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 Aging markedly increases vulnerability to cardiovascular disorders, including acute coronary 
syndrome and coronary artery disease. Although melatonin (M) and nicotinamide mono-nucleotide 
(N) have each shown cardioprotective properties, their combined effects on ischemia-reperfusion 
(IR) injury in the aged heart remain unclear. This study investigated co-administration of M and N 
enhances cardiac functional recovery and reduces inflammatory responses following myocardial 
IR injury in aged rats. Forty adult male Wistar rats (n = 8/group) were randomly assigned to five 
groups: Sham, IR, M (IR + M), N (IR + N), and N + M (IR + N + M). Cardiac function was evaluated 
after IR by measuring coronary flow, heart rate, left ventricular end-diastolic pressure, and left 
ventricular developed pressure. Melatonin was administered at 50.00 µM in the reperfusion 
solution for 15 min after 30 min of ischemia, N was administered intraperitoneally at 100 mg kg-1 
every other day for 28 days. Creatine kinase and inflammatory markers, including interleukin IL-
1β, IL-6, tumor necrosis factor-alpha, and nuclear factor kappa B, were also assessed. IR 
significantly impaired coronary flow and heart rate, both of which were improved by M and N 
treatment. These agents also reduced left ventricular end-diastolic pressure and improved left 
ventricular developed pressure recovery, with the combined therapy producing the greatest 
effect. Likewise, creatine kinase and inflammatory marker levels were significantly elevated in the 
IR group but markedly reduced by treatment, especially by combined administration. These 
findings suggest that M and N exert additive cardioprotective effects against IR injury in aged rats. 
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Introduction 
 

Aging has a profound impact on the cardiovascular 
system, leading to an increased prevalence of heart 
diseases, particularly among the elderly. As individuals 
age, the risk of cardiovascular diseases (CVD) such as 
acute coronary syndrome and coronary artery disease 
(CAD) rises significantly, with those over 60 years old 
being especially vulnerable. Despite advances in medical 
care, a substantial proportion of CAD-related deaths 
continues to occur in individuals over 65 years of age.1 
Heart failure and other cardiac disorders are caused by   

 anatomical and functional changes in the aging heart, such 
as decreased blood flow, left ventricular hypertrophy, and 
increased arterial stiffness.2 Additionally, the challenge of 
ischemia-reperfusion (IR) injury (IRI) further complicates 
cardiovascular health in the elderly, as the restoration of 
blood flow following ischemia paradoxically triggers a 
series of damaging events, such as oxidative stress, 
mitochondrial dysfunction, and an exaggerated 
inflammatory response. This inflammation, driven by 
neutrophil activation and cytokine release, exacerbates 
myocardial damage, leading to increased cell death, 
arrhythmias, and larger infarct size.3 
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In addressing these cardiovascular challenges, 

melatonin (M), a hormone primarily produced by the 
pineal gland, retina, gastrointestinal tract, and other 
organs, emerges as a promising cardioprotective agent. 
Its production declines with age, particularly after the 
age of 70 years, and is influenced by factors such as 
gender and seasonal changes.4 Beyond its well-known 
role in sleep regulation, M exhibits significant antioxidant 
properties, stimulating enzymes like superoxide 
dismutase and glutathione peroxidase while inhibiting 
lipoxygenase activity.5 These antioxidant effects, which 
require higher concentrations than typically found in the 
bloodstream, contribute to M's protective role in 
cardiovascular health. Research has shown that M can 
reduce blood pressure, suppress inflammatory cytokines, 
and is associated with lower levels in individuals with 
CVD. Furthermore, the presence of M receptors in human 
arteries suggests a direct role in vascular regulation. 
Experimental studies in rats have further demonstrated 
M’s protective effects against IRI in the heart, improving 
hemodynamic parameters, reducing infarct size, and 
decreasing oxidative stress.6,7 

Nicotinamide adenine dinucleotide (NAD+), another 
critical molecule, plays an essential role in cellular energy 
production by acting as a key electron carrier in 
metabolic processes. The NAD+ is synthesized from 
precursors such as tryptophan, niacin, or nicotinamide 
mononucleotide (N) and is vital for various biological 
functions, including aging, circadian rhythm regulation, 
cell death, immunity, and mitochondrial function.8 In the 
context of CVD, NAD+ levels often decline due to 
increased consumption by enzymes or decreased 
synthesis, particularly during ischemia and aging. This 
reduction in NAD+ impairs mitochondrial respiration and 
adenosine triphosphate production, potentially leading 
to cell death.9 Studies have suggested that NAD+ 
precursors like N hold promise as therapeutic agents for 
treating age-related and metabolic disorders by restoring 
NAD+ levels and modulating key cellular pathways. In 
cardiovascular health, N supplementation has shown 
potential to reduce oxidative stress, improving vascular 
function, and reversing age-related vascular dysfunction, 
indicating its value as a therapeutic intervention for 
cardiovascular diseases.10,11 

Given the increased risk of CVD, including myocardial 
IRI, associated with aging, largely due to heightened 
inflammation and oxidative stress, the combined 
protective effects of M and N in elderly populations remain 
underexplored. Although both agents have individually 
demonstrated antioxidant and anti-inflammatory 
properties, little is known about their potential additive 
impact on aged hearts. Addressing this gap is of particular 
importance, as the elderly represent the population most 
vulnerable to cardiovascular complications, yet they are 
often underrepresented in experimental and clinical  
 

 studies. Therefore, this study aims to evaluate the effects 
of M and N on inflammatory markers and miRNAs in the 
hearts of aged rats subjected to IRI. By clarifying their 
potential cardioprotective roles, this work seeks to 
contribute to the development of novel therapeutic 
strategies to reduce cardiovascular morbidity and 
mortality in aging populations. 
 
Materials and Methods  
 

Animals and materials. Forty male Wistar rats 
weighing 300 - 350 g and aged 22 - 24 months were 
obtained from Urmia University of Medical Sciences' 
animal facility. The rats were kept in standard cages with 
two animals per cage, under a 12-hr light/dark cycle at a 
temperature range of 20.00 - 24.00 ˚C. Standard pellet food 
and tap water were provided ad libitum. The University's 
Animal Research Ethics Committee (ethical code: 
IR.UMSU.REC.1399.204) approved all experimental 
methods, and followed the National Institutes of Health's 
criteria (Publication No. 85-23, modified 1985). Merck 
(Darmstadt, Germany) provided the Krebs-Henseleit (K-H) 
solution components, while Sigma-Aldrich (St. Louis, USA) 
provided the M and N. 

Experimental groups. Aged rats were randomly 
assigned to five experimental groups (n = 8 per group): 
(1) Sham (no IR), (2) IR, (3) M, (4) N, and (5) N + M. In 
the M group, following 30 min of ischemia, for 15 min, 
the hearts were reperfused using K-H solution containing 
50.00 µMM,12 followed by K-H solution alone until the 
end of the 60-min reperfusion. For the N groups, rats 
received intraperitoneal N (100 mg kg-1),13 every other 
day for 28 days during the IR protocol. Isolated hearts 
from these groups were perfused 20 min of K-H solution 
with 50.00 µM, beginning 5 min before reperfusion and 
lasting 15 min after. In the N + M group, hearts 
underwent the same ischemia and reperfusion protocol 
as the M group. For all groups, after 500 IU kg-1 heparin 
(Iran Hormone Pharmaceutical Co., Tehran, Iran) 
administration, rats were anesthetized with intra-
peritoneal injection of 60.00 mg kg-1 ketamine (Alfasan, 
Woerden, The Netherlands) and 10.00 mg kg-1 xylazine 
(Alfasan) followed by heart excision and perfusion using 
a Langendorff apparatus (ML176-V; AD Instruments Co., 
Sydney, Australia). The hearts were perfused with K-H 
solution (pH 7.40) at a pressure of 80.00 mm Hg, 
equilibrated with 95.00% O2 and 5.00% CO2 at 37.00 ± 
0.50 ˚C, with coronary flow (CF) maintained at 12.00 - 
14.00 mL per min and a homeothermic cover to sustain 
temperature stability. 

Langendorff-perfused isolated heart preparation. 
The male rats were given injections of heparin (500 IU 
kg-1; Chemidarou, Tehran, Iran) and ketamine-xylazine 
(60.00 - 10.00 mg kg-1, intraperitoneal, respectively) to 
produce anesthesia. The heart was promptly excised and  
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placed on a Langendorff-isolated heart apparatus as soon 
as the chest was opened. The K-H solution, containing 
(NaCl 118 mmol L-1; KCl 4.70 mmol L-1; KH2PO4 1.20 
mmol L-1; MgSO4 1.20 mmol L-1; CaCl2 2.50 mmol L-1; 
NaHCO3 25.00 mmol L-1; and glucose, 11.00 mmol L-1), 
was used to perfuse the heart through the aortic cannula 
retrogradely. At 37.00 ± 0.50 ˚C, the perfusion solution 
was gassed with carbogen containing 95.00% O2 and 
5.00% CO2, while the perfusion pressure was maintained 
at 80.00 mm Hg. During stabilization, the CF rate varied 
between 12.00 and 14.00 mL per min. The isolated heart 
was covered with a homeothermic glass cover to keep its 
temperature at approximately 37.00 ˚C. 

Ischemia-reperfusion procedure. After connecting 
the hearts to the Langendorff apparatus, the left auricle 
was excised, and a size three water-filled latex balloon 
(Harvard Apparatus Ltd., Holliston, USA) was inserted 
into the left ventricle through the mitral valve. The 
balloon was connected via a rigid catheter to a pressure 
transducer (AD Instruments), which was coupled to a 
PowerLab data acquisition system (AD Instruments). By 
adjusting the balloon volume, left ventricular end-
diastolic pressure (LVEDP) was maintained between 
5.00 and 10.00 mmHg.14,15 Hemodynamic parameters, 
including heart rate (HR), left ventricular developed 
pressure (LVDP), and LVEDP, were continuously 
monitored and recorded. Coronary effluent was 
collected at regular intervals to measure CF. Data were 
subsequently analyzed to assess hemodynamic 
performance across the experimental groups.16 

Assessment of heart hemodynamic parameters. 
After connecting the hearts to the Langendorff device, the 
left auricle was excised, and a water-filled latex balloon 
was inserted into the left ventricle. By adjusting the 
inflation volume of the left ventricular (LV) balloon, 
LVEDPs were adjusted to fall between 5.00and 10.00 mm 
Hg.14,15 Hemodynamic parameters, including HR, LVDP, 
and LVEDP, were continuously recorded across all 
experimental groups. Coronary effluent was collected at 
regular intervals throughout the experiment to measure 
  

 
 

 

 CF rates. Data for each group were compiled and analyzed 
to assess hemodynamic parameters. 

Measurement of creatine kinase (CK) in coronary 
effluent. The level of CK in the coronary effluent was 
measured using a calorimetric (spectrophotometric) 
method, following the manufacturer’s instructions for the 
assay kit using an auto-analyzer. Absorbance was 
measured at 340 nm using a spectrophotometer.17 The 
results were expressed in U L-1. 

RNA extraction and cDNA synthesis. RNA was 
extracted from tissue samples using the Hybrid-RTM kit. 
(GeneAll Biotechnology Co., Ltd., Seoul, South Korea). The 
tissue (111 mg) was homogenized in 1.00 mL of 
RiboExTM solution, followed by chloroform phase 
separation and centrifugation at 12,000 g for 15 min at 
4.00 ˚C. The aqueous phase underwent purification, 
including RNA Binding buffer solution addition, filtration, 
and washes with wash buffer and RNA wash buffer 
solutions, and the RNA was eluted in nuclease-free water. 
The cDNA synthesis was performed using the 
HyperScriptTM kit (APExBIO Technology LLC., Houston, 
USA), involving incubation at 65.00 ˚C, reverse 
transcription at 55.00 ˚C, and enzyme inactivation at 
85.00 ˚C. The cDNA was stored at – 20.00 ˚C for further 
analysis.18 Primer sequences used are detailed in Table 
1. As directed by the manufacturer, RT-PCR was 
performed using the Ampliqon kit (Ampliqon, Odense, 
Denmark). The reaction mixture consisted of12.50 μL of 
Taq 2.00 x master mix red, 1.00 μL each of forward and 
reverse primers, 8.50 μL of distilled water, and 2.00 μL of 
cDNA in the reaction mix (25.00 μL total). The PCR 
conditions included 95.00 ˚ C for 5 min, 30 cycles of 95.00 
˚C for 25 sec, 59.00 ˚C for 30 sec, and 72.00 ˚C for 30 sec, 
and a final extension at 72.00 ˚C for 5 min. Reactions 
were run on a BIOER TCXP PCR machine (Hangzhou 
Bioer Technology Co., Ltd., Hangzhou, China) with 
GAPDH as the internal control. All steps were performed 
under sterile conditions, with reagents kept on ice to 
prevent degradation. 

Statistical analysis. Descriptive statistics are 
presented as mean values ± SEM. Hemodynamic data 
were analyzed using a two-way repeated measures 
ANOVA, with treatment group (sham, IR, M, N, and M + 
N) as the between-subject factor and time as the within-
subject factor. This approach allowed for the 
assessment of both main effects (treatment and time) 
and their interactions, thereby enabling the detection of 
potential interactive effects of the interventions over 
time. Other parameters that were measured only once 
were analyzed using a one- way ANOVA. Post-hoc 
multiple comparisons were conducted using Tukey test. 
All statistical analyses were performed with SigmaPlot 
Software (version 14.0; Systat Software, Inc., San Jose, 
USA), and a p-value of less than 0.05 was considered 
statistically significant. 

 

Table 1. Primer set list. 

Genes Primer sequence 
Amplicon 
size (bp) 

IL-1β 
F: ATGGCAACTGTCCCTGAACTCAACT 

R: CAGGACAGGTATAGATTCAACCCCTT 
560 

IL-6 
F: CTTCCATCCAGTTGCCTTCTTG 

R: AATTAAGCCTCCGACTTGTGAAG 
452 

TNF-α 
F: TGGCCCAGACCCTCACA 
R: TGCCCGGACTCCGTGAT 

796 

NF- κ B 
F: CACGCTTCTGGGCCTGTT 

R: TGAGACAGCACGTGGATGCT 
942 

GAPDH 
F: CCTGGAGAAACCCTGCCAAGTATGA 
R: AAGCAGGAATGAGAAGAGGCTGAG 

418 

IL: interleukin; TNF-α: tumor necrosis factor-alpha; and NF-κB: 
nuclear factor kappa B. 
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Results 
 

Baseline hemodynamic parameters. Prior to the 
induction of ischemia, there were no significant 
differences in baseline values of HR, CF, LVEDP, and 
LVDP among the experimental groups. The data are 
presented as the SEM in Table 2. 

Coronary flow. During the ischemic phase, CF was 
significantly reduced in all ischemic groups compared to 
the control group (Fig. 1A). Upon reperfusion, CF in 
ischemic hearts returned to baseline levels; however, no 
statistically significant differences were observed among 
the experimental groups. 

Heart rate. During the ischemic phase, HR was 
significantly lower in all IR groups at 15- and 30-min post-
ischemia compared to the control group (p < 0.001). 
During reperfusion, HR increased relative to the ischemic 
 

 

 phase but remained lower than in the control group. There 
were no significant differences in HR among the treatment 
groups during the IR phase, as illustrated in Figure 1B. 

Left ventricular end-diastolic pressure. Figure 1 
shows that after ischemia induction, hearts exposed to IR 
had considerably higher LVEDP, a measure of cardiac 
dysfunction, than baseline (p < 0.001). When compared 
to the IR group, M (p < 0.01) and N (p < 0.001) both 
significantly inhibited the sharp rise in LVEDP at various 
reperfusion intervals (Fig. 1C). At 30 min post-ischemia, 
LVEDP in the combined treatment group was 
significantly lower than in the IR group (p < 0.05). 
Additionally, simultaneous treatment with M and N 
significantly reduced LVEDP during reperfusion 
compared to the IR group (p < 0.001), with this effect 
being more pronounced than that observed with either 
treatment alone (p < 0.05). 

 
 
 
 
 
 
 
 
 
 

Table 2. Baseline hemodynamic parameters across experimental groups. The data are presented as mean ± SEM. 

Groups LVDP (mmHg) LVEDP (mmHg) CF )mL per min( HR (beats per min) 

Sham 86.10 ± 1.61 14.20 ± 0.37 13.70 ± 0.50 219.80 ± 3.93 
IR 74.50 ± 3.12 14.00 ± 0.37 13.20 ± 0.71 208.20 ± 5.16 
M  83.50 ± 5.04 14.00 ± 0.43 12.90 ± 0.49 215.40 ± 7.92 
N  82.50 ± 2.02 14.00 ± 0.70 12.60 ± 0.51 212.90 ± 3.36 
N + M  79.00 ± 2.65 13.90 ± 0.70 12.80 ± 0.47 200.00 ± 4.22 

LVDP: left ventricular developed pressure; LVEDP: left ventricular end-diastolic pressure; CF: coronary flow; HR: heart rate; IR: ischemia-
reperfusion; M: melatonin; and N: nicotinamide mononucleotide. 
 
 

Fig. 1. Hemodynamic parameters during ischemia-reperfusion (IR). A) Coronary flow (CF) decreased during ischemia but normalized 
upon reperfusion, with no significant differences among groups. B) Heart rate was significantly lower in IR groups at 15 and 30 min (p < 
0.001), increased during reperfusion, but remained below control levels, with no significant differences among treatments. C) Left 
ventricular end-diastolic pressure (LVEDP) significantly increased post-ischemia, with reductions by melatonin (M; p < 0.01) and M + N (p 
< 0.001), and the combined treatment showing the greatest reduction. D) Left ventricular developed pressure (LVDP) improved 
significantly with N+M and combined treatments (p < 0.001), with M aiding recovery (p < 0.05), and combined treatment showing lower 
LVDP than M alone at 60 min (p < 0.05). N: nicotinamide mononucleotide (vs. sham group = # , # p < 0. 05 , ### p < 0.001), (vs. ischemia-
reperfusion group in N+M and N+M + melatonin groups = *  ,  * p < 0.05 ,  ** p < 0.01,  *** p < 0.001   ), (vs. ischemia–reperfusion group in 
melatonin group = + ,  + p < 0.05 ,  ++ p < 0.01,   ), (vs. melatonin group in N+M + melatonin group = $). 
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Left ventricular developed pressure. Changes in 
LVDP during the ischemic and reperfusion phases are 
illustrated in Figure 1D. Treatments with N+M 
significantly improved LVDP compared to the IR group (p 
< 0.001). Additionally, M facilitated recovery of LVDP 
during reperfusion (p < 0.05). Notably, in the combined 
treatment group, LVDP was significantly lower than in the 
M-only group at 60 min of the reperfusion phase (p < 
0.05). To assess the effects of time and group as well as 
their interaction, a two-way repeated measures ANOVA 
was conducted. A significant main effect of time was found 
p = 0.001. A significant main effect of group was observed, 
p = 0.001. The interaction effect between time and group 
was significant, p = 0.008. There was a significant 
interaction effect between time and group, p = 0.008, 
indicating that the pattern of change over time differed 
between the groups. Post-hoc analyses revealed that the 
experimental group showed significant improvement from 
pre- to post-test (p = 0.002), while the control group did 
not show significant change (p = 0.41). 

Creatine kinase release levels. The release of CK is 
widely recognized as an indicator of myocardial damage. 
In our study, the level of CK release was significantly 
elevated in the IR group compared to the sham group (p < 
0.001). Administration of N prior to IR significantly 
reduced the activity of CK in the IR hearts compared to the 
untreated IR group (p < 0.001). Similarly, M administration 
at the conclusion of ischemia yielded effects comparable to 
those observed with N (p < 0.001). Furthermore, the 
combination treatment markedly decreased CK levels to 
values approaching those observed in the sham group (p < 
0.001). Detailed results are illustrated in Figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2. Levels of creatine kinase (CK) enzyme in hearts 
subjected to 30 min of ischemia and 60 min of reperfusion. Data 
are presented as SEM. a p < 0.001 vs. sham group; b p < 0.01 vs. 
Ischemia-reperfusion (IR) group. M: melatonin; N: nicotinamide 
mononucleotide. 

 
Expression levels of interleukin (IL)-1β and IL-6. 

The data reveal that IRI significantly elevates the 
expression of IL-1β compared to the sham group (p < 
0.001). Treatment with M or N results in a substantial 
reduction in IL-1β expression relative to the IRI group (p < 
 

 

 0.001). Furthermore, N treatment produces a more 
pronounced decrease in IL-1β expression compared to M 
(p < 0.05), although levels remain significantly higher 
compared to the sham group (p < 0.001). Notably, the 
combination of M and N produces the greatest reduction in 
IL-1β expression compared to all other conditions, 
including the IRI group, M alone, and N alone (p < 0.001). 
These findings are illustrated in Figure 3A. 

Similarly, IRI significantly increases IL-6 expression 
compared to the sham group (p < 0.001). The IL-6 
expression is significantly reduced after M therapy 
compared to the IRI group (p < 0.001), but it remains 
significantly higher than that in the sham group (p < 
0.001). When compared to the IRI group and M therapy, N 
treatment also significantly lowers IL-6 expression (p < 
0.001). The combined treatment of M and N achieves the 
greatest decrease in IL-6 expression across all 
experimental groups, demonstrating an additive effect (p < 
0.001). These results are depicted in Figure 3B. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3. A) Expression levels of interleukin (IL)-1β. Significant 
increases in IL-1β are indicated by a p < 0.001 compared to the 
sham group; b p < 0.001 for comparisons with the ischemia 
group; c p < 0.05 and d p < 0.001 for differences relative to the 
melatonin (M) group; e p < 0.001 for contrasts with the N+M 
group. B) Expression levels of IL-6 in heart tissue across 
different experimental groups. Shows significant reductions in 
IL-6 with a p < 0.05 and b p < 0.001 compared to the sham 
group; c p < 0.001 for comparisons with the ischemia group; d p 
< 0.001 for differences from the M group; e p < 0.001 for 
contrasts with the N+M group. IR: ischemia-reperfusion; N: 
nicotinamide mononucleotide. 

 
 



658 P. Amanzadeh et al. Veterinary Research Forum. 2026; 17 (9): 653 - 662 

 

Levels of tumor necrosis factor-alpha (TNF-α) and 
nuclear factor kappa B (NF-κB) expression. According 
to the results obtained, IRI caused a significant increase in 
the expression of both TNF-α and NF-κB when compared 
to the sham group (p < 0.001). In the groups treated with 
M and N individually, there was a significant decrease in 
TNF-α expression compared to the IRI group (p < 0.001); 
however, the increase in TNF-α expression relative to the 
sham group remained significant (p < 0.001). Moreover, 
combined treatment with M and N led to an even more 
pronounced reduction in TNF-α expression compared to 
both the IRI group (p < 0.001) and the groups treated 
individually with M or N (p < 0.01), though the levels still 
remained higher than the sham group (Fig. 4A). Similarly, 
the expression of NF-κB significantly increased in response 
to IRI when compared to the sham group (p < 0.001). 
Treatment with M, N, and the combination of both caused 
a significant decrease in NF-κB expression compared to IRI 
group (p < 0.001).  Despite this reduction, NF-κB expression 
in all treatment groups remained significantly elevated 
when compared to the sham group (p < 0.001; Fig. 4B). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

Fig. 4. A) Expression levels of tumor necrosis factor alpha (TNF-
α) and B) nuclear factor kappa B (NF-κB) in heart tissue following 
ischemia-reperfusion (IR) injury (IRI). a p < 0.001 compared to 
the sham group; b p < 0.001 compared to the IRI group; c p < 0.01 
compared to the M group; d p < 0.01 compared to the N+M group. 
Combined treatment resulted in a greater reduction in both TNF-
α and NF-κB expression compared to individual treatments. N: 
Nicotinamide mononucleotide. 

 
 
 
 
 
 

 Notably, the combined treatment demonstrated 
superior efficacy in reducing both TNF-α and NF-κB 
expression, indicating its potential to mitigate the 
inflammatory effects of IRI more effectively than either 
treatment alone. 

 
Discussion 
 

The present research demonstrated the potential of M 
and N in treating myocardial IRI in elderly rats, with the 
combined benefits being especially noteworthy. The 
findings showed that after inducing myocardial IRI, heart 
function recovery was poorer and cardiac damage was 
more severe in the ischemia group compared to the sham 
group. Indicators of myocardial dysfunction included 
elevated LVEDP and reduced LVDP, alongside a 
significantly lower HR in the IR group. Increased cardiac 
injury was also evidenced by higher CK enzyme levels in 
the ischemia group. However, treatment with N and M, 
either alone or in combination, led to significant 
improvements in all hemodynamic parameters in the 
treatment groups compared to the IR group. Additionally, 
to explore the molecular factors involved in IRI, the study 
assessed inflammatory markers. It was found that 
inflammatory factors such as TNF-α, IL-1β, IL-6, and NF-κB 
were markedly higher in the IR group compared to the 
sham group. On the other hand, treatment with M and N, 
whether used individually or together, resulted in a 
significant reduction in these inflammatory markers in the 
myocardium of the treated groups compared to the IR 
group. Treatment with M and N, either alone or in 
combination, also led to an improvement in the 
hemodynamic factors of the myocardium damaged by IRI. 
Age is a significant risk factor for CAD, a dangerous 
multifactorial disorder that causes death and disability 
globally.19 The most severe and often fatal consequence of 
CAD is acute myocardial infarction, which occurs due to 
the acute blockage of one of the major coronary arteries.20 
Following coronary obstruction, heart tissue experiences 
ischemic injury, leading to myocardial infarction. At the 
onset of reperfusion, pathological factors such as increased 
intracellular calcium, oxidative stress, inflammatory 
mediators, mitochondrial membrane depolarization, and 
mitochondrial dysfunction contribute to IRI, ultimately 
resulting in the opening of mitochondrial permeability 
transition pores. In addition to necrotic myocardial 
damage, excessive apoptosis and autophagy lead to further 
myocardial injury, reduced contractile function, fatal 
arrhythmias, and, ultimately, patient death. Moreover, 
aging leads to structural changes, impaired myocardial 
function, and CVD.21 It has been reported that aging is 
associated with increased susceptibility of the heart to 
ischemia and reduced recovery of cardiac function.22 

In the present study, it was shown that in the IR group, 
coronary blood flow, HR, and LVEDP decreased, while 
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LVDP increased. In line with our findings, previous studies 
have also shown that ischemia followed by reperfusion 
can reduce heart contractility and HR. 

The CK is a biochemical marker frequently utilized to 
evaluate damage resulting from IR and myocardial 
infarction. Elevated levels of this enzyme are typically 
detectable in patients who have experienced a heart attack 
approximately two to three hours after the onset of chest 
pain. In the present study, increased levels of CK were 
indicative of the damage inflicted on heart tissue by IR. 
Numerous studies have similarly documented myocardial 
injury associated with IR through the release of CK.23,24 

The N+M, a crucial precursor to NAD+, has been shown 
to be an effective treatment for age-related diseases. NAD+, 
functioning as coenzyme I, plays an essential role in electron 
transport within the Krebs cycle and energy production. 
Our findings align with existing research indicating that 
administration of NAD+ (derived from N) enhances all 
hemodynamic parameters in the myocardium during IRI. 
Furthermore, it has been demonstrated that N reduces the 
production of CK in the myocardium affected by IR.25 

The M, a circadian hormone secreted by the pineal 
gland, is influenced by various factors including age, sex, 
season, and specific diseases. Notably, M levels decrease 
with age and are typically higher in elderly women 
compared to elderly men.26 

The M influences a broad spectrum of physiological 
processes through its interaction with membrane 
receptors.27 These receptors are categorized into two main 
families: the G-protein-coupled receptor family (M1, M2) 
and the quinone reductase enzyme family (M3). The M1 
and M2 receptors are capable of initiating specific 
signaling pathways upon binding with their ligands, 
leading to various physiological responses. Both types of 
receptors are present in mammals.28 Additionally, M 
receptors have been identified in the heart, where 
research indicates that M can lower HR and blood 
pressure through vasodilation.29 Consistent with earlier 
studies, our research demonstrated that M not only 
improves all hemodynamic parameters but also reduces 
CK levels in myocardial tissue affected by IRI. Moreover, 
the study found that combining M with N resulted in an 
additive effect, enhancing hemodynamic improvements. 

Recent evidence also supports our findings, showing 
that combined N+M and M therapy provides superior 
cardioprotection compared to monotherapies in aged 
hearts subjected to IRI. In a rat model, co-treatment 
reduced CK-MB (myocardial band) release, upregulated 
Sirtuin 1 (SIRT1)/peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α)/nuclear 
respiratory factor 1 (Nrf1)/mitochondrial transcription 
factor A (TFAM) signaling and mitochondrial fusion 
proteins, enhanced microRNA-499 expression, and 
simultaneously suppressed pro-autophagic and fission 
markers, thereby offering more comprehensive protection 
 

 than either agent alone.30 Supporting this notion, a recent 
study on aged diabetic rats demonstrated that while 
individual or dual administration of M, N+M, or ubiquinol 
had limited effects, the triple combination markedly 
improved cardiac function, reduced infarct size and CK-MB 
release, and restored mitochondrial biogenesis pathways 
through upregulation of SIRT1/PGC-1α/NRF2/TFAM 
signaling. These findings highlight that multi-targeted 
strategies may be required to overcome the loss of cardio-
protection associated with aging and metabolic disorders.31 

Myocardial IRI is characterized by an inflammatory 
response, which includes the production of neutrophils, 
cytokines (such as interleukins and chemokines), and 
other inflammatory cells. This inflammatory response 
significantly contributes to the exacerbation of myocardial 
reperfusion injury. Myocardial ischemia induces an acute 
inflammatory response in polymorphonuclear leukocytes. 
Evidence suggests that inflammatory reactions are 
amplified by reperfusion and may contribute to 
myocardial injury. A significant aspect of this damage is 
attributed to the interaction between leukocytes and 
endothelial cells of coronary vessels, arterial walls, and 
myocardial cells. A key component of myocardial IRI is the 
accumulation of polymorphonuclear leukocytes. Micro-
vascular damage is mediated by the effects of 
inflammatory cells through the release of inflammatory 
mediators, consisting of a humoral response (cytokines 
and the complement system) and a cellular response 
(neutrophils, monocytes, macrophages, and mast cells). 
One of the main mechanisms of myocardial reperfusion 
injury is the endothelial-neutrophil interaction (initiating 
the inflammatory process). During myocardial IR, 
neutrophils are activated by inflammatory molecules 
released by myocardial cells, endothelial cells, and mast 
cells, and they are further activated by components of the 
complement system and cytokines such as TNF-α, IL-6, 
and IL-8.15 

Since inflammation constitutes a significant part of this 
injury, it is clear that protective strategies against 
inflammation could offer further myocardial protection. 
The present study demonstrated that during IRI, the 
expression of inflammatory markers such as NF-κB, IL-1b, 
IL-6, and TNF-α increases. In line with our study, 
Bedelzadeh et al. showed that during IR, the expression of 
IL-6 and TNF-α increases, leading to an increase in 
myocardial necrosis size. Another study has shown that 
during IRI, the expression of NF-κB increases, which in 
turn triggers the increased expression of other 
inflammatory factors.17 

Chen et al., demonstrated that in a mouse model 
subjected to 40 min of ischemia followed by 180 minutes 
of reperfusion, the expression of the toll like receptor 4 
was significantly increased. This receptor facilitates the 
translocation of NF-κB into the nucleus, which in turn 
amplifies the transcription of inflammatory genes and 
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cytokines.24 Similarly, Slegtenhorst et al., illustrated that 
IRI activates all inflammatory pathways in response to the 
damage, resulting in elevated production of inflammatory 
cytokines such as NF-κB, IL-2, IL-6, TNF-α, and interferon 
gamma at the site of injury.32 In the present study, it was 
observed that treatment with M and N led to a significant 
reduction in the expression of these inflammatory factors 
in myocardial tissue affected by IRI. A review from 2019 
highlighted that N reduces inflammation in conditions 
such as diabetes and Alzheimer's disease by activating the 
SIRT1 signaling pathway. Notably, SIRT1 inhibits NF-κB, 
thereby reducing reactive oxygen species (ROS) 
production within cells. Additionally, SIRT1 activates 
Forkhead box class O family member proteins (FOXO), 
which subsequently stimulates catalase enzyme activity, 
leading to the degradation of ROS molecules.33 

Extensive research has explored the anti-inflammatory 
effects of M. It has been found that M interacts with and 
inhibits the NLR family pyrin domain containing 3 
(NLRP3) inflammasome signaling pathway, which plays a 
critical role in inflammation. The NLRP3 inflammasome 
activates NF-κB, which subsequently triggers the 
activation of other inflammatory factors. Additionally, M's 
antioxidant properties help prevent mitochondrial 
damage and reduce oxidative markers within cells. Given 
the bidirectional relationship between increased oxidative 
stress and inflammation, a decrease in ROS and other 
oxidative markers leads to reduced inflammation.34 

The pathophysiological changes associated with aging 
can diminish the effectiveness of individual treatments, 
particularly M, against IRI. However, restoring NAD+ levels 
to normal through pre-treatment with N has been shown 
to enhance the efficacy of M. With adequate NAD+ levels, 
intracellular structures such as mitochondria function 
more optimally, enabling M to exert its protective and 
therapeutic effects more effectively in aging cardio-
myocytes. This is why combination therapy often yields 
better results compared to M alone. Other studies have 
similarly reported that combining multiple therapeutic 
interventions can be more effective against IRI. For 
instance, by promoting the opening of mitochondrial 
adenosine triphosphate -dependent potassium channels or 
blocking the formation and opening of mitochondrial 
permeability transition pores at the onset of reperfusion, 
the combination of ischemic post-conditioning and 
pharmaceutical agents can lower the production of ROS 
and inflammatory cytokines.35,36 

Importantly, while both M and N exerted cardio-
protective effects, their mechanisms of action and relative 
impacts were not identical. N appeared to exert a stronger 
influence on the suppression of NF-κB activation and 
downstream inflammatory cytokines, most likely through 
SIRT1 activation and NAD+-dependent signaling. In 
contrast, M demonstrated pronounced antioxidant and 
anti-apoptotic properties, as well as inhibition of the 
 

 NLRP3 inflammasome, thereby indirectly reducing TNF-α 
and IL-6 expression. When comparing their individual 
effects, the anti-inflammatory activity of N seemed to be 
more prominent on NF-κB signaling, whereas M exerted 
broader effects by simultaneously modulating oxidative 
stress and mitochondrial function. Interestingly, the 
combination therapy yielded superior effects compared to 
either agent alone, indicating an additive relationship 
rather than mere additive effects. This additive effect may 
be attributed to N restoring NAD+ levels, which optimizes 
mitochondrial activity and enhances the efficiency of M-
mediated antioxidant defense. As a result, the combined 
treatment produced parallel and complementary improve-
ments across multiple pathological pathways, including 
hemodynamic recovery, suppression of pro-inflammatory 
cytokines, and reduction of myocardial necrosis. Thus, 
while N and M each provided significant benefits, the 
combined administration proved superior by targeting 
both oxidative and inflammatory cascades simultaneously, 
leading to a more comprehensive protection against IRI. 
Therefore, the superior efficacy of the combined treatment 
compared to monotherapies highlights a true additive 
interaction, rather than a merely additive effect, which is of 
great translational significance for therapeutic strategies 
targeting myocardial IRI in the elderly. 

So, this study highlights the efficacy of N and M in 
mitigating myocardial IRI in aged rats. Both treatments, 
especially when combined, significantly improved 
hemodynamic parameters and reduced cardiac damage 
compared to the IR group. These findings underscore the 
potential of N and M in addressing the severe effects of 
CAD and IRI, with combined therapies offering enhanced 
protective benefits. 

In conclusion, our findings indicate that both M and N 
individually improve cardiac function and mitigate 
myocardial damage following IRI in aged rats. 
Specifically, both treatments significantly reduce LVEDP 
and CK levels, and they lower the expression of 
inflammatory markers such as IL-1β, IL-6, TNF-α, and 
NF-κB. Additionally, M and N improve CF and HR, though 
the combined treatment of M and N offers the most 
significant benefits. This combination results in the 
greatest reductions in LVEDP and CK levels, and the most 
substantial decreases in inflammatory markers, CF, and 
HR compared to either treatment alone. These results 
suggest that a combined approach using M and N may 
provide a more effective strategy for managing age-
related cardiovascular issues and inflammation. 
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