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Abstract

:

The objectives of this study were to investigate the cardio-protective, hepatoprotective and nephroprotective effects of curcumin nanoparticle (NC) pretreatment compared to conventional curcumin (CC) on acute myocardial infarction (AMI) in rats with type 1 diabetes mellitus (T1DM). Fifty-six Wister Bratislava rats were divided into eight groups. The first four groups—C (control group), AMI (group with AMI), T1DM (group with T1DM), and T1DM-AMI (group with T1DM and AMI)—received only saline (S) during the whole experiment. Two groups—S-T1DM-CC-AMI and S-T1DM-NC-AMI—were pretreated with S before T1DM induction. The S-T1DM-CC-AMI group received CC (200 mg/Kg bw (bw—body weight)) after T1DM induction, while the S-T1DM-NC-AMI group received NC (200 mg/Kg bw) after T1DM induction. the CC-T1DM-CC-AMI group received CC (200 mg/Kg bw) during the whole experiment. Similarly, the NC-T1DM-NC-AMI group received NC (200 mg/Kg bw) over the entire experiment. T1DM was induced on day 7 using a single dose of streptozotocin (STZ). AMI was induced with isoproterenol (ISO) on day 22. Both curcumin formulations, CC and NC, prevented the following electrocardiographic changes: prolongation of the QRS complex, enlargement of QT and QTc intervals, and ST-segment elevation. Glucose levels and lipid profile parameters were reduced up to 1.9 times, while C-peptide serum levels were increased up to 1.6 times in groups that received CC or NC. Liver function parameters (aspartate transaminase, alanine transaminase) and kidney function parameters (creatinine, urea) were reduced 4.8 times, and histological changes of liver and kidney tissue were improved by CC or NC administration. Pretreatment with NC proved significantly higher cardioprotective, hepatoprotective and nephroprotective effects in the case of AMI in T1DM.
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1. Introduction


Cardiovascular disease represents a global public health problem and the leading cause of death. In 2008, the World Health Organization experts stated that cardiovascular diseases are the cause of 17.3 million deaths annually, of which 7.3 million are due to myocardial infarction, 6.2 million due to stroke, and 9.4 million through the direct involvement of hypertension [1]. Annually, cardiovascular diseases cause four million deaths across the European continent, of which 1.9 million are in European Union countries [1]. Acute myocardial infarction (AMI) is the most common cause of mortality in patients with diabetes, as diabetic patients have twice the post-myocardial infarction mortality compared with nondiabetic patients [2].



Type 1 diabetes mellitus (T1DM) is characterized by destruction of β cells (most often autoimmune) and an absolute insulin deficiency. The onset of T1DM is most common in childhood or young adults. Type 2 diabetes mellitus (T2DM) has the highest prevalence and is characterized by insulin resistance [3].



In experimental models of T1DM, insulin deficiency is obtained through various mechanisms, from surgical removal of the pancreas to chemical destruction of β-cells or other interventions that lead to the induction of autoimmune diabetes [4].



The most commonly used experimental model is the chemical one, in which pancreatic β cells are destroyed by the administration of streptozotocin (STZ) or alloxan [4]. STZ is synthesized by Streptomyces achromogenes, which, after intraperitoneal or intravenous administration, enters the pancreatic β cells through the Glut-2 transporter and causes DNA alkylation [5]. Subsequent activation of poly(ADP-ribose) polymerase-1 (PARP-1) leads to depletion of nicotinamide adenine dinucleotide (NAD +), a reduction in cellular ATP, and subsequent inhibition of insulin production. In addition, STZ is a source of free radicals that can also contribute to DNA damage and subsequent destruction of β cells [4].



Isoproterenol (ISO) is a simple, easily reproducible with a low-mortality method to induce experimental AMI. Isoproterenol is a synthetic sympathomimetic catecholamine that, in experimental AMI, produces myocardial necrosis comparable to cardiomyocyte lesions in AMI in human tissue [6]. ISO acts non-selectively on β1 and β2 receptors and since β1 receptors are predominantly present in the heart, their stimulation exerts positive chronotropic, dromotropic and inotropic effects [7]. Following isoproterenol administration, myocardial ischemia occurs in the context of an imbalance between oxygen demand due to increased cardiac activity and a reduced coronary blood supply [6]. ISO induces changes in cardiomyocyte metabolism and electrolyte content, decreases levels of high-energy phosphate deposits and increases oxidative stress, producing cardiotoxic effects and cardiomyocytes necrosis [8].



Curcumin (extracted from Curcuma longa) is a natural compound widely used in Asian cuisine, with therapeutic properties due to its antioxidant, anti-inflammatory, immunoregulatory, antimicrobial, antineoplastic, and antidiabetic effects [9]. It has been shown to have beneficial and versatile effects in various diseases such as diabetes, liver cirrhosis, local inflammation, neoplasms, cardiovascular disease, Alzheimer’s disease, or migraine, but the molecular mechanisms underlying its effects are still under study [10]. Curcumin is hydrophobic, insoluble in water at neutral or acidic pH, but soluble in vegetable oils, methanol, ethanol, dimethylsulfoxide and acetone [11]. One of the main problems facing the introduction of curcumin in clinical trials is its low bioavailability, which is due to poor absorption, accelerated metabolism and rapid digestive elimination. Multiple studies aimed to improve its pharmaceutical formula to increase its bioavailability. New pharmaceutical forms, capable of improving the bioavailability of curcumin molecules, are an essential step in enhancing this compound’s therapeutic effects. However, there are still complex challenges in translating in vitro and in vivo studies to clinical trials [12]. Therefore, experimental studies are still of real use in better understanding the mechanisms associated with the beneficial effects of curcumin.



Curcumin nanoparticles and microparticles have been developed to improve the therapeutic properties of curcumin. The development of particles such as nano-liposomes, nano-gels, or nano-crystals has allowed a new approach to in vitro or in vivo experimental studies to increase curcumin’s therapeutic efficacy in various conditions. The pharmaceutical formulations of nanocurcumin have been shown to maintain the molecule’s pharmaceutical properties, with higher bioavailability than conventional curcumin [13].



The objectives of this study were to evaluate the cardio-protective, hepatoprotective and nephroprotective effects of curcumin nanoparticles (NC) pretreatment compared to conventional curcumin (CC) on experimental AMI in rats with T1DM.




2. Materials and Methods


2.1. Ethics Statement


All the experimental procedures followed the Helsinki Declaration on animal studies and were carried out according to the national and international guidelines for the care and use of animals.




2.2. Animals


The rats included in the study were obtained from the Animal Department of the Faculty of Medicine, Iuliu Haţieganu University of Medicine and Pharmacy Cluj-Napoca and were acclimatized in polypropylene cages, at 22–24 °C, 12 h/12 h light cycle/darkness. The animals had free access to water and food (standard pellets, Cantacuzino Institute, Bucharest, Romania).




2.3. Chemicals and Reagents


Isoproterenol hydrochloride (98%), conventional curcumin, and streptozotocin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Curcumin nanoparticles were purchased from CVI Pharma (Hanoi, Vietnam). In NC, the active compound, curcumin, is encapsulated in polymer-based nanoparticles ranging in size from 30 nm to 100 nm. Water-based, bio-compatible polymers were used to protect well-dispersed curcumin particles in water and to enhance gastrointestinal absorption (up to 95%).



The nanoparticles of curcumin and curcumin were dissolved in peanut oil and administered orally by gavage. Peanut oil was used because it was observed that in this type of vegetable oil curcumin has an increased solubility without influencing the effects of curcumin [13].




2.4. Diabetes Mellitus Induction


Type 1 diabetes mellitus was induced by intraperitoneal (ip) administration of a single dose of freshly dissolved STZ (65 mg/Kg bw) in a 0.1 M citrate buffer (pH 4.5) [14]. Before the induction of T1DM, rats were given free access to water and food. In the first 48 hours after STZ administration, rats were given 5% glucose to prevent hypoglycemic shock [14]. At 48 hours after STZ injection, blood samples were collected from the dorsal vein of the tail from all rats and blood glucose levels were measured using a glucometer (VivaChek Biotech (Hang-Zhou) Co., Ltd., Hangzhou, China). Rats with blood glucose greater than or equal to 200 mg/dL were considered to have T1DM [15]. All rats from T1DM groups had glycaemia >200 mg/dL 48 h after STZ administration, as previously reported [16].




2.5. Acute Myocardial Infarction Induction


Acute myocardial infarction was induced with fresh ISO dissolved in saline (0.09%) and injected subcutaneously at a dose of 45 mg/Kg bw (bw—body weight) [17]. The successful induction of AMI in rats after ISO administration was proved by the elevation of CK, CK-MB, and LDH, as previously reported [16].




2.6. Study Groups


Fifty-six male Wistar-Bratislava rats, weighing between 200 and 250 g were randomly divided into eight groups of seven rats/group, as follows:



(1) Control group (C): Rats received only saline (0.09%) throughout the whole experiment, administered by gavage. On day 7, they were given an intraperitoneal citrate buffer, and on day 22 they were injected with saline (0.09%) subcutaneously.



(2) Control group with acute myocardial infarction (AMI): Rats received only saline (0.09%) throughout the whole experiment, administered by gavage. On day 7 they received an intraperitoneal citrate buffer, and on day 22 they were given ISO at a dose of 45 mg/Kg bw subcutaneously to induce AMI.



(3) Diabetic rats control group (T1DM): Rats received only saline (0.09%) throughout the whole experiment, administered by gavage. On day 7, they received 65 mg/Kg bw of intraperitoneal STZ for T1DM induction and on day 22 they were injected with saline (0.09%) subcutaneously.



(4) Control group with diabetic rats and acute myocardial infarction (T1DM-AMI): Rats received only saline (0.09%) throughout the whole experiment, administered by gavage. On day 7, they received 65 mg/Kg bw of intraperitoneal STZ to induce T1DM, and on day 22 they were injected with ISO at a dose of 45 mg/Kg bw subcutaneously to induce AMI.



(5) Group of diabetic rats pretreated with saline (0.09%), treated with curcumin and induced AMI (S-T1DM-CC-AMI): Rats were pretreated with saline (0.09 %) for 7 days, administered by gavage. On the 7th day, they received 65 mg/Kg bw of intraperitoneal STZ for the induction of T1DM, in the next 15 days they were treated with curcumin solution in a dose of 200 mg/Kg bw administered by gavage, and on the 22nd day they were injected with ISO at a dose of 45 mg/Kg bw subcutaneously in order to induce AMI.



(6) Group of diabetic rats pretreated and treated with curcumin and induced AMI infarction (CC-T1DM-CC-AMI): Rats were pretreated with curcumin solution at a dose of 200 mg/Kg bw for 7 days administered by gavage. On day 7, they received 65 mg/Kg bw of intraperitoneal STZ for T1DM induction, in the next 15 days they were treated with curcumin solution at a dose of 200 mg/Kg bw administered by gavage, and on day 22 they were injected with ISO at a dose of 45 mg/Kg bw subcutaneously in order to induce AMI.



(7) Group of diabetic rats pretreated with saline (0.09%), treated with curcumin nanoparticles and induced AMI (S-T1DM-NC-AMI): Rats were pretreated with saline (0.09%) for 7 days administered by gavage. On day 7, they received 65 mg/Kg bw of intraperitoneal STZ for the induction of T1DM, in the next 15 days they were treated with a solution of curcumin nanoparticles at a dose of 200 mg/Kg bw administered by gavage, and on day 22 were injected with ISO at a dose of 45 mg/Kg bw subcutaneously in order to induce AMI.



(8) Group of diabetic rats pretreated and treated with curcumin nanoparticles and induced AMI (NC-T1DM-NC-AMI): Rats were pretreated with curcumin solution at a dose of 200 mg/Kg bw time for 7 days administered by gavage. On day 7, they received 65 mg/Kg bw of intraperitoneal STZ for inducing T1DM, in the next 15 days they were treated with a solution of curcumin nanoparticles at a dose of 200 mg/Kg bw administered by gavage, and on day 22 they were injected with ISO at a dose of 45 mg/Kg bw subcutaneously in order to induce AMI.



Figure 1 is a summary of the experimental groups involved in this study.




2.7. Electrocardiographic Monitoring


Electrocardiographic (ECG) monitoring was performed at 24 h after ISO administration, using the Biopac MP36 system (Goleta, CA, USA). Rats were anesthetized by intraperitoneal administration of ketamine (26 mg/Kg bw) and xylazine (2.6 mg/Kg bw).



Fifteen minutes after induction of anesthesia, electrodes were attached to the paws of each rat and the ECGs were recorded in the DII lead. The RR interval (the time elapsed between two successive R-waves of the QRS signal on the electrocardiogram) (ms), QT interval (the time from the beginning of the QRS complex to the end of the T wave) (ms), PR segment (the isoelectric segment between the end of the P wave and the start of the QRS complex) (ms), QRS complex duration (ms), ST-segment modifications (mV), and R-wave amplitude (mV) were calculated from ECG recordings using Biopac Student Lab 3.7.7 software (Goleta, CA, USA).



Heart rate (beats/min) was calculated according to the RR interval using the following formula: HR = 60,000/RR. The corrected QT interval (QTc) (ms) was calculated according to the modified Bazett formula: QTc = QT/√(RR/150) [18].




2.8. Biochemical Analysis


For biochemical analysis, blood samples were collected from the retro-orbital plexuses of each rat 24 hours after ISO administration, right after the ECG monitoring was done.



Blood glucose, aspartate transaminase (AST), alanine transaminase (ALT), creatinine and urea levels were measured using the Jasco V-530 UV/Vis spectrophotometer (JASCO International Co., Ltd., Tokyo, Japan) using commercial kits available from Spinreact, Girona, Spain.



Serum C-peptide values and serum levels of matrix metalloproteinase 2 (MMP-2) and matrix metalloproteinase 9 (MMP-9) were determined by ELISA (Stat Fax 303 Plus Microstrip Reader, Minneapolis, MN, USA) using commercially available kits.




2.9. Histopathological Examination


After blood samples were taken, rats were sacrificed by an overdose of anesthetics. Afterward, their hearts were excised, washed immediately with saline, and then fixed in 10% formalin. After being embedded in paraffin, they were sectioned at 3 μm, stained with hematoxylin and eosin (H&E) and examined under a light microscope.




2.10. Statistical Analysis


The measured parameters were expressed as mean and standard deviation. In the figures, the distribution of the investigated parameters was represented as individual values (circles) and median (as line) as recommended by Weissgerber et al. [19]. Differences between groups were assessed by the Mann–Whitney test. The level of statistical significance was set at <0.05.





3. Results


No rat died during the follow-up; therefore, statistical analysis was performed on all seven rats in each group.



3.1. Serum Levels of Glucose and C-Peptide


Administration of STZ led to a significant increase in plasma glucose and a significant decrease in plasma C-peptide levels in diabetic rats (Figure 2). Rats with AMI showed a slight increase in serum glucose after administration of ISO, and rats with T1DM and AMI presented the highest values (Figure 2a). Rats from groups with T1DM showed a lower serum level of C-peptide. Rats from the AMI group that received only ISO presented peptide C values comparable to the control group (Figure 2b).



Both groups of rats that received CC had lower serum glucose levels than the T1DM and T1DM-AMI groups (Figure 2a, p ≤ 0.0022). No statistically significant differences were observed when comparing the two groups that received CC (p > 0.05, Figure 2a). The groups that received curcumin nanoparticles had the lowest serum glucose levels compared to the groups that received conventional curcumin (Figure 2a, p ≤ 0.004). The best results were obtained for the group pretreated with NC before T1DM induction (Figure 2a).



The groups that received CC and NC had higher serum levels of C-peptide than the T1DM or T1DM-AMI groups (Figure 2b, p ≤ 0.0298). Conventional curcumin adminsitration before T1DM induction provided an increase in C-peptide levels compared to the group pretreated with saline and CC after T1DM induction (Figure 2b, p = 0.0106). The same results were observed for the groups that received NC (p = 0.0409, Figure 2b). The best results for C-peptide were obtained from the groups that received only NC from the beginning of the experiment (p ≤ 0.0409, Figure 2b).




3.2. Electrocardiogram Monitoring and Histological Changes of the Heart


Figure 3 shows the ECG changes characteristic for all groups included in the study. The results of the interpretations of the ECGs are presented in Table 1.



Administration of ISO induced important ECG changes, such as reduced RR intervals, increased HR (heart rate) and QT and QTc intervals, QRS complex prolongation, ST-segment elevation, and reduced R-wave amplitude (Figure 3b, Table 1). These changes are characteristic of ISO-induced AMI. The administration of STZ caused a lengthening of the RR interval and a decrease in HR, but also a prolongation of the QRS complex. Both ISO and STZ did not affect the PR segment (Figure 3, Table 1).



Conventional curcumin and NC increased the RR interval and decreased HR in all groups (Figure 3e–h, Table 1), with significantly better NC than CC (Table 1, p = 0.0021).



NC was more effective than CC in preventing elongation of the QRS complex (Figure 3e–h, Table 1, p ≤ 0.0057), without statistically significant differences between the two groups that received NC (p > 0.05).



Curcumin nanoparticles more effectively prevented the prolongation of QT and QTc intervals after AMI induction, compared to conventional curcumin (Figure 3e–h, Table 1, p ≤ 0.0026), without statistically significant differences between the two groups that had received NC (p > 0.05).



The administration of NC most effectively prevented the R-wave amplitude reduction prior to T1DM induction (Figure 3, Table 1, p ≤ 0.0048)



Curcumin nanoparticles effectively reduced ST-segment elevation (Figure 3g–h, Table 1, p ≤ 0.0021). The best effect for reducing ST-segment changes was obtained for NC administered before T1DM induction (Figure 3h, Table 1, p ≤ 0.0066).



Histopathological examinations revealed a normal architecture of myocardial tissue of the rats from the control group (Figure 4a), multifocal necrosis associated with diffuse infiltration with leukocytes in rats in the AMI group (Figure 4b). Rats from the T1DM group presented only blood stasis (Figure 4c). Multifocal necrosis associated with diffuse infiltration with leukocytes and stasis was observed in the T1DM-AMI group (Figure 4d). Rats who received conventional curcumin presented multifocal necrosis with inflammatory infiltration of leukocytes (Figure 4e,f), while rats from the groups that received curcumin nanoparticles presented localized subendocardial necrosis with infiltration of leukocytes (Figure 4g,h).




3.3. Serum Levels of Liver Function Parameters and Liver Histopathological Changes


Rats with T1DM, and also those with AMI, presented elevated levels of hepatic cytolysis enzymes, most high levels were seen in diabetic rats with AMI (Figure 5). Curcumin administration prevented elevation of AST and ALT compared to diabetic rats with AMI (Figure 5, p ≤ 0.022). Curcumin nanoparticle administration reduced AST and ALT serum levels better than conventional curcumin, with lower levels for rats who received the active compound before T1DM induction (Figure 5, p ≤ 0.0152).



Histopathologic examination of the liver showed normal architecture of the liver in the control group (Figure 6a). Rats with AMI presented liver stasis (Figure 6b). Rats who received STZ associated multifocal liver micronecrosis (Figure 6c), while the group with T1DM and AMI presented lobular micronecrosis and blood stasis (Figure 6d). Curcumin administration reduced liver injury to focal necrosis (Figure 6e,f). Rats who received curcumin nanoparticles administered after T1DM induction presented liver stasis (Figure 6g), while rats who received curcumin nanoparticles from the beginning of the experiment had a normal aspect of the liver (Figure 6h).




3.4. Serum Levels of Kidney Function Parameters and Kidney Histopathological Changes


ISO administration did not influence the creatinine levels (Figure 7a) but caused a significant increase in urea levels (Figure 7b). Rats from the group who received only STZ showed an increase in creatinine and urea serum levels (Figure 7). Rats with T1DM and associated AMI presented the most elevated serum levels of kidney function parameters (Figure 7).



Curcumin administered at the beginning of the experiment better prevented elevation of creatinine compared to rats from the group that received curcumin only after T1DM induction (Figure 7a, p = 0,0172), while no differences were observed between these two groups for urea serum levels (Figure 7b, p > 0.05).



Curcumin nanoparticles offered better results in preventing elevation of these parameters when compared to conventional curcumin (Figure 7, p ≤ 0.0021), but no statistical differences were found between the two groups that received curcumin nanoparticles for neither creatinine nor for urea (Figure 7, p ≥ 0.05).



Histological examination of the kidneys visualized a normal architecture of the kidneys in the control group (Figure 8a). Rats with AMI presented blood stasis (Figure 8b). In the group with T1DM and in the group with T1DM and AMI the rats had a glomerular collapse and blood stasis (Figure 8c,d). Curcumin administration reduced kidney histological damage to stasis (Figure 8e,f). Similar results were observed in the group that received curcumin nanoparticles after STZ administration (Figure 8g), while the group that received curcumin nanoparticles before STZ administration had a normal aspect of the kidney (Figure 8h).




3.5. Serum Levels of Matrix Metalloproteinases


Serum levels of MMP-2 and MMP-9 increased after the induction of T1DM and AMI, with the highest levels in rats with T1DM and AMI (Figure 9).



All doses of CC and NC prevented the increase in MMP-2 (Figure 9a) and MMP-9 (Figure 9b). The best results were obtained for the two groups with curcumin nanoparticles compared to conventional curcumin for both matrix metalloproteinases (Figure 9, p ≤ 0.022). MMP-2 levels were lower in rats who received the nanoparticles before T1DM induction than in rats who received curcumin nanoparticles after STZ administration (Figure 9a, p = 0.022). No difference between the two groups with curcumin nanoparticles was observed for MMP-9 (Figure 9b, p > 0.05).





4. Discussion


4.1. Serum Levels of Glucose and C-Peptide


In our study, rats with STZ-induced T1DM, rats with ISO-induced AMI and all those with T1DM and AMI had a higher level of glucose (Figure 2). It was observed that acute hyperglycemia is characteristic for the early phase of AMI, even in patients without a history of T1DM, and that it exaggerates inflammation by the oxidative mechanism so that it can increase mortality [20]. Even more, hyperglycemia was observed to be capable of inducing electrophysiological alterations in myocardial tissue that might trigger fatal arrhythmias as a result of significant elongation of the QT interval [21].



Our results show that rats with STZ-induced T1DM had a lower level of C-peptide. C-peptide is widely used to measure the pancreatic beta-cell function of insulin secretion, as it is produced in equimolar amounts to endogenous insulin and is not influenced by therapeutically administered exogenous insulin [22]. Even if it was subsequently regarded as a waste product of insulin synthesis, since it does not affect glucose or lipid metabolism, new discoveries would support the idea that patients with T1DM who still have a certain degree of beta-cell activity are considerably less prone to develop microvascular complications compared to those with a total deficit of C-peptide [23].



Administration of curcumin to diabetic rats was reported to significantly reduce the plasma glucose level and increase plasma insulin and C-peptide levels substantially by promoting beta-cell regeneration [24]. Curcumin reduces the serum glucose level by stimulating insulin secretion of island β cells [25]. It was already reported that nanocurcumin could reduce glucose level, pro-inflammatory cytokines, and oxidative stress in STZ-induced T1DM due to decreased inflammation and apoptosis in pancreatic islets cells [26]. Better results obtained for NC can be explained by the increased tissue distribution of the curcumin nanoparticles in the body organs [27].




4.2. Electrocardiogram Monitoring and Histological Changes of the Heart


The cardiomyopathy described in the pathophysiology of STZ-induced T1DM is frequently associated with heart rhythm disturbances and contractile dysfunctions, as reduced contraction amplitude and prolonged time course of contraction and relaxation have been reported in cardiomyocytes from STZ-induced T1DM [28]. Howarth et al. reported that the ECG monitoring of diabetic rats after STZ administration revealed a reduction in HR and HR variability and prolonged QRS complex and QT intervals [29]. These results are similar to those obtained in our study (Figure 3, Table 1). Negative chronotropic effects and impairment of the sinoatrial node pointed to be responsible in HR reduction seen in STZ-induced diabetic rats are reversed by insulin treatment [30]. Prolongation of QT interval is considered to be associated with an increased risk of ventricular arrhythmias and/or sudden death. The autonomic neuropathy increases the risk of malignant arrhythmias and mortality rates, as it is correlated with a prolongation of the QT interval [31]. The underlying mechanisms involved in prolonging the QRS complex and QT interval in diabetes mellitus may include slowed inactivation and/or reductions in the activity of Ca2+ and K+ channels of the cardiomyocytes membranes [29].



The reduction of the RR interval and increased HR recorded after ISO administration can be explained by the fact that ISO is a nonspecific β adrenoreceptor agonist and by activation of ß-adrenergic receptors increases the force of contraction of the left ventricle and accelerates the HR [32]. Rats with ISO-induced AMI presented a prolongation of the QRS complex, reduced R-wave amplitude, increased QT and QTc intervals, the elevation of the ST-segment, but had no effect on the PR segment (Figure 3, Table 1). As a result of the ISO cardiotoxic effect, slow ventricular conduction could explain the prolongation of the QRS complex and QT, QTc intervals [33]. The marked decrease in R-amplitude associated with elevation of ST-segment is indicative of AMI [34]. The decreased R-amplitude might result from the onset of myocardial edema following ISO administration, while the ST-segment elevation reflects the loss of cardiomyocytes membrane function potential and the difference in action potentials in the boundary between the ischemic and non-ischemic zones of the myocardial tissue [34]. Our previous study reported that curcumin and curcumin nanoparticle doses increased the RR interval and reduced HR [35]. The exact mechanism of how curcumin reduces HR is not known yet and needs further investigations.



Pretreatment with curcumin was observed to protect the structure of the cardiomyocytes membrane, offering a cardioprotective effect against ECG alterations and acute fatal complications of AMI [36]. Preservation of cardiomyocytes structure and function could explain the reduction in the QRS complex enlargement after curcumin administration. The anti-inflammatory effects of curcumin and enhanced effects offered by curcumin nanoparticles could explain the reduction of edema in the myocardial tissue and prevention of the decreased R wave [35,37]. Ranjan et al. observed that curcumin encapsulated in lipopolymer hybrid nanoparticle formulation increases the bioavailability and stability of the active compound offering a better protection against QT prolongation [38]. Helson et al. showed that liposomal curcumin better prevented QTc prolongation [39].



Curcumin administration, especially curcumin nanoparticles, reduced the area of cardiac necrosis, as curcumin can reduce the intensity of apoptosis and, therefore, decrease cardiomyocyte injury after AMI by modulating the immune cell filtration rate and improving the mitochondrial function of the injured cardiomyocytes [37].




4.3. Serum Levels of Liver Function Parameters and Liver Histopathological Changes


Rats with T1DM, and also those with AMI, presented elevated levels of hepatic necrosis enzymes, most high levels were seen in diabetic rats with AMI (Figure 5). Curcumin and curcumin nanoparticle administration reduced AST and ALT serum levels with lower levels for rats who received the NC before T1DM induction (Figure 5). Pretreatment with curcumin and curcumin nanoparticles had a hepatoprotective effect in high fructose streptozotocin-induced T2DM, by preventing ALT and AST elevation [40]. and they also reduced myocardial damage by preventing elevation of AST and ALT in AMI after ISO administration [35].



Streptozotocin administration led to multifocal micronecrosis, as streptozotocin administration is known to induce liver injuries [41]. Rats with AMI presented liver blood stasis, most probably due to acute cardiac dysfunction, while groups with T1DM and AMI presented lobular micronecrosis.



Curcumin administration reduced liver injury to focal necrosis (Figure 6). Rats who received curcumin nanoparticles administered after T1DM induction presented liver stasis, while rats who received curcumin nanoparticles from the beginning of the experiment had a normal aspect of the liver (Figure 6). These results can be explained by the fact that curcumin has a cellular membrane-stabilizing property so it reduces cellular destruction [42]. Even more, curcumin seems to be able to reduce liver damage by inhibition of hepatic stellate cell (HSC) activation, as activation of HSC promotes liver fibrosis regardless of etiology [43].




4.4. Serum Levels of Kidney Function and Kidney Histopathological Changes


ISO administration caused a significant increase in urea levels without elevation of creatinine (Figure 7), indicating that the kidney damage, in this case, is most probably a pre-renal one (because of low cardiac output due to AMI), and it is not caused by intrinsic renal damage [42]. Diabetic rats showed an increase in the serum levels of creatinine and urea (Figure 7). Rats with T1DM and associated AMI presented the most elevated serum levels of kidney function parameters (Figure 7). Curcumin and curcumin nanoparticles prevented the elevation of these parameters (Figure 7).



The group with T1DM and the group with T1DM and AMI had glomerular collapse as this is one characteristic of diabetic nephropathy [44], while rats only with AMI presented glomerular stasis (Figure 8), most probably due to acute cardiac dysfunction. Curcumin administration reduced kidney histological damage to stasis (Figure 8). Similar results were observed in the group that received curcumin nanoparticles after STZ administration, while the group that received curcumin nanoparticles before STZ administration had a normal aspect of the kidney (Figure 8).



Curcumin administration improves renal function and preserves glomerular structure degeneration due to its antioxidative effects, as it decreases oxidative stress by reducing levels of subunits of nicotinamide adenine dinucleotide phosphate (NADPH), oxidase Nox4 and p67phox, which catalyzes the synthesis of O2− and increases the activity of the antioxidant enzyme glutathione peroxidase. The nephroprotective effects of curcumin are also related to the downregulation of extracellular matrix protein fibronectin and collagen IV, and the inhibition of the profibrotic cytokines such as the vascular endothelial growth factor (VEGF), TGF-β, CTGF and osteopontin [45]. Better results obtained from encapsulated curcumin can result from the increased bioavailability and improved action of the active compound.




4.5. Serum Levels of Matrix Metalloproteinases


Conventional curcumin and NC prevented the increase in MMP-2 and MMP-9. The best results were obtained for NC compared to CC, especially in rats who received the nanoparticles before T1DM induction (Figure 9).



Matrix metalloproteinases (MMPs) are a family of zinc-binding proteolytic enzymes that pathologically attack substrates as part of an inflammatory response and have an important role in the extracellular matrix (ECM) reorganization [46]. MMP-2, or gelatinase A, is found in nearly all cell types and is involved in the degradation of denatured collagen and collagen type IV, a significant component of the basement membrane [47]. It may also be responsible for proteolysis of cytoskeletal proteins, increasing oxidative stress, so its inhibition can attenuate tissue damage [48]. MMP-9 is implicated in the regulation of tissue remodeling since it directly degrades extracellular matrix proteins and activates cytokines and chemokines involved in this process [49]. Apart from inflammation and oxidative stress, matrix MMPs can play an essential role in diabetes mellitus pathogenesis and contribute to vascular complications, especially in diabetic retinopathy due to the capillary cell apoptosis mechanism [50]. MMP-2 serum levels were reported to rise early in diabetes mellitus within the first 5 years from the onset of diagnosis and to be markedly raised with the disease’s progression [51]. Elevated expression and enhanced activity of MMP-9 in diabetes mellitus is due to acute stimuli, such as vascular injury or as inflammatory mediators [52]. Systemic concentrations of MMP-2 and MMP-9, in addition to gelatinase activity levels, are also increased in patients with T2DM and peripheral arterial disease [53]. MMP-2 and MMP-9 are activated in the myocardial tissue after AMI’s onset; therefore, they were studied for their roles in left ventricular remodeling and post-myocardial infarction prognosis [54]. Inhibition of MMP-2 was associated with a higher survival rate and with less left ventricular adverse remodeling after AMI in mice [54], while MMP-9 inhibition was associated with a lower incidence of myocardial wall rupture after AMI and reduced left ventricular dilation, explained by the reduced collagen reorganization in the infarcted area [55]. Curcumin treatment inhibits both MMP-2 and MMP-9 through its potent antioxidant and anti-inflammatory effect [56]. Curcumin nanoparticles were already proven effective in reducing MMP-2 and MMP-9 in streptozotocin-induced T1DM [57]. Our study is the first to report the effect of curcumin and curcumin nanoparticle pretreatment on MMP-2 and MMP-9 expression in AMI in rats with T1DM. Due to their ability to reduce the activity of active matrix metalloproteinases, curcumin and curcumin nanoparticles can be used as an adjuvant treatment for reducing the vascular complication of diabetes mellitus [57] and to improve systolic function and promotion of the cardiac remodeling process [56] after AMI in patients with diabetes mellitus. Curcumin nanoparticles exert greater effects on MMPs activity than curcumin due to their increased solubility and higher resistance to enzymatic degradation [57].





5. Conclusions


Curcumin nanoparticles administered before the induction of type 1 diabetes mellitus are more effective than conventional curcumin in maintaining cardiomyocyte function and structure in acute myocardial infarction, as they prevent the prolongation of the QRS complex, enlargement of QT and QTc intervals, ST-segment elevation, and they also reduce the area of myocardial necrosis.



Administration of curcumin nanoparticles before the induction of type 1 diabetes mellitus protects the beta cells, reduces serum glucose levels, and offers a higher level of C-peptide, better than conventional curcumin.



Pretreatment with conventional curcumin and curcumin nanoparticles provides a new perspective for therapeutic strategies in alleviating hepatic lesions related to streptozotocin and isoproterenol hepatotoxicity, as curcumin has a cellular membrane stabilizing property and reduces cellular destruction and secondary release of aspartate transaminase and alanine transaminase into the bloodstream, with best results for curcumin nanoparticles.



Pretreatment with conventional curcumin and curcumin nanoparticles provides beneficial effects in improving renal function in diabetic rats with acute myocardial infarction. Curcumin nanoparticles preserved normal histological aspects and better improved renal function biomarkers.



Curcumin and curcumin nanoparticles can be used as an adjuvant treatment to reduce the vascular complication of type 1 diabetes mellitus and improve systolic function and promotion of the cardiac remodeling process after acute myocardial infarction in subjects with type 1 diabetes mellitus.
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Figure 1. Flow chart demonstrating the experimental study groups. Abbreviations: C—control; AMI—acute myocardial infarction; T1DM—type 1 diabetes mellitus; S—saline (0.09%); CC—conventional curcumin; NC—solution of curcumin nanoparticles; CB—citrate buffer; i.p.—intraperitoneal; STZ—streptozotocin; s.c.—subcutaneous; ISO—isoproterenol. 
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Figure 2. Serum blood glucose and C-peptide levels: (a) glucose; (b) C-peptide. C—control; AMI—acute myocardial infarction; T1DM—type 1 diabetes mellitus; S—saline (0.09%); CC—conventional curcumin solution (200 mg/Kg bw); NC—solution of curcumin nanoparticles (200 mg/Kg bw). The letters correspond to p values <0.05: (a) S-T1DM-CC-AMI compared to AMI; (b) S-T1DM-CC-AMI compared to T1DM; (c) S-T1DM-CC-AMI compared to T1DM-AMI; (A) CC-T1DM-CC-AMI compared to AMI; (B) CC-T1DM-CC-AMI compared to T1DM; (C) CC-T1DM-CC-AMI compared to T1DM-AMI; (D) CC-T1DM-CC-AMI compared to S-T1DM-CC-AMI; (x) S-T1DM-NP-AMI compared to AMI; (y) S-T1DM-NP-AMI compared to T1DM; (z) S-T1DM-NP-AMI compared to T1DM-AMI; (t) S-T1DM-NP-AMI compared to S-T1DM-CC-AMI; (X) NP-T1DM-NP-AMI compared to AMI; (Y) NP-T1DM-NP-AMI compared to T1DM; (Z) NP-T1DM-NP-AMI compared to T1DM-AMI; (T) NP-T1DM-NP-AMI compared to CC-T1DM-CC-AMI; (U) NP-T1DM-NP-AMI compared to S-T1DM-NP-AMI. 
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Figure 3. ECG changes characteristic of each group. (a) C, (b) AMI, (c) T1DM, (d) T1DM-AMI, (e) S-T1DM-CC-AMI, (f) CC-T1DM-CC-AMI, (g) S-T1DM-NC-AMI, (h) NC-T1DM-NC-AMI. Increased RR interval (black arrow), reduced RR interval (purple arrow), lengthening of the QRS complex (orange arrow), increased QT interval (red arrow), ST-segment elevation (green arrow), reduced amplitude of the R wave (yellow arrow). C—control; AMI—acute myocardial infarction; T1DM—type 1 diabetes mellitus; S—saline (0.09%); CC—conventional curcumin solution (200 mg/Kg bw); NC—solution of curcumin nanoparticles (200 mg/Kg bw). 
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Figure 4. Histopathological examinations of the heart tissue. (a) C (normal architecture of the myocardium), (b) AMI (multifocal necrosis associated with diffuse infiltration with leukocytes (black arrow)), (c) T1DM (blood stasis with well recognizable integral erythrocytes in a congested blood vessel (red arrow)), (d) T1DM-AMI (multifocal necrosis associated with diffuse infiltration with leukocytes (black arrow), and blood stasis (red arrow)), (e) S-T1DM-CC-AMI (multifocal necrosis with inflammatory infiltration of leukocytes), (f) CC-T1DM-CC-AMI (multifocal necrosis with inflammatory infiltration of leukocytes), (g) S-T1DM-NC-AMI (subendocardial necrosis with inflammatory infiltration of leukocytes (blue arrows)), (h) NC-T1DM-NC-AMI (subendocardial necrosis with inflammatory infiltration of leukocytes (blue arrows)). 
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Figure 5. Serum levels of liver function parameters: (a) Aspartate transaminase (AST); (b) Alanine transaminase (ALT). C—control; AMI—acute myocardial infarction; T1DM—type 1 diabetes mellitus; S—saline (0.09%); CC—conventional curcumin solution (200 mg/Kg bw); NC—solution of curcumin nanoparticles (200 mg/Kg bw). The letters correspond to p values <0.05: (a) S-T1DM-CC-AMI compared to AMI; (b) S-T1DM-CC-AMI compared to T1DM; (c) S-T1DM-CC-AMI compared to T1DM-AMI; (A) CC-T1DM-CC-AMI compared to AMI; (B) CC-T1DM-CC-AMI compared to T1DM; (C) CC-T1DM-CC-AMI compared to T1DM-AMI; (D) CC-T1DM-CC-AMI compared to S-T1DM-CC-AMI; (x) S-T1DM-NP-AMI compared to AMI; (y) S-T1DM-NP-AMI compared to T1DM; (z) S-T1DM-NP-AMI compared to T1DM-AMI; (t) S-T1DM-NP-AMI compared to S-T1DM-CC-AMI; (X) NP-T1DM-NP-AMI compared to AMI; (Y) NP-T1DM-NP-AMI compared to T1DM; (Z) NP-T1DM-NP-AMI compared to T1DM-AMI; (T) NP-T1DM-NP-AMI compared to CC-T1DM-CC-AMI; (U) NP-T1DM-NP-AMI compared to S-T1DM-NP-AMI. 
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Figure 6. Histopathological examinations of the liver tissue. (a) C (normal architecture of the liver), (b) AMI (blood stasis with well recognizable integral erythrocytes in a congested blood vessel (red arrow)), (c) T1DM (multifocal micronecrosis (black arrow)), (d) T1DM-AMI (lobular micronecrosis (black arrow) and blood stasis (red arrow)), (e) S-T1DM-CC-AMI (focal necrosis (green arrow)), (f) CC-T1DM-CC-AMI (focal necrosis (green arrow)), (g) S-T1DM-NC-AMI (blood stasis with well recognizable integral erythrocytes in a congested blood vessel (red arrow)), (h) NC-T1DM-NC-AMI (normal architecture of the liver). 
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Figure 7. Serum levels of kidney function parameters: (a) Creatinine; (b) Urea. C—control; AMI—acute myocardial infarction; T1DM—type 1 diabetes mellitus; S—saline (0.09%); CC—conventional curcumin solution (200 mg/Kg bw); NC—solution of curcumin nanoparticles (200 mg/Kg bw). The letters correspond to p values <0.05: (a) S-T1DM-CC-AMI compared to AMI; (b) S-T1DM-CC-AMI compared to T1DM; (c) S-T1DM-CC-AMI compared to T1DM-AMI; (A) CC-T1DM-CC-AMI compared to AMI; (B) CC-T1DM-CC-AMI compared to T1DM; (C) CC-T1DM-CC-AMI compared to T1DM-AMI; (D) CC-T1DM-CC-AMI compared to S-T1DM-CC-AMI; (x) S-T1DM-NP-AMI compared to AMI; (y) S-T1DM-NP-AMI compared to T1DM; (z) S-T1DM-NP-AMI compared to T1DM-AMI; (t) S-T1DM-NP-AMI compared to S-T1DM-CC-AMI; (Y) NP-T1DM-NP-AMI compared to T1DM; (Z) NP-T1DM-NP-AMI compared to T1DM-AMI; (T) NP-T1DM-NP-AMI compared to CC-T1DM-CC-AMI. 
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Figure 8. Histopathological examinations of the kidney tissue. (a) C (normal architecture of the kidneys), (b) AMI (blood stasis with well recognizable integral erythrocytes in a congested blood vessel (red arrow)), (c) T1DM (glomerular collapse (yellow arrow) and blood stasis with well recognizable integral erythrocytes in a congested blood vessel (red arrow)), (d) T1DM-AMI (glomerular collapse (yellow arrow) and blood stasis with well recognizable integral erythrocytes in a congested blood vessel (red arrow)), (e) S-T1DM-CC-AMI (blood stasis (red arrow)), (f) CC-T1DM-CC-AMI (blood stasis (red arrow)), (g) S-T1DM-NC-AMI (blood stasis (red arrow)), (h) NC-T1DM-NC-AMI (normal architecture of the kidneys). 
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Figure 9. Serum levels of matrix metalloproteinases: (a) Matrix metalloproteinase 2 (MMP-2); (b) matrix metalloproteinase 9 (MMP-9). C—control; AMI—acute myocardial infarction; T1DM—type 1 diabetes mellitus; S—saline (0.09%); CC—conventional curcumin solution (200 mg/Kg bw); NC—solution of curcumin nanoparticles (200 mg/Kg bw). The letters correspond to p values <0.05: (b) S-T1DM-CC-AMI compared to T1DM; (c) S-T1DM-CC-AMI compared to T1DM-AMI; (A) CC-T1DM-CC-AMI compared to AMI; (B) CC-T1DM-CC-AMI compared to T1DM; (C) CC-T1DM-CC-AMI compared to T1DM-AMI; (D) CC-T1DM-CC-AMI compared to S-T1DM-CC-AMI; (x) S-T1DM-NP-AMI compared to AMI; (y) S-T1DM-NP-AMI compared to T1DM; (z) S-T1DM-NP-AMI compared to T1DM-AMI; (t) S-T1DM-NP-AMI compared to S-T1DM-CC-AMI; (X) NP-T1DM-NP-AMI compared to AMI; (Y) NP-T1DM-NP-AMI compared to T1DM; (Z) NP-T1DM-NP-AMI compared to T1DM-AMI; (T) NP-T1DM-NP-AMI compared to CC-T1DM-CC-AMI; (U) NP-T1DM-NP-AMI compared to S-T1DM-NP-AMI. 
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Table 1. ECG interpretation for each group.
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	Abbreviation
	RR(ms)
	HR(b/min)
	PR(ms)
	QRS(ms)
	QT(ms)
	QTc(ms)
	R(mV)
	ST(mV)





	C
	209 (7.0)
	287 (9.6)
	44 (2.1)
	35 (2.2)
	75 (4.4)
	64 (3.7)
	3 (0.11)
	0.00 (0.00)



	AMI
	180 (3.1)
	333 (5.7)
	45 (2.2)
	53 (2.3)
	103 (3.6)
	94 (3.0)
	1.3 (0.10)
	0.09 (0.01)



	T1DM
	239 (8.7)
	252 (9.4)
	43 (1.7)
	42 (1.3)
	85 (3.6)
	68 (2.4)
	2.1 (0.13)
	0.00 (0.00)



	T1DM-AMI
	191 (3.0)
	314 (5.0)
	44 (2.6)
	57 (2.0)
	113 (3.0)
	100 (2.7)
	1.2 (0.08)
	0.10 (0.02)



	S-T1DM-CC- AMI
	223 (3.6)
	269 (4.3)
	43 (1.5)
	42 (2.2)
	99 (2.5)
	81 (1.6)
	1.2 (0.13)
	0.08 (0.01)



	CC-T1DM-CC-AMI
	226 (6.6)
	266 (7.7)
	43 (1.5)
	40 (1.3)
	94 (2.9)
	76 (3.1)
	1.4 (0.13)
	0.08 (0.02)



	S-T1DM-NC-AMI
	249 (6.1)
	241 (5.8)
	44 (1.7)
	37 (1.7)
	88 (1.7)
	68 (1.2)
	1.7 (0.17)
	0.05 (0.01)



	NC-T1DM-NC-AMI
	250 (3.4)
	240 (3.4)
	44 (1.4)
	37 (1.6)
	87 (2.7)
	67 (2.1)
	2.1 (0.17)
	0.02 (0.01)







The values in the table represent the mean and standard deviation (in round brackets): HR—heart rate; C—control; AMI—acute myocardial infarction; T1DM—type 1 diabetes mellitus; S—saline (0.09%); CC—conventional curcumin solution (200 mg/Kg bw); NC—solution of curcumin nanoparticles (200 mg/Kg bw).
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