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SUMMARY

Pyruvate lies at a central biochemical node connecting carbohydrate, amino acid, and fatty acid 

metabolism, and the regulation of pyruvate flux into mitochondria represents a critical step in 

intermediary metabolism impacting numerous diseases. To characterize changes in mitochondrial 

substrate utilization in the context of compromised mitochondrial pyruvate transport, we 

applied 13C metabolic flux analysis (MFA) to cells after transcriptional or pharmacological 

inhibition of the mitochondrial pyruvate carrier (MPC). Despite profound suppression of both 

glucose and pyruvate oxidation, cell growth, oxygen consumption, and tricarboxylic acid (TCA) 

metabolism were surprisingly maintained. Oxidative TCA flux was achieved through enhanced 

reliance on glutaminolysis through malic enzyme and pyruvate dehydrogenase (PDH) as well as 

fatty acid and branched chain amino acid oxidation. Thus, in contrast to inhibition of complex I or 

PDH, suppression of pyruvate transport induces a form of metabolic flexibility associated with use 

of lipids and amino acids as catabolic and anabolic fuels.

INTRODUCTION

Mitochondria execute core metabolic functions in eukaryotes ranging from catabolic energy 

conversion to anabolism of biosynthetic intermediates. Cells must negotiate their nutritional 

environment to control which substrates are metabolized in mitochondria while continuing 

to meet their bioenergetic and/or biosynthetic needs. Pyruvate lies at the intersection of 

glycolysis, gluconeogenesis, and the tricarboxylic acid (TCA) cycle; as such, its transport 

into the mitochondrial matrix influences carbohydrate, fatty acid, and amino acid 

metabolism. Dysregulation of these processes contributes to the pathogenesis of numerous 
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diseases, including diabetes and obesity (DeFronzo and Tripathy, 2009; Sugden et al., 2009), 

mitochondrial disorders (Kerr, 2013), cardiac failure (Fillmore and Lopaschuk, 2013), 

neurodegenerative disorders (Cunnane et al., 2011; Yao et al., 2011), and cancer (Currie et 

al., 2013; Tennant et al., 2010). Therefore, strategies that modulate the extent of pyruvate 

flux into mitochondrial pathways may have therapeutic potential by directly or indirectly 

affecting glucose, lipid, and/or amino acid homeostasis in the body.

Existence of a protein carrier to facilitate pyruvate transport into mitochondria has been 

recognized for decades (Halestrap and Denton, 1974; Papa et al., 1971). Although activity of 

this transporter and sensitivity to inhibitors have been characterized (Clark and Land, 1974; 

Halestrap and Denton, 1974; Papa and Paradies, 1974), the genes encoding this complex 

remained a mystery for many years. Two recent studies revealed strong evidence that the 

genes, renamed MPC1 and MPC2, encode the multimeric mitochondrial pyruvate carrier 

(MPC) complex embedded in the mitochondrial inner mitochondrial membrane (Bricker et 

al., 2012; Herzig et al., 2012). Indeed, Herzig et al. observed that coexpression of Mpc1 and 

Mpc2 in Lactococcus lactis induced a fourfold increase in pyruvate uptake (Herzig et al., 

2012). Consistent with these results, Bricker et al. described the functional redundancy of 

MPC across several species (yeast, drosophila, human) and identified a mutation in MPC1 

that confers resistance to inhibition by the α-cyanocinnamate analog UK5099 (Halestrap, 

1975). These discoveries provide an exciting potential drug target through which 

mitochondrial substrate utilization may be controlled in the context of metabolic disorders. 

In fact, the MPC has emerged as an unanticipated target of thiazolidinediones (Colca et al., 

2013; Divakaruni et al., 2013), a class of insulin sensitizing drugs, and as a regulator of 

insulin secretion (Patterson et al., 2014; Vigueira et al., 2014); suggesting this transporter 

plays a central role in substrate selection and metabolic signaling. Moreover, recent work 

shows the phosphodiesterase inhibitor Zaprinast can alter aspartate and glutamate 

metabolism via the MPC (Du et al., 2013) and glutaminase (Elhammali et al., 2014).

The high biosynthetic and energetic demands of skeletal muscle myoblasts render them an 

ideal system to characterize the influence of mitochondrial pyruvate carrier function on 

metabolic flux and substrate selection. This study is the first to examine metabolic flux 

regulation by MPC in the context of the metabolic network in intact cells. Mpc1 or Mpc2 

was chronically suppressed using lentiviral-mediated delivery of shRNAs and/or 

pharmacologically inhibited with UK5099 in both proliferating and differentiated mouse 

C2C12 muscle cells, several human transformed cell lines, and primary human skeletal 

myotubes (hSKMs). Surprisingly, proliferating myoblasts maintained growth and ATP-

linked respiration despite profound inhibition of MPC activity; however, reliance on 

substrates for energy and biosynthetic metabolism shifted from glucose to amino acid and 

fatty acid oxidation. TCA flux and fatty acid synthesis were maintained through increased 

glutamine anaplerosis and oxidation, malic enzyme flux, and fatty acid oxidation. 

Pharmacological inhibition of MPC activity in hSKMs increased the extent that branched 

chain amino acids (BCAAs) were oxidized in the TCA cycle.
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RESULTS

Proliferation and oxidative metabolism are maintained upon Mpc depletion

To investigate how metabolism is reprogrammed in response to MPC inhibition we depleted 

Mpc levels in C2C12 myoblasts using targeting Mpc1 (Mpc1KD), Mpc2 (Mpc2KD), or 

control sequences (Control). Stable knockdown was confirmed at the transcriptional and 

protein levels (Figures 1A-1B). Despite the importance of glucose and pyruvate metabolism 

for biosynthesis and ATP generation, cell proliferation rates and ATP-linked respiration 

were unaffected by the absence of Mpc1 and Mpc2 (Figures 1C-1D). In fact, Mpc 

knockdown only influenced oxygen consumption in the uncoupled state when all substrates 

were present, while pyruvate-dependent respiration in permeabilized cells was significantly 

compromised (Figure 1D). Surprisingly, Mpc knockdown had little effect on glucose and 

glutamine uptake as well as lactate and glutamate secretion, though pyruvate secretion was 

significantly increased (Figure 1E).

We next performed a targeted metabolomic analysis to gain more insight into the 

intracellular metabolic changes occurring upon Mpc depletion (Figure 1F). Intracellular 

pyruvate was elevated upon Mpc knockdown, whereas the abundances of most TCA cycle 

intermediates were unaffected. Citrate levels, however, were markedly decreased in 

Mpc1KD or Mpc2KD (Mpc1/2KD) cells, as this metabolite is generated predominantly 

from pyruvate-derived AcCoA under normal growth conditions (Metallo et al., 2012). 

Aspartate and alanine abundances were significantly increased and decreased, respectively, 

suggesting that amino acid metabolism was altered to maintain metabolic homeostasis.

Oxidative glutaminolysis supports the TCA cycle in cells lacking Mpc

To gain more detailed insights into mitochondrial substrate utilization we cultured cells in 

the presence of [U-13C6]glucose for 24 hours and observed steady state isotopic labeling 

(Figure S1A). Consistent with the expected decrease in glucose-derived pyruvate oxidation, 

labeling of citrate and all TCA intermediates was significantly decreased in Mpc1/2KD cells 

relative to controls (Figure 2A-2B). While the relative abundances of fully labeled (M3) 

lactate and pyruvate were unchanged in Mpc1/2KD cells, the extent of alanine labeling from 

[U-13C6]glucose was significantly decreased (Figure 2C). Additionally, we observed an 

increase in de novo serine synthesis from glucose in the cytosol (Figure 2D), highlighting 

potential compartment-specific shifts in amino acid metabolism (Figure S1B).

Next we cultured C2C12 myoblasts in the presence of [U-13C5]glutamine to detect changes 

in glutamine utilization in the context of decreased Mpc function. The abundance of fully 

labeled succinate, fumarate, α-ketoglutarate, and malate increased significantly in 

Mpc1/2KD cells (Figure 2E), suggesting that cells increase their reliance on glutamine 

anaplerosis when mitochondrial pyruvate transport is limited. Isotopic enrichment in citrate 

provides additional insight into reprogramming of TCA metabolism. Increased M5 citrate 

abundance from [U-13C5]glutamine can arise via reductive carboxylation by isocitrate 

dehydrogenase (IDH) enzymes, and M6 citrate arises through the combined activity of 

glutaminolysis and pyruvate dehydrogenase (Figure 2F) (Le et al., 2012; Metallo and 

Vander Heiden, 2013). In the glutaminolysis pathway, glutamine is oxidized in the 
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mitochondria and converted to pyruvate via malic enzymes (MEs). AcCoA is then generated 

by the PDH complex and condenses with oxaloacetate to form citrate (Figure 2F). The 

relative abundances of both M5 and M6 mass isotopomers were significantly increased in 

Mpc1/2KD cells (Figure 2G). Furthermore, the abundance of glutamine-derived alanine was 

significantly elevated (Figure 2H), consistent with higher flux through mitochondrial MEs 

as opposed to reductive carboxylation.

To further highlight the increased role of glutaminolysis in cells with Mpc knockdown we 

measured uncoupled respiration in the absence or presence of the glutaminase inhibitor, 

bis-2-(5-phenylacetamido-1,3,4-thiazol-2-yl)ethyl sulfide (BPTES). Uncoupler-stimulated 

respiration in Mpc1/2KD cells was more sensitive to BPTES treatment, signifying an 

increased reliance on glutamine oxidation in these cells (Figure 2I). Collectively, these 

results provide evidence that cells with depleted Mpc1 or Mpc2 increase oxidative 

glutamine metabolism to maintain flux through the TCA cycle.

MPC knockdown induces substrate switching for de novo lipogenesis

We next quantified isotope enrichment in palmitate and performed isotopomer spectral 

analysis (ISA) to determine 1) the percent of newly synthesized palmitate after tracer 

addition and 2) the relative contribution of glucose and glutamine to lipogenic AcCoA 

(Kharroubi et al., 1992; Metallo et al., 2012). Although we observed no significant change in 

relative palmitate synthesis upon Mpc depletion (Figure 2J), the extent of glutamine 

conversion to the lipogenic AcCoA pool was significantly increased in Mpc2KD cells 

(Figure 2K). Glutamine can contribute carbon to fatty acid synthesis via reductive 

carboxylation or oxidative glutaminolysis. The former pathway is highly active in cells 

proliferating under hypoxia or those with a compromised respiratory chain (Metallo et al., 

2012; Mullen et al., 2012; Scott et al., 2011; Wise et al., 2011), while the latter pathway has 

been observed in B cell lymphoma (Le et al., 2012). While the contribution of glutamine 

flux through reductive carboxylation to lipogenesis increased in Control and Mpc2KD cells 

cultured under hypoxia (measured specifically using [5-13C]glutamine (Yoo et al., 2008)); 

flux through this pathway did not account for the increased glutamine-derived AcCoA in 

Mpc2KD cells grown under normoxia. The increased glutamine-derived AcCoA was almost 

exclusively attributed to the glutaminolysis pathway, as evidenced by transfer of label from 

[3-13C]glutamine to palmitate (Figure 2L, S1C). We also measured a significant increase in 

M2 labeling in Mpc2KD myoblasts cultured with [3-13C]glutamine (Figure 2M), which 

arises from condensation of labeled oxaloacetate and AcCoA (Figure S1C). No change in 

labeling was observed in lactate (Figure S1D), providing evidence that this ME flux was 

catalyzed within the mitochondrial compartment. These results demonstrate that Mpc 

knockdown causes metabolic reprogramming that is distinct from hypoxia-associated PDH 

inhibition (Kim et al., 2006; Papandreou et al., 2006), with an increased proportion of 

mitochondrial AcCoA derived from mitochondrial ME and PDH activity rather than 

reductive carboxylation.

At high concentrations pyruvate passively enters the matrix, bypassing the MPC (Bakker 

and van Dam, 1974; Halestrap, 1975). To further demonstrate that PDH activity is 

maintained in Mpc knockdown cells we quantified how glutamine to AcCoA conversion 
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was affected by exogenous pyruvate. In the presence 10 mM extracellular pyruvate, 

Mpc2KD cells failed to increase the contribution of glutamine carbon to palmitate synthesis. 

Indeed, this difference was almost entirely accounted for by the conversion of exogenous 

[3-13C]pyruvate to lipogenic AcCoA through the PDH complex (Figure 2N).

Amino acid and β-oxidation fuel mitochondrial metabolism upon Mpc knockdown

To quantify changes in intracellular fluxes in a more unbiased and comprehensive manner 

we conducted 13C MFA on Mpc2KD and Control cells. Steady state mass isotopomer 

distributions (MIDs) measured in cells cultured with [U-13C5]glutamine and 

[1,2-13C2]glucose along with independently determined uptake/secretion fluxes were 

incorporated into a model of central carbon metabolism. (Ahn and Antoniewicz, 2011; 

Murphy et al., 2013). The INCA software suite was used to estimate fluxes and associated 

confidence intervals using an elementary metabolite unit-based algorithm (Antoniewicz et 

al., 2006; Young, 2014). Results are illustrated in Figures 3A and S2A-S2B and tabulated in 

Tables S1 and S2; a detailed description of the model, data, and assumptions are included in 

the Supplemental Experimental Procedures and in Table S3. Flux data indicated that 

mitochondrial pyruvate transport and PDH flux decreased significantly upon Mpc2 

knockdown. Oxidative TCA flux through IDH was also decreased with no absolute increase 

in reductive carboxylation flux, while pyruvate cycling and glutaminolytic flux were 

increased. Increased flux through mitochondrial MEs at least partially sustained AcCoA 

metabolism. Intriguingly, an acceptable fit for Mpc2 knockdown cells could only be 

obtained when an exogenous source of AcCoA was included in the model. Flux from this 

AcCoA pool into the TCA cycle increased 5-fold in Mpc2KD cells compared to Control 

cells, suggesting that oxidation of mitochondrial substrates other than glutamine were also 

induced upon Mpc depletion (Figure 3A and Tables S1-S2).

Given the lack of branched chain amino acid (BCAA) oxidation to TCA intermediates 

observed in both Control and Mpc2KD cells (Figure S2C) we hypothesized that this AcCoA 

was derived from β-oxidation. To more explicitly determine if Mpc knockdown drives an 

increase in fatty acid oxidation, we cultured Mpc2KD and Control cells in the presence of 

[U-13C16]palmitate bound to bovine serum albumin (BSA) and observed 13C enrichment in 

TCA intermediates. We observed a significant increase in the relative abundance of M2 

citrate from this tracer in Mpc2KD compared to control cells (Figure 3B). Increased label 

incorporation into numerous TCA metabolites downstream of citrate was also detected 

(Figure 3C), indicating that knockdown of Mpc2 induced a significant increase in fatty acid 

oxidation flux in C2C12 myoblasts.

To confirm the observed metabolic shifts in mitochondrial substrate utilization in an 

orthogonal manner we quantified the ATP-linked and maximal respiration of each cell line 

in the presence of either or both BPTES and etomoxir. The former compound inhibits 

glutamine oxidation via glutaminase whereas the latter inhibits fatty acid oxidation at 

carnitine palmitoyltransferase-1 (CPT1). ATP-linked respiration was only affected when all 

three pathways (i.e., pyruvate transport, glutamine and fatty acid oxidation) were inhibited 

(Figures 1D, 3D, and S2D for raw values). On the other hand, maximal respiration was 

significantly decreased by each individual treatment with the most pronounced effect being 
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observed when BPTES and etomoxir were both added to the culture (Figures 1D, 3D, and 

S2E for raw values). The synergistic effect of inhibiting these three mitochondrial substrate 

oxidation pathways highlights the plasticity of mitochondrial metabolism in respiring cells 

and independently demonstrates that Mpc depletion potentiates cells to employ fatty acid 

and amino acid oxidation to meet their bioenergetic demands.

Small molecule inhibition of MPC enhances amino acid and fatty acid oxidation

Pharmacological inhibition of Mpc function rather than shRNAs may provide a more 

clinically relevant means of exploiting mitochondrial flexibility. To determine whether small 

molecules targeting the Mpc elicit similar effects to inhibition at the transcriptional level we 

treated cells with UK5099, which covalently binds to Mpc and blocks pyruvate transport 

(Hildyard et al., 2005). Culture of proliferating C2C12 cells for 24 hours with 10 μM 

UK5099 in the presence of [U-13C6]glucose revealed a relative decrease in glucose flux to 

the TCA cycle, and results using [U-13C5]glutamine indicate that glutaminolytic flux 

through malic enzyme was significantly increased, as evidenced by the relative abundance 

of M6 citrate (Figures 4A-4B). As observed in the comparison to hypoxia (Figure 2L), the 

metabolic response to UK5099 treatment is distinct to that occurring in response to Complex 

I inhibition. Whereas oxidative TCA flux is maintained during UK5099 treatment, rotenone, 

a potent inhibitor of complex I, shuts down oxidative glutamine metabolism and increases 

reductive carboxylation activity, resulting in a dramatic increase in the relative abundance of 

M5 citrate from [U-13C5]glutamine (Figure 4B). C2C12 myoblasts also displayed a shift 

away from glucose to glutamine as a substrate for fatty acid synthesis in the presence of 

UK5099 (Figure 4C).

Additionally, ATP-linked and uncoupled oxygen consumption were measured when C2C12 

cells were cultured for 24 h with UK5099 to examine their dependency on different 

oxidative substrates. We observed no change in ATP-linked or maximal respiration with 

UK5099 treatment, presumably due to the metabolic plasticity of cells when other pathways 

(i.e., glutamine and fatty acid oxidation) were not inhibited (Figures 4D, S2F-S2G for raw 

values). However, when cells were treated with combinations of UK5099, BPTES, and 

etomoxir we detected a significant effect of UK5099 only with combinatorial treatments 

(Figures 4D, S2F-S2G for raw values). These results further highlight the flexibility of 

oxidative mitochondrial metabolism that can be induced by Mpc inhibition such that C2C12 

cells meet their energetic demands through glutamine and fatty acid oxidation.

Proliferating human transformed cells reprogram metabolism

To validate these findings in human cells using independent shRNAs, MPC levels were also 

depleted in A549 carcinoma cells using shRNAs targeting MPC1 (MPC1KD), MPC2 

(MPC2KD), or a Control sequence. These cells were cultured with [U-13C6]glucose, 

[U-13C5]glutamine, and [U-13C16]palmitate-BSA to observe metabolic reprogramming in 

response to MPC depletion. Results supported findings in C2C12 myoblasts, as glucose 

conversion to citrate, TCA intermediates, and alanine were all significantly decreased in 

MPC1/2KD A549 cells (Figures S3A-S3C). On the other hand, glutamine anaplerosis and 

oxidation through malic enzymes were elevated upon MPC KD in these cells, as evidenced 

by labeling of TCA intermediates (citrate in particular) and alanine from [U-13C5]glutamine 

Vacanti et al. Page 6

Mol Cell. Author manuscript; available in PMC 2015 November 06.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and [3-13C]glutamine (Figure S3D-S3G). Finally, we observed that MPC1KD in A549 cells 

exhibited an increased reliance on fatty acid oxidation to fuel TCA cycle metabolism, as 13C 

labeling of citrate and other TCA metabolites derived from [U-13C]palmitate increased 

significantly (Figures S3H-S3I). A549 cells also responded to pharmacological inhibition of 

MPC by UK5099, as glucose contribution to the TCA cycle declined (Figure S3J) and 

glutamine oxidation increased (Figure S3K). Finally, both A549 cells and the Huh7 human 

hepatocarcinoma cell line increased their reliance on fatty acid oxidation to fuel TCA 

metabolism upon MPC inhibition (Figure S3L-S3M).

MPC influences mitochondrial substrate utilization in differentiated myotubes

To determine whether Mpc functions similarly in more differentiated cells we formed 

myotubes using Control, Mpc1KD, and Mpc2KD C2C12 cells via four-day treatments with 

2% horse serum. Differentiation was confirmed by observing elongation and fusion of 

myoblasts to form multi-nucleated tubes using light microscopy and by immunofluorescent 

staining of desmin, a marker of differentiated muscle (Figure S4A). Maintenance of the 

knockdown upon differentiation was confirmed at the protein and mRNA levels (Figures 

5A-5B). Knockdown of Mpc did not affect glycolytic flux in C2C12 myotubes, as lactate 

secretion, glucose uptake and the ratio of the two were surprisingly unchanged (Figure 5C). 

Furthermore, respiratory inhibition of intact cells presented with all substrates was evident 

only when oxidative phosphorylation was uncoupled, yet Mpc activity was clearly 

compromised as indicated by a decreased rate of pyruvate-driven respiration in 

permeabilized myotubes (Figure 5D).

Targeted metabolomic analysis revealed increases in intracellular abundances of pyruvate 

and aspartate in Mpc2KD myotubes (Figure S4B). In contrast to proliferating cells, 

myotubes rely primarily on glucose carbon for the generation of TCA intermediates (rather 

than glutamine) (Figure S4C). To better resolve changes in pyruvate metabolism upon Mpc 

knockdown or inhibition we cultured myotubes in the presence of either [U-13C6]glucose or 

[3-13C]pyruvate for 2 hours before quantifying isotopic labeling in TCA intermediates. 

Enrichment of glucose and pyruvate carbons in the TCA cycle was significantly decreased 

in response to UK5099 treatment (Figures 5E-5F) or when comparing Mpc2KD to Control 

myotubes (Figures S4D-S4E). Importantly, the pool sizes of all intermediates shown was 

less than or equal to those quantified in controls. As such, the decreased labeling observed 

under non-steady state conditions is indicative of decreases in metabolic flux (rather than 

pool size changes). Additionally, we observed a significant increase in glutaminolysis in 

C2C12 myotubes treated with UK5099, as evidenced by steady-state labeling from 

[U-13C5]glutamine (Figure 5G). Similar trends were observed in myotubes generated using 

Control or Mpc2KD cells (Figure S4F). Although the lower metabolic rate of non-

proliferating myotubes (compared to proliferating cells) minimized the observed differences 

and limited our ability to quantify fatty acid oxidation in these cultures, results indicate that 

Mpc inhibition induces differentiated myotubes to increase glutamine oxidation.

Whereas glutamine is an important substrate for proliferating cells, BCAAs are critical 

bioenergetic substrates for muscle and other tissues, particularly in the fasted state 

(Rosenthal et al., 1974). BCAAs have recently been demonstrated to accumulate in the 
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context of obesity and insulin resistance (Adams, 2011; Newgard et al., 2009; Wang et al., 

2011), though the mechanisms leading to this metabolic phenotype (i.e., higher intake, 

decreased catabolism) are not yet clear. We failed to detect significant flux through this 

pathway in any of the C2C12 myoblasts (Figure S2C), myotubes, or engineered lines 

generated here using [13C]BCAA tracers. To determine whether MPC inhibition promoted 

BCAA catabolism in a more physiologically relevant system we cultured hSKMs in medium 

containing [U-13C5]valine, [U-13C6]leucine, and [U-13C6]isoleucine in the presence or 

absence of UK5099. Notably, 13C enrichment throughout the TCA cycle was significantly 

increased in hSKMs treated with 10 μM UK5099 compared to controls (Figures 5H and 

S4G). As expected, glucose oxidation was inhibited in hSKMs cultured with UK5099 

(Figure 5I). Consistent increases in BCAA oxidation were observed in hSKMs obtained 

from 2 independent subjects (Figures 5H and S4G). These results suggest that mitochondrial 

substrate utilization can be controlled in terminally differentiated hSKMs by modulating 

Mpc activity to influence BCAA catabolism.

DISCUSSION

Traditional approaches to modulate eukaryotic cell metabolism have focused on controlling 

enzyme activity and/or expression. Such treatments can cause bottlenecks and place 

constraints on cells that limit metabolism globally. Since metabolic processes in eukaryotes 

are segregated within the mitochondrial matrix, cytosol, and other subcellular compartments, 

an alternate approach may be to target compartment-specific transporters and exploit the 

inherent metabolic flexibility of cells to control substrate utilization. In this manner, cells 

and tissues that pathologically rely on particular nutrients (e.g., anabolic glucose metabolism 

in diabetes, obesity, and cancer) may be coaxed to shift toward a catabolic state of 

metabolism while maintaining enzyme activity throughout the cell. A critical step in this 

process is to functionally characterize how substrate utilization and intracellular metabolic 

activity (i.e., fluxes) are reprogrammed upon inhibition of specific transporters (Zamboni et 

al., 2009). Here we have outlined the metabolic phenotype of cell lines and hSKMs that 

emerges upon inhibition of the mitochondrial pyruvate transporter encoded by MPC1 and 

MPC2. The observed changes in substrate utilization provide some insights through which 

MPC inhibition can elicit beneficial effects via reprogramming of mitochondrial 

metabolism.

Knockdown of either Mpc1 or Mpc2 abrogated expression of both proteins, as observed 

previously (Divakaruni et al., 2013). Comprehensive 13C MFA integrating data from parallel 

tracer experiments using [13C]glucose and [13C]glutamine was applied to MPC knockdown 

cells, as this modeling approach has been shown to increase flux resolution throughout 

central carbon metabolism (Ahn and Antoniewicz, 2013). Although ATP-linked respiration 

and cell growth remained unchanged, we identified specific changes in amino acid and fatty 

acid metabolism that were recapitulated using the MPC inhibitor UK5099. Glucose 

metabolism in the TCA cycle was significantly decreased but not completely, presumably 

due to incomplete knockdown, passive diffusion, or the presence of an alternate or non-

facilitated transport mechanism. Rather than divert excess cytosolic pyruvate to lactate or 

alanine, this carbon was either secreted from cells as pyruvate or converted to serine. This 

latter activity may be driven by accumulation of glycolytic intermediates (Chaneton et al., 
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2012; Ye et al., 2012) or due to increased serine catabolism in mitochondria (Jain et al., 

2012; Lewis et al., 2014). Notably, alanine levels were significantly decreased in Mpc 

knockdown cells, highlighting a role for mitochondrial pyruvate and mitochondrial alanine 

aminotransferase (ALT2) in mediating glutamine anaplerosis which was previously 

described in cancer cells (Weinberg et al., 2010). The accumulation of aspartate in these 

cells provides evidence of the expected switch to rely on oxaloacetate and mitochondrial 

glutamic-oxaloacetic transaminase 2 (GOT2) to facilitate this process (Figure S1B). A 

similar response was observed in isolated retina treated with the MPC inhibitor Zaprinast 

(Du et al., 2013).

In addition to these metabolomic changes we also observed increased amino acid and fatty 

acid oxidation upon inhibition of MPC. Elevated glutamine anaplerosis and oxidation are 

likely a consequence of decreased citrate synthase and oxidative IDH flux downstream of 

PDH while the ETC remained active (Fan et al., 2013; Le et al., 2012). We also observed a 

significant increase in BCAA oxidation upon MPC inhibition using hSKM cultures, which 

are of perhaps greater physiological relevance than C2C12 cells. Consistent with this 

change, Bricker et al. (Bricker et al., 2012) and Herzig et al. (Herzig et al., 2012) both 

observed growth defects in medium lacking leucine or valine in their characterizations of 

yeast with Mpc deletions. Mpc inhibition may potentiate oxidation of BCAAs or other 

amino acids that accumulate in the context of insulin resistance (Adams, 2011; Newgard et 

al., 2009; Wang et al., 2011). Citrate mass isotopomer labeling and flux estimations also 

highlighted a significant increase in flux through malic enzyme upon Mpc knockdown, 

which could provide additional reducing equivalents [NAD(P)H] within the matrix. These 

results are consistent with the severe growth defect previously observed in yeast with 

deletions in both mpc1 and mitochondrial malic enzyme growing on glucose (Bricker et al., 

2012), highlighting the remarkably conserved nature of metabolism across species.

An initial lack of fit observed in our Mpc knockdown model led us to hypothesize that fatty 

acid oxidation was increased under these conditions. This response was validated by tracing 

with [13C]palmitate-BSA in myoblasts and cancer cells and using either shRNAs or UK5099 

to inhibit mitochondrial pyruvate transport. Here β-oxidation was presumably stimulated, in 

part, due to decreases in citrate and the downstream lipogenic intermediate malonyl-CoA, 

which inhibits CPT1 (McGarry et al., 1983). In this manner, pharmacological inhibition of 

the MPC could stimulate catabolic metabolism in muscle or liver.

Our analyses also more explicitly delineate the roles of MPC1 and MPC2 as components of 

the mitochondrial pyruvate transporter. Although strong evidence supports this functionality 

(Bricker et al., 2012; Divakaruni et al., 2013; Herzig et al., 2012), MPC-mediated regulation 

of pyruvate dehydrogenase (PDH) complex activity has been suggested as an alternative 

function of the MPC proteins (Halestrap, 2012). While our MFA results indicated that 

overall flux through PDH was decreased in Mpc2 knockdown cells, supplementation of 

pyruvate at concentrations expected to enter mitochondria through passive diffusion 

abrogated the increase in glutamine to fatty acid conversion. Furthermore, conversion of 

[13C]pyruvate carbons to lipogenic AcCoA confirmed this pyruvate was metabolized by 

PDH, since carbon atoms in oxaloacetate do not enter the AcCoA pool without PDH 

activity.
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These results also demonstrate that MPC inhibition elicits a distinct metabolic phenotype 

compared to hypoxia or ETC inhibition. Whereas elevated glycolytic rates and reductive 

carboxylation are predominant modes of metabolism under such conditions (Metallo et al., 

2012; Mullen et al., 2012; Scott et al., 2011; Wise et al., 2011), Mpc inhibition instead 

promoted oxidative glutaminolysis to fuel the mitochondrial AcCoA pool. Surprisingly, we 

observed no increase in reductive carboxylation flux. Fatty acid synthesis rates were also 

maintained upon Mpc knockdown, in contrast to that observed when comparing normoxic 

and hypoxic cell growth (Kamphorst et al., 2013; Metallo et al., 2012).

It is well established that oxidation of glucose and fatty acids are dynamically balanced in 

response to nutrient availability and hormonal control (Keung et al., 2013; Muoio et al., 

2012), and disruptions of these processes are evident in metabolic and heart disease. 

Extensive studies support that inhibition of fatty acid oxidation, via genetic manipulation or 

pharmacologic intervention, can increase the rate of pyruvate oxidation (Fillmore and 

Lopaschuk, 2013). However, the converse principle has yet to be shown: that a reduction in 

pyruvate oxidation can stimulate β-oxidation. This may be partly due to the lack of a 

druggable therapeutic target. Our model, though, suggests that inhibition of mitochondrial 

pyruvate uptake can rewire cellular metabolism to boost fatty acid oxidation, which may 

provide an approach to further studies of the interplay between carbohydrate and fat 

metabolism. Given the importance of this metabolic control point, significant interest in 

identifying drugs that control MPC activity has emerged (Colca et al., 2013; Divakaruni et 

al., 2013; Du et al., 2013). The metabolic phenotype of MPC inhibition defined here using 

both shRNAs and UK5099 in cultured cell lines and hSKMs will provide a roadmap for 

molecular level validation of new compounds, facilitating the ability of researchers to 

identify drugs that target MPC versus other mitochondrial enzymes. Indeed, the 

phosphodiesterase inhibitor Zaprinast was recently demonstrated to inhibit mitochondrial 

pyruvate uptake. While Du et al. similarly observed an increase in aspartate levels, no 

evidence of glutaminolysis through malic enzyme was observed (Du et al., 2013), 

potentially due to off-target effects on mitochondrial glutaminase (Elhammali et al., 2014). 

These findings highlight the need for systems-level analyses of metabolism to functionally 

validate gene function and drug specificity. In turn, the identification of selective 

compounds that influence mitochondrial substrate transport and utilization may provide new 

therapeutic avenues to exploit the exquisite flexibility of these organelles.

EXPERIMENTAL PROCEDURES

Cell Culture and 13C Tracing

C2C12, A549, and Huh7 cells were cultured in DMEM with 10% FBS. Terminal 

differentiation of C2C12 cells was initiated by four-day culture in DMEM with 2% horse 

serum. Human skeletal muscle satellite cells were proliferated in SkFM (Lonza, Walkerville, 

MD) and then differentiated to myotubes in MEMα supplemented with 2% FBS as 

described previously (Henry et al., 1995). For tracer and MFA studies, custom, phenol red-

free DMEM or amino acid-free DMEM/F12 (for hSKMs) was formulated by replacing the 

substrate of interest with 13C-labeled glucose, glutamine, pyruvate, or BCAAs (all from 

Cambridge Isotopes) with other components unlabeled. Cultures were washed with PBS 
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before adding tracer media for 15-30 hours unless otherwise specified. Fatty acid oxidation 

studies were conducted using [U-13C16]palmitate non-covalently bound to fatty acid-free 

BSA. [U-13C16]palmitate-BSA was added to culture medium at 5% of the final volume (50 

μM final concentration) with 1 mM carnitine in medium formulated with FBS that was 

delipidated using fumed silica (Sigma) according to the manufacturer's instructions.

Metabolic Flux Analysis

MFA was performed using the elementary metabolite units based software package INCA. 

Inputs to the model include the chemical reactions and atom transitions of central carbon 

metabolism, measured substrate extracellular fluxes, the identity of the 13C labeled tracers, 

and mass isotopomer distributions of select intracellular metabolites. Assumptions are listed 

in the Supplemental Experimental Procedures.

Oxygen Consumption Measurements

Respiration was measured in adherent monolayers of C2C12 myocytes using a Seahorse 

XF96 Analyzer. Myoblasts were plated at 1×104 cells/well and grown for two days. Cells 

were assayed in unbuffered DMEM (Sigma #D5030) supplemented with 8 mM glucose and 

3 mM glutamine. Unless stated in the figure legend, pyruvate was omitted from the assay 

medium. ATP-linked respiration was calculated as the oxygen consumption rate sensitive to 

2 μg/mL oligomycin. Maximal respiration was calculated as the difference between 

protonophore-stimulated respiration (measured as the highest rate from sequential additions 

of FCCP; final concentrations between 400 and 800 nM) and non-mitochondrial respiration 

(measured after addition of 2 μM rotenone and 2 μM antimycin A). Where indicated, 

etomoxir (20 μM) or BPTES (3 μM) were added to the plate 20 minutes prior to basal 

respiration measurements. Respiration in permeabilized cells (1 nM XF PMP, Seahorse 

Bioscience) was measured in cells offered 5 mM pyruvate, 0.5 mM malate, 2 mM DCA, 2 

μg/mL oligomycin, and 400 nM FCCP. All data are mean ± S.E.M. of at least four 

biological replicates (with a minimum of 5 technical replicates per experiment). Statistical 

analysis was conducted using ANOVA of repeated measures with Dunnett's post-hoc test. 

Where appropriate, the square root of normalized data was analyzed.

Metabolite Extraction and GC/MS analysis

At the conclusion of a tracer experiment the tracer media was removed from the culture 

wells, the cells washed with a saline solution and the bottom of the well covered with cold 

methanol to lyse the cells and halt metabolism. Water containing norvaline at 5 μg/mL was 

charged to each well at a volume ratio of 1:2.5 relative to the methanol. The bottom of each 

well was scraped with a 1000 μL pipette tip and the cells collected in 1.5 mL tubes. Cold 

chloroform containing 2 μg/mL of heptadodecnaoate was added to each sample at a 1:1 

volume ratio relative to the methanol. The mixtures were vortexed, and the polar and non-

polar layers were separated and evaporated after centrifugation. Details of the derivatization 

process can be found in the Supplemental Experimental Procedures.

Derivatized metabolites were analyzed using a DB-35MS column (30m × 0.25mm i.d. × 

0.25μm, Agilent J&W Scientific) in an Agilent 7890A gas chromatograph coupled to a 
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5975C mass spectrometer. Details of the chromatography method and mass spectrometry 

scanning parameters can be found in the Supplemental Experimental Procedures.

Human Subjects

All human skeletal muscle biopsies were obtained with approval from the University of 

California San Diego's Committee on Human Investigation. All donors provided informed 

written consent after listening to an explanation of the protocol.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MPC knockdown does not affect the overall metabolic state of cells
(A, B) Relative expression of Mpc1 and Mpc2 as determined by qPCR (A) and western blot 

(B). (C-E) Proliferation (C), oxygen consumption rates (OCR; D), and extracellular 

substrate fluxes (E) of Control, Mpc1KD, and Mpc2KD cells. (D) ATP-linked and maximal 

respiration of intact cells and pyruvate-dependent respiration in permeabilized cells 

(measured as outlined in Experimental Procedures). (F) Relative abundance of intracellular 

metabolites. Error bars represent minimum and maximum relative expression as calculated 

by qPCR data analysis software (A), standard deviation (SD) (C, E, F), or standard error of 

the mean (SEM) (D). *, **, and *** indicate p<0.05, p<0.01, and p<0.001 respectively by 

ANOVA with Dunnett's post-hoc test.
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Figure 2. MPC regulates mitochondrial substrate utilization
(A) Citrate mass isotopomer distribution (MID) resulting from culture with [U-13C6]glucose 

(UGlc). (B) % 13C labeled metabolites from UGlc. (C) % fully labeled lactate, pyruvate, and 

alanine from UGlc. (D) Serine MID resulting from culture with UGlc. (E) % fully labeled 

metabolites derived from [U-13C5]glutamine (UGln). (F) Schematic of UGln labeling of 

carbon atoms in TCA cycle intermediates arising via glutaminoloysis and reductive 

carboxylation. Mitochondrion schematic inspired by Lewis et al. (Lewis et al., 2014) (G, H) 

Citrate (G) and alanine (H) MIDs resulting from culture with UGln. (I) Maximal oxygen 

consumption rates ±3 μM BPTES in medium supplemented with 1 mM pyruvate (J) % 

newly synthesized palmitate as determined by ISA. (K) Contribution of UGln and UGlc to 

lipogenic AcCoA as determined by ISA. (L) Contribution of glutamine to lipogenic AcCoA 

via glutaminolysis (ISA using a [3-13C]glutamine [3Gln]) and reductive carboxylation (ISA 

using a [5-13C]glutamine [5Gln]) under normoxia and hypoxia. (M) Citrate MID resulting 

from culture with 3Gln. (N) Contribution of UGln and exogenous [3-13C]pyruvate (3Pyr) to 

lipogenic AcCoA. 2KD+Pyr refers to Mpc2KD cells cultured with 10 mM extracellular 

pyruvate. Error bars represent SD (A-E, G, H,M), SEM (I), or 95% confidence intervals 

(J,K,L,N). *, **, and *** indicate p<0.05, p<0.01, and p<0.001 respectively by ANOVA 

with Dunnett's post-hoc test (A-E, G-J) or * indicates significance by non-overlapping 95% 

confidence intervals (J,K,L,N).
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Figure 3. Mpc knockdown increases fatty acid oxidation
(A) Schematic of changes in flux through metabolic pathways in Mpc2KD relative to 

Control cells. (B) Citrate MID resulting from culture with [U-13C16]palmitate conjugated to 

BSA (UPalm). (C) % 13C enrichment resulting from culture with UPalm. (D) ATP-linked 

and maximal oxygen consumption rate, ± 20 μM etomoxir, ±3 μM BPTES. Culture medium 

supplemented with 0.5 mM carnitine. Error bars represent SD (B, C) or SEM (D). *, **, and 

*** indicate p<0.05, p<0.01, and p<0.001 respectively by two-tailed, equal variance, 

Student's t-test (B-D), or by ANOVA with Dunnett's post-hoc test (D).
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Figure 4. Metabolic reprogramming resulting from pharmacological Mpc inhibition is distinct 
from hypoxia or Complex I inhibition
(A) % 13C labeled metabolites from UGlc, ±10 μM UK5099. (B) Citrate MID resulting from 

culture with UGln, ±10 μM UK5099, or ±30 nM rotenone. (C) Relative contribution of 

UGlc and UGln to lipogenic AcCoA, ±10 μM UK5099. (D) ATP-linked and maximal 

oxygen consumption rate, ±10 μM UK5099, ±20 μM etomoxir, and ±3 μM BPTES. Culture 

medium supplemented with 0.5 mM carnitine. Error bars represent a SD (A, B), 95% 

confidence intervals (C), or SEM (D). *, **, and *** indicate p<0.05, p<0.01, and p<0.001 

respectively by two-tailed, equal variance, Student's t-test (A, D), by ANOVA with 

Dunnett's post-hoc test (B, D), or by non-overlapping 95% confidence intervals (C).
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Figure 5. Mpc controls oxidative substrate utilization in myotubes
(A, B) Protein (A) and mRNA (B) levels of Mpc1 and Mpc2. (C) Extracellular substrate 

fluxes in Control or Mpc2KD C2C12 myotubes. (D) ATP-linked and maximal OCR of 

intact C2C12 myotubes and pyruvate-dependent OCR of permeabilized C2C12 myotubes. 

(E, F) % 13C enrichment resulting from culture of C2C12 myotubes with UGlc (E) and 3Pyr 

(F) for 2 hours, ±5 μM UK5099. (G) Citrate MID resulting from culture of C2C12 myotubes 

with UGln, ±10 μM UK5099. (H) % 13C enrichment in Patient 1 hSKMs cultured with with 

[U-13C5]valine, [U-13C6]leucine, and [U-13C6]isoleucine (collectively UBCAA), ±10 μM 

UK5099. (I) hSKMs glutamate MID resulting from culture with [U-13C6]glucose, ±10 μM 

UK5099. Error bars represent minimum and maximum relative expression as calculated by 

qPCR data analysis software (B), SD (C, E-I), or SEM (D). *, **, and *** indicate p<0.05, 

p<0.01, and p<0.001 respectively by a two-tailed, equal variance, Student's t-test (C, E-I), or 

by ANOVA with Dunnett's post-hoc test (D).
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