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ABSTRACT 

 
Fibroblast to myofibroblast differentiation is essential for the initial healing response, but 

excessive myofibroblast activation leads to pathological fibrosis. Upon injury, quiescent 

fibroblasts differentiate into contractile, synthetic myofibroblasts. Initially fibrosis is 

reparative, but when chronic it contributes to organ dysfunction and failure. Cytosolic 

calcium (cCa2+) signaling is necessary for myofibroblast differentiation yet the role of 

mitochondrial calcium (mCa2+) has not been explored. cCa2+ signaling is rapidly 

integrated into the mitochondrial matrix via the mitochondrial calcium uniporter channel 

(mtCU), a mechanism theorized to integrate cellular energetic demand with metabolism 

and respiration. This is intriguing, as it is now appreciated that metabolic reprogramming 

is required for numerous cellular differentiation programs. The Mcu gene encodes the 

channel-forming subunit of the mtCU and is required for acute mCa2+ uptake. To examine 

the contribution of mCa2+ signaling to myofibroblast differentiation, we isolated mouse 

embryonic fibroblasts (MEFs) from Mcufl/fl mice and deleted Mcu with adenovirus-

expressing Cre recombinase. Mcu-/- MEFs exhibited decreased mCa2+ uptake and 

enhanced cCa2+ transient amplitude when treated with ATP (purinergic, IP3-mediated 

Ca2+ release). Loss of Mcu promoted myofibroblast differentiation: increased alpha-

smooth muscle actin (α-SMA) expression and contractile function (gel retraction), 

increased myofibroblast gene expression, and decreased proliferation. Further, we found 

that treatment of wild-type fibroblasts with fibrotic agonists – transforming growth factor 

beta (TGFβ) and Angiotensin II (AngII) – increased expression of the mtCU gatekeeper, 

MICU1, to modulate mtCU activity and down-regulate mCa2+ uptake. This suggests that 
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fibrotic agonists signal to acutely inhibit mCa2+ uptake to initiate myofibroblast 

differentiation. Next, we evaluated the relationship between mCa2+ uptake, metabolism, 

and myofibroblast differentiation. Fibrotic stimuli increased glycolysis and loss of MCU 

augmented this phenotype. In addition, genetic activation of glycolysis promoted 

myofibroblast differentiation, while genetic inhibition of glycolysis ablated the increased 

differentiation observed in Mcu-/- MEFs. We hypothesize that loss of mCa2+ uptake 

promoted aerobic glycolysis by reducing the activity of key Ca2+-dependent enzymes 

such as pyruvate dehydrogenase (PDH) and alpha-ketoglutarate dehydrogase (αKGDH). 

Metabolomic analysis revealed a multitude of changes induced by both TGFβ and the 

loss of MCU, including increased levels of pyruvate, consistent with inactive PDH. In 

addition, metabolite quantification showed TGFβ increased alpha-ketoglutarate (αKG) 

levels ~2-fold and this increase was augmented by loss of Mcu. This is interesting 

because αKG promotes histone and DNA demethylation by modulating αKG-dependent 

dioxygenases. Indeed we observed that TGFβ and loss of MCU induced demethylation of 

histone lysine residues. Further, using ChIP-qPCR we found that TGFβ decreased 

H3K27me2 marks at the periostin and platelet-derived growth factor receptor alpha loci, 

which are early and robust indicators fibroblast activation. Finally, to examine the 

contribution of mCa2+ in cardiac fibrosis, we generated conditional, fibroblast-specific 

knockout mice by crossbreeding Mcufl/fl mice with Col1a2-CreERT mice (Mcufl/fl x 

Col1a2-Cre), permitting tamoxifen-inducible gene deletion in adult mice. Loss of Mcu 

(Mcufl/fl x Col1a2-Cre) increased myofibroblast differentiation and exacerbated fibrosis 

following myocardial infarction or chronic AngII infusion. In summary, our data linked 

changes in mCa2+ uptake with metabolic alterations necessary for chromatin modifications 
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and activation of the myofibroblast gene program. While mCa2+ signaling is most well 

known and studied for its role in cell death, we have demonstrated a previously 

unrecognized role for modulation of mCa2+ uptake as a key regulator of myofibroblast 

differentiation. 
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CHAPTER 1 
	  

CELLULAR METABOLISM AND DIFFERENTIATION 
	  

Overview of Metabolism 

Metabolism is the set of biochemical processes that sustains life. The word metabolism 

comes from the Greek word, µεταβολή (metabolē), which means change. Indeed, 

metabolism encompasses extensive change in order to generate energy, produce cellular 

building blocks, and eliminate waste (Deberardinis and Thompson, 2012). There are 

thousands of metabolic reactions involving more than ten thousand metabolites organized 

into distinct pathways (http://www.genome.jp/kegg/pathway.html). These metabolic 

pathways are dedicated to the catabolism or anabolism of key biochemical molecules that 

make up cells – carbohydrates, proteins, and lipids. Catabolism is the process of breaking 

down complex molecules into smaller building blocks such as monosaccharides, fatty 

acids, nucleotides, and amino acids, while anabolism is the synthesis of complex 

molecules including polysaccharides, lipids, nucleic acids, and proteins. Metabolic flux 

through these varying pathways sustains homeostasis, and alterations in flux enable cells 

to change and adapt (Deberardinis et al., 2007, Deberardinis and Thompson, 2012, Lu 

and Thompson, 2012, Agathocleous and Harris, 2013, Kaelin and Mcknight, 2013, 

Metallo and Heiden, 2013). 
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Figure 1-1. Schematic representation of metabolic pathways. Glycolysis (blue) is a 
central metabolic pathway generating pyruvate from glucose. Entry points for fructose 
and galactose into glycolysis are also shown. Ancillary pathways that branch off from 
glycolysis are shown: the pentose phosphate pathway (red), the hexosamine biosynthesis 
pathway (light blue), glycerolipid synthesis (grey), and the serine synthesis pathway 
(orange). Serine synthesis links glycolysis with one-carbon metabolism of the folate cycle 
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and methionine cycle (purple). Serine synthesis also contributes to the transsulfuration 
pathway (pink). At the end of glycolysis, pyruvate can enter the mitochondria where it is 
converted into acetyl-coenzyme A (acetyl-CoA) and enters the tricarboxylic acid cycle 
(TCA, green). Anaplerotic inputs to the TCA cycle occur via pyruvate carboxylase (PC) 
and glutaminolysis (teal). Select regulatory interactions are shown; red line indicates 
inhibition, green arrow indicates activation. Specific mitochondrial calcium (mCa2+) 
regulatory points are denoted: PDH phosphatase (PDP), isocitrate dehydrogenase (IDH), 
and α-ketoglutarate dehydrogenase (αKGDH). Abbreviations: HK, hexokinase; G-6-P, 
glucose-6-phosphate; F-6-P, fructose-6-phosphate; F-2,6-BP, fructose-2,6-bisphosphate; 
PFK2, phosphofructokinase 2; FBP2, fructose bisphosphatase 2; PFK1, 
phosphofructokinase 1; F-1,6-BP, fructose-1,6-bisphosphate; GA3P, glyceraldehyde-3-
phosphate; DHAP, dihydroxyacetone phosphate; G-3-P, glycerol-3-phosphate; GAPDH, 
glyceraldehyde 3-phosphate dehydrogenase; 1,3-BPG, 1,3-bisphosphoglyceric acid; 
PGK1, phosphoglycerate kinase 1; 3-PG, 3-phosphoglycerate; 2-PG, 2-phosphoglycerate; 
PEP, phosphoenolpyruvate; 6-PG, 6-phosphogluconate; Ru-5-P, ribulose-5-phosphate; R-
5-P, ribose-5-phosphate; GSH, glutathione; glucosamine-6-P, glucosamine-6-phosphate; 
GlcNAc, N-acetylglucosamine; UDP-GlcNAc, uridine diphosphate-N-
acetylglucosamine; PHGDH, phosphoglycerate dehydrogenase; 3-PHP, 3-
phosphohydroxypyruvate; PSAT, phosphoserine aminotransferase; 3-PS, 3-
phosphoserine; PSPH, phosphoserine phosphatase; THF, tetrahydrofolate; methylene-
THF, 5,10-methylene-THF; methyl-THF, 5-methyl-THF; SAM, S-adenosylmethionine; 
SAH, S-adenosylhomocysteine; CoA, coenzyme A; PDH, phosphate dehydrogenase; 
PDK, PDH kinase; MDH, malate dehydrogenase; Gln, glutamine; Glu, glutamate; ADP, 
adenosine diphosphate; ATP, adenosine triphosphate; NADP+, oxidized nicotinamide 
adenine dinucleotide phosphate; NADPH, reduced nicotinamide adenine dinucleotide 
phosphate; NAD+, oxidized nicotinamide adenine dinucleotide; NADPH, reduced 
nicotinamide adenine dinucleotide; FAD, oxidized flavin adenine dinucleotide; FADH2, 
reduced flavin adenine dinucleotide; CO2, carbon dioxide; GDP, guanosine diphosphate; 
GTP, guanosine triphosphate. 
 

 

Glycolysis 

Glycolysis describes the process of converting one molecule of glucose into two 

molecules of pyruvate (Figure 1-1) (Meyerhof, 1927). This catabolic process consists of 

seven reversible reactions and three irreversible (committed) reactions, which are 

catalyzed by hexokinase (HK), phosphofructokinase 1 (PFK1), and pyruvate kinase (PK). 

The ten steps of glycolysis can be divided into two phases – the preparatory (investment) 

phase and the pay-off phase – based on whether adenosine triphosphate (ATP) is being 
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consumed (preparatory phase) or produced (pay-off phase) (Lehninger, 2005, Dashty, 

2013). 

After glucose enters the cell, HK uses ATP to phosphorylate glucose yielding 

glucose-6-phosphate (G-6-P) (Meyerhof, 1948). Importantly, G-6-P is a point of 

divergence between glycolysis, glycogen synthesis, and ancillary glucose metabolic 

pathways. In glycolysis, G-6-P is converted to fructose-6-phosphate (F-6-P) and then the 

rate-limiting enzyme PFK1 irreversibly phosphorylates F-6-P to fructose-1,6-

bisphosphate (F-1,6-BP), coupled to the hydrolysis of ATP. Next, F-1,6-BP is split into 

two three-carbon sugar phosphates – glyceraldehyde-3-phosphate (GA3P) and 

dihydroxyacetone phosphate (DHAP) – that are interchangeable isomers. At this point, 

glycolysis enters the pay-off phase. GA3P undergoes oxidation coupled to 

phosphorylation to form 1,3-bisphosphoglycerate (1,3-BPG) and NADH (nicotinamide 

adenine dinucleotide). Next, a phosphate group is transferred from 1,3-BPG to form the 

first molecule of ATP and 3-phosphoglyerate (3-PG). 3-PG can be funneled into the 

serine synthesis pathway or rearranged to 2-phosphoglyerate (2-PG) and then converted 

to phosphoenolpyruvate (PEP). In the final step of glycolysis, PK transfers a phosphate 

group from PEP to form ATP and pyruvate (Berg Jm, 2002).  

 It is important to appreciate the glycolytic intermediates that act as intersections 

where metabolites can enter and exit. For example, a few additional reactions enable the 

monosaccharides galactose and fructose to enter glycolysis. After phosphorylation of 

galactose, galactose-1-phosphate (Gal-1-P) undergoes epimerization to glucose-1-

phosphate which is converted to G-6-P for entry into glycolysis(Berg Jm, 2002). 

Phosphorylation of fructose yields fructose-1-phosphate (F-1-P) and metabolism of F-1-P 
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produces glycolytic intermediates DHAP and GA3P (Berg Jm, 2002). In addition, 

glycolytic intermediates can be siphoned for use in ancillary pathways, which will be 

further discussed below.  

  One glucose molecule produces a net gain of two NADH, two ATP, and two 

molecules of pyruvate. In most cell types, the importance of glycolysis is not based on its 

production of ATP but that of NADH and pyruvate. The electrons donated from NADH 

allow for generation of the electrochemical proton gradient needed to produce ATP. In 

addition, the glucose-derived pyruvate undergoes carboxylation into acetyl coenzyme A 

(acetyl-CoA) for entry into the tricarboxylic acid (TCA) cycle and production of more 

reducing equivalents used by the electron transport chain (ETC) (Vander Heiden et al., 

2009). An exception to this is the erythrocyte; erythrocytes lack mitochondria and thus 

rely solely on glycolysis for ATP production. Consequently, when glycolysis is disturbed, 

as in cases of pyruvate kinase mutations, erythrocytes are unable to generate enough ATP 

and the resulting red blood cell destruction results in hemolytic anemia (Kanno et al., 

1997, Meza et al., 2009).  

 

Ancillary Pathways of Glycolysis 

As mentioned above, metabolic intersections exist throughout glycolysis and thus, 

glucose is not restricted to a fate of pyruvate. Glycolytic intermediates are branch points 

into ancillary metabolic pathways that include the pentose phosphate pathway (PPP), the 

hexosamine biosynthesis pathway (HBP), glycerolipid synthesis, and serine biosynthesis 

(Figure 1-1) (Noor et al., 2010).  



	  

6 

G-6-P is the first point of divergence of glucose-derived carbon from glycolysis 

into the PPP. The PPP generates nicotinamide adenine dinucleotide phosphate (NADPH), 

as well as ribose-5-phosphate (R-5-P). PPP-derived NADPH is an important source of 

reducing equivalents used for fatty acid synthesis and regeneration of the antioxidant 

glutathione, while R-5-P is an important precursor for nucleotide synthesis (Meléndez-

Hevia and Isidoro, 1985, Stanley et al., 2014). Thus, the PPP is essential for meeting the 

demands of rapidly proliferating cells and protecting cells from oxidative stress (Pandolfi 

et al., 1995, Patra and Hay, 2014).  

The next branch point of glycolysis is at the level of F-6-P which can be siphoned 

into the HBP (Wellen and Thompson, 2010). This pathway synthesizes uridine 

diphosphate-N-acetylglucosamine (UDP-GlcNAc). Despite being a minor ancillary 

pathway of glucose metabolism, UDP-GlcNAc is used to form glycoproteins and is an 

essential substrate for many glycosylation reactions (Marshall et al., 1991, Love and 

Hanover, 2005). Further, glcNAcylation of proteins, a well characterized post-

translational modification, plays an important role in cell signaling and gene transcription 

(Hardivillé and Hart, 2014).  

The PPP and HBP branch off from glycolytic intermediates during the investment 

phase of glycolysis. At the start of the payoff phase in glycolysis, F-1,6-BP is split into 

two three-carbon sugar phosphates – GA3P and DHAP. DHAP can either be isomerized 

to GA3P or reduced to glycerol-3-phosphate and used for de novo phospholipid synthesis 

(Gimeno and Cao, 2008).    

Further downstream, the glycolytic intermediate 3-PG is the entry point into the 

serine synthesis pathway. Serine plays an important role in the synthesis of proteins, 
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lipids, and nucleic acids, through its contribution to one-carbon metabolism (Locasale, 

2013, Ducker and Rabinowitz, 2017). The one-carbon reactions of the folate and 

methionine cycles sustain purine and thymidine synthesis, balance levels of some amino 

acids (methionine, glycine, serine), regulate histone methylation, and maintain redox 

homeostasis (Kalhan and Hanson, 2012, Fan et al., 2014, Ducker and Rabinowitz, 2017). 

Generation of serine from 3-PG occurs via a three-step process catalyzed by 

phosphoglycerate dehydrogenase (PHGDH), phosphoserine aminotransferase (PSAT) 

and phosphoserine phosphatase (PSPH) (Ichihara and Greenberg, 1957, Achouri et al., 

1997, Amelio et al., 2014). In the PSAT-catalyzed transamination reaction glutamate 

donates a nitrogen group and forms alpha-ketoglutarate (αKG) as a byproduct (Ichihara 

and Greenberg, 1957, Possemato et al., 2011). αKG is an intermediate in the TCA cycle 

and a cofactor for αKG-dependent dioxygenase enzymes (Owen et al., 2002, Loenarz and 

Schofield, 2008). Thus, serine synthesis is connected to TCA cycle anaplerosis and 

epigenetic modifications (Hwang et al., 2016).  

In summary, glycolysis is a fundamental metabolic pathway, not only because the 

catabolism of glucose provides the cell with usable energy, but also because glycolytic 

intermediates are entry points into additional pathways that meet biosynthetic demands, 

regulate intracellular signaling, gene transcription, and redox homeostasis.   

 

TCA cycle 

For complete oxidation of glucose to carbon dioxide (CO2), glucose-derived pyruvate 

must be converted to acetyl-CoA for entry into the TCA cycle. The TCA cycle (also 

known as the citric acid cycle or Krebs cycle) is a series of chemical reactions that occur 
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in the mitochondria. It is most well known for its catabolic function as each turn of the 

cycle oxidizes acetyl-CoA to CO2 while generating energy in the form of ATP, NADH 

and FADH2 (Raimundo et al., 2011). In addition to glucose, fatty acids and amino acids 

are also converted to acetyl-CoA for oxidation by the TCA cycle. Oxidation of these 

substrates is an important source of energy because it produces necessary reducing 

equivalents – NADH and FADH2 (flavin adenine dinucleotide) – that are used by the 

ETC for ATP production (Saraste, 1999, Letts and Sazanov, 2017). There are four 

reducing equivalent-generating reactions and one ATP/GTP-generating reaction in the 

TCA cycle (Figure 1-1). Isocitrate dehydrogenase (IDH) catalyzes the oxidative 

decarboxylation of isocitrate, producing αKG and CO2. There are three isoforms of IDH, 

two of which are localized in the mitochondria (IDH2 and IDH3) and one localized in the 

cytoplasm (IDH1). The IDH isoform dictates whether NADH or NADPH is produced – 

IDH3 is NAD+-dependent whereas IDH2 and IDH3 are NADP+-dependent (Macfarlane 

et al., 1977, Kim et al., 1999). Next, αKG dehydrogenase (αKGDH) catalyzes the 

oxidative decarboxylation of αKG generating succinyl-CoA, CO2 and NADH (Hift et al., 

1953). The subsequent reaction converts succinyl-CoA to succinate and generates one 

molecule of ATP or GTP (Lambeth et al., 2004). Succinate dehydrogenase (SDH) then 

oxidizes succinate to fumarate and FADH2 (Hägerhäll, 1997, Sun et al., 2005). Finally, 

malate dehydrogenase (MDH) converts fumarate-derived malate to oxaloacetate using 

the reduction of NAD+ to NADH (Raimundo et al., 2011). Importantly, the ETC oxidizes 

the NADH and FADH2 produced by the TCA cycle. This transfer of electrons is coupled 

to translocation of protons across the inner mitochondrial membrane, generating an 
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electrochemical gradient that drives ATP synthesis (Mitchell, 1961, Saraste, 1999, Letts 

and Sazanov, 2017).  

 The TCA cycle is often discussed as a defined series of sequential reactions that 

starts at citrate, formed by the condensation of oxaloacetate and acetyl-CoA, and circles 

back around to malate-derived oxaloacetate (Figure 1-1) (Weiss et al., 1992). However, 

there is actually much more complexity built into the TCA cycle through the 

incorporation of both cataplerotic and anaplerotic reactions out of and into the cycle 

respectively (Rosiers et al., 1995, Owen et al., 2002, Raimundo et al., 2011, Ghesquière 

et al., 2014). Cataplerotic reactions siphon metabolites away from the TCA cycle towards 

biosynthetic pathways such as lipid synthesis, generation of amino acids, and 

gluconeogenesis. For example, citrate is exported out of the mitochondria and cleaved 

into acetyl-CoA and oxaloacetate in the cytosol (Srere, 1959, Kaplan et al., 1993). 

Carboxylation of cytosolic acetyl-CoA into malonyl-CoA is an obligatory first step for 

fatty acid synthesis, while oxaloacetate is converted to malate and imported back into the 

mitochondria for incorporation into the TCA cycle (Brady, 1958, Srere, 1965, Pietrocola 

et al., 2015). Oxaloacetate also has metabolic fates aside from oxidative TCA cycle flux. 

It is a direct precursor of the amino acid aspartate which gives rise to asparagine (Zhang 

et al., 2014). Additionally, oxaloacetate can contribute to gluconeogenesis after 

conversion to phosphoenolpyruvate (Stark and Kibbey, 2014).  

In order to maintain balance among TCA cycle intermediates, anaplerotic 

reactions are required to replenish TCA cycle species. Two major anaplerotic reactions 

include pyruvate carboxylation and glutaminolysis (Figure 1-1). These reactions sustain 

production of oxaloacetate which is necessary for acetyl-CoA entry into the TCA cycle 
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(Owen et al., 2002, Cheng et al., 2011, Yang et al., 2014). Pyruvate carboxylase utilizes 

ATP and CO2 in the carboxylation reaction of pyruvate into oxaloacetate (Jitrapakdee and 

Wallace, 1999). Glutaminolysis consists of two sequential reactions that convert 

glutamine to glutamate to αKG, and thereby replenishes the TCA cycle at the level of 

αKG (Deberardinis et al., 2007, Yang et al., 2014).  

 Clearly, the function of the TCA cycle has expanded far beyond the production of 

reducing equivalents and includes many intersecting pathways that provide alternative 

metabolic fates for TCA cycle intermediates encompassing both catabolic and anabolic 

pathways. In addition, several TCA cycle intermediates have recently been associated 

with cell signaling, epigenetic modifications and gene regulation, providing another layer 

of intricacy and function to these metabolites (Wellen et al., 2009, Xu et al., 2011, Carey 

et al., 2015, Sciacovelli et al., 2016, Teslaa et al., 2016). This energy-independent 

function will be discussed in a later section.  

 

Oxidative Phosphorylation 

Most of a cell’s energy is generated by oxidative phosphorylation (OxPhos) in the 

mitochondria. During OxPhos electrons are transferred from reducing equivalents 

produced by the TCA cycle (NADH and FADH2) to the ETC embedded in the inner 

mitochondrial membrane (IMM). The ETC consists of five complexes and two mobile 

electron carriers, ubiquinone (coenzyme Q) and cytochrome c. NADH is oxidized by 

complex I (CI, NADH:ubiquinone oxidoreductase) whereas FADH2 is oxidized by 

complex II (CII, Succinate:ubiquinone oxidoreductase) (Hägerhäll, 1997, Berrisford and 

Sazanov, 2009). In both cases, the electrons are transferred through ubiquinone to 
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complex III (CIII, ubiquinol:cytochrome c oxidoreductase, cytochrome bc1 complex) and 

subsequently through cytochrome c to complex IV (CIV, cytochrome c oxidase) which 

reduces oxygen to water (Mitchell, 1975, Babcock and Wikström, 1992, Iwata et al., 

1998). Oxidation of NADH and FADH2 is coupled to the pumping of protons across the 

IMM by complexes I, III, and IV (Green and Vande Zande, 1982, Saraste, 1999). The 

translocation of protons across the IMM to the intermembrane space (IMS) generates a 

proton-motive force that drives synthesis of ATP by complex V (CV, ATP synthase, 

FOF1-ATPase) (Mitchell, 1961, Issartel et al., 1992, Watt et al., 2010). While CII does not 

contribute to the outward pumping of protons, it is unique because it catalyzes the 

oxidation of succinate to fumarate and FADH2 and thereby contributes to both the TCA 

cycle and oxidative phosphorylation (Hägerhäll, 1997).  

 The proton-motive force, generated by ETC complex-mediated translocation of 

protons across the IMM, causes protons to flow back into the mitochondrial matrix and 

drive the synthesis of ATP through the rotary motors of CV (Mitchell, 1961, Junge et al., 

2009). Each complete rotation (360°) requires eight protons and produces three molecules 

of ATP (Watt et al., 2010). Based on the amount of protons pumped out of the matrix as 

two electrons each from NADH and FADH2 are transferred to oxygen, the number of 

moles of ATP per oxygen reduced (P/O ratio) can be assessed. Calculations and 

experimental measurements have revealed that the P/O is ~2.5 for NADH and ~1.5 for 

FADH2 (Hinkle, 2005, Watt et al., 2010). Thus, in the presence of molecular oxygen, 

cells can use OxPhos to produce significant amounts of ATP.  
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Importance of Mitochondrial Calcium in Bioenergetics 

Calcium (Ca2+) is at the nexus of many cellular functions due to its centrality in signaling 

and regulation of many energy-demanding processes such as muscle contraction, 

exocytosis, and synaptic transmission (Clapham, 2007). The importance of Ca2+ 

homeostasis necessitates tight regulation to maintain low levels of cytosolic Ca2+ (cCa2+) 

while also enabling dynamic temporal and spatial changes in Ca2+ concentration (Pozzan 

et al., 1994, Hajnóczky et al., 1998, Rizzuto and Pozzan, 2006).  

Mitochondria are an important intracellular Ca2+ domain. Mitochondria sense 

changes in cCa2+ and respond in specific ways that influence cell function and survival 

(Rizzuto et al., 2012). Importantly, cCa2+ is integrated into the mitochondrial matrix 

where it can directly impact cellular energetics (Hajnóczky et al., 1998, Glancy and 

Balaban, 2012, Luongo et al., 2015). Simultaneous measurements of mitochondrial Ca2+ 

(mCa2+) and NADH have correlated increased mCa2+ load with increased NADH, OxPhos 

and ATP production (Unitt et al., 1989, Hajnóczky et al., 1998, Brandes and Bers, 2002). 

This is attributed to the direct activation of Ca2+-dependent dehydrogenases of the TCA 

cycle and ATP synthase of the ETC (Hajnóczky et al., 1998, Glancy and Balaban, 2012, 

Luongo et al., 2015).  

The most well-characterized metabolic enzyme influenced by mCa2+ is pyruvate 

dehydrogenase (PDH), which converts pyruvate into acetyl-CoA for entry into the TCA 

cycle, and as such links glycolysis with OxPhos (Figure 1-1) (Mccormack and England, 

1983, Denton, 2009). The PDH complex is a large multi-subunit complex that has both 

catalytic and regulatory components. The regulatory elements, pyruvate dehydrogenase 

kinase (PDK) and pyruvate dehydrogenase phosphatase (PDP), control the level of PDH 
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phosphorylation and thereby regulate PDH activity (Linn et al., 1969, Linn et al., 1969). 

PDK phosphorylates specific serine residues of PDH and renders the complex inactive, 

while PDP dephosphorylates these residues to reactivate the complex (Linn et al., 1969, 

Linn et al., 1969, Sale and Randle, 1980). It is well documented that Ca2+ stimulates the 

PDP1 isoform to dephosphorylate PDH, leading to increased PDH activity (Denton et al., 

1972, Pettit et al., 1972, Mccormack and England, 1983, Mccormack and Denton, 1984, 

Huang et al., 1998, Robb-Gaspers et al., 1998). Since PDH is a key metabolic enzyme 

linking glycolysis with mitochondrial respiration, mCa2+ signaling is integral in the 

control of ATP production. Indeed, loss of mCa2+ uptake in cardiomyocytes reduced 

energy production to the point that contractile function was compromised during acute 

adrenergic stress, a high demand state (Luongo et al., 2015). 

In contrast to its role in signaling-mediated activation of PDH, mCa2+ directly 

increases the affinity of IDH and αKGDH for their substrates (Denton et al., 1978, 

Mccormack and Denton, 1979, Mccormack and Denton, 1984). For both IDH and 

αKGDH, Ca2+ and ADP had an additive effect on lowering the Km of IDH for isocitrate 

and αKGDH for αKG (Denton et al., 1978, Mccormack and Denton, 1979). Importantly, 

ADP was a requirement for Ca2+ regulation of IDH, but not that of αKGDH (Rutter and 

Denton, 1989). Further, it was shown that the dissociation constant for Ca2+ binding to 

αKGDH was much lower than for Ca2+ binding to IDH, indicating higher affinity of Ca2+ 

for αKGDH as compared to IDH (Rutter and Denton, 1988, Rutter and Denton, 1989). It 

is interesting to contemplate how mCa2+ may differentially modulate these two TCA 

enzymes. More research is needed to determine if in vivo these enzymes are differentially 

altered by spatiotemporal alterations in mCa2+ and how this impacts cell physiology, 
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although thus far it appears that the regulation of IDH by mCa2+ may be minimal or 

insignificant (Rutter and Denton, 1988).  

In addition to modulating the activity of dehydrogenases, mCa2+ also increases 

ATP production by increasing the velocity of CV of the ETC, the FOF1-ATPase (Territo 

et al., 2000, Territo et al., 2001, Territo et al., 2001). The precise mechanism by which 

mCa2+ stimulates the FOF1-ATPase remains unclear; whether the regulation is via post-

translational modifications of the FOF1-ATPase or association of modulatory proteins is 

still under investigation (Azarashvily et al., 2000, Boerries et al., 2007, Balaban, 2009). 

Nonetheless, stimulation of the FOF1-ATPase is another mCa2+ metabolic control point. 

Importantly, data suggests this activation is independent of the driving force for ATP 

production (i.e. [NADH]) (Territo et al., 2000).  

In summary, mCa2+ drives energy production by parallel increases in both the 

TCA cycle and ETC. In this way, mCa2+ increases ATP generation directly, through the 

FOF1-ATPase, and indirectly, through its activation of TCA cycle dehydrogenases and 

resultant increase in reducing equivalents necessary for the driving force of the FOF1-

ATPase.  

 

Mitochondrial Calcium Uptake 

Ca2+ signaling integrates cellular demand with mitochondrial energetic supply and thus a 

complex system has evolved to tightly regulate its exchange	  (Hajnóczky et al., Luongo et 

al., 2015, Williams et al., 2015, Luongo et al., 2017). Elevations in cCa2+ are integrated 

into mitochondria due to the high electromotive force generated largely by the ETC; this 

potential gradient across the IMM is referred to as the mitochondrial membrane potential 
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(Δψ = ~ -160-180mv) (Kirichok et al., 2004). Most experts currently view the outer 

mitochondrial membrane (OMM) as not being restrictive to the movement of Ca2+ ions 

due to abundance of voltage-dependent anion channel (VDAC) in the OMM (Rizzuto et 

al., 2012). However, the IMM must be impermeable to solutes and ions to maintain the 

proton gradient and drive OxPhos.  

The fact that Ca2+ selectively enters mitochondria has been known since the 

1960’s (Deluca and Engstrom, 1961), with significant research focus for the last five 

decades. Evidence suggested that Ca2+ enters the mitochondrial matrix via an inward-

rectifying Ca2+ channel located in the IMM, termed the mitochondrial calcium uniporter 

channel (mtCU). The biophysical properties of mtCU-mediated Ca2+ influx were 

extensively studied in many cell types, aided by pharmacologic inhibition with ruthenium 

red and its derivatives (a general non-specific inhibitor), however the molecular identity 

remained elusive until recently (Mccormack and England, 1983, Hoppe, 2010, Baughman 

et al., 2011, De Stefani et al., 2011). Considerable investigation revealed that the mtCU is 

a multimeric protein complex composed of a pore-forming subunit and several regulatory 

components. The discovery of many genes that encode components of the mtCU has 

transformed the mCa2+ field, allowing for the first time causative study into the role of 

mCa2+ uptake in physiology and disease.  

The mtCU is a large complex (~500-800 kDa) consisting of MCU (Mitochondrial 

Calcium Uniporter), MCUb (Mitochondrial Calcium Uniporter Subunit b), EMRE 

(Essential MCU Regulator), MICU1 (Mitochondrial Calcium Uptake 1), MICU2 

(Mitochondrial Calcium Uptake 2) and MCUR1 (Mitochondrial Calcium Uniporter 

Regulator 1) (Baughman et al., 2011, Sancak et al., 2013, Tomar et al., 2016). The 
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channel itself (pore-forming portion) is thought to be formed by multimers of MCU and 

MCUb embedded in the IMM (Baughman et al., 2011, De Stefani et al., 2011, Raffaello 

et al., 2013). EMRE, also residing in the IMM, interacts with MCU as well as with 

MICU1 and MICU2 located in the inner membrane space (Sancak et al., 2013, Vais et al., 

2016). MCUR1 is a scaffold factor and binds to both MCU and EMRE (Mallilankaraman 

et al., 2012, Tomar et al., 2016). 

The majority of work to date has focused on the MCU gene (MCU), which 

encodes the channel-forming subunit of the mtCU and is required for Ca2+ permeation 

(Baughman et al., 2011, De Stefani et al., 2011). MCU was discovered simultaneously by 

the Mootha and Rizzuto groups using evolutionary computational analyses (Baughman et 

al., 2011, De Stefani et al., 2011). These two founding papers demonstrated that MCU is 

~35 kDa (predicted size is 40 kDa; lower weight reflects cleavage of mitochondrial 

targeting sequence) and that it contains two highly conserved transmembrane domains 

embedded in the IMM with a connecting linker region that resides in the mitochondrial 

matrix and N- and C-termini facing the inner membrane space. Silencing of MCU 

abrogated mCa2+ uptake but had no effect on baseline membrane potential (driving force 

for mCa2+ uptake) or mitochondrial morphology (Baughman et al., 2011, De Stefani et al., 

2011). Further, evolutionarily conserved acidic residues in the linker sequence (DIME 

motif) were shown to be required for Ca2+ permeation as mutations of these residues 

(human E257A, D261A, E26A; mouse: D260Q, E263Q) severely hindered mCa2+ uptake 

(Baughman et al., 2011, De Stefani et al., 2011). 

Discovery of the bona fide pore-forming mtCU subunit permitted genetic deletion 

of Mcu in mouse models. The first mouse model described was a global gene-trap 
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knockout. Despite loss of MCU and Ru360-inhibitable Ca2+ uptake, physiological 

function in adult mice was surprisingly mostly normal (Pan et al., 2013). It is important to 

note that global knockout of MCU in a C57BL/6 background was embryonically lethal at 

~E11.5-E13.5. Viable MCU knockout mice were obtained on a CD1 background but still 

exhibited some embryonic lethality; the surviving MCU knockout mice were also smaller 

in size compared to wild-type mice (Pan et al., 2013, Murphy et al., 2014).  

Our group was the first to conditionally delete Mcu in adult mice (cardiomyocyte-

restricted deletion). Similarly to the global Mcu knockout, loss of MCU in adult 

cardiomyocytes resulted in no discernable baseline phenotype – cardiac structure, 

function, and bioenergetics were unchanged (Luongo et al., 2015). However, further 

investigation revealed that MCU was required to upregulate energetics for increased 

cardiac contractility (contractile reserve) in response to adrenergic signaling. While β-

adrenergic stimulation increased NADH production and OxPhos capacity in wild-type 

cardiomyocytes, this response was significantly impaired in Mcu-null cardiomyocytes 

resulting in diminished contractile reserve (Luongo et al., 2015). Another group similarly 

reported that deletion of Mcu in cardiomyocytes prevented acute increases in oxygen 

consumption and cardiac contractility in response to β-adrenergic stimulation (Kwong et 

al., 2015). Further, maximal NADH production and respiration was impaired in 

mitochondria lacking MCU (Baughman et al., 2011, Kwong et al., 2015, Luongo et al., 

2015) and loss of MCU diminished maximal skeletal muscle work in vivo(Pan et al., 

2013). Overall these studies corroborate the role for MCU in enhancing bioenergetics in 

response to “fight-or-flight” stress. 
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It is well documented that mCa2+ overload is a critical stimulus of necrosis and a 

primary contributor to cell death after ischemia and reperfusion (Hunter et al., 1976, 

Halestrap, 2006, Finkel et al., 2015). mtCU-mediated mCa2+ uptake triggers opening of 

the mitochondrial permeability transition pore (MPTP) resulting in permeability to 

proteins and solutes <1.5 kDa, mitochondrial swelling and rupture, and cell death (Rasola 

and Bernardi, 2011, Elrod and Molkentin, 2013). It has been reported that 

pharmacological inhibition of either MPTP or mCa2+ uptake was cytoprotective in 

ischemia-reperfusion injury (Baines et al., 2005, Zhang et al., 2006, Piot  et al., 2008). 

Our lab was the first to show that genetic deletion of Mcu was cardioprotective in the 

setting of acute ischemia-reperfusion injury by limiting MPTP activation, confirming the 

role of MCU in pathological cell death (Luongo et al., 2015). 

MCUb is a paralog to MCU, sharing ~50% homology. However, MCUb is 

suggested to be a dominant-negative form of MCU. This is hypothesized to be due to 

critical amino acid differences found in the DIME motif (Raffaello et al., 2013). When 

expressed in planar lipid bilayers MCUb alone did not exhibit Ca2+ channel activity. 

However, MCUb and MCU formed hetero-oligomers and co-expression of MCUb and 

MCU drastically reduced Ca2+ permeation compared to expression of MCU alone 

(Raffaello et al., 2013). Therefore, it is hypothesized that MCUb negatively regulates 

mtCU by replacing MCU subunits and thereby lowering overall flux capacity, although 

so far this is only supported by one publication lacking physiological models (Raffaello 

et al., 2013). Interestingly, this paper also showed that mRNA levels of Mcu and Mcub 

differ among various tissues (Raffaello et al., 2013). Therefore, it is possible that the 
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MCU to MCUb ratio is a regulatory mechanism underlying the differences in mCa2+ 

uptake kinetics across various tissues (Fieni et al., 2012).  

EMRE is a single transmembrane protein embedded in the IMM that is critical for 

mtCU activity (Sancak et al., 2013, Vais et al., 2016). Loss of EMRE disrupted mCa2+ 

uptake in mammalian cells, and evidence from reconstitution experiments in the yeast 

Saccharomyces cerevisiae, which lack mtCU, demonstrated that both MCU and EMRE 

were necessary to impart mCa2+ uptake (Sancak et al., 2013, Kovács-Bogdán et al., 2014, 

Vais et al., 2016). However the topology and binding interactions of EMRE remain 

unclear (Sancak et al., 2013, Tsai et al., 2016, Vais et al., 2016). In addition to this 

important structural role, EMRE has been implicated in tight regulation of mtCU activity 

through its Ca2+ sensing properties and interaction with MCU and MICU1 (Tsai et al., 

2016, Vais et al., 2016). 

Multiple groups have proposed that the EF-hand containing protein MICU1 acts 

as a gatekeeper by negatively regulating uptake at low cCa2+ levels (< 2 µM) 

(Mallilankaraman et al., 2012, Csordás et al., 2013, Kamer and Mootha, 2014, Patron et 

al., 2014). Most now agree that MICU1 faces the inner membrane space and thus senses 

cCa2+ levels. The hypothesis is that at low cCa2+ concentrations, MICU1’s EF hands are 

calcium-free and the configuration of MICU1 inhibits mtCU activity; on the other hand, 

when cCa2+ levels increase, Ca2+ binds to MICU1’s EF hands inducing a conformational 

change and allowing for mtCU-mediated mCa2+ uptake (Csordás et al., 2013, Wang et al., 

2014). Indeed it has been shown that loss of MICU1-associated gatekeeping permitted 

mCa2+ uptake at low cCa2+ levels and accelerated MPTP opening upon increasing cCa2+ 

levels (Mallilankaraman et al., 2012, Csordás et al., 2013, Kamer and Mootha, 2014, 
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Patron et al., 2014, Antony et al., 2016, Liu et al., 2016). Accordingly, lack of MICU1 

enhanced matrix Ca2+ concentration in some cell types (Mallilankaraman et al., 2012, 

Patron et al., 2014, Payne et al., 2017), however this phenomenon has not been 

unanimously observed (Perocchi et al., 2010, Csordás et al., 2013). Interestingly, it has 

been shown that the ratio of MICU1 to MCU is another mechanism underlying tissue-

specific differences in the threshold for mCa2+ uptake (Paillard et al., 2017). In this study, 

the Ca2+ threshold for uptake was documented to be much higher in hepatocytes in 

comparison to cardiomyocytes and skeletal muscle cells and this correlated with a higher 

protein ratio of MICU1 to MCU. Further, MICU1 overexpression in the heart altered 

mCa2+ uptake properties to mimic the pattern observed in hepatocytes. Therefore, it is 

hypothesized that the MICU1 to MCU ratio controls tissue-specific integration of cCa2+ 

oscillations into mitochondria by altering the [Ca2+] threshold (Paillard et al., 2017). 

MICU1 loss-of-function mutations have been linked to a neuromuscular disease that 

manifests as proximal myopathy and a progressive extrapyramidal movement disorder 

(Logan et al., 2013). Fibroblasts from affected patients displayed increased mCa2+ and 

decreased cCa2+ transients, consistent with the role of MICU1 as a gatekeeper of the 

mtCU and substantiating its role in physiology and disease (Logan et al., 2013).  

MICU2 is a paralog of MICU1 (25% sequence identity) (Plovanich et al., 2013) 

and adds another layer of complexity to the regulation of mtCU activity. Similar to 

MICU1, MICU2 contains two EF-hand domains and localizes to the inner membrane 

space (Plovanich et al., 2013, Patron et al., 2014). MICU2 associates with the mtCU 

complex through dimerization with MICU1 (Kamer and Mootha, 2014, Patron et al., 

2014). While the general consensus is that MICU1 increases the [cCa2+] threshold for 
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mtCU-mediated Ca2+ uptake, it has been shown that MICU1 can also activate mtCU 

(Csordás et al., 2013, Patron et al., 2014), leading to the hypothesis that MICU2 is the 

mtCU gatekeeper (Patron et al., 2014). It is possible that both MICU1 and MICU2 are 

negative regulators of mtCU, as loss of either has been shown to abolish mCa2+ 

gatekeeping (Kamer and Mootha, 2014, Patron et al., 2014). Nonetheless, the functions of 

MICU1 and MICU2 are non-redundant suggesting a more complex model of MICU-

dependent mtCU regulation (Kamer and Mootha, 2014). In corroboration of this, another 

study reported distinct roles for MICU1 and MICU2 in mtCU inhibition showing that 

MICU1 is required for mtCU inhibition at low [Ca2+] (50-500 nM) while MICU2 raises 

the threshold (from ~500 nM to ~1.3 µM) for mtCU activation (Payne et al., 2017). This 

paper also demonstrated that MICU2 increases the [Ca2+] (> 5 µM) at which cooperative 

activation of mtCU occurs (Payne et al., 2017), supporting other observations that 

MICU1 activates mtCU at high [Ca2+] (Perocchi et al., 2010, Csordás et al., 2013, Patron 

et al., 2014). Understanding the distinct and complementary roles of MICU1 and MICU2 

has been further complicated because these proteins seem to stabilize one another. It’s 

been shown that loss of MICU1 resulted in decreased MICU2, and overexpression of 

MICU1 increased MICU2; however the cross-stabilization differed among cell types 

(Plovanich et al., 2013, Kamer and Mootha, 2014, Patron et al., 2014, Payne et al., 2017). 

More research is needed to determine the exact mechanisms whereby MICU1 and 

MICU2 regulate mtCU structure and function.  

MCUR1 was identified using a RNAi screen targeting mitochondrial membrane 

proteins and evaluating cCa2+ and mCa2+ transients in response to the Ca2+ ionophore 

ionomycin (Mallilankaraman et al., 2012). Loss of MCUR1 blunted mCa2+ uptake and 



	  

22 

compromised ATP production (Mallilankaraman et al., 2012, Vais et al., 2015, Tomar et 

al., 2016). A combination of biochemical assays, mass spectrometry, size exclusion 

chromatography, and bimolecular fluorescence complementation indicated that MCUR1 

was a scaffold for mtCU assembly (Tomar et al., 2016). It was shown that MCUR1 

immunoprecipitates with MCU and loss of MCUR1 perturbs mtCU complex formation 

(Mallilankaraman et al., 2012, Lee et al., 2015, Tomar et al., 2016). However MCUR1 

was not shown to co-immunoprecipitate with MICU1, necessitating further studies to 

understand mtCU composition (Tomar et al., 2016). One paper suggested that MCUR1 

was an assembly factor for the OxPhos component cytochrome c oxidase, and that 

aberration of mtCU function by loss of MCUR1 was secondary to altered mitochondrial 

membrane potential (Paupe et al., 2015). However, a follow-up study refuted this and 

supported the notion that MCUR1 is indeed a regulator of the mtCU (Vais et al., 2015). 

In summary, the mCa2+ field has recently been transformed by the discovery of 

many genes that encode proteins important for mCa2+ transport. Discovery of MCU and 

regulatory mtCU components has enabled extensive detailed investigation of mCa2+ 

uptake at the molecular level and exploration of its role in vivo. As with most exciting 

research, increased understanding has initiated further inquiry with the hope of fully 

elucidating the structure, function, and regulation of the mtCU in different cell types in 

the context of physiology and disease.  
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Metabolic Modulation of Cell Phenotype 

Metabolic Shifts and Reprogramming 

One of the amazing facets of embryonic development is that all cells in an organism are 

derived from a single cell. In other words, all somatic cells contain the same DNA yet 

differentiate into many distinct cell types with vastly differing structure and function 

(Martin, 1981, Thomson et al., 1998, Donovan and Gearhart, 2001). During embryonic 

development, pluripotent embryonic stem cells (ESCs) proliferate and give rise to 

multipotent stem cells which eventually yield tissue-specific, terminally differentiated 

cells that are uniquely suited for a specific function (Eckfeldt et al., 2005). The desire to 

understand cellular differentiation with hope of manipulating this process has driven 

immense research in this field. Examination into mechanisms of pluripotent versus 

terminally differentiated cells has revealed, among many factors, the importance of 

metabolism. Although originally regarded exclusively as energy-producing reactions 

needed for cell survival and homeostasis, it is now appreciated that the role of 

metabolism is much more pervasive. In fact, metabolism is a hallmark of physiological 

and pathological states. The corollary of this is that specific metabolic signatures define 

cellular fate and identity.  

  ESCs are characterized by increased glycolytic gene expression and an immature 

mitochondrial network which is reflected by high glycolytic flux and low mitochondrial 

oxygen consumption (Kondoh et al., 2007, Varum et al., 2011, Panopoulos et al., 2012, 

Zhang et al., 2012, Ito and Suda, 2014, Gu et al., 2016). This metabolic phenotype 

underlies their proliferative potential. Proliferating cells utilize metabolic intermediates to 

produce nucleotides, amino acids, and lipids via ancillary metabolic pathways to replicate 
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their cellular components (Figure 1-1) (Puleston et al.). High glycolytic flux allows for 

siphoning of metabolites into these ancillary pathways for the biosynthesis of cellular 

components needed for proliferation (Vander Heiden et al., 2009). For example, the 

glycolytic intermediate glucose-6-phosphate can be shunted into the pentose phosphate 

pathway, which produces the nucleotide precursor ribose-5-phosphate. The pentose 

phosphate pathway also generates two molecules of NADPH, which is necessary for the 

synthesis of fatty acids and generation of glutathione (GSH), an important scavenger of 

reactive oxygen species (Patra and Hay, 2014). Another important peripheral pathway of 

glucose oxidation is the diversion of 3-phosphoglycerate into the serine synthesis 

pathway (Kalhan and Hanson, 2012, Yang and Vousden, 2016). Conversion of serine to 

glycine transfers a methyl group to the folate cycle. Through this methyl transfer, serine 

supports nucleotide synthesis, redox balance, and methylation reactions (Kalhan and 

Hanson, 2012, Yang and Vousden, 2016, Ducker and Rabinowitz, 2017). Both the 

pentose phosphate and serine synthesis pathways have been implicated in highly 

proliferative cells (Possemato et al., 2011, Wang et al., 2011, Ito and Suda, 2014, Sun et 

al., 2015, Gu et al., 2016, Xu et al., 2016). In fact, human ESCs displayed increased flux 

of glucose carbons through these pathways, reflected by increased glucose-derived 

carbons incorporated into nucleotides, serine, and glycine (Gu et al., 2016).   

In general, as ESCs differentiate there is a shift from aerobic glycolysis to OxPhos 

(Cho et al., 2006, Chung et al., 2007, Chung et al., 2010, Varum et al., 2011, Zhang et al., 

2011). However, cellular differentiation is accompanied and driven by metabolic 

specialization. Indeed, metabolic shifts differ among cellular differentiation pathways and 

yield terminally differentiated cells with unique metabolic signatures. These metabolic 
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profiles reflect the substrate availability and utilization as well as energetic demand that 

are inherent to each cell type.  

Metabolic shifts expand beyond the pluripotency-differentiation spectrum. Cells 

also undergo metabolic reprogramming in response to the environment (e.g. hypoxia 

(Zhou et al., 2012)), transcriptional changes downstream of signal transduction pathways 

(Deberardinis et al., 2008, Zhu et al., 2010), or oncogene activation (Yun et al., 2009). 

Recently, metabolic reprogramming has come to the forefront because of its implications 

in the pathogenesis of many diseases such as cancer and heart disease (Stanley et al., 

2005, Deberardinis et al., 2008, Deberardinis and Thompson, 2012, Le et al., 2012, 

Bayeva et al., 2013, Doenst et al., 2013, Kaelin and Mcknight, 2013, Izquierdo-Garcia et 

al., 2014). 

Perhaps the most well known example of metabolic reprogramming is the 

Warburg effect. Otto Warburg discovered that rapidly proliferating tumor cells avidly 

consumed glucose however most of the glycolysis-derived pyruvate underwent 

conversion into lactate rather than mitochondrial oxidation (Warburg, 1956, Vander 

Heiden et al., 2009). Further studies demonstrated that aerobic glycolysis fulfilled the 

anabolic needs of cancer cell growth and proliferation at the expense of ATP production 

(Deberardinis et al., 2008, Vander Heiden et al., 2009). The reason for this can be 

explained by considering the synthesis of a major component of cell membranes – 

palmitate. Complete oxidation of glucose to CO2 is ineffective at meeting the NADPH 

requirements needed for palmitate synthesis. Thus, cells circumvent this by using 

glycolysis; a byproduct of the conversion of pyruvate to lactate is NADPH (Vander 

Heiden et al., 2009). An example of this is seen in glioblastoma cells where more than 
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90% of glucose is converted to lactate and alanine, rather than oxidized to CO2 

(Deberardinis et al., 2007).  

Metabolic reprogramming is also characteristic of non-transformed cells. 

Activated T-lymphocytes undergo metabolic switching from oxidative metabolism to 

aerobic glycolysis and this underlies antigen-induced clonal expansion (Wang et al., 

2011, Maciver et al., 2013, Patsoukis et al., 2016). Upon activation dendritic cells and 

M1 macrophages also undergo a glycolytic shift, while M2 macrophages enhance 

OxPhos (Vats et al., 2006, Krawczyk et al., 2010, Rodríguez-Prados et al., 2010). 

Interestingly, hyperglycemia in diabetes is associated with tissue-specific metabolic 

reprogramming that exacerbates disease (Sas et al., 2016, Hinder et al., 2017). 	  

In summary, metabolism offers more than just energy to cells. Utilization of 

particular sets of metabolic pathways enables cells to develop, grow, divide, and 

differentiate in a diverse and lineage-specific manner. Further, cellular differentiation is 

more than merely conversion from glycolysis to OxPhos and the pervasive metabolic 

shifts observed throughout embryogenesis, differentiation, physiology, and disease reveal 

a complex relationship beyond energy production. 

 

Metabolic Regulation of Epigenetics 

In the nucleus, DNA is packaged in a highly ordered structure called chromatin. The 

fundamental building block of chromatin is the nucleosome, which is comprised of DNA 

wrapped around a complex of eight histone proteins. Both DNA and N-terminal tails of 

histones are subject to post-translational modifications; this comprises the field of 

epigenetics (meaning “on top of genetics”) (Mersfelder and Parthun, 2006, Feinberg and 
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Fallin, 2015). Cellular identity is not only controlled by the information encoded in DNA, 

but also by epigenetic modifications, which are central to transcriptional regulation and 

gene expression (Allfrey et al., 1964, Razin and Riggs, 1980, Allis and Jenuwein, 2016). 

DNA and histones are subject to covalent modifications that alter chromatin structure so 

DNA is more or less accessible to transcription factor binding. The most well known 

epigenetic modifications include methylation of DNA cytosine nucleotides and 

acetylation and methylation of histone lysine (K) residues. In general, acetylation of 

H3K4, H3K36, and H3K79 are permissive marks, while methylation of DNA and H3K9, 

H3K27, and H4K20 are repressive marks, with the reciprocal (demethylation and 

acetylation at these residues) being associated with gene activation (Dillon and 

Festenstein, 2002, Lu and Thompson, 2012). 

Interestingly, many epigenetic-modifying enzymes use metabolites as substrates 

and therefore cellular metabolism is directly connected to gene transcription (Lu and 

Thompson, 2012, Kaelin and Mcknight, 2013). Thus, in addition to fulfilling energetic 

and biosynthetic demands, metabolism can serve as a link between signaling pathways 

and genetic reprogramming. An emerging concept is that through its regulation of 

epigenetics metabolism not only contributes to, but also initiates, cell fate. 

Histone acetyltransferases (HATs) acetylate histone lysine residues using the 

acetyl group from acetyl-CoA (Racey and Byvoet, 1971, Choudhary et al., 2014). 

Experiments in yeast showed that acetyl-CoA promoted histone acetylation at specific 

genes to promote growth and proliferation (Cai et al., 2011). Further, many studies have 

shown that changes in metabolism that alter acetyl-CoA levels influenced histone 

acetylation and gene expression with consequences on cell identity and function (Morrish 
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et al., 2010, Cai et al., 2011, Metallo et al., 2012, Simithy et al., 2017). For example, one 

study showed that the glycolytic phenotype of ESCs generated acetyl-CoA for histone 

acetylation which permitted transcription of pluripotency genes (Moussaieff et al., 2015). 

Another study showed that increased citrate-derived acetyl-CoA mediated adipocyte 

differentiation. Knockdown of ATP-citrate lyase impaired histone acetylation and 

adipocyte differentiation, and this was rescued by addition of acetate to the media 

(Wellen et al., 2009). Similar signaling has also been reported in osteoblast 

differentiation (Karner et al., 2016), activation and differentiation of effector T-cells into 

Type 1 helper T-cells (Peng et al., 2016), and long-term memory formation in neurons 

(Mews et al., 2017). 

Reversal of this modification, deactylation, is catalyzed by two classes of 

enzymes: NAD+-dependent sirtuins and histone deacetylases (HDACs) (Imai et al., 2000, 

Shyh-Chang and Daley, 2015). Following the discovery that Sirtuin 1 (Sir2) in yeast was 

necessary for calorie restriction-mediated life extension, studies revealed that a positive 

oxidative environment (high NAD+/NADH ratio) was important for the histone 

deacetylation catalyzed by sirtuins (Lin et al., 2000, Lin et al., 2002). As is the case with 

acetyl-CoA, several metabolic pathways impact NAD+ levels directly linking metabolism 

with chromatin modification (Locasale and Cantley, 2011, Stein and Imai, 2012, Verdin, 

2015). A glycolytic shift and consequential decrease in NAD+ levels has been deemed 

necessary for skeletal muscle stem cell differentiation to reduce the activity of NAD+-

dependent sirtuin 1 to elevate histone acetylation and augment skeletal muscle gene 

expression (Ryall et al., 2015). Another example of crosstalk between NAD+ metabolism 

and sirtuin-mediated chromatin remodeling is the regulation of circadian rhythm (Masri 



	  

29 

and Sassone-Corsi, 2014). Oscillations in the levels of NAD+ were shown to be mirrored 

by sirtuin enzymatic activity, causing temporal changes in histone acetylation marks and 

rhythmic circadian gene transcription (Nakahata et al., 2008, Aguilar-Arnal et al., 2015). 

Specific metabolites (D-β-hydroxybutyrate), L-carnitine, pyruvate) have also been shown 

to inhibit the activity of certain HDAC-deacetylases, further increasing the connection 

between metabolism and lysine deacetylation (Choudhary et al., 2014).  

DNA and histone methylation are controlled by DNA methyltransferases 

(DNMTs) and histone methyltransferases (HMTs) respectively, which transfer a methyl 

group from the universal donor S-adenosyl methionine (SAM) to DNA or histone 

lysine/arginine residues (Teperino et al., 2010, Lu and Thompson, 2012). SAM is 

produced from methionine and its metabolism is intricately connected to the folate cycle 

(Figure 1-1) (Finkelstein, 1990). Therefore, not surprisingly, dietary intake of folate has 

been implicated in DNA methylation patterns (Feil and Fraga, 2012). Similarly, changes 

in metabolite flux through the folate cycle has been associated with methyltransferase 

activity (Locasale, 2013, Ducker and Rabinowitz, 2017). In human pluripotent stem cells, 

SAM was shown to be key for maintenance of pluripotency, and decreased SAM levels 

resulted in reduced DNA and histone methylation leading to decreased expression of 

pluripotent genes (Shiraki et al., 2014). 

Chromatin demethylation is executed by ten-eleven translocation (TET) enzymes 

and histone demethylases, which catalyze the demethylation of DNA and histone 

lysine/arginine residues respectively. Histone demethylases are divided into two families: 

FAD-dependent amine oxidases and Jumonji C (JmjC) domain-containing histone lysine 

demethylases (JmjC-KDMs). Enzymes containing a FAD-dependent amine oxidase 
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domain include lysine-specific demethylase (LSD) 1 and 2 and LSD-catalyzed 

demethylation is coupled with the reduction of FAD to FADH2 (Shi et al., 2004). 

Accordingly, studies have shown that FAD levels were associated with LSD1-mediated 

epigenetic changes that regulated processes like adipocyte energy expenditure and 

differentiation of neuronal stem cells (Hino et al., 2012, Hirano and Namihira, 2017).  

The TET enzymes and JmjC-KDMs belong to the Fe(II) and αKG-dependent 

dioxygenase family (Klose et al., 2006, Loenarz and Schofield, 2011, Black et al., 2012). 

These enzymes require Fe(II), oxygen, and αKG, thereby establishing αKG as a 

regulatory metabolite (Loenarz and Schofield, 2011). The reaction mechanism couples 

demethylation with the decarboxylation of αKG to succinate; succinate can feed back to 

inhibit enzyme activity (Xiao et al., 2012). Thus, the αKG to succinate ratio has been 

shown to regulate cell fate. In naïve ESCs, an elevated αKG to succinate ratio was 

implicated in maintaining pluripotency by regulating TET-dependent demethylation of 

DNA and JmjC-KDM-dependent demethylation of histone lysine residues and expression 

of germline-associated genes (Carey et al., 2015). Interestingly, another group found that 

an elevated αKG to succinate ratio induced differentiation of primed PSCs by a similar 

mechanism, suggesting context-specific roles of TET enzymes and JmjC-KDMs and the 

possibility that specific enzyme family members may be responsible for these different 

outcomes (Teslaa et al., 2016).   

The aforementioned chromatin modifications are not exhaustive. While these 

examples mainly focus on histone lysine acetylation and DNA and histone lysine 

methylation, several other chromatin post-translational modifications exist including: 

histone arginine methylation, histone GlcNAcylation, histone lysine ubiquitylation, 
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histone serine and threonine phosphorylation, histone lysine sumoylation and others (Li, 

2002, Kouzarides, 2007, Lu and Thompson, 2012). The intricacy and ramifications of 

these modifications are elaborate, because histone lysine and arginine residues can have 

different degrees of methylation (mono, di, tri). Further, chromatin marks are not static 

and regulation of gene expression is dependent on temporal and spatial chromatin 

modifications (Kouzarides, 2007).  

It is now apparent that metabolic state and chromatin conformation are closely 

linked, providing a way for cells to integrate environmental signals and energetic demand 

in order to respond and adapt. Taking into consideration the thousands of metabolic 

reactions connecting more than ten thousand metabolites 

(http://www.genome.jp/kegg/pathway.html), it is overwhelming, albeit fascinating, to 

fathom the significant impact of metabolism on chromatin dynamics.  
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CHAPTER 2 

	  
FIBROBLASTS, MYOFIBROBLASTS, AND FIBROSIS 

Overview of Fibrosis 

Fibroblasts 

Fibroblasts are elongated spindle-shaped cells found within most tissues. They are 

mesenchymal in origin and reside in the interstitial stroma of tissues (Tarin and Croft, 

1970). Under an electron microscope the presence of abundant rough endoplasmic 

reticulum and lack of a basement membrane helps distinguish them from other cells 

(Movat and Fernando, 1962, Ross et al., 1970, Tarin and Croft, 1970).  

Although fibroblasts were originally described in the 1800’s, their role in 

physiology and disease are incompletely understood due to substantial heterogeneity in 

embryonic origin, function, and specific markers. For example, in the skin there are 

several different fibroblast populations with varying function; some fibroblasts produce 

extracellular matrix (ECM) while others coordinate hair follicle morphogenesis (Driskell 

and Watt, 2015, Sriram et al., 2015). Further, microarray analysis of fibroblasts from 

different tissues revealed diverse gene expression profiles, consistent with known tissue-

specific fibroblast functions. For example, fetal lung fibroblasts highly express type IV 

collagen (an important component of alveoli), while fetal skin fibroblasts highly express 

type I and type V collagen (structural elements of the dermis) and adult skin fibroblasts 

highly express fibronectin and fibrillin (elements of skin elasticity) (Chang et al., 2002).  

Despite the inherent diversity, fibroblasts are still considered the main cell type 

responsible for maintaining the structural architecture of tissues by producing the ECM, 

which is composed mainly of proteoglycans and fibrous proteins such as collagen, 
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fibronectin, and elastin (Frantz et al., 2010, Cox and Erler, 2011). However the ECM has 

numerous cellular functions aside from tissue integrity, some of which include: adhesion, 

proliferation, migration, differentiation, and signaling. In this way, the ECM is crucial for 

both tissue development and homeostasis (Hynes, 2009, Frantz et al., 2010, Bonnans et 

al., 2014). Therefore it seems that fibroblasts, which produce and remodel the ECM, may 

be underappreciated. Still, significance of the ECM is evident by the genetic diseases and 

embryonic lethality resulting from mutations in ECM genes, as well as the pathological 

ECM remodeling that accompanies and drives organ fibrosis and cancer progression 

(Bateman et al., 2009, Cox and Erler, 2011, Bonnans et al., 2014, Cox and Erler, 2014).  

Despite being attributed to maintenance of the ECM, fibroblasts are generally 

regarded as quiescent and indolent (Kalluri and Zeisberg, 2006). This is most likely based 

on the belief that physiological ECM turnover in adult tissues is slow, although evidence 

shows this varies among tissues (Laurent, 1982, Molnar et al., 1986, Alberts B, 2002, 

Burgess et al., 2016, Bechshøft et al., 2017). In healthy adult rabbits, collagen synthesis 

rates per day ranged from 3% in skeletal muscle to 10% in lung tissue (Laurent, 1982). In 

addition to secreting ECM proteins, fibroblasts produce ECM-degrading enzymes, matrix 

metalloproteinases (MMPs), and their inhibitors, tissue inhibitors of metalloproteinases 

(TIMPs). Disruption of these enzymes in fibroblasts has been implicated in various 

diseases that pathologically feature skin defects, abnormal wound healing, and fibrosis 

(Selman et al., 2000, Ramos et al., 2001, Fan et al., 2012, Arseni et al., 2015). However, 

studies that specifically delete fibroblasts in adult uninjured mice are still lacking and are 

needed to substantiate and elucidate the role of tissue-specific fibroblasts during 

homeostasis.  
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Myofibroblasts and Wound Healing 

A clear fundamental role credited to fibroblasts is wound healing. Fibroblasts migrate to 

the site of injury, proliferate, and deposit collagen and fibronectin to support wound 

repair (Welch et al., 1990, Singer and Clark 1999, Rittié, 2016). In this granulation tissue 

fibroblasts are activated and differentiate into myofibroblasts. Two steps have been 

described in this process. First, mechanical tension initiates proto-myofibroblast 

formation. Then the production of growth factors – transforming growth factor beta 1 

(TGFβ), angiotensin II (AngII), endothelin 1 (ET1) – in combination with mechanical 

tension promotes differentiation into myofibroblasts (Tomasek et al., 2002). TGFβ, 

AngII, ET1, and mechanical tension initiate interconnected signaling pathways which 

converge at the transcriptional level to activate the myofibroblast gene program (Davis 

and Molkentin, 2014, Stempien-Otero et al., 2016).  

Myofibroblasts are a unique cell type that share characteristics with both 

fibroblasts and smooth muscle cells (Eyden, 2008). Ultrastructure analysis has shown that 

tissue myofibroblasts have indented nuclei, dilated rough endoplasmic reticulum, 

intracellular myofibrils, and extracellular fibronectin bundles (Gabbiani et al., 1971, 

Eyden, 2008, Karvonen et al., 2012, Karvonen et al., 2014). Two important features of 

myofibroblasts are 1) secretion of excess ECM proteins, such as periostin, collagen I, 

collagen III, and fibronectin, and 2) contraction of surrounding tissue (Tomasek et al., 

2002, Weber et al., 2013, Davis and Molkentin, 2014). These characteristics underlie the 

ability of myofibroblasts to remodel connective tissue during normal wound healing and 

pathological fibrosis. Contraction of surrounding tissue is possible because 

myofibroblasts express alpha-smooth muscle actin (α-SMA) de novo. α-SMA, along with 
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β-actin, γ-actin, and α-actinin, forms stress fibers that are connected by focal adhesions to 

extracellular fibronectin fibrils (Singer, 1979, Kreis and Birchmeier, 1980, Singer et al., 

1984, Desmoulibre et al., 1993, Dugina et al., 2001, Hinz et al., 2003). Consequently, 

extracellular collagen is tied to intracellular stress fibers creating a bi-directional 

mechano-transduction system (Singer et al., 1984, Tomasek et al., 2002). This enables 

myofibroblasts to generate force and mediate ECM contracture. Contractile function is 

also dependent on myosin light-chain (MLC) phosphorylation which appears to be 

regulated in a Ca2+ –dependent and –independent way (Tomasek et al., 2002). Increased 

cCa2+ activates MLC kinase to directly increase MLC phosphorylation and generate rapid 

contraction (Katoh et al., 1998). In contrast, Rho kinase inhibits myosin phosphatase, 

indirectly increasing MLC phosphorylation and promoting sustained contraction of stress 

fibers (Katoh et al., 2001). Ultimately, stress fiber contraction results in collagen 

shortening, compaction of the surrounding ECM, and wound closure. In many 

pathological situations however, myofibroblasts persist and continue to remodel the 

ECM; this is the basis for fibrotic disease (Weber et al., 2013).  

 

Pathological Fibrosis 

In response to injury and inflammation, fibroblasts are activated and differentiate into 

myofibroblasts, as part of the normal and necessary wound-healing response. Indeed, 

myofibroblast-mediated ECM deposition and reorganization and wound closure serves as 

the foundation for tissue regeneration and repair (Tomasek et al., 2002, Wynn and 

Ramalingam, 2012, Eming et al., 2014, Rockey et al., 2015). However, if the injury is 

chronic or there is disruption of the normal repair process, maladaptive fibrosis can 



	  

36 

result. Fibrosis, defined as the accumulation of ECM components, is a pathophysiological 

process that can affect nearly every organ. It results in loss of cellular homeostasis, 

impaired tissue/organ architecture, and ultimately organ failure. Regardless of the inciting 

event, maladaptive fibrosis is mediated primarily by myofibroblasts. Persistent 

myofibroblast activation causes disproportionate ECM deposition, connective tissue 

contracture, destruction of normal tissue architecture, and organ dysfunction/failure 

(Tomasek et al., 2002, Wynn and Ramalingam, 2012, Weber et al., 2013, Rockey et al., 

2015).  

It is unlikely that any organ is immune to fibrosis. Many pervasive clinical 

problems are catalysts of fibrosis such as hypertension, coronary artery disease, diabetes, 

chronic infection, autoimmune diseases, and alcohol abuse (Wynn, 2008, Rockey et al., 

2015). Further, myofibroblasts in tumor stroma (cancer-associated fibroblasts) promote 

tumor progression, and metastasis (Kalluri and Zeisberg, 2006, Kendall and Feghali-

Bostwick, 2014). In short, prolonged myofibroblast activation and resultant fibrosis leads 

to significant morbidity and mortality (Wynn and Ramalingam, 2012, Cox and Erler, 

2014, Rockey et al., 2015). Consequently, research is focused on understanding 

myofibroblasts in order to identify targets that can be exploited for anti-fibrotic therapies 

(Wynn and Ramalingam, 2012). 

Cardiac Fibrosis 

Resident Cardiac Fibroblasts in the Uninjured Heart 

Because of its crucial function, the heart’s cellular constituents are organized in a specific 

manner to synchronously contract and perfuse the entire body with blood. 

Cardiomyocytes constitute a majority of the volume (~80%) but account for only about 
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30% of the total cells in the heart (Bergmann et al., 2015, Pinto et al., 2016). The non-

myocyte cells include endothelial cells (>60%), hematopoietic-derived cells (5-10%), and 

fibroblasts (11%) (Pinto et al., 2016). All of these cells are meticulously organized and 

embedded in ECM – a highly organized fibrillar network composed of structural proteins 

(mainly collagen I and III, fibronectin) and filled with growth factors, cytokines, and 

matrix metalloproteinases (MMPs) and their inhibitors (TIMPs (tissue inhibitors of 

MMPs)) (Weber et al., 1994, Valiente-Alandi et al., 2016). A fibrous skeleton composed 

of connective tissue and fibroblasts (annulus fibrosis) forms the valves separating the 

atria from the ventricles and outflow tracts (Kolditz et al., 2008, Zhou et al., 2010, 

Furtado et al., 2016). 

The general consensus is that, by maintaining the ECM, fibroblasts are essential 

for the structural integrity of the heart and conduction of electrical signals for coordinated 

cardiomyocyte contraction. Indeed, when epicardial-derived fibroblast formation was 

inhibited in chick embryos, there was improper annulus fibrosis formation with resultant 

reentrant arrhythmias (Kolditz et al., 2008). Inhibition of cardiac fibroblast development 

also attenuated ECM formation, demonstrated by a study which showed that knockout of 

platelet derived growth factor receptor-alpha (Pdgfrα) in epicardial cells prevented 

epithelial-to-mesenchymal transition (EMT) and formation of cardiac fibroblasts (Smith 

et al., 2011). This resulted in decreased levels of alpha-1 type I collagen and periostin in 

embryos and 1 week after birth, and this lack of ECM persisted as adult mice exhibited 

less perivascular collagen deposition. However, surprisingly, absence of this cardiac 

fibroblast population did not affect cardiac function in adult mice; it is important to note 

that only fractional shortening was reported and very few (only four) mice were analyzed 
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(Smith et al., 2011). At first glance, this paper challenges the accepted role of fibroblasts 

as critical regulators of ECM homeostasis and cardiac structure. However, the authors did 

not assess cardiac function in young mice or directly examine ventricular fibroblast 

number or interstitial ECM in adult mice; thus, requirement of basal cardiac fibroblasts 

cannot be ruled out. Another study demonstrated that Transcription Factor 21 (TCF21) 

was essential for EMT contributing to cardiac fibroblasts (Acharya et al., 2012). Tcf21-

null embryos lacked ventricular periostin, alpha-1 type I collagen, and alpha-1 type III 

collagen. Tcf21-null embryos also developed deformed hearts with enlarged right atria, 

pericardial hemorrhaging, and reduced wall thickness, preventing further investigation of 

TCF21-derived cardiac fibroblasts in adult mice (Acharya et al., 2012). While other 

studies have sought to understand fibroblast function in the homeostatic heart, lack of a 

bona fide fibroblast-specific marker has confounded results and prevented clear 

demonstration of baseline cardiac fibroblast physiology (Swonger et al., 2016). 

Consequently, definitive experiments that nullify cardiac fibroblasts in adult uninjured 

hearts are still needed to validate the inferred role accredited to these cells.  

 

Myofibroblasts and Cardiac Fibrosis 

While the basal function of cardiac fibroblasts might be presumed, their role in wound 

healing and fibrosis after injury is certain. When the heart is injured, cardiomyocytes 

have to contract against increased hemodynamic stress, which leads to a cascade of 

molecular, biochemical, and cellular changes as the body tries to maintain cardiac output. 

Pathological mechanical and neurohormonal signaling triggers quiescent cardiac 

fibroblasts to differentiate into contractile and synthetic myofibroblasts (Weber, 1989, 
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Van Den Borne et al., 2010, Weber et al., 2013, Davis and Molkentin, 2014, Stempien-

Otero et al., 2016). In the case of myocardial infarction (MI), the heart undergoes 

microscopic and gross changes, replacing lost cells with ECM, resulting in the formation 

of a fibrotic scar. Formation of a fibrotic scar is essential to provide structural integrity to 

the myocardium. In fact, elimination of myofibroblasts immediately after mice were 

subjected to MI resulted in ventricular wall rupture and death, demonstrating the 

importance of myofibroblast-mediated scar formation after MI (Kanisicak et al., 2016). 

However, evidence has also suggested that the scar formed following MI is not merely 

space-occupying collagen, but living tissue with sustained myofibroblast activation that 

perpetuates fibrosis (Willems et al., 1994, Weber et al., 2013, Rog-Zielinska et al., 2016). 

Further, pigs subjected to MI demonstrated fibroblast activation as well as interstitial 

fibrosis in regions outside the scar (Nagaraju et al., 2017). In general it is believed that 

although the replacement fibrosis (scar) is necessary to maintain ventricular integrity 

following a MI, chronic fibrosis is detrimental and initiates the progression to heart 

failure. 

Another cardiac fibrotic stimulus is chronic hypertension. Hypertension increases 

the afterload on the heart so the left ventricle has to generate higher systolic pressure in 

order to maintain cardiac output. This hemodynamic stress initiates several signaling 

pathways that induce cardiomyocyte hypertrophy and ECM deposition. Initially, this 

counteracts the elevated ventricular wall stress but eventually cardiomyocytes die and are 

replaced with fibrosis (Gaudron et al., 1993, Van Den Borne et al., 2010, Burchfield et 

al., 2013, Van Berlo et al., 2013, Heinzel et al., 2015, Ma et al., 2017, Messerli et al., 

2017).  
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Regardless of underlying etiology, the fibrosis that results in response to cardiac 

injury and hemodynamic stress is due to the differentiation of quiescent cardiac 

fibroblasts into myofibroblasts. Most of these myofibroblasts differentiate from resident 

cardiac fibroblasts, specifically TCF21 lineage-traced cardiac fibroblasts (Braitsch et al., 

2013, Ali et al., 2014, Moore-Morris et al., 2014, Kanisicak et al., 2016). Myofibroblasts 

deposit copious ECM proteins such as collagen I, collagen III, periostin, and fibronectin, 

which together with expression of α-SMA enable myofibroblasts to contract surrounding 

tissue and contribute to structural remodeling (Tomasek et al., 2002, Hinz, 2007, Hinz et 

al., 2007, Ma et al., 2012, Moore-Morris et al., 2014). Myofibroblast contraction also 

disrupts normal myocardial automaticity and coordinated myocyte contractility(Tomasek 

et al., 2002). Furthermore myofibroblasts produce signaling molecules that create 

positive feedback loops and beget additional fibrosis (Weber et al., 2013). Consequently, 

the fibrotic heart has impaired compliance, reduced contractility, and increased 

predisposition for arrhythmias (Weber, 1989, Gaudron et al., 1993, Weber et al., 1994, 

Ma et al., 2012, Davis and Molkentin, 2014, Herum et al., 2017). These structural and 

mechanical alterations caused by pathological fibrosis understandably impair cardiac 

function and greatly contribute to heart failure progression. 

Thus far, drugs that antagonize the effects of AngII by blocking the Angiotensin 

Converting Enzyme or AngII Type 1 Receptor (AT1R) attenuate interstitial cardiac 

fibrosis and improve cardiac function (Schieffer et al., 1994), however there is still much 

need for improvement. Treatment with the AT1R antagonist Losartan decreased the 

prevalence of fibrosis in hypertensive patients (hypertension precedes 75% of HF cases 

(Benjamin et al., 2017)) more than the β-blocker Atenolol, but the prevalence of 
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excessive fibrosis was still 48% when compared to normotensive gender matched 

controls (Ciulla et al., 2004). Since acquisition of the myofibroblast state is an important 

mediator of pathological ventricular remodeling, it is important to define the signaling 

pathways and transcriptional regulators which mediate myofibroblast activation in order 

to identify novel, more potent and targeted anti-fibrotic targets for heart failure, as well as 

other fibrotic diseases. 

Rationale and Objective for This Study 

Recently, it has become appreciated that sustained elevation in cCa2+ promotes the 

conversion of quiescent fibroblasts into myofibroblasts. Ca2+ likely serves as an 

important second messenger at multiple levels in the differentiation signal cascade. Pro-

fibrotic mediators TGFβ, AngII, ET1 mediate an increase in cCa2+ (Muldoon et al., 1988, 

Alevizopoulos et al., 1997, Mcgowan et al., 2002, Ostrom et al., 2003, Furuya et al., 

2005). In addition, multiple groups have established transient receptor potential (TRP) 

channels as major contributors to cardiac fibrosis and myofibroblast differentiation. 

TRPV4, TRPM7 and TRPC6 have all been implicated in the myofibroblast conversion 

process (Du et al., 2010, Davis et al., 2012, Adapala et al., 2013, Rahaman et al., 2014). 

The most well characterized of these, TRPC6, appears necessary for both TGFβ -

dependent and -independent signaling pathways (Davis et al., 2012). TRPC6-mediated 

Ca2+ signaling likely serves as a secondary sustained signal, since transcriptional 

upregulation of TRPC6 results from TGFβ stimulation and precedes the activation of 

downstream target genes, such as α-SMA (Davis et al., 2012).  

While cCa2+ signaling appears to be necessary for fibrotic signaling pathways, 

other Ca2+ domains, such as mCa2+ have not been explored. The Ca2+ dependent 
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transcription factor NFAT (nuclear factor of activated T-cells) is a well-known mediator 

of myofibroblast differentiation. Nuclear translocation of NFAT activates transcription of 

myofibroblast genes such as α-SMA, collagen I and collagen III (Léjard et al., 2007, 

Davis et al., 2012, Herum et al., 2013). Since calcineurin/NFAT activation is proposed to 

be, in part, regulated by its discrete subcellular localization (Kar et al., 2011, Kar et al., 

2012), it is important to investigate the impact of mCa2+ uptake on regulating 

differentiation signaling through its effect on spatial Ca2+ microdomains. Furthermore, 

cCa2+ signaling is rapidly integrated into the mitochondrial matrix via the mtCU, a 

mechanism theorized to integrate cellular energetic demand with metabolism and 

respiration. This is intriguing, as it is now appreciated that metabolic reprogramming is 

required for numerous cellular differentiation programs (reviewed above).  

 We hypothesize that mCa2+ exchange is a fundamental regulatory switch in 

myofibroblast differentiation. We examined the role of mCa2+ uptake using in vitro and in 

vivo genetic loss-of-function approaches and clinically-relevant models of cardiac 

fibrosis. In the next chapter, we show that inhibition of mCa2+ uptake and resultant 

changes in bioenergetic pathways are necessary for myofibroblast differentiation. We 

found that extracellular fibrotic signaling decreased mCa2+ uptake to initiate myofibroblast 

differentiation. Furthermore, we mechanistically linked alterations in mCa2+ uptake with 

distinct changes in metabolism necessary for epigenetic modifications of loci critical to 

myofibroblast gene activation.  
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Abstract 

Fibroblast to myofibroblast differentiation is crucial for the initial healing response but 

excessive myofibroblast activation leads to pathological fibrosis. Therefore it is 

imperative to understand the mechanisms underlying myofibroblast formation. Here we 

report that mitochondrial calcium (mCa2+) signaling is a regulatory mechanism in 

myofibroblast differentiation and fibrosis. We demonstrate that inhibition of mCa2+ uptake 

in fibroblasts enhances myofibroblast formation and this translates to increased fibrosis 

following injury. Fibrotic signaling alters the gating of the mitochondrial calcium 

uniporter (mtCU) to reduce mCa2+ uptake and induce specific changes in metabolism. 

mCa2+-dependent metabolic reprogramming leads to the activation of αKG-dependent 

demethylases which epigenetically modify promoter regions specific to the myofibroblast 

gene program resulting in differentiation. Our results uncover an important role for mCa2+ 

uptake beyond metabolic regulation and cell death and demonstrate that mCa2+ signaling 

regulates the epigenome to influence cellular differentiation. 
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Introduction 

Fibroblast to myofibroblast differentiation is a universal response to injury whereby 

fibroblasts differentiate from a quiescent structural role into contractile and synthetic 

myofibroblasts which are vital to wound healing (Tomasek et al., 2002, Davis and 

Molkentin, 2014, Stempien-Otero et al.). However, the reparative characteristics of 

myofibroblasts also contribute to pathological fibrosis. These cells produce copious 

extracellular matrix (ECM) proteins such as periostin, collagen, and fibronectin, and can 

remodel tissues due to the de novo expression of α-smooth muscle actin (α-SMA) 

(Tomasek et al., 2002, Hinz, 2007, Hinz et al., 2007, Ma et al., 2012, Moore-Morris et al., 

2014). The differentiation of fibroblasts into myofibroblasts is initiated and sustained by 

several agonists including: Transforming Growth Factor-beta (TGFβ), Angiotensin II 

(AngII), Endothelin 1 (ET1), and mechanical tension, which initiate interconnected 

signaling pathways (Leask, 2010, Davis and Molkentin, 2014). Since acquisition and 

retention of the myofibroblast state is an important mediator of pathological fibrosis, it is 

important to define the molecular mechanisms that mediate this differentiation process 

(Leask, 2010, Tomasek et al., 2002, Van Den Borne et al., 2010, Wynn and Ramalingam, 

2012, Rockey et al., 2015, Molkentin et al., 2017). 

Recently it has become appreciated that a sustained elevation in cytosolic calcium 

(cCa2+) promotes the conversion of quiescent fibroblasts into myofibroblasts. Pro-fibrotic 

mediators TGFβ, AngII, and ET1 trigger an increase in cCa2+ (Muldoon et al., 1988, 

Alevizopoulos et al., 1997, Ostrom et al., 2003, Furuya et al., 2005). In addition, multiple 

groups have established transient receptor potential (TRP) channels as contributors to 

cardiac fibrosis and myofibroblast differentiation (Du et al., 2010, Davis et al., 2012). 
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TRPV4, TRPM7 and TRPC6 have all been implicated in myofibroblast differentiation 

(Du et al., 2010, Davis et al., 2012, Adapala et al., 2013, Rahaman et al., 2014). While 

cCa2+ signaling appears to be necessary for both TGFβ-dependent and -independent 

signaling pathways, other Ca2+ domains, such as mitochondrial calcium (mCa2+), have not 

been explored. Elevations in cCa2+ are rapidly integrated into mitochondria through the 

mitochondrial calcium uniporter (mtCU) due to the high electromotive force generated by 

the ETC (Δψ = ~ -160-180 mv) (Kirichok et al., 2004). mCa2+ directly impacts cellular 

energetics through the activation of dehydrogenases in the TCA cycle and by modulating 

ETC function (Denton, 2009, Glancy and Balaban, 2012, Luongo et al., 2015). This is 

intriguing as alterations in metabolism are reported to be essential to cell fate 

determination, i.e. pluripotency versus committed/specified cells (Vander Heiden et al., 

2009, Carey et al., 2015, Moussaieff et al., 2015, Shyh-Chang and Daley, 2015, Teslaa et 

al., 2016). Indeed, alterations in the levels of various metabolites have been linked to the 

activity of epigenetic-modifying enzymes and in this way, cellular metabolism is directly 

linked with gene expression (Lu and Thompson, 2012, Kaelin and Mcknight, 2013, Carey 

et al., 2015, Teslaa et al., 2016).  

Here, we investigated the role of mCa2+ uptake in cellular differentiation. We 

demonstrate that an alteration in mtCU gating is critical to myofibroblast differentiation 

by directly modulating the levels of metabolites to regulate histone demethylation. This 

study reveals that mCa2+ exchange is a central regulatory mechanism linking canonical 

signaling pathways with adaptive changes in mitochondrial metabolism and epigenetics 

that are necessary to drive cellular differentiation. 
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Experimental Procedures 

Generation of fibroblast-specific Mcu conditional knockout mice  

Generation of Mcufl/fl was previously reported (Luongo et al., 2015). Mcufl/fl mice were 

crossed with fibroblast-specific Cre transgenic mice, Col1a2-CreERT, to generate 

tamoxifen-inducible, fibroblast-specific Mcu knockouts. For temporal deletion of Mcu, 

mice 8-12 weeks of age were injected intraperitoneal with tamoxifen (40 mg/kg/day) for 

ten consecutive days. All mouse genotypes, including controls, received tamoxifen. All 

experiments involving animals were approved by Temple University’s IACUC following 

all AAALAC guidelines.  

 

Mouse embryonic fibroblast isolation and culture 

Mouse embryonic fibroblasts (MEFs) were isolated from Mcufl/fl or C57/BL6 (WT) mice 

as previously reported (Luongo et al., 2015). Embryos were isolated from pregnant 

females at E13.5. The embryos were decapitated and all the red organs removed. Tissue 

was minced and digested in 0.25% trypsin supplemented with DNase for 15 minutes at 

37°C in the presence of 5% CO2. Digested tissue was gently agitated by pipetting to 

dissociate cells. Cells from each embryo were suspended in Dulbecco’s Modified Eagle's 

Medium (DMEM, Corning 10-013-CV) supplemented with 10% fetal bovine serum 

(FBS, Gemini Bio-Products), 1% penicillin/streptomycin (Sigma), and 1% Non-Essential 

Amino Acids (Gibco), plated on a 10cm dish and incubated at 37°C in the presence of 

5% CO2. In some experiments MEFs were incubated in media containing dimethyl-αKG 

(dimethyl 2-oxoglutarate, Sigma, 349631) or JIB-04 (Sigma, SML0808) as indicated in 
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the results and figures. For all imaging studies, MEFs were plated on collagen-coated 

35mm dishes (Mattek). 

 

Cardiac fibroblast isolation and culture 

After euthanasia, hearts were excised from mice and rinsed with cold Hank’s Balanced 

Salt Solutions (HBSS, Corning, MT21023CV). Atria were removed and ventricles were 

placed into HBSS containing 150 units/mL of Collagenase Type 2 (Worthington, 

LS004176) and 0.6 mg/mL Trypsin (USB Corp., 22705). The ventricles were minced into 

small pieces to facilitate digestion, transferred to a small beaker and incubated in a 

shaking 37°C water bath for 5 minutes. The supernatant was aspirated and discarded and 

new HBSS/enzyme solution was added to the beaker. Beaker was incubated in a shaking 

37°C water bath for 15 minutes and supernatant was collected and transferred to a conical 

containing media and FBS. This was repeated at least 3 more times until remaining 

pieces were too small to separate from digestion solution. Cells were spun down at 3,000 

rpm for 5 minutes. Supernatant was discarded, pellets were resuspended in FBS, and spun 

down at 3,000 rpm for 5 minutes. After centrifugation, supernatant was discarded and 

pellets were resuspended in DMEM (Corning 10-013-CV) supplemented with 10% fetal 

bovine serum (FBS, Gemini Bio-Products), 1% penicillin/streptomycin (Sigma), and 1% 

Non-Essential Amino Acids (Gibco). Resuspended cells were passed through a 70-

micron cell strainer, placed into a cell culture dish, and incubated at 37°C in the presence 

of 5% CO2. After ~1 hour, media was removed and replaced with fresh media.  
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Adenoviral transfer 

For experiments that required adenoviral gene transfer, MEFs were incubated in 

adenovirus for 24 hours at which time the media was changed. To knockout Mcu, MEFs 

were transduced with adenovirus encoding Cre-recombinase (Ad-Cre) or βgalactosidase 

(Ad-βgal) for 24h and experiments were performed 5 days post-infection in order to 

ensure sufficient time for protein turnover. For experiments using adenovirus encoding 

Glyco-High, Glyco-Low, or mito-R-GECO1, cells were incubated for an additional 24h 

prior to the experiment.  

The following adenoviruses have previously been described: NFAT-c1-GFP, 

Glyco-High, Glyco-Low, mito-R-GECO1 (Kurland et al., 1992, De Windt et al., 2000, 

Zhao et al., 2011, Salabei et al., 2016). Glyco-High and Glyco-Low adenoviruses were 

made and purified by Vector Labs (Malvern, PA) using cDNA for a rat liver PFKFB1 

isoform of phosphofructokinase 2 (PFK2)/ fructose-2,6-bisphosphatase (FBP2). The 

Glyco-High adenovirus has 2 single-amino acid point mutations (S32A and H258A) 

which result in the enzyme having only PFK2 activity, while the Glyco-Low adenovirus 

has 2 single-amino acid point mutations (S32D and T55V) which result in the enzyme 

having only FBP2 activity (Kurland et al., 1992, Salabei et al., 2016). Ad-GFP was 

purchased from Vector Labs (Malvern, PA). 

 

Myofibroblast differentiation  

Myofibroblast differentiation was induced using 10ng ml-1 recombinant mouse 

transforming growth factor-β (TGFβ, R&D Systems, 7666-MB-005) or 10µM 
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Angiotensin II (AngII, Sigma A9525). In all experiments, FBS was reduced to 1% 24 

hours prior to and during treatment with TGFβ or AngII.  

 

Western blot analysis  

All protein samples were lysed by homogenization in RIPA buffer supplemented with 

phosphatase inhibitors (Roche, 4906837001) and protease inhibitors (Sigma, S8830). 

Samples were sonicated briefly and centrifuged at 5,000 g for 10 minutes. The 

supernatant was collected and used for further analysis. Protein amount was quantified 

using the Bradford Protein Assay (Bio-Rad) and equal amounts of protein (10-50µg) 

were run by electrophoresis on polyacrylamide Tris-glycine SDS gels. Gels were 

transferred to PVDF (EMD Millipore, IPFL00010) and membranes were blocked for 1 

hour in Blocking Buffer (Rockland, MB-070) followed by incubation with primary 

antibody overnight at 4°C. Membranes were washed in TBS-T 3 times for 5 minutes each 

and then incubated with secondary antibody for 1 hour at room temperature. After 

incubation with fluorescent secondary antibodies, membranes were washed in TBS-T 3 

times for 5 minutes each and then imaged on a Licor Odyssey system.  

The following antibodies were used in the study: MCU (1:1,000, Sigma-Aldrich, 

HPA016480), MCUb (1:250, Santa Cruz, sc-163985), MICU1 (1:500, Custom generation 

by Yenzyme, courtesy of the Madesh lab), MCUR1 (1:500, Custom generation, courtesy 

of the Madesh lab), EMRE (1:250, Santa Cruz, sc-86337), VDAC (1:1,000, Abcam, 

ab15895), PDHE1α phospho S293 (1:1,000, Abcam, ab110330), PDHE1α (1:1,000, 

Abcam, ab110330), IDH3A (1:500, Abcam, ab58641), α-tubulin (1:1,000, Abcam, 

ab7291), ETC respiratory chain complexes (1:2,500, OxPhos Cocktail, Abcam, MS604), 
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H3K4me3 (1:2,000, Millipore, 07-473), H3K9me3 (1:2,000, Abcam, ab8898), 

H3K27me3 (1:2,000, Cell Signaling, 9733), H3K4me2 (1:2,000, Cell Signaling, 9726), 

H3K9me2 (1:2,000, Cell Signaling, 4658), H3K27me2 (1:2,000, Cell Signaling, 9728), 

H3 (1:2000, Cell Signaling, 4499); and Licor IRDye secondary antibodies: anti-mouse 

(1:12,000, 926-32210), anti-rabbit, (1:12,000, 926-68073), anti-goat (1:12,000, 926-

32214).  

 

Live cell imaging of Ca2+ transients 

Mcufl/fl MEFs were infected with Ad-Cre or Ad-βgal for 72h and then transduced with 

adenovirus encoding a mitochondrial-targeted Ca2+ reporter (Mito-R-GECO). 48h post-

infection with Mito-R-GECO, prior to live-cell imaging, MEFs were loaded with the 

calcium sensitive dye Fluo-4 AM (1µM, Invitrogen) to measure cytosolic calcium 

transients. Cells were placed in a 37°C heated chamber in physiological Tyrode’s buffer 

(150mM NaCl, 5.4mM KCl, 5mM HEPES, 10mM glucose, 2mM CaCl2, 2mM sodium 

pyruvate, pH 7.4) and imaged on a Carl Zeiss Axio Observer Z1 microscope. Ca2+ 

transients were continuously recorded and analyzed on Zen software as previously 

described (Luongo et al., 2015). After 2-3 minutes of baseline recording, a single pulse of 

1mM ATP was delivered to liberate intracellular Ca2+ (iCa2+) stores. For Ca2+ 

fluorescence measurements, the F0 was measured as the average fluorescence of the cell 

prior to stimulation. The maximal fluorescence (F) was measured for peak amplitude. 

Background fluorescence was subtracted from each experiment before measuring the 

peak intensity as F/F0.  
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Immunofluorescence 

MEFs were seeded on coated 35-mm dishes. MEFs were fixed for 15 minutes in 4% 

paraformaldehyde, then permeabilized for 15 minutes with 0.15% Triton-X-100, and 

blocked in PBS containing 10% goat serum for 1h at room temperature. MEFs were 

incubated in primary antibody α-SMA (1:1,000, Sigma-Aldrich, A2547) overnight at 4°C 

and secondary antibody goat anti-mouse Alexa Fluor 594 (1:1,000, ThermoFisher, A-

11005) for 45 minutes at 37°C. Prior to imaging, MEFs were incubated with Hoechst 

33342 to demarcate cell nuclei. Cells were imaged on a Carl Zeiss Axio Observer Z1 

fluorescent microscope. Images were acquired in the red (590ex/617em) and blue 

(350ex/461em) channels. α-SMA expression was assessed by quantifying fluorescence 

intensity and the percentage α-SMA positive cells. More than 50 cells per dish were 

analyzed. 

 

Gel Contraction 

Fibroblast contractile activity was assessed by collagen contraction assays in which 

112,500 MEFs were seeded into a 2mg/mL collagen type I (Corning, 354249) gel matrix 

and cast into a 48 well plate. Once collagen polymerized, the gel was gently released 

from edges of the well and media was added to the well. Images were taken using a 

Nikon SMZ1500 stereomicroscope at 0 and 24 after the gel was released from well 

edges. ImageJ software (NIH) was used to calculate the surface area, which is presented 

as percent gel contraction relative to initial size of the gel.  
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Cell Proliferation 

MEFs were seeded at the same density in 96 well plates and quantified using the 

CyQUANT NF Cell Proliferation Assay Kit (ThermoFisher) according to the 

manufacturer’s protocol. 

 

qPCR mRNA Analysis 

RNA was isolated using the RNeasy Mini Kit (Qiagen, 74104) according to the 

manufacturer’s protocol. RNA (2µg) was reverse transcribed into cDNA using the High 

Capacity cDNA Reverse Transcription Kit (ThermoFischer, 4368814) according to the 

manufacturer’s protocol. Thermocycler conditions were as follows: 25°C for 10 minutes, 

37°C for 2 hours, 85°C for 5 minutes. Quantification of cDNA was done using Luminaris 

HiGreen qPCR Master Mix (ThermoFischer, K0991) following the manufacturer’s 

protocol. Cycling conditions were as follows: 95°C for 10 minutes followed by 40 cycles 

of amplification (95°C denaturation for 15 seconds, 60°C annealing/extension for 1 

minute).  

We evaluated samples for mRNA expression of Collagen type I alpha 1 chain 

(Col1a1), Collagen type I alpha 2 chain (Col1a2), Collagen type III alpha 1 chain 

(Col3a1), α-SMA (Acta2), periostin (Postn), lysyl oxidase (Lox), fibronectin (Fn1), and 

platelet derived growth factor receptor alpha (Pdgfra). Rps13 (Ribosomal Protein S13) 

was used as a housekeeping gene. All samples were analyzed in duplicate and averaged. 

Fold change in mRNA expression was measured using the Comparative CT Method (2^-

ΔΔCT). Primers used are listed below: 
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Gene Forward primer 5’-3’ Reverse primer 5’-3’ 
Rps13 gcaccttgagaggaacagaa gagcacccgcttagtcttatag 
Col1a1 ttcagggaatgcctggtgaa acctttgggaccagcatca 
Col1a2 gaaaagggtccctctggagaa aataccgggagcaccaagaa 
Col3a1 tgctggaaagaatggggagac ggtccagaatctcccttgtcac 
Acta2 gtgaagaggaagacagcacag gcccattccaaccattactcc 
Postn ccattggaggcaaacaactcc 

 

ttgcttcctctcaccatgca 

 
Lox acgtcctgtgactatgggtac 

 

tctgccgcataggtgtcata 

 
Fn1 cgtcattgccctgaagaaca 

 

aagggtaaccagttggggaa 

 
Pdgfra caaagggaggacgttcaagac 

 

tgcgtccatctccagattca 

 
 

NFAT Translocation Assay 

MEFs were plated on coated 35mm dishes and infected with Ad-NFATc1-GFP for 24 

hours at which time live-cell images were taken followed by treatment with 10ng ml-1 

TGFβ or 10µM AngII for 24 hours. For live-cell imaging, cells were placed in a 37°C 

heated chamber on a Carl Zeiss Axio Observer Z1 fluorescent microscope. Prior to 

imaging, MEFs were incubated with Hoechst 33342 to demarcate cell nuclei. Images 

were acquired in the green channel (490ex/525em) and blue channel (350ex/460em). 

NFAT localization was quantified as the nuclear/cytoplasmic ratio of GFP fluorescence. 

More than 50 cells per dish were analyzed.  

 

Evaluation of mCa2+ uptake and efflux  

Before permeabilization, MEFs were washed in extracellular-like Ca2+-free buffer 

(120mM NaCl, 5mM KCl, 1mM KH2PO4, 0.2mM MgCl2, 0.1mM EGTA, 20mM 

HEPEs-NaOH, pH 7.4). MEFs (1.5 million) were then transferred to intracellular-like 

medium (ICM) (120mM KCl, 10mM NaCl, 1mM KH2PO4, 20mM HEPES-Tris, protease 

inhibitors (Sigma EGTA-Free Cocktail), 5mM succinate, 2µM thapsigargin, 40µg ml-1 
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digitonin, 10µM CGP-37157 (NCLX inhibitor), pH 7.2). ICM was cleared with Chelex 

100 to remove trace Ca2+ (Sigma). MEFs were gently stirred and 1µM Fura-2 

(ThermoFisher, F1200) was added to monitor extra-mitochondrial Ca2+. At 20 seconds, 

JC-1 (Enzo Life Sciences) was added to monitor the mitochondrial membrane potential 

(Δψ).   

Fluorescence signals were monitored in a temperature controlled (37°C) multi-

wavelength-excitation/dual-wavelength-emission spectrofluorometer (Delta RAM, 

Photon Technology Int.) using 490-nm excitation (ex)/535-nm emission (em) for the JC-1 

monomer, 570-nm ex/595-nm em for the J-aggregate of JC-1, and 340- and 380-nm 

ex/510-nm em for Fura-2. At 350 seconds a Ca2+ bolus was added and clearance of extra-

mitochondrial Ca2+ was representative of mCa2+ uptake. At completion of the experiment 

10µM of the protonophore FCCP was added to uncouple the Dy and release matrix free-

Ca2+.  

To quantify actual Ca2+ content, a standard curve of Ca2+ binding Fura-2 was 

generated from serial diluted Ca2+ standards (0.01-120µM) in ICM. The Kd was 

calculated from the standard curve using GraphPad Prism 6.0 software. Fura-2 

fluorescence ratio was converted to to [Ca2+] by the following equation: [Ca2+] = Kd * (R-

Rmin)/(Rmax-R) * Sf2/Sb2. (Rmin (ratio in 0- Ca2+) =1.341; Rmax (ratio at 

saturation)=27.915; Sf2 (380/510 reading in 0-Ca2+) =15822.14; Sb2 (380/510 reading 

with Ca2+ saturation) =1794.32). The percentage of initial mCa2+ uptake (200  s after Ca2+ 

addition) was plotted against the bath Ca2+ concentration for each of the different Ca2+ 

boluses to generate a dose response curve. All details have been previously reported 

(Luongo et al., 2015, Luongo et al., 2017). 
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ECAR and OCR Measurements 

A Seahorse Bioscience XF96 extracellular flux analyzer was employed to measure 

extracellular acidification rates (ECAR) and oxygen consumption rates (OCR). ECAR 

was measured using the Glycolytic Stress Test Kit (Seahorse Biosciences) and OCR was 

measured using the Mito Stress Test Kit following the manufacturer’s protocol.  

To evaluate ECAR, 20,000 MEFs/well were plated in XF media pH 7.4 without 

supplementation. Non-glycolytic acidification was measured, then 10mM glucose was 

injected to measure basal glycolysis, followed by 3µM oligomycin to inhibit 

mitochondrial ATP production and reveal maximal glycolytic capacity, and finally 

50mM 2-deoxy-glucose was injected to completely inhibit all glycolysis.  

To evaluate OCR, 20,000 MEFs/well were plated in XF media pH 7.4 

supplemented with 10mM glucose and 1mM sodium pyruvate. Basal OCR was 

measured, then 3µM oligomycin was injected to inhibit ATP-linked respiration, followed 

by 2µM FCCP to measure maximal respiration, and finally 1.5µM rotenone/antimycin A 

was injected to completely inhibit all mitochondrial respiration. After each experiment, 

protein concentration was measured and wells were normalized using the Wave software.  

 

Metabolomic Profiling 

Cells in a 10cm dish were washed with 5% (w/w) mannitol (10mL for the first wash, 

2mL for the second wash) and extracted in 800µL methanol plus 550µL internal standard 

solution (Human Metabolome Technologies, HMT). Extracted solution was spun down at 

2,300 x g at 4°C for 5 min. The supernatant was transferred into centrifugal filter units 

(HMT) and centrifuged at 9,100 x g at 4°C for ~3.5 h until no liquid remained in the filter 
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cup. Filtrate was frozen at -80°C and shipped to HMT for analysis by CE-TOFMS and 

CE-QqQMS (Boston, MA). Filtrate was centrifugally concentrated and resuspended in 

50µl of ultrapure water immediately before the measurement.  

Cationic metabolites were analyzed using an Agilent CE-TOFMS system (Agilent 

Technologies) Machine No. 3 and a fused silica capillary (i.d. 50 µm x 80 cm) with 

Cation Buffer Solution (HMT) as the electrolyte. The sample was injected at a pressure 

of 50 mbar for 10 sec. The applied voltage was set at 27 kV. Electrospray ionization-

mass spectrometry (ESI-MS) was conducted in the positive ion mode, and the capillary 

voltage was set at 4,000 V. The spectrometer was scanned from m/z 50 to 1,000.  

Anionic metabolites were analyzed using an Agilent Capillary Electrophoresis 

System equipped with an Agilent 6460 TripleQuad LC/MS Machine No. QqQ3 and a 

fused silica capillary (i.d. 50 µm x 80 cm) with Anion Buffer Solution (HMT) as the 

electrolyte. The sample was injected at a pressure of 50 mbar for 25 sec. The applied 

voltage was set at 30 kV. ESI-MS was conducted in the positive and negative ion mode, 

and the capillary voltage was set at 4,000 V for positive and 3, 500 V for negative mode.  

Peaks detected in CE-TOFMs analysis were extracted using automatic integration 

software (MasterHands ver.2.17.1.11 developed at Keio University) and those in CE-

QqQMS analysis were extracted using automatic integration software (MassHunter 

Quantitative Analysis B.06.00 Agilent Technologies, Santa Clara, CA, USA) in order to 

obtain peak information including m/z, migration time, and peak area. The peak area was 

then converted to relative peak area by the following equation: Relative peak area = 

Metabolite Peak Area / (Internal Standard Peak Area x Normalization Factor). The peaks 

were annotated based on the migration times in CE and m/z values determined by 
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TOFMS. Putative metabolites were then assigned from HMT metabolite database on the 

basis of m/z and migration time. All metabolite concentrations were calculated by 

normalizing the peak area of each metabolite with respect to the area of the internal 

standard and by using standard curves, which were obtained by three-point calibrations. 

A heat map was generated using ClustVis (Metsalu and Vilo, 2015). Unit variance was 

applied to rows. Rows were clustered using Manhattan distance and average linkage.  

 

DNA Methylation 

To extract genomic DNA, cells were collected and washed with PBS followed by 2h 

incubation at 60°C in DNA isolation buffer (0.5% SDS, 100mM NaCl, 50mM Tris pH 8, 

3mM EDTA, 0.1mg/mL proteinase K). DNA was extracted using chloroform followed 

by ethanol precipitation and dissolved in double-distilled water. DNA methylation was 

quantified using the MethylFlashTM Methylated DNA Quantification Kit (Colorimetric), 

according to the manufacturer’s protocol (Epigentek Inc.). 100 nanograms of input DNA 

were used per reaction. Absorbance at 450-nm was measured using a Tecan Infinite F50 

microplate reader. 

 

ChIP-qPCR 

ChIP-qPCR was performed using the ChIP-IT High Sensitivity Kit (Active Motif, 53040) 

according to the manufacturer’s protocol. Cells were fixed, lysed and sonicated for 30m 

(30 sec on, 30 sec off) leading to chromatin fragments between 200 and 1200 base pairs. 

DNA-bound protein was immunoprecipitated using 2µg anti-H3K27me2 (Active Motif, 

clone MABI 0324) or IgG (Santa Cruz, 2025). Following immuneprecipitation, cross-
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links were reversed, protein was removed, and DNA was purified. qPCR was performed 

with equal amounts of H3K27me2-immunoprecipitated sample, IgG-immunoprecipitated 

sample, and input sample. Values were normalized to input measurements and fold 

enrichment was calculated. qPCR primers were designed to target gene loci regions 

flanking or nearby myofibroblast transcription factor predicted binding sites according to 

Genomatrix-MatInspector Software analysis. The following qPCR primers were used: 

periostin forward primer 5’-CCACAGCCCAGAGCTATATAAAC-3’, periostin reverse 

primer 5’-CAGCAGCAGCAGAGCATATAA-3’, platelet-derived growth receptor alpha 

forward primer 5’-AGCAACTACACGGCACTTT-3’, platelet-derived growth receptor 

alpha reverse primer 5’-CTGGGCCTCGCTAGAAATATG-3’. 

 

Echocardiography  

Transthoracic echocardiography of the left ventricle was performed and analyzed on a 

Vevo 2100 imaging system (VisualSonics) as previously reported (Luongo et al., 2015). 

Mice were anesthetized with 2% isoflurane in 100% oxygen during acquisition. M-mode 

images were collected in short-axis and analysis was performed using VisualSonics 

software.  

 

Myocardial Infarction  

Ligation of the left coronary artery (LCA) was performed as described previously in Gao 

et. al (Gao et al., 2010). Briefly, mice were anesthetized with 2% isoflurane in 100% 

oxygen and the heart exposed via a left thoracotomy at the fifth intercostal space. The 
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LCA was permanently ligated to induce a large myocardial infarction and the heart was 

returned to the chest cavity.  

 

Chronic Angiotensin II infusion 

Mice were anesthetized with 2% isoflurane in 100% oxygen and mini-osmotic pumps 

(Alzet Model 1004) were inserted subcutaneously to deliver 1.1mg/kg/d Angiontesin II 

(Sigma, A9525) for 4 weeks. 

 

Tissue Gravimetrics 

Mice were sacrificed followed by isolation and weighing of the heart and lungs as well as 

measurement of tibia length. Heart gravimetrics were assessed by heart weight/tibia 

length ratios. Lungs were weighed at the time of isolation (wet lung weight) and after 

dehydration at 37°C for 1 week (dry lung weight). Lung edema was quantified by 

subtracting wet – dry lung weight.  

 

Histology 

For histological analysis, hearts were collected at the indicated time points and fixed in 

10% buffered formalin. Next, hearts were dehydrated and embedded in paraffin followed 

by collection of serial 7µm sections.  

To evaluate fibrosis, sections were stained with Masson’s trichrome (Sigma). 

Sections were examined using a Nikon Eclipse Ni microscope and images were acquired 

with a high-resolution digital camera (Nikon DS-Ri1). The percentage of fibrosis was 
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quantified using ImageJ software (NIH). Blue pixels were expressed as a percentage of 

the entire image surface area.  

To quantify myofibroblasts, antigen retrieval was performed and sections were 

subsequently stained with anti-α-SMA antibody (1:1,000, Sigma-Aldrich, A2547) and 

anti-CD31 (1:30, R&D Systems, AF3628). Sections were incubated with antibodies in a 

humidified chamber overnight at 4°C followed by 1 hour at room temperature. Sections 

were washed three times for 5 minutes each in PBS and incubated in secondary 

antibodies for 1 hour at 37°C in a humidified chamber. Secondary antibodies used were: 

Alexa Fluor 488 (1:250, Invitrogen, A21202) and Alexa Fluor 555 (1:100, Invitrogen, 

A21432). After washing three times for 5 minutes each, sections were stained with DAPI 

(Invitrogen R37606). After DAPI staining, sections were washed three times for 5 

minutes and then incubated with Sudan black B (Abcam, ab146284) for 40 minutes at 

room temperature followed by 6 washes for 10 minutes each. Finally sections were 

mounted on slides using Vectashield. Images were taken using a Carl Zeiss Axio 

Observer Z1 fluorescent microscope. Images were acquired in the green channel 

(490ex/525em), orange channel (555ex/580em), and blue channel (350ex/460em). Eight 

images per heart were obtained for quantitative analysis. Myofibroblast percentages were 

derived by counting the number of single positive α-SMA cells (α-SMA+/ CD31-) and 

dividing by the total number of nuclei.  

 

Statistics and Scientific Rigor 

All results are presented as mean +/- SEM. All experiments were replicated at least 3 

times if biological replicates were not appropriate. Statistical powering was initially 



	  

61 

performed using the nQuery Advisor 3.0 software (Statistical Solutions) along with 

historical data to estimate sample size. For all experiments, the calculations use α=0.05 

and β=0.2 (power=0.80). Statistical analysis was performed using Prism 6.0 (GraphPad 

Software). Where appropriate, column analyses were performed using an unpaired, 2-

tailed t-test (for 2 groups) or one-way ANOVA (for groups of 3 or more). For grouped 

analyses either multiple unpaired t-tests or where appropriate 2-way ANOVA with a 

Sidak post-hoc analysis was performed. P values less than 0.05 (95% confidence interval) 

were considered significant. For all in vivo studies, researchers were blinded from mouse 

genotypes and a numerical ear tagging system enabled unbiased data collection. Upon 

completion of the study, mouse ID numbers were cross-referenced with genotype to 

permit analysis. Mice were excluded from the MI study if they lacked a scar or infarct, as 

evaluated by histological staining at 4 weeks post-MI. 

Results 

Ablation of fibroblast Mcu inhibits mCa2+ uptake  

To examine the contribution of mCa2+ uptake to myofibroblast differentiation, we 

conditionally deleted Mcu, the pore-forming subunit of the mitochondrial calcium 

uniporter (mtCU) that is necessary for mCa2+ uptake (Figure 3-1a) (Baughman et al., 

2011, De Stefani et al., 2011, Pan et al., 2013, Luongo et al., 2015). Mouse embryonic 

fibroblasts (MEFs) were isolated from E13.5 Mcufl/fl embryos and infected with 

adenovirus-encoding cre recombinase (Ad-Cre) or beta-galactosidase (Ad-βgal, control 

adenoviral infection) for 24h, and 4 days later cell lysates were analyzed by Western blot. 

Cre-mediated deletion of exons 5-6 caused complete loss of MCU protein (Figure 3-1c). 

We also observed a loss of mtCU components MCUb and EMRE (Figure 3-1c), likely 
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attributed to protease mediated degradation of the other structural/channel-forming mtCU 

components (Tsai et al., 2017). Voltage-dependent anion channel (VDAC) and the 

UQCRC2 (Ubiquinol-cytochrome-c reductase complex core protein 2) subunit of 

Complex III (CIII) were used as mitochondrial loading controls and tubulin served as a 

total lysate loading control. Next, Mcufl/fl MEFs were infected with Ad-Cre or Ad-βgal 

and 72h later transduced with adenovirus encoding a mitochondrial-targeted genetic Ca2+ 

reporter (Mito-R-GECO) for 48h. Prior to live-cell imaging, cells were loaded with the 

calcium sensitive dye Fluo-4 AM to measure cytosolic calcium (cCa2+) transients. After 

baseline recordings, cells were treated with ATP to initiate purinergic receptor-mediated 

IP3R Ca2+ release. Control MEFs (Ad-βgal) displayed robust mCa2+ transients, whereas 

Mcu-/- MEFs (Ad-Cre) displayed complete loss of mCa2+ uptake (Figure 3-1d,e). Further, 

loss of MCU-mediated uptake elicited a significant increase in cCa2+ transients, 

suggesting that mitochondria buffer cCa2+ signaling in fibroblasts (Figure 3-1f,g). In 

addition, loss of mCa2+ uptake enhanced cytosolic signaling. Using an adenovirus-

encoding NFATc1-GFP, we measured nuclear translocation of NFATc1 following 

fibrotic stimuli. NFATc1 normally resides in the cytoplasm, but upon increased cCa2+ 

NFATc1 is dephosphorylated and able to translocate into the nucleus to regulate gene 

transcription (Crabtree and Olson, 2002). Treatment with TGFβ or AngII for 24h induced 

nuclear translocation of NFATc1 in control cells (Ad-βgal) and this was potentiated in 

Mcu-/- fibroblasts (Ad-Cre) (Figure 3-2a,b).
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Figure 3-1. Loss of mCa2+ uptake enhances the myofibroblast differentiation. a) Mcu 
conditional allele with LoxP sites flanking exons 5-6. Cre recombinase (Cre) drives 
deletion of Mcu in floxed cells. b) Experimental timeline for deletion of Mcu in mouse 
embryonic fibroblasts (MEFs). MEFs were isolated from Mcufl/fl embryos at E13.5 and 
infected with adenovirus encoding Cre recombinase (Ad-Cre) or the experimental control 
beta-galactosidase (Ad-βgal) for 24h. c) Expression of mtCU components was examined 
by Western blot in Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs. MICU1 – mitochondrial 
Ca2+ uptake 1, MCUR1 – mitochondrial Ca2+ uniporter regulator 1, MCUb - 
mitochondrial Ca2+ uniporter subunit b, EMRE – essential MCU regulator. Voltage-
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dependent anion channel (VDAC) and complex III (CIII, subunit UQCRC2 (Ubiquinol-
cytochrome-c reductase complex core protein 2)) were used as mitochondrial loading 
controls and Tubulin served as a total lysate loading control. d) Mcu-/- and control MEFs 
transduced with adenovirus encoding the mitochondrial calcium sensor, Mito R-GECO. 
1mM ATP was delivered to initiate purinergic receptor-mediated IP3R Ca2+ release. e) 
Amplitude (peak intensity – baseline). f) Mcu-/- and control MEFs were loaded with the 
Ca2+-sensitive dye Fluo-4 AM and fluorescence was recorded during 1mM ATP 
treatment. g) Amplitude (peak intensity – baseline). h-l) MEFs were treated with TGFβ 
or AngII for 24h and immunofluorescence was performed by co-staining with α-smooth 
muscle actin (α-SMA) antibody (red) and DAPI (blue). h-j) Representative images. k) 
Percentage of α-SMA positive cells. l) α-SMA expression (fluorescence intensity). m,n) 
Collagen gel contraction assay. m) Representative images at 0 and 24h. n) Gel 
contraction calculated as percent change from time 0h. o) Fold change in expression of 
myofibroblast genes (vs. Ad-βgal control). Col1a1 – collagen type I alpha 1 chain; 
Col1a2 – collagen type I alpha 2 chain; Col3a1 – collagen type III alpha 1 chain; α-SMA 
(Acta2) – α-smooth muscle actin; Postn – periostin; Lox – lysyl oxidase; Fn1 – 
fibronectin 1; Pdgfra - platelet derived growth factor receptor alpha. p) Cell proliferation 
measured by quantifying DNA content. Ca2+ traces: solid line = mean, dashed line = 
SEM. Minimum n=3 experiments for all quantified data. All data shown as mean ± SEM. 
***p<0.001, **p<0.01, *p<0.05 vs. vehicle control. ###p<0.001, ##p<0.01, #p<0.05 vs. 
Ad-βgal. Scale bar = 50µm.  
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Figure 3-2. Loss of mCa2+ uptake enhances cytosolic signaling. a,b) Mcu-/- (Ad-Cre) 
and control (Ad-βgal) MEFs were transduced with adenovirus-encoding NFATc1-GFP 
and 24h later treated with TGFβ or AngII for 24h. Cells were stained with Hoechst to 
demarcate nuclei and imaged on a fluorescence microscope. Representative images are 
shown. Percentage of cells with nuclear NFATc1 was quantified. n=3 per group each 
with more than fifty cells quantified. All data shown as mean ± SEM. ***p<0.001 vs. 
vehicle control. ###p<0.001 vs. Ad-βgal. Scale bar = 50µm. 
 

 

Loss of mCa2+ uptake promotes myofibroblast differentiation 

To determine the role of mCa2+ signaling in myofibroblast differentiation, Mcufl/fl MEFs 

were infected with Ad-Cre or Ad-βgal and 5 days later treated with pro-fibrotic agonists 

TGFβ or AngII. MEFs were examined for differentiation into a myofibroblast by 

quantifying α-smooth muscle actin (α-SMA) stress fiber formation, the prototypical 

marker of myofibroblasts (Tomasek et al., 2002). Mcu-/- MEFs (Ad-Cre) displayed 
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increased myofibroblast formation at baseline (vehicle) and following 24h TGFβ or 

AngII treatment as evidenced by an increase in the percentage of α-SMA+ cells and a ~4-

fold increase in α-SMA expression versus controls (Ad-βgal) (Figure 3-1h-l). 

Functionally, Mcu-/- MEFs displayed increased contraction of collagen gel matrices, even 

without TGFβ or AngII treatment, indicative of enhanced acquisition of the 

myofibroblast phenotype (Figure 3-1m,n). We also observed that loss of mtCU-mediated 

Ca2+-uptake alone was sufficient to increase the expression of key myofibroblast genes 

including: collagens (Col1a1 and Col3a1), α-SMA (Acta2), periostin (Postn), fibronectin 

(Fn1) and platelet derived growth factor receptor alpha (Pdgfra) (Figure 3-1o). 

Importantly, the observed enhancement in Mcu-/- α-SMA+ cells and gel contraction was 

not due to increased proliferation. Mcu-/- MEFs showed significantly reduced 

proliferation rates, as measured by DNA content, which is also characteristic of a more 

differentiated cell type (Figure 3-1p). Overall, these data show that loss of mCa2+ uptake 

promotes myofibroblast differentiation. 

 

Pro-fibrotic stimuli alter mtCU gating to reduce mCa2+ uptake  

Given the significant impact that loss of mCa2+ uptake had on myofibroblast formation we 

next examined if acute fibrotic signaling directly altered mtCU function. After treating 

wild-type (WT) MEFs with TGFβ for 12hr, fibroblasts were permeabilized with 

digitonin, in the presence of thapsigargin (SERCA inhibitor to prevent ER Ca2+ uptake) 

and CGP-37157 (NCLX inhibitor to prevent mCa2+ efflux), and loaded with the Ca2+ 

sensor Fura-2 for ratiometric monitoring using a spectrofluorometer. An increase in Fura-

2 signal signifies the increase in bath Ca2+ and a decrease in Fura-2 signal after each 
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bolus represents mCa2+ uptake. This high-fidelity system allows careful monitoring of 

uptake independent of changes in other calcium transport mechanisms. We observed that 

TGFβ-treated fibroblasts displayed a decrease in mCa2+ uptake following the delivery of 

~0.5-2 µM [Ca2+] (representative trace shown in Figure 3-3a). Importantly, simultaneous 

monitoring of mitochondrial membrane potential (Δψ) using the ratiometric reporter, JC-

1, showed no difference in the driving force for uptake (Figure 3-3b). After calibration of 

the Fura-2 reporter in our experimental system (Figure 3-4a), we quantified the 

percentage of mCa2+ uptake over a range of varying bath Ca2+ concentrations and data 

points were fit to the Hill equation using a nonlinear least-squares fit. From the dose 

response curve, we observed the nonlinear nature of mtCU-mediated mCa2+ uptake, 

consistent with other reports (Figure 3-3c) (Mallilankaraman et al., 2012, Williams et al., 

2013, Antony et al., 2016). TGFβ treatment for 12hr shifted the dose-response curve to 

the right, demonstrating an increase in the [Ca2+] threshold for mCa2+ uptake (Figure 3-

3c,d). The calculated Kd value was ~1.5 µM in control cells and ~1.9 µM in TGFβ-treated 

cells, indicating that following TGFβ a higher [Ca2+] was needed to achieve 50% 

maximal mtCU uptake (Figure 3-3e). In addition, the Hill coefficient identified a 

difference in the slopes of the dose response curves in TGFβ-treated vs. control cells 

(Figure 3-3e), 4.29 in control cells vs. 10.27 in TGFβ-treated cells, demonstrating that 

TGFβ indeed enhanced mtCU gating, allowing virtually no uptake until a given threshold 

was reached. 

To probe the mechanism responsible for TGFβ-induced alterations in mCa2+ 

uptake, we treated WT fibroblasts with TGFβ and 12, 24, 48, and 72h later extracted 

protein to examine the expression of mtCU components. Western blot analysis revealed a 
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dramatic increase in MICU1 expression 12h after treatment (Figure 3-3f,g). CIII (subunit 

UQCRC2) and VDAC served as mitochondrial loading controls and tubulin served as a 

total lysate loading control. Since the MICU1/MCU ratio underlies tissue-specific 

differences in the mtCU [Ca2+] threshold of uptake (Paillard et al., 2017), we quantified 

the relative change in MICU1/MCU ratio. TGFβ treatment rapidly increased the 

MICU1/MCU ratio (Figure 3-3h). We also observed a similarly large increase in MICU1 

expression in MEFs treated with the fibrotic agonist AngII (Figure 3-3i-k), suggesting 

this is a conserved mtCU regulatory mechanism during myofibroblast differentiation. The 

substantial increase in the MICU/MCU ratio is in agreement with our observed change in 

mCa2+ uptake following TGFβ treatment and is consistent with other reports ascribing that 

MICU1 is a gatekeeper restricting mtCU-mediated Ca2+ uptake at signaling levels of 

[cCa2+] (Mallilankaraman et al., 2012, Csordás et al., 2013). Therefore, we propose that 

pro-fibrotic agonists signal to acutely upregulate MICU1 expression to inhibit mCa2+ 

uptake and initiate the signaling that drives myofibroblast differentiation. The relative 

expression of additional mtCU components was also quantified (Figure 3-4b-i). 
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Figure 3-3. Pro-fibrotic stimuli alter mtCU gating to reduce mCa2+ uptake.  
a-d) Wild-type (WT) MEFs were treated +/- TGFβ for 12h. MEFs were permeabilized 
with digitonin in the presence of thapsigargin (SERCA inhibitor) and CGP-37157 
(NCLX inhibitor) and loaded with the Ca2+ sensor Fura-2 and the Δψ sensor JC-1 for 
ratiometric monitoring during bath Ca2+ additions. a) Representative Ca2+ traces in 
untreated WT MEFs (black traces) and TGFβ-treated MEFs (blue traces). b) JC-1 derived 
Δψ in untreated WT MEFs (black) and TGFβ-treated MEFs (blue). c,d) Dose response 
curve of mCa2+ uptake following different [Ca2+] boluses. e) Kinetic parameters derived 
from Hill equation fits of data in C. f-k) WT MEFs were treated with TGFβ or AngII for 
12, 24, 48, or 72h and cell lysates were immunoblotted for components of the mtCU, 
including the pore forming subunit MCU and regulatory subunits MICU1 (mitochondrial 
Ca2+ uptake 1), MCUR1 (mitochondrial Ca2+ uniporter regulator 1), MCUb, and EMRE 
(essential MCU regulator), as well as OxPhos Complexes CV (ATP5A) and CIII (subunit 
UQCRC2 (Ubiquinol-cytochrome-c reductase complex core protein 2)), VDAC 
(Voltage-dependent anion channel), and Tubulin. VDAC and CIII were used as 
mitochondrial loading controls and Tubulin served as a total lysate loading control. Band 
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density was normalized to CIII. n=3. All data shown as mean ± SEM. ***p<0.001, 
**p<0.01, *p<0.05 vs. vehicle control.  
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Figure 3-4. Calibration of Fura-2 Ca2+ reporter and quantification of expression of 
mtCU components post-TGFβ or AngII. a) Fura-2 was calibrated by the generation of 
a standard curve of Ca2+ (0.01-100µm) in experimental intracellular buffer to quantify 
actual Ca2+ content as shown in Figure 2A. Fura-2 fluorescence ratio was converted to 
[Ca2+] by the following equation: [Ca2+] = Kd * (R-Rmin)/(Rmax-R) * Sf2/Sb2. (Rmin= 
ratio in 0- Ca2+; Rmax = ratio at saturation; Sf2=380/510 reading in 0- Ca2+; 
Sb2=380/510 reading with Ca2+ saturation. b-i) Fold change in expression of mtCU 
components from immunoblots in Figure 2. Band density analysis was corrected to the 
loading control, Complex III (subunit UQCRC2). n=3. All data shown as mean ± SEM. 
***p<0.001, **p<0.01, *p<0.05 vs. vehicle control. 

 

TGFβ/AngII signaling elicits rapid and dynamic changes in fibroblast metabolism 

cCa2+ is integrated into the mitochondrial matrix via the mtCU, a mechanism theorized to 

integrate cellular demand with metabolism and respiration (Hajnóczky et al., 1998, 

Balaban, 2009, Luongo et al., 2015, Williams et al., 2015). Further, metabolic 

reprogramming is required for numerous cellular differentiation programs (Zhou et al., 

2012, Xu et al., 2013, Moussaieff et al., 2015) and recent studies suggest that enhanced 

glycolysis promotes fibroblast differentiation (Bernard et al., 2015, Xie et al., 2015). This 

prompted us to examine metabolic changes in glycolysis and oxidative phosphorylation 

during myofibroblast differentiation. Mcufl/fl MEFs were transduced with Ad-Cre or Ad-

βgal and 5 days later treated with TGFβ or AngII for 12, 24, 48, or 72h, followed by 

measurement of extracellular acidification rates (ECAR, glycolysis) or oxygen 

consumption rates (OCR, OxPhos) using a Seahorse XF96 analyzer (Supplemental 

Figure 3a,b). TGFβ stimulation elicited a significant increase in basal respiration (~135% 

increase from baseline) and glycolysis (> 400% increase from baseline) peaking 48h after 

treatment (Figure 3-5a,c). AngII likewise caused a rapid increase in glycolysis (45% 

increase from baseline), peaking ~12h; however, AngII caused a slight decrease in basal 

respiration (Figure 3-5b,d). Interestingly, loss of MCU (Ad-Cre) further enhanced the 
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increased glycolysis induced by both TGFβ and AngII >2-fold, as compared to control 

(Ad-βgal) (Figure 3-5e). All other Seahorse measured metabolic parameters under all 

conditions can be found in Figure 3-6d-g. 
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Figure 3-5. TGFβ/AngII signaling elicits rapid and dynamic changes in fibroblast 
metabolism. a-e) MEFs were treated with fibrotic stimuli and a Seahorse XF96 analyzer 
measured extracellular acidification rates (ECAR, glycolysis) or oxygen consumption 
rates (OCR, OxPhos). a,b) Percent change in glycolysis (y-axis) vs. percent change in 
basal respiration (x-axis) following stimulation with TGFβ or AngII for 0, 12, 24, or 48h. 



	  

74 

c,d) Schematic representations of changes in glycolysis (blue) and oxidative 
phosphorylation (red) during myofibroblast differentiation induced by TGFβ or AngII. e) 
Quantification of glycolysis 12h post-TGFβ or -AngII. Percent change vs. Ad-βgal 
vehicle. f) Outline of glycolysis depicting the metabolites: glucose-6-phosphate (G-6-P), 
fructose-6-phosphate (F-6-P), fructose-1,6-bisphosphate (F-1,6-BP), fructose-2,6-
bisphosphate (F-2,6-BP),  dihydroxyacetone phosphate (DHAP), glycerol-3-phosphate 
(G-3-P), glyceraldehyde-3-phosphate (GA3P), 1,3-bisphosphoglyceric acid (1,3-BPG), 3-
phosphoglyceric acid (3-PG), and the enzymes: phosphofructokinase 2/fructose 
bisphosphatase 2 (PFK2/FBP2), phosphofructokinase 1 (PFK1). g-m) Absolute 
concentration of glycolytic intermediates in Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs 
at baseline and 12h post-TGFβ. n=3. n,o) Adenoviruses co-expressing mutant 
PFK2/FBP2 and GFP: phosphatase-deficient PFK2/FBP2 (S32A, H258A; Ad-Glyco-
High) or kinase-deficient PFK2/FBP2 (S32D, T55V; Ad-Glyco-Low). p) Mcu-/- and 
control MEFs were transduced with Ad-Glyco-High, Ad-Glyco-Low, or control Ad-GFP 
and 24h later assayed for glycolysis using a Seahorse XF96 analyzer to measure 
extracellular acidification rates (ECAR, glycolysis). q-v) MEFs were transduced with 
Ad-Glyco-High and 24h later treated with TGFβ or AngII for 24h. Immunofluorescence 
was performed for α-SMA. Representative images are presented; white arrows denote α-
SMA+/GFP+ cells, i.e. cells infected with Ad-Glyco-High that expressed α-SMA. 
Percentage of α-SMA+/GFP+ (Ad-Glyco-High) and α-SMA+/GFP- (Ad-Control) was 
quantified. n=3 each with more than fifty cells quantified. w-b’) MEFs were transduced 
with Ad-Glyco-Low and 24h later treated with TGFβ or AngII for 24h. 
Immunofluorescence was performed for α-SMA. Representative images are presented; 
white arrows denote α-SMA-/GFP+ cells, i.e. cells infected with Ad-Glyco-Low but did 
not express α-SMA. Percentage of α-SMA+/GFP+ (Ad-Glyco-Low) and α-SMA+/GFP- 
(Ad-Control) was quantified. n=3 each with more than fifty cells quantified. All data 
shown as mean ± SEM. ***p<0.001, **p<0.01, *p<0.05 vs. vehicle control. ###p<0.001, 
##p<0.01, #p<0.05 vs. Ad-βgal. Scale bar = 50µm.  
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Figure 3-6. Seahorse analysis of glycolysis and oxidative phosphorylation. a-c) 
Schematic of experimental timeline. MEFs were treated with fibrotic stimuli for 12, 24, 
48, or 72h and assayed for Glycolysis and Oxidative Phosphorylation using a Seahorse 
XF96 analyzer to measure extracellular acidification rates (ECAR, glycolysis) or oxygen 
consumption rates (OCR, OxPhos). d) Quantification of glycolysis, glycolytic capacity, 
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and glycolytic reserve in Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs post-TGFβ. e) 
Quantification of basal respiration, ATP-linked respiration, maximal respiration, reserve 
capacity, and proton leak in Mcu-/- and control MEFs post-TGFβ. f) Quantification of 
glycolysis, glycolytic capacity, and glycolytic reserve in Mcu-/- and control MEFs post-
AngII. g) Quantification of basal respiration, ATP-linked respiration, maximal 
respiration, reserve capacity, and proton leak in Mcu-/- and control MEFs post-AngII. All 
data shown as mean ± SEM. ***p<0.001, **p<0.01, *p<0.05 vs. vehicle control. 
###p<0.001, ##p<0.01, #p<0.05 vs. Ad-βgal. 
 
 

Next, using a quantitative metabolomics approach, the concentrations of 

fibroblast metabolites were quantified by mass spectrometry in Mcu-/- (Ad-Cre) and 

control (Ad-βgal) MEFs at baseline and 12h post-TGFβ. These data confirmed the TGFβ-

mediated increase in glycolysis and augmentation by loss of MCU that we observed by 

Seahorse analysis. Mcu-/- MEFs (Ad-Cre) displayed higher levels of the glycolytic 

intermediates: glucose-6-phosphate (G-6-P), fructose-6-phosphate (F-6-P), fructose-1,6-

bisphosphate (F-1,6-BP), glyceraldehyde-3-phosphate (GA3P), dihydroxyacetone 

phosphate (DHAP) and glycerol-3-phosphate (G-3-P) (Figure 3-5f-m). Importantly, F-

1,6-BP, the glycolytic intermediate produced in the first committed step of glycolysis, 

was significantly increased following TGFβ treatment and this increase was potentiated 

by loss of MCU (Ad-Cre) (Figure 3-5i). F-1,6-BP is metabolized into GA3P and DHAP, 

and concentrations of these metabolites followed a similar trend with an increase post-

TGFβ, which was similarly potentiated by loss of MCU (Figure 3-5j,l). In addition to 

generating energy, glycolysis contributes metabolic intermediates into ancillary 

pathways, which are required for the synthesis of cellular components. This is of 

particular relevance here when considering cellular differentiation from a quiescent 

fibroblast to a much larger, synthetic, contractile myofibroblast. The pentose phosphate 

pathway (PPP) is one of the ancillary pathways of glycolysis and generates ribulose-5-
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phosphate (Ru-5-P) along with NADPH, which are critical for nucleotide and fatty 

acid/phospholipid synthesis respectively (Figure 3-7a) (Eggleston and Krebs, 1974, Patra 

and Hay, 2014, Stanley et al., 2014). Following TGFβ, Mcu-/- MEFs exhibited increased 

levels of 6-phosphogluconate (6-PG), Ru-5-P, and ribose-5-phosphate (R-5-P) compared 

to vehicle treated controls (Figure 3-7b-d). 

To determine the necessity of enhanced glycolytic flux on myofibroblast 

formation, we modulated a rate-limiting enzyme of glycolysis, phosphofructokinase 1 

(PFK1). PFK1 is allosterically activated by fructose-2,6-bisphosphate (F-2,6-BP), the 

levels of which are regulated by the bi-functional enzyme phosphofructokinase 2 

(PFK2)/fructose bisphosphatase 2 (FBP2) (Figure 3-5f) (Mor et al., 2011). Employing 

adenovirus-encoding a phosphatase-deficient PKF2 mutant (S32A, H258A; Ad-Glyco-

High) or kinase-deficient PFK2/FBP2 mutant (S32D, T55V; Ad-Glyco-Low) we 

examined the impact of modulating glycolytic capacity during myofibroblast 

differentiation (Figure 3n,o) (Kurland et al., 1992, Salabei et al., 2016). The PFK2/FBP2 

mutant adenoviruses also encoded GFP driven by a separate CMV promoter, allowing us 

to easily distinguish transduced cells from uninfected fibroblasts. As expected, Ad-

Glyco-High expression increased glycolysis in both control (Ad-βgal) and Mcu-/-  (Ad-

Cre) MEFs, while Ad-Glyco-Low expression inhibited the increased glycolysis observed 

in Mcu-/- MEFs (Figure 3-5p). Control and Mcu-/- MEFs were infected with either Ad-

Glyco-High or Ad-Glyco-Low and 24h later treated with TGFβ or AngII for 24h 

followed by quantification of α-SMA+ cells by immunofluorescence. Enhancing 

glycolysis was sufficient to drive myofibroblast formation (Figure 3-5q,r) and potentiated 

cellular differentiation elicited by TGFβ and AngII (Figure 3-5s-v). In addition, inhibition 
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of glycolysis (Ad-Glyco-Low) reverted the TGFβ- and AngII-mediated increases in 

differentiation observed in Mcu-/- MEFs back to control levels (Figure 3-5w-b’). 

 

Figure 3-7. Quantification of metabolites involved in the pentose phosphate 
pathway. a) Schematic of the pentose phosphate pathway: glucose-6-phosphate (G-6-P), 
6-phosphogluconate (6-PG), ribulose-5-phosphate (Ru-5-P), ribose-5-phosphate (R-5-P), 
glyceraldehyde-3-phosphate (GA3P), fructose-6-phosphate (F-6-P). b-d) Absolute 
concentration of pentose phosphate pathway metabolites 6-phosphogluconate, ribulose-5-
P phosphate, and ribose-5-phosphate. n=3. All data shown as mean ± SEM. ***p<0.001, 
**p<0.01, *p<0.05 vs. vehicle control. ###p<0.001, ##p<0.01, #p<0.05 vs. Ad-βgal. 
 

Next, we evaluated mitochondrial metabolism since it is well established that 

mCa2+ signaling directly impacts TCA cycle intermediates by the modulation of pyruvate 

dehydrogenase (PDH) and α-ketoglutarate dehydrogenase (αKGDH) activity (Figure 3-

8a). mCa2+ activates PDH phosphatase (PDP1), which dephosphorylates the PDH E1α 

subunit and thereby increases PDH activity to convert pyruvate to acetyl-CoA (Denton et 

al., 1972, Mccormack and Denton, 1984, Karpova et al., 2003). Western blot analysis of 

phosphorylated PDH (p-PDH E1α, inactive) revealed significantly increased p-PDH 

E1α/PDH in Mcu-/- MEFs (Ad-Cre) at baseline compared to controls (Ad-βgal) (Figure 3-

8b,c). Further, both TGFβ and AngII increased the ratio of p-PDH E1α/PDH, which was 

potentiated in Mcu-null fibroblasts (Figure 3-8d). Accordingly, metabolomics analysis 

revealed that TGFβ increased pyruvate from ~1000 to 1600 pmol/million cells, consistent 
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with inhibition of PDH (Figure 3-8e). Mcu-/- MEFs had increased pyruvate both at 

baseline and following TGFβ compared to controls (Figure 3-8e). Acetyl-CoA was 

decreased in Mcu-/- MEFs at baseline, consistent with inactive PDH (Figure 3-8f). 

Following TGFβ, acetyl-CoA increased in Mcu-/- MEFs, but did not change in control 

cells (Figure 3-8f). Nonetheless, acetyl-CoA levels were 100 times lower than pyruvate 

levels, suggesting that pyruvate was not entering the TCA cycle via PDH. Consistent 

with less overall flux through the TCA cycle, citrate levels were significantly reduced 

following TGFβ (Figure 3-8g). Interestingly, α-ketoglutarate (αKG) was increased 12h 

after TGFβ treatment (Figure 3-8h). Further, Mcu-/- fibroblasts exhibited increased αKG 

at baseline and following treatment with TGFβ, as compared to controls (Figure 3-8h). 

Other TCA cycle intermediates succinate, fumarate, and malate were unchanged by 

TGFβ or loss of MCU (Figure 3-8i-k). Reduced glucose-dependent TCA flux has been 

shown to increase anaplerotic elevations in αKG via glutaminolysis (Deberardinis et al., 

2007, Le et al., 2012, Yang et al., 2014, Salabei et al., 2015). TGFβ decreased glutamine 

(Gln) and glutamate (Glu) levels in control cells and Mcu-/- fibroblasts displayed an 

increase in the αKG/Gln ratio at baseline and after TGFβ treatment (Figure 3-8l-n). These 

results imply that TGFβ may increase the metabolism of Gln to increase cellular levels of 

αKG. All other metabolite concentrations are reported in Figure 3-9 and Table 3-1.  
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Figure 3-8. Loss of mCa2+ uptake reduces pyruvate entry into the TCA cycle. a) TCA 
cycle with emphasis on key mCa2+-control points – pyruvate dehydrogenase (PDH) and α-
ketoglutarate dehyodrogenase (αKGDH). b) Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs 
were immunoblotted for p-PDH E1α (phosphorylated pyruvate dehydrogenase, 
inactivate), total PDH E1α, PDPc (pyruvate dehydrogenase phosphatase catalytic subunit 
1), IDH3A (mitochondrial isocitrate dehydrogenase subunit alpha), GAPDH 
(glyceraldehyde 3-phosphate dehydrogenase) and Tubulin. c) Ratio of p-PDH E1α/PDH 
E1α. d) Mcu-/- and control MEFs were treated with TGFβ or AngII for 0, 24, 48, or 72h 
and immunoblotted for p-PDH E1α, PDH E1α and OxPhos Complex V. e-n) Absolute 
concentration of metabolic intermediates in Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs 
at baseline and 12h post-TGFβ. Minimum n=3 experiments for all quantified data. All 
data shown as mean ± SEM. ***p<0.001, **p<0.01, *p<0.05 vs. vehicle control. 
###p<0.001, ##p<0.01, #p<0.05 vs. Ad-βgal. 
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Figure 3-9. Heat map of metabolites. Heat map representation of metabolome profiles 
of Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs at baseline and post-TGFβ (12h). Unit 
variance scaling is applied to rows. Rows are clustered using Manhattan distance and 
average linkage. Also see Table 3-1. 
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αKG increases JmjC-KDM-dependent histone demethylation to activate the 

myofibroblast gene program 

αKG is a cofactor for a family of chromatin-modifying αKG-dependent dioxygenases 

including ten-eleven translocation (TET) enzymes and Jumonji-C (JmjC)-domain-

containing demethylases (JmjC-KDMs), which demethylate DNA cytosine residues and 

histone lysine residues respectively (Figure 3-10a) (Klose et al., 2006, He et al., 2011). 

We hypothesized that the observed increase in αKG following TGFβ or loss of MCU 

altered epigenetic signaling to promote the myofibroblast gene program and 

differentiation.  

We first assessed global DNA methylation by ELISA in Mcu-/- (Ad-Cre) and 

control (Ad-βgal) MEFs at baseline and following treatment with TGFβ. We observed 

slight, but non-significant, decreases in global DNA methylation with TGFβ and loss of 

MCU (Figure 3-10b). Next, Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs were treated 

with TGFβ and cell lysates were examined for histone 3 (H3) lysine (K) methylation at 

key residues regulated by JmjC-KDMs – H3K27, H3K9 and H3K4 (Figure 3-10c). 

Fibroblasts treated with TGFβ exhibited a progressive decrease in dimethylation of 

H3K27 (H3K27me2) over time (Figure 3-10c,d). Mcu-/- MEFs exhibited less 

dimethylation at baseline and post-TGFβ compared to controls (Figure 3-10c,d). 

H3K27me2 has been implicated in regulating cell fate by preventing inappropriate 

enhancer activation (Ferrari et al., 2014) and generally is associated with heterochromatin 

and gene suppression (Barski et al., 2007, Lee et al., 2015). 

To directly examine the role of H3K27me2 in controlling the myofibroblast gene 

program, we immunoprecipitated chromatin using an H3K27me2-specific antibody and 
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ChIP’d DNA was analyzed by qPCR in key regulatory promoter regions of periostin 

(Postn) and platelet derived growth factor receptor alpha (Pdgfra), genes which are early 

and robust indicators fibroblast activation (Moore-Morris et al., 2014, Kanisicak et al., 

2016, Tallquist and Molkentin, 2017). In control cells (Ad-βgal), H3K27me2 was 

enriched at the Postn and Pdgfra loci and these marks were lost after 12h of TGFβ with a 

concordant increase in mRNA expression (Figure 3-10e-h). Furthermore, Mcu-/- MEFs 

(Ad-Cre) exhibited a lack of H3K27me2 enrichment at the Postn and Pdgfra promoters at 

baseline, which we hypothesize underlies their enhanced expression of these genes and 

ultimately increased myofibroblast differentiation (Figure 3-10e-h). Importantly, binding 

sites for transcription factors known to be prominent drivers of myofibroblast 

differentiation such as – serum response factor (SRF), SMAD family member 3 

(SMAD3), nuclear factor for activated T-cells (NFAT), myocyte enhancer factor-2 

(MEF2) – were predicted by MatInspector to be flanked by, or in close approximation, to 

the regulatory regions probed by our qPCR primer sets (Figure 3-10e,g).  

To determine the physiological relevance of αKG-dependent histone 

demethylation on myofibroblast differentiation we incubated MEFs in media containing 

cell-permeable dimethyl-αKG (DM-αKG) with or without TGFβ for 48h and assessed α-

SMA formation by immunofluorescence. Strikingly, DM-αKG increased the percentage 

of α-SMA positive cells to the same extent as 48h of TGFβ treatment (Figure 3-10i-k). 

Finally, we examined the effect of JIB-04, a cell-permeable inhibitor of the Jumonji-C 

domain family of histone demethylases, on myofibroblast differentiation. JIB-04 is a 

selective inhibitor of specific JmjC-KDMs (Figure 3-10l) (Wang et al., 2013), including 

JMJD3 (KDM6b gene), which demethylates H3K27me3 and H3K27me2 (Hong et al., 
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2007). Mcufl/fl MEFs were transduced with Ad-Cre or Ad-βgal and 5 days later treated 

with TGFβ +/- 1µM JIB-04 for 24h and α-SMA expression was measured by 

immunofluorescence. Treatment with JIB-04 attenuated TGFβ-induced myofibroblast 

differentiation and inhibited the increased percentage of α-SMA positive cells observed 

in Mcu-/- MEFs (Figure 3-10m-p). Altogether, these data demonstrate that TGFβ-induced 

metabolic changes lead to increased αKG levels and subsequent demethylation of 

repressive H3K27me2 chromatin marks to allow for coordinated genetic reprogramming 

and myofibroblast differentiation. 
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Figure 3-10. Loss of mCa2+ uptake drives myofibroblast differentiation through 
epigenetic reprogramming. a) Simplified schematic of the reaction mechanism of α-
ketoglutarate (αKG)-dependent dioxygenases: ten-eleven translocation (TET) enzymes 
and Jumonji-C (JmjC)-domain-containing demethylases (JmjC-KDMs). b) Levels of 5-
methylcytosine (5-mC) were measured in Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs 
by ELISA. Fold change vs. Ad-βgal veh. c) MEFs were treated with TGFβ for 0, 12 or 
24h and cell lysates were immunoblotted for specific methylated histone 3 lysine (H3K) 
residues. Total H3 and Tubulin were used as loading controls. d) Quantification of 
H3K27me2 protein expression. Band density was normalized to total H3. e) H3K27me2 
chromatin immunoprecipitation followed by qPCR (ChIP-qPCR) of Periostin in Mcu-/- 
(Ad-Cre) and control (Ad-βgal) MEFs at baseline (veh) and following 12h TGFβ. 
Schematic shows loci of qPCR primers in relationship to myofibroblast transcription 
factor binding sites – NFAT (nuclear factor of activated T-cells), SRF (serum response 
factor). f) Expression of Periostin mRNA in Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs 
at baseline (veh) and post-TGFβ. g) H3K27me2 ChIP-qPCR of platelet-derived growth 
factor receptor alpha (Pdgfra) in Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs at 
baseline (veh) and following 12h TGFβ. Schematic shows loci of qPCR primers in 
relationship to myofibroblast transcription factor binding sites – MEF2 (myocyte 
enhancer factor 2), SMAD3 (SMAD family member 3). h) qPCR of Pdgfra mRNA in 
Mcu-/- (Ad-Cre) and control (Ad-βgal) MEFs at baseline (veh) and post-TGFβ. i-k) Wild-
type MEFs treated with +/- cell-permeable, dimethyl-αKG and +/- TGFβ for 48h 
followed by immunofluorescence for α-SMA. Representative images and quantification 
of percentage of α-SMA+ cells are shown. l) Schematic of JmjC-KDM reactions 
indicating the specific JmjC-KDMs inhibited by JIB-04. m-p) Mcu-/- (Ad-Cre) and 
control (Ad-βgal) MEFs were treated with vehicle, TGFβ, or TGFβ + 1µM JIB-04 for 
24h and immunofluorescence was performed by co-staining with α-smooth muscle actin 
(α-SMA) antibody (red) and DAPI (blue). m-o) Representative images. p) Percentage of 
α-SMA positive cells. Minimum n=3 experiments for all quantified data. All data shown 
as mean ± SEM. ***p<0.001, **p<0.01, *p<0.05 vs. vehicle control. ###p<0.001, 
##p<0.01, #p<0.05 vs. Ad-βgal. +++p<0.001 TGFβ vs. TGFβ + JIB-04. Scale bar = 
50µm. 
	  
	  

Adult deletion of fibroblast Mcu exacerbates cardiac dysfunction and fibrosis post-MI 

and chronic Angiotensin II administration 

To directly examine myofibroblast differentiation in vivo, Mcufl/fl mice were crossbred 

with a fibroblast-specific (Col1a2 cis-acting fibroblast-specific enhancer with minimal 

promoter), tamoxifen (tamox)-inducible Cre transgenic mouse (Col1a2-CreERT) (Figure 

3-11a). The Col1a2-CreERT transgenic mouse in genetic fate mapping experiments has 
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been shown to only express Cre in the fibroblast population – 99% of labeled cells 

expressed the cardiac fibroblast markers DDR2 and vimentin and 99% were negative for 

the endothelial markers VECAD and CD31. Further, no cardiac myocytes were observed 

to express Cre (Ubil et al., 2014). Following tamoxifen administration, cardiac fibroblasts 

isolated from Mcufl/fl x Col1a2-CreERT adult mice showed a near complete loss of MCU 

(Figure 3-11b). CIII (subunit UQCRC2) was used as a mitochondrial loading control. We 

evaluated the role of cardiac fibroblast MCU using two in vivo models known to promote 

myofibroblast formation and cardiac fibrosis – myocardial infarction (MI) and chronic 

infusion of AngII.  

MI results in significant cell death, initiating myofibroblast differentiation to 

generate a fibrotic scar to replace lost myocytes and prevent LV wall rupture (Weber et 

al., 2013). Mice were injected intraperitoneal (i.p.) with tamox (40mg/kg) for 10d 

followed by a 10d rest period before acquisition of baseline echocardiography. One week 

later mice underwent surgical ligation of the left coronary artery (LCA) to induce a large 

MI and left ventricular (LV) structure and function was tracked weekly by 

echocardiography (Figure 3-11c). In both experimental and control groups, MI induced 

significant cardiac dysfunction and this was exacerbated in Mcufl/fl x Col1a2-CreERT 

mice (Figure 3-11d-f). Loss of fibroblast MCU (Mcufl/fl x Col1a2-CreERT) significantly 

increased LV dilation, evident by increased LV end-diastolic diameter (LVEDD) and 

end-systolic diameter (LVESD), as well as reduced fractional shortening (FS) 2-4 weeks 

post-MI compared to Col1a2-CreERT controls (Figure 3-11d-f). We also observed a 

significant increase in LV end-diastolic volume (LVEDV), LV end-systolic volume 

(LVESV), and reduced ejection fraction (EF) in Mcufl/fl x Col1a2-CreERT vs. Col1a2-
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CreERT mice (Figure 3-12a-c). All echocardiographic parameters are reported in Table 

3-2.  Loss of fibroblast MCU significantly exacerbated heart weight to tibia length ratios 

(HW/TL) and lung edema (wet – dry lung weight) 4 weeks post-MI, suggesting an 

increase in hypertrophy and/or edema and inflammation, both of which are associated 

with fibrosis (Figure 3-11g,h) (Reed et al., 2010, Wynn and Ramalingam, 2012, Fujiu 

and Nagai, 2014). Masson’s trichrome staining of mid-ventricle cross-sections revealed 

increased collagen deposition in Mcufl/fl x Col1a2-CreERT mice compared to Col1a2-

CreERT controls (Figure 3-11i). Quantification of fibrosis in the border and remote zones 

revealed a more than 2.5-fold increase in Mcufl/fl x Col1a2-CreERT hearts versus Col1a2-

CreERT controls (Figure 3-11j). Importantly, the increased fibrosis can be attributed to 

enhanced myofibroblast formation, which we assessed by immunofluorescence staining 

for α-SMA and CD31 (PECAM-1, marker of endothelial cells). Using this technique, 

blood vessels co-stain for both α-SMA and CD31, while myofibroblasts only stain 

positive for α-SMA (Figure 3-12d) (Kanisicak et al., 2016). Mcufl/fl x Col1a2-CreERT 

hearts displayed increased myofibroblasts compared to Col1a2-CreERT controls in the 

remote zone 4 weeks post-MI (Figure 3-11k). 

To further define the centrality of mCa2+ exchange in myofibroblast formation we 

employed AngII-infusion as a secondary model. AngII is a direct stimulus of 

myofibroblast formation, and neurohormonal stress resulting from chronic increases in 

AngII levels is well documented to induce cardiac fibrosis both clinically and 

experimentally (Crowley et al., 2006, Mehta and Griendling, 2007, Romero et al., 2015). 

Mice were injected i.p. with tamox (40mg/kg) for 10d followed by a 10d rest period 

before subcutaneous implantation of Alzet mini-osmotic pumps to deliver AngII (1.1 
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mg/kg/day) for 4 weeks (Figure 3-11l). Mice were sacrificed after 4 weeks and hearts 

were fixed and stained for fibrosis. Masson’s trichrome staining of mid-ventricle cross-

sections revealed increased collagen deposition throughout the heart in Mcufl/fl x Col1a2-

CreERT mice compared to Col1a2-CreERT controls (Figure 3-11m). Quantification of 

interstitial fibrosis revealed a significant increase in Mcufl/fl x Col1a2-CreERT hearts 

versus Col1a2-CreERT controls (Figure 3-11n). In addition, chronic AngII increased 

myofibroblast formation in Mcufl/fl x Col1a2-CreERT hearts versus Col1a2-CreERT as 

determined by α-SMA+/CD31- immunohistochemistry staining (Figure 3-11o). 
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Figure 3-11. Adult deletion of fibroblast Mcu exacerbates cardiac dysfunction, 
fibrosis, and myofibroblast formation post-MI and chronic angiotensin II 
administration. a) Mcufl/fl mice were crossed with a transgenic mouse expressing a 
tamoxifen (tamox)-inducible, fibroblast-specific Cre recombinase (Col1a2-CreERT). 
Tamox administration (40mg/kg/day) for 10d induces fibroblast-restricted Cre 
expression. b) Adult cardiac fibroblasts were isolated from Mcufl/fl x Col1a2-CreERT and 
control Col1a2-CreERT mice post-tamox treatment and immunoblotted for MCU 
expression. CIII (Complex III, subunit UQCRC2) was used as a loading control. c) 
Experimental timeline: 8-12wk old mice were treated with tamox and allowed to rest 
before permanent ligation of the left coronary artery. d-f) Cardiac function was analyzed 
by echocardiography 1 week prior to MI and every week thereafter. M-mode echo 
measurements of left ventricular end diastolic diameter (LVEDD), left ventricular end 
systolic diameter (LVESD), and percent fractional shortening (FS). n=10 Col1a2-Cre, 
n=20 Mcufl/fl x Col1a2-Cre. g) Ratio of heart weight to tibia length 4wks post-MI. Sham: 
n=5 Col1a2-Cre, n=7 Mcufl/fl x Col1a2-Cre; post-MI: n=10 Col1a2-Cre, n=20 Mcufl/fl x 
Col1a2-Cre. h) Quantification of wet – dry lung weight as a measurement of lung edema 
4wks post-MI. n=10 Col1a2-Cre, n=20 Mcufl/fl x Col1a2-Cre. i,j) LV sections were 
stained with Masson’s trichrome (MTc). Representative images are shown. Percent 
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fibrotic area per infarct border and remote zones. n=4-5 mice per group; multiple non-
consecutive heart sections were quantified per mouse. k) Percent change in myofibroblast 
number (α-SMA+/CD31-) in the remote zone 4wks post-MI. n=4 Col1a2-Cre, n=8 
Mcufl/fl x Col1a2-Cre; multiple non-consecutive heart sections in the remote zone were 
quantified per mouse. l) Experimental timeline: mini-osmotic pumps were 
subcutaneously implanted in mice to deliver AngII for 4wks. m,n) LV sections were 
stained with MTc. Representative images are presented. Percent fibrosis per area was 
quantified. n=4-5 mice per group; multiple non-consecutive heart sections were 
quantified per mouse. o) Percent change in myofibroblast number (α-SMA+/CD31-) 
4wks post-AngII infusion. n=3-4 mice per group; multiple non-consecutive heart sections 
were quantified per mouse. All data shown as mean ± SEM, ***p<0.001, **p<0.01, 
*p<0.05 vs. control (week 0 or sham). ###p<0.001, ##p<0.01, #p<0.05 vs. Ad-βgal. 
Scale bar = 250µm.  

 
Figure 3-12. Echocardiographic parameters and representative 
immunohistochemistry images of myofibroblast identification. a-c) Mcufl/fl x Col1a2-
CreERT and control Col1a2-CreERT mice were treated with tamoxifen (40mg/kg/day) 
for 10d and allowed to rest 10d before permanent ligation of the left coronary artery. 
Cardiac function was analyzed by echocardiography 1wk prior to MI and every week 
thereafter. M-mode echo measurements of left ventricular end diastolic volume 
(LVEDV), left ventricular end systolic volume (LVESV), and ejection fraction (EF) were 
acquired. n=10 Col1a2-Cre, n=20 Mcufl/fl x Col1a2-Cre. d) To quantify myofibroblasts, 
tissue sections were stained with anti-α-SMA, anti-CD31 (endothelial cell marker), and 
DAPI. Representative immunohistochemistry images show identification of 
myofibroblasts (α-SMA+/CD31-) vs. smooth muscle cells (α-SMA+/CD31+). All data 
shown as mean ± SEM. ###p<0.001, ##p<0.01, #p<0.05 vs. Ad-βgal. Scale bar = 50µm.  
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Discussion 

Recently, the mCa2+ field has been transformed by the discovery of many genes that 

encode mCa2+ transporters and channels. The biophysical properties of mtCU-mediated 

Ca2+ influx have been extensively studied in many cell types, and the role of mCa2+ as a 

regulator of bioenergetics and cell death is well documented. mCa2+ is integrated into the 

mitochondria and directly impacts cellular energetics (Glancy and Balaban, 2012, 

Luongo et al., 2015). In addition, mCa2+ overload promotes necrotic cell death through 

opening of the mitochondria permeability transition pore (Luongo et al., 2015, Antony et 

al., 2016, Chaudhuri et al., 2016, Luongo et al., 2017). Here, we link changes in mCa2+ 

with epigenetic modulation of the gene program to drive cellular differentiation. This 

study provides evidence that extracellular fibrotic signaling alters mitochondrial function 

in order to drive transcriptional changes in the nucleus.  

Loss of mCa2+ uptake was sufficient to promote fibroblast to myofibroblast 

conversion and enhance the myofibroblast phenotype. Fibroblast-specific deletion of Mcu 

in adult mice augmented myofibroblast formation and fibrosis post-MI and chronic AngII 

administration. Further, we found that fibrotic agonists signal to acutely down-regulate 

mCa2+ uptake by rapidly increasing the expression of the mtCU gatekeeper, MICU1. 

Although attributed to another mechanism, TGFβ-mediated reduction of mCa2+ uptake 

was also observed in smooth muscle cells – pretreatment with TGFβ reduced mCa2+ 

uptake in the face of increased cCa2+ (Pacher et al., 2008). Given the noted role of 

MICU1 to negatively regulate uptake at signaling levels of cCa2+ [< 2 µm], we 

hypothesize that fibrotic agonists signal to acutely inhibit mCa2+ uptake to initiate 

myofibroblast differentiation (Mallilankaraman et al., 2012, Csordás et al., 2013, Kamer 
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and Mootha, 2014, Patron et al., 2014, Antony et al., 2016). Our data suggest that 

extracellular stimuli are regulating cellular processes by directly altering mitochondrial 

signaling. The outcome of this is two-fold. In addition to essential changes in 

mitochondrial metabolism upstream of epigenetic reprogramming, modulation of the 

mCa2+ microdomain is a way to enhance canonical cytosolic signaling pathways.  

Examination into mechanisms of pluripotency versus differentiation has revealed 

the importance of metabolism at several levels, prompting us to evaluate the relationship 

between mCa2+ uptake, metabolism, and myofibroblast differentiation. Fibrotic agonists 

increased glycolysis and loss of MCU augmented this phenotype. Mechanistically, using 

mutant PFK2/FBP2 transgenes to constitutively increase or decrease glycolysis, we 

showed that enhanced glycolysis alone is sufficient to promote differentiation, whereas 

inhibition of glycolysis reverted the gain-of-function phenotype noted in Mcu-/- 

fibroblasts. This data is consistent with other studies that have shown glycolytic 

reprogramming correlates with myofibroblast differentiation and fibrosis (Bernard et al., 

2015, Xie et al., 2015). Glycolytic reprogramming is a well-substantiated phenomenon 

which allows for the diversion of glycolytic intermediates into ancillary metabolic 

pathways in order to generate building blocks for the biosynthesis of macromolecules 

(Deberardinis et al., 2008, Vander Heiden et al., 2009, Ghesquière et al., 2014). Our data 

suggest that increased glycolytic flux is necessary to fulfill cellular anabolic needs, in this 

case de novo protein translation, required for myofibroblast differentiation. We 

hypothesize that loss of mCa2+ uptake promoted aerobic glycolysis by reducing the 

activity of key Ca2+-dependent enzymes. Indeed the phosphorylation status of PDH in 

response to fibrotic agonists and Mcu-/- fibroblasts suggested inactivity and thereby 
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pyruvate was hindered from entering the TCA cycle. In correlation with our results, data 

obtained from ovarian cancer cell lines showed that MICU1 expression promoted the 

inhibition of PDH and aerobic glycolysis (Chakraborty et al., 2017).  

Metabolomic analysis revealed a multitude of changes induced by both TGFβ and 

the loss of MCU. In addition to increased levels of pyruvate, consistent with inactive 

PDH, metabolite quantification showed increased αKG ~2-fold in TGFβ-treated 

fibroblasts and this increase was augmented by loss of mCa2+ uptake. αKG is not 

restricted to its role as a TCA cycle intermediate but also is a powerful signaling 

molecule. Of particular interest is the role of αKG in promoting histone and DNA 

demethylation by modulating αKG-dependent TET enzymes and JmjC-KDMs (Klose et 

al., 2006, Loenarz and Schofield, 2011). Previous studies have suggested that αKG 

regulates the balance between pluripotency and lineage-commitment of embryonic stem 

cells (ESCs). αKG maintained pluripotency of ESCs by promoting JmjC-KDM- and 

TET-dependent demethylation, permitting gene expression to support pluripotency 

(Carey et al., 2015). Interestingly, in the same manner, αKG accelerated the 

differentiation of primed human pluripotent stem cells (Teslaa et al., 2016). While we did 

not observe major changes in global DNA methylation, TGFβ and loss of MCU induced 

dynamic changes in histone lysine methylation at residues regulated by JmjC-KDMs. 

Specifically, TGFβ significantly reduced global H3K27me2 marks and Mcu-/- MEFs 

displayed reduced H3K27me2 compared to controls at baseline and post-TGFβ. 

Importantly, we determined that TGFβ induces the loss of H3K27me2 at regulatory 

myofibroblast gene loci (promoter regions associated with gene activation and predicted 

binding sites for known fibrotic transcription factors). These data suggest that the 
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observed increase in αKG promotes H3K27me2 demethylation at myofibroblast-specific 

genes in order to promote differentiation.  

Since PDH-mediated pyruvate entry into the TCA cycle was inhibited, we suspect 

that anaplerotic pathways are being activated to replenish TCA cycle intermediates. Our 

data suggest that the increased level of αKG associated with differentiation is being 

generated through the pyruvate carboxylase pathway and/or glutaminolysis (Owen et al., 

2002, Deberardinis et al., 2008). Pyruvate carboxylase activity is documented in cancer 

cells to mediate glucose-derived pyruvate to enter the TCA cycle at the level of 

oxaloacetate (Cheng et al., 2011). Further, one study showed that cancer cells with 

inhibited PDH activity have increased anaplerotic contribution through pyruvate 

carboxylase (Izquierdo-Garcia et al., 2014). The second major replenishment pathway is 

through glutaminolysis which is a two-step process that converts glutamine to glutamate 

to αKG (Krebs, 1935, Deberardinis et al., 2007, Le et al., 2012, Yang et al., 2014, Salabei 

et al., 2015). This is a more likely scenario suggested by the increased αKG/Gln ratio 

post-TGFβ. In addition to providing carbons to the TCA cycle through αKG, glutamine 

metabolism contributes to many other cellular processes such as nucleotide synthesis, 

amino acid production, fatty acid synthesis, and control of reactive oxygen species 

(Altman et al., 2016). While αKG increased post-TGFβ, metabolite levels in the 

aforementioned pathways were decreased post-TGFβ, including inosine monophosphate 

(IMP), glutathione (GSH), γ-Aminobutyric acid (GABA), and Asparagine (Table 3-1), 

suggesting glutamine is mainly being utilized to form αKG. Interestingly, in cancer cells 

increases in aerobic glycolytic flux is often associated with enhanced glutaminolysis 
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(Deberardinis et al., 2007, Le et al., 2012). Given the similarities with our model, it’s 

intriguing to conjecture that the mtCU may play a similar role in these cell systems.   

In summary, we have shown that loss of mCa2+ uptake promotes myofibroblast 

differentiation both in vitro and in vivo. Until now, the role of mCa2+ uptake in cellular 

differentiation or epigenetic regulation has not been explored, but our studies reveal its 

importance in the myofibroblast differentiation process through concerted alterations in 

both metabolism and epigenetics. In addition, our findings support an endogenous role 

for decreased mtCU-mediated mCa2+ uptake as an essential element of the differentiation 

process (Figure 3-13). While much work remains to fully elucidate the role of mtCU 

during cellular differentiation, our current study provides a new framework underlying 

mitochondrial signaling and regulation of the epigenome.
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Figure 3-13. Changes in mtCU gating is essential for myofibroblast differentiation. 
Signaling model for myofibroblast differentiation whereby fibrotic stimuli acutely 
upregulate MICU1 to inhibit mCa2+ uptake. Enhanced mtCU gating leads to a cascade of 
changes driving myofibroblast differentiation. Decreased mCa2+ uptake downregulates the 
activity of mCa2+-dependent dehydrogenases (PDH, αKGDH). This causes an increase in 
glycolysis, which supports energetic demands of the differentiation process and the 
activation of ancillary glycolytic pathways to support conversion into a myofibroblast. In 
addition, there are distinct changes in the levels of TCA cycle intermediates, including 
increased αKG, which drives JmjC-KDM-dependent histone demethylation to activate 
the myofibroblast gene program.
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Table 3-1. Absolute concentration of metabolites. All data shown as mean ± SEM. 
***p<0.001, **p<0.01, *p<0.05 vs. vehicle control. ###p<0.001, ##p<0.01, #p<0.05 vs. 
Ad-βgal.  
 
Compound Name KEGG ID Ad-βgal  

Veh 
Ad-Cre  
Veh 

Ad-βgal  
TGFβ 

Ad-Cre  
TGFβ 

NAD+ C00003 1795.99  
± 54.58 

1997.54  
± 66.67 

1637.99 
± 95.93 

1960.44 
± 126.28 

cAMP C00575 3.71  
± 0.21 

5.90  
± 0.85 

3.08 
± 0.24 

3.14 
± 0.31 ** 

NADH C00004 164.61  
± 12.01 

194.43  
± 2.52 

123.26 
± 9.21 ** 

188.85 
± 5.91 ## 

ADP-ribose C00301 7.50  
± 1.04 

7.04  
± 0.50 

11.42 
± 7.54 

5.16 
± 0.70 

UDP-glucose C00029 915.33 
± 37.36 

1092.98  
± 96.68 

1083.40 
± 75.21 

1343.74 
± 86.25 

NADP+ C00006 204.66 
± 8.33 

252.19  
± 11.11 # 

179.04 
± 4.05 

225.33 
± 10.35 # 

IMP C00130 98.41 
± 12.40 

114.57  
± 6.63 

59.32 
± 6.17 * 

112.02 
± 8.61 ## 

Glucose 6-
phosphate 

C00092,C00668, 
C01172 

77.33 
± 4.11 

110.60  
± 13.32 

89.49 
± 8.85 

125.31 
± 4.00 # 

Fructose 6-
phosphate 

C00085,C05345 15.43  
± 2.63 

20.73  
± 1.98 

16.71 
± 1.87 

23.04 
± 5.25 

Galactose 1-
phosphate 

C00446 14.55  
± 3.75 

17.76  
± 3.99 

20.09 
± 2.29 

27.84 
± 6.62 

Glucose 1-
phosphate 

C00103 60.20  
± 11.24 

72.44  
± 8.98 

55.02 
± 0.35 

73.24 
± 4.19 # 

Acetyl-CoA C00024 8.94  
± 1.08 

4.33  
± 0.06 # 

7.99 
± 0.90 

11.52 
± 2.66 ** 

Folic acid C00504 12.67  
± 0.67 

14.09  
± 0.32 

13.30 
± 0.67 

17.27 
± 1.99 

Ribose 5-
phosphate 

C00117 153.68  
± 19.22 

121.25  
± 16.29 

198.25 
± 39.82 

280.80 
± 40.92 
** 

CoA C00010 34.28  
± 1.16 

45.75  
± 0.67 ## 

16.11 
± 1.59 
*** 

20.75 
± 2.00 
*** 

Ribulose 5-
phosphate 

C00199,C01101 35.45  
± 0.76 

38.83  
± 9.22 

48.33 
± 8.05 

68.77 
± 6.72 * 

HMG-CoA C00356 10.23  
± 0.20 

13.16  
± 0.33 ## 

9.60 
± 0.60 

13.00 
± 0.47 # 
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Table 3.1, continued.  
 
Glyceraldehyde 3-
phosphate 

C00118,C00661 130.72  
± 16.36 

145.12  
± 38.59 

242.54 
± 94.01 

444.25 
± 15.45 
** 

Malonyl-CoA C00083 3.81  
± 0.12 

5.10  
± 0.24 ## 

3.62 
± 0.42 

5.29 
± 0.31 # 

Phosphocreatine C02305 5128.83  
± 102.44 

6121.47  
± 333.46 
# 

4792.62 
± 153.86 

5537.73 
± 138.98 
# 

XMP C00655 3.29  
± 0.50 

5.17  
± 0.78 

3.47 
± 0.27 

4.45 
± 0.71 

Dihydroxyacetone 
phosphate 

C00111 324.83  
± 53.63 

292.81  
± 67.65 

693.29 
± 23.51 
***  

802.27 
± 14.76 
*** # 

Succinyl-AMP C03794 8.78  
± 0.31 

11.34  
± 0.44 ## 

7.27 
± 0.42 

10.95 
± 0.67 ## 

Fructose 1,6-
diphosphate 

C00354 462.45  
± 33.79 

619.19  
± 119.80 

1132.38 
± 80.56 
*** 

1576.91 
± 96.02 
*** # 

6-Phosphogluconic 
acid 

C00345 34.50  
± 2.79 

36.23  
± 2.95 

38.23 
± 1.44 

50.81 
± 1.37 ** 
## 

Carbamoyl-
Aspartate 

C00438 31.85  
± 1.50 

37.57  
± 1.59 

48.20 
± 4.04 ** 

56.67 
± 3.88 ** 

PRPP C00119 1446.33  
± 169.40 

2042.45  
± 121.43 
# 

3240.67 
± 294.28 
*** 

3146.06 
± 302.94 
* 

2-Phosphoglyceric 
acid 

C00631 41.45  
± 3.19 

46.79  
± 2.77 

32.85 
± 4.06 

42.39 
± 1.31 

2,3-
Diphosphoglyceric 
acid 

C01159 107.25  
± 2.61 

134.04  
± 6.58 # 

232.78 
± 7.10 
*** 

274.19 
± 10.94 
*** # 

3-Phosphoglyceric 
acid 

C00197 329.24  
± 29.97 

392.67  
± 32.26 

299.53 
± 22.64 

325.89 
± 10.24 

Phosphoenolpyruvic 
acid (PEP) 

C00074 93.12  
± 5.45 

116.31  
± 15.15 

78.02 
± 7.00 

74.82 
± 8.05 * 

GMP C00144 81.33  
± 1.57 

89.58  
± 7.11 

68.45 
± 5.83 

81.46 
± 2.77 

AMP C00020 352.71  
± 7.57 

397.77  
± 24.07 

283.66 
± 26.91 

439.67 
± 38.28 # 

2-Oxoisovaleric acid 
(2-KIV) 

C00141 115.08  
± 2.13 

130.96  
± 0.76 ## 

81.19 
± 1.26 
*** 

131.45 
± 4.66 ## 

GDP C00035 240.95  
± 17.70 

318.95  
± 29.79 

162.96 
± 22.45 * 

225.98 
± 19.07 * 
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Table 3.1, continued.  
	  
Lactic acid C00186,C00256, 

C01432 
42502.14  
± 
3819.52 

47167.19 
± 493.82 

37383.50 
± 
6288.06 

44045.55 
± 
2148.82 

ADP C00008 1812.33  
± 76.29 

2458.89  
± 48.71 
## 

1211.95 
± 95.76 
*** 

1755.11 
± 89.17 
*** # 

GTP C00044 2921.95  
± 142.78 

3379.90  
± 104.17 

2051.71 
± 62.22 
*** 

2644.16 
± 71.92 
*** ## 

ATP C00002 17010.87  
± 632.60 

19266.12  
± 823.85 

11310.03 
± 305.01 
*** 

14421.76 
± 398.30 
*** ## 

Glycerol 3-
phosphate 

C00093 397.06  
± 13.17 

454.66  
± 19.00 

349.05 
± 5.46 

420.18 
± 20.76 # 

Pyruvic acid C00022 963.54  
± 47.16 

1162.14  
± 20.17 # 

1609.47 
± 156.66 
** 

2143.70 
± 78.54 
*** # 

N-Acetylglutamic 
acid 

C00624 53.33  
± 1.23 

63.84  
± 4.85 

38.29 
± 3.98 * 

52.94 
± 2.71 # 

2-Hydroxyglutaric 
acid 

C01087,C02630, 
C03196 

70.72  
± 6.05 

95.65  
± 2.01 # 

77.11 
±6.59 

95.65 
± 6.81 

Succinate C00042 108.15  
± 17.64 

130.38  
± 7.95 

152.53 
± 50.47 

168.68 
± 6.56 

Malate C00149,C00497, 
C00711 

1311.05  
± 180.30 

1369.96  
± 88.83 

1288.16 
± 143.93 

1300.15 
± 115.94 

2-Oxoglutaric acid 
(αKG) 

C00026 229.17  
± 107.26 

455.71  
± 45.81 

450.47 
± 46.34 * 

611.64 
± 17.86 
*# 

Fumarate acid C00122 168.91  
± 74.66 

67.90  
± 1.40 

81.86 
± 25.66 

127.56 
± 52.11 

Citrate C00158 554.57  
± 58.42 

800.31  
± 50.76 # 

296.96 
± 126.68 
* 

317.34 
± 7.70 ** 

Gly C00037 65105.41  
± 
2386.22 

72597.54  
± 652.48 
# 

29594.25 
± 776.94 
*** 

40350.12 
± 
1983.70 
*** ## 

Putrescine C00134 26.12  
± 5.92 

23.43  
± 8.18 

14.99 
± 7.45 

34.15 
± 22.16 

Alanine C00041,C00133, 
C01401 

29810.47  
± 
1154.95 

32132.15  
± 128.49 

17475.74 
± 564.36 
*** 

23502.78 
± 
1280.22 
*** # 

β-Alanine C00099 1135.93 
± 45.20 

1298.54  
± 30.55 # 

367.36 
± 10.38 
*** 

539.61 
± 11.99 
*** ### 
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Table 3.1, continued.  
	  
γ-Aminobutyric acid C00334 100.62  

± 6.67 
121.36  
± 3.01 # 

55.10 
± 1.07 
*** 

73.67 
± 6.48 
*** 

Choline C00114 999.51  
± 30.45 

1037.26  
± 42.29 

489.50 
± 38.21 
*** 

619.15 
± 79.92 
*** 

Serine C00065,C00716, 
C00740 

18416.37  
± 790.28 

20304.30  
± 244.54 

12827.54 
± 200.38 
*** 

17764.29 
± 867.24 
* ## 

Proline C00148,C00763, 
C16435 

8719.41  
± 293.20 

8658.45  
± 70.40 

5045.54 
± 159.80 
*** 

6373.70 
± 373.76 
*** # 

Valine C00183,C06417, 
C16436 

5718.69  
± 185.39 

5662.26  
± 113.47 

3541.98 
± 110.16 
*** 

5149.22 
± 179.78 
* ## 

Threonine C00188,C00820 25717.43  
± 
1058.46 

27580.97  
± 209.27 

16868.84 
± 257.40 
*** 

22862.48 
± 889.56 
** # 

Hydroxyproline C01015,C01157 256.77  
± 5.25 

284.77  
± 5.56 # 

205.78 
± 4.05 

286.32 
± 14.84 
** ## 

Creatine C00300 7073.21  
± 546.51 

7493.30  
± 55.95 

2679.66 
± 116.17 
*** 

3763.53 
± 167.99 
*** ## 

Isoleucine C00407,C06418, 
C16434 

5683.56  
± 84.16 

5493.95  
± 68.92 

3667.20 
± 196.90 
*** 

5180.04 
± 176.23 
## 

Leucine C00123,C01570, 
C16439 

5723.61  
± 140.13 

5600.58  
± 82.12 

3742.40 
± 187.75 
*** 

5257.33 
± 238.36 
## 

Asparagine C00152,C01905, 
C16438 

1654.97  
± 73.05 

1817.04  
± 16.98 

754.78 
± 21.08 
*** 

1074.01 
± 13.94 
*** ### 

Ornithine C00077,C00515, 
C01602 

183.36  
± 4.63 

211.26  
± 3.17 ## 

133.91 
± 2.88 
*** 

184.42 
± 4.05 
*** ### 

Aspartate C00049,C00402, 
C16433 

5161.48  
± 
232.028 

5257.52  
± 252.57 

4177.38 
± 12.18 

5494.22 
± 306.94 
# 

Spermidine C00315 66.44  
± 12.65 

86.96  
± 8.83 

96.73 
± 4.84 

84.78 
± 12.64 

Glutamine C00064,C00303, 
C00819 

40193.32  
± 
1155.11 

42275.13  
± 879.53 

29561.71 
± 703.57 
*** 

40842.51 
± 
1813.87 
## 

Lysine C00047,C00739, 
C16440 

3789.60  
± 128.11 

3953.44  
± 166.70 

2871.48 
± 67.95 
*** 

4155.53 
± 15.05 
### 
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Table 3.1, continued.  
	  
Glutamate C00025,C00217, 

C00302 
89557.79  
± 
3439.37 

97912.1
2  
± 793.82 

70866.89 
± 807.03 
*** 

95517.
92 
± 
3306.8
5 ## 

Methionine C00073,C00855, 
C01733 

1653.42  
± 87.52 

1620.30  
± 66.05 

1049.03 
± 85.84 
** 

1587.8
5 
± 
100.70 
# 

Histidine C00135,C00768, 
C06419 

1362.06  
± 41.28 

1442.75  
± 25.45 

932.76 
± 29.37 
*** 

1321.8
8 
± 
18.08 
### 

Phenylalanine C00079,C02057, 
C02265 

2757.66  
± 67.79 

2709.72  
± 62.18 

1809.92 
± 76.14 
*** 

2517.3
7 
± 
88.33 
## 

Arginine C00062,C00792 1752.69  
± 53.90 

1967.96  
± 132.32 

1406.69 
± 49.61 * 

2099.9
2 
± 
28.33 
### 

Tyrosine C00082,C01536, 
C06420 

2712.62  
± 106.76 

2718.79  
± 23.27 

1695.52 
± 67.43 
*** 

2413.4
5 
± 
84.39 
* ## 

Tryptophan C00078,C00525, 
C00806 

661.43  
± 18.91 

633.86  
± 9.29 

393.07 
± 17.18 
*** 

566.48 
± 
15.41 
* ## 

Glutathione 
(GSSG) 

C00127 3234.59  
± 209.33 

3864.21  
± 117.18 

2490.13 
± 50.17 * 

3868.2
9 
± 
213.06 
## 

Glutathione 
(GSH) 

C00051 7716.91  
± 127.83 

8661.05  
± 14.41 
## 

2889.39 
± 73.06 
*** 

3822.0
0 
±122.3
4 *** 
## 

S-
Adenosylmethioni
ne 

C00019 252.79  
± 9.86 

268.02  
± 4.52 

173.17 
± 5.10 *** 

249.40 
±12.13 
## 
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Table 3.1, continued.  
	  
Adenylate Energy 
Charge 

Energy status 0.93 
± 0.003 

0.93 
±0.002 

0.93 
± 0.01 

0.92 
± 0.00 

Total Adenylate Purine 
synthesis/degradation 

19175.90 
± 592.47 

22122.7
8 
±851.60 
# 

12805.64 
± 337.50 
*** 

16616.
54 
± 
510.41 
*** ## 

Guanylate Energy 
Charge 

Energy status 0.94 
± 0.00 

0.93 
±0.01 

0.93 
± 0.01 

0.93 
± 
0.003 

Total Guanylate Purine 
synthesis/degradation 

3244.23 
± 161.90 

3788.44 
±94.18 # 

2283.12 
± 86.78 
*** 

2951.6
0 
± 
66.92 
*** ## 

GSH/GSSG Oxidative stress 2.40 
± 0.12 

2.25 
±0.07 

1.16 
± 0.05 
*** 

0.99 
± 0.07 
*** 

      

Total Glutathione Glutathione 
synthesis/degradation 

14186.09 
± 523.25 

16389.4
7 
±226.45 
# 

7869.65 
± 33.84 
*** 

11558.
58 
± 
414.64 
*** 
### 

NAD+/NADH Redox potential 10.99 
± 0.59 

10.27 
±0.23 

13.32 
± 0.22 ** 

10.38 
± 0.59 
## 

Lactate/Pyruvate Anaerobic glycolysis, 
redox potential  

43.94 
± 1.94 

40.61 
±0.91 

24.11 
± 5.97 ** 

20.53 
± 0.36 
** 

Glycerol 3-
phosphate/DHAP 

Redox potential 1.28 
± 0.19 

1.73 
±0.41 

0.51 
± 0.02 * 

0.52 
± 0.03 
** 

Total Essential 
Amino Acids 

Essential AA 
degradation, influx/ 
efflux 

53067.46 
± 
1583.29 

54697.8
3 
±574.16 

34876.69 
± 988.10 
*** 

48598.
19 
± 
1671.3
5 * ## 

Total Ketogenic 
Amino Acids 

Ketogenic AA 
degradation, influx/ 
efflux, ketogenesis 

47045.92 
± 
1400.28 

48691.3
1 
±462.84 

31048.43 
± 836.88 
*** 

42952.
68 
± 
1463.4
5 ** ## 
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Table 3.1, continued.  
	  
Total BCAA BCAA degradation, 

influx/ efflux 
17125.86 
± 409.54 

16756.7
9 
±261.61 

10951.58 
± 490.67 
*** 

15586.
59 
± 
593.67 
## 

Total Aromatic 
Amino Acids 

AAA degradation, 
influx/ efflux 

6131.71 
± 191.34 

6062.36 
±65.94 

3898.51 
± 158.04 
*** 

5497.3
1 
± 
178.97 
* ## 

Fischer's Ratio 
(BCAA/AAA) 

BCAA and AAA 
metabolism 

2.79 
± 0.03 

2.76 
±0.01 

2.81 
± 0.04 

2.83 
± 0.02 

Total Glu-related 
Amino Acids 

AA catabolized to Glu 141585.2
7 
± 
4878.71 

152256.
42 
±936.89 

107813.5
9 
± 
1600.53 
*** 

14615
5.93 
± 
5403.3
4 ## 

Total Acetyl CoA-
related Amino 
Acids 

AA catabolized to 
Acetyl-CoA 

15858.21 
± 331.86 

15681.8
3 
±324.15 

10674.15 
± 451.05 
*** 

15159.
37 
± 
420.84 
## 

Total Fumarate-
related Amino 
Acids 

AA catabolized to 
Fumarate 

5470.28 
± 173.64 

5428.51 
±57.26 

3505.44 
± 143.50 
*** 

4930.8
3 
± 
172.29 
* ## 

Total Succinyl 
CoA-related 
Amino Acids 

AA catabolized to 
Succinyl-CoA 

13055.67 
± 352.66 

12776.5
1 
±204.67 

8258.21 
± 384.00 
*** 

11917.
11 
± 
452.00 
## 

Total 
Oxaloacetate-
related Amino 
Acids 

AA catabolized to OAA 6816.45 
± 304.76 

7074.56 
±269.00 

4932.17 
± 16.46 
*** 

6568.2
2 
± 
314.99 
## 

G6P/R5P Glycolysis, PPP 0.53 
± 0.10 

0.92 
±0.03 # 

0.50 
± 0.12 

0.46 
± 0.05 
** 

Putrescine/Sperm
idine  0.44 

± 0.13 
0.29 
±0.12 

0.16 
±  0.08 

0.34 
± 0.21 
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Table 3-2. Echocardiographic results of left-ventricular (LV) function at baseline 
(wk 0) and post-MI. All values were collected from M-mode analysis to measure 
intraventricular septum thickness (IVS) during diastole (IVS;d) and systole (IVS;s), left-
ventricular end-diastolic diameter (LVEDD), left-ventricular end-systolic diameter 
(LVESD), left-ventricular end-diastolic posterior wall thickness (LVEDPW), left-
ventricular end-systolic posterior wall thickness (LVESPW), ejection fraction (EF), 
fractional shortening (FS), left-ventricular end-diastolic volume (LVEDV), and left-
ventricular end-systolic volume (LVEDV). All data shown as mean ± SEM. ***p<0.001, 
**p<0.01, *p<0.05 vs. wk 0. ###p<0.001, ##p<0.01, #p<0.05 vs. Ad-βgal. 

 
Wks 
post
-MI 

n 
IVS;

d 
(mm) 

IVS;
s  

(mm) 

LV 
EDD 
(mm) 

LV 
ESD  
(mm) 

LV 
EDP

W 
(mm) 

LV 
ESP
W 

(mm) 

EF 
(%) 

FS  
(%) 

LV 
EDV 
(µl) 

LV 
ESV 
(µl) 

C
ol

1a
2-

C
re

 

0 
10 0.69±0.

07 
1.00±0.

09 
3.53±0.

18 
2.35±0.

17 
0.68±0.

03 
0.96±0.

07 
63.43
±2.74 

33.94±
1.92 

54.11±
7.41  

20.81±
4.29 

1 10 0.70±0.
04 

0.90±0.
06 

4.35±0.
22 

3.66±0.
30 
** 

0.71±0.
05 

0.92±0.
10 

34.83
±5.36 

*** 

16.95±
2.81 
*** 

88.12±
10.45 

61.86±
12.00 

2 10 0.69±0.
04 

0.94±0.
08 

4.40±0.
24 

3.67±0.
32 
** 

0.72±0.
07 

0.85±0.
09 

36.18
±5.56 

*** 

17.79±
3.03 
*** 

91.32±
11.98 

63.14±
12.63 

3 10 0.67±0.
06 

0.91±0.
09 

4.80±0.
29 
** 

3.94±0.
30 
*** 

0.67±0.
05 

0.87±0.
08 

37.80
±3.78 

*** 

18.47±
2.01 
*** 

112.43
±16.19 

* 

73.19±
13.27 

4 10 0.68±0.
04 

1.00±0.
08 

4.60±0.
27 
* 

3.96±0.
32 
*** 

0.78±0.
08 

0.87±0.
08 

31.25
±3.87 

*** 

14.86±
1.98 
*** 

101.94
±14.43 

74.53±
14.25 

* 

M
cu

fl/
fl  x

 C
ol

1a
2-

C
re

 

0 20 0.90±0.
03 
## 

1.27±0.
04 

3.44±0.
07 

2.31±0.
06 

0.87±0.
06 

1.18±0.
07 

62.54
±1.24 

33.06±
0.88 

49.52±
2.41 

18.71±
1.20 

1 20 0.66±0.
02 
*** 

0.93±0.
06 
*** 

4.77±0.
21 
*** 

4.16±0.
25 
*** 

0.76±0.
05 

0.90±0.
06 
** 

28.72
±3.28 

*** 

13.71±
1.65 
*** 

111.30
±12.27 

*** 

84.58±
12.95 

*** 

2 20 0.54±0.
03 
*** 

0.67±0.
05 

*** # 

4.88±0.
16 
*** 

4.56±0.
17 
*** 

0.60±0.
06 
** 

0.69±0.
06 
*** 

14.68
±1.75 

*** 
### 

6.63±0
.83 
*** 
### 

115.12
±9.72 

*** 

99.42±
9.53 
*** 

3 20 0.61±0.
04 
*** 

0.78±0.
07 
*** 

5.39±0.
19 
*** 

5.04±0.
21 

*** ## 

0.64±0.
06 
** 

0.68±0.
06 
*** 

14.71
±2.03 

*** 
### 

6.73±0
.97 
*** 
### 

145.79
±13.30 

*** 

126.27
±13.46 
*** # 

4 20 0.62±0.
05 
*** 

0.72±0.
07 

*** # 

5.55±0.
23 

*** # 

5.21±0.
24 

*** ## 

0.61±0.
05 
** 

0.67±0.
04 
*** 

13.96
±1.95 

*** 
### 

6.39±0
.94 

*** ## 

157.11
±14.40 
*** # 

136.95
±14.26 
*** ## 
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CHAPTER 4 

	  
CONCLUSIONS AND SIGNIFICANCE 

Extended Discussion and Future Directions 

The work presented herein provides evidence that mCa2+ regulation extends beyond 

bioenergetics and cell death. In fact, we showed that inhibition of mCa2+ uptake is an 

endogenous mechanism of myofibroblast differentiation. Extracellular fibrotic signaling 

diminished mCa2+ uptake, which we believe drive metabolic changes necessary for 

transcriptional reprogramming during differentiation.  

Very little is known about how mCa2+ exchange impacts global metabolism and 

other cellular processes outside of cell death regulation. This study provides evidence that 

extracellular fibrotic signaling alters mitochondrial function in order to drive 

transcriptional changes in the nucleus. We hypothesize that inhibition of mCa2+ uptake is a 

conserved mechanism, common to other cellular differentiation programs, as it promptly 

triggers metabolic shifts to meet not only the catabolic and anabolic demands, but also 

chromatin modifications necessary for differentiating cells. Important metabolic changes 

we observed were increased glycolysis and increased production of αKG, which we 

hypothesize could be due to increased glutaminolysis. Increased aerobic glycolysis has 

also been associated with enhanced glutaminolysis in cancer cells (Deberardinis et al., 

2007, Le et al., 2012). Interestingly, evidence suggests that myofibroblasts in tumor 

stroma (cancer-associated fibroblasts) can fulfill nutrient requirements of cancer cells and 

play a key role in cancer progression and metastasis (Kalluri and Zeisberg, 2006, Fiaschi 

et al., 2012, Lyssiotis and Kimmelman, 2017). Given the importance of reciprocal 
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metabolic reprogramming of myofibroblasts and cancer cells, and the similarities with 

our model, it is intriguing to conjecture that the mtCU may play a significant role in these 

systems. 

Regarding cell death, inhibition of mCa2+ uptake may contribute to apoptotic 

resistance and persistence of myofibroblasts. Evidence shows that after the initial healing 

response/scar formation some myofibroblasts undergo apoptosis; however myofibroblast 

dissolution appears to be different depending on tissue and injury (Willems et al., 1994, 

Desmoulière et al., 1995, Takemura et al., 1998). This may be a due to the ability of 

myofibroblasts to avoid cell death, in the environment of relentless, unremitting fibrotic 

stimuli that sustain myofibroblast formation/activation. Indeed, mechanisms of apoptotic 

resistance have been described in myofibroblasts (Jelaska and Korn, 1998, Vivar et al., 

2013, Zhang et al., 2015). The myofibroblasts that avoid cell death can revert to a 

quiescent, inactive state, however these cells rapidly re-acquire the myofibroblast 

phenotype in response to new fibrotic stimuli (Kisseleva et al., 2012, Kanisicak et al., 

2016). Further, a vicious cycle of fibrogenesis and myofibroblast activation can sustain 

persistent myofibroblasts and cause chronic progressive fibrosis (Weber et al., 2013, 

Rockey et al., 2015). For these reasons, potential anti-fibrotic therapeutics aim to impede 

not only the differentiation of myofibroblasts, but also apoptotic resistance and 

persistence (Wynn and Ramalingam, 2012, Travers et al., 2016). Our data suggests that 

fibrotic agonists signal to down-regulate mCa2+ uptake to initiate myofibroblast 

differentiation. We showed that 4 weeks post-MI and chronic AngII infusion, 

myofibroblast number was significantly increased in fibroblast-specific Mcu knockout 

mice (Mcufl/fl x Col1a2-Cre) compared to Col1a2-Cre control mice. While our data 
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demonstrated that loss of Mcu enhanced myofibroblast differentiation, it is possible that 

inhibition of mCa2+ uptake also prevented cell death and supported myofibroblast 

persistence. In addition to being pro-fibrotic, TGFβ also exerts anti-apoptotic/pro-

survival effects on fibroblasts (Jelaska and Korn, 2000, Vivar et al., 2013, Zhang and 

Phan, 1999, Kim et al., 2002, Horowitz et al., 2004). It is intriguing to speculate that 

inhibition of mtCU may contribute to the anti-apoptotic effects of TGFβ and future work 

should test this hypothesis.  

One of the major questions stemming from our work involves MICU1 

upregulation. We found a substantial increase in MICU1 protein expression 12 hours 

after TGFβ and AngII. It will be interesting to determine whether an initial wave of 

transcription factors (pioneer transcription factors) upregulates MICU1 mRNA 

expression or if fibrotic signaling somehow increases MICU1 protein stability. It is also 

important to genetically manipulate MICU1 expression to definitively determine its 

significance in myofibroblast differentiation. Micu1fl/fl mice are currently breeding with 

Col1a2-Cre mice for acute deletion of Micu1 in fibroblasts. Meanwhile, in vitro 

experiments are underway. We hypothesize that deletion of Micu1 will impede 

myofibroblast differentiation and fibrosis. However, it has been reported that loss of 

MICU1 results in coordinated loss of MICU2 expression so experimental design may 

need to be altered to determine the precise role of MICU1 in our model and impact on 

mtCU mediated- mCa2+ uptake (Plovanich et al., 2013, Kamer and Mootha, 2014, Patron 

et al., 2014). 

The consequence of this rapid increase in MICU1 is inhibition of the mtCU and 

limited mCa2+ uptake. One of the resulting downstream changes in metabolism (increased 
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αKG) was the increased activity of a family of αKG-dependent dioxygenases, the JmjC-

KDMs. This was suggested by data showing that TGFβ decreased global H3K27me2 

marks and this was augmented by loss of Mcu. Further, we determined that H3K27me2 

was enriched at the Postn and Pdgfra loci and these marks were lost after TGFβ with a 

concomitant increase in mRNA expression. Finally experiments to determine the 

physiological relevance of αKG-dependent histone demethylation on myofibroblast 

differentiation demonstrated that incubating fibroblasts with αKG was sufficient to drive 

myofibroblast differentiation and that JmjC-KDM inhibition attenuated TGFβ-induced 

myofibroblast differentiation. The JmjC-KDM inhibitor used, JIB-04, is a small molecule 

that inhibits the demethylase activity of several JmjC-KDMs, including the H3K27me2 

demethylase JMJD3 (KDM6B) (Wang et al., 2013). This begets another major question 

stemming from our work. Future experiments will determine the specificity of JMJD3 in 

myofibroblast differentiation. In addition, we will perform ChIP-seq as an unbiased 

approach to map chromosomal sites enriched with H3K27me2 during myofibroblast 

differentiation and allow the discovery of new genes contributing to this process.  

Most of our data has focused on H3K27me2 because we observed this repressive 

mark was lost upon TGFβ treatment and potentiated by the loss of Mcu. However, we 

will also assess other H3K modifications using ChIP-seq including H3K27ac and 

H3K9(me2/ac). It has been reported that during differentiation of ESCs, regions with 

H3K27me2 enrichment were replaced by acetylation (ac), which is an active mark, and 

correlated with increased gene expression (Juan et al., 2016). Interestingly the sites of 

H3K27me2 enrichment that resolved to H3K27ac during differentiation were metabolic 

gene loci, suggesting that this pattern of chromatin reorganization acts as a transcriptional 
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switch to initiate metabolic reprogramming for differentiation (Juan et al., 2016). This is 

intriguing and raises the possibility that there is a dynamic interplay between the 

epigenetic modifications mediated by metabolic changes downstream of mtCU inhibition 

and the transcriptional-mediated metabolic alterations resulting from those epigenetic 

modifications. Finally, we cannot disregard the role of H3K9me2 in our model especially 

since JIB-04 also targets H3K9me2 demethylases and that may have contributed to the 

observed mitigation of TGFβ-induced myofibroblast differentiation.  

In summary, integration of all of our data suggests that inhibition of mtCU-

mediated mCa2+ uptake is an essential element of the myofibroblast differentiation 

process through concerted alterations in both metabolism and epigenetics. Until now, the 

role of mCa2+ uptake in cellular differentiation or epigenetic regulation had not been 

explored, and our study provides a new framework underlying mitochondrial signaling 

and regulation of the epigenome. 

Translational Significance 

Fibrosis can affect nearly every organ and is a common pathological feature of numerous 

diseases including heart failure, liver cirrhosis, interstitial lung disease, scleroderma, 

hypertrophic scarring, and many others (Wynn, 2004, Rockey et al., 2015). Fibrosis 

disrupts the structural framework of tissues and leads to organ dysfunction. 

Consequently, fibrosis is a significant cause of morbidity and mortality and estimated to 

contribute to an astounding ~45% of deaths in the United States (Thannickal et al., 2014).  

The myofibroblast is a key mediator of fibrosis and recent studies have shown that 

withdrawal of stress stimuli allows some myofibroblasts to revert to a quiescent/inactive 

state (Kisseleva et al., 2012, Kanisicak et al., 2016). This suggests that it is possible to 
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halt or reverse fibrosis by targeting the signaling that maintains myofibroblast 

differentiation, and highlights the scientific importance of defining the signaling 

pathways and cellular processes which mediate myofibroblast activation and 

differentiation in order to identify novel, more potent anti-fibrotic targets.  

While several interconnected signaling pathways driving myofibroblast 

differentiation have been described, pharmacological agents that specifically modulate 

myofibroblast activity are still lacking. Perhaps one of the most important findings of our 

work is the demonstration of an entirely new signaling arm of myofibroblast 

differentiation linking extracellular signaling with changes in mCa2+ exchange to alter the 

epigenetic landscape. Mechanistically, changes in mCa2+ uptake induce distinct metabolic 

changes necessary for epigenetic modifications of specific loci critical to myofibroblast 

gene activation. This is of particular importance as there is a significant demand for novel 

potent anti-fibrotic drugs. We hypothesize that concordant increases in glycolytic flux 

and glutamine-derived αKG fulfill cellular anabolic needs and epigenetic modifications 

required for myofibroblast differentiation. Therefore, inhibition of these metabolic shifts 

can potentially serve as novel therapeutic targets to mitigate myofibroblast 

differentiation. Other corroborating studies showed that increased glycolysis enhanced 

myofibroblast differentiation, and glycolytic inhibition suppressed myofibroblast 

activation and renal and lung fibrosis (Xie et al., 2015, Ding et al., 2017). Additionally, it 

was recently shown that glutaminolysis promoted the myofibroblast phenotype, while 

knockdown of glutaminase inhibited this phenotype (Bernard et al., 2017, Ge et al., 

2017). Our data suggests that both enhanced glycolysis and glutaminolysis-derived αKG 

are necessary components of metabolic reprogramming driving myofibroblast 
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differentiation. Thus, effective therapeutic approaches most likely need to target both of 

these metabolic pathways. 

Fortunately, metabolism is an attractive “druggable” target. Based on our 

observed metabolic shifts during myofibroblast differentiation, deprivation of glucose 

utilization and αKG production may be potential therapeutic avenues and future 

experiments will determine if substrate limitation hinders myofibroblast differentiation. 

Another possibility is the use of antimetabolites, small molecules that structurally mimic 

metabolites to interfere with normal metabolic enzyme activity. Many cancer therapies 

are antimetabolites, signifying their potential and effectiveness (Luengo et al., 2017). In 

conclusion, our work has established the regulation of mtCU as a means to induce 

metabolic reprogramming for myofibroblast differentiation and has revealed several 

novel potential therapeutic targets to alleviate fibrosis. 

Conclusion 

Overall our work has investigated the role of mCa2+ exchange in myofibroblast 

differentiation in vitro and in vivo using two models of cardiac fibrosis. We identified a 

novel link between fibrotic stimuli and the mtCU and discovered significant metabolic 

changes resulting from downregulation of mCa2+ uptake during myofibroblast 

differentiation. Further, our work provides previously unknown evidence linking 

extracellular fibrotic agonists with changes in mCa2+ to alter the epigenome. In 

conclusion, our work identified a novel signaling mechanism of myofibroblast 

differentiation, revealing potential targets for future treatment of fibrosis.   
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