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Simple Summary: Often times mitochondria within a single cell are depicted as homogenous enti-
ties both morphologically and functionally. In normal and diseased states, mitochondria are heter-
ogeneous and display distinct functional properties. In both cases, mitochondria exhibit differences 
in morphology, membrane potential, and mitochondrial calcium levels. However, the degree of het-
erogeneity is different during disease; or rather, heterogeneity at the physiological state stems from 
physically distinct mitochondrial subpopulations. Overall, mitochondrial heterogeneity is both beneficial 
and detrimental to the cellular system; protective in enabling cellular adaptation to biological stress or 
detrimental in inhibiting protective mechanisms. 

Abstract: Mitochondria have distinct architectural features and biochemical functions consistent 
with cell-specific bioenergetic needs. However, as imaging and isolation techniques advance, het-
erogeneity amongst mitochondria has been observed to occur within the same cell. Moreover, mi-
tochondrial heterogeneity is associated with functional differences in metabolic signaling, fuel uti-
lization, and triglyceride synthesis. These phenotypic associations suggest that mitochondrial sub-
populations and heterogeneity influence the risk of metabolic diseases. This review examines the 
current literature regarding mitochondrial heterogeneity in the pancreatic beta-cell and renal prox-
imal tubules as they exist in the pathological and physiological states; specifically, pathological 
states of glucolipotoxicity, progression of type 2 diabetes, and kidney diseases. Emphasis will be 
placed on the benefits of balancing mitochondrial heterogeneity and how the disruption of balanc-
ing heterogeneity leads to impaired tissue function and disease onset. 
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1. Introduction 
Cellular heterogeneity represents the observation that in an organ, neighboring cells 

of the same type may show structural and functional differences that evolve from their 
different stages of differentiation, maturation, or exposure to environmental challenges. 
Whichever is the trigger, the outcome is structural diversity that results in varying func-
tionality. Similar to cellular heterogeneity, the pool of mitochondria within a singular cell 
may also represent mitochondria at different stages of their development as well as the 
consequences of their response to the cellular environment [1]. This review will focus on 
the subcellular heterogeneity of the mitochondria within the same cell, the mechanisms 
generating subcellular heterogeneity, and the functional consequences thereof [1–4]. 
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Metabolic diseases can be inherited, known as inborn errors of metabolism, or they 
can be acquired. This review will focus on mitochondrial heterogeneity reported in meta-
bolic diseases resulting from excess nutrient exposure, focusing on their effects in the pan-
creatic beta-cell and the renal proximal tubule cells. Specifically, an examination of the 
heterogeneity in mitochondrial membrane potential, morphology, and calcium reported 
in type 2 diabetes (T2D) and kidney diseases. Also included is a review of mitochondrial 
subpopulations that show the difference in their metabolism and function, but how these 
differences are generated remains unclear. 

1.1. What Is Heterogeneity and Why Should We Care? 
We define mitochondrial heterogeneity as the variation in a mitochondrial feature of 

a singular mitochondrion inside one cell. Amongst what has previously been considered 
as homogenous groups of mitochondria, higher-resolution technology continues to fur-
ther the discovery of variation in ultrastructural, biophysical, and electrochemical features 
[2,5–8]. The observation that every biological structure will always show some level of 
diversity raises the question, when should we care? If mitochondrial membrane potential 
averages around −200 mV, should we care if some mitochondria are −199 mV and others 
are −201 mV? We suggest two considerations to determine if a variation in some parame-
ter is of interest: either the heterogeneity yields functional consequences or the heteroge-
neity is an association with a phenomenon of interest. For example, mitochondria defi-
cient in cristae heterogeneity carry the functional consequences of reduced respiratory ca-
pacity [7,9,10]. Mitochondrial fragmentation has been associated with stress, yet direct 
functional consequences of the heterogeneity introduced by fragmentation have not been 
fully determined. For this review, we will describe the observed variations and functional 
consequences in mitochondrial ultrastructure and dynamics associated with metabolic 
diseases, T2D and chronic kidney diseases. It is not to say heterogeneity only occurs under 
pathological states; rather, heterogeneity is heightened. Indeed, some level of heterogene-
ity is physiological. Mitochondrial variance at the physiological state provides functional 
fitness to specific groups of mitochondria within the cell; yet, upon chronic stress, physi-
ological levels of heterogeneity begin to shift towards pathological levels [11]. For in-
stance, a small percentage of mitochondria undergo depolarization as they prepare to be 
removed by mitophagy; however, under the pathological impairment of mitophagy, the 
percentage of depolarized mitochondria increases [7,12]. Impaired clearance and accumu-
lation of depolarized and damaged mitochondria lead to the release of apoptogenic fac-
tors and cellular apoptosis. Whether changes to mitochondrial features are small or large, 
mitochondrial heterogeneity matters when changes yield functional consequences or are 
associated with a phenomenon of interest. 

1.2. Nongenetic Contributors to Mitochondrial Homogeneity and Heterogeneity 
Mitochondrial heterogeneity can be caused by genetic and non-genetic mechanisms. 

Variation in mitochondrial DNA (mtDNA) sequences provides genetic sources of intra-
cellular heterogeneity, influencing factors such as reactive oxygen species (ROS) produc-
tion, protein structure conformation, and electron transport chain capacity [13]. However, 
structural and functional variation is also controlled by post-translational mechanisms 
such as phosphorylation and ubiquitination of mitochondrial proteins. Further, mitochon-
drial heterogeneity can be established by the molecular machinery determining the mito-
chondrial life cycle: biogenesis, mitochondrial motility, fusion and fission, and clearance 
of damaged mitochondria. Sustained activity of the mitochondrial life cycle serves to de-
crease mitochondrial heterogeneity (Figure 1A). However, blockades at different points 
of the mitochondrial life cycle may induce heterogeneity by expanding a specific stage of 
the life cycle disproportionally (Figure 1B). 
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Figure 1. The role of mitochondrial dynamics in mitochondrial heterogeneity. During the mitochondrial life cycle, mito-
chondrial heterogeneity primarily occurs at three main phases (from left to right): biogenesis, fusion/fission, and autoph-
agy of mitochondria (mitophagy). (A) While increases in mitochondrial heterogeneity are beneficial to cellular health, 
sustained activity of the mitochondrial life cycle reduces mitochondrial heterogeneity. Specifically, fusion events result in 
the contents of two different mitochondria mixing, ultimately resulting in their contents becoming the same, equilibrating 
the mitochondrial population within the cell, and thereby decreasing intracellular heterogeneity. After fission, one daugh-
ter mitochondrion will depolarize (green) while the other will maintain normal membrane potential (red). Depolarized 
mitochondria will undergo one of two fates: either a transient depolarization will occur and they will slowly regain their 
membrane potential to fuse again (green mitochondria back to red), or they will remain depolarized and undergo mitoph-
agy (the mitochondria will remain green). Mitophagy events remove depolarized mitochondria from the mitochondrial 
population, thereby reducing intracellular membrane potential heterogeneity. (B) Dysregulation and blockades within the 
mitochondrial life cycle lead to increases in heterogeneity. Impaired clearance of mitochondria with sustained depolari-
zation, via mitophagy, increases the pre-autophagic pool. Increasing the pre-autophagic pool size increases intracellular 
heterogeneity, and the mitochondrial population now transitions from a population with a common membrane potential 
(red) to one with multiple membrane potentials (red and green). 
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A higher number of fusion events promote homogeneity by increasing the rate by 
which different mitochondria within a cell mix and equilibrate mitochondrial content [12]. 
Impaired fusion reduces the rate of mitochondrial content mixing and increases heteroge-
neity. Depolarization of an individual mitochondrion induces the recruitment of fission 
mechanisms. The impaired portion of a mitochondrion can be removed through fission 
into two daughter mitochondria. One of the daughter mitochondria will come out of the 
fission event with reduced membrane potential. If membrane potential does not recover, 
the mitochondrion will sustain depolarization and remain solitary until it is removed by 
mitophagy. During this period, this mitochondrion remains depolarized and fusion-less, 
two characteristics of the mitochondrial pre-autophagic pool. Autophagic clearance of mi-
tochondria reduces heterogeneity by removing depolarized mitochondria and promotes 
homogeneity by maintaining a pool of similarly polarized mitochondria. Thus, the pro-
gression at the fission and mitophagy stages influences mitochondrial heterogeneity (Fig-
ure 1). Mitochondrial heterogeneity in this sense may seem to be detrimental to cellular 
function; however, observations have shown mitochondrial heterogeneity to be beneficial 
and to play an important role in cellular fitness [7,14]. Additionally, the long-term conse-
quences of declining heterogeneity lead to disease onset [15,16]. Through the use of Mito-
Timer, it was revealed that the age of mitochondrial protein is homogenous across the cell. 
Yet, inhibition of mitochondrial fusion resulted in the appearance of two mitochondrial 
populations, mitochondria primarily containing old protein and mitochondria containing 
primarily young protein. Such heterogeneity based on protein age demonstrated the role 
of mitochondrial fusion in homogenizing the distribution of newly synthesized proteins 
[15]. 

In this review, we focus on literature concerning mitochondrial heterogeneity in pan-
creatic beta-cells and proximal tubules. Specifically, how mitochondrial heterogeneity 
fluctuates in response to nutrient excess and affects cellular behavior at the pathological 
state, how physiological heterogeneity exists between mitochondrial subpopulations, and 
finally how physiological heterogeneity contributes to mitochondrial function. 

2. Mitochondrial Heterogeneity Increases under Pathological States 
Mitochondria are highly dynamic organelles that respond to changes in their imme-

diate environment through diverse structural and functional adaptation, resulting in in-
tracellular heterogeneity. When subcellular heterogeneity is induced by metabolic stress, 
we define this occurrence as the pathological state, under which mitochondria display an 
increase in functional diversity. In pancreatic beta-cells and renal proximal tubule cells, 
metabolic stress via high levels of glucose and free fatty acids increase heterogeneity by 
disrupting the mitochondrial fusion. Depending on the degree and duration of metabolic 
stress, increased heterogeneity affects cellular behavior and can contribute to the patho-
genesis of T2D and chronic kidney disease [16–18]. 

2.1. Membrane Potential Heterogeneity Reflects Diverse Mitochondrial Response to Cellular 
Nutrient Load 

Mitochondria within the same cell display a wide heterogeneity in mitochondrial 
membrane potential (MMP) (Figure 2A) [9,19,20]. The range of MMP variation is consid-
erably larger when challenged by stressors such as oxidative stress, aging, and excess fuel, 
suggesting that pathology can be associated with higher heterogeneity in MMP. In he-
patic, cardiac, and neuronal cell models, it has been noted that mitochondria depolarize 
or hyperpolarize in the face of stressors, and not all mitochondria respond similarly to 
stress [19,21–23]. As an example, in cardiomyocytes, subcellular domains with elevated 
ROS or changes in pH induce depolarization in neighboring mitochondrial subsets, by 
activating the permeability transition [24]. In hepatocytes isolated from old rats, Nicholls 
et al. showed mitochondria in the same cell did not all have the same MMP. Differences 
in voltage were observed in one mitochondrial population: 10% of the mitochondria had 
an MMP of 154 mV, 65% had 94 mV, and 25% had 74 mV [19]. The observed diversity in 
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MMP is in part attributed to factors such as the subcellular localization of mitochondria 
within a hepatocyte, with these locations showing differences in fuel supply and ATP de-
mand. As a result of differential substrate and ion exposure, shifts in ATP demand and 
fuel availability generate fluctuations in MMP. Glucose availability influences the meta-
bolic state of the cell and contributes to rapid MMP fluctuations [20]. 

 
Figure 2. Pathogenesis of the pancreatic beta-cell and renal proximal tubule cell induced by increased mitochondrial het-
erogeneity. Mitochondrial heterogeneity under the pathological state, such as glucolipotoxicity (GLT), yields various func-
tional readouts. (A) Increased mitochondrial membrane potential (ΔΨ) heterogeneity has been associated with various 
metabolic defects in both the pancreatic beta-cell and renal proximal tubule cell. Intracellular heterogeneity is observed by 
an increase in differences in ΔΨ. Reduced ΔΨ is presented as green and increased ΔΨ is presented as red. Mitochondria 
of normal ΔΨ are presented as pink. (B) Architectural heterogeneity yields mitochondria varying from short to long mi-
tochondrial lengths as a result of varying fusion and fission rates. Increased heterogeneity in mitochondrial morphology, 
specifically increased short mitochondria due to reduced fusion, is associated with reductions in impaired glucose-stimu-
lated insulin secretion (GSIS) in pancreatic beta-cells and reductions in renal fatty acid oxidation (FAO).  

An excessive supply of glucose and free fatty acid (FFA) levels increased intracellular 
MMP heterogeneity in beta-cells, conditions mimicking T2D in vitro [5,21,24]. This effect 
of high nutrient availability in vitro supports that increased MMP heterogeneity within a 
single beta-cell is a characteristic of mitochondrial dysfunction in diabetic beta-cells. Sin-
gle beta-cells treated with exogenous substrates saw a 37% increase in MMP heterogeneity 
compared to untreated cells—all the while maintaining morphology [5,24]. Hyperpolari-
zation of beta-cell mitochondria has been well correlated with insulin secretion in re-
sponse to glucose concentrations [20]. Upon assessing contributors to the mechanism of 
glucose-induced MMP heterogeneity, Wikstrom et al. identified BAD, a proapoptotic 
BCL-2 family member. This identification suggested that individual mitochondria may 
carry different amounts of BAD protein to generate MMP heterogeneity. Plasma mem-
brane depolarization mediated by ATP closing KATP channels and an increase in cytosolic 
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calcium are both shown to be triggering events in glucose-stimulated insulin secretion 
[25]. As such, glucose-induced mitochondrial hyperpolarization functionally affects the 
glucose concentration-dependent increase in insulin secretion [25,26]. 

Similar to beta-cells, kidney diseases also yield disruption of homogenous intracellu-
lar MMP. Increases in kidney MMP heterogeneity have been observed to either increase 
due to ROS, a decline in ATP production, or loss of cristae structure [27–29]. Specifically, 
changes to membrane potential have been observed in these two kidney disease models: 
(1) reduction in FAO and (2) loss of AMPK activity. In the first case, impaired FAO was 
modeled by the knockdown of the FAO enzyme CPT2. The CPT2 knock-down model re-
duced mitochondrial FAO, reduced lipid accumulation, increased renal fibrosis, and in-
creased intracellular MMP heterogeneity. CPT2-deficient mitochondria measured by JC-
1 revealed significant increases in membrane potential standard deviation, a measure of 
intracellular membrane potential heterogeneity [28]. In a separate study, Kodiha et al. de-
veloped a model for kidney disease by inhibiting AMPK activity in LLC-PK1 cells, cells 
derived from the renal proximal epithelium. Short-term inhibition of AMPK resulted in 
both mitochondrial fragmentation and significant increases (+32%) in MMP as measured 
by MitoTracker CMX ROS/TOM70 ratio. Furthermore, treatment with compounds aimed 
at AMPK modulation also resulted in increased MMP heterogeneity. Some compounds 
elevated intracellular MMP overall while maintaining differences in morphology; others 
reduced intracellular MMP heterogeneity across the mitochondrial population [29]. The 
variation in increasing or reducing membrane potential observed across treatments leads 
authors to postulate the variance, as a readout either as drug effectivity or as membrane 
potential may influence treatment effects. In both disease models, cellular metabolism was 
reflected in MMP, and a pathological decline in proximal tubular FAO and lipid accumu-
lation was reflected in increased intracellular MMP heterogeneity. 

2.2. Brief Overview of Mediators in Mitochondrial Fusion and Fission 
Mitochondrial architecture is determined by motility, fusion, and fission events. Alt-

hough some disorders of mitochondrial dynamics result from monogenic mutation, most 
reflect changes in the function of fission and fusion mediators due to changes in the cellu-
lar environment. Fission and fusion influence cellular processes such as ATP production, 
ROS generation, and calcium homeostasis and consequently impact bioenergetics and mi-
tophagy [30]. 

Fusion in mammals is mediated by the outer mitochondrial membrane proteins Mi-
tofusin 1 and 2 (Mfn1 and Mfn2) and the inner mitochondrial membrane protein, optic 
atrophy gene 1 (Opa1). Mitofusins are targeted to the mitochondria by sequences in their 
transmembrane and C-terminal domains. Through the C-terminal, Mfn1/2 initiate fusion 
by creating homodimeric or heterodimeric, antiparallel, coiled-coil linkages between mi-
tochondria. Mfn2 is also located in the endoplasmic reticulum (ER) and promotes ER-mi-
tochondria tethering. Calcium storage is one of the functions commonly attributed to the 
ER; hence, mitochondria–ER tethering enhances mitochondrial calcium uptake and alters 
morphology. In the case of OpaI, fusion activity is mediated by proteolytic processing. 
OpaI also controls cristae remodeling independent of fusion [30–32]. OPA1 has eight 
splice variants, each with differential fusion activity and mitochondrial protease suscep-
tibility. The fusion mediators also regulate mitochondrial metabolism, and when they are 
downregulated or dysfunctional, there is generally a reduction in mitochondrial oxidative 
capacity [10]. 

On the other hand, mitochondrial fission is mediated by the outer mitochondrial 
membrane proteins, fission 1 protein (Fis1) and mitochondrial fission factor (Mff), and the 
cytosolic dynamin-related protein 1 (Drp1). GTP hydrolysis and recruitment of Drp1 to 
the outer mitochondrial membrane are required for Drp1-mediated fission [33]. Further-
more, Drp1 activity is regulated by the phosphorylation of serine 616 and serine 637. Phos-
phorylation of serine 616 increases DRP1 activity, whereas phosphorylation of serine 637 
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decreases it. Mff and Fis1 have been shown to mediate fission by recruiting Drp1 to the 
mitochondria [10,34,35]. 

2.3. Architectural Variance under Pathological States Introduces Metabolic Defects 
Mitochondrial function and morphology are closely linked; the mitochondria life cy-

cle involves changes to morphology to preserve mtDNA integrity and mitochondrial bio-
energetic efficiency. Increases in intracellular mtDNA heterogeneity (i.e., accumulation of 
damaged mtDNA) and declines in fusion/fission regulation result in tissue dysfunction 
[36]. 

Increased intracellular heterogeneity in morphology has been observed under vari-
ous metabolic states, such as glucotoxicity, oxidative stress, and starvation (Figure 2B). 
Under glucotoxicity-induced ROS, enhances in mtDNA oxidation and mitochondrial 
fragmentation result in an increased pool of fragmented mitochondria. Skeletal muscles 
under oxidative stress yield increased architectural heterogeneity due to a 30% reduction 
in mitochondrial velocity. Additionally, reductions in fission and fusion rates led to a 41% 
increase in fragmentation [37]. During starvation, mitochondria unable to elongate are 
latently dysfunctional and consume cytosolic ATP to sustain their membrane potential. 
The survival of non-elongated mitochondria suggests a favoring for elongation; however, 
survival of fragmented mitochondria increases intracellular mitochondrial architectural 
heterogeneity [38]. These three cases demonstrate increased architectural heterogeneity 
under nutrient stress. Apart from the mitochondrial genome, metabolic stress or pathol-
ogy increase morphological heterogeneity at the level of fusion and fission rates. 

In the pancreatic beta-cell, mitochondria go through frequent fusion and fission 
events that are changed by altered nutrient exposure [39]. Thus, fission and fusion are 
strong modifiers of mitochondrial heterogeneity. Under pathological conditions such as 
T2D, the balance of fusion and fission leans in favor of fission and reduction in fu-
sion[24,40]. Beta-cells are susceptible to chronic exposure to high glucose levels, a condi-
tion termed glucotoxicity. Glucotoxicity has been shown to inhibit mitochondrial fusion 
and induce mitochondrial fragmentation. Further increasing the duration of exposure to 
high glucose concentrations exacerbates the degree of architectural heterogeneity so much 
that the degree of changes becomes pathological fragmentation. As glucose concentration 
increases, there is a reduction in the mitochondrial fission protein, Fis1. In this pathologi-
cal state, morphology is altered and fragmentation occurs whereby Fis1 impairs ATP pro-
duction and insulin secretion [12,26,41]. Under glucolipotoxic conditions, high glucose 
and high fatty acid levels, beta-cell mitochondria become more fragmented, resulting in 
reduced glucose-stimulated insulin secretion [24]. Although there was an overall average 
reduction in the fusion rate of treated cells, fusion rates varied both intercellularly and 
intracellularly. Fusion rate was measured by the diffusion rate of GFP in mitochondria 
expressing PAGFPmt. Focusing specifically on intracellular measurements, mitochondria 
with more branched networks had greater fusion rates than less branched mitochondria. 
At the time, mitochondria reported to perform fusion at higher rates were termed super 
fusers [24]. More recent literature suggests super fusers and mitochondria of reduced fu-
sion may be two separate populations of mitochondria within the same cell (further dis-
cussed in Section 3). Another established feature of T2D is reduced circulating insulin lev-
els due to decreased beta-cell mass caused by beta-cell apoptosis [42,43]. In a cultured 
beta-cell model, high glucose concentrations induce the functional outturn of apoptosis; 
however, inhibition of mitochondrial fission prevents beta-cell apoptosis [44]. Reiterating 
fission and fusion are strong modifiers of mitochondrial heterogeneity and the conse-
quences thereof. 

Mitochondrial fragmentation is not only limited to the pancreatic beta-cell; increased 
fission has also been observed in kidney biopsies of diabetic human patients [18]. Recent 
work modeling renal ischemia-reperfusion, nephrotoxicity, and hyperglycemia-induced 
kidney injury have all demonstrated increased mitochondrial fragmentation [18,45,46]. 
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The above studies suggest increased morphological heterogeneity as an associated phe-
nomenon. Specifically, intracellular mitochondrial fragmentation has been observed to be 
associated with renal pathology. Different pharmacological approaches have been used 
to overcome the loss of mitochondrial performance in kidney diseases; of these, a predom-
inant target is the Ser/Thr protein kinase 5′AMP-activated kinase (AMPK). Activation of 
AMPK downregulates ATP-consuming pathways and shifts the metabolic state towards 
catabolism, and long-term activation yields mitochondrial biogenesis [29]. In the clinical 
setting, AMPK activity is enhanced by the antidiabetic drug metformin. To study the path-
way more in the context of kidney disease, Kodiha et al. induced pathology through 
AMPK inhibition. The pathological model elicited fragmentation; however, intracellular 
morphological changes were not homogenous—rather, the degree of fragmentation dif-
fered by subcellular region. For the most part, the degree of architectural change was com-
pound-specific and observed to correlate with mitochondrial compartmentalization [29]. 

Increased intracellular fragmentation was associated with the pathological model of 
AMPK inhibition. If inhibiting intracellular fragmentation is no longer feasible, is it still 
feasible to ameliorate pathology by reducing intercellular fragmentation? In both 2D and 
3D EM micrographs of control tubular cells, a large intercellular population of long and 
filamentous mitochondria was observed. In sharp contrast, mitochondria of tubular cells 
injured by ischemia/reperfusion were completely fragmented. Looking broadly at the in-
tercellular population, ischemia/reperfusion fragmented 42% of the cellular population 
[17]. Upon pharmacological blockade of mitochondrial fission in ischemically injured 
cells, attenuation of tubular cell apoptosis, tissue damage, and renal injury was observed 
[17]. Perhaps intracellular heterogeneity occurs in the early stages of pathology, and once 
a threshold has been surpassed intercellular heterogeneity is reached. Mitochondrial frag-
mentation has been observed to occur early in pathology and contributes to the subse-
quent development of mitochondrial membrane permeabilization, release of apoptogenic 
factors, and cellular apoptosis [47]. Inhibition of intercellular mitochondrial fragmentation 
has been observed to protect against tubular cell apoptosis and renal injury. Benefits in 
reversing morphological changes suggest the pathological shortcomings of increasing mi-
tochondrial heterogeneity both intracellularly and intercellularly. Thus, mediators of fu-
sion and fission would identify possible targets for preventing and treating kidney dis-
eases, such as acute renal failure [17]. 

Kidney function depends on oxidative metabolism to support its high energy de-
mand to maintain electrolyte homeostasis, acid-base homeostasis, and reabsorption of nu-
trients. Energy depletion is a key contributor to the development and progression of kid-
ney diseases including acute kidney injury (AKI) [45], chronic kidney disease (CKD) [46], 
and diabetic and glomerular nephropathy. Mitochondrial fatty acid oxidation (FAO) 
serves as the preferred fuel source supporting ATP production in the kidney, and its dys-
function results in ATP depletion and lipotoxicity [45–47]. FAO dysfunction elicits tubular 
injury, inflammation, and subsequent progression of fibrosis [46,48,49]. Miguel et al. as-
sessed intracellular morphological alterations in cortical proximal tubule cells by trans-
mission electron microscopy. At basal conditions, most mitochondria were elongated and 
localized to the basolateral part of the kidney cells. In contrast, in the 100 µM palmitate-
treated primary mouse kidney epithelial cells, fewer mitochondria were localized to the 
basolateral region and exhibited a fragmented, small, and round appearance. Upon over-
expression of the fatty acid shuttling enzyme, CPT1A, morphological alterations induced 
by fatty acids were abrogated in renal epithelial cells. The gain of function in FAO by 
CPT1A overexpression protected proximal tubules from fibrosis. In Miguel et al.’s study, 
defective FAO was observed in fibrotic kidneys from control mice of various fibrosis mod-
els, including the unilateral ureteral obstruction (UUO), folic acid nephropathy injury 
(FAN) model, and adenine-induced renal failure (AND). Overexpression of CPT1A in the 
mentioned fibrotic models counteracted impaired FAO and maintained comparable rates 
of FAO to that of healthy kidneys. The UUO, FAN, and AND models were all utilized to 
assess the benefits of recovering FAO at different stages whereby fibrosis occurred. The 
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UUO models inflammation and fibrosis evident at 7 days due to obstruction to renal blood 
flow and glomerular filtration rate. The FAN models interstitial fibrosis in the chronic 
phase induced by high folic acid dosage. The AND model further complements renal fail-
ure models as a reflection of tubulointerstitial disease stemming from tubular toxicity of 
adenine metabolites. Miguel et al. postulate to preserve mitochondrial morphology, ap-
propriate levels of CPT1A and metabolic function are necessary to maintain ATP demand 
[50]. Heterogeneity in this example is intriguing as the phenomenon of fragmentation is 
associated with the pathological impairment of reduced FAO through unknown mecha-
nisms. 

Under pathology, the balance between mitochondrial fusion and fission is disrupted, 
whereby fusion is reduced and the rate of fission is increased. The observed increases in 
intracellular fission occur to varying degrees, yet the outcome remains the same: altered 
mitochondrial function. Excess nutrient-induced mitochondrial fragmentation in islets 
significantly reduced insulin secretion. Additionally, an increase in the population of frag-
mented proximal tubule mitochondria consistently yielded reduced FAO. Overall, in-
creased morphological heterogeneity is associated with metabolic defects seen in diabetic 
islets and kidney diseases (Figure 2). 

2.4. Impaired Mitochondrial Calcium Buffering Drives Pathogenesis in Mitochondrial Signaling 
Cytoplasmic calcium regulates several cellular functions including metabolism, tran-

scription, and exocytosis [51]. Changes to cytosolic-free calcium directly affect intracellu-
lar calcium in organelles including the ER, mitochondria, secretory granules, and lyso-
somes [52]. At resting states, mitochondrial calcium yields similar concentrations to cyto-
solic calcium concentration. In this section, we will highlight functional outcomes ob-
served in conjunction with heterogeneity in intracellular mitochondrial calcium levels un-
der pathological states. As a key player in regulating the activity of several enzymes in 
the Krebs cycle, low mitochondrial calcium levels are reflected in low ATP production 
[53], whereas mitochondrial calcium overload invites apoptosis through the opening of 
the mitochondrial permeability transition pore (mPTP) [54,55]. The different pathologies 
arising from too high or too low calcium concentrations can occur in the same cell. Simi-
larly, different impairments may occur in some mitochondria and not in others. This phe-
nomenon can be explained by the concept that functional heterogeneity is induced by het-
erogeneous intracellular calcium levels. Changes to mitochondrial calcium levels in one 
subset of mitochondria and not another can be seen in diseases whereby not all mPTP are 
opened [56]. 

Indeed, disruption of cytoplasmic calcium microdomains has been observed under 
pathological states of skeletal, cardiac, beta-cells, and kidney cells. Calcium microdomains 
result in different calcium levels in the mitochondria. Under the pathological state, mito-
chondrial calcium levels are further exacerbated by the disruption of morphology and loss 
of mitochondrial–ER interactions. Impaired calcium signaling then manifests as increased 
resting calcium levels mediated by decreased activity of calcium transporters. In diabetic 
neurons, resting cytosolic calcium concentrations rise to 200 nM and trigger a rise in mi-
tochondrial calcium buffering through mitochondrial calcium uniporter (MCU)-mediated 
uptake, resulting in partial mitochondrial depolarization. Diabetic neurons indirectly im-
ply an increase in mitochondrial calcium heterogeneity in the form of prolonged calcium 
release. 

In individual beta-cells, the kinetics of insulin secretion is determined by changes in 
cytoplasmic calcium [57]. Calcium is a regulator of insulin secretion and different mito-
chondria of various calcium levels may contribute unequally to secretion. Alteration of 
cytoplasmic calcium oscillations in beta-cells has been reported to be an early marker of 
islet dysfunction [58]. Animal models of obesity and T2D to some level also display dis-
ruption of cellular calcium influx [55,59–63], suggesting an association between increased 
intracellular calcium heterogeneity and metabolic dysfunction. Under pathological states 
of acute FFA versus glucolipotoxicity, calcium entry rates are divergent. Under acute FFA 
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treatments, calcium influx is rapid, whereas under high glucose and palmitate levels cal-
cium transport is delayed [64–67]. Heterogeneity in calcium influx rates may be explained 
by two possibilities: (1) changes to calcium transporter activity or (2) mitochondrial expo-
sure to calcium microdomains. To address the first possibility, no changes were observed 
in the expression of the mitochondrial calcium transporters, MCU and NCLX [68]. As pre-
viously discussed in Section 2.3, the degree of intracellular heterogeneity in mitochondrial 
architecture varies between acute FFA treatment and GLT, suggesting mitochondrial cal-
cium heterogeneity is not always influenced by transporter activity but may be influenced 
by mitochondrial morphology. The MCU’s low affinity to calcium promotes the formation 
of concentrated calcium microdomains on the surface of the mitochondria, which facili-
tates mitochondrial calcium uptake. Disruption of mitochondrial morphology and com-
partmentalization would disperse local calcium microdomains and ER–mitochondrial in-
teractions. In the cases of acute FFA treatment and glucolipotoxicity, reductions in mito-
chondrial fusion and subcellular interactions via Mfn2 tethering to the ER have been pos-
tulated to contribute to functionally impaired mitochondrial calcium uptake (as discussed 
briefly in Section 2.2) [69,70]. Close associations, called mitochondria-associated mem-
branes (MAMs), enable mitochondria to be in contact with high calcium microdomains 
[71,72]. Under chronic palmitate exposure, loss of local calcium microdomains and ER–
mitochondrial interactions have been postulated to be the culprit of decreased insulin se-
cretion [73,74]. 

The rise in intracellular calcium heterogeneity has been observed to influence mito-
chondrial morphology. In the Drp1 knockout beta-cell model, increased cytosolic calcium 
oscillations led to the aggregation of mitochondria to the nucleus and increased glucose-
induced NAD(P)H across the cell [75], whereas Mfn1/2KO models prompted sharp reduc-
tions in glucose-induced cytosolic and mitochondrial calcium levels. Reductions in cal-
cium levels in both compartments resulted in the functional consequence of impaired in-
sulin secretion both in vivo and in vitro [76]. Impaired mitochondrial fission via Drp1KO 
and impaired fusion via Mfn1/2 KO in beta-cells demonstrate a link between calcium lev-
els, mitochondrial localization and morphology, and beta-cell insulin secretion. 

These findings then bring up the question, what promotes mitochondrial heteroge-
neity during the pathological state? From the reviewed literature, the pathological state is 
enabled by pre-existing levels of mitochondrial heterogeneity, the physiological state. We 
propose the heterogeneity observed in the pathological state is amplified by basal intra-
cellular heterogeneity to induce functional compensation to cellular stress. The inability 
of mitochondria to adapt and recover or chronic exposure to cellular stress lead to decom-
pensation and further development of disease. 

3. Mitochondrial Heterogeneity as It Exists under Physiological States 
Intracellular mitochondrial heterogeneity has been observed in physiological as well 

as pathological states. Mitochondria display heterogeneity in their morphology, mem-
brane potential, and calcium levels; imaging at subcellular resolution correlated the diver-
sity in the above parameters with specific subcellular localizations, leading to the hypoth-
esis that intracellular mitochondrial heterogeneity is generated by mitochondrial subpop-
ulations, as defined by their localization in the cell or by their proximity to other organelles 
[77–79]. Cardiac intermyofibrillar and subsarcolemmal mitochondria are some of the ear-
liest examples of mitochondrial heterogeneity determined by their subcellular locations. 
The development of less crude mitochondrial isolation techniques enables the better study 
of not only their unique subcellular localization but also characterizing each subpopula-
tion’s unique bioenergetics, proteome, lipidome, and molecular structure [79–81]. As of 
recently, the presence of mitochondrial subpopulations is no longer limited to cardiac and 
neuronal tissues but has also been observed in brown adipose tissues, proximal tubules, 
and pancreatic beta-cells [29,80,82,83]. Specifically, identified mitochondrial subpopula-
tions have been termed perinuclear, peripheral, ER-bound, and peridroplet mitochondria 
(Figure 3). Despite observations of subpopulation-specific functions, it remains unclear if 
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these unique functions stem from location-specific requirements or intrinsic factors. For 
example, cytoplasmic mitochondria have been identified to have their unique functional 
properties in the brown adipocyte; however, no consistent phenotype has been observed 
across “cytoplasmic mitochondria” of other tissue. For that matter, cytoplasmic mitochon-
dria have been omitted from Figure 3. 

 
Figure 3. Mitochondrial subpopulations reveal unique mitochondrial traits. Diagram of a typical cell containing nuclei 
(blue), lipid droplets (LD) (yellow), endoplasmic reticulum (ER) (purple), cytoplasm (peach), and mitochondria (red 
ovals). Proposed model of distinct mitochondrial subpopulations observed across several cell types. Mitochondria of spe-
cific subcellular localizations have unique traits demonstrating that not all mitochondria are homogeneous under physio-
logical states. Based on previous studies [4,23,75,77,80,82–87] we observed the presence of 4 mitochondrial subpopula-
tions: perinuclear, peripheral, ER-bound, and peridroplet mitochondria. The 4 mitochondrial subpopulations have been 
observed to exhibit differences in morphology, membrane potential, ATP/ADP ratios, and mitochondrial calcium (mtCa2+) 
levels. Mitochondrial length is dictated from longest length (elongated), intermediate length, and shortest length (shorter). 
Higher substrate concentrations are dictated as higher, and reduced substrate concentrations are dictated as lower in the 
table according to mitochondrial subpopulation. (A) Perinuclear mitochondria, localized to the nucleus, display higher 
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membrane potential and reduced mitochondrial length. (B) Peripheral mitochondria, bordering the plasma membrane, 
display increases in mitochondrial length. (C) ER-bound mitochondria, tethered to the endoplasmic reticulum, yield 
higher mitochondrial calcium levels. (D) Peridroplet mitochondria, attached to lipid droplets, display elongated mito-
chondria compared to those in the cytosol.  

How is it that intracellular mitochondrial heterogeneity can yield functional hetero-
geneity but not induce pathology? The lack of pathology may be explained by the hypoth-
esis that mitochondria can form specific subpopulations that have complementary func-
tions that serve their specific compartment. For example, mitochondria located in the vi-
cinity of the nucleus promote communication between both the mitochondria and the nu-
cleus, as well as maintaining higher levels of ATP/ADP and membrane potential [82]. At 
the cell periphery, mitochondria may support the function of ion pumps and protect 
against environmental insults through protective ion channels [1,88,89]. In this section, we 
will further describe mitochondrial heterogeneity observed under varying physiological 
states and address how mitochondrial subpopulations contribute to heterogeneity with-
out contributing to the development of pathology in the context of the pancreatic beta-cell 
and renal proximal tubule. 

3.1. Membrane Potential Heterogeneity Reveals Mitochondrial Subpopulations 
At physiological states, membrane potential heterogeneity has been observed in the 

same mitochondrion. One end of the mitochondrion differs from either the midsection or 
the opposite end of the mitochondrion, a phenomenon termed mitochondrial discontinu-
ity [9]. Mitochondrial discontinuity reveals the fission of a singular mitochondrion into 
two daughter mitochondria, both displaying different rates of depolarization. Groups of 
mitochondria displaying different depolarization rates promote physiological heteroge-
neity while supporting cellular function. When one group of mitochondria proceeds to-
wards mitophagy, the other group maintains MMP and continues to support cellular 
function through ATP production. Mitochondrial subpopulations arise when mitochon-
drial discontinuity becomes compartmentally separated in the cell [4]. 

In non-diseased states, Aryaman et al. utilized JC-1 and observed intracellular MMP 
homogeneity in immortal cell lines from humans (Jurkat), fly (Kc167), and chickens 
(DT40) as well as primary rat hepatocytes and HUVECs [1]. On the other hand, Wikstrom 
et al. utilized TMRE and MitoTracker Green at non-pathological glucose levels (3 mmol/L 
glucose) and observed MMP heterogeneity. Beta-cells presented a standard deviation of 
10.8 mV between mitochondrion in a single cell and 36% of the mitochondria in a cell were 
depolarized [5]. At 3 mmol/L glucose, beta-cells do not present secretion defects; however, 
the intracellular differences observed in mitochondrial membrane potential are enough to 
yield functional differences in ATP production. A difference of 7.1 mV in membrane po-
tential translates to a five-fold difference in ATP synthesis capacity [19]. Heterogeneity in 
membrane potential and differences in ATP production may be explained by the existence 
of mitochondrial subpopulations in the beta-cell. Specifically, mitochondrial clusters sur-
rounding the nuclei serve to drive ATP generation close to the nucleus to support ener-
getic channeling and nuclear import [88,90]. Indeed, beta-cells have been observed to con-
tain mitochondrial clusters surrounding the nuclei (Figure 3A). The existence of these per-
inuclear mitochondria in the beta-cell is suggested by the observation that perinuclear 
mitochondria display a stable membrane potential dissimilar to mitochondria not sur-
rounding the nuclei [24]. The phenomenon of separate membrane potentials supported 
by subcellular compartmentalization suggests heterogeneity at the physiological state 
may be supported by the existence of mitochondrial subpopulations [8,26,91]. 

Similar to beta-cells, proximal tubule mitochondria also yield unique phenotypes 
linked to their distance from the nucleus. In LLC-PK1, cells derived from renal proximal 
epithelium, intracellular heterogeneity in MMP was observed at basal states when cells 
were divided into four regions radiating from the nucleus. Perinuclear mitochondria were 
defined as mitochondria within 1 µm of the nucleus and peripheral mitochondria were, 
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at the outer most region, mitochondria localized to/near the cellular membrane (Figure 
3B). MitoTracker CMX ROS/TOM70 values were higher in peripheral mitochondria com-
pared to perinuclear mitochondria, revealing membrane potential heterogeneity associ-
ated with subcellular localization. Functionally, this would support the concept that those 
at the periphery are highly energized and potentially aid in sequestering more calcium 
ions [29,85]. At the periphery of proximal tubule cells, mitochondria with higher mem-
brane potential would support transporters in the plasma membrane, as exemplified by 
Na+/K+- ATPase [92]. The localization-specific function would also support the hypothe-
sis that mitochondrial subpopulations play a role in disease. Upon AMPK inhibition, LLC-
PK1 perinuclear mitochondria increased in membrane potential and mitochondrial con-
tent, whereas the reverse occurred for peripheral mitochondria [29]. In an attempt to com-
plement cellular needs, perinuclear mitochondria would reveal increased membrane po-
tential as a reflection of altered functionality. As proposed for other cell types [78], ATP 
production in the vicinity of the nucleus could support energy-demanding processes, such 
as macromolecular trafficking through the nuclear pore [78] and the control of gene ex-
pression [82]. 

Overall, it has been observed in several studies that localization and organellular spe-
cific tethering by the mitochondria affect membrane potential and morphology, thereby 
influencing function. From this, we propose mitochondrial heterogeneity preexists due to 
the presence of subpopulations. Further, the observed heterogeneity induced by pathol-
ogy is amplified intracellular heterogeneity. We further propose that the amplified intra-
cellular heterogeneity favors the unique functions of one mitochondrial subpopulation 
over another mitochondrial subpopulation. The greater presence of one population over 
another is the cellular compensatory mechanism and improper balance of mitochondrial 
subpopulations leads to decompensation. Hence, there are pathological consequences of 
mitochondrial subpopulations and intracellular mitochondrial heterogeneity. 

3.2. Mitochondrial Morphology Influences Metabolic Signaling and Nutrient Sensitivity 
Mitochondrial morphology plays a key role in quality control both in the physiolog-

ical and pathological states. In pathology, mitochondrial heterogeneity is largely observed 
in the context of reduced fusion and increased rates of fission. Under physiological states, 
intracellular architectural heterogeneity is observed between mitochondrial subpopula-
tions. Subpopulations display different mitochondrial motility rates and hence the obser-
vation of differential fusion rates [80,93,94]. For example, using four-dimensional intravi-
tal microscopy, Porat-Shliom et al. observed mitochondrial motility differences in salivary 
gland cells based on subcellular localization. Salivary glands display mitochondria either 
compartmentalized to the basolateral plasma membrane or dispersed in the cytosol. At 
physiological states, cytosolic mitochondria exhibit microtubule-dependent motility and 
low fusion rates, whereas basolateral mitochondria are static and display high fusion 
rates. Upon β-adrenergic stimulation and exocytosis, cytoplasmic mitochondria increased 
motility and fusion events [75]. To verify if fusion rates are indeed affected by motility in 
cytoplasmic mitochondria, microtubule polymerization was inhibited, and motility and 
fusion specific to cytosolic mitochondria all saw reductions. By inhibiting cytoplasmic mi-
tochondrial fusion reductions in the salivary gland, exocytosis was observed, suggesting 
mitochondrial subpopulation function plays a role in tissue functionality [95]. 

In a tomography study performed by Noske et al., intracellular and intercellular mor-
phological heterogeneity at physiological states was observed in pancreatic beta-cells. To 
avoid extrinsic factors known to influence insulin secretion, the group assessed structural 
differences from two comparable beta-cells [76,96]. Beta-cells chosen were similar in both 
size and localization to the periphery of the pancreatic islet. Mitochondrial length differed 
between the two “equivalent” beta-cells as well as within the same cell. One beta-cell av-
eraged 1770 nm with a 6% intracellular branching network and the other cell averaged 
2300 nm in length with 10% mitochondrial populational branching. Heterogeneity can be 
observed intracellularly, as the tomography revealed mitochondria as long as 10,230 nm 
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in a populational average of 1770 nm. Functionally, the group observed morphological 
differences that influence insulin secretion. Beta-cells with longer mitochondria revealed 
insulin granules to have been greatly discharged, suggesting morphological heterogeneity 
plays a role in glucose sensitivity even at physiological states [96]. 

In addition to revealing morphological heterogeneity at physiological states, the 
same study identified that a greater percentage of elongated mitochondria were associ-
ated with the Golgi ribbon [96]. Association with the Golgi ribbon was defined as mito-
chondrial clustering within 400 nm of the Golgi ribbon. Comparison of the two cells re-
vealed greater Golgi ribbon–mitochondrial associations yielded greater glucose sensitiv-
ity [63,97,98]. Taken together, the study suggests greater glucose sensitivity and exocyto-
sis are associated with mitochondrial branching and mitochondria greatly associated with 
or localized to the Golgi ribbon. 

Tubular cells also demonstrate morphological heterogeneity at physiological levels 
[45–48,99]. In 2D EM images, tubular cells were composed of filamentous basolateral mi-
tochondria and fragmented perinuclear mitochondria [17]. In mitochondria of ischemic 
tubular cells, all mitochondria were observed to be fragmented and no differences were 
observed between basolateral or perinuclear mitochondrial morphology. Inhibition of mi-
tochondrial fragmentation has been observed to protect tubular cells from apoptosis and 
prevent renal injury. Suggesting a degree of fragmentation is adaptational, but fragmen-
tation by all mitochondrial subpopulations is detrimental. Loss of a mitochondrial feature 
unique to a particular subpopulation, such as morphology, will either lead to failure to 
mediate pathological onset or sensitize the cell to environmental insults [17]. 

3.3. Mitochondrial Calcium as an Intracellular Heterogeneity Amplifier in Morphology and 
Motility 

Subcellular calcium levels promote mitochondrial calcium heterogeneity at the phys-
iological state in two manners, through dense calcium microdomains and calcium tunnel-
ing [100]. Subcellular calcium microdomains are found near calcium-rich storage centers 
such as the ER. Mitochondria located close to the ER or that are tethered to the ER typically 
yield greater levels of matrix calcium [94]. In the case of calcium tunneling, the mobiliza-
tion of intracellular calcium through intracellular stores promotes calcium microdomains. 
Calcium tunneling can disrupt homogenous calcium concentrations in favor of dispersing 
calcium to other areas of the cell. Cells such as HeLa, PAEC, COS-7, HUVEC, hepatocytes, 
astrocytes, and neuronal cells have shown intracellular mitochondrial calcium heteroge-
neity to influence mitochondrial morphology, motility, and mitophagy [4,101–106]. For 
example, increased cytosolic calcium in cardiomyocytes and hepatocytes promotes mito-
chondrial fission [102,103]. In terms of motility, elevated calcium levels immobilize astro-
cytic mitochondria and low calcium levels induce mitochondrial mobility [104]. Similar 
motility behaviors to calcium have been observed in neurons [105,107]. Lastly, calcium 
sequestration and mitochondrial calcium overload promote mPTP activation, mitochon-
drial swelling, and mitophagy [54,93,101,108,109]. 

The ER is both the main calcium storage organelle and calcium supplier to the mito-
chondria [83,110,111]. Kyu Park et al. observed mitochondria capable of releasing calcium 
and “refilling” the ER in the absence of calcium-dependent currents. The calcium recy-
cling phenomenon observed between mitochondria and the ER was only seen in mito-
chondria bound to the ER. Calcium recycling events were absent in mitochondria not as-
sociated with the ER [77], suggesting a specialized subpopulation of mitochondria bound 
to the ER (Figure 3C) [4]. 

It was revealed by Cardenas et al. that calcium transfer from the ER to the mitochon-
dria is essential to maintain mitochondrial energetics [111]. Disruption of mitochondrial 
tethering to the ER via loss of Mfn2 yielded bioenergetic defects and decreased mitochon-
drial calcium levels [112]. Loss of Mfn2 has been attributed to loss of membrane potential 
and fragmentation in morphology, features of which can affect calcium retention and teth-
ering. Subsequently, recovery of these characteristics did not recover calcium levels nor 
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did they recover mitochondrial bioenergetics. However, recovery of the interaction be-
tween the two organelles revealed recovery of mitochondrial calcium levels as well as 
bioenergetic readouts. Heterogeneity in intracellular calcium metabolism further sup-
ports the existence of a specific subset of mitochondria bound to the ER [84,104–
106,111,112]. 

3.4. Mitochondrial Subpopulations Influence Cellular Function 
Mitochondrial heterogeneity in both pathological and physiological states has been 

observed to yield functional heterogeneity, if not an association with a phenomenon of 
interest. Intracellular mitochondrial heterogeneity in the physiological state has largely 
been attributed to the presence of various subpopulations (Figure 3). When mitochondrial 
subpopulations begin to lose their unique traits, cellular function is altered, and early 
stages of pathology are observed (as discussed in Sections 3.1 and 3.2). The detrimental 
decline in mitochondrial subpopulation heterogeneity can explain the loss of compensa-
tory mechanisms (as reviewed by Shum et al. [79]). Observation of disease onset due to 
loss of organellular heterogeneity has also been observed in lipid droplets [14]. This sec-
tion will highlight known mitochondrial subpopulations and their influence on cellular 
function. 

Among the more characterized mitochondrial subtypes are the cardiac intermyofi-
brillar and subsarcolemmal mitochondria. Initially characterized by ultrastructural differ-
ences, the two are physically separated, each revealing their biochemical functions. In the 
intermyofibrillar mitochondria, succinate dehydrogenase and citrate synthase activities 
were elevated compared to subsarcolemmal mitochondria. Additionally, calcium uptake 
capability differed and oxidation of substrates was 1.5× faster in intermyofibrillar isolates 
[2]. Given the complexity and diversity of the mitochondrial proteomic profiles, it is not 
surprising that mitochondria perform a diverse spectrum of functions to adapt to cellular 
needs [77–79,84,113]. 

In the case of brown adipose tissue, Benador et al. observed diverging roles between 
peridroplet mitochondria (Figure 3D), those attached to the lipid droplet, and cytoplasmic 
mitochondria. Specifically, peridroplet mitochondria (PDM) isolates have increased py-
ruvate oxidation, increased ATP synthesis capacity, and the function to support lipid 
droplet expansion via triacylglyceride synthesis, whereas cytoplasmic mitochondria un-
dergo fatty acid oxidation. Interestingly, these two populations remain segregated, as 
PDM have their unique fusion-fission dynamics, preventing PDM from fusing with cyto-
plasmic mitochondria and homogenizing the mitochondrial population. The lack of fu-
sion between PDM and cytoplasmic mitochondria thereby sustains two distinct mitochon-
drial proteomes in the same cell [80]. However, when brown adipocytes are required to 
switch fuel utilization to solely FAO, peridroplet mitochondria are observed to depart 
from the lipid droplet [114]. The transition of one mitochondrial subpopulation to another 
as a cellular compensatory mechanism supports the hypothesis that mitochondrial sub-
populations influence cellular function. 

3.5. Mitochondrial Heteroplasmy Potentially Promote Formation of Mitochondrial 
Subpopulations 

Intracellular mitochondrial heterogeneity at physiological states has been observed 
to stem from global architectural changes and mitochondrial subpopulations, but ulti-
mately how are mitochondrial subpopulations generated? What are some contributing 
factors to inducing mitochondrial heterogeneity? Here, we discuss three potential players: 
biogenesis, architectural adaptations, and subcellular localization (Figure 4). Biogenesis 
and subpopulation shifts can be explained by the concept of mtDNA expressing the “fit-
test” mtDNA to complement the cellular environment. Heterogeneity of mtDNA, known 
as heteroplasmy, has been observed to play a role in the biogenesis of mitochondria com-
plementing cellular systems through bidirectional communication between the mitochon-
dria and the nucleus (Figure 4A) [107]. In humans, mtDNA carries 37 genes, encoding 22 
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tRNAs, 2 rRNAs, and polypeptides of the electron transport chain complexes all within 
16,569 bp. However, mitochondrial protein composition is estimated to approach 1500 
proteins encoded by the nuclear genome [115]. With the vast composition, only 57% of 
mitochondrial proteins have been identified to be consistent between brain, kidney, liver, 
and heart mitochondria—the remaining 43% give rise to cell-type-specific differences in 
mitochondrial function [113]. 

 
Figure 4. Inducers of mitochondrial heterogeneity. Potential sources of mitochondrial heterogeneity include mitochondrial 
biogenesis, architectural adaptation, and subcellular localization. (A) Mitochondrial biogenesis produces new mitochon-
dria from preexisting ones (tricolor mitochondria); mitochondria which may have mtDNA sequence variation, and can 
induce variation in mitochondrial protein content or expression. Variations in mtDNA and copy number are represented 
by the circles of various colors within the mitochondria. Every single color (purple, blue, and green) depicted represents 
one version of mtDNA or expression pattern. As new mitochondria are made, the content within the new mitochondria 
will often not be perfect copies of the original mitochondria. Each different daughter mitochondria are of a different sin-
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gular color to emphasize the dominance of one mtDNA. (B) Mitochondrial architectural adaptation often occurs in re-
sponse to changes in environmental factors such as nutrient levels, oxidative stress, growth hormones, cell signaling, or 
pathogenicity. Mitochondria at basal state (ii) consist primarily of intermediate-sized mitochondria (red). The highly dy-
namic organelle has been observed to (i) elongate (purple) much of its population under starvation and (iii) fragment 
(orange) under nutrient excess. Adaptive mechanisms leading to changes in mitochondrial architecture thereby induce 
heterogeneity. (C) Mitochondrial localization within a single cell and unique traits associated with those regions represent 
another way heterogeneity is present in physiological states. Mitochondrial heterogeneity and metabolic flexibility are a 
product of the dramatic differences in mitochondrial phenotypes due to their cellular positions. Perinuclear mitochondria 
localize near the nucleus, peripheral mitochondria border the plasma membrane, ER-bound mitochondria are tethered to 
the ER, and peridroplet mitochondria are attached to lipid droplets. Diagram of a typical cell containing nuclei (blue), 
lipid droplets (LD) (yellow), endoplasmic reticulum (ER) (purple), cytoplasm (peach), and mitochondria (red ovals). For 
further discussion, see Figure 3. 

Additionally, due to the lack of protective histones, mtDNA is more vulnerable to 
oxidative stress than nuclear DNA [116–118]. However, mitochondrial elongation has 
been observed to enhance resistance to oxidative stress [119], placing elongated mitochon-
dria at the favored position of maintaining their pool of mtDNA for further biogenesis. 
Mitochondria absent of ultrastructural adaptations thereby lose their pool of mtDNA (Fig-
ure 4B). These morphological adaptations, if chronically maintained, may lead to changes 
in intracellular mitochondrial heteroplasmy [18]. Structural, functional, and behavioral 
heterogeneity then explain how multiple subpopulations have been identified in the mi-
tochondria (Figure 4C). Hence, mitochondrial biogenesis from various mtDNA can lead 
to the formation of mitochondrial subpopulations. 

As discussed above, mitochondrial biogenesis, architectural adaptations, and subcel-
lular localization are some key players in inducing mitochondrial heterogeneity and gen-
erating unique subpopulations. Upon changes to the cellular milieu, specific mitochon-
drial subpopulations are favored to meet energetic demand. For example, increased de-
mand for FAO in the brown adipocyte leads to the detachment of PDM and a general 
increase in the cytosolic mitochondria population [75]. The shifting of PDM to cytoplasmic 
mitochondria can be seen as a reduction in intracellular heterogeneity. Through what pro-
cesses would intracellular heterogeneity be reduced in the presence of mitochondrial het-
eroplasmy? Some potential players in reducing mitochondrial heterogeneity are bottle-
neck heteroplasmy, mitochondrial fusion, and fission and mitophagy (Figure 5). Genetic 
bottlenecks lead to the rapid segregation of variants and if the variant takes over the pop-
ulation of mtDNA, homoplasmy results (Figure 5A) [120]. Contributors to bottleneck 
events may include mitochondrial fission or mitophagy (Figure 5B,C). While bottleneck-
ing is not associated with a disease state at all times, to a certain degree, loss of hetero-
plasmy can limit metabolic flexibility. In the case of mitochondrial fusion, heterogeneity 
is diminished by the mixing and equilibrating of mitochondrial contents from different 
mitochondria (Figure 5B). As heteroplasmy increases, so too does the degree of mtDNA 
mutations [120]. Within the pool of mitochondria selected to be removed by mitophagy 
are damaged mitochondria and mitochondria carrying deleterious mutations in mtDNA 
(Figure 5C) [120–122]. Overall, genetic bottlenecks, fusion and fission, and mitophagy 
may reduce intracellular heterogeneity by removing variants encoding various mitochon-
drial subpopulations. 
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Figure 5. Reducers of mitochondrial heterogeneity. Potential sources of reducing mitochondrial heterogeneity include 
bottlenecking mitochondrial heteroplasmy, mitochondrial fusion, and mitophagy. (A) Though mitochondrial biogenesis 
has the potential to increase mitochondrial heterogeneity, in cases where the selection of mtDNA experiences a bottleneck 
effect mitochondrial heterogeneity is reduced. In this cartoon, the bottle containing various mtDNA (yellow, purple, blue, 
or green) is filtered to only one expression pattern of mtDNA, forcing homogeneity. Through mtDNA bottlenecking, 
daughter mitochondria of a biogenesis event can lose their heteroplasmic content in favor of one dominating mtDNA 
sequence variance (mitochondria with the green circle), thereby creating mitochondria that lack genetic diversity and 
reducing heterogeneity. (B) Mitochondrial fusion, though a normal part of the mitochondrial life cycle, can result in a 
decrease in mitochondrial heterogeneity. When two mitochondria with differing mitochondrial components fuse, their 
contents are combined, thereby reducing the number of genetic differences between mitochondria in the population. (C) 
Mitochondrial fission and mitophagy is another method by which mitochondrial heterogeneity can be decreased. Through 
mitochondrial fission, one mother mitochondrion is separated into two, with differences in their membrane potential, one 
depolarized mitochondrion (green) and the other hyperpolarized or of normal membrane potential (red). Removal of 
depolarized mitochondria reduces population heterogeneity by reducing the pool of mitochondria with sustained depo-
larized membrane potential. Polarized mitochondria (red); depolarized mitochondria (green); autophagosome (purple). 
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Though mitophagy may reduce metabolic flexibility by eliminating a variant encod-
ing a mitochondrial subpopulation, mitophagy as a reducer of mitochondrial heterogene-
ity (Figure 5C) has largely been associated with better disease alleviation [123–126]. Re-
duced de novo mitochondrial production, accumulation of damaged mitochondria, and 
reduced expression of mitophagy genes have all been contributors to mitochondrial dys-
function [123]. The use of compounds such as urolithin A, AMPK activators, NAM, and 
actinonin, all of which reactivate mitophagy, has been shown to replenish cells with mi-
tochondria of higher quality and alleviate disease symptoms [123–126]. In patients of Du-
chenne muscular dystrophy (DMD), the administration of urolithin A rescued mitophagy 
and alleviated DMD symptoms [124]. In models utilizing mitochondrial ETC inhibitors, 
AMPK was key in maintaining quality control. AMPK triggered mitochondrial fission via 
phosphorylation of MFF as a way to initiate mitophagy targeting damaged mitochondrial 
fragments. AMPK was thereby postulated to couple fission to mitophagy and initiate bi-
ogenesis of new mitochondria to replace damaged ones [125]. Despite fragmentation hav-
ing been greatly observed in pathology (as described in Section 2.3) and subpopulations 
of mitochondria uniquely built to be shorter in length (as described in Section 3.2), basal 
levels of fission and fragmentation constantly occur to maintain quality control. Though 
compounds activating mitophagy have been shown to alleviate disease symptoms, it is 
worth noting that these compounds often come with dramatic changes to mitochondrial 
morphology and are often a reflection of high stress. Mitochondria exhibit strong depo-
larization upon activation of mitophagy and thus it is not necessarily an ideal treatment 
as it may prove toxic. The constant quality control of removing damaged mitochondria 
via initiating fission towards mitophagy gives the populational average appearance of 
homogenous mitochondria [123]. 

4. Discussion 
4.1. The Advantages of Mitochondrial Heterogeneity 

Mitochondrial heterogeneity can be of great advantage to a cell, most significantly 
because it allows for metabolic flexibility. In the liver, the ability to properly store excess 
FFA in the form of lipid droplets protects from hepatic insulin resistance [127]. The ability 
to properly synthesize lipid droplets has been observed as a unique trait to PDM induced 
by PLIN5 expression [80,128,129]. While the mitochondria’s ability to increase heteroge-
neity as a dynamic system is beneficial to cellular plasticity and resilience, the loss or 
breakdown of mitochondrial heterogeneity can be just as significant. Under a high-fat 
diet, loss of PLIN5 in hepatocytes protected from steatosis but resulted in hepatic damage 
and inflammation. Mitochondrial heterogeneity acts as a protective mechanism against 
lipotoxicity[128,130,131]. Breakdown in heterogeneity ultimately results in an inability to 
reverse disease states, preventing protective mechanisms from acting. Dynamic heteroge-
neity in response to a state of cellular injury reveals one of the most beneficial contribu-
tions of mitochondrial heterogeneity, allowing for cellular flexibility in respect to both fuel 
utilization and even in stress-response pathways. While there are numerous instances 
where mitochondrial heterogeneity is beneficial, there are also instances where heteroge-
neity can become disadvantageous (as discussed in Section 2). 

The ultimate question in mitochondrial heterogeneity is when and how can this typ-
ically beneficial process become harmful to a system? Heterogeneity represents a two-
sided process, where smaller amounts of heterogeneity can provide a cell with protection 
and plasticity, yet higher amounts of heterogeneity can lead to irreversible disease onset. 
Pathology results from the accumulation of dysfunctional or maladaptive mitochondria 
through promoting processes that enrich heterogeneity, as discussed in Section 2. 
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4.2. Challenges and Considerations to Be Made When Studying Intracellular Heterogeneity 
While there is significant evidence that different mitochondrial subpopulations may 

be present in certain tissue types, dissecting this heterogeneity can prove to be challeng-
ing. Mitochondrial heterogeneity has been attributed to different biochemical properties 
including respiratory or enzymatic activity, membrane potential, morphology, calcium 
levels, etc., and while these traits may fluctuate in the same direction across different cell 
types, their functional heterogeneity may not be the same. Often the greatest question is 
whether or not the observed phenotypes are due to background noise as a result of tech-
nical difficulties in separating individual mitochondrial populations [2,8,96,107]. Charac-
terization of mitochondrial heterogeneity thus becomes exceptionally difficult when a 
portion of measured heterogeneity may stem from the noise generated during isolation, 
data acquisition, and data analysis. For example, in the case of measuring mitochondrial 
heterogeneity using single-plane confocal microscopy, a large variance can be generated 
since not all mitochondria are localized in the same focal plane. When mitochondria are 
not in the same focal plane, the results exclude mitochondria that are elongating towards 
a different axis or are covered by another organelle. This potential noise can only be 
properly assessed with 3D reconstruction at 22 °C, where mitochondrial movement is 
slowed down when compared to traditional measurement temperatures of 37 °C [4]. Im-
aging challenges related to the assessment of mitochondrial heterogeneity can arise using 
electron microscopy (EM) as well. Due to mitochondria being randomly oriented, tissue 
sectioning for EM results in the cross-sectioning of mitochondria at different angles within 
a cell. These mitochondria will appear small and round when imaged, generating imaging 
noise and making them difficult to distinguish from actually fragmented mitochondria in 
2D EM. Renal tubule cells make an excellent model for studying mitochondrial fragmen-
tation, as a significant portion of their mitochondria lines up perpendicular to the base-
ment membrane. The unique mitochondrial alignment thereby decreases imaging noise 
and allows for more viable quantification of fragmented mitochondrial subpopulations 
[8]. 

Imaging noise is not exclusive to mitochondrial structure, and similar challenges may 
be observed in the study of membrane potential. In islet studies, in particular, mitochon-
dria in different focal planes may show reduced membrane potential, thereby excluding 
some functional roles where membrane potential is relevant for glucose stimulation in 
islet populations [5]. Alternatively, noise may be generated in the processing leading up 
to imaging, specifically during the mitochondrial isolation process, as in the separation of 
brown adipocyte PDM and cytoplasmic mitochondria. Although the isolation method 
may have impacted the characterization of PDM and cytoplasmic mitochondria, Benador 
et al. verified the unique population traits by overexpression of the mitochondria–lipid 
droplet tethering protein to highlight biochemical differences observed in the mitochon-
drial subpopulations [80,81]. 

The analysis of mitochondrial diversity has important implications for the diagnosis 
and treatment of various mitochondrial disorders. The processing and imaging tech-
niques being used for these studies have a major role in the impact and discovery of these 
studies. Advancement in mitochondrial isolation, analysis, and imaging techniques will 
thus open promising avenues for utilizing mitochondrial heterogeneity in clinical re-
search. 

4.3. Remaining Questions in the Field 
While there is a significant amount of research outlining the different varieties of mi-

tochondrial heterogeneity, there is little consensus on the origins of heterogeneity and the 
reasons why cells and tissues adopt heterogeneous subpopulations. Is heterogeneity a 
product of random changes in mtDNA? Is it a product of protein or RNA transport? Are 
other organelles involved in the origins of mitochondrial heterogeneity? And is there an 
energy cost in creating subpopulations? These questions remain largely unexplored, 
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though initial studies show that the answers to these questions may be specific to tissue 
type, adding to the difficulties of understanding mitochondrial heterogeneity. Another 
fundamental question that is not yet fully understood is whether one group of mitochon-
dria can become another group of mitochondria. Is heterogeneity created from new sub-
sets of mitochondria or do existing subsets adapt and change into new subpopulations? 
The field of mitochondrial heterogeneity is growing in importance and dissecting this 
unique portion of mitochondrial biology will further the diagnosis, understanding, and 
treatment of many metabolic disorders. 

5. Conclusions 
In the past, mitochondrial subpopulations were harder to distinguish, but the im-

provement in technology made it feasible. While the sources, causes, and functions of mi-
tochondrial heterogeneity are numerous, mitochondrial heterogeneity remains in a state 
of duality within biology. Heterogeneity can be highly advantageous for cellular function 
but there exist many disease states where heterogeneity can exacerbate pathology, transi-
tioning from a protective mechanism to a factor that poses challenges to treatment. 

Author Contributions: Conceptualization, J.N. and O.S.S.; writing—original draft preparation, 
J.N. and C.O.; writing—review and editing, J.N., C.O., F.V. and O.S.S.; visualization, J.N.; supervi-
sion, O.S.S.; project administration, O.S.S.; funding acquisition, O.S.S. All authors have read and 
agreed to the published version of the manuscript. 

Funding: O.S.S. is funded by American Diabetes Association 1-19-IBS-049. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: Not applicable. 

Acknowledgments: We would like to thank Daniel Dagan, Marc Liesa-Roig, Michael Shum, Re-
beca Acin-Perez, Linsey Stiles, Essam Assali, Guy Las, Matheus Pinto de Oliveira, Lucía Fernán-
dez-Del-Río, Michaela Veliova, and Alexandra Brownstein for insightful discussion. 

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the 
design of the study; in the collection, analyses, or interpretation of data; in the writing of the man-
uscript, or in the decision to publish the results. 

References 
1. Aryaman, J.; Johnston, I.G.; Jones, N.S. Mitochondrial heterogeneity. Front. Genet. 2019, 9, 718. 
2. Kuznetsov, A.V.; Troppmair, J.; Sucher, R.; Hermann, M.; Saks, V.; Margreiter, R. Mitochondrial subpopulations and 

heterogeneity revealed by confocal imaging: Possible physiological role? Biochim. Biophys. Acta-Bioenerg. 2006, 1757, 686–691, 
https://doi.org/10.1016/j.bbabio.2006.03.014. 

3. Wikstrom, J.D.; Twig, G.; Shirihai, O.S. What can mitochondrial heterogeneity tell us about mitochondrial dynamics and 
autophagy? Int. J. Biochem. Cell Biol. 2009, 41, 1914–1927. 

4. Collins, T.J.; Berridge, M.J.; Lipp, P.; Bootman, M.D. Mitochondria are morphologically and functionally heterogeneous within 
cells. EMBO J. 2002, 21, 1616–1627, https://doi.org/10.1093/emboj/21.7.1616. 

5. Wikstrom, J.D.; Katzman, S.M.; Mohamed, H.; Twig, G.; Graf, S.A.; Heart, E.; Molina, A.J.A.; Corkey, B.E.; de Vargas, L.M.; 
Danial, N.N.; et al. β-Cell Mitochondria Exhibit Membrane Potential Heterogeneity That Can Be Altered by Stimulatory or Toxic 
Fuel Levels. Diabetes 2007, 56, 2569–2578, https://doi.org/10.2337/db06-0757. 

6. Zorova, L.D.; Popkov, V.A.; Plotnikov, E.Y.; Silachev, D.N.; Pevzner, I.B.; Jankauskas, S.S.; Babenko, V.A.; Zorov, S.D.; 
Balakireva, A.V.; Juhaszova, M.; et al. Mitochondrial membrane potential. Anal. Biochem. 2018, 552, 50–59, 
https://doi.org/10.1016/j.ab.2017.07.009. 

7. Chen, H.; Chomyn, A.; Chan, D.C. Disruption of fusion results in mitochondrial heterogeneity and dysfunction. J. Biol. Chem. 
2005, 280, 26185–26192, https://doi.org/10.1074/jbc.M503062200. 

8. Duchen, M.R.; Surin, A.; Jacobson, J. Imaging mitochondrial function in intact cells. Methods Enzymol. 2003, 361, 353–389, 
https://doi.org/10.1016/S0076-6879(03)61019-0. 

9. Wolf, D.M.; Segawa, M.; Kondadi, A.K.; Anand, R.; Bailey, S.T.; Reichert, A.S.; Bliek, A.M.; Shackelford, D.B.; Liesa, M.; Shirihai, 
O.S. Individual cristae within the same mitochondrion display different membrane potentials and are functionally independent. 
EMBO J. 2019, 38, https://doi.org/10.15252/embj.2018101056. 



Biology 2021, 10, 927 22 of 26 
 

 

10. Zorzano, A.; Liesa, M.; Sebastián, D.; Segalés, J.; Palacín, M. Mitochondrial fusion proteins: Dual regulators of morphology and 
metabolism. Semin. Cell Dev. Biol. 2010, 21, 566–574. 

11. Twig, G.; Elorza, A.; Molina, A.J.A.; Mohamed, H.; Wikstrom, J.D.; Walzer, G.; Stiles, L.; Haigh, S.E.; Katz, S.; Las, G.; et al. 
Fission and selective fusion govern mitochondrial segregation and elimination by autophagy. EMBO J. 2008, 27, 433–446, 
https://doi.org/10.1038/sj.emboj.7601963. 

12. Twig, G.; Hyde, B.; Shirihai, O.S. Mitochondrial fusion, fission and autophagy as a quality control axis: The bioenergetic view. 
Biochim. Biophys. Acta-Bioenerg. 2008, 1777, 1092–1097. 

13. Palmer, J.W.; Tandler, B.; Hoppel, C.L. Biochemical differences between subsarcolemmal and interfibrillar mitochondria from 
rat cardiac muscle: Effects of procedural manipulations. Arch. Biochem. Biophys. 2004, 236, 691–702, https://doi.org/10.1016/0003-
9861(85)90675-7. 

14. Herms, A.; Bosch, M.; Ariotti, N.; Reddy, B.J.N.; Fajardo, A.; Fernández-Vidal, A.; Alvarez-Guaita, A.; Fernández-Rojo, M.A.; 
Rentero, C.; Tebar, F.; et al. Cell-to-cell heterogeneity in lipid droplets suggests a mechanism to reduce lipotoxicity. Curr. Biol. 
2013, 23, 1489–1496, https://doi.org/10.1016/j.cub.2013.06.032. 

15. Gottlieb, R.A.; Stotland, A. MitoTimer: A novel protein for monitoring mitochondrial turnover in the heart. J. Mol. Med. 2015, 
93, 271–278. 

16. Georgiadou, E.; Muralidharan, C.; Martinez, M.; Chabosseau, P.; Tomas, A.; Wern, F.Y.S.; Stylianides, T.; Rothery, S.M.; Di 
Gregorio, A.; Leclerc, I.; et al. Pancreatic beta cell selective deletion of mitofusins 1 and 2 (Mfn1 and Mfn2) disrupts 
mitochondrial architecture and abrogates glucose-stimulated insulin secretion in vivo. bioRxiv 2020, bioRxiv 2020.04.22.055384. 

17. Brooks, C.; Wei, Q.; Cho, S.G.; Dong, Z. Regulation of mitochondrial dynamics in acute kidney injury in cell culture and rodent 
models. J. Clin. Investig. 2009, 119, 1275–1285, https://doi.org/10.1172/JCI37829. 

18. Zhan, M.; Brooks, C.; Liu, F.; Sun, L.; Dong, Z. Mitochondrial dynamics: Regulatory mechanisms and emerging role in renal 
pathophysiology. Kidney Int. 2013, 83, 568–581. 

19. Nicholls, D.G. Mitochondrial membrane potential and aging. Aging Cell 2004, 3, 35–40. 
20. Nicholls, D.G.; Ward, M.W. Mitochondrial membrane potential and neuronal glutamate excitotoxicity: Mortality and millivolts. 

Trends Neurosci. 2000, 23, 166–174. 
21. Johnston, N.R.; Mitchell, R.K.; Haythorne, E.; Pessoa, M.P.; Semplici, F.; Ferrer, J.; Piemonti, L.; Marchetti, P.; Bugliani, M.; Bosco, 

D.; et al. Beta Cell Hubs Dictate Pancreatic Islet Responses to Glucose. Cell Metab. 2016, 24, 389–401, 
https://doi.org/10.1016/j.cmet.2016.06.020. 

22. Beraud, N.; Pelloux, S.; Usson, Y.; Kuznetsov, A.V.; Ronot, X.; Tourneur, Y.; Saks, V. Mitochondrial dynamics in heart cells: 
Very low amplitude high frequency fluctuations in adult cardiomyocytes and flow motion in non beating Hl-1 cells. J. Bioenerg. 
Biomembr. 2009, 41, 195–214, https://doi.org/10.1007/s10863-009-9214-x. 

23. Kuznetsov, A.V.; Schneeberger, S.; Renz, O.; Meusburger, H.; Saks, V.; Usson, Y.; Margreiter, R. Functional heterogeneity of 
mitochondria after cardiac cold ischemia and reperfusion revealed by confocal imaging. Transplantation 2004, 77, 754–756, 
https://doi.org/10.1097/01.T.P.0000115346.85679.34. 

24. Molina, A.J.A.; Wikstrom, J.D.; Stiles, L.; Las, G.; Mohamed, H.; Elorza, A.; Walzer, G.; Twig, G.; Katz, S.; Corkey, B.E.; et al. 
Mitochondrial networking protects β-cells from nutrient-induced apoptosis. Diabetes 2009, 58, 2303–2315. 

25. Wiederkehr, A.; Wollheim, C.B. Mitochondrial signals drive insulin secretion in the pancreatic β-cell. Mol. Cell. Endocrinol. 2012, 
353, 128–137. 

26. Heart, E.; Corkey, R.F.; Wikstrom, J.D.; Shirihai, O.S.; Corkey, B.E. Glucose-dependent increase in mitochondrial membrane 
potential, but not cytoplasmic calcium, correlates with insulin secretion in single islet cells. Am. J. Physiol. Metab. 2006, 290, E143–
E148, https://doi.org/10.1152/ajpendo.00216.2005. 

27. Bhatia, D.; Capili, A.; Choi, M.E. Mitochondrial dysfunction in kidney injury, inflammation, and disease: Potential therapeutic 
approaches. Kidney Res. Clin. Pract. 2020, 39, 244–258, https://doi.org/10.23876/j.krcp.20.082. 

28. Lee, J.; Hyon, J.Y.; Min, J.Y.; Huh, Y.H.; Kim, H.J.; Lee, H.; Yun, S.H.; Choi, C.W.; Jeong Ha, S.; Park, J.; et al. Mitochondrial 
carnitine palmitoyltransferase 2 is involved in Nε-(carboxymethyl)-lysine-mediated diabetic nephropathy. Pharmacol. Res. 2020, 
152, 104600, https://doi.org/10.1016/j.phrs.2019.104600. 

29. Kodiha, M.; Flamant, E.; Wang, Y.M.; Stochaj, U. Defining the short-term effects of pharmacological 50-AMP activated kinase 
modulators on mitochondrial polarization, morphology and heterogeneity. Peer J. 2018, 2018, https://doi.org/10.7717/peerj.5469. 

30. Liesa, M.; Palacín, M.; Zorzano, A. Mitochondrial dynamics in mammalian health and disease. Physiol. Rev. 2009, 89, 799–845. 
31. Ishihara, N.; Fujita, Y.; Oka, T.; Mihara, K.; Kushnareva, Y.; Graber, S.; Kovacs, I.; Lee, W.; Waggoner, J.; Cui, J.; et al. Regulation 

of mitochondrial morphology through proteolytic cleavage of OPA1. EMBO J. 2006, 25, 2966–2977. 
32. Frezza, C.; Cipolat, S.; Martins de Brito, O.; Micaroni, M.; Beznoussenko, G.V.; Rudka, T.; Bartoli, D.; Polishuck, R.S.; Danial, 

N.N.; De Strooper, B.; et al. OPA1 Controls Apoptotic Cristae Remodeling Independently from Mitochondrial Fusion. Cell 2006, 
126, 177–189, https://doi.org/10.1016/J.CEL.L.2006.06.025. 

33. Liesa, M.; Shirihai, O.S. Mitochondrial dynamics in the regulation of nutrient utilization and energy expenditure. Cell Metab. 
2013, 17, 491–506, https://doi.org/10.1016/j.cmet.2013.03.002. 

34. van der Bliek, A.M.; Shen, Q.; Kawajiri, S. Mechanisms of mitochondrial fission and fusion. Cold Spring Harb. Perspect. Biol. 2013, 
5, https://doi.org/10.1101/cshperspect.a011072. 

35. Gandre-Babbe, S.; Bliek, A.M. van der The Novel Tail-anchored Membrane Protein Mff Controls Mitochondrial and 
Peroxisomal Fission in Mammalian Cells. Mol. Biol. Cell 2008, 19, 2402–2412, https://doi.org/10.1091/MB.C.E07-12-1287. 



Biology 2021, 10, 927 23 of 26 
 

 

36. Srinivasan, S.; Guha, M.; Kashina, A.; Avadhani, N.G. Mitochondrial dysfunction and mitochondrial dynamics-The cancer 
connection. Biochim. Biophys. Acta-Bioenerg. 2017, 1858, 602–614. 

37. Iqbal, S.; Hood, D.A. Oxidative stress-induced mitochondrial fragmentation and movement in skeletal muscle myoblasts. Am. 
J. Physiol.-Cell Physiol. 2014, 306, https://doi.org/10.1152/ajpcell.00017.2014. 

38. Gomes, L.C.; Di Benedetto, G.; Scorrano, L. During autophagy mitochondria elongate, are spared from degradation and sustain 
cell viability. Nat. Cell Biol. 2011, 13, 589–598, https://doi.org/10.1038/ncb2220. 

39. Stiles, L.; Shirihai, O.S. Mitochondrial dynamics and morphology in beta-cells. Best Pract. Res. Clin. Endocrinol. Metab. 2012, 26, 
725–738. 

40. Zorzano, A.; Liesa, M.; Palacín, M. Role of mitochondrial dynamics proteins in the pathophysiology of obesity and type 2 
diabetes. Int. J. Biochem. Cell Biol. 2009, 41, 1846–1854. 

41. Wada, J.; Nakatsuka, A. Mitochondrial dynamics and mitochondrial dysfunction in diabetes. Acta Med. Okayama 2016, 70, 151–
158. 

42. Donath, M.Y.; Halban, P.A. Decreased beta-cell mass in diabetes: Significance, mechanisms and therapeutic implications. 
Diabetologia 2004, 47, 581–589. 

43. Nasteska, D.; Hodson, D.J. The role of beta cell heterogeneity in islet function and insulin release. J. Mol. Endocrinol. 2018, 61, 
R43–R60, https://doi.org/10.1530/jme-18-0011. 

44. Men, X.; Wang, H.; Li, M.; Cai, H.; Xu, S.; Zhang, W.; Xu, Y.; Ye, L.; Yang, W.; Wollheim, C.B.; et al. Dynamin-related protein 1 
mediates high glucose induced pancreatic beta cell apoptosis. Int. J. Biochem. Cell Biol. 2009, 41, 879–890. 

45. Bhargava, P.; Schnellmann, R.G. Mitochondrial energetics in the kidney. Nat. Rev. Nephrol. 2017, 13, 629–646. 
46. Kang, H.M.; Ahn, S.H.; Choi, P.; Ko, Y.-A.; Han, S.H.; Chinga, F.; Park, A.S.D.; Tao, J.; Sharma, K.; Pullman, J.; et al. Defective 

fatty acid oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development. Nat. Med. 2014, 21, 37–46, 
https://doi.org/10.1038/nm.3762. 

47. Nowak, G.; Bakajsova, D.; Samarel, A.M. Protein kinase C-εon induces mitochondrial dysfunction and fragmentation in renal 
proximal tubules. Am. J. Physiol.-Ren. Physiol. 2011, 301, F197–F208, https://doi.org/10.1152/ajprenal.00364.2010. 

48. Jang, H.-S.; Noh, M.R.; Kim, J.; Padanilam, B.J. Defective Mitochondrial Fatty Acid Oxidation and Lipotoxicity in Kidney Dis-
eases. Front. Med. 2020, 7, 65, https://doi.org/10.3389/fmed.2020.00065. 

49. Hall, A.M.; Schuh, C.-D. Mitochondria as therapeutic targets in acute kidney injury. Curr. Opin. Nephrol. Hypertens. 2016, 25, 
355–362, https://doi.org/10.1097/mnh.0000000000000228. 

50. Miguel, V.; Tituaña, J.; Herrero, J.I.; Herrero, L.; Serra, D.; Cuevas, P.; Barbas, C.; Puyol, D.R.; Márquez-Exposito, L.; Ruiz-Ortega, 
M.; et al. Renal tubule Cpt1a overexpression mitigates kidney fibrosis by restoring mitochondrial homeostasis. bioRxiv 2020, 
https://doi.org/10.1101/2020.02.18.952440. 

51. Idevall-Hagren, O.; Tengholm, A. Metabolic regulation of calcium signaling in beta cells. Semin. Cell Dev. Biol. 2020, 103, 20–30, 
https://doi.org/10.1016/j.semcdb.2020.01.008. 

52. Gilon, P.; Chae, H.-Y.; Rutter, G.; Ravier, M.A. Calcium signaling in pancreatic β-cells in health and in Type 2 diabetes. Cell 
Calcium 2014, 56, 340–361, https://doi.org/10.1016/j.ceca.2014.09.001. 

53. Brookes, P.; Yoon, Y.; Robotham, J.L.; Anders, M.W.; Sheu, S.-S. Calcium, ATP, and ROS: A mitochondrial love-hate triangle. 
Am. J. Physiol. Physiol. 2004, 287, C817–C833, https://doi.org/10.1152/ajpcell.00139.2004. 

54. Assali, E.A.; Jones, A.E.; Veliova, M.; Acín-Pérez, R.; Taha, M.; Miller, N.; Shum, N.; Oliveira, M.F.; Las, G.; Liesa, M.; et al. 
NCLX prevents cell death during adrenergic activation of the brown adipose tissue. Nat. Commun. 2004, 11, 3347. 
https://doi.org/10.1038/s41467-020-16572-3. 

55. Marie, J.C.; Bailbé, D.; Gylfe, E.; Portha, B. Defective glucose-dependent cytosolic Ca2+ handling in islets of GK and nSTZ rat 
models of type 2 diabetes. J. Endocrinol. 2001, 169, 169–176, https://doi.org/10.1677/joe.0.1690169. 

56. Zorov, D.B.; Filburn, C.R.; Klotz, L.O.; Zweier, J.L.; Sollott, S.J. Reactive oxygen species (ROS)-induced ROS release: A new 
phenomenon accompanying induction of the mitochondrial permeability transition in cardiac myocytes. J. Exp. Med. 2000, 192, 
1001–1014, https://doi.org/10.1084/jem.192.7.1001. 

57. Grodsky, G.M.; Bennett, L.L. Cation Requirements for Insulin Secretion in the Isolated Perfused Pancreas. Diabetes 1966, 15, 
910–910, https://doi.org/10.2337/diab.15.12.910. 

58. Jahanshahi, P.; Wu, R.; Carter, J.D.; Nunemaker, C. Evidence of Diminished Glucose Stimulation and Endoplasmic Reticulum 
Function in Nonoscillatory Pancreatic Islets. Endocrinology 2009, 150, 607–615, https://doi.org/10.1210/en.2008-0773. 

59. Bitar, M.S.; Al-Saleh, E.; Al-Mulla, F. Oxidative stress—Mediated alterations in glucose dynamics in a genetic animal model of 
type II diabetes. Life Sci. 2005, 77, 2552–2573, https://doi.org/10.1016/j.lfs.2005.01.033. 

60. Rose, T.; Efendic, S.; Rupnik, M. Ca2+–Secretion Coupling Is Impaired in Diabetic Goto Kakizaki rats. J. Gen. Physiol. 2007, 129, 
493–508, https://doi.org/10.1085/jgp.200609604. 

61. Zaitsev, S.; Efanova, I.; Östenson, C.-G.; Efendić, S.; Berggren, P.-O. Delayed Ca2+Response to Glucose in Diabetic GK Rat. Bio-
chem. Biophys. Res. Commun. 1997, 239, 129–133, https://doi.org/10.1006/bbrc.1997.7441. 

62. Kato, S.; Ishida, H.; Tsuura, Y.; Tsuji, K.; Nishimura, M.; Horie, M.; Taminato, T.; Ikehara, S.; Odaka, H.; Ikeda, I.; et al. Altera-
tions in basal and glucose-stimulated voltage-dependent Ca2+ channel activities in pancreatic beta cells of non-insulin-depend-
ent diabetes mellitus GK rats. J. Clin. Investig. 1996, 97, 2417–2425, https://doi.org/10.1172/jci118688. 



Biology 2021, 10, 927 24 of 26 
 

 

63. Portha, B.; Lacraz, G.; Kergoat, M.; Homo-Delarche, F.; Giroix, M.H.; Bailbé, D.; Gangnerau, M.N.; Dolz, M.; Tourrel-Cuzin, C.; 
Movassat, J. The GK rat beta-cell: A prototype for the diseased human beta-cell in type 2 diabetes? Mol. Cell. Endocrinol. 2009, 
297, 73–85, https://doi.org/10.1016/J.MCE.2008.06.013. 

64. Warnotte, C.; Gilon, P.; Nenquin, M.; Henquin, J.-C. Mechanisms of the Stimulation of Insulin Release by Saturated Fatty Acids: 
A Study of Palmitate Effects in Mouse β-cells. Diabetes 1994, 43, 703–711. 

65. Olofsson, C.; Göpel, S.O.; Barg, S.; Galvanovskis, J.; Ma, X.; Salehi, A.; Rorsman, P.; Eliasson, L. Fast insulin secretion reflects 
exocytosis of docked granules in mouse pancreatic B-cells. Pflugers Arch Eur. J. Physiol. 2002, 444, 43–51, 
https://doi.org/10.1007/s00424-002-0781-5. 

66. Nolan, C.J.; Madiraju, M.S.R.; Delghingaro-Augusto, V.; Peyot, M.-L.; Prentki, M. Fatty acid signaling in the beta-cell and insulin 
secretion. Diabetes 2006, 55 (Suppl. 2), S16–S23. 

67. Poitout, V.; Amyot, J.; Semache, M.; Zarrouki, B.; Hagman, D.; Fontés, G. Glucolipotoxicity of the pancreatic beta cell. Biochim. 
et Biophys. Acta-Mol. Cell Biol. Lipids 2010, 1801, 289–298, https://doi.org/10.1016/j.bbalip.2009.08.006. 

68. Tarasov, A.; Semplici, F.; Ravier, M.; Bellomo, E.; Pullen, T.; Gilon, P.; Sekler, I.; Rizzuto, R.; Rutter, G.A. The Mitochondrial Ca2+ 
Uniporter MCU Is Essential for Glucose-Induced ATP Increases in Pancreatic β-Cells. PLoS ONE 2012, 7, e39722, 
https://doi.org/10.1371/JOURNAL.PONE.0039722. 

69. Cabrera, O.; Berman-Weinberg, D.; Kenyon, N.S.; Ricordi, C.; Berggren, P.-O.; Caicedo, A. The unique cytoarchitecture of hu-
man pancreatic islets has implications for islet cell function. Proc. Natl. Acad. Sci. USA 2006, 103, 2334–2339, 
https://doi.org/10.1073/pnas.0510790103. 

70. Naon, D.; Zaninello, M.; Giacomello, M.; Varanita, T.; Grespi, F.; Lakshminaranayan, S.; Serafini, A.; Semenzato, M.; Herkenne, 
S.; Hernández-Alvarez, M.I.; et al. Critical reappraisal confirms that Mitofusin 2 is an endoplasmic reticulum–mitochondria 
tether. Proc. Natl. Acad. Sci. USA 2016, 113, 11249–11254, https://doi.org/10.1073/pnas.1606786113. 

71. Pizzo, P.; Drago, I.; Filadi, R.; Pozzan, T. Mitochondrial Ca2+ homeostasis: Mechanism, role, and tissue specificities. Pflügers 
Arch.-Eur. J. Physiol. 2012, 464, 3–17, https://doi.org/10.1007/s00424-012-1122-y. 

72. De Brito, O.M.; Scorrano, L. An intimate liaison: Spatial organization of the endoplasmic reticulum–mitochondria relationship. 
EMBO J. 2010, 29, 2715–2723, https://doi.org/10.1038/emboj.2010.177. 

73. Hoppa, M.B.; Collins, S.; Ramracheya, R.; Hodson, L.; Amisten, S.; Zhang, Q.; Johnson, P.; Ashcroft, F.M.; Rorsman, P. Chronic 
Palmitate Exposure Inhibits Insulin Secretion by Dissociation of Ca2+ Channels from Secretory Granules. Cell Metab. 2009, 10, 
455–465, https://doi.org/10.1016/j.cmet.2009.09.011. 

74. Collins, S.C.; Hoppa, M.B.; Walker, J.N.; Amisten, S.; Abdulkader, F.; Bengtsson, M.; Fearnside, J.; Ramracheya, R.; Toye, A.A.; 
Zhang, Q.; et al. Progression of Diet-Induced Diabetes in C57BL6J Mice Involves Functional Dissociation of Ca2+ Channels from 
Secretory Vesicles. Diabetes 2010, 59, 1192–1201, https://doi.org/10.2337/db09-0791. 

75. Mahdaviani, K.; Benador, I.Y.; Su, S.; Gharakhanian, R.; Stiles, L.; Trudeau, K.M.; Cardamone, M.; Enríquez-Zarralanga, V.; 
Ritou, E.; Aprahamian, T.; et al. Mfn2 deletion in brown adipose tissue protects from insulin resistance and impairs thermogen-
esis. EMBO Rep. 2017, 18, 1123–1138, https://doi.org/10.15252/embr.201643827. 

76. Leung, Y.M.; Ahmed, I.; Sheu, L.; Tsushima, R.G.; Diamant, N.E.; Hara, M.; Gaisano, H.Y. Electrophysiological Characterization 
of Pancreatic Islet Cells in the Mouse Insulin Promoter-Green Fluorescent Protein Mouse. Endocrinology 2005, 146, 4766–4775, 
https://doi.org/10.1210/en.2005-0803. 

77. Park, M.K.; Ashby, M.; Erdemli, G.; Petersen, O.H.; Tepikin, A. Perinuclear, perigranular and sub-plasmalemmal mitochondria 
have distinct functions in the regulation of cellular calcium transport. EMBO J. 2001, 20, 1863–1874, https://doi.org/10.1093/em-
boj/20.8.1863. 

78. Kuznetsov, A.V.; Margreiter, R. Heterogeneity of Mitochondria and Mitochondrial Function within Cells as Another Level of 
Mitochondrial Complexity. Int. J. Mol. Sci. 2009, 10, 1911–1929, https://doi.org/10.3390/ijms10041911. 

79. Shum, M.; Ngo, J.; Shirihai, O.S.; Liesa, M. Mitochondrial oxidative function in NAFLD: Friend or foe? Mol. Metab. 2020, 50, 
101134, https://doi.org/10.1016/j.molmet.2020.101134. 

80. Benador, I.Y.; Veliova, M.; Mahdaviani, K.; Petcherski, A.; Wikstrom, J.D.; Assali, E.A.; Acín-Pérez, R.; Shum, M.; Oliveira, M.F.; 
Cinti, S.; et al. Mitochondria Bound to Lipid Droplets Have Unique Bioenergetics, Composition, and Dynamics that Support 
Lipid Droplet Expansion. Cell Metab. 2018, 27, 869–885.e6, https://doi.org/10.1016/j.cmet.2018.03.003. 

81. Ngo, J.; Benador, I.Y.; Brownstein, A.J.; Vergnes, L.; Veliova, M.; Shum, M.; Acín-Pérez, R.; Reue, K.; Shirihai, O.S.; Liesa, M. 
Isolation and functional analysis of peridroplet mitochondria from murine brown adipose tissue. STAR Protoc. 2021, 2, 100243, 
https://doi.org/10.1016/j.xpro.2020.100243. 

82. Al-Mehdi, A.-B.; Pastukh, V.V.; Swiger, B.M.; Reed, D.J.; Patel, M.R.; Bardwell, G.C.; Alexeyev, M.F.; Gillespie, M.N. Perinuclear 
Mitochondrial Clustering Creates an Oxidant-Rich Nuclear Domain Required for Hypoxia-Induced Transcription. Sci. Signal. 
2012, 5, ra47–ra47, https://doi.org/10.1126/scisignal.2002712. 

83. Rizzuto, R.; Pinton, P.; Carrington, W.; Fay, F.S.; Fogarty, K.E.; Lifshitz, L.M.; Tuft, R.A.; Pozzan, T. Close Contacts with the 
Endoplasmic Reticulum as Determinants of Mitochondrial Ca2+ Responses. Science 1998, 280, 1763–1766, 
https://doi.org/10.1126/science.280.5370.1763. 

84. Marchi, S.; Patergnani, S.; Pinton, P. The endoplasmic reticulum-mitochondria connection: One touch, multiple functions. Bio-
chim. Biophys. Acta-Bioenerg. 2014, 1837, 461–469. 

85. O'Rourke, B. Pathophysiological and protective roles of mitochondrial ion channels. J. Physiol. 2000, 529, 23–36. 
86. Lonergan, T.; Bavister, B.; Brenner, C. Mitochondria in stem cells. Mitochondrion 2007, 7, 289–296. 



Biology 2021, 10, 927 25 of 26 
 

 

87. Freyre, C.A.; Rauher, P.C.; Ejsing, C.S.; Klemm, R.W. Faculty Opinions recommendation of MIGA2 Links Mitochondria, the ER, 
and Lipid Droplets and Promotes De Novo Lipogenesis in Adipocytes. Mol. Cell 2020, 76, https://doi.org/10.1016/J.MOL-
CEL.2019.09.011 

88. Dzeja, P.P.; Bortolon, R.; Perez-Terzic, C.; Holmuhamedov, E.; Terzic, A. Energetic communication between mitochondria and 
nucleus directed by catalyzed phosphotransfer. Proc. Natl. Acad. Sci. USA 2002, 99, 10156–10161. 

89. Zorov D.B.; Juhaszova M.; Sollott S.J. Mitochondrial ROS-induced ROS release: An update and review. Biochim Biophys Acta 
Gen. Subj. 2006, 1757, 509–517. 

90. Bruce, J.I.E.; Giovannucci, D.R.; Blinder, G.; Shuttleworth, T.J.; Yule, D.I. Modulation of [Ca2+] Signaling Dynamics and Metab-
olism by Perinuclear Mitochondria in Mouse Parotid Acinar Cells. J. Biol. Chem. 2004, 279, 12909–12917, 
https://doi.org/10.1074/jbc.m309070200. 

91. Yu, T.; Sheu, S.-S.; Robotham, J.L.; Yoon, Y. Mitochondrial fission mediates high glucose-induced cell death through elevated 
production of reactive oxygen species. Cardiovasc. Res. 2008, 79, 341–351, https://doi.org/10.1093/cvr/cvn104. 

92. Curthoys, N.P.; Moe, O.W. Proximal tubule function and response to acidosis. Clin. J. Am. Soc. Nephrol. 2014, 9, 1627–1638, 
https://doi.org/10.2215/CJN.10391012. 

93. Szabadkai, G.; Simoni, A.M.; Chami, M.; Wieckowski, M.; Youle, R.J.; Rizzuto, R. Drp-1-Dependent Division of the Mitochon-
drial Network Blocks Intraorganellar Ca2+ Waves and Protects against Ca2+-Mediated Apoptosis. Mol. Cell 2004, 16, 59–68, 
https://doi.org/10.1016/j.molcel.2004.09.026. 

94. Frieden, M.; James, D.; Castelbou, C.; Danckaert, A.; Martinou, J.-C.; Demaurex, N. Ca2+ Homeostasis during Mitochondrial 
Fragmentation and Perinuclear Clustering Induced by hFis1. J. Biol. Chem. 2004, 279, 22704–22714. 

95. Porat-Shliom, N.; Harding, O.J.; Malec, L.; Narayan, K.; Weigert, R. Mitochondrial Populations Exhibit Differential Dynamic 
Responses to Increased Energy Demand during Exocytosis In Vivo. iScience 2019, 11, 440–449. 

96. Noske, A.B.; Costin, A.; Morgan, G.P.; Marsh, B.J. Expedited approaches to whole cell electron tomography and organelle mark-
up in situ in high-pressure frozen pancreatic islets. J. Struct. Biol. 2008, 161, 298–313, https://doi.org/10.1016/j.jsb.2007.09.015. 

97. Rorsman, P.; Renström, E. Insulin granule dynamics in pancreatic beta cells. Diabetologia 2003, 46, 1029–1045. 
98. Dean, P.M. Ultrastructural morphometry of the pancreatic β-cell. Diabetologia 1973, 9, 115–119. 
99. Stallons, L.J.; Funk, J.A.; Schnellmann, R.G. Mitochondrial Homeostasis in Acute Organ Failure. Curr. Pathobiol. Rep. 2013, 1, 

169–177, https://doi.org/10.1007/s40139-013-0023-x. 
100. Hüser, J.; Blatter, L.A.; Sheu, S.S. Mitochondrial calcium in heart cells: Beat-to-beat oscillations or slow integration of cytosolic 

transients? J. Bioenerg. Biomembr. 2000, 32, 27–33. 
101. Georgiadou, E.; Rutter, G.A. Control by Ca2+ of mitochondrial structure and function in pancreatic β-cells. Cell Calcium 2020, 91, 

102282–102282, https://doi.org/10.1016/j.ceca.2020.102282. 
102. Xu, S.; Pi, H.; Chen, Y.; Zhang, N.; Guo, P.; Lu, Y.; He, M.; Xie, J.; Zhong, M.; Zhang, Y.; et al. Cadmium induced Drp1-dependent 

mitochondrial fragmentation by disturbing calcium homeostasis in its hepatotoxicity. Cell Death Dis. 2013, 4, e540–e540, 
https://doi.org/10.1038/cddis.2013.7. 

103. Pennanen, C.; Parra, V.; López-Crisosto, C.; Morales, P.E.; del Campo, A.; Gutierrez, T.; Rivera-Mejías, P.; Kuzmicic, J.; Chiong, 
M.; Zorzano, A.; et al. Mitochondrial fission is required for cardiomyocyte hypertrophy mediated by a Ca2+-calcineurin signaling 
pathway. J. Cell Sci. 2014, 127, 2659–2671, https://doi.org/10.1242/jcs.139394. 

104. Romero-Garcia, S.; Prado-Garcia, H. Mitochondrial calcium: Transport and modulation of cellular processes in homeostasis and 
cancer (Review). Int. J. Oncol. 2019, 54, 1155–1167, https://doi.org/10.3892/ijo.2019.4696. 

105. Kremneva, E.; Kislin, M.; Kang, X.; Khiroug, L. Motility of astrocytic mitochondria is arrested by Ca2+-dependent interaction 
between mitochondria and actin filaments. Cell Calcium 2013, 53, 85–93, https://doi.org/10.1016/j.ceca.2012.10.003. 

106. Saotome, M.; Safiulina, D.; Szabadkai, G.; Das, S.; Fransson, A.; Aspenstrom, P.; Rizzuto, R.; Hajnóczky, G. Bidirectional Ca2+-
dependent control of mitochondrial dynamics by the Miro GTPase. Proc. Natl. Acad. Sci. USA 2008, 105, 20728–20733, 
https://doi.org/10.1073/pnas.0808953105. 

107. Woods, D.C. Mitochondrial Heterogeneity: Evaluating Mitochondrial Subpopulation Dynamics in Stem Cells. Stem Cells Int. 
2017, 2017, 1–7, https://doi.org/10.1155/2017/7068567. 

108. Bianchi, K.; Rimessi, A.; Prandini, A.; Szabadkai, G.; Rizzuto, R. Calcium and mitochondria: Mechanisms and functions of a 
troubled relationship. Biochim. Biophys. Acta-Mol. Cell Res. 2004, 1742, 119–131. 

109. Breckenridge, D.G.; Stojanovic, M.; Marcellus, R.C.; Shore, G.C. Caspase cleavage product of BAP31 induces mitochondrial 
fission through endoplasmic reticulum calcium signals, enhancing cytochrome c release to the cytosol. J. Cell Biol. 2003, 160, 
1115–1127. 

110. Csordás G.; Weaver D.; Hajnóczky G. Endoplasmic Reticulum–Mitochondrial Contactology: Structure and Signaling Functions. 
Trends Cell Biol. 2018, 28, 523–540. 

111. Cárdenas, C.; Miller, R.A.; Smith, I.; Bui, T.; Molgó, J.; Müller, M.; Vais, H.; Cheung, K.-H.; Yang, J.; Parker, I.; et al. Essential 
Regulation of Cell Bioenergetics by Constitutive InsP3 Receptor Ca2+ Transfer to Mitochondria. Cell 2010, 142, 270–283, 
https://doi.org/10.1016/j.cell.2010.06.007. 

112. Kornmann, B.; Currie, E.; Collins, S.R.; Schuldiner, M.; Nunnari, J.; Weissman, J.S.; Walter, P. An ER-Mitochondria Tethering 
Complex Revealed by a Synthetic Biology Screen. Science 2009, 325, 477–481, https://doi.org/10.1126/science.1175088. 



Biology 2021, 10, 927 26 of 26 
 

 

113. Mootha, V.K.; Bunkenborg, J.; Olsen, J.; Hjerrild, M.; Wisniewski, J.R.; Stahl, E.; Bolouri, M.S.; Ray, H.N.; Sihag, S.; Kamal, M.; 
et al. Integrated Analysis of Protein Composition, Tissue Diversity, and Gene Regulation in Mouse Mitochondria. Cell 2003, 115, 
629–640, https://doi.org/10.1016/s0092-8674(03)00926-7. 

114. Boutant, M.; Kulkarni, S.S.; Joffraud, M.; Ratajczak, J.; Valera-Alberni, M.; Combe, R.; Zorzano, A.; Canto, C. Mfn2 is critical for 
brown adipose tissue thermogenic function. EMBO J. 2017, 36, 1543–1558. 

115. Taylor, S.W.; Fahy, E.; Zhang, B.; Glenn, G.M.; Warnock, D.E.; Wiley, S.; Murphy, A.N.; Gaucher, S.P.; Capaldi, R.A.; Gibson, 
B.W.; et al. Characterization of the human heart mitochondrial proteome. Nat. Biotechnol. 2003, 21, 281–286. 

116. Poitout, V.; Robertson, R.P. Glucolipotoxicity: Fuel Excess and β-Cell Dysfunction. Endocr. Rev. 2008, 29, 351–366. 
117. Li, N.; Frigerio, F.; Maechler, P. The sensitivity of pancreatic β-cells to mitochondrial injuries triggered by lipotoxicity and oxi-

dative stress. Biochem. Soc. Trans. 2008, 36, 930–934, https://doi.org/10.1042/bst0360930. 
118. Grishko, V.; Rachek, L.; Musiyenko, S.; LeDoux, S.P.; Wilson, G.L. Involvement of mtDNA damage in free fatty acid-induced 

apoptosis. Free. Radic. Biol. Med. 2005, 38, 755–762, https://doi.org/10.1016/j.freeradbiomed.2004.11.023. 
119. Mai, S.; Klinkenberg, M.; Auburger, G.; Bereiter-Hahn, J.; Jendrach, M. Decreased expression of Drp1 and Fis1 mediates mito-

chondrial elongation in senescent cells and enhances resistance to oxidative stress through PINK1. J. Cell Sci. 2010, 123, 917–926, 
https://doi.org/10.1242/JCS.059246. 

120. Marshall, A.; Jones, N. Discovering Cellular Mitochondrial Heteroplasmy Heterogeneity with Single Cell RNA and ATAC Se-
quencing. Biology 2021, 10, 503, https://doi.org/10.3390/biology10060503. 

121. Suen, D.F.; Narendra, D.P.; Tanaka, A.; Manfredi, G.; Youle, R.J. Parkin overexpression selects against a deleterious mtDNA 
mutation in heteroplasmic cybrid cells. Proc. Natl. Acad. Sci. USA 2010, 107, 11835–11840. 

122. Ashrafi, G.H.; Schwarz, T.L. The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 
2012, 20, 31–42, https://doi.org/10.1038/cdd.2012.81. 

123. Song, S.; Park, J.; Jang, S.; Hwang, E. Nicotinamide Treatment Facilitates Mitochondrial Fission through Drp1 Activation Medi-
ated by SIRT1-Induced Changes in Cellular Levels of cAMP and Ca2+. Cells 2021, 10, 612, https://doi.org/10.3390/cells10030612. 

124. Luan, P.; D’Amico, D.; Andreux, P.A.; Laurila, P.-P.; Wohlwend, M.; Li, H.; de Lima, T.I.; Place, N.; Rinsch, C.; Zanou, N.; et al. 
Urolithin A improves muscle function by inducing mitophagy in muscular dystrophy. Sci. Transl. Med. 2021, 13, eabb0319, 
https://doi.org/10.1126/SCITRANSLMED.ABB0319. 

125. Toyama, E.Q.; Herzig, S.; Courchet, J.; Lewis, T.L.; Losón, O.C.; Hellberg, K.; Young, N.P.; Chen, H.; Polleux, F.; Chan, D.C.; et 
al. Metabolism. AMP-activated protein kinase mediates mitochondrial fission in response to energy stress. Science 2016, 351, 
275–281, https://doi.org/10.1126/SCIENCE.AAB4138. 

126. Youle, R.J.; Van Der Bliek, A.M. Mitochondrial fission, fusion, and stress. Science 2012, 337, 1062–1065, 
https://doi.org/10.1126/SCIENCE.1219855. 

127. Keenan, S.; Meex, R.C.; Lo, J.C.Y.; Ryan, A.; Nie, S.; Montgomery, M.; Watt, M.J. Perilipin 5 Deletion in Hepatocytes Remodels 
Lipid Metabolism and Causes Hepatic Insulin Resistance in Mice. Diabetes 2019, 68, 543–555, https://doi.org/10.2337/db18-0670. 

128. Trevino, M.B.; Mazur-Hart, D.; Machida, Y.; King, T.; Nadler, J.; Galkina, E.V.; Poddar, A.; Dutta, S.; Imai, Y. Liver Perilipin 5 
Expression Worsens Hepatosteatosis But Not Insulin Resistance in High Fat-Fed Mice. Mol. Endocrinol. 2015, 29, 1414–1425. 

129. Wang, H.; Sreenivasan, U.; Hu, H.; Gong, D.W.; Stanley, W.C.; Sztalryd, C. Perilipin 5, a lipid droplet-associated protein, pro-
vides physical and metabolic linkage to mitochondria. J. Lipid Res 2011, 52, 2159–2168. 

130. Wang, C.; Zhao, Y.; Gao, X.; Li, L.; Yuan, Y.; Liu, F.; Zhang, L.; Wu, J.; Hu, P.; Zhang, X.; et al. Perilipin 5 improves hepatic 
lipotoxicity by inhibiting lipolysis. Hepatology 2014, 61, 870–882. 

131. Tan, J.; Jin, Y.; Wang, Q.; Huang, J.; Wu, X.; Ren, Z. Perilipin 5 Protects against Cellular Oxidative Stress by Enhancing Mito-
chondrial Function in HepG2 Cells. Cells 2019, 8, 1241. 


	1. Introduction
	1.1. What Is Heterogeneity and Why Should We Care?
	1.2. Nongenetic Contributors to Mitochondrial Homogeneity and Heterogeneity

	2. Mitochondrial Heterogeneity Increases under Pathological States
	2.1. Membrane Potential Heterogeneity Reflects Diverse Mitochondrial Response to Cellular Nutrient Load
	2.2. Brief Overview of Mediators in Mitochondrial Fusion and Fission
	2.3. Architectural Variance under Pathological States Introduces Metabolic Defects
	2.4. Impaired Mitochondrial Calcium Buffering Drives Pathogenesis in Mitochondrial Signaling

	3. Mitochondrial Heterogeneity as It Exists under Physiological States
	3.1. Membrane Potential Heterogeneity Reveals Mitochondrial Subpopulations
	3.2. Mitochondrial Morphology Influences Metabolic Signaling and Nutrient Sensitivity
	3.3. Mitochondrial Calcium as an Intracellular Heterogeneity Amplifier in Morphology and Motility
	3.4. Mitochondrial Subpopulations Influence Cellular Function
	3.5. Mitochondrial Heteroplasmy Potentially Promote Formation of Mitochondrial Subpopulations

	4. Discussion
	4.1. The Advantages of Mitochondrial Heterogeneity
	4.2. Challenges and Considerations to Be Made When Studying Intracellular Heterogeneity
	4.3. Remaining Questions in the Field

	5. Conclusions
	References

