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SUMMARY 

Background and goals: Nowadays sedentary lifestyle and carbohydrate-and lipid-rich diet 

are huge problems worldwide. These habits can lead to the development of many pathological 

conditions, primarily obesity and diabetes mellitus (DM). DM is in fact a group of metabolic 

disorders and the main cause of the pathological changes here is hyperglycemia. This elevated 

blood glucose level can damage several organs, such as the heart, blood vessels, kidneys and 

eyes. Since cardiovascular diseases (CVD) are responsible for a significantly high proportion 

of death cases in the world, our research was focusing on the cardiac effects of DM. Although 

it is common knowledge that the most frequent type of DM is type two DM (T2DM) and this 

type has the most prominent role in death due to diabetes, it is to be known that the prediabetic 

state - which precedes overt diabetes - also poses a high risk to the heart. Besides, considering 

cardiovascular risk, a less known but notable type of DM, non-obese T2DM should be 

mentioned as well. Unlike the traditional, obese type of T2DM, our knowledge on the molecular 

mechanisms leading to cardiac dysfunctions in non-obese T2DM and prediabetes is quite 

limited. Thus, our main goal was to investigate the possible causes of prediabetes- and non-

obese T2DM-induced cardiac complications. 

Methods: To induce prediabetes, male Wistar rats were fed with a high-fructose (60% 

w/w) diet for 24 weeks, while the control group was given a standard laboratory chow. Fasting 

blood glucose (FBG) was measured every 4 weeks, while at weeks 12, 16, 20 and 24 oral 

glucose tolerance test (OGTT) was performed. At week 20 and 24, blood samples were taken 

to measure serum parameters such as insulin, triglyceride (TG), cholesterol, markers of heart 

and liver damage and oxidative stress. At the end of the 24 weeks feeding period, cardiac 

function was assessed by in vivo echocardiography and ex vivo isolated working heart 

perfusions. Following the perfusions, myocardial tissue, liver and pancreata were harvested for 

biochemical and/or molecular biological analyses.  

As for non-obese T2DM, we used a well-known genetic animal model of the disease, i.e.  

the Goto-Kakizaki (GK) rat. 6 weeks old male GK rats and their aged-matched male Wistar 

controls were investigated for 9 weeks. Body weight, FBG, insulin and cholesterol levels were 

measured at week 7, 11 and 15, while at week 15, OGTTs were performed. Following 

anaesthesia at 15 weeks of age, the animals’ hearts and pancreata were isolated and the hearts 

were perfused according to Langendorff. After perfusion, ventricular tissue was frozen for gene 

expression analyses. Finally, gene ontology (GO) analysis was used for integration genes with 

pathways and biological interaction networks to detect coordinated changes in functionally 

related genes. 
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Main results: Due to chronic fructose feeding, FBG measurement and OGTT showed 

slightly but significantly elevated values indicating the development of prediabetic condition. 

Besides, the significantly increased homeostatic model assessment for insulin resistance 

(HOMA-IR index) and pancreatic insulin levels, along with the unaltered serum insulin levels 

demonstrated the emergence of a mild insulin resistance in the fructose-fed group. As for the 

liver, there were macroscopic signs of fatty degeneration possibly caused by de novo 

lipogenesis (DNL) initiated by fructose feeding. Both echocardiographic and isolated working 

heart perfusion data demonstrated diastolic dysfunction in the fructose-fed group. Lipidomic 

analysis revealed complex rearrangement of the whole lipidome with special emphasis on the 

defects in cardiolipin (CL) remodeling. Serum lipid parameters, markers of heart and liver 

damage and oxidative stress did not show significant alterations.  

In GK rats, FBG, serum insulin and cholesterol levels were significantly increased, while 

glucose tolerance and insulin sensitivity were significantly impaired as compared to the 

controls. In the hearts of the GK rats, 138 genes showed more than threefold change of 

expression as compared to the levels of control rats. Among these genes, 50 were significantly 

upregulated and 88 were significantly downregulated. The genes influenced by non-obese 

T2DM include functional clusters of metabolism, signal transduction, receptors and ion 

channels, membrane and structural proteins, cell growth and differentiation, immune response 

and others. GO analysis revealed numerous significantly enriched functional interrelationships 

between genes affected by non-obese T2DM.    

Conclusions: Our findings demonstrate that even very early stages of prediabetes can 

impair cardiac function and can lead to significant changes in the lipidome of the heart prior to 

the development of excessive oxidative stress and cellular damage.  

In our other study, we have presented for the first time that non-obese T2DM is associated 

with a profound modification of the cardiac transcriptome. The altered genes might be involved 

in the development of diabetic cardiomyopathy (DCM) and could be potential therapeutic 

targets in non-obese T2DM. 
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1. INTRODUCTION 

Unfortunately, nowadays a significant proportion of people consume too much, especially 

carbohydrate-rich food and drinks, and/or spend too little time exercising. These and many 

other factors can result in obesity and DM. DM is a group of metabolic diseases with one 

common manifestation, i.e. hyperglycemia. Chronic hyperglycemia can lead to impairment of 

the heart, blood vessels, nerves, eyes, kidneys etc. In the background of this pathologically 

elevated blood glucose level, however, there is greatly different etiology and pathophysiology, 

meaning that diabetic patients need diverse prevention strategies, diagnostic screening 

techniques and treatments [1].  

The vast majority of cases of DM falls into two broad categories: type one- and type two 

DM (T1DM and T2DM). In the background of T1DM - which is the less common form - there 

is an absolute deficiency of insulin secretion [2]. These patients are usually young and thin. As 

for the much more prevalent T2DM, the causes are resistance to insulin action and consequently 

an insufficient insulin secretory response [2]. People struggling with this type of DM are 

primarily adults and obese. In addition to the two main types of DM, the significance of 

prediabetes also should be emphasized, since this hyperglycemic, pathological state preceding 

overt diabetes may strongly be associated with an elevated risk of heart diseases [3].  

The number of people struggling with diabetes increased from 108 million in 1980 to 422 

million in 2014, and this growth can be observed mainly in the low- and middle-income 

countries. In 2019, approximately 1.5 million deaths could directly be connected to DM [4].  

 

Figure 1. General statistical data on diabetes mellitus according to WHO. Source: [5]  
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T2DM is the most common form of diabetes - it accounts for 90-95% of all DM cases [6]. 

One of the most important complications of the disease is heart failure and it is known that 

diabetic patients have over twice the risk of developing this disorder than patients without 

T2DM [7,8]. Although researchers published a lot of data about DM and its effects on the 

cardiovascular system, there are still seveal uncertain and lacking information that would serve 

the better understanding of the pathomechanism in the background of the disease and would 

help to develop better therapeutic methods. Thus, further research on diabetes and its 

complications have great relevance. In the following paragraphs of the introduction, I will focus 

on and briefly demonstrate prediabetes and a less known but significant form of T2DM, i.e. 

non-obese T2DM, concentrating on their connection with heart diseases. Besides, preclinical 

models that used for investigating these pathological states will also be discussed in this part of 

my thesis.  

1.1. Characterization of prediabetes: epidemiology, pathomechanism, cardiac effects 

By definition prediabetes is a metabolic state when fasting plasma glucose (FPG) level is 

between 5.6 and 7 mmol/L, or blood glucose value measured at the second hour of an OGTT is 

between 7.8 and 11.1 mmol/L or hemoglobin A1c (HbA1c) level is between 5.7 and 6.5%. Thus 

we can say that though the glucose parameters are too high to be considered normal, they do 

not meet the criteria for diabetes. Prediabetes - which usually precedes DM - affects 

approximately 35% of the population and unfortunately may remain symptomless for many 

years [9], consequently only every third patient suffering from prediabetes is aware of his or 

her disease.  

Although currently we have much less data about prediabetes than DM, plenty of research 

focus on it due to its high prevalence and severe consequences [10]. The most important risk 

factors for prediabetes include obesity, age, familiar appearance of T2DM and decreased 

physical activity. Recognizing the disease can be problematic, since it has only a few silent 

symptoms such as impaired glucose tolerance, hyperinsulinemia, insulin resistance and mild 

hyperglycemia. Another reason why it is complicated to recognize prediabetic state is that the 

early symptoms can not be detected by simple clinical tests; complex measurements like OGTT 

are needed that are used less frequently in the clinical routine. As a result of the above, 

unfortunately, a significant proportion of prediabetic patients notices their illness when it has 

already turned to T2DM.  
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The transition from a metabolically healthy state to prediabetes commonly includes an 

obese state characterized by hyperinsulinemia, insulin resistance and dyslipidemia [11,12]. 

However, it is important to emphasize that both metabolically healthy obese individuals and 

metabolically unhealthy lean individuals can be found in the general population [13]. This fact 

indicates that obesity might not automatically result in the development of prediabetes and 

subsequent T2DM [14].  

It should be stressed that even the previously mentioned slightly elevated but nondiabetic 

levels of hyperglycemia and impaired glucose tolerance can have a cause-effect relationship to 

CVD [3,15]. As prediabetes is difficult to recognize, this condition is associated with a latent 

cardiovascular risk, which can lead to heart damage and later severe complications. Even 

though some of the risk might be due to the progression to overt diabetes, there is still an 

independent risk in individuals who have not yet progressed to DM [16].  

Although only a limited amount of data is available about the effect of prediabetes on the 

heart, we know that the main macrovascular complications associated with this pathological 

condition are coronary artery disease (CAD) and heart failure. Developing atherosclerosis and 

then CAD has a high risk in these patients, as prediabetes and metabolic syndrome often coexist 

[17]. In addition to this, according to the literature prediabetic people have an increase in 

fibrinogen and high-sensitivity C-reactive protein (hs-CRP) - both considered as proatherogenic 

factors- compared with normoglycemic patients [18,19].   

It was reported that prediabetes can cause heart failure with preserved ejection fraction 

(HFpEF) in rats [10] and patients [20,21], characterized by diastolic dysfunction. Although the 

exact molecular mechanisms in the background of diastolic dysfunction in prediabetes and DM 

are not clarified, some processes can be supposed, such as cardiac mitochondrial disorders, 

cardiac lipid accumulation, decreased β-myosin heavy chain (β-MHC) expression and 

decreased Sarcoplasmic/Endoplasmic reticulum calcium ATP-ase 2a (SERCA2a) activity 

[10,22–24]. As for T2DM, it is indicated that its pathology is associated with myocardial 

lipotoxicity [25], which can lead to defective mitochondrial function [26]. Due to the 

impairment of mitochondrial function enhanced oxidative stress and activated apoptosis occur, 

and these processes contribute to cardiac dysfunction [27]. Although the role of lipotoxicity, 

oxidative stress and apoptosis has been well studied in DM, the function of these mechanisms 

in prediabetes has not been well characterized yet.  

Schlame and Ren reported that the proper lipid composition in the heart is strongly 

correlated with cardiac function and greatly relies on proper CL content and species profile 

[28]. CL is a crucial phospholipid (PL) of the mitochondria that takes part in essential processes 
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like respiration and energy conversion [29]. As the heart is full of mitochondria and CL 

accounts for approximately 15% of all membrane lipids, alterations in CL content and/or 

species profile, i. e. the proper cardiac lipid composition can cause mitochondrial dysfunction 

which can lead to cardiac diseases including prediabetes and diabetes [30]. Alteration of the 

lipid composition can be reached by the induction of DNL, as it has the capacity to modify the 

circulating nonesterified fatty acid (FA) profile [31]. High-fructose diet is often used to induce 

prediabetes in rats, and since the metabolism of fructose leads to enhanced DNL in the liver, 

this model could be suitable to investigate the possible cardiac effects of the modified lipid pool 

in prediabetic state.  

1.2. Characterization of diabetes mellitus: types, epidemiology, pathomechanism, 

cardiac effects 

DM is a heterogenous chronic metabolic disorder characterized by hyperglycemia resulting 

from impaired insulin secretion, insulin resistance, or both [32]. The disease can be described 

by FPG level higher than 7 mmol/L, or blood glucose value measured at the second hour of an 

OGTT higher than 11.1 mmol/L or HbA1c level more than 6.5%.  

It was reported by the International Diabetes Federation (IDF) that in 2019, circa 463 

million adults were suffering from DM and this huge number was estimated to reach 700 

million by 2045. As stated also by the IDF, in 2019, 1 in 5 people above 65 years had diabetes 

[33]. Clearly, T2DM is the most common form of diabetes - it accounts for 90-95% of all DM 

cases [6]. 

DM is classified by etiology and pathology as T1DM, T2DM and gestational DM (GDM). 

GDM affects about 5% of pregnant women and in most cases is an early form of T2DM. T1DM 

accounts for 5% to 10% of people with diabetes and the remainder, about 90% is affected by 

T2DM [34].  

T1DM is primarily a genetic disease of the immune system and the genes responsible for 

this disease are carried on chromosome 6. When some of these genes are abnormal, autoimmune 

diseases such as T1DM can be developed. However, genetics is not the only reason - there are 

some environmental factors involved that trigger the immune system to attack and destroy the 

β cells of the pancreas, causing insulin deficiency and diabetes. These environmental factors 

can be certain viruses, such as coxsackie viruses. The death of the β cells by the T lymphocytes 

of the immune system manifests as the total loss of insulin production. As the insulin deficit is 

absolute and lifelong, treatment in all persons with T1DM must be with insulin - for life. 
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Absolute insulin deficiency results in an impairment of some metabolic processes: glucose 

cannot enter the cells and accumulates in the blood leading to hyperglycemia, which causes 

polyuria, then polydipsia and polyphagia. In spite of polyphagia, there is cell death and loss, so 

there is weight loss. Fat breakdown results in free fatty acids (FFAs) being released from fat 

cells. FFAs are changed into ketone bodies and can cause ketoacidosis, which can result in 

coma and death without treatment [34]. According to the reports of the IDF, in 2019 more than 

1.1 million children and adolescents were suffering from T1DM [33].  

T2DM is in fact a group of diseases, i.e. a syndrome with different genetics and 

pathophysiology but similar symptoms and outcome [35]. T2DM is increasing in prevalence 

worldwide [36], and it is strongly associated with obesity and insulin resistance [37]. Insulin 

resistance is probably the first defect in T2DM, which is caused by genetic factors in the 

peripheral cells and liver cells as well as environmental factors like aging, sedentary lifestyle 

and obesity. All obese people have a degree of insulin resistance and compensatory 

hyperinsulinemia, but not all of these people will get diabetes. Progressive insulin deficiency is 

the other defect of T2DM. It is different from the insulin deficiency of T1DM in that it is not 

mediated by the immune system. In case of T2DM, the phenomenon may be due to β cell 

exhaustion from the hypersecretion of insulin, glucose or lipid toxicity to the β cells, or genetic 

factors [34].  

The pathophysiology of diabetic complications can be differentiated into three kinds: 

macrovascular, microvascular and neurologic. The common denominator of these 

complications is elevated blood glucose level. Microvascular disease affects capillaries all over 

the body; the eyes and the kidneys are the organs most obviously involved. Diabetic retinopathy 

is the most common cause of adult blindness, as well as diabetic nephropathy accounts for over 

half of the people on dialysis or receiving kidney transplants [34].  

Neuropathy resulting from diabetes is estimated to affect 60% – 70% of people with 

diabetes depending on age, duration of diabetes, presence or absence of pain, and whether or 

not other causes of neuropathy are excluded. Neuropathies are characterized by a progressive 

loss of nerve fibers affecting both the autonomic and somatic divisions of the nervous system 

[38]. Epidemiologic studies have identified duration and severity of hyperglycemia as the major 

risk factors for the development of diabetic neuropathy in patients with both T1DM and T2DM 

[39].  

In case of the macrovascular complications mainly the large blood vessels of the heart, 

brain and legs are affected. The commonest manifestation of macrovascular disease is the 

atherosclerosis of the coronary arteries, which is the major cause of death in people with 
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diabetes [34]. Among the risk factors of atherosclerosis, not only T2DM, but also cholesterol, 

smoking, sedentary lifestyle, obesity and hypertension are to be mentioned. [34].  

Furthermore, it is common knowledge that besides atherosclerosis, diabetic patients also 

have an increased risk of developing other CVD, such as DCM. DCM is considered as left 

ventricular (LV) diastolic and/or systolic dysfunction with hypertrophy and fibrosis without 

preceding hypertension, coronary artery disease and valvular or congenital heart disease [40].  

T2DM patients are generally obese, however, we should not forget that around 20% of 

people suffering from the disease are non-obese in Europe and Asia [41–44]. In the background 

of the non-obese T2DM there is a more pronounced reduction in insulin secretion and less 

severe insulin resistance when compared with the more characteristic obese phenotype [41]. 

The risk of T2DM in these non-obese individuals is said to be primarily affected by polygenic 

inheritance and prenatal environment [41]. Similarly to obese T2DM patients, non-obese ones 

also have an elevated risk of CVD, as it has been described several times in the relevant 

literature [41,45,46]. These cardiovascular complications include LV hypertrophy, fibrosis and 

diastolic and/or systolic dysfunction [32,47–49]. Nonetheless, the exact molecular mechanisms 

leading to these pathological alterations are not well-known. In the background of systolic 

dysfunction, a possible key factor might be an antioxidative derangement, indicated by the 

significantly inhibited nuclear erythroid 2-related factor 2 (Nrf2) pathway observed in a non-

obese T2DM mouse model [50]. As for the potential causes behind cardiac hypertrophy, Apaijai 

et al. postulated that estrogen deprivation increased the severity of hypertrophy by provoking 

inflammation and oxidative stress in the heart of GK rats [51]. Despite we have the above 

mentioned experimental findings about the cardiac effects of non-obese T2DM, we still need 

to expand our knowledge about the causes of myocardial injuries. One possible way to do so is 

the analysis of cardiac gene expression profile, since the up-or downregulation of certain genes 

can induce pathological processes and result in deteriorations in the heart. The analysis of the 

transcriptome is a frequently used method in different DM models [52,53], but as for non-obese 

T2DM, very little data is available. 

1.3. Preclinical models of diabetes mellitus and prediabetes  

Animal models play a crucial role in the research and characterization of disease 

pathophysiology, target identification, and in the evaluation of novel therapeutic agents and 

treatments in vivo [54]. Basically, we can distinguish the following types of animal models: [i] 

genetic - or spontaneously ill - models, [ii] genetically modified models, [iii] diet-induced 
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models, [iv] surgically created models and [v] chemically-induced models. Focusing on DM, 

the most common animal models are, on the one hand, chemically-induced models, on the other 

hand, genetic models [54]. In case of chemically-induced diabetes, streptozotocin (STZ) and 

alloxan are the main drugs to be applied [55]. Both chemicals are employed as cytotoxic glucose 

analogues that are prone to accumulate in pancreatic beta cells using glucose transporter 2 [55]. 

As for the genetic models of T2DM, Zucker Diabetic Fatty (ZDF) rats, GK rats [54] and db/db 

mice are used most commonly.  

For the investigation of the cardiac effects of non-obese T2DM, we decided to use a genetic 

model animal, the GK rat. GK rat is a widely known and used model animal of inherited T2DM 

[56,57]. This special strain was developed by selective breeding of ordinary Wistar rats with 

the highest normal blood glucose levels after applying OGTT [58]. By week 4-5, GK rats can 

be characterized with a non-obese and slight hyperglycemic phenotype along with glucose 

intolerance and subsequently peripheral insulin resistance [56], which turns to a hyperglycemic 

insulin-deficient condition as they getting older [59,60].  

GK rats show valuable characteristics that are more or less common and functionally 

present in human diabetic patients [57]. However, hyperglycemia and glucose intolerance 

developed in these animals are not connected with the development of obesity or hypertension 

[32]. Another characteristic features of this non-obese rat strain are impaired insulin secretion 

in response to glucose not only in vivo but in isolated pancreata, elevated glycosylated 

hemoglobin, altered heart and body weight, and various late complications, including 

neuropathy, nephropathy [57] and cardiovascular disorders [32,47–49]. Since these 

cardiovascular disorders include hypertrophy, fibrosis and systolic and/or diastolic dysfunction, 

which can be found in the background of DCM [40], the development of DCM is very likely in 

GK rats.  

As mentioned above, in adult GK rats several cardiovascular complications has been shown 

to develop, and considering that the pathogenesis of T2DM present is humans is quite well 

mimicked in this rodent, we can state that GK rat is an applicable model animal for the 

examination of the consequences of non-obese T2 diabetes in the heart. Another reason we 

chose this genetic model to study non-obese T2DM was that in GK rats the development of the 

disease is spontaneous, as opposed to the other frequently applied models of DM, the 

chemically-induced models. The latter methods are rather used to induce T1DM, since the 

previously mentioned chemical agents, STZ and alloxan cause the degradation of pancreatic 

beta cells and thus significantly reduce the number of insulin producing cells. Another argument 

against chemically-induced models is that the intraperitoneal or intravenous administration of 
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the drugs (mainly when applied repeatedly) makes the animals stressed and this may induce 

adverse metabolic processes.  

In addition to genetic and chemical animal models, the mostly high carbohydrate and/or 

high fat containing, diet-induced models are also used quite often to achieve experimental 

diabetic or prediabetic condition. As people nowadays consume more and more food containing 

a high amount of carbohydrates and/or fats, applying especially chronic, diet-induced models 

seems to be an appropriate way to induce and examine the developed prediabetic or diabetic 

states. 

As previously mentioned, high-fat diet, high-carbohydrate diet and mostly their 

combination [61–63] are also applied to mimic the pathological effects of prediabetes and DM 

in humans, and it has a notably rich literature. As a source of sugar in the chow and/or drinking 

water of the experimental animals, fructose [64,65], sucrose [66,67], and glucose [68] are most 

commonly used. Regarding high-fat diet, the use of lard [69,70] and vegetable oils [71] is usual. 

It is also common to supplement these special diets with STZ injection [72–75]. In our study, 

we used fructose-enriched diet for two reasons. On the one hand, high-fructose corn syrup is 

often used as a sweetener in foods and drinks, and consuming these fructose-rich foods or 

beverages results in adverse effects on animals [76] and humans [77]. On the other hand, as 

mentioned earlier, high-fructose diet is often applied to induce prediabetes in rats, and since the 

metabolism of fructose gives rise to enhanced DNL in the liver, it might be a proper method to 

investigate the effects of the modified lipid pool in the heart as well.   

Due to the continuous increase in the prevalence of DM in the world, diabetic animal 

models are admittedly play a crucial role in clarifying the pathogenesis of human diabetes and 

its complications. Moreover, these models are also important for investigating and developing 

novel drugs for the disease along with the complications of it [54]. The better understanding of 

refined animal models will hopefully lead to more appropriate preclinical studies and 

improvement of therapeutics for DM [78].  
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2. AIMS 

Our main goal was to investigate the cardiac effects of prediabetes and non-obese T2DM. 

For the prediabetic study, we used a chronic, high-fructose diet-induced non-genetic rat model. 

Unlike in diabetes, not much is known about the molecular mechanisms causing diastolic 

dysfunction in prediabetes. It is common knowledge, however, that the metabolism of fructose 

leads to DNL in the liver. Thus, we were curious whether the altered lipidome has adverse 

effects on the heart, playing a role in cardiac dysfunction. Moreover, since increased apoptosis 

and oxidative stress - possibly caused by myocardial lipotoxicity - often contribute to cardiac 

dysfunction (which is known to be developed already in this early, mild prediabetic stage), in 

our present study, we also aimed to explore the effects of prediabetes on apoptosis and oxidative 

stress in the heart.  

To investigate the cardiac effects of non-obese T2DM, GK rat, a well-known genetic model 

of the disease was chosen. The molecular mechanisms in the background of cardiac 

complications in non-obese T2DM are not known exactly. Though there are some literature 

data on the cardiovascular complications of non-obese T2DM, alterations in the heart of GK 

rats at the transcript level has never been studied before. There are a few data about the effects 

of non-obese T2DM on gene expression pattern in various tissue types (pancreatic islets 

[79,80], liver [81], skeletal muscle [82], adipose tissue [83], hippocampus and prefrontal cortex 

[84]), but not in the heart. So our goal was to examine the influence of non-obese T2 diabetes 

on cardiac alterations of the transcriptome in GK rats.  
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3. METHODS 

3.1. Diet-induced prediabetes model 

3.1.1. Experimental design 

Male Wistar rats (310–450 g, n=16 in the entire study) were kept under controlled 

temperature with 12/12 h light/dark cycles. Animals were divided into two groups and were fed 

with the following diets for 24 weeks: the control group (n=8) was fed with a standard 

laboratory chow, while the fructose-fed group (n=8) received a chow containing 60% w/w 

fructose. FBG was measured every 4 weeks, while at weeks 12, 16, 20 and 24 OGTTs were 

performed. At week 20 and week 24, blood samples were taken to measure serum parameters 

such as insulin, TG, cholesterol, markers of heart and liver damage (e. g. creatine kinase (CK), 

alanine- and aspartate aminotransferase (ALAT, ASAT)) and oxidative stress 

(malondialdehyde (MDA), 3-nitrotyrosine (3-NT)). At the end of the feeding protocol, cardiac 

function was assessed by both in vivo echocardiography and ex vivo isolated working heart 

perfusions (Figure 2). Following the perfusions, myocardial tissue was harvested for 

biochemical analysis. 

 

Figure 2. Experimental protocol. Male Wistar rats were divided into control (n=8) and 

fructose-fed (n=8) groups receiving either a standard chow or a chow supplemented with 60% 

w/w fructose, respectively, for 24 weeks. Fasting blood glucose measurement or oral glucose 

tolerance test (OGTT) was performed every four weeks to monitor the development of 

prediabetic condition. At week 24, transthoracic echocardiography was performed to monitor 

cardiac function and morphology. Then, the hearts of the animals were isolated and mounted 

on a working heart perfusion system to measure hemodynamic and left ventricular pressure 

parameters. After the perfusions, hearts were frozen for measurement of biochemical 

parameters. 

 

3.1.2. Measurement of serum glucose levels and OGTT  

As described previously, rats were fasted overnight prior to serum glucose level 

measurements (weeks 0, 4 and 8) and OGTTs (weeks 12, 16, 20 and 24) to verify the 

development of hyperglycemia and glucose-intolerance as diagnostic criteria of diabetes 
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mellitus [49,52,53]. Blood samples were collected from the saphenous vein. Blood glucose 

levels were measured using Accu-Chek blood glucose monitoring systems (Roche Diagnostics 

Corporation, USA, Indianapolis) [52,53,85]. In case of OGTT, after the measurement of 

baseline glucose concentrations, 1.5 g/kg body weight glucose was administered per os via 

gavage and blood glucose levels were checked 30, 60 and 120 min later [52,53,85]. Area under 

the curve (AUC) values for OGTT was also calculated. 

3.1.3. Measurement of serum and pancreatic insulin levels 

Serum and pancreatic insulin levels were measured by enzyme-linked immunosorbent 

assay (ELISA) (Mercodia, Ultrasensitive Rat Insulin ELISA). Insulin ELISA was carried out 

according to the instructions of the manufacturer from either sera or homogenized pancreatic 

tissue samples of fructose-fed and control rats. At week 20 sera were centrifuged (2000 g for 

10 min at 4 °C) and kept at -20 °C until further investigation. At week 24 pancreata were 

removed, trimmed free of adipose tissue and weighed. Pancreata were homogenized in 6 mL 

cold acidified ethanol (0.7 M HCl: ethanol (1: 3 v/v)) with an Ultra Turrax homogenizer and 

were kept at 4 °C for 24 h. Then, pancreas homogenates were centrifuged (900 g for 15 min at 

4 °C) and the supernatants were stored at 4 °C. The pellet was extracted again with 3 mL 

acidified ethanol for 24 h at 4 °C. The supernatant obtained after centrifugation was pooled with 

the previous one and kept at -20 °C until assayed [52,86]. 

3.1.4. Homeostatic model assessment for insulin resistance (HOMA-IR index) 

To estimate insulin resistance in fructose-fed or control rats, the widely used HOMA-IR 

index was calculated [52,87,88] by multiplying fasting serum insulin (μU/mL) with fasting 

serum glucose (mmol/L) then dividing by the constant 22.5, i.e., HOMA-IR = (fasting serum 

insulin concentration × fasting serum glucose concentration) /22.5. 

3.1.5. Measurement of serum lipid levels 

Serum total cholesterol (TC), TG, and LDL and HDL (low-density and high-density 

lipoprotein) cholesterol levels were measured at week 24 in triplicate, using commercially 

available colorimetric assay kits applying enzymatic determinations (Diagnosticum Ltd., 

Budapest, Hungary) adapted to 96-well plates. Accuracy of the assays was monitored by using 

Standard Lipid Controls (Sentinel, Milan, Italy). Results are expressed as mmol/L of serum 

[89].  
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3.1.6. Measurement of serum markers of liver and heart damage 

ALAT, ASAT, CK and lactate dehydrogenase (LDH) enzyme activities were measured 

with UV assays standardized according to the recommendations of the International Federation 

of Clinical Chemistry (IFCC). CK-MB enzyme activities were determined using an 

immunological UV assay. All reagents and instruments were purchased from Roche 

Diagnostics. 

3.1.7. Transthoracic echocardiography 

Cardiac morphology and function were assessed by transthoracic echocardiography at 

week 24 as described previously [90–92]. Briefly, rats were anesthetized with sodium 

pentobarbital (Euthasol, 40 mg/kg body weight i.p.). Then, the chest was shaved, and the rat 

was placed in a supine position onto a heating pad. Two-dimensional, motion-mode (MM) and 

Doppler echocardiographic examinations were performed by the criteria of the American 

Society of Echocardiography with a Vivid IQ ultrasound system (General Electric Medical 

Systems), using a phased array 5.0–11 MHz transducer (GE 12S-RS probe). Data of three 

consecutive heart cycles were analyzed (EchoPac Dimension software; General Electric 

Medical Systems) by an experienced investigator in a blinded manner. Systolic and diastolic 

wall thickness parameters were obtained from parasternal short-axis (SA) view at the level of 

the papillary muscles (anterior and inferior walls) and long-axis (LA) view at the level of the 

mitral valve (septal and posterior walls). The LV diameters were measured by means of MM 

echocardiography from LA views between the endocardial borders. Fractional shortening (FS) 

was used as a measure of cardiac contractility (FS = (LV end-diastolic diameter (LVEDD) − 

LV end-systolic diameter (LVESD)) / LVEDD × 100). Functional parameters including LV 

end-diastolic volume (LVEDV) and LV end-systolic volume (LVESV) were calculated on four-

chamber (4CH) view images delineating the endocardial borders in diastole and systole. Stroke 

volume was calculated as the difference of LVEDV and LVESV. Ejection fraction (EF) was 

calculated according to the formula (LVEDV − LVESV) / LVEDV ∗ 100. Diastolic function 

was assessed using pulse-wave Doppler across the mitral valve from the apical 4CH view. Early 

(E) and atrial (A) flow velocities provide an indication of diastolic function. Heart rate was also 

calculated using pulse-wave Doppler images during the measurement of transvalvular flow 

velocity profiles according to the length of 3 consecutive heart cycles measured between the 

start points of the E waves. The mean values of three measurements were calculated and used 

for statistical evaluation. 
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3.1.8. Working heart perfusion 

Immediately after the echocardiography, cardiac performance was assessed in isolated 

working rat hearts, as described earlier [89,93,94]. Anesthetized rats were given 500 U/kg 

heparin intravenously. Hearts were then isolated, and the aorta was cannulated and initially 

perfused in Langendorff mode (at a constant pressure of 73 mmHg, 37 °C) with Krebs-Henseleit 

buffer containing NaCl 118 mM, NaHCO3 25 mM, KCl 4.3 mM, CaCl2 2.4 mM, KH2PO4 1.2 

mM, MgSO4 1.2 mM and glucose 11 mM, gassed with 95% O2 and 5% CO2 [90,95]. Then, the 

perfusion system was switched to working mode according to Neely with recirculating buffer 

[95,96]. Hydrostatic preload and afterload were kept constant at 13 mmHg and 73 mmHg, 

respectively, throughout the experiments. Hearts were subjected to 10 min equilibration period 

before measurement. Cardiac functional parameters including heart rate, coronary flow (CF), 

aortic flow, cardiac output, LV developed pressure (LVDP) and its first derivatives (dp/dt max 

and dp/dt min) and LV end-diastolic pressure (LVEDP) were measured. CF was collected in a 

beaker for one minute, then measured by a measuring cylinder. Aortic flow was measured by a 

flowmeter. LV pressure parameters were registered by a cannula placed into the left ventricle 

through the left atrium. ISOSYS sofware was used to evaluate aortic flow and LV pressure 

values. At the end of the perfusion, the hearts were weighed, and the left and right ventricles 

were separated. The left ventricles were snap frozen in liquid nitrogen and stored at −80 °C 

until they were used for biochemical assays. 

3.1.9. mRNA expression profiling by qRT-PCR 

Quantitative real-time - Polymerase chain reaction (qRT-PCR) was performed with gene-

specific primers to monitor mRNA expression as described previously [92]. To assess DNL, 

expression of sterol regulatory element-binding transcription factor 1 (Srebf1), stearoyl-CoA 

desaturase 1 (Scd1), fatty acid synthase (Fasn), acetyl-CoA carboxylase 1 (Acaca), 

carbohydrate-responsive element-binding protein (Mlxipl), elongation of very-long-chain fatty 

acids protein 6 (Elovl6), fatty acid desaturase 1 (Fads1) and fatty acid desaturase 2 (Fads2) 

were measured from liver samples. To assess cardiac hypertrophy, expression of myosin heavy 

chain α isoform (Myh6) and myosin heavy chain β isoform (Myh7) was measured. RNA was 

isolated using Qiagen RNeasy Fibrous Tissue Mini Kit (Qiagen, #74704) from the liver and 

heart tissues. Briefly, 4 μg and 2.2 μg of total RNA from liver and heart samples, respectively, 

were reverse transcribed using iScript™ Advanced cDNA Synthesis kit (Bio-Rad, 1725038), 

and specific primers and SsoAdvanced ™ Universal SYBR® Green Supermix (Bio-Rad) were 
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used according to the manufacturer’s instructions. Hypoxanthine phosphoribosyltransferase 1 

(Hprt1) was used as control for normalization. 

3.1.10. Lipidomics  

Approximately 20 mg of the powdered left ventricle was directly extracted by adding 1 mL 

of methanol containing 0.001% butylated hydroxytoluene as an antioxidant and 60 μg di20:0 

phosphatidylcholine as extraction standard. After a 5 min sonication in a water bath sonicator, 

the mixture was shaken for 5 min and centrifuged at 10000 × g for 5 min. The supernatant was 

transferred into a new Eppendorf tube and stored at −20 °C until mass spectrometry (MS) 

analysis. The solvents used for extraction and MS analyses were of Optima Liquid 

chromatography-Mass spectrometry (LCMS) grade from Thermo Fisher Scientific (Bremen, 

Germany) and liquid chromatographic grade from Merck (Darmstadt, Germany). Lipid 

standards were purchased from Avanti Polar Lipids (Alabaster, AL). All other chemicals were 

from Sigma-Aldrich (Steinheim, Germany) and were of the best available grade. MS analyses 

were performed on an LTQ-Orbitrap Elite instrument (Thermo Fisher Scientific, Bremen, 

Germany) equipped with a robotic nanoflow ion source (TriVersa NanoMate; Advion 

BioSciences; Ithaca, NY, USA) as described in [97].  

3.1.11. Determination of oxidative stress: measurement of MDA and 3-NT levels 

In order to determine the level of systemic and cardiac lipid peroxidation, serum MDA and 

cardiac tissue MDA were measured by the following manner. Serum samples were mixed 

thoroughly with 1.2 volumes of a stock solution of 15% w/v trichloroacetic acid, 0.375% w/v 

thiobarbituric acid (TBA) and 0.25 N HCl, and heated for 30 min at 95 °C. After cooling and 

centrifugation at 1000×g for 10 min, the supernatant containing TBA were extracted in butanol 

and assayed spectrophotometrically at 535 nm. Freshly diluted tetramethoxypropane which 

yields MDA was used as the external standard [98]. Results are expressed as nmol/mL serum 

or nmol/mg protein. 

For the measurement of 3-NT, a double-antibody sandwich ELISA kit was purchased from 

Genasiabio (Shanghai, China). Left ventricles were homogenized (Heilscher UP100H 

Ultrasonic Processor) in Phosphate Buffer Saline (PBS) (pH 7.2–7.4) and then centrifuged at 

3000 rpm for 20 min at 4 °C. 3-NT was measured according to the manufacturer’s instructions 

and protocols, and optical densities (OD) were determined at 450 nm. Results were expressed 

as nmol/mg protein. 
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3.1.12. Western blot 

The standard western blot technique was used to investigate changes of B-cell lymphoma 

2 (BCL-2), Bcl-2-associated X (BAX), B-cell lymphoma-extra large (BCL-XL), caspase-7 and 

caspase-3 apoptotic proteins in the cardiac tissue, with actin or tubulin loading background. LV 

samples (n=8 per group) were homogenized with an ultrasonicator (UP100H Hielscher, Teltow, 

Germany) in Radio-Immunoprecipitation Assay (RIPA) buffer (50 mM Tris-HCl (pH 8.0)), 150 

mM NaCl, 0.5% sodium deoxycholate, 5 mM ethylenediamine tetra-acetic acid (EDTA), 0.1% 

sodium dodecyl sulfate (SDS), 1% NP-40 (Cell Signaling, Carlsbad, CA, USA) supplemented 

with phenylmethanesulfonyl fluoride (PMSF). The crude homogenates were centrifuged at 

15000 × g for 30 min at 4 °C. After quantification of protein concentrations of the supernatants 

using the BCA Protein Assay Kit (Pierce, Rockford, IL, USA), 25 μg of reduced and 

denaturized protein was loaded. Then, SDS - polyacrylamide gel electrophoresis (SDS-PAGE) 

was performed (10% gel, 50 V, 4 h) followed by the transfer of proteins onto a nitrocellulose 

membrane (20% methanol, 35 V,1.5 h). The efficacy of transfer was checked using Ponceau 

staining. The membranes were cut horizontally into parts corresponding to the molecular 

weights of BAX, BCL-2, BCL-XL, caspase-7, caspase-3, actin and tubulin. Membranes were 

blocked for 1 h in 5% w/v bovine serum albumin (BSA) and were incubated with primary 

antibodies in the concentrations of 1:1000 against BAX (#2772), BCL-2 (#3498), BCL-XL 

(#2764), caspase-7 (#12827), caspase-3 (#14220), α-tubulin (#2144) and β-actin (#4970) 

overnight at 4 °C in 5% BSA. Then, the membranes were incubated with IRDye® 800CW Goat 

Anti-Rabbit secondary antibody (Li-Cor) for 1 h at room temperature in 5% BSA. Fluorescent 

signals were detected by Odyssey CLx (LI-COR Biotechnology, Lincoln, Nebraska USA), and 

digital images were analyzed and evaluated by Quantity One Software. 

3.1.13. Statistical analysis 

Lipidomic data are presented as mean±SEM; statistical significance was determined 

according to Storey and Tibshirani [99] and was accepted for p<0.05 corresponding to a false 

discovery rate <0.05. Principal component analysis (PCA) was performed using MetaboAnalyst 

[100]. All other parameters are presented as mean±SEM, and significance between groups was 

determined with two sample t-test or Mann-Whitney Rank Sum Test. 
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3.2. Non-obese genetic model of type 2 diabetes  

3.2.1. Experimental design 

Male GK rats and their age-matched male Wistar controls were obtained from Charles 

River Laboratories at the age of 6 weeks and were housed at 22 ± 2 °C with a 12:12-h light–

dark cycle. The rats received standard rat chow and water ad libitum for 9 weeks after their 

arrival. 

Body weight, serum glucose, insulin, cholesterol levels and HOMA-IR were determined at 

7, 11 and 15 weeks of age in order to monitor the basic parameters of glucose and lipid 

metabolism and insulin resistance in GK and control rats. OGTT was performed at week 15 to 

further characterize glucose homeostasis of GK and control rats. At 15 weeks of age, rats were 

anaesthetized using pentobarbital sodium (Euthasol, 50 mg/kg, Produlab Pharma b.v., 

Raamsdonksveer, The Netherlands). Hearts and pancreata were isolated, and then hearts were 

perfused according to Langendorff as described earlier in 4.1.8. (Figure 3). After 5 min 

perfusion ventricular tissue was frozen and stored at −80 °C until gene expression analysis by 

DNA microarray and qRT-PCR techniques. 

 

Figure 3. Experimental protocol. Male Goto-Kakizaki (GK) rats and their age-matched male 

Wistar controls received standard rat chow and water for 9 weeks after their arrival (6 weeks 

of age). Body weight, fasting blood glucose, insulin and cholesterol levels were measured at 

week 7, 11 and 15 to monitor the basic parameters of glucose and lipid metabolism. At week 

15, oral glucose tolarence test (OGTT) was performed to further characterize glucose 

homeostasis. Following anaesthesia at 15 weeks of age, the animals’ hearts and pancreata 

were isolated and the hearts were perfused according to Langendorff. After perfusion, 

ventricular tissue was frozen for gene expression analyses. 

 

3.2.2. Measurement of serum glucose levels and OGTT 

The methods are the same as described earlier in 3.1.2. with some differences: serum 

glucose level measurements and OGTTs took place at weeks 7, 11 and 15.   
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3.2.3. Measurement of serum and pancreatic insulin levels, HOMA-IR index 

The methods are the same as described earlier in 3.1.3. and 3.1.4. with some differences: 

blood samples were collected at weeks 7, 11 and 15. At week 15, during OGTT blood was 

collected at 0, 30 and 120 min for serum insulin level measurements. Moreover, pancreas 

insulin levels were determined at week 15.  

3.2.4. Measurement of serum cholesterol levels 

The methods are the same as described earlier in 3.1.5. with some differences: in order to 

follow up the development of hypercholesterolemia which is a risk factor of CVD, serum 

cholesterol levels were measured at weeks 7, 11 and 15. 

3.2.5. RNA preparation and DNA microarray analysis 

Total RNA was isolated from heart samples with Qiagen miRNeasy Mini Kit according to 

the manufacturer’s protocol (Qiagen, Hilden, Germany) as described previously [53]. On-

column DNase digestion was carried out with the RNase-Free DNase Set (Qiagen GmbH). 

RNA concentration was measured by NanoDrop 1000 Spectrophotometer (Thermo Fisher 

Scientific Inc., Waltham, MA, USA) and RNA integrity was determined by an Agilent 2100 

Bioanalyzer System (Agilent Technologies Inc., Santa Clara, CA, USA). Samples with an RNA 

integrity number (RIN) above 8.0 were used for further analysis. RNA was stored at −80 °C 

until use.  

Total RNA (1000 ng) was labelled and amplified using the QuickAmp Labelling Kit 

according to the instructions of the manufacturer. Labelled RNA was purified and hybridized 

to Agilent Whole Rat Genome 4 × 44 K array slides, according to the manufacturer’s protocol. 

After washing, array scanning and feature extraction was performed with default scenario by 

Agilent DNA Microarray Scanner and Feature Extraction Software 9.5. 

3.2.6. mRNA expression profiling by qRT-PCR 

In order to validate gene expression changes obtained by DNA microarray, qRT-PCR was 

performed with gene-specific primers. Total RNA (1 μg) was reverse transcribed using High-

Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA US). 

QRT-PCR was performed using TaqMan Array 96 Well Fast Plate 3 × 32 (Thermo Fisher 

Scientific, Waltham, MA US) according to the manufacturer’s instructions on a 7900HT Fast 

Real-Time PCR System. Each well of the TaqMan Array Plate contained 5 μL of Taqman Fast 

Universal Master Mix (2X) no AmpErase® UNG, 1 μL cDNA (50 ng/μL) and 4 μL distilled 
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water in a final reaction volume of 10 μL per well. Then qPCR was performed with the 

following protocol: 50 cycles of 95 °C for 15 s and 60 °C for 1 min. The fluorescence intensity 

was detected after each amplification step. Melting temperature analysis was done after each 

reaction to check the quality of the products. Primers were designed using the online TaqMan® 

Assays custom plating service of the manufacturer. Relative expression ratios were calculated 

as normalized ratios to rat glyceraldehyde-3-phosphate dehydrogenase (Gapdh), hypoxanthine 

phosphoribosyltransferase (Hprt) and ribosomal protein S18 (Rps18) housekeeping genes. A 

nontemplate control sample was used for each primer to check primer-dimer formation. 

Normalized signal levels for each mRNA were calculated using comparative cycle threshold 

method (delta–delta Ct method). Fold change refers to 2−ΔΔCt (in case of upregulated genes) 

and −(1/2−ΔΔCt) (in case of downregulated genes). 

3.2.7. GO analysis 

By using DNA microarrays for transcriptional profiling a large number of genes can be 

analyzed simultaneously [52,101], however, the resulting data do not give direct information 

about possible biological interaction of the differentially expressed genes. GO analysis is a 

suitable method for integration genes with pathways and biological interaction networks to 

detect coordinated changes in functionally related genes [52,101]. A single gene can belong to 

different categories. GO analysis was performed using GO pathway analysis using the open 

access software DAVID bioinformatics system and database (Database for Annotation, 

Visualization and Integrated Discovery, http://www.david.abcc.ncifcrf.gov website) [52,101]. 

The differentially expressed genes were submitted to DAVID bioinformatics system and 

database to reveal significantly enriched biological functions/pathways [52,101]. 

3.2.8. Statistical analysis 

Statistical analysis was performed by using Sigmaplot 12.0 for Windows (Systat Software 

Inc). All values are presented as mean±SEM. Repeated measures Two-Way ANOVA was used 

to determine the effect of T2DM and age on FBG, serum insulin and cholesterol levels as well 

as glucose levels during OGTT. After ANOVA, all pairwise multiple comparison procedures 

with HolmŠídák post hoc tests were used as multiple range tests. Two-sample t test was used 

to determine the effect of T2DM on OGTT AUC, pancreatic insulin concentration, body weight, 

heart weight, heart weight/body weight ratio (HW/BW) and CF. P<0.05 was accepted as a 

statistically significant difference. In the microarray experiments, biological and technical 

replica tests were carried out to gain raw data for statistical analysis. Altogether 4 individual 
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parallel gene activity comparisons were done between the two groups. Both in the microarray 

and qRT-PCR experiments, a two-sample t test was used and the p-value was determined to 

find significant gene expression changes. In the microarray experiments, a corrected p-value 

was determined for each gene to control the false discovery rate using the Benjamini and 

Hochberg multiple testing correction protocol. Gene expression ratios with p-value of <0.05 

and log2 ratio of <−1.00 or log2 ratio of >1.00 (~2.0-fold) were considered as repression or 

overexpression in gene activity, respectively. 
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4. RESULTS 

4.1. Diet-induced prediabetes model 

4.1.1. Characterization of the animal model 

In the present study, male Wistar rats were fed with 60% fructose-containing chow for 24 

weeks to create a model of prediabetes. In order to verify the development of the prediabetic 

state, FBG was measured at every 4th week and OGTT was performed at weeks 12, 16, 20, and 

24. Fasting glucose levels were slightly but significantly higher in fructose-fed rats at weeks 

12, 16, 20, and 24 (Figure 4a). OGTT AUC values were also significantly increased in fructose-

fed rats at weeks 16, 20, and 24 (Figure 4b).  

HOMA-IR, a widely used indicator of insulin resistance, was significantly higher in the 

fructose-fed rats at week 20 (Figure 4c), although no significant difference was detected in 

serum insulin levels (Figure 4d). Pancreatic insulin level was significantly higher in the 

fructose-fed group compared to controls (Figure 4e). 

 
Figure 4. Confirmation of prediabetic condition. (a) fasting blood glucose levels, (b) area 

under the curve (AUC) values for OGTT, (c) homeostatic model assessment for insulin 

resistance (HOMA-IR) at week 20, (d) serum insulin level at week 20 and (e) pancreatic insulin 

level at week 24. Values are mean±SEM, n=7-8, ∗p<0.05. 

Although body weight increased in both groups during the study, by the end of the 24-week 

feeding, the weight of the fructose-fed rats was significantly smaller compared to that of the 

control rats (Table 1). Weight gain during the study was decreased in fructose-fed rats (Table 
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1). As for the organ weights, though liver weight was not significantly different in fructose-fed 

rats, the liver weight to body weight ratio was increased (Table 1). Moreover, during the 

isolation of organs, we have observed macroscopical signs of fatty degeneration on the liver of 

fructose-fed animals. 

Table 1. Body weigths at week 0 and 24, weight gain, isolated organ weights and isolated organ 

weight to body weight ratios at week 24 in both control and fructose-fed rats. Values are 

mean±SEM, n=8, ∗p<0.05. 

 control fructose-fed p-value 

body weight at week 0 (g) 394.75±10.74 380.5±19.27 0.474 

body weight at week 24 (g) 538.25±21.64 454±16.36* 0.005 

body weight gain (g) 144±12 74±8* ≤0.001 

heart weight (mg) 1726±79 1527±71 0.083 

liver weight (mg) 13292±538 12262±467 0.170 

pancreas weight (mg) 1093±111 1101±467 0.951 

heart weight/body weight (mg/g) 3.22±0.14 3.36±0.09 0.422 

liver weight/body weight (mg/g) 22.7±0.2 27.0±0.4* ≤0.001 

pancreas weight/body weight (mg/g) 2.04±0.19 2.43±0.11 0.095 

Despite these characteristic signs on the liver, neither serum lipid parameters (TGs, TC, 

LDL- and HDL-cholesterol) nor liver enzymes (ALAT, ASAT) were increased in fructose-fed 

rats (Table 2).  

Table 2. Parameters measured in serum collected at week 24 in both control and fructose-fed 

rats. Values are mean±SEM, n=8. 

 control fructose-fed p-value 

serum TG (mmol/L) 0.96±0.12 0.94±0.20 0.938 

serum TC (mmol/L) 1.78±0.14 1.61±0.11 0.359 

LDL-cholesterol (mmol/L) 0.45±0.05 0.43±0.08 0.830 

HDL-cholesterol (mmol/L) 0.86±0.08 0.76±0.07 0.335 

ALAT (U/L) 38.63±3.35 35.00±4.08 0.500 

ASAT (U/L) 77.88±4.05 73.29±5.74 0.517 

CK (U/L) 263±46 245±45 0.776 

CK-MB (U/L) 352±75 256±33 0.264 

LDH (U/L) 334.86±63.77 272.50±37.36 0.437 

To further characterize metabolic changes in the liver of fructose-fed rats, qRT-PCR was 

performed. We examined eight different genes related to DNL and experienced significant 

changes in case of Acaca and Elovl6; both of them increased (Figure 5c and h). Besides, a 

tendency of increase could be seen in Fasn expression (Figure 5d). As for the other five 

analyzed genes, we did not observe any alterations. 
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Figure 5. qRT-PCR results in the liver at week 24. Expression of (a) Mlxipl, (b) Srebf1, (c) 

Acaca, (d) Fasn, (e) Scd1, (f) Fads1, (g) Fads2 and (h) Elovl6 in the liver. Values are 

mean±SEM, n=6-7, ∗p<0.05. 

4.1.2. Heart function and morphology 

To characterize prediabetes-induced cardiac changes in fructose-fed rats, transthoracic 

echocardiography was performed at week 24 to investigate cardiac function and morphology 

(data are shown in Table 3). To exclude the potential effect of variations in cardiac mass, the 

morphological data were given after normalization to heart weight. Wall thicknesses and 

ventricular diameters were not changed significantly due to fructose feeding (except for anterior 

wall thickness) (Table 3). Although there was no difference in HR, EF and FS, the E/A ratio 

was significantly smaller in fructose-fed rats indicating the impairment of diastolic filling 

(Table 3). 
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Table 3. Left ventricular morphological and functional parameters examined by 

echocardiography at week 24 in both control and fructose-fed rats. E/A: early/atrial; MV: 

mitral valve; SA: short axis; LA: long axis; MM: motion mode; 4CH: four-chamber view. 

Values are mean±SEM, n=8, ∗p<0.05. 

Parameter (unit) View/Mode Control Fructose-fed p-value 

Left ventricular morphology/ 

heart weight (mm/g) 
    

Anterior wall thickness in systole  SA/MM 1.96±0.11 2.28±0.06* 0.02 

Anterior wall thickness in diastole  SA/MM 1.27±0.07 1.32±0.06 0.60 

Inferior wall thickness in systole  SA/MM 1.96±0.06 2.20±0.11 0.08 

Inferior wall thickness in diastole  SA/MM 1.38±0.10 1.34±0.10 0.80 

Posterior wall thickness in systole  LA/MM 1.96±0.20 2.05±0.09 0.67 

Posterior wall thickness in diastole  LA/MM 1.21±0.12 1.29±0.06 0.56 

Septal wall thickness in systole  LA/MM 2.28±0.14 2.34±0.11 0.74 

Septal wall thickness in diastole  LA/MM 1.36±0.06 1.73±0.37 0.35 

Left ventricular end diastolic diameter LA/MM 3.86±0.23 4.56±0.27 0.07 

Left ventricular end systolic diameter  LA/MM 1.81±0.10 2.26±0.20 0.08 

Left ventricular function     

 E/A 4CH 1.21±0.07 1.03±0.02* 0.02 

Ejection fraction % 4CH 60.96±3.38 62.83±2.32 0.67 

Fractional shortening % SA/MM 49.57±3.82 54.00±3.60 0.41 

MV E velocity (m/s) 4CH 0.81±0.05 0.73±0.06 0.36 

MV A velocity (m/s) 4CH 0.71±0.07 0.82±0.06 0.26 

Heart rate (1/min) 4CH 346.0±12.9 349.6±6.8 0.82 

Following echocardiography, the hearts were isolated to assess cardiac performance on a 

working heart perfusion system. LVEDP significantly increased, while cardiac output 

significantly decreased in fructose-fed rats (Figure 6).  

 

Figure 6. Cardiac function in isolated perfused hearts. (a) left ventricular end-diastolic 

pressure (LVEDP) and (b) cardiac output. Values are mean±SEM, n=7-8, ∗p<0.05. 

Heart rate, max and min dp/dt, LVDP, and aortic systolic and diastolic pressures were not 

changed between groups during working heart perfusion (Table 4). 
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Table 4. Parameters measured by working heart perfusion at week 24 in both control and 

fructose-fed rats. LVDP: left ventricular developed pressure. Values are mean±SEM, n=7-8. 

 control fructose-fed p-value 

aortic flow (mL) 46.6±3.7 37.4±2.4 0.065 

coronary flow (mL) 24.6±1.1 21.9±1.2 0.121 

max dp/dt (mmHg/s) 5975±330 6063±212 0.832 

min dp/dt (mmHg/s) -3577±222 -4090±237 0.138 

aortic diastolic pressure (mmHg) 45.7±1.7 42.1±1.3 0.120 

aortic systolic pressure (mmHg) 110.3±2.6 116.2±1.5 0.121 

LVDP (mmHg) 137.5±6.0 139.5±4.3 0.803 

Heart rate (1/min) 279±14 263±24 0.554 

Since the echocardiographic examination showed significant increase of anterior wall 

thickness in systole in the fructose-fed group (Table 3), but the weight of the animals was 

significantly lower in this group (Table 1) - though the heart weight and HW/BW were not 

changed significantly (Table 1) -, we wanted to check the possible development of hypertrophy 

in the heart of the fructose-fed animals. In order to assess cardiac hypertrophy at the molecular 

level, mRNA expression of Myh6 and Myh7 was measured. We have found that cardiac Myh6 

mRNA level was increased in fructose-fed rats (Table 5). However, Myh6/Myh7 ratio did not 

differ significantly. 

Table 5. Estimation of cardiac hypertrophy by qRT-PCR. Values are mean±SEM, n=8, 

∗p<0.05. 

 control fructose-fed p-value 

Myh6/Hprt ratio 0.54±0.08 0.93±0.13* 0.030 

Myh7/Hprt ratio 0.56±0.14 0.89±0.18 0.210 

Myh6/Myh7 ratio 1.33±0.28 1.19±0.10 0.672 

It is known that clinical laboratory markers of myocardial injury are increased in diabetic 

cardiomyopathy [102]. Therefore, we measured CK, CK-MB and LDH enzymes and found that 

none of them changed significantly in fructose-fed rats compared to controls (Table 2). 

4.1.3. Lipidomics 

To characterize and elucidate the metabolic changes in the prediabetic heart induced by 

chronically applied fructose-rich diet, we performed high-performance, comprehensive shotgun 

MS-based lipidomic analyses from LV whole membrane extracts. We have identified and 

quantified approximately 200 lipid molecular species encompassing 20 lipid classes. To obtain 

an overview, mol% of membrane lipid values was subjected to the nonsupervised multivariate 

statistics PCA. The clear separation of the sample sets into two nonoverlapping clusters (Figure 

7) indicates complex reshaping and metabolic rewiring of the whole lipidome due to fructose 
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feeding. Examining these alterations in more detail and comparing the molecular species 

patterns for the control and fructose groups revealed 100 statistically significant differences. 

Figure 7. Principal component analysis 

(PCA) score plot. MS data expressed as 

mol% of membrane lipids were centered and 

normalized. Values for 8 independent 

experiments are shown for control and 

fructose-fed samples. Dashed lines display 

95% confidence regions. 

 

 

 

 

 

One of the most noteworthy changes can be connected to the CL remodeling system. The 

level of matured CL showed significant decrease, while monolysocardiolipin (MLCL) level 

increased significantly, and consequently their ratio increased markedly in the membrane 

(MLCL/CL, Figure 8a). Furthermore, at the molecular species level, we detected pronounced 

loss of the most abundant homosymmetric tetra18:2 species CL (72:8) (Figure 8b). This was 

the most prominent change not only in the context of membrane composition but also when 

considering absolute values, i.e., the protein-normalized data displayed dramatic 45% decrease 

for CL (72:8) (from 28.5 to 15.7 nmol/protein mg; p<0.05). The loss in CL (72:8) was paralleled 

by elevations in practically all other asymmetric species independently on chain length and 

saturation for the fructose-fed animals as opposed to the normal chow diet (sum elevation from 

2.82 to 4.35 mol% of membrane lipids, p<0.05) (Figure 8b). This altogether resulted in a 

dramatic drop of the CL “symmetry” factor in the fructose group calculated as the ratio of 

symmetric/asymmetric species (Figure 8c).  
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Figure 8. Defects in cardiolipin remodeling. (a) Monolysocardiolipin to cardiolipin ratio 

(MLCL/CL). (b) Changes in CL species due to fructose feeding. (c) CL symmetry factor 

calculated as the ratio of symmetric/asymmetric CL species. ESI-MS data are expressed as 

mol% of membrane lipids or calculated from the corresponding values and presented as 

means±SEM, n=8, ∗p<0.05. 

It is important to note here that we could not detect oxidized lipid species either in CL or 

in other highly unsaturated and generally oxidation-prone lipid classes, such as plasmalogen 

phosphatidylethanolamine and phosphatidylserine. However, we could detect “asymmetry” 

defects already in the MLCL species profile; the major MLCL (54:6, tri18:2) species was found 

to be significantly reduced whereas the not only 18:2-containing precursors were markedly 

elevated. 

Another important feature of the lipidome alterations was the general increase in lipid 

species with sum double bond (db) = 1 that could be detected in all major membrane PL classes 

in the fructose group as opposed the control animals (sum of db = 1: 9.3 vs. 6.9 mol% of 

membrane lipids, p<0.05). The main contributors, which contain a saturated and a 

monounsaturated FA leg, were collected in Figure 9a. In parallel with the elevation of species 

with db = 1, we detected significant depletion in species with db = 2 in fructose-fed animals 

(sum of db = 2: 7.1 vs. 9.7 mol% of membrane lipids, p<0.05); selected species are 

demonstrated in Figure 9b. Changes in PL molecular species with highly unsaturated acyl 

chains (db ≥ 4) showed fairly complex picture with several significant alterations including both 

elevations and decreases. 
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Figure 9. Changes in phospholipid (PL) molecular species with different number of double 

bonds. (a) Changes in PL species with 1 double bond. (b) Changes in PL species with 2 double 

bonds. PC: phosphatidylcholine; PE: phosphatidylethanolamine; PG: phosphatidylglycerol; 

PI: phosphatidylinositol. ESI-MS data are expressed as mol% of membrane lipids or mol% of 

the specified lipid class and presented as means±SEM, n=8, ∗p<0.05. 

Since we could not detect elevation in serum TG levels due to fructose feeding, it is not 

surprising that the total cardiac TG content did not changed significantly. However, the 

prominent species profile change of the TG pool is worth mentioning. The robust relative 

increase in species containing saturated and monounsaturated FAs, such as TG (50:1, 52:2 and 

54:3), in parallel with significant reductions in more unsaturated species, e.g., TG (52:4, 54:6 

and 56:8) (Figure 10a) altogether led to the decrease of the double bond index (DBI), i.e., 

increase in saturation for cardiac TG (Figure 10b).  

 
Figure 10. Remarkable species profile change of the cardiac triglyceride (TG) pool due to 

fructose feeding. (a) Alterations in cardiac TG species profile. (b) The double bond index 

(DBI) calculated for TG. ESI-MS data are expressed as mol% of membrane lipids or mol% of 

the specified lipid class and presented as means±SEM, n=8, ∗p<0.05. 

A further interesting aspect of the complex lipidome remodeling was the reshaping of the 

analyzed sphingolipid (SL) pool, ceramide (Cer) and sphingomyelin (SM). We measured small 

but significant elevation in total cardiac Cer at membrane lipid compositional level 

(approximately 30%; p<0.05), which could be attributed almost exclusively to the increases in 

very long-chain Cer-24 species Cer (42:2:2, d18:1/24:1 and 42:3:2, d18:2/24:1) (Figure 11a). 
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Besides, the total level of SM showed only an increasing tendency in the membrane (p=0.058), 

but its species compositions changed completely (Figure 11b).  

Figure 11. Modulation of the sphingolipid pool. Alterations in (a) ceramide (Cer) and (b) in 

sphingomyelin (SM) species profile. ESI-MS data are expressed as mol% of membrane lipids 

or mol% of the specified lipid class and presented as means±SEM, n=8, ∗p<0.05.   

4.1.4. Oxidative stress 

In our mild prediabetes model induced by fructose-enriched diet, there was no significant 

increase in the levels of the peroxidation product MDA in the serum or cardiac tissue, or in the 

cardiac level of the nitrooxidative marker 3-NT as compared to control values (Table 6).  

Table 6. Oxidative stress markers measured in serum and heart tissue in both control and 

fructose-fed rats. MDA: malondialdehyde, 3-NT: 3-nitrotyrosine. Values are mean±SEM, n=8. 

 control fructose-fed p-value 

Serum MDA (nmol/mg protein) 4.77±0.43 4.03±0.49 0.274 

Cardiac MDA (nmol/mg protein) 1.27±0.16 1.47±0.22 0.482 

3-NT (nmol/mg) 190±6.0 221±20 0.164 

 

4.1.5. Apoptosis 

Since increased apoptosis often contributes to cardiac dysfunction, in our present study, we 

also aimed to explore the effect of prediabetes on apoptosis in the heart. We assessed the 

expression of pro- and antiapoptotic proteins by western blot. Prediabetes did not affect the 

expression of proapoptotic caspase-7 and BAX in the left ventricles, while the antiapoptotic 

BCL-2 was downregulated, and thereby, the BAX/BCL-2 ratio was significantly increased in 

the fructose-fed group (Figure 12). 
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Figure 12. Western blot results at week 24. (a) BAX/BCL-2 ratio, (b) BCL-2/β-actin ratio, (c) 

BAX/β-actin ratio, (d) caspase-7/α-tubulin ratio, (e) BCL-XL/α-tubulin ratio and (f) caspase-

3/α-tubulin ratio. Values are means±SEM, n=8, ∗p<0.05. 

4.2. Non-obese genetic model of type 2 diabetes  

4.2.1. Metabolic characterization of the GK rats 

In order to verify the development of T2DM in male GK rats, concentrations of several 

serum metabolites were measured at weeks 7, 11 and 15 (Fig. 13). GK rats showed a 

significantly elevated FBG level at all time points as compared to controls (Fig. 13a). At week 

11 and 15, blood glucose level in GK rats was significantly lower as compared to week 7 blood 

glucose values (Fig. 13a). Parallel with hyperglycemia, serum insulin levels were significantly 

increased in GK rats compared to Wistar controls at week 7 and more profoundly at week 11 

(Fig. 13b). However, there was no significant difference between serum insulin levels measured 

in GK and control rats at week 15, since serum insulin concentration in GK rats significantly 

decreased by week 15 as compared to insulin level measured at week 11 (Fig. 13b). HOMA-IR 

was significantly increased at weeks 7 and 11 in GK rats when compared to controls (Fig. 13c). 

In contrast, increase of HOMA-IR did not reach the level of statistical significance at week 15 

in GK animals (Fig. 13c). Serum cholesterol levels were significantly higher in GK rats as 

compared to control ones throughout the study duration (Fig. 13d).  
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Figure 13. Basic metabolic characteristics of non-obese T2DM. (a) Fasting blood glucose, 

(b) serum insulin, (c) HOMA-IR index and (d) serum cholesterol levels at weeks 7, 11 and 15 

in both control and GK rats. Values are mean±SEM, n=7–9, *p<0.05 vs. control within the 

same time point, #p<0.05 vs. week 7 values. 

OGTT was performed at week 15 in order to verify the development of impaired glucose 

tolerance in GK rats. Glucose levels during OGTT were markedly increased in GK rats in every 

time point of blood glucose measurements (Fig. 14a). AUC of blood glucose levels during 

OGTT was significantly increased in GK rats representing impaired glucose tolerance (Fig. 

14b). In addition, serum insulin levels in GK rats during OGTT were significantly lower 30 min 

after glucose loading and became markedly increased 120 min after glucose administration 

(Fig. 14c). Interestingly, pancreatic insulin levels were 25 % lower in GK rats compared to 

control ones, however, the values were not significantly different between the two groups (Fig. 

14d). 
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Figure 14. Impaired glucose tolerance and imperfect insulin secretion in non-obese T2DM. 

(a) Blood glucose levels during OGTT, (b) OGTT AUC, (c) serum insulin levels during OGTT 

and (d) pancreatic insulin content at week 15 in both control and GK rats. Solid line control; 

dashed line GK. Values are mean±SEM, n=7–9, *p<0.05. 

4.2.2. Body weight, heart weight and CF 

Body weight was significantly decreased (Fig.15a), while heart weight and HW/BW were 

significantly increased at week 15 in GK rats (Fig. 15b, c). Interestingly, CF was significantly 

increased at week 15 in GK rats as compared to control hearts (Fig. 15d). 

 

Figure 15. (a) Body weight, (b) heart weight, (c) heart weight to body weight ratio (HW/BW) 

and (d) coronary flow (CF) at week 15 in both control and GK rats. Values are mean±SEM, 

n=7–9, *p<0.05. 
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4.2.3. Cardiac gene expression profile and qRT‑PCR in non-obese T2DM 

Among the 41,012 genes surveyed, 507 genes whose expression was > ~2.0-fold up- or 

downregulated in hearts of GK rats relative to levels of control rats showed significant change 

in expression. According to our results, 204 genes showed upregulation and 303 genes showed 

downregulation in hearts of GK rats. Moreover, 138 genes showed more than threefold change 

of expression in hearts of GK rats as compared to the levels of control rats. Among these 138 

genes, 50 genes were significantly upregulated (Table 7) and 88 genes were significantly 

downregulated (Table 7) in GK rat hearts. In addition to the listed genes categorized into 

specific functional groups, there were several other altered genes not categorized into these 

groups and indicated as yet uncharacterized, predicted genes and fragments [86]. 

Table 7. Selected up- and downregulated genes (>3.0-fold up- or downregulation). In case of 

every altered genes, p<0.05. FC: fold change. 

Upregulated genes 

Gene function Gene symbol FC SD Gene symbol FC SD 

Metabolism Abhd17c 

Adh1 

Retsat 

Dgkb 

6.96 

5.38 

4.50 

4.21 

1.72 

2.78 

3.61 

0.82 

Klk1c3 

Akr1b10 

Ampd1 

3.79 

3.76 

3.06 

1.07 

1.05 

1.56 

Signal 

transduction, 

regulation of 

transcription 

Pla2g7 

Ptpn13 

Efna2 

Crym 

4.68 

4.38 

3.41 

3.38 

0.88 

2.18 

0.60 

0.78 

Cd47 

Clstn2 

Rnf187 

3.34 

3.09 

3.06 

0.51 

1.41 

0.63 

Receptors, ion 

channels 

Kcne1 

Atp6v1g2 

6.57 

5.77 

4.07 

2.02 

Chrna7 

Atp2b2 

3.45 

3.27 

0.63 

0.91 

Membrane proteins Pxmp4 5.73 0.74    

Cell growth and 

differentiation 

Tceal7 3.63 1.88 Jund 3.28 0.60 

Immune respose RT1-T18 4.95 2.21 Oas1a 3.94 2.50 

Transport Atp2b2 3.44 0.77 Slc16a7 3.11 0.69 
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Downregulated genes 

Gene function Gene symbol FC SD Gene symbol FC SD 

Metabolism Tgm1 

Car6 

Pbld1 

-3.93 

-4.08 

-4.41 

1.87 

2.61 

2.60 

Cpox 

P4ha3 

-4.98 

-5.13 

2.06 

1.68 

Signal 

transduction, 

regulation of 

transcription 

Creb5 

Dyrk3 

Hic1 

Arhgef5 

-3.07 

-3.35 

-3.55 

-3.89 

1.26 

1.95 

2.10 

1.45 

Thrsp 

Crabp2 

Akap3 

Upk1b 

-4.86 

-4.98 

-6.39 

-12.89 

5.18 

2.42 

1.90 

7.94 

Receptors, ion 

channels 

Il22ra2 

Ntrk3 

Adra1d 

Lpar1 

-3.07 

-3.12 

-3.23 

-3.55 

2.78 

1.18 

1.09 

1.50 

Ptgfr 

Slc4a1 

Sln 

Atp6ap1 I 

-3.65 

-5.23 

-8.03 

-12.06 

1.40 

0.94 

15.41 

3.25 

Membrane proteins Sln -6.68 7.12    

Structural protein, 

cell adhesion 

Col5a3 

Cntnap1 

MybphI 

-3.43 

-4.09 

-7.08 

1.46 

1.11 

8.55 

Myl7 

Msln 

-10.34 

-22.03 

20.29 

31.18 

Cell growth and 

differentiation 

Ret 

Esm1 

Nnat 

-3.11 

-4.85 

-5.06 

1.15 

1.57 

10.47 

Epyc 

Ccng1 

Trim16 

-5.14 

-10.29 

-80.63 

7.64 

1.82 

28.07 

Immune respose Reg3b 

Icoslg 

C4a 

Cxcl13 

-3.52 

-3.79 

-4.77 

-5.57 

5.83 

1.16 

3.07 

4.38 

RGD1559482 

Cd1d1 

Cma1 

-5.83 

-6.21 

-15.40 

2.19 

2.67 

6.26 

Transport Rbp4 -4.27 7.22    

Hormones Inha -3.45 1.80    

The descriptions (full names) of gene symbols can be found in the appendix.   

The expression change of selected 28 genes was validated by qRT-PCR; 19 of these 28 

genes have been confirmed by qRT-PCR (Table 8). 
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Table 8. Expressional change of selected cardiac genes confirmed by qRT-PCR in non-obese 

T2DM. 

  DNA microarray qRT-PCR 

Gene 

symbol 

Gene name AVE (log2) Fold 

change 

Fold 

change 

SEM 

Adipoq Adiponectin, C1Q and collagen 

domain containing 

-4.99 -31.78 -23.64 0.02 

Atp1b4 ATPase, (Na+) /K+ transporting, beta 

4 polypeptide 

-4.21 -18.51 -4.74 0.05 

Car3 Carbonic anhydrase 3 -3.73 -13.27 -7.88 0.03 

Cma1 Chymase 1, mast cell -3.11 -8.63 -5.12 0.02 

Arntl Aryl hydrocarbon receptor nuclear 

translocator-like 

-2.75 -6.74 -2.95 0.03 

Tgm1 Transglutaminase 1, K polypeptide -1.97 -3.92 -4.88 0.03 

Nnat Neuronatin (Nnat), transcript variant 1 -1.87 -3.66 -4.2 0.02 

Ddah1 Dimethylarginine 

dimethylaminohydrolase 1 

-1.69 -3.23 -3.36 0.02 

Ntrk3 Neurotrophic tyrosine kinase, receptor, 

type 3 

-1.69 -3.23 -2.33 0.06 

Dpp4 Dipeptidyl peptidase 4 -1.35 -2.55 -2.11 0.03 

Ephx2 Epoxide hydrolase 2, cytoplasmic -1.33 -2.51 -4.23 0.02 

Gpc3 Glypican 3 -1.29 -2.45 -2.54 0.04 

Fgf18 Fibroblast growth factor 18 -1.17 -2.25 -2.36 0.03 

Sele Selectin E 1.02 2.03 2.35 0.14 

Dbp D site of albumin promoter (albumin 

D-box) binding protein 

1.06 2.08 2.39 0.17 

Ephx1 Epoxide hydrolase 1, microsomal 1.21 2.31 2.24 0.18 

Nurp1 Nuclear protein, transcriptional 

regulator, 1 

1.34 2.53 3.29 0.28 

Slc16a7 Solute carrier family 16, member 7 

(monocarboxylic 

acid transporter 2) 

1.77 3.41 3.21 0.19 

Atp2b2 ATPase, C++ transporting, plasma 

membrane 2 

1.88 3.68 3.78 0.21 

 

4.2.4. Gene ontology analysis 

In order to further determine the biological significance and functional classification of 

differentially expressed genes due to non-obese T2DM, GO analysis was performed [52]. Out 

of the 507 genes significantly altered by non-obese T2DM in our present study, 277 genes with 

known function were submitted to GO analysis and 115 were clustered into different categories 

(Table 9). The rest of the 507 genes were either unknown expressed sequence tags or 

unrecognized by the GO analysis database. The 115 analyzed genes were classified into five 

main categories such as (1) biological regulation, (2) metabolic process, (3) immune system 
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process, (4) biological adhesion and (5) rhythmic process. Table 9 contains only the five main 

GOTERM categories (BP_1), the other genes can be found in the original table [86]. 

Table 9. Gene ontology analysis. Five main GOTERM (GT) categories. 

Category Term Count % P 

value 

Gene symbol 

GT_BP_1 GO:0065007 

biological 

regulation 

48 42 0.01 Fgf18, Pdia2, Gpbp1, C3, Crabp2, 

Trim16, Zeb2, Lpar1, Esm1, Sgms1, 

Ccng1, Cd1d1, Aldh1a1, Atp2b2, 

Cd47, Npas2, Dgkb, Zfp90, Cxcr6, 

Jund, Per2, Tef, Chrna7, Cntnap1, 

Traf6, Qsox1, Ddah1, Dpp4, Dpt, 

Cyr61, Ret, Ncf1, Nucks1, Arhgef5, 

Prkab2, Loc501307, Arntl, Ptgfr, 

Prkce, Tmem189, Stat3, Fmn1, Trps1, 

Klre1, Gnb3, Eif2ak2, Icoslg, Bard1 

 

GT_BP_1   GO:0008152 

metabolic 

process 

48 42 0.03 Cyp2j4, Ocln, C3, Crabp2, Trim50, 

Trim16, Lpar1, Sgms1, Aldh1a1, 

Atp2b2, Ercc8, Mcm8, St6galnac3, 

Plod2, Zfp90, Cpox, P4ha3, Jund, 

Per2, Tef, Chrna7, Traf6, Qsox1, 

Ddah1, Dpp4, Ret, Ncf1, Prkab2, 

Loc501307, Arntl, Cryz, Tmem189, 

Lpcat2, Prkce, Wee1, Stat3, Rps7, 

Oxsm, Fmn1, Taf13, Slc16a7, 

Akr1b10, Pla2g7, Cma1, Eif2ak2, 

Car6, Prps2, Bard1 

 

GT_BP_1   GO:0002376 

immune 

system 

process 

10 9 0.05 Cd47, Ncf1, C3, Rt1-T18, Klre1, 

Chrna7, Traf6, Cd1d1, Ddah1, Dpp4 

GT_BP_1  

 

GO:0022610 

biological 

adhesion   

7 6 0.09 Cd47, Sdc1, Ret, Cntnap1, Col5a3, 

Btbd9, Cyr61 

GT_BP_1 GO:0048511 

rhythmic 

process 

7 6 0.00 Aldh1a1, Npas2, Jund, Per2, Tef, 

Chrna7, Arntl 

The descriptions (full names) of gene symbols can be found in the appendix.   
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5. DISCUSSION 

DM is a metabolic disorder that is considered to be one of the most common pathological 

conditions in the world. It may be present within all age groups and one of its most severe 

consequences is heart damage. Similarly to diabetes, the preceding prediabetic state also poses 

a risk to the heart. It is well-known that CVD are among the most frequent causes of death in 

addition to cancer. Based on these information and the fact that our knowledge on diabetes and 

the pathological background of its cardiac complications is still insufficient, the aim of this 

thesis was to investigate the cardiac effects of prediabetes and non-obese T2DM, a less known 

but quite important type of DM.   

5.1. Diet-induced prediabetes model 

We used a chronic, high fructose-fed rat model in order to induce prediabetes and to 

investigate the effects of this pathological condition on the heart. Our goal was to examine the 

cardiac effects of a moderate metabolic condition, rather than exporing the consequences of a 

much more severe state seen for example in genetic DM models (e.g. db/db mice) [103,104].  

As previously mentioned, FBG levels measured at given intervals were slightly but 

significantly higher in fructose-fed rats, and from week 16 the OGTT AUC values were 

significantly increased as well (Figure 4). Thus, we could verify the development of prediabetic 

condition with impaired glucose tolerance in this model. In the fructose-fed group, the 

significantly increased HOMA-IR and pancreatic insulin levels, and the unchanged serum 

insulin levels demonstrate the emergence of a mild insulin resistance (Figure 4).  

In the fructose-fed group, the significantly smaller body weight by the end of the 24-week 

feeding and accordingly, the decreased weight gain, the increased liver weight to body weight 

ratio (Table 1) and the macroscopical signs of fatty degeneration on the liver can be connected 

and interpreted as follows. Our findings may indicate that the cause of fatty degeneration in the 

liver was DNL initiated by fructose feeding. As it has been demonstrated by Fakhoury-Sayegh 

et al., fructose may activate DNL due to its fast conversion to pyruvate bypassing the regulatory 

step of glycolysis [105]. High-fructose diets can affect the metabolism of skeletal muscle 

through metabolic stress. For example, Gatineau et al. revealed that older rats fed with fructose-

containing diet lost significantly more lean body mass and maintained more adipose tissue than 

control rats [106]. The article also reports that in sucrose-fed rats, significantly lower diet-

induced muscle protein synthesis was observed compared to starch-fed rats. Additionally, it has 
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been shown by Dhar et al. that excessive fructose consumption increases the production of 

substances like methylglyoxal in the liver, which leads to oxidative stress in the muscle [107]. 

Activated DNL can result in endoplasmic reticulum stress [108] and production of hepatokines 

that are known to negatively impact muscle energy metabolism and insulin sensitivity [109]. 

These results might explain the experienced body weight gain decrease in the fructose-fed rats. 

In spite of the macroscopic signs of fatty degeneration in the liver, the unaltered serum lipid 

parameters and liver enzymes suggest an early stage of hepatic consequences in the fructose-

fed animals (Table 2). 

For the further characterization of metabolic alterations in the liver of fructose-fed rats, 

qRT-PCR was performed. As mentioned earlier, out of the eight analized genes we found 

significant changes in case of two genes, Acaca and Elovl6 (Figure 5). Increased expression of 

Acaca is responsible for the catalysis of the carboxylation of acetyl-CoA to malonyl-CoA, that 

is the rate-limiting step of FA synthesis. Besides, the expression of Fasn, which catalyses the 

remaining steps of palmitic acid synthesis, showed a tendency of increase (p=0.205). These 

findings are consistent with previous results and definitely indicate increased DNL in fructose-

fed rats [110,111]. Elovl6 enzyme - the expression of which showed significant increase in 

fructose-fed animals as well - catalyzes the first and rate-limiting reaction of long-chain FA 

elongation cycle. It has been reported that Elovl6 plays an important role also in nonalcoholic 

fatty liver disease (NAFLD) and steatohepatitis [112,113].  

Taken together, we successfully induced prediabetes by fructose feeding and observed 

impaired glucose tolerance and mild insulin resistance. Besides, based on literature data, we 

assume that fructose-rich diet led to DNL in the rats contributing to decreased weight gain. The 

presence of DNL was confirmed by investigation of genes associated with the metabolic 

process by qPCR technique.   

To follow-up the alterations caused by prediabetes, our study was continued by the 

examination of the heart both functionally and morphologically. Transthoracic 

echocardiographic data showed only a few changes in case of the fructose-fed animals, notably 

the significantly increased anterior wall thickness in systole and the significantly smaller E/A 

ratio (Table 3). These findings might suggest a very early sign of a mild hypertrophy and 

diastolic dysfunction with preserved systolic function due to chronic high-fructose diet. 

However, the heart weight and HW/BW were not changed significantly (Table 1) in our study. 

Therefore, in order to assess cardiac hypertrophy at the molecular level, we measured the 

mRNA expression of Myh6 and Myh7. We found elevated cardiac Myh6 mRNA level along 
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with unchanged Myh6/Myh7 ratio (Table 5), that indicates the lack of hypertrophy according to 

the literature [114–116]. As for the other examination method, working heart perfusion, we 

observed that LVEDP significantly increased, while cardiac output significantly decreased in 

fructose-fed rats (Figure 6). However, the rest of the measured parameters remained unchanged 

between groups, indicating the appearance of a mild diastolic dysfunction in prediabetic rats 

(Table 4). It is widely known that LV hypertrophy is more common in diabetic patients and that 

40-75% of people suffering from T1DM or T2DM have diastolic dysfunction [117,118]. 

However, here we demonstrate that at this early stage of prediabetes cardiac hypertrophy has 

not developed yet, but the impairment of diastolic function occurs much earlier than the 

development of overt diabetes. These findings are consistent with recent reports showing that 

the development of diastolic dysfunction can precede complete diabetes [10]. Furthermore, the 

clinical laboratory markers of myocardial injury (CK, CK-MB and LDH) did not change 

significantly in fructose-fed rats compared to controls, indicating the appearance of cardiac 

dysfunction prior to severe structural/cellular damage. (Table 2).   

Since presumably there was DNL in the liver of the fructose-fed rats, we were curious 

whether DNL was present in the heart of the animals as well. For this purpose, lipidomic 

analysis was performed from LV whole membrane extracts. The reason we investigated 

membrane lipid composition is that the optimal physical state of the membrane is a prerequisite 

for proper functioning. One of the most notable changes can be connected to the CL remodeling 

system. It is acknowledged that under normal circumstances, the levels of lysophospholipids 

(LPL) are kept low and CL remodeling requires only trace amounts of MLCL [28]. Therefore, 

the significantly decreased level of matured CL in parallel with the significantly increased level 

of MLCL, and consequently their markedly increased ratio in the membrane clearly report about 

an abnormal remodeling process in the fructose-fed group (Figure 8a). Another remarkable 

alteration occured at the molecular species level is the pronounced loss of the most abundant 

homosymmetric tetra18:2 species CL (72:8) (Figure 8b). This finding is in consistence with 

other literature data obtained from either more severe obesity and diabetic models [119,120] or 

from a more similar early-stage fructose-induced T2DM study [121]. The decrease in CL (72:8) 

was accompanied by an increase in the other asymmetric species (Figure 8b) and these 

alterations altogether led to a marked drop of the CL „symmetry” factor in the prediabetic group 

(Figure 8c). The major contributions to the increase in asymmetry derived from species which 

contain one non-18:2 acyl chain, i.e., from the 16:1 FA-containing CL (70:7; 

16:1_18:2_18:2_18:2) species, from the CL (74:9) species whose major component is the CL 

https://www.powerthesaurus.org/it_is_acknowledged_that/synonyms
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(18:2_18:2_18:2_20:3) isobar, and from the CL (72:7) species corresponding to CL 

(18:1_18:2_18:2_18:2). This is in line with the result seen in a fructose-induced early T2DM 

rat model [121], but differs from more serious mouse models of diabetes and obesity/insulin 

resistance. In the latter cases, impaired cardiac CL remodeling led to the depletion of 16:1 and 

enrichment of the highly unsaturated docosahexaenoic acid (DHA, 22:6 n-3) [120,122], thereby 

considerably increasing the propensity of CL to peroxidation. As mentioned previously, it 

should be highlighted that although in our study there were no oxidized lipid species detected 

at all, we were able to detect „asymmetry” deficiencies already in the MLCL species profile.  

Another notable feature of the lipidome alterations in the fructose-fed group was the 

general rise in lipid species with sum db=1 (Figure 9a), while PL species with db=2 showed 

significant depletion (Figure 9b). The latter lipids mostly contained a saturated FA in sn1 and 

a linoleoyl (18:2) group in sn2 position of the glycerol backbone; these can function as potential 

acyl donors for the formation of tetra 18:2 CL for the transacylation reaction catalysed by 

tafazzin enzyme. As for PL molecular species with highly unsaturated acyl chains (db≥4), 

several significant alterations - increases and decreases as well - were seen. According to the 

reports of Kiebish et al. [123], the loss of tafazzin enzymatic activity in a Barth syndrome mouse 

model also caused complex changes of polyunsaturated PL species. Therefore, we can suggest 

that the intricate imbalance in polyunsaturated PL species modifies the biophysical and 

signaling properties of the cardiac membrane.  

As mentioned earlier, the total cardiac TG content did not show significant alteration due 

to fructose feeding, however, there was a great species profile change at the TG pool, namely 

the increase in species containing saturated and monounsaturated FAs and decrease in more 

unsaturated species (Figure 10a). As a consequence of these alterations, the DBI decreased 

(Figure 10b), i.e., cardiac TG saturation increased, which together with the monoene rise and 

18:2 reduction in membrane PLs might indicate the upregulation of DNL causing a shift in FA 

profile towards the augmentation of monounsaturated 18:1 (and 16:1) FAs.    

As the last notable aspect of the complex lipidome remodeling, we have to mention the 

reshaping of Cer and SM. Cer has a central role in SL metabolism as it functions as a lipid 

mediator of the eukaryotic stress response. Its role is mainly associated with growth inhibition; 

the most investigated being its function as a proapoptotic molecule [124]. Serum Cers can serve 

as potential biomarkers of insulin resistance, diabetes and heart diasease, besides, muscle, liver 

and adipose tissue Cers were reported to be associated with insulin resistance [125]. In our 

work, a small but significant elevation occured in total cardiac Cer at membrane lipid 

compositional level due to mainly the elevation in very long chain Cer-24 species (Figure 11a). 
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It was revealed that the length of the acyl chain in Cers affects their contribution to diseases. 

Long chain Cer-16 and Cer-18 often indicated greater associations with disease pathologies 

than very long chain Cer-24 [125]. It was showed by Marchesini et al. that in confluent 

Michigan Cancer Foundation-7 (MCF-7) cells C-24 Cer species influenced cell cycle arrest, 

but not apoptosis [126]. From these findings we assume that in our model the alterations in Cer 

led to the observed pathologic cardiac function by changing the membrane biophysical 

properties rather than triggering apoptosis. SM is considered as the major structural mammalian 

SL which accumulates in liquid-ordered microdomains. Its total level showed only an 

increasing tendency (p=0.058), while its species compositions changed entirely (Figure 11b). 

These data suggest microdomain reorganization and thus the modulation of the membrane 

physical state and signaling properties as a result of chronic high-fructose diet. 

Reviewing our lipidomic findings, we can state that the disturbance in tafazzin action in 

prediabetic state is the first event leading to inaccurate CL structural uniformity and molecular 

symmetry. Nevertheless, there are numerous other potential contributors to be mentioned, such 

as the induction of phospholipase A2 [127], the upregulation of the acyl-CoA: lyso -CL-

acyltransferase [128] or the downregulation of MLCL acyltransferase [129] - although these 

possibilities apply to more severe conditions of later stage diabetes or advanced oxidative stress 

induced by hyperthyroidism. 

As oxidative stress has a principal role in the development of DCM [25] and oxidative 

stress has been linked to the impairment of cardiac function [89,130], we continued our study 

by the measurement of this factor. Although in a prediabetic study - in which prediabetes was 

induced by high-fat diet combined with a single low-dose STZ [10] - the authors reported about 

increased hydrogen peroxide production, increased NT formation and decreased cardiac 

function, in our case, there was no significant elevation in the levels of MDA and 3-NT as 

compared to the control values (Table 6), and we could not detect any oxidized lipid species. It 

is important to emphasize that in our model, we could see several significant alterations in the 

cardiac lipidome before the development of any changes of oxidative stress markers. 

The last probable aspect we examined which might be related to cardiac dysfunction is 

apoptosis. Regarding our western blot results, prediabetes had no effect on the expression of 

proapoptotic caspase-7 and BAX, while the antiapoptotic BCL-2 was downregulated, meaning 

that the BAX/BCL-2 ratio was significantly elevated due to the high-fructose diet (Figure 12). 

Similar to our results, a moderate decrease in BCL-2 was shown in another model of prediabetes 

induced by a combination of high-fat diet and low-dose STZ injection [10]. Our data suggest 
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early dysregulation of antiapoptotic proteins in prediabetic state. However, these alterations are 

not remarkable enough for taking apoptosis into consideration as an essential factor in 

prediabetes.  

5.2. Non-obese genetic model of type 2 diabetes  

A further goal of this thesis was to investigate how non-obese T2DM influences cardiac 

gene expression pattern. The model we chose was the spontaneously diabetic GK rat, which is 

a recognized animal model of the disease and - as for the pathomechanism - considered to be 

very similar to the non-obese T2DM in humans. Our results include metabolic characterization 

of non-obese diabetes and the analysis of various, classified cardiac genes which had shown 

statistically significant changes at the transcript level compared to Wistar controls.   

As it was reported by Östenson and Movassat [56,59], the abnormal glucose regulation in 

the GK rat develops in association with imperfect insulin secretion and also with insulin 

resistance. At the onset of T2DM, beta cells try to release more insulin in order to cope with 

insulin resistance. Unfortunately, over time this compensatory mechanism becomes insufficient 

to maintain normal blood glucose level and in the end leads to the functional exhaustion of the 

beta cells. These stages can also be traced in the GK model used in our study. Blood glucose 

levels were significantly higher in GK rats at each time of measurement as compared to controls 

and we observed significant difference in blood glucose levels in GK rats between the different 

time points (Figure 13a). At week 11 and 15, the blood glucose level of GK rats was 

significantly lower compared to the value measured at week 7 (Figure 13a). Furthermore, serum 

insulin level was significantly elevated at week 11 in GK animals compared to week 7 values 

(Figure 13b). This outstandingly high insulin value could explain the low blood glucose value 

found at week 11. Serum insulin levels along with HOMA-IR were significantly increased at 

week 7 and 11 indicating rising insulin resistance and compensative hyperinsulinemia (Figure 

13 b, c). At week 15, we could not observe significant difference in serum insulin levels between 

GK and control rats (Figure 13b). Nevertheless, the pancreatic insulin level of GK animals was 

moderately decreased referring to the exhaustion of beta cells (Figure 14d). This may explain 

the lack of statistical significance in HOMA-IR in GK rats compared to controls at week 15 

(Figure 13c). It must be noted that these findings are in accordance with literature data 

demonstrating that beta cell mass along with insulin production continuously decreases from 

birth to adulthood in GK animals as a result of defective beta cell neogenesis, chronic islet 

inflammation, fibrosis and angiopathy [59].  



48 
 

At week 15, body weight was significantly decreased in GK animals proving a non-obese 

phenotype of T2DM (Figure 15a). Moreover, heart weight and HW/BW were significantly 

elevated at week 15 in GK rats implying the development of cardiac hypertrophy due to chronic 

T2DM (Figure 15 b, c). As a further confirmation of increased cardiac size, we found that the 

CF was significantly higher in GK rats at week 15 as compared to the values measured in the 

control animals (Figure 15d). These findings proving the presence of cardiac hypertrophy 

indicate the development of DCM in the heart of GK rats. 

Surprisingly, there are only a few studies where qPCR technique was performed in order 

to investigate the gene expression changes involved in the development of impaired cardiac 

morphology/function in GK rats [44,47,131]. Therefore, this study can be considered the first 

to characterize overall alterations in the cardiac transcriptome in male GK rats. These 

significantly altered genes are classified here into such categories as metabolism, signal 

transduction, membrane and structural proteins, immune response, etc. Besides, several other 

genes with unknown function in the heart were also changed in response to diabetes - the 

definite role of these genes in DM need to be explored in the future.  

In the following part, some genes related to DCM showing significantly altered expression, 

selected from the previously classified specific clusters, will be discussed. 

In our present study, we have shown altered expression of numerous genes being a factor 

in the structure formation of the myocardium and possibly connected with DCM, based on the 

previously described GO analysis. The genes with altered expression include for instance 

downregulation of collagen, type V, alpha 3 (Col5a3) and myosin, light chain 7, regulatory 

(Myl7). Extracellular matrix (ECM) component collagen V is expressed as α1(V)2 α2(V) 

heterotrimers, which regulate collagen fibril geometry and strength in different tissues, 

especially regarding the pancreas and skeletal muscle. As an interesing finding reported by 

Huang et al. [132], skeletal muscle of Col5a3−/− mice was defective in glucose uptake and 

mobilization of intracellular GLUT-4 glucose transporter to the plasma membrane in response 

to insulin, resulted in glucose intolerance, insulin resistance and hyperglycemia. In addition, 

decreased expression of the genes playing a part in contractility such as Myl7 [133] could cause 

sarcomeric dysfunction and DCM. 

Another group of genes - which showed altered expression due to T2DM - function as 

receptors and ion channels and these genes might contribute to the development of DCM. These 

genes are the following: e.g. downregulation of adrenoceptor alpha 1d (Adra1d) and sarcolipin 

(Sln). The downregulation of Adra1d receptor subtype has been shown earlier in connection 
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with cardiac hypertrophy [134] and in STZ-induced DM by our research group [53]. The 

increased formation of glycation end products and reactive oxygen species can contribute to the 

inactivation of neuronal nicotinic acetylcholine receptors, resulting in impaired synaptic 

transmission in sympathetic ganglia and thus autonomic failure [135]. Autonomic failure is a 

serious complication of DM and can result in cardiovascular aberrations. Sarcolipin is a central 

regulator of SERCA and mediator of β-adrenergic responses [136]. It has been demonstrated 

that Sln-/- mice are tend to develop atrial arrhythmias and interstitial fibrosis as a result of altered 

expression of genes encoding collagen [136]. The abnormal function of Sln leads to elevated 

SERCA activity, resulting aberrant intracellular Ca2+ handling and atrial remodeling with 

dysfunction [136,137]. 

A main cluster of significantly changed cardiac genes induced by non-obese T2DM was 

closely related to signal transduction, regulation of transcription and biological processes (for 

example downregulation of dipeptidyl peptidase 4 (Dpp4); signal transducer and activator of 

transcription 3 (acute-phase response factor) (Stat3); ret proto-oncogene transcript variant 1 

(Ret); neurotrophic tyrosine kinase, receptor, type 3 (Ntrk3) and upregulation of Jun D proto-

oncogene (Jund), etc.). Dipeptidyl peptidase 4  is an integral membrane glycoprotein. It cleaves 

N-terminal dipeptides from peptides, which are bioactive molecules and regulate the 

cardiovascular system. There are contradictory literature data about Dpp4 inhibitors: in most of 

the preclinical and clinical studies in T2DM, they have been reported to be cardioprotective 

[138], but in other studies they are related to heart failure [139], cardiac hypertrophy, 

impairment of cardiac function and dysregulated expression of proteins controlling 

inflammation and cardiac fibrosis [140]. In our present work, we saw the downregulation of 

Dpp4, which indicates that it may not be a dominant contributor in the development of DCM 

in non-obese T2DM. The transcription factor Stat3 takes part in several physiological processes 

such as proliferation, apoptosis and cardiac survival particularly during myocardial 

ischemia/reperfusion injury, although its role is contradictory in these processes [141,142]. 

Large number of studies have reported that cardiac Stat3 expression was reduced in DM, 

potentially resulting cardiac dysfunction [143,144]. Other literature data, on the other hand, 

demonstrated that cardiac Stat3 expression was increased in DM, inducing hypertrophy 

[145,146]. In our present work, Stat3 was downregulated as assassed by microarray, however, 

qRT-PCR did not confirm this result. It is conceivable that the expression of Stat3 depends on 

the duration of diabetes and the stage of DCM. Unexpectedly, downregulation of Tef and Ret, 

and upregulation of JunD has not been associated formerly with DCM. JunD regulates genes 

involved in antioxidant defense mechanisms and hydrogen peroxide production, along with 



50 
 

angiogenesis by controlling vascular endothelial growth factor (VEGF) transcription [147]. 

Another major function of JunD is the modulation of insulin/insulin-like growth factor 1 

signaling and longevity [147]. Furthermore, the downregulation of Ntrk3 may also have a role 

in the development of DCM based on literature data. As an example, mutations of Ntrk3 gene 

have been proven in the development of human congenital heart diseases [148].  

After discussing genes regarding DCM, there is another important group of genes to 

mention in which we saw significantly altered expression in response to non-obese T2DM. 

These cardiac genes are related to immune and antimicrobial response (e. g. downregulation of 

complement component 3 (C3); complement component 4a (C4a); chemokine (C-X-C motif) 

ligand 13 (Cxcl13); chymase 1, mast cell (Cma1) and upregulation of chemokine (C-X-C motif) 

receptor 6 (Cxcr6) and killer cell lectin-like receptor, family E, member 1 (Klre1), etc.). The 

altered expression of these genes is in line with the notorious increased susceptibility to 

infections in diabetes [149,150].  

Finally, there were several novel genes with altered expression in this study which have 

not been previously related to diabetic changes in the heart (for instance downregulation of 

mesothelin (Msln) and upregulation of kallikrein 1-related peptidase C3 (Klk1c3), etc.). Some 

other altered genes were not categorized into specific functional groups or indicated as yet 

uncharacterized, predicted genes and fragments (e.g. upregulation of hydroxyacyl glutathione 

hydrolase-like and Similar to hepatic leukemia factor (LOC690286) or downregulation of 

uncharacterized LOC102546816 and similar to protein C17orf72, etc.), which might have 

important roles in diabetes.  

It is to be noted that due to the limited space in the dissertation, only the genes that showed 

more than threefold change of expression in the hearts of GK rats as compared to the levels of 

controls are discussed here. However, there were several genes whose expression was only 2 to 

3-fold up- or downregulated, but still might have a role in the development of DCM. These 

altered genes include for instance ADAM metallopeptidase domain 33 (Adam33); troponin I 

type 1 (skeletal, slow) (Tnni1); myosin light chain kinase 2 (Mylk2); cholinergic receptor, 

nicotinic, gamma (muscle) (Chrng); cholinergic receptor, nicotinic, alpha 1 (muscle) (Chrna1); 

neurotrophic tyrosine kinase, receptor, type 2 (Ntrk2); chemokine (C–C motif) ligand 12 

(Ccl12); chemokine (C-X-C motif) ligand 14 (Cxcl14) and low density lipoprotein receptor-

related protein 8, apolipoprotein E receptor (Lrp8), which were downregulated and epsin 3 

(Epn3) which was upregulated in our study. The function of the above mentioned genes and 
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their possible role in the development of DCM are discussed in the following article of our 

research group [86]. 

5.3. Conclusion 

In summary, we can state that the designed comprehensive analysis of alterations in the 

heart caused by prediabetes and non-obese T2DM was performed successfully. In rats 

chronically fed a high-fructose diet we found an early stage of prediabetes that was associated 

with deteriorated cardiac function and the total reshaping of the myocardial lipidome - 

especially CL pool. It is very important to highlight that cardiac lipidomic alterations preceded 

the development of sizeable hypertrophy, apoptosis and oxidative stress in the heart. The most 

important alterations in the lipidome potentially related to impaired cardiac function are 

monoenoic FA enrichment, decrease in linoleic acid (18:2 FA), complex changes in heavily 

polyunsaturated lipids and reprofiling of SL species compositions.  

In our other study, we have demonstrated for the first time that non-obese T2DM can be 

connected to a thorough alteration of the transcriptome in the heart of GK rats, represented by 

numerous up-and downregulated genes in connection with the disease. These altered genes play 

a role for instance in metabolism, signal transduction, cell growth and differentiation, or 

function as receptors and membrane or transport proteins. Nevertheless, future studies are 

necessary to investigate the precise role of these specific genes in the development of cardiac 

consequences (i.e. DCM) of non-obese T2DM.  

It is crucial to emphasize that both prediabetic and non-obese type 2 diabetic states 

represent a high risk for developing CVD, which may lead to death in a worryingly high 

proportion. As for prediabetes, it is to be highlighted that there are no clinically attainable signs 

to clearly declare a disease as the serum parameters investigated in general do not report about 

hyperglycemia, lipotoxicity or cell damage. So one can say that the risk for progression of CVD 

and diabetes is silently present in the guise of a complex lipidome reshaping in the heart. 

Prediabetes can be considered reversible, thus the transition from this less severe and transient 

state to the more dangerous diabetic condition will not take place for sure. As our results 

indicate, carbohydrate-rich imbalanced diet must last for a remarkably long time to induce the 

transformation from the seemingly harmless prediabetes to T2DM. As for non-obese T2DM, it 

was previously mentioned that similarly to obese diabetes, the non-obese one also carries a high 

risk of CVD [45]. So both prediabetes and non-obese T2DM can be considered as insidious 

diseases, since it is quite difficult to recognize prediabetes and it often happens that by the time 
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it is recognized it had already developed into diabetes. On the other hand, most diabetic patients 

are obese, and the vast majority of non-obese diabetic people are suffering from T1DM, not 

T2DM, so similarly to prediabetes, the recognition of non-obese T2DM can be difficult in the 

absence of visible signs of metabolic disturbances, i.e. obesity. To be able to identify these 

pathological conditions sooner, one possible option would be the measurement of blood glucose 

level of the patients regularly. Unfortunately most people are afraid of visiting doctors, yet they 

could help them to diagnose diseases in time. In my opinion, general practitioners should 

recommend their patients to check their blood glucose levels two or three times a year by a 

user-friendly blood glucose meter. Although this may not be enough for a precise diagnosis on 

its own, it can be a good basis to discuss some further potential steps.  

 

Figure 16. Summary of our findings. CL: cardiolipin, DCM: diabetic cardiomyopathy, GK: 

Goto-Kakizaki, T2DM: type 2 diabetes mellitus, BW: body weight, HW: heart weight, CF: 

coronary flow. 
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Abstract 

Background: There is a spectacular rise in the global prevalence of type 2 diabetes mellitus (T2DM) due to the 
worldwide obesity epidemic. However, a significant proportion of T2DM patients are non-obese and they also have 
an increased risk of cardiovascular diseases. As the Goto-Kakizaki (GK) rat is a well-known model of non-obese T2DM, 
the goal of this study was to investigate the effect of non-obese T2DM on cardiac alterations of the transcriptome in 
GK rats.

Methods: Fasting blood glucose, serum insulin and cholesterol levels were measured at 7, 11, and 15 weeks of age 
in male GK and control rats. Oral glucose tolerance test and pancreatic insulin level measurements were performed 
at 11 weeks of age. At week 15, total RNA was isolated from the myocardium and assayed by rat oligonucleotide 
microarray for 41,012 genes, and then expression of selected genes was confirmed by qRT-PCR. Gene ontology and 
protein–protein network analyses were performed to demonstrate potentially characteristic gene alterations and key 
genes in non-obese T2DM.

Results: Fasting blood glucose, serum insulin and cholesterol levels were significantly increased, glucose tolerance 
and insulin sensitivity were significantly impaired in GK rats as compared to controls. In hearts of GK rats, 204 genes 
showed significant up-regulation and 303 genes showed down-regulation as compared to controls according to 
microarray analysis. Genes with significantly altered expression in the heart due to non-obese T2DM includes func-
tional clusters of metabolism (e.g. Cyp2e1, Akr1b10), signal transduction (e.g. Dpp4, Stat3), receptors and ion channels 
(e.g. Sln, Chrng), membrane and structural proteins (e.g. Tnni1, Mylk2, Col8a1, Adam33), cell growth and differentia-
tion (e.g. Gpc3, Jund), immune response (e.g. C3, C4a), and others (e.g. Lrp8, Msln, Klkc1, Epn3). Gene ontology analysis 
revealed several significantly enriched functional inter-relationships between genes influenced by non-obese T2DM. 
Protein–protein interaction analysis demonstrated that Stat is a potential key gene influenced by non-obese T2DM.

Conclusions: Non-obese T2DM alters cardiac gene expression profile. The altered genes may be involved in the 
development of cardiac pathologies and could be potential therapeutic targets in non-obese T2DM.

Keywords: Spontaneous diabetes mellitus, Inherited diabetes mellitus, Non-obese type 2 diabetes mellitus, 
Myocardium, DNA microarray, GO, String, Insulin resistance
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Background
Diabetes mellitus is a heterogeneous chronic metabolic 
disorder characterized by hyperglycemia as a common 
feature resulting from impaired insulin secretion, insulin 
resistance, or both [1]. In 2014, the global prevalence of 

diabetes mellitus (DM) was estimated to be 9  % among 
adults according to WHO data [2]. The total number of 
people suffering from DM is projected to almost triple 
from 190 million to 552 million by 2030 [3, 4]. T2DM 
accounts for more than 90 % of all diabetes cases and its 
incidence is continuously rising worldwide [1, 5, 6]. The 
major cause for this phenomenon is the so-called obesity 
epidemic due to physical inactivity and increased con-
sumption of energy-rich food [7]. Nevertheless, it is often 
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neglected that around 20  % of T2DM patients are non-
obese in Europe and Asia [7–10]. The non-obese T2DM 
phenotype is characterized by a more pronounced reduc-
tion in insulin secretion and less severe insulin resist-
ance as compared to obese T2DM patients [7]. The risk 
of T2DM in non-obese individuals is considered to be 
mostly influenced by polygenic inheritance and prenatal 
environment [7].

It is well known that diabetic patients have an 
increased risk of developing a number of co-morbid-
ities including cardiovascular diseases (CVD). It has 
been reported that T2DM patients have a two to four-
fold increased risk of CVD in general [7, 11, 12]. Obe-
sity is recognized as an independent risk factor for 
both T2DM and CVD [7, 13]. Interestingly, it has been 
reported that non-obese T2DM patients also have 
a high risk of CVD similarly to that of obese T2DM 
patients [7, 11, 14]. Indeed, CVD are estimated to be 
responsible for more than 50 % of deaths among T2DM 
population [15].

One of the major pathologies of the aforementioned 
CVD is diabetic cardiomyopathy (DCM) [15, 16]. DCM 
is defined as left ventricular (LV) diastolic and/or sys-
tolic dysfunction with hypertrophy and fibrosis in the 
absence of preceding hypertension, coronary artery dis-
ease and valvular or congenital heart disease [15–17]. 
Although DCM is a distinct clinical entity, it is also a 
part of the diabetic atherosclerosis process [18]. DCM 
might be independent of the coexistence of arterial 
hypertension, coronary artery disease or other macro-
vascular complications [18]. DCM is characterized by 
the development of myocardial damage, reactive hyper-
trophy and fibrosis, structural and functional changes of 
the small coronary vessels, and cardiac autonomic neu-
ropathy [18]. These alterations make the diabetic heart 
more susceptible to ischemia and subsequent remodel-
ling [18–20].

We have previously shown that cardiac gene expression 
pattern is significantly altered in obese ZDF rats, a model 
of T2DM and metabolic syndrome [21], and in strepto-
zotocin-induced T1DM rats [22] at the transcript level. 
The effect of non-obese T2DM on gene expression pat-
tern in various tissue types has been investigated in a few 
studies. Pancreatic islets [23, 24], liver [25], skeletal mus-
cle [26], adipose tissue [27], hippocampus and prefron-
tal cortex [28] obtained from the well-known non-obese 
T2DM model Goto-Kakizaki (GK) rat showed altered 
gene expression pattern as compared to controls. Sur-
prisingly, whole transcriptomic analysis in the heart of 
GK rats has not been performed previously. Therefore, in 
the present study, our aim was to investigate the effect of 
non-obese T2DM on cardiac alterations of the transcrip-
tome in GK rats.

Methods
Ethics approval
This investigation conforms to the National Institutes 
of Health Guide for the Care and Use of Laboratory 
Animals (NIH Pub. No. 85–23, Revised 1996) and was 
approved by the Animal Research Ethics Committee of 
the University of Szeged.

Animal model of non‑obese T2DM
Male Goto-Kakizaki rats and their age-matched male 
Wistar controls were obtained from Charles River 
Laboratories at the age of 6  weeks and were housed 
at 22 ±  2  °C with a 12:12-h light–dark cycle. The rats 
received standard rat chow and water ad  libitum for 
9  weeks after their arrival. The GK rat is a recognized 
model of inherited type 2 diabetes mellitus [29]. This 
spontaneously diabetic rat strain was developed by selec-
tive breading of Wistar rats with the highest normal 
blood glucose levels in response to oral glucose toler-
ance test [30, 31]. GK rats develop a non-obese and mild 
hyperglycemic phenotype at week 4–5 accompanied by a 
metabolic state of glucose intolerance and later periph-
eral insulin resistance [29, 32] which develops to a hyper-
glycemic insulin-deficient state with aging [29, 32–34]. 
The metabolic features manifested in this animal model 
are in many ways similar to the pathogenesis of inher-
ited spontaneous T2DM in humans [29, 32]. However, 
hyperglycemia and glucose intolerance developed in GK 
rats are not associated with the development of obesity 
or hypertension [1]. The adult GK rat of T2DM has been 
shown to develop cardiovascular complications includ-
ing left ventricular hypertrophy, fibrosis, as well as dias-
tolic and/or systolic dysfunction [1, 20, 35, 36]. Therefore, 
the GK rat is an applicable model for investigation of the 
consequences of non-obese T2DM in the heart.

Experimental setup
Body weight, serum glucose, insulin, cholesterol levels 
and homeostasis model assessment-estimated insulin 
resistance (HOMA-IR) were determined at 7, 11 and 
15 weeks of age in order to monitor the basic parameters 
of glucose and lipid metabolism and insulin resistance 
in GK and control rats (Figs. 1, 2, 3). Oral glucose toler-
ance test (OGTT) was performed at week 15 to further 
characterize glucose homeostasis of GK and control rats 
(Fig. 2). At 15 weeks of age, rats were anaesthetized using 
pentobarbital sodium (Euthasol, 50  mg/kg, Produlab 
Pharma b.v., Raamsdonksveer, The Netherlands). Hearts 
and pancreata were isolated, and then hearts were per-
fused according to Langendorff as described earlier [21, 
37]. After 5 min perfusion ventricular tissue was frozen 
and stored at −80  °C until gene expression analysis by 
DNA microarray and qRT-PCR techniques.
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Serum glucose level measurements and OGTT
As described previously, rats were fasted overnight (12 h) 
prior to serum glucose level measurements and OGTTs 
(weeks 7, 11 and 15) to verify the development of hyper-
glycemia and glucose-intolerance as diagnostic crite-
ria of diabetes mellitus [21, 22, 36]. Blood samples were 
collected from the saphenous vein. Blood glucose levels 
were measured using AccuCheck blood glucose moni-
toring systems (Roche Diagnostics Corporation, USA, 
Indianapolis) [21, 22, 38]. In case of OGTT, after the 
measurement of baseline glucose concentrations, 1.5  g/
kg body weight glucose was administered per os via gav-
age and blood glucose levels were checked 30, 60 and 
120 min later [21, 22, 38]. Area under the curve values for 
OGTT was also calculated.

Measurement of serum and pancreatic insulin levels
Serum and pancreatic insulin levels were measured 
by an enzyme-linked immunosorbent assay (Merco-
dia, Ultrasensitive Rat Insulin ELISA) as described 

previously [21, 22, 38]. Blood samples were collected 
from the saphenous vein at weeks 7, 11 and 15. At 
week 15, during OGTT blood was collected at 0, 30 
and 120 min for serum insulin level measurements. 
Blood samples were centrifuged (4500 rpm for 10 min 
at 4  °C) and kept at −20  °C until the assay was per-
formed. At week 15, pancreata were removed, trimmed 
free of adipose tissue and weighed. Pancreata were 
homogenized in 6  mL cold acidified-ethanol (0.7  M 
HCl: ethanol, 1:3 v/v) with an Ultraturrax homog-
enizer and were kept at 4  °C for 24  h. Then pancreas 
homogenates were centrifuged (900g for 15  min at 
4  °C), and the supernatants were stored at 4  °C. The 
pellet was extracted again with 3 mL acidified ethanol 
for 24  h at 4  °C. The supernatant obtained after cen-
trifugation was pooled with the previous one and kept 
at −20 °C until assayed. Insulin ELISA was carried out 
according to the instructions of the manufacturer from 
either sera or homogenized pancreatic tissue samples 
of GK and control rats.
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HOMA‑IR index
To estimate insulin resistance in GK or control rats the 
widely used HOMA-IR index was calculated [21, 39] by 
multiplying fasting serum insulin (μg/mL) with fasting 
blood glucose (mmol/L), then dividing by the constant 
22.5, i.e. HOMA-IR =  (fasting serum insulin concentra-
tion × fasting blood glucose concentration)/22.5.

Measurement of serum cholesterol levels
In order to follow up the development of hypercholester-
olemia which is a risk factor of cardiovascular diseases, 
serum cholesterol levels were measured at weeks 7, 11 
and 15 using a test kit (Diagnosticum Zrt., Budapest, 
Hungary) as described previously [21, 40, 41].

RNA preparation and DNA microarray analysis
Total RNA was isolated from heart samples with Qia-
gen miRNeasy Mini Kit according to the manufacturer’s 
protocol (Qiagen, Hilden, Germany) as described pre-
viously [22]. On-column DNase digestion was carried 
out with the RNase-Free DNase Set (Qiagen GmbH). 
RNA concentration was measured by NanoDrop 1000 
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Spectrophotometer (Thermo Fisher Scientific Inc., 
Waltham, MA, USA) and RNA integrity was determined 
by an Agilent 2100 Bioanalyzer System (Agilent Technol-
ogies Inc., Santa Clara, CA, USA). Samples with an RNA 
integrity number (RIN) above 8.0 were used for further 
analysis. RNA was stored at −80 °C until use.

Total RNA (1000 ng) was labelled and amplified using 
the QuickAmp Labelling Kit according to the instruc-
tions of the manufacturer. Labelled RNA was purified 
and hybridized to Agilent Whole Rat Genome 4 × 44 K 
array slides, according to the manufacturer’s protocol. 
After washing, array scanning and feature extraction was 
performed with default scenario by Agilent DNA Micro-
array Scanner and Feature Extraction Software 9.5.

Messenger RNA (mRNA) expression profiling by qRT‑PCR
In order to validate gene expression changes obtained 
by DNA microarray, qRT-PCR was performed with 
gene-specific primers. Total RNA (1  µg) was reverse 
transcribed using High-Capacity cDNA Reverse Tran-
scription Kit (Thermo Fisher Scientific, Waltham, MA 
US). Quantitative RT-PCR was performed using TaqMan 
Array 96 Well Fast Plate  3 ×  32 (Thermo Fisher Scien-
tific, Waltham, MA US) according to the manufacturer’s 
instructions on a 7900HT Fast Real-Time PCR System. 
Each well of the TaqMan Array Plate contained 5 μL of 
Taqman Fast Universal Master Mix (2X) no AmpErase® 
UNG, 1 μL cDNA (50 ng/μL) and 4 μL distilled water in 
a final reaction volume of 10 μL per well. Then qPCR was 
performed with the following protocol: 50 cycles of 95 °C 
for 15 s and 60  °C for 1 min. The fluorescence intensity 
was detected after each amplification step. Melting tem-
perature analysis was done after each reaction to check 
the quality of the products. Primers were designed using 
the online TaqMan® Assays custom plating service of the 
manufacturer. Relative expression ratios were calculated 
as normalized ratios to rat glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), hypoxanthine phosphoribosyl-
transferase (HPRT) and ribosomal protein S18 (RPS18) 
housekeeping genes. A non-template control sample was 
used for each primer to check primer-dimer formation. 
Normalized signal levels for each mRNA were calculated 
using comparative cycle threshold method (delta–delta 
Ct method). Fold change refers to 2−ΔΔCt (in the case 
of up-regulated genes) and −(1/2−ΔΔCt) (in the case of 
down-regulated genes).

Gene ontology (GO) analysis
By using DNA microarrays for transcriptional profiling 
a large number of genes can be analyzed simultaneously 
[21, 42], however, the resulting data do not give direct 
information about possible biological interaction of the 
differentially expressed genes. GO analysis is a suitable 

method for integration genes with pathways and biologi-
cal interaction networks to detect coordinated changes in 
functionally related genes [21, 42]. GO analysis was per-
formed using GO pathway analysis using the open access 
software DAVID bioinformatics system and database 
(Database for Annotation, Visualization and Integrated 
Discovery, http://www.david.abcc.ncifcrf.gov website) 
[21, 42]. The differentially expressed genes were submit-
ted to DAVID bioinformatics system and database to 
reveal significantly enriched biological functions/path-
ways [21, 42].

Protein–protein interaction analysis
Gene expression networks are of great biological inter-
est since co-expressed genes could be (1) controlled by 
the same transcriptional regulatory program, (2) func-
tionally related, or (3) members of the same pathway or 
protein complex [43]. In order to further characterize 
the connections of significantly altered genes obtained 
by DNA microarray, protein–protein network analysis 
was performed by STRING10 based on two types of evi-
dence: experimental (protein–protein interaction data-
bases) and text-mining (abstracts of scientific literature). 
STRING (http://www.string-db.org/), is an online acces-
sible database of known and predicted protein–protein 
interactions. Protein–protein interactions from STRING 
10 were collected for the construction of differential pro-
tein interaction network among the genes whose expres-
sions were significantly different in hearts of GK rats. The 
differently expressed genes were mapped to the String 
database and then known and predicted associations 
were scored and integrated. Combined-score  >  0.4 was 
the threshold. Differently expressed genes were visual-
ized after KMEANS clustering. Finally, interaction net-
work was constructed by integrating these relationships.

Statistical analysis
Statistical analysis was performed by using Sigmaplot 
12.0 for Windows (Systat Software Inc). All values are 
presented as mean ± SEM. Repeated measures Two-Way 
ANOVA was used to determine the effect of T2DM and 
the age on FBG, serum insulin and cholesterol levels as 
well as glucose levels during OGTT. After ANOVA, all 
pairwise multiple comparison procedures with Holm-
Šídák post hoc tests were used as multiple range tests. 
Two sample t test was used to determine the effect of 
T2DM on OGTT AUC, pancreatic insulin concentration, 
body weight, heart weight, heart weight/body weight 
ratio and coronary flow. P < 0.05 was accepted as a sta-
tistically significant difference. In the microarray experi-
ments, biological and technical replica tests were carried 
out to gain raw data for statistical analysis. Altogether 4 
individual parallel gene activity comparisons were done 

http://www.david.abcc.ncifcrf.gov
http://www.string-db.org/
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between the two groups. Both in the microarray and qRT-
PCR experiments, a two-sample t test was used and the p 
value was determined to find significant gene expression 
changes. In the microarray experiments, a corrected p 
value was determined for each gene to control the false 
discovery rate using the Benjamini and Hochberg mul-
tiple testing correction protocol. Gene expression ratios 
with p value of  <0.05 and log2 ratio of  < −1.00 or log2 
ratio of >1.00 (~2.0-fold were considered as repression or 
overexpression respectively in gene activity.

Results
Metabolic characterization of non‑obese T2DM
In order to verify the development of T2DM in male GK 
rats, concentrations of several serum metabolites were 
measured at weeks 7, 11 and 15 (Fig. 1). GK rats showed 
a significantly elevated FBG level at all time points as 
compared to controls (Fig. 1a). Interestingly, blood glu-
cose level in GK rats were significantly lower at week 11 
as compared to week 7 or week 15 blood glucose val-
ues (Fig. 1a). Parallel with hyperglycemia, serum insulin 
levels were significantly increased in GK rats compared 
to Wistar controls at week 7 and more profoundly at 
week 11 showing the presence of hyperinsulinemia in 
GK animals (Fig.  1b). However, there was no signifi-
cant difference between serum insulin levels measured 
in GK and control rats at week 15, since serum insu-
lin concentration in GK rats significantly decreased by 
week 15 as compared to insulin level measured at week 
11 indicating beta-cell damage in GK rats (Fig.  1b). 
HOMA-IR was significantly increased at weeks 7 and 11 
in GK rats when compared to controls showing insulin 
resistance in GK animals (Fig. 1d). In contrast, increase 
of HOMA-IR did not reach the level of statistical sig-
nificance at week 15 in GK animals (Fig.  1d). Serum 
cholesterol levels were significantly higher in GK rats as 
compared to control ones throughout the study dura-
tion representing hypercholesterolemia (Fig. 1c). OGTT 
was performed at week 15 in order to verify the devel-
opment of impaired glucose tolerance in GK rats. Glu-
cose levels during OGTT were markedly increased in 
GK rats in every time point of blood glucose measure-
ments (Fig.  2a). Area under the curve (AUC) of blood 
glucose levels during OGTT was significantly increased 
in GK rats representing impaired glucose tolerance 
(Fig.  2c). In addition, serum insulin level in GK rats 
during OGTT was significantly lower 30 min after glu-
cose loading and became markedly increased 120  min 
after glucose administration indicating impaired insu-
lin secretion (Fig.  2b). Interestingly, pancreatic insulin 
levels were 25 % lower in GK rats compared to control 
ones, however, the values were not significantly differ-
ent between the two groups (Fig. 2d).

Body weight, heart weight and coronary flow
Body weight was significantly decreased at week 15 in GK 
rats proving a non-obese phenotype of T2DM in GK rats 
(Fig. 3a). Heart weight and heart weight to body weight 
ratio were significantly increased at week 15 in GK rats 
suggesting the development of cardiac hypertrophy in 
response to chronic T2DM (Fig. 3b, c). Interestingly, cor-
onary flow was significantly increased at week 15 in GK 
rats as compared to control hearts (Fig. 3d).

Gene expression profile and qRT‑PCR
Among the 41,012 genes surveyed (Additional file  1: 
Table  S1), 507 genes whose expression was  >  ~2.0-fold 
up- or down-regulated in hearts of GK rats relative to 
levels of control rats showed significant change in expres-
sion. According to our results, 204 genes showed up-
regulation (Additional file  2: Table  S2) and 303 genes 
showed down-regulation in hearts of GK rats (Additional 
file 2: Table S3). Moreover, 138 genes showed more than 
threefold change of expression in hearts of GK rats as 
compared to the levels of control rats. Among these 138 
genes, 50 genes were significantly up-regulated (Table 1) 
and 88 genes were significantly down-regulated (Table 2) 
in GK rat hearts. The expression change of selected 28 
genes was validated by qRT-PCR (Table 3), 19 of these 28 
genes have been confirmed by qRT-PCR (Table 3).  

Gene ontology analysis
In order to further determine the biological significance 
and functional classification of differentially expressed 
genes due to non-obese T2DM, GO analysis was per-
formed (Table 4) [21]. GO analysis is suitable for identi-
fying significantly enriched GO terms related to multiple 
genes and for discovering enriched functionally related 
gene groups. A single gene can belong to different cat-
egories. Out of the 507 genes significantly altered by non-
obese T2DM in our present study, 277 genes with known 
function were submitted to GO analysis and 115 were 
clustered into different categories. The rest of the 507 
genes were either unknown expressed sequence tags or 
unrecognized by the GO analysis database (Table 4). The 
115 analyzed genes were classified into five main catego-
ries such as (1) biological regulation, (2) metabolic pro-
cess, (3) immune system process, (4) biological adhesion, 
and (5) rhythmic process (Table 4).

Protein–protein interaction analysis
To better understand the relationships between the 
functionally related gene groups analyzed by GO, we 
examined protein–protein interactions between protein 
products of all 507 genes showing significant difference 
in gene expression (Fig.  4). Here, Stat3 seems to have 
a major networking group affecting multiple top GO 
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Table 1 Up-regulated genes (>3.0-fold up-regulation)

Gene function Description (gene symbol) Acc. no. AVE log2 SD (LOG) P value (Corr) Fold change SD

Metabolism Abhydrolase domain containing 
17C (Abhd17c)

NM_001100736 2.79 0.39 0.00 6.96 1.72

Alcohol dehydrogenase 1 (class 
I) (Adh1)

NM_019286 2.43 0.99 0.00 5.38 2.78

Retinol saturase (all trans retinol 
13,14 reductase) (Retsat)

NM_145084 2.17 1.14 0.01 4.50 3.61

Diacylglycerol kinase, beta (Dgkb) NM_019304 2.07 0.34 0.00 4.21 0.82

Kallikrein 1-related peptidase C3 
(Klk1c3)

NM_001271315 1.92 0.45 0.00 3.79 1.07

Aldo–keto reductase family 1, 
member B10 (aldose reductase) 
(Akr1b10)

NM_001013084 1.91 0.44 0.00 3.76 1.05

Adenosine monophosphate 
deaminase 1 (Ampd1)

NM_138876 1.61 0.71 0.00 3.06 1.56

Signal transduction, regulation of 
transcription

Phospholipase A2, group VII 
(platelet-activating factor acetyl-
hydrolase, plasma) (Pla2g7)

NM_001009353 2.23 0.29 0.00 4.68 0.88

Protein tyrosine phosphatase, 
non-receptor type 13 (Ptpn13)

NM_001100789 2.13 1.06 0.00 4.38 2.18

Ephrin A2 (Efna2) NM_001168670 1.77 0.31 0.00 3.41 0.60

Crystallin, mu (Crym) NM_053955 1.76 0.39 0.00 3.38 0.78

Cd47 molecule (Cd47) NM_019195 1.74 0.26 0.00 3.34 0.51

Calsyntenin 2 (Clstn2) NM_134377 1.63 0.65 0.00 3.09 1.41

Ring finger protein 187 (Rnf187) NM_001164264 1.61 0.34 0.00 3.06 0.63

Receptors, ion channels Potassium voltage-gated channel, 
Isk-related family, member 1 
(Kcne1)

NM_012973 2.72 0.82 0.00 6.57 4.07

ATPase, H+ transporting, lysoso-
mal V1 subunit G2 (Atp6v1g2)

NM_212490 2.53 0.60 0.00 5.77 2.02

Cholinergic receptor, nicotinic, 
alpha 7 (neuronal) (Chrna7)

S53987 1.79 0.31 0.00 3.45 0.63

ATPase, Ca++ transporting, 
plasma membrane 2 (Atp2b2)

NM_012508 1.71 0.50 0.00 3.27 0.91

Membrane proteins Peroxisomal membrane protein 4 
(Pxmp4)

NM_172223 2.52 0.21 0.00 5.73 0.74

Cell growth and differentiation Transcription elongation factor A 
(SII)-like 7 (Tceal7)

NM_001109401 1.86 0.84 0.00 3.63 1.88

Jun D proto-oncogene (Jund) NM_138875 1.71 0.29 0.00 3.28 0.60

Immune response RT1 class Ib, locus T18 (RT1-T18) NM_001002821 2.31 0.77 0.00 4.95 2.21

2′-5′ oligoadenylate synthetase 1A 
(Oas1a)

NM_138913 1.98 0.86 0.00 3.94 2.50

Transport ATPase, Ca++ transporting, 
plasma membrane 2 (Atp2b2)

NM_012508 1.78 0.41 0.00 3.44 0.77

Solute carrier family 16 (monocar-
boxylate transporter), member 
7 (Slc16a7)

NM_017302 1.64 0.38 0.00 3.11 0.69

Others Guanylate binding protein 1, 
interferon-inducible (gbp1)

XM_006224278 4.80 0.49 0.00 27.84 8.96

Uncharacterized LOC102549588 XR_362031 4.69 0.54 0.00 25.85 8.31

Twin-arginine translocation path-
way signal

4.52 0.58 0.00 23.01 9.81

TL0ADA29YA08 mRNA sequence FQ222105 3.27 0.42 0.00 9.64 2.34

Similar to ribosomal protein L6 
(LOC366145)

XM_345411 2.94 0.59 0.00 7.70 3.03
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pathways in non-obese T2DM. Moreover, there are pro-
teins interconnected with each other in smaller network-
ing groups including networks of (1) Sdc1; (2) Cyp2e1 
and (3) Tef proteins (Fig.  4) affecting the top GO path-
ways as well (Table 4).

Discussion
In the present study, our aim was to investigate how car-
diac gene expression pattern is influenced by non-obese 
T2DM. Here we show several characteristics of non-
obese T2DM in 15  weeks old male GK rats including 
decreased body weight, fasting hyperglycemia, hyper-
cholesterolemia, insulin resistance, and impaired glucose 

tolerance. Moreover, we show increased heart weight and 
heart weight/body weight ratio in GK rats indicating car-
diac hypertrophy. We also demonstrate that non-obese 
T2DM influences cardiac gene expression pattern by 
altering transcript levels of several genes. We identified 
507 genes which were differentially expressed in the myo-
cardium of GK rats compared to Wistar controls.

The spontaneously diabetic GK rat is a well character-
ized and recognized model of non-obese type 2 diabetes 
mellitus. The abnormal glucose regulation in the GK rat 
develops in association both with impaired insulin secre-
tion and with insulin resistance as reviewed by Östenson 
and Movassat [29, 32]. At the onset of T2DM, there is a 

Table 1 continued

Gene function Description (gene symbol) Acc. no. AVE log2 SD (LOG) P value (Corr) Fold change SD

Mitochondrial ribosomal protein 
S10 (Mrps10)

NM_001008859 2.86 1.24 0.00 7.28 4.07

Cd300 molecule-like family mem-
ber G (Cd300lg)

XM_003750936 2.61 0.68 0.00 6.10 2.99

MRNA decapping enzyme 2.32 0.35 0.00 4.99 1.11

Transmembrane emp24 domain-
containing protein 5 precursor

2.14 0.28 0.00 4.41 0.72

Macrophage activation 2 like 
(Mpa2 l)

XM_006221662 2.10 1.05 0.00 4.30 3.00

Similar to interferon-inducible 
GTPase (RGD1309362)

NM_001024884 2.02 0.84 0.00 4.06 2.65

Myc-like oncogene, s-myc protein 
(Mycs)

NM_021837 2.00 0.80 0.00 4.00 1.64

Uncharacterized LOC102556738 XR_340771 1.96 0.44 0.00 3.89 1.10

Nuclear casein kinase and cyclin-
dependent kinase substrate 1 
(Nucks1)

XM_006249797 1.96 0.34 0.00 3.89 0.74

Transducin-like enhancer of split 
6 (E(sp1) homolog, Drosophila) 
(Tle6)

XM_006241027 1.95 0.43 0.00 3.87 1.10

Transmembrane protein 132C 
(Tmem132c)

XM_002724836 1.91 0.45 0.00 3.75 1.09

CWC25 spliceosome-associated 
protein homolog (S. cerevisiae) 
(Cwc25)

NM_001108295 1.82 0.76 0.00 3.52 1.65

Contactin associated protein-like 2 
(Cntnap2)

XM_006236412 1.79 0.39 0.00 3.47 0.84

Anaphase promoting complex 
subunit 10 (Anapc10)

XM_006255406 1.77 1.29 0.03 3.41 4.41

Deoxycytidine triphosphate 
deaminase

1.73 0.35 0.00 3.32 0.74

Hypothetical protein LOC500028 NM_001047954 1.65 0.38 0.00 3.13 0.66

RNA binding motif protein 44 
(Rbm44)

XM_001066845 1.64 0.46 0.00 3.12 0.87

Trichorhinophalangeal syndrome 
I (Trps1)

XM_006241626 1.62 0.39 0.00 3.08 0.69

Excision repair cross-complement-
ing rodent repair deficiency, 
complementation group 8 
(Ercc8)

NM_001107650 1.60 0.27 0.00 3.03 0.49

Uncharacterized LOC100912569 XR_348427 1.59 0.82 0.01 3.02 1.80
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Table 2 Down-regulated genes (>3.0-fold down-regulation)

Gene function Description (gene symbol) Acc. no. AVE log2 SD (LOG) P value (Corr) Fold change SD

Metabolism Transglutaminase 1 (Tgm1) NM_031659 −1.98 0.55 0.0002 −3.93 1.87

CARBONIC anhydrase 6 (Car6) NM_001134841 −2.03 0.76 0.0002 −4.08 2.61

Phenazine biosynthesis-like protein domain 
containing 1 (Pbld1)

NM_138530 −2.14 0.68 0.0001 −4.41 2.60

Coproporphyrinogen oxidase (Cpox) NM_001037095 −2.32 0.45 0.0001 −4.98 2.06

Prolyl 4-hydroxylase, alpha polypeptide III 
(P4ha3)

XM_006229769 −2.36 0.38 0.0001 −5.13 1.68

Signal transduction, 
regulation of  
transcription

cAMP responsive element binding protein 5 
(Creb5)

XM_006236505 −1.62 0.52 0.0001 −3.07 1.26

Dual-specificity tyrosine-(Y)-phosphorylation 
regulated kinase 3 (Dyrk3)

NM_001024767 −1.74 0.65 0.0006 −3.35 1.95

Hypermethylated in cancer 1 (Hic1) NM_001107021 −1.83 0.70 0.0019 −3.55 2.10

Rho guanine nucleotide exchange factor 
(GEF) 5 (Arhgef5)

XM_006224892 −1.96 0.47 0.0001 −3.89 1.45

Thyroid hormone responsive (Thrsp) NM_012703 −2.28 0.98 0.0020 −4.86 5.18

Cellular retinoic acid binding protein 2 
(Crabp2)

NM_017244 −2.32 0.50 0.0001 −4.98 2.42

A kinase (PRKA) anchor protein 3 (Akap3) NM_001005557 −2.68 0.35 0.0000 −6.39 1.90

Uroplakin 1B (Upk1b) NM_001024253 −3.69 0.69 0.0001 −12.89 7.94

Receptors, ion  
channels

Interleukin 22 receptor, alpha 2 (Il22ra2) NM_001003404 −1.62 0.93 0.0064 −3.07 2.78

Neurotrophic tyrosine kinase, receptor, type 3 
(Ntrk3), transcript variant 3

NM_019248 −1.64 0.45 0.0005 −3.12 1.18

Adrenoceptor alpha 1D (Adra1d) NM_024483 −1.69 0.37 0.0007 −3.23 1.09

Lysophosphatidic acid receptor 1 (Lpar1) NM_053936 −1.83 0.51 0.0000 −3.55 1.50

Prostaglandin F receptor (Ptgfr) NM_013115 −1.87 0.44 0.0000 −3.65 1.40

Solute carrier family 4 (anion exchanger), 
member 1 (Slc4a1)

NM_012651 −2.39 0.22 0.0000 −5.23 0.94

Sarcolipin (Sln) NM_001013247 −3.00 1.41 0.0028 −8.03 15.41

ATPase, H + transporting, lysosomal accessory 
protein 1-like (Atp6ap1 l)

NM_001191843 −3.59 0.31 0.0000 −12.06 3.25

Membrane proteins Sarcolipin (Sln) CK841541 −2.51 1.08 0.0019 −5.68 7.12

Structural protein,  
cell adhesion

Collagen, type V, alpha 3 (Col5a3) NM_021760 −1.78 0.59 0.0001 −3.43 1.46

Contactin associated protein 1 (Cntnap1) NM_032061 −2.03 0.34 0.0000 −4.09 1.11

Myosin binding protein H-like (Mybphl) NM_001014042 −2.82 1.17 0.0011 −7.08 8.55

Myosin, light chain 7, regulatory (Myl7) NM_001106017 −3.37 1.66 0.0030 −10.34 20.29

Mesothelin (Msln) NM_031658 −4.46 1.44 0.0010 −22.03 31.18

Cell growth and  
differentiation

Ret proto-oncogene (Ret), transcript variant 1 NM_012643 −1.64 0.44 0.0000 −3.11 1.15

Endothelial cell-specific molecule 1 (Esm1) NM_022604 −2.28 0.39 0.0000 −4.85 1.57

Neuronatin (Nnat), transcript variant 1 NM_053601 −2.34 1.34 0.0119 −5.06 10.47

Endothelial cell-specific molecule 1 (Esm1) NM_022604 −2.36 0.40 0.0000 −5.13 1.64

Epiphycan (Epyc) NM_001108088 −2.36 1.37 0.0083 −5.14 7.64

Cyclin G1 (Ccng1) NM_012923 −3.36 0.21 0.0000 −10.29 1.82

Tripartite motif-containing 16 (Trim16) NM_001135033 −6.33 0.41 0.0000 −80.63 28.07

Immune response Regenerating islet-derived 3 beta (Reg3b) NM_053289 −1.81 1.34 0.0300 −3.52 5.83

Inducible T-cell co-stimulator ligand (Icoslg) XM_006223832 −1.92 0.37 0.0000 −3.79 1.16

Complement component 4A (Rodgers blood 
group) (C4a)

NM_031504 −2.25 0.75 0.0002 −4.77 3.07

Chemokine (C-X-C motif ) ligand 13 (Cxcl13) NM_001017496 −2.48 0.78 0.0003 −5.57 4.38

Similar to immunoglobulin superfamily, mem-
ber 7 (RGD1559482),

NM_001168285 −2.54 0.43 0.0000 −5.83 2.19

CD1d1 molecule (Cd1d1) NM_017079 −2.64 0.53 0.0000 −6.21 2.67

Chymase 1, mast cell (Cma1) NM_013092 −3.95 0.45 0.0000 −15.40 6.26
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Table 2 continued

Gene function Description (gene symbol) Acc. no. AVE log2 SD (LOG) P value (Corr) Fold change SD

Transport Retinol binding protein 4, plasma (Rbp4) NM_013162 −2.09 1.20 0.0131 −4.27 7.22

Hormones Inhibin alpha (Inha) NM_012590 −1.79 0.56 0.0020 −3.45 1.80

Others Protein Arhgef5 (Source:UniProtKB/
TrEMBL;Acc:E9PT59)

XM_006224892 −1.62 0.54 0.0002 −3.07 1.33

Hypothetical protein LOC100302372 
(LOC100302372)

NM_001162897 −1.63 0.57 0.0004 −3.10 1.69

(F344/Crj)rearranged mRNA for T-cell receptor 
gamma chain (1483 bp)

Z27087 −1.65 0.71 0.0045 −3.13 1.94

Similar to RIKEN cDNA 1700001E04 
(LOC367428), mRNA (XM_346135)

XM_346135 −1.65 0.25 0.0000 −3.14 0.68

BTB (POZ) domain containing 9 (Btbd9) XM_006256185 −1.66 0.30 0.0000 −3.15 0.73

Q99NG8_RAT (Q99NG8) T:G mismatch thy-
mine glycosylase

−1.67 0.44 0.0001 −3.17 1.24

Hypothetical protein LOC689316 (LOC689316) XR_086061 −1.68 0.39 0.0000 −3.21 1.02

Uroplakin 3B-like (Upk3bl) NM_001109020 −1.69 0.37 0.0013 −3.22 1.04

NEUU_MOUSE (Q9QXK8) Neuromedin U-23 
precursor (NmU-23)

−1.71 0.43 0.0000 −3.28 1.10

Ripply transcriptional repressor 2 (Ripply2) XM_001064780 −1.73 0.44 0.0000 −3.31 1.22

Uncharacterized LOC100912446 
(LOC100912446)

FQ221838 −1.73 0.64 0.0005 −3.33 1.76

Similar to TP53-regulating kinase (p53-related 
protein kinase) (Nori-2) (LOC685619)

XM_002729250 −1.75 0.32 0.0000 −3.37 0.84

Erythrocyte membrane protein band 4.1-like 
3 (Epb41l3)

NM_053927 −1.77 0.90 0.0057 −3.41 2.69

Uncharacterized LOC102556259 
(LOC102556259)

XR_355327 −1.77 0.38 0.0001 −3.42 1.22

EF-hand domain family, member D1 (Efhd1) NM_001109310 −1.81 0.46 0.0000 −3.50 1.45

Zinc finger and BTB domain containing 20 
(Zbtb20)

XM_006248302 −1.87 0.48 0.0000 −3.67 1.69

Suppressor of glucose, autophagy associated 
1 (Soga1)

XM_001067659 −1.89 0.66 0.0001 −3.72 2.23

Protein RGD1562667 XM_221091 −1.91 0.45 0.0000 −3.75 1.49

Uncharacterized protein (Source:UniProtKB/
TrEMBL;Acc:F1LSJ2) (ENSRNOT00000035259)

XM_001061015 −1.93 0.61 0.0001 −3.80 2.07

Uncharacterized LOC102546664 
(LOC102546664)

XR_342060 −1.95 0.18 0.0000 −3.87 0.58

Protein Rsf1 (Source:UniProtKB/
TrEMBL;Acc:D3ZGQ8)

XM_218939 −1.95 1.05 0.0109 −3.87 2.89

Nucleosome assembly protein 1-like 5 
(Nap1l5)

NM_001044293 −1.97 1.04 0.0039 −3.92 3.86

Methyltransferase like 2B (Mettl2b) NM_001108839 −2.07 0.40 0.0000 −4.20 1.36

Similar to immunoreceptor Ly49si3 
(LOC690097)

XM_003753951 −2.19 0.50 0.0001 −4.55 2.20

Neuronal PAS domain protein 2 (Npas2) NM_001108214 −2.23 0.47 0.0000 −4.69 1.73

FM089532 etnofat cDNA clone etno-
fatP0014D18 5′, mRNA sequence

FM089532 −2.40 0.36 0.0001 −5.28 1.54

Chordin-like 1 (Chrdl1) NM_199502 −2.46 0.27 0.0000 −5.51 1.30

Uncharacterized LOC102557390 
(LOC102557390)

XR_348511 −2.54 0.48 0.0000 −5.82 2.30

Q7TQ12_RAT (Q7TQ12) Aa1114 −2.62 0.32 0.0000 −6.14 1.69

TL0ACA45YL24 mRNA sequence FQ215947 −2.65 0.48 0.0000 −6.27 2.81

Aryl hydrocarbon receptor nuclear transloca-
tor-like (Arntl)

NM_024362 −2.75 0.54 0.0000 −6.75 2.85

Similar to RIKEN cDNA 1500015O10 
(RGD1305645)

NM_001271051 −2.84 0.88 0.0003 −7.17 7.06
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compensatory attempt of the beta cells to release more 
insulin to defeat insulin resistance. Later this mecha-
nism is insufficient to maintain blood glucose level within 
a physiological range and finally leads to the functional 
exhaustion of the surviving beta cells. These stages in the 
GK model could be also observed in our present study. 
Blood glucose levels were significantly increased in GK 
rats at weeks 7, 11 and 15 as compared to controls and 
there was a statistically significant difference in blood glu-
cose levels in GK rats between the different time points. 
Blood glucose level in GK rats were significantly lower at 
week 11 as compared to week 7 or week 15 blood glucose 
values. Moreover, serum insulin level was significantly 
increased at week 11 in GK rats as compared to week 7 
values. The significantly higher serum insulin level at 
week 11 could explain the lower blood glucose level at 
week 11 as compared to week 7 blood glucose values. 
Serum insulin levels and HOMA-IR were significantly 
increased at week 7 and 11 showing increasing insulin 
resistance and compensatory hyperinsulinemia. At week 
15, there was no significant difference in serum insulin 
level between GK and control animals. However, pan-
creatic insulin content of GK rats was slightly decreased 
suggesting the functional exhaustion of pancreatic beta 
cells. Probably this is the reason why HOMA-IR failed 
to reach the level of statistical significance in GK rats 
compared to controls at this time point. Nevertheless, 
this is not a sign of spontaneous improvement of insulin 
resistance in GK rats in our present study. These results 

are in accordance with literature data showing that beta 
cell mass and insulin production continuously decreases 
from birth to adulthood in GK rats due to chronic islet 
inflammation, angiopathy, fibrosis and defective beta cell 
neogenesis [32].

Surprisingly, only a few studies were performed previ-
ously using the qPCR technique to investigate the gene 
expression changes playing a role in the development of 
left ventricular hypertrophy and structural remodeling 
[20, 35, 44], excitation–contraction coupling [45, 46], and 
lipotoxicity [10] in the hearts of GK rats. Thus, our study 
is the first to describe overall alterations in the cardiac 
transcriptome in male GK rats. In our present study, the 
significantly altered genes can be classified into different 
clusters (e.g. metabolism, stress response, signal transduc-
tion, regulation of transcription, receptors, ion channels, 
membrane and structural proteins, cell growth and differ-
entiation, immune response, transport, hormones, etc.). 
Moreover, some other genes without any definite function 
in the myocardium were also changed in response to DM. 
The majority of these genes have not been related to non-
obese T2DM yet, and therefore, characterization of the 
functional effects of these genes on the heart in non-obese 
T2DM is suggested in future mechanistic studies.

Genes related to metabolic alterations in T2DM
In our present study, several genes related to metabo-
lism were found to be affected in the hearts of GK rats 
as compared to controls. A group of these altered genes 

Table 2 continued

Gene function Description (gene symbol) Acc. no. AVE log2 SD (LOG) P value (Corr) Fold change SD

Uncharacterized LOC100911508 
(LOC100911508)

XR_145872 −2.86 0.30 0.0000 −7.25 1.86

TL0ACA40YB18 mRNA sequence. FQ216879 −2.99 1.21 0.0012 −7.94 9.21

Family with sequence similarity 216, member 
B (Fam216b)

XM_003751515 −3.04 0.89 0.0002 −8.25 6.41

SARCO_MOUSE (Q9CQD6) Sarcolipin, com-
plete (TC628765)

AW918768 −3.06 1.35 0.0020 −8.33 14.57

Endogenous retrovirus mRNA AY212271 −3.51 1.47 0.0015 −11.38 17.10

Uncharacterized LOC102552170 
(LOC102552170)

XM_006224493 −4.01 0.40 0.0000 −16.09 5.74

O89816_9GAMR (O89816) Envelope glyco-
protein

−4.04 0.99 0.0001 −16.49 15.56

Rat PRRHIS8 mRNA for ribosomal protein S8. 
(X56846)

X56846 −4.14 0.73 0.0000 −17.63 12.05

Elongator protein 3/MiaB/NifB −4.21 0.37 0.0000 −18.51 5.56

Endogenous retrovirus mRNA AY212271 −4.21 1.48 0.0006 −18.52 28.67

Similar to 60S ribosomal protein L19 
(LOC316856)

XM_229366 −4.46 0.84 0.0000 −22.05 16.63

Uncharacterized LOC102554872 
(LOC102554872)

XR_348916 −4.86 0.35 0.0000 −29.02 8.07

WDNM1 homolog (LOC360228) NM_001003706 −5.14 1.80 0.0013 −35.24 76.86
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is involved in cellular ketone metabolic process accord-
ing to GO and STRING protein–protein interaction 
analyses (e.g. down-regulation of cytochrome P450 
2E1, (Cyp2e1); cytochrome P450 2J4, (Cyp2j4); and up-
regulation of aldehyde dehydrogenase 1 family, mem-
ber A1, (Aldh1a1); alcohol dehydrogenase 1, (Adh1c); 
aldo–keto reductase family 1, member B10, (Akr1b10); 
aldo–keto reductase family 1, member, C12, (Akr1c12); 
etc.) (Fig. 4; Table 4). It has been shown that 60 day old 
GK rats developed increased ketone body production 
[47], however, there is no literature data available about 
ketone body metabolism in the heart of GK rats. The 
ketone body acetone can be converted in vivo to glucose 
via acetol and pyruvate, and the initial conversion to ace-
tol is catalyzed by Cyp2e1 [48]. It has been shown that 

Cyp2e1 knockout mice subjected to starvation to induce 
ketogenesis develop blood acetone levels much higher 
than those observed in wild-type mice [48]. In our pre-
sent study, the down-regulation of Cyp2e1 might be a 
possible cause of increased ketone body level in the myo-
cardium, however, up-regulation of other genes involved 
in ketone metabolic process including Aldh1a1; Adh1c; 
Akr1b10; and Akr1c12 may be an adaptive response in 
the myocardium to antagonize elevated ketone body 
levels. Moreover, Akr1b10 has been shown to be induc-
ible by hyperglycemia in peripheral blood mononuclear 
cells obtained from patients with diabetic nephropathy. It 
also could have potential downstream effect of reducing 
cellular retinoic acid level, which is a key molecule dur-
ing organogenesis as well as the development of diabetic 

Table 3 Confirmation by qRT-PCR

Gene symbol Gene name Acc. nr. DNA microarray qRT‑PCR Confirmed

AVE (log2) Fold change Fold change SEM

Adipoq Adiponectin, C1Q and collagen domain containing Rn00595250_m1 −4.99 −31.78 −23.64 0.02 Yes

Retn Resistin Rn00595224_m1 −4.74 −26.72 31.08 14.46 No

Atp1b4 ATPase, (Na+)/K+ transporting, beta 4 polypeptide Rn00584523_m1 −4.21 −18.51 −4.74 0.05 Yes

Car3 Carbonic anhydrase 3 Rn01461970_m1 −3.73 −13.27 −7.88 0.03 Yes

Cma1 Chymase 1, mast cell Rn00565319_m1 −3.11 −8.63 −5.12 0.02 Yes

Arntl Aryl hydrocarbon receptor nuclear translocator-like Rn00577590_m1 −2.75 −6.74 −2.95 0.03 Yes

Tgm1 Transglutaminase 1, K polypeptide Rn00581408_m1 −1.97 −3.92 −4.88 0.03 Yes

Nnat Neuronatin (Nnat), transcript variant 1 Rn00440480_m1 −1.87 −3.66 −4.2 0.02 Yes

Ddah1 Dimethylarginine dimethylaminohydrolase 1 Rn00574200_m1 −1.69 −3.23 −3.36 0.02 Yes

Ntrk3 Neurotrophic tyrosine kinase, receptor, type 3 Rn00570389_m1 −1.69 −3.23 −2.33 0.06 Yes

Stat3 Signal transducer and activator of transcription 3 Rn00562562_m1 −1.49 −2.81 1.36 0.08 No

Dpp4 Dipeptidylpeptidase 4 Rn00562910_m1 −1.35 −2.55 −2.11 0.03 Yes

Ephx2 Epoxide hydrolase 2, cytoplasmic Rn00576023_m1 −1.33 −2.51 −4.23 0.02 Yes

Gpc3 Glypican 3 Rn00516722_m1 −1.29 −2.45 −2.54 0.04 Yes

Fgf18 Fibroblast growth factor 18 Rn00433286_m1 −1.17 −2.25 −2.36 0.03 Yes

Tfpi Tissue factor pathway inhibitor (lipoprotein-associ-
ated coagulation inhibitor)

Rn00567935_m1 −1.10 −2.14 1.12 0.06 No

Gckr Glucokinase (hexokinase 4) regulator Rn00565467_m1 −0.98 −1.97 −2.09 0.05 N/A

Cdkn1a Cyclin-dependent kinase inhibitor 1A Rn00589996_m1 −0.93 −1.91 −1.34 0.04 N/A

Bat5 HLA-B associated transcript 5 Rn01525709_g1 0.96 1.95 −1.3 0.06 N/A

Sele Selectin E Rn00594072_m1 1.02 2.03 2.35 0.14 Yes

Dbp D site of albumin promoter (albumin D-box) bind-
ing protein

Rn00497539_m1 1.06 2.08 2.39 0.17 Yes

Abcg1 ATP-binding cassette, subfamily G (WHITE), mem-
ber 1

Rn00585262_m1 1.08 2.11 1.99 0.14 No

Cyr61 Cysteine-rich, angiogenic inducer, 61 Rn00580055_m1 1.14 2.20 1.58 0.12 No

Ephx1 Epoxide hydrolase 1, microsomal Rn00563349_m1 1.21 2.31 2.24 0.18 Yes

Prkce Protein kinase C, epsilon Rn01769089_m1 1.28 2.43 1.09 0.08 No

Nurp1 Nuclear protein, transcriptional regulator, 1 Rn00586046_m1 1.34 2.53 3.29 0.28 Yes

Slc16a7 Solute carrier family 16, member 7 (monocarbox-
ylic acid transporter 2)

Rn00568872_m1 1.77 3.41 3.21 0.19 Yes

Atp2b2 ATPase, C++ transporting, plasma membrane 2 Rn01425460_m1 1.88 3.68 3.78 0.21 Yes
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Table 4 Gene ontology analysis

Category Term Count % P value Gene symbol

GOTERM_BP_1 GO:0065007 ~ biological regulation 48 41.74 0.01 FGF18, PDIA2, GPBP1, C3, CRABP2, TRIM16, 
ZEB2, LPAR1, ESM1, SGMS1, CCNG1, CD1D1, 
ALDH1A1, ATP2B2, CD47, NPAS2, DGKB, 
ZFP90, CXCR6, JUND, PER2, TEF, CHRNA7, 
CNTNAP1, TRAF6, QSOX1,DDAH1, DPP4, 
DPT, CYR61, RET, NCF1, NUCKS1, ARHGEF5, 
PRKAB2, LOC501307, ARNTL, PTGFR, PRKCE, 
TMEM189, STAT3, FMN1, TRPS1, KLRE1, 
GNB3, EIF2AK2, ICOSLG, BARD1

GOTERM_BP_2 GO:0006950 ~ response to stress 16 13.91 0.04 NCF1, PDIA2, C3, SGMS1, CD1D1, STAT3, 
ALDH1A1, ERCC8, SDC1, PLOD2, CHRNA7, 
TRAF6, EIF2AK2, DDAH1, DPP4, BARD1

GOTERM_BP_2 GO:0050789 ~ regulation of biological 
process

45 39.13 0.02 FGF18, PDIA2, GPBP1, C3, TRIM16, ZEB2, 
LPAR1, ESM1, SGMS1, CD1D1, ALDH1A1, 
ATP2B2, CD47, NPAS2, DGKB, ZFP90, CXCR6, 
JUND, PER2, TEF, CHRNA7, CNTNAP1, TRAF6, 
QSOX1, DDAH1, DPP4, DPT, CYR61, RET, 
NCF1, NUCKS1, ARHGEF5, PRKAB2, ARNTL, 
PTGFR, PRKCE, TMEM189, STAT3, FMN1, 
TRPS1, KLRE1, GNB3, EIF2AK2, ICOSLG, 
BARD1

GOTERM_BP_2 GO:0048518 ~ positive regulation of biologi-
cal process

24 20.87 0.00 FGF18, C3, GPBP1, ZEB2, TRIM16, ARNTL, 
LPAR1, CD1D1, STAT3, FMN1, ALDH1A1, 
ATP2B2, CD47, NPAS2, JUND, KLRE1, TEF, 
CHRNA7, EIF2AK2, TRAF6, DDAH1, ICOSLG, 
CYR61, BARD1

GOTERM_BP_2 GO:0048646 ~ anatomical structure forma-
tion involved in morphogenesis

9 7.83 0.00 ALDH1A1, ATP2B2, FGF18, RET, RIPPLY2, ZEB2, 
TRAF6, DDAH1, CYR61

GOTERM_BP_2 GO:0009653 ~ anatomical structure morpho-
genesis

14 12.17 0.03 FMN1, ALDH1A1, ATP2B2, FGF18, SDC1, RET, 
EFNA2, CRABP2, RIPPLY2, ZEB2, TRAF6, 
DDAH1, STAT3, CYR61

GOTERM_BP_1 GO:0008152 ~ metabolic process 48 41.74 0.03 CYP2J4, OCLN, C3, CRABP2, TRIM50, TRIM16, 
LPAR1, SGMS1, ALDH1A1, ATP2B2, ERCC8, 
MCM8, ST6GALNAC3, PLOD2, ZFP90, CPOX, 
P4HA3, JUND, PER2, TEF, CHRNA7, TRAF6, 
QSOX1, DDAH1, DPP4, RET, NCF1, PRKAB2, 
LOC501307, ARNTL, CRYZ, TMEM189, 
LPCAT2, PRKCE, WEE1, STAT3, RPS7, OXSM, 
FMN1, TAF13, SLC16A7, AKR1B10, PLA2G7, 
CMA1, EIF2AK2, CAR6, PRPS2, BARD1

GOTERM_BP_2 GO:0044237 ~ cellular metabolic process 39 33.91 0.09 CYP2J4, OCLN, CRABP2, TRIM50, TRIM16, 
LPAR1, SGMS1, ALDH1A1, ATP2B2, ERCC8, 
MCM8, ST6GALNAC3, ZFP90, CPOX, JUND, 
PER2, TEF, CHRNA7, TRAF6, QSOX1, DDAH1, 
RET, NCF1, PRKAB2, LOC501307, ARNTL, 
TMEM189, PRKCE, LPCAT2, WEE1, STAT3, 
RPS7, OXSM, TAF13, SLC16A7, EIF2AK2, 
CAR6, PRPS2, BARD1

GOTERM_BP_3 GO:0034641 ~ cellular nitrogen compound metabolic 
process

19 16.52 0.09 OCLN, LOC501307, ARNTL, LPCAT2, STAT3, RPS7, ERCC8, 
ATP2B2, MCM8, TAF13, ZFP90, CPOX, JUND, TEF, PER2, 
CHRNA7, DDAH1, PRPS2, BARD1

GOTERM_BP_4 GO:0006575 ~ cellular amino acid derivative 
metabolic process

4 3.48 0.10 ATP2B2, OCLN, CHRNA7, LPCAT2

GOTERM_BP_3 GO:0010033 ~ response to organic substance 11 9.57 0.09 ALDH1A1, CYP2J4, SDC1, JUND, TRIM16, CHRNA7, 
GNB3, EIF2AK2, DDAH1, STAT3, CYR61

GOTERM_BP_4 GO:0014070 ~ response to organic cyclic sub-
stance

5 4.35 0.05 ALDH1A1, CYP2J4, JUND, CHRNA7, STAT3

GOTERM_BP_3 GO:0006629 ~ lipid metabolic process 9 7.83 0.08 ALDH1A1, CYP2J4, NCF1, CRABP2, PRKAB2, PLA2G7, 
SGMS1, LPCAT2, OXSM

GOTERM_BP_4 GO:0006720 ~ isoprenoid metabolic process 3 2.61 0.06 ALDH1A1, CYP2J4, CRABP2

GOTERM_BP_5 GO:0006720 ~ isoprenoid metabolic process 3 2.61 0.05 ALDH1A1, CYP2J4, CRABP2
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Table 4 continued

Category Term Count % P value Gene symbol

GOTERM_BP_5 GO:0001523 ~ retinoid metabolic process 3 2.61 0.02 ALDH1A1, CYP2J4, CRABP2

GOTERM_BP_4 GO:0042573 ~ retinoic acid metabolic process 2 1.74 0.10 ALDH1A1, CRABP2

GOTERM_BP_3 GO:0044255 ~ cellular lipid metabolic process 8 6.96 0.04 ALDH1A1, CYP2J4, NCF1, CRABP2, PRKAB2, SGMS1, 
LPCAT2, OXSM

GOTERM_BP_4 GO:0044255 ~ cellular lipid metabolic process 8 6.96 0.04 ALDH1A1, CYP2J4, NCF1, CRABP2, PRKAB2, SGMS1, 
LPCAT2, OXSM

GOTERM_BP_3 GO:0006082 ~ organic acid metabolic process 8 6.96 0.06 ALDH1A1, CYP2J4, SLC16A7, NCF1, CRABP2, PRKAB2, 
DDAH1, OXSM

GOTERM_BP_4 GO:0043436 ~ oxoacid metabolic process 8 6.96 0.06 ALDH1A1, CYP2J4, SLC16A7, NCF1, CRABP2, PRKAB2, 
DDAH1, OXSM

GOTERM_BP_5 GO:0019752 ~ carboxylic acid metabolic process 8 6.96 0.05 ALDH1A1, CYP2J4, SLC16A7, NCF1, CRABP2, PRKAB2, 
DDAH1, OXSM

GOTERM_BP_3 GO:0042180 ~ cellular ketone metabolic process 8 6.96 0.07 ALDH1A1, CYP2J4, SLC16A7, NCF1, CRABP2, PRKAB2, 
DDAH1, OXSM

GOTERM_BP_3 GO:0006721 ~ terpenoid metabolic process 3 2.61 0.02 ALDH1A1, CYP2J4, CRABP2

GOTERM_BP_4 GO:0016101 ~ diterpenoid metabolic process 3 2.61 0.02 ALDH1A1, CYP2J4, CRABP2

GOTERM_BP_5 GO:0006721 ~ terpenoid metabolic process 3 2.61 0.02 ALDH1A1, CYP2J4, CRABP2

GOTERM_BP_1 GO:0002376 ~ immune system process 10 8.70 0.05 CD47, NCF1, C3, RT1-T18, KLRE1, CHRNA7, 
TRAF6, CD1D1, DDAH1, DPP4

GOTERM_BP_2 GO:0045321 ~ leukocyte activation 5 4.35 0.06 KLRE1, CHRNA7, TRAF6, CD1D1, DPP4
GOTERM_BP_3 GO:0045321 ~ leukocyte activation 5 4.35 0.05 KLRE1, CHRNA7, TRAF6, CD1D1, DPP4

GOTERM_BP_4 GO:0046649 ~ lymphocyte activation 4 3.48 0.10 KLRE1, CHRNA7, CD1D1, DPP4

GOTERM_BP_2 GO:0006955 ~ immune response 7 6.09 0.06 CD47, NCF1, C3, RT1-T18, TRAF6, CD1D1, 
DDAH1

GOTERM_BP_2 GO:0002682 ~ regulation of immune system 
process

7 6.09 0.04 CD47, C3, KLRE1, TRAF6, CD1D1, DDAH1, DPP4

GOTERM_BP_3 GO:0050776 ~ regulation of immune response 6 5.22 0.02 C3, KLRE1, TRAF6, CD1D1, DDAH1, DPP4

GOTERM_BP_4 GO:0050776 ~ regulation of immune response 6 5.22 0.01 C3, KLRE1, TRAF6, CD1D1, DDAH1, DPP4

GOTERM_BP_5 GO:0002253 ~ activation of immune response 4 3.48 0.02 C3, KLRE1, TRAF6, DDAH1

GOTERM_BP_4 GO:0002697 ~ regulation of immune effector 
process

5 4.35 0.01 C3, KLRE1, TRAF6, CD1D1, DPP4

GOTERM_BP_5 GO:0002697 ~ regulation of immune effector 
process

5 4.35 0.00 C3, KLRE1, TRAF6, CD1D1, DPP4

GOTERM_BP_5 GO:0002706 ~ regulation of lymphocyte mediated 
immunity

5 4.35 0.00 C3, KLRE1, TRAF6, CD1D1, DPP4

GOTERM_BP_5 GO:0002703 ~ regulation of leukocyte mediated 
immunity

5 4.35 0.00 C3, KLRE1, TRAF6, CD1D1, DPP4

GOTERM_BP_4 GO:0002819 ~ regulation of adaptive immune 
response

4 3.48 0.01 C3, TRAF6, CD1D1, DPP4

GOTERM_BP_3 GO:0002682 ~ regulation of immune system process 7 6.09 0.04 CD47, C3, KLRE1, TRAF6, CD1D1, DDAH1, DPP4

GOTERM_BP_4 GO:0002684 ~ positive regulation of immune 
system process

6 5.22 0.02 CD47, C3, KLRE1, TRAF6, CD1D1, DDAH1

GOTERM_BP_2 GO:0002252 ~ immune effector process 4 3.48 0.05 CD47, NCF1, C3, DDAH1
GOTERM_BP_3 GO:0002252 ~ immune effector process 4 3.48 0.05 CD47, NCF1, C3, DDAH1

GOTERM_BP_4 GO:0006968 ~ cellular defense response 2 1.74 0.05 NCF1, DDAH1

GOTERM_BP_1 GO:0022610 ~ biological adhesion 7 6.09 0.09 CD47, SDC1, RET, CNTNAP1, COL5A3, BTBD9, 
CYR61

GOTERM_BP_2 GO:0007155 ~ cell adhesion 7 6.09 0.09 CD47, SDC1, RET, CNTNAP1, COL5A3, BTBD9, 
CYR61

GOTERM_BP_1 GO:0048511 ~ rhythmic process 7 6.09 0.00 ALDH1A1, NPAS2, JUND, PER2, TEF, CHRNA7, 
ARNTL

GOTERM_BP_2 GO:0007623 ~ circadian rhythm 4 3.48 0.01 NPAS2, JUND, PER2, ARNTL
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nephropathy [49]. In our present study, non-obese T2DM 
also influenced expression of genes related to epoxide 
metabolism (down-regulation of Epoxide hydrolase 2, 
cytoplasmic, (Ephx2); glutathione S-transferase alpha 2, 
(Gsta2) and up-regulation of Epoxide hydrolase 1, micro-
somal, (xenobiotic) (Ephx1) (Fig. 3). Epoxides are possi-
ble products of Cyp450 catalyzed oxidation of aromatic 
compounds which can lead to toxic, mutagenic or carci-
nogenic effects [50]. One possibility for their inactivation 

is the metabolism by epoxide hydrolases. In addition, 
glutathione-S-transferase catalyzed nucleophilic attack 
by glutathione may also lead to the inactivation of epox-
ides [50]. In our present study, Cyp2e1, Cyp2j4, Ephx2 
and Gsta2 were down-regulated, showing decreased 
activity of epoxide metabolism. Moreover, glutathione 
S-transferase is a well-known enzyme catalyzing the 
conjugation of reduced glutathione on a wide variety of 
substrates including reactive oxygen and nitrogen species 

Fig. 4 Protein–protein interaction networks. Predicted protein–protein interaction network of protein products of genes associated with non-
obese T2DM. The circle stands for genes and the line indicates the interactions among genes. The interior of the circle represents the structure of 
proteins. The thickness of the line indicates the grade of evidence of the different interactions among proteins
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[51, 52]. Our results suggest that down-regulation of the 
anti-oxidative gene Gsta2 may contribute to elevated 
myocardial oxidative/nitrative stress, a phenomenon 
that has been demonstrated in T2DM by several studies 
[53, 54]. Interestingly, we have found overexpression of 
glutathione S-transferase in the heart in streptozotocin-
induced DM in neonatal rats [22], metabolic syndrome 
[21] and cholesterol diet-induced hyperlipidaemia [55] in 
our previous studies. Moreover, polymorphism of Ephx2 
has been shown to be a possible risk factor for developing 
insulin resistance and T2DM [56]. In addition, polymor-
phisms of another gene, the cellular retinoic acid binding 
protein 2 (Crapb2, down-regulated in our present study) 
has been reported to be a genetic marker of metabolic 
syndrome [57] and hypercholesterolemia [58].

Genes related to diabetic cardiomyopathy
One of the major cardiovascular complications of DM is 
diabetic cardiomyopathy [59, 60], which is defined as left 
ventricular dysfunction with hypertrophy and fibrosis in 
the absence of hypertension, coronary artery disease and 
valvular or congenital heart disease [61]. The complex 
underlying molecular mechanisms of the above-men-
tioned functional and morphologic changes are not yet 
clear despite intensive investigations [59–61].

Structure elements
In our present study, we have shown altered expres-
sion of several genes playing a role in myocardial struc-
ture formation and potentially related to diabetic 
cardiomyopathy based on GO and STRING protein–pro-
tein interaction analyses. These altered genes include e.g. 
down-regulation of ADAM metallopeptidase domain 
33 (Adam33); collagen, type V, alpha 3, (Col5a3); syn-
decan 1, (Sdc1); glypican 3 (Gpc3); troponin I type 1 
(skeletal, slow) (Tnni1); myosin, light chain 7, regula-
tory (Myl7); myosin light chain kinase 2 (Mylk2) and up-
regulation of collagen, type VIII, alpha 1, (Col8a1); etc. 
(Fig. 4; Table 4). Adam33 is a member of the ADAM pro-
tein family encoding a disintegrin and metalloprotease 
(ADAM) domain 33. It plays a role in cell–cell and cell–
matrix interactions, including muscle development and 
neurogenesis and its polymorphism is associated with 
the development of T1DM [62]. Moreover, elevated type 
VIII collagen deposition in human diabetic nephropathy 
was demonstrated leading to the accumulation of extra-
cellular matrix and periglomerular and interstitial fibro-
sis. Another ECM component, collagen V, is expressed 
as α1(V)2 α2(V) heterotrimers, which regulate collagen 
fibril geometry and strength in several tissues includ-
ing the pancreas and skeletal muscle. Interestingly, skel-
etal muscle of Col5a3−/− mice was defective in glucose 
uptake and mobilization of intracellular GLUT4 glucose 

transporter to the plasma membrane in response to 
insulin thereby leading to a glucose intolerant, insulin-
resistant, and hyperglycemic phenotype [63]. Membrane 
proteoglycans Gpc3 and Sdc1 have not yet been dem-
onstrated to play a role in the development of diabetic 
cardiomyopathy, however, increased expression of the 
heparan sulfate proteoglycans Gpc1 and Sdc4 has been 
shown to lead to diastolic dysfunction in streptozotocin-
induced diabetic rats [64]. In addition, decreased expres-
sion of the genes playing a role in contractility including 
troponin I [65, 66], myosin light chain 7 [67] and myosin 
light chain kinase 2 [67] could lead to sarcomeric dys-
function and diabetic cardiomyopathy.

Receptors and ion channels
In our present study, several genes with receptor and/or 
ion channel function were found to be affected by non-
obese T2DM and these genes might play a role in the 
development of diabetic cardiomyopathy. These genes 
include e.g. down-regulation of adrenoceptor alpha 1d 
(Adra1d); cholinergic receptor, nicotinic, gamma (mus-
cle) (Chrng); cholinergic receptor, nicotinic, alpha 1 
(muscle) (Chrna1); sarcolipin (Sln) and up-regulation 
of cholinergic receptor, nicotinic, alpha 7 (neuronal) 
(Chrna7); etc. Down-regulation of Adra1d receptor sub-
type has been previously shown in cardiac hypertrophy 
[68] and in STZ-induced DM by our research group [22]. 
Autonomic dysfunction is a serious complication of dia-
betes and can lead to cardiovascular abnormalities. It 
could be triggered by advanced glycation end products 
and reactive oxygen species mediated inactivation of neu-
ronal nicotinic acetylcholine receptors, impairing synap-
tic transmission in sympathetic ganglia and resulting in 
autonomic failure [69]. Myocardial down-regulation of 
Chrng and Chrna1 demonstrated in our present study 
might be another factor of cardiac autonomic dysfunc-
tion in diabetes. Moreover, it has been demonstrated that 
nicotinic cholinergic receptor alpha 7 (Chrna7) null mice 
showed decreased baroreflex-mediated tachycardia [70]. 
Sarcolipin (Sln) is a key regulator of sarcoplasmic reticu-
lum Ca2+-ATPase (SERCA) and mediator of β-adrenergic 
responses [71]. It has been shown that Sln−/− mice are 
susceptible to develop atrial arrhythmias and interstitial 
fibrosis due to altered expression of genes encoding colla-
gen [71]. Ablation or mutation of Sln results in increased 
SERCA activity and Ca2+ load, causing abnormal intra-
cellular Ca2+ handling and atrial remodeling with dys-
function [71, 72].

Signal transduction, regulation of transcription 
and biological processes
A major cluster of significantly altered cardiac genes in 
response to non-obese T2DM was associated with signal 
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transduction, regulation of transcription and biological 
processes based on GO and STRING protein–protein 
interaction analyses (e.g. down-regulation of dipeptidyl-
peptidase 4 (Dpp4); signal transducer and activator of 
transcription 3 (acute-phase response factor) (Stat3); ret 
proto-oncogene transcript variant 1 (Ret); neurotrophic 
tyrosine kinase, receptor, type 2 (Ntrk2); neurotrophic 
tyrosine kinase, receptor, type 3 (Ntrk3) and up-reg-
ulation of Jun D proto-oncogene (Jund); etc.) (Fig.  4; 
Table 4). Dipeptidyl peptidase-4 is an integral membrane 
glycoprotein which cleaves N-terminal dipeptides from 
peptide molecules. The cleaved dipeptides are bioactive 
molecules regulating the cardiovascular system as well. 
Dpp4 inhibitors have been reported to be cardiopro-
tective in most of the preclinical and clinical studies in 
T2DM [73]. In contrast, some cardiovascular outcome 
studies revealed increased hospitalization rates for heart 
failure among a subset of DPP4 inhibitor-treated diabetic 
subjects [74]. Recently a preclinical study has reported 
that diabetic mice treated with Dpp4 inhibitor exhibited 
modest cardiac hypertrophy, impairment of cardiac func-
tion, and dysregulated expression of genes and proteins 
controlling inflammation and cardiac fibrosis [75]. In our 
present study, Dpp4 was down-regulated; therefore it 
does not seem to be a major and/or necessary regulator 
in the development of diabetic cardiomyopathy in non-
obese T2DM. The transcription factor Stat3 participates 
in a wide variety of physiological processes including pro-
liferation, apoptosis, and cardiac survival especially dur-
ing myocardial ischemia/reperfusion injury, however, its 
role is contradictory in these aforementioned processes 
[76]. Several studies have reported that cardiac Stat3 
and phospho-Stat3 expression were reduced in diabetes, 
which can lead to cardiac dysfunction [76–78]. How-
ever, other studies reported that cardiac Stat3 and phos-
pho-Stat3 expression were increased in diabetes leading 
to hypertrophy [79, 80]. Furthermore, it has been also 
reported that Stat3 deficient mice developed dilated car-
diomyopathy [76] and patients with dilated cardiomyopa-
thy had severely decreased myocardial Stat3 expression 
[81]. In the present study, Stat3 was down-regulated as 
assessed by microarray, however, qRT-PCR did not con-
firm these results in our hands. Expression of Stat3 might 
depend on the duration of DM and the stage of diabetic 
cardiomyopathy or heart failure. Moreover, there is no 
literature data available about Stat3 expression in hearts 
of GK rats; therefore we could not compare our results 
to others. Surprisingly, down-regulation of Tef and Ret as 
well as up-regulation of Jund has not been shown previ-
ously to play a role in the development of diabetic car-
diomyopathy. It has been reported that Ret-deficient 
mice exhibited a reduced volume of cardiac ganglia and 
cholinergic innervation of the ventricular conduction 

system [82]. JunD regulates genes involved in antioxi-
dant defense and hydrogen peroxide (H2O2) production, 
as well as angiogenesis by controlling VEGF transcrip-
tion [83]. Furthermore, an important function for JunD 
is to modulate insulin/insulin-like-growth factor 1 sign-
aling and longevity [83]. Moreover, down-regulation 
of Ntrk2 and Ntrk3 genes might also play a role in the 
development of diabetic cardiomyopathy. Interestingly, it 
has been reported that mice with disrupted Ntrk2 gene 
lacked a significant proportion of their intramyocardial 
blood vessels indicating that activation of the Ntrk2 gene 
was crucial for normal vascularization of the develop-
ing heart [84]. In addition, mutations of Ntrk3 gene have 
been shown in the development of human congenital 
heart diseases [85].

Genes related to immune and antimicrobial response
A major cluster of significantly altered cardiac genes in 
response to non-obese T2DM in GK rats was associated 
with immune and antimicrobial response based on GO 
and STRING protein–protein interaction analyses (e.g. 
complement component 3 (C3); complement component 
4a (C4a); chemokine (C–C motif ) ligand 12 (Ccl12); 
chemokine (C-X-C motif ) ligand 13 (Cxcl13); chemokine 
(C-X-C motif ) ligand 14 (Cxcl14); chymase 1, mast cell 
(Cma1) and up-regulation of chemochine (C-X-C motif ) 
receptor 6 (Cxcr6); killer cell lectin-like receptor, family 
E, member 1 (Klre1); etc.) which is in line with the well-
known increased susceptibility to infections in DM [86, 
87].

Novel genes previously not related to diabetic alterations 
in the heart
Many of the genes showing altered expression in diabetic 
hearts in the present study have not yet been related to 
any diabetic alterations in the heart (e.g. down-regulation 
of low density lipoprotein receptor-related protein 8, 
apolipoprotein E receptor (Lrp8) and mesothelin (Msln) 
and up-regulation of kallikrein 1-related peptidase C3 
(Klk1c3) and Epsin 3 (Epn3); etc.) (Table 4). Some other 
altered genes were not classified into specific functional 
clusters or indicated as yet uncharacterized, predicted 
genes and fragments (e.g. up-regulation of hydroxya-
cyl glutathione hydrolase-like and Similar to hepatic 
leukemia factor (LOC690286) or down-regulation of 
uncharacterized LOC102546816 and similar to protein 
C17orf72; etc.) (Table 4), the relevance of which should 
not be ignored.

Limitations
Our study is not without limitations. Insulin resistance 
was estimated in our study by determining HOMA-
IR rather than the gold standard hyperinsulinemic 
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euglycemic clamp technique. Nevertheless, the presence 
of insulin resistance in GK rats has been confirmed in 
several studies [88–91]. Although detailed morphological 
or histological analysis of GK hearts is lacking, our data 
including increased heart weight, heart weight to body 
weight ratio and coronary flow together with literature 
data suggest the development of LV hypertrophy in our 
model. Although our study does not specify which cell 
type (i.e. cardiomyocyte, fibroblast, smooth muscle cell, 
etc.) may be responsible for the observed alterations of 
cardiac gene expression due to DM, the contribution of 
cardiomyocytes is likely the most significant [92, 93]. In 
addition, it is unclear whether significantly altered gene 
expression changes at the mRNA level are further trans-
lated to changes in protein levels and if gene expression 
changes are causes or consequences of the development 
of diabetic cardiomyopathy, therefore, additional in-
depth mechanistic studies should be carried out.

Conclusions
In summary, we have found that 15 week old male GK rats 
develop non-obese T2DM and we have demonstrated for 
the first time that non-obese T2DM is associated with 
a profound modification of the cardiac transcriptome. 
Some of the genes showing altered expression in the 
hearts of GK rats have been implicated in non-obese 
T2DM previously by other techniques. Some of the 
genes showing altered expression in our present study in 
non-obese T2DM have been reported to be associated 
with cardiac alterations in obese T2DM or T1DM mod-
els. Many of the genes showing significant expressional 
alterations in GK rat hearts in the present study have not 
been associated with non-obese T2DM previously. We 
conclude that non-obese T2DM alters the gene expres-
sion pattern of the myocardium. These altered genes may 
be involved in the development of cardiac pathologies 
in the state of non-obese type 2 diabetes mellitus. Based 
on our exploratory results, future studies should be car-
ried out to investigate the precise role of specific genes in 
the development of cardiac consequences of non-obese 
T2DM to obtain deeper mechanistic insight.
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Prediabetes is a condition affecting more than 35% of the population. In some forms, excessive carbohydrate intake (primarily
refined sugar) plays a prominent role. Prediabetes is a symptomless, mostly unrecognized disease which increases
cardiovascular risk. In our work, we examined the effect of a fructose-enriched diet on cardiac function and lipidome as
well as proteome of cardiac muscle. Male Wistar rats were divided into two groups. The control group received a normal
diet while the fructose-fed group received 60% fructose-supplemented chow for 24 weeks. Fasting blood glucose
measurement and oral glucose tolerance test (OGTT) showed slightly but significantly elevated values due to fructose
feeding indicating development of a prediabetic condition. Both echocardiography and isolated working heart perfusion
performed at the end of the feeding protocol demonstrated diastolic cardiac dysfunction in the fructose-fed group. Mass
spectrometry-based, high-performance lipidomic and proteomic analyses were executed from cardiac tissue. The lipidomic
analysis revealed complex rearrangement of the whole lipidome with special emphasis on defects in cardiolipin remodeling.
The proteomic analysis showed significant changes in 75 cardiac proteins due to fructose feeding including mitochondria-,
apoptosis-, and oxidative stress-related proteins. Nevertheless, just very weak or no signs of apoptosis induction and
oxidative stress were detected in the hearts of fructose-fed rats. Our results suggest that fructose feeding induces marked
alterations in the cardiac lipidome, especially in cardiolipin remodeling, which leads to mitochondrial dysfunction and
impaired cardiac function. However, at the same time, several adaptive responses are induced at the proteome level in
order to maintain a homeostatic balance. These findings demonstrate that even very early stages of prediabetes can impair
cardiac function and can result in significant changes in the lipidome and proteome of the heart prior to the development
of excessive oxidative stress and cell damage.
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1. Introduction

Diabetes mellitus is a heterogeneous chronic metabolic disor-
der characterized by hyperglycemia [1]. The number of peo-
ple suffering from diabetes increased from 108 million in
1980 to 422 million by 2014, and global prevalence almost
doubled since 1980, from 4.7% to 8.5% [2]. According to
the International Diabetes Federation, the number of people
with diabetes may rise to 629 million by 2045 [3]. Prediabe-
tes—in which glucose levels do not meet the criteria for dia-
betes but are too high to be considered normal—usually
precedes diabetes mellitus and may remain symptomless
for several years [4]. Prediabetes affects more than 35% of
the population, and it is known that even nondiabetic levels
of hyperglycemia and impaired glucose tolerance may be
associated with an elevated risk of cardiovascular disease
[5]. It has been recently shown that a mild diastolic dysfunc-
tion occurs even in prediabetic rats [6].

Type 2 diabetes is associated with myocardial lipotoxicity
[7], which can cause impaired mitochondrial function [8].
Impaired mitochondrial function enhances oxidative stress,
activates apoptosis, and thus contributes to cardiac dysfunc-
tion [7, 9, 10]. Although the role of lipotoxicity, oxidative
stress, and apoptosis in diabetes has been well studied, the
role of these mechanisms in prediabetes has not yet been well
described. Saccharose and high-fructose corn syrup (isoglu-
cose) are often used as sweeteners in the food and drink
industry, and the consumption of these fructose-rich foods
or beverages has an adverse effect on both animals [11] and
humans [12]. A high-fructose diet is often used as a model
of prediabetes or impaired glucose tolerance. After absorp-
tion, fructose is rapidly and uncontrollably absorbed in the
liver, where its metabolism increases de novo lipogenesis
(DNL). Induction of DNL has the capacity to alter the circu-
lating nonesterified fatty acid (FA) profile, which, in turn,
might affect cardiac lipid composition [13].

Proper cardiac lipid composition is strongly correlated
with cardiac function and largely relies on proper cardioli-
pin (CL) content and species profile [14]. CL is the hall-
mark phospholipid (PL) of mitochondria that plays a role
in many mitochondrial processes, including respiration
and energy conversion. The heart is full of mitochondria,
and CL accounts for about 10-15mol% of all membrane
lipids. Changes in the CL pool due to either oxidation or
pathological remodeling cause mitochondrial dysfunctions
and trigger retrograde signaling pathways that are associ-
ated with a large number of cardiac diseases including dia-
betes [15]. It is widely accepted that the symmetric tetra-
linoleoyl (18:2) CL species, which constitutes up to 80%
of mammalian cardiac CL, is required for mitochondria to
work optimally in metabolically active tissues [16]. After
its initial biosynthesis, premature CL undergoes intensive
remodeling processes to produce maturated CL (Supple-
mentary Lipid Figure 1) [14, 15, 17–19]. In the first step
of maturation, the removal of a single acyl chain is
executed by a calcium-independent phospholipase A2 to
produce monolysocardiolipin (MLCL). Reacylation can be
carried out by CoA-dependent acyltransferases or a CoA-
independent reversible PL-lysoPL (LPL) transacylase called

tafazzin. Tafazzin itself lacks acyl chain preference; still, it is
believed to be the major enzyme involved in CL remodeling
to produce homo-acylated CL [16]. Mutations in tafazzin
cause abnormal molecular species of CL and the clinical
phenotype of Barth syndrome, a rare and often fatal x-linked
genetic disorder characterized by dilated cardiomyopathy,
skeletal myopathy, and neutropenia [20].

Although CL is known to be relatively resistant to dietary
manipulations, by “appropriate” interventions, the linoleoyl
chain can be replaced [21]. Fructose feeding might represent
such an intervention due to its highly lipogenic nature.
Therefore, our study is aimed at examining the effects of
fructose-enriched diet on the interplay of cardiac function,
cardiac lipidome and proteome, and oxidative stress and
apoptosis in a rat prediabetes model. To achieve this goal,
several methods and techniques were applied including con-
ventional blood tests, detailed serum analysis, enzymatic
assays, protein expression analyses, transthoracic echocardi-
ography, and high-performance mass spectrometry- (MS-)
based proteomics and lipidomics.

2. Materials and Methods

This investigation conformed to the National Institutes of
Health Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, Revised 1996) and was
approved by the Animal Research Ethics Committee of Uni-
versity of Szeged.

2.1. Experimental Design.MaleWistar rats (310–450 g, n = 16
in the entire study) were kept under controlled tempera-
ture with 12/12h light/dark cycles. Animals were divided
into two groups and were fed with the following diets
for 24 weeks: the control group (n = 8) was fed with a
standard laboratory chow, while the fructose-fed group
(n = 8) received a chow containing 60% fructose. Fasting
blood glucose was measured every 4 weeks, while at weeks
12, 16, 20, and 24 oral glucose tolerance tests (OGTT)
were performed. At week 20 and week 24, blood samples
were taken to measure serum parameters. At the end of
the feeding protocol, cardiac function was assessed by both
in vivo echocardiography and ex vivo working heart perfu-
sions (Figure 1). Following the perfusions, myocardial tis-
sue was harvested for biochemical analysis.

2.2. Transthoracic Echocardiography. Cardiac morphology
and function were assessed by transthoracic echocardiogra-
phy at week 24 as described previously [22–24]. Briefly, rats
were anesthetized with sodium pentobarbital (Euthasol,
40mg/kg body weight i.p.). Then, the chest was shaved,
and the rat was placed in a supine position onto a heating
pad. Two-dimensional, M-mode, and Doppler echocardio-
graphic examinations were performed by the criteria of
the American Society of Echocardiography with a Vivid
IQ ultrasound system (General Electric Medical Systems)
using a phased array 5.0–11MHz transducer (GE 12S-RS
probe). Data of three consecutive heart cycles were ana-
lyzed (EchoPac Dimension software; General Electric Med-
ical Systems) by an experienced investigator in a blinded
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manner. Systolic and diastolic wall thickness parameters
were obtained from parasternal short-axis view at the level
of the papillary muscles (anterior and inferior walls) and
long-axis view at the level of the mitral valve (septal and
posterior walls). The left ventricular diameters were mea-
sured by means of M-mode echocardiography from long-
axis views between the endocardial borders. Fractional
shortening (FS) was used as a measure of cardiac contractil-
ity (FS = ðLVEDD − LVESDÞ/LVEDD × 100). Functional
parameters including left ventricular end-diastolic volume
(LVEDV) and left ventricular end-systolic volume (LVESV)
were calculated on four-chamber view images delineating
the endocardial borders in diastole and systole. The stroke
volume was calculated as the difference of LVEDV and
LVESV. The ejection fraction (EF) was calculated according
to the formula ðLVEDV − LVESVÞ/LVEDV ∗ 100. Diastolic
function was assessed using pulse-wave Doppler across the
mitral valve from the apical four-chamber view. Early (E)
and atrial (A) flow velocities provide an indication of dia-
stolic function. Heart rate was also calculated using pulse-
wave Doppler images during the measurement of transvalv-
ular flow velocity profiles according to the length of 3 con-
secutive heart cycles measured between the start points of
the E waves. The mean values of three measurements were
calculated and used for statistical evaluation.

2.3. Working Heart Perfusion. Immediately after the echocar-
diography, cardiac performance was assessed in isolated
working rat hearts, as described earlier [25–27]. Anesthetized
rats were given 500U·kg−1 heparin intravenously. Hearts
were then isolated, and the aorta was cannulated and initially
perfused in Langendorff mode (at a constant pressure of
73mmHg, 37°C) with Krebs-Henseleit buffer containing
NaCl 118mM, NaHCO3 25mM, KCl 4.3mM, CaCl2
2.4mM, KH2PO4 1.2mM, MgSO4 1.2mM, and glucose
11mM, gassed with 95% O2 and 5% CO2 [22, 28]. Then,
the perfusion system was switched to working mode accord-
ing to Neely with recirculating buffer [28, 29]. Hydrostatic
preload and afterload were kept constant at 13mmHg and

73mmHg, respectively, throughout the experiments. Hearts
were subjected to 10min equilibration period before mea-
surement (n = 7 – 8). Cardiac functional parameters includ-
ing heart rate, coronary flow, aortic flow, cardiac output,
left ventricular developed pressure (LVDP) and its first deriv-
atives (dp/dt max and dp/dt min), and left ventricular end-
diastolic pressure (LVEDP) were measured. At the end of
the perfusion, the hearts were weighed, and the left and right
ventricles were separated. The right and left ventricles were
snap frozen in liquid nitrogen and stored at −80°C until they
were used for biochemical assays.

2.4. Measurement of Malondialdehyde Levels. In order to
measure the level of systemic and cardiac lipid peroxidation,
serum malondialdehyde and left ventricular tissue malon-
dialdehyde were assayed spectrophotometrically at 535nm
as described previously [27, 30]. Results are expressed as
nmol/mL serum and nmol/mg protein.

2.5. mRNA Expression Profiling by qRT-PCR. Quantitative
RT-PCR was performed with gene-specific primers to mon-
itor mRNA expression as described previously [24]. To
assess de novo lipid synthesis, expression of sterol regula-
tory element-binding transcription factor 1 (Srebf1),
stearoyl-CoA desaturase 1 (Scd1), stearoyl-CoA desaturase
2 (SCD2), fatty acid synthase (Fasn), acetyl-CoA carboxyl-
ase 1 (Acaca), carbohydrate-responsive element-binding
protein (Mlxipl), elongation of very-long-chain fatty acids
protein 6 (ELOVL6), fatty acid desaturase 1 (Fads1), and
fatty acid desaturase 2 (Fads2) were measured from liver
samples. To assess cardiac hypertrophy, expression of myo-
sin heavy chain α isoform (MYH6) and myosin heavy chain
β isoform (MYH7) was measured. RNA was isolated using
Qiagen RNeasy Fibrous Tissue Mini Kit (Qiagen, #74704)
from the liver and heart tissues. Briefly, 4μg and 2.2μg of
total RNA from liver and heart samples, respectively, were
reverse transcribed using iScript™ Advanced cDNA Synthe-
sis kit (Bio-Rad, 1725038), and specific primers and SsoAd-
vanced™ Universal SYBR® Green Supermix (Bio-Rad) were

0 4 8 12 16 20 24 Week

24 Week0 4 8 12 16 20

Control group

Fructose-fed 
group

Blood collection
OGTT

⁎

⁎

Echocardiography
⁎ Working heart perfusion

Figure 1: Experimental protocol. Male Wistar rats were divided into control (n = 8) and fructose-fed (n = 8) groups receiving either a
standard chow or a chow supplemented with 60% fructose, respectively, for 24 weeks. Fasting blood glucose measurement or oral glucose
tolerance test (OGTT) was performed every four weeks to monitor the development of prediabetic condition. At week 24, transthoracic
echocardiography was performed to monitor cardiac function and morphology. Then, the hearts of the animals were isolated and
mounted on a working heart perfusion system to measure hemodynamic and pressure parameters. After the perfusions, hearts were
frozen for measurement of biochemical parameters.
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used according to the manufacturer’s instructions. Hypo-
xanthine phosphoribosyltransferase 1 (Hprt1) was used as
control for normalization.

2.6. Lipidomics. Approximately 20mg of the powdered left
ventricle was directly extracted by adding 1mL of methanol
containing 0.001% butylated hydroxytoluene as an antioxi-
dant and 60μg di20:0 phosphatidylcholine as extraction
standard. After a 5min sonication in a water bath sonica-
tor, the mixture was shaken for 5min and centrifuged at
10000 × g for 5min. The supernatant was transferred into
a new Eppendorf tube and stored at −20°C until mass spec-
trometry (MS) analysis.

The solvents used for extraction and MS analyses were of
Optima LCMS grade from Thermo Fisher Scientific (Bre-
men, Germany) and liquid chromatographic grade from
Merck (Darmstadt, Germany). Lipid standards were pur-
chased from Avanti Polar Lipids (Alabaster, AL). All other
chemicals were from Sigma-Aldrich (Steinheim, Germany)
and were of the best available grade.

Mass spectrometric analyses were performed on an
LTQ-Orbitrap Elite instrument (Thermo Fisher Scientific,
Bremen, Germany) equipped with a robotic nanoflow ion
source (TriVersa NanoMate; Advion BioSciences; Ithaca,
NY, USA) as described in [31]. Further details of MS mea-
surements and lipid species annotation are given in the
Supplementary Methods.

2.7. Proteomics. Approximately 30mg of powdered left
ventricle tissue samples was homogenized in lysate buffer
(containing 2% SDS and 0.1M DTT in 0.1 Tris solution).
The homogenized samples were incubated at 98°C for
5min. Proteins were precipitated by the addition of
methanol/chloroform mixture (4 : 1) and were resuspended
in 8M urea. The total protein contents were determined
using BCA (Thermo) protocol. 20μg protein was digested
by trypsin (Thermo) using RapiGest (Waters) detergent to
enhance the digestion. In-gel fractionation was performed
for pooled sample. In-gel fractionated samples were also
digested by trypsin.

1D gel samples and pooled samples were measured in
DDA (data-dependent acquisition) using a 90min gradient
on a Waters nanoAcquity-Thermo Q Exactive Plus LC-MS
system to build a spectrum library of detectable peptides.
The individual samples were measured in DIA (Data Inde-
pendent Acquisition) mode for protein quantification with
the same LC gradient using the spectrum library. The
acquired data were analyzed with Encyclopedia [32] and sta-
tistically evaluated using Perseus [33] software. Enrichment
of significantly changing proteins according to subcellular
localization was carried out by Gene Ontology analysis
(https://www.ebi.ac.uk/QuickGO/). Pathway assignment
analysis of significantly altered proteins was performed with
Reactome (https://www.reactome.org) after assignment to
human genes, for higher annotation coverage. Further details
of proteomic analysis are given in the SupplementaryMethods.

2.8. Measurement of Serum and Pancreatic Insulin Levels.
Serum and pancreatic insulin levels were measured by an

enzyme immunoassay (Mercodia, Ultrasensitive Rat Insulin
ELISA) in order to verify the development of hyperinsuline-
mia and decreased pancreatic insulin content as a conse-
quence of beta cell damage in impaired glucose tolerance.
Insulin ELISA was carried out according to the instructions
of the manufacturer from either sera or homogenized pan-
creatic tissue samples of fructose-fed and control rats. Sera
were centrifuged (2000 g for 10min at 4°C) and kept at
-20°C until further investigation. Pancreata were removed,
trimmed free of adipose tissue, and weighed. Pancreata were
homogenized in 6mL cold acidified ethanol (0.7M
HCl : ethanol (1 : 3 v/v)) with an Ultra Turrax homogenizer
and were kept at 4°C for 24 h. Then, pancreas homogenates
were centrifuged (900 g for 15min at 4°C), and the superna-
tants were stored at 4°C. The pellet was extracted again with
3mL acidified ethanol for 24 h at 4°C. The supernatant
obtained after centrifugation was pooled with the previous
one and kept at -20°C until assayed [34, 35].

2.9. HOMA-IR Index. To estimate insulin resistance in
fructose-fed or control rats, the widely used HOMA-IR index
was calculated [34, 36, 37] by multiplying fasting serum insu-
lin (μU/mL) with fasting serum glucose (mmol/L) then
dividing by the constant 22.5, i.e., HOMA‐IR = ðfasting
serum insulin concentration × fasting serum glucose
concentrationÞ/22:5.
2.10. Measurement of Serum Lipid Levels. Serum cholesterol,
triglyceride, LDL, and HDL levels were measured at week 24
using a test kit supplied by Diagnosticum Zrt. (Budapest,
Hungary) as described previously [27].

2.11. 3-NT ELISA. A double-antibody sandwich ELISA kit
specific for 3-nitrotyrosine measurement was purchased
from Genasiabio (Shanghai, China). Left ventricles were
homogenized (Heilscher UP100H Ultrasonic Processor) in
Phosphate Buffer Saline (PBS) (pH 7.2–7.4) and then centri-
fuged at 3000 rpm for 20min at 4°C. Nitrotyrosine was mea-
sured according to the manufacturer’s instructions and
protocols, and optical densities (OD) were determined at
450 nm. Results were expressed as nmol/mg protein.

2.12. Measurement of Serum Laboratory Parameters. Urea
and creatinine levels in serum were quantified by kinetic
UV method using urease and glutamate dehydrogenase
enzymes and Jaffe method, respectively. The reagents and
the platform analyzers were from Roche Diagnostics. Serum
sodium, potassium, and chloride levels were determined by
indirect potentiometry using ion-selective electrodes at week
24. All reagents and instruments were from Roche Diagnos-
tics. Alanine aminotransferase (ALAT), aspartate amino-
transferase (ASAT), creatine kinase (CK), and lactate
dehydrogenase (LDH) enzyme activities were measured with
Roche UV assays standardized according to the recommen-
dations of IFCC (International Federation of Clinical Chem-
istry). Creatine kinase MB enzyme activities were determined
using an immunological UV assay of Roche.

2.13. Western Blot. To investigate changes of apoptotic pro-
teins, the standard western blot technique was used in case
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of Bax, Bcl-2, Bcl-xL, caspase-7, and caspase-3 with actin
or tubulin loading background. Left ventricular samples
(n = 8) were homogenized with an ultrasonicator (UP100H
Hielscher, Teltow, Germany) in Radio-Immunoprecipitation
Assay (RIPA) buffer (50mM Tris-HCl (pH 8.0)), 150mM
NaCl, 0.5% sodium deoxycholate, 5mM ethylenediamine
tetra-acetic acid (EDTA), 0.1% sodium dodecyl sulfate, 1%
NP-40 (Cell Signaling, Carlsbad, CA, USA) supplemented
with phenylmethanesulfonyl fluoride (PMSF). The crude
homogenates were centrifuged at 15000 × g for 30min at
4°C. After quantification of protein concentrations of the
supernatants using the BCA Protein Assay Kit (Pierce,
Rockford, IL, USA), 25μg of reduced and denaturized pro-
tein was loaded. Then, sodium dodecyl-sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) was performed
(10% gel, 50V, 4 h) followed by the transfer of proteins
onto a nitrocellulose membrane (20% methanol, 35V,
1.5 h). The efficacy of transfer was checked using Ponceau
staining. The membranes were cut horizontally into parts
corresponding to the molecular weights of Bax, Bcl-2, Bcl-
xL, caspase-7, caspase-3, actin, and tubulin. Membranes
were blocked for 1 h in 5% (w/v) bovine serum albumin
(BSA) and were incubated with primary antibodies in the
concentrations of 1 : 1000 against Bax (#2772), Bcl-2
(#3498), Bcl-xL (#2764), caspase-7 (#12827), caspase-3
(#14220), α-tubulin (#2144), and β-actin (#4970) overnight
at 4°C in 5% BSA. Then, the membranes were incubated
with IRDye® 800CW Goat Anti-Rabbit secondary anti-
body (Li-Cor) for 1 h at room temperature in 5% BSA.
Fluorescent signals were detected by Odyssey CLx, and
digital images were analyzed and evaluated by Quantity
One Software.

2.14. Statistical Analysis. Proteomic data are presented as
mean intensities ± CV, fold change, and p value. For proteo-
mic data, the statistical significance was tested using
unpaired Welch test. p < 0:05 and a fold change > 1:5 were
accepted as a statistically significant difference. Lipidomic
data are presented as mean ± SEM; statistical significance
was determined according to Storey and Tibshirani [38]
and was accepted for p < 0:05 corresponding to a false dis-
covery rate < 0:05. PCA analyses were performed using
MetaboAnalyst [39]. All other parameters are presented as
mean ± SEM, and significance between groups was determined
with two sample t-test or Mann-Whitney Rank Sum Test.

3. Results and Discussion

3.1. Prediabetes and Characterization of the Animal Model.
In the present study, male Wistar rats were fed with 60%
fructose-containing chow for 24 weeks to create a model of
prediabetes. We have chosen this model in order to examine
the effect of a moderate metabolic condition on the heart,
rather than looking at the effects of severely disturbed glucose
and lipid homeostasis seen for instance in genetically modi-
fied diabetes models (e.g., db/db or ob/ob mice) [40, 41]. In
order to verify the development of the prediabetic state, fast-
ing blood glucose was measured at every 4th week, and
OGTT was performed at weeks 12, 16, 20, and 24. Fasting

glucose levels were slightly but significantly higher in
fructose-fed rats at weeks 12, 16, 20, and 24 (Figure 2(a)).
OGTT area under the curve values were also significantly
increased in fructose-fed rats at weeks 16, 20, and 24
(Figure 2(b)). These results demonstrate the development
of prediabetes with impaired glucose tolerance in the present
model. HOMA-IR, a widely used indicator of insulin resis-
tance, was significantly higher in the fructose-fed rats at week
20, although no significant difference was detected in serum
insulin levels (Figure 2(c)). Pancreatic insulin level was sig-
nificantly higher in the fructose-fed group compared to con-
trols (Figure 2(e)). These data demonstrate the appearance of
a mild insulin resistance in our present model.

Although body weight increased in both groups during
the course of the study, by the end of 24-week feeding, the
weight of the fructose-fed rats was significantly smaller com-
pared to that of the control rats (Figure 3(a)). Weight gain
during the study was decreased in fructose-fed rats
(Figure 3(b)). Although liver weight was not significantly dif-
ferent in fructose-fed rats, the liver weight to body weight
ratio was increased (Table 1). Moreover, during the isolation
of organs, we have observed macroscopical signs of fatty
degeneration on the liver of fructose-fed animals. These
findings may indicate fatty degeneration in the liver due
to DNL initiated by fructose feeding. In fact, it has been
demonstrated that fructose may activate DNL due to its
rapid conversion to pyruvate bypassing the regulatory step
of glycolysis catalyzed by the phosphofructokinase-1
enzyme [42]. Compared to the effects of fat-supplemented
diet which leads to fat deposits both in the liver and adi-
pose tissue (liver as well as body weight gain), dietary fruc-
tose preferably increases lipid accumulation only in the
liver [42]. Fructose feeding may affect the metabolism of
skeletal muscle through metabolic stress. For instance,
Gatineau et al. showed that older rats fed with fructose-
containing diet lost significantly more lean body mass and
maintained more adipose tissue than control rats [43]. In
sucrose-fed rats, significantly lower diet-induced muscle
protein synthesis was observed compared to starch-fed rats
[43]. Additionally, excessive fructose consumption was
shown in the liver to increase production of substances
such as methylglyoxal, which leads to oxidative stress in
the muscle [44]. Activated DNL leads to endoplasmic retic-
ulum stress [45] and production of hepatokines, such as
fetuin-A [46], known to adversely affect muscle energy
metabolism and insulin sensitivity [47]. These findings
might explain decreased body weight gain in fructose-fed
rats in our present study. Despite the macroscopic signs
of fatty degeneration in the liver, neither serum lipid
parameters (triglycerides, total cholesterol, and LDL and
HDL cholesterol) nor liver enzymes (ALAT, ASAT) were
increased in fructose-fed rats (Table 2) indicating an early
stage of hepatic consequences.

To further characterize metabolic changes in the liver of
fructose-fed rats, we performed qRT-PCR. We examined
Srebf1 and Mlxipl transcription factors which regulate fatty
acid metabolism related genes. No difference was found
between control and fructose-fed group. We also examined
Acaca and Fasn. Acaca catalyzes the carboxylation of
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acetyl-CoA to malonyl-CoA, the rate-limiting step of fatty
acid synthesis. Fasn catalyzes the remaining steps of palmitic
acid synthesis. Fasn expression showed a tendency of
increase, while Acaca expression significantly increased in
fructose-fed rats (Figure 4(c)). These findings are consistent
with previous results and clearly indicate increased de novo

lipid synthesis in fructose-fed rats [48, 49]. ELOVL6 enzyme,
which catalyzes the first and rate-limiting reaction of long-
chain fatty acid elongation cycle, was also significantly
increased in fructose-fed rats. ELOVL6 enzyme is also known
to play an important role in nonalcoholic fatty liver disease
and steatohepatitis [50, 51] (Figure 4(h)).

8

6

4

2

0Fa
sti

ng
 b

lo
od

 g
lu

co
se

 (m
m

ol
/L

)

Week 0 Week 4 Week 8 Week 12 Week 16 Week 20 Week 24

⁎
⁎

⁎ ⁎

Control
Fructose-fed

(a)

900

600

300

0
Week 12 Week 16 Week 20 Week 24

O
G

TT
 A

U
C 

(m
m

ol
/L

⁎
m

in
)

⁎⁎
⁎

Control
Fructose-fed

(b)

50

40

30

20

10

0

H
O

M
A-

IR
 𝜇

U
/m

L⁎
m

m
ol

/L ⁎

Control
Fructose-fed

(c)

8

6

4

2

0

Se
ru

m
 in

su
lin

 (n
g/

m
L)

Control
Fructose-fed

(d)

8

6

4

2

0

Pa
nc

re
at

ic
 in

su
lin

 (p
g/

m
L

pr
ot

ei
n)

⁎

Control
Fructose-fed

(e)

Figure 2: Prediabetic condition: (a) fasting blood glucose levels, (b) area under the curve (AUC) values for OGTT, (c) HOMA-IR index at
week 20, (d) serum insulin level at week 20, and (e) pancreatic insulin level at week 24. Values are mean ± SEM (n = 7‐8), ∗p < 0:05.
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Figure 3: Body weight and weight gain of control and fructose-fed rats. Values are mean ± SEM (n = 8), ∗p < 0:05.
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3.2. Heart Function and Morphology. To characterize
prediabetes-induced cardiac changes in fructose-fed rats,
transthoracic echocardiography was performed at week 24
to investigate cardiac function. Although the weight of the
animals was significantly lower in the fructose-fed group,
the heart weight and heart weight to body weight ratio were
not changed significantly (Table 1).

Echocardiographic parameters of morphology and func-
tion are shown in Table 3. To exclude the potential effect of
variations in cardiac mass, the morphological data were also
given after normalization to heart weight (Table 3). Wall
thicknesses and ventricular diameters were not changed sig-
nificantly due to fructose feeding (except for anterior wall
thickness) (Table 3). Although there was no difference in
heart rate, ejection fraction, and fractional shortening, the
E/A ratio was significantly smaller in fructose-fed rats indi-
cating the impairment of diastolic filling (Table 3). These
findings may suggest a very early manifestation of a mild
hypertrophy and diastolic dysfunction with preserved sys-
tolic function in prediabetic rats.

Following echocardiography, the hearts were isolated to
assess cardiac performance on a working heart perfusion sys-
tem. Left ventricular end-diastolic pressure significantly
increased, while cardiac output significantly decreased in
fructose-fed rats (Figure 5). However, HR, max and min

dp/dt, LVDP, and aortic systolic and diastolic pressures were
not changed between groups during working heart perfusion
(Table 4). These results demonstrate the appearance of a
mild diastolic dysfunction in prediabetic rats. It is well
known that left ventricular hypertrophy is more common
in diabetic patients and that 40-75% of patients with type 1
or type 2 diabetes have diastolic dysfunction [52, 53]. How-
ever, here we show that the deterioration of diastolic function
occurs much earlier than the development of overt diabetes.
These results are consistent with recent reports showing that
the development of diastolic dysfunction can precede com-
plete diabetes [6].

In order to assess cardiac hypertrophy at the molecular
level, mRNA expression of myosin heavy chain α isoform
(MYH6) and myosin heavy chain β isoform (MYH7) was
measured. We have found that cardiac MYH6 mRNA level,
consistent with myosin 6 protein level measured by proteo-
mics (Table 5), was increased in fructose-fed rats (Figure 6).
However, MYH6/MYH7 ratio did not differ significantly.
According to the literature [54–56], these data do not sup-
port cardiac hypertrophy in our fructose-fed rats.

It is known that clinical laboratory markers of myocardial
injury are increased in diabetic cardiomyopathy [57] and
serum ion parameters, especially potassium, can affect heart
function. Therefore, we measured serum ions (potassium,

Table 1: Isolated organ weights and isolated organ weight to body weight ratios at week 24 in both control and fructose-fed rats. Values are
mean ± SEM (n = 8), ∗p < 0:05.

Control Fructose-fed p value

Heart weight (mg) 1726 ± 79 1527 ± 71 0.083

Liver weight (mg) 13292 ± 538 12262 ± 467 0.170

Pancreas weight (mg) 1093 ± 111 1101 ± 467 0.951

Heart (mg)/body weight (g) 3:22 ± 0:14 3:36 ± 0:09 0:422
Liver (mg)/body weight (g) 22:7 ± 0:2 27:0 ± 0:4∗ ≤0.001

Pancreas (mg)/body weight (g) 2:04 ± 0:19 2:43 ± 0:11 0.095

Table 2: Parameters measured in serum collected at week 24 in both control and fructose-fed rats. Values aremean ± SEM (n = 8), ∗p < 0:05.

Control Fructose-fed p value

Serum triglyceride (mmol/L) 0:96 ± 0:12 0:94 ± 0:20 0.938

Serum cholesterol (mmol/L) 1:78 ± 0:14 1:61 ± 0:11 0.359

LDL (mmol/L) 0:45 ± 0:05 0:43 ± 0:08 0.830

HDL (mmol/L) 0:86 ± 0:08 0:76 ± 0:07 0.335

ALAT (U/L) 38:63 ± 3:35 35:00 ± 4:08 0.500

ASAT (U/L) 77:88 ± 4:05 73:29 ± 5:74 0.517

CK (U/L) 263 ± 46 245 ± 45 0.776

CKMB (U/L) 352 ± 75 256 ± 33 0.264

LDH (U/L) 334:86 ± 63:77 272:50 ± 37:36 0.437

Cl (mmol/L) 102:50 ± 0:78 102:63 ± 0:82 0.914

K (mmol/L) 6:33 ± 0:36 5:95 ± 0:57 0.588

Na (mmol/L) 141:63 ± 0:60 141:38 ± 0:78 0.802
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Figure 4: qRT-PCR results at week 24. Liver (a) Mlxipl expression, (b) Srebf1 expression, (c) Acaca expression, (d) Fasn expression, (e) SCD1
expression, (f) Fads1 expression, (g) Fads2 expression, and (h) ELOVL6 expression. Values are mean ± SEM (n = 6‐7), ∗p < 0:05.
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sodium, and chloride) and enzyme markers of myocardial
injury (creatine kinase (CK), creatine kinase-MB (CK-MB),
and lactate dehydrogenase (LDH)). Neither serum ion
parameters nor markers of myocardial injury were changed
significantly in fructose-fed rats compared to controls
(Table 2).

3.3. Lipidomics. To characterize and elucidate the metabolic
changes in the prediabetic heart induced by chronically
applied fructose-rich diet, we performed high-performance,
comprehensive shotgun MS-based lipidomic analyses from
left ventricular whole membrane extracts. We have identified
and quantified approximately 200 lipid molecular species
encompassing 20 lipid classes (lipidomic data are summa-

rized in Supplementary Lipid Table expressed either as
lipid/protein or as mol% of membrane lipids or mol% of a
given lipid class). Because the optimal physical state of the
membrane is a prerequisite for proper functioning, in the fol-
lowing, we focus on membrane lipid compositional data. To
obtain an overview, mol% of membrane lipid values was sub-
jected to the nonsupervised multivariate statistics principal
component analysis (PCA). The clear separation of the sam-
ple sets into two nonoverlapping clusters (Figure 7) indicates
complex reshaping and metabolic rewiring of the whole lipi-
dome due to fructose feeding. Examining these alterations in
more detail and comparing the molecular species patterns for
the control and fructose groups revealed 100 statistically sig-
nificant differences (Supplementary Lipid Table).

Table 3: Left ventricular morphological and functional parameters examined by echocardiography at week 24 in both control and fructose-
fed rats. Values are mean ± SEM (n = 8), ∗p < 0:05.

Parameter (unit) View/mode Control Fructose-fed p value

Left ventricle morphology

Anterior wall thickness in systole (mm) Short axis/MM 3:59 ± 0:14 3:47 ± 0:12 0.506

Anterior wall thickness in diastole (mm) Short axis/MM 2:35 ± 0:04 2:00 ± 0:10∗ 0.012

Inferior wall thickness in systole (mm) Short axis/MM 3:38 ± 0:18 3:41 ± 0:07 0.871

Inferior wall thickness in diastole (mm) Short axis/MM 2:20 ± 0:11 2:01 ± 0:08 0.167

Posterior wall thickness in systole (mm) Long axis/MM 3:33 ± 0:30 3:13 ± 0:19 0.596

Posterior wall thickness in diastole (mm) Long axis/MM 2:22 ± 0:14 1:96 ± 0:11 0.155

Septal wall thickness in systole (mm) Long axis/MM 3:88 ± 0:18 3:55 ± 0:20 0.239

Septal wall thickness in diastole (mm) Long axis/MM 2:33 ± 0:10 2:05 ± 0:17 0.169

Left ventricular end-diastolic diameter (mm) Long axis/MM 6:85 ± 0:24 6:85 ± 0:21 0.996

Left ventricular end-systolic diameter (mm) Long axis/MM 3:07 ± 0:16 3:37 ± 0:20 0.270

Left ventricular end-diastolic volume (μL) 4CH 100:3 ± 20:6 90:3 ± 11:7 0.681

Left ventricular end-systolic volume (μL) 4CH 39:23 ± 9:04 36:23 ± 6:03 0.787

Left ventricular morphology/heart weight

Anterior wall thickness in systole (mm/g) Short axis/MM 1:96 ± 0:11 2:28 ± 0:06∗ 0.021

Anterior wall thickness in diastole (mm/g) Short axis/MM 1:27 ± 0:07 1:32 ± 0:06 0.596

Inferior wall thickness in systole (mm/g) Short axis/MM 1:96 ± 0:06 2:20 ± 0:11 0.079

Inferior wall thickness in diastole (mm/g) Short axis/MM 1:38 ± 0:10 1:34 ± 0:10 0.795

Posterior wall thickness in systole (mm/g) Long axis/MM 1:96 ± 0:20 2:05 ± 0:09 0.665

Posterior wall thickness in diastole (mm/g) Long axis/MM 1:21 ± 0:12 1:29 ± 0:06 0.559

Septal wall thickness in systole (mm/g) Long axis/MM 2:28 ± 0:14 2:34 ± 0:11 0.735

Septal wall thickness in diastole (mm/g) Long axis/MM 1:36 ± 0:06 1:73 ± 0:37 0.348

Left ventricular end-diastolic diameter (mm/g) Long axis/MM 3:86 ± 0:23 4:56 ± 0:27 0.067

Left ventricular end-systolic diameter (mm/g) Long axis/MM 1:81 ± 0:10 2:26 ± 0:20 0.082

Left ventricle function

E/A 4CH 1:21 ± 0:07 1:03 ± 0:02∗ 0.015

Ejection fraction (%) 4CH 60:96 ± 3:38 62:83 ± 2:32 0.666

Fractional shortening (%) Short axis/MM 49:57 ± 3:82 54:00 ± 3:60 0.414

MV E velocity (m/s) 4CH 0:81 ± 0:05 0:73 ± 0:06 0.358

MV A velocity (m/s) 4CH 0:71 ± 0:07 0:82 ± 0:06 0.260

Heart rate (1/min) 4CH 346:0 ± 12:9 349:6 ± 6:8 0.819
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One of the most noteworthy changes can be connected to
the CL remodeling system. It is known that under normal
conditions, the levels of LPLs are kept low in general, and
CL remodeling requires only trace amounts of MLCL [14].
Therefore, the significantly lowered level of matured CL in
parallel with the significantly increased amount of MLCL
(Supplementary Lipid Table), and consequently their
markedly increased ratio in the membrane (MLCL/CL,
Figure 8(a)), obviously report about an aberrant remodeling

process in the fructose-fed group as compared to the con-
trols. The ratio of MLCL/CL was found to be a more sensitive
indicator than the level changes of CL and MLCL in Barth
patients [58]. Furthermore, at the molecular species level,
we detected pronounced loss of the most abundant homo-
symmetric tetra18:2 species CL(72:8) (Figure 8(b)).

This was the most prominent change not only in the
context of membrane composition but also when considering
absolute values, i.e., the protein-normalized data displayed
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Figure 5: Cardiac function in isolated perfused hearts: (a) left ventricular end-diastolic pressure (LVEDP) and (b) cardiac output. Values are
mean ± SEM (n = 7‐8), ∗p < 0:05.

Table 4: Parameters measured by working heart perfusion at week 24 in both control and fructose-fed rats. Values aremean ± SEM (n = 7‐8).

Control Fructose-fed p value

Aortic flow (mL) 46:6 ± 3:7 37:4 ± 2:4 0.065

Coronary flow (mL) 24:6 ± 1:1 21:9 ± 1:2 0.121

Max dp/dt (mmHg/s) 5975 ± 330 6063 ± 212 0.832

Min dp/dt (mmHg/s) −3577 ± 222 −4090 ± 237 0.138

Aortic diastolic pressure (mmHg) 45:7 ± 1:7 42:1 ± 1:3 0.120

Aortic systolic pressure (mmHg) 110:3 ± 2:6 116:2 ± 1:5 0.121

LVDP (mmHg) 137:5 ± 6:0 139:5 ± 4:3 0.803

Heart rate (1/min) 279 ± 14 263 ± 24 0.554

Table 5: Alteration of selected cardiac proteins in fructose-fed rats by proteomic analysis. Values are expressed as fold change and p value.

Protein names Gene names Fold change p value

Alpha B crystallin Cryab 5.56 0.047

3-ketoacyl-CoA thiolase (mitochondrial) Acaa2 4.56 0.005

Alpha-aminoadipic semialdehyde dehydrogenase Aldh7a1 4.34 ≤0.001
60 kDa heat shock protein (mitochondrial) Hspd1 3.37 0.010

Myosin 6 MYH6 3.06 0.003

Peroxiredoxin-6 Prdx6 2.87 0.001

Superoxide dismutase [Mn] (mitochondrial) Sod2 -1.82 0.033

Protein disulfide-isomerase P4hb -3.40 0.001
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dramatic 45% decrease for CL(72:8) (from 28.5 to
15.7 nmol/protein mg; p < 0:05; Supplementary Lipid Table).
This observation is in full agreement with other literature
data obtained for either more severe diabetic and obesity
models [59, 60] or recorded in a more similar early-stage
fructose-induced type 2 diabetes study [61]. The loss in
CL(72:8) was paralleled by elevations in practically all other
asymmetric species independently on chain length and satu-
ration for the fructose-fed animals as opposed to the normal
chow diet (sum elevation from 2.82 to 4.35mol% of mem-
brane lipids, p < 0:05) (Figure 8(b)). This altogether resulted

in a dramatic drop of the CL “symmetry” factor in the fruc-
tose group calculated as the ratio of symmetric/asymmetric
species (Figure 8(c)). The major contributions to the increase
in asymmetry derived from species which contain one non-
18:2 acyl chain, i.e., from the 16:1 FA-containing CL(70:7;
16:1_18:2_18:2_18:2) species, from the CL(74:9) species
whose major component is the CL(18:2_18:2_18:2_20:3)
isobar, and from the CL(72:7) species corresponding to
CL(18:1_18:2_18:2_18:2). This is in correspondence with
the result observed in a fructose-induced early type 2 diabetic
rat model [61] but differs from more severe mouse models of
diabetes and insulin resistance/obesity. In the latter cases,
defective cardiac CL remodeling resulted in depletion of
16:1 and enrichment of the highly unsaturated docosahexae-
noic acid (DHA, 22:6 n-3) [17, 60], thereby essentially
increasing the propensity of CL to peroxidation. In our study,
the double bond index (DBI) of CL, a measure of unsatura-
tion, did not change significantly (Supplementary Lipid
Table). It can be partially due to the prediabetic nature of
the model but also due to the sizeable difference in cardiac
CL species composition between mouse and rat. Mouse
cardiac CL contains essentially more DHA [61–63]. There-
fore, it is more prone to ROS attack and peroxidation than
that of the rat CL. Nevertheless, we have to mention that
regarding fold increases of the individual CL species in
the fructose-fed animals compared to the controls, the
highest, ca. 10-fold elevations, was registered for DHA-
containing CL species (78:12, 18:0_18:2-20:4_22:6 (major))
and (78:13, 18:1_18:2_20:4_22:6), although their levels
barely reached the 0.1mol% of total CL value even in
the fructose group (Supplementary Lipid Table). It is
important to note here that we could not detect oxidized lipid
species either in CL or in other highly unsaturated and gener-
ally oxidation-prone lipid classes, such as plasmalogen phos-
phatidylethanolamine and phosphatidylserine. However, we
could detect “asymmetry” defects already in the MLCL spe-
cies profile; the major MLCL(54:6, tri18:2) species was
found to be significantly reduced whereas the not only
18:2-containing precursors were markedly elevated (Supple-
mentary Lipid Figure 2).
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Figure 6: qRT-PCR results at week 24. Heart (a) MYH6 expression, (b) MYH7 expression, and (c) MYH6/MYH7 ratio. Values are
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Another important feature of the lipidome alterations
was the general increase in lipid species with sum double
bond ðdbÞ = 1 that could be detected in all major membrane
PL classes in the fructose group as opposed the control
animals (sum of db = 1 9:3 vs. 6.9mol% of membrane lipids,
p < 0:05; Supplementary Lipid Table). The main contribu-
tors, which contain a saturated and a monounsaturated FA
leg, were collected in Figure 9(a). PL species with db = 2 pre-
dominantly contained a saturated FA in sn1 and a linoleoyl
(18:2) group in sn2 position of the glycerol backbone; these
can serve as potential acyl donors for the formation of
tetra18:2 CL for the tafazzin-catalyzed transacylation. In par-
allel with the elevation of species with db = 1, we detected sig-
nificant depletion in species with db = 2 in fructose-fed
animals (sum of db = 2 7:1 vs. 9.7mol% of membrane lipids,
p < 0:05; Supplementary Lipid Table); selected species are
demonstrated in Figure 9(b).

Changes in PL molecular species with highly unsaturated
acyl chains (db ≥ 4) showed fairly complex picture with sev-
eral significant alterations including both elevations and
decreases (Supplementary Lipid Table). It was reported that
the loss of tafazzin enzymatic activity in a Barth syndrome
mouse model also resulted in complex alterations of polyun-
saturated PL species [64]. Therefore, it is conceivable to sug-
gest that the intricate imbalance in polyunsaturated PL
species alters the biophysical and signaling properties of the
cardiac membrane.

Since we could not detect the elevation in serum triglyc-
eride levels due to fructose feeding, it is not surprising that
neither the total cardiac TG content changed significantly
(Supplementary Lipid Table). However, the prominent spe-
cies profile change of the TG pool is worth mentioning.
The robust relative increase in species containing saturated
and monounsaturated FAs, such as TG(50:1, 52:2, and
54:3), in parallel with significant reductions in more unsatu-
rated species, e.g., TG(52:4, 54:6, and 56:8) (Figure 9(c)) alto-
gether led to the decrease of the double bond index (DBI),
i.e., increase in saturation for cardiac TG (Figure 9(d)). Car-
diac TG saturation together with the monoene increase and

18:2 decrease in membrane PLs may indicate the upregula-
tion of DNL leading to a shift in FA profile towards the aug-
mentation of monounsaturated 18:1 (and 16:1) FAs.

A further interesting aspect of the complex lipidome
remodeling was the reshaping of the analyzed sphingolipid
(SL) pool, ceramide (Cer) and sphingomyelin (SM). Cer has
a central role in SL metabolism as well as it is known as a lipid
mediator of the eukaryotic stress response. Its role is mostly
associated with growth inhibition; the most studied being
its function as a proapoptotic molecule [65]. Serum Cers have
emerged as potential biomarkers of insulin resistance, diabe-
tes, and heart disease, but also, muscle, liver, or adipose tissue
Cers were shown to be associated with insulin resistance [66].
In our study, we measured small but significant elevation in
total cardiac Cer at membrane lipid compositional level
(approximately 30%; p < 0:05, Supplementary Lipid Table),
which could be attributed almost exclusively to the increases
in very-long-chain Cer-24 species Cer(42:2:2, d18:1/24:1 and
42:3:2, d18:2/24:1) (Figure 10(a)). It was reported that the
nature of the acyl chain in Cers influences their contribution
to the disease. Long-chain Cer-16 and Cer-18 often showed
stronger associations with disease pathologies than very-
long-chain Cer-24 [66]. Marchesini et al. reported that in
confluent MCF-7 cells cell cycle arrest but not apoptosis
was mediated by C24-Cer species [67]. It seems, therefore,
that the alterations in Cer in our model might contribute to
the observed cardiac dysfunction through changing the
membrane biophysical properties rather than inducing size-
able apoptotic signaling. SM is the major structural mamma-
lian SL which accumulates in liquid-ordered microdomains.
Its total level showed only an increasing tendency in the
membrane (p = 0:058), but its species compositions changed
completely (Figure 10(b) and Supplementary Lipid Table).
This may point to microdomain reorganization and hence,
again, to the modulation of the membrane physical state
and signaling properties due to fructose-rich diet.

Schlame et al. proposed that the acyl specificity of tafaz-
zin arises from the physical properties of the lipid environ-
ment and is born out of a transacylation equilibrium in
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Figure 8: Defects in cardiolipin remodeling. (a) Monolysocardiolipin to cardiolipin ratio (MLCL/CL). (b) Changes in CL species due to
fructose feeding. (c) CL symmetry factor calculated as the ratio of symmetric/asymmetric CL species. ESI-MS data are expressed as mol%
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which the tissue-specific availability of FAs and the specific
packing conditions of lipids are manifested [18]. In line with
this proposal, our lipidomic data fully support the distur-
bance in tafazzin action in the prediabetic state as the very
first event leading to defective CL structural uniformity and
molecular symmetry. Nevertheless, several other options
may contribute to the observed changes. These include the
induction of phospholipase A2, which should increase the
level of LPLs. It is known to happen in the diabetic state
[68], and the registered increases in the relative levels of car-
diac MLCL and LPE (Supplementary Lipid Table) in our pre-
diabetic model might also reflect such an upregulation. In
addition, the upregulation of the acyl-CoA:lyso-CL-acyl-
transferase that lacks preference for the linoleoyl group [69]
as well as the downregulation of MLCL acyltransferase that
specifically catalyzes the synthesis of tetra18:2 CL [70] also
might play a role. However, these possibilities were reported
for harsher conditions of later stage diabetes or well-
developed oxidative stress induced by hyperthyroidism.

3.4. Proteomics. The complex changes in the heart detected
by lipidomics at the metabolite level in the prediabetic state
induced by chronic fructose feeding can be further mapped
and complemented by alterations that occur at the protein
level. Therefore, we performed comprehensive LC-MS-
based proteomic analysis from left ventricular extracts.

Altogether, 1406 proteins were identified with at least two
validate peptides from 1D-GE bands of pooled left ventricu-
lar samples. Using a spectral library built from those identifi-
cations, 802 proteins could be repeatedly quantified in
individual samples. Seventy-five different proteins were sig-
nificantly changed (p ≤ 0:05 and a minimum of 1.5-fold
change) in fructose-fed rats compared to control animals.
Out of these proteins, 49 were upregulated and 26 were
downregulated. Gene ontology analysis based on subcellular
localization revealed enrichments of proteins with significant
changes in different cell compartments including mitochon-
dria (n = 27), cytoplasm (n = 32), nucleus (n = 10), extracel-
lular space (n = 8), lysosome (n = 3), and Golgi apparatus
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Figure 9: Early signs of de novo lipogenesis induction. (a) Changes in phospholipid species with 1 double bond. (b) Changes in phospholipid
species with 2 double bonds. (c) Alterations in cardiac triglyceride (TG) species profile due to fructose feeding. (d) The double bond index
calculated for TG. PC: phosphatidylcholine; PE: phosphatidylethanolamine; PG: phosphatidylglycerol; PI: phosphatidylinositol. ESI-MS
data are expressed as mol% of membrane lipids or mol% of the specified lipid class and presented as means ± SEM (n = 8), ∗p < 0:05.
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(n = 3) (Proteomic Table in the Supplementary Material).
The relation of these proteins to different biochemical path-
ways was further analyzed in Reactome (https://www
.reactome.org). The pathway analysis showed that most of
the significantly altered proteins are related to metabolism
(30 in pathways plus 9 interacting with some pathway pro-
teins). Several metabolic pathways are affected, including
the citric acid (TCA) cycle and respiratory electron transport
(n = 10 + 3), metabolism of proteins (n = 9 + 11), lipids
(n = 5 + 3), amino acids (n = 8), and carbohydrates
(n = 6 + 1) (for a complete list, see the Supplementary Prote-
omic Table). Significantly altered proteins related to mito-
chondria, extracellular matrix, histones, oxidative stress, or
apoptosis will be discussed in the following chapters.

3.5. Mitochondria. The proteomic analysis revealed changes
in several proteins associated to various mitochondrial meta-
bolic pathways due to fructose feeding (Table 6). These
altered proteins can be coupled to the pyruvate dehydroge-
nase complex, electron transport chain, transport processes,
and various metabolic pathways, such as the beta oxidation,
tricarboxylic acid cycle, or amino acid metabolism. Pyruvate
dehydrogenase complex plays a central role in the utilization
of glucose as an energy source. Pyruvate dehydrogenase
complex-related genes significantly decreased measured by
proteomic analysis. In contrast, some beta oxidation-related
proteins were increased. The first common point in the
breakdown of glucose and fatty acids, citrate synthase, was
also increased measured by proteomic analysis. These find-
ings may suggest a shift to fatty acid utilization in cardiac tis-
sue. We have also found both increased and decreased
proteins related to the electron transport chain and amino
acid metabolism.

3.6. Extracellular Matrix. We have found three extracellular
matrix-related proteins to be significantly increased and
another one to be decreased in the hearts of fructose-fed rats

as assessed by proteomic analysis (Table 7). The increased
proteins (prolargin, biglycan, and cathepsin D) may play a
role in coping mechanism of the heart to prevent severe
impairment. Prolargin was shown to be increased in a por-
cine model of ischemia/reperfusion injury [71]. Our group
had previously shown that biglycan protects cardiomyocytes
against hypoxia/reoxygenation injury [72, 73] and increases
the expression of several proteins related to cardioprotection
[74]. It has been also reported that myocardial cathepsin D
upregulation induced by myocardial infarction protects
against cardiac remodeling in mice [75]. Interestingly, galec-
tin-1, known to have a protective role in cardiac homeostasis
and postinfarction remodeling, is decreased in fructose-fed
rats [76]. These results support the activation of adaptive
mechanisms in the hearts of prediabetic rats.

3.7. Histones. Interestingly, expression of two histone pro-
teins (core histone macro-H2A.1 and histone H1.5) was
significantly increased in the hearts of fructose-fed rats.
Histones are involved in packing the DNA in the nucleus,
and mis-regulated histone expression is thought to lead to
aberrant gene transcription by altering the chromatin
structure [77].

3.8. Oxidative Stress and Apoptosis. Oxidative stress has a
major role in the development of diabetic cardiomyopathy
[7], and oxidative stress has been linked to the development
of cardiac dysfunction [27, 78]. Moreover, elevated hydrogen
peroxide production, elevated nitrotyrosine formation, and
decreased cardiac function were observed in a prediabetes
model induced by high-fat chow combined with a single
low-dose STZ [6]. In our mild prediabetes model induced
by fructose-enriched diet, there was no significant increase
in the levels of the peroxidation product malondialdehyde
in the serum or left ventricular tissue or in the cardiac level
of the nitrooxidative marker 3-nitrotyrosine as compared to
control values (Table 8).
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Figure 10: Modulation of the sphingolipid pool. (a) Alterations in ceramide (Cer) species. (b) Changes in the sphingomyelin (SM) species
profile. ESI-MS data are expressed as mol% of membrane lipids or mol% of the specified lipid class and presented as means ± SEM (n = 8),
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However, we have detected by proteomics the increase of
some oxidative stress-related enzymes from cardiac tissue,
which may suggest an initial stage of oxidative stress that
seems to be controlled by adaptive responses. We have found
that alpha-aminoadipic semialdehyde dehydrogenase was
increased in the hearts of fructose-fed rats (Table 5). Alpha-
aminoadipic semialdehyde dehydrogenase protects cells
from oxidative stress by metabolizing a number of lipid
peroxidation-derived aldehydes [79, 80]. We have found that
peroxiredoxin-6 was also increased in the fructose-fed group

(Table 5). This enzyme catalyzes the reduction of hydrogen
peroxide, short chain organic, fatty acid, and phospholipid
hydroperoxides. It also has phospholipase activity and can
therefore either reduce the oxidized sn2 fatty acyl group of
phospholipids (peroxidase activity) or hydrolyze the sn2
ester bond of phospholipids (phospholipase activity). It plays
a role in phospholipid homeostasis and in cell protection
against oxidative stress by detoxifying peroxides [81]. Mito-
chondrial superoxide dismutase decreased in fructose-fed
rats, and this result is consistent with the findings of Lappa-
lainen et al. showing that SOD2 decreased in the kidney of
STZ-induced diabetic rats [82].

Since increased apoptosis often contributes to cardiac dys-
function, in our present study, we also aimed to explore the
effect of prediabetes on apoptosis in the heart. We assessed
the expression of pro- and antiapoptotic proteins by western
blot. Prediabetes did not affect the expression of proapoptotic
caspase-7 and Bax in the left ventricles, while the antiapoptotic
Bcl-2 was downregulated, and thereby, the Bax/Bcl-2 ratio was
significantly increased in the fructose-fed group (Figure 11).

Similar to our results, a modest decrease in Bcl-2 has
been shown recently in another model of prediabetes
induced by a combination of high-fat diet and low-dose

Table 7: Alteration of selected extracellular matrix proteins in
fructose-fed rats by proteomic analysis. Values are expressed as
fold change and p value.

Protein names Gene names Fold change p value

Extracellular matrix

Prolargin Prelp 5.23 0.001

Biglycan Bgn 1.91 0.018

Cathepsin D Ctsd 1.52 0.001

Galectin-1 Lgals1 -3.23 0.005

Table 6: Alteration of selected mitochondrial proteins in fructose-fed rats by proteomic analysis. Values are expressed as fold change
and p value.

Protein names Gene names Fold change p value

Pyruvate dehydrogenase complex

Dihydrolipoyllysine-residue acetyltransferase component of pyruvate
dehydrogenase complex (mitochondrial)

Dlat -3.47 0.022

Dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase complex Dbt -9.53 0.039

Electron transport chain

ETF-ubiquinone oxidoreductase (mitochondrial) Etfdh 3.13 0.004

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 2 Ndufa2 2.06 0.047

NADH-ubiquinone oxidoreductase chain 4 Mt-Nd4 1.59 0.007

Cytochrome c, testis-specific Cyct 1.56 0.011

Cytochrome b-c1 complex subunit Rieske (mitochondrial) Uqcrfs1 -1.95 0.001

NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 10 (mitochondrial) Ndufa10 -3.15 0.038

Amino acid metabolism

3-Hydroxyisobutyryl-CoA hydrolase (mitochondrial) Hibch 5.44 0.042

Isovaleryl-CoA dehydrogenase (mitochondrial) Ivd -1.90 0.004

Methylcrotonoyl-CoA carboxylase beta chain (mitochondrial) Mccc2 -2.18 0.046

Transport function

ADP/ATP translocase 1 Slc25a4 2.47 0.005

Voltage-dependent anion-selective channel protein 3 Vdac3 2.17 0.018

MICOS complex subunit Mic60 Immt 1.58 0.003

Beta oxidation

Enoyl CoA hydratase domain-containing 2 Echdc2 1.50 0.018

Electron transfer flavoprotein subunit alpha (mitochondrial) Etfa -1.94 0.001

Other

Malic enzyme Me3 4.27 0.022

Citrate synthase Cs 3.14 ≤0.001
Enoyl-[acyl-carrier-protein] reductase (mitochondrial) Mecr -1.61 0.029

Prohibitin-2 Phb2 -1.65 0.001
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STZ injection [6]. In our present study, we also found in
the proteomic results an increase in the antiapoptotic
mitochondrial 3-ketoacyl-CoA thiolase in the hearts of
fructose-fed rats (Table 5). We think that this alteration
is part of the coping mechanism which protects the cardi-
omyocytes against apoptosis. Indeed, it is known that 3-
ketoacyl-CoA thiolase abolishes BNIP3-mediated apoptosis
and mitochondrial damage [83]. It was shown that 3-
ketoacyl-CoA thiolase increased in the heart of STZ-
induced diabetic mice [84]. The -3.4-fold decrease in the
disulfide-isomerase protein level may also contribute to

the suppression of apoptosis (Table 5) [85]. The upregula-
tion of proapoptotic proteins and the downregulation of
antiapoptotic proteins have already been described in a
diabetic model in rodents [86, 87]. Our data suggest early
dysregulation of pro- and antiapoptotic proteins in predi-
abetes; however, they do not show high induction of apo-
ptosis. Furthermore, it is generally accepted that in type 1
and type 2 diabetes, the low levels of certain heat stress
proteins (e.g., Hsp70 and Hsp27) and their impaired
response to stress may contribute to the etiology of the
disease [88]. It is important to note that in the prediabetic

Table 8: Oxidative stress markers measured in serum and heart tissue in both control and fructose-fed rats. Values aremean ± SEM (n = 8).

Control Fructose-fed p value

Serum malondialdehyde (nmol/mg protein) 4:77 ± 0:43 4:03 ± 0:49 0.274

Cardiac malondialdehyde (nmol/mg protein) 1:27 ± 0:16 1:47 ± 0:22 0.482

3-Nitrotyrosine (nmol/mg) 190 ± 6:0 221 ± 20 0.164
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Figure 11: Western blot results at week 24: (a) Bax/Bcl-2 ratio, (b) Bcl-2/β-actin ratio, (c) Bax/β-actin ratio, (d) caspase-7/α-tubulin ratio, (e)
Bcl-xL/α-tubulin ratio, and (f) caspase-3/α-tubulin ratio. Values are means ± SEM (n = 8), ∗p < 0:05.
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state, we could not detect any disruption of Hsps. Instead,
the Hsp60 and alphaB-Crystallin levels were markedly ele-
vated by 3.3- and 5.6-fold, respectively (Table 5).

4. Conclusion

This is the first comprehensive analysis of the effect of predi-
abetes on the lipidome and proteome of the heart and its rela-
tionship to impaired diastolic function in a nongenetic
rodent model. In our present study, chronically applied fruc-
tose intake led to the development of a prediabetic condition
characterized by slight hyperglycemia, glucose intolerance,
and insulin resistance (Figure 12).

This prediabetic state likely caused slight DNL induction
in the liver. DNL induction has the capacity to alter the
circulating accessible fatty acid (FA) pool for lipid biosyn-
thesis in other organs. Consequently, the cardiac lipidome
has been altered. The change was found to be comprehen-
sive, deep, and characteristic with main features of monoe-
noic FA enrichment, decrease in linoleic acid (18:2 FA),
complex changes in highly polyunsaturated lipids, and
reprofiling of sphingolipid species compositions. Recent
large-scale findings highlighted that the lower risk of type
2 diabetes was strongly associated with higher 18:2 FA bio-
marker levels [89, 90]. Linoleic acid was able to alleviate
the STZ-induced diabetic phenotype in mice by normalizing
FA metabolism and desaturation and correcting glucose and
insulin levels [91].

It is conceivable that the observed lipidomic changes ulti-
mately altered the biophysical properties of membrane lipids,
which, together with restricted substrate availability, led to
unproper CL remodeling in cardiac mitochondria. Dysregula-
tion of CL remodeling possibly contributed to the impairment
of several mitochondrial processes, as it was assessed by prote-
omic analysis, and finally could result in mild cardiac dysfunc-
tion. As mentioned previously, Barth syndrome shares
biochemical features, like increased CL molecular species
heterogeneity and increased MLCL/CL ratio, with ischemia,

hypothyroidism, heart failure, and aging [19, 92, 93]. More-
over, drastic CL remodeling was observed at early stages in
type 1 and type 2 diabetic hearts [19]. Evidences from prospec-
tive cohort studies and randomized trials have demonstrated
that high n-6 polyunsaturated FA (predominantly linoleic
acid) intake plays an important role in the dietary prevention
of cardiovascular diseases [94]. Altogether, it is well-
established that the loss and defective remodeling of CL alone
can provoke cardiac dysfunction but it is not sufficient to
induce diabetes [95]. However, the deprivation of 18:2
caused by the fructose-induced overproduction of nonessen-
tial FAs can be an important contributor to the development
of the disease. Moreover, as a consequence of the mitochon-
drial dysfunction, a vicious cycle can be initiated by ROS-
induced damage to mitochondrial components [96] at the
transition from the prediabetic to the diabetic stage.

Our data show that at this very early stage of prediabetes
there was no sizeable oxidative stress or apoptosis in the
heart. Instead, several active coping mechanisms were acti-
vated against the harmful consequences of fructose feeding
including the upregulation of enzymes responsible for the
removal of lipid peroxidation products and upregulation of
mitochondrial Hsp60.

Taken together, our study evidences that at the predia-
betic stage there are no clinically accessible signs to declare
a disease because the generally investigated serum parame-
ters do not report about lipotoxicity, cell damage, or substan-
tial hyperglycemia. Nevertheless, the results presented here
clearly demonstrate that the risk for progression of diabetes
and cardiovascular disease is silently present in the guise of
a complex cardiac lipid metabolic imbalance and altered pro-
teomic pattern. Prediabetes might represent a transient,
reversible, “decision-making” state in that process. The
nature of our nongenetic model implies that improper food
intake must persist chronically; the longer you apply the
higher the risk. Therefore, early intervention is important
to prevent the transition from prediabetes to more severe
disease stages.

No serum TG/Chol/LDL increase
No serum LDH increase

No sizeable oxidative stress
No sizeable apoptosis

No sizeable hypertrophy

Monoene-enriched 
circulating FA pool

Unproper CL 
remodeling

Active coping
mechanisms

Altered heart
lipidome

Dysregulated 
mitochondrial function

Mild cardiac
dysfunction

Chronic 
fructose intake

Prediabetes
slight hyperglycemia & 

insulin resistance
DNL induction in liver

Figure 12: Summary of our findings.
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APPENDIX 

 

Abbreviations for Table 7 and Table 9 

 

Abhd17c: Abhydrolase domain containing 17C  

Adh1: Alcohol dehydrogenase 1 (class I)  

Adra1d: Adrenoceptor alpha 1D  

Akap3: A kinase (PRKA) anchor protein 3  

Akr1b10: Aldo–keto reductase family 1, member B10 (aldose reductase)  

Aldh1a1: Aldehyde Dehydrogenase 1 Family Member A1 

Ampd1: Adenosine monophosphate deaminase 1  

Arhgef5: Rho guanine nucleotide exchange factor (GEF) 5  

Arntl: Aryl Hydrocarbon Receptor Nuclear Translocator Like 

Atp2b2: ATPase, Ca++ transporting, plasma membrane 2  

Atp6ap1 l: ATPase, H + transporting, lysosomal accessory protein 1-like  

Atp6v1g: ATPase, H+ transporting, lysosomal V1 subunit G2  

Bard1: BRCA1 Associated RING Domain 1 

Btbd9: BTB Domain Containing 9 

C3: Complement C3 

C4a: Complement component 4A (Rodgers blood group)  

Car6: CARBONIC anhydrase 6  

Ccng1: Cyclin G1  

Cd1d1: CD1d1 molecule  

Cd47: Cd47 molecule  

Chrna7: Cholinergic receptor, nicotinic, alpha 7 (neuronal)  

Clstn2: Calsyntenin 2  

Cma1: Chymase 1, mast cell  

Cntnap1: Contactin associated protein 1  

Col5a3: Collagen, type V, alpha 3  

Cpox: Coproporphyrinogen oxidase  



Crabp2: Cellular retinoic acid binding protein 2  

Creb5: cAMP responsive element binding protein 5  

Crym: Crystallin, mu  

Cryz: Crystallin Zeta 

Cxcl13: Chemokine (C-X-C motif) ligand 13  

Cxcr6: C-X-C Motif Chemokine Receptor 6 

Cyp2j4: Cytochrome P450, family 2, subfamily J, polypeptide 4 

Cyr61: Cysteine-rich angiogenic inducer 61 

Ddah1: Dimethylarginine Dimethylaminohydrolase 1 

Dgkb: Diacylglycerol kinase, beta  

Dpp4: Dipeptidyl Peptidase 4 

Dpt: Dermatopontin 

Dyrk3: Dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 3  

Efna2: Ephrin A2  

Eif2ak2: Eukaryotic Translation Initiation Factor 2 Alpha Kinase 2 

Epyc: Epiphycan  

Ercc8: ERCC Excision Repair 8, CSA Ubiquitin Ligase Complex Subunit 

Esm1: Endothelial cell-specific molecule 1  

Fgf18: Fibroblast Growth Factor 18 

Fmn1: Formin 1 

Gnb3: G Protein Subunit Beta 3 

Gpbp1: GC-Rich Promoter Binding Protein 1 

Hic1: Hypermethylated in cancer 1  

Icoslg: Inducible T-cell co-stimulator ligand  

Il22ra2: Interleukin 22 receptor, alpha 2  

Inha: Inhibin alpha  

Jund: Jun D proto-oncogene  

Kcne1: Potassium voltage-gated channel, Isk-related family, member 1  

Klk1c3: Kallikrein 1-related peptidase C3  

Klre1: Killer cell lectin-like receptor subfamily E member 1 



Loc501307: Similar to spermatogenesis associated glutamate (E)-rich protein 4d 

Lpar1: Lysophosphatidic acid receptor 1  

Lpcat2: Lysophosphatidylcholine Acyltransferase 2 

Mcm8: Minichromosome Maintenance 8 Homologous Recombination Repair Factor 

Msln: Mesothelin  

Mybphl: Myosin binding protein H-like  

Myl7: Myosin, light chain 7, regulatory  

Ncf1: Neutrophil Cytosolic Factor 1 

Nnat: Neuronatin, transcript variant 1 

Npas2: Neuronal PAS Domain Protein 2 

Ntrk3: Neurotrophic tyrosine kinase, receptor, type 3, transcript variant 3 

Nucks1: Nuclear Casein Kinase And Cyclin Dependent Kinase Substrate 1 

Oas1a: 2′-5′ oligoadenylate synthetase 1A  

Ocln: Occludin 

Oxsm: 3-Oxoacyl-ACP Synthase, Mitochondrial 

P4ha3: Prolyl 4-hydroxylase, alpha polypeptide III  

Pbld1: Phenazine biosynthesis-like protein domain containing 1  

Pdia2:  Protein Disulfide Isomerase Family A Member 2 

Per2: Period Circadian Regulator 2 

Pla2g7: Phospholipase A2, group VII (platelet-activating factor acetylhydrolase, plasma)  

Plod2:  Procollagen-Lysine,2-Oxoglutarate 5-Dioxygenase 2 

Prkab2: Protein Kinase AMP-Activated Non-Catalytic Subunit Beta 2 

Prkce: Protein Kinase C Epsilon 

Prps2: Phosphoribosyl Pyrophosphate Synthetase 2 

Ptgfr: Prostaglandin F receptor  

Ptpn13: Protein tyrosine phosphatase, non-receptor type 13  

Pxmp4: Peroxisomal membrane protein 4  

Qsox1: Quiescin Sulfhydryl Oxidase 1 

Rbp4: Retinol binding protein 4, plasma  

Reg3b: Regenerating islet-derived 3 beta  



Ret: Ret proto-oncogene, transcript variant 1 

Retsat: Retinol saturase (all trans retinol 13,14 reductase)  

RGD1559482: Similar to immunoglobulin superfamily, member 7  

Rnf187: Ring finger protein 187  

Rps7: Ribosomal Protein S7 

RT1-T18: RT1 class Ib, locus T18  

Sdc1: Syndecan 1 

Sgms1: Sphingomyelin Synthase 1 

Slc16a7: Solute carrier family 16 (onocarboxylate transporter), member 7  

Slc4a1: Solute carrier family 4 (anion exchanger), member 1  

Sln: Sarcolipin  

St6galnac3: ST6 N-Acetylgalactosaminide Alpha-2,6-Sialyltransferase 3 

Stat3: Signal Transducer And Activator Of Transcription 3 

Taf13: TATA-Box Binding Protein Associated Factor 13 

Tceal7: Transcription elongation factor A (SII)-like 7  

Tef: TEF Transcription Factor, PAR BZIP Family Member 

Tgm1: Transglutaminase 1  

Thrsp: Thyroid hormone responsive  

Tmem189: Transmembrane protein 189 

Traf6: TNF Receptor Associated Factor 6 

Trim16: Tripartite motif-containing 16  

Trim50: Tripartite Motif Containing 50 

Trps1: Transcriptional Repressor GATA Binding 1 

Upk1b: Uroplakin 1B  

Wee1: WEE1 G2 Checkpoint Kinase 

Zeb2: Zinc Finger E-Box Binding Homeobox 2 

Zfp90: ZFP90 Zinc Finger Protein 
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