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Abstract 

 

Title: Fasting-induced decrease in mouse cardiac pyruvate dehydrogenase enzyme activity 

associated with increased tolerance to lethal hypoxia 

Zakiya C., Master of Science, 2022 

Thesis directed by: Gary Fiskum. Professor, Anesthesiology Department 

 

The global mortality of patients with cardiovascular diseases annually exceeds tens of 

millions. This study tested the hypothesis that fasting-induced down-regulation of pyruvate 

dehydrogenase (PDH) enzyme activity preconditions mice to improve survival during 

acute hypoxia. PDH is a major supplier of substrates to the TCA cycle but also generates 

toxic reactive oxygen species (ROS). PDH inhibition could inhibit ROS production, 

thereby contributing to fasting-induced protection against hypoxic death. FVB mice fasted 

for 48 hr displayed 100% survival during 1 hr 5% oxygen exposure compared to their fed 

counterparts that perished within 20 min, however, fasted C57BL/6J (B6) survival was 

minimal. Fasting induced an upregulation of PDH kinase 4 (PDK4) gene expression, 

increased PDH E1𝛼 site 3 phosphorylation, and decreased PDH activity in cardiac tissue 

of both mouse strains. Therefore, although PDH likely plays a role in hypoxia tolerance, it 

is not the primary mechanism of survival of the FVB mice. 
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Introduction 

 
Fasting, in a medical context, is most notably associated with the promotion of 

weight loss and as a recommendation before surgery to ameliorate nausea and aspiration. 

Some people may engage in intermittent fasting, while others practice a continuous fast. 

Intermittent fasting has prevailed in popularity over continuous fasting as researchers 

indicated it to be comparable to continuous fasting for weight loss in humans (Rynders 

et al., 2019). However, currently prescribed periods of preoperative fasting may be 

shorter than what is needed to see much benefit (Longchamp et al., 2017). 
Fasting, or long-term caloric restriction, influences hormone release in the body. 

For example, there is a decrease in the level of plasma insulin, a metabolic hormone 

secreted by pancreatic 𝛽 cells to stimulate the uptake of glucose into tissues and the storage 

of excess glycogen and lipids (B. H. Kim et al., 2021). Additionally, there is an increase 

in the level of the adrenal cortex glucocorticoid hormones, like cortisol, that maintain 

glucose homeostasis through insulin regulation (B. H. Kim et al., 2021). And, naturally, 

due to the decrease in food intake, fasting results in decreased blood glucose levels 

(Wewer Albrechtsen, 2021). Fasting decreases the synthesis of glycogen, a glucose 

polysaccharide, and a shift towards glycogenolysis and gluconeogenesis occurs to 

compensate for low glucose levels (Wewer Albrechtsen, 2021). 

Fasting as a preconditioning regimen allows for some molecular effects to take 

place before a subject or patient undergoes an experiment or procedure (Longchamp et 

al., 2017). Fasting has been associated with preconditioning against mouse renal 

ischemia-reperfusion injury (IRI) through a reduction in inflammation markers and pro-
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inflammatory cytokines like interleukin-6 (IL-6), and elevated markers of antioxidant 

defense such as heme oxygenase-1 (HO-1), insulin-like growth factor-1 (IGF-1), and 

glutathione reductase (GSR) (Mitchell et al., 2010). Fasting has also been associated with 

preventing ischemia-reperfusion injury (IRI) in the hearts of rats (Varela et al., 2002). 

Ischemia is a state of reduced blood flow through a tissue that reduces available oxygen. 

Reperfusion, i.e., restoration of blood flow and reoxygenation of tissue, causes an 

uncontrolled generation and release of reactive oxygen species (ROS) like superoxide 

anions and hydroxyl radicals within the mitochondria (Rodrigo et al., 2011). Excessive 

ROS generation and release lead to cellular dysfunction through processes such as DNA 

damage and release of pro-inflammatory signaling molecules, often resulting in cell death 

(Rodrigo et al., 2011). While hypoxia also leads to an increase in ROS generation, cellular 

damage is not to the extent seen during IRI (Bell et al., 2007). 

Similar to fasting, hypoxic preconditioning confers cellular protection against IRI 

(Jarrard et al., 2021). Hypoxic preconditioning is a method of exposing cells, tissues, or 

an organism to decreased oxygen to activate cytoprotective physiological mechanisms. A 

major regulator of the cellular response to hypoxia is HIF-1α, a component of the 

heterodimeric transcription factor HIF-1 (Papandreou et al., 2006; Semenza, 2001). HIF- 

1α is constitutively expressed but degraded under normoxic conditions (Semenza, 2001). 

In response to hypoxia, cellular HIF-1α builds up, dimerizes with HIF-1β, and translocates 

to the nucleus (Semenza, 2001). HIF-1 then promotes gene expression by binding hypoxia-

responsive elements (HREs) in the promoter region of many genes (Semenza, 2001). HIF- 

induced signaling results in increased glycolytic enzymes, such as lactate dehydrogenase 

(LDH) (Cui et al., 2017) and glucose transporter 1 (GLUT1) (Chen et al., 2001; Ouiddir 
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et al., 1999), promotion of vascularization through increased vascular endothelial growth 

factor (VEGF) expression (Hu et al., 2016), and reduced in vasoconstriction (Shimoda 

et al., 2014), which lessens damage from reperfusion following ischemia (Jiang et al., 

2020). HIF-1 also decreases mitochondrial respiration through downregulation of the 

activity of pyruvate dehydrogenase (PDH) (J. Kim et al., 2006; Papandreou et al., 2006). 

The PDH complex (PDHC) is a multimeric complex located on the matrix side of 

the mitochondrial inner membrane. PDHC is often referred to as the bridge between 

aerobic and anaerobic processes due to its conversion of the glycolysis product, pyruvate, 

to acetyl-CoA in the matrix for use in the tricarboxylic acid (TCA) cycle (Martin et al., 

2005). The complex is composed of multiple copies of three main enzymes: E1 is pyruvate 

dehydrogenase (PDH), E2 is dihydrolipoyl transacetylase (DLAT), and E3 is 

dihydrolipoyl dehydrogenase (DLD) (Lazzarino et al., 2019) (Figure 1). 
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Figure 1. Generation of Acetyl-CoA by PDHC. Consumption of pyruvate using PDHC 

enzymes pyruvate dehydrogenase, dihydrolipoyl transacetylase, and dihydrolipoyl 

dehydrogenase. The complex interacts with five cofactors to function, which are thiamine 

pyrophosphate (TPP), coenzyme A (CoA), flavin adenine dinucleotide (FAD), 

nicotinamide adenine dinucleotide (NAD+), and lipoic acid (lipoate) (Škerlová et al., 2021). 

During the production of acetyl-CoA, CO2 is produced, and FAD is reduced to FADH2. 

DLD is further capable of transferring electrons from FADH2 to NAD+, generating NADH 

that is utilized by Complex I of the electron transport chain to produce ATP by oxidative 

phosphorylation (Škerlová et al., 2021). A decrease in PDH activity, therefore, causes 

diminished flux through the electron transport chain, resulting in decreased mitochondrial 

oxygen utilization (Papandreou et al., 2006). Adapted from abcam.com. 
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While PDHC produces acetyl-CoA from pyruvate, it is also a direct producer of 

ROS (Starkov et al., 2004). The isolated complex from mouse brain mitochondria is 

reported to have the ability to produce ROS such as superoxide and hydrogen peroxide 

(Starkov et al., 2004). Therefore, a decrease in PDH enzyme activity should decrease the 

production of ROS made by the enzyme. PDH enzyme activity is regulated by 

phosphorylation (inactivation) or dephosphorylation (activation) on three active sites 

(Ser293, Ser300, and Ser232; sites 1, 2, and 3, respectively) on the E1α catalytic subunit 

(Zimmer et al., 2016). Phosphorylation of PDH by pyruvate dehydrogenase kinases 

(PDK1-4) decreases enzyme activity, while the PDH phosphatases (PDP1 and PDP2), the 

only known phosphatases that act upon PDH, dephosphorylate the E1𝛼 subunit and activate 

PDH (Huang et al., 1998; Jeong et al., 2012) (Figure 2). The PDKs (Zhang et al., 2014) 

and PDPs (Huang et al., 1998) are important for maintaining metabolic flexibility, the 

switch between anaerobic and aerobic energy metabolism. Although PDKs and PDPs 

incorporate into the PDH complex to regulate PDH activity, their expression is distinct and 

tissue/context-dependent (Klyuyeva et al., 2019). For instance, the activity of PDK1 is 

generally dominant in the liver while that of PDK2 is dominant in brown adipose tissue, 

PDK3 is important in the kidney and brain, and PDK4 is mostly relegated to some muscles 

(Klyuyeva et al., 2019). Meanwhile, PDP1 is generally the dominant isoform in tissues that 

are calcium-sensitive, but both PDP1 and PDP2 are magnesium-dependent (Klyuyeva et 

al., 2019). 
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Figure 2. Regulation of PDH and downstream effects. The activity of PDH is regulated 

via the phosphorylation of three serine residues. PDKs 1-4 act in a tissue-specific manner 

to phosphorylate and inactivate PDH. PDPs dephosphorylate and activate PDH to produce 

Acetyl-CoA, a product used by the TCA cycle leading to the production of ATP via 

oxidative phosphorylation. Through the activity of PDHC, ROS are also produced. 
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Fasting also has an impact on PDH enzyme utilization as fasting is marked by a 

shift in fuel source use from an increased reliance on carbohydrate oxidation to an increase 

in fatty acid oxidation (Horton et al., 2001). The shift in fuel source used, which aids in the 

maintenance of energy levels, is mediated by proteins that reduce flux through the electron 

transport chain, such as the PDKs and AMP-activated protein kinase (AMPK) (Hand et al., 

2011). AMPK is a conserved sensor in cells whose kinase activity is activated when sensing 

low ATP-to-AMP or ATP-to-ADP ratios. Within a depleted energy state such as fasting, 

AMPK phosphorylates and inhibits acetyl-CoA carboxylase 2 (ACC2) (Steinberg et al., 

2007). The inhibition of ACC2, an enzyme catalyzing the production of malonyl-CoA from 

the carboxylation of acetyl-CoA, causes a reduction in malonyl-CoA production and an 

increase in fatty acid oxidation (Bujak et al., 2015). Fasting-related signaling also causes 

a significant upregulation of PDK4 gene expression in mammalian heart tissue (Crewe et 

al., 2017). 

Through studies of hypoxic preconditioning and its effects on IRI, it is known that 

the decrease of PDH activity is important in cellular protection against potentially lethal 

hypoxic conditions (Bruzzese et al., 2021). Increases in free fatty acids and ketone bodies, 

hallmarks of fasting, have also been associated with hypoxia tolerance and neuroprotection 

(Duan et al, 1999). Based on these observations, researchers at IRAZU BIO hypothesized 

that free fatty acid availability, through the injection of proprietary lipid emulsions, would 

result in energy conservation and reduced O2 consumption, and could be a trigger for 

increased cytoprotection during severe hypoxia sans true hypoxic preconditioning. But in 

the process of establishing the protocol for acclimating and normalizing mice before trials, 

IRAZU BIO identified a pattern of hypoxia tolerance corresponding to fasting
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preconditioning and increased hypoxia tolerance when the fasting period was extended. 

The common strain of laboratory mice, FVB, was exposed to severe hypoxia (5% O2) for 

1-hour following a period of fasting (Figure 3). With as little as 4 hours of fasting, more 

mice survived acute lethal hypoxia compared to their fed, age-matched counterparts that 

perished within 20 minutes. Fasting periods were extended to 8, 32, and 48 hours. Survival 

increased with longer fasting, culminating in 100% survival for mice that fasted for 48 

hours. Surprisingly, the phenomenon was not replicated with another commonly used 

laboratory mouse strain, C57BL/6J (B6) (Figure 4). While a trend of increased hypoxia 

tolerance correlating to prolonged fasting was noted, the overall survival of the B6 mouse 

in response to the same severe hypoxia challenge was minimal. 
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Figure 3. Survival of fasted FVB mice in hypoxia chamber. Kaplan-Meier Survival 

Curve of fed and fasted FVB mice exposed to 5% O2 in a hypoxia chamber for 60 minutes. 

P-value based on the difference from the fed curve. 
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Figure 4. Survival of fasted B6 mice in hypoxia chamber. Kaplan-Meier Survival Curve 

of fed and fasted B6 mice exposed to 5% O2 in a hypoxia chamber for 60 minutes. P-value 

based on the difference from the fed curve. 
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FVB and B6 mice additionally underwent hypoxic preconditioning. From the 

information stated prior, hypoxic preconditioning is a mechanism that reduces damage 

associated with ROS release during hypoxia thereby improving hypoxia tolerance. 

Hypoxia preconditioned mice survived longer during hypoxia than their normoxic 

counterparts. However, mortality was higher during hypoxia for hypoxia preconditioned 

FVB mice than for fasted FVB mice (Figure 5). For B6 mice, however, mortality was 

higher during hypoxia for fasted mice than for hypoxia preconditioned mice (Figure 6). 

While fasting confers some cytoprotective mechanisms also required by hypoxic 

preconditioning, such as the downregulation of PDH, the two processes appeared not to be 

synonymous. 
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Figure 5. Survival of FVB mice following hypoxic preconditioning. Kaplan-Meier 

Survival Curve of FVB mice that were fed and exposed to 5% O2 in a hypoxia chamber for 
60 minutes following normoxia or hypoxic preconditioning. P-value based on the 

difference from the fed curve. 
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Figure 6. Survival of B6 mice following hypoxic preconditioning. Kaplan-Meier 

Survival Curve of B6 mice that were fed and exposed to 5% O2 in a hypoxia chamber for 
60 minutes following normoxia or hypoxic preconditioning. P-value based on the 

difference from the fed curve. 
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Fasting produces a shift in metabolism from glucose oxidation to fatty acid 

oxidation due to low glucose levels. Through this shift, PDH activity is downregulated and 

PDHC ROS production may be decreased. Similarly, hypoxic preconditioning uses HIF-1 

stabilization to activate cytoprotective genes like the PDK isozymes that phosphorylate and 

inactivate PDH. We analyzed the cardiac tissue of two genetically different strains of mice, 

FVB and B6, after fasting and hypoxic preconditioning to observe the benefits of each 

paradigm in the context of hypoxia tolerance. Fed and normoxic mice of both strains 

perished within 20 minutes of hypoxia exposure, suggesting an acute failure of the heart or 

brain. Based on a review of the literature, we decided to focus our subsequent mechanistic 

studies on the heart. Hypoxic preconditioning and fasting overlap in the action of 

increasing hypoxia tolerance and downregulating PDH enzyme activity. We decided to 

examine the enzyme activity of PDH in only fed and fasted samples following the analysis 

of the gene expression and western blot analysis data. We realized the extent of PDH 

downregulation may be a point of divergence of the two preconditioning schemes. A close 

examination of the survival assays further suggests that fasting may confer cytoprotection 

during acute hypoxia through some additional mechanisms distinct from hypoxic 

preconditioning that contribute to increased hypoxia tolerance in the FVB mice. HIF-1 

signaling downstream mechanisms may give a template to build upon the fasting 

preconditioning cytoprotective mechanism but finding the underlying differences between 

the mechanisms would further be paramount to unraveling the overall fasting 

preconditioning mechanism. However, our primary focus is the examination of the 

differential effects of fasting exhibited by each strain which could unearth the underlying 

mechanisms of fasting as a preconditioning model with potential clinical applications. 
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Materials and Methods  
 

Animal Handling and Care 

 

 

Research was conducted in accordance with the Guide for the Care and Use of Laboratory 

Animals (NIH) under IACUC-approved protocols. All mice were managed under light and 

temperature-regulated conditions at the University of Maryland, Baltimore animal facility 

in accordance with institutional guidelines approved by the University of Maryland, 

Baltimore Animal Care and Use Committee. Male FVB/NJ (22-32 g) and C57BL/6 (20-32 

g) mice aged 8-16 weeks were purchased from the Jackson Laboratory (Bar Harbor, ME) 

and were used for all procedures. 

 
 

Preconditioning trials and tissue collection 

 

 

Mice were allowed food and water ad libitum until preconditioning. Twenty-four hours 

before preconditioning, mice were acclimated to laboratory conditions on regular light-

dark cycles. Food was removed from fasted mice for 32 h but access to water was 

uninterrupted. Following the preconditioning period, anesthesia was induced with the 

administration of isoflurane. Mice were subsequently euthanized by cervical dislocation 

followed by surgical decapitation. 

 
 

For hypoxic preconditioning, mice were placed in a hypoxia chamber (Coy Laboratory 

Products Inc, MI) for 32 h, with food and water available ad libitum, while exposed to an 

atmosphere of 12% oxygen regulated by an O2 controller (Coy Laboratory, Model OC20- 
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027) and CO2 controller (Coy Laboratory, Model AC100). Following the preconditioning 

period, mice were euthanized as previously described above within the chamber with 

oxygen concentration maintained. Whole organ excision of the heart was performed, and 

tissue was immediately washed in cold phosphate-buffered saline (PBS) and flash frozen 

on dry ice. Care was taken to excise the non-muscular tissue of the heart, such as the aortic 

root, to focus observations on cardiac muscles. Samples were then stored at -80° C. 

 
 

RNA isolation and qPCR 

 

 

Samples of tissue (20-30 mg) were submerged in TRIzol Reagent (Thermo Fisher 

Scientific, MA) where they were minced and mechanically homogenized with a Tissue 

Tearor (Model 985-370; Biospec products, OK) on ice for 15 s. PureLink™ RNA Mini Kit 

(Thermo Fisher, MA) was used to isolate RNA from heart samples according to the 

manufacturer’s instructions. RNA was treated with DNase to remove potential DNA 

contamination. RNA was quantified using a Nanodrop-1000 Spectrophotometer (Thermo 

Fisher, MA). The High-Capacity cDNA Reverse Transcription kit (Thermo Fisher, MA) 

was used to reverse transcribe 1 µg RNA into cDNA for use during qPCR analysis. 

 
 

qPCR was performed on a QuantStudio™ 3 qPCR machine (Thermo Fisher, MA) with 

PowerUp ™ SYBR™ Green Master Mix (Thermo Fisher, MA) as the reporter dye. The 

qPCR reaction protocol was as follows: initialized at 50°C for 2 min, then 95°C for 2 min, 

followed by 40 cycles of the following: 95°C for 15 s, the primer pair’s annealing 

temperature for 1 min, and 72°C for 1 min. 
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Primers were designed using the National Center for Biotechnology Information (NCBI) 

primer design tool and gene databases (Bethesda, MD). Primers were purchased from 

Integrated DNA Technologies (IDT, Coralville, IA). Primer efficiency was determined to 

be between 90-110% and specificity was analyzed via melt curves. Primer pairs used for 

qPCR are described below listing the forward (FP) and reverse (RP) primer sequences. 

 
 

PDK1: FP 5’-CTCAACCAGCACTCCTTATT-3’ 

RP 5’-CGCAGTTTGGATTTATGCTT-3’ 

PDK2: FP 5’-AGTGGGCAGCCAAGAGTAAAC-3’ 

RP 5’-GCTCTGTTCAGAAGTACCCCG-3’ 

PDK3: FP 5’-CCGTCGCCACTGTCTATCAA-3’ 

RP 5’-TTAGCCAGTCGCACAGGAAG-3’ 

PDK4: FP 5’-ACTAGTGATGTGCGTGAGGC-3’ 

RP 5’-CTTCCCTCGCTCCTCGTTTT-3’ 

β-actin: FP 5’-ACTGTCGAGTCGCGTCCA-3’ 

RP 3’-GCAGCGATATCGTCATCCAT-5’ 

 
 

Threshold cycles were determined automatically by the Quantstudio3 software package 

(Thermo Fisher, MA). ΔCt values, the difference between the threshold cycle of the target 

gene transcript minus the housekeeper gene transcript, were calculated as the most direct 

representation of gene expression. The fold difference between fed and fasted biological 

groups as determined by qPCR was expressed as a relative quantification (RQ) value using 

the ΔΔCT method (Livak et al., 2001). 
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Western Blotting 

 

 

Samples of cardiac tissue were placed in Laemmli buffer (62.5 mM Tris-HCl (pH 6.8), 

10% glycerol, 2% sodium dodecyl sulfate (SDS), 5% β-Mercaptoethanol) supplemented 

with 0.5 mM EDTA and Halt™ protease and phosphatase inhibitor cocktail 

(ThermoFisher, MA, 1862209). Samples were minced and mechanically homogenized 

with a Tissue Tearor for ≤ 30 s. Homogenate was centrifuged at 16,000 x g for 20 minutes 

at 4°C. The supernatant was removed and boiled at 100°C for 10 minutes. The solution was 

centrifuged again at 16,000 x g for 20 minutes at 4°C and the resulting supernatant was 

used as the working protein solution. Pierce 660 nm Protein Assay Reagent supplemented 

with Ionic Detergent Compatibility Reagent (Thermo Fisher, MA) was used to quantify 

heart protein. Nested triplicates compared against BSA standards were used to assess 

protein concentration at an absorbance of 660 nm using a Varioskan™ LUX microplate 

reader (Thermo Fisher, MA). 

 
 

Protein samples were boiled at 100°C for 5 minutes following the addition of 4x Laemmli 

solution with dye and dilution of samples to equal volumes. Ten µg protein samples were 

conducted at 100V for 1 hour using 4–15% Mini-PROTEAN® TGX™ Precast SDS-PAGE 

Gels (Bio-Rad Laboratories, CA, Cat# 4561086) and electrophoresis running buffer (25 

mM Tris, 192 mM glycine, 0.1% SDS, pH 8.3). 

 
 

Gels were incubated in ice-cold Towbin’s buffer (25 mM Tris, 190 mM Glycerol, 20% 

methanol, 5% SDS) for 10 min under gentle agitation. Protein was then transferred onto 
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polyvinylidene fluoride (PVDF) membranes at 100 V for 60 min using 4°C Towbin’s 

buffer. Blots were blocked with 5% bovine serum albumin (BSA) in Tris-buffered saline 

(TBS-T; 20 mM Tris, 500 mM NaCl, 0.1% Tween-20, pH 7.5) solution at room 

temperature under gentle agitation. Primary membrane incubation was performed 

overnight at 4°C under gentle agitation using the following antibodies and concentrations 

in 5% BSA in TBS-T: GAPDH (1:5000; Cell Signaling Technologies Cat# 2118S, m.w. 

36 kDa), pyruvate dehydrogenase (1:2000; Cell Signaling Cat#2784S, m.w. 43 kDa), 

Phospho-pyruvate dehydrogenase α1 Ser293 (1:5000; Cell Signaling Cat# 31866S, m.w. 43 

kDa), Anti-phospho PDHE1-A pSer300 (1:2000; EMD Millipore Corp, MA, Cat# ABS194, 

m.w. 43 kDa), PhosphoDetect™ Anti-PDH-E1α pSer232 (1:2000; EMD Millipore Cat# 

AP1063, m.w. 44 kDa), and PDK4 (1:2000; ProteinTech Cat# 12949-1-AP, m.w. 46 kDa). 

The secondary antibody (Cell Signaling) for all membranes was administered at a 

concentration of 1:2000 in 5% BSA in TBS-T. Chemiluminescent reagent LumiGlo® 

(Sera-Care, MA) was used according to the manufacturer’s instructions for visualization 

on a Li-Cor Odyssey FC machine (Li-Cor Biosciences, NE). Western blots were quantified 

using the National Institutes of Health image processing program Fiji (Schindelin et al., 

2012) downloaded from https://imagej.nih.gov/ij/. 

 
 

PDH Enzyme Activity Assay 

 

 

Samples were homogenized in MS buffer (70 mM sucrose, 220 mM mannitol, 5 mM 

KH2PO4, 5 mM MgCl2, 1 mM EGTA, 2 mM HEPES, pH 7.4) on ice by 25-30 strokes with 

a plastic pestle. Samples were centrifuged at 1,000 x g for 10 minutes at 4°C and 
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the supernatant was collected. Protein quantification was performed using the Pierce 660 

nm Protein Assay Reagent as described above, although without the supplement of the 

Ionic Detergent Compatibility Reagent. 

 
 

Max Activity Protocol (M): For removal of phosphorylation, samples were diluted to 2 

 

𝜇g/𝜇l using a 5 mM potassium phosphate buffer with 10 mM MgCl2, 5 mM CaCl2, 0.1% 

Triton X-100, and 1 mM EDTA. Samples were then frozen on dry ice for 2 minutes and 

incubated in a 37°C water bath for 20 minutes. Phosphorylated Protocol (P): For 

assessment of PDH activity with the phosphorylation state preserved, homogenized 

samples were frozen on dry ice for 2 minutes, incubated in a 37°C water bath for 20 

minutes, and centrifuged at 1,000 x g for 10 minutes, followed by supernatant collection. 

The protein assay was then performed, and samples were diluted to 2 𝜇g/𝜇l in 50 mM 

potassium phosphate buffer supplemented with 1 mM EDTA. 

 
 

A master mix of 50 mM potassium phosphate buffer (K2HPO4 and KH2PO4; pH 7.8) 

containing 5 mM MgCl2, 0.5 mM thiamine pyrophosphate (TPP), 0.2 mM Coenzyme A, 5 

mM NAD+, 0.3 U/mL diaphorase, 1 mM resazurin, and 0.5 mM oxalate was added to both 

sets of samples. The Varioskan LUX plate reader measured the fluorescence of the 

solutions on opaque-bottom 96-well plates at 550 nm excitation/585 nm emission 

wavelengths to detect the presence of the fluorescent resorufin as a product of NADH- and 

diaphorase-mediated resazurin reduction The background fluorescence was recorded for 1 

minute and 20 seconds, followed by the addition of 0.5 mM pyruvate to initiate the reaction. 
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Statistics 

 

Kaplan-Meier charts for survival data were created using GraphPad Prism version 9.1.0 for 

macOS (GraphPad Software, CA). Survival data were analyzed with a Log-rank Mantel-

Cox test. The qPCR data, specifically, the ΔCT values, were analyzed using two-way 

ANOVA with a Holm-Sidak correction. Statistical analysis of the western blot 

quantification was done using a Welch’s t-test. The comparison of enzyme activity ratios 

was done using a two-way ANOVA with a Holm-Sidak correction. Results for western 

blot quantification and PDH enzyme assays are expressed as mean ± SD (n = 5). 
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Results 

 
A. Fasting induces PDK gene expression and protein synthesis in mouse cardiac tissue 

 
 

In order to study the impact of fasting on PDH regulation, we examined the gene 

expression levels of all PDK isoforms (PDK1-4) in the hearts of FVB and B6 mice that 

were fasted for 32 h, exposed to hypoxia for 20 h, or control (“fed”) mice that had free 

access to food. The response to hypoxic preconditioning is well-characterized and served 

as a reference since hypoxic preconditioning is known to increase tolerance to hypoxia in 

a similar pattern seen with fasted FVB mice (Figures 5 and 6). 

PDK1 gene expression was not significantly altered in either FVB or B6 mouse 

hearts (Figure 7). Neither PDK2 (Figure 8) nor PDK3 (Figure 9) showed significant 

differential gene expression in either mouse strain for either treatment. Expression of the 

PDK4 gene, on the other hand, was robustly induced by fasting in the hearts of both FVB 

and B6 mice. In fasted FVB mice, PDK4 expression increased 18-fold compared to fed 

controls, while hypoxic preconditioning caused a milder 2-fold increase (Figure 10B). 

Similarly, fasted B6 mice displayed significantly increased PDK4 expression (Figure 

10C), although to a significantly lesser extent than that seen in fasted FVB samples. 
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Figure 7. PDK1 gene expression. (A) PDK1 mRNA levels expressed as ∆Ct values 

compared to relative 𝛽-actin for FVB and B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. The threshold cycle value, Ct, for PDK2 was normalized using 

that of the housekeeper, 𝛽-actin, to get the ∆Ct value. (B) PDK1 fold change of fed, fasted, 

and hypoxia samples. PDK 1 mRNA production for FVB mice that were fed, fasted for 32 

hours, or exposed to 12% O2 for 20 h. (C) PDK1 fold change of fed, fasted, and hypoxia 

samples. PDK 1 mRNA production for B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. Fold change was calculated using the 2−∆∆𝐶𝑡 method. Data for 

fasted and hypoxia samples were normalized to the fed values and are displayed in terms 

of fold change (N=5; mean). 
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Figure 8. PDK2 gene expression. (A) PDK2 mRNA levels expressed as ∆Ct values 

compared to relative 𝛽-actin for FVB and B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. The threshold cycle value, Ct, for PDK2 was normalized using 

that of the housekeeper, 𝛽-actin, to get the ∆Ct value. (B) PDK2 fold change of fed, fasted, 

and hypoxia samples. PDK2 mRNA production for FVB mice that were fed, fasted for 32 

hours, or exposed to 12% O2 for 20 h. (C) PDK2 fold change of fed, fasted, and hypoxia 

samples. PDK2 mRNA production for B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. Fold change was calculated using the 2−∆∆𝐶𝑡 method. Data for 

fasted and hypoxia samples were normalized to the fed values and are displayed in terms 

of fold change (N = 5; mean). 
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Figure 9. PDK3 gene expression. (A) PDK3 mRNA level4s expressed as ∆Ct values 

compared to relative 𝛽-actin for FVB and B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. The threshold cycle value, Ct, for PDK2 was normalized using 

that of the housekeeper, 𝛽-actin, to get the ∆Ct value. (B) PDK3 fold change of fed, fasted, 

and hypoxia samples. PDK3 mRNA production for FVB mice that were fed, fasted for 32 

hours, or exposed to 12% O2 for 20 h. (C) PDK3 fold change of fed, fasted, and hypoxia 

samples. PDK3 mRNA production for B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. Fold change was calculated using the 2−∆∆𝐶𝑡 method. Data for 

fasted and hypoxia samples were normalized to the fed values and are displayed in terms 

of fold change (N = 5; mean). 
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Figure 10. PDK4 gene expression. (A) PDK4 mRNA level4s expressed as ∆Ct values 

compared to relative 𝛽-actin for FVB and B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. The threshold cycle value, Ct, for PDK2 was normalized using 

that of the housekeeper, 𝛽-actin, to get the ∆Ct value. (B) PDK4 fold change of fed, fasted, 

and hypoxia samples. PDK4 mRNA production for FVB mice that were fed, fasted for 32 

hours, or exposed to 12% O2 for 20 h. (C) PDK4 fold change of fed, fasted, and hypoxia 

samples. PDK4 mRNA production for B6 mice that were fed, fasted for 32 hours, or 

exposed to 12% O2 for 20 h. Fold change was calculated using the 2−∆∆𝐶𝑡 method. Data for 

fasted and hypoxia samples were normalized to the fed values and are displayed in terms 

of fold change (N = 5; mean). 
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In order to determine if increased gene expression led to increased cellular protein 

levels, Western blot probing for PDK4 was performed on heart samples from FVB (Figure 

11) and B6 mice (Figure 12). Fasting induced higher expression levels of PDK4 protein in 

both strains compared to fed controls, as expected based on the qPCR gene expression data. 

However, the significant difference seen in the extent of PDK4 mRNA induction between 

the two mouse strains was not observed at the protein level. 
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Figure 11. Visualization of PDK 4 protein in FVB mouse heart samples. Heart tissue 

protein homogenate was made of tissue from 32-hour fasted mice or fed control and was 

analyzed for PDK 4 (MW 44 kDa) by Western blotting analysis. GAPDH (MW 36 kDa) 

was used as a loading control. 
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Figure 12. Visualization of PDK 4 protein in B6 mouse heart samples. Heart tissue 

protein homogenate was made of tissue from 32-hour fasted mice or fed control and was 

analyzed for PDK 4 (MW 44 kDa) by Western blotting analysis. GAPDH (MW 36 kDa) 

was used as a loading control. 
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GAPDH 



30  

B. Fasting induces PDH phosphorylation in mouse cardiac tissue 

 

Phosphorylation of Ser293 (site 1), Ser300 (site 2), and Ser232 (site 3) on the E1𝛼 

subunit of PDH are regulated by PDKs and PDPs. Western blot analysis targeting these 

phosphorylated serine residues on PDH E1α was conducted to determine the degree to 

which fasting altered the phosphorylation state of PDH. PDH Site 1 phosphorylation was 

robust in both fed control groups, but neither fasting nor hypoxia showed a noticeable 

difference in this state in either strain (Figures 13 and 14). PDH site 2, meanwhile, 

exhibited a small increase in phosphorylation after fasting in both strains, but there is 

variability in the signal between samples (Figures 13 and 14). Hypoxic preconditioning 

appeared to have a stronger effect than fasting on Site 2 phosphorylation, particularly in 

FVB mice (Figure 13). 

However, the starkest difference between fed controls and 32 h fasted mice was 

observed for PDH site 3. In both strains, the signal for site 3 phosphorylation in fed controls 

was minimal, as was the effect on site 3 phosphorylation from hypoxic preconditioning 

(Figures 13 and 14). In contrast, 32 h fasting caused a remarkable increase in 

phosphorylation in both mouse strains, with FVB samples showing a stronger enhancement 

than B6 samples (Figure 15). Since no other PDK isoform correlated as substantially to 

differential levels of phosphorylation, we predict that the increase in PDK4 expression, 

observed at both the mRNA and protein level, was responsible for the increase in site 3 

phosphorylation. We also hypothesize that the extent of PDK4 induction and the level of 

fasting-induced Site 3 phosphorylation contributes to the disparity in 5% oxygen hypoxia 

tolerance between the FVB and B6 mouse strains. 
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Figure 13. Visualization of PDH protein phosphorylated at sites 1, 2, and 3 in all FVB 

mouse heart samples. Heart tissue protein homogenate was made following 32 hours of 

fasting, following 20 h of 12% oxygen exposure, or from fed controls and analyzed for 

phospho-PDH (P-PDH) sites 1, 2, and 3 by Western blotting analysis. GAPDH was used 

as a loading control. GAPDH m.w. 36 kDa and PDH subunit E1𝛼 m.w. 44 kDa. 
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Figure 14. Visualization of PDH protein phosphorylated at sites 1, 2, and 3 in all B6 

fasted mouse heart samples. Heart tissue protein homogenate was made following 32 

hours of fasting, following 20 h of 12% oxygen exposure, or from fed controls and analyzed 

for phospho-PDH (P-PDH) sites 1, 2, and 3 by Western blotting analysis. GAPDH was 

used as a loading control. GAPDH m.w. 36 kDa and PDH subunit E1𝛼 m.w. 44 kDa. 
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Figure 15. Normalized amount of PDH protein phosphorylated at site 3 in heart tissue 

samples from FVB and B6 fasted mice. Quantification of western blot analysis for protein 

homogenate analyzed for phospho-PDH (P-PDH) site 3. Biological groups were 

normalized against their respective fed control populations. (N=5; mean ± SD). Statistical 

analysis was performed using a two-tailed Welch’s t-test. ***p<0.0005. 
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C. Fasting inhibits PDH enzyme activity 

 
 

Fasting leads to the phosphorylation of PDH serine residues which decreases PDH 

enzyme activity. Although PDK4 gene expression was significantly different between the 

two strains and PDH site 3 appeared more phosphorylated in fasted FVB compared to 

fasted B6 mice, the actual enzyme activity of PDH was unknown. A resazurin-based 

fluorometric assay was utilized in order to measure the amount of NADH generated by PDH 

as a metric for PDH activity (Richards et al., 2006). The “Phosphorylated” (P) protocol 

measured the activity of PDH when the phosphorylation state observed in the previous 

Western blot was retained (data not shown). Although the same amount of 2 𝜇𝑔/𝜇𝑙 

homogenate protein was used in each trial, the amount of PDH in each sample was not 

directly measured. Therefore the “Maximum” (M) protocol was developed to remove the 

phosphorylation on PDH via the calcium- and magnesium-dependent activity of PDP, 

resulting in maximum PDH activity from the same samples. Figure 16 shows that after the 

M protocol, phosphorylation was stripped from all 3 actives sites in FVB heart protein 

samples. 

In order to compare treatment groups, a ratio of Phosphorylated activity/Maximum 

activity (P/M) was calculated (Figure 16). In both strains, the activity of fasted samples 

was significantly lower than that of the fed samples, which is in line with the 

phosphorylation states as seen in the Western blots (Figure 17). It should also be pointed 

out that the decrease in activity resulting from fasting was proportionally greater in FVB 

mice than in B6 mice. Fasted FVB mice displayed activity that was about 11.3% that of 

their fed counterparts. Meanwhile fasted B6 mice PDH activity was 22.5% of fed B6 PDH 

enzyme activity. 
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Figure 16. Phosphorylated PDH protein visualization with and without the addition 

of magnesium and calcium in excess. Heart protein homogenates following the maximum 

protocol (M) were diluted to 2 𝜇g/𝜇l with potassium phosphate supplemented with EDTA, 

Triton, 20 mM MgCl2, and 2 mM CaCl2. Samples were then incubated for 20 minutes. 

Heart protein homogenates following the phosphorylated protocol (P) were incubated for 

20 minutes then diluted to 2 𝜇g/𝜇l with potassium phosphate supplemented with EDTA. 

Samples were analyzed for phospho-PDH (P-PDH) sites 1, 2, and 3 by Western blotting 

analysis. GAPDH was used as a loading control. 
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Figure 17. PDH enzyme activity in samples from fed or fasted FVB or B6 mice. (A) 

Heart protein homogenates following the maximum protocol (M) were diluted to 2 𝜇g/𝜇l 

with potassium phosphate supplemented with EDTA, Triton, 20 mM MgCl2, and 2 mM 

CaCl2. Samples were then incubated for 20 minutes. Heart protein homogenates following 

the phosphorylated protocol (P) were incubated for 20 minutes, then diluted to 2 𝜇g/𝜇l with 

potassium phosphate supplemented with EDTA. A potassium phosphate buffer 

supplemented with MgCl2, TPP, CoA, NAD+, diaphorase, resazurin, and oxalate was used 

to measure PDH activity. The fluorescent molecule resorufin was made through the action 

of diaphorase. The production of resorufin was coupled to the oxidation of NADH, a 

molecule produced during the action of PDH. Figure adapted from Livak et al., 2001. (B) 

PDH enzyme activity data is expressed as a ratio of P to M. (N = 5; Mean ± SD). Statistical 

analysis was performed using two-way ANOVA with Holm-Sidak correction. [* = p<0.05; 
**=p<0.01; *** = p<0.0005; **** = p<0.0001] 
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Discussion 
 

Metabolic flexibility during periods of energy restriction, such as fasting, is key 

to the maintenance of energy homeostasis and improves survival (Zhang et al., 2014). 

The fasting-induced shift in metabolism to an increase in fatty acid oxidation and 

decrease in glucose oxidation is marked by a downregulation of PDH enzyme activity, 

which results in a decrease in ROS generation. As FVB mice showed increased survival 

during exposure to one hour of 5% O2 following prolonged fasting and fasted B6 mice did 

not, we reasoned that the difference in hypoxia tolerance between B6 and FVB was 

possibly mediated by the extent of PDH downregulation through phosphorylation. 

Our study examined fasting as a method of increasing hypoxia tolerance mediated 

by the downregulation of cardiac PDH in FVB mice. PDH is downregulated through the 

phosphorylation of three serine residues on its E1𝛼 catalytic subunit of PDH by the PDKs. 

These kinases are expressed in a tissue-specific manner, thus we expected PDK2 and PDK4 

to be elevated in the heart (Zhang et al., 2014). Data from qPCR revealed that fasting 

significantly elevated PDK4 gene expression compared to the fed state. This is consistent 

with other studies showing fasting to be associated with an increase in PDK4 gene 

expression in mammalian heart tissue (Crewe et al., 2017; Pettersen et al., 2019; Zhang 

et al., 2014). Although protein synthesis of PDK4 was increased in the fasted samples of 

both strains, there was not a congruent increase in protein synthesis for the FVB and B6 

mice compared to the increase in gene expression. Some mRNA transcripts are degraded 

before protein synthesis and nascent proteins may be degraded prior to proper folding. 

Thus, protein amounts may not always directly correlate to gene expression levels. PDK4, 
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specifically, is degraded by the Lon protease (Crewe et al., 2017). This yields a short half-

life of ~1 hour (Crewe et al., 2017) and makes visualization of protein levels difficult. 

However, the effects of the PDK4 protein, i.e., on PDH phosphorylation state, may be 

longer lasting than the protein itself. We observed that the effects of fasting take place as 

quickly as four hours for the FVB mice, which is possibly due to the rapid induction of 

PDK4 (Crewe et al., 2017). Furthermore, we noted that fasting significantly increased the 

phosphorylation of PDH site 3 for both strains of mice; a phenomenon that opposes 

findings seen using radiograph assays on vector-derived, purified human PDH (Kolobova 

et al., 2001). This correlates with the significant increase in PDK4 gene expression, 

suggesting that this increase in gene expression could be responsible for the 

phosphorylation observed. While it is known that all the PDKs phosphorylate PDH, this 

could reveal a novel site-specific phosphorylation due to the significant upregulation of 

a single kinase isozyme. 

It is important to note that fasting-induced PDK4 gene expression and PDH 

phosphorylation, specifically on site 3, were significantly different from that seen in 

hypoxia-preconditioned mice of both strains. It should also be mentioned that Western 

blots targeting HIF-1α were performed on both fasted and hypoxic preconditioned mouse 

hearts but HIF-1α was not observed, although brain samples from the same hypoxic 

preconditioned mice did result in a HIF-1α signal (data not shown). The survival curves 

of fasting and hypoxic preconditioned mice (Figures 3, 4, 5, and 6) imply that the 

mechanisms of cytoprotection between the preconditioning regimes are different. This 

hypothesis is supported by the above qPCR and protein data. Therefore, we conjecture that 

the difference in the activity of PDH caused the survival disparity in fasted FVB and B6 
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mice exposed to acute hypoxia challenge. 

It is well documented that the phosphorylation of PDH leads to the inactivation 

of the enzyme complex and lower overall PDH activity (Zimmer et al., 2016). FVB mice 

subjected to the 32-hour fasting regimen had a lower average PDH activity compared to 

their fed counterparts. When examining the fasted samples for both strains of mice, it was 

apparent that the FVB fasted mice have a lower average PDH activity compared to the 

B6 mice. The lower average PDH activity correlated with the increased phosphorylation 

seen at the E1𝛼 site 3 and the increase in PDK4 gene expression. While the same outcomes 

were also seen in the B6 mice, the changes occurred to a lesser extent. This coincides with 

the observation that prolonged fasting increases survival minimally in B6 mice. More 

notably, the decrease in PDH enzyme activity correlates with the increased survival 

during severe hypoxia of the FVB mice. This suggests that the lower the PDH enzyme 

activity, the better the chance of surviving the severe hypoxia challenge. Furthermore, 

although ROS was not directly measured, the downregulation of PDH enzyme activity 

suggests a decrease in PDHC-mediated ROS production. As previously mentioned, PDH 

converts pyruvate to acetyl-CoA. The enzyme contains not only the phospho-regulated 

E1 subunit but also the DLD and DLAT subunits. DLD is suggested to be responsible 

for most of the ROS produced by the PDHC (Starkov et al., 2004). Thus, the 

phosphorylation-mediated downregulation of the PDH enzyme activity is expected to 

tangentially decrease ROS originating from DLD. Mice with lower PDH enzyme activity 

should consume less oxygen by mitochondria, thus decreasing the generation of ROS and 

oxidative damage which likely contribute to reduced survival (Figure 18). However, 

further investigation is needed to uncover why fasting-induced PDH downregulation 
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increases FVB hypoxia tolerance and not that of B6 mice since PDH downregulation 

also occurred in B6 mice, although to a lesser extent. 
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Figure 18. Proposed model of survival in severe hypoxia due to fasting. Fasting 

increases the expression of PDK4 which may phosphorylate site 3 of PDH. PDH activity 

is reduced by site 3 phosphorylation thus possibly decreasing ROS production, decreasing 

oxidative damage, and increasing survival. (PDK 4, pyruvate dehydrogenase kinase 4; E1, 

pyruvate dehydrogenase; E2, dihydrolipoyl acetyltransferase; E3, dihydrolipoyl 

dehydrogenase; TCA, tricarboxylic acid; ETC, electron transport chain, ROS, reactive 

oxygen species) 
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As our present study uses two strains of mice, we are not sure which strain 

deviates from standard fasted murine behavior. A review of genetic mutations as listed 

by Jackson Laboratories identified several genetic differences between the strain such as 

B6 mice being homozygous for an age-related hearing loss allele (Cdh23ahl; The Jackson 

Laboratory, a) and FVB mice being homozygous for a retinal degeneration allele 

(Pde6brd1; The Jackson Laboratory, b). One of these mutations may account for the 

differences seen in hypoxia tolerance. Additional studies are needed to elucidate the 

reason for this difference. 
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Conclusions and Future Directions 
 

Future studies are needed to explore the relationships between fasting and 

survival. Given the fact this study was conducted in two mouse strains, it would be 

pertinent to examine fasting-induced hypoxia tolerance in an additional mouse strain and 

possibly another species. A study by Yue et. al has indicated fasting preconditioning as a 

mechanism for hypoxia in rats (Yue et al., 2021). These researchers identified an increased 

survival of young rats at a simulated hypoxic altitude of 7620 m for 24 h following a 24 

h fasting period (Yue et al., 2021). This enhanced hypoxia tolerance in acutely fasted rats 

was further improved following a 48 h- and 72 h fasting period. The finding of increased 

hypoxia tolerance with fasting in another species suggests survival may be the expected 

result with fasting preconditioning. Replication of hypoxia tolerance with fasting in 

another mouse strain might reinforce our finding seen in FVB mice and the Yue et al. 

finding seen in rats and further ensure the phenomenon is not strain-specific. 

Additional studies to further analyze this phenomenon could include global 

mRNA and protein analysis after different periods of fasting or an extension of the fasting 

period. Extending the fasting period in B6 mice may yet show increased hypoxia survival 

with fasting. As Figure 3 illustrates, although almost all B6 did not survive 1 hour of 5% 

O2, longer fasting periods increased survival time. Hypoxic preconditioned B6 mice also 

displayed a similar level of survival to hypoxic preconditioned FVB mice, indicating that 

there is some capacity for survival under acute hypoxia. 

Although we suggest that PDK4 is directly responsible for phosphorylation of 

PDH site 3 in cardiac muscle during fasting, this relationship still needs to be confirmed 
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through targeted inhibition of PDK4. Targeting PDK4 for degradation by PDK4-specific 

siRNAs or the Lon protease may also be a useful method to examine the contribution of 

PDK4 to site 3 phosphorylation, as well as phosphorylation at other sites. PDK4 

inhibitors (Lee et al., 2019a, 2019b) may serve a similar purpose while further allowing 

for the later rescue of PDK4 activity and observation of downstream effects. 

Researchers have also identified an exogenous method of activating PDH with 

the use of a compound called dichloroacetate (DCA). Unlike the PDPs which solely 

remove the inhibiting phosphorylation from PDH, DCA works by also inhibiting all four 

PDKs (Matsuhashi et al., 2015). Therefore, there is increased PDH activity when 

organisms are treated with DCA (Fields et al., 1987). DCA further exerts therapeutic 

effects by using Acetyl-CoA and histone acetyltransferase (HAT) to acetylate histone 3 

lysine 9 (H3K9) and histone 4 (H4) in the heart, which allows for the upregulation of 

many mitochondrial genes (Matsuhashi et al., 2015). Although DCA inhibits the PDKs 

and activates PDH, treatment with DCA is associated with increased generation of ROS 

and reduced consumption of mitochondrial oxygen despite glycolysis being unaffected 

(Tataranni et al., 2019). Since dichloroacetate activates PDHC activity by serine 

dephosphorylation, we hypothesize that administration of DCA during fasting will 

stimulate PDHC activity and inhibit the survival of FVB mice. Studies are in progress to 

test this hypothesis. 

Our work has suggested a relationship between fasting and survival. Thus, an 

examination of mitochondrial oxygen consumption for both strains of mice may be useful 

in determining the role of mitochondria in fasting. As previously stated, fasting decreases 

glucose oxidation, and PDHC activity is downregulated for this end, possibly decreasing 
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ROS production through PDHC. Fasting additionally increases fatty acid beta-oxidation. 

However, hypoxic conditions are known to decrease fatty acid beta-oxidation (Sousa 

Fialho et al., 2019). We saw earlier that while fasting and hypoxic preconditioning 

increased hypoxia tolerance for the FVB, fasting preconditioning was even more so 

protective. While the cytoprotective mechanisms may rely on a similar pathway for 

protection, it is evident that the pathways are not identical. The divergent energy 

metabolism pathways may contribute to the level of hypoxia tolerance seen in both cases 

and may suggest that FVB are more energetically prepared for hypoxia. Although, an 

increase in fatty acid beta-oxidation could increase ROS production. Subsequently, an 

analysis of ROS production and release could help elucidate the mechanisms behind the 

survival of FVB mice in severe hypoxia. Additional examination of proteins involved in 

cellular protection from ROS could further resolve differences in outcomes seen between 

the preconditioning regimes. 

As seen in the study, FVB mice that were fasted survived longer than hypoxia-

preconditioned mice of the same strain. This may be due in part to the massive upregulation 

of PDK4 gene expression, increase in PDH site 3 phosphorylation, and decrease in PDH 

activity in the strain. Although analysis of heart tissue from fasted B6 mice did reveal 

increased PDK4 gene expression and PDH site 3 phosphorylation, values normalized to 

the fed samples were much lower than that seen in FVB mice. PDH activity of fasted B6 

samples was also higher than that of fasted FVB mice. Furthermore, the survival of fasted 

B6 mice was lower than the survival of fasted FVB mice or hypoxia preconditioned B6 

mice. These results point to hypoxic preconditioning and fasting preconditioning as two 

molecularly distinct preconditioning models that may exert influence in a strain-specific 



47  

manner, with fasting preconditioning possibly being more protective than hypoxic 

preconditioning. Furthermore, while hypoxic preconditioning has been a reliable method 

of increasing hypoxia tolerance in different mammals, this preconditioning regimen may 

not be easy to translate to human subjects. In contrast, fasting is a method that solely relies 

on patient compliance and time. Fasting as a preconditioning regimen may even greatly 

improve patient outcomes for those with cardiovascular diseases known to create hypoxic 

environments for tissue. 
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