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CHONDROCYTE MITOCHONDRIAL DYNAMICS DURING DIFFERENTIATION 

IN MINERALIZATION 

DERRICK EKANAYAKE 

ABSTRACT 

Background/Objective: Converging evidence in recent years suggests growth 

chondrocytes, involved in the integral process of endochondral bone formation 

and fracture healing, exhibit a dynamic bioenergetic profile despite residing in the 

nutrient poor cartilaginous environment. Specifically, chondrocytes show an 

increased dependence on mitochondrial derived oxidative phosphorylation during 

differentiating, collagen product, but to a differing extent when mineralizing. 

Therefore, quantitative analysis of mitochondrial dynamics during these varying 

processes serves to corroborate existing metabolic studies and further elucidate 

the role of oxidative metabolism during the endochondral process.  

Methods: The murine chondroprogenitor cell line ATDC5 was used, and groups 

were cultured in differentiating, collagen promoted, and mineralizing conditions. 

Fluorescence confocal 3D image acquisition and bioimaging analysis was used 

to quantify changes in mitochondrial volume and branch length per mitochondria 

along with organization and colocalization changes of the actin cytoskeleton to 

mitochondria in the various conditions over 21 days.  

Results: We showed that chondrocyte differentiation resulted in significantly 

increased mitochondrial volume and fusion when compared to non-differentiating 

groups, and in collagen promoted groups, mitochondrial volume was significantly 
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higher. Additionally, we showed that the process of mineralization resulted in a 

significant decrease in mitochondrial volume and branch length per mitochondria 

by day 21 of the experiment. Finally, colocalization analyses of the actin 

cytoskeleton to mitochondria showed significantly increased overlap in non-

differentiating cells when compared to differentiating conditions. 

Conclusions: These findings suggest that collagen production is likely an 

energetically taxing process and mineralization does not heavily rely on oxidative 

metabolism. Furthermore, the actin cytoskeleton likely plays a role in 

mitochondrial remodeling that coincides with mitochondrial fission and fusion; 

increased fission is associated with actin accumulation to mitochondria and 

fusion is associated with actin disassociation from the outer mitochondrial 

membrane.  
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INTRODUCTION 

Bone formation occurs either by intramembranous or endochondral 

ossification. The latter, responsible for the formation of the appendicular 

skeleton, occurs through a unique process in which bone tissue is preceded by a 

hyaline cartilage anlage [1]. Eventual bone deposition, skeletal growth, and post-

natal fracture healing are coordinated by the concerted effects of chondrocytes of 

the growth plate—growth chondrocytes—in proliferation, differentiation, ECM 

homeostasis, matrix mineralization, and cell death. Despite residing in the 

nutrient starved cartilaginous environment, early evidence suggesting 

chondrocytes exclusively utilize glycolytic metabolism becomes further 

antiquated as recent works report increasing oxidative phosphorylation 

(OXPHOS) during differentiation and collagen production [2] but to a differing 

extent when mineralizing [3]. Therefore, the dynamics of mitochondria organelle 

formation and structure are inextricably linked to the oxidative capacity of cells. 

These organelles are thought to undergo extensive morphological remodeling, 

now known to occur via the actin cytoskeleton, that underpin these metabolic 

shifts [4, 5]. Thus, characterization of mitochondrial dynamics is vital to 

substantiate previous work and further elucidate the role of OXPHOS in growth 

chondrocyte bioenergetics.  
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CHONDROCYTE METABOLISM 

The in vivo cartilage environment in which chondrocytes reside and 

maintain lacks vasculature, nerves, and lymphatics. As a result, chondrocytes 

receive O2 and nutrients via diffusion from neighboring elements. In the growth 

plate, chondrocytes are supplied by capillaries of the epiphyseal artery, 

underlying metaphyseal artery and perichondral bone and in articular cartilage, 

chondrocytes are supplied by synovial fluid and the underlying subchondral bone 

[6]. By virtue of this arrangement, O2 and nutrient gradients exist across the 

zonal layers of cartilage tissues. In articular cartilage, O2 tension has been well 

documented and reported to range from 2-7%, with the higher levels exhibited in 

the more superficial layers [7]. A similar glucose gradient lies in the same 

direction with concentrations below 1mM found in the deeper zone [8]. In 

endochondral cartilage, however, efforts to measure O2 and glucose content 

have produced varying results as the anatomical location inherently presents 

additional challenges to the acquisition process. Despite this, given growth 

chondrocytes are known to be functionally more active than those in articular 

cartilage, nutrient gradients are thought to be more extreme in the growth plate. 

Because very little O2 is available in cartilage, chondrocytes have long been 

though to heavily rely on glycolytic metabolism for energy, fully converting 

glucose to lactate in the production of ATP [9]. Indeed, studies have found that 

primary chondrocytes derive as much as 95% of their ATP from glycolysis and 

only around 1-10% from oxidative phosphorylation (OXPHOS) [9]. Recent work 
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comparing superficial and deep cells of articular cartilage, however, suggests 

deep cells derive a greater proportion of their ATP from OXPHOS due to lower 

glucose and bolstered O2 supply from underlying bone, demonstrating that the 

microenvironmental conditions have an influence on chondrocyte metabolism [8, 

10]. 

Additionally, shifts in glycolytic and OXPHOS utilization also occurs as 

endochondral differentiation progresses by virtue of distinct cellular processes. 

For example, during proliferation glycolytic metabolism functions to meet the 

needs of a rapid production of new cells [9]; the notion of glycolysis in cell 

proliferation is also seen in cancer cells, highly proliferative cells that exhibit 

extensive glycolytic metabolism despite the presence of O2 (Warburg effect). 

Therefore, increased glycolytic flux could facilitate the production of 

macromolecules and cellular components integral to proliferation, although an 

exact understanding still remains to be further developed. Nevertheless, early 

chondrocytes utilize glycolysis not strictly as a result of the anoxic cartilaginous 

environment but in order to proliferate, inherently deriving a majority of their ATP 

through glycolysis [11,12]. In contrast, during differentiation, a process in which 

cells become more specialized through genetic modulation, growth chondrocytes 

exhibited an increased dependence on OXPHOS for ATP production [2, 13]. 

Work by Hollander et al. [13] further supports this as inhibition of OXPHOS via 

several ETC chain inhibitors precluded chondrogenic differentiation, thereby 

suggesting differentiation is an energetically taxing process requiring a switch 
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from glycolysis to OXPHOS. Furthermore, during endochondral differentiation, 

growth chondrocytes are also engaged in other cellular process such as ECM 

synthesis, matrix mineralization, and cell death—vital processes that likely further 

influence bioenergetic shifts. Indeed, in ATDC5 cells, differentiation under 

mineralizing conditions was associated with diminished oxidative function and 

protein production when compared to non-mineralizing conditions [3] and in situ 

terminally differentiated chondrocytes exhibited a higher degree of uncoupled 

mitochondria and a near undetectable reliance on OXPHOS prior to cell death 

[14]. Taken together, accumulating evidence thus suggests chondrocytes exhibit 

a dynamic metabolic profile, with shifts in glycolysis and OXPHOS as a result of 

the combined microenvironmental conditions and cellular processes. 

 

CHONDROCYTE MITOCHONDRIA 

Mitochondria are dynamic organelles integral to numerous cellular 

functions. Briefly, these double membraned organelles house the enzymes for 

several key oxidative metabolic pathways: the Citric Acid Cycle (TCA) which 

occurs in the outer matrix; and OXPHOS, which occurs along proteins embedded 

in the inner mitochondrial membrane. Additionally, mitochondria also regulate the 

oxidation status of the cell, mediate programmed apoptotic cell death, and 

participate in intracellular calcium handling [reviewed in 15]. In chondrocytes, 

mitochondria only take up 1-2% of the cellular volume compared to 15-20% in 

other cell types, are often fragmented or missing proteins integral to the electron 
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transport chain [7], and exhibit relatively low oxygen consumption rates [10]. Still, 

even in chondrocytes, it has long been established that mitochondria are 

inextricably linked to the bioenergetic status of the cell as dynamic morphological 

changes occur in response to environmental and metabolic stress [3]. Therefore, 

dynamic remodeling of mitochondria is a tightly orchestrated process that occurs 

through fission and fusion events, which are separate functions that serve 

different purposes and are uniquely carried out by guanosine triphosphatases 

(GTPases) in the dynamin family [3]. In the fission process, fission machinery, 

namely Drp1, is recruited from the cytosol to distinct fission sites at the outer 

mitochondrial membrane (OMM). Fusion occurs similarly, with recruitment of 

fusion machinery to fusion sites on mitochondria where GTPases Mfn1, Mfn2 

mediate fusion of the OMM and Opa1 the inner mitochondrial membrane. In 

cells, fusion functions to counteract environmental stress and starvation through 

mitochondrial complementation, a process in which fusing with other 

mitochondria rescues or enhances the ability of the organelles and in abundance, 

increases the overall mitochondrial capacity of the cell [18, 19]. For example, 

damaged mitochondria can fuse with healthy mitochondria wherein the function 

of the damaged mitochondria is rescued through sharing of mtDNA, proteins, 

lipids, and additional intracellular contents and in times of energetic demand, 

fusion mediates the sharing of proteins and lipids that bolster the OXPHOS 

capacity of the cell [18]. Fission, the morphologically opposite process, occurs in 

the presence of excess nutrients, widespread cellular dysfunction, and healthy 
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mitophagy [16]. Generally, the extent of fission or fusion do not match, and so 

two ultrastructural characterizations of the mitochondrial network arise: 

fragmented when mitochondria have predominantly undergone fission; and 

elongated when extensive/majority fusion has occurred. Interestingly, both fission 

and fusion are integral to the differentiation process as knockout of fusion/fission 

proteins inhibited cellular differentiation [16, 20]. Specifically, fission necessary 

for mitochondrial biogenesis and sufficient mitochondrial content in daughter cells 

[16] and fusion, for its previously mentioned role in bolstering cellular OXPHOS 

capacity [21]. However, increased mitochondrial biogenesis, a process 

connected to fission, was also seen to contribute to the increased OXPHOS 

capacity of osteogenic cells during differentiation [22]. Therefore, ultrastructural 

changes in mitochondrial architecture during differentiation are complex as 

studies report both fusion and fission during chondrogenic differentiation [20-22]. 

 

CHONDROCYTE DIFFERENTIATION 

Chondrogenic differentiation is a highly orchestrated and temporally 

specific process modulated by the presence and induction of various signaling 

proteins, transcription factors, and ECM elements. In the growth plate, 

chondrocytes are organized into characteristic zones of-proliferation, 

differentiation, mineralization, cell death, and ossification that is indicative of their 

distinct cell function and state. During early fetal development, bone formation is 

initiated by condensation of MSCs (mesenchymal stem cells). Subsequent 
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activity of SOX9 initiates chondrogenic differentiation of cells at the interior of the 

condensate to become proliferative chondrocytes [1, 23]. After initial proliferation, 

marrow invasion occurs with the establishment of primary and secondary 

ossification centers which establish the overall bone model of the developing 

skeletal element. During subsequent growth there is rapid proliferative activity of 

chondrocytes at the growth plate that both increases the size of the cartilage 

matrix and aids in driving longitudinal bone growth. Proliferative chondrocytes 

predominantly produce type 2 collagen and high levels of aggrecan, are flatter 

and arranged close together, and have collagens arranged parallel to the 

articular surface of long bone [24].   

In the transitional zone, postmitotic chondrocytes, also called pre-

hypertrophic chondrocytes, begin to differentiate into swollen cells. Runx2 along 

with numerous BMPs are responsible for initiating hypertrophic differentiation and 

completion to a terminally differentiated state [1, 23]. Together, these proteins 

facilitate the distinct changes that characterize the hypertrophic phenotype: 

rounding of cell shape; increased expression of type X collagen and lower 

aggrecan [25]; and increased alkaline phosphatase (ALP) activity [1,23]. In 

conjunction with proliferative cells, increasing cell size during hypertrophy drives 

longitudinal growth of the skeletal element. As cell move more proximal to the 

chondro-osseus border, they become terminally differentiated. Visually, they are 

fewer in quantity, arranged in columns perpendicular to the articular surface, and 
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synthesize notably larger amounts of collagen than that seen in the proliferative 

zone, albeit at lesser amounts [24].  

Role of Ascorbic Acid in Chondrocyte Differentiation 

In most mammals, including humans, endogenous production of 

Ascorbate Acid (AA) is not possible due to the absence of the enzyme 

gluconolactone oxidase. Therefore, sufficient dietary intake of AA, also known as 

Vitamin C, is essential; humans deficient in AA develop excessive skin bruising 

and gum bleeding known as scurvy. In cells, apart from its protective properties 

as a potent antioxidant, AA functions in numerous regulatory capacities that link it 

to a variety of cellular dynamics. In perhaps its most well-known role, AA is a 

cofactor for the Fe2+/⍺-KG/O2 dependent prolyl hydroxylases (PDHs) [26] 

responsible for the hydroxylation of proline residues of preprocollagen chains in 

the ER. Therefore, because the hydroxylation status of collagen governs 

secretion and deposition into the ECM, AA serves a crucial role in ECM/collagen 

homeostasis [26]. Furthermore, AA mediated PDH hydroxylation also functions in 

what Shapiro et al. [27] call the O2 sensing capability of chondrocytes, a protein 

system that connects cellular metabolism and environmental O2 via alterations in 

the hydroxylation status of HIF1⍺. Briefly, in normoxic conditions, PDH 

hydroxylation of HIF1⍺ proline residues destabilize the transcription factor, 

promoting its degradation and absence of downstream effects. However, under 

hypoxic conditions, O2 dependent PDH hydroxylation does not occur and HIF1⍺ 

stabilization initiates downstream effects that promote anerobic glycolysis and 
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inhibit OXPHOS in two notable ways: (1) activation of pyruvate dehydrogenase 

kinase inhibits pyruvate flux into the mitochondria Citric Acid Cycle (TCA); (2) 

translocation of HIF1⍺ into the nucleus up upregulates transcription of glycolytic 

enzymes. Thus, HIF1⍺ controls glucose utilization in response to hypoxic 

conditions, generating increased glycolytic ATP and inhibiting mitochondrial 

activity to lower the O2 needs of cells [26, 27]—linking AA, in at least one way, to 

cellular metabolism. Indeed, in MSC cultures, AA treatment in normoxic 

environments enhanced cell expansion via increased OXPHOS, a result of 

elevated HIF1⍺ breakdown and unperturbed mitochondrial activity [28]. 

Additionally, in BMP2-induced chondrogenic differentiation of murine C3H10T½ 

cells, AA treatment increased protein accumulation, oxidative capacity, and ATP 

production [2]. Furthermore, AA is also extensively used in cell culture models to 

promote both chondrogenic and osteogenic differentiation as numerous studies 

reported the presence of hypertrophic markers–increased Runx2, collagen type 

X, and ALP activity–with addition of AA [29, 30] and significantly less 

chondrogenic expression in its absence [31]. In murine chondroprogenitor 

ATDC5 cells, AA was shown to shorten chondrogenic proliferation periods [32] 

and induce early onset of the differentiated phenotype [33], suggesting a 

temporally advantageous application of AA when studying chondrogenic 

differentiation in in-vitro settings. However, the exact mechanism of AA induced 

differentiation is still unclear—specifically, if AA mediated gene expression is 

dependent on collagen synthesis given ECM signaling is known to govern 
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cellular dynamics. Studies have shown that implantation into an AA-conditioned 

ECM was enough to induce hypertrophy via integrin signaling and collagen 

inhibition abrogated expression of the hypertrophic phenotype [32, 33]. However, 

contrasting findings by Sullivan et al. [34] suggested that AA-induced gene 

expression is independent of collagen synthesis, as inhibition of collagen 

hydroxylation in AA-treated cells still resulted in hypertrophic expression and 

implantation of immature cells in AA-conditioned ECM was not enough to induce 

differentiation. Although further work is required to fully elucidate the exact 

mechanism of AA mediated differentiation, new evidence suggests AA may 

assert its affects through DNA histone modification; AA is also a cofactor for TET 

enzymes responsible for cytosine demethylation. Interestingly, knockout studies 

of various TET’s enzymes have reported impeded and abnormal proliferation, 

differentiation, and stemness of a wide range of STEM cells and their progeny 

[26, 35]. 

 

MATRIX MINERALIZATION 

As cells hypertrophy and terminally differentiate, matrix mineralization 

occurs in the surrounding ECM. Notable microenvironmental changes include: 

MM13 expression, a metalloproteinase that degrades aggrecan and collagenous 

fibers; and less collagen production by terminal cells under mineralizing 

conditions [1, 23]. In the ECM, mineralization occurs from the continuous 

deposition of calcium-phosphate crystals, hydroxyapatite, into the collagen 



 

 

11 

scaffolding [36]. Although extracellular levels of phosphate and calcium are two 

determinants for mineralization, the occurrence of mineralization is more 

dependent on systemic levels of phosphate, a potent molecular species also 

implicated in fracture healing, hypertrophic cell death, and growth plate 

maturation [36, 37, 38]. Furthermore, the source of phosphate has also been 

shown to be of significance; studies altering the Pi source reported detectable 

mineral-crystal formation only when cells were treated with β-GP (beta glycerol 

phosphate) despite exogenous supplementation of Pi [13]. Therefore, it is thought 

that ALP, an ectoenzyme tethered to the outer surface of hypertrophic cells, is 

integral to mediating matrix mineralization. Through its hydrolyzation of 

phosphodiester bonds of extracellular species, ALP does two things: (1) liberates 

free Pi  from phosphodiester bond containing species such as β-GP for 

incorporation into growing aggregates; (2) hydroxylates the phosphodiester bond 

in PPi, an inhibitor of mineralization, diminishing its tonic inhibition. Therefore, it is 

thought that ALP serves in the mineralization process not only to increase 

extracellular Pi but perhaps more importantly to reduce extracellular PPi 

inhibition, altering the Pi/PPi ratio in such a way that calcium-phosphate 

aggregation and subsequent mineralization is promoted [36, 39]. 

Additionally, matrix vesicles (MVs) in the ECM, equipped with membrane 

associated tissue nonspecific alkaline phosphatase (TNAP) and annexin V, are 

also known to facilitate mineralization in a process called MV-associated 

mineralization [39, 40]. Akin to ALP, high TNAP activity at the exterior of MVs 
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facilitates the hydrolytic cleavage of inorganic phosphate. However, instead of 

nucleation in the ECM, Pi moves into MVs via phosphate channels as a result of 

the increased local concentration [39]. In addition, intracellular Pi is further 

increased through the activity of several intra-vesicular enzymes that liberate Pi 

from phospholipids of the inner leaflet membrane of MVs [36, 39]. Ca2+ flux into 

MVs is thought to be modulated by annexin V interaction with ECM elements, 

namely collagen X and 2 [41]. Binding of collagen to these calcium dependent 

channel causes Ca2+ influx and accumulation in MVs. Together, as the intra-

vesicular concentration of Pi and Ca2+ increases, progressive nucleation, and 

eventual eruption out of MVs leads to deposition of hydroxyapatite crystals into 

the collagen scaffolding. Further support to the theory of MV-associated 

mineralization was established by the seminal work of Boone et al. [42] in 

identifying calcium phosphate aggerates in both extracellular and intracellular 

vesicles. As a result, culminating work suggests progression of an intra-vesicular 

amorphous calcium phosphate to the crystalline structure in extracellular vesicles 

originates at dysfunctional, calcium-phosphate rich mitochondria, in which 

removal and trafficking to the ECM occurs via mitophagy and sequential vesicle 

budding [43]. 

 

TERMINAL CELL FATE  

As terminal hypertrophic cells near the chondro-osseous border, increase 

expression of MM9 promotes angiogenesis and programed cell death; osteoid, 
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secreted from osteogenic cells, is then laid down in continuation of the existing 

mineralized matrix and ultimately forms bone [1, 23]. Before this, however, the 

process of terminal cell death is integral, although the complete loss of cells in 

this area severely impacts the mechanical integrity of bone [44]. Therefore, 

terminal cells are thought to meet one of two fates: trans-differentiation or cell 

death [1]. Although the process of trans-differentiation was initially controversial, 

studies have found expression of type 1 collagen in MSC and chondrocyte cell 

culture systems suggesting that trans-differentiation or further differentiation to 

osteoblast-like cells does occur [25, 45].  

The other fate, cell death of terminal cells, has been evidenced by the 

presence of membrane blebbing and diminished cell size in lacunae adjacent to 

the chondro-osseous junction. Efforts to understand the mechanism(s) of 

terminal cell death have pointed to apoptosis as characteristic chromatin 

condensing, DNA fragmentation, and cellular blebbing from proteolysis was 

observed [45]. In apoptosis, programmed proteolytic cell degradation is thus 

known to occur through an intrinsic or extrinsic pathway that both converge on 

the downstream activation of cytosolic caspases, proteolytic enzymes [46]. 

Specific to the intrinsic pathway, however, is the crucial process of mitochondrial 

outer membrane permeabilization (MOMP) in mediating caspase activation; pore 

formation facilitates release of mitochondrial intermembrane space (IMS) 

proteins into the cytosol, like cytochrome c (cyt-c), and their subsequent 

activation of caspase enzymes. Interestingly, in terminal cells of the growth plate, 
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cyt-c and caspase-3 were reported to be increased prior to MOMP [47], and 

mitochondria exhibited a maturation-dependent loss of membrane potential and 

oxidative capacity [14], thereby indicating terminal cells are primed for cell death 

via apoptosis. Dynamic control of the OMM permeabilization status is 

predominantly governed by the Bcl-2 family of proteins, of which two subclasses 

exist: anti-apoptotic proteins such as Bcl-2; and pro-apoptotic proteins such as 

Bax. Present in both the cytosol and the OMM, changes in localization of the two 

classes to the OMM co-ordinate cell life and fate. Although Bax is constitutively 

expressed, early stages of apoptosis have been shown to coincide with 

increased Bax translocation to OMM foci [48]. Temporal accumulation during 

apoptosis thus leads to MOMP, release of cyt-c, and activation of the caspase 

cascade. In the growth plate, Bax was seen to be increased in mitochondria of 

mature cells while Bcl-2 was only localized to mitochondria of immature cells 

[47]. Thus, a decrease in Bcl-2/Bax ratio in terminal cells is indicative of apoptotic 

cell death.  

Mitochondrial Morphology in Apoptotic Cell Death 

Although the occurrence of mitochondrial fragmentation has been reported 

in several non-apoptotic cellular events, fragmentation is invariably associated 

with apoptosis [49]. In some worm species, fission events have been seen early 

in apoptosis, leading some to believe mitochondrial fission functions in an 

integral step of the early apoptotic pathway [50]. Substantiation to this is given by 

findings that show in cells treated with STS, an agent that induces apoptosis, Bax 
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focal accumulation at the OMM occurs at distinct fission sites where Drp1 

colocalizes with Bax [51]. Although a great deal of nuance surrounds the exact 

mechanism, Bax mediated MOMP early in apoptosis is thought to not only 

facilitate cyt-c release, but also the translocation of IMS protein DDP/TIMM8a to 

the cytosol [52]. Once in the cytosol, DDP/TIMM8a recruits Drp1 to the OMM, 

promoting colocalization with Bax that then further stimulates Bax recruitment 

and oligomerization to the OMM. [49, 50, 52]. Completion of Bax recruitment to 

the OMM was shown to correlate with apoptotic mitochondrial fission and lower 

mitochondrial volume [48]. Although additional work into the temporal 

interdependence of Bax-Drp1 co-recruitment, cyt-c release, and apoptotic 

mitochondrial fragmentation remains crucial, numerous studies have well 

established the necessity of both Bax and Drp1 function in apoptotic 

mitochondrial fission [48-51]. Cells expressing a dominate negative inhibitor of 

Drp1 exhibited delayed or complete inhibition of mitochondrial fragmentation, 

cytochrome c release, and cell death and apoptosis-induced fragmentation was 

not observed in cells expressing a Bax mutant. Furthermore, despite initial Bax 

translocation occurring irrespective of Drp1 function, temporal Bax coalescence 

was significantly less, did not corelate with changes in gross mitochondrial 

morphology, and apoptosis did not occur in cells missing Drp1 function (Figure 

1). Taken together, converging evidence suggests that colocalization of Bax and 

Drp1 is crucial to a mechanistic role of mitochondrial fragmentation in the early 

apoptotic pathway. 
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Figure 1. Relationship of Bax-Drp1 and Mitochondrial Fragmentation. WT cells show Bax 
oligomerization, cyt-c release, and apoptotic mitochondrial fragmentation due to Drp1 function. In 
Drp1 KO cells, cyt-c release and downstream apoptosis is accompanied by aberrant Bax 
accumulation and the absence of mitochondrial fission. (Adapted from Maes, et al. 2019) 

 
ACTIN CYTOSKELETON AND CHONDROCYTE DIFFERENTIATION 

In addition to cell-cell signaling and cell-matrix interactions, accumulating 

evidence also implicates the actin cytoskeleton as a mediator of phenotypical 

changes during chondrogenic differentiation [4, 53]. In cells, actin exists in two 

forms: a globular monomeric form (G-actin) and a filamentous form (F-actin) 

composed of two helically coiled actin multimeric units. F-actin filaments are 

polarized with a fast-growing end (plus or barbed) and a slow growing end 

(minus or pointed) in which incorporation and dissociation of G-actin occurs in an 

ATP dependent manner [54]. Further assembly of actin filaments into bundles 

known as stress fibers (SF) also occurs; numerous types of SF exist, endowing 

cells with essential properties such as structural integrity and cellular movement 
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[54]. Regulation of F-Actin polymerization, assembly, and organization is a 

product of the integrated effects of numerous Rho-family GTPases and their 

associated downstream actin-binding proteins (ABP). Together, various Rho-

family modules influence actin dynamics through severing, capping, nucleating, 

and/or elongating filaments [4, 54]. For example, chondrogenic differentiation is 

an integrated result of RhoA/ROCK proliferative effects antagonized by 

Rac1/Cdc42 hypertrophic effects [55]. In addition, changes in ABP dynamics 

have also been implicated in the differentiation process; increased expression of 

adversin in hypertrophic cells was shown to reorganize the actin cytoskeleton, 

induce hypertrophic gene expression, and alter cell size and shape towards the 

differentiated phenotype [56]. Therefore, organizational changes of the actin 

cytoskeleton are indicative of the differentiation status of cells, however, the 

relationship of the actin cytoskeleton in differentiating chondrocytes remains to 

be well characterized.  

A Link Between the Actin Cytoskeleton and Mitochondrial Dynamics 

Converging evidence in recent years also points to actin as a major 

mediator of mitochondrial remodeling. Although several mechanisms have been 

proposed, pioneering evidence has centered around the necessity of 

Mitochondrial Endoplasmic Reticulum Contacts (MERC) as initiation sites of 

fission [5,57]. Specifically, ER-anchored formin INF2 interacts with OMM-located 

formin activating Spire1C, leading to actin polymerization into foci at the OMM. 

However, recent evidence also suggests that actin recruitment to the 
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mitochondrial surface occurs independent of MERC formation and accumulates 

in a non-focal arrangement [58]. Regardless, the force of actin polymerization is 

thought to play an essential role in pre-constricting bulky mitochondria as Drp1 

alone is not large enough to fully cut mitochondria, thereby suggesting a 

necessity of actin in the fission process. Subsequent colocalization of cytosolic 

Drp1 to actin foci, oligomerization into a ring structure spanning the OMM, and 

GTP hydrolysis leads to ultimate mitochondrial scission. Understanding of 

mitochondrial fusion was evidenced by removal of actin polymerizing proteins 

and concomitant elongation of mitochondria [57-59]. Therefore, mitochondrial 

network formation is associated with actin disassociation from the OMM which 

critically re-exposes Mfn1/2 and reinstates their fusion activity. Figure 2 depicts 

the fission/fusion status of mitochondria in relation to actin localization. Although 

critical evidence continues to shine light on the numerous proteins and 

mechanisms that govern mitochondrial dynamics, overwhelming evidence 

indiscriminately points to a role of actin in mediating mitochondrial remolding. 

 

Figure 2. Relationship of Actin Colocalization to Mitochondrial Morphology. The 
appearance of fragmented mitochondria occurs in relation to action accumulation around 
mitochondria and fusion occurs in the absence of actin at the OMM. (From Moore, et al. 2018)
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SPECIFIC AIMS 

Recent studies report growth chondrocytes exhibit increased oxidative 

capacity during the processes of differentiation and collagen production and to 

differing extent during mineralization. While these studies utilize extensive 

metabolic assays regarding the mitochondrial system, assessment of 

mitochondrial dynamics and morphology that accompany these finding would 

further elucidate the role of OXPHOS during vital growth chondrocyte processes.  

Therefore, using a robust array of bioimaging analytics, this study aims to 

quantify changes in mitochondrial dynamics in groups induced to differentiate 

under varying conditions that promote collagen synthesis and mineralization. 

These studies further assessed structural relationship of the actin cytoskeleton in 

mediating the accompanying mitochondrial dynamics during differentiation. 

Finally, the occurrence of mitochondrial fragmentation and apoptosis during 

mineralization was examined and the capacity of the fission process to serve in a 

mechanistic role in the cell death pathway.  
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METHODS 

CELL MODEL 

ATDC5 chondroprogenitor cells were expanded in growth medium 

containing DMEM high glucose F12 1:1 (Life Technologies Inc, Beverley, MA), 

5% fetal bovine serum (Life Technologies Inc, Beverley, MA), and 1% 

penicillin/streptomycin antibiotic (Mediatech Inc, Herndon, VA). After confluence 

was reached, cells were seeded on 35mm glass bottom FluoroDishTM cell culture 

plates (World Precision Instruments Inc, Sarasota, FL) at a density of 0.7 x 105 

cells per well. After seeding, cells were incubated an additional 2-3 days in the 

same media composition to reach confluence. Upon 60% confluence, culture 

medium was changed to Differentiation, Differentiation + AA, and Differentiation 

+ AA + β-GP; untreated cells were left in growth media to serve as control (see 

Table 1). ATDC5 cell differentiation was induced by supplementation with 5x 

insulin-transferrin-selenium (Lonza Walkersville Inc, Walkersville, MD). Cell 

culture medium promoting collagen production was supplemented with 37.5 

µg/ml L-ascorbic Acid (Sigma-Aldrich, St. Louis, MO) and culture medium 

promoting mineralization was supplemented with 4 mM β-glycerol phosphate 

(Sigma-Aldrich, St. Louis, MO). The day of first media change was considered 

Day 0 of differentiation; cells were arrested and permeabilized and stained at 

Day 7, 14, and 21 post induction. All cells were maintained at 37℃ in 5% CO2 

tension for the entire culture period. 
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Table 1. Cell Media Conditions. All media conditions were supplemented with 5% fetal bovine 
serum (Life Technologies) and 1% penicillin/streptomycin antibiotic (Mediatech). 1Life 
Technologies, 2Lonza BioWhittaker, 3Sigma-Aldrich 

 Medium Name 
Expansion Growth/Control Differentiation Diff + 

AA 
Diff + AA + 
β-GP 

Base DMEM1 ⍺-MEM1 
Differentiating 
Supplements 

N/A N/A 5X insulin-transferrin-selenium2 

Other 
Treatment 

N/A N/A N/A 37.5 
µg/ml L-
Ascorbic 
Acid3 

37.5 µg/ml 
L-Ascorbic 
Acid3, 
4mM β-
glycerol 
phosphate3 

 
IMMUNOFLUORESCENCE 

Staining was done at Day 7, 14, and 21 post induction of differentiation. 

Prior to each step, ATDC5 cultures were washed three times with prewarmed 1x 

PBS for 5 minutes (Mediatech Inc, Herndon, VA). A final concentration of 200nM 

of MitoTrackerTM Red CMXRos (Life Technologies Corp, Eugene, OR) in PBS 

was used to stain cells for 35 minutes at 37°C in 5% CO2 tension. Cells were 

fixed with 3.7% formaldehyde for 15 minutes in growth medium and subsequently 

permeabilized with ice-cold acetone for 5 minutes. Cells where then subject to 

either cytoskeleton staining or antibody treatment. Actin staining was done at 50 

µg/mL of phalloidin-FITC (Abcam, Branford, CT) at room temperature for 40 

minutes in a dark environment. Prior to antibody treatment, cells were blocked in 

0.1% BSA in PBS for 10 minutes at room temperature. Cells were then incubated 

for 30 minutes with anti-Bax (B-9) mouse monoclonal antibody conjugated to 
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Alexa Fluor® 405 (1:50; Santa Cruz, Dallas, TX) and anti-DRP1 (C-5) mouse 

monoclonal antibody conjugated to Alexa Fluor® 546 (1:50; Santa Cruz, Dallas, 

TX). Prolong Gold Antifade reagent with DAPI (Life Technologies Corp, Eugene, 

OR) was used to stain nuclei and preserve samples. 

 

CELL IMAGING 

Image acquisition was done via a Leica SP5 Fluorescence Confocal 

microscope using a 63X objective oil lens. All images are taken at a resolution of 

2048x2048. Single plane images were taken along with Z-stack images at a z-

interval of 0.4 µm.  

 

IMAGE ANALYSIS 

All image processing was done with NIH FIJI/image software. Image 

preprocessing was done through FIJI/ImageJ plugin DeconvolutionLab2 [60] and 

PointSpreadGeneratator [61].  When specified, z-sections were used to make 

Maximal Intensity Projections (MIP). Cellular metrics were analyzed on an 

individual cell basis or square ROI of ~4000 µm2.  

Prior to mitochondrial analysis, z-section images of individual cells were 

cropped and persisting background noise was manually subtracted. Fiji/ImageJ 

plugin Mitochondria Analyzer [62] was used to assess mitochondrial volume and 

extent of fusion through branch length per mitochondria. To determine optimal 

threshold in which mitochondria are selected over image artifacts and noise, 
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Mitochondria Analyzer feature ‘optimize threshold’ was used. A block size of 

1.25, weighted mean algorithm, and C-value of 10 was determined to create the 

most accurate segmentation. Mitochondrial volume and branch length per 

mitochondria of fifty cells cultured in each media condition and time point were 

analyzed and reported as means. 

Quantitative analysis of the actin cytoskeleton arrangement was done in 

single cells and square ROI of ~4000 µm2 using a MIP created from seven z-

series image at a z-interval of 0.4µm. Cell area was assessed via Set 

Measurements tool in FIJI/ImageJ. The LPX plugin [63] (filter = lineFilters, 

linemode = lineExtract) was used to skeletonize MIP at parameters: giwsIter = 

15, mdnmsLen = 15, pickup = aboveZero, shaveLen = 10, and delLen = 10. 

Skeletonized images were then masked with binary image and analyzed using 

LPX plugin (filter = lineFilters, linemode = lineFeature) to assess cytoskeleton 

parallelness and bundling (skewness of intensity distribution). Cytoskeleton 

density was measured by dividing i_nPix value output (skeletonized pixel 

number) by ROI area. Sixteen ROIs from each condition and timepoint were 

analyzed.  

Colocalization analysis was used to assess actin localization to 

mitochondria in relation to mitochondrial morphology. Pixel-pixel based intensity 

and object based colocalization methods of MIP created from seven z-series at 

z-interval of 0.4 µm were used. Segmentation using ‘moments’ for mitochondria 

in red mitochondria channel and ‘Iso_Data’ for green actin channel were used to 
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and fixed ROI of ~4000 µm2 was used. FIJI/ImageJ tools Raw Integrated Density, 

Mean Gray Value, and Integrated Density were used to assess actin 

concentration (pixel intensity) trend over 21 days. To assess actin colocalization 

to mitochondria, FIJI/ImageJ function BIOP_JaCoP was used to generate M1 

and M2, Mander’s split coefficients that represent colonization of each channel. 

M1 represents the percentage of red channel that overlaps with green channel 

and M2 the percentage of green channel overlapping with red.  Mander’s split 

coefficients are not overly sensitive to intensity differences between overlaying 

channels and thus provides a reliable way to assess colocalization via overlap 

[64]. Fifty ROIs from each condition and timepoint were analyzed.  

 

STATISTICAL ANALYSIS 

Two-way Anova was used to compare media conditions and timepoints. 

Appropriate Post-hoc tests were used following two-way Anova test to determine 

difference between media conditions and timepoints. All analyses were done at a 

significance level of p<0.05. All statistical testing and graphing were done 

through GraphPad Prism. 
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RESULTS 

In the first series of studies, the total mitochondrial content and structure 

were assessed (Figure 3-5). Figure 3 shows the overall mitochondrial 

morphology in cells over 21 days cultured in varying conditions. Figure 4 

provides quantitative measures of the overall volume of the mitochondrial content 

while figure 5 assesses the overall branch length of the mitochondrial organelles.  

 

MITOCHONDRIAL VOLUME  

Fifty cells from each condition and time point were analyzed and the mean 

was reported as total volume (Figure 4). ATDC5 cells cultured in non-

differentiating media exhibited no significant change in mitochondrial volume 

between any of the individual times points: day 7 to 14 (p=0.1726), 14 to 21 

(p=0.5232), and 7 to 21 (p=0.7587).  In comparison cultures grown under both 

differentiation conditions showed both a significant increase from day 7 to 21 

(p<0.0001) as well as were significantly higher than non-differentiated cells 

(p=0.0003).  ATDC5 cells cultured in differentiation media in the absence of AA 

(Diff) exhibited significant increases in volume between each of the three time 

points: day 7 to 14 (p=0.0089) and 14 to 21 (p=0.0365). Differentiating cells 

supplemented with ascorbic acid (Diff + AA; 37.5ug/ml) also showed a significant 

increase in volume from day 7 to 14 (p=0.0448) and 14 to 21 (p<0.0001), while 

showing a further significant increase in total mitochondrial volume over those 

that were not supplemented with AA (p<0.0001). In groups supplemented with β-
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GP (Diff+AA+β-GP; 4mM), mitochondrial volume did not change significantly 

from day 7 to 14 (p=0.2799), 14 to 21 (p=0.7162) and 7 to 21 (p=0.0578). Groups 

cultured in the absence of β-GP exhibited significant mitochondrial volume 

increase from day 7 to 14 (p=0.0190) and day 14 to 21 (p=0.0042); at day 21, 

mitochondrial volume was significantly higher (p<0.0001) in comparison to day 7 

of the experiment. Between treatment groups, there was no significant difference 

in mitochondrial volume at day 7 (p=0.9466) and day 14 (p=0.2491), however, 

mitochondrial volume in β-GP treated groups was significantly lower (p=0.0002) 

at day 21. 
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Figure 3. Morphological Changes in Mitochondria. ATDC5 cells (a) under differentiation (Diff), 
non-differentiating, collagen production (Diff+AA), and mineralization (Diff+AA+BGP) conditions. 
(b) example of thresholding used for mitochondrial analysis; scale bar 5µm  
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Figure 4. Mitochondrial Volume of Cells in Different Media. (a) Differentiating cells 
supplemented with AA showed significantly higher mitochondrial volume than those not treated 
with AA and cells under non-differentiating conditions exhibited significantly lower volume 
compared to differentiating cells. (b) Compared to non-treated β-GP groups, cells supplemented 
with β-GP exhibited significantly less mitochondrial volume at day 21. Data represented by 
means ± SEM. ***p < 0.001, ****p < 0.0001. n=50 cells for each condition at each timepoint  
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BRANCH LENGTH PER MITOCHONDRIA 

The extent of mitochondrial fusion was next assessed based on Branch 

Length per mitochondria.  In this study the sum of all branch lengths in a single 

cell was divided by the sum of all mitochondria within a cell and reported as 

branch length per mitochondria (Figure 5). ATDC5 cells cultured in non-

differentiating conditions did not show significant change in branch length per 

mitochondrial between any of the times: day 7 to 14 (p=0.6874) and 14 to 21 

(p=0.5109) nor were there any significant differences over the entire time course 

of the experiment in non-differentiating conditions: day 7 to 14 (p=0.57) day 14 to 

21 (p=0.5) and day 7 to 21 (p=0.5). In contrast, cells cultured in differentiating 

media exhibited significantly higher branch length per mitochondria between day 

7 and 14 (p=0.0224) and 14 to 21 (p<0.0001). Branch length per mitochondria in 

cultures further supplemented with AA only showed a significant increase from 

day 14 to 21 (p<0.00001).  When comparing differentiating to non-differentiating 

cells, there was a significant difference in branch length per mitochondria 

(p=0.0001), however, comparison between differentiating groups showed no 

significant difference in branch length per mitochondria (p=0.9903). In groups 

treated with β-GP, branch length per mitochondria did not exhibit any significant 

change from day 7 to 14 (p=0.6592) and 14 to 21 (p=0.2334) but did significantly 

increases from day 7 to 21 (p=0.0353). In groups cultured in the absence of β-

GP, branch length per mitochondria did not change significantly from day 7 to 14 

(p=0.1547), but did increase significantly from day 14 to 21 (p=0.0076) and 7 to 
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21 (p<0.0001). When comparing β-GP treated groups to non-treated groups, 

there was no significant difference at day 7 (p=0.7599) and 14 (p=0.1786), 

however, branch length per mitochondria was significantly lower (p=0.0039) in β-

GP treated groups at day 21. 
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Figure 5. Branch Length Per Mitochondria of Cells Different Media. (a) Groups induced to 
differentiate exhibited an increase in branch length per mitochondria from day 7 to 21; non 
differentiating cells did not exhibit any change. Addition of AA did not increase branch length per 
mitochondria. (b) Branch length per mitochondria was significantly lower in β-GP treated groups 
at day 21. Data represented by means ± SEM. **p < 0.01, ***p < 0.001, ****p < 0.0001. n=50 cells 
for each condition at each timepoint.  
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ACTIN CYTOSKELETON ORGANIZATION 

Figure 7 shows the actin cytoskeleton organization over 21 days of cell 

cultured in varying media conditions. 

 

Figure 6. Actin Staining in Different Media Conditions. (a) Confocal images of the actin 
cytoskeleton in differentiating (Diff), non- differentiating (No Diff), and differentiating conditions 
supplemented with AA (Diff+AA) at day 7, 14, 21. (b) Example MIP skeletonized binarized image 
used for actin cytoskeleton analysis; scale bar 20µm  
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Actin Parallelness, Density, and Bundling 

Analysis of the mean cytoskeleton parallelness, density, and bundling 

were reported from each timepoint and condition (Figure 7). Given the 

methodology used by LPX for this analysis, actin cytoskeleton organization was 

evaluated using a binarized image that allows for quantitative assessment of the 

organizational arrangement irrespective of potentially confounding pixel intensity 

values. In all three parameters analyzed, differentiating and differentiating cell 

supplemented with AA exhibited little change throughout the time course of the 

experiment. Surprisingly, non-differentiating cell exhibited the most change 

through the 21 days as the actin cytoskeleton appeared to increase in 

parallelness and decrease in bundling and organizational density.  
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Figure 7. Actin Cytoskeleton Organization During Different Media Conditions. (a) 
Parallelness of the actin cytoskeleton in differentiating cells and differentiating cells supplemented 
with AA did not change over 21 days, however, the actin cytoskeleton appeared to become more 
parallel in non-differentiating cells. There were no detectable changes in (b) bundling of the actin 
cytoskeleton in both differentiating groups, however, non- differentiating cells exhibited decreased 
bundling. (c) Organizational density did not change in differentiating groups but did decreases in 
non-differentiating groups. Data represented by mean ± SEM; n=16 ROIs. 

 

  



 

 

35 

ACTIN TO MITOCHONDRIA COLOCALIZATION 

Figure 8 shows cellular mitochondria and actin used to assess the extent 

of actin colocalization to mitochondria in different media conditions. Actin 

concentration, reported as actin intensity, was compared against mitochondrial 

volume and branch length per mitochondria (Figure 9). Interestingly, actin 

concentration per ROI in all media conditions increased from day 7 to day 21. At 

the end of 21 days, actin concentration was surprisingly similar in all conditions 

and exhibited little variance at each time point in all conditions. Mander’s spilt 

coefficients (M1 and M2) where used to determine the extent of mitochondrial 

overlap with the cytoskeleton (Figure 10). M1 is indicative of the fraction of total 

mitochondria in the ROI that overlaps with actin and M2 the total fraction of actin 

that overlaps with mitochondria. At day 7, comparison between non-

differentiating exhibited significantly higher Mander’s split coefficients than 

differentiating cells: M1 p<0.0001 and M2 p=0.0001. Between differentiating 

groups, there was no significant difference between M1 (p=0.1476) and M2 

(p=0.5007) split coefficients. At both day 14 and 21, M1 and M2 coefficients were 

also significantly higher in non-differentiating cells when compared to 

differentiating.  
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Figure 8. Actin and Mitochondria Co-Staining. (a) Depicts staining at Day 7 of differentiating 
(Diff), (b) non-differentiating (No Diff), and (c) differentiating cells supplemented with AA 
(Diff+AA). (d) Example of BIOP_JACoP thresholding analysis; scale bar 5µm  
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Figure 9. Actin Concentration in Relation to Mitochondrial Dynamics. In both differentiating 
conditions (a-b, e-f), actin concentration increased with mitochondrial volume and branch length. 
However, non-differentiating cells (c-d) exhibited increased actin concentration with no changes 
in volume and branch length per mitochondria. Data represented by means ± SEM. n=50 ROIs.  
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Figure 10. Actin Overlap with Mitochondria. Mander’s split coefficients M1 and M2 were used 
to determine mitochondria overlap with actin and vice versa at (a) day 7, (b) day 14, and (c) day 
21. In non-differentiating conditions, the fraction of mitochondria overlapping with actin was 
significantly higher than both differentiating groups. Data represented by means ± SEM. ***p < 
0.001, ****p < 0.0001. n= 50 ROIs for each condition at each timepoint.



 

 

39 

DISCUSSION 

 
Previous metabolic experiments suggest that during differentiation, 

chondrocytes exhibit an increased reliance on OXPHOS. However, a complete 

understanding of chondrogenic bioenergetics during the vital process of collagen 

synthesis and mineralization is lacking--specifically, characterization of 

mitochondrial dynamics that coincide with shifts in oxidative metabolism during 

these processes. Thus, in this study, we leveraged quantitative bioimaging 

approaches to assess structural mitochondrial changes associated both with 

chondrocyte differentiation, maximal collagen synthesis, and mineralization.  

 

AA INCREASES MITOCHONRIAL VOLUME WHEN DIFFERENTATING 

In ATDC5 cells induced to differentiate, we report a significant increase in 

mitochondrial volume compared to non-differentiating cells over the course of 21 

days and a significant increase in mitochondrial volume in AA-treated cells. 

Although AA treatment in the BMP2-induced differentiation of C3H10T½ cells 

increased oxidative function, we cannot necessarily extrapolate these findings to 

our results and suggest AA-treatment increases OXPHOS as BMP2 likely causes 

confounding changes to mitochondrial dynamics. Despite this, the increased 

volume that we report does offer insight into the bioenergetics of collagen 

production, as a study found increased mitochondrial volume via heightened 

biogenesis correlates with increased OXPHOS capacity during differentiation of 

osteogenic cells [22]. Therefore, increased mitochondrial volume as a result of 



 

 

40 

AA treatment likely serves to bolster the OXPHOS capacity, thereby suggesting 

collagen production is an energetically taxing process in which chondrocytes rely 

on mitochondria to meet these energy needs. However, the mechanism in which 

AA treatment ultimately does this, whether it be through the PDH-HIF1⍺ system 

or AA mediated collagen hydroxylation shifting the energetic state and 

stimulating increased mitochondrial biogenesis and volume is unclear. Given AA 

has been shown to increase mitochondrial activity through PDH-HIF1a 

breakdown, assessment of HIF1⍺ levels would provide clarifying evidence as a 

study found downregulation of HIF1⍺ correlated with increased OXPHOS [4,5]. 

Regardless, to definitively conclude AA treatment increases OXPHOS and to 

substantiate our findings regarding increased mitochondrial volume, appropriate 

metabolic tests demonstrating increased OXPHOS are required. 

Although we conclude AA treatment likely increases the oxidative capacity 

of cells, we would expect this to be accompanied by increased mitochondrial 

fusion, yet our results showed no significant difference in fusion between 

differentiating groups. A possible explanation for this could thus be given by the 

mechanics of mitochondrial biogenesis, a process requiring fission [16]. As a 

result, the balance between biogenesis via fission and mitochondrial 

complementation via fusion could co-exist at varying rates, where both 

collectively increase the oxidative capacity of the cell. Although both are subject 

to varying factors endowing more or less influence on the overall mitochondrial 

morphology, our findings of increased volume, indicative of heightened 
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biogenesis, could dampen the expression of significant fusion between 

differentiating conditions.  

 

ACTIN CYTOSKELETON AND MITOCHONDRIAL DYNAMICS  

Analysis of the organizational status of the actin cytoskeleton under 

various conditions suggests that during differentiation, actin organization does 

not exhibit a high degree of variance across 21 days but does surprisingly in non-

differentiating cells. Although organizational density, parallelness, and bundling 

remained at lower degrees in both differentiating groups throughout the time 

course of the experiment, non-differentiating cells exhibited an increase in 

parallelness and a large decrease in organizational density and bundling by day 

21. Previous studies assessing MSC chondrogenic differentiation report 

increased SF formation and SF arc, however, we report a decrease in bundling, 

a parameter indicative of SF formation and qualitatively less actin arcs [52]. We 

also attempted to quantify the degree of fiber dispersion via actin organizational 

density, an important distinction as it purely represents the organizational or 

spatial arrangement of actin fibers irrespective of pixel intensity. However, 

amongst differentiating groups, this metric did not noticeably change. In addition, 

we used pixel-intensity based measurements to quantitative actin concentration 

(actin intensity) to assess changes in the 3D distribution of actin as previous 

studies report decreasing actin intensity correlates with increasing mitochondrial 

branch length [36]. Thus, in continuation of this, we expected to see actin 
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intensity fall from day 7 to 21 in differentiating groups as our findings indicate 

increasing branch length during this time. However, throughout the 21 days of 

the experiment, we found actin concentration to increase in both differentiating 

groups in addition to non-differentiating conditions—a further perplexing finding 

as our results suggest mitochondria of non-differentiating cells undergo no 

significant change in branch length and so would likely exhibit an opposite trend 

than differentiating groups in actin intensity. Given that an increase in actin 

concentration could be more indicative of other attributes of cell growth and 

differentiation, a factor not accessed in the aforementioned study, we employed 

Mander’s Split coefficients [64] within the same ROIs to quantitatively assess 

actin colocalization to mitochondria. Interestingly, we report a significant 

difference in M1 and M2 split coefficients between differentiating and non-

differentiating groups at day 7, 14, and 21. Specifically, M1 and M2 were 

significantly higher in non-differentiating cells, thereby suggesting a greater 

fraction of the mitochondrial population overlaps with actin (as assessed by M1) 

and a greater fraction of the total actin concentration overlaps with mitochondria 

(as assessed by M2). Taken together, this suggests that despite an increase in 

actin concentration within all conditions throughout the 21 days, a greater 

proportion of actin significantly colocalized to mitochondrial in non-differentiating 

cells and thus could explain the insignificant changes in branch length per 

mitochondria that we report. Conversely, significantly less mitochondrial overlap 

with actin in differentiating and AA-treated differentiating cells could then explain 
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the increased extent of fusion that we report in both media conditions, as less 

actin colocalization to the OMM allows for sustained exposure of the fusion 

machinery and increased extent of fusion. It should be noted that although we 

report no significant difference in M1 and M2 between differentiating and AA-

treated cells, supporting our findings that AA treatment did not result in a 

significant increase in mitochondrial fusion, understanding of the role of the actin 

cytoskeleton in significantly increasing mitochondrial volume that did parallel AA 

treatment invites further work. Nevertheless, the significant difference in actin 

overlap with mitochondria between differentiating and non-differentiating 

conditions that we report supports the current understanding that actin plays a 

role in the remodeling of mitochondrial architecture in which colocalization to the 

OMM facilitates fission and dissociation enables fusion.  

 
 
MITOCHONDRIAL FRAGMENATION AND MINERALIZATOIN 

Although we report no significant difference in mitochondrial volume or 

branch length per mitochondria at day 7 and 14, by day 21 both measurements 

were significantly lower in ATDC5 cells cultured in mineralizing conditions. 

Therefore, this significant decline in mitochondrial capacities that would 

otherwise serve to increase the oxidative capacity of the cell supports previous 

findings of diminished oxidative metabolism in differentiating cells under 

mineralizing conditions. Together, this suggests mineralization does not heavily 

rely on OXPHOS for energy, albeit energy is still necessary as the process of ion 
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transfer across membranes for nucleation likely requires some degree of energy 

input. Given the temporal relationship in decreasing mitochondrial dynamics and 

heightened mineralization and ALP activity [47], mitochondria perhaps function in 

a non-energetic role during the later stages of mineralization, a notion evidenced 

by increased calcium-phosphate granules in the inner mitochondrial space of 

mineralizing cells [42]. Although Ca2+ sequestration by mitochondria normally 

serves to control intracellular calcium levels, the presence of phosphate 

promotes aggregation and eventual hydroxyapatite deposition. Interestingly, 

calcium-phosphate accumulation inside mitochondria has been shown to 

increase with mitochondrial respiration, as electron movement through the 

phosphorylation sites of the ETC results in a stoichiometric accumulation of 

calcium and phosphate from the medium, oxidative accumulation of calcium-

phosphate has been shown to replace the oxidative phosphorylation of ADP, and 

inhibition of ATP synthesis from OXPHOS resulted in decreasing inner-

mitochondrial granules and discharge into the ECM [65]. Together, although 

certainly complicated, a possible explanation for the non-significant difference in 

mitochondrial volume and branch length at the earlier time points could be found 

within the temporal nature of calcium-phosphate accumulation in mitochondria. 

Therefore, increasing calcium-phosphate accumulation could result in 

mitochondrial dysfunction, evidenced by a transition in membrane potential, that 

tags the aggregate filled mitochondria for mitophagic removal in the early 

intracellular vesicle pathway of MV-associated mineralization [39, 42, 43]. Thus, 
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fission, a vital process of mitophagy, and the ultimate fall in mitochondrial volume 

from removal of aggerate containing mitochondria could provide one explanation 

for our results in mineralizing cells. Similarly, several studies have also shown a 

maturation dependent loss of mitochondrial function in terminal cells as they near 

the endo-osseous border. Specifically, these cells exhibited a transition in 

mitochondrial membrane potential, a shift from tubular to punctate architecture, 

and little reliance on OXPHOS in addition to increased Bax accumulation at the 

OMM [14, 47]. Thus, apoptotic mechanisms are implicated in the mitochondrial 

dynamics that sensitize these cells towards death; Pi is thought to act as an 

apoptogen via movement into mitochondria. Therefore, follow up studies 

characterizing Bax accumulation to OMM and Drp1 relational activity are vital to 

specifically implicating the fission process in apoptotic cell death during 

mineralization and better interpreting our results. Interestingly, inhibition of a 

broad range of caspases have been shown to decrease ALP activity and reduce 

mineralization, and in ATDC5 cells, inhibition of apoptosis reduced Pi-induced 

mineralization [14, 38, 47]. Currently, apoptotic fragmentation is thought to 

possibly function in the release of cyt-c or other IMS proteins, however, newer 

evidence also suggest fragmentation may directly activate cytosolic caspases 

[50]. Therefore, because mineralization seems to, in part, be dependent on 

caspase activity, mitochondrial fragmentation responsible for downstream 

caspase activity could also be implicated in mineralizing cells and provide 
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valuable insight into understanding the mechanistic role of apoptotic 

mitochondrial fragmentation during mineralization. 

 

LIMITATIONS AND FUTURE WORK 

Several limitations are present within this study. Due to the heavy reliance 

on image acquisition, factors such as image background noise, saturation, and 

microscope seatings inherently pose discrepancies and unwanted variance from 

sample to sample. Although this study implemented the use of several programs 

designed to combat this, clear image acquisition under normalized conditions is 

vital for accurate and consistent measurement. Similarly, image analytical 

methods are also subject to limitations as user bias can be a problem when 

ascertaining properties of an image by color, shape, pixel intensity, etc. 

Therefore, automated thresholding and standardized procedures were used in all 

analyses. However, given the use of individual cell quantifications in some 

parameters assessed in this study, demarcation of cell boundaries in the x, y, 

and z directions are inherently subject to some degree of irreducible user bias, 

despite compromising instance not being used. Additionally, although widely 

used, colocalization analysis is not indicative of interaction but simply suggests 

overlap between two proteins and thus conclusions drawn from colocalization 

analytics can be open to interpretation. 

Future work utilizing OCR metabolic studies in AA treated cells along the 

same experimental procedure is important and would help validate the changes 
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in mitochondrial dynamics reported in this study in relation to OXPHOS. 

Additionally, mitochondrial fusion assays in conjunction with image acquisition 

can be leveraged to better ascertain the extent of fusion in mitochondria, bringing 

attention to the importance of assay-based studies to validate image analysis 

and the development of newer protocols that reduce user bias and variance 

when using image analysis. In continuation of ours and other findings, 

assessment of the role, if any, of the actin cytoskeleton in mitochondrial 

biogenesis also serves to provide insightful understanding into the mitochondrial 

dynamics during various endochondral related functions as we report 

mitochondrial biogenesis to be a significant mechanism in which chondrocytes 

increase oxidative capacity.  

Given our findings that suggest mitochondrial volume and branch length 

per mitochondria significantly decreased by day 21, follow up studies 

characterizing Bax association to mitochondrial and Drp1 colocalization will 

provide insightful evidence that specifically implicates the increased 

fragmentation that we report in apoptotic cell death during mineralization. 
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CONCLUSION 

In this study we investigated changes in mitochondrial dynamics that 

accompany differentiating ATDC5 chondroprogenitor cells under collagen and 

mineralizing promoted conditions. Crucially, this study serves to corroborate 

existing metabolic studies that suggest changes in OXPHOS utilization during 

these process as mitochondrial organelles are intimately linked to oxidative 

metabolism. In addition to showing increased mitochondrial volume and fusion in 

differentiating cells compared to non-differentiating cells, we also concluded the 

collagen production is likely an energy intensive process as increased 

mitochondrial volume was accompanied. In conjunction with these findings, we 

were also able to provide evidence of the actin cytoskeleton role in mediating 

these morphological changes as increased mitochondrial fusion was associated 

with lower actin colocalization and fission with increased actin colocalization, 

evidence that is in continuation of current understanding. Finally, this study also 

found increased fragmentation and loss of mitochondrial volume toward the latter 

stages of culture periods is when mineralizing and supports the finding of 

diminished oxidative metabolism of cells during mineralization. Collectively, this 

works substantiates the emerging significance of mitochondria in growth 

chondrocyte metabolism and offers valuable insight into metabolic nuances in 

skeletal growth and the fracture healing process.  
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