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The adiposity of the heart has been proven to be significantly associated with cardiac dysfunction. 

Chronic low-grade inflammation of the adipose tissue and cardiac fibrosis are common 

complications in type 2 diabetes mellitus (T2DM). Characterized by excessive deposition of 

extracellular matrix (ECM) proteins like collagen types I and III, and transdifferentiation of cardiac 

fibroblasts to myofibroblasts, cardiac fibrosis is majorly involved in the etiology of cardiac 

remodeling in T2DM. These fibrogenic actions are suggested to be mediated by the inappropriate 

release of adipocytokines, triggering a local inflammatory state in the heart. The aim of this study 

was to measure the cytokines secreted by the EAT and evaluate their correlation with atrial fibrosis 

in patients with T2DM. Sixty-four patients undergoing cardiac surgery were enrolled in this study. 

Masson’s trichrome staining was performed on frozen sections of right atrial appendage (RAA) to 

quantify myocardial fibrosis. EAT medium was used for measuring 49 cytokines using a 

combination of multiplex ELISAs. Primary cardiac fibroblasts were incubated with or without 

Interleukin-34 (IL-34), Transforming Growth Factor-β (TGF-β), and with or without TGF-β 

receptor (TGF-βR) and CSF1- receptor (CSF1-R) inhibitors. Immunofluorescent staining for α-



Smooth Muscle Actin (α-SMA) was performed to evaluate fibroblast to myofibroblast 

transdifferentiation, and western blotting analysis of collagen types-I and III was performed to 

evaluate fibrogenesis. Histology revealed increased myocardial fibrosis in the RAA of patients 

with T2DM. Myocardial fibrosis also correlated with the plasma glycated hemoglobin A1c 

(HbA1c) levels. Of the cytokines secreted by EAT explants 11 correlated with myocardial fibrosis, 

and 3 correlated with the presence of T2DM. Among these cytokines, IL-34 and soluble IL-6 

receptor β were correlating with the RAA fibrosis. Furthermore, IL-34 promoted fibrogenesis in 

cardiac fibroblasts. Interestingly, neither the inhibition of TGF-βR involved in most fibrotic 

models nor CSF1-R, the principal receptor for IL-34, attenuated IL-34 induced fibroblast 

differentiation. In conclusion, elevated levels of IL-34 in the EAT of patients with T2DM 

correlated with atrial fibrosis and promoted fibroblast to myofibroblast transdifferentiation 

independent of TGFβ-R and CSF1-R. 
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CHAPTER ONE 

INTRODUCTION 

1.0 Cardiac fibrosis  

Nearly all the cardiovascular diseases (CVDs) are associated with cardiac fibrosis [1]. Fibrosis is 

mainly characterized by the accumulation of fibroblasts, and an increased deposition of 

extracellular matrix (ECM) proteins like collagen types I and III, leading to hypertrophy and 

altered function [2]. Cardiac fibrosis is manifested in two forms, reactive interstitial fibrosis, and 

replacement fibrosis [3]. Reactive interstitial fibrosis refers to the expansion of the cardiac 

interstitial space due to excessive deposition of ECM without significant loss of cardiomyocytes 

[4]. Whereas replacement fibrosis occurs as a response to a cardiac injury where cardiac tissue that 

is damaged or dead is replaced with collagen-based scarring [5].  

Reactive interstitial fibrosis is an adaptive response that aims to preserve the cardiac 

functional capacity, but progresses to replacement fibrosis, resulting in cardiac hypertrophy and 

necrosis [6]. Several studies in both human and animal models explored the type and extent of 

cardiomyocyte death related hypertrophy and necrosis [6-11]. Studies in conditions like 

myocardial infarction show that there is an initial inflammatory reaction followed by 

cardiomyocyte death, resulting in replacement fibrosis [12]. Pathological conditions like diabetic 

cardiomyopathy (DCM), hypertension (HTN), and type 2 diabetes mellitus (T2DM) are known to 

induce chronic interstitial and perivascular deposition of collagen eventually leading to fibrotic 

scarring [13-15]. Although the underlying pathophysiological conditions leading to fibrotic 



2 

 

remodeling differ in patients with various CVDs, the cellular effectors involved in fibrotic 

remodeling are common, with the involvement of similar networks of molecular signals [16].  

1.1 Cardiac fibroblasts and myofibroblasts 

In the heart, the myofibroblasts are the principal producers of the ECM and contribute significantly 

to cardiac fibrosis [17]. However, the source of these myofibroblasts in not completely known and 

remains an area of active research [18, 19]. Myofibroblasts are thought to be derived via the 

activation of the resident fibroblasts [19]. However, this view is being challenged by the evidence 

that there is a phenotypic heterogenicity among the fibroblasts [20], not only between organs, but 

also within the same organ in physiological and pathological conditions [21, 22].  

 What are cardiac fibroblasts? Fibroblasts are the largest cell population of the myocardium 

[23]. These are cells with mesenchymal origin that produce a variety of matrix proteins and 

biochemical mediators such as growth factors and proteases [24]. Morphologically, fibroblasts are 

flat spindle shaped cells with more than one processes originating from their cell body. Locally in 

the cardiac tissue, fibroblasts are the only cell types that are not associated with a base membrane 

[25]. Cardiac fibroblasts are an essential cell type in the heart that are responsible for the 

homeostasis of the ECM. These are pleiomorphic cells whose expression and arrangement of the 

contractile proteins is mainly dependent on several factors in their microenvironment like the 

presence of cytokines, and chemokines [22]. Upon injury, these cells transform to myofibroblast 

phenotype and contribute to fibrosis. The distinction between the fibroblasts and myofibroblasts 

is commonly based on their ability to express contractile proteins such as alpha smooth muscle 

actin (α-SMA), that are principally involved in the transition to the myofibroblast phenotype [26]. 

This transition of fibroblasts to myofibroblasts progressively leads to heart failure [8].  
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1.2 Extracellular matrix (ECM) 

The ECM is a very dynamic non-cellular three-dimensional network that is present in all 

tissue types and plays a crucial role in the physiology and pathology of the heart [27]. The ECM 

does not simply function as a mechanical support system to preserve tissue integrity, but also 

serves as a signaling hub that is involved in signaling cascades critical for cell function, and act as 

a reservoir of growth factors that can be released during an injury to regulate cell behavior and 

activate a repair program inside the myocardium [28]. A healthy cardiac ECM is comprised of an 

interstitial component that surrounds all the myocardial cells and forms a structural scaffold, and 

a pericellular component that is in close proximity to certain cell types. 

 The basement membrane of the ECM is comprised of collagens, laminins, and other 

proteoglycans that separate cardiomyocytes from the surrounding interstitial matrix [29]. In 

mammalian hearts the ECM is organized in three interconnected levels: the epimysium encasing 

the entire organ, the perimysium defining the major myofiber bundles, and the endomysium that 

surrounds the individual cardiomyocytes [30]. Additionally, the intramyocardial ECM network 

that includes the endomysial and perimysial layers, contains significant amounts of matrix proteins 

that are present in the adventitia of the myocardial arteries and arterioles [30, 31].  

 

1.3 Collagen types I and III 

The crosslinking and remodeling of the ECM occur as a result of tissue-injury repair in the heart 

and are both associated with cardiac fibrosis [32]. Earlier studies have shown that the composition 

of a healthy cardiac ECM predominantly consists of collagen types-I and III as the major structural 

components inside the interstitial matrix [33]. Type-I collagen typically forms thick-rod like fibers 
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in the epimysium and the perimysium, it is also the structural component of the cardiac interstitium 

[34]. Type-III collagen is known to form a fine network of fibers that are more commonly found 

in the endomysium [35].  

Studies have shown that the relative amounts of collagen type-I versus collagen type-III 

fibers regulates the myocardial compliance in cardiac remodeling. Collagen type-I forms thicker 

and stiffer fibers, whereas the finer reticular collagen type-III fibers are known to be more 

compliant and increase the elasticity of the ECM. Additionally, alteration in the ratio of collagen 

types I and III is attributed to cardiac fibrosis. This ratio is dependent on the underlying cause of 

the fibrosis. Studies in experimental MI models have shown an increased expression of collagen 

type-I [36-38], while the experimental models of ischemic cardiomyopathy showed an increase in 

collagen type-III [35]. Some studies also reported that the accumulation of both collagen types I 

and III followed by a maturation process leads to a fibrotic scar formation [39]. Therefore, the 

collagen types I and III serve as good parameters to understand the biology and underlying 

mechanisms that are involved in cardiac fibrosis (Figure-1). 
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Figure 1: Markers of cardiac fibrosis in pathological conditions  
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2.0 Inflammation 

2.1 Role of inflammation in cardiovascular diseases: 

Inflammation and its failure to resolve are considered central in the development and worsening 

of several CVDs [40]. Followed by all the observations regarding the role of these inflammatory 

processes, our knowledge about their crucial role in the pathology of cardiac fibrosis is expanding 

[41]. For example, elevated levels of inflammatory markers like C-reactive protein (CRP) and 

serum amyloid A (SAA) have been shown to be predictive of future cardiovascular events in 

several clinical settings [42-45].  

 Although the importance of inflammation in CVDs is expanding rapidly, one of the 

major challenges has been that inflammation is more often used to cover a wide variety of 

processes and observations. For instance, ‘inflammation’ can include observing non-specific 

changes in acute-phase proteins (such as CRP ad SAA) produced in the liver, remotely from the 

site of pathology, but also encompasses a nuanced understanding of local molecular and cellular 

processes in the heart or the vessel wall that is intimately involved in the disease causation.  

 

Most of these biomarkers currently used to measure the inflammatory state in cardiac 

fibrosis are somewhat non-specific (for example, CRP, TNF-α, and IL-6). They reflect the 

downstream consequences of inflammation, while lacking information related to the site specific 

to activation and do not differentiate the functionally important activation pathways. Therefore, 

the challenge is in identifying inflammatory markers that are specific to the pathology and 

progression of cardiac fibrosis. Hence, identifying the local source and effects of these 

inflammatory mediators, and their related signaling pathways will provide a better understanding 
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of these inflammatory cytokines and may provide supporting evidence for the development of 

novel therapeutic strategies.  

2.2 Pro- and anti- inflammatory cytokines in cardiac fibrosis  

2.2.1 Transforming growth factor – beta (TGF-β) 

Several studies have proven that TGF-β is a known fibrogenic growth factor involved in 

the initiation and exacerbation of fibrosis [46]. Significant experimental evidence supports the 

concept that TGF-β mediated tissue fibrosis has direct implication on fibroblasts [47]. In mouse 

models of fibrosis, fibroblast specific deletion of TGF-β receptor (TGF-βR) markedly attenuated 

the fibrotic response [48, 49]. TGF-β stimulation promotes the transdifferentiation of fibroblasts 

to myofibroblasts [50-53]. In addition to its role in myofibroblast transdifferentiation, TGF-β 

exerts ECM remodeling, by promoting increased production of collagen types I and III [54-56].  

There are three different isoforms of TGF-β in mammals which include TGF-β1, TGF-β2, 

and TGF-β3, all encoded by three different genes [57]. Of these isoforms, the most predominant 

one to be involved in cardiac fibrosis is TGF-β1. Previous studies in humans and experimental 

animal models have shown that increased TGF-β1 is associated with worsening of cardiac fibrosis 

in heart failure [58-60]. Increased TGF-β1 binds to TGF-βRI (also called ALK5), and TGF-βRII 

to activate smad 2/3 pathway, thus promoting cardiac fibrosis [61, 62] 

2.2.2 Tumor necrosis factor-alpha (TNF-α) 

TNF-α is an acute phase reactive protein and is an inflammatory cytokine with pleiotropic 

biological effects. In the circulatory system, TNF-α is identified in several myocardial diseases 

such as acute coronary syndrome [63], acute MI [64], myocarditis [63, 65], dilated cardiomyopathy 
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and congestive heart failure (CHF) [66-68]. The role of TNF-α in cardiac fibrosis was confirmed 

by a study reporting that TNF-α global knockout mice showed attenuated inflammatory response 

and cardiac fibrosis induced by pressure overload [69].  

2.2.3 Interleukin 1β (IL-1β) 

Studies have shown controversial role of IL-1β in cardiac fibrosis. IL-1β could promote the 

migration of rat cardiac fibroblasts [70]. Inconsistent with this study, IL-1β inhibited myofibroblast 

transdifferentiation that was induced by TGF-β  [71]. This observation was further supported by 

an in vivo study using mice with IL-1β deficiency which showed reduced cardiac dysfunction but 

exacerbated cardiac fibrosis  [9]. However, other studies have shown an improved left ventricular 

function in patients with systemic inflammatory conditions like rheumatoid arthritis followed by 

IL-1β inhibition [72]. Together, these findings show an important role of IL-1β in cardiac fibrosis. 

 

2.2.4 Interleukin-34 (IL-34) 

IL-34 is a novel cytokine that was identified in 2008 as a ligand of colony stimulating factor 

receptor-1 (CSFR-1) [73]. IL-34 is known to bind to the extracellular domains of the CSFR-1, to 

the receptor-type protein-tyrosine phosphatase-zeta (PTP-ζ) [74], and to the chondroitin sulfate 

chains of syndecan-1 [75, 76]. Although it is a recently discovered cytokine, IL-34 has been 

identified as a multifunctional cytokine that regulates a variety of cellular responses including cell 

adhesion, differentiation, proliferation, metabolism, angiogenesis, inflammation, and immune 

responses. Based on the pathological condition involved, increased expression of IL-34 is shown 

to be associated with several inflammatory cascades, or conversely, mediate immune tolerance 

[73, 77, 78]. The immunoregulatory properties of IL-34 appear to be significant in several diseases. 
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Therefore, investigating the role of IL-34 in the immune microenvironment will be of great 

importance for a comprehensive understanding of its pathophysiological implications.  

The expression of IL-34 can be detected at mRNA and protein levels in various types of cells 

[73]. However, the regulation of IL-34 secretion may depend on the cell type. In the extracellular 

biofluids IL-34 can be detected at low concentrations in serum/plasma, cerebral spinal fluid, 

synovial fluid, and saliva. In the nervous system IL-34 exhibits distinct developmental brain 

expression patterns and regulates the neuronal progenitor cell maintenance and maturation [79]. 

In contrast, in Langerhans cells microglia develop independently of IL-34 during embryogenesis 

but rely on it for their maintenance in specific regions of the adult brain [80]. Similarly, microglia 

rely on IL-34 for survival and homeostasis in specific regions of the brain. Collectively the 

physiological importance of IL-34 expression in these conditions remains to be explored in future 

works.  

Among the receptors involved in IL-34 cell signaling, the Colony Stimulating Factor 1 – 

Receptor (CSF-1R) was widely explored [81-84]. Lin et al. first identified that IL-34 is the second 

ligand for CSF1-R through comprehensive proteomic analysis [78]. Despite lacking similarity with 

CSF-1 or other proteins, IL-34 is shown to tightly bind to CSF1-R and promote the differentiation, 

proliferation and survival of monocytes, macrophages, and osteoclasts similar to CSF-1 [85, 86]. 

Actions of IL-34 are implicated to be complex by the discovery of two other distinct receptors: the 

PTP-ζ, and Syndecan-1, suggesting additional roles for IL-34, compared to CSF-1. Thus, exploring 

the role of IL-34 and the downstream signaling receptors in CF might provide the potential for 

novel therapeutic targets. 
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3.0 Epicardial adipose tissue (EAT) 

3.1 Role of EAT in cardiovascular diseases: 

Interest in organ specific adiposity is growing rapidly, as a substantial accumulation of scientific-

based evidence suggests that the anatomic location of the adipose tissue is an important contributor 

to the pathophysiology of several CVDs [87-91]. Epicardial adipose tissue (EAT) is a visceral fat 

tissue surrounding the heart and has gained interest over the past decade with the focus on 

investigating the cardiometabolic risk factors associated with it [92, 93]. EAT has drawn so much 

attention due to its close proximity to the myocardium, and its peculiar metabolic and clinic 

measurability.   

EAT is located between the myocardium and the visceral pericardium (Figure-2) [94]. EAT and 

the pericardial adipose tissue (PAT) differ in their vascularization, EAT is supplied by the branches 

of the coronary arteries whereas PAT is vascularized from non-coronary sources [95]. Since there 

is no muscle fascia or barrier that divides EAT and the myocardium these two tissue layers in the 

heart share the same microcirculation. Because of its anatomical proximity to the heart, and the 

absence of fascial boundaries, EAT may interact locally with the myocardium through paracrine 

and vasocrine secretion of several pro- and anti- inflammatory adipocytokines [96, 97].  
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Figure-2: Epicardial adipose tissue  

 

 

Figure-2: Epicardial adipose tissue as a visceral adipose tissue located between the pericardium 

and the myocardium, with very close proximity to the myocardium (Adapted from  [98]). 
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3.2 EAT between physiology and pathophysiology 

EAT is not merely a lipid-storage tissue of the heart but is also actively involved in regulating 

energy homeostasis locally in the heart [91]. It is considered as a metabolically active organ that 

serves as a source of several bioactive molecules [99]. There are two major mechanisms of 

interaction between the myocardium and the epicardium that have been mentioned earlier as the 

paracrine and the vasocrine pathways [100]. The paracrine release of the cytokines from the 

periadventitial epicardium could traverse the coronary wall in an outside-to-inside manner. Given 

the dense inflammatory infiltrate within the human EAT and its complex cellularity, it is possible 

to postulate that these cytokines are secreted by various cells in the EAT [101, 102]. Earlier studies 

have shown that EAT plays a significant role in the inflammatory process within the 

atherosclerotic plaque. A substantial amount of inflammatory infiltrate has been found in the EAT 

obtained during coronary artery bypass surgery (CABG) of subjects with severe coronary artery 

disease (CAD) [103-105]. Several inflammatory adipocytokines with atherogenic properties have 

been found to be secreted by the EAT through paracrine and vasocrine signaling pathways. [106-

108]. Further, the expression and secretion of these inflammatory cytokines is higher in human 

EAT than in the subcutaneous fat of obese patients with CAD [109].  

 

3.3 EAT transduces inflammation to the myocardium 

Collectively all the aforementioned studies suggest that EAT can act as a transducer to mediate 

the effects of chronic low-grade systemic inflammation to the myocardium in a manner similar to 

its ability to adversely influence coronary arteries and atherogenesis. First, evidence suggests a 

correlation between the EAT thickness and the extent of cardiac inflammation in obesity [110],  

T2DM, and with cardiac fibrosis in patients with heart failure (HF) [111-113]. Second, evidence 
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points towards a strong association between the accumulation and inflammation of EAT, and the 

development of cardiac arrythmias [114-116]. It is possible that this interplay is most likely 

mediated by EAT causing fibrosis of the adjacent myocardium. This can be attributed to the 

structural and functional abnormalities of the EAT near the foci of the myocardium.  

Third, the accumulation of the EAT is closely associated with an impaired myocardial 

microcirculation, cardiac diastolic filling abnormalities, increased vascular stiffness, and left atrial 

dilatation [117-120]. Fourth, patients with chronic low-grade inflammation not only accumulate 

EAT, but also accelerates the progression of atherosclerosis that is presented with microcirculatory 

derangements leading to fibrosis and HF [121-124]. Together these studies suggest a strong 

correlation between the chronic inflammation associated release of proinflammatory cytokines by 

the EAT and cardiac fibrosis (Figure-3). 
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Figure-3: Epicardial adipose tissue in inflammation and cardiac fibrosis 

 

 

Figure 3: Increased levels of EAT in pathological conditions leading to the release of inflammatory 

cytokines leads to the transdifferentiation of cardiac fibroblasts to myofibroblasts and promotes 

cardiac fibrosis (Adapted from  [2]).  
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4.0 Type 2 diabetes mellitus 

4.1 Type 2 diabetes mellitus associated inflammation: 

T2DM is associated with a decrease in insulin-mediated glucose uptake referred to as ‘insulin 

resistance’, initially the pancreatic islet cells compensate for the insulin resistance by enhancing 

the cell production and insulin secretory activity. Gradually, as the functional capacity of these 

islet β-cells reaches a threshold in compensating the extent of insulin resistance, there is an insulin 

secretory defect that ultimately develops as T2DM. This leads to the development of several long-

term consequences involving microvascular and macrovascular changes. Studies have shown that 

these cellular changes may induce specific inflammatory responses creating a chronic low-grade 

inflammatory environment or exacerbate an existing inflammatory condition [125-128].  

 There are various cytokines and chemokines that are elevated in T2DM [129]. Cross-

sectional and prospective studies have explored elevated levels of C-reactive protein (CRP), 

fibrinogen, plasminogen activating factor inhibitor [129-131]. Experimental animal models have 

shown that the production of tumor necrosis factor (TNF) by cells in the adipose tissue of obese 

rodents show early evidence of tissue inflammation in the pathogenesis of T2DM [131-133]. 

Serum levels of cytokines such as CRP have been widely explored as markers of inflammation 

and mediators of atherosclerosis in patients with T2DM [134]. Other cytokines like interleukin-6 

are also shown to predict macrovascular events and mortality in T2DM patients with baseline CVD 

risk factors, when compared to CRP or fibrinogen levels [135, 136]. Adiponectin, which is 

predominantly synthesized in the adipose tissue is shown to have substantial anti-inflammatory 

properties by modulating dyslipidemia, and mechanisms associated with atherosclerotic risk in 

T2DM [137-140]. Studies like these have shown the significant role of inflammation in T2DM, 
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and the contribution of several pro- and anti-inflammatory mediators that are potentially involved 

in increasing the T2DM patient risk for CVDs. 

4.2 Type 2 diabetes mellitus in cardiovascular disease 

T2DM is an established risk factor for CVD. Several studies have shown that people with T2DM 

carry a 2-6-fold increased risk of CVD related morbidity and mortality compared to NDM [141, 

142]. Vascular changes associated with T2DM are known to increase the risk of CAD and stroke 

by 2-4-fold, which further progress to HF [141]. Majority of the vascular changes in T2DM are 

related to the vascular adiposity, insulin resistance, and changes in the levels of circulating or 

highly expressed inflammatory factors [143, 144].  

Consistent evidence proves the complex interaction of several risk factors such as the 

dyslipidemia, insulin resistance, and inflammation that can increase the risk of CVD in T2DM 

subjects. Major advances have been made in exploring the influence of these non-traditional risk 

factors for CVD in T2DM. However, currently we do not have any strong evidence showing that 

regular monitoring of these risk factors in T2DM can serve as better diagnostic tools. Therefore, 

further research focusing on the factors that lead to the vascular changes locally in the heart might 

be required to understand the internal impact of T2DM on CVDs. 

4.3 Type 2 diabetes mellitus and cardiac fibrosis: 

Siperstein et.al (1968) were the first to document that ECM alterations and muscle capillary 

basement membrane thickening occur in major target organs involved in diabetes [145]. These 

morphological and biochemical disturbances of the ECM are related to the internal organ 



17 

 

dysfunction [146]. As discussed earlier, ECM comprises a network of collagens, elastin’s, 

structural glycoproteins, integrins, and several cytokines and chemokines that not only provide the 

mechanical support for the cells, but they also mediate complex cell-cell interactions in the 

vascular tissue. Myocardial tissue biopsies obtained from diabetic subjects showed increased 

collagen type-III in comparison to the non-diabetics [147] 

Song et.al in 2006 showed that in animal models of T2DM increased intimal proliferation, 

thickness, and ECM deposition occur in the mesenteric arteries and aorta, increasing the risk of 

atherosclerosis and CAD [127]. This is mainly mediated by the cardiac remodeling and 

hypertrophy associated with increased expression of several cytokines, chemokines and other 

markers of the vascular smooth muscle cells in the myocardium [37, 38].  

Expression of factors involved in cardiac fibrosis such as fibronectin vary in their 

proportion in the myocardium of T2DM subjects [148]. Proteoglycans [PGs] such as versican, 

decorin, and biglycan are shown to be involved in the pathogenesis of diabetic nephropathy [149]. 

The above- mentioned PGs are known to accumulate in atherosclerotic lesions, there by leading to 

ECM turnover events associated with cardiac fibrosis, such as migration and proliferation of CFBs, 

lipid metabolism and increased fatty acid circulation [150]. Collectively, these findings suggest 

the importance of exploring the source and the role of the cardiac fibrosis mediators involved in 

the ECM turnover in T2DM. 
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4.4 Type 2 diabetes mellitus and epicardial adipose tissue: 

As discussed earlier, EAT is a visceral adipose tissue that can secrete pro-and anti-inflammatory 

cytokines, and chemokines locally in the heart via paracrine or vasocrine pathways to regulate the 

myocardial and coronary artery function, and lipid and energy homeostasis [94, 151, 152]. EAT 

has the ability to release and uptake free fatty acids and mediate low-glucose utilization, which is 

actively involved in metabolic syndrome and CAD [153]. Recent studies have shown that EAT is 

associated with fasting glucose levels, insulin resistance, and adiponectin in T2DM subjects, 

further an increase in EAT was observed in patients with T2DM [154, 155].  

Compared to non-diabetic counterparts T2DM subjects have a significantly increased 

EAT, with clinical consequences of CVD risk [151, 156]. Chun et.al showed a significant 

correlation between left ventricular EAT thickness and the prevalence of T2DM in Korean men 

[157]. All these studies collectively suggest the importance of EAT and its paracrine, and vasocrine 

mediated inflammatory effects in T2DM. 

Owing to the location of EAT, studying T2DM induced inflammatory 

cytokines/chemokines in the EAT that have the potential to promote fibrogenesis, may provide 

novel mechanisms of EAT-T2DM induced cardiac fibrosis, and help in developing new 

therapeutic targets. Thus, the central hypothesis of this study is that ‘Adipocytokines and 

chemokines are secreted by the EAT of T2DM, and a subset of these factors correlate with 

atrial fibrosis and are involved in the activation of CFBs and MyoFBs, thereby promoting 

cardiac fibrosis’. (Figure-4)  
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Figure 4: Central hypothesis  



CHAPTER TWO 

MATERIALS AND METHODS 

Study design  

Between September 2017 and November 2019, approximately 112 patients who underwent 

coronary artery bypass grafting (CABG) surgery were enrolled in the study. Forty-eight patients 

were excluded because of insufficient adipose tissue biopsy samples, higher BMI, or above the 

age of 75 years, with the study enrolment criteria summarized in Table 1. Demographic and clinical 

characteristics of these 64 (n=32 T2DM; n=32 NDM) patients are summarized in Table 2. The 

study was approved by the Institutional Review Board (IRB) of East Carolina University 

(UMCIRB09-0669), and all patients have provided a written informed consent. 

Blood collection  

Blood was drawn from the patients an hour prior to the surgery BD Vacutainer blood collection 

tubes with buffered sodium citrate as anticoagulant. For plasma, the blood tubes were centrifuged 

at 800 rpm for 10 minutes and stored in aliquots at -80°C. Red blood fraction (RBF) and the plasma 

rich protein (PRP) were  collected by centrifuging further at 400 rpm for 10 minutes and stored in 

aliquots at -80°C [158]. 
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Table-1: Patient inclusion and exclusion criteria for study enrolment 
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Tissue collection and culture                      

Tissue biopsy samples were obtained before the initiation of the cardiopulmonary bypass. EAT 

was extracted from the Right Atrial Appendage (RAA) obtained from the patients. The specimens 

were rinsed in phosphate buffer saline (PBS) and divided into 3 portions. One portion was fixed 

in 4% Paraformaldehyde (PFA), embedded in OCT compound, and stored in -80°C for histology  

[159]. After removing the visible blood vessels, the second portion was frozen immediately in 

liquid nitrogen and stored in -80°C for immunoblotting assays. The third portion was weighed, cut 

into small pieces (≈ 1𝑚𝑚3), and transferred into a cell culture plate. According to the tissue weight 

(~20mg) media (0.01% BSA, 1% pen-strep, 0.5% fungizone in 500 ml DMEM) was added and 

incubated at 37°C in a CO2 incubator  [158, 159]. After 24 hours, the conditioned media (CM) 

were collected and centrifuged for 2 minutes. The supernatants were then filtered in centrifugal 

filter units (Millipore durapore PVDF 5.0um) and stored in -80°C for measurement of secreted 

inflammatory mediators using multiplex ELISA (Figure-5) [159].  

Multiplex enzyme linked immunoassay (ELISA)  

Inflammatory mediators released by the EAT in the CM were measured using Bio-Rad ELISA kits 

(Bio-Plex Pro human cytokine assay) according to the manufacturer recommended procedure. The 

CM of EAT was resubstituted in 0.1 % BSA media for the ELISA analysis according to the 

protocol.  The Bio-Plex Pro Human 37-plex, 27-plex, 40-plex, and a 3-plex were used for 

measuring the EAT-secretome. Samples were then normalized, and protein concentrations were 

obtained by the BCA assay kit (Thermo-scientific, USA).  
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Figure 5: Experimental design for histology and multiplex ELISA 
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Cell culture  

The tissue culture flasks and plates were pre-coated with gelatin (G1393-100ml, Sigma). Using 

aseptic technique under a laminar flow hood, 3ml/flask (T-75), and 250µl/well (12-well plate) of 

0.2% gelatin solution in sterilized water was added to the cell culture surface area. The cell culture 

flasks and plates were gently rocked to coat the surface, followed by which they were dried in the 

laminar hood for 2 hours [160].  

Human Cardiac Fibroblasts from healthy subjects were obtained from Promocell and 

maintained in Fibroblasts media and cultured according to the manufacturer’s instructions. Three 

different batches of cells between passages 4 and 6 were studied independently under similar 

conditions [161]. Cells were seeded in 12-well plates (5 x 104 per well) and stimulated with TGF-

β1 (10ng/ml, R&D systems) as positive control [162], and IL-34 (50ng/ml & 100ng/ml, 

PeproTech) treatment for 72 hours , and collected at 0h, 24h, 48h, and 72h for immunofluorescent 

staining (Figure-6) [163].  
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Figure 6: Experimental design for in vitro cardiac fibroblast culture and treatment  
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TGF-β-receptor inhibition 

In most fibrotic organs the fibroblasts express TGF-β that mainly signals through the ALK5-type 

I TGF-β receptor pathway [164]. According to the manufacturers protocol, in human cardiac 

fibroblasts RepSox is shown to inhibit ATP binding to ALK5 with IC50 of 23nM. Therefore, based 

on previous studies and the manufacturers protocol, for the experimental design of the current 

study we used 230nM, RepSox-TGFβR-1/ALK5 (MedChem Express, USA) as the TGFβ-1 

receptor inhibitor [165, 166].   

Human fibroblasts (Promocell, USA) were cultured cell passages between 4-6 were seeded 

in 12-well plates (5 x 104 per well) and pre-treated for 1 hour with TGFβ-Receptor Inhibitor 

(230nM,RepSox-TGFβR-1/ALK5, MedChem Express, USA) [167]. Followed by the receptor 

inhibition, the cells were stimulated similar to our previous treatment groups with TGF-β1 

(10ng/ml, R&D systems) [162], and IL-34 (50ng/ml & 100ng/ml, PeproTech)  for 72h, and 

collected at 0h, 24h, and 72h (Figure 7)[163].  

CSF1-Receptor inhibitor treatment 

Studies have revealed that CSF-1R binds both IL-34 and CSF-1, but through distinct surfaces 

resulting in unique receptor conformations and downstream signaling events. Activation of CSF-

1R signaling was thought to be mediated only by the homodimeric growth factor  CSF-1. However, 

Li et al. identified IL-34 as a tissue-specific ligand binding to CSF-1R. Considering the central 

role of CSF1-R in IL-34 signaling, according to previous studies and the manufacturers protocol 

we have used 670nM CSF1-R inhibitor to investigate the effect of CSF1-R inhibition on IL-34 

induced fibrogenesis [168-170].  
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Three different batches of cardiac fibroblasts between passages 4 and 6 were cultured 

independently under similar conditions. Cells were seeded in 12-well plates  

(5 x 104 per well) and pre-treated with CSF-1R inhibitor (670nM) for 1 hour. Followed by which 

the cells were stimulated with TGF-β1 (10ng/ml, R&D systems) as positive control, and IL-34 

(100ng/ml, PeproTech) treatment for 72 hours, and collected at 0h, 24h, and 72h for 

immunofluorescent staining(Figure 7).  
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Figure 7: TGFβ- and CSF1- receptor inhibitor treatment groups 
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Immunofluorescent staining 

Cardiac fibroblasts after treatments were collected at different time points. The culture medium 

was removed, and the cells were gently rinsed with 500µl/well of PBS (Phosphate buffer Saline). 

The cells were then fixed in 4% paraformaldehyde for 20minutes. After permeabilization with 

0.25% Triton X-100 for 30 minutes at room temperature (RT), the cells were blocked with 5% 

donkey serum in 0.1% PBST (500µl/well) for 1h at RT [161]. Subsequently, the cells were 

incubated with primary antibodies against α-SMA (1:200; ab5694, Abcam) for 2 hours at RT 

[171]. Then, the cells were incubated with secondary antibody (anti-IgG, alexa-488, 1:1000) for 

1h at RT [171]. Finally, the cells were counterstained with 4’, 6’ – diamidino-2-phenylindole 

(DAPI) (1:10000, D9542-10mg, Sigma) before capturing images by using a fluorescence 

microscope (Keyence BZ-X800) [Figure-8]. 

Western blotting  

Protein levels were detected by western blot analysis. Briefly, the cardiac fibroblast cells after 

treatment with TGF-β(10ng/ml), IL-34-50ng/ml, and IL-34-100ng/ml were collected at 48h, and 

72h time points. Cell lysates were separated by gel electrophoresis. Proteins were then transferred 

onto nitrocellulose membranes and blocked with 2.5% nonfat milk. The membranes were then 

incubated with the following optimally diluted primary antibodies – Collagen Type-1 (1:2000, 

14695-1-AP, Proteintech USA); Collagen Type-III (1:1000, 22734-1-AP, Proteintech USA); 

GAPDH (1:1000, ZG003, Invitrogen, USA) for 1.5hours at RT. Appropriate secondary antibodies 

were sequentially added. Protein expression was assessed with the Licor Image studio lite 5.2 

imaging system.  
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Figure 8: Experimental design for immunofluorescent staining  
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Plasma collection  

Blood was drawn from the patients an hour prior to the surgery in BD Vacutainer blood collection 

tubes with buffered sodium citrate as anticoagulant. For plasma, the blood tubes were centrifuged 

at 800 rpm for 10 minutes and stored in aliquots at -80°C. Plasma, Red blood fraction (RBF), and 

the plasma rich protein (PRP) were  collected by centrifuging further at 400 rpm for 10 minutes 

and stored in aliquots at -80°C. 

Human plasma IL-34 direct ELISA 

Plasma levels of IL-34 were measured in the plasma extracted from the patient blood samples 

using Human IL-34 AccuSignal ELISA kit (K0A0826; Rockland, USA). Briefly, the plasma 

samples were diluted in the sample diluent buffer (1:2 dilution), standards, antibody detection 

diluents, and buffers were prepared, and the assay was performed according to the manufacturers 

protocol.  

Statistical analysis  

All the continuous variables are presented as mean ± SD. Data was analyzed using GraphPad 

prism-8 software, determined by linear regression, unpaired t-test, and one-way ANOVA followed 

by Tukey & Dunnett multiple comparisons. The student t-test was used for evaluation of a single 

variable among two groups, and one-way ANOVA with multiple comparisons was used to 

compare various treatment groups.
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ABSTRACT 

Epicardial adipose tissue (EAT) and subepicardial fibrosis often extend to myocardial fibrosis. 

While it is known that EAT secretes inflammatory factors and that inflammation has been 

suggested as an independent risk factor for myocardial fibrosis, the nature of the mediators causing 

myocardial fibrosis in patients with type 2 diabetes Mellitus (T2DM) is unknown. The aim of this 

study was to assess whether cytokines differentially secreted by EAT isolated from patients with 

or without T2DM correlates with atrial fibrosis and promotes myofibroblast differentiation. Right 

atrial appendages (RAA) were obtained from 64 patients, 32 with and 32 without T2DM 

undergoing cardiac surgery. Of the 49 cytokines quantified by ELISA, 11 correlated with the 

extent of fibrosis of the RAA measured by Masson’s trichrome staining. Of all the secreted factors, 

IL-34 and sIL-6Rβ were also elevated in the medium exposed to EAT from patients with T2DM. 

Finally, IL-34 increased the expression of α-smooth muscle actin independently of the 

transforming growth factor-β receptor as well as the production of collagen I and III. In conclusion, 

this study provides the first evidence that the EAT of patients with T2DM secretes IL-34, which 

in turn correlates with atrial fibrosis and can promote fibroblast to myofibroblast 

transdifferentiation.  
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INTRODUCTION 

Type 2 Diabetes Mellitus (T2DM) is an established risk factor for cardiovascular diseases [172]. 

One of the hallmarks of these diseases, irrespective of their etiologies is the presence myocardial 

fibrosis which is characterized by an expansion of the myocardial interstitium due to exaggerated 

deposition of extracellular matrix [173]. In that respect not only the presence of T2DM is an 

independent risk factor for myocardial fibrosis, but many studies have suggested that the presence 

of T2DM exacerbates the fibrosis associated with other etiologies including hypertension, 

atherosclerosis, or coronary artery diseases [174]. In these diseases, myocardial fibrosis has been 

proposed to be of pathophysiological significance because of it interferes with both the electrical 

and mechanical dysfunctions of the heart [175, 176]. Admittedly most of what we know about 

myocardial fibrosis relates to ventricular fibrosis, however the right atrial appendages (RAA) of 

patients with T2DM also display significant levels of stiffness and myocardial fibrosis [177].  

Many cell types have been proposed to participate in myocardial fibrosis, however it is beyond 

reasonable doubt that resident cardiac fibroblasts, the most abundant cell type in the heart, are 

important players [173]. Moreover, it has been shown that in most fibrotic diseases and fibrosis 

models that fibroblasts are activated into matrix-secreting and matrix remodeling myofibroblast in 

a disease- or insult-specific fashion [173, 178]. Another characteristic of these cells, also the reason 

for their name, is that they display many properties of smooth muscle cells including the expression 

of α-smooth muscle actin (α-SMA) which gives them contractile properties [179].  

In most tissues including the heart, transforming growth factor-β (TGF-β) supper family are 

considered at the center stage of fibrosis whether as the primary mediator or downstream of other 
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profibrotic factors [180]. The effects of TGF-βs are pleiotropic but their abilities to promote the 

expression of collagens and inhibit interstitial collagenase are crucial in fibrosis [181, 182]. As 

eluded above, many other factors have been shown to be able to promote fibrosis in vivo or in vitro 

including anti-inflammatory and proinflammatory cytokines [183, 184].  

Recently, a role for the epicardial adipose tissue (EAT) in atrial fibrosis has been proposed [185, 

186]. This attractive hypothesis is supported by several line of evidence. First, EAT expansion of 

the tissue correlates with the development of atrial fibrosis [185]. Second, there is no barrier 

separating the epicardium and the myocardium, allowing it, or the fibrosis within, to invade the 

myocardium [186]. Third, the absence of barrier and the shared microvasculature should also allow 

EAT secreted factors to act in an endocrine / paracrine fashion on the myocardium.  Comparing 

the 181 EAT secretory products from 11 patients without (NDM) or with T2DM it was found that 

6 factors including the TGF-β family member activin A was elevated in the conditioned-medium 

from the patients with T2DM [187]. Another study also found Activin A to be secreted by the 

human EAT explants, but in addition that it was able to promote atrial fibrosis in an organ-culture 

model of rat atria [185]. Whether TGF-β or any other profibrotic factor are involved in cardiac 

fibrosis or T2DM-associated fibrosis remains unknown.  Thus, the aim of this study was to assess 

whether cytokines differentially secreted by EAT isolated from patients with or without T2DM 

correlates with atrial fibrosis and promotes myofibroblast differentiation. 
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MATERIALS AND METHODS 

Study design  

Between September 2017 and November 2019, approximately 112 patients who underwent 

coronary artery bypass grafting (CABG) surgery were enrolled in the study. Forty-eight patients 

were excluded because of insufficient adipose tissue biopsy samples, higher BMI, or above the 

age of 75 years. Demographic and clinical characteristics of these 64 (n=32 T2DM; n=32 NDM) 

patients are summarized in Table 1. The study was approved by the Institutional Review Board 

(IRB) of East Carolina University (UMCIRB09-0669), and all patients have provided a written 

informed consent. 

Blood collection  

Blood was drawn from the patients an hour prior to the surgery BD Vacutainer blood collection 

tubes with buffered sodium citrate as anticoagulant. For plasma, the blood tubes were centrifuged 

at 800 rpm for 10 minutes and stored in aliquots at -80°C. Red blood fraction (RBF) and the plasma 

rich protein (PRP) were  collected by centrifuging further at 400 rpm for 10 minutes and stored in 

aliquots at -80°C [158]. 

Tissue collection and culture                      

Tissue biopsy samples were obtained before the initiation of the cardiopulmonary bypass. EAT 

was extracted from the Right Atrial Appendage (RAA) obtained from the patients. The specimens 

were rinsed in phosphate buffer saline (PBS) and divided into 3 portions. One portion was fixed 

in 4% Paraformaldehyde (PFA), embedded in OCT compound, and stored in -80°C for histology  
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[159]. After removing the visible blood vessels, the second portion was frozen immediately in 

liquid nitrogen and stored in -80°C for immunoblotting assays. The third portion was weighed, cut 

into small pieces (≈ 1𝑚𝑚3), and transferred into a cell culture plate. According to the tissue weight 

(~20mg) media (0.01% BSA, 1% pen-strep, 0.5% fungizone in 500 ml DMEM) was added and 

incubated at 37°C in a CO2 incubator  [158, 159]. After 24 hours, the conditioned media (CM) 

were collected and centrifuged for 2 minutes. The supernatants were then filtered in centrifugal 

filter units (Millipore durapore PVDF 5.0um) and stored in -80°C for measurement of secreted 

inflammatory mediators using multiplex ELISA [159].  

Multiplex enzyme linked immunoassay (ELISA)  

Inflammatory mediators released by the EAT in the CM were measured using Bio-Rad ELISA kits 

(Bio-Plex Pro human cytokine assay) according to the manufacturer recommended procedure. The 

CM of EAT was resubstituted in 0.1 % BSA media for the ELISA analysis according to the 

protocol.  The Bio-Plex Pro Human 37-plex, 27-plex, 40-plex, and a 3-plex were used for 

measuring the EAT-secretome. Samples were then normalized, and protein concentrations were 

obtained by the BCA assay kit (Thermo-scientific, USA).  

Cell culture  

The tissue culture flasks and plates were pre-coated with gelatin (G1393-100ml, Sigma). Using 

aseptic technique under a laminar flow hood, 3ml/flask (T-75), and 250µl/well (12-well plate) of 

0.2% gelatin solution in sterilized water was added to the cell culture surface area. The cell culture 

flasks and plates were gently rocked to coat the surface, followed by which they were dried in the 

laminar hood for 2 hours [160].  
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Human Cardiac Fibroblasts from healthy subjects were obtained from Promocell and 

maintained in Fibroblasts media and cultured according to the manufacturer’s instructions. Three 

different batches of cells between passages 4 and 6 were studied independently under similar 

conditions [161]. Cells were seeded in 12-well plates (5 x 104 per well) and stimulated with TGF-

β1 (10ng/ml, R&D systems) as positive control [162], and IL-34 (50ng/ml & 100ng/ml, 

PeproTech) treatment for 72 hours , and collected at 0h, 24h, 48h, and 72h for immunofluorescent 

staining [163].  

TGF-β-receptor inhibition 

Human cardiac fibroblasts (Promocell, USA) cultured cell passages between 4-6 were seeded in 

12-well plates (5 x 104 per well) and pre-treated for 1 hour with TGFβ-Receptor Inhibitor 

(230nM,RepSox-TGFβR-1/ALK5, MedChem Express, USA) [167]. Followed by the receptor 

inhibition, the cells were stimulated similar to our previous treatment groups with TGF-β1 

(10ng/ml, R&D systems) [162], and IL-34 (50ng/ml & 100ng/ml, PeproTech)  for 72h, and 

collected at 0h, 24h, and 72h [163].  

Immunofluorescent staining 

Cardiac fibroblasts after treatments were collected at different time points. The culture medium 

was removed, and the cells were gently rinsed with 500µl/well of PBS (Phosphate buffer Saline). 

The cells were then fixed in 4% paraformaldehyde for 20minutes. After permeabilization with 

0.25% Triton X-100 for 30 minutes at room temperature (RT), the cells were blocked with 5% 

donkey serum in 0.1% PBST (500µl/well) for 1h at RT [161]. Subsequently, the cells were 

incubated with primary antibodies against α-SMA (1:200; ab5694, Abcam) for 2 hours at RT 
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[171]. Then, the cells were incubated with secondary antibody (anti-IgG, alexa-488, 1:1000) for 

1h at RT [171]. Finally, the cells were counterstained with 4’, 6’ – diamidino-2-phenylindole 

(DAPI) (1:10000, D9542-10mg, Sigma) before capturing images by using a fluorescence 

microscope (Keyence BZ-X800). 

Western blotting  

Protein levels were detected by western blot analysis. Briefly, the cardiac fibroblast cells after 

treatment with TGF-β(10ng/ml), IL-34-50ng/ml, and IL-34-100ng/ml were collected at 48h, and 

72h time points. Cell lysates were separated by gel electrophoresis. Proteins were then transferred 

onto nitrocellulose membranes and blocked with 2.5% nonfat milk. The membranes were then 

incubated with the following optimally diluted primary antibodies – Collagen Type-1 (1:2000, 

14695-1-AP, Proteintech USA); Collagen Type-III (1:1000, 22734-1-AP, Proteintech USA); 

GAPDH (1:1000, ZG003, Invitrogen, USA) for 1.5hours at RT. Appropriate secondary antibodies 

were sequentially added. Protein expression was assessed with the Licor Image studio lite 5.2 

imaging system.  

Statistical analysis  

All the continuous variables are presented as mean ± SD. Data was analyzed using GraphPad 

prism-8 software, determined by linear regression, unpaired t-test, and one-way ANOVA followed 

by Tukey & Dunnett multiple comparisons. The student t-test was used for evaluation of a single 

variable among two groups, and one-way ANOVA with multiple comparisons was used to 

compare various treatment groups.  
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RESULTS 

Patient characteristics  

A total of 64 patients were enrolled in the study, all patients were advanced middle ages (62.9 ± 

1.2 years). Table-2: 50% of the patients were T2DM (n=32) with the mean age of 63.37 ± 6.18, 

and average BMI (kg/m2) of 27.14 ± 3. According to the risk factors mentioned in Table-2, 72% 

of T2DM patients had dyslipidemia, 90.6% were hypertensive, and 37.05% were smoking. The 

patient medication during the surgery were as following – 75% of the T2DM patients were on β-

blockers, 46.87% on ACEIs/ARBs, 31% were on diuretics, 50% were on CCBs, 69% were on 

statins, 25% on nitrates, and 96.87% were on metformin. Average EF% was 52 ± 11. Up to 81.75% 

of the patients underwent CABG surgery, 3.21% underwent aortic valve replacement, and 15.04% 

underwent both CABG and valve replacement. A total of 31.25% of patients had prior MI, 3 % 

had a history of AF, and 9.57% patients developed POAF.  

Atrial fibrosis in patients with T2DM 

Figure 9: Despite all the patients being advanced middle ages (62.9 ± 1.2), Masson’s trichrome 

staining comparing atrial fibrosis in the RAA revealed that the accumulation of collagen-stained 

for blue in and around the EAT was more marked in patients with T2DM compared to NDM 

(Figures a-d). Subsequently, the extent of atrial fibrosis (total collagen) was more marked in the 

RAA of patients with T2DM (p<0.001, Figure-e), and correlates with the HbA1c levels (p<0.05, 

Figure-f).  
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Correlation between atrial fibrosis and EAT-cytokines 

Figure 10: A total of 49 cytokines were quantified in the EAT-CM using multiplex ELISA, and a 

linear aggression analysis was performed correlating the extent of atrial fibrosis in the RAA with 

the levels of cytokines in the EAT (Figure-a). Of the analyte quantified a total of 11 cytokines 

including IL-34 (***p<0.0001, Figure-b), sIL-6Rβ (*p<0.0181, Figure-c), IL-27 (***p<0.0001, 

Figure-d), IFN-R (***p<0.0001, Figure-e),  IL-12(***p<0.0001), IL-20, IL-22, IL-29, TNFSF-

13B, and Osteocalcin (Table-3) positively correlated with RAA fibrosis.  

Comparison of the cytokines secreted by EAT of T2DM vs NDM  

Figure 11: We compared the 49 cytokines secreted by the EAT among the T2DM vs NDM patients 

(Figure-a). Of these, 3 cytokines IL-34 (Figure-b), sIL-6Rβ (Figure-c), and IL-11 (Figure-d) were 

significantly higher in the EAT patients with T2DM. Further, IL-34 and sIL-6Rβ were both 

elevated in T2DM-EAT and correlated with atrial fibrosis in the RAA (Figure-b,c).  

IL-34 induced transdifferentiation of cardiac fibroblasts to myofibroblasts 

Figure 12: In comparison to the control groups, cardiac fibroblasts treated with TGF-β1 (10ng/ml) 

as positive control had a significant (****p<0.0001, Figures b-d) increase in the expression of α-

SMA after 24h (12.01-fold); 48h (10.03-fold); and 72h (8.16-fold). As anticipated, cells treated 

with IL-34 (50ng/ml) had significant (****p<0.0001) increase in the expression of α-SMA after 

24h (12.2-fold); 48h (11.46-fold); and  72h (9.41-fold) indicating increased transdifferentiation of 

fibroblasts to myofibroblasts similar to our positive control (TGF-β1). Fibroblasts treated with IL-

34 (100ng/ml) had slightly higher expression of α-SMA (****p<0.0001, Figures b-d) at 24h (13.2-
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fold); 48h (11.75-fold); and 72h (10.7-fold) when compared to control, TGF-β1 and IL-34 

(50ng/ml).  

IL-34 induced expression of collagen types-I and III 

Figure 13: In comparison to the control groups, cardiac fibroblasts treated with TGF-β1 (10ng/ml) 

as positive control had a significant (****p<0.0001, Figures b-d) increase in the expression of both 

Collagen types- I and III after 48h and 72h. Further, cells treated with IL-34 both 50ng/ml and 

100ng/ml had a significant(****p<0.0001, Figures b-d)) increase in the levels of Collagen types – 

I and III similar to the TGF-β positive control group at both 48h and 72h.  

Effect of TGF-βR inhibition on IL-34 induced transdifferentiation of cardiac fibroblasts to 

myofibroblasts  

Figure 14: Similar to our previous results, both TGF-β (10ng/ml) and IL-34(100ng/ml) treatment 

groups had a significant (****p<0.0001) increase in the MyoFBs/Nuclei ratio after 24h (Figure-

c); and 72h(Figure-d). However, inhibition of TGFβR-inhibitor had a significant decrease in the 

MyoFBs/Nuclei ratio (***P<0.0001) at 24h(Figure-b), and 72h(Figure-d) in the TGFβ(10ng/ml) 

treated group in comparison to the control, and TGFβ-R inhibitor groups. Interestingly, inhibition 

of TGFβ-receptor did not have any effect on IL-34-100ng/ml treatment induced differentiation of 

MyoFBs at both 24(Figure-e), and 72h(Figure-f). These results suggest that IL-34 might be 

inducing fibrosis in cardiac fibroblasts in a TGF-β receptor independent pathway.  
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DISCUSSION: 

Knowledge of the molecular pathways involved in the pathophysiological processes leading to 

atrial fibrosis in patients with type 2 diabetes (T2DM) is critical to permit the establishment of a 

framework for a specific and efficacious therapeutic approach. In the current study we identified 

eleven cytokines that correlate with atrial fibrosis and three with an increased secretion from the 

EAT of patients with T2DM. Of these cytokines, we substantiate that IL-34 can promote the 

transdifferentiation of cardiac fibroblasts into myofibroblasts that express α-SMA and secrete 

collagen types I and III.  

In 2015, Venteclef et al. were the first to demonstrate that a product of the EAT secretome, 

activin A is able to promote fibrosis [185] To our knowledge, our study is the first study to extend 

the short list of EAT profibrotic factors by adding IL-34, a relatively novel cytokine identified in 

2008 as a ligand for the colony stimulating factor receptor (CSFR)-1 [188]. IL-34 is somewhat 

promiscuous as it also binds to two other receptors, receptor-type protein-tyrosine phosphatase-

zeta [74], and chondroitin sulfate chains of syndecan-1 [75]. With respect to fibrosis the tissular 

expression of IL-34 has been shown to correlate with liver fibrosis in patients with non-alcoholic 

fatty liver disease  [189]. In another study it was shown that in patients with systemic sclerosis, 

elevated serum levels of IL-34 correlated with the presence of lung fibrosis  [190].  

Interestingly serum levels of IL-34 have been associated with the severity cardiac 

dysfunction in coronary artery disease as well as heart failure [191] [78]. These two studies did 

not evaluate whether plasma IL-34 correlated with the extent of ventricular fibrosis but considering 
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the roles of fibrosis in these diseases and the extent of EAT distribution on the ventricles we can 

safely speculate that our observation could hold true in the ventricles as well.  

Our results also demonstrate that IL-34 mediated transdifferentiation of cardiac fibroblasts 

to myofibroblasts is independent of the TGF-βR inhibition. In our study both IL-34 and TGF-β 

promoted the expression of α-SMA but only TGF-β effects were inhibited by TGFβ-R inhibition. 

This adds IL-34 to the short list of TGF-β-independent profibrotic factors. However, because of 

IL-34 promiscuity for multiple receptors the characterization of the molecular mechanisms 

including cellular signaling that is involved in IL-34-induced activation of fibroblast is an ongoing 

effort beyond the scope of this paper.    

Our study is the first to establish that sIL-6Rβ is elevated in the EAT of patients with T2DM 

and correlated with atrial fibrosis. There are two soluble IL-6 receptor isoforms, sIL-6R α and sIL-

6R β [192]. Ancey et al. showed that IL-6 treatments reduce collagen content in adult cardiac 

fibroblasts by binding to the membrane form of the IL-6 receptor and the signal transducer 

glycoprotein 130 [193]. While on the contrary, co-culturing of sIL-6R with IL-6 produced a 4-fold 

increase in the collagen content at through what is called the trans-signaling [193].   

In a study with similar power as ours (n of 54 vs n of 62) Abe et al. evaluated the EAT 

content of 27 factors and showed that 16 cytokines quantified from EAT homogenates correlated 

with the severity of myocardial fibrosis evaluated by collagen quantification from left atrial 

appendage (LAA) [159]. Although all the factors measured in that study were also measured in 

our study, only one correlation, IL-12, could be replicated. Different anatomical sampling (LAA 

vs RAA), the quantification of tissue content vs explant secretion, and histological vs 
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immunological evaluation of fibrosis can explain these differences. Nevertheless, IL-12 secretion 

was not increased in EAT explants from patients with T2DM and there is no evidence so far that 

IL-12 promotes fibroblast activation.   

Beside IL-12, we found 8 other factors (IL-20, IL-22, IL-27, IL-29, IFN-α2, soluble IFN-

R, osteocalcin, and TNFSF-13B) that correlated with atrial fibrosis, but the secretion was not 

increased in the EAT explants of patient with T2DM.  To our knowledge this is the first report of 

a correlation between the secretion of any of these factors and atrial fibrosis.   

IL-27, a member of the IL-12 family, was shown to be highly expressed in fibrotic tissues, 

but is antifibrotic. As IL-27 was shown to inhibit lung fibrosis and TGF-β-induced fibroblast 

activation in a model of pulmonary fibrosis [194]. In addition, deletion of its receptor, IL-27R α, 

was shown to prevent renal fibrosis in a model of post renal kidney injury [195]. Therefore, 

although this is to be tested experimentally, IL-27 is somewhat unlikely to be profibrotic.  

IL-20 and IL-22 and the more distantly related IL-29 are all members of the IL-10 family 

[196]. Recently, Tsai et al. demonstrated that anti-IL-20 antibody protects against 

ischemia/reperfusion induced myocardial remodeling in rats [197]. Yongxin et al  [198] 

demonstrated that IL-22 levels are elevated in the atrium and plasma of patients with atrial 

fibrillation, and increased collagen synthesis in TGF-β1 treated cardiac fibroblasts. There are no 

reports showing a direct role for IL-29 in any type of fibrosis or fibroblast activation, but the fact 

that it binds to the IL-10R2, and IL-10 was shown to be involved in cardiac fibrosis in two mouse 

models of heart failure. Thus, a role for IL-29 can be reasonably hypothesized in mediating cardiac 

fibrosis.  
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Further, our study also showed a positive correlation between cytokines like IFN-α, IFN-

R, osteocalcin, and TNFSF-13b secreted by the EAT and atrial fibrosis. Han et al. showed that 

IFN-α knockout mice treated with Ang-II showed a significant reduction in the levels of α-SMA 

in cardiac fibroblasts [199]. Desentis et al. showed that Osteocalcin has a protective role in diabetic 

pathogenesis [200]. TNFSF13b, also known as the B-cell activating factor (BAFF), belongs to the 

TNF ligand family [201]. Recently, Yarchoan et al. in 2020 showed a strong association between 

TNFSF-13b and autoimmunity [202]. Collectively, with the current study serving as  supporting 

evidence, further research is required to explore the possible role of these cytokines in the 

pathogenesis of cardiac fibrosis.  

In conclusion, our study revealed that several cytokines released by the EAT had a strong 

correlation with the extent of fibrosis in the RAA. Of these cytokines, IL-34 and sIL-6Rβ were 

highly secreted by the EAT of patients with T2DM and correlated with atrial fibrosis. Further IL-

34 was able to independently induce the transdifferentiation of cardiac fibroblasts to 

myofibroblasts invitro, and inhibition of TGF-βR did not have a significant effect on this. 

Therefore, we characterized the role of IL-34 as a potential candidate for its pathophysiological 

basis in atrial fibrosis. Further, we also found other cytokines including IL-22, IFN-α2, IFN-R, IL-

12, IL-20, IL-29, TNFSF-13β, and osteocalcin that significantly correlated with atrial fibrosis. 

However, as discussed, further research is required to completely understand the role of these 

cytokines in T2DM and cardiac fibrosis. 
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FIGURES 

Table-2: Patient demographics 

 

 

 

Table-1 Patient Demographics NDM (n=32) T2DM (n=32) P-value

Age (y), (mean +/- SD) 60.75 ±10 63.37 ± 6.18

Sex %

* Male 90.63% 87.05% 0.89463

* Female 9.38% 12.50% 0.70546

BMI, Kg/m2 (mean +/- SD) 28.15  ± 3 27.14  ± 3

Risk Factors % 

* Diabetes 0% 100% 0.0001

* Dyslipidemia 37.50% 72% 0.06298

* Hypertension 68.75% 90.60% 0.32699

* Smoking 46.25% 37.05% 0.5637

Medications, %

* β-Blockers 78.12% 75% 0.8864

* ACE1/ARBs 9.38% 46.87% 0.00468

* Diuretics 19% 31% 0.31731

* CCBs 18.75% 50% 0.03301

* Statins 38% 69% 0.08635

* Nitrates 28.12% 25% 0.80837

* Metformin 16% 96.87% 0.0001

EF, % (mean +/- SD) 50  ± 12 52  ± 11

Surgical Procedure 

* CABG 80.75% 81.75% 0.88864

* Valve Replacement 3.05% 3.21% 0.5637

* Combined (CABG+Valve) 16.20% 15.04% 0.76302

Prior MI, % 25% 31.25% 0.63735

History of AF 6% 3% 0.5637

POAF 9.04% 9.57% 0.70546
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Figure 9: Comparison of the extent of atrial fibrosis in the RAA of  NDM patients with T2DM 

patients 
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Figure-9: Representative images of Masson’s trichrome staining of the RAA comparing the extent 

of collagen deposited in and around the EAT of NDM patients (Figure-a) with the EAT of patients 

with T2DM (Figure-c). As shown in the microscopic images, histological evidence revealed that 

the accumulation of collagen-stained blue indicative of ECM-collagen mediated fibrosis was more 

marked in the RAA of T2DM (Figure-d) when compared to the NDM (Figure-b). Further, 

quantification graphs show that the % of atrial fibrosis was significantly higher in the RAA of 

T2DM in comparison to the NDM (***P<0.0005, Figure-e), and positively correlated with the 

levels of HbA1c in T2DM (*p<0.0293, Figure-f). 
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Figure-10: Correlation between the extent of atrial fibrosis in the RAA and the levels of the 

cytokines secreted by EAT 
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Table-3: Correlation between total collagen in RAA and cytokines in EAT  

Variable  r2 P-value  

IL-27 0.7593 < 0.0001 

sIL-6rb 0.08676 0.0181 

IL-34 0.4865 < 0.0001 

IL-22 0.4774 < 0.0001 

IFN-A2 0.1121 0.0121 

IFN-R 0.7593 < 0.0001 

IL-12 0.4774 < 0.0001 

IL-20 0.1121 0.0069 

IL-29 0.7593 < 0.0001 

TNFSF-13B 0.4774 < 0.0001 

Osteocalcin 0.07442 0.0292 

IL = Interleukin; s IL = soluble Interleukin; IFN-A2 = Interferon alpha-2; TNFSF = Tumor necrosis 

factor soluble factor.  
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Quantification graphs comparing the extent of atrial fibrosis in the RAA with the levels of 

cytokines secreted by the EAT 
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Figure-10: Representative graph showing 49 EAT-cytokines with the p-values of their correlation 

with atrial fibrosis (Figure-a). Table-2 are the results of the 11-cytokines that correlated with the 

atrial fibrosis quantified with the total collagen in the RAA samples. Linear regression analysis 

showing a significant positive correlation between the percentage of atrial fibrosis on X-axis 

related to the level of IL-34 (***p<0.0001, Figure-b) in EAT on Y-axis. Similarly, significant 

positive correlation was observed between the atrial fibrosis % and the levels of sIL-6RB 

(**p<0.0181, Figure-c), IL-27 (***p < 0.0001, Figure-d), and IFN-R (***p<0.000, Figure-e). 
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Figure 11: Comparison of the levels of cytokines secreted by the EAT among NDM vs T2DM 
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Figure-11: Representative graph showing 49 EAT-cytokines compared in patients with T2DM 

and NDM with the cytokine on the X-axis and p-values on the Y-axis (Figure-a). Graphs below 

are a comparison of the levels of EAT-cytokines on Y-axis in T2DM (n=32), and NDM (n=32). 

IL-34 (***p<0.0001, Figure-b), sIL – 6Rβ (***p<0.0001, Figure-c), and IL-11 (*p = 0.0341, 

Figure-d) were significantly higher in the EAT of patients with T2DM compared to the NDM. 
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Figure 12:  Immunofluorescent staining measuring the expression of α-SMA in cardiac 

fibroblasts in IL-34 induced transdifferentiation of cardiac fibroblasts to myofibroblasts  

 

 



57 

 

 

 

 

 

 

 



58 

 

Figure 12: Representative micrographs showing fibroblasts at 100x magnification, scale bar: 

100µm of brightfield, stained blue for nuclei with Dapi, green for α-SMA, and the overlay of Dapi 

+ α-SMA at 0Hr. Immunofluorescence staining was used to measure the expression of α-SMA in 

the TGF-β1-10ng/ml, IL-34-50ng/ml, and IL-34-100ng/ml treated fibroblasts in comparison to the 

control at 24h, 48h, and 72h (Figure-a). Representative graphs showing the comparison of control 

and treatment groups at 24h (Figure-b), 48h (Figure-c), and 72h (Figure-d) - had a significant 

increase in the average number of myofibroblasts after TGF-β1 (****p<0.0001), IL-34-50ng/ml 

(****p<0.0001), and IL-34-100ng/ml (****p<0.0001) treatment.  
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Figure 13: Western blot analysis measuring the expression of collagen types I and III in 

cardiac fibroblasts in IL-34 induced fibrogenesis at 48Hr and 72Hr time points  
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Figure-13: Western blot comparing the screening of protein expression of collagen type-I and type-

III among the control, TGF-β1 (10ng/ml), IL-34 (50ng/ml), and IL-34 (100ng/ml) treatments 

groups at 48hr and 72 hr (Figure-a). Quantitative graphs showing a significant increase in the 

expression of collagen types I and III among the control and treatment groups at both 48hr and 

72hr time points (****p<0.0001, Figures: d-e).  
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Figure-14: Effect of TGF-β receptor inhibition on TGF-β and IL-34 induced 

transdifferentiation of cardiac fibroblasts to myofibroblasts at 24Hr and 72Hr time points 
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Figure 14: Microscopic images showing fibroblasts at 100x magnification, Scale bars: 100µm. 

Immunofluorescent staining was used to measure the expression of α-SMA expression in the 

control, TGF-β1-10ng/ml, TGFβ-R Inhibitor-230nM, and TGFβ+TGFβ-R Inhibitor at 24h and 72h 

(Figure-a). And α-SMA expression in the control, IL-34-100ng/ml, TGFβ-R Inhibitor-230nM, and 

IL34+TGFβ-R Inhibitor at 24h and 72h (Figure-b). Representative graphs comparing the ratio of 

Myofibroblasts (MyoFBs)/Nuclei among the control and treatment groups show a significant 

increase in the MyoFBs/Nuclei ratio in TGF-β-10ng/ml treatment group, which was significantly 

reduced in the TGFβ-R inhibitor group, and TGFβ +TGFβ-R Inhibitor group at 24Hr and 72Hr 

(***p<0.0001, Figure-c,d). Further, TGFβ-R inhibitor had no significant reduction on IL-34-

100ng/ml induced fibrosis at 24Hr and 72Hr (Figure- e,f). 



 

CHAPTER FOUR 

Role of CSF-1 receptor in IL-34 induced cardiac fibrosis 

CSF-1R is a type III high-affinity receptor tyrosine kinase expressed on myeloid progenitors for 

their development, survival, and proliferation. Activation of CSF-1R signaling was thought to be 

mediated only by the homodimeric growth factor CSF-1. However, Li et al. identified IL-34 as a 

tissue-specific ligand binding to CSF-1R [78]. When transgenically expressed in CSF1op/op mice, 

IL-34 rescued all defects resulted from CSF-1 deficiency. Further, Nakamichi et al identified 

pivotal roles of age-increased IL-34 in the development and maintenance of osteoclast precursors 

reservoir in the spleen and their transfer to bone in CSF1op/op mice [203]. Studies have then 

revealed that CSF-1R binds both IL-34 and CSF-1, but through distinct surfaces resulting in unique 

receptor conformations and downstream signaling events. Through the current study we wanted to 

investigate the role of CSF-1R in IL-34 induced trans-differentiation of cardiac fibroblasts to 

Myofibroblasts.  

Materials and methods  

Cell culture  

The tissue culture flasks and 12-well plates were pre-coated with gelatin (G1393-100ml, Sigma). 

Using aseptic technique under a laminar flow hood, 3ml/flask (T-75), and 250ul/well (12-well 

plate) of 0.2% gelatin solution in sterilized water was added to the cell culture surface area. The 

cell culture flasks and plates were gently rocked to coat the surface, followed by which they were 

dried in the laminar hood for 2 hours. Human Cardiac Fibroblasts from healthy subjects were 

obtained from Promocell and maintained in Fibroblast media and cultured according to the 
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manufacturer’s instructions. Three different batches of cells between passages 4 and 6 were studied 

independently under similar conditions. Cells were seeded in 12-well plates  

(5 x 104 per well) and pre-treated with CSF-1R inhibitor (670nM) for 1 hour. Followed by which 

the cells were stimulated with TGF-β1 (10ng/ml, R&D systems) as positive control, and IL-34 

(100ng/ml, PeproTech) treatment for 72 hours, and collected at 0h, 24h, and 72h for 

immunofluorescent staining.  

Immunofluorescent staining  

Cardiac fibroblasts after treatment were collected at 0h, 24h, and 72h. the culture medium was 

removed, and the cells were gently rinsed with 500µl/well of PBS (Phosphate buffer Saline). The 

cells were then fixed in 4% paraformaldehyde for 20minutes. After permeabilization with 0.25% 

Triton X-100 for 30 minutes at room temperature (RT), the cells were blocked with 5% donkey 

serum in 0.1% PBST (500µl/well) for 1h at RT. Subsequently, the cells were incubated with 

primary antibodies against α-SMA (1:200; ab5694, Abcam) for 2 hours at RT. Then, the cells were 

incubated with secondary antibody (anti-IgG, alexa-488, 1:1000) for 1h at RT. Finally, the cells 

were counterstained with 4’, 6’ – diamidino-2-phenylindole (DAPI) (1:10000, D9542-10mg, 

Sigma) before capturing images by using a fluorescence microscope (Keyence BZ-X800).  

 

 

 

 



67 

 

RESULTS 

Figure15: Effect of CSF1-receptor inhibition on TGF-β and IL-34 induced 

transdifferentiation of cardiac fibroblasts to myofibroblasts at 24Hr and 72Hr time points 
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Figure 15: Microscopic images showing fibroblasts at 100x magnification, Scale bars: 100µm. 

Immunofluorescent staining was used to measure the expression of α-SMA expression in the 

control, TGF-β1-10ng/ml, CSF1-R Inhibitor-670nM, and TGFβ+CSF1-R Inhibitor at 24h and 72h 

(Figure-a). And α-SMA expression in the control, IL-34-100ng/ml, CSF1-R Inhibitor-670nM, and 

IL34+CSF1-R Inhibitor at 24h and 72h (Figure-b). Representative graphs comparing the ratio of 

Myofibroblasts (MyoFBs)/Nuclei among the control and treatment groups show a significant 

increase in the MyoFBs/Nuclei ratio in TGF-β-10ng/ml and IL-34-100ng/ml treatment groups, 

which was not significantly reduced in the TGFβ +CSF1-R Inhibitor groups (Figure-c,d), and the 

IL34 + CSF1R inhibitor groups at 24Hr and 72Hr (Figure-e,f).



 

CHAPTER FIVE 

Differential levels of IL-34 in plasma of patients with T2DM 

Clinical studies over the past decade have been exploring the role of IL-34 as a potential 

inflammatory biomarker for the predicting CVD risk in T2DM [204, 205]. Katarzyna et al. in a 

clinical study showed that serum IL-34 levels were significantly higher in patients with vascular 

diabetic complications [204]. Several other studies showed that serum IL-34 levels significantly 

and positively correlated with insulin resistance-related metabolic parameters [73, 80]. Further, 

IL-34 has been shown to augment fat accumulation and inhibit the stimulatory effects of insulin 

on glucose transport [205].  

Eun-ji et al demonstrated that IL-34 is expressed in human adipose tissue, and that the 

circulating concentration of IL-34 is associated with insulin resistance [205]. IL-34 is shown to 

orchestrate immune responses in systemic inflammatory conditions like rheumatoid arthritis [80, 

206], and inflammatory bowel disease [207, 208]. Through this study we want to determine if IL-

34 is differentially secreted in plasma of patients with T2DM, and its possible correlation with 

atrial fibrosis.  

Materials and methods 

Study design  

Between September 2017 and November 2019, approximately 112 patients who underwent 

coronary artery bypass grafting (CABG) surgery were enrolled in the study. Forty-eight patients 

were excluded because of insufficient adipose tissue biopsy samples, higher BMI, or above the 
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age of 75 years. Plasma samples from a total of n=40 patients with T2DM (n=20), and NDM 

(n=20) were collected, and used for measuring the IL-34 levels. The study was approved by the 

Institutional Review Board (IRB) of East Carolina University (UMCIRB09-0669), and all patients 

have provided a written informed consent. 

Blood collection  

Blood was drawn from the patients an hour prior to the surgery in BD Vacutainer blood collection 

tubes with buffered sodium citrate as anticoagulant. For plasma, the blood tubes were centrifuged 

at 800 rpm for 10 minutes and stored in aliquots at -80°C. Plasma, Red blood fraction (RBF), and 

the plasma rich protein (PRP) were  collected by centrifuging further at 400 rpm for 10 minutes 

and stored in aliquots at -80°C. 

Human plasma IL-34 direct ELISA 

Plasma levels of IL-34 were measured in the plasma extracted from the patient blood samples 

using Human IL-34 AccuSignal ELISA kit (K0A0826; Rockland, USA). Briefly, the plasma 

samples were diluted in the sample diluent buffer (1:2 dilution), standards, antibody detection 

diluents, and buffers were prepared, and the assay was performed according to the manufacturers 

protocol.  

Statistical analysis  

All the continuous variables are presented as mean ± SD. Data was analyzed using GraphPad 

prism-8 software, determined by unpaired student t-test, and linear regression. The student t-test 

was used for evaluation of a single variable among two groups.  
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RESULTS 

Figure 16: Comparison of the plasma levels of IL-34 in NDM vs T2DM patients, and 

correlation with the extent of atrial fibrosis in the RAA  
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Figure-16: Quantification graphs show plasma IL-34 levels to be significantly high in the T2DM 

(n=20) group compared to the NDM(n=20) [**p<0.0024, Figure-a]. Further, a simple linear 

regression analysis was performed correlating the extent of fibrosis in the RAA with the plasma 

IL-34 levels. And the extent of fibrosis in the patients positively correlated with the plasma IL-34 

levels (*p<0.0112, Figure-b).



 

FINAL DISCUSSION 

EAT has been suggested as a source of resident fibroblasts that can be activated by inflammatory 

stimuli and migrate to the myocardium as myofibroblasts. Adipose tissues are complex organs 

involved in the production of several inflammatory mediators [209-211]. Several lines of evidence 

suggest that EAT participates in the inflammatory processes within the myocardium including a 

correlation between EAT thickness and the degree of cardiac inflammation [211, 212]. Patients 

with T2DM not only accumulate EAT but have been shown to present with myocardial fibrosis 

[213, 214]. Collectively, these studies suggest that cytokines released by EAT participate in 

myocardial fibrosis.  

 Therefore, the first aim of this study was to measure the secretion of various cytokines 

released by the EAT explants and determine whether EAT of patients with T2DM have a higher 

secretion rates of these cytokines, and if there is a possible correlation between these cytokines 

with the extent of atrial fibrosis observed in patients with T2DM. Using EAT conditioned medium, 

we measured a total of 49 cytokines, and of the analyte quantified 11 cytokines secreted by the 

EAT correlated with atrial fibrosis, and 3 cytokines were elevated in T2DM. Of these, IL-34 was 

both highly expressed in the EAT of T2DM and correlated with atrial fibrosis. These findings 

suggest that cytokines like IL-34 could possibly be the candidates for the pathophysiological basis 

of atrial fibrosis in patients with T2DM.  

Further, the second aim of this study was to determine the potential of IL-34 to promote 

fibrogenesis. To the best of our knowledge, this is the first study demonstrating that IL-34 

treatment can cause human cardiac fibroblasts to transform to myofibroblasts. The cells treated 

with IL-34 contained multiple strands of highly organized α – SMA expression in the cytoskeleton. 
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Although both TGF-β1, and IL-34 treatment groups increased the myofibroblast differentiation, 

IL-34 treatment group specifically had more marked expression of α – SMA. Further, IL-34 also 

had a significant increase in the protein expression of both collagen types I and III indicating ECM 

degradation.  

In recent years, significant progress has been made in understanding the receptors and the 

downstream molecular mechanisms involved in promoting cardiac fibroblast induced fibrosis. 

Among these, TGF-β (I/II) receptors and its downstream canonical and non-canonical signaling 

pathways play a key role in cardiac fibrosis and is supported by ample evidence [215-217]. Similar 

to previous studies, our results suggest that TGFβ-R inhibition significantly reduced the 

myofibroblast differentiation in the TGF-β treated cardiac fibroblasts. Interestingly, TGFβ-R 

inhibition did not have any significant effect on the IL-34 induced differentiation of CFBs to 

myofibroblasts, suggesting that IL-34 might be mediating fibrosis in a TGFβ-R independent 

pathway.  

Lin.et.al identified that IL-34 is a tissue-specific ligand binding to CSF-1R. Furthermore, 

several studies have shown that CSF-1R binds both IL-34 and CSF-1 through distinct surfaces that 

result in forming unique receptor conformations and downstream signaling events. In the present 

study, we wanted to investigate the role of CSF-1R in IL-34 induced transdifferentiation of cardiac 

fibroblasts to myofibroblasts in spite of the CSF-1R inhibition, suggesting that CSF-1R may not 

be involved in IL-34 induced cardiac fibrosis.  

However, in the current study a positive control for the CSF-1R inhibitor treatment was 

not included, therefore, further studies are required with a CSF-1 treatment group with the CSF-



76 

 

1R inhibitor to confirm the effect of the CSF1-R inhibitor treatment. Together, the findings in our 

study show that neither TGFβ-1R nor CSF-1R are centrally involved in IL-34 induced 

transdifferentiation of cardiac fibroblasts to Myofibroblasts. Therefore, further studies are required 

to investigate the role of the newly discovered receptors that IL-34 is shown to bind and mediate 

it effects through including Syndecan-1 [75-77, 81], and PTP-ζ  [74, 81, 85] receptors.  

Some studies showed an association between serum IL-34 levels and T2DM. Katarzyna et 

al. in a clinical study showed that serum IL-34 levels were significantly higher in patients with 

vascular diabetic complications. In our study we found that IL-34 is differentially secreted in 

plasma of patients with T2DM, and significantly correlated with atrial fibrosis. Although our study 

is the first to show a positive correlation between plasma IL-34 and fibrosis in the RAA, further 

research is required to completely understand the role/contribution of plasma IL-34 in the EAT-

cytokine-mediated cardiac fibrosis and T2DM.  

sIL-6Rβ 

Beside the membrane-bound IL-6R form for IL-6 signaling, Muller-Newen et al. in 1996 was the 

first to show that there are two soluble receptor isoforms of IL-6 that are generated during post-

transcriptional or translational processes [192]. Unlike the soluble receptors of cytokines such as 

IL-1 or TNF-α which inhibit the effects of their ligands [218, 219], the IL-6/sIL-6R complex is 

shown to promote IL-6 expression [220]. Therefore, the population of potential IL-6 expressing 

cells is strongly increased by the presence of the sIL-6R isoforms [221, 222].  

Siwik et.al found that incubation of rat cardiac fibroblasts with IL-6 alone reduced collagen 

content in the media by 11% compared to the TNF-α and IL-1β treatment groups [223]. Study by 
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Ancey et al. on adult cardiac fibroblasts showed that IL-6 treatment somewhat reduced collagen 

content. Interestingly, Ancey et.al also found that co-culturing of sIL-6R with IL-6 produced a 4-

fold increase in the collagen content at the highest concentration of sIL-6R [193]. Similar to these 

findings, our study found a strong correlation between the levels of sIL-6Rβ and atrial fibrosis in 

patients with T2DM. Further research is required to explore and validate the role of IL-6/sIL-6Rβ 

in T2DM and cardiac fibrosis.  

Interleukin-22  

Studies by Yongxin et al  [198] demonstrated that IL-22 levels are elevated in the atrium and 

plasma of patients with atrial fibrillation, and increased collagen synthesis in TGF – β1 treated 

cardiac fibroblasts via the JNK pathway. IL-22 is a multifunctional cytokine involved in a variety 

of biological processes, including inflammatory reactions, oxidative stress, apoptosis, autophagy, 

cell migration, and endothelial dysfunction  [224-228]. Previous studies have revealed that IL-22 

regulates the progression of a variety of CVDs, including hypertension, atherosclerosis, and viral 

myocarditis  [228-230]. Although these studies have explored the role of IL-22 in several invitro 

animal, and prospective observational studies in humans, to the best of our knowledge, our study 

was the first to elucidate the levels of IL-22 in the RAA of patients with T2DM, and its correlation 

with atrial fibrosis. However, further research is required to investigate the specific mechanisms 

involved in IL-22 mediated cardiac fibrosis.  

Interleukin-27 

IL-27, one of the cytokines in the IL-12 family, is considered to have both pro- and anti- 

inflammatory properties  [231]. Interestingly, the role of IL-27 in promoting or suppressing 
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inflammation varies among diseases [232]. Kotaro et al. suggested that plasma levels of IL-27 

were high in patients with CAD, but not in acute coronary syndrome [233]. IL-27 has also been 

shown to have pathogenic role in T2DM, Wang et al [234] detected high levels of IL-27 in diabetic 

mice, and that blockade of IL-27 significantly delayed the onset of diabetic splenocyte transferred 

diabetes. These results demonstrate a possible pathogenic role of IL-27 in T2DM. Considering the 

diverse role of IL-27 in various diseases, it would be interesting to further elucidate the specific 

role of IL-27 in promoting myocardial fibrosis.  

Interferon alpha (IFN-α) and interferon receptor (IFN-R) 

Interferons (IFNs) are a family of cytokines that cause a myriad of pathological responses [235-

237]. Along with immune cells, the interferons are also secreted by other cell types such as cardiac 

fibroblasts [238, 239]. Several studies on interferons such as IFN-γ and its receptor IFN-R have 

explored their role in cardiac fibrosis [240]. Han et al. showed that IFN-γ knockout mice treated 

with Ang-II showed a significant reduction in the levels of α-SMA in cardiac fibroblasts [199]. 

Similarly, mice null for IFN-R had a decrease in cardiac hypertrophy and fibrosis, and a reduction 

in the infiltration of macrophages and T-cells [241]. Similar to these studies, our study showed a 

significant correlation between IFN-α, and IFN-R and atrial fibrosis. Because extensive data have 

demonstrated a critical role of inflammation in the fibrotic response, further research is needed for 

better understanding the role in of IFN-α and IFN-R in the pathogenesis of cardiac fibrosis in 

T2DM. 
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Interleukin -12  

Similar to the interferon family, IL-12 is a heterodimeric cytokine with differential roles [242, 

243]. Produced primarily by antigen-presenting cells like macrophages and dendritic cells [244, 

245]. The primary effect of IL-12 is to stimulate differentiation of Th1 cells and is a key regulator 

of M1-phenotypoe macrophages mediating pro-inflammatory response in certain infectious 

diseases [246-248]. Fairweather et al. showed that deficiency of IL-12 protects against 

coxsackievirus B3-induced myocarditis by increasing macrophage and neutrophil infiltration 

[249]. Further exploration of the role of IL-12 in T2DM induced cardiac fibrosis is needed 

considering its strong correlation with atrial fibrosis.  

Interleukin – 20 

IL-20 is a member of the IL-10 family of cytokines and was first discovered in 2001 [250]. It acts 

on multiple cell types by activating a heterodimeric receptor complex IL-20R/IL-22R1 [251]. 

Studies indicate that the interaction of IL-20 with these receptors might have proinflammatory 

effects in chronic inflammatory diseases like T2DM, rheumatoid arthritis, and osteoporosis [252-

255]. Recently, Tsai et al in 2021 demonstrated that anti-IL-20 antibody protects against 

ischemia/reperfusion-impaired myocardial function and cardiac remodeling in rats [197]. 

Considering the fact that IL-20 strongly correlated with atrial fibrosis in our study, a future 

direction would be to look into the role of IL-20 in promoting cardiac fibrosis.  
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Interleukin-29  

IL-29, a member of the type 3 interferon family, plays a critical role in host-defense against viral 

infections [256-259]. Tian et al. in 2020 explored the role of IL-29 in the pathogenesis of obesity-

induced inflammation and insulin resistance [260], showing that inhibition of IL-29 could reduce 

inflammatory cytokine production in macrophage-adipocyte coculture system mimicking an obese 

and T2DM microenvironment [260]. Our results provide the supporting evidence of IL-29 

correlation with atrial fibrosis, thus exploration of its proinflammatory role in T2DM induced 

cardiac fibrosis is needed.  

Osteocalcin 

Our study found a significant correlation between osteocalcin and atrial fibrosis. Osteocalcin is 

one of the major non-collagenous proteins of the bone matrix. It is mainly produced by osteoblasts 

and is generally regarded as a marker of bone formation [261-264]. Desentis et al. showed that 

Osteocalcin has a protective in diabetic pathogenesis [200]. And another study demonstrated a 

strong correlation between hyperglycemia and total osteocalcin levels in T2DM patients [265]. 

However, we did not see a significant increase in the osteocalcin levels in the EAT of T2DM 

patients compared to the NDM, and this might possibly be attributed to the fact that these patients 

are under diabetic management. 

Tumor necrosis superfamily – 13b (TNFSF-13b) 

TNFSF13b, also known as the B-cell activating factor (BAFF), belongs to the TNF ligand family 

[201]. Recently, Yarchoan et al. in 2020 showed a strong association between TNFSF-13b and 
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autoimmunity [202]. However, TNFSF-13b has relatively been less explored for its association 

with T2DM, and cardiac remodeling. Therefore, with the current study serving as a supporting 

evidence, further research exploring the possible role of TNFSF13b in cardiac fibrosis is needed.  

PERSPECTIVE  

Despite the significant amount of research now addressing cardiac fibrosis, the 

understanding of its pathogenesis, clinical implications, and management remains limited. In terms 

of the pathophysiology of the cardiac fibrosis, more governing factors should be explored to 

improve diagnostic methods and identify therapeutic targets. Our knowledge of the role of T2DM-

EAT in promoting cardiac fibrosis is somewhat limited. This is because changes in the EAT of 

human heart cannot be reproduced in most animal models. Currently, there is no specific medical 

therapy directly targeting cardiac fibrosis. Many of the clinical experiments have been devoted to 

the known target sites of myocardial fibrosis for the discovery of new medical interventions. 

Therefore, the rationale for this project was to identify EAT-derived factors in T2DM that correlate 

with cardiac fibrosis.  

Our study revealed that several cytokines released by the EAT had a strong correlation with 

the extent of fibrosis in the RAA. IL-34 was able to induce fibrogenesis independently of TGF-β-

and CSF1-receptors in vitro. Further, we also found that other cytokines including IL-22, IFN-α2, 

IFN-R, IL-12, IL-20, IL-29, TNFSF-13β, and osteocalcin that significantly correlated with atrial 

fibrosis. Using the current study as supporting evidence, further research investigating the role of 

these cytokines in T2DM-cardiac fibrosis may provide the scientific framework for the 

development of new therapeutic strategies for cardiac fibrosis
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