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Abstract

Aims/hypothesis—Pantothenate kinase (PanK) is the first enzyme in coenzyme A (CoA) 

biosynthesis. Pank1-deficient mice have 40% lower liver CoA and fasting hypoglycaemia that 

results from reduced gluconeogenesis. Single-nucleotide polymorphisms in the human PANK1 

gene are associated with insulin levels suggesting a link between CoA and insulin homeostasis. 

We determined whether Pank1 deficiency 1) modified insulin levels, 2) ameliorated 

hyperglycaemia and hyperinsulinemia, and 3) improved acute glucose and insulin tolerance of 

leptin (Lep)-deficient mice.

Methods—Serum insulin and responses to glucose and insulin tolerance tests were determined in 

Pank1-deficient mice. Levels of CoA and regulating enzymes were measured in liver and skeletal 

muscle of Lep-deficient mice. Double Pank1/Lep-deficient mice were analysed for the diabetes-

related phenotype and global metabolism.

Results—Pank1-deficient mice had lower serum insulin and improved glucose tolerance and 

insulin sensitivity compared to wild-type mice. Hepatic and muscle CoA was abnormally high in 

Lep-deficient mice. Pank1 deletion reduced hepatic CoA but not muscle CoA, reduced serum 

glucose and insulin, but did not normalize body weight or improve acute glucose tolerance or 

protein kinase B (Akt) phosphorylation in Lep-deficient animals. Pank1/Lep double-deficient mice 

exhibited reduced whole-body metabolism of fatty acids and amino acids and had a greater 

reliance on carbohydrate utilization for energy production.

Conclusions/interpretation—The results indicate that Pank1 deficiency drives a whole-body 

metabolic adaptation that improves aspects of the diabetic phenotype and uncouples 

hyperglycaemiaand hyperinsulinemia from obesity in leptin-deficient mice.
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Introduction

Elevated gluconeogenesis is central to hyperglycaemia in type 2 diabetes [1], and 

suppression of this pathway by the widely used drug metformin is effective in reducing 

blood glucose [2]. Gluconeogenesis and fatty acid oxidation during fasting are interrelated 

[3], and the CoA supply in the liver was recently identified as a mediator of the two 

processes [4].

CoA is an essential cofactor required for the metabolism of carbohydrates, amino acids, fatty 

acids and ketone bodies for energy production, and for multiple synthetic processes, 

including sterol, bile acid, fatty acid and complex lipid biosynthesis [5]. Tissue CoA levels 

are tightly regulated and adjust to the metabolic state by a balance between synthesis and 

degradation. Nudix hydrolase 7 (Nudt7) degrades short-chain acyl-CoAs [6], and is 

negatively regulated by peroxisome proliferator-activated receptor α [7]. CoA synthesis 

starts with phosphorylation of pantothenic acid (vitamin B5) by pantothenate kinase (PanK). 

Four mammalian PanK isoforms encoded by three genes [8] regulate CoA biosynthesis 

through differential isoform expression in tissues [4,9,10], differential sensitivity to 

feedback inhibition by acyl-CoAs [8,11–13], selective activation by metabolites [11,14], and 

subcellular localization [12,15]. Although the PanK enzymes are located in cytosol, nucleus 

or mitochondria [15], the latter steps in CoA synthesis occur in the cytosol [16] and CoA is 

transported into mitochondria [17–19] for use in oxidative reactions. The Pank1 gene 

encodes PanK1α and PanK1β, the PanK isoforms least sensitive to feedback regulation by 

acetyl-CoA [5,13], and is required for the hepatic CoA increase during the switch from 

glucose to fatty acid oxidation that occurs in the fasted state [4]. Liver and kidney express 

PanK1β in highest abundance and are characterized by the highest CoA levels [13,20]. 

PanK2 and PanK3 are abundant isoforms in brain [12] and a human neurodegenerative 

disease is associated with mutations in the hPANK2gene [21].

Fatty acid oxidation relies heavily on the availability of free CoA to produce acetyl-CoA 

from long-chain acyl-CoA breakdown. Acetyl-CoA, in turn, is an activator of pyruvate 

carboxylase, the first enzyme in gluconeogenesis. Acyl-CoA catabolism additionally 

produces NADH and is linked to ATP production, both of which are required for 

gluconeogenesis. Reduction of hepatic CoA due to Pank1 deficiency [4] or chemical 

inhibition of all the PanK isoforms [20] results in reduced fatty acid oxidation and 

hypoglycaemia, thus demonstrating that modulation of CoA has a direct impact on glucose 

production. In particular, Pank1-deficient mice are unable to convert pyruvate, oxaloacetate 

or glycerol to glucose [4], although transcription of key enzymes increases as expected in 

the fasted state to support gluconeogenesis. Thus, PanK1 may be a suitable target for 

intervention in disorders with deregulated gluconeogenesis and hyperglycaemia such as type 

2 diabetes.
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An association between polymorphisms in the PANK1 gene and insulin levels was recently 

uncovered in a birth cohort from the most genetically isolated regions of Finland [22]. We 

tested the hypothesis that reduction of CoA levels by global deletion of Pank1 could 

mitigate the hyperglycaemia and hyperinsulinemia of diabetic mice. We used the ob/ob 

mouse, an established model to investigate the metabolic disturbances leading to type 2 

diabetes [23]. The ob/ob mouse is leptin-deficient (Lep−/−) [24] and characterized by 

obesity, hyperglycaemia, hyperinsulinemia and insulin resistance [25]. We generated Lep−/− 

mice that were deficient in Pank1 expression and compared their diabetic phenotype and 

whole-body metabolismto the Lep −/− mice.

Methods

Animals

Animal experiments were approved by the St. Jude Children’s Research Hospital 

Institutional Animal Care and Use Committee (protocol 323). Male mice, age 10–16 weeks, 

were maintained at 22±2°C; humidity 50%±10%; 14h light, 10h dark cycle. Pank1−/− [4] 

and Pank1+/+ littermates were fed LabDiet 5013 (St. Lois, MO, USA) containing 6% fat. 

Pank1−/−Lep−/− and Pank1+/+Lep−/− littermates, derived in the St. Jude Animal Resource 

Centre from breeding B6.Lep+/− mice (Jackson Laboratory, Bar Harbor, ME, USA) with 

Pank1−/− mice (71–74% C57BL/6J x 129Sv) [4], were fed LabDiet 5K20 containing 10% 

fat. Indirect calorimetry measured oxygen consumption (VO2) and carbon dioxide 

production (VCO2) using a 4-chamber Oxymax (Columbus Instruments, Columbus, OH, 

USA).

Serum parameters, glucose and insulin tolerance tests

Blood glucose was measured using a glucometer (FreeStyle, Abbott Diabetes Care, 

Alameda, CA, USA); insulin was measured using an ELISA kit (Crystal Chem, Downers 

Grove, IL, USA); lactate and β-hydroxybutyrate were determined using a GM7 Micro-Stat 

analyser (Analox Instruments, London, UK); free fatty acids were determined using a 

Biovision (Milipitas, CA, USA) assay kit; triglycerides and cholesterol were analysed by the 

St. Jude Veterinary Pathology Core, amino acids were measured by the University of 

California at Davis Proteomic Core. Prior to OGTT with 2 g/Kg glucose, Pank1+/+ and 

Pank1−/− mice were fasted overnight. Prior to OGTT with 0.25 g/Kg glucose 

Pank1+/+Lep−/− and Pank1−/−Lep−/− mice were fasted 24h. For insulin tolerance tests 

(ITT) with 0.75 U/Kg insulin (Humulin R, Eli Lilly, Indianapolis, IN, USA) i.p., Pank1+/+ 

and Pank1−/− mice were fasted overnight. For ITT with 7.5 U/Kg, Pank1+/+Lep−/− and 

Pank1−/−Lep−/− mice were fasted 6h. For alanine tolerance tests with 0.25g/Kg i.p., 

Pank1+/+Lep−/− and Pank1−/−Lep−/− mice were fasted 24h. AUC for individual mice were 

reported as the mean ± SEM and was calculated using initial blood glucose as baseline. For 

ITT, individual glucose curves were normalized to initial blood glucose set to 100 and AUC 

calculated using y=0 as baseline.

Tissue measurements

Tissues were frozen in liquid nitrogen and stored at −80°C. Glycogen [26] was quantified 

with a Biovision kit (Milipitas, CA, USA). Liver triglycerides and cholesterol were 
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quantified using an Iatroscan (Shell-usa, Spotsylvania, VA, USA). CoA levels were 

determined as described [12] or [27,28]. DNA was quantified as described [29]. Glycogen, 

triglycerides, cholesterol and CoA were normalized to DNA. Carnitines were determined as 

described [4]. Transcripts were quantified by real time RT-qPCR with primers as described 

[4,9] and as follows: Carnitine palmitoyltransferase 1α (Cpt1α) Cpt1α-forward 

ACGCATGACAGCACTGGCCC, Cpt1α-reverse CCTCCCCAGGGATGCGGGAA; long-

chain acyl-CoA dehydrogenase (Acadl) Acadl-forward 

CTTGCTTGGCATCAACATCGCAGA, Acadl-reverse 

ATTGGAGTACGCTTGCTCTTCCCA.

Enzyme activities

Hepatic PanK activity and fatty acid oxidation were measured as described [4,30]. 14C-

palmitic acid oxidation was calculated from the slope of three time points, peroxisome 

oxidation was determined following 5 min pre-incubation with 50 μmol/l antimycin A and 

10 μmol/l rotenone, and mitochondrial oxidation was calculated as the difference with and 

without inhibitors. 14C-labeled acid soluble metabolites (ASM) were assessed by 

scintillation counting. 14Carbon dioxide accounted for ≤ 2% of oxidized 14C-palmitic acid 

and was not included in the calculations.

Hepatocyte isolation

Hepatocytes were isolated from overnight fasted mice and suspended at 0.8–1 x 106 cells/ml 

in buffer without glucose [31], with or without 2 mmol/l pyruvate or 2 mmol/l pyruvate plus 

20 mmol/l lactate. Suspensions were incubated at 37°C with moderate shaking for 2h with 

>90% viability. Hepatocytes were centrifuged at 1000g for 6 min, and supernatant glucose 

was quantified using an assay kit (Sigma-Aldrich, St. Louis, MO, USA).

Immunoblotting

The antibody against full-length mouse Nudt7 was raised in rabbit, and used at 1:10,000 

dilution. The β-actin antibody (Sigma-Aldrich) was used at 1:5000 dilution. The Gapdh 

(glyceraldehyde phosphate dehydrogenase) antibody (Abcam, Cambridge, MA, USA) was 

used at 1:3000 dilution. The Akt and phosphor-Akt antibodies (Cell Signaling Technology, 

Danvers, MA, USA) were used at 1:1000 dilution.

Statistical analysis

Statistical significance was calculated by unpaired two-tailed Student’s t test using 

GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA).

Results

Reduced serum insulin and improved insulin tolerance in Pank1−/− mice

Insulin was 50% lower in fasted Pank1−/− mice (0.21 ± 0.04 ng/ml, n=11) compared to 

wild-type mice (0.42 ± 0.06 ng/ml, n=13, p=0.007). The Pank1−/− mice cleared a glucose 

bolus faster than wild type controls (Fig. 1a and b) while maintaining insulin levels that 

were similar to wild-type mice for up to 30 min after glucose injection (mean value of 0.5 
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ng/ml, n=4–8 per genotype), consistent with improved glucose uptake. The mice 

additionally exhibited improved insulin tolerance (Fig. 1c and d). These data indicated a 

relationship between PanK1 and insulin homeostasis in mice, consistent with results of a 

human genome-wide association study [22].

Deregulated hepatic CoA levels in Lep−/− mice

Hepatic CoA content was ~2-fold higher in fed leptin-deficient animals compared to non-

obese littermates whereas fasted CoA was equivalent (Fig. 2a). These observations were 

similar to those reported previously for the db/db mice [32]. Pank transcript expression was 

not significantly different between genotypes (Fig. 2b), but PanK activity, representing the 

total amount of PanK protein, was about 30% higher (Fig. 2c) in Lep−/− mice (specific 

activities 11.8 ± 0.8 vs. 8.1 ± 1.0 pmol min−1 mg−1 protein, n=3/genotype, p=0.009). The 

relative Pank transcript abundance was very similar to Lep+/+ liver [4] and the modestly 

higher PanK activity in the Lep−/− liver could be due to alteration of either protein stability 

or post-translational modification of any of the four PanK isoforms. Nudt7 transcripts were 

down regulated 10-fold (Fig. 2b) and Nudt7 protein was also reduced in Lep−/− mice (Fig. 

2d). Fasting CoA levels increased as expected in the controls but were unchanged in the 

Lep−/− mice (Fig. 2a). The elevated CoA in fed Lep−/− mice correlated with higher PanK 

activity and reduced Nudt7 expression and, from a CoA perspective, the data suggested that 

the Lep−/− liver was in a chronically ‘fasted’ state, even when the animals were fed.

Reduced CoA levels, fatty acid β-oxidation and gluconeogenesis in Pank1−/−Lep−/− mice

The reduced insulin levels and improved glucose and insulin tolerance of the Pank1−/− mice 

(Fig. 1), together with elevated hepatic CoA levels in the Lep−/− mice (Fig. 2), prompted us 

to derive Pank1-deficient Lep−/− mice to evaluate the effect on CoA-mediated fatty acid 

catabolism and glucose production. Pank1-deficiency in Lep−/− mice resulted in lower 

hepatic CoA both in the fed state and after an overnight fast (Fig. 3a). The levels of free 

CoA were reduced in Pank1−/−Lep−/− mice whereas short-chain and long-chain acyl-CoAs 

were not significantly different between genotypes and nutritional states (Supplementary 

Fig. S1). Transcript abundance of the Pank2, Pank3 or Nudt isoforms was not significantly 

different between the genotypes (Table 1). The rates of hepatic fatty acid βoxidation 

from 14C-palmitic acid were measured without addition of exogenous CoA and were 

significantly lower in Pank1−/−Lep−/− mice in both the fed and fasted states, where 

mitochondrial βoxidation was selectively affected (Fig. 3b). The liver carnitine profiles 

confirmed that Pank1-deficiency resulted in chronically reduced fatty acid oxidation in 

Lep−/− mice, as unmetabolized fatty acids were off-loaded from acyl-CoAs to acyl-

carnitines. Free carnitine was not limiting in livers from Pank1−/−Lep−/− mice (Fig 3c), and 

significant accumulation of long-chain acylcarnitines in the fed (C14, C18) and fasted state 

(C16, C16:1, C18, C18:1, C18:2) was consistent with a partial block and reduced rate of 

fatty acid oxidation (Fig. 3e). On the other hand, the mRNAs for carnitine palmitoyl 

transferase alpha (Cpt1a), long-chain acyl-CoA dehydrogenase (Acadl) or peroxisome 

proliferator-activated receptor alpha (Pparg1a) were the same between genotypes (Table 2), 

indicating that the transcriptional program for fatty acid breakdown and utilization was 

intact.
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Pank1-deficiency led to a dramatic reduction in gluconeogenic capacity without altering the 

transcription of the key enzymes phosphoenolpyruvate carboxykinase 1 (Pck1) and 

glucose-6-phosphatase (G6pc) (Table 2). Glucose production was substantially reduced 

following an acute challenge with the amino acid alanine (Fig. 4a and b), a gluconeogenic 

precursor used by the liver almost exclusively [33]. Glucose production from hepatocytes 

isolated from Pank1−/−Lep−/− mice was also dramatically reduced compared to hepatocytes 

from Pank1+/+Lep−/− mice (Fig. 4c). Altogether, these data indicated that the CoA supply 

for fatty acid oxidation became limiting following deletion of Pank1 in Lep−/− mice which, 

in turn, reduced glucose production from hepatocytes.

Pank1-deficiency reduced chronic hyperglycaemia and hyperinsulinemia in Lep−/− mice 
without changing body weight or insulin resistance

No difference in body weight or food intake was observed between Pank1−/−Lep−/− and 

Pank1+/+Lep−/− littermate controls (Fig. 5a and b). However, Pank1-deficiency resulted in 

dramatically reduced blood glucose and lactate in the fed state, and reduced glucose and 

insulin after an overnight fast (Table 3). These data indicated that the chronic 

hyperglycaemia and hyperinsulinemia associated with the type 2 diabetic state were 

significantly improved despite chronic obesity. Muscle glycogen stores were significantly 

depleted in fasted Pank1−/−Lep−/− mice, and a trend towards lower hepatic glycogen was 

evident (Table 3), suggesting enhanced glucose utilization. However, unlike the Pank1−/− 

mice, the Pank1−/−Lep−/− mice did not exhibit an improved response to a glucose bolus 

(Fig. 5c and d). The acute response of Pank1−/−Lep−/− mice to insulin was only slightly 

improved at best (Fig. 5e and f) and examination of Akt phosphorylation as an indicator of 

insulin signalling did not demonstrate a difference between the responses of either liver or 

muscle in Pank1+/+Lep−/− and Pank1−/−Lep−/− mice (Fig. 6a).

CoA regulation was then investigated in skeletal muscle, a major contributor to insulin 

resistance. Muscle CoA was elevated substantially in fed Pank1+/+Lep−/− and 

Pank1−/−Lep−/− mice, similar to fasted levels in wild-type animals (Fig. 6b), indicating 

deregulation of CoA metabolism. In contrast with the results in liver, however, PanK1-

deficiency did not reduce either fed or fasting CoA levels in Lep−/− muscles. The muscle 

acyl-CoA levels in Lep−/− mice were elevated compared to wild-type mice, but were not 

reduced following Pank1-deletion (Supplemental Fig. S2). Investigation of the Pank 

transcript distribution in skeletal muscle showed that Pank1b expression was 100-fold lower 

(p<0.001) and Pank1α expression was 50% lower in Lep−/− muscle compared to liver 

(Table 1). As Pank1 (and Pank3) isoforms were expressed in skeletal muscle at significantly 

lower levels compared to liver, with Pank1 transcripts as minor species, a PanK1-deficiency 

would not be expected to alter muscle CoA levels in Pank1−/−Lep−/− mice. Altogether, the 

data indicated that the chronic hyperglycaemia of Lep−/− mice was resolved by reduction of 

hepatic CoA levels, but the insulin resistance of Lep−/− mice was much less affected, if at 

all, and correlated with deregulated CoA levels in skeletal muscle (and likely other insulin-

sensitive tissues) that did not express PanK1 at significant levels.
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Pank1-deficiency modified whole-body carbohydrate and amino acid metabolism in Lep−/− 

mice

Pank1−/−Lep−/− and control animals were analysed by indirect calorimetry to investigate 

the effect of Pank1-deficiency on whole-body metabolism. Mice were acclimatized for 5h, 

fed ad libitum for 24h, fasted for 24h and re-fed for 14h, with frequent monitoring of oxygen 

consumed (VO2) and carbon dioxide (VCO2) produced. The higher VCO2/VO2 respiratory 

exchange ratio (RER) indicated that Pank1−/−Lep−/− mice had increased non-lipid fuel 

utilization during ad libitum feeding (Fig. 7a) and this correlated with the significantly 

reduced hyperglycaemia in fed Pank1−/−Lep−/− animals (Table 3). The calculated energy 

expenditure did not indicate a significant difference between genotypes (Fig. 7b) although 

the metabolic rate, as measured by oxygen consumption, tended to be lower in the 

Pank1−/−Lep−/− mice without attaining statistical significance (data not shown).

Serum acyl-carnitines were measured as an indication of global fatty acid and amino acid 

metabolism. In the fed state Pank1−/−Lep−/− mice had increased butyryl/isobutyrylcarnitine 

(C4) and palmitoylcarnitine (C16), while oleoylcarnitine (C18:1) was reduced compared to 

Pank1+/+Lep−/− animals (Fig. 7e and f). Following an overnight fast, Pank1−/−Lep−/− mice 

exhibited a modest increase in serum myristoylcarnitine (C14) (Fig. 7f), while the branched-

chain amino acid-derived propylcarnitine (C3) and α-methylbutyryl/isovalerylcarnitine (C5) 

were reduced 3- and 2-fold, respectively (Fig. 6e). Consistent with the carnitine profiling, 

valine was significantly decreased in Pank1−/−Lep−/− mice, and both isoleucine and leucine 

tended to be lower (Fig. 7c). Not all serum amino acids were decreased in the 

Pank1−/−Lep−/− mice, however. Both methionine and serine were modestly increased, while 

alanine was twice as high in Pank1−/−Lep−/− compared to controls (Fig. 7c). Other 

metabolites that increased in the serum of fasted Pank1−/−Lep−/− mice were β-

hydroxybutyrate and free fatty acids, while cholesterol was reduced compared to 

Pank1+/+Lep−/− mice (Table 3). The elevated alanine in the Pank1−/−Lep−/− mice 

correlated with reduced alanine consumption by liver (Fig. 4). Altogether, these data 

indicated that deletion of Pank1 altered not only fatty acid but also amino acid metabolism, 

and elevated glucose utilization.

Discussion

A key finding of this investigation is that deregulated CoA metabolism in both liver and 

skeletal muscle likely contribute to the diabetic phenotype of the leptin-deficient mice. The 

chronic aspects of the phenotype, hyperglycaemia and hyperinsulinemia, were corrected by 

limiting CoA synthesis in liver, but the acute responses to high glucose and high insulin 

were unresolved. The data suggest that the resolution of the hyperinsulinemia was an 

adaptive response to lower serum glucose levels. Body weight, food intake and hepatic 

triglyceride content were unchanged following deletion of Pank1 in Lep−/− mice, as were 

the amounts of acyl-CoA intermediates in liver and muscle. These results suggest that the 

accumulation of hepatic triglyceride per se is not required for development of diabetes and 

identify CoA as a molecular mediator that couples obesity with hyperglycaemia by engaging 

metabolic processes normally restricted to the fasted state. Hepatic CoA levels are 

determined by co-expression of Pank and Nudt isoform combinations which were altered in 

Leonardi et al. Page 7

Diabetologia. Author manuscript; available in PMC 2015 October 24.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Lep−/− mice, and the Pank1−/−Lep−/− mice revealed that CoA can be a determining factor 

in metabolic disease. In light of the GWAS report that polymorphisms in the human PANK1 

gene are associated with insulin levels [22], our data suggest that a subset of human diabetic 

patients may benefit from moderate inhibition of PanK1 and CoA biosynthesis.

Deletion of Pank1 in Lep−/− mice dramatically suppressed hepatic gluconeogenesis, and the 

systemic reduction in the hyperglycaemia and hyperinsulinemia might have consequently 

modified whole-body fatty acid, carbohydrate, and amino acid metabolism. Conversely, 

PanK1-deficiency did not reduce abnormally high CoA levels in Lep−/− skeletal muscle due 

to the fact that Pank1 is not highly expressed in skeletal muscle. Accumulation of serum β-

hydroxybutyrate and free fatty acids in fasted Pank1−/−Lep−/− mice suggested reduced 

tissue utilization [9,34] or, in the latter case, enhanced adipose tissue lipolysis. Reduced 

tissue glycogen content and higher RER indicated increased glucose utilization in the 

periphery. Elevated alanine levels in blood correlated with reduced utilization of alanine for 

gluconeogenesis, although reduced branched-chain amino acid levels in fasted 

Pank1−/−Lep−/− mice (Fig. 6B) suggested that accumulation of serum alanine could also 

have been derived from increased synthesis of this amino acid in the muscle. Alanine 

production entails transfer of an amino group to pyruvate, and the process is tightly coupled 

to branched-chain amino acid degradation [35]. Thus, higher glucose utilization in the 

Pank1−/−Lep−/− mice could provide more pyruvate for alanine synthesis at the expense of 

the branched-chain amino acids. Interestingly, branched-chain amino acids, C3/C5 

acylcarnitines and alanine are components of a metabolite cluster that is strongly associated 

with and elevated under conditions of insulin resistance [36,37]. Although branched-chain 

amino acids and C3/C5 acylcarnitines were reduced, serum alanine was higher in the 

Pank1−/−Lep−/− mice and this correlated with unimproved systemic insulin resistance.

The beneficial physiological effect of CoA limitation was not dependent on changes in the 

transcription of regulatory enzymes in the fatty acid oxidation or gluconeogenic pathways, 

but rather resulted from a reduced rate of hepatic fatty acid oxidation due to limitation of 

substrate supply. The inability of Lep−/− mice to modulate hepatic CoA represents one 

molecular aspect of metabolic inflexibility which correlates with failure to suppress hepatic 

glucose production [38]. Repression of Nudt7 expression is reported to follow activation of 

peroxisome proliferator-activated receptor α [7] which would be expected to be engaged in 

fatty liver. However, the mechanisms underlying the CoA deregulation in Lep−/− mice are 

not known and are subject to future investigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Mice lacking Pank1 exhibit improved glucose and insulin tolerance. Pank1−/− (white circles 

and bars, n=8–10) and control mice(black circles and bars, n=7–10)were fasted overnight 

and blood glucose monitored at indicated times following the administration of glucose (a 
and b) or insulin (c and d). Initial blood glucose for the ITT was 4.5±0.2 mmol/l for control 

mice and 2.7±0.3 mmol/l for Pank1−/− mice (p=0.007). Values arethe mean ± SEM * 

p<0.05, *** p<0.001.
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Fig. 2. 
Leptin-deficient mice exhibit higher hepatic CoA levels in the fed state. Leptin-deficient 

mice (white bars) and non-obese controls (black bars) were analyzed fed and after a 48h 

fast. (a) Liver total CoA (n=4/genotype). (b) Relative mRNA levels for Pank isoforms and 

Nudt7 (n=5/genotype). (c) All phosphorylated derivatives of radiolabelled pantothenate 

added to the liver homogenate were measured and reported as PanK activity in fed (black) 

and fasted (white) Lep−/− mice (squares) and non-obese controls (circles) (n=3/genotype). 

(d) Western blot of hepatic Nudt7 protein (n=3/genotype) and β-Actin as loading control. 

Values are the mean ± SEM. * comparison between Lep−/− and non-diabetic mice under 

similar nutritional conditions; † comparison between fed and fasted mice of same genotype. 

** or †† p<0.01, *** or ††† p<0.001.
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Fig. 3. 
Reduced hepatic CoA and fatty acid β-oxidation in Pank1−/−Lep−/− mice. Fed and 

overnight fasted mice were analyzed for liver CoA, β-oxidation capacity and carnitine 

levels. Black bars, Pank1+/+Lep−/− mice; white bars, Pank1−/−Lep−/− mice. (a) Total liver 

CoA (n=7/genotype). (b) Measurement of acid-soluble metabolites (ASM) derived from the 

oxidation of 14C-palmitic acid in liver mitochondria and peroxisomes (n=4–7/genotype). (c–
e) Analysis of hepatic free and acylcarnitines(n=4/genotype). Values are the mean ± SEM. * 

p< 0.05, ** p<0.01, *** p<0.001.
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Fig. 4. 
Reduced hepatic gluconeogenesis in Pank1−/−Lep−/− mice. Black circles and bars, 

Pank1+/+Lep−/− mice; white circles and bars, Pank1−/−Lep−/− mice. (a and b) In vivo 

glucose production from alanine (n=11–15/genotype). (c) Gluconegenesis measured in 

isolated hepatocytes (n=4–5/genotype). Values are means± SEM. * p<0.05, ** p<0.01, *** 

p<0.001.
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Fig. 5. 
Pank1-deficiency does not alter body weight or glucose tolerance in Lep−/− mice. Black 

circles and bars, Pank1+/+Lep−/− mice; white circles and bars, Pank1−/−Lep−/− mice. (A) 

Weekly body weight measurement up to 16 weeks of age (n=10/genotype). (B) Food intake 

was monitored daily for 4 consecutive days and averaged (3–5 mice/cage, 3 cages/

genotype). (C and D) OGTT and AUC (n=9/genotype). (e and f) ITT and AUC (n=15/

genotype). The initial blood glucose for the ITT was 10.9±1.3 and 6.5±1.1 mmol/l for 

Pank1+/+Lep−/− and Pank1−/−Lep−/− mice (p=0.019), respectively.
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Fig. 6. 
Pank1-deficiency does not alter AKT phosphorylation or muscle CoA in Lep−/− mice. (a) 

Levels of AKT and phospho-AKT (P-AKT) were analyzed in liver and muscle homogenates 

5 minutes after the injection of 0.5 U of insulin or PBS (control) through the vena cava. (b) 

Muscle total CoA from fed and 24h fasted Pank1+/+Lep+/+ (black bars), Pank1+/+Lep−/− 

(gray bars) and Pank1−/−Lep−/− (white bars) mice. Values are the mean ± SEM. * indicates 

a significant difference between genotypes under the same nutritional conditions; † indicates 

a significant difference between fed and fasted mice of the same genotype. ** or †† p<0.01.
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Fig. 7. 
Increased whole-body carbohydrate utilization and altered lipid and amino acid metabolism 

in Pank1−/−Lep−/− mice. Black circles and bars, Pank1+/+Lep−/−; white circles and bars, 

Pank1−/−Lep−/−. (a) Respiratory exchange ratio (RER) and (b) energy expenditure of 

Pank1−/−Lep−/− (n=7) and Pank1+/+Lep−/− mice (n=12) under different nutritional 

conditions. (c) Amino acid analysis in serum from overnight fasted mice. (d–f) Mass 

spectrometry analysis of serum (d) free and acetylcarnitine, (e) short-chain (C3–C8) 

acylcarnitines and (f) long-chain (> C8) acylcarnitines in fed and overnight fasted 

Pank1+/+Lep−/− and Pank1−/−Lep−/− mice (n=4/genotype). Values are the mean ± SEM. * 

p<0.05, ** p<0.01, *** p<0.001.

Leonardi et al. Page 18

Diabetologia. Author manuscript; available in PMC 2015 October 24.

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

Leonardi et al. Page 19

Table 1

mRNA abundance of selected enzymes relative to Gapdh in liver and muscle.

Enzyme
Liver Muscle

Pank1+/+ Lep−/− Pank1−/− Lep−/− Pank1+/+ Lep−/− Pank1−/− Lep−/−

Pank1α 0.0020 ± 0.0001 - 0.001 ± 0.001

Pank1β 0.047 ± 0.005 - 0.0003 ± 0.0002

Pank2 0.005 ± 0.001 0.005 ± 0.001 0.003 ± 0.001 0.005 ± 0.001

Pank3 0.018 ± 0.001 0.015 ± 0.001 0.008 ± 0.001 0.009 ± 0.001

Nudt7 0.020 ± 0.002 0.029 ± 0.005 0.002 ± 0.001 0.002 ± 0.001

Nudt19 0.0010 ± 0.0003 0.0006 ± 0.0001 0.0002 ± 0.0001 0.0002 ± 0.0001

The data are the means of 4–6 fed mice per group ± SEM.
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Table 2

mRNA abundance of selected enzymes relative to Gapdh in liver.

Enzyme
Fed Fasted

Pank1+/+ Lep−/− Pank1−/− Lep−/− Pank1+/+ Lep−/− Pank1−/− Lep−/−

Pepck 0.106 ± 0.012 0.151 ± 0.027 0.289 ± 0.053 ## 0.317 ± 0.058 #

G6pc 0.084 ± 0.009 0.148 ± 0.048 0.138 ± 0.048 0.160 ± 0.040

Cpt1α 0.012 ± 0.001 0.014 ± 0.002 0.038 ± 0.003 ## 0.039 ± 0.005 ##

Acadl 0.022 ± 0.001 0.022 ± 0.001 0.040 ± 0.004 ## 0.052 ± 0.007 ##

Ppargα 0.041 ± 0.004 0.040 ± 0.003 0.071 ± 0.008 ## 0.072 ± 0.008 ##

The data are the mean of 4–6 mice per group ± SEM.

Significant differences between fed and overnight fasted animals of the same genotype are indicated by #, and between genotypes with the same 
nutritional status are indicated by *.

#
or *p<0.05,

##
or ** p<0.01.
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Table 3

Analytes in blood and tissue of Pank1+/+Lep−/− and Pank1−/−Lep−/− mice.

Analytes Pank1+/+ Lep−/− Pank1−/− Lep−/−

Glucose, fed 321 ± 38 mg/dL (10) 169 ± 16 mg/dL (14)***

Glucose, ON fasted 188 ± 32 mg/dL (6) 58 ± 13 mg/dL (7)**

Glucose, 48 h fasted 71 ± 14 mg/dL (7) 73 ± 17 mg/dL (7)

Insulin, fed 14.4 ± 4.4 ng/ml (9) 23.6 ± 7.8 ng/ml (10)

Insulin, ON fasted 2.4 ± 0.6 ng/ml (9) 1.1 ± 0.3 ng/ml (11)*

Lactate, fed 13.6 ± 0.9 mM (6) 7.7 ± 0.7 (5) mM ***

Lactate, ON fasted 10.8 ± 0.8 mM (8) 9.8 ± 0.8 mM (8)

β-Hydroxybutyrate, fed 0.56 ± 0.02 mM (6) 0.52 ± 0.02 mM (5)

β-Hydroxybutyrate, ON fasted 0.87 ± 0.06 mM (5) 1.20 ± 0.04 mM (5)**

Free fatty acids, fed 1.08 ± 0.16 mM (8) 1.11 ± 0.11 mM (4)

Free fatty acids, ON fasted 0.92 ± 0.07 mM (6) 1.39 ± 0.11 mM (6)*

Triglycerides, fed 249 ± 14 mg/dL (5) 217 ± 14 mg/dL (5)

Triglycerides, ON fasted 290 ± 30 mg/dL (10) 248 ± 34 mg/dL (10)

Cholesterol, fed 346 ± 17 mg/dL (5) 310 ± 39 mg/dL (5)

Cholesterol, ON fasted 306 ± 9 mg/dL (5) 257 ± 9 mg/dL (5)**

Liver triglycerides, fed 395 ± 178 μg/μg DNA (5) 474 ± 197 μg/μg DNA (5)

Liver cholesterol, fed 4.5 ± 0.9 μg/μg DNA (5) 3.9 ± 0.9 μg/μg DNA (5)

Liver glycogen, fed 22 ± 5 μg/μg DNA (8) 17 ± 4 μg/μg DNA (8)

Liver glycogen, ON fasted 23 ± 4 μg/μg DNA (6) 15 ± 5 μg/μg DNA (5)

Muscle glycogen, fed 3.4 ± 0.8 μg/μg DNA (5) 4.3 ± 0.8 μg/μg DNA (7)

Muscle glycogen, ON fasted 2.7 ± 0.5 μg/μg DNA (4) 1.0 ± 0.2 μg/μg DNA (4)*

Values are the mean ± SEM, and the numbers of animals are indicated in parentheses.

Significant differences between genotypes are indicated.

*
p<0.05,

**
p<0.01,

***
p<0.001.
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