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Diabetes-associated cardiovascular dysfunction is characterized by homeostasis 

perturbation induced by systemic stressors, such as hyperglycemia, excess of reactive 

oxygen and nitrogen species, shear-stress, and inflammatory environment. The recent 

data highlight the aggravating effect of local, organelles-related stress, manifest in 

mitochondria, endoplasmic reticulum (ER), lysosomes, proteasomes, inflammasomes. 

The occurrence of local stress might allow its alleviation inside the cell, at organelles 

level, a novel strategy potentially more efficient compared to current systemic 

therapeutic approaches.  The aim of this article is to link the electron microscopy 

evidence on mitochondrial stress in diabetic coronary endothelium and 

cardiomyocytes (CMs) to the newly identified molecules/ mechanisms beyond it. The 

issues examined are: (i) Mitochondrial homeostasis and "quality control" mechanisms 

within myocardium, (ii) Mitochondrial dysfunction and dynamics within diabetic 

myocardium: fusion, fission, and mitophagy events, (iii) The molecular crosstalk 

between mitochondria, ER, lipid droplets, and cytoplasm, (iv) Perspectives. At the 

horizon, targeting mitochondrial dynamics mediators, deciphering the defects in 

mitochondrial cell signaling control, understanding mitochondria retrograde 

signaling,  and manipulation of ER stress-associated lipid droplets formation may 

conduct to novel drugs aimed to preserve CMs viability and to alleviate diabetes-

induced heart damage. 
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Introduction 

 

The interest of scientists returned to mitochondria, once novel properties 

of these  organelles have been recently unveiled. Thus, mitochondria exert 

"quality control" mechanisms (via fusion, fission, and mitophagy), translocate 

to the subcellular territories where an energy supply is needed, and exert 

signaling functions by regulation of local reactive oxygen species (ROS) 

concentrations  (Al-Mehdi  et al. 2012). These recent areas are receiving much 

of attention, as understanding of molecular mechanisms beyond them may 

explain the survival/death of cells in pathological conditions. The knowledge 

on endothelial cells (ECs) and cardiomyocytes (CMs) survival within diabetic 

myocardium is related to installment of mitochondrial dysfunction, an event 

more relevant to disease than previously thought. In particular, deciphering 

mitochondrial turnover regulation and the role of mitochondrial dynamics in 

diabetic cardiomyopathy  may  potentially lead to innovative therapeutic 
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strategies aiming cellular survival and disease control (Barazzoni 2012, Dai et 

al. 2012, Wang et al. 2012). Here, we link  the electron microscopy evidence 

on mitochondrial dysfunction in diabetic coronary endothelium and CMs 

(original images obtained in our laboratory) to the newly identified 

molecules/mechanisms beyond it. The review is organized into the following 

sections: (i) Mitochondrial homeostasis and "quality control" mechanisms 

within myocardium, (ii) Mitochondrial dysfunction and dynamics within 

diabetic myocardium: fusion, fission, and mitophagy events, (iii) The 

molecular crosstalk between mitochondria, endoplasmic/sarcoplasmic 

reticulum (ER/SR), lipid droplets, and cytoplasm and (iv) Perspectives.  

 

 

Mitochondrial Homeostasis and Quality Control Mechanisms Within 

Myocardium  

 

Adaptation of mitochondria content according to the specific cellular 

energy requirement (ATP generation) that sustains physiological growth is 

identified as mitochondrial homoeostasis (Groenewoud and Zwartkruis 2013). 

The latter process is achieved by several quality control mechanisms, such as 

the repair of lipids, proteins, and mitochondrial DNA (mtDNA) damages, the 

regulation of mitochondria amount and functionality with preservation of the 

healthy organelles and elimination of the dysfunctional ones (by mitophagy, a 

specialized form of autophagy), and the fine-tuning of mitochondriogenesis 

(Groenewoud and Zwartkruis 2013, Palikaras and Tavernarakis 2014). Within 

heart microvasculature and myocytes, mitochondrial homeostasis is tightly 

regulated, as this organelle houses both the electron transport chain (source of 

oxidative stress) and the antioxidant defense enzymes (e.g. superoxide 

dismutase, glutathione peroxidase).  

In vascular ECs, the mitochondrial content is rather modest and the energy 

demand is relatively low, consistent to cells quiescent phenotype in a 

physiological context. Nevertheless, mitochondria form networks and exert 

quality control mechanisms, ensuing the normal angiogenic and vasodilator 

function of ECs (Kluge et al. 2013). The mechanism beyond physiologic 

angiogenesis involves upregulation of endogenous Uncoupling Protein 2 

(UCP2) that decreases the mitochondrial membrane potential (Δψ) produced 

by the electron transport chain, and limits superoxide anions generation 

(Shimasaki et al. 2013).  As for vasodilation, this may be induced by H2O2 

released by mitochondria in a setting of flow exposure of human coronary 

capillaries (Bubolz et al. 2012). ECs mitochondria activate also signaling 

mechanisms, and generated ROS are important for physiological responses to 

nutrient status, hypoxia, and shear stress (Kluge et al. 2013). 

Compared to ECs, CMs are rich in mitochondria (occupying one-third of 

the cell volume), consistent with the high energy demand of the heart; it is 

estimated that 90% of the energy consumed by myocardial contraction is 

provided by mitochondrial oxidative phosphorylation (Marzetti et al. 2013, 

Schaper et al. 1985). Moreover, within CMs the turnover of these organelles is 
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strictly controlled, in order to preserve the normal energy production by 

"healthy" mitochondria; the main pathways of mitochondrial turnover are 

mitophagy, proteases, proteasome, and release of mitochondrial-derived 

vesicles (MDV). Mitophagy clears the malfunctioning mitochondria via their 

engulfment in autophagosomes, that fuse with lysosomes allowing hydrolytic 

degradation; the protease-proteasome pathways assist elimination of damaged 

mitochondria, while MDV sort and transport oxidized proteins and lipids 

directly to the lysosomes, ensuing removal of damaged organelles content; the 

latter pathway operates as a mitophagy‐independent mitochondrial quality 

control mechanism (Dai et al. 2012, Galluzzi et al. 2012, McBride and 

Scorrano 2013, McLelland et al. 2014, Shutt and McBride 2013). Interestingly, 

the mammalian CMs contain three subpopulations of mitochondria, with 

distinct intracellular location, morphology, biochemical properties, and targets 

of the generated ATP (Hollander et al. 2014). These are the sub-sarcolemmal 

mitochondria (SSM), interfibrilar mitochondria (IFM) and perinuclear 

mitochondria (Pn) (Table 1). SSM are positioned beneath the sarcolemma 

(Figure 1a) and are influenced by insulin resistance and heart ischemia 

(Davidson 2011). IFM are packed between myofibrils and have a relatively 

fixed location imposed by the physical constraint of the sarcomeres (Figure 

1b). Recent evidence prove that IFM are subjected to dynamic shape changes 

by either fusion into elongated organelles or fragmentation (fission) into 

smaller units (Figures 2b and 2d). The perinuclear mitochondria are located at 

nuclear poles, in the sarcomere-free region (Figure 1c) (Baseler et al. 2011, 

Davidson 2011, Hollander et al. 2014).  

 

Figure 1. Heterogeneity of Cardiomyocyte Mitochondria as demonstrated by 

Electron Microscopy. (a) Sub-sarcolemmal Mitochondria (SSM), (b) 

Interfibrilar Mitochondria (IFM), (c) Perinuclear Mitochondria (Pn) 

 
Abbreviations: EC, endothelial cell; CM: cardiomyocyte; l: capillary lumen; f: fibroblast; Z: Z 

band; n: nucleus; cc: condensed chromatin. 

Original magnifications: (a) x54,600; (b) and (c) x36,450 
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Table 1. Heterogeneity of Cardiomyocyte Mitochondria: The Specific Properties According to Intracellular Location  

Spatial location within 

the cardiomyocyte 

Sub-sarcolemmal 

mitochondria   

Interfibrilar mitochondria   Perinuclear  References 

Size No special feature Elongated/ 

fragmented  

Significantly smaller, round, 

with frequent nanotubules 

suggestive for content 

transfer 

Marín-García 2013 

 Huang et al. 2013  

Cristae morphology Lamelliform Tubular Poorly developed  

(in immature CM) 

Davidson 2011 

Biochemical properties Contains Cx43, responsive to 

FGF-2, higher [Ca
2+

]mito levels 

Cx43 negative, less responsive 

to FGF-2,lower [Ca
2+

]mito 

levels, posttranslational 

modifications (oxidations and 

deamidations), decreased 

abundance of proteins of fatty 

acids oxidation and electron 

transport chain pathways 

Form a dynamic perinuclear 

network involved in 

mitochondria -to -nucleus 

signal transduction and 

coordination  

Srisakuldee et al. 2014 

Holmuhamedov et al. 

2012 

Baseler et al. 2011 

Huang et al. 2013 

Target of synthesized 

ATP  

Plasma membrane ion pumps, 

maintenance of the plasma 

membrane potential and internal 

stores of calcium, generation of 

the cardiac action potential 

CMs contraction, efficient 

cardiac energy utilization 

Transcription and translation Davidson 2011 

Response to H2O2 Similar to IFM Similar to SSM  Zhang and Shah 2014 

Response to superoxide 

production and mPTP 

transition 

Preferential Generate more superoxide, 

susceptible to mPTP opening  

 Baseler et al. 2011 

Zhang and Shah 2014 

Response to heart failure No effect on pyruvate 

dehydrogenase turnover, modest 

effect on respiratory function 

Decreased pyruvate 

dehydrogenase turnover and 

maximal rate of mitochondrial 

respiration 

 Shekar et al. 2014 
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Response to ischemic 

insult 

More vulnerable Less vulnerable  Holmuhamedov et al. 

2012 

Cardio-protection in IR  Diazoxide is effective Diazoxide is less effective  Holmuhamedov et al. 

2012 

Response to diabetes  Sensitive, cristae express 

Mitofilin and mtHsp70 

 Baseler et al. 2011 

Davidson 2011 
Abbreviations: CM (cardiomyocyte), SSM (Sub-sarcolemmal mitochondria), IFM (Interfibrilar mitochondria), FGF-2(18-kDa fibroblast growth factor 2), IMM (inner mitochondrial 

membrane), mPTP (mitochondrial permeability transition pore), mtHsp70 (mitochondrial heat shock protein 70), IR (ischemia-reperfusion) 
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CMs mitochondria form dynamic membrane networks and may undergo 

intracellular redistributions according to the metabolic demands and the quality 

control mechanisms, e.g. organelles translocation to control local ROS 

concentrations (Al-Mehdi et al. 2012). The control mechanism may be either 

acute (conducting to the qualitative modification of mitochondrial function) or 

long-term transcriptional (increasing mitochondrial number) (Gao et al. 2014). 

Additionally, in areas of high mitochondrial density (such as in Figure 3b), the 

molecules released by a single mitochondrion may influence the function of 

their local neighbors (Eisner et al. 2013). Within myocardium, mitochondria 

homeostasis is perturbed by excessive oxidative stress and  Ca
2+

 accumulation. 

Both disturbing factors are located in the inner mitochondrial membrane 

(IMM): the incomplete reduction of molecular oxygen during electron 

transport generates ROS, while the Ca
2+

-dependent opening of mPTP leads to 

the diminishment of Δψ, interruption of ATP generation, and CMs death.  

 

 

Mitochondrial Dysfunction and Dynamics Within Diabetic Myocardium: 
Fusion, Fission and Mitophagy Events 

 

The imbalance in homeostasis along with dysregulation of mitochondrial 

turnover portray mitochondrial dysfunction (Dai et al. 2012) . Considered a 

"sine qua non of cardiovascular disease", mitochondrial dysfunction is 

implicated in cardiac hypertrophy, myocardial infarction, ischemia-reperfusion 

injury (IRI), arrhythmias, atherosclerosis, and hypertension (Hill 2013). 

Moreover, ischemic heart disease and cardiomyopathy have been linked to 

accumulation of mitochondrial DNA mutations (Dominic et al. 2014). 

Dysfunctional mitochondria are less bioenergetically efficient, producing 

reduced ATP levels for heart contraction, and  excessive ROS levels (Marzetti 

et al. 2013). The causal role of mitochondrial dysfunction in heart pathology 

(likewise in cancer and neurodegeneration) attracted numerous novel studies, 

highlighting the molecular mechanisms involved. Today, it is established that 

three active damages control mechanisms operate beyond mitochondrial 

dysfunction: (i) the dynamic morphology/shape changes, via continuous cycles 

of fusion and fission (Anand et al. 2014), (ii) the defective clearance of 

malfunctioning mitochondria by mitophagy and (iii) the inadequate 

replenishment of the cellular mitochondrial pool by biogenesis (Groenewoud 

and Zwartkruis 2013, Marzetti et al. 2013, Palikaras and Tavernarakis 2014). 

Taken together, mitochondrial dynamics events contributes to preservation of 

mitochondria function inside the cells (tilts the imbalanced ATP generation 

towards an increase in energy efficiency), prevents  loss of metabolic substrates 

or of mtDNA, and regulates cardiac homeostasis and adaptation to stress (Ikeda 

et al. 2014). The fusion of outer mitochondrial membrane (OMM) and of IMM 

in neighboring mitochondria allows mixing and uniform distribution of their 

internal compartments (such as soluble matrix and intermembrane space 

constituents) (Eisner et al. 2013, Gao et al. 2014). The common situation is the 

fusion of dysfunctional mitochondria with "healthy" ones, transiently buffering 
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the defects and ensuing increased metabolic and bioenergetics efficacy 

(Lackner 2014, Youle and van der Bliek 2012). Recently, other biological 

advantages of this process have been disclosed, such as resistance to mitophagy 

and apoptosis (as the large size mitochondria are difficult to be engulfed by 

autophagosomes), enhancement of energy supply, and limitation of age-

dependent mtDNA mutations (Escobar-Henriques and Anton 2013, Ikeda et al. 

2014, Shutt and McBride 2013). Under stress conditions, fusion is beneficial 

for the heart (Ikeda et al. 2014). Initiation of mitochondrial fusion requires 

activation of fusion molecules and inhibition of mitochondrial 

fragmentation/fission route (Shutt and McBride 2013). The fusion molecules 

are transmembrane GTPases belonging to the dynamin family: mitofusin 1 

(MFN1) and mitofusin 2 (MFN2) regulate OMM fusion, while optic atrophy 

protein 1 (OPA1) intervenes in IMM fusion (Baker et al. 2014). Within 

diabetic  myocardium, dysfunctional capillary ECs display frequent fusion, i.e. 

the interconnected organelles generate tubular-shaped elongated mitochondria 

that occupy almost the whole cell (Figure 2a). In diabetic CMs, fusion of IFM 

conduct to assembly of organelles even longer than a sarcomere (Figure 2b). 

Reports indicate that membrane fusing activity of MFN-1 and 2 creates holes 

on the OMM and facilitates the stress-induced mitochondrial permeability 

transition process with substantial consequences on myocyte survival 

(Papanicolaou et al. 2012). However, mitochondrial "hyperfusion" appears as 

protective during the  early response to cellular stress, but detrimental at long 

term, because accumulated dysfunctional mitochondria (source of ROS 

overproduction and of cell death inducers)  may damage the "healthy" ones 

(Shutt and McBride 2013). In the latter circumstance, fusion is inhibited by the 

short isoform of OPA1, generated by stress-induced OPA1 proteolytic 

processing (Anand et al. 2014).  
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Figure 2. Mitochondria Fusion and Fission in Myocardial Capillaries (a and c) 

and Cardiomyocytes (b and d) as Shown by Electron Microscopy  

                   
 

 

 
 
 
 
 
 
 

       
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Abbreviations: EC, endothelial cell; CM: cardiomyocyte; l: capillary lumen; Z: Z band; ecm: 

extracellular matrix; long arrows: fused mitochondria; short arrows: fragmented mitochondria 

indicative of fission; ER: endoplasmic reticulum; *: potential contact points with ER/SR 
cisternae, where fission is initiated. 

Original magnifications: (a) and (c) x83,400; (b) and (d) x54,600. 

 

The dynamic shape changes of mitochondria are interrelated, as the 

elongated structures are subjected to fission resulting in formation of two 

distinct populations of smaller mitochondria: (i) the dysfunctional ones, 

committed to clearing by mitophagy and (ii) the "healthy" organelles, assigned 

for further fusions. The tags for recognition of dysfunctional mitochondria are 

depolarization (associated with reduced Δψ) and presence of Parkin (with 

ubiquitin ligase activity) and of PTEN-induced kinase 1 (PINK1); the "healthy" 

mitochondria display normal Δψ and components (Gao et al. 2014, Ikeda et al. 
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2014, Jin and Youle 2012, Shlevkov and Schwarz 2014, Shutt and McBride 

2013). Additionally to the fused, elongated mitochondria, the normal size 

organelles may be a source for dysfunctional small size mitochondria, 

consecutively to decrease in Δψ and depolarisation (Galloway et al. 2012, Lee 

and Yoon 2014). The fission process is often viewed as division of 

mitochondria, that facilitate quality control degradation of this organelle 

(Friedman et al. 2011, Gao et al. 2014, Lackner 2014). Other biological 

advantages of mitochondrial fission consists in generation of new mitochondria 

and in their correct distribution according to cells ATP requirement (Escobar-

Henriques and Anton 2013, Youle and van der Bliek 2012). Inside the cell, 

mitochondrial fission is initiated at the sites where OMM closely associates 

with ER/ SR cisternae, and is mediated by dynamin-related protein-1 (DRP1) 

and fission-1 (FIS1) (Anand et al. 2014, Friedman et al. 2011, Kluge et al. 

2013). Within diabetic myocardium, dysfunctional capillary ECs display 

increased numbers of smaller mitochondria (Figure 2c); this condition is 

related to cells hyperproliferative phenotype, to augmented expression of FIS1 

and DRP1, and to generation of higher ROS levels (Hill 2013, Shenouda et al. 

2011). Interestingly, blocking mitochondrial fission (in vitro) impeded high 

glucose-induced ROS generation and apoptosis (Yu et al. 2008). In diabetic 

CMs, fission of IFM conduct to formation of numerous small size 

mitochondria, as shown by electron microscopy images (Figure 2d). 

Perturbation of mitochondrial fission is related to fluctuation of IMM potential, 

to decreased MFN2/ DRP-1 ratio and to augmented mitophagy, as occurs in 

heart failure (Galloway et al. 2012, Givvimani et al. 2014).  
Mitophagy (elimination of dysfunctional mitochondria by autophagy) 

consists in engulfment of dysfunctional mitochondria within autophagosomes, 

followed by fusion of the latter with lysosomes and hydrolysis (Gao et al. 

2014). Mitophagy operates as an early cardioprotective response against 

stressors, implicating the disposal of dysfunctional mitochondria and 

prevention of their intracellular accumulation (Kobayashi and Liang 2015). 

However, increased mitophagy may conduct to heart failure, as a result of 

mitochondria excessive removal and loss of CMs (Kubli and Gustafsson 2012). 

Mitophagy is triggered by several circumstances: the loss of electrochemical 

potential, mtDNA mutations, diabetic cardiomyopathy, heart failure, and 

ischemia/reperfusion (Givvimani et al. 2014, Kobayashi and Liang 2015, Kubli 

and Gustafsson 2012, Shutt and McBride 2013).  

MDV pathway controls also the dysfunctional mitochondria; the vesicles 

form independently of fission factor DRP1, require PINK1 expression, and 

target to lysosomes in an autophagy‐independent process (McLeland et al. 

2014). 
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The Molecular Crosstalk Between Mitochondria, Cell Organelles and 

Cytoplasm 

 

Besides the role of mitochondria as energy power plants of the cells, the 

recent publications highlight an evolutionary conserved process carried out by 

these organelles, i.e. the retrograde signaling from mitochondria to the other 

cellular organelles and to cytoplasm (Pagliarini and Rutter 2013). Apparently, 

OMM serves as the major signaling platform (Tait and Green 2012). The 

mitochondrion-to-nucleus communication involves multiple elements: 

codification of a largest part of mitochondrial proteins by cellular nucleus 

(including the hem-dependent proteins, such as cytochrome c, catalase and 

cytochrome oxidase), coordination between mitochondrial signals and nuclear 

gene expression, and accumulation of nuclear ROS as a result of perinuclear 

mitochondria clustering (Al-Mehdi et al. 2012, Eynon et al. 2011, Dai et al. 

2012, Shimasaki et al. 2013). The above crosstalk may be enabled by 

perinuclear mitochondria of diabetic CMs (Figure 1c).  

Mitochondria have contact sites with ER/ SR, as exemplified here for 

diabetic CMs (Figure 3a). These contact sites play functional roles, e.g. 

regulation of lipid synthesis and Ca
2+

 signaling, control of 

mitochondriogenesis, and intracellular transport (Rowland and Voeltz 2012). 

Moreover, the recent reports indicate that contacts function is regulated by 

ubiquitin, and that ER-mitochondria encounter structure (ERMES) is the spot 

where initiation of mitochondrial fission process takes place (Eisner et al. 

2013, Friedman et al. 2011, Mafalda and Langer 2014). Phospholipids  and 

Ca
2+

 signals are transported/propagated via ER/SR - mitochondria route, while 

phosphatidylethanolamine is the main cargo transported from mitochondria to 

ER/SR (Eisner et al. 2013, Scharwey et al. 2013). Moreover, IMM and OMM 

are engaged in the intra-mitochondrial transport of lipids (Scharwey et al. 

2013).  

Mitochondria interact also with lipid droplets, the storage area of 

triacylglycerols and steryl esters; in heart steatosis, clustering of mitochondria 

around lipid droplets enable the lipid transfer between these organelles (Figure 

3b).  
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Figure 3. Electron Microscopy Evidence of Mitochondria Interaction with SR 

and Lipid Droplets within Diabetic Myocardium. (a) Mitochondria-SR Close 

Vicinity (*); (b) Mitochondria Clustering around Lipid Droplets (ld), and 

Adjacent to a myocardial capillary 

 
                                     a                                   b 
Abbreviations: n: nucleus; l: capillary lumen; EC: endothelial cell. 

Original magnifications: (a) x 54,600; (b) x 19,200.  

  

Regarding  mitochondria - cytoplasm crosstalk, organelles translocation to 

subcellular sites allows control of local ROS concentrations, of ATP/ADP/ 

AMP and NAD
+
/NADH ratios, and of Ca

2+
 signaling  (Al-Mehdi et al. 2012, 

Picard et al. 2013). When metabolic perturbations occur (such as ER stress 

characterized by accumulation of unfolded/misfolded proteins beyond the 

chaperones capacity), mitochondria trigger the unfolded protein response 

(UPRmt) leading to transcriptional activation of chaperone proteins and 

proteases that ultimately alleviate ER stress (Papa and Germain 2014, 

Pellegrino et al. 2013). Furthermore, in conditions of prevalent mitochondrial 

damages, the organelle releases cytochrome c and activates caspases along 

with the apoptotic process (Groenewoud and Zwartkruis 2013, Shimasaki et al. 

2013). A protective role against apoptosis/necrosis plays activation of 

mitochondrial AKT1, by suppression of mitochondrial calcium overload, and 

relief of membrane depolarization (Deng et al. 2014). 

 

 

Perspectives 

 

Understanding mechanisms of organelles dialogue in diabetic heart is an 

ongoing pursuit aimed to be translated into novel appropriate drugs that 

preserve CMs viability and alleviate diabetes-induced cardiac damage. A 

critical evaluation of current literature shows that promising research is focused 
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mainly on regulation of mitochondrial turnover, substantiation of dynamics 

mediators role(s), improvement of quality control efficiency,  and of ECs 

mitochondrial function recovery, identification of metabolomic and lipidomic 

footprints of metabolic flexibility, and development of pharmaceutical 

compounds that improve mitochondrial metabolism in humans (Dai et al. 2012, 

Gao et al. 2014, Kluge et al. 2013, Kubli and Gustafsson 2012, Shutt and 

McBride 2013). Equally important is elucidation of UPRmt pathway 

(Pellegrino et al. 2013) and of the links between mitochondrial ROS production 

and mitochondrial retrograde signaling in the context of cardiovascular aging 

(Dai et al. 2012). 
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