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Abstract
Background
Alterations in myocardial mechano-energetic efficiency (MEEi), which represents the capability of the left ventricles to convert the chemical energy obtained by oxidative metabolism into mechanical work, have been associated with cardiovascular disease. Although whole-body insulin resistance has been related to impaired myocardial MEEi, it is unknown the relationship between cardiac insulin resistance and MEEi. Aim of this study was to evaluate the relationship between insulin-stimulated myocardial glucose metabolic rate (MrGlu) and myocardial MEEi in subjects having different degrees of glucose tolerance.

Methods
We evaluated insulin-stimulated myocardial MrGlu using cardiac dynamic positron emission tomography (PET) with 18F-Fluorodeoxyglucose (18F-FDG) combined with euglycemic-hyperinsulinemic clamp, and myocardial MEEi in 57 individuals without history of coronary heart disease having different degrees of glucose tolerance. The subjects were stratified into tertiles according to their myocardial MrGlu values.

Results
After adjusting for age, gender and BMI, subjects in I tertile showed a decrease in myocardial MEEi (0.31 ± 0.05 vs 0.42 ± 0.14 ml/s*g, P = 0.02), and an increase in myocardial oxygen consumption (MVO2) (10,153 ± 1375 vs 7816 ± 1229 mmHg*bpm, P < 0.0001) as compared with subjects in III tertile. Univariate correlations showed that insulin-stimulated myocardial MrGlu was positively correlated with MEEi and whole-body glucose disposal, and negatively correlated with waist circumference, fasting plasma glucose, HbA1c and MVO2. In a multivariate regression analysis running a model including several CV risk factors, the only variable that remained significantly associated with MEEi was myocardial MrGlu (β 0.346; P = 0.01).

Conclusions
These data suggest that an impairment in insulin-stimulated myocardial glucose metabolism is an independent contributor of depressed myocardial MEEi in subjects without history of CHD.
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Background
Type 2 diabetes (T2DM) and prediabetes are metabolic disorders associated with increased cardiovascular morbidity and mortality compared to general non-diabetic population [1–8]. Compelling evidence suggests that insulin resistance play a key role in the pathogenesis of T2DM [9, 10], and predicts the development of cardiovascular disease (CVD) also in non-diabetic subjects [11, 12]. Furthermore, a reduced whole-body insulin sensitivity has been shown to be an independent prognostic cardiovascular risk factor in patients with heart failure [13].
An impaired insulin-stimulated myocardial glucose metabolism is an alteration strongly correlated with whole-body insulin resistance and observed in patients with T2DM with or without coronary heart disease (CHD) or heart failure and in conditions at increased risk of T2DM, including prediabetes and metabolic syndrome [14–19]. Additionally, it has been shown that an impairment in myocardial glucose uptake is associated with coronary atherosclerosis and predicts CV events in patients with CHD [20, 21].
A compromised myocardial mechano-energetic efficiency (MEE) has recently emerged as an independent predictor of both CV events and heart failure [22, 23]. The myocardial MEE represents the capability of the left ventricle to convert the chemical energy obtained by oxidative metabolism into mechanical work. Left ventricular (LV) work can be represented by the force needed to eject blood (stroke volume, SV) into the aorta, and estimated as stroke work (SW). Energy to support cardiac work is provided almost exclusively by aerobic oxidation of substrate, with close coupling between myocardial oxygen consumption (MVO2) and LV structure and function [24]. Under normal conditions, the proportion of produced energy that is used for contraction is approximately 25%, and the residual energy is mainly dissipated as heat [25]. LV efficiency may be defined as the ratio between external work delivered by cardiomyocytes (i.e. SW) and the amount of energy produced for each contraction [26]. At a given external work, increased energetic expenditure results in lower values of MEE. Thus, low MEE might contribute to progression of overt cardiovascular disease [27, 28]. DeSimone et al. have validated a simple non-invasive method for estimating myocardial MEE based on determination of SW and MVO2 normalized for LV mass (MEEi) which provides the estimate of the ideal amount of blood pumped by each gram of LV mass in 1 s [23, 29]. A reduced myocardial MEEi has been observed in individuals with obesity, prediabetes, T2DM, non-alcoholic fatty liver disease (NAFLD) [23, 30–34]. Although whole-body insulin resistance has been related to an impairment of myocardial MEEi [31, 33, 34], to date has not yet been explored the link between cardiac insulin resistance and MEEi.
In the attempt to address this issue, we aimed to evaluate the relationship between insulin-stimulated myocardial glucose metabolic rate (MrGlu) using dynamic myocardial positron emission tomography (PET) with 18F-Fluorodeoxyglucose (18F-FDG) combined with euglycemic-hyperinsulinemic clamp, and myocardial MEEi in individuals without history of CHD having different degrees of glucose tolerance.
Methods
Study participants
The study cohort comprised 57 subjects participating in the CATAnzaro MEtabolic RIsk factors (CATAMERI), an ongoing observational study recruiting adult individuals with one or more cardio-metabolic risk factors recruited at a referral hospital of the University “Magna Graecia” of Catanzaro [15, 35]. Eligible subjects were recruited according to the following inclusion criteria: age between 30 and 70 years, and positivity for one or more cardio-metabolic risk factors including family history of diabetes, dysglycemia, hypertension, dyslipidemia, and overweight/obesity. Exclusion criteria were type 1 diabetes, end-stage renal disease, previous cardiovascular disease on the basis of medical history, resting electrocardiogram and stress test or myocardial scintigraphy for individuals with T2DM, history of atrial fibrillation or other arrhythmias, right and left bundle branch block, dyssynchrony in ventricular contraction, valvular heart disease, liver cirrhosis, history of malignant or autoimmune diseases, acute or chronic infections, history of alcohol or drug abuse and treatment with drugs known to influence glucose tolerance such as steroids and estro-progestins and medicaments affecting heart function including beta blockers and antiarrhythmic drugs. All subjects underwent anthropometrical evaluation including measurements of body mass index (BMI), waist circumference and body composition by bioelectrical impedance. Readings of blood pressure (BP) were obtained in the left arm of the supine patients, after 5 min of rest, using a standard sphygmomanometer. BP values were the average of three measurements after a 10 min period of rest in the supine position. After an overnight fasting, biochemical determinations and a 75 g OGTT was performed in individuals with FPG < 126 mg/dl, HbA1c < 6.5% and no history of T2DM. According to the ADA criteria [36], individuals were classified as having normal glucose tolerance (NGT) when fasting plasma glucose was < 100 mg/dl (5.5 mmol/l), 2-h postload glucose < 140 mg/dl (< 7.77 mmol/l) and HbA1c < 5.7%, prediabetes when fasting plasma glucose was 100–125 mg/dl (5.5–6.9 mmol/l), 2-h postload glucose 140–199 mg/dl (7.77–11.0 mmol/l) or HbA1c 5.7–6.4%, T2DM when fasting plasma glucose was ≥ 126 mg/dl (> 7 mmol/l), 2-h post-load glucose was ≥ 200 mg/dl (> 11.1 mmol/l), HbA1c ≥ 6.5% or in treatment with antidiabetic drugs.
On the second day, after 12-h fasting, all subjects underwent first echocardiography, and, then, 18F-FDG PET scan combined with euglycemic hyperinsulinemic clamp in the morning.
The study was approved by the Ethical Committee (Comitato Etico Azienda Ospedaliera “Mater Domini”), and informed consent was obtained from each subject in accordance with principles of the Declaration of Helsinki.
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                           F-FDG PET scan combined with euglycemic hyperinsulinemic clamp
                        
Myocardial glucose metabolic rate (MrGlu) was measured by 18F-FDG-PET acquired during an euglycemic hyperinsulinemic clamp as previously described [19, 37]. Subjects received a priming dose of insulin (100 UI/mL) (Humulin R; Eli Lilly) during the initial 10 min to raise the serum insulin concentration acutely (80 mU/m2 × min), and then it was maintained by continuous insulin infusion fixed at 40 mU/m2 × min [38]. The blood glucose level was maintained constant at 90 mg/dl for the next 120 min by infusing 20% glucose at varying rates according to blood glucose measurements performed at 5-min intervals (mean coefficient of variation of blood glucose was < 4%). Glucose metabolized by the whole body (M) was calculated as the mean rate of glucose infusion measured during the last 60 min of the clamp examination (steady state) and was expressed as milligrams per minute per kilogram fat-free mass (MFFM).
The 18F-FDG-PET imaging procedure was performed on a hybrid PET/CT scanner (GE Discovery ST8- 2D PET scanner), starting 60 min after the insulin infusion. A 60-min dynamic acquisition was started simultaneously with the intravenous injection of 370 MBq18F-FDG, according to the following time frame sampling: 8 × 15 s, 2 × 30 s, 2 × 120 s, 1 × 180 s, 6 × 300 s, 2 × 600 s [39]. PET images were reconstructed in a 128 × 128 matrix using a OSEM algorithm, and corrected for decay and attenuation based on co-registered CT. The insulin-glucose infusion continued during the entire PET acquisition. The estimation of myocardial MrGlu was performed by Patlak compartmental modelling [15, 40], using the graphical tool specific for cardiac images analysis (PCARD) implemented in PMOD Software platform (Version 3.806) [39]. In PCARD, the full dynamic study is used for MRGlu calculation, and the arterial input function is extracted from a volume of interest (VOI) semi-automatically placed in the left ventricular cavity [40].
Echocardiographic measurements
Tracings were taken with participants in a partial left decubitus position using a VIVID-7 Pro ultrasound machine (GE Technologies, Milwaukee, WI, USA) with an annular phased array 2.5-MHz transducer. All the readings were performed by the same experienced investigator to optimize the reproducibility, blinded to the clinical data of the examined individuals. Tracings were recorded under two-dimensional guidance, and M-mode measurements were taken at the tip of the mitral valve or just below. LV end-diastolic (LVEDV) and end-systolic volume (LVESV) were measured according to Simpson method and indexed for body surface area (BSA) [41]. Measurements of interventricular septum thickness (IVS), posterior wall thickness (PWT) were made at end-diastole. LV mass (LVM) was calculated using the Devereux formula [42] and normalized by BSA [LVMI]) [41, 43].
Myocardial mechano-energetic efficiency measurements
The myocardial mechano-energetic efficiency (MEE) can be defined as the ratio between the external systolic work, and the amount of total energy produced for each contraction [21, 22, 29, 31]. External myocardial work can be estimated as stroke work (SW), with SW being computed as systolic blood pressure (SBP) x echocardiographic stroke volume (SV). SV was calculated as the difference between LV end-diastolic and end-systolic volumes by the z-derived method [29, 31].
Myocardial oxygen consumption (MVO2) reflects the total amount of energy produced by the myocardium, and can be estimated using the “double product” (DP) of SBP x heart rate (HR) [31]. Thus, MEE may be estimated as: SBP × SV/ SBP × HR = SV/HR where HR were expressed in seconds (HR/60). Because MEE is highly related to LV mass, MEE was normalized for LV mass with the purpose of obtaining an estimate of energetic expenditure per unit of myocardial mass (i.e. indexed MEE, MEEi, ml/s/g) [21, 22, 29, 31].
Laboratory determinations
Plasma glucose, total and HDL cholesterol, and triglycerides were assayed using enzymatic methods (Roche Diagnostics, Mannheim, Germany). HbA1c was measured with high performance liquid chromatography using an NGSP-certified automated analyzer (Adams HA-8160 HbA1c analyzer, Menarini, Italy).
Statistical analyses
Variables with skewed distribution, such as triglycerides and MFFM, were natural log transformed for statistical analyses. Continuous variables are expressed as means ± SD. Categorical variables were compared by χ2 test. Comparisons between study groups were performed using a general linear model with post hoc Fisher's least significant difference correction for pairwise comparisons. Relationships between variables were determined by Pearson’s correlation coefficient (r). Stepwise multivariate regression analysis was run to determine the independent contributors of myocardial MEEi.
Considering that previous studies have reported a reduction of 10–17% of myocardial MEEi in subjects with different degrees of glucose tolerance in whom insulin resistance was evaluated with HOMA-IR [31, 34], we calculated that 17 subjects for each group had 80% power to detect a 10% difference in myocardial MEEi with an alpha of 0.05. With an addition of 15% to safeguard from potential missing values, a sample size of 19 subjects for each group was planned.
For all analyses, a P value ≤ 0.05 was considered to be statistically significant. All analyses were performed using SPSS software Version 22 for Windows.
Results
Of the 57 recruited subjects, 20 (35.1%) had NGT, 11 (19.3%) had prediabetes, and 26 (45.6%) had T2DM. Clinical characteristics of the three groups of subjects stratified into tertiles according to their insulin-stimulated myocardial MrGlu values are shown in Table 1. No differences were observed in sex distribution. Subjects in the tertile I of insulin-stimulated myocardial MrGlu (range myocardial MrGlu 0.1–16.3 μmol/min/100 g) were older and exhibited higher BMI than individuals in the tertile III (range myocardial MrGlu 26.3–43 μmol/min/100 g) (Table 1). All the subjects with type 2 diabetes were treated with metformin.Table 1Anthropometric and metabolic characteristics of study subjects stratified into tertiles according to myocardial MrGlu values


	 	Myocardial MrGlu Tertile 1
Range 0.1–16.3 μmol/min/100 g (1)
	Myocardial MrGlu Tertile 2
Range 16.4–26.29 μmol/min/100 g (2)
	Myocardial MrGlu Tertile 3
Range 26.3–43 μmol/min/100 g (3)
	P (1 vs 2)§
	P (1 vs 3)§
	P (2 vs 3)§

	Sex (F/M)
	10/9
	8/11
	9/10
	0.41
	0.87
	0.5

	Age (years)
	53 ± 10
	50 ± 12
	48 ± 11
	0.9
	0.08
	0.09

	BMI (Kg/m2)
	32.5 ± 5
	28.1 ± 4
	29.2 ± 4
	0.01
	0.02
	0.6

	Waist circumference (cm)
	108 ± 12
	98 ± 11
	101 ± 10
	0.5
	0.4
	0.7

	Current smokers (%)
	47.4
	52.9
	31.6
	0.8
	0.09
	0.2

	Systolic blood pressure (mmHg)
	130 ± 12
	124 ± 16
	115 ± 15
	0.5
	0.03
	0.1

	Diastolic blood pressure (mmHg)
	79 ± 11
	75 ± 11
	75 ± 10
	0.9
	0.9
	0.7

	Heart Rate (bpm)
	78 ± 8
	68 ± 7
	68 ± 4
	 < 0.0001
	 < 0.0001
	0.4

	Fasting Plasma Glucose (mg/dL)
	131 ± 45
	114 ± 35
	100 ± 27
	0.1
	0.054
	0.3

	2-h post load plasma glucose (mg/dl)
	149 ± 15
	132 ± 24
	115 ± 13
	0.1
	 < 0.0001
	0.07

	HbA1c (%)
	7.1 ± 1.2
	6.5 ± 1.1
	5.8 ± 1.1
	0.2
	0.01
	0.1

	Total Cholesterol (mg/dl)
	186 ± 37
	196 ± 47
	185 ± 29
	0.2
	0.7
	0.3

	HDL Cholesterol (mg/dl)
	45 ± 10
	48 ± 8
	49 ± 14
	0.3
	0.5
	0.8

	LDL Cholesterol (mg/dl)
	126 ± 36
	127 ± 36
	118 ± 28
	0.6
	0.9
	0.3

	Triglycerides (mg/dl)
	164 ± 74
	119 ± 64
	115 ± 60
	0.2
	0.1
	0.7

	NGT/Prediabetes/T2DM (n)
	1/4/14
	6/6/7
	13/1/5
	0.005
	0.001
	0.2

	Insulin-stimulated glucose disposal (mg/min x Kg FFM)
	3.16 ± 1.8
	4.8 ± 3.1
	8.4 ± 7.7
	0.1
	0.02
	0.2

	Antihypertensive therapy (%)
	58.3
	35.3
	16.7
	0.4
	0.04
	0.1

	Glucose-lowering therapy (%)
Meftormin (%)
	70.6
	33.3
	26.3
	0.02
	0.01
	0.8


Data are means ± SD, unless otherwise indicated. Categorical variables were compared by χ2 test. Comparisons between the three groups were performed using a general linear model with post hoc Fisher's least significant difference correction for pairwise comparisons.
§P values refer to results after analyses with adjustment for age, gender and BMI
BMI Body mass index, NGT normal glucose tolerance, T2DM type 2 diabetes



Cardiovascular risk factors and metabolic parameters in subjects stratified according to insulin-stimulated myocardial MrGlu values
As shown in Table 1, no differences between the three groups were observed in waist circumference, lipid profile, fasting plasma glucose, diastolic blood pressure and proportion of current smokers (Table 1). After adjusting for age, sex and BMI, individuals in the tertile I showed higher values of systolic blood pressure, resting heart rate, 2-h post load plasma glucose and HbA1c than subjects in the tertile III (Table 1). Furthermore, a higher proportion of subjects in the tertile I had prediabetes or T2DM, and were treated with antihypertensive and glucose-lowering therapies than subjects in the tertile III (Table 1).
After adjusting for age, sex and BMI, individuals in the tertile I showed a significant reduction in the whole-body insulin-stimulated glucose disposal as compared with subjects in the tertile III (3.16 ± 1.8 vs 8.4 ± 7.7 mg/min x Kg FFM, P = 0.02) (Table 1). These differences remained significant after further adjustment for antidiabetic and antihypertensive therapy (P = 0.03) but not after adjustment for glucose tolerance status (P = 0.06).
A greater proportion of subjects in the tertile I had T2DM and were treated with glucose-lowering therapies as compared with subjects in the tertile II (Table 1). Furthermore, individuals in the tertile I exhibited higher values of resting heart rate as compared with subjects in the tertile II (Table 1). No further differences in cardiovascular and metabolic parameters were observed between individuals in the II and in the III myocardial MrGlu tertiles (Table 1).
Myocardial mechano-energetic efficiency in subjects stratified according to insulin-stimulated myocardial MrGlu values
Left ventricular geometry and energetic efficiency parameters of the study subjects stratified into tertiles according to insulin-stimulated myocardial MrGlu values are shown in Table 2. No differences between the three groups were observed in LV end-diastolic and end-systolic volumes, LVMI, interventricular septal thickness and posterior wall thickness. After adjusting for age, sex and BMI, subjects in the tertile I showed a significant decrease in myocardial MEEi as compared with individuals in the tertile III (0.31 ± 0.05 vs 0.42 ± 0.14 ml/sec*g, P = 0.02) (Table 2, Fig. 1). These differences remained significant after further adjustment for antidiabetic and antihypertensive therapy (P = 0.03) and for glucose tolerance status (P = 0.04). Furthermore, subjects in the tertile I exhibited a significant increase in myocardial workload estimated by MVO2 (10,153 ± 1375 mmHg*bpm) as compared with individuals in the tertile III (7816 ± 1229 mmHg*bpm, P < 0.0001) (Table 2). These differences remained significant after further adjustment for antidiabetic and antihypertensive therapy (P = 0.001) and for glucose tolerance status (P = 0.002). Moreover, subjects in the tertile I showed a significant increase in MVO2 as compared also individuals in the tertile II (8516 ± 1667 mmHg*bpm, P = 0.006) (Table 2). These differences remained significant after further adjustment for antidiabetic and antihypertensive therapy (P = 0.02) and for glucose tolerance status (P = 0.03).Table 2Left ventricular geometry and energetic efficiency parameters of the study subjects stratified into tertiles according to myocardial MrGlu values


	 	Myocardial MrGlu Tertile 1
Range 0.1–16.3 μmol/min/100 g (1)
	Myocardial MrGlu Tertile 2
Range 16.4–26.29 μmol/min/100 g (2)
	Myocardial MrGlu Tertile 3
Range 26.3–43 μmol/min/100 g (3)
	P (1 vs 2)
	P (1 vs 3) §
	P (2 vs 3)§

	LV end-systolic volume (LVESV) (ml)
	38.3 ± 15
	43.8 ± 11
	40.9 ± 14
	0.2
	0.8
	0.3

	LV end-diastolic volume (LVEDV) (ml)
	111 ± 31
	121 ± 22
	112 ± 23
	0.2
	0.6
	0.5

	Interventricular septal thickness (IVS) (cm)
	1.13 ± 0.13
	1.11 ± 0.12
	1.05 ± 0.14
	0.5
	0.2
	0.2

	Posterior wall thickness (PWT) (cm)
	0.87 ± 0.11
	0.86 ± 0.12
	0.84 ± 0.15
	0.8
	0.4
	0.6

	LV mass index (LVMI) (g/m2)
	85.3 ± 22
	93.1 ± 16
	82.01 ± 18
	0.1
	0.6
	0.07

	Myocardial MEEi (ml/sec*g-1)
	0.31 ± 0.05
	0.37 ± 0.12
	0.42 ± 0.14
	0.1
	0.02
	0.4

	Myocardial oxygen consumption (MVO2)(mmHg*bpm)
	10,153 ± 1375
	8516 ± 1667
	7816 ± 1229
	0.006
	 < 0.0001
	0.1


Data are means ± SD, unless otherwise indicated. Comparisons between the three groups were performed using a general linear model with post hoc Fisher's least significant difference correction for pairwise comparisons
§P values refer to results after analyses with adjustment for age, gender and BMI


[image: ]
Fig. 1Myocardial MEEi (ml/sec*g-1) in subjects stratified into tertiles according to insulin-stimulated myocardial MrGlu (μmol/min/100 g). *P value refers to analyses after adjustment for age, gender and BMI P = 0.02 vs highest tertile. **After further adjustment for antidiabetic and antihypertensive therapy P = 0.03. ***After further adjustment for glucose tolerance status P = 0.04


Association between insulin-stimulated myocardial MrGlu, cardiovascular risk factors, and myocardial mechano-energetic efficiency
Univariate correlations showed that insulin-stimulated myocardial MrGlu was negatively correlated with waist circumference (r = − 0.378, P = 0.004), fasting plasma glucose (r = -0.354, P = 0.007), HbA1c (r = − 0.439, P < 0.0001), and MVO2 (r = − 0.553, P < 0.0001) and positively correlated with myocardial MEEi (r = 0.300, P = 0.02), and whole-body insulin-stimulated glucose disposal (r = 0.441, P = 0.001) (Fig. 2). Furthermore, myocardial MEEi was positively correlated with whole-body insulin-stimulated glucose disposal (r = 0.295, P = 0.03) (Fig. 3). By contrast, no significant correlations between myocardial MEEi and fasting plasma glucose (r = − 0.08; P = 0.5) and HbA1c (r = − 0.16; P = 0.2) were detected.[image: ]
Fig. 2Relationship between insulin-stimulated myocardial MrGlu and myocardial MEEi (a), myocardial oxygen consumption (b), MFFM (c), fasting plasma glucose (d), waist circumference (e), HbA1c (f)

[image: ]
Fig. 3Relationship between myocardial MEEi and MFFM


To evaluate the independent contributors to myocardial MEEi, we performed a stepwise multivariate regression analysis running a model including age, gender, BMI, waist circumference, diastolic blood pressure, lipid profile, fasting plasma glucose, HbA1c, smoking, glucose tolerance status, antidiabetic therapy, insulin-stimulated glucose disposal and myocardial MrGlu. The only variable that remained significantly associated with myocardial MEEi was myocardial MrGlu (β 0.346; P = 0.01) explaining 34.6% of its variation.
Discussion
The novel finding of this study was that cardiac insulin resistance estimated using dynamic 18F-FDG-PET combined with euglycemic-hyperinsulinemic clamp is an independent contributor of myocardial mechano-energetic efficiency, considered an emergent marker of CV risk [23]. Notably, we found that in subjects having different degrees of glucose tolerance without history of CHD impaired insulin-stimulated myocardial glucose metabolic rate was associated with a progressive decrease in myocardial MEEi paralleled by an increase in cardiac oxygen consumption, estimated using the “double product” of sBP x HR. Although cardiac energy and myocardial oxygen consumption can precisely be measured invasively by coronary sinus catheterization [26], these measurements are not feasible in routine clinic evaluation. A well-validated index of myocardial oxygen consumption is the “double product” which has been reported to have a high correlation with myocardial O2 consumption (r = 0.86–0.88) measured directly with coronary sinus catheterization [44, 45]. Similarly, cardiac energetic efficiency was estimated using myocardial MEEi, a simple, non-invasive, ultra-sound guided method, validated by DeSimone et al. that provides an estimate of the ideal amount of blood ejected at each systole per each gram of LV mass in 1 s [22, 23, 29, 31]. Reduced myocardial MEEi has been shown to be an independent predictor of major CV events in hypertensive patients [22]. Furthermore, low myocardial MEEi was reported to be a powerful predictor of heart failure in subjects with normal ejection fraction [23]. Additionally, a reduced myocardial MEEi has been shown in patients with primary aldosteronism, suggesting its role in determining their increased risk of CV events [46]. Moreover, low myocardial MEE is a predictor of mortality and poor prognosis also in patients with advanced chronic liver disease [47].
In our cross-sectional study, we show a direct relationship between cardiac insulin resistance and depressed myocardial energetic efficiency. Notably, in a stepwise multivariate linear regression analysis, after adjustment for several confounding factors, insulin-stimulated myocardial glucose metabolic rate was the only independent contributor of myocardial MEEi, explaining 34.6% of its variation. Our findings confirm and expand the knowledge on the role of insulin resistance in determining impairment of left ventricular efficiency [23, 30–34]. A decrease in myocardial MEEi has been observed in conditions of insulin resistance, including obesity, prediabetes, T2DM, and NAFLD [23, 30–34]. Furthermore, Mancusi et al. have demonstrated that severity of insulin resistance, assessed by the HOMA-IR index, had a negative impact on myocardial MEEi in nondiabetic individuals [31]. Noteworthy, in our report the myocardial MEEi values were lower than those reported in the study of Mancusi and coll. This disparity may be due to the different study population included (non-diabetic population vs subjects with different degrees of glucose tolerance, including T2DM in our study). Additionally, previous studies have confirmed an independent relationship between myocardial MEEi and insulin resistance, estimated by the Matsuda Index or the HOMA-IR index, in nondiabetic individuals [32, 33]. Of note, the present data represents the first demonstration of a direct independent correlation between myocardial MEEi and whole-body insulin sensitivity, assessed by the gold standard euglycemic-hyperinsulinemic clamp technique [38], in subjects having different degrees of glucose tolerance.
We also found a negative correlation between insulin-stimulated myocardial MrGlu and cardiac oxygen consumption in subjects without history of CHD. Overall, our findings support the idea that an impairment in insulin-stimulated myocardial glucose metabolism might contribute to the early compromission of left ventricular mechano-energetic efficiency, thus playing a significant role in the development of CVD. Our data extend previous findings [14] suggesting that cardiac insulin resistance may cause the development of CHD and heart failure in individuals with T2DM. An impairment in myocardial glucose uptake has been shown to be a predictor of adverse CV outcome also in subjects with ischemic heart disease [20]. Thus, a decrease in myocardial energetic performance could represent the pathogenetic mechanism through which cardiac insulin resistance contributes to the progression to CVD. Indeed, in a normal myocardium, 60–70% of energy is produced by free fatty acid (FFA) oxidation, while only 30–40% of energy is produced by glucose-pyruvate oxidation [31]. The ratio of produced ATP/MVO2 is higher with glucose (P/O = 2.58) than with FFA (P/O = 2.28), which produces a redundant number of ATP molecules, a source of energy that is mainly dissipated as heat [48, 49]. Accordingly, myocardial mechano-energetic efficiency is significantly higher when utilizing glucose rather than FFA. Under conditions of insulin resistance, the myocardium reduces glucose intake, leading to a substrate shift toward FFA oxidation. Consequently, the efficiency of cardiac energy utilization decreases, and the myocardium loses its metabolic flexibility. This reduction in cardiac efficiency coupled with raised oxygen demand increases susceptibility to myocardial ischemia leading to a greater reduction in myocardial performance [14, 18, 19, 21, 31, 48–54]. Clearly, further prospective studies are needed to confirm the causal role of the cardiac insulin resistance in the progression of CHD.
This study has some strengths that merit considerations. A main strength of the present study is the use of gold standard methods to assess myocardial and whole-body metabolism by cardiac FDG PET combined with the euglycemic-hyperinsulinemic clamp technique, which allows the valuation of insulin-stimulated myocardial glucose uptake under uniform experimental conditions of euglycemia and physiological hyperinsulinemia by removing the confounding factor of different circulating glucose and insulin levels [14, 55]. Moreover, glucose tolerance was accurately assessed using FPG, 2 h post-load glucose levels during an OGTT, and HbA1c according to ADA criteria thus excluding any potential misclassification of participants [36]. Additionally, all tests including echocardiographic measurements and 18F-FGD PET scan combined with euglycemic hyperinsulinemic clamp were collected by skilled examiners after a standardized training, who were blinded to the clinical data of the study participants.
Nonetheless, this study has also some limitations. Myocardial mechano-energetic efficiency was estimated by indirect measures rather than by coronary sinus catheterization [26]. However, this measurement is invasive, expensive, and time-consuming thus making this procedure not feasible in epidemiological studies. Nevertheless, adjustment of MEE for LVM and not for LVMI could have led to a lack of standardization between obese and non-obese subjects. Moreover, this analysis of the CATAMERI cohort study includes only Caucasian individuals aging between 30 and 70 years with at least one cardiovascular risk factors attending a referral university hospital, thus limiting the generalizability of the present results to other ethnicities or to white Caucasians cohorts. Furthermore, the overall sample size was small. Additionally, adjusting for several factors in a small population might produce misleading results [56, 57]. However, our planned sample size allows for adequate statistical power and going beyond this number would cause unnecessary radiation exposure to additional subjects. Additionally, the cross-sectional design and the observational nature of this study do not permit any causal inferences. Furthermore, we did not measure FFA levels, whose values are known to potentially influence the preferential substrate utilized by the myocardium [58], thus precluding us from determining the potential metabolic flexibility of study subjects.
Conclusions
The current study suggests that an impairment in insulin-stimulated myocardial glucose metabolic rate assessed by 18F-FGD PET scan combined with euglycemic hyperinsulinemic clamp is associated with a decrease in myocardial mechano-energetic efficiency, and an increased cardiac workload in subjects with different glucose tolerance status without history of CHD. Myocardial glucose metabolism was the main independent contributor of myocardial MEEi. Overall, these data suggest a predominant role of cardiac insulin resistance in determining alterations of left ventricular mechano-energetic performance, which could at least in part explain its association with CV morbidity.
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