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Summary:

The hepatic TCA cycle supports oxidative and biosynthetic metabolism. This dual responsibility 

requires anaplerotic pathways, such as pyruvate carboxylase (PC), to generate TCA cycle 

intermediates necessary for biosynthesis without disrupting oxidative metabolism. Liver-specific 

PC knockout (LPCKO) mice were created to test the role of anaplerotic flux in liver metabolism. 

LPCKO mice have impaired hepatic anaplerosis, diminution of TCA cycle intermediates, 

suppressed gluconeogenesis, reduced TCA cycle flux, and a compensatory increase in ketogenesis 

and renal gluconeogenesis. Loss of PC depleted aspartate and compromised urea cycle function, 

causing elevated urea cycle intermediates and hyperammonemia. Loss of PC prevented diet-

induced hyperglycemia and insulin resistance, but depleted NADPH and glutathione, which 

exacerbated oxidative stress and correlated with elevated liver inflammation. Thus, despite 

catalyzing the synthesis of intermediates also produced by other anaplerotic pathways, PC is 

specifically necessary for maintaining oxidation, biosynthesis, and functions more distal to the 

TCA cycle, such as antioxidant defenses.

Graphical Abstract

eTOC Blurb:

Capel et al. report that in the liver, pyruvate carboxylase (PC) regulates gluconeogenesis. More 

generally, PC replenishes TCA cycle intermediates, and its loss is insufficiently compensated by 

alternative pathways. Hence, PC flux is essential for TCA cycle-dependent biosynthesis, and less 

obvious roles in substrate oxidation, urea cycle, redox and antioxidant capacity.

Cappel et al. Page 2

Cell Metab. Author manuscript; available in PMC 2020 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Pyruvate carboxylase; Metabolic Flux; Anaplerosis; TCA Cycle; Urea Cycle; Gluconeogenesis; 
Liver physiology; High-Fat Diet

Introduction:

The hepatic TCA cycle provides intermediates and the energy necessary for multiple 

biosynthetic pathways (Fig. 1A). For example, phosphoenolpyruvate (PEP) carboxykinase 

(PEPCK) catalyzes the conversion of the TCA cycle intermediate oxaloacetate (OAA) to 

PEP, which subsequently supports the majority of gluconeogenesis during fasting (Landau et 

al., 1996). The cataplerotic loss of OAA would rapidly deplete TCA cycle intermediates 

without a balanced influx of precursors via anaplerotic pathways. Pyruvate carboxylase (PC) 

catalyzes the carboxylation of pyruvate to OAA and represents a major anaplerotic pathway 

by which alanine and lactate replenish TCA cycle intermediates, not only for 

gluconeogenesis, but also for other pathways including the urea cycle and lipid synthesis, 

(Fig. 1A). Mutations in the PC gene (Pcx) cause hypoglycemia, urea cycle defects, and 

neurological deficits in humans (Marin-Valencia et al., 2010). In contrast, over-activation of 

this pathway causes hyperglycemia during insulin resistance and diabetes (Consoli et al., 

1990; Landau et al., 1996; Reaven, 1988). Characterizing the role of PC in anaplerosis and 

downstream pathways is important for understanding the metabolic mechanisms of diseases 

like obesity, insulin resistance, and inborn errors of related pathways.

As seminal steps in gluconeogenesis, both PEPCK (Rognstad, 1979) and PC (Groen et al., 

1986) were proposed to regulate the rate of gluconeogenesis in liver. Inasmuch as PEPCK 

has an exceptional transcriptional response to insulin and glucagon signaling, it is frequently 

cited as the chief regulatory step in hepatic gluconeogenesis (Granner et al., 1983; Hanson 

and Reshef, 1997). However, knockdown studies of PEPCK demonstrated that 

transcriptional regulation of PEPCK is not an effective mechanism for control of hepatic 

gluconeogenesis (Burgess et al., 2007). In contrast to PEPCK, PC is weakly regulated by 

transcriptional mechanisms, although PC protein content increases with insulinopenia (Salto 

et al., 1996) and correlates with glycemia in humans (Kumashiro et al., 2013). Most 

importantly, metabolic control analysis indicates that PC exerts ~80% control over 

gluconeogenesis (Groen et al., 1986). Thus, PC controls anaplerotic/cataplerotic flux in 

response to metabolic conditions despite weak transcriptional regulation.

The tight control of flux by PC is mediated by its unique structure and function. PC is a 

tetrameric mitochondrial enzyme consisting of a dimer of dimers with two active sites 

(Bottger et al., 1969; Jitrapakdee et al., 2008). One active site catalyzes the MgATP/HCO3 

dependent carboxylation of biotin and the other active site is a transferase that completes the 

carboxylation of pyruvate (St Maurice et al., 2007). The proximity of these two enzymatic 

sites, and thus PC activity, is positively modulated by allostery, principally the binding of 

acetyl-CoA to amino acid residues that change the conformation of the enzyme (Jitrapakdee 

et al., 2008). Physiological concentrations of acetyl-CoA are necessary for PC activity, while 

metabolites of the TCA cycle such as α-ketoglutarate or products of energy scarcity such as 
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ADP reduce the allosteric binding of acetyl-CoA and thereby inhibit PC activity (Keech and 

Utter, 1963; McClure and Lardy, 1971; von Glutz and Walter, 1976). The allostery of PC is 

one reason why gluconeogenesis is acutely responsive to hepatic energetics, especially fat 

oxidation which generates acetyl-CoA, increases ATP and reduces ADP (Williamson et al., 

1966). The sensitivity of PC to fat oxidation may be a link between elevated adipose 

lipolysis and increased gluconeogenesis during T2DM (Rebrin et al., 1996).

This study investigates the role of PC in hepatic gluconeogenesis, amino acid metabolism, 

energy metabolism and redox state. These pathways were examined in a liver-specific 

knockout of Pcx (LPCKO) using metabolomics, metabolic tracers and mathematical 

modeling. We report that hepatic PC is required for normal gluconeogenesis, TCA cycle and 

urea cycle functions, but its loss did not elicit obvious neurological defects observed in 

humans with inborn PC deficiency. Although loss of hepatic PC prevented insulin resistance 

and glucose intolerance during a high fat diet (HFD), it also impaired oxidative defense and 

predisposed liver to inflammation. Thus, elevated anaplerosis contributes to hyperglycemia 

during obesity and insulin resistance, but it is also indispensable for urea cycle function and 

antioxidant defenses.

Results

Authentication of liver-specific pyruvate carboxylase knockout mice

A liver-specific PC knockout mouse was generated by targeting the Pcx gene in C57BL/6N 

embryonic stem cells (Skarnes et al., 2011). The vector L1L2_Pgk_P was inserted upstream 

of the targeted exon and an additional loxP site was inserted downstream of the Pcx exon 10 

(Fig. 1B). This mouse was crossed with a mouse expressing Flp recombinase to create mice 

with the Pcx floxed allele. Pcx floxed (PCf/f) mice were bred with albumin-Cre (She et al., 

2000) expressing mice to create liver-specific PC knockout (LPCKO) mice. LPCKO mice 

are viable and fertile, and no gross effects on health or mortality were observed. Gene 

expression of PC is reduced by 98% in the livers of the LPCKO mice as measured by qPCR 

(Fig. 1C). PC protein was undetectable by western blotting in protein extracts from livers of 

LPCKO mice (Fig. 1D). These data demonstrate that PC mRNA and protein were 

successfully removed from liver of LPCKO mice.

LPCKO does not affect basal glucose levels but lowers fasting insulin

PC catalyzes the carboxylation of pyruvate to oxaloacetate in the TCA cycle and can be used 

to support many different pathways, most notably gluconeogenesis in liver (Fig. 1A). 

Surprisingly, LPCKO mice had normal plasma glucose in the fed and fasted state (Fig. 1E) 

but stored less hepatic glycogen (Fig. 1F). Fasting insulin was lower (Fig. S1A), with no 

change in fasting glucagon (Fig. S1B), leading to an elevated glucagon/insulin ratio (Fig. 

1G). After an overnight fast, a lactate/pyruvate tolerance test (1.5/0.15 mg/g BW) produced 

a significant excursion of glucose in PCf/f, but not LPCKO mice by 10 minutes after 

injection (Fig. 1H). Similarly, PCf/f mice rapidly cleared lactate compared to LPCKO mice, 

as indicated by lower blood lactate concentrations throughout the test (Fig. 1H). In contrast, 

when the test was performed in the fed state, where gluconeogenesis is suppressed and 

glycogenolysis predominates, there were no differences between the PCf/f and LPCKO mice 
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(Fig. 1I). Metabolic cage data indicated mild effects on whole body metabolism, including a 

small increase in food intake and energy expenditure in LPCKO mice (Fig. S1C–H). Thus, 

mice tolerate loss of hepatic PC without effects on glycemia and only mild effects on whole-

body energy metabolism.

Loss of PC impairs hepatic gluconeogenesis

Since LPCKO mice maintain normoglycemia following an overnight fast, we determined 

how loss of PC specifically affects hepatic gluconeogenesis. Fasting endogenous glucose 

production was examined by steady state infusion of [U-13C]glucose in conscious and 

unrestrained overnight fasted mice. Plasma glucose M+6 was slightly increased in the 

LPCKO mice (Fig. 2A), while lactate mass isotopomers were normal in LPCKO mice (Fig. 

2B). These data were regressed to a modified elementary metabolite unit analysis of whole 

body glucose production and gluconeogenesis from lactate (Antoniewicz et al., 2007) using 

the INCA modeling software (Young, 2014). Both EGP (Fig. 2C) and whole body 

gluconeogenesis from PC (Fig. 2D) were statistically lower but remarkably normal in the 

LPCKO mice. To ensure liver autonomy, we performed isolated liver perfusions in overnight 

fasted LPCKO mice and their PCf/f littermates. Perfusate contained lactate, pyruvate, 

glycerol and free fatty acids (FFA)/albumin as metabolic substrates, and tracer levels of 2H/
13C (2H2O and [U-13C]propionate) to examine metabolic flux through gluconeogenesis and 

TCA cycle related pathways. In contrast to endogenous glucose production, hepatic glucose 

output was decreased by 75% in LPCKO livers (Fig. 2E). 2H NMR analysis of glucose (Fig. 

2F) confirmed that very little glucose originated from glycogen (i.e. H2 and H5 enrichments 

were similar), as expected from fasted livers. Moreover, lower 2H labeling on glucose H6s 

indicated that the fraction of glucose produced from TCA cycle intermediates was 

substantially reduced in LPCKO livers (Fig. 2F and S2A). When normalized to total glucose 

production, absolute gluconeogenesis from TCA cycle anaplerosis in LPCKO liver was less 

than 15% of control liver (Fig. 2G). The difference in deuterium labeling on glucose H5 and 

H6s indicated that the fraction of glucose produced from non-TCA cycle intermediates (i.e. 

glycerol) tended to be greater in LPCKO liver (Fig. S2A), but its absolute flux was 

surprisingly suppressed in LPCKO liver (Fig. S2B). Since PC-independent anaplerotic 

sources are available to liver in vivo, we attempted to overcome loss of PC by supplementing 

perfusate with either 1 mM propionate or 1 mM glutamine, but neither was effective at 

rescuing glucose production (Fig. 2H). The inability of LPCKO liver to compensate by 

utilization of PC-independent substrates was consistent with a general decrease in the 

expression of gluconeogenic genes Pepck and G6pase in LPCKO liver (Fig. S2C). These 

data demonstrate that PC is required for a large majority of hepatic gluconeogenesis from 

the TCA cycle and that the elimination of flux through PC reduces hepatic gene expression 

related to gluconeogenesis.

The relatively normal endogenous gluconeogenesis but near abolishment of hepatic 

gluconeogenesis indicates compensation by an extrahepatic tissue. Although normally 

negligible, the proximal tubules of the kidney can contribute significantly to endogenous 

glucose production during hypoglycemia and acidosis (Joseph et al., 2000). Expression of 

Pgc1α, Pcx, G6pase, and Glut2 (which is required for glucose transport across the 

basolateral membrane of the renal proximal tubule), were elevated in the kidney of LPCKO 
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mice (Fig. 2I). LPCKO kidney had elevated M2 and M3 enriched1 oxaloacetate following 

[U-13C]glucose infusion (Fig. 2J), consistent with increased utilization of circulating M2 

and M3 lactate/pyruvate in the anaplerotic pathway of the kidney. Similar results were 

obtained following a [U-13C]lactate/pyruvate injection (Fig. S2D). In particular, kidney of 

fasted (Fig. 2K) but not fed (Fig. S2D) LPCKO mice had elevated M3 enrichment in most 

TCA cycle intermediates, suggesting increased utilization of the anaplerotic pathway for 

gluconeogenesis. Thus LPCKO mice maintain normal glycemia, in part, by substantially 

increasing renal gluconeogenesis.

Loss of PC disrupts hepatic amino acid catabolism

Humans with inborn errors of PC have altered plasma amino acid profiles (Marin-Valencia 

et al., 2010) . Thus, we examined amino acid metabolism in livers of LPCKO mice. We first 

performed an untargeted 1H NMR metabolomic analysis of liver extracts from fasted and 

refed mice (Fig. S3A). Metabolomic profiles of LPCKO liver were clearly distinct from 

control liver when analyzed by principal component analysis (Fig. S3B), including 

differences in a variety of amino acids (Fig. S3C). Thus, we also performed a targeted 

quantitative GC-MS analysis of amino acids in livers from fasted mice. Alanine, the amino 

acid analog of pyruvate, was elevated in LPCKO liver, while glutamate, a potential PC-

independent anaplerotic substrate, was lower (Fig. 3A). Aspartate, an obligate ammonia 

donor to the urea cycle, was decreased by ~50%, and there were large increases in levels of 

urea cycle intermediates citrulline and arginine (Fig. 3B). Ornithine tended to be elevated in 

the MS analysis and was significantly elevated in the 1H NMR analysis (Fig. S3C). Lysine, a 

marker of urea cycle dysfunction, was dramatically elevated in LPCKO liver (Fig. 3B). 

Plasma lysine, citrulline, and arginine were also dramatically elevated (Fig. S3D), as is 

typical in humans with PC deficiency or other urea cycle defects. However, unlike humans 

with PC deficiency or other urea cycle defects, we did not detect neurological effects by 

observation or by neuromotor evaluation (Fig. S3E). In conjunction with elevated urea cycle 

intermediates, LPCKO liver had an increase in the expression of argininosuccinate lyase 

(Asl), the enzyme responsible for production of fumarate and arginine from 

argininosuccinate, and carbamoyl phosphate synthetase (Cps), the enzyme that synthesizes 

carbamoyl phosphate from ammonia and bicarbonate (Fig. 3C). The urinary urea/creatinine 

ratio was not changed (Fig. 3D), but plasma ammonia was elevated in the LPCKO mice 

(Fig. 3E). The elevated expression of these genes and the robust increase in urea cycle 

intermediates may provide a mechanism to compensate for reduced aspartate supply. Indeed, 

when liver was perfused with 1mM aspartate, there was a dramatic induction of urea 

production in LPCKO liver compared to PCf/f controls (Fig. 3F), which did not occur when 

livers were perfused with glutamine (Fig. 3G). These data demonstrate that loss of hepatic 

PC causes a deficiency in aspartate, resulting in a rise in urea cycle metabolites and 

hyperammonemia (Fig. 3H) despite a compensatory rise in urea cycle gene expression.

1M1, M2, M3, etc. indicate the mass enrichment of a stable isotope (e.g. 13C or 2H) in a metabolite after correction for natural 
abundance. In this example, “M3 enriched oxaloacetate” indicates that oxaloacetate was labeled with a 13C isotope in 3 positions.
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Pyruvate carboxylase is required for hepatic TCA cycle function

Since PC is the principal anaplerotic pathway for the TCA cycle in liver, we examined 

whether loss of PC altered TCA cycle function. Untargeted NMR metabolomic analysis of 

livers from fasted and refed mice indicated lower concentrations of TCA cycle intermediates 

and higher lactate concentrations (Fig. S3C). Quantitative analysis by GC-MS confirmed 

that hepatic concentrations of pyruvate and lactate were elevated in the liver of fasted 

LPCKO mice (Fig. 4A), and that TCA cycle intermediates were generally decreased by 

~50% in the livers of LPCKO mice (Fig. 4B). Interestingly, α-ketoglutarate, a substrate for 

the ALT reaction (Ala + aKG ↔ Pyr + Glu), was increased, similar to alanine. This finding 

is consistent with the expected effect of pyruvate accumulation and the depletion of 

glutamate, since transaminases operate at near equilibrium (Brosnan et al., 1970). However, 

the mass action ratio of ALT ([Ala][αKG]/[Pyr][Glu]) was elevated 4-fold (Fig. S4A), while 

the aspartate amino transferase (AST) mass action ratio ([Asp][αKG]/[OAA][Glu]) tended 

to be higher (Fig. S4B) in the LPCKO liver. These data indicate that the ALT reaction does 

not reach the same equilibrium state in the LPCKO liver and suggest that the transamination 

reactions themselves may be inhibited.

To test the function of the PC pathway in vivo, we examined the enrichment of hepatic TCA 

cycle intermediates following a [U-13C]lactate/pyruvate tolerance test. Lactate and pyruvate 

M3 enrichments were elevated in LPCKO mice (Fig. S4C), indicating impaired disposal 

through PC. Oxaloacetate, malate and fumarate M3 enrichments were 2-fold lower in liver 

of fasted LPCKO mice, but were remarkably normal in the fed state (Fig. S4D). However, 

when 13C incorporation was normalized to total ion count, the relative abundances of M3 

OAA and M3 malate were lower by ~90% in the LPCKO in both the fasted and fed state 

(Fig. 4C,D), consistent with loss of anaplerotic function of the TCA cycle. The residual 13C 

enrichment in the TCA cycle intermediates in the LPCKO liver may have originated from 

PDH flux. Indeed, citrate M5 and M6 (Fig. S4D), which can only be formed during PDH 

flux, were both elevated in the liver of the LPCKO mice. The M5-citrate/M3-OAA ratio was 

used to estimate M2-acetyl-CoA oxidation relative to TCA cycle flux. As expected, PDH 

flux in control liver was low and completely suppressed by fasting. However, LPCKO liver 

had elevated PDH flux which was not suppressed by fasting (Fig. 4E).

To specifically examine TCA cycle function, we analyzed 13C isotopomers in glucose after 

perfusion of isolated liver with lactate/pyruvate, FFA, and tracer levels (15-fold lower than 

lactate/pyruvate) of [U-13C]propionate. The dilution and rearrangement of these isotopomers 

in the TCA cycle reports anaplerotic and oxidative TCA cycle flux (Jin et al., 2004; Jones et 

al., 2001; Landau et al., 1993). Total glucose 13C enrichment at the C2 position was ~5%, 

confirming that the tracer did not substantially contribute to glucose flux. There were no 

significant differences in the relative isotopomer distributions that appeared in glucose as 

measured by 13C NMR spectroscopy (Fig. 4F), but their rate of appearance of these 

isotopomers was markedly lower (Fig. 4G). Analysis of the glucose isotopomers using a 

mathematical model of the TCA cycle (Jin et al., 2004; Jones et al., 2001) indicated that, as 

expected, absolute anaplerotic flux was dramatically reduced (Fig. 4H). More importantly, 

loss of PC caused a substantial suppression of oxidative TCA cycle flux in liver (Fig. 4I). 
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These findings were also consistent with lower oxygen uptake by the LPCKO liver (Fig. 4J), 

indicating that loss of PC reduces oxidative metabolism in liver.

Loss of PC increases ketogenesis but not β-oxidation

Liver supplies the majority of its oxidative metabolism through β-oxidation. In contrast to 

lower TCA cycle flux, the expression levels of fatty acid oxidation genes were normal or 

increased in liver from fasted chow-fed LPCKO mice (Fig. 4K). Fasting concentrations of 

acetyl-CoA, malonyl-CoA (Fig. S4E) and the acyl-carnitine profile (Fig. S4F) were normal 

in LPCKO liver. Plasma triglycerides were decreased in LPCKO mice (Fig. 4L), but relative 

mRNA levels for genes related to triglyceride synthesis and assembly were normal, except 

for Dgat2, which was elevated (Fig. S4G). Increased Dgat2 expression may compensate for 

impaired glycerophosphate synthesis during PC inhibition. However, there was no difference 

in liver triglyceride content between the LPCKO mice and their PCf/f littermates in the 

fasted state (Fig. 4M). To more specifically examine β-oxidation, we measured ketones, 

which represent the predominant fate of hepatic acetyl-CoA in the fasted state (McGarry and 

Foster, 1980; Puchalska and Crawford, 2017). Loss of hepatic PC increased the plasma 

ketone levels in both the fasted and refed states (Fig. 4N), and increased ketogenic flux in 

fasted liver (Fig. 4O). Nonetheless, regression of all fluxes to a flux balance analysis (FBA) 

indicated that LPCKO liver maintained normal β-oxidation (Fig. 4P). Thus, the increase in 

ketogenesis offset the decrease in TCA cycle flux, but did not alter lipid oxidation and did 

not affect liver triglycerides (Fig. 4Q).

PC knockout reduces mitochondrial energy production but not respiratory capacity

PC is a mitochondrial enzyme, and its loss of function suppresses anaplerosis, the TCA 

cycle, the urea cycle and may impair cellular respiration in humans with PC deficiency 

(Habarou et al., 2015). Citrate synthase activity was unchanged, indicating that there was no 

difference in the amount of mitochondria in LPCKO hepatocytes (Fig. 5A). Oxygen uptake 

and other substrate fluxes measured in isolated perfused liver were regressed using a flux 

balance analysis to model hepatic respiration (Fig. 5B). Flux through complex I and 

complex IV was significantly lower, while respiration of FADH2 (complex II and ETF-Q 

oxidoreductase) was normal in LPCKO liver. To determine if suppressed respiration in 

functioning liver impaired the ability of LPCKO mitochondria to maintain hepatocellular 

energetics, adenine nucleotides were measured in snap frozen liver from fasted mice. AMP 

and ADP were normal, while ATP and the ATP/AMP ratio tended to be higher in LPCKO 

liver (Fig. 5C–D), suggesting that mitochondrial respiration was more than sufficient to 

sustain hepatocellular energy charge. In addition, total NAD+/NADH and cytosolic redox 

state (indicated by hepatic [pyruvate]/[lactate]) were normal (Fig. S5A), and mitochondrial 

redox state (indicated by hepatic [αKG][NH4]/[glu]) (Krebs and Veech, 1969), was more 

oxidized (Fig. 5E) in LPCKO liver. These data indicate that respiration was sufficient to 

sustain the oxidation of NADH.

The suppression of oxidative metabolism and respiration in functioning liver was contrasted 

by an oxidized redox state and elevated energy charge, thus we examined respiration in 

isolated mitochondria to clarify whether mitochondrial capacity is altered in the absence of 

PC. Mitochondria isolated from livers of LPCKO and PCf/f animals were exposed to media 
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containing 10mM pyruvate and 5 mM malate, and oxygen consumption was measured using 

a Seahorse system. There was no difference in oxygen consumption rates when 

mitochondria were treated with ADP (to activate ATP production), oligomycin (to measure 

proton leak), CCCP (to measure maximal respiration) or antimycin A (to measure non-

mitochondrial oxygen consumption) (Fig. 5F). Together, these observations suggest that 

LPCKO livers do not have an inherent defect in mitochondrial respiration, but rather that 

primary defects in the TCA cycle, gluconeogenesis, and the urea cycle lower the observed 

respiration secondary to decreased NADH production and ATP demand (Fig. 5G).

LPCKO mice are protected against HFD-induced glucose intolerance but not hepatic 
steatosis.

Elevated fat oxidation and increased acetyl-CoA activate PC (Williamson et al., 1966), and 

induce gluconeogenesis during obesity and insulin resistance (Rebrin et al., 1996). Thus, we 

tested whether liver specific loss of PC is sufficient to protect against elevated 

gluconeogenesis during a 60% fat diet (HFD). LPCKO mice tended to gain less weight 

during a HFD (Fig. S6A), perhaps due to slightly increased energy expenditure in these mice 

(Fig. S1F–H), though weight differences did not reach significance. After 12-weeks on a 

HFD, control mice had elevated fasting plasma glucose, while the LPCKO mice maintained 

levels similar to a standard chow diet (Fig. 6A). Glucose excursion in the LPCKO mice was 

significantly lower during a glucose tolerance test (Fig. 6B). Insulin administered into the 

portal vein of 12-week HFD mice caused rapid phosphorylation of Akt (Fig. S6B), but 

LPCKO liver was roughly 2-fold more sensitive than control liver to insulin action (Fig. 6C). 

After 18-weeks of a HFD LPCKO mice had lower fasting plasma insulin levels compared to 

the PCf/f mice (Fig. 6D). Several effects observed in chow-fed LPCKO mice, including 

increases in ketosis (Fig. 4N), fatty acid oxidation related mRNA (Fig. 4K) and hepatic 

energy charge (Fig. 5D), may protect insulin sensitivity. However, these potentially 

beneficial characteristics were lost during an 18-week HFD (Fig. S6C–F). Circulating 

triglycerides were lower in LPCKO mice (Fig. 6E), but biochemical analysis revealed no 

difference in liver TG content between LPCKO mice and PCf/f littermates (Fig. 6F). 

Inspection of H&E staining indicated that LPCKO liver (Fig. 6G) had reduced 

macrovesicular steatosis, but no improvement in microvesicular steatosis, inflammation, or 

necrosis. These results demonstrate that LPCKO mice are protected against HFD-induced 

changes in glycemia and hepatic insulin resistance but not hepatic steatosis.

Loss of hepatic PC predisposes liver to oxidative stress and inflammation by 
dysregulating NADP(H) redox state.

Inhibition of cataplerosis by knockdown of PEPCK protected glycemia, lowered oxidative 

metabolism, decreased oxidative stress, and reduced inflammation in liver during a HFD 

(Satapati et al., 2015). Thus, we examined whether inhibition of anaplerosis by loss of PC 

also protected liver pathology during a HFD. Serum amyloid P was elevated in LPCKO mice 

(Fig. S7A), but ALT was lower compared to control mice on a HFD (Fig. S7B). However, 

the AST/ALT ratio was increased by 3-fold in the LPCKO liver (Fig. S7C), suggesting that 

impaired ALT function in LPCKO liver (Fig. S4A) may have limited plasma transaminase 

activity. In fact, mRNA markers of inflammation and cell death were increased in LPCKO 

compared to control livers after a 12-week HFD, and dramatically increased after an 18-
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week HFD (Fig. 7A). Thus, loss of hepatic PC protects against impaired glycemia, plasma 

triglycerides, and macrovesicular steatosis, but predisposes liver to inflammation during a 

HFD. Given changes in mitochondrial metabolism in LPCKO liver, we investigated 

oxidative stress as a potential mechanism for increased susceptibility to inflammation. 

Nuclear factor (erythroid-derived)-like (Nrf) and other adaptive transcription factors are 

stabilized by TCA cycle intermediates (Al-Sawaf et al., 2015; Laukka et al., 2016), which 

were markedly suppressed in LPCKO mice on a HFD (Fig. S7D). Indeed, Nrf1/2 were 

activated, but the expression of their target gene, catalase, was suppressed (Fig. 7B). We 

observed alterations in TCA cycle intermediates and amino acids in HFD-fed mice (Fig. 

S7D–E), similar to those that provided an oxidized NAD(H) redox state on chow diet. We 

therefore examined whether a similar effect occurred in the NADP(H) redox state, an 

essential cofactor in antioxidant pathways. The impaired production of malate and 

accumulation of pyruvate resulted in a striking shift in the malic enzyme redox pair (Malate 

+ NADP+ → Pyr + NADPH), suggesting a markedly lower NADPH/NADP+ ratio in 

LPCKO compared to control liver (Fig. 7C). Indeed, direct analysis of total NADPH and 

NADP+ confirmed a 4-fold lower NADPH/NADP+ ratio (Fig. 7D). NADPH acts as a 

reducing agent in the glutathione antioxidant system, thus its depletion led to less 

glutathione (GSH) in LPCKO mice (Fig. 7E). These factors should increase oxidative stress, 

which was confirmed by increased lipid peroxidation (Fig. 7F). Impaired control of 

NADP(H) appeared to mediate elevated inflammation, as IL6 expression strongly correlated 

with NADP(H) redox state (Fig. 7G) and total glutathione (Fig. S7F). Thus, loss of PC 

caused a redistribution of intermediates, which depleted NADPH/NADP+, suppressed 

antioxidant defenses, and predisposed liver to inflammation.

Discussion

Pyruvate carboxylase catalyzes the carboxylation of pyruvate to yield the TCA cycle 

metabolite OAA. This anaplerotic pathway allows TCA cycle intermediates to be used as 

precursors in a variety of pathways without depleting the TCA cycle (Fig. 1A). Despite 

impaired hepatic gluconeogenesis, LPCKO mice support normoglycemia by increased 

hepatic ketone production and elevated renal gluconeogenesis, similar to other mice with 

impaired hepatic gluconeogenesis (Burgess et al., 2004; Burgess et al., 2007). Loss of PC 

depleted TCA cycle intermediates and caused a dramatic suppression of TCA cycle activity, 

a more oxidized redox state, and lower respiration in functioning liver, but did not impair 

hepatic energetics (ATP/AMP) or cause an inherent defect in mitochondrial respiration. 

Remarkable alterations in liver and plasma amino acid profiles were indicative of impaired 

urea cycle function due to aspartate deficiency in LPCKO mice. Although LPCKO mice are 

resistant to high fat diet-induced hyperglycemia, they are not protected from hepatic 

steatosis. Rather, loss of PC induces a shift in intermediary metabolite pools that cause a 

more oxidized NADP(H) redox state and predisposes liver to oxidative stress and 

inflammation.

Although rare, human PC deficiency occurs with multiple subtypes of severity (reviewed in 

(Marin-Valencia et al., 2010)). PC deficient patients present with lactic acidosis, 

ketoacidosis hypoglycemia, elevated urea cycle intermediates, hyperlysinemia, 

hyperammonemia, seizures and neurological defects. These metabolic defects are thought to 
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originate from impairments in gluconeogenic, TCA cycle and urea cycle functions (Garcia-

Cazorla et al., 2006). Some of the presumed mechanisms in human PC deficiency are 

demonstrated by liver specific loss of PC, while others are not. The inhibition of the TCA 

cycle and activation of ketogenesis was elucidated by tracer analysis in LPCKO liver. The 

inhibition of the urea cycle was found to be due to aspartate deficiency, since aspartate 

supplementation was sufficient to raise urea production in LPCKO liver. However, the 

marked hyperlysinemia was unrelated to α-ketoglutarate deficiency, as previously postulated 

(Kamoun et al., 2002), inasmuch as α-ketoglutarate was the only organic acid to be 

increased in the LPCKO liver. The ALT equilibrium and elevated alanine concentration 

should have favored lower α-ketoglutarate (Groen et al., 1982), suggesting impaired ALT 

activity. Interestingly, impaired lysine degradation leads to inactivation of pyridoxal-5-

phosphate (vitamin B6), a required co-enzyme in transaminases, particularly ALT (Hallen et 

al., 2013). The reduced activity of plasma ALT relative to AST observed in the LPCKO mice 

on a HFD is reminiscent of a similar effect of vitamin B6 deficiency in alcoholic liver 

disease (Sorbi et al., 1999).

Treatment of PC deficiency using supplements that bypass PC-mediated anaplerosis such as 

citrate, aspartic acid, or triheptanoin (Ahmad et al., 1999; Mochel et al., 2005) have been 

used with limited success in humans. Triheptanoin treatment generates propionyl-CoA as a 

PC-independent anaplerotic substrate for gluconeogenesis, though this approach has not 

been uniformly effective at treating the metabolic symptoms of PC deficiency in humans 

(Breen et al., 2014). Indeed, propionate did not improve hepatic glucose production, and the 

TCA cycle independent conversion of glycerol was also impaired in LPCKO liver. 

Gluconeogenic gene expression was reduced in LPCKO liver, perhaps due to enhanced 

insulin signaling. Triheptanoin may also work on the TCA cycle of neurons (Hadera et al., 

2014), either by its direct metabolism or after being converted to C5 ketone bodies in the 

liver (Deng et al., 2009). The absence of impaired motor coordination or seizures with liver 

specific loss of PC indicates that PC in the CNS is crucial to the neurological deficits in PC 

deficiency. Indeed, liver transplantation resolves the metabolic phenotype, but not the 

neurological effects in PC deficient humans (Nyhan et al., 2002). Future experiments in PC 

knockout mice may help elucidate the underlying mechanisms of this disease.

In contrast to PC deficiency, elevated PC flux plays a role in obesity, insulin resistance, and 

nonalcoholic fatty liver disease. PC and PEPCK control the rate of non-oxidative flux into 

(anaplerosis) and out of (cataplerosis) the TCA cycle and hence regulate the initial steps of 

gluconeogenesis and glyceroneogenesis. PC flux also contributes to citrate synthesis, which 

is necessary for increased lipid synthesis during insulin resistance. Knockout of PC had 

similar benefits of knockdown of PEPCK by suppressing anaplerosis/cataplerosis in the 

TCA cycle, reducing gluconeogenesis, improving insulin action and lowering glucose in 

HFD mice. Likewise, deleting the mitochondrial pyruvate carrier (MPC) resulted in reduced 

hepatic gluconeogenesis and protection from hyperglycemia during either insulin deficiency 

(McCommis et al., 2015) or insulin resistance (Gray et al., 2015). Antisense oligo (ASO) 

knockdown of liver and adipose PC in rats (Kumashiro et al., 2013) also improved glycemia, 

and had the additional benefit of lowering hepatic steatosis. Although circulating 

triglycerides were lower in liver specific PC knockout mice, hepatic steatosis was not 

improved, and shifted from macrovesicular to microvesicular steatosis, potentially a more 
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pathological form of fatty liver (Tandra et al., 2011). Alterations in lipid storage and release 

are likely due to impaired glyceroneogenesis and FFA re-esterification (Kumashiro et al., 

2013; Nye et al., 2008), though it is not obvious why a similar effect does not occur with 

loss of PEPCK, which also impairs glyceroneogenesis. The potential for liver pyruvate 

carboxylase to be a therapeutic target against hyperglycemia and hyperlipidemia may be 

limited by its multi-faceted role in metabolism.

LPCKO mice highlight the role of PC in supporting TCA cycle function, fat oxidation and 

respiration in liver. Importantly, loss of PC depletes the TCA cycle pool and shifts 

mitochondria toward a higher NAD+/NADH ratio (more oxidized redox state). The former 

impairs TCA cycle function and limits citrate cataplerosis necessary for lipogenesis, while 

the latter promotes β-oxidation, consistent with increased ketogenesis observed in both 

fasting and fed states. Thus, despite robust inhibition of the TCA cycle, disposal of liver fat 

by β-oxidation is maintained by ketogenesis. Nonetheless, the shift of acetyl-CoA to 

ketogenesis and away from the TCA cycle, along with a reduction in ATP utilization by 

decreased gluconeogenic and urea cycle flux resulted in decreased hepatic respiration. This 

effect was not related to mitochondrial function, per se, inasmuch as in vivo ATP 

concentration/energy charge tended to be elevated, the lactate/pyruvate ratio was normal, 

and LPCKO mitochondria had normal respiration when malate was provided. It is notable 

that inhibition of cataplerosis by loss of PEPCK has opposite effects on redox state, likely 

because TCA cycle intermediates are markedly increased and inhibition of the TCA cycle 

occurs due to accumulation of NADH rather than the loss of TCA cycle functionality. 

Nonetheless, loss of PEPCK also suppresses the TCA cycle, reduces respiration in liver, 

increases ketogenesis (Satapati et al., 2015) and paradoxically increases energy charge 

(Berglund et al., 2009). Thus, the responsiveness of TCA cycle flux to anaplerosis and 

cataplerosis is critical for linking the ATP requirements of downstream pathways (e.g. 

gluconeogenesis and urea cycle) to redox state and respiration.

TCA cycle intermediates may also impact the oxidative stress response. We previously 

found that knockdown of PEPCK decreased oxidative metabolism and protected against 

oxidative stress and inflammation in HFD mice (Satapati et al., 2015). Despite a similar 

reduction in oxidative fluxes, improved insulin sensitivity, and prevention of hyperglycemia 

with loss of hepatic PC, the expression of oxidative stress and inflammatory markers were 

increased during a HFD. The similar flux profiles, but dramatically different metabolite 

profiles of these two models, may provide important clues about how oxidative metabolism 

coordinates with antioxidant mechanisms. First, elevated TCA cycle intermediates, like 

fumarate and succinate, caused by suppressed cataplerosis stabilize antioxidant transcription 

factors such as Nrf1/2, Hif-1 and If1 (Al-Sawaf et al., 2015; Laukka et al., 2016; Satapati et 

al., 2015). In contrast, these TCA cycle intermediates are decreased by suppressed 

anaplerosis in LPCKO mice. Although the expression of Nrf1/2 is elevated in LPCKO liver 

on a HFD, their downstream antioxidant target, catalase, was decreased. Second, suppressed 

cataplerosis in PEPCK knockdown mice caused a reduced redox state, including a higher 

NADPH/NADP+, which promoted antioxidant function (Satapati et al., 2015). Loss of PC 

had the opposite effect on redox by shifting the concentrations of metabolites in NADP(H) 

dependent equilibrium reactions to a more oxidized state. For example, accumulation of 

pyruvate and depletion of malate impinges the equilibrium of the malic enzyme reaction 
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(Pyruvate + CO2 + NADPH → Malate + NADP+), and may cause the depletion of NADPH. 

Loss of NADPH, in turn, inhibits free radical scavenging by the glutathione and thioredoxin 

systems (Fisher-Wellman and Neufer, 2012), and deactivates catalase (Kirkman et al., 1999). 

Indeed, lower NADPH/NADP+ and total glutathione correlated closely with the activation of 

inflammatory pathways in LPCKO liver. Finally, less understood factors such as and 

impaired urea cycle function may also contribute to oxidative stress and/or inflammation 

(Bigot et al., 2017). Thus, the relative equilibrium between anaplerosis and cataplerosis in 

the TCA cycle, and attendant shifts in metabolite concentrations, may promote oxidative 

stress/inflammation by impinging on redox state and/or transcription factors.

Conclusions and Limitations of Study

Hepatic PC is required for gluconeogenesis, the TCA cycle, the urea cycle, redox balance 

and antioxidant capacity. Oxidative and anaplerotic fluxes in the TCA cycle are inherently 

difficult to measure (McCullough et al., 2018; Previs and Kelley, 2015). In this study, a 

[U-13C]propionate tracer was used, since it does not require PC to interrogate the TCA 

cycle. Numerous independent studies demonstrated the validity of this tracer (d’Avignon et 

al., 2018; Hasenour et al., 2015; Landau et al., 1993; Satapati et al., 2015), and confirm that 

it provides flux estimates similar to lactate tracers (Landau et al., 1995; Satapati et al., 

2015). Wasserman and colleagues recently suggested (Hughey et al., 2018) that anomalous 

effects of propionate (Perry et al., 2016) occurred due to an unconventional infusion 

protocol. Nonetheless, we also used tracer independent studies, which demonstrated that 

alternative anaplerotic pathways were unable to compensate gluconeogenesis in LPCKO 

liver; leading to the conclusion that PC is the principle anaplerotic pathway in liver. 

Aspartate supplementation, on the other hand, stimulated urea production in the knockout 

liver, suggesting that PC derived OAA fueled both TCA and urea cycles. However, 

secondary effects on the malate-aspartate shuttle, which were not intensively investigated, 

may broadly limit TCA cycle, redox and transamination in the absence of PC. Thus, these 

results do not necessarily diminish the importance of alternative anaplerotic pathways/

substrates in normal physiology. A potential benefit of PC inhibition was that it prevented 

hyperglycemia in obese mice, but this effect was eclipsed by the development of hepatic 

oxidative stress and inflammation. The depletion of TCA cycle intermediates, caused by loss 

of PC, imposed an oxidized NADP(H) redox state and limited antioxidant capacity. 

However, the precise TCA cycle intermediates, their relative concentrations and/or 

compartmentation that impacts the liver’s antioxidant potential are incompletely understood. 

A less severe inhibition of anaplerosis might retain the beneficial effects of lower 

gluconeogenic and oxidative flux without impairing antioxidant pathways. It is notable that 

inhibition of mitochondrial pyruvate transport partially suppresses anaplerosis, and has 

beneficial effects in the context of obesity and nonalcoholic fatty liver disease (McCommis 

and Finck, 2018). Thus, mechanisms that act on TCA cycle metabolism may have surprising 

effects on cell-stress that are difficult to predict without a better understanding of how this 

pathway and its metabolites impinge on redox and antioxidant systems.

Experimental Procedures

See STAR Methods.
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STAR Methods

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Shawn C. Burgess (shawn.burgess@utsouthwestern.edu).

Experimental model and subject details

Animal Care

Mice were housed in a climate controlled facility (22-24°C) in ventilated cages with a 12-

hour light/dark cycle with lights on between 0600 and 1800 local time. Adlibitum access to 

water was provided by individual bottles in each cage. All mice were group-housed, up to 5 

mice per cage, and were provided with plastic “igloo” huts in the cage for environment 

enrichment. Mice were fed a standard rodent chow diet (Teklad Global 16% Protein Rodent 

Diet) consisting of 66% calories from carbohydrate, 22% from protein and 12% from fat. 

For the high-fat diet studies, mice were fed a diet consisting of 60% calories from fat, 18% 

from protein and 22% from carbohydrate (Teklad Adjusted Calories Diet 60/Fat). 

Experiments were performed on young adult male mice between the ages of 12-24 weeks. 

The liver specific pyruvate carboxylase knockout animals (LPCKO) were compared against 

littermates expressing the floxed PC gene but not the Cre recombinase. Animal housing 

facilities were managed by the Animal Resources Center at UT Southwestern Medical 

Center. All procedures were performed in accordance with National Institutes of Health 

guidelines and approved by the Institutional Animal Care and Use Committee at UT 

Southwestern Medical Center (APN 2015-101209).

Animal Model

Mice expressing the pyruvate carboxylase gene flanked by loxp sites (PCf/f) were created 

from cells obtained from the European Conditional Mouse Mutagenesis program (Skarnes et 

al., 2011). Creation of this mouse model is detailed in the results section. These mice are on 

a full C57BL/6N background. The PCf/f mice were bred with mice that express Cre 

recombinase under control of the liver-specific albumin promoter. The albumin-Cre mice 

used were originally acquired from Jackson Labs and have been maintained in our colony 

for the past 8 years and are on a mixed C57/BL6N and C57/BL6J background. Offspring 

were used for experiments and were therefore on a mixed C57/BL6J and C57/BL6N 

background.

Method Details

Lactate/Pyruvate tolerance test

LPCKO mice and PCf/f littermates were fasted for 18 hours and then given an intraperitoneal 

injection of 1.5 mg/g of a solution consisting of 10:1 sodium lactate to sodium pyruvate 

dissolved in saline solution at 150 mg/mL, resulting in an injection volume of approximately 

250 μL. 40% of the lactate and pyruvate was [U-13C]lactate and [U-13C]pyruvate 

(Cambridge Isotopes). Blood samples were collected through small superficial incision in 

the tail. Blood glucose was measured by glucometer (Accucheck Aviva) and blood lactate 

was measured by blood lactate meter (Nova Biomedical Lactate Plus). Blood glucose and 
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lactate measurements were taken prior to the pyruvate injection and then at 10, 20, and 30 

minutes following the lactate/pyruvate treatment.

Glucose tolerance test

LPCKO and PCf/f littermates fed high fat diet for 14 weeks and age-matched chow fed mice 

were fasted for 5 hours and then given 2 mg glucose/kg body weight by intraperitoneal 

injection of D50 50% dextrose solution. Blood glucose was measured before the glucose 

injection and every 15 minutes thereafter, up to 1 hour using a glucometer (Accucheck 

Aviva) from blood derived from superficial tail incision. Mice were conscious and 

unrestrained for the duration of the glucose tolerance test.

Hepatic insulin signaling

LPCKO and PCf/f littermates fed high fat diet for 12 weeks were fasted for 18 hours and 

then given an intrahepatic injection of 5 U/kg insulin in 200 μL of saline while under 

ketamine/xylazine anesthesia. A small portion of the liver was excised to use as a pre-insulin 

treated sample. Livers were collected 2 minutes following the insulin injection. Western 

blots were performed to measure Akt phosphorylation as described below.

Western Blotting

Protein extracts were prepared by homogenization of approximately 50 mg of frozen liver 

tissue in RIPA buffer. Proteins were detected using SuperSignal Pico chemiluminescent 

substrate (Pierce) and the Imagequant LAS 4000 system (GE Healthcare). Rabbit anti-Pcb 

(pyruvate carboxylase) was obtained from Santa Cruz Biotech, and Rabbit anti-Ppib 

(Cyclophilin B) was obtained from Abcam. Antibodies to total Akt, pAkt(S473), and 

pAkt(T308) were obtained from Cell Signaling. Antibodies were diluted 1:1000.

Gene Expression

Levels of gene expression were determined by qPCR analysis. RNA was extracted from 

snap frozen liver tissue using RNA Stat60 (Tel-Test). cDNA was synthesized from 2 μg 

RNA using the iScript Advanced cDNA Synthesis Kit (BioRad). The reaction was run in 

triplicate using iTaq Universal SYBR Green (BioRad) on the CFX384 Real-Time PCR 

Detection system under control of BioRad CFX Manager 3.1 software (BioRad). Primer 

sequences are shown in Supplemental Table 1.

Plasma Hormones

Plasma insulin was determined using a Crystal Chem Ultra-sensitive Mouse Insulin ELISA 

according to kit directions. 5 μL of plasma was used and OD at 450/630 nm was determined 

using a Synergy H1 hybrid plate reader (Biotek). Glucagon was determined using a Crystal 

Chem Glucagon ELISA according to kit directions. 10 μL of plasma was used and OD at 

450/630 nm was determined using a Synergy H1 hybrid plate reader (Biotek).

Ketones

Total ketones were measured from 2 μL of plasma or 10 μL of liver perfusate using an 

Autokit Total Ketones assay kit (Wako) according to kit directions.
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Liver Enzymes

Plasma ALT and AST activity were measured from 5 μL of plasma using the ALT Activity 

Assay (Sigma) or AST Activity Assay (Sigma) according to kit directions. OD at 570 nm 

(ALT) or 450nm (AST) was measured using a Synergy H1 hybrid plate reader (Biotek).

Plasma Lipids

Glycerol and triglycerides were measured from 2 μL of plasma using the Triglyceride 

Determination Kit (Sigma) according to kit directions. Absorbance at 540 nm was measured 

using a Synergy H1 hybrid plate reader (Biotek) to determine free glycerol and triglyceride 

content. Free fatty acids were measured using HR Series NEFA reagent kit (Wako) 

according to kit directions. 4 μL of plasma was used and OD at 560/670 nm was measured 

using a Synergy H1 hybrid plate reader (Biotek).

Hepatic Lipids

Triglycerides were extracted from whole liver using a chloroform-methanol Folch 

extraction. Approximately 100 mg of frozen liver was homogenized in 2:1 chloroform 

methanol solution in a 1:20 ratio. Lipids were extracted at room temperature for 30 min. 50 

mM NaCl was added in a 1:5 ratio, samples were vortexed for 30 sec and then centrifuged 

10 min at 1000×g to separate phases. The organic phase was transferred into a new tube and 

washed twice with 0.36 M CaCl2 in methanol in a 1:5 ratio. Organic phase was removed and 

brought up to 5 mL with chloroform. 100 μL of extract was dried down and re-suspended in 

160 μL of tert-butanol and 80 μL of 1:1 Triton X-100/methanol for quantitation of liver TG 

using the Triglyceride Determination Kit (Sigma) according to kit directions. 20 μL of the 

re-suspended lipid solution was run in duplicate and absorbance was read at 540 nM using a 

Synergy H1 hybrid plate reader (Biotek).

Ammonia Concentration

Ammonia levels in plasma were determined using an Ammonia Assay Kit (Abcam) 

according to kit instructions. 10 μL of plasma was used and absorbance was read at 570 nM 

using a Synergy H1 hybrid plate reader (Biotek). Ammonia levels in plasma were 

determined using the same ammonia assay kit protocol. Approximately 10 mg of tissue was 

homogenized in 1 mL of ammonia assay buffer, this extract was assayed for ammonia 

concentration.

Measurement of Glycogen in Liver

Approximately 50 mg of liver tissue was homogenized in a glass tube containing 0.5 ml of 

30% (m/v) KOH and boiled for 15 min. After centrifugation at 1800×g, 200 μL of 

supernatant was spotted onto a Whatman filter paper disk, washed twice with 70% (v/v) 

ethanol and once with acetone. Glycogen was hydrolyzed by amyloglucosidase (Sigma) by 

adding 2 mL of enzyme (0.2 mg/mL in 50 mM sodium acetate pH 4.8) to the dried disk 

followed by incubation at 55°C for 1 hou r. Glucose concentration was measured using 

glucose kit (Sigma).
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Urea/Creatinine Concentration

Concentrations of urea (Abcam) and creatinine (Cayman Chemical) in urine were 

determined using commercial kits. Urine was collected from ad-lib fed mice. 1 μL of urine 

diluted 1:1000 was used for the urea assay kit. 15 μL of urine diluted 1:10 was used for the 

creatinine assay. Urea was measured by OD at 570 nm using a Synergy H1 hybrid plate 

reader (Biotek). Creatinine was measured by the difference of initial absorbance and final 

absorbance at 500 nm.

Measurement of Glutathione in Liver

Glutathione was measured using a commercially available kit (Abcam). Approximately 20 

mg of liver tissue was homogenized, deproteinized with trichloroacetic acid, and diluted 

1:60 according to the kit’s directions. Fluorescence was measured at Ex/Em 490/520 using a 

Synergy H1 Hybrid plate reader (Biotek).

Measurement of Thiobarbituric Acid Reactive Substances (TBARS) in Liver

TBARS was measured using a commercially available kit (Cayman Chemical). 

Approximately 25mg of liver tissue was homogenized in 250ul of RIPA buffer with protease 

inhibitors and sonicated for 10 seconds with an amplitude power setting at 10%. Samples 

were centrifuged at 1600 × g for 10 minutes at 4°C, and the supernatant was used according 

to the kit’s directions. Absorbance was read at 532nm using a Synergy H1 Hybrid plate 

reader (Biotek).

1H NMR metabolic profiling

Dried methanol liver extracts were reconstituted in 250 μL of 0.1 M phosphate buffer 

solution (pH = 7.0, 99.9% D2O, 0.9 mM TSP) and mixed vigorously. Samples were 

centrifuged for 3 minutes at 21,000×g, and 200 μL of supernatant was transferred into 3 mm 

NMR tubes. Spectra were recorded on 14.1 T Varian INOVA spectrometer equipped with 3 

mm broadband probe. 1H spectra were acquired using 90° pulse with solvent signal 

suppression 3.5 s relaxation delay, 2.0 s acquisition time and 128 transients. Raw FIDs were 

zero filled to 64k data points and Fourier transformed using 0.3 Hz line broadening. After 

phase and baseline correction spectra were exported to MATLAB for further processing. 

Chemical shift was calibrated using TSP signal at 0 ppm. Residual water signal (4.675 - 

4.982 ppm) was removed from analysis. Analysis was performed as previously described 

(Silvers et al., 2017). Briefly, Signals were aligned using correlation optimized warping 

(COW) and icoshift algorithms and finally reduced to 9193 variables. Multivariate data 

analysis was performed in SIMCA P+ v.13.0 using pareto scaling.

Measurement of Amino Acids in Liver

Extracted amino acid samples were immediately spiked with labeled amino acid internal 

standard (Isotec) and cold acetone. The extraction and derivatization of amino acids from 

liver were prepared as previously described (Casetta et al., 2000). Briefly, tissue was 

homogenized in methanol, centrifuged to remove precipitant, dried, and resuspended in 

acidified butanol to form amino acid butyl esters. The separation of amino acids was 

achieved on a reverse phase C18 column (Xbridge, Waters, Milford, MA; 150×2.1 mm, 3.0 
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μm) with a gradient elution. Amino acids were detected using the MRM mode by 

monitoring specific transitions under positive electro spray on API 3200 triple quadrupole 

LC/MS/MS mass spectrometer (Applied Biosystems/Sciex Instruments). Quantification was 

done by comparison of individual ion peak areas to that of an internal standard.

Measurement of Organic Acids in Liver

Approximately 50 mg of frozen tissue was homogenized in 0.8% sulfosalicylic acid and 5M 

hydroxylamine-HCl solution. Samples were spun at 4°C for 10 minutes. The supernatant 

was neutralized with 2 M KOH to pH 6-7 and then incubated at 65°C for 60 min. The 

reaction mixture was acidified to pH 1-2, saturated with sodium chloride, and extracted with 

ethyl acetate. The dried extract was added to acetonitrile and MTBSTFA as silylation 

reagent and reacted at 60°C for 60 min. The derivatives were analyzed in both scan and SIM 

modes with an Agilent 7890A gas chromatography interfaced to an Agilent 5975C mass-

selective detector (70eV, electron ionization source). An HP-5ms GC column (30 m×0.25 

mm I.D., 0.25 μm film thickness) was used for all analyses (Des Rosiers et al., 1994). 

Quantification was done by comparing individual ion peak areas to that of an internal 

standard.

Measurement of amino acids in plasma

Thawed plasma samples were immediately spiked with labeled amino acid internal standard 

(Isotec) and cold acetone. Plasma was homogenized with methanol, centrifuged to remove 

precipitant, dried, and re-suspended in acidified butanol to form amino acid butyl esters as 

previously detailed (Casetta et al., 2000). Amino acid derivatives were separated on a reverse 

phase C18 column (Xbridge, Waters, Milford, MA; 150×2.1 mm, 3.0 μm) with a gradient 

elution and detected using the MRM mode by monitoring specific transitions under positive 

electrospray on API 3200 triple quadrupole LC/MS/MS mass spectrometer (Applied 

Biosystems/Sciex Instruments). Quantification was done by comparing individual ion peak 

areas to that of an internal standard.

Measurement of adenine nucleotides in liver

Adenine nucleotides were measured by ion-pair reverse-phase liquid chromatography–

electrospray ionization-tandem mass spectrometric method. The frozen liver samples were 

immediately spiked with labeled ATP and AMP (Sigma-Aldrich) internal standards. 

Approximately 50 mg of frozen tissue was homogenized in 500 μL 0.4 M HClO4 containing 

0.5 mM EGTA and remained on ice for 30 minutes. Samples were spun at max speed at 4°C 

for 10 minutes. The supernatant was neutralized with 0.5 M K2CO3. After removing the 

precipitate (KClO4) by centrifugation, the neutralized supernatants were stored at −20°C 

before being subjected to LC–MS analyses. 1 μL was injected for LC-MS analysis.

For NADH and NADPH frozen liver samples were homogenized in 40× 0.01M KOH and 

20× CHCl3 and spiked with AMP internal standard. Samples were centrifuged at 1,500×g 
for 15 minutes at 4°C. 250 μL of the supernatant was mixed with 750 μL of ice cold 

methanol and incubated on ice for 5 minutes. This mixture was then centrifuged at max 

speed for 15 minutes at 4°C. 2 μl of the supernatant was injected for LC-MS analysis.
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Analysis was done on an API 3200 triple quadrupole LC-MS/MS mass spectrometer 

(Applied Biosystems/Sciex Instruments) in positive electrospray ionization mode. The mass 

spectrometer was equipped with a Shimadzu LC-20AD liquid chromatograph (LC) and a 

SIL-20ACHT auto sampler. A reverse-phase C18 column (Waters ×Bridge, 150 × 2.1 mm, 3 

μm) was used with LC mobile phase consisting of water/methanol (5:95, v/v) with 4 mM 

dibutylamine acetate (eluent A), and acetonitrile with 4 mM dibutylamine acetate (eluent B).

Positive-ion-mode ESI was used for the analysis of the nucleotides. Multi reaction 

monitoring (MRM) measurements were carried out for the detection of the nucleotides in 

standard solutions and biological samples.

Measurement of acylcarnitines in liver

Approximately 20 mg of frozen tissue was homogenized in water. The supernatant from the 

centrifugation was spiked with deuterium-labeled acylcarnitine standards (Cambridge 

Isotope Laboratories, Andover, MS). Following, proteins were removed by precipitation 

with acetonitrile, the derivatization and measurement were performed as previously 

described (Millington et al., 1990). Chromatographic separation was achieved on a C18 

column (Xbridge, Waters, Milford, MA; 150×2.1 mm, 3.0μm). The analysis was performed 

in MRM mode on API 3200 triple quadrupole LC/MS/MS mass spectrometer with 

electrospray ionization. Quantification of acylcarnitines was achieved by comparison of the 

individual ion peak area with that of the internal standard.

Tracer Infusions

Indwelling jugular vein catheters were surgically implanted and mice were allowed five days 

for recovery. Conscious and unrestrained mice were infused with [U-13C6]glucose after an 

18-hr fast. Tracer was delivered in two phases: as a prime at 1 μmol/min for 10 minutes, 

followed by continuous infusion at 0.2 μmol/min for 80 minutes. After infusions, mice were 

anesthetized by isoflurane, and blood was collected until exsanguinated by cardiac puncture 

in EDTA containing tubes and centrifuged at 1,100×g at 4°C for 15 minutes to obtain 

plasma. Liver was collected and flash-frozen in liquid nitrogen. Samples were stored at 

−80°C until further analysis.

Endogenous glucose production (EGP) and gluconeogenesis (GNG) in fasted mice

Steady state metabolic fluxes were calculated by combining mass isotopomer distributions 

(MIDs) of plasma glucose (Gluc.blood) and lactate (Lac.blood) and the known infusion rate 

of [U-13C6]glucose (GLC_inf) in INCA software. Flux through each reaction was estimated 

by minimizing sum of squared residual (SSR) between simulated and experimentally 

measured MIDs. Flux estimates were repeated 50 times from random initial values. 

Residuals were normally distributed and fits were in an acceptable SSR range [1.2-14.4] 

with 6 degrees of freedom. The metabolic network consisted of three compartments: liver 

(all gluconeogenic tissues), blood and muscle (all extrahepatic tissues), similar to a 

previously published model (Antoniewicz et al., 2007). The metabolic network with carbon 

atom transitions is presented in Supplementary Table S2. Model assumptions were as 

follows: 1) the gluconeogenic compartment (liver) cannot distinguish between liver and 

kidney metabolism and therefore reports whole-body GNG; 2) there is no recycling of 
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labeled CO2; 3) liver PDH is negligible; 4) glycogen is depleted in 18-hour fasted mice; 5) 

oxaloacetate is fully equilibrated with succinate; 6) blood glucose passes through muscle 

(oxidative compartment) and is either terminally oxidized to CO2 or recycled into blood as 

lactate; 7) lactate is diluted only in the muscle compartment; and 8) activity of the pentose 

phosphate pathway is negligible. Although the model consists of many reactions, not all 

could be estimated with an acceptable level of precision (based on the analysis of confidence 

intervals). Reported fluxes including EGP, GNG_Lactate (GNG that required PC flux) and 

GNG_Unlabeled (GNG from all other carbon sources that do not require PC flux) could be 

estimated reliably.

Liver Perfusions

Livers from LPCKO mice and PCf/f littermates were isolated following an 18 hour fast and 

perfused without recirculation for 60 minutes (tracer studies) or 90 minutes 

(supplementation studies) as previously described (Burgess et al., 2004; Burgess et al., 

2007). Mice were anesthetized with ketamine/xylazine and livers were exposed and 

cannulated by the portal vein after which they were excised from the body and placed in a 

vessel containing effluent perfusate which was continuously removed and collected on ice at 

the same rate as perfusate was pumped in. Livers were perfused at a rate of 8 mL/min with a 

non-recirculating perfusate containing 25 mM NaHCO3, 118 mM NaCl, 4.7 mM KCl, 1.2 

mM MgSO4, 1.2 mM KH2PO4, 0.15 mM pyruvate, 0.25 mM glycerol, 1.5 mM lactate, 30 

g/L bovine serum albumin (BSA), and 0.8 mM free fatty acids mixture (22% palmitic acid, 

5% palmitoleic acid, 3% stearic acid, 27% oleic acid, 38% linoleic acid, 2% γ-linoleic acid, 

and 3% decosahexanoic acid). In the tracer studies, the perfusate contained 0.1 mM 

[U-13C3] propionate (Cambridge Isotopes), and 3% (v/v) D2O (Cambridge Isotopes). 1 mL 

samples of perfusate were taken every 15 minutes to determine glucose and urea production 

over time. In the tracer studies the perfusion continued for 60 minutes, whereas the 

supplementation perfusions lasted for 90 minutes with a period of 30 minutes for each 

supplement. In the supplementation studies, 1 mM aspartic acid, glutamine, or unlabeled 

propionate were added to the perfusate using an infusion pump (Harvard Apparatus), 

allowing for the rapid switching between different substrates within the same liver perfusion 

study. Oxygen consumption was determined by measuring the oxygen concentration in both 

the afferent and efferent perfusate with a blood gas analyzer. Following the study, livers were 

freeze clamped and stored at −80°C.

Perfusate Glucose

Glucose concentration in perfusate was determined using the Glucose (HK) Assay Kit 

(Sigma Aldrich) according to kit directions. 50 μL of perfusate was assayed and absorbance 

at 340 nm was determined using a Synergy H1 hybrid plate reader (Biotek).

Perfusate glucose purification

Glucose purification was performed as previously described (Burgess et al., 2004). 70% 

perchloric acid was added to thawed perfusate to a final concentration of 5% and the 

solution was spun down to remove proteins. After neutralization to pH 7.5 the solution was 

suction filtered to remove KClO4. The filtered solution was evaporated using a rotary 

evaporator, and the dried extract was re-suspended in 90% methanol/water and then filtered 
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again to remove excess salts. The filtered methanol/water solution was then evaporated using 

a rotary evaporator. The dried sample was then re-dissolved in distilled water and run 

through an ion exchange column consisting of activated Amberlite anion and Dowex cation 

resins to further remove salts. The purified glucose was then freeze dried overnight using a 

SpeedVac (Thermo Fisher).

Mono-acetone glucose (MAG) conversion

MAG conversion was performed as previously described (Burgess et al., 2004). Conversion 

of glucose to MAG creates an asymmetric molecule in which all 6 positions of glucose can 

be individually resolved by NMR. 6 mL of acetone was added to the dried glucose followed 

by 240 μL of H2SO4 and left for 4 hours under stirring, after which, 6 mL of distilled water 

was added and the pH was changed to 1.9 using Na2CO3 and left to react for 24 hours under 

stirring. The pH was then changed to 8 with Na2CO3 and the solvent evaporated using a 

SpeedVac concentrator. The dried material was washed with boiling ethyl acetate. The ethyl 

acetate solution was then gravity filtered through Whatman filter paper and dried to yield a 

white crystalline solid.

Mono-acetone glucose 2H and 13C NMR

The MAG samples were dissolved in a solution of 7 μL DI water and 193 μL acetonitrile and 

transferred into a 3 mm NMR tube. NMR spectra of 2H and 13C were acquired on a 14.1 T 

Varian INOVA spectrometer using a 3 mm broadband probe tuned to 92 MHz. Pulse was 

applied at 90° and signal acqu isition took place over 1 s. For 13C the instrument was tuned 

to 150 MHz using a 50° pul se with an acquisition time of 1.5 s. Peak areas of signals were 

analyzed using ACD/NMR Processor Academic Edition.

Metabolic Flux Analysis in perfused liver

The 2H signals from MAG at the H2, H5, and H6s positions were used to calculate rates of 

glycogenolysis and gluconeogenesis. The ratio of enrichment at H2 to H5 (H2/H5) 

corresponds to glucose derived from glycogen; the ratio of enrichment at H6s to H2 

(H6s/H2) corresponds to flux of carbon from the TCA cycle; and difference in enrichment at 

H5 and H6s divided by the enrichment at H2 ([H5-H6]/H2) corresponds to glucose derived 

from glycerol. The 13C spectra, particularly the multiplets observed at the C2 position 

allowed for calculation of rates of anaplerosis, gluconeogenesis, and TCA cycle flux. 

Labeling in C1 and C2 produces the 1-2 doublet (D12); labeling in C2 and C3 produces the 

2-3 doublet (D23), and labeling in all three produces the quartet (Q). The ratios of the areas 

of these peaks can be used to measure pyruvate cycling ([D12-Q]/[Q-D23]), flux through 

PEPCK ([D12-D23]/[Q-D23]), and flux through citrate synthase ([D23]/[Q-D23]). These 

relative fluxes are then normalized to the rate of gluconeogenesis as determined by 2H tracer 

analysis (Burgess et al., 2004; Burgess et al., 2007; Jin et al., 2004; Satapati et al., 2015).

Flux Balance Analysis (FBA)

Fluxes obtained from metabolic flux analysis using analytical equations based on 2H and 
13C NMR isotopomer analysis of glucose were used as an input for further flux balance 

analysis in INCA software (Young, 2014). For modeling purposes mean flux values were 
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used with SEM as a weighting factor. Briefly, by using measured fluxes, stoichiometric 

constraints and cofactor balances it is possible to infer unknown or otherwise hard to directly 

measure pathways (Supplementary Table S3). Cofactors: NAD+, NADH, FAD+ and FADH2 

were balanced while ATP and ADP were remained unbalanced during FBA modeling.

Citrate Synthase Activity

Approximately 20 mg of liver tissue was homogenized in 20:1 Cell Lytic MT reagent 

(Sigma) and spun down 10 min at 12,000×g to remove cell debris. Protein amount was 

quantified by Pierce BCA assay (Thermo Fisher). The supernatant was used with the Citrate 

Synthase Activity Assay kit (Sigma) to measure citrate synthase activity according to kit 

directions. Data was acquired by detecting absorbance at 412 nm every 10 seconds for 1.5 

minutes using a Synergy H1 hybrid plate reader (Biotek).

Mitochondrial Isolation

Mitochondria were extracted from whole mouse liver in isolation buffer consisting of 10 

mM HEPES, 200 mM sucrose, and 0.5 mM EGTA at pH 7.4. All isolation procedures were 

performed either on ice or in cold room at 4°C. Livers were excised from mice under 

isoflurane anesthesia, cut into small sections, and washed with isolation buffer. Liver 

sections were then placed in 5 mL isolation buffer and transferred to a glass Potter-Elvehjem 

homogenizer where they were homogenized using a rapidly spinning Teflon pestle. 

Homogenized samples were spun down 5 times at 600×g for 5 minutes collecting the 

supernatant after each spin to eliminate cellular debris. Mitochondria were then pelleted by 

spinning at 10,000×g for 10 minutes and resuspended in 500 μL of isolation buffer. A 25 μL 

sample was lysed and assayed for protein content to determine yield of extraction.

Mitochondrial Function

Mitochondrial function was assayed using a Seahorse XFe96 system (Agilent), as previously 

described (Rogers et al., 2011). Mitochondria were plated at 5 μg protein per well into a 96 

well Seahorse culture plate (part of Seahorse XFe96 FluxPak). 12 hours prior to the 

experiment, a 6 well flux assay plate (part of Seahorse XFe96 FluxPak) was placed into 

seahorse calibrant solution. At the time of the experiment ADP, Oligomycin, CCCP, and 

Antimycin A were loaded into the plate for injection at final concentrations of 4 mM ADP, 4 

μM oligomycin, 10 μM CCCP, and 4 μM Antimycin A. Mitochondria were plated in media 

containing either 10 mM pyruvate and 5 mM malate or 10 mM succinate and 5 mM malate. 

The plates were loaded into the Seahorse XFe96 analyzer and oxygen concentration was 

measured in individual wells to determine the rate of oxygen consumption.

Histology

Liver sections were collected from mice and fixed in 10% formalin in phosphate buffered 

saline. Livers were processed and embedded in paraffin at the Molecular Pathology Core at 

UT Southwestern Medical Center. Sections were stained with haemotoxylin and eosin and 

slides were visualized under 10× magnification on an Olympus BX41 microscope (Olympus 

Corporation). Images were captured using Cellsens Standard 1.13 software (Olympus 

Corporation). Liver sections were scored for by a blinded pathologist.
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Rotarod Testing

Motor coordination was tested using a rotarod test at the UT Southwestern Medical Center 

Rodent Behavior Core Facility. Mice were given 4 tests per day over 2 days with a 20-

minute interval between the trials. The wheel was set to accelerate from 5-45 RPM over the 

course of 5 minutes, and the trial ended when the mouse held on to the rod for two full 

rotations.

Indirect Calorimetry

Food intake, meal patterns, energy expenditure, and locomotor activity were monitored 

using a combined indirect calorimetry system (Labmaster, TSE Systems GmbH, Germany) 

at the UT Southwestern Metabolic Phenotyping Core. Experimental animals were 

individually housed in a light (12 hr on/12 hr off, 7am-7pm) and temperature (22.5-23.5°C) 

controlled environment, and acclimated in the home cage for 5 days before data collection. 

Mice were then analyzed in the metabolic chambers for 4 days and were provided with food 

and water ad libitum. O2 consumption and CO2 production were measured by indirect 

calorimetry to determine energy expenditure. Locomotor activity was measured using a 

multidimensional infrared light beam detection system. Continuous food and water intake 

was recorded using lid-mounted sensors.

Statistical analysis

Details of statistical analyses used in each study are available in the corresponding figure 

legends. All data are presented as mean +/− SEM. Statistical significance was defined as p < 

0.05. Two-tailed student’s t-test, Two-way ANOVA, and Two-way Repeated measures 

ANOVA were used as appropriate. Grubb’s outlier test was used to determine outliers. All 

statistical analysis was performed using Graphpad Prism 7 software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• Pyruvate carboxylase (PC) maintains hepatic TCA cycle function and 

gluconeogenesis

• PC replenishes TCA cycle intermediates required for urea cycle and redox 

capacity

• Loss of hepatic PC prevents hyperglycemia in obesity but worsens liver 

inflammation

• PC moderates oxidative stress during obesity by maintaining NADPH and 

glutathione
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Context and Significance:

Pyruvate carboxylase (PC) is an enzyme necessary for the biosynthesis and oxidation of 

nutrients. Although PC exists in many tissues, it is especially important in the liver for 

coordinating glucose and fat metabolism. Defects in PC driven pathways are prominent 

in diseases such as obesity and diabetes. This study investigated PC as a site of metabolic 

control, mediator of metabolic disease and therapeutic target. Removal of PC from the 

liver inhibited glucose production and prevented high blood sugar levels in obese mice, 

but also made the liver more susceptible to inflammation by depleting metabolites 

necessary for fat, amino acid and antioxidant metabolism. Although PC is complicit in 

some metabolic diseases, the potential benefits of targeting PC are eclipsed by its 

indispensable role in supporting critical metabolic pathways.
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Figure 1: Authentication and phenotyping of LPCKO mice.
A) Pathway illustrating the role of pyruvate carboxylase in anaplerotic flux. B) Schematic of 

construct used in LCPKO mice showing locations of loxP sites within the Pyruvate 

Carboxylase gene. C) Gene expression for pyruvate carboxylase normalized to Ppib 
(cyclophilin B) from livers of PCf/f and LPCKO mice; n=4. D) Western blot for PC (alpha-

Pcb) and cyclophilin B (Ppib) from liver protein extract; n=4. E) Blood glucose levels in the 

fasted and refed state; n=4. F) Liver glycogen concentration in fasted and fed mice; n=4. G) 

Glucagon to insulin ratio in the fasted and refed state; n=4. Blood glucose and lactate in the 

H) fasted and I) refed state following a 1.5 mg/g body weight lactate-pyruvate tolerance test. 

Data expressed as mean ± SEM. * indicates p<.05 by Student’s t-test or 2-way ANOVA. See 

also Figure S1.
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Figure 2: Liver specific PC loss prevents hepatic gluconeogenesis and activates renal 
gluconeogenesis.
Mass enrichments in A) plasma glucose and B) plasma lactate following a [U-13C]glucose 

infusion in conscious unrestrained mice after an overnight fast. Rates of C) in vivo glucose 

production and D) gluconeogenesis determined from glucose and lactate enrichments. E) 

Hepatic glucose production by isolated perfused livers from overnight fasted mice; n=5-6. F) 

Representative 2H NMR spectra from mono-acetone glucose derived from glucose produced 

by PC f/f and LPCKO livers. G) Hepatic gluconeogenesis from the TCA cycle by the 

isolated perfused liver determined from 2H glucose enrichments. H) Effect of supplementing 

liver perfusions with 1mM glutamine or propionate. I) Expression of genes whose products 

control gluconeogenesis and glucose uptake normalized to cyclophilin B in kidney of 18-

hour fasted mice. J) Mass enrichments in kidney oxaloacetate after [U-13C]glucose infusion; 

n=4. K) M+3 enrichment in kidney TCA cycle intermediates after a [U-13C]lactate/pyruvate 

injection; n=3-4. Data expressed as mean ± SEM. * indicates p<.05 by Student’s t-test or 2-

way ANOVA. See also Figure S2.
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Figure 3: Loss of PC disrupts hepatic amino acid catabolism
A) Concentrations of alanine, glutamine, glutamate as determined by mass spectrometry in 

snap frozen livers from overnight fasted mice; n=5-7. B) Concentrations of urea cycle 

intermediates and related amino acids; n=5-7. C) Expression of genes whose products 

contribute to urea cycle function normalized to cyclophilin b; n=4. D) Ratio of urea to 

creatinine in urine collected from ad lib fed mice; n=5-6. E) Concentration of ammonia in 

the plasma of overnight fasted mice; n=4. F) Rate of urea production in liver perfusion from 

18-hour fasted mice using substrate with lactate/pyruvate or 1mM aspartate 

supplementation; n=4. G) Rate of urea production in liver perfusion from overnight fasted 

mice using substrate with lactate/pyruvate or 1mM glutamate supplementation. n=4 H) 

Schematic illustrating the effects of LPCKO on hepatic urea cycle. Data expressed as mean 

± SEM. * indicates p<.05 by Student’s t-test. See also Figure S3.
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Figure 4: Loss of PC suppresses TCA cycle function but maintains β-oxidation by activation of 
ketogenesis.
A) Concentrations of lactate and pyruvate in livers of overnight fasted mice as determined 

by mass spectrometry; n=5-7. B) Concentrations of TCA cycle intermediates in livers of 

overnight fasted mice as determined by mass spectrometry; n=5-7. Relative concentrations 

of M+3 labeled C) malate and D) oxaloacetate following a [U-13C]lactate/pyruvate 

injection; n=4. E) Determination of M+2 acetyl-CoA oxidation in the TCA cycle as an 

estimate of PDH activity; n=4. F) Representative 13C NMR spectra of the C2 position of 

mono-acetone glucose derived from glucose produced by perfused PCf/f and LPCKO livers 
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from overnight fasted mice. G) Rate of production of glucose isotopomers with 13C labeling 

in carbons 1, 2 and 3, where filled circles represent 13C; n=5-6. Calculated rates of H) 

anaplerosis and I) TCA cycle turnover based on glucose isotopomer formation in isolated 

perfused liver; n=5-6. J) Oxygen consumption of perfused livers; n=5-6. K) Gene expression 

for genes whose products control fatty acid oxidation normalized to cyclophilin B; n=4-6. L) 

Plasma triglyceride levels in 18 hour fasted and 4 hours following re-feeding after an 18 

hour fast conditions; n=7-10 fasted 4-5 refed. M) Liver triglyceride content in overnight 

fasted mice; n=6. N) Plasma total ketones in overnight fasted and 4 hours following re-

feeding after 18 hour fast conditions; n=4. O) Ketone production as determined by perfusion 

of livers from 18-hour fasted mice; n=5-7. P) β-Oxidation determined by flux balance 

analysis of data from isolated perfused liver; n=5-7. Q) Schematic illustrating the effect of 

LPCKO on hepatic TG and ketone body metabolism. Data expressed as mean ± SEM. * 

indicates p<.05 by Student’s t-test. See also Figure S4.
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Figure 5: Loss of PC reduces hepatic energy demand but not mitochondrial respiratory capacity.
A) Citrate synthase activity in livers of PCf/f and LPCKO mice n=6. B) Respiration in 

functioning isolated perfused liver determined by a flux balance analysis model. C) 

Concentrations of AMP, ADP, and ATP in the livers of 18-hour fasted PCf/f and LPCKO 

mice; n=4-5. D) Ratio of ATP to AMP; n=4-5. E) Mitochondrial redox state (NAD+/NADH) 

indicated by the [aKG][NH4]/[glu] in snap frozen livers of fasted mice.; n=4-5. F) Oxygen 

consumption measured by Seahorse of isolated mitochondria from PCf/f and LPCKO livers 

using 10 mM pyruvate and 5mM malate as substrate; n=4. G) Schematic illustrating the 

effect of LPCKO on hepatic mitochondrial energy metabolism and hepatic energetics. Data 

expressed as mean ± SEM. * indicates p<.05 by Student’s t-test.
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Figure 6: LPCKO mice are resistant to HFD induced glucose intolerance but not hepatic 
steatosis.
A) Blood glucose in 5-hour fasted PCf/f and LPCKO mice fed either chow or 12 weeks of 

HFD; n=5-7. B) I.P. glucose tolerance test (2mg glucose/g body weight)) in 5-hour fasted 

chow and 12-week HFD mice; n=5-6. * indicates statistical significance for LPCKO HFD 

versus PCf/f HFD and † indicates statistical significance versus chow fed PCf/f by two-way 

repeated measures ANOVA with Tukey multiple comparison test. C) Quantification of 

Western blot analysis of Akt phosphorylation in response to portal insulin injection in 12-

week HFD fed mice (see also Figure S6); n=4. D) Plasma insulin levels in 18-hour fasted 

PCf/f or LPCKO mice on a HFD for 18 weeks; n=5-7. E) Plasma triglycerides and F) liver 

triglyceride content in 18-hour fasted mice; n= 5-7. G) Vesicular steatosis measured in 

images of H&E-stained liver sections taken from 18-hour fasted mice; n=5-7. Data 

expressed as mean ± SEM. * indicates p<.05 by Student’s t-test. See also Figure S6.
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Figure 7: Loss of PC predisposes liver to oxidative stress and inflammation.
Expression levels of genes whose products are involved in A) inflammation and B) oxidative 

stress in 12 and 18-week HFD mice normalized to cyclophilin B; n=4-6. NADPH/NADP+ in 

snap frozen livers of fasted mice, indicated by C) the malate/pyruvate ratio and the malic 

enzyme equilibrium constant, or D) total NADP+ and NADPH ratio. E) Total amount of 

hepatic glutathione in the reduced state; n=4-6. F) Lipid peroxidation measured by the 

TBARS assay; n=4-6. G) Correlation between hepatic inflammation (IL6 expression) and 

NADPH/ NADP+ ratio. H) Schematic illustrating the effect of LPCKO on hepatic 

inflammation and oxidative stress. Data expressed as mean ± SEM. * Indicates p<.05 by 

Student’s t-test or 2-way ANOVA. Significance of relationship determined by Spearman 

correlation. See also Figure S7.

Cappel et al. Page 37

Cell Metab. Author manuscript; available in PMC 2020 June 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cappel et al. Page 38

K
ey

 R
es

ou
rc

e 
Ta

bl
e

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

A
nt

ib
od

ie
s

R
ab

bi
t a

nt
i-

Pc
b 

(P
yr

uv
at

e 
C

ar
bo

xy
la

se
)

Sa
nt

a 
C

ru
z 

B
io

te
ch

C
at

# 
sc

-6
70

21

R
ab

bi
t a

nt
i-

Pp
ib

 (
C

yc
lo

ph
ili

n 
B

)
A

bc
am

C
at

# 
A

b1
60

45

R
ab

bi
t a

nt
i-

A
kt

C
el

l S
ig

na
lin

g
C

at
# 

92
72

R
ab

bi
t a

nt
i-

Ph
os

ph
o-

A
kt

 (
T

hr
30

8)
C

el
l S

ig
na

lin
g

C
at

# 
29

65

C
he

m
ic

al
s,

 P
ep

ti
de

s,
 a

nd
 R

ec
om

bi
na

nt
 P

ro
te

in
s

U
-13

C
 P

ro
pi

on
at

e
C

am
br

id
ge

 I
so

m
id

dl
ee

s
C

at
# 

C
L

M
-1

86
5

2 H
2O

C
am

br
id

ge
 I

so
m

id
dl

ee
s

C
at

# 
D

L
M

-4
-1

00
0

U
-13

C
 L

ac
ta

te
C

am
br

id
ge

 I
so

m
id

dl
ee

s
C

at
# 

C
L

M
-1

57
9

U
-13

C
 G

lu
co

se
C

am
br

id
ge

 I
so

m
id

dl
ee

s
C

at
# 

C
L

M
-1

39
6

U
-13

C
 P

yr
uv

at
e

Si
gm

a-
A

ld
ri

ch
C

at
# 

49
07

17

So
di

um
 p

yr
uv

at
e

Si
gm

a-
A

ld
ri

ch
C

at
# 

P2
25

6

So
di

um
 p

ro
pi

on
at

e
Si

gm
a-

A
ld

ri
ch

C
at

# 
P1

88
0

L
-(

+
)-

L
ac

tic
 a

ci
d 

so
lu

tio
n

Si
gm

a-
A

ld
ri

ch
C

at
# 

L
18

75

G
ly

ce
ro

l
Si

gm
a-

A
ld

ri
ch

C
at

# 
G

55
16

G
lu

ta
m

in
e

Si
gm

a-
A

ld
ri

ch
C

at
# 

G
85

40

A
sp

ar
tic

 A
ci

d
Si

gm
a-

A
ld

ri
ch

C
at

# 
A

72
19

B
ov

in
e 

Se
ru

m
 A

lb
um

in
Si

gm
a-

A
ld

ri
ch

C
at

# 
A

38
03

Pa
lm

iti
c 

A
ci

d
Si

gm
a-

A
ld

ri
ch

C
at

# 
P5

58
5

Pa
lm

ito
le

ic
 A

ci
d

Si
gm

a-
A

ld
ri

ch
C

at
# 

P9
41

7

St
ea

ri
c 

A
ci

d
Si

gm
a-

A
ld

ri
ch

C
at

# 
S4

75
1

O
le

ic
 A

ci
d

Si
gm

a-
A

ld
ri

ch
C

at
# 

O
10

08

L
in

ol
ei

c 
A

ci
d

Si
gm

a-
A

ld
ri

ch
C

at
# 

L
13

76

γ-
L

in
ol

ei
c 

A
ci

d
Si

gm
a-

A
ld

ri
ch

C
at

# 
L

23
78

D
ec

os
ah

ex
an

oi
c 

ac
id

Si
gm

a-
A

ld
ri

ch
C

at
# 

D
25

34

A
m

be
rl

ite
 R

es
in

Si
gm

a-
A

ld
ri

ch
C

at
# 

A
99

60

D
ow

ex
 R

es
in

Si
gm

a-
A

ld
ri

ch
C

at
# 

21
75

06

70
%

 P
er

ch
lo

ri
c 

A
ci

d
Si

gm
a-

A
ld

ri
ch

C
at

# 
24

42
52

Cell Metab. Author manuscript; available in PMC 2020 June 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cappel et al. Page 39

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

E
th

yl
 A

ce
ta

te
E

M
D

 M
ill

ip
or

e
C

at
# 

E
X

02
45

A
D

P
Si

gm
a-

A
ld

ri
ch

C
at

# 
A

27
54

C
C

C
P

Si
gm

a-
A

ld
ri

ch
C

at
# 

C
27

59

O
lig

om
yc

in
Si

gm
a-

A
ld

ri
ch

C
at

# 
O

48
76

A
nt

im
yc

in
 A

Si
gm

a-
A

ld
ri

ch
C

at
# 

A
86

74

Su
cc

in
at

e
Si

gm
a-

A
ld

ri
ch

C
at

# 
S2

37
8

M
al

at
e

Si
gm

a-
A

ld
ri

ch
C

at
# 

24
01

76

G
lu

ta
m

at
e

Si
gm

a-
A

ld
ri

ch
C

at
# 

49
62

1

A
m

yl
og

lu
co

si
da

se
Si

gm
a-

A
ld

ri
ch

C
at

# 
A

74
20

C
ri

ti
ca

l C
om

m
er

ci
al

 A
ss

ay
s

A
m

m
on

ia
 A

ss
ay

 K
it

A
bc

am
C

at
# 

ab
83

36
0

U
re

a 
A

ss
ay

 K
it

A
bc

am
C

at
# 

ab
83

36
2

G
SH

/G
SS

G
 R

at
io

 D
et

ec
tio

n 
A

ss
ay

 K
it

A
bc

am
C

at
#a

b1
38

88
1

Se
ah

or
se

 X
Fe

96
 F

lu
xP

ak
 m

in
i

A
gi

le
nt

C
at

# 
10

26
01

–1
00

iS
cr

ip
t c

D
N

A
 S

yn
th

es
is

 K
it

B
io

R
ad

C
at

# 
17

08
89

0

M
ou

se
 G

lu
ca

go
n 

E
lis

a 
K

it
C

ry
st

al
 C

he
m

C
at

# 
81

51
8

U
ltr

a-
Se

ns
iti

ve
 M

ou
se

 I
ns

ul
in

 E
L

IS
A

C
ry

st
al

 C
he

m
C

at
# 

90
08

0

T
B

A
R

S 
A

ss
ay

 K
it

C
ay

m
an

 C
he

m
ic

al
C

at
# 

10
00

90
55

C
re

at
in

in
e 

A
ss

ay
 K

it
C

ay
m

an
 C

he
m

ic
al

C
at

# 
50

07
01

C
el

l L
yt

ic
 M

T
 C

el
l L

ys
is

 r
ea

ge
nt

Si
gm

a 
A

ld
ri

ch
C

at
# 

C
32

28

C
itr

at
e 

Sy
nt

ha
se

 A
ct

iv
ity

 A
ss

ay
Si

gm
a-

A
ld

ri
ch

C
at

# 
C

S0
72

0

G
lu

co
se

 (
H

K
) 

A
ss

ay
 K

it
Si

gm
a-

A
ld

ri
ch

C
at

# 
G

A
H

K
20

T
ri

gl
yc

er
id

e 
D

et
er

m
in

at
io

n 
K

it
Si

gm
a-

A
ld

ri
ch

C
at

# 
T

R
O

10
0

A
LT

 A
ct

iv
ity

 A
ss

ay
Si

gm
a-

A
ld

ri
ch

C
at

# 
M

A
K

05
2

A
ST

 A
ct

iv
ity

 A
ss

ay
Si

gm
a-

A
ld

ri
ch

C
at

# 
M

A
K

05
5

R
N

A
 S

TA
T-

60
Te

l-
Te

st
C

at
# 

C
s-

11
1

Pi
er

ce
 B

C
A

 P
ro

te
in

 A
ss

ay
T

he
rm

o 
Fi

sh
er

C
at

# 
23

22
5

Su
pe

rS
ig

na
l W

es
t P

ic
o 

C
he

m
ilu

m
in

es
ce

nt
 S

ub
st

ra
te

T
he

rm
o 

Fi
sh

er
C

at
# 

34
08

0

A
ut

ok
it 

To
ta

l K
et

on
es

W
ak

o 
D

ia
gn

os
tic

s
C

at
# 

41
1-

73
40

1

H
R

 S
er

ie
s 

N
E

FA
 R

ea
ge

nt
W

ak
o 

D
ia

gn
os

tic
s

C
at

# 
95

5-
34

69
3

Cell Metab. Author manuscript; available in PMC 2020 June 04.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Cappel et al. Page 40

R
E

A
G

E
N

T
 o

r 
R

E
SO

U
R

C
E

SO
U

R
C

E
ID

E
N

T
IF

IE
R

D
ep

os
it

ed
 D

at
a

N
A

E
xp

er
im

en
ta

l M
od

el
s:

 O
rg

an
is

m
s/

St
ra

in
s

M
ou

se
: P

yr
uv

at
e 

ca
rb

ox
yl

as
e 

fl
ox

ed
M

ad
e 

in
 la

b.
 C

el
ls

 p
ur

ch
as

ed
 f

ro
m

 E
M

M
A

M
ou

se
: A

lb
um

in
-c

re
T

hi
s 

la
b 

(o
ri

gi
na

lly
 J

ac
ks

on
 L

ab
s)

O
lig

on
uc

le
ot

id
es

Pl
ea

se
 s

ee
 T

ab
le

 S
1 

fo
r 

qP
C

R
 p

ri
m

er
 s

eq
ue

nc
es

So
ft

w
ar

e 
an

d 
A

lg
or

it
hm

s

M
SD

 C
he

m
St

at
io

n
A

gi
le

nt
 T

ec
hn

ol
og

ie
s

E
 0

2.
01

.1
17

7

V
N

M
R

J
A

gi
le

nt
 T

ec
hn

ol
og

ie
s

ht
tp

://
op

en
vn

m
rj

.o
rg

A
C

D
/N

M
R

 P
ro

ce
ss

or
 A

ca
de

m
ic

 E
di

tio
n

A
dv

an
ce

d 
C

he
m

is
tr

y 
D

ev
el

op
m

en
t

w
w

w
.a

cd
la

bs
.c

om
/r

es
ou

rc
es

/f
re

ew
ar

e/
nm

r_
pr

oc
/

W
av

e 
2.

4
A

gi
le

nt
 T

ec
hn

ol
og

ie
s

w
w

w
.a

gi
le

nt
.c

om
/e

n-
us

/s
up

po
rt

/c
el

l-
an

al
ys

is
-(

se
ah

or
se

)/
se

ah
or

se
-x

f-
so

ft
w

ar
e

B
io

R
ad

 C
FX

 M
an

ag
er

 3
.1

B
io

R
ad

 L
ab

or
at

or
ie

s
w

w
w

.b
io

-r
ad

.c
om

/e
n-

us
/p

ro
du

ct
/p

re
vi

ou
s-

qp
cr

-s
of

tw
ar

e-
re

le
as

es

G
en

5 
2.

01
B

io
Te

k 
In

st
ru

m
en

ts
w

w
w

.b
io

te
k.

co
m

/p
ro

du
ct

s/
so

ft
w

ar
e-

ro
bo

tic
s-

so
ft

w
ar

e/
ge

n5
-m

ic
ro

pl
at

e-
re

ad
er

-a
nd

-i
m

ag
er

-s
of

tw
ar

e/

G
ra

ph
pa

d 
Pr

is
m

 7
G

ra
ph

Pa
d 

So
ft

w
ar

e
w

w
w

.g
ra

ph
pa

d.
co

m

C
el

lS
en

s 
St

an
da

rd
 1

.1
3

O
ly

m
pu

s 
C

or
po

ra
tio

n
w

w
w

.o
ly

m
pu

s-
lif

es
ci

en
ce

.c
om

/e
n/

so
ft

w
ar

e/
ce

lls
en

s/

SI
M

C
A

 P
+

 v
.1

3.
0

U
m

et
ri

cs
um

et
ri

cs
.c

om
/p

ro
du

ct
s/

si
m

ca

IN
C

A
 v

1.
7

V
U

 e
-I

nn
ov

at
io

ns
m

fa
.v

ue
in

no
va

tio
ns

.c
om

/

Cell Metab. Author manuscript; available in PMC 2020 June 04.

http://openvnmrj.org
http://www.acdlabs.com/resources/freeware/nmr_proc/
http://www.agilent.com/en-us/support/cell-analysis-(seahorse)/seahorse-xf-software
http://www.bio-rad.com/en-us/product/previous-qpcr-software-releases
http://www.biotek.com/products/software-robotics-software/gen5-microplate-reader-and-imager-software/
http://www.graphpad.com
http://www.olympus-lifescience.com/en/software/cellsens/
http://umetrics.com/products/simca
http://mfa.vueinnovations.com/

	Summary:
	Graphical Abstract
	eTOC Blurb:
	Introduction:
	Results
	Authentication of liver-specific pyruvate carboxylase knockout mice
	LPCKO does not affect basal glucose levels but lowers fasting insulin
	Loss of PC impairs hepatic gluconeogenesis
	Loss of PC disrupts hepatic amino acid catabolism
	Pyruvate carboxylase is required for hepatic TCA cycle function
	Loss of PC increases ketogenesis but not β-oxidation
	PC knockout reduces mitochondrial energy production but not respiratory
capacity
	LPCKO mice are protected against HFD-induced glucose intolerance but not
hepatic steatosis.
	Loss of hepatic PC predisposes liver to oxidative stress and inflammation by
dysregulating NADP(H) redox state.

	Discussion
	Conclusions and Limitations of Study

	Experimental Procedures
	STAR Methods
	Experimental model and subject details
	Animal Care
	Animal Model

	Method Details
	Lactate/Pyruvate tolerance test
	Glucose tolerance test
	Hepatic insulin signaling
	Western Blotting
	Gene Expression
	Plasma Hormones
	Ketones
	Liver Enzymes
	Plasma Lipids
	Hepatic Lipids
	Ammonia Concentration
	Measurement of Glycogen in Liver
	Urea/Creatinine Concentration
	Measurement of Glutathione in Liver
	Measurement of Thiobarbituric Acid Reactive Substances (TBARS) in
Liver
	1H NMR metabolic profiling
	Measurement of Amino Acids in Liver
	Measurement of Organic Acids in Liver
	Measurement of amino acids in plasma
	Measurement of adenine nucleotides in liver
	Measurement of acylcarnitines in liver
	Tracer Infusions
	Endogenous glucose production (EGP) and gluconeogenesis (GNG) in fasted
mice
	Liver Perfusions
	Perfusate Glucose
	Perfusate glucose purification
	Mono-acetone glucose (MAG) conversion
	Mono-acetone glucose 2H and 13C NMR
	Metabolic Flux Analysis in perfused liver
	Flux Balance Analysis (FBA)
	Citrate Synthase Activity
	Mitochondrial Isolation
	Mitochondrial Function
	Histology
	Rotarod Testing
	Indirect Calorimetry
	Statistical analysis

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:
	Figure 6:
	Figure 7:
	Key Resource TableREAGENT or RESOURCESOURCEIDENTIFIERAntibodiesRabbit anti-Pcb (Pyruvate Carboxylase)Santa Cruz BiotechCat# sc-67021Rabbit anti-Ppib (Cyclophilin B)AbcamCat# Ab16045Rabbit anti-AktCell SignalingCat# 9272Rabbit anti-Phospho-Akt (Thr308)Cell SignalingCat# 2965Chemicals, Peptides, and Recombinant ProteinsU-13C PropionateCambridge IsomiddleesCat# CLM-18652H2OCambridge IsomiddleesCat# DLM-4-1000U-13C LactateCambridge IsomiddleesCat# CLM-1579U-13C GlucoseCambridge IsomiddleesCat# CLM-1396U-13C PyruvateSigma-AldrichCat# 490717Sodium pyruvateSigma-AldrichCat# P2256Sodium propionateSigma-AldrichCat# P1880L-(+)-Lactic acid solutionSigma-AldrichCat# L1875GlycerolSigma-AldrichCat# G5516GlutamineSigma-AldrichCat# G8540Aspartic AcidSigma-AldrichCat# A7219Bovine Serum AlbuminSigma-AldrichCat# A3803Palmitic AcidSigma-AldrichCat# P5585Palmitoleic AcidSigma-AldrichCat# P9417Stearic AcidSigma-AldrichCat# S4751Oleic AcidSigma-AldrichCat# O1008Linoleic AcidSigma-AldrichCat# L1376γ-Linoleic AcidSigma-AldrichCat# L2378Decosahexanoic acidSigma-AldrichCat# D2534Amberlite ResinSigma-AldrichCat# A9960Dowex ResinSigma-AldrichCat# 21750670% Perchloric AcidSigma-AldrichCat# 244252Ethyl AcetateEMD MilliporeCat# EX0245ADPSigma-AldrichCat# A2754CCCPSigma-AldrichCat# C2759OligomycinSigma-AldrichCat# O4876Antimycin ASigma-AldrichCat# A8674SuccinateSigma-AldrichCat# S2378MalateSigma-AldrichCat# 240176GlutamateSigma-AldrichCat# 49621AmyloglucosidaseSigma-AldrichCat# A7420Critical Commercial AssaysAmmonia Assay KitAbcamCat# ab83360Urea Assay KitAbcamCat# ab83362GSH/GSSG Ratio Detection Assay KitAbcamCat#ab138881Seahorse XFe96 FluxPak miniAgilentCat# 102601–100iScript cDNA Synthesis KitBioRadCat# 1708890Mouse Glucagon Elisa KitCrystal ChemCat# 81518Ultra-Sensitive Mouse Insulin ELISACrystal ChemCat# 90080TBARS Assay KitCayman ChemicalCat# 10009055Creatinine Assay KitCayman ChemicalCat# 500701Cell Lytic MT Cell Lysis reagentSigma AldrichCat# C3228Citrate Synthase Activity AssaySigma-AldrichCat# CS0720Glucose (HK) Assay KitSigma-AldrichCat# GAHK20Triglyceride Determination KitSigma-AldrichCat# TRO100ALT Activity AssaySigma-AldrichCat# MAK052AST Activity AssaySigma-AldrichCat# MAK055RNA STAT-60Tel-TestCat# Cs-111Pierce BCA Protein AssayThermo FisherCat# 23225SuperSignal West Pico Chemiluminescent SubstrateThermo FisherCat# 34080Autokit Total KetonesWako DiagnosticsCat# 411-73401HR Series NEFA ReagentWako DiagnosticsCat# 955-34693Deposited DataNAExperimental Models: Organisms/StrainsMouse: Pyruvate carboxylase floxedMade in lab. Cells purchased from EMMAMouse: Albumin-creThis lab (originally Jackson Labs)OligonucleotidesPlease see Table S1 for qPCR primer sequencesSoftware and AlgorithmsMSD ChemStationAgilent TechnologiesE 02.01.1177VNMRJAgilent Technologieshttp://openvnmrj.orgACD/NMR Processor Academic EditionAdvanced Chemistry Developmentwww.acdlabs.com/resources/freeware/nmr_proc/Wave 2.4Agilent Technologieswww.agilent.com/en-us/support/cell-analysis-(seahorse)/seahorse-xf-softwareBioRad CFX Manager 3.1BioRad Laboratorieswww.bio-rad.com/en-us/product/previous-qpcr-software-releasesGen5 2.01BioTek Instrumentswww.biotek.com/products/software-robotics-software/gen5-microplate-reader-and-imager-software/Graphpad Prism 7GraphPad Softwarewww.graphpad.comCellSens Standard 1.13Olympus Corporationwww.olympus-lifescience.com/en/software/cellsens/SIMCA P+ v.13.0Umetricsumetrics.com/products/simcaINCA v1.7VU e-Innovationsmfa.vueinnovations.com/

