
signifi cant decrease (P ≤ 0.05) in the vasodilatory 
response of Ang 1–7 occurred at concentrations 
of 5x10−7 and 10−6, while the potency of Ang 1–7 
remained unchanged as against control rats (Figure 
8C). Additionally, the dAUC% showed slight 
differences in all the studied groups (Figure 8D).

Effect of melatonin on the maximal response 
to Ang 1–7 reactivity via PI3K/AKT/eNOS 
signalling pathway
Table 3 shows the multiple comparison of the 

maximal response to Ang 1–7 with or without MEL 
and applied inhibitors as well as blockers. The control 
maximal response in diabetic rats administered 
with MEL was decreased signifi cantly (P = 0.0492) 
as compared with the control in STZ-induced DM 
rats. In contrast, the maximal response to Ang 1–7 
with each of PI-3065, Ipatasertib and L-NAME 
pre-incubation was declined slightly in diabetic rats 
treated with MEL as compared with the diabetic rats, 
except in the presence of A779 that increased non-
signifi cantly. 

Effect of melatonin on to Ang 1–7 potency via 
the PI3K/AKT/eNOS signalling pathway
Table 4 shows multiple comparisons of Ang 

Fig. 7. Ang 1–7 DRC in aortic rings pre-contracted with 
PE (1 μM) in the presence of A779 (1 μM). The data 

points in the study are represented as the mean values ± 
SEM. (CT, control; A779, Mas receptor blocker; non-DM, 
non-diabetes mellitus rats; DM, Streptozotocin induced-

diabetes mellitus rats; DM+MEL, Streptozotocin induced-
diabetes mellitus in rats treated with melatonin; pD2, 

the potency of Ang 1–7; dAUC%, the percentage of the 
difference area under curve). [*, P < 0.05; **, P < 0.01]. 

Melatonin’s Role in Vascular Reactivity in Diabetic Rats

Fig. 8. Ang 1–7 DRC in aortic rings pre-contracted with 
PE (1 μM) in the presence of L-NAME (200 μM). The 

data points in the study are represented as the mean 
values ± SEM. (CT, control; L-NAME, NO inhibitor; 

non-DM, non-diabetes mellitus rats; DM, Streptozotocin 
induced-diabetes mellitus rats; DM+MEL, Streptozotocin 
induced-diabetes mellitus in rats treated with melatonin; 
pD2, the potency of Ang 1–7; dAUC%, the percentage of 

difference area under curve). [**, P < 0.01]. 
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1–7 potency with or without MEL and applied 
inhibitors as well as blockers. The potency of Ang 
1–7 of diabetic rats treated with MEL was decreased 
dramatically (P = 0.0296) as compared with the 
control diabetic rats. On the other hand, the Ang 
1–7 potency with A779 pre-incubation showed a 
signifi cant (P < 0.0001) decrease in the diabetic group 
as compared with the non-DM group. Meanwhile, 
the potency of Ang 1–7 in diabetic rats treated with 
MEL under A779 produced a signifi cant (P < 0.0001) 
decrease as compared with both STZ-induced DM 
and non-DM groups, respectively. In contrast, this 
potency showed slight changes in the presence of PI-
3065, Ipatasertib and L-NAME between the studied 
groups.

Effect MEL tunica medial layer thickness and 
smooth muscles nuclei count 
To evaluate whether the histological examination 

of MEL on diabetic rats’ aortae, the TM layer thickness 
(μm) and SMCs nuclei count were measured. Tunica 
media layer thickness was decreased signifi cantly (P < 
0.05) in diabetic rats from the non-DM group (Figure 
9A). In contrast, MEL administration ameliorated 

the diabetic effect through a compensation of such 
degeneration signifi cantly (P < 0.05) as compared 
with the STZ-induced DM group. On the other hand, 
the SMCs nuclei count was decreased dramatically (P 
< 0.01) in STZ-induced DM groups as compared to 
the non-DM group (Figure 9B), whereas the value 
in SZT-induced DM treated with MEL was increased 
non-signifi cantly as compared with STZ-induced 
DM, and it was decreased signifi cantly (P < 0.05) 
compared with non-DM rats.

Discussion
The obtained results revealed a minor rightward 

shift of the Ang 1–7 response when a PKC inhibitor 
was used in aortic rings of non-DM subjects. It has 
been suggested that PKC could offer a regulatory role 
of the vascular tone, which infl uences the diameter of 
blood vessels as well (Khalil, 2013). It is important to 
note that various subtypes of PKC can have different 
effects, with some promoting vasoconstriction and 
others promoting vasodilation (Thengchaisri et al., 
2021a). Regarding PKC roles, the complexity of 
subtypes could highlight their signifi cance roles 
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Table 3. The Emax value to Ang1–7 reactivity via the PI3K/AKT/eNOS signalling pathway

Groups
Emax (PE)

Multiple ComparisonNon-DM
(A)

DM
(B)

DM+MEL
©

CT 69.29 ± 5.109 90.08 ± 14.78 56.53 ± 7.957 (B vs. C) P < 0.0492
PI-3065 60.76 ± 16.60 113.5 ± 6.611 79.11 ± 29.45 NS

Ipatasertib 55.41 ± 11.85 88.08 ± 14.41 72.00 ± 21.63 NS
A779 53.74 ± 25.71 62.35 ± 19.22 93.01 ± 16.89 NS

L-NAME 100.0 ± 31.11 93.32 ± 11.41 84.21 ± 10.11 NS

Data are presented as mean ± SEM. One-way ANOVA was employed to analyse the studied groups followed by the 
Tukey test as post hoc. [Emax, maximum response; CT, control; MEL, melatonin; Ipatasertib, AKT inhibitor; L-
NAME, NO inhibitor; A779, Mas receptor blocker; PI-3065, PI3K inhibtor; non-DM, non-diabetes mellitus; DM, 
STZ-induced diabetes mellitus; P, probability value; PE, phenylephrine; NS, non-significant difference; vs, versus].

Table 4. The potency value to Angiotensin 1–7 reactivity via the PI3K/AKT/eNOS signalling pathway

Groups
pD2

Multiple ComparisonNon-DM
(A)

DM
(B)

DM+MEL
(C)

CT −10.02 ± 0.1689 −10.09 ± 0.274 −10.87 ± 0.2957 P = 0.0296 (A vs. C)
PI-3065 −9.446 ± 0.3513 −10.6 ± 0.1584 −10.6 ± 0.8261 NS

Ipatasertib −10.18 ± 0.4124 −9.276 ± 0.4164 −10.23 ± 0.3993 NS

A779 −15.69 ± 0.2132 −11.27 ± 0.1593 −10.14 ± 0.1907

P < 0.0001 (A vs. B)

P < 0.0001 (A vs. C)

P = 0.001 (B vs. C)
L-NAME −7.313 ± 0.4674 −8.482 ± 0.3555 −8.239 ± 0.1455 NS

Data are presented as mean ± SEM. One-way ANOVA was employed to analyse the studied groups followed by the 
Tukey test as post hoc. [pD2, Ang1–7 potency; CT, control; MEL, melatonin; Ipatasertib, AKT inhibitor; L-NAME, 
NO inhibitor; A779, Mas receptor blocker; PI-3065, PI3K inhibitor; non-DM, non-diabetes mellitus; DM, STZ-in-
duced diabetes mellitus; P, probability value; PE, phenylephrine; NS, non-significant difference; vs, versus].
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in modulating the blood vessel responsiveness and 
ultimately affecting the vascular function (Ringvold 
and Khalil, 2017). In contrast, in the STZ-induced 
DM group, the vasodilatory response induced by 
Ang 1–7 was more pronounced. This suggests that 
in the presence of diabetes and VED, PKC provokes 
a signifi cant role in the functioning of VECs (Knapp 
et al., 2019). This heightened response of Ang 1–7 
in the presence of diabetes and elevated PKC activity 
underscores the complex regulatory mechanisms 
involved in the vascular function under diabetic 
conditions (Wang et al., 2015). Additionally, one of 
the main outcomes of diabetes on the vascular system 
is the emergence of VED, which is subsequently 
followed by a decline in the vascular tone (Nie et al., 
2019). Furthermore, under the diabetes condition, 
PKC mediates some vasoconstrictors to induce 
vasoconstriction (Jackson et al., 2016). Based on our 
fi ndings, the isolated aorta exhibited strong vascular 
responses toward Ang 1–7 under diabetic conditions; 
hence, the dAUC% provided such an effect. Existing 
data suggest that the inhibition of PKC may be 
involved in vascular tone regulation through MEL 
antioxidant activity (Huang et al., 2022). Regarding 
PKC, MEL could exert its modulatory effects via 
specifi c receptor binding including MT1R and MT2R 

through various signalling pathways (Liu et al., 2016).
The obtained results of NADPH oxidase inhibitor 

demonstrated a dramatic increase in the potency 
of Ang 1–7 in both non-DM and STZ-induced 
DM rats treated with MEL. Recent studies have 
suggested that the elevated NADPH oxidase activity 
can lead to pathological changes and a reliance on 
hydrogen peroxide (H2O2) to regulate the vascular 
tone due to excessive production of superoxide 
(O2−) and H2O2 (Sylvester et al., 2022). Additionally, 
the excessive production of O2− is associated with 
various pathological obstacles, including vascular 
complications of diabetes (Thompson et al., 2017). 
However, in diabetic rats, the Ang 1–7 by itself 
improved the vascular tone by inhibiting oxidative 
enzymes (Raffai et al., 2011a). Furthermore, the 
signifi cant effects were observed with dAUC% in the 
diabetic group treated with MEL. Our fi ndings align 
with previous research and reinforce the evidence 
from other studies that MEL has benefi cial effects 
in mitigating diabetic complications through various 
mechanisms (Pourhanifeh et al., 2020). 

In our study, the inhibited mitochondrial electron 
transport chain showed a reduction in the vascular 
response triggered by Ang 1–7 in diabetic subjects. 
However, such a response was reversed signifi cantly 

Fig. 9. Quantitative effect of MEL on aortic histology, A; tunica media thickness (μm), B; smooth muscle nuclei count. 
The bar graph represents the mean ± SEM from the total sample size. (non-DM, non-diabetes mellitus rats; DM, 

Streptozotocin induced-diabetes mellitus rats; DM+MEL, Streptozotocin induced-diabetes mellitus in rats treated with 
melatonin; SMCs, smooth muscle cells; n, sample size; N, smooth muscle cell nucleus; TI, tunica intima; TM, tunica 

media; TA, tunica adventitia). [*, P < 0.05; **, P < 0.01].
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in the STZ-induced DM treated with MEL group. 
It is broadly recognized that mitochondria provide 
a central role in cellular ROS generation through 
their catabolic processes (Supinski et al., 2020). 
Regarding ROS activity, it may be attributed to the 
positive outcomes of MEL which could be linked to 
its capacity in mitochondrial ROS reduction. 

The observations of xanthine oxidase inhibition 
were also involved in our results; the Ang 1–7 
vasodilatory response induced in diabetic rats 
increased dramatically. However, when diabetic rats 
were treated with MEL, this effect was reduced. 
Interestingly, in the group of diabetic rats treated 
with MEL, such responsiveness may be attributed to 
MEL’s counteraction against VED and the declined 
vasodilatory response to Ang 1–7. Our explanation 
is supported by a previous attempt which proposed 
that the inhibition of xanthine oxidase-mediated O2− 
generation with a substance like OXY can improve 
endothelium-dependent vasodilator responses 
(Thengchaisri et al., 2021b). In particular, xanthine 
oxidase is well-known to be a potent source of oxidative 
stress in the vascular system through the production 
of uric acid (Liu et al., 2021). Furthermore, studies 
have depicted that the protective effects of MEL 
are in part mediated through its binding to MT2R 
(González-Flores et al., 2023). Additionally, MEL 
has been shown to decrease certain pro-infl ammatory 
factors in STZ-induced diabetic rats (Maher et al., 
2020).

Data obtained from PI3K inhibitor reveal the 
dysregulation of vasodilation by Ang 1–7. Numerous 
attempts have shown that the PI3K regulatory roles 
through different physiological mechanisms were 
linked to a variety of intracellular growth factors (Zhao 
et al., 2021). However, diabetes could generate both 
the advanced glycation end products (AGEs) and the 
receptor of advanced glycation end product (RAGE) 
contributing to the improvement of downstream 
PI3K/AKT signals (Figure 5) (Yuan et al., 2020). 
Surprisingly, in diabetic rats treated with MEL, the 
Ang 1–7 vasodilation under PI3K inhibitor effect 
was increased. Experimental research has supplied 
fi ndings that endorse the notion that MEL has the 
potential to enhance insulin signalling, potentially 
improving insulin sensitivity. This is achieved through 
the production of insulin-like growth factor and the 
augmentation of phosphorylation on the tyrosine 
residues of insulin receptors (Picinato et al., 2008). 
Hence, the increased vasodilation under MEL action 
could be involved through insulin improvement.

In our results, the Akt molecule inhibition by 
Ipatasertib revealed non-signifi cant changes of 
vasodilation triggered by Ang 1–7 in all studied 
groups. It confi rmed that hyperglycaemia could cause 
glycosylation to occur at the AKT phosphorylation 
site in eNOS, ultimately leading to the suppression of 
the eNOS function (Figure 6A, B, C) (Alghanem et 
al., 2021). On the other hand, dysregulation of AKT 

signalling pathways can lead to abnormal vascular 
remodelling (Jia and Sowers, 2021). In contrast, MEL 
could offer antioxidant properties of VECs activity 
through direct free radical scavenging, declined 
NADPH oxidase, and elevating SOD activity, hence, 
promoting NO and/or vasodilation via MT2R as well 
(Song et al., 2022). 

Our fi ndings under MasR blocker indicate that 
Ang 1–7 effectively promotes the dilation of the 
thoracic aorta, and its potency is notably enhanced 
in the group with experimentally induced diabetes 
using STZ. Furthermore, the administration of 
MEL also signifi cantly induced vasodilation. These 
results demonstrate that the external Ang 1–7 
successfully restored the dilatory capacity of diabetic 
rats’ aortae (Zhang et al., 2015). Additionally, it has 
been suggested that the signalling pathway of Ang 
1–7 primarily operates through the MasR (Chen 
et al., 2023). Indeed, Ang1–7 via its interaction 
through MasR triggers specifi c intracellular signalling 
pathways, resulting in the generation of NO and the 
stimulation of cAMP release (Tetzner et al., 2016). 
Meanwhile, several studies have reported that Ang 
1–7 can also communicate through the AT2R (Raffai 
et al., 2011b). Thus, our fi nding has uncovered 
a novel aspect suggesting that both MEL and Ang 
1–7 could synergistically potentiate the vascular tone 
through eNOS activity. 

The results obtained from using the NO inhibitor 
by L-NAME revealed a reduction in the potency of 
Ang 1–7 without a change in vasodilation, as well as in 
dAUC% in both diabetic rats and diabetic rats treated 
with MEL. This suggests that there may be impaired 
endothelial eNOS signalling pathways, leading to a 
subsequent decrease in NO production (Xie et al., 
2021). Meanwhile, in the STZ-induced DM treated 
with MEL group, the elevated maximum response 
was observed (Figure 8C). Studies have indicated 
that MEL has the potential activity to restore or 
compensate the decreased NO levels (Simko et al., 
2018).

The quantitative histopathological fi ndings 
demonstrate dysfunction in the development of aortic 
layers, characterized by a reduction in the number of 
VSMCs nuclei and a decrease in TM thickness, as 
well as the disrupted structural organization. These 
changes are attributed to the signifi cant impact 
of diabetes on VSMCs, primarily resulting from 
prolonged exposure to hyperglycaemia followed by 
vascular complications (Ullah Wazir et al., 2023). On 
the other hand, the precise cellular-level mechanism 
responsible for these changes remains unclear. 
Furthermore, the contraction or shrinking of VSMCs 
and an increase in collagen bundles within the tissue 
can lead to alterations in the size, shape, and number 
of cell nuclei (Silva-Velasco et al., 2023). These 
combined factors are attributed to be responsible for 
the observed changes in the aortic diameter. However, 
the results of STZ-induced DM treated with MEL 
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showed a notable reduction in the adverse effects of 
diabetes, and signifi cant improvement was observed, 
indicating a substantial amelioration of diabetic-
related consequences. Indeed, accumulated evidence 
supports the idea that MEL can improve metabolic 
irregularities and dysfunction in the adipose tissue 
due to its antioxidant properties (Cui et al., 2023). 
Additionally, MEL’s effects may be mediated through 
their membrane receptors (Xia et al., 2020). Moreover, 
MEL has been found to enhance the activity of the 
mitochondrial activity, especially those mechanisms 
linked to oxidative enzymes (Reiter et al., 2016).

Conclusions
The study fi ndings indicate that STZ negatively 

affects the vascular response to Ang 1–7 in isolated 
thoracic aortae. However, the administration of MEL 
effectively reversed these diabetes-induced alterations, 
leading to improved vasodilation in response to Ang 
1–7. The involvement of PKC and NADPH oxidase 
had minimal effects on Ang 1–7-induced vasodilation 
in non-diabetic aortic rings. Conversely, MEL 
induced slight changes in the diabetic group induced 
by STZ, suggesting that MEL plays a regulatory role in 
vascular responsiveness to Ang 1–7 in diabetic aortic 
rings. Particularly, MEL mitigates the adverse effects 
of mitochondrial complex I inhibition on the vascular 
function in diabetes and partially counteracts the 
effects of xanthine oxidase by modulating oxidative 
stress pathways.

The study also suggests that PI3K may not be a 
primary regulator of Ang 1–7-induced vasodilation 
in these experimental conditions. The impact of AKT 
inhibition on the vascular response to Ang 1–7, with or 

without MEL treatment, was relatively modest across 
the experimental groups. The study underscores the 
crucial roles of MasR in maintaining the effi cacy of 
Ang 1–7-induced vasodilation in both non-diabetic 
and diabetic conditions. However, under MEL 
treatment in diabetic rats, there was a reduction in 
the maximal vasodilatory response to Ang 1–7 when 
MasR was blocked, although these interventions on 
vascular responses were subtle.

Furthermore, the study concludes that NO 
has a counterregulatory role in the effi cacy of 
Ang 1–7-induced vasodilation, as evidenced by a 
signifi cant increase in potency when NO is inhibited. 
The complex interactions among NO, MEL, and Ang 
1–7 in regulating vascular responses provide valuable 
insights into potential therapeutic strategies for 
addressing vascular dysfunction in diabetes. Finally, 
MEL may have potential protective and restorative 
effects on the structural integrity of the tunica media 
layer thickness and vascular smooth muscle cell 
(VSMC) density in diabetic conditions.

Funding
This study received no particular support from 

governmental, private, or non-profi t funding bodies.

Conflict of Interest
There were no confl icts of interest as declared by 

the authors.

Acknowledgement
The authors acknowledge the fi nancial support of 

the work by Mohammed Saadi Ahmed the Chairman 
of Erbil Bank, Iraq for investment and fi nance.

Melatonin’s Role in Vascular Reactivity in Diabetic Rats

References 
1. Aboalgasm H.,Petersen M.,Gwanyanya A., Improvement 

of cardiac ventricular function by magnesium treatment in 
chronic streptozotocin-induced diabetic rat heart. Cardiovasc 
J Afr. 2021. T. 32 (3). P. 141-148. doi:10.5830/cvja-2020-054

2. Alghanem A. F.,Abello J.,Maurer J. M.,Kumar A.,Ta C. 
M.,Gunasekar S. K.,Fatima U.,Kang C.,Xie L.,Adeola O., The 
SWELL1-LRRC8 complex regulates endothelial AKT-eNOS 
signaling and vascular function. Elife. 2021. T. 10. P. e61313. 

3. Beckman J. A.,Creager M. A., Vascular complications of dia-
betes. Circulation research. 2016. T. 118 (11). P. 1771-1785. 

4. Bosso M.,Thanaraj T. A.,Abu-Farha M.,Alanbaei 
M.,Abubaker J.,Al-Mulla F., The Two Faces of ACE2: The 
Role of ACE2 Receptor and Its Polymorphisms in Hyperten-
sion and COVID-19. Mol Ther Methods Clin Dev. 2020. T. 
18. P. 321-327. doi:10.1016/j.omtm.2020.06.017

5. Chen X. S.,Cui J. R.,Meng X. L.,Wang S. H.,Wei W.,Gao Y. 
L.,Shou S. T.,Liu Y. C.,Chai Y. F., Angiotensin-(1-7) amelio-
rates sepsis-induced cardiomyopathy by alleviating infl amma-
tory response and mitochondrial damage through the NF-κB 
and MAPK pathways. J Transl Med. 2023. T. 21 (1). P. 2. 
doi:10.1186/s12967-022-03842-5

6. Chien C.-Y.,Wen T.-J.,Cheng Y.-H.,Tsai Y.-T.,Chiang C.-
Y.,Chien C.-T., Diabetes upregulates oxidative stress and down-
regulates cardiac protection to exacerbate myocardial ischemia/
reperfusion injury in rats. Antioxidants. 2020. T. 9 (8). P. 679. 

7. Chitimus D. M.,Popescu M. R.,Voiculescu S. E.,Panaitescu A. 
M.,Pavel B.,Zagrean L.,Zagrean A. M., Melatonin’s Impact 
on Antioxidative and Anti-Infl ammatory Reprogramming in 
Homeostasis and Disease. Biomolecules. 2020. T. 10 (9). P. 
doi:10.3390/biom10091211

8. Cui L.,Guo J.,Wang Z.,Zhang J.,Li W.,Dong J.,Liu K.,Guo 
L.,Li J.,Wang H.,Li J., Meloxicam inhibited oxidative stress 
and infl ammatory response of LPS-stimulated bovine endo-
metrial epithelial cells through Nrf2 and NF-κB pathways. 
International immunopharmacology. 2023. T. 116. P. 109822. 
doi:https://doi.org/10.1016/j.intimp.2023.109822

9. Datta M.,Majumder R.,Chattopadhyay A.,Bandyopadhyay 
D., Protective effect of melatonin in atherosclerotic cardiovas-
cular disease: A comprehensive review. Melatonin Research. 
2021. T. 4 (3). P. 408-430. 

10. Forrester S. J.,Booz G. W.,Sigmund C. D.,Coffman T. 
M.,Kawai T.,Rizzo V.,Scalia R.,Eguchi S., Angiotensin II sig-
nal transduction: an update on mechanisms of physiology and 
pathophysiology. Physiological reviews. 2018. T. 98 (3). P. 
1627-1738. 

11. Fountain J. H.,Kaur J.,Lappin S. L., Physiology, renin angio-
tensin system. In StatPearls [Internet], StatPearls Publishing: 
2023.

12. González-Flores D.,López-Pingarrón L.,Castaño M. Y.,Gómez 
M. Á.,Rodríguez A. B.,García J. J.,Garrido M., Melatonin as 
a Coadjuvant in the Treatment of Patients with Fibromyalgia. 
Biomedicines. 2023. T. 11 (7). P. 1964. 

13. Huang K.,Luo X.,Zhong Y.,Deng L.,Feng J., New insights 
into the role of melatonin in diabetic cardiomyopathy. Phar-
macol Res Perspect. 2022. T. 10 (1). P. e00904. doi:10.1002/
prp2.904

14. Jackson R.,Brennan S.,Fielding P.,Sims M. W.,Challiss R. 
A.,Adlam D.,Squire I. B.,Rainbow R. D., Distinct and com-
plementary roles for α and β isoenzymes of PKC in medi-
ating vasoconstrictor responses to acutely elevated glucose. 

Veterinarija ir Zootechnika 2023;81(2)



20 Nazar M. Shareef Mahmood, Almas MR Mahmud, Ismail M Maulood

Br J Pharmacol. 2016. T. 173 (5). P. 870-87. doi:10.1111/
bph.13399

15. Jia G.,Sowers J. R., Hypertension in diabetes: an update of 
basic mechanisms and clinical disease. Hypertension. 2021. 
T. 78 (5). P. 1197-1205. 

16. Karamitri A.,Jockers R., Melatonin in type 2 diabetes mellitus 
and obesity. Nature Reviews Endocrinology. 2019. T. 15 (2). 
P. 105-125. 

17. Kayama Y.,Raaz U.,Jagger A.,Adam M.,Schellinger I. 
N.,Sakamoto M.,Suzuki H.,Toyama K.,Spin J. M.,Tsao P. S., 
Diabetic cardiovascular disease induced by oxidative stress. 
International journal of molecular sciences. 2015. T. 16 (10). 
P. 25234-25263. 

18. Khalil R. A., Protein Kinase C Inhibitors as Modulators of 
Vascular Function and their Application in Vascular Dis-
ease. Pharmaceuticals (Basel). 2013. T. 6 (3). P. 407-39. 
doi:10.3390/ph6030407

19. Knapp M.,Tu X.,Wu R., Vascular endothelial dysfunction, a 
major mediator in diabetic cardiomyopathy. Acta Pharmacol 
Sin. 2019. T. 40 (1). P. 1-8. doi:10.1038/s41401-018-0042-6

20. Lissoni P.,Porro G.,Monzon A.,Lissoni A.,Caddeo A.,Messina 
G.,Di Fede G.,Valentini A.,Simoes-e-Silva A. C.,Cardinali D. 
P., A randomized study of high-dose pineal hormone mela-
tonin alone versus high-dose melatonin plus low-dose angio-
tensin-(1-7) in untreatable advanced cancer patients. 2021. T. 
P. 

21. Liu J.,Clough S. J.,Hutchinson A. J.,Adamah-Biassi E. 
B.,Popovska-Gorevski M.,Dubocovich M. L., MT1 and MT2 
Melatonin Receptors: A Therapeutic Perspective. Annu Rev 
Pharmacol Toxicol. 2016. T. 56. P. 361-83. doi:10.1146/an-
nurev-pharmtox-010814-124742

22. Liu N.,Xu H.,Sun Q.,Yu X.,Chen W.,Wei H.,Jiang J.,Xu Y.,Lu 
W., The role of oxidative stress in hyperuricemia and xan-
thine oxidoreductase (XOR) inhibitors. Oxidative Medicine 
and Cellular Longevity. 2021. T. 2021. P. 

23. Maher A. M.,Saleh S. R.,Elguindy N. M.,Hashem H. 
M.,Yacout G. A., Exogenous melatonin restrains neuroin-
fl ammation in high fat diet induced diabetic rats through at-
tenuating indoleamine 2, 3-dioxygenase 1 expression. Life 
sciences. 2020. T. 247. P. 117427. 

24. Molcan L.,Maier A.,Zemančíková A.,Gelles K.,Török 
J.,Zeman M.,Ellinger I., Expression of Melatonin Receptor 1 
in Rat Mesenteric Artery and Perivascular Adipose Tissue and 
Vasoactive Action of Melatonin. Cell Mol Neurobiol. 2021. T. 
41 (7). P. 1589-1598. doi:10.1007/s10571-020-00928-w

25. Mostafavinia A.,Amini A.,Ghorishi S. K.,Pouriran R.,Bayat 
M., The effects of dosage and the routes of administrations 
of streptozotocin and alloxan on induction rate of typel dia-
betes mellitus and mortality rate in rats. Laboratory animal 
research. 2016. T. 32. P. 160-165. 

26. Nie Q.,Zhu L.,Zhang L.,Leng B.,Wang H., Astragaloside IV 
protects against hyperglycemia-induced vascular endothelial 
dysfunction by inhibiting oxidative stress and Calpain-1 acti-
vation. Life sciences. 2019. T. 232. P. 116662. 

27. Nikolaev G.,Robeva R.,Konakchieva R., Membrane mela-
tonin receptors activated cell signaling in physiology and dis-
ease. International journal of molecular sciences. 2021. T. 23 
(1). P. 471. 

28. Ozkalayci F.,Kocabas U.,Altun B. U.,Pandi-Perumal S.,Altun 
A., Relationship between melatonin and cardiovascular dis-
ease. Cureus. 2021. T. 13 (1). P. 

29. Paneni F.,Beckman J. A.,Creager M. A.,Cosentino F., Dia-
betes and vascular disease: pathophysiology, clinical conse-
quences, and medical therapy: part I. European heart journal. 
2013. T. 34 (31). P. 2436-2443. 

30. Paz Ocaranza M.,Riquelme J. A.,García L.,Jalil J. E.,Chiong 
M.,Santos R. A. S.,Lavandero S., Counter-regulatory renin–
angiotensin system in cardiovascular disease. Nature Reviews 
Cardiology. 2020. T. 17 (2). P. 116-129. doi:10.1038/s41569-
019-0244-8

31. Picinato M. C.,Hirata A. E.,Cipolla-Neto J.,Curi R.,Carvalho 
C. R.,Anhê G. F.,Carpinelli A. R., Activation of insulin and 
IGF-1 signaling pathways by melatonin through MT1 recep-
tor in isolated rat pancreatic islets. J Pineal Res. 2008. T. 44 
(1). P. 88-94. doi:10.1111/j.1600-079X.2007.00493.x

32. Pourhanifeh M. H.,Dehdashtian E.,Hosseinzadeh A.,Sezavar 
S. H.,Mehrzadi S., Clinical application of melatonin in the 
treatment of cardiovascular diseases: current evidence and 
new insights into the cardioprotective and cardiotherapeutic 
properties. Cardiovascular Drugs and Therapy. 2020. T. P. 
1-25. 

33. Raffai G.,Durand M. J.,Lombard J. H., Acute and chronic 
angiotensin-(1-7) restores vasodilation and reduces oxi-
dative stress in mesenteric arteries of salt-fed rats. Am J 
Physiol Heart Circ Physiol. 2011a. T. 301 (4). P. H1341-52. 
doi:10.1152/ajpheart.00202.2011

34. Raffai G.,Durand M. J.,Lombard J. H., Acute and chronic an-
giotensin-(1–7) restores vasodilation and reduces oxidative 
stress in mesenteric arteries of salt-fed rats. American Journal 
of Physiology-Heart and Circulatory Physiology. 2011b. T. 
301 (4). P. H1341-H1352. 

35. Reiter R. J.,Mayo J. C.,Tan D. X.,Sainz R. M.,Alatorre�Jime-
nez M.,Qin L., Melatonin as an antioxidant: under promises 
but over delivers. Journal of pineal research. 2016. T. 61 (3). 
P. 253-278. 

36. Ringvold H. C.,Khalil R. A., Protein Kinase C as Regulator 
of Vascular Smooth Muscle Function and Potential Target in 
Vascular Disorders. Adv Pharmacol. 2017. T. 78. P. 203-301. 
doi:10.1016/bs.apha.2016.06.002

37. Sena C. M.,Pereira A. M.,Seiça R., Endothelial dysfunction—
a major mediator of diabetic vascular disease. Biochimica et 
Biophysica Acta (BBA)-Molecular Basis of Disease. 2013. T. 
1832 (12). P. 2216-2231. 

38. Silva-Velasco D. L.,Beltran-Ornelas J. H.,Tapia-Martínez 
J.,Sánchez-López A.,de la Cruz S. H.,Cervantes-Pérez L. 
G.,del Valle-Mondragón L.,Sánchez-Mendoza A.,Centurión 
D., NaHS restores the vascular alterations in the renin-angi-
otensin system induced by hyperglycemia in rats. Peptides. 
2023. T. 164. P. 171001. doi:https://doi.org/10.1016/j.pep-
tides.2023.171001

39. Simko F.,Baka T.,Krajcirovicova K.,Repova K.,Aziriova 
S.,Zorad S.,Poglitsch M.,Adamcova M.,Reiter R. J.,Paulis L., 
Effect of Melatonin on the Renin-Angiotensin-Aldosterone 
System in l-NAME-Induced Hypertension. Molecules. 2018. 
T. 23 (2). P. 265. 

40. Song Y.,Jia H.,Hua Y.,Wu C.,Li S.,Li K.,Liang Z.,Wang Y., 
The Molecular Mechanism of Aerobic Exercise Improving 
Vascular Remodeling in Hypertension. Front Physiol. 2022. 
T. 13. P. 792292. doi:10.3389/fphys.2022.792292

41. Supinski G. S.,Schroder E. A.,Callahan L. A., Mitochondria 
and critical illness. Chest. 2020. T. 157 (2). P. 310-322. 

42. Sylvester A. L.,Zhang D. X.,Ran S.,Zinkevich N. S., Inhibit-
ing NADPH Oxidases to Target Vascular and Other Patholo-
gies: An Update on Recent Experimental and Clinical Studies. 
Biomolecules. 2022. T. 12 (6). P. doi:10.3390/biom12060823

43. Tamanna S.,Lumbers E. R.,Morosin S. K.,Delforce S. 
J.,Pringle K. G., ACE2: a key modulator of the renin-angi-
otensin system and pregnancy. American Journal of Physi-
ology-Regulatory, Integrative and Comparative Physiology. 
2021. T. 321 (6). P. R833-R843. 

44. Tan Y.,Cheong M. S.,Cheang W. S., Roles of reactive oxy-
gen species in vascular complications of diabetes: Therapeutic 
properties of medicinal plants and food. Oxygen. 2022. T. 2 
(3). P. 246-268. 

45. Tetzner A.,Gebolys K.,Meinert C.,Klein S.,Uhlich A.,Trebicka 
J.,Villacañas Ó.,Walther T., G-protein–coupled receptor 
MrgD is a receptor for angiotensin-(1–7) involving adenylyl 
cyclase, cAMP, and phosphokinase A. Hypertension. 2016. T. 
68 (1). P. 185-194. 

46. Thengchaisri N.,Hein T. W.,Ren Y.,Kuo L., Activation of Cor-
onary Arteriolar PKCβ2 Impairs Endothelial NO-Mediated 
Vasodilation: Role of JNK/Rho Kinase Signaling and Xan-
thine Oxidase Activation. Int J Mol Sci. 2021a. T. 22 (18). P. 
doi:10.3390/ijms22189763

47. Thengchaisri N.,Hein T. W.,Ren Y.,Kuo L., Activation of 
coronary arteriolar PKCβ2 impairs endothelial NO-mediated 
vasodilation: role of JNK/Rho kinase signaling and xanthine 
oxidase activation. International journal of molecular scienc-
es. 2021b. T. 22 (18). P. 9763. 

48. Thompson J. A.,Larion S.,Mintz J. D.,Belin de Chantemèle E. 

Veterinarija ir Zootechnika 2023;81(2)



21Melatonin’s Role in Vascular Reactivity in Diabetic Rats

J.,Fulton D. J.,Stepp D. W., Genetic deletion of NADPH oxi-
dase 1 rescues microvascular function in mice with metabolic 
disease. Circulation research. 2017. T. 121 (5). P. 502-511. 

49. Tobeiha M.,Jafari A.,Fadaei S.,Mirazimi S. M. A.,Dashti 
F.,Amiri A.,Khan H.,Asemi Z.,Reiter R. J.,Hamblin M. 
R.,Mirzaei H., Evidence for the Benefi ts of Melatonin in 
Cardiovascular Disease. Front Cardiovasc Med. 2022. T. 9. P. 
888319. doi:10.3389/fcvm.2022.888319

50. Ullah Wazir N.,Amir Khan I.,Javed A.,Khan T.,Jabbar A., 
Onosma hispidum L. extract reverses hyperlipidemia, hyper-
tension, and associated vascular dysfunction in rats. Saudi 
Journal of Biological Sciences. 2023. T. 30 (8). P. 103712. 
doi:https://doi.org/10.1016/j.sjbs.2023.103712

51. Wang Y.,Zhou H.,Wu B.,Zhou Q.,Cui D.,Wang L., Protein 
kinase C isoforms distinctly regulate propofol-induced en-
dothelium-dependent and endothelium-independent vasodi-
lation. Journal of cardiovascular pharmacology. 2015. T. 66 
(3). P. 276-284. 

52. Xia L.,Sun C.,Zhu H.,Zhai M.,Zhang L.,Jiang L.,Hou P.,Li 
J.,Li K.,Liu Z., Melatonin protects against thoracic aortic an-
eurysm and dissection through SIRT1�dependent regulation 
of oxidative stress and vascular smooth muscle cell loss. Jour-
nal of pineal research. 2020. T. 69 (1). P. e12661. 

53. Xie J.-X.,Hu J.,Cheng J.,Liu C.,Wei X., The function of the 
ACE2/Ang (1-7)/Mas receptor axis of the renin-angiotensin 
system in myocardial ischemia reperfusion injury. European 
Review for Medical & Pharmacological Sciences. 2022. T. 26 
(6). P. 

54. Xie Y.,Lou D.,Zhang D., Melatonin Alleviates Age-Associat-
ed Endothelial Injury of Atherosclerosis via Regulating Tel-
omere Function. J Infl amm Res. 2021. T. 14. P. 6799-6812. 
doi:10.2147/jir.s329020

55. Yuan G.,Si G.,Hou Q.,Li Z.,Xu K.,Wang Y.,Wang W.,Xu 
X.,Zhang L.,Sun X., Advanced glycation end products induce 
proliferation and migration of human aortic smooth muscle 
cells through PI3K/AKT pathway. BioMed Research Interna-
tional. 2020. T. 2020. P. 

56. Zhang Y.,Liu J.,Luo J.-Y.,Tian X. Y.,Cheang W. S.,Xu J.,Lau 
C. W.,Wang L.,Wong W. T.,Wong C. M., Upregulation of 
angiotensin (1-7)-mediated signaling preserves endothelial 
function through reducing oxidative stress in diabetes. Anti-
oxidants & Redox Signaling. 2015. T. 23 (11). P. 880-892. 

57. Zhao Y.,Qian Y.,Sun Z.,Shen X.,Cai Y.,Li L.,Wang Z., Role 
of PI3K in the Progression and Regression of Atherosclero-
sis. Front Pharmacol. 2021. T. 12. P. 632378. doi:10.3389/
fphar.2021.632378

Veterinarija ir Zootechnika 2023;81(2)




