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In type 2 diabetes mellitus (T2DM), there is an increased prevalence of cardiovascular disease (CVD), even when

corrected for atherosclerosis and other CVD risk factors. Diastolic dysfunction is one of the early changes in cardiac

function that precedes the onset of cardiac failure, and it occurs already in the prediabetic state.

Keywords: cardiac metabolism ; prediabetes ; mitochondrial function ; cardiac function

1. Introduction

Prediabetes, defined as impaired fasting glucose (fasting plasma glucose between 6.1 and 6.9 mmol/L) or impaired

glucose tolerance (2-h plasma glucose between 7.8 and 11.0 mmol/L) , places individuals at high risk of developing type

2 diabetes mellitus (T2DM) and its cardiovascular disease (CVD)-related complications . The increased risk of CVD is

proportional to the fasting blood glucose in prediabetes  and is mainly caused by atherosclerosis, induced by the

many risk factors that are characteristic for prediabetic patients, for instance, dyslipidemia and hypertension 

. Atherosclerosis leading to ischemic heart disease has been extensively discussed in previous literature . However,

even when corrected for atherosclerosis, cholesterol values, bodyweight, blood pressure, and age, patients with

prediabetes remain at increased risk for the development of heart failure, mainly through the development of diastolic

dysfunction (in T2DM known as diabetic cardiomyopathy (DCM)) . This phenomenon is also part of the spectrum

better known as heart failure with a preserved ejection fraction (HFpEF) .

Interestingly, diastolic dysfunction has been shown to be present not only in T2DM but also in prediabetes . Evidence

associates higher glucose levels with lower cardiac function parameters in prediabetes , indicating that changes in

cardiac function arise early in the development of T2DM. Changes in cardiac metabolism in response to hyperglycemia

are considered to be an important pathway through which T2DM causes DCM , and this may already be at play in

prediabetes. Recognition of these metabolic changes may help to better understand the underlying etiology of diastolic

dysfunction in prediabetes, which provides a window of opportunity for the prevention of DCM in the early development of

T2DM.

2. Cardiac Fat

When energy intake exceeds expenditure, it eventually results in body fat accumulation, as can be seen in obesity .

The large surplus of nutrients also leads to the development of fat deposits in organs other than adipose tissue, such as

skeletal muscle, the liver, and the heart. Such ectopic lipid accumulation has been related to insulin resistance in many

tissues. Thus, cardiac fat accumulation may play an important role in the development of diastolic changes in the

prediabetic heart. Cardiac lipid content can be studied by both an in vivo and an ex vivo approach.

In vivo studies use magnetic resonance spectroscopy (MRS) for the relative quantification of metabolites involved in lipid

metabolism. Proton MRS ( H-MRS) generates a spectrum wherein multiple lipid signals (CH  and CH ), a creatine (Cr)

signal, and a water (H O) signal can be distinguished. CH /H O is generally used as a parameter that reflects myocardial

triglyceride content, and this mainly represents neutral lipid storage as triglycerides in the myocardium. With this in vivo

technique, it was shown that the myocardial triglyceride content is increased in overweight and obese individuals  and

possibly even more in prediabetes and T2DM , in comparison to lean individuals. In addition, myocardial triglyceride

content was weakly associated with insulin sensitivity, as determined by the homeostasis model assessment index .

Ex vivo studies found increased intramyocardial lipid deposition in patients with metabolic syndrome (average HOMA

score 4.2 ± standard deviation 0.5, which often is considered as prediabetes) , obesity or T2DM , compared to lean

patients. In addition, Anderson et al. showed that in nondiabetic and diabetic individuals, the cardiac fat content correlated

positively with the HbA1c . These ex vivo studies suggest that cardiac fat already in prediabetic individuals is increased
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compared to healthy lean individuals , which is in line with the above-mentioned in vivo results of McGavock et al.

.

Interestingly, several links between cardiac fat accumulation and cardiac function have been described. Van der Meer et

al. showed that in lean individuals with a normal glucose metabolism (NGM), an increased myocardial triglyceride content

(following a very low-calorie diet) measured by H-MRS was correlated with a decrease in diastolic function . In

addition, in individuals with metabolic syndrome (and a high HOMA score), a correlation was found between the amount of

cardiac fat accumulation and the progression of cardiac dysfunction (measured by myocardial performance index and

ejection fraction) . The increased myocardial triglyceride content in overweight and obese individuals was accompanied

by elevated LV mass and suppressed septal wall thickening as measured by cardiac imaging, compared to lean

individuals . This suggests that possibly in prediabetes, an increased cardiac fat storage may influence cardiac function

negatively.

3. Adipose Tissue Surrounding the Heart

The fat deposits around the heart (epicardial adipose tissue and pericardial adipose tissue) also typically increase with

overweight/obesity and are reported to be more pronounced in diabetic patients. These depots have not been measured

specifically in prediabetic populations, and although specific data of these separate depots in prediabetes are lacking, it

might be expected that the epicardial adipose tissue (EAT) is elevated in prediabetes since cardiac fat is increased in

prediabetes and the thickness of the EAT is strongly correlated with the cardiac fat in healthy males . However,

quantitative studies are needed to confirm this concept in prediabetic individuals.

From obese individuals, it is known that when EAT expands, the balance between the storage and release of fatty acids

shifts toward a more active secretion . Furthermore, the expanded EAT transforms its secretory profile toward more

pro-inflammatory cytokines and chemokines, negatively affecting neighboring cells . This results in a chronic

inflammatory response that is shown to be present in enlarged EAT tissue . Moreover, this local secretion of

inflammatory mediators can also inhibit the activity of insulin. Indeed, EAT is positively associated with insulin resistance

and metabolic syndrome .

4. Enhanced Cardiac Lipid Metabolism

Insulin usually inhibits lipolysis and thereby reduces the release of plasma non-esterified fatty acids (NEFAs). However, in

individuals with reduced insulin sensitivity, as is the case in prediabetes, the postprandial effect of insulin is impaired,

leaving the circulating free fatty acids (FFA) elevated . In addition to the increased FFA levels in the circulation, PET

studies show that both the FFA uptake and the FFA oxidation in the prediabetic myocardium are increased. Using F-

fluoro-6-thia-heptadecanoic acid (FTHA) as a fatty acid tracer and [ C]acetate to determine cardiac perfusion and

oxidative metabolic index, Labbé et al. showed that in prediabetic individuals (defined as impaired glucose tolerance), an

increased NEFA uptake in the heart and an increased myocardial oxidative metabolism for the first 6 h postprandially

compared to the individuals with a normal glucose metabolism (NGM) . This was in contrast to the uptake of fatty acids

in liver and skeletal muscle since these remained similar in prediabetes compared to NGM in the postprandial state .

These findings concerning increased FFA availability in the plasma and myocardial FFA metabolism are confirmed by

Brassard et al. in normoglycemic first-degree relatives of T2DM individuals (who are therefore at highly increased risk to

develop T2DM) in comparison to matched individuals having no increased risk for T2DM. Using the stable isotopic tracers

([1,1,2,3,3- H ]-glycerol and [U- C]-palmitate or [1,2- C]-acetate), they showed that these individuals at high risk for

T2DM during enhanced intravascular TG lipolysis at high insulin levels have both an increased plasma appearance of

NEFAs and increased myocardial oxidation of the NEFAs .

These findings in the insulin-stimulated condition from Brassard and Labbé point out that already in prediabetes, changes

in cardiac fatty acid handling occur, with increased uptake and oxidation of fatty acids in the heart in comparison to NGM.

Moreover, Labbé et al. revealed that these changes in lipid metabolism may be maladaptive regarding cardiac function.

The increased uptake and oxidation of NEFA in the prediabetic individuals was associated with a reduced left ventricular

ejection fraction (LVEF), reduced left ventricular stroke volume, and tended to display impaired diastolic function . This

is in line with the findings from Mather et al. in T2DM individuals, who showed that the augmented myocardial fatty acid

oxidation under fasted and insulin-treated conditions (measured by16-[ F]fluoro-4-thiapalmitate (FTP) and C-acetate)

was accompanied by reduced cardiac work efficiency . This may not be surprising since increased fatty acid oxidation

at the expense of carbohydrate oxidation increases oxygen demand, resulting in reduced myocardial efficiency . In

addition, in prediabetic individuals with a known increased risk for atherosclerosis, this makes the heart more prone to
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ischemia. The enhanced fatty acid metabolism in prediabetes has, therefore, implications for contractile performance and

ischemia tolerance .

It may be beneficial to counterbalance this altered substrate metabolism in order to prevent DCM in T2DM. The metabolic

changes that occur early on in the prediabetic heart seem to be reversible, as shown by several studies in prediabetic

individuals. Six months after bariatric surgery, individuals with prediabetes showed an improvement in whole-body insulin

sensitivity, which correlated positively with the decrease in myocardial fasting free fatty acid uptake, but also myocardial

function. Although cardiac fat was not reduced, the myocardial structure was improved . Similar results in prediabetes

were observed by Labbé et al., where modest weight loss following a 1-year lifestyle intervention led to changes in

substrate metabolism and improved cardiac function . However, a short-term diet of 7 days in prediabetes did not

achieve these improvements in cardiac function  and thus suggesting that structural changes regarding cardiac

metabolism and function take longer to develop.

5. Decreased Cardiac Glucose Metabolism

Together with alterations in cardiac fatty acid metabolism, reciprocal changes in cardiac glucose metabolism may be

expected in prediabetes . Here, PET studies using the glucose analog [ F]-fluorodeoxyglucose ( F-FDG) can provide

insight into the myocardial uptake of glucose. Kim et al. studied a mixed population of NGM, prediabetes, and T2DM and

revealed that the visceral fat area and fasting FFA are independent determinants of myocardial glucose uptake in the

fasted condition . However, both Kim et al. and Hu et al. showed that prediabetes was not associated with decreased

myocardial glucose uptake in a fasted condition, whereas T2DM was , which is in line with animal studies .

However, findings might be different in a fed or insulin-stimulated state.

In contrast to the fasted individuals in the study of Kim et al., Nielsen et al. studied the myocardial glucose uptake 1 h after

oral glucose intake in NGM, prediabetes, and newly diagnosed T2DM individuals, all characterized by chronic heart failure

and reduced LVEF. Even though the myocardial blood flow and myocardial flow reserve were similar, individuals with

prediabetes and newly diagnosed T2DM had-despite of elevated levels of glucose and insulin-a decreased myocardial

glucose uptake compared to NGM . However, since the authors did not separate analyses for individuals with

prediabetes and T2DM, it is unknown whether there were differences between these groups.

To assess the insulin-stimulated myocardial glucose uptake in a more controlled setting than right after glucose ingestion,

one should measure myocardial glucose uptake during a hyperinsulinemic euglycemic clamp . Eriksson et al. showed a

similar cardiac glucose metabolic rate during such clamp in control, prediabetes, and T2DM individuals matched for age,

sex, and BMI . Others showed lower myocardial glucose uptake in T2DM compared to (BMI-matched overweight) NGM

individuals during a hyperinsulinemic euglycemic clamp . These conflicting in vivo findings of myocardial glucose

uptake in T2DM are also found in ex vivo studies. Full-thickness myocardial biopsies from the left ventricle of T2DM

individuals showed an increase in cardiac insulin receptor substrate 1 (IRS1)–PI 3-kinases (PI3K) activity compared to

their overweight controls with NGM . This means that the insulin signaling cascade, even in this state of insulin

resistance, is intact. However, differences between groups can be blunted due to the fact that all individuals in the ex vivo

studies were characterized by left ventricular dysfunction.

Overall, results on myocardial glucose uptake in prediabetes are conflicting, both in in vivo and ex vivo studies. Some

found no differences in healthy prediabetic individuals compared to NGM or T2DM individuals in a fasted state  and

during a clamp , whereas others did find reduced myocardial glucose uptake 1 h after oral glucose loading  in

prediabetic patients with chronic heart failure. In addition, previous literature is ambiguous whether myocardial glucose

uptake is associated with whole-body insulin sensitivity  or not  measured during a hyperinsulinemic euglycemic

clamp. Data are dispersed, and the question remains whether prediabetes is characterized by reduced myocardial insulin

sensitivity.

6. Mitochondrial Function

Mitochondria are responsible for oxidative metabolism and are key to the normal function of the cardiomyocytes. It is,

therefore, not surprising that mitochondrial dysfunction is suspected of playing a pivotal role in the development of DCM

. Unfortunately, human data in prediabetes in this area are lacking. Though studies in male Long-Evans rats that

were high-fat-fed and had a streptozotocin treatment as a model for prediabetes have shown a mild diastolic dysfunction

and cardiac hypertrophy associated with early changes in mitophagy . This supports the suggestion that mitochondrial

dysfunction underlies the development of DCM in prediabetes.
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However, information from both in vivo and ex vivo studies performed in obesity and T2DM is available and may explain

possible changes in mitochondrial function in prediabetes. From ex vivo studies using high-resolution respirometry as a

reflection of mitochondrial function, it is known that lower mitochondrial respiration is associated with T2DM .

In vivo, concentrations of high-energy phosphates have been suggested to be closely related to cardiac mitochondrial

oxidation. This can be measured by P-MRS. With this technique, PCr and ATP can be recognized at a specific

resonance frequency. As a relative quantification, the ratio of PCr over ATP is used as a measure for myocardial energy

status. Mitochondria produce ATP during oxidative phosphorylation, and ATP can, in turn, be used to convert creatine (Cr)

into PCr. In the sarcolemma, the phosphate group of PCr is exchanged with adenosine diphosphate (ADP) to form ATP in

case of increased energy demand. In this way, PCr acts to buffer ATP. This PCr shuttle system is also shown in Figure 1.

In the normal myocardium, ATP synthesis can be maintained at the rate of ATP demand, and PCr levels are sustained.

However, in cardiac disease with a decreased mitochondrial function, ATP demand may outweigh the mitochondrial

capacity for ATP production, and hence, PCr concentrations will fall . Hence, the PCr/ATP ratio has been suggested to

be a marker of mitochondrial function; however, one should be aware that creatine supply, pH, and oxygen supply may

independently influence PCr concentrations in the cardiomyocyte .

Figure 1. Phosphocreatine shuttle system. Mitochondria produce ATP during oxidative phosphorylation, and this ATP

converts Cr at the mitochondrial membrane into PCr through mi-CK. PCr, in turn, shuttles from the mitochondrial

membrane to the sarcolemma, where through the mm-CK, the phosphorous group of PCr is exchanged with ADP to form

ATP in cases of increased energy demand. In this way, PCr acts to buffer ATP. ADP adenosine diphosphate; ATP

adenosine triphosphate; Cr free creatinine; PCr phosphocreatinine; mi-CK mitochondrial creatine kinase; mm-CK

myofibrillar creatine kinase; CrT creatinine transporter.

Secondly, gene regulatory pathways may affect mitochondrial function by influencing the interplay between the supply and

oxidation of the various substrates (Figure 2). Not only in individuals with T2DM but also in first-degree relatives of

individuals with T2DM, it has been shown that the expression of peroxisome proliferator-activated receptor (PPAR)

coactivator PGC-1α is decreased in skeletal muscle . PGC-1 is usually increased upon cellular ATP demand ,

leading to transcription of NRF-1, PPARα, and PPARγ, and may thereby have indirect effects on mitochondrial

metabolism. Since NRF-1 regulates the expression of many mitochondrial genes, including the OXPHOS genes, a

decreased expression of PGC-1α will result in a lower mitochondrial content of the OXPHOS complexes. These data

found in skeletal muscle may be translated to heart, though data in prediabetes are lacking. Yet, in T2DM, Montaigne et

al. found a downregulation of NRF-1 and mitochondrial function in the heart .
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Figure 2. Gene regulatory pathways affecting mitochondrial function. Several genes influence the interplay between the

supply and oxidation of the various substrates. Down- and/or upregulation of these genes in prediabetes may affect

mitochondrial function. Partly because of this, in prediabetes fatty acid oxidation may be stimulated, resulting in a net

reduction in ATP and thus reduced myocardial efficiency. PPAR peroxisome proliferator-activated receptor; ATP adenosine

triphosphate.
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