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Abstract

:

We have investigated the cardio-protective effects of pretreatment with curcumin nanoparticles (CUN) compared to conventional curcumin (CUS) on the changes in oxidative stress parameters and inflammatory cytokine levels during induced acute myocardial infarction (AMI) in rats with diabetes mellitus (DM). DM was induced with streptozotocin, and AMI with isoproterenol. Eight groups of seven Wister Bratislava rats were included in the study. The N-C was the normal control group, AMI-C was the group with AMI, DM-C was the group with DM, and DM-AMI-C was the group with DM and AMI. All four groups received saline solution orally during the whole experiment. S-DM-CUS-AMI and S-DM-CUN-AMI groups received saline for seven days prior to DM induction and continued with CUS (200 mg/kg bw, bw = body weight) for S-DM-CUS-AMI and CUN for S-DM-CUN-AMI (200 mg/kg bw) for 15 days before AMI induction. The CUS-DM-CUS-AMI group received CUS (200 mg/kg bw), while the CUN-DM-CUN-AMI received CUN (200 mg/kg bw) for seven days prior to DM induction, and both groups continued with administration in the same doses for 15 days before AMI induction. CUS and CUN prevented elevation of creatine kinase, creatine kinase-MB, lactate dehydrogenase in all groups, with better results in the CUN (S-DM-CUN-AMI and CUN-DM-CUN-AMI groups). CUS and CUN significantly reduced serum levels of oxidative stress markers (malondialdehyde, the indirect assessment of nitric oxide synthesis, and total oxidative status) and enhanced antioxidative markers (total antioxidative capacity and thiols, up to 2.5 times). All groups that received CUS or CUN showed significantly lower serum levels of tumor necrosis factor-alpha, interleukin-6, and interleukin-1β. The best antioxidative and anti-inflammatory effects were obtained for the group that received CUN before DM induction (CUN-DM-CUN-AMI group). Pretreatment with CUN proved higher cardio-protective effects exerting an important antioxidative and anti-inflammatory impact in the case of AMI in DM.
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1. Introduction


Diabetes mellitus (DM) is a chronic metabolic disorder defined by hyperglycemia as a result of defects in insulin secretion (type 1 DM), insulin action (type 2 DM), or both (type 2 DM) [1]. Chronic complications of DM, responsible for the elevated morbidity and mortality, can be divided into vascular (e.g., macrovascular-coronary artery disease, cerebrovascular disease, and peripheral vascular disease, and microvascular-neuropathy, retinopathy, and nephropathy) and nonvascular complications, and they may involve several different organs [2].



An important issue in the management of DM is the prevention of macrovascular complications such as stroke and acute coronary syndromes [3]. The acute coronary syndrome encloses a spectrum of conditions that include unstable angina pectoris, acute myocardial infarction (AMI), and, to some extent, sudden cardiac death. AMI, an important acute disease of the myocardial tissue, caused by an imbalance between low coronary blood delivery and high myocardial blood demand, is the leading cause of morbidity and mortality worldwide [4]. This imbalance leads to ischemia of myocardial tissue with degeneration of cardiomyocytes and eventually to irreversible cardiac injury and death [4]. The incidence of AMI among diabetic patients is almost 2 times higher than those without DM, as a result of cumulative cardiovascular risk factors that these patients are associated with, which are, namely, hyperglycemia, dyslipidemia, chronic inflammation, and oxidative stress [5]. In patients with DM, prolonged hyperglycemia was found to participate in the pathogenesis of AMI since it enhances oxidative stress in the heart tissue and overstates the associated damage by increasing membrane lipid peroxidation and inflammation [6].



Streptozotocin (STZ) [2-deoxy-2-(3-(methyl-3-nitrosoureido)-d-glucopyranose] is an antibiotic and one of the most effective diabetogenic chemicals, being widely used to induce type 1 DM in experimental models [7]. After intraperitoneal (ip) or intravenous (iv) administration, STZ, a glucose analog, enters pancreatic β cells via the Glut-2 transporter [8]. STZ has pancreatic β-cell-specific cytotoxic effects and induces deoxyribonucleic acid (DNA) alkylation and fragmentation [9]. Subsequently, the fragmented DNA activates reparative enzymes, leading to a depletion of adenosine triphosphate (ATP), increased oxidative stress, alterations in cellular metabolism, mitochondrial dysfunction, and eventually necrosis of β-cells, followed by β-cells loss and atrophy of the islets [9]. The destruction of β islets results in an absolute or relative deficit of insulin and hyperglycemia [10].



Isoproterenol (ISO) [1-(3,4-dihydroxyphenyl)-2-isopropylamino ethanol hydrochloride] is a synthetic catecholamine, and β-adrenergic receptor agonist, which, administered in high doses, causes myocardial infarction-like lesions [11]. After administration, ISO generates increased lipid peroxidation, antioxidant depletion, synthesis of inflammatory cytokines, intracellular Ca2+ overload, and apoptosis, leading eventually to myocardial necrosis [12]. The experimental model of AMI induction with ISO is a well-established model to study the beneficial effects of active compounds, including those with antioxidant and anti-inflammatory effects [13,14,15,16].



Curcumin is a natural polyphenol and essential curcuminoid derived from the rhizome of the medicinal plant Curcuma longa, reported to possess antioxidative, anti-inflammatory, anticarcinogenic, and cardiovascular protective effects [17,18,19]. Curcumin has been used in traditional Asian medicine to treat a variety of chronic diseases, including rheumatoid arthritis, psoriasis, vitiligo, diabetes mellitus, colon or pancreatic cancer, and cognitive dysfunctions [20,21].



Curcumin has received considerable attention for the management of DM and its complications because it was proved to be effective in reducing hyperglycemia and hyperlipidemia in rodent models, and it is also safe and relatively inexpensive [1]. Apart from the antioxidative and anti-inflammatory effects in AMI [14,15], curcumin was also observed to have cardio-protective effects, as it reduces necrosis and apoptosis of cardiomyocytes; it may also reduce complications associated with myocardial infarction [22].



The major limitation of curcumin usage after oral administration is the low bioavailability due to low aqueous solubility and gastrointestinal absorption, rapid metabolism, systemic elimination, and alkaline pH degradation [23]. Low bioavailability is related to low plasma and tissues concentration, rapid metabolism, and diminished effects of the active compound [23]. Other formulations of curcumin, such as nanoparticles and microparticles, are used to enhance curcumin permeability, to increase absorption and also to offer stronger resistance to rapid metabolism, and rapid systemic elimination [24,25,26,27,28]. Both curcumin solution and curcumin nanoparticles were demonstrated to have an antioxidant effect on STZ-induced DM [7,29] and also to reduce inflammation and oxidative stress in the case of ISO-induced AMI [13,14]. To the best of our knowledge, no investigation was conducted in AMI associated with DM.



Taking into consideration that efficacy of curcumine nanoparticle on DM [7,29] respectively on AMI [13,14] was already demonstrated, our hypothesis was that curcumin nanoparticles might also have a beneficial effect on AMI induced in DM patients. The present study was designed to evaluate the cardio-protective effects of pretreatment with curcumin nanoparticles compared to conventional curcumin on the changes in oxidative stress parameters and inflammatory cytokine levels during isoproterenol-induced acute myocardial infarction in rats with diabetes mellitus.




2. Materials and Methods


2.1. Ethics Statement


The Ethics Committee of the Iuliu Hațieganu University of Medicine and Pharmacy Cluj-Napoca approved the study (Reg. No. 53/22.01.2018). Furthermore, the Sanitary-Veterinary and Food Safety Directorate from Cluj-Napoca approval (Reg. No. 99/21.02.2018) was also obtained before the beginning of the study. All the experimental procedures were carried out according to the national and international guidelines for the care and use of animals, and they followed the Helsinki Declaration on animal studies.




2.2. Chemicals and Drugs


Streptozotocin (STZ), curcumin (CUS), and isoproterenol hydrochloride (ISO) were purchased from Sigma-Aldrich (St. Louis, USA), and curcumin nanoparticles (CUN) were obtained from CVI Pharma (Hanoi, Vietnam). In the curcumin nanoparticles, the active compound was enclosed in polymer-based nanoparticles sized between 30 and 100 nm. Curcumin was transformed into nanosized molecules, using high-frequency ultrasonic waves. In order to keep the curcumin particles well dispersed in water and to assure an increased absorption (up to 95%), biocompatible water-based polymers were used for the curcumin nanoparticles’ preparation.




2.3. Animals


Fifty-six Wistar-Bratislava white male rats, weighing 200–250 g, were obtained from the Animal Department of the Faculty of Medicine, Iuliu Haţieganu University of Medicine and Pharmacy Cluj-Napoca. Rats were kept in polypropylene cages under regular 12 h:12 h day/night cycle, 40–60% relative humidity, and constant room temperature (22 ± 5 °C) in the Pathophysiology Department. Animals had free access to food and water 24 h per day.




2.4. Experimental Protocol


2.4.1. Groups of Study


The animals were randomized into eight groups of seven rats/group and received pretreatment (relating DM and AMI) according to the design presented in Table 1.




2.4.2. Induction of Diabetes Mellitus


Diabetes mellitus was induced on the 7th day (in DM-C, DM-AMI-C, S-DM-CUS-AMI, CUS-DM-CUS-AMI, S-DM-CUN-AMI, and CUN-DM-CUN-AMI groups) in overnight fasted rats by intraperitoneal administration of a single dose of STZ (65 mg/kg bw, bodyweight) freshly dissolved in 0.1 M of citrate buffer (pH 4.5) [30]. In the first 48 h after STZ administration, rats were provided with free access to water with 5% glucose to prevent hypoglycemic shock [30]. Forty-eight hours later, blood samples were taken from the rats’ tails, and glucose levels were measured with a glucometer (VivaChek Biotech (Hangzhou) Co., Ltd, Hangzhou, China). Rats with glucose higher or equal to 200 mg/dL were considered to have diabetes mellitus (DM) [31].




2.4.3. Induction of Acute Myocardial Infarction


Acute myocardial infarction (AMI) was induced on the 22nd day (in AMI-C, DM-AMI-C, S-DM-CUS-AMI, CUS-DM-CUS-AMI, S-DM-CUN-AMI, and CUN-DM-CUN-AMI groups) with ISO, which was freshly dissolved in normal saline (0.09%) and injected subcutaneously in a dose of 45 mg/kg bw [11].




2.4.4. Curcumin and Curcumin Nanoparticles Administration


The dose of 200 mg/kg bw of curcumin and curcumin nanoparticle were chosen based on our previously reported results, as they offer myocardial protection in AMI [13,14]. In our study, CUS and CUN were dissolved in peanut oil and were administered by gavage.





2.5. Biochemical Assays


On day 23, 24 h after the ISO administration, blood samples were collected from the retroorbital plexus, with rats placed under general anesthesia with xylazine (2 mg/kg, ip) and ketamine (20 mg/kg, ip). Afterward, the rats were sacrificed by an overdose of anesthetics. Serum activites of creatine kinase (CK), creatine kinase-MB (CK-MB), and lactate dehydrogenase (LDH) were measured with a Jasco V-530 UV–Vis spectrophotometer (Jasco International Co. Ltd., Tokyo, Japan), using commercial kits from Spinreact, Girona, Spain. Oxidative stress markers were assessed with a Jasco V-530 UV–Vis spectrophotometer (Jasco International Co. Ltd., Tokyo, Japan), using the methods previously described: malondialdehyde (MDA) [32], the indirect assessment of NO synthesis (NOx) [33], total oxidative status (TOS) [34], total antioxidative capacity (TAC) [35], and thiols [36]. The serum levels of thee inflammatory cytokines, tumor necrosis factor-alpha (TNF-α), interleukin-6 (IL-6), and interleukin-1β (IL-1β), were measured using the ELISA technique (Stat Fax 303 Plus Microstrip Reader, Minneapolis, USA), with commercially available kits (rat TNF-α, IL-6 and IL-1β ABTS ELISA Development kits, PeproTech EC, Ltd., London, UK).




2.6. Statistical Analysis


Statistical analyses were performed with Statistica 13 software (v. 13, StatSoft, USA). Our obtained data were expressed as mean and standard deviation. The distribution of investigated biochemical parameters in groups was plotted as individual values (circles) and median (line), as recommended by Weissgerber and coauthors [37]. The Mann–Whitney test was used to assess the differences between groups. P < 0.05 was considered as a level of significance.





3. Results


Statistical analysis was performed on all seven rats in each group, as no rat died during the follow-up. All rats from DM groups were definitely diabetic, proved by glycaemia >200 mg/dL, 48 h after STZ administration (as presented in Table 2). AMI was successfully induced to AMI groups after ISO administration, proved by the elevation of CK, CK-MB, and LDH (Table 3).



3.1. Serum Levels of Myocardial Infarction Enzymes


Administration of ISO led to increased serum levels of CK, CK-MB, and LDH (Table 3 and Figure 1a–c). Diabetic rats also presented an elevation of CK, CK-MB, and LDH, after STZ administration, with the highest levels being in those with DM and AMI (Table 3 and Figure 1a–c). The p-values comparing the myocardial infarction enzymes between different groups are presented in Table 4.



Both groups of rats that received CUS had lower levels of CK compared to the DM-AMI-C group (p = 0.0022), with no differences compared to the AMI-C group or DM-C group (p > 0.05, Figure 1a). Better results were obtained for the groups treated with CUN (p ≤ 0.0033, Table 3 and Figure 1a). All rats treated with ISO presented elevated levels of CK-MB and LDH (Table 3 and Figure 1b,c). Diabetic rats from the DM-C group also presented a slight elevation of CK-MB and LDH (Table 3 and Figure 1b,c). CUS and CUN prevented the elevation of these enzymes in all the treated groups compared to the DM-AMI-C group (p ≤ 0.0049, Figure 1b,c). No differences were found between the two groups that received CUS, or when they were compared to AMI-C group (p > 0.05, Figure 1b,c). Best results in prevention of CK-MB and LDH elevation were obtained for the groups that received CUN (p ≤ 0.022, Table 3 and Figure 1b,c).




3.2. Serum Levels of Oxidative Stress Parameters


Our results showed increased serum levels of MDA, NOx, and TOS in rats with AMI and also in those with DM, with the highest level being in rats with DM, and associated AMI (Table 5 and Figure 2a–c) with significantly better results on CUS and CUN compared with controls, and CUN compared with CUS (Table 6).



CUS and CUN administration prevented elevation of MDA, NOx, and TOS compared to the DM-AMI-C group, with the best results obtained for CUN administered before DM induction (p ≤ 0.0407, Table 5 and Figure 2a–c).



No differences were found between the two groups treated with CUS for MDA (p ≥ 0.05, Table 5 and Figure 2a), while, for NOx and TOS, lower levels were found in the group that received CUS before STZ administration (p ≤ 0.0176, Table 5 and Figure 2b,c).



According to our results, not only AMI but also DM induction led to a reduction in bot antioxidative markers: TAC and thiols, with lower levels in diabetic rats with AMI (Table 7 and Figure 3a,b). CUS administration before STZ administration did not offer improved results (p ≥ 0.05, Table 7 and Figure 3a,b), while CUN pretreatment administration before DZ induction offered better results for TAC and Thiols (p ≤ 0.0104, Table 7 and Figure 3a,b).




3.3. Serum Levels of Pro-Inflammatory Cytokines


The serum levels of TNF-α, IL-6, and IL-1β were increased in all the study groups, but the most elevated values were in those rats with DM and associated AMI (Table 8 and Figure 4a–c). CUS and CUN administration proved to prevent elevation of all studied cytokines compared to the group with DM and AMI, with significantly better effect for CUN administered from day one (p ≤ 0.0046, Table 8 and Figure 4a–c). CUS administered before STZ administration didn’t prevent the elevation of TNF-α in diabetic rats with AMI, compared to the group pretreated with saline; however, it had better results for IL-6 and IL-1β (p ≤ 0.0022, Table 8 and Figure 4a–c). The comparison of groups regarding the pro-inflammatory cytokines is presented in Table 9.





4. Discussion


4.1. Myocardial Infarction Enzymes


In our study, STZ and ISO administration led to elevated levels of CK, CK-MB, and LDH, with the highest levels being in rats from the DM-AMI-C group. CUS and CUN administration prevented elevation of these enzymes compared to DM-AMI-C group, with the best results obtained for those that received CUN (Table 3, Table 4, and Figure 1b,c). ISO is known to exaggerate myocardial oxygen consumption by enhancing both heart rate and contractility through activation of b-adrenoceptors [12]. These will lead to a perturbation of the physiological oxidant/antioxidant balance, to increased lipid peroxidation and to an antioxidant enzymes depletion [12]. ISO administration and hyperglycaemia from DM might increase reactive oxygen species (ROS) production. Excessive production of ROS is a key process involved in promoting myocardial damage during AMI [6]. Once myocardium is damaged, CK, CK-MB, LDH, aspartate aminotransferase (AST), and cardiac troponin I and C are released into the bloodstream, and their measurement is used as a biochemical indicator of myocardial injury [38]. LDH is expressed in many organs, including the heart, skeletal muscle, liver, kidneys, lungs, and erythrocytes, so it is not highly specific to the heart [39]. Its serum level increases within 6–12 h from the onset of AMI, has a peak over 1–3 days, and usually returns to the normal values after 8–14 days [40]. CK-MB is found not only in the heart but also in tongue, small intestine, diaphragm, uterus, prostate, and skeletal muscle [41]. Sensitivity and specificity of CK-MB in the diagnosis of AMI is given by the fact that about 20% of total CK in the myocardium tissue is an MB form, but an increased level during inflammation or trauma reduces its specificity [37]. Both levels of CK and CK-MB start to increase 4–9 h after myocardial injury, reach their highest point within 24 h, and decrease to the normal range after 48–72 h [42]. Total CK and CK-MB levels are important prognosis predictors, since they are correlated with infarct size [40,43]. A limitation of CK-MB usage is that it cannot detect minor myocardial damage, but one major advantage of CK-MB over the cardiac troponin I and T is the early clearance that helps the detection of reinfarction [44].



It was previously reported that curcumin preserves the normal structure of the cardiomyocites, increases their vitality, and minimizes elevation of the plasma cardiac enzyme markers CK, CK–MB, and LDH, following myocardial injury [45,46]. The better cardio-protective effect offered by curcumin nanoparticles can be explained by the increased bioavailability of curcumin nanoparticles, which eventually improves the delivery of the drug to the infarcted area [47].




4.2. Oxidative Stress Parameters


To our best knowledge, this is the first study that evaluates the antioxidative effects of curcumin nanoparticles compared to conventional curcumin on ISO-induced AMI in diabetic rats. Our results demonstrate that pretreatments with CUS and CUN have antioxidative effects on ISO-induced AMI in diabetic rats. CUS and CUN prevented the elevation in MDA, TOS, and NOx (Table 5, Table 6, and Figure 2a–c) and increased antioxidative markers, such as TAC and thiols. CUN performed better in preventing the elevation of the studied pro-oxidant parameters and in increasing antioxidant markers when it was administered before DM induction (Table 5 and Figure 2a–c). Oxidative stress has an important role in the pathogenesis of diabetes and its complications, as recent data have shown that STZ produces an imbalance between plasma oxidant and antioxidant content, resulting in diabetes [48]. MDA serves as an important indicator of tissue oxidative stress, being a degradation product of lipid peroxidation [49]. Oxidative stress in DM is caused by hyperglycemia correlated with increased free-radical formation, resulting in increased lipid peroxidation [49,50]. In AMI, MDA may accumulate due to the low oxygen level and oxidative stress induced by acute ischemic injury [51]. MDA reacts with the cellular membrane proteins changing its antigenic proprieties and producing a dysfunctional activity with consequences on cells integrity [52]. Serum levels of the inorganic nitrites and nitrates (NOx), stable end metabolites of nitric oxide (NO), were determined to evaluate the NO production, another biomarker of nitro-oxidative stress [53]. In DM, hyperglycemia and oxidative stress activate the nuclear factor NF-κB (NF-κB) pathway and increase the expression of the inducible isoform of the nitric oxide synthase (iNOS) gene, resulting in an increased production of nitric oxide NO [54]. Elevated NO levels initiate the cascade of the apoptosis pathway, impairing normal tissue functions and structure [54]. Even more, NO overproduction may act as a pro-inflammatory molecule, after conversion to peroxynitrite radical [55]. In AMI, peroxynitrite radicals will exacerbate oxidative stress and myocardial apoptosis, leading to an extension of the myocardial infarction area [56]. TOS is another indicator of the degree of oxidative stress, and, in diabetic animals, TOS levels are augmented as a result of hyperglycemia and oxidative-stress induction [57]. TOS was also reported to be increased in patients with chronic ischemic heart failure [58]. In AMI, the serum level of TOS is correlated with the intensity and complexity of coronary artery disease [59]. It was suggested that TAC may represent an indicator of the protective effects of antioxidant agents, and it is used as a new biomarker for the prevention, diagnosis, and prognosis of DM and several other diseases [60]. TAC was reported to be low in patients with AMI; therefore, the antioxidant therapy may have beneficial effects in the prevention of coronary artery disease [61] Thiols are an important antioxidant system since they are able to mediate redox-signaling processes as a response to oxidative stress, playing a significant role in mitigating the lipid peroxidative effects of ROS, along with other antioxidants in the body [62,63]. Chronic inflammation associated with hyperglycemia in DM will activate the NF-κB pathway, with a consequent increase of oxidative stress and release of pro-inflammatory cytokines, resulting in an over-oxidation of thiols [64]. In patients with AMI, the increased generation of ROS, secondary to ischemia and reperfusion, will increase thiols consumption, resulting in decreased total thiols levels [65].



Curcumin administration could significantly decrease MDA due to its ability to reduce the hydrogen peroxide (H2O2) induced lipid peroxidation [66,67] and inhibit nitric oxide synthase activity by reducing NO production [68]. Even more, curcumin was observed to have a modulatory role in oxidative stress [69], so pretreatment with curcumin can lead to a decreased level of TOS. Regarding the antioxidative capacity, curcumin may act by inducing a reduction in ROS production and a secondary increase in TAC levels [70]. By induction of glutathione biosynthesis and inhibition of theNF-κB pathway, curcumin administration can increase thiols levels [71]. CUN has better-reduced the levels of MDA, NOx, and TOS and increased TAC and thiols levels, due to its administration in encapsulated nanocarriers, increaseing the antioxidant properties of the active compound [72]. Even more, it was observed that empty nanoparticles in a liposomal structure might inhibit oxidative-stress-induced cell death and morphological changes that occur in the nucleus, cytoplasm, and mitochondria of cells [73].




4.3. Pro-Inflammatory Cytokines


In our study, CUS and CUN ensured a diminished level of inflammatory cytokines, such as TNF-α, IL-6a, and IL-1β, in ISO-induced AMI in rats with previous STZ-induced DM (Table 8 and Figure 4). CUN performed better compared to CUS in preventing the increase in the levels of cytokines mentioned above (Table 8, Table 9, and Figure 4a–c). Nowadays, DM is considered to be a low-grade chronic inflammatory condition characterized by the over-secretion of pro-inflammatory cytokines [74]. TNF-α is a potent inflammatory cytokine, released from macrophages and T lymphocytes, with important functions on DM, since it not only plays an important role in the development of insulin resistance, but also in progression to microvascular complications of DM [75]. IL-6 is another inflammatory cytokine produced in several immune cell types, mainly in endothelial cells, smooth and skeletal cells, adipocytes, and islet β-cells [76]. It also contributes to the development of both types of DM and has an influence on metabolism and glucose balance [75]. TNF-α and IL-6 influence collagen formation and are therefore involved in scar formation after AMI [77,78]. Usually TNF-α is not expressed in normal cardiomyocytes, but in the case of myocardial ischemia and anoxia, cardiomyocytes and myocardial mononuclear macrophages are activated, and they will produce large amounts of TNF-α, not only in the infarcted zone of the myocardium, but also at the infarction border zone [79]. Serum levels of IL-6 are elevated after the onset of AMI, and its levels are correlated with the extension of the infarct area [80]. IL-1β, which plays a major role in a wide array of auto-inflammatory diseases, was observed to act as the key promoter of tissue and systemic inflammation in DM [66]. IL-1β is considered to play an important role in the development of cardiovascular complications of DM, especially diabetic vasculopathy, since its release from adipokines can have an impact on distant organs, including the heart or the vessels, due to increased systemic and vascular inflammation [74]. In AMI, the increased serum levels of IL-1β cause activation of the myofibroblasts involved in cardiac remodeling, resulting in an alteration of heart systolic function [80]. The reduction of the IL-1β serum level in AMI was reported to be associated with a reduced area of the affected myocardial tissue [80,81].



Administration of CUS and CUN was proved to be effective in preventing the serum level elevation of TNF-α, IL-6, IL-1α, IL-1β, and RANTES after ISO-induced AMI [13], but as far as we know, this is the first study focused on the effect of curcumin and curcumin nanoparticles on TNF-α, IL-6a, and IL-1β plasma levels in AMI in diabetic rats. Based on the auto-inflammatory features of DM, the pharmacological strategies to treat diabetes should not only be focused on correcting hyperglycemia, but also on targeting chronic inflammation, in order to prevent the development of metabolic and cardiovascular complications [74]. Our results show that curcumin prevented the elevation of the abovementioned cytokines, since curcumin can reduce the inflammatory responses by interfering with NF-κB activation, a critical pathway in the regulation of transcription of pro-inflammatory related genes [68]. The enhanced anti-inflammatory effect of the curcumin nanoparticles can explain the better effects obtained after CUN administration, as a result of increased bioavailability [13].




4.4. Potential Limitations


The fact that other parameters known to be altered in the presence of DM, such as the evaluation of endogenous insulin levels, which were not assessed, could be regarded as a potential limitation of the present study. Histopathological analysis of the pancreas and heart would also have been of great interest. Another limitation of our study is that we did not find a way to check if a consistent dose of curcumin nanoparticles was administered for the rats who received CUN, since the size of the nanoparticles varied between 30 and 100 nm.





5. Conclusions


The findings of our study demonstrate that curcumin nanoparticles have significant cardio-protective effects, as they have both antioxidative and anti-inflammatory impacts on acute myocardial infarction in diabetes mellitus. Therefore, curcumin nanoparticles could be valuable for the development of targeted preventive strategies in reducing acute myocardial damage in diabetes mellitus.







Author Contributions


Conceptualization, P.-M.B. and S.D.B.; data curation, P.-M.B., I.B., and C.N.; formal analysis, I.C.B., C.N., and S.D.B.; funding acquisition, P.-M.B. and R.-M.R.; investigation, I.C.B., D.G., and R.M.P.; methodology, D.G. and R.-M.R.; project administration, P.-M.B., I.B., D.G., and R.M.P.; resources, P.-M.B., I.C.B., and A.E.B.; software, R.-M.R. and S.D.B.; supervision, C.N. and S.D.B.; validation, A.E.B.; visualization, A.E.B.; writing—original draft, P.-M.B., I.B. and A.E.B.; writing—review and editing, R.M.P. and S.D.B.




Funding


This research was funded by the “Iuliu Hațieganu” University of Medicine and Pharmacy, Cluj-Napoca, grant number/PCD number 1530/13/18.01.2019.




Acknowledgments


The authors would like to offer a special thanks to Ana Uifalean for her contribution to the biochemical analysis and to Molnar Mirel and Bondor Mirela for helping with the handling of rats during the experiment.




Conflicts of Interest


The authors declare no conflicts of interest.




Data Availability


The data obtained from the experiment can be obtained upon reasonable request addressed to Paul-Mihai Boarescu (e-mail: boarescu.paul@umfcluj.ro) and will be publicly available after publication of the associated PhD thesis.




References


	



Zhang, D.W.; Fu, M.; Gao, S.H.; Liu, J.L. Curcumin and diabetes, a systematic review. Evid.-Based Complement. Alternat. Med. 2013, 2013, 636053. [Google Scholar] [CrossRef]

	



Tripathi, B.K.; Srivastava, A.K. Diabetes mellitus, Complications and therapeutics. Med. Sci. Monit. 2006, 12, 130–147. [Google Scholar]

	



Chawla, A.; Chawla, R.; Jaggi, S. Microvasular and macrovascular complications in diabetes mellitus, distinct or continuum? Indian J. Endocrinol. Metab. 2016, 20, 546–551. [Google Scholar] [CrossRef] [PubMed]

	



Wei, H.; Li, H.; Wan, S.P.; Zeng, Q.T.; Cheng, L.X.; Jiang, L.L.; Peng, Y.D. Cardioprotective effects of malvidin against isoproterenol–induced myocardial infarction in rats: A mechanistic study. Med. Sci. Monit. 2017, 23, 2007–2016. [Google Scholar] [CrossRef] [PubMed]

	



Strain, W.D.; Smith, C. Cardiovascular outcome studies in diabetes: How do we make sense of these new data? Diabetes Ther. 2016, 7, 175–185. [Google Scholar] [CrossRef] [PubMed]

	



El Agaty, S.M. Cardioprotective effect of vitamin D2 on isoproterenol-induced myocardial infarction in diabetic rats. Arch. Physiol. Biochem. 2019, 125, 210–219. [Google Scholar] [CrossRef] [PubMed]

	



Bulboacă, A.E.; Porfire, A.S.; Tefas, L.R.; Boarescu, P.M.; Bolboacă, S.D.; Stănescu, I.C.; Bulboacă, A.C.; Dogaru, G. Liposomal curcumin is better than curcumin to alleviate complications in experimental diabetic mellitus. Molecules 2019, 24, 846. [Google Scholar] [CrossRef]

	



Szkudelski, T. The mechanism of alloxan and streptozotocin action in B cells of the rat pancreas. Physiol. Res. 2001, 50, 537–546. [Google Scholar]

	



Al Nahdi, A.M.; John, A.; Raza, H. Elucidation of molecular mechanisms of streptozotocin–induced oxidative stress, apoptosis, and mitochondrial dysfunction in Rin–5F pancreatic β-cells. Oxid. Med. Cell. Longev. 2017, 2017, 7054272. [Google Scholar] [CrossRef]

	



Karlsson, F.A.; Berne, C.; Björk, E.; Kullin, M.; Li, Z.; Ma, J.Y.; Schölin, A.; Zhao, L. Beta-cell activity and destruction in type 1 diabetes. Ups. J. Med. Sci. 2000, 105, 85–95. [Google Scholar] [CrossRef]

	



Huang, H.; Geng, Q.; Yao, H.; Shen, Z.; Wu, Z.; Miao, X.; Shi, P. Protective effect of scutellarin on myocardial infarction induced by isoprenaline in rats. Iran. J. Basic Med. Sci. 2018, 21, 267–276. [Google Scholar]

	



Agrawal, Y.O.; Sharma, P.K.; Shrivastava, B.; Arya, D.S.; Goyal, S.N. Hesperidin blunts streptozotocin-isoproternol induced myocardial toxicity in rats by altering of PPAR-gamma receptor. Chem.-Biol. Interact. 2014, 219, 211–220. [Google Scholar] [CrossRef] [PubMed]

	



Boarescu, P.M.; Chirilă, I.; Bulboacă, A.E.; Bocșan, I.C.; Pop, R.M.; Gheban, D.; Bolboacă, S.D. Effects of curcumin nanoparticles in isoproterenol-induced myocardial infarction. Oxid. Med. Cell. Longev. 2019, 2019, 7847142. [Google Scholar] [CrossRef] [PubMed]

	



Boarescu, P.-M.; Boarescu, I.; Bocșan, I.C.; Pop, R.M.; Gheban, D.; Bulboacă, A.E.; Nicula, C.; Râjnoveanu, R.-M.; Bolboacă, S.D. Curcumin Nanoparticles Protect against Isoproterenol Induced Myocardial Infarction by Alleviating Myocardial Tissue Oxidative Stress, Electrocardiogram, and Biological Changes. Molecules 2019, 24, 2802. [Google Scholar] [CrossRef]

	



Boarescu, P.M.; Boarescu, I.; Bocșan, I.C.; Pop, R.M.; Gheban, D.; Bulboacă, A.E.; Dogaru, G.; Bolboacă, S.D. Experimental model of acute myocardial infarction for evaluation of prevention and rehabilitation strategies in cardiovascular diseases—A pilot study. Balneo Res. J. 2019, 10, 288–293. [Google Scholar] [CrossRef]

	



Dogaru, G.; Bulboaca, A.; Stanescu, I.; Rus, V.; Bodizs, G.; Ciumarnean, L.; Munteanu, C.; Boarescu, P.M.; Neagos, A.; Festila, D. The effect of carbonated natural mineral water on oxidative stress in experimental myocardial ischemia. Revista de Chimie 2019, 70, 2677–2680. [Google Scholar]

	



Lubrano, V.; Pingitore, A.; Traghella, I.; Storti, S.; Parri, S.; Berti, S.; Ndreu, R.; Andrenelli, A.; Palmieri, C.; Iervasi, G.; et al. Emerging Biomarkers of Oxidative Stress in Acute and Stable Coronary Artery Disease: Levels and Determinants. Antioxidants 2019, 8, 115. [Google Scholar] [CrossRef]

	



Goel, A.; Kunnumakkara, A.B.; Aggarwal, B.B. Curcumin as “Curecumin”: From kitchen to clinic. Biochem. Pharmacol. 2008, 75, 787–809. [Google Scholar] [CrossRef]

	



Goel, A.; Jhurani, S.; Aggarwal, B.B. Multi-targeted therapy by curcumin: How spicy is it? Mol. Nutr. Food Res. 2008, 52, 1010–1030. [Google Scholar] [CrossRef]

	



Hatcher, H.; Planalp, R.; Cho, J.; Torti, F.M.; Torti, S.V. Curcumin: From ancient medicine to current clinical trials. Cell. Mol. Life Sci. 2008, 65, 1631–1652. [Google Scholar] [CrossRef]

	



Wang, N.P.; Wang, Z.F.; Tootle, S.; Philip, T.; Zhao, Z.Q. Curcumin promotes cardiac repair and ameliorates cardiac dysfunction following myocardial infarction. Br. J. Pharmacol. 2012, 167, 1550–1562. [Google Scholar] [CrossRef] [PubMed]

	



Rahnavard, M.; Hassanpour, M.; Ahmadi, M.; Heidarzadeh, M.; Amini, H.; Javanmard, M.Z.; Nouri, M.; Rahbarghazi, R.; Safaie, N. Curcumin ameliorated myocardial infarction by inhibition of cardiotoxicity in the rat model. J. Cell. Biochem. 2019, 120, 11965–11972. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, H.; Sunagawa, Y.; Takahashi, K.; Imaizumi, A.; Fukuda, H.; Hashimoto, T.; Wada, H.; Katanasaka, Y.; Kakeya, H.; Fujita, M.; et al. Innovative preparation of curcumin for improved oral bioavailability. Biol. Pharm. Bull. 2011, 34, 660–665. [Google Scholar] [CrossRef] [PubMed]

	



Anand, P.; Kunnumakkara, A.B.; Newman, R.A.; Aggarwal, B.B. Bioavailability of curcumin: Problems and promises. Mol. Pharm. 2007, 4, 807–818. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Dai, W.T.; He, Z.M.; Gao, L.; Huang, X.; Gong, J.M.; Xing, H.Y.; Chen, W.D. Fabrication and evaluation of curcumin-loaded nanoparticles based on solid lipid as a new type of colloidal drug delivery system. Indian J. Pharm. Sci. 2013, 75, 178–184. [Google Scholar]

	



Prasad, S.; Tyagi, A.K.; Aggarwal, B.B. Recent developments in delivery, bioavailability, absorption and metabolism of curcumin: The golden pigment from golden spice. Cancer Res. Treat. 2014, 46, 2–8. [Google Scholar] [CrossRef]

	



Silva-Buzanello, R.A.; Souza, M.F.; Oliveira, D.A.; Bona, E.; Leimann, F.V.; Cardozo Filho, L.; de Araújo, P.H.H.; Ferreira, S.R.S.; Gonçalves, O.H. Preparation of curcumin-loaded nanoparticles and determination of the antioxidant potential of curcumin after encapsulation. Polímeros 2016, 26, 207–214. [Google Scholar] [CrossRef]

	



Umerska, A.; Gaucher, C.; Oyarzun-Ampuero, F.; Fries-Raeth, I.; Colin, F.; Villamizar-Sarmiento, M.G.; Maincent, P.; Sapin-Minet, A. Polymeric Nanoparticles for Increasing Oral Bioavailability of Curcumin. Antioxidants 2018, 7, 46. [Google Scholar] [CrossRef]

	



Bulboacă, A.; Bolboacă, S.D.; Suci, S. Protective effect of curcumin in fructose-induced metabolic syndrome and in streptozotocin-induced diabetes in rats. Iran. J. Basic Med. Sci. 2016, 19, 585–593. [Google Scholar]

	



Panda, S.P.; Haldar, P.K.; Bera, S.; Adhikary, S.; Kandar, C.C. Antidiabetic and antioxidant activity of Swietenia mahagoni in streptozotocin-induced diabetic rats. Pharm. Biol. 2010, 48, 974–979. [Google Scholar] [CrossRef]

	



Bhandari, U.; Ansari, M.N. Ameliorative effect of an ethanol extract of Embelia ribes fruits on isoproterenol-induced cardiotoxicity in diabetic rats. Pharm. Biol. 2009, 47, 669–674. [Google Scholar] [CrossRef]

	



Mitev, D.; Gradeva, H.; Stoyanova, Z.; Petrova, N.; Karova, N.; Dimov, D.; Iliev, V.; Koychev, A.; Prakova, G.; Vlaykova, T. Evaluation of thiol compounds and lipid peroxidative products in plasma of patients with COPD. TJS 2010, 8, 306–314. [Google Scholar]

	



Miranda, K.M.; Espey, M.G.; Wink, D.A. A rapid, simple spectrophotometric method for simultaneous detection of nitrate and nitrite. Nitric Oxide 2001, 5, 62–71. [Google Scholar] [CrossRef] [PubMed]

	



Erel, O. A new automated colorimetric method for measuring total oxidant status. Clin. Biochem. 2005, 38, 1103–1111. [Google Scholar] [CrossRef]

	



Erel, O. A novel automated method to measure total antioxidant response against potent free radical reactions. Clin. Biochem. 2004, 37, 112–119. [Google Scholar] [CrossRef]

	



Hu, M.L. [41] Measurement of protein thiol groups and glutathione in plasma. Methods Enzymol. 1994, 233, 380–385. [Google Scholar]

	



Weissgerber, T.L.; Milic, N.M.; Winham, S.J.; Garovic, V.D. Beyond bar and line graphs: Time for a new data presentation paradigm. PLoS Biol. 2015, 13, e1002128. [Google Scholar] [CrossRef]

	



Roy, S.; Mahmood, T.; Siddiqui, H.H.; Bagga, P.; Shamim, A. Effect of Terminalia Chebula (Harad) fruit extract on cardiotoxicity in streptozotocin induced diabetic rats. Int. J. Pharm. Pharm. Sci. 2015, 7, 304–309. [Google Scholar]

	



Heinova, D.; Rosival, I.; Avidar, Y.; Bogin, E. Lactate dehydrogenase isoenzyme distribution and patterns in chicken organs. Res. Vet. Sci. 1999, 67, 309–312. [Google Scholar] [CrossRef]

	



Aydin, S.; Ugur, K.; Aydin, S.; Sahin, İ.; Yardim, M. Biomarkers in acute myocardial infarction: Current perspectives. Vasc. Health Risk Manag. 2019, 15, 1. [Google Scholar] [CrossRef]

	



Ingwall, J.S.; Kramer, M.F.; Fifer, M.A.; Lorell, B.H.; Shemin, R.; Grossman, W.; Allen, P.D. The creatine kinase system in normal and diseased human myocardium. N. Engl. J. Med. 1985, 313, 1050–1054. [Google Scholar] [CrossRef] [PubMed]

	



Hawkins, R.C.; Tan, H.L. Comparison of the diagnostic utility of CK, CK-MB (activity and mass), troponin T and troponin I in patients with suspected acute myocardial infarction. Singap. Med. J. 1999, 40, 680–684. [Google Scholar]

	



Balea, Ş.S.; Pârvu, A.E.; Pop, N.; Marín, F.Z.; Pârvu, M. Polyphenolic Compounds, Antioxidant, and Cardioprotective Effects of Pomace Extracts from Fetească Neagră Cultivar. Oxid. Med. Cell. Longev. 2018, 2018, 8194721. [Google Scholar] [CrossRef] [PubMed]

	



Mythili, S.; Malathi, N. Diagnostic markers of acute myocardial infarction. Biomed. Rep. 2015, 3, 743–748. [Google Scholar] [CrossRef]

	



Mostafa, M.E.A. Protective Effect of Curcumin Against Isoproterenol-Induced Myocardial Infarction in Adult Male Albino Rat. Egypt. J. Anat. 2011, 34, 15–29. [Google Scholar] [CrossRef]

	



Yu, Y.P.; Huang, X.M.; Fu, Y.F. Curcumin protects H9c2 cardiomyocyte against ischemia/reperfusion injury through inactivation of glycogen synthase kinase-3. Int. J. Clin. Exp. Pathol. 2016, 9, 3226–3232. [Google Scholar]

	



Nabofa, W.E.; Alashe, O.O.; Oyeyemi, O.T.; Attah, A.F.; Oyagbemi, A.A.; Omobowale, T.O.; Adedapo, A.A.; Alada, A.R. Cardioprotective Effects of Curcumin-Nisin Based Poly Lactic Acid Nanoparticle on Myocardial Infarction in Guinea Pigs. Sci. Rep. 2018, 8, 16649. [Google Scholar] [CrossRef] [PubMed]

	



Samarghandian, S.; Azimi-Nezhad, M.; Farkhondeh, T. Crocin attenuate Tumor Necrosis Factor-alpha (TNF-α) and interleukin-6 (IL-6) in streptozotocin-induced diabetic rat aorta. Cytokine 2016, 88, 20–28. [Google Scholar] [CrossRef] [PubMed]

	



Idris, I.; Gray, S.; Donnelly, R. Protein kinase C activation, isozyme–specific effects on metabolism and cardiovascular complications in diabetes. Diabetologia 2001, 44, 659–673. [Google Scholar] [CrossRef] [PubMed]

	



Ito, F.; Sono, Y.; Ito, T. Measurement and clinical significance of lipid peroxidation as a biomarker of oxidative stress: Oxidative stress in diabetes, atherosclerosis, and chronic inflammation. Antioxidants 2019, 8, 72. [Google Scholar] [CrossRef]

	



Kathyaini, R.; Gayatri, S.; Suleman, D. A study on malondialdehyde as an oxidative stress marker in patients with myocardial infarction at a tertiary care centre. NJLM 2017, 6, 3–16. [Google Scholar]

	



Etsuo, N. Lipid peroxidation, Physiological levels and dual biological effects. Free Radic. Biol. Med. 2009, 47, 469–484. [Google Scholar]

	



Kurian, G.A.; Rajagopal, R.; Vedantham, S.; Rajesh, M. The role of oxidative stress in myocardial ischemia and reperfusion injury and remodeling, revisited. Oxid. Med. Cell. Longev. 2016, 2016, 656450. [Google Scholar] [CrossRef]

	



Ingaramo, P.I.; Ronco, M.T.; Frances, D.E.; Monti, J.A.; Pisani, G.B.; Ceballos, M.P.; Galleano, M.; Carrillo, M.C.; Carnovale, C.E. Tumor necrosis factor alpha pathways develops liver apoptosis in type 1 diabetes mellitus. Mol. Immunol. 2011, 48, 1397–1407. [Google Scholar] [CrossRef] [PubMed]

	



Mohan, I.K.; Das, U.N. Oxidant stress, anti-oxidants and nitric oxide in non-insulin dependent diabetes mellitus. Med. Sci. Res. 1997, 25, 55–57. [Google Scholar]

	



Yu, X.; Ge, L.; Niu, L.; Lian, X.; Ma, H.; Pang, L. The dual role of inducible nitric oxide synthase in myocardial ischemia/reperfusion injury: Friend or foe? Oxid. Med. Cell. Longev. 2018, 2018, 8364848. [Google Scholar] [CrossRef]

	



Ziamajidi, N.; Nasiri, A.; Abbasalipourkabir, R.; Sadeghi Moheb, S. Effects of garlic extract on TNF-α expression and oxidative stress status in the kidneys of rats with STZ+ nicotinamide–induced diabetes. Pharm. Biol. 2017, 55, 526–531. [Google Scholar] [CrossRef]

	



Ellidag, H.Y.; Eren, E.; Yılmaz, N.; Cekin, Y. Oxidative stress and ischemia–modified albumin in chronic ischemic heart failure. Redox Rep. 2014, 19, 118–123. [Google Scholar] [CrossRef]

	



Bas, H.A.; Aksoy, F.; Icli, A.; Varol, E.; Dogan, A.; Erdogan, D.; Ersoy, I.; Arslan, A.; Ari, H.; Bas, N.; et al. The association of plasma oxidative status and inflammation with the development of atrial fibrillation in patients presenting with ST elevation myocardial infarction. Scand. J. Clin. Lab. Investig. 2017, 77, 77–82. [Google Scholar] [CrossRef]

	



Zare–Mirzaie, A.; Kazeminezhad, B.; Ghouchani, M.A. The Correlation Between Serum Vitamin D Level and Total Antioxidant Capacity in diabetic and Non-diabetic Subjects in Iran. Iran. J. Pathol. 2018, 13, 212. [Google Scholar] [CrossRef]

	



Sedláková, E.; Rácz, O.; Lovásová, E.; Beòaèka, R.; Kurpas, M.; Chmelárová, A.; Sedlák, J.; Studenèan, M. Markers of oxidative stress in acute myocardial infarction treated by percutaneous coronary intervention. Open Med. 2009, 4, 26–31. [Google Scholar] [CrossRef]

	



Bulboacă, A.E.; Bolboacă, S.D.; Stănescu, I.C.; Sfrângeu, C.A.; Bulboacă, A.C. Preemptive analgesic and antioxidative effect of curcumin for experimental migraine. Biomed. Res. Int. 2017, 2017, 4754701. [Google Scholar] [CrossRef] [PubMed]

	



Bulboacă, A.E.; Bolboacă, S.D.; Stănescu, I.C.; Sfrângeu, C.A.; Porfire, A.; Tefas, L.; Bulboacă, A.C. The effect of intravenous administration of liposomal curcumin in addition to sumatriptan treatment in an experimental migraine model in rats. Int. J. Nanomed. 2018, 13, 3093–3103. [Google Scholar] [CrossRef] [PubMed]

	



Ates, I.; Kaplan, M.; Yuksel, M.; Mese, D.; Alisik, M.; Erel, Ö.; Yilmaz, N.; Guler, S. Determination of thiol/disulphide homeostasis in type 1 diabetes mellitus and the factors associated with thiol oxidation. Endocrine 2016, 51, 47–51. [Google Scholar] [CrossRef]

	



Babu, S.; Shetty, J.K.; Mungli, P. Total thiols and MDA levels in patients with acute myocardial infarction before and after reperfusion therapy. OJHAS 2010, 9, 1–4. [Google Scholar]

	



Borra, S.K.; Mahendra, J.; Gurumurthy, P. Effect of curcumin against oxidation of biomolecules by hydroxyl radicals. JCDR 2014, 8, CC01. [Google Scholar] [CrossRef]

	



Mehta, J.; Rayalam, S.; Wang, X. Cytoprotective Effects of Natural Compounds against Oxidative Stress. Antioxidants 2018, 7, 147. [Google Scholar] [CrossRef]

	



Kim, Y.S.; Park, H.J.; Joo, S.Y.; Hong, M.H.; Kim, K.H.; Hong, Y.J.; Kim, J.H.; Park, H.W.; Jeong, M.H.; Cho, J.G.; et al. The protective effect of curcumin on myocardial ischemia–reperfusion injury. Korean Circ. J. 2008, 38, 353–359. [Google Scholar] [CrossRef]

	



Eser, A.; Hizli, D.; Haltas, H.; Namuslu, M.; Kosus, A.; Kosus, N.; Kafali, H. Effects of curcumin on ovarian ischemia–reperfusion injury in a rat model. Biomed. Rep. 2015, 3, 807–813. [Google Scholar] [CrossRef]

	



Al–Rubaei, Z.M.; Mohammad, T.U.; Ali, L.K. Effects of local curcumin on oxidative stress and total antioxidant capacity in vivo study. Pak. J. Biol. Sci. 2014, 17, 1237–1241. [Google Scholar] [CrossRef]

	



Edwards, R.L.; Luis, P.B.; Varuzza, P.V.; Joseph, A.I.; Presley, S.H.; Chaturvedi, R.; Schneider, C. The anti–inflammatory activity of curcumin is mediated by its oxidative metabolites. J. Biol. Chem. 2017, 292, 21243–21252. [Google Scholar] [CrossRef]

	



Yu, H.; Li, J.; Shi, K.; Huang, Q. Structure of modified ε–polylysine micelles and their application in improving cellular antioxidant activity of curcuminoids. Food Funct. 2011, 2, 373–380. [Google Scholar] [CrossRef] [PubMed]

	



Minnelli, C.; Moretti, P.; Fulgenzi, G.; Mariani, P.; Laudadio, E.; Armeni, T.; Galeazzi, R.; Mobbili, G. A poloxamer-407 modified liposome encapsulating epigallocatechin-3-gallate in the presence of magnesium: Characterization and protective effect against oxidative damage. Int. J. Pharm. 2018, 552, 225–234. [Google Scholar] [CrossRef]

	



Peiró, C.; Lorenzo, Ó.; Carraro, R.; Sánchez-Ferrer, C.F. IL-1β inhibition in cardiovascular complications associated to diabetes mellitus. Front. Pharmacol. 2017, 8, 363. [Google Scholar] [CrossRef]

	



Dokumacioglu, E.; Iskender, H.; Sen, T.M.; Ince, I.; Dokumacioglu, A.; Kanbay, Y.; Erbas, E.; Saral, S. The effects of hesperidin and quercetin on serum tumor necrosis factor-alpha and interleukin-6 levels in streptozotocin–induced diabetes model. Pharmacogn. Mag. 2018, 14, 167–173. [Google Scholar]

	



Tekula, S.; Khurana, A.; Anchi, P.; Godugu, C. Withaferin—A attenuates multiple low doses of Streptozotocin (MLD-STZ) induced type 1 diabetes. Biomed. Pharmacother. 2018, 106, 1428–1440. [Google Scholar] [CrossRef]

	



Tian, M.; Yuan, Y.C.; Li, J.Y.; Gionfriddo, M.R.; Huang, R.C. Tumor necrosis factor-α and its role as a mediator in myocardial infarction: A brief review. Chronic. Dis. Transl. Med. 2015, 1, 18–26. [Google Scholar] [CrossRef]

	



Puhakka, M.; Magga, J.; Hietakorpi, S.; Penttilä, I.; Uusimaa, P.; Risteli, J.; Peuhkurinen, K. Interleukin-6 and tumor necrosis factor alpha in relation to myocardial infarct size and collagen formation. J. Card. Fail. 2003, 9, 325–332. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Zhang, Q.; Liao, Y.H.; Cao, Z.; Du, Y.M.; Xia, J.D.; Yang, H.; Chen, Z.J. Effect of tumor necrosis factor–α on neutralization of ventricular fibrillation in rats with acute myocardial infarction. Mediat. Inflamm. 2011, 2011, 565238. [Google Scholar] [CrossRef] [PubMed]

	



Ritschel, V.N.; Seljeflot, I.; Arnesen, H.; Halvorsen, S.; Weiss, T.; Eritsland, J.; Andersen, G.Ø. IL-6 signalling in patients with acute ST-elevation myocardial infarction. Results Immunol. 2014, 4, 8–13. [Google Scholar] [CrossRef] [PubMed]

	



Pomerantz, B.J.; Reznikov, L.L.; Harken, A.H.; Dinarello, C.A. Inhibition of caspase 1 reduces human myocardial ischemic dysfunction via inhibition of IL-18 and IL-1. Proc. Natl. Acad. Sci. USA 2001, 98, 2871–2876. [Google Scholar] [CrossRef] [PubMed]








[image: Antioxidants 08 00504 g001 550] 





Figure 1. Variation of serum levels of myocardial infarction enzymes by groups: (a) CK (creatine kinase), (b) CK-MB (creatine kinase-MB), and (c) LDH lactate dehydrogenase by groups. Notes: The circles represent the individual values, and the horizontal line is given by the median. Abbreviations: N = normal; C = control; AMI = acute myocardial infarction; DM = diabetes mellitus; S = saline; CUS = curcumin solution in a dose of 200 mg/kg bw; CUN200 = curcumin nanoparticles solution in a dose of 200 mg/kg bw. 
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Figure 2. Variation by groups of serum oxidative stress intensity: (a) MDA (malondialdehyde), (b) NOx (nitric oxide), and (c) TOS (total oxidative status) by groups. Notes: The circles represent the individual values, and the horizontal line is given by the median. Abbreviations: N = normal; C = control; AMI = acute myocardial infarction; DM = diabetes mellitus; S = saline; CUS = curcumin solution in a dose of 200 mg/kg bw; CUN200 = curcumin nanoparticles solution in a dose of 200 mg/kg bw. 
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Figure 3. Variation by groups of serum antioxidant capacity: (a) TAC (total antioxidant capacity) and (b) thiols by groups. Notes: The circles represent the individual values, and the horizontal line is given by the median. Abbreviations: N = normal; C = control; AMI = acute myocardial infarction; DM = diabetes mellitus; S = saline; CUS = curcumin solution in a dose of 200 mg/kg bw; CUN200 = curcumin nanoparticles solution in a dose of 200 mg/kg bw. 
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Figure 4. Variation by groups of serum levels of pro-inflammatory cytokines: (a) TNF-α (tumor necrosis factor-alpha), (b) IL-6 (interleukin 6), and (c) IL-1β (interleukin 1β), by groups. Notes: The circles represent the individual values, and the horizontal line is given by the median. Abbreviations: N = normal; C = control; AMI = acute myocardial infarction; DM = diabetes mellitus; S = saline; CUS = curcumin solution in a dose of 200 mg/kg bw; CUN200 = curcumin nanoparticles solution in a dose of 200 mg/kg bw. 
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Table 1. Design of the experimental study groups.
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Day

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
7 (i.p.)

	
8

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16

	
17

	
18

	
19

	
20

	
21

	
22

	
22 (s.c.)




	
Group

	






	
N-C

	
saline by gavage

	
CB

	
saline by gavage

	
SS




	
AMI-C

	
CB

	
ISO




	
DM-C

	
STZ

	
SS




	
DM-AMI-C

	
STZ

	
ISO




	
S-DM-CUS-AMI

	
STZ

	
CUS by gavage

	
ISO




	
CUS-DM-CUS-AMI

	
CUS by gavage

	
STZ

	
ISO




	
S-DM-CUN-AMI

	
saline by gavage

	
STZ

	
CUN by gavage

	
ISO




	
CUN-DM-CUN-AMI

	
CUN by gavage

	
STZ

	
ISO








Notes: N, normal; C, control; AMI, acute myocardial infarction; DM, diabetes mellitus; SS, saline solution (0.09%); CB, citrate buffer; CUS, curcumin solution (200 mg/kg bw); CUN, curcumin nanoparticle solution (200mg/kg bw); STZ, streptozotocin in a dose of 65 mg/kg bw; ISO, isoproterenol in a dose of 45 mg/kg bw; i.p., intraperitoneal; s.c., subcutaneous.
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