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Original investigation

Glucose and fatty acid metabolism in infarcted heart from streptozotocin-induced diabetic rats after 2 weeks of tissue remodeling
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Abstract
Background
The effects of streptozotocin (STZ)-induced diabetes on heart metabolism and function after myocardial infarction (MI) remodelling were investigated in rats.

Methods
Fifteen days after STZ (50 mg/kg b.w. i.v.) injection, MI was induced by surgical occlusion of the left coronary artery. Two weeks after MI induction, contents of glycogen, ATP, free fatty acids and triacylglycerols (TG) and enzyme activities of glycolysis and Krebs cycle (hexokinase, glucose-6-phosphate dehydrogenase, phosphofructokinase, citrate synthase) and expression of carnitine palmitoyl-CoA transferase I (a key enzyme of mitochondrial fatty acid oxidation) were measured in the left ventricle (LV). Plasma glucose, free fatty acids and triacylglycerol levels were determined. Ejection fraction (EF) and shortening fraction (SF) were also measured by echocardiography.

Results
Glycogen and TG contents were increased (p < 0.05) whereas ATP content was decreased in the LV of the non-infarcted diabetic group when compared to the control group (p < 0.05). When compared to infarcted control rats (MI), the diabetic infarcted rats (DI) showed (p < 0.05): increased plasma glucose and TG levels, elevated free fatty acid levels and increased activity of, citrate synthase and decreased ATP levels in the LV. Infarct size was smaller in the DI group when compared to MI rats (p < 0.05), and this was associated with higher EF and SF (p < 0.05).

Conclusions
Systolic function was preserved or recovered more efficiently in the heart from diabetic rats two weeks after MI, possibly due to the high provision of glucose and free fatty acids from both plasma and heart glycogen and triacylglycerol stores.
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Background
Diabetic patients often present cardiomyopathy and increased risk of myocardial infarction, both of which are associated with a high rate of mortality [1]. However, experimental studies have demonstrated that the hyperglycemia in diabetic animals promote changes in the heart which reduce the intensity of the injury following a permanent coronary artery ligation. Despite the relevance of these findings, this issue deserves further investigation. The response of uncontrolled hyperglycemia on heart remodelling after ischemia is yet to be fully understood [2–8].
Most studies on heart infarction aimed to investigate the consequences of the diabetic condition in reperfusion. Hearts from diabetic rats have been shown to be more sensitive to ischemia/reperfusion in some studies [9, 10] and to exhibit lower susceptibility in others. In these latter studies, decreased fatty acid (FFA) oxidation [11] and greater glycogenolysis during ischemia [12] are associated with reduced myocardial infarction area [13]. The effects of ischemia/reperfusion on cardioprotection are dependent on shear stress, which induces endothelial dysfunction during myocardial reperfusion [14]. So, the consequences of reperfusion depend on duration of the preceding ischemia, the hyperglycemic state, and [15] on the rate of glucose and fatty acid oxidation [16, 17]. Studies involving permanent ischemia and hyperglycemia on cardioprotection have shown conflicting results.
Exposure to a high glucose medium or diabetes for short periods of time has been found to protect the heart against permanent ischemia. This may be due to the improved ventricular function, and reduced infarcted area and mortality reported for diabetic rats under ischemic heart injury [7, 8, 18]. Our group has previously demonstrated that hyperglycemia may promote the survival of heart cells by increasing angiogenesis [7] and/or by decreasing pro-oxidant damage. These findings were associated to improvement in both redox balance and sympathetic control of the heart function [8]. Fifteen days after myocardial infarction, diabetic animals showed reduced infarct size and heart fibrosis area along with improved systolic function, increased expression of programmed cell survival genes, increased use of glucose as fuel (as suggested by high GLUT-1 expression), and reduced intensity of inflammation [7]. However, the association between myocardial infarction and metabolic changes in the heart induced by diabetes needs to be further investigated.
The main purpose of the present study was to examine the changes in glucose and fatty acid metabolism, and cardiac function in streptozotocin-induced diabetic rats during tissue remodeling after myocardial infarction. The following measurements were carried out in the blood: FFA, triacylglycerol (TG) and glucose levels. The following metabolic parameters were measured in the heart: levels of FFA, TG, ATP, and glycogen and activities of enzymes of glycolysis and Krebs cycle (hexokinase, glucose-6-phosphate dehydrogenase, phosphofructokinase, citrate synthase) and expression of carnitine palmitoyl-CoA transferase I (a key enzyme of fatty acid oxidation). The hypothesis of the present study was that the diabetic state provides a more favorable tissue remodeling condition and preserves heart function after a MI through changes in fatty acid and glucose metabolism in the heart. The protocol of ischemia induced by permanent coronary ligation without reperfusion was chosen in order to: (1) exclude the jeopardizing effects of reperfusion per se, such as shear stress and generation of reactive oxygen species (ROS), (2) avoid the combination of other complications of diabetes, such as the arteriosclerosis and reduced heart blood flow and (3) examine tissue remodeling after injury as an attempt to establish new therapeutic approaches in the management of patients who suffered an ischemic heart event.

Methods
Animals
Male Wistar rats (250–280 g) were obtained from the Animal Facility at the Medical School of the University of São Paulo, São Paulo, Brazil. The rats received standard laboratory chow and water ad libitum and were housed in cages containing four to five animals at 22 °C in a 12-h dark-light cycle. All experimental procedures were conducted according to the Guidelines for the Use and Care of Animals Research issued by the National Institute of Health, and complied with the ARRIVE guidelines for reporting animal research [19]. The protocol used was approved by the Ethics in Research Committee of the Medical School of the University of São Paulo. All experimental procedures were conducted according to the National Institutes of Health Guidelines for the use and care of animals.
The rats were randomly assigned to four groups (n = 12 per group): normoglycemic control (C), diabetic (D), normoglycemic myocardial infarcted (MI), and diabetic myocardial infarcted (DI). The diabetic state (D and DI groups) was induced by a single i.v. injection of streptozotocin (STZ, 50 mg/kg b.w; Sigma Chemical Co., St. Louis, MO, USA) dissolved in citrate buffer pH 4.5. This experimental protocol for induction of type I diabetes has been widely used [8, 20–23]. Body weight was weekly evaluated. Blood glucose concentration was measured to confirm diabetes-induced hyperglycemia at the beginning of the 30-day experimental protocol, 24 h after STZ injection (Accu-Check Instant test, Boehringer Mannheim, Germany). The normoglycemic rats (the C and MI groups) received a single injection of citrate buffer. Myocardial infarction was induced in both DI and MI groups, according to the procedure described in the following section. All rats were monitored during 30 days. The schematic representation of the experimental protocol used is depicted in Fig. 1.[image: A12933_2015_308_Fig1_HTML.gif]
Fig. 1Experimental protocol used to study the effects of myocardial infarction and tissue remodelling on cardiac function and heart glucose and fatty acid metabolism in diabetic and control rats




                        
Fifteen days after STZ injection or administration of citrate buffer, MI and DI rats were anaesthetized (80 mg/kg b.w. ketamine and 12 mg/kg b.w. xylazine, i.p.) and underwent myocardial infarction by surgical occlusion of the left coronary artery as previously described in several studies [7, 8, 18, 22, 24]. C and D animals underwent sham surgery with no induction of myocardial infarction in order to determine the effects of the surgical procedure itself.

Echocardiographic measurements in the heart
Echocardiography was performed at the end of the experimental protocol by an observer blinded to group allocation, according to the guidelines of the American Society of Echocardiography. Rats were anaesthetized as described above and images were obtained with a 10-14 mHz linear transducer in a SEQUOIA 512 (ACUSON Corporation, Mountain View, CA, USA) for measurement of systolic function (ejection fraction-EF and fractional shortening-FS), as described in detail elsewhere [23, 24].
MI size was estimated on the basis of akinesis or dyskinesis areas. Regions with systolic shortening were classified as normal, hypokinetic or absent (akinetic), and sections with paradoxical movement were considered dyskinetic. Myocardial infarction size was estimated as the ratio of the infarcted area to the total perimeter of the endocardial border of the LV (%) [25]. To confirm the echocardiographic measurements, MI size was also evaluated by dissecting the fibrous scar from the remaining LV muscle [7].

Experimental procedure
The animals were euthanized by decapitation after 15 days of the myocardial infarction surgery or 30 days of induction of diabetes (Fig. 1). Plasma and left ventricle were removed and frozen at −70 °C.

Determination of free fatty acids and triacylglycerols
Plasma levels of FFA were evaluated using NEFA-HR kit (Wako Diagnostics, Richmond, VA, USA). Plasma samples (3 µL) were transferred to a 96-well plate and reagents (200 µL) were added following the manufacturer’s instructions. Measurements of absorbance were carried out at 450 nm. Plasma TG concentrations were determined by enzymatic colorimetric assay following the manufacturer’s protocol (Bioclin®, Belo Horizonte, MG, Brazil).
For determination of TG and FFA levels in the LV, the heart tissue was homogenized in chloroform and methanol solution (2:1). The lower phase was then transferred to a new tube and evaporated in a vacuum centrifuge. Lipid pellets were suspended in 100 µL absolute ethanol. The levels of FFA and TG were determined as described above.

Determination of glycogen content in the LV
Glycogen content of the LV was determined by using the assay described by Keppler and Decker [26]. This method is based on the conversion of glycogen into glucose by amyloglucosidase (Sigma,St. Louis. MO, USA). Glucose from glycogen was quantified using a glucose determination kit (Bioclin) and calculated as mg of glycosyl units/g wet weight of the LV.

Assays of the enzyme activities
LV protein extracts were sonicated for 30 s, at 4 °C, followed by centrifugation at 1000g, at 4 °C, for 20 min. Total protein levels (Bradford method) [27] and maximal enzyme activity were measured in the supernatants.
Hexokinase (HK) activity was determined using the method described by Crabtree and Newsholme [28]. The extraction buffer contained Tris–HCl (50 mM) and EDTA (1 mM) at pH 7.4. The assay buffer consisted of Tris–HCl (75 mM), MgCl2 (7.5 mM), EDTA (0.8 mM), KCl (1.5 mM), β-mercaptoethanol (4 mM), NADP+(0.4 mM), ATP (2.5 mM), glucose (1 mM), creatine phosphate (10 mM), creatine kinase (1.8 U/mL), glucose-6-phosphate dehydrogenase (1.4 U per mL), and Triton X-100 (0.05 % v/v). The reaction was initiated by the addition of 50 μL glucose (1 mM final concentration) and absorbance measurement at 340 nm during 10 min.
To determine citrate synthase activity we used an extraction buffer containing 0.5 mM Tris–HCl and 1 mM EDTA, pH 7.4, and an assay buffer containing 100 mM), DTNB (0.2 mM), acetyl-CoA (0.1 mM), and Triton X-100 (0.1 % v/v), pH 8.1. The reaction was initiated by the addition of 50 µL oxaloacetic acid (10 mM final concentration) and absorbance measurement at 412 nm during 5 min [29].

CPT1-M (carnitine palmitoyltransferase I) expression
LV protein was extracted in a buffer containing Tris-base (100 mM, pH 7.5); EDTA 10 mM; sodium fluoride 100 mM; sodium pirophosphate 100 mM; sodium ortovanadate 10 mM; aprotinin 10 mg/mL, leupeptin 1 mg/mL and PMSF 2 mM) and quantified by the Bradford method. Electrophoresis was performed in 7.5 % of slab gel in the presence of sodium dodecyl sulfate (SDS), according to the Laemmli method [30]. Electrotransference was performed for 42 min at a constant voltage (40 V) using a nitrocellulose membrane (Hybond ECL, GE Healthcare, Sweden). The membrane was incubated in a 5 % non-fat dry milk blocking solution for 4 h before overnight incubation at room temperature with polyclonal antibodies at a dilution of 1:1000 (Santa Cruz Biotechnology, CA, USA). The subsequent steps were performed using the streptavidin/phosphatase alkaline system (GE Healthcare, Sweden), and the bands were revealed using NBT/BCIP substrates (Bio Rad Laboratories, CA, USA) [31].

Determination of ATP level in the heart
LV was homogenized in perchloric acid (0.6 N) and the supernatant was neutralized using potassium bicarbonate aqueous solution (1 M). A commercial kit from Invitrogen (Eugene, Oregon, USA) was used to determine ATP concentration in the supernatant. The method is based on luciferase requirement for ATP in producing light (maximum emission at approximately 560 nm and pH 7.8). ATP levels were calculated as μM and expressed on the basis of wet tissue weight. A kit based on luciferin/luciferase assay has also been recently used by other researchers for determination of ATP levels [32, 33].

Statistical analysis
Results are presented as mean ± SEM. One-way or two-way ANOVA followed by the Student–Newman–Keuls post hoc test was used to compare the groups. Differences were considered significant at p ≤ 0.05 for all measurements.


Results
Indicators of the establishment of diabetic state
After 30 days of STZ injection, body weight was lowered in diabetic rats (D and DI groups) when compared to normoglycemic animals (C and MI groups) (Table 1). Plasma glucose levels were increased in STZ-induced diabetic rats. MI tissue remodelling did not markedly change blood glucose levels either in control or diabetic rats (Table 1). Plasma FFA and triacylglycerol levels were raised in non-infarcted diabetic rats (D group) when compared to the other groups (C, MI and DI). After MI tissue remodelling, plasma FA and triacylglycerol levels were decreased in diabetic rats (DI group) when compared to non- infarcted diabetic rats (D group) (Table 1).Table 1Measurements of body weight, glucose, free fatty acids (FFA) and triacylglycerol (TG) plasmatic levels after 15 days of myocardial infarction and 30 days of diabetes


	Groups
	Body weight
	Glucose
	FFA
	TG

	C
	362 ± 16
	87 ± 16
	13 ± 1.4
	82 ± 6

	D
	297 ± 16*†
                                          
	433 ± 25*†
                                          
	21 ± 3*†
                                          
	252 ± 44*†
                                          

	MI
	378 ± 12
	96 ± 3
	15 ± 1.7
	59 ± 6

	DI
	305 ± 19*†
                                          
	411 ± 28*†
                                          
	12 ± 0.9‡
                                          
	110 ± 19‡
                                          


Body weight, Glucose, FFA and TG levels in plasma (mg/dl) of control (C), diabetic (D), myocardial infarcted (MI) and diabetic myocardial infarcted (DI) rats. Data are reported as mean ± SEM
* p ≤ 0.05 compared with C; † p ≤ 0.05 compared with MI; ‡ p ≤ 0.05 compared with D



                        

Myocardial infarct size
The myocardial infarction area of the heart was significantly smaller (24 ± 3 % of the LV perimeter) in the diabetic group when compared to the MI group (39 ± 2 % of the LV perimeter) (Fig. 2a).[image: A12933_2015_308_Fig2_HTML.gif]
Fig. 2Echocardiographic parameters 15 days after myocardial infarction or after 30 days of diabetes. a Direct myocardial infarction area measurement in control myocardial infarcted (MI) and diabetic myocardial infarcted (DI) rats. b Fractional shortening and c Ejection fraction in normoglycemic control (C), diabetic (D), normoglycemic myocardial infarcted (MI) and diabetic myocardial infarcted (DI). Results are presented as mean ± SEM of 12 rats for each group. *p ≤ 0.05 compared with C; †p ≤ 0.05 compared with MI; ‡p ≤ 0.05 compared with D




                        

Systolic cardiac function
Systolic function, as indicated by FS (Fig. 2b) and EF (Fig. 2c), was impaired (FS: 25 ± 2 % and EF: 55 ± 3 %) in the MI group when compared to C (FS: 39 ± 1 % and EF: 71 ± 1 %) and D (FS: 39 ± 2 % and EF: 78 ± 2 %) rats. Systolic function was preserved after MI remodelling in diabetic rats (FS: 48 ± 2 % and EF: 82 ± 3 %).

Contents of free fatty acids and triacylglycerols in the left ventricle
The free fatty acid levels of the LV were increased in the DI group when compared to the remaining groups (Fig. 3a). Triacylglycerol levels in the LV were increased in the D group when compared to the other groups. After myocardial infarction, triacylglycerol levels of the LV were markedly decreased in diabetic rats (DI group) but remained unaltered in the control group (Fig. 3b).[image: A12933_2015_308_Fig3_HTML.gif]
Fig. 3
                                       a Free fatty acids; b triacylglycerols and c glycogen contents in the left ventricle of normoglycemic control (C), diabetic (D), normoglycemic myocardial infarcted (MI) and diabetic myocardial infarcted (DI) rats. Results are presented as mean ± SEM of 12 rats per group. *p ≤ 0.05 compared with C; †p ≤ 0.05 compared with MI; ‡p ≤ 0.05 compared with D




                        

Glycogen content in the left ventricle
Glycogen content of the LV was increased in the D group when compared to other rats (Fig. 3c). After MI tissue remodelling, glycogen content in the LV was decreased in diabetic animals but remained unaltered in the control group (Fig. 3c).

Enzyme activities of glycolysis and Krebs cycle in the heart
The maximum activity of G6PDH, phosphofructokinase, HK, and citrate synthase were measured. G6PDH and phosphofructokinase maximum activity were not markedly changed. HK activity was decreased in the heart of diabetic animals; however, after infarction and tissue remodeling (DI group), the values reached those of control rats (C and MI groups) (Fig. 4a). Citrate synthase activity was not changed by diabetes. After MI tissue remodeling, citrate synthase activity was reduced in the heart of control rats (MI versus C) but it remained unchanged in the diabetic group (DI versus D). Citrate synthase activity, however, was lower in the heart of DI when compared to C rats (Fig. 4b).[image: A12933_2015_308_Fig4_HTML.gif]
Fig. 4Enzyme activity in the left ventricle of normoglycemic control (C), diabetic (D), normoglycemic myocardial infarcted (MI) and diabetic myocardial infarcted (DI) rats: a Hexokinase and b. Citrate synthase. Results are presented as mean ± SEM of 12 rats per group. *p ≤ 0.05 compared with C; ‡p ≤ 0.05 compared with D




                        

CPT1-M expression
The CPT1-M is an enzyme located in the inner mitochondrial membrane and plays a key role in the control of fatty oxidation. CPT1-M protein levels were decreased in the heart of D rats when compared to the remaining groups. Tissue remodeling abolished the decrease in CPT1-M expression observed in the heart of D rats (DI group), and values reached those of the C and MI groups (Fig. 5a).[image: A12933_2015_308_Fig5_HTML.gif]
Fig. 5
                                       a CPT1-M (carnitine palmitoyltransferase I) expression and b ATP contents in the left ventricle of normoglycemic control (C), diabetic (D), normoglycemic myocardial infarcted (MI) and diabetic myocardial infarcted (DI) rats. Results are presented as mean ± SEM of 8 rats per group. *p ≤ 0.05 compared with C; †p ≤ 0.05 compared with MI; #p ≤ 0.05 compared with DI; ‡p ≤ 0.05 compared with D




                        

ATP levels in the heart
ATP levels in the heart were decreased in the D, MI, and DI groups when compared to C rats. This reduction was more pronounced in DI rats (Fig. 5b).


Discussion
Remodeling plays a central role in cardiac tissue repair and has been associated to poor MI prognosis [17]. As previously reported by our group, diabetic rats show a smaller heart lesion area after 15 days of the MI when compared to normoglycemic animals. This reduction has been associated with decreased fibrosis and increased expression of cell survival markers, such as vascular endothelial growth factor [7], reduction in oxidative stress and attenuation of the sympathetic activity dysfunction [8]. The present study provides evidence that tissue remodeling after MI was able to preserve/recover more efficiently the systolic function in STZ-induced diabetic rats. In this sense, it should be emphasized that this experimental model of myocardial infarction allowed us to analyze the isolated effect of ischemia on the heart, regardless of the chronic vascular complications usually associated with diabetic states. Also, the jeopardizing effects of reperfusion, such as shear stress and ROS production, were prevented.
These results reported herein suggest that hyperglycemia may trigger metabolic mechanisms that would ensure better remodeling after ischemic injury. High plasma glucose levels are associated with increased expression of the hypoxia-inducible factor-1 alpha (HIF-1α). This transcription factor responds to changes in oxygen supply and regulates blood flow and glucose uptake by increasing cardiac tissue vascularization prior to ischemia [7]. These changes seem to attenuate tissue injury under repeated ischemic insults, thus favoring the consequent remodeling process. As a result, a new metabolic feature is established to ensure energy utilization efficiency and normal LV function, and an ischemic preconditioning-like state may be established in the heart from diabetic animals (Fig. 6).[image: A12933_2015_308_Fig6_HTML.gif]
Fig. 6Diabetes is an ischemic preconditioning-like state by increasing the HIF-1α expression, leading to angiogenesis and modulating key metabolic pathways to optimize glucosea. After myocardial infarction, this heart is conditioned to increase the expression of glucose transporter 1 (Glut-1)a, activating glycolysis and FFA uptake (CPT1-M)b. The O2 utilization in hypoxia to generate sufficient amounts of ATP without producing excessive amounts of ROSc, which would inhibit tricarboxylic acid cycle and mitochondrial respiration, promotes a positive remodeling, thus preserving the left ventricular function. a [7]; b present data; c [8]




                     
Diabetic animals (D group) showed increased plasma levels of FFA and TG and raised LV levels of TG and glycogen when compared to the control group before coronary occlusion (Table 1; Fig. 3). This metabolic feature favored the remodeling of the ischemic cardiac tissue, thus preserving the systolic function. These findings suggest that in diabetic condition the infarcted heart works well after remodeling under a lower ATP level state (Fig. 5b). The mechanisms involved in the heart metabolism and function interrelationship in diabetes need further investigation; however, we might hypothesize that this association serves to enhance ATP/ADP-AMP cycling and to promote changes in angiogenesis.
We contend that the changes in glucose and fatty acid metabolism in the heart induced by diabetes are largely responsible for the results of systolic function observed.
Tissue remodeling after MI in the heart of diabetic rats somehow benefited from the metabolic feature with hyperglycemia, increased plasma levels of FFA and TG, augmented heart glycogen and triacylglycerol contents, and reduced hexokinase activity, CPT1-M expression, and ATP levels/in the heart. The metabolic profile of the heart in diabetic state involves high uptake and oxidation of fatty acids [34]. Randle et al. [35] have shown that increased plasma FFA concentrations reduce glucose utilization and causes glycogen accumulation in the heart. As previously reported, [36] free fatty acids contribute to decrease glucose oxidation in the heart after 6 weeks of streptozotocin-induced diabetes. This effect of fatty acids is partially reversed by treatment with a CPT1 inhibitor.
Hirabara et al. [37]. have shown that mitochondrial dysfunction in skeletal muscle cells treated with saturated fatty acids is associated with impaired glucose metabolism and insulin resistance, increased phosphorylation of Akt and decreased phosphorylation of GSK-3, which phosphorylates and inhibits glycogen synthase activity [38]. Insulin treatment does not change either Akt or GSK- 3 phosphorylation but increases glycogen content in the heart [39]. The reduced glycogen and triacylglycerol contents in the LV suggest that these metabolites are readily used when required by the heart. These findings may be associated with the changes in enzyme activities of glycolysis, increased FFA content, and decreased ATP levels and CPT1-M expression in the heart. The increased degradation of glycogen and TG might account for the smaller infarcted area and the preservation of the heart working capacity and systolic function found in the diabetic group. In fact, stored glycogen and TG are primary sources of energetic substrates to the heart, being particularly important in conditions of tissue injury and healing. Ranvigerova et al. [12] have shown that after one-week streptozotocin-induced diabetes, rats have higher glycogen content in the left ventricle and increased glycogenolysis activity in the heart during ischemia. As a result, the heart becomes more resistant to ischemia-induced arrhythmias in diabetes when compared to controls. Chu et al. [13] have shown reduced infarcted area and higher glycogen content in the heart of diabetic pigs.
Malfitano et al. [40] and Egorova et al. [41] have found that the increase in glucose availability, the preferred energetic substrate for the heart in stress condition, is likely to play a key cardioprotective role under ischemia. Diabetes promotes a marked increase in plasma glucose and free fatty acid levels, thus increasing the availability of these metabolites to tissues and organs, including the heart. On the other hand, the intracellular provisions of glucose (from accumulated glycogen and plasma) and FFA (from stored triacylglycerols and plasma) in the heart from diabetic rats lead cardiomyocytes to generate oxaloacetate and acetyl-CoA in order to ensure the intense flux of metabolites through the Krebs cycle. In addition to the enhanced provision of glucose and free fatty acids from the plasma and inside the cells, increases in citrate synthase activity and in CPT1-M expression were also observed in the heart from diabetic rats.
These results suggest that the heart then adapts itself to work satisfactorily in a low ATP level condition in diabetic state. This mechanism does not work in a non-diabetic state. In fact, under this latter condition, myocardial infarction remodeling was associated with a slight reduction of ATP levels together with impaired heart function. Normoglycemic rats without increased levels of TG and FFA in plasma and LV do not develop the postulated ischemic preconditioning-like state and utilize energy ineffectively [42]. In the early stages, cardiac remodeling characterized by normal or slightly increased fatty acid (FA) oxidation plays a compensatory, cardioprotective role [43], so a new metabolic profile is established to ensure energy utilization efficiency and the preservation of LV function (Fig. 6). Peroxisome proliferator-activated receptor (PPAR)-alpha is downregulated in ischemic myocardium and has been found to play a role in the switch from fatty acid oxidation to glucose consumption [44].
In conclusion, the feature of heart glucose together with free fatty acid metabolism in diabetic animals before myocardial infarction and remodeling ensure that the systolic function is preserved/recovered more efficiently when compared to normoglycemic infarcted animals. The diabetic animals presented reduced cardiac injury and a better systolic function performance associated with lower ATP levels in the left ventricle. We suggest that the diabetic state induces changes in cardiac metabolism which enhance the efficiency of tissue remodeling after ischemic injury.
Perspectives
Several therapeutic approaches involving metabolism have been suggested to mitigate the impairment of cardiac function caused by myocardial infarction. For instance, Hughey et al. [45] have examined the efficacy of mesenchymal stem cell transplantation to attenuate the changes in cardiac function and intermediary metabolism found in myocardial infarction and insulin resistance. Evidence is presented herein that the diabetic state with hyperglycemia and increased levels of TG and FFA in plasma and heart protects may protect the heart against infarction. In fact, hypoglycemia onset as a consequence of intensive control of blood glucose levels has been associated with increased cardiovascular mortality [46–49]. Liepinsh et al. [50] have reported that the heart is better protected against myocardial infarction in the postprandial state due to high insulin-activated glucose utilization. These observations led us to speculate that the induction of a diabetic- like metabolic condition may represent a potentially novel therapeutic approach to handle non diabetic patients undergoing an ischemic heart event.

Limitations of study
Further studies are needed to elucidate the mechanisms underlying the role played by the increased provision of glucose and free fatty acids on cardiac tissue remodeling after ischemia. One has to keep in mind that the improved cardiac function herein reported is probably transitory, lasting for a short period of time after MI. The occurrence of neuropathy and nephropathy in diabetic patients do impair cardiovascular function if hyperglycemia condition is maintained for a prolonged period of time.


Authors’ contributions
CM conceived of the study, acquisition of data, carried out the biochemistry analysis, participated in the sequence alignment, and drafted the manuscript. ALSJ and MC have made substantial contributions to acquisition of data, biochemistry analysis and interpretation of data. ABL participated in the analysis and interpretation of the data. DF carried out the echocardiographic analysis. LES performed the myocardial infarction surgery. KASS performed the diabetes induction. FCC participated in the sequence alignment. RC and MCI conceived of the study, participated in the sequence alignment and drafted the manuscript. All authors read and approved the final manuscript.
Acknowledgements
The authors are grateful to the financial support of Fundação Zerbini, São Paulo, SP; Conselho Nacional de Desenvolvimento Científico e tecnológico (CNPq: 563961/2010-4), São Paulo Research Foundation (FAPESP: 2013/11463-1), and Guggenheim Foundation.

Competing interests
The authors declare that they have no competing interests.



                           Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Roper NA, Bilous RW, Kelly WF, Unwin NC, Connolly VM. Excess mortality in a population with diabetes and the impact of material deprivation: longitudinal, population based study. BMJ. 2001;322:1389–93. doi:10.​1136/​bmj.​322.​7299.​1389.PubMedCentralCrossRefPubMed

2.
Ravingerova T, Neckar J, Kolar F. Ischemic tolerance of rat hearts in acute and chronic phases of experimental diabetes. Mol Cell Biochem. 2003;249:167–74.CrossRefPubMed

3.
Feuvray D, Lopaschuk GD. Controversies on the sensitivity of the diabetic heart to ischemic injury: the sensitivity of the diabetic heart to ischemic injury is decreased. Cardiovasc Res. 1997;34:113–20. doi:10.​1016/​S0008-6363(97)00037-0.CrossRefPubMed

4.
Ravingerova T, Neckar J, Kolar F, Stetka R, Volkovova K, Ziegelhöffer A, et al. Ventricular arrhythmias following coronary artery occlusion in rats: is the diabetic heart less or more sensitive to ischaemia? Basic Res Cardiol. 2001;96:160–8. doi:10.​1007/​s003950170066.CrossRefPubMed

5.
Bäcklund T, Palojoki E, Saraste A, Eriksson A, Finckenberg P, Kytö V, et al. Sustained cardiomyocyte apoptosis and left ventricular remodelling after myocardial infarction in experimental diabetes. Diabetologia. 2004;47:325–30. doi:10.​1007/​s00125-003-1311-5.CrossRefPubMed

6.
Shishido T, Woo CH, Ding B, McClain C, Molina CA, Yan C, et al. Effects of MEK5/ERK5 association on small ubiquitin-related modification of ERK5: implications for diabetic ventricular dysfunction after myocardial infarction. Circ Res. 2008;102(11):1416–25. doi:10.​1161/​CIRCRESAHA.​107.​168138.PubMedCentralCrossRefPubMed

7.
Malfitano C, lba Loureiro TC, Rodrigues B, Sirvente R, Salemi VM, Rabechi NB, et al. Hyperglycaemia protects the heart after myocardial infarction: aspects of programmed cell survival and cell death. Eur J Heart Fail. 2010;12:659–67. doi:10.​1093/​eurjhf/​hfq053.CrossRefPubMed

8.
Malfitano C, Barboza CA, Mostarda C, da Palma RK, dos Santos CP, Rodrigues B, et al. Diabetic hyperglycemia attenuates sympathetic dysfunction and oxidative stress after myocardial infarction in rats. Cardiovasc Diabetol. 2014;13:131. doi:10.​1186/​s12933-014-0131-x.PubMedCentralCrossRefPubMed

9.
Ho YJ, Lee AS, Chen WP, Chang WL, Tsai YK, Chiu HL, et al. Caffeic acid phenethyl amide ameliorates ischemia/reperfusion injury and cardiac dysfunction in streptozotocin-induced diabetic rats. Cardiovasc Diabetol. 2014;13:98. doi:10.​1186/​1475-2840-13-98.PubMedCentralCrossRefPubMed

10.
Li H, Liu Z, Wang J, Wong GT, Cheung CW, Zhang L, et al. Susceptibility to myocardial ischemia reperfusion injury at early stage of type 1 diabetes in rats. Cardiovasc Diabetol. 2013;12:133. doi:10.​1186/​1475-2840-12-133.PubMedCentralCrossRefPubMed

11.
Harmancey R, Vasquez HG, Guthrie PH, Taegtmeyer H. Decreased long-chain fatty acid oxidation impairs postischemic recovery of the insulin-resistant rat heart. FASEB J. 2013;27(10):3966–78. doi:10.​1096/​fj.​13-234914.PubMedCentralCrossRefPubMed

12.
Ravingerova T, Stetka R, Volkovova K, Pancza D, Dzurba A, Ziegelhöffer A, et al. Acute diabetes modulates response to ischemia in isolated rat heart. Mol Cell Biochem. 2000;210(1–2):143–51.CrossRefPubMed

13.
Chu LM, Osipov RM, Robich MP, Feng J, Oyamada S, Bianchi C, et al. Is hyperglycemia bad for the heart during acute ischemia? J Thorac Cardiovasc Surg. 2010;140(6):1345–52. doi:10.​1016/​j.​jtcvs.​2010.​05.​009.PubMedCentralCrossRefPubMed

14.
Rochetaing A, Kreher P. Reactive hyperemia during early reperfusion as a determinant of improved functional recovery in ischemic preconditioned rat hearts. J Thorac Cardiovasc Surg. 2003;125(6):1516–25.CrossRefPubMed

15.
Eguchi M, Kim YH, Kang KW, Shim CY, Jang Y, Dorval T, et al. Ischemia—reperfusion injury leads to distinct temporal cardiac remodeling in normal versus diabetic mice. PLoS One. 2012;7(2):e30450. doi:10.​1371/​journal.​pone.​0030450.PubMedCentralCrossRefPubMed

16.
Gamble J, Lopaschuk GD. Glycolysis and glucose oxidation during reperfusion of ischemic hearts from diabetic rats. Biochim Biophys Acta. 1994;1225(2):191–9.CrossRefPubMed

17.
Mapanga RF, Rajamani U, Dlamini N, Zungu-Edmondson M, Kelly-Laubscher R, Shafiullah M, et al. Oleanolic acid: a novel cardioprotective agent that blunts hyperglycemia-induced contractile dysfunction. PLoS One. 2012;7(10):e47322. doi:10.​1371/​journal.​pone.​0047322.PubMedCentralCrossRefPubMed

18.
Rodrigues B, Figueroa DM, Fang J, Rosa KT, Llesuy S, De Angelis K, et al. Short-term diabetes attenuates left ventricular dysfunction and mortality rates after myocardial infarction in rodents. Clinics (Sao Paulo). 2011;66(8):1437–42. doi:10.​1590/​S1807-5932201100080002​2.PubMedCentralCrossRefPubMed

19.
Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting: the ARRIVE guidelines for reporting animal research. PLoS Biol. 2010;8(6):e1000412. doi:10.​1371/​journal.​pbio.​1000412.PubMedCentralCrossRefPubMed

20.
Yuan Q, Zhan L, Zhou QY, Zhang LL, Chen XM, Hu XM, et al. SIRT2 regulates microtubule stabilization in diabetic cardiomyopathy. Eur J Pharmacol. 2015;764:554–61. doi:10.​1016/​j.​ejphar.​2015.​07.​045.CrossRefPubMed

21.
Akhtar MS, Pillai KK, Hassan Q, Ansari SH, Ali J, Akhtar M, et al. Levosimendan suppresses oxidative injury, apoptotic signaling and mitochondrial degeneration in streptozotocin-induced diabetic cardiomyopathy. Clin Exp Hypertens. 2015;24:1–13.

22.
Rodrigues B, Rosa KT, Medeiros A, Schaan BD, Brum PC, De Angelis K, et al. Hyperglycemia can delay left ventricular dysfunction but not autonomic damage after myocardial infarction in rodents. Cardiovasc Diabetol. 2011;10:26. doi:10.​1186/​1475-2840-10-52.PubMedCentralCrossRefPubMed

23.
Wichi R, Malfitano C, Rosa K, De Souza SB, Salemi V, Mostarda C, et al. Noninvasive and invasive evaluation of cardiac dysfunction in experimental diabetes in rodents. Cardiovasc Diabetol. 2007;6:14. doi:10.​1186/​1475-2840-6-14.PubMedCentralCrossRefPubMed

24.
Braga LM, Rosa K, Rodrigues B, Malfitano C, Camassola M, Chagastelles P, et al. Systemic delivery of adult stem cells improves cardiac function in spontaneously hypertensive rats. Clin Exp Pharmacol Physiol. 2008;35:113–9. doi:10.​1111/​j.​1440-1681.​2007.​04820.​x.PubMed

25.
dos Santos L, Mello AF, Antonio EL, Tucci PJ. Determination of myocardial infarction size in rats by echocardiography and tetrazolium staining: correlation, agreements, and simplifications. Braz J Med Biol Res. 2008;41:199–201. doi:10.​1590/​S0100-879X200800500000​7.CrossRefPubMed

26.
Decker K, Keppler D. Galactosamine hepatitis: key role of the nucleotide deficiency period in the pathogenesis of cell injury and cell death. Rev Physiol Biochem Pharmacol. 1974;71:77–106.PubMed

27.
Bradford MM. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of protein-dye binding. Anal Biochem. 1976;72:248–54.CrossRefPubMed

28.
Crabtree B, Newsholme EA. The activities of phosphorylase, hexokinase, phosphofructokinase, lactate dehydrogenase and the glycerol 3-phosphate dehydrogenases in muscles from vertebrates and invertebrates. Biochem J. 1972;126(1):49–58.PubMedCentralCrossRefPubMed

29.
Srere PA. Citrate synthase. Methods Enzymol. 1969;13:3–5.CrossRef

30.
Laemmli UK. Cleavage of structural proteins during the assembly of the head of bacteriophage T4. Nature. 1970;227:680–5.CrossRefPubMed

31.
Laybutt DR, Thompson AL, Cooney GJ, Kraegen EW. Selective chronic regulation of GLUT1 and GLUT4 content by insulin, glucose, and lipid in rat cardiac muscle in vivo. Am J Physiol. 1997;273:H1309–16.PubMed

32.
Ji XB, Li XR, Hao-Ding Sun Q, Zhou Y, Wen P, et al. Inhibition of uncoupling protein 2 attenuates cardiac hypertrophy induced by transverse aortic constriction in mice. Cell Physiol Biochem. 2015;36:1688–98. doi:10.​1159/​000430142.CrossRefPubMed

33.
Naserzadeh P, Hosseini MJ, MohamadzadehAsl B, Pourahmad J. Toxicity mechanisms of cigarette smoke on mouse fetus mitochondria. Iran J Pharm Res. 2015;14(Suppl):131–8.PubMedCentralPubMed

34.
Isfort M, Stevens SC, Schaffer S, Jong CJ, Wold LE. Metabolic dysfunction in diabetic cardiomyopathy. Heart Fail Rev. 2014;19(1):35–48. doi:10.​1007/​s10741-013-9377-8.CrossRefPubMed

35.
Randle PJ, Garland PB, Hales CN, Newsholme EA. The glucose fatty-acid cycle: its role in insulin sensitivity and the metabolic disturbances of diabetes mellitus. Lancet. 1963;1:785–9.CrossRefPubMed

36.
Barsotti A, Giannoni A, Di Napoli P, Emdin M. Energy metabolism in the normal and in the diabetic heart. Curr Pharm Des. 2009;15(8):836–40. doi:10.​2174/​1381612097875820​66.CrossRefPubMed

37.
Hirabara SM, Curi R, Maechler P. Saturated fatty acid-induced insulin resistance is associated with mitochondrial dysfunction in skeletal muscle cells. J Cell Physiol. 2010;222(1):187–94. doi:10.​1002/​jcp.​21936.CrossRefPubMed

38.
Pinheiro CH, Silveira LR, Nachbar RT, Vitzel KF, Curi R. Regulation of glycolysis and expression of glucose metabolism-related genes by reactive oxygen species in contracting skeletal muscle cells. Free Radic Biol Med. 2010;48(7):953–60. doi:10.​1016/​j.​freeradbiomed.​2010.​01.​016.CrossRefPubMed

39.
Kokubun E, Hirabara SM, Fiamoncini J, Curi R, Haebisch H. Changes of glycogen content in liver, skeletal muscle, and heart from fasted rats. Cell Biochem Funct. 2009;27(7):488–95. doi:10.​1002/​cbf.​1602.CrossRefPubMed

40.
Malfitano C, de Souza Junior AL, Irigoyen MC. Impact of conditioning hyperglycemic on myocardial infarction rats: Cardiac cell survival factors. World J Cardiol. 2014;6(6):449–54. doi:10.​4330/​wjc.​v6.​i6.​449.PubMedCentralCrossRefPubMed

41.
Egorova MV, Afanas’ev SA, Popov SV, Karpov RS. Manifestation of adaptive changes during combined development of postinfarction remodeling of the heart and diabetes mellitus. Bull Exp Biol Med. 2010;150(2):172–4.CrossRefPubMed

42.
Masoud WG, Ussher JR, Wang W, Jaswal JS, Wagg CS, Dyck JR, et al. Failing mouse hearts utilize energy inefficiently and benefit from improved coupling of glycolysis and glucose oxidation. Cardiovasc Res. 2014;101(1):30–8. doi:10.​1093/​cvr/​cvt216.CrossRefPubMed

43.
Akhmedov AT, Rybin V, Marín-García J. Mitochondrial oxidative metabolism and uncoupling proteins in the failing heart. Heart Fail Rev. 2015;20(2):227–49. doi:10.​1007/​s10741-014-9457-4.CrossRefPubMed

44.
Duerr GD, Heinemann JC, Arnoldi V, Feisst A, Kley J, Ghanem A, et al. Cardiomyocyte specific peroxisome proliferator-activated receptor-α overexpression leads to irreversible damage in ischemic murine heart. Life Sci. 2014;102(2):88–97. doi:10.​1016/​j.​lfs.​2014.​03.​019.CrossRefPubMed

45.
Hughey CC, Ma L, James FD, Bracy DP, Wang Z, Wasserman DH, et al. Mesenchymal stem cell transplantation for the infarcted heart: therapeutic potential for insulin resistance beyond the heart. Cardiovasc Diabetol. 2013;12:128. doi:10.​1186/​1475-2840-12-128.PubMedCentralCrossRefPubMed

46.
Hausenloy DJ, Whittington HJ, Wynne AM, Begum SS, Theodorou L, Riksen N, et al. Dipeptidyl peptidase-4 inhibitors and GLP-1 reduce myocardial infarct size in a glucose-dependent manner. Cardiovasc Diabetol. 2013;12:154. doi:10.​1186/​1475-2840-12-154.PubMedCentralCrossRefPubMed

47.
Lung TW, Petrie D, Herman WH, Palmer AJ, Svensson AM, Eliasson B, et al. Severe hypoglycemia and mortality after cardiovascular events for type 1 diabetic patients in Sweden. Diabetes Care. 2014;37(11):2974–81. doi:10.​2337/​dc14-0405.CrossRefPubMed

48.
Rana OA, Byrne CD, Greaves K. Intensive glucose control and hypoglycaemia: a new cardiovascular risk factor? Heart. 2014;100(1):21–7. doi:10.​1136/​heartjnl-2013-303871.CrossRefPubMed

49.
Hemmingsen B, Lund SS, Gluud C, Vaag A, Almdal TP, Wetterslev J. WITHDRAWN: targeting intensive glycaemic control versus targeting conventional glycaemic control for type 2 diabetes mellitus. Cochrane Database Syst Rev. 2015;7:CD008143.PubMed

50.
Liepinsh E, Makrecka M, Kuka J, Makarova E, Vilskersts R, Cirule H, et al. The heart is better protected against myocardial infarction in the fed state compared to the fasted state. Metabolism. 2014;63(1):127–36. doi:10.​1016/​j.​metabol.​2013.​09.​014.CrossRefPubMed




OEBPS/A12933_2015_308_Fig1_HTML.gif
1°Day

I

Injection of:

§ STZ in the diabetic groups (D and

DI);

§ Citrate buffer in the normoglycemic

‘groups(C and MI).

15° Day

Induction of myocardial

infarction in the groups
Mland DI,

30° Day

‘The rats of all groups (C, D,
Mland DI) were Killed.






OEBPS/sidebar.gif





OEBPS/A12933_2015_308_Fig4_HTML.gif
" I
DI

M

. a
o ©
s &8 < «& 3

2 1Blem usey AT Jo Bui sed urjown

e g )
g 8 g
s s s
@ juBlem ysa A7 10 Bw Jad uiyjown

s
g
S

0.010

DI

M





OEBPS/A12933_2015_308_Fig6_HTML.gif
MYOCARDIUM IN DIABETIC STATE
1 HIF-1a @

| Glycolysis (HK)® / ‘ \
| CPT1-M® Angiogenesis 2

TGand gh b 1 Glut-12
JUSKLS BTy (VEGF) 1 Glycolysis (HK) ®
REMODELLING after 1 CPT1-Mb

myocardial infarction 1 FFA and | glycogen ®

LROS®©

Preference for the use of glucose
lassociated to changes in oxygen supply

A new metabolic feature is established to
ensure the energy utilization efficiency and
preservation of the LV function.
“Diabetes is an ischemic preconditioning-like state”






OEBPS/A12933_2015_308_Fig5_HTML.gif
JuBlem ysay A7 o Byjowrt

.ﬂr
$ 3 3 3 3

@  (suun Aeygiy) W-L1dD

DI

M

ol

M





OEBPS/contact.gif





OEBPS/A12933_2015_308_Fig2_HTML.gif
TTI
D peph s
¢ 8 8 ¢

© 9 ealy UoRIBLU [eIPIEOOA

ol

M

60

c 100 ¢

*t

40
20

9% S4

DI

M





OEBPS/A12933_2015_308_Fig3_HTML.gif
DI

I .t
M

Tt

DI

T ’ | .-

- ° W
RN
o JuBlom ysey A140 b 1od B o D

s B
Blom sy

© K110 6 10d

120

w
. 5
8 8 ¢ R °
8

T

00

T2 28Ty
T T T ° ° ° <
110 6.10d Bus

T





