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Metabolic fate of glucose in rats with traumatic brain injury and 
pyruvate or glucose treatments: A NMR spectroscopy study

Katsunori Shijoa,1, Richard L. Suttona, Sima S. Ghavima, Neil G. Harrisa, and Brenda L. 
Bartnik-Olsonb,*

aBrain Injury Research Center, Department of Neurosurgery, David Geffen School of Medicine at 
UCLA, Los Angeles, Box 956901, CA, USA

bDepartment of Radiology, Loma Linda University School of Medicine, Loma Linda, CA, USA

Abstract

Administration of sodium pyruvate (SP; 9.08 μmol/kg, i.p.), ethyl pyruvate (EP; 0.34 μmol/kg, 

i.p.) or glucose (GLC; 11.1 μmol/kg, i.p.) to rats after unilateral controlled cortical impact (CCI) 

injury has been reported to reduce neuronal loss and improve cerebral metabolism. In the present 

study these doses of each fuel or 8% saline (SAL; 5.47 nmoles/kg) were administered immediately 

and at 1, 3, 6 and 23 h post-CCI. At 24 h all CCI groups and non-treated Sham injury controls 

were infused with [1,2 13C] glucose for 68 min 13C nuclear magnetic resonance (NMR) spectra 

were obtained from cortex + hippocampus tissues from left (injured) and right (contralateral) 

hemispheres. All three fuels increased lactate labeling to a similar degree in the injured 

hemisphere. The amount of lactate labeled via the pentose phosphate and pyruvate recycling (PPP 

+ PR) pathway increased in CCI-SAL and was not improved by SP, EP, and GLC treatments. 

Oxidative metabolism, as assessed by glutamate labeling, was reduced in CCI-SAL animals. The 

greatest improvement in oxidative metabolism was observed in animals treated with SP and fewer 

improvements after EP or GLC treatments. Compared to SAL, all three fuels restored glutamate 

and glutamine labeling via pyruvate carboxylase (PC), suggesting improved astrocyte metabolism 

following fuel treatment. Only SP treatments restored the amount of [4 13C] glutamate labeled by 

the PPP + PR pathway to sham levels. Milder injury effects in the contralateral hemisphere appear 

normalized by either SP or EP treatments, as increases in the total pool of 13C lactate and labeling 

of lactate in glycolysis, or decreases in the ratio of PC/PDH labeling of glutamine, were found 

only for CCI-SAL and CCI-GLC groups compared to Sham. The doses of SP, EP and GLC 

examined in this study all enhanced lactate labeling and restored astrocyte-specific PC activity but 

differentially affected neuronal metabolism after CCI injury. The restoration of astrocyte 

metabolism by all three fuel treatments may partially underlie their abilities to improve cerebral 

glucose utilization and to reduce neuronal loss following CCI injury.
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1. Introduction

Traumatic brain injury (TBI) is well known to result in a cascade of inter-related 

physiological and biochemical reactions that alter cerebral metabolic pathways and impact 

the ability of injured cells to produce sufficient energy. Acute glutamate release and ionic 

fluxes are thought to underlie early increases in cerebral metabolic rates for glucose and 

aerobic glycolysis leading to elevated levels of lactate and reductions in extracellular glucose 

(Alessandri et al., 1999; Bartnik et al., 2005; Chen et al., 2000; Dhillon et al., 1997; 

Fukushima et al., 2009; Katayama et al., 1990, 1995; Kawamata et al., 1992; Kawamata et 

al., 1995; Krishnappa et al., 1999; Lee et al., 1999; Marklund et al., 2006; Nilsson et al., 

1990; Palmer et al., 1993; Rose et al., 2002; Sunami et al., 1989; Sutton et al., 1994; Yoshino 

et al., 1991). TBI-induced mitochondrial dysfunctions will not only reduce oxidative 

metabolism, but increase free radical production and oxidative/nitrosative stress (Hall et al., 

1993, 2004; Marklund et al., 2001; Tavazzi et al., 2005; Verweij et al., 1997; Xiong et al., 

1997). The oxidative/nitrosative stress after TBI can modify many metabolic enzymes 

including glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or the pyruvate 

dehydrogenase complex (PDH) (Humphries and Szweda, 1998; Kochanek et al., 2006; Opii 

et al., 2007; Ralser et al., 2007; Tabatabaie et al., 1996; Xing et al., 2009, 2012). In 

conjunction with zinc release, oxidative/nitrosative stress post-TBI can activate poly(ADP-

ribose) polymerases (PARP) leading to reductions in nicotinamide adenine dinucleotide 

(NAD+) (Besson et al., 2003; Clark et al., 2007; Hellmich et al., 2007; Laplaca et al., 1999; 

Satchell et al., 2003; Sheline et al., 2000; Suh et al., 2000, 2006) and inhibition of 

hexokinase (Andrabi et al., 2014). Because NAD+ is a co-factor for GAPDH and lactate 

dehydrogenase (LDH), both glycolysis and conversion of lactate to pyruvate [pyruvate + 

NADH ↔ lactate + NAD+] for use in the tricarboxylic acid (TCA) cycle may become 

inhibited after TBI. The effects of injury on metabolic enzymes no doubt contribute to the 

development of cerebral metabolic depression following TBI (Bergsneider et al., 2000; 

Dunn-Meynell and Levin, 1997; Hovda et al., 1991; Prins and Hovda, 2009; Sutton et al., 

1994; Yoshino et al., 1991).

Our laboratory has recently reported that administration of exogenous fuels early after 

experimental TBI can attenuate the reductions in cerebral glucose utilization, as measured 

by 14C 2-deoxyglucose autoradiography, that occur by 24 h post-injury. Specifically, 

injections (i.p.) of high dose glucose (GLC; 11.1 μmol/kg), sodium pyruvate (SP; 9.08 

μmol/kg) or ethyl pyruvate (EP; 0.34 μmol/kg) in the first 6 h after unilateral controlled 

cortical impact (CCI) injury were all found to improve cortical and subcortical glucose 

utilization by 24 h (Moro et al., 2013, 2016). In addition, each of these fuels, at the reported 

doses, were neuro-protective and beneficial in terms of behavioral outcome (Moro et al., 

2013, 2016; Moro and Sutton, 2010; Shijo et al., 2015). However, the specific metabolic 

pathways potentially mediating these effects are unknown, and it remains unclear if these 
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exogenous fuel treatments alter metabolic pathways beyond the uptake of glucose. 

Using 13C NMR spectroscopy, we previously reported injury-induced increases in the 

amount of glucose metabolized via the PPP, elevated glycolysis and alterations to the neuron 

and astrocyte TCA cycles and glutamate-glutamine cycle at 3.5 and 24 h after CCI injury 

(Bartnik et al., 2005). Using a similar design, we hypothesized that the addition of GLC, SP, 

or EP during the first 24 h post injury would reduce glucose metabolism through the PPP, 

indicating a reduction in oxidative stress. In addition, we hypothesized that these fuels would 

improve neuronal oxidative metabolism, consistent with our earlier observations of 

enhanced neuronal survival (Moro et al., 2013, 2016).

2. Materials and methods

2.1. Subjects

Adult male Sprague-Dawley rats (305 ± 2.3 g) from Charles River Breeding Labs (Hollister, 

CA) were used as experimental subjects (n = 50). Upon arrival, rats were pair housed and 

acclimated for 1–2 weeks to our standard temperature and lighting conditions (70–76 °F, 

30–70% humidity, room lights on 06:00–18:00), with food (Teklad 7904) and tap water 

available ad libitum. All experimental procedures were approved by the UCLA Chancellor’s 

Committee for Animal Research.

2.2. Surgical procedures

At 60–65 days of age, animals were anesthetized with isoflurane (2.0–2.5% in 100% O2, 2.0 

ml/min flow rate) and placed into a stereotaxic frame (Kopf Instruments, Tujunga, CA) with 

the head positioned in a horizontal plane with respect to the interaural line. During all 

surgical procedures, body temperature was maintained at 37 ± 1 °C using a thermostatically 

controlled heating pad (Harvard Apparatus, Holliston, MA). All surgical procedures were 

performed under aseptic conditions, and have been previously described in detail 

(Fukushima et al., 2009; Moro and Sutton, 2010; Sutton et al., 1993). In brief, following a 

midline incision, the skin, fascia and temporal muscle were reflected. Animals receiving 

CCI were subjected to a 6-mm diameter craniotomy over the left parietal cortex centered at 3 

mm posterior and 3.5 mm lateral to bregma. An electronically controlled, small bore, dual-

stroke, pneumatic piston cylinder with a 40-mm stroke (Hydraulics Control, Inc., 

Emeryville, CA) was mounted onto a stereotaxic micro-manipulator, allowing for precise 

control of the impact site and depth of tissue compression. The piston cylinder was angled 

20° away from vertical, enabling the flat, circular impactor tip (5-mm diameter) to be 

perpendicular to the surface of the brain at the site of injury. A moderate severity of CCI 

injury was induced, using 20 psi (~2.2 m/s velocity) and 2.0 mm depth of tissue compression 

for 250 msec. Control (Sham injury) rats underwent similar procedures to control for 

surgical stress and duration of anesthesia, but did not receive craniotomy or any impact. 

After the scalp was sutured closed, bupivacaine (0.1–0.14 mg/kg, s.c.) was injected around 

the incision site, the rats were placed in a heated recovery cage (36.0–38.0 °C) until 

ambulatory, and then returned to their home cages.

Brain tissue swelling within the first 1–2 min post-CCI was recorded on surgical records as 

mild, mild-to-moderate, moderate, moderate-to-severe, or severe. These descriptors were 
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assigned rating scores of 0.5, 1.0, 1.5, 2.0 and 2.5, respectively, and the average rating for 

each CCI group was calculated as a measure of the initial injury severity. All animals were 

weighed prior to surgery and the day after surgery, with change in body weight used as a 

secondary measure of surgical and treatment effects.

This injury results in an approximately 35% loss of the cortical mantle at 2 weeks post-

injury (Fukushima et al., 2009). Given the rate of atrophy in this model (Chen et al., 2003) 

we estimate that approximately 25% of the cortical tissue is necrotic at 1 day post-injury, the 

time-point used in the current study.

2.3. Experimental design and treatments

Fig. 1 shows the overall timeline of the post-surgical experimental procedures. Prior to 

surgery animals were randomly assigned to one of five groups (n = 10/group). Sham control 

animals did not receive injections post-surgery. Rats with CCI injury received intraperitoneal 

(i.p.) injections immediately after induction of CCI (denoted as 0 h) and at 1, 3, 6 and 23 h 

post-injury (Fig. 1). One CCI group was injected with 8% saline (CCI-SAL; cited as 

osmolarity control for GLC (Sugimori et al., 1996). SP (P2256: Sigma Aldrich, Saint Louis, 

MO, USA), EP (E47808: Sigma Aldrich) and GLC (G8270, Sigma Aldrich) were prepared 

at concentrations of 400, 16 or 500 mg/ml, respectively, in either 0.1 M phosphate buffered 

saline (Na2HPO4, S0876: Sigma Aldrich; SP and EP) or in 0.9% saline (for GLC). Doses 

administered with each injection were SAL = 5.47 nmoles/kg (0.32 mg/kg), SP = 9.08 

μmol/kg (1000 mg/kg), EP = 0.34 μmol/kg (40 mg/kg), and GLC = 11.1 μmol/kg (2 g/kg) as 

previously described (Fukushima et al., 2009; Moro et al., 2013, 2016; Shijo et al., 2015). 

The calculated osmolarity of the injected solutions was 8% SAL (274 mOsmol/L), SP (445 

mOsmol/L), EP (400 mOsmol/L), GLC (316 mOsmol/L). All solutions were filtered (0.22 

μm) just prior to injection.

2.4. [1,2 13C2] glucose infusion

At 22 h after their initial surgery (Fig. 1), rats were anesthetized and the right femoral artery 

and vein were cannulated with PE-50 tubing, as previously described (Bartnik et al., 2007; 

Bartnik-Olson et al., 2010). The scalp incision was re-opened, the skull was dried, and the 

dorsal surface of the skull including the craniotomy site was covered with dental acrylic (to 

prevent overheating and herniation of cortical tissue through the craniotomy during 

microwave irradiation). Bupivacaine (0.1–0.14 mg/kg, s.c.) was infiltrated into the femoral 

and cranial incision sites and animals were restrained on a cardboard plank immediately 

after removal of isoflurane anesthesia.

At 24 h post-injury awake, lightly restrained animals were given an intravenous infusion of 

[1,2 13C2] glucose (Cambridge Isotope Laboratories, Andover, MA, USA) in sterile water 

(Fig. 1). The infusion protocol, per 350 g body weight, began with a bolus injection of 225 

μmol followed by 150 μmol given in exponentially decreasing amounts over the next 8 min, 

until a final constant infusion rate of 16.67 μmol/min was reached and maintained for 1 h 

(Bartnik-Olson et al., 2010) (Fig. 1).
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2.5. Blood sampling

Arterial blood samples (~0.1 mL) were taken prior to infusion (baseline), after 15 min of 

infusion, and just before the end of the 13C glucose infusion (67 min) to measure blood pH, 

partial pressure of oxygen (pO2), oxygen saturation (O2 Sat), partial pressure of carbon 

dioxide (pCO2), and bicarbonate (HCO3) (Siemens Rapidpoint 340, Healthcare Diagnostics 

Inc, Plainfield, IN; Fig. 1). Aliquots (~0.1 mL) of all three blood sample were centrifuged 

(14,000 g for 5 min) and plasma glucose and lactate concentrations were measured using a 

2700 Select Biochemistry Analyzer (YSI Inc., Yellow Springs, OH). A Bligh-Dyer (Bligh 

and Dyer, 1959) lipid and metabolite extraction was performed on plasma (0.25 mL) from 

an additional arterial blood sample (0.6 mL) collected at 67 min. The sample was placed into 

a SuperSpin microtube (VWR Cat.No. 2170-038) with methanol (0.5 mL), chloroform (0.5 

mL), and distilled water (0.25 mL). After mixing, this sample was centrifuged (13,000 g for 

20 min at 4 °C) to produce a three phase solution: aqueous metabolites, proteins, and 

hydrophobic lipids. All three phases were collected into separate glass vials and dried at 

room temperature under N2 gas flow. The dried aqueous, protein, and lipid pellets were 

weighed and stored at −70 °C until use; the aqueous sample was used for determination of 

plasma 13C-labeled glucose and lactate concentrations. The total volume of whole blood 

removed at each sampling time point was approximately 0.8 mL.

2.6. Euthanasia, tissue fixation and metabolic extraction

At the end of the 13C-glucose infusion all animals were rapidly anesthetized with isoflurane 

(4% in 100% O2 with a1.5–2.0 L/min flow rate) and euthanized via a focused beam of 

microwave irradiation (3.5 kW, 2.75–3.00 s) to the head (Thermex-Thermatron Model 4104 

Microwave Fixation System, Louisville, KY; Fig. 1). The brains were removed and dissected 

to collect an ~8 × 8 mm section of the right (contralateral) and left cortex (±4.0 mm from 

injury center, from midline to the rhinal fissure) and the underlying hippocampus. Tissue 

samples were weighed in a tared SuperSpin microtube (VWR), and then processed for 

aqueous metabolites and lipid extraction using the Bligh-Dyer technique (Bligh and Dyer, 

1959). This extraction method results in a higher (7–15%) metabolite yield versus perchloric 

acid (PCA) extraction but with lower protein content in the remaining pellet (Le Belle et al., 

2002). As a result, metabolite levels normalized to this lower protein concentration will 

result in higher metabolite concentrations compared to studies using a PCA extraction 

technique. Methanol and chloroform were added in the ratio of 1:2:1 

tissue:methanol:chloroform (100 μl/mg tissue) and the samples were sonicated (20 pulses; 

Sonic Dismembrator; Fisher Scientific, Pittsburgh, PA). Additional chloroform and distilled 

water were added to the samples in a 1:1 ratio to obtain a final ratio of 1:2:2:1 

tissue:methanol:-chloroform:water (Harris et al., 1996; Miccheli et al., 1988) and the 

resulting emulsion was centrifuged at 13,000 g for 20 min at 4 °C to produce a three phase 

solution: aqueous metabolites, proteins, and hydrophobic lipids. All three phases were 

collected into separate glass vials and dried at room temperature under N2 gas flow. The 

dried aqueous, protein, and lipid pellets were weighed and stored at −70 °C until use. The 

dried aqueous extracts were reconstituted in 0.6 mL deuterium oxide (D2O; 99.9% D) 

containing 0.05–0.075% weight sodium 3-(trimethylsilyl) propionate (TSP) immediately 

before spectroscopic analysis.
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2.7. Protein determination

Protein pellets were solubilized in a 9X volume of 1 M NaOH and the protein content was 

measured using the Bio-Rad protein assay on a SPECTRAmax 190 microplate 

spectrophotometer (Molecular Devices, Sunnyvale, CA) at a wavelength of 595 nm.

2.8. NMR spectroscopy acquisition and analysis
13C NMR spectra were obtained on a Bruker AVANCE 500 MHz spectrometer. Proton 

decoupled 13C spectra were acquired using a 70° pulse angle, 1.1-sec acquisition time, 3-sec 

recycle delay, and a 12 ppm spectral width. Waltz 16 broad band decoupling was used 

during the acquisition of the 13C spectra to avoid nuclear Over-hauser enhancement effects. 

The number of acquisitions was typically 13,000–14,000.

Chemical shifts were assigned relative to TSP and by comparison to previously published 

values (Cruz and Cerdan,1999; Govindaraju et al., 2000). All peaks were integrated using 

NUTS (Acorn NMR Inc., Livermore, CA, USA), quantified using TSP as an internal 

standard (Badar-Goffer et al., 1990) and normalized to the total protein content of each 

sample. The total amount (nmol/mg protein) of 13C labeled glucose, lactate, glutamate, 

glutamine, GABA, and aspartate was calculated as the sum of all detected 13C isotopomers: 

[3 13C] and [2,3 13C2] lactate; [4,5 13C2], [2,3 13C2], [1,2 13C2], [4 13C], [1 13C] and [5 13C] 

glutamate and glutamine; [1,2 13C2], [3,4 13C2] and [2 13C] GABA and aspartate. The 13C 

percent enrichment of plasma glucose and lactate was calculated by dividing the 

concentration of plasma 13C glucose and 13C lactate, measured by 13C NMR spectroscopy 

(mM/L), by the plasma glucose and lactate concentration obtained by YSI (mM/L) 

multiplied by 100.

2.9. Labeling pattern following [1,2 13C2] glucose infusion

Fig. 2 shows a simplified scheme of the 13C labeling of metabolites following an infusion of 

[1,2 13C2] glucose. The metabolism of [1,2 13C2] glucose through glycolysis leads to 

[2,3 13C2] pyruvate, which can be reduced to [2,3 13C2] lactate or transaminated to 

[2,3 13C2] alanine. The [2,3 13C2] pyruvate can enter the TCA cycle through PDH as 

[1,2 13C2] acetyl CoA leading to the formation of [1,2 13C2] citrate and after a few steps α-

[4,5 13C2] ketoglutarate, which can exit the TCA cycle to produce [4,5 13C2] glutamate, 

[4,5 13C2] glutamine, and [1,2 13C2] GABA. If the α-[4,5–13C2] ketoglutarate remains in the 

TCA cycle the 13C labeled carbon skeletons will be scrambled at succinate resulting in equal 

amounts of [1,2 13C2] and [3,4 13C2] succinate, giving rise to [1,2 13C2] and [3,4 13C2] 

fumarate, malate, oxaloacetate and aspartate. In a second turn of the TCA cycle [1,2 13C2] 

and [3,4 13C2] oxaloacetate can condense with un-labeled acetyl CoA resulting in glutamate 

and glutamine labeled as either a doublet ([1,2 13C2]) or as a singlet ([3 13C]).

In astrocytes, the [2, 3 13C2] pyruvate from glycolysis can also be carboxylated by pyruvate 

carboxylase (PC), enter the TCA cycle as [2,3 13C2] oxaloacetate, which can condense with 

acetyl CoA to form [3,4 13C2] citrate. After a number of steps α-[2,3 13C2] ketoglutarate is 

formed, which can then give rise to [2,3 13C2] glutamate and glutamine. If [2,3 13C2] 

glutamine is transported from the astrocyte to glutamatergic or GABAergic neurons it can be 

converted to [2,3 13C2] glutamate or [3,4 13C2] GABA. If the 13C label originating from PC 
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remains in the astrocyte TCA cycle for a second turn and condenses with unlabeled acetyl 

CoA, it will give rise to [3 13C] and [1,2 13C2] glutamate and glutamine; if transported to 

neurons, [3 13C] and [1,2 13C2] glutamate or [3 13C] and [4 13C] GABA will result.

The pyruvate recycling (PR) pathway represents a major cataplerotic pathway for the 

complete oxidation of glutamate and has been observed in astrocytes and to a lesser extent, 

neurons (reviewed in McKenna, 2013; Schousboe, 2015). In this process, [1,2 13C2] and 

[3,4 13C2] oxaloacetate or malate can exit the TCA cycle and be decarboxylated to [3 13C] 

or [1,2 13C2] pyruvate via phosphoenolpyruvate carboxykinase (PEPCK) and pyruvate 

kinase (PK) or malic enzyme (ME). The newly labeled (recycled) pyruvate can be converted 

to [1 13C] and [2 13C] acetyl CoA via PDH and enter the TCA cycle as [1 13C] and [2 13C] 

citrate leading to the labeling of [4 13C] glutamate/glutamine and [2 13C] GABA. In partial 

pyruvate recycling, the newly labeled pyruvate is converted to [3 13C] and [1,2 13C2] lactate.

[1,2 13C2] glucose can also be metabolized via the PPP, where one of the 13C atoms is lost 

as 13CO2 during the formation of [1 13C] ribulose-5-phosphate. In the oxidative branch of 

the PPP, 3 molecules of [1 13C] ribulose-5-phosphate are metabolized to form 1 molecule 

each of [113C] fructose-6-phosphate, [1,3 13C2] fructose-6-phosphate and unlabeled 

glyceraldehyde-3-phosphate. The [1 13C] and [1,3 13C2] labeled fructose-6-phosphate can 

reenter the glycolytic pathway where it is metabolized to [3 13C] and [1,3 13C2] pyruvate. 

Three molecules of [1,2 13C2] glucose will generate one molecule each of [3 13C] and 

[1,3 13C2] pyruvate and three molecules of unlabeled pyruvate, which can then be reduced to 

[3 13C] and [1,3 13C2] lactate, transaminated to [3 13C] and [1,3 13C2] alanine or enter the 

TCA cycle. If metabolized by PDH, both [3 13C] and [1,3 13C2] pyruvate are converted to 

[2 13C] acetyl CoA and enter the TCA cycle as [2 13C] citrate, leading to the formation of 

[4 13C] glutamate/glutamine and [2 13C] GABA. If metabolized by PC, [3 13C] and 

[1,3 13C2] pyruvate enter the TCA cycle as [3 13C] and [1,3 13C2] oxaloacetate, leading to 

the formation of [3 13C] glutamate/glutamine and GABA. In the non-oxidative branch of the 

PPP, ribulose-5-phosphate is converted to ribose-5-phosphate, an essential precursor for 

nucleotide synthesis. Because the labeling of biosynthetic compounds from the non-

oxidative branch were too low to be measured, they were omitted from Fig. 2.

2.10. Metabolic pathway estimates

The metabolism of [1,2 13C2] glucose leads to clear labeling patterns of lactate, glutamate, 

and glutamine in the first turn of the TCA cycle. In subsequent turns of the TCA cycle, 

isotopomers from different metabolic pathways can lead to similar labeling patterns (Fig. 2), 

thus only isotopomers originating in the first turn of the TCA cycle were used to calculate 

estimates of metabolic pathway activity.

Activity of both the PPP + PR pathway can result in the labeling of [3 13C] lactate, [4 13C] 

glutamate and [4 13C] glutamine. Calculating the [3 13C] lactate/[2,3 13C2] lactate ratio 

provides an estimate of the relative contribution of the PPP + PR pathway and glycolysis to 

lactate labeling. This approach makes no assumptions regarding the relative contribution of 

either the PPP or PR pathway nor does it account for any differences in pathway flux 

between cell types or the loss of labeled lactate to the TCA cycle or exported to the 

bloodstream. Thus any increase in this ratio could reflect an increase in glucose metabolism 
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via the PPP, an increase in PR activity, or a decrease in glycolysis. The values presented in 

Table 3 and Supplemental Table 2 are the minimal values for this ratio. These values would 

be 1.5 fold higher if the PPP was the sole contributor to [3 13C] lactate labeling, as all values 

associated with the PPP must be multiplied by 1.5 to adjust for the fact that 3 molecules of 

[1,2 13C2] glucose metabolized by the PPP would give rise to 2 labeled and one unlabeled 

molecule of lactate whereas the same number of [1,2 13C2] glucose molecules metabolized 

via glycolysis would give rise to 3 molecules of labeled lactate (Morken et al., 2014).

Similarly, calculating the [4 13C] glutamate/[4,5 13C2] glutamate (or glutamine) ratio 

provides an estimate of the relative contribution of the PPP + PR pathway and oxidative 

metabolism via PDH to glutamate or glutamine labeling. Again this approach does not 

assume the relative contribution of either pathway to glutamate or glutamine 13C labeling. 

An increase in this ratio would reflect an increased contribution of pyruvate labeled via the 

PPP or PR pathway or a decrease in the contribution of glycolysis-derived pyruvate to 

glutamate or glutamine labeling. A shift in the contribution of the PPP + PR pathway to 

lactate (PPP + PR lactate), glutamate (PPP + PR glutamate) or glutamine (PPP + PR 

glutamine) labeling following injury and/or fuel treatment would indicate changes in 

pyruvate metabolism.

The contribution of astrocytes to glutamate (or glutamine) labeling can be derived from the 

PC/PDH ratio, which estimates the contribution of the astrocytic anaplerotic pathway (PC) 

relative to PDH activity which is found in both the neuron and astrocyte compartments. The 

PC/PDH ratio was calculated using the formula [2,3 13C2] glutamate (or glutamine)/

[4,5 13C2] glutamate (or glutamine) [reviewed in (Sonnewald and Rae, 2010)]. An increase 

in the PC/PDH ratio reflects either an increase in PC activity or a decrease in PDH activity. 

The PC/PDH ratio was calculated for both glutamate and glutamine to explore shifts in the 

compartmentation of metabolic pathways following injury and fuel treatment.

2.11. Data exclusions and statistical analysis

Each animal produced three samples for NMR analysis: i) the plasma sample post- 13C 

glucose infusion, ii) the left (injured) hemisphere tissue sample, and iii) the right 

(contralateral) hemisphere tissue sample. Spectra were excluded if a glucose peak was not 

detected in 13C spectra of plasma or tissue samples, suggesting technical issues with the 

label infusion or sample preparation, or if the signal-to-noise ratio of a sample was too low 

to reliably detect metabolites of interest. These data exclusions led to the following sample 

sizes for left or right tissue samples: Sham (left n = 8, right n = 10); CCI-SAL (left n = 8, 

right n = 9); CCI-SP (left n = 8, right n = 10); CCI-EP (left n = 9, right n = 9); CCI-GLC 

(left n = 8, right n = 10). Plasma data remained in the biochemistry and NMR analysis 

(Table 1) if 13C spectra from either the left or right tissue samples from that animal were 

used in the final analysis. Isotopomers for some metabolites were not detectable in all tissue 

samples, and in such cases the reduced sample size for any affected group is specified in the 

text.

Group data are expressed as the mean ± standard error of the mean (SEM). Statistical 

analysis was performed using SPSS software (version 22: SPSS Inc., Chicago, IL, USA). 

For blood samples, the pre-infusion data were first analyzed using one-way ANOVA. If no 
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Group effect was found, repeated measures one-way analysis of variance (ANOVA) was 

used to test for Group, Time and Group X Time effects, with Bonferroni post hoc 

comparisons to determine individual group (pre-versus 15 and 67 min post-infusion) 

differences. In cases where a pre-infusion Group effect was detected (pH, HCO3, lactate), 

repeated measures one-way analysis of covariance (ANCOVA) was used to control for the 

effects of the pre-infusion pH, HCO3, and lactate differences. Between groups differences in 

measures of injury severity and 13C concentration of plasma or tissue metabolites were 

determined using one-way ANOVA with a post-hoc Bonferroni comparison to determine 

individual group differences at a significance level of p < 0.05.

3. Results

3.1. Indices of injury severity

Ratings of tissue swelling acutely post-injury did not differ significantly between the four 

CCI groups (1.78 ± 0.12, 1.70 ± 0.08, 1.83 ± 0.08 and 1.75 ± 0.08 for SAL, SP, EP and 

GLC, respectively). Body weight loss 24 h post-injury was significant in the CCI-SAL 

(−15.0 ± 3.3 gm), CCI-SP (−19.3 ± 2.8 gm), CCI-EP (−19.4 ± 2.5 gm), and CCI-GLC 

(−16.4 ± 1.9 gm) compared to Sham controls (0.8 ± 1.3 gm; p’s < 0.001), but weight loss did 

not differ between CCI groups. These combined findings indicate similar injury severity for 

the CCI-SAL, CCI-SP, CCI-EP and CCI-GLC groups.

3.2. Blood, plasma, and tissue protein measurements

A repeated measures ANCOVA controlling for elevated pre-infusion pH and HCO3 levels in 

the CCI-SP group compared to all others (p’s < 0.001, Table 1) revealed a significantly 

higher pH and HCO3 in the CCI-SP group at both 15 and 67 min after initiating the 13C 

glucose infusion (p’s < 0.001). There were no between group effects on baseline pO2, O2 

saturation or pCO2 (Table 1). Repeated measures ANOVA showed no significant effects on 

the pO2, O2 saturation or pCO2 measures (Table 1).

Plasma glucose concentrations were similar between groups prior to the 13C glucose 

infusion (Table 1). Repeated measures ANOVA showed no effect for Group or Group X 

Time. A significant effect for Time was due to increased plasma glucose concentrations at 

15 min into the 13C glucose infusion that declined toward pre-infusion levels by 67 min in 

all groups (p’s < 0.001).

A significant effect of Group for plasma lactate was seen at baseline due to higher lactate 

levels in the CCI-GLC group compared to the CCI-SAL group (p < 0.05). A significant 

Group effect found with repeated measures ANCOVA when controlling for the pre-infusion 

lactate concentration, which was due to higher levels in CCI-SP compared to the CCI-EP 

group (p < 0.001) and higher levels in the CCI-GLC compared to the CCI-SAL and CCI-EP 

groups at 15 min (p’s < 0.001).

The total amount of protein recovered in the left (injured) tissue samples were: Sham 

controls (23.9 ± 5.6 mg), CCI-SAL (22.1 ± 7.2 mg), CCI-SP (17.9 ± 2.8 mg), CCI-EP (15.6 

± 6.1 mg), and CCI-GLC (21.3 ± 4.3 mg) which did not differ between the groups.
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3.3. 13C enrichment of glucose and lactate in plasma

Despite the minor variations in blood chemistry among the groups, the 13C enrichment of 

plasma glucose at 67 min after initiating the 13C glucose infusion were not statistically 

different for Sham (13.0 ± 1.6), CCI-SAL (15.5 ± 1.4), CCI-SP (13.3 ± 2.4), CCI-EP (14.2 

± 1.2) and CCI-GLC (11.8 ± 1.0) groups. The 13C enrichment of plasma lactate was not 

analyzed statistically, due to its detection in only 24% of the animals. The lactate enrichment 

was 2.3% in Sham controls (n = 1), 1.4% ± 0.44 in CCI-SP (n = 5), 1.8% in CCI-EP (n = 1), 

2.0% ± 0.7 in CCI-GLC (n = 3), and was not detected in CCI-SAL animals. The absence of 

plasma lactate labeling could suggest that the contribution of peripheral glucose metabolism 

during the 60 min infusion was lower than 13C NMR detectable limits.

3.4. 13C metabolite labeling and metabolic pathway estimates in left (injured) hemisphere

The total amounts (nmol/mg protein) of 13C labeled glucose, lactate, glutamate, glutamine, 

GABA and aspartate isotopomers in left (injured) tissue samples after [1,2 13C2] glucose 

infusion are shown in Fig. 3. The amounts of individual lactate, glutamate, and glutamine 

isotopomers in the left hemisphere metabolites are listed in Table 2 and the metabolic 

pathway data are shown in Table 3.

The amounts of 13C glucose in the left (injured) brain tissue samples were significantly 

increased in all CCI groups compared to Sham controls (p’s < 0.05; Fig. 3). The amounts 

of 13C glucose were higher in the SP, EP and GLC treatment groups compared to the SAL-

treated group but did not reach significance.

Both the total amount of 13C labeled lactate isotopomers and the amount of [2,3 13C2] 

lactate labeled via glycolysis in the left-injured hemisphere were not increased above Sham 

control levels in the CCI-SAL group but were significantly increased after SP, EP or GLC 

treatment (p’s < 0.001; Fig. 3, Table 2). These increases in lactate after SP treatment were 

significant compared to SAL-treated controls (p < 0.001). The amount of [3 13C] lactate 

labeled via the PPP + PR pathway was significantly increased in all CCI groups compared to 

Sham controls (n = 4; p’s < 0.001) and did not differ significantly between the CCI groups 

(Table 2).

The ratio of lactate labeled via the PPP + PR pathway relative to glycolysis gives an estimate 

of the combined contribution of the PPP and PR pathway to lactate synthesis. In the CCI-

SAL group this ratio was significantly higher compared to Sham controls (n = 4; p < 0.001, 

Table 3), owing to an increase in [3 13C] lactate labeling. Although the [3 13C]/[2,3 13C2] 

lactate ratio was significantly reduced with fuel treatments (p’s < 0.01 compared to CCI-

SAL), this was the result of increased [2,3 13C2] lactate labeling and not reduced [3 13C] 

lactate labeling (Tables 2 and 3) indicating that the injury-induced increase in the 

contribution of the PPP + PR pathway to lactate labeling was unaffected by fuel treatment.

The total amount of all 13C glutamate isotopomers in left-injured brain samples was 

significantly reduced in all four CCI groups compared to Sham controls (p’s < 0.001 for 

SAL, EP and GLC; p < 0.05 for SP). Among CCI groups, the amounts were highest in the 

SP group although this was not significant (Fig. 3). The amount of [4,5 13C2] glutamate that 

was labeled via PDH in the first turn of the TCA cycle was significantly reduced from 
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Shams in all CCI groups (p’s < 0.01) with exception of CCI-SP, which remained similar to 

Shams. The amount of [4,5 13C2] glutamate labeling in the CCI-SP group was also 

significantly higher than the amount in the CCI-GLC group (p < 0.05; Table 2). Glutamate 

labeled in the second turn of the TCA cycle ([1,2 13C2]), was significantly reduced to the 

same extent in all four of the CCI injury groups compared to Sham levels (p’s ≤ 0.001; Table 

2).

The amount of [2,3 13C2] glutamate labeled via PC was significantly lower than Sham 

values in the CCI-SAL (p < 0.001) and CCI-GLC (p < 0.01) groups, but not in the CCI-SP 

or CCI-EP groups, although this PC-derived glutamate did not differ significantly among the 

four CCI groups (Table 2). The ratio of glutamate labeled via PC relative to PDH was not 

different in any of the CCI groups compared to Sham, although the PC/PDH glutamate ratio 

for CCI-EP was significantly higher than that for CCI-SAL (p < 0.05; Table 3) due to 

reduced amounts of [2,3 13C2] (Table 2).

The amount of [4 13C] glutamate, labeled in the PPP + PR pathway, was significantly 

decreased in the CCI-SAL group compared to Sham (p < 0.05). In contrast, the amount of 

[4 13C] glutamate in the CCI-SP group was significantly higher compared to all other CCI 

groups (p’s ≤ 0.001; Table 2). The contribution of the PPP + PR pathway to glutamate 

labeling was significantly higher in the CCI-SP group compared to Sham (p = 0.01), CCI-

SAL (p = 0.005) and CCI-EP (p < 0.005) groups but not compared to CCI-GLC (Table 3) 

and was due to a non-significant increase in [4 13C] glutamate labeling (Table 2).

As shown in Fig. 3, the total amount of all 13C labeled glutamine isotopomers was 

significantly reduced below Sham levels in all CCI groups (p’s < 0.001), with the exception 

of CCI-SP. The total amount of 13C glutamine in the CCI-SP group was significantly higher 

than for CCI-SAL (p = 0.01) and CCI-EP (p = 0.005), but not CCI-GLC (p = 0.08). In the 

CCI-SP or CCI-GLC groups, the amount of [4,5 13C2] glutamine labeled via PDH was not 

significantly different from Shams whereas the relative amount of [4,5 13C2] glutamine in 

the CCI-SAL and CCI-EP groups was significantly lower than Sham (p’s < 0.005; Table 2). 

Higher amounts of [4,5 13C2] glutamine were found in the CCI-SP group compared to SAL 

and EP (p’s < 0.01) treatments, and for CCI-GLC compared to CCI-SAL (p < 0.05). The 

amount of [1,2 13C2] glutamine labeled in the second turn of the TCA cycle was 

significantly lower in all four of the CCI groups compared to Sham (p’s < 0.001), and did 

not differ significantly between the CCI groups (Table 2).

The amount of [2,3 13C2] glutamine labeled via PC was significantly reduced in the CCI-

SAL group compared to the Sham and the CCI-SP groups (p’s < 0.01) but did not differ 

between Sham and CCI-SP, CCI-EP or CCI-GLC groups (Table 2). The ratio of glutamine 

labeled via PC relative to PDH did not differ between any of the experimental groups (Table 

3), however labeling of both [2,3 13C2] and [4,5 13C2] glutamine was reduced in the CCI-

SAL group (Table 2).

The amount of [4 13C] glutamine labeled via the PPP + PR pathway was detectable in only 3 

Sham, 6 CCI-SAL, 8 CCI-SP, 4 CCI-EP and 7 CCI-GLC animals and did not differ 

significantly from Sham in any CCI groups. However, the amounts measured in the CCI-
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SAL group were significantly reduced compared to the CCI-GLC group (p < 0.01; Table 2). 

The contribution of the PPP + PR pathway to glutamine labeling did not differ between any 

of the experimental groups (Table 3).

Similar to glutamate, the total pools of 13C labeled GABA and of 13C aspartate in left-

injured brain tissue samples were significantly reduced from Sham control values in all CCI 

groups (p’s < 0.01; Fig. 2), with no effect of fuel treatment.

3.5. 13C metabolite labeling and metabolic pathway estimates in right (contralateral) 
hemisphere

The total amounts of 13C labeled glucose and lactate isotopomers as well as the amount of 

lactate derived via glycolysis were all significantly increased in brain tissue samples 

contralateral to CCI injury in the CCI-SAL and the CCI-GLC group compared to Shams (p’s 

< 0.05; Supplemental Fig. 1). The total pool of 13C labeled glucose was also higher in the 

CCI-GLC group compared to the CCI-EP group (p < 0.05). PPP + PR pathway-labeled 

[3 13C] lactate was significantly increased above Sham (n = 8) in the CCI-GLC group alone 

(n = 5; p = 0.01; Supplemental Table 1). There were no group differences in the contribution 

of the PPP + PR pathway to lactate labeling in the contralateral hemisphere (Supplemental 

Table 2).

There were no group differences in the total amount of 13C labeled glutamate isotopomers 

and any individual glutamate isotopomer or metabolic pathway estimate in right tissue 

samples (Supplemental Fig. 1, Supplemental Tables 1 and 2).

The total amount of all 13C labeled glutamine isotopomers did not differ between groups 

(Supplemental Fig. 1). However, glutamine labeled via PC was significantly reduced in the 

CCI-SAL group with a concomitant decrease in the PC/PDH ratio (p’s ≤ 0.05; Supplemental 

Tables 1 and 2). Other effects in the right hemisphere were fuel specific, as CCI-GLC had 

increases in the amounts of [4,5 13C2] glutamine (via PDH in the first turn of the TCA cycle) 

compared to CCI-SP and CCI-EP (p’s < 0.05) and increases in the amounts of [1,2 13C2] 

glutamine (second turn of the TCA cycle) compared to Sham controls and CCI-EP (p’s < 

0.05; Supplemental Table 2). In addition, the glutamine PC/PDH ratio was significantly 

reduced in the CCI-GLC group compared to Sham, CCI-SP and CCI-EP groups (p’s ≤ 

0.001; Supplemental Table 2).

4. Discussion

The primary aim of this study was to determine the effect of neuroprotective biofuels on 

glucose metabolism in the injured hemisphere 24 h following a unilateral CCI injury. The 

main findings are summarized in Fig. 4. The current results show that (1) treatments with 

EP, SP and GLC all increased lactate labeling to a similar degree, (2) lactate labeling via the 

PPP + PR pathway was increased by CCI injury and treatment with SP, EP, and GLC did not 

ameliorate this, (3) all fuel treatments prevented the injury-induced reduction in oxidative 

metabolism in the order of decreasing efficacy: SP > EP > GLC, and (4) all fuels restored 

the amount of glutamate and glutamine labeled via PC compared to SAL-treated animals 

suggesting improvements in astrocyte metabolism.

Shijo et al. Page 12

Neurochem Int. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.1. Physiological effects of CCI and SAL, SP, EP or GLC treatments

Prior to the infusion of 13C glucose, the arterial pH and HCO3 measures taken 1 h after the 

final SAL or fuel treatment were higher in the CCI-SP group compared to all other groups 

and remained higher in the SP group at 15 and 67 min into the 13C glucose infusion 

compared to the other groups. These findings are consistent with previous reports of elevated 

pH and HCO3 levels following systemic administration of SP (Fukushima et al., 2009; 

Mongan et al., 2001).

The plasma glucose concentrations pre- and post-infusion of [1,2 13C2] glucose and the 13C 

enrichment of plasma glucose did not differ between groups, indicating that differences in 

brain metabolite labeling were not due to differences in substrate infusion. However, it 

should be noted that the pre-infusion plasma lactate concentration was elevated in the CCI-

GLC group when compared to CCI-SAL and remained elevated at 15 min after beginning 

the 13C glucose infusion when compared to the CCI-SAL and CCI-EP groups. Higher pre-

infusion plasma lactate concentrations may have confounded the 13C tissue findings in the 

CCI-GLC group as the utilization of lactate has been reported in the injured brain (Glenn et 

al., 2015). This could result in substrate (13C) dilution lowering the amount of recovered 13C 

labeled tissue metabolites, leading to an underestimation of the effect of GLC on neuronal 

and astrocyte oxidative metabolism.

4.2. Glucose utilization, glycolysis and TCA cycle

In all CCI groups, the total 13C glucose pool in the left hemisphere was significantly 

increased compared to the Sham group. This finding differs from our previous finding after a 

3 h infusion of [1,2 13C2] glucose in this CCI injury model (Bartnik et al., 2005), but is 

similar to our observation of a pool of unmetabolized [1,2 13C2] glucose in cortex at 24 h 

after a fluid percussion brain injury (Bartnik et al., 2007). The increase in 13C labeled 

glucose in the injured tissue may reflect decreased metabolism as supported by the 

concomitant reduction in oxidative metabolism in all CCI groups (Fig. 2). However, there 

was a substantial, albeit non-significant, increase in the 13C glucose pool size with fuel 

treatments versus CCI-SAL that may reflect a higher brain glucose uptake in the SP, EP and 

GLC groups. In studies using [14C]2-deoxy-D-glucose autoradiography, these same doses of 

pyruvate and glucose were shown to attenuate reductions in cerebral glucose utilization at 24 

h post-injury (Moro et al., 2013, 2016). Moreover, the metabolism of supplemental 

exogenous SP, EP or GLC may have a “glucose sparing” effect, as prior research has shown 

that systemic administration of either lactate (Chen et al., 2000) or SP (Fukushima et al., 

2009) attenuated a TBI-induced reduction of extracellular glucose levels.

Compared to Sham-injured control animals, CCI-SAL animals (osmolarity controls) showed 

moderate but non-significant increases in 13C lactate labeled via glycolysis and significantly 

reduced amounts of 13C glutamate and glutamine labeled in the first turn of the TCA cycle 

in the injured tissue 24 h. This indicates increased glycolysis and reduced neuronal oxidative 

metabolism. Since the period of increased energy demand for elevated glycolysis is 

generally short (minutes to hours) in experimental TBI (Katayama et al., 1990; Lee et al., 

1999; Sutton et al., 1994; Yoshino et al., 1991), the accumulation of labeled lactate at 24 h 

post-CCI may be due to impaired PDH activity or respiration in mitochondria (Opii et al., 
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2007; Xing et al., 2009; Xiong et al., 1997). Schuhmann et al. (2003). have reported 

increased lactate levels at 24 h post-CCI in regions exhibiting increased activity of glutamate 

dehydrogenase, an enzyme metabolizing glutamate that is preferentially localized within 

astrocytes. Enhanced glutamate dehydrogenase activity could suggest an increase in the 

astrocyte uptake of glutamate following injury. In cultured rat brain astrocytes, exogenous 

glutamate taken up from the culture medium is oxidized primarily by astrocytes via 

glutamate dehydrogenase and partial pyruvate recycling with lactate as a byproduct 

(McKenna, 2013).

Lastly, potential osmotic effects of our treatments may have contributed to the increase in 

lactate labeled via glycolysis ([2,3 13C2] lactate) observed in CCI-injured groups. Elevated 

blood cation levels in the presence of blood brain barrier (BBB) damage may enhance 

spreading depression leading to an increase in glycolysis. All treatments were injected 

intraperitoneally (i.p.) with the final treatment 1 h preceding [1,2 13C2] glucose infusion to 

reduce the potential osmotic effects. However, it has been reported that a 4 ml/kg bolus of 

hypertonic saline (7.5%) increases plasma osmolarity up to 4 h after intravenous 

administration (Elliott et al., 2009). It is possible that osmotic effects contributed to our 

findings, as the amount of 13C lactate in the SAL treated group, which had the lowest 

calculated osmolarity, was significantly lower than the 13C lactate in the SP, EP and GLC 

treatment groups. Future studies assessing brain tissue and plasma osmolarity in conjunction 

with the metabolic effects of i.p. administration of these biofuels appear warranted.

The decrease in the total amount of 13C labeled glutamate in the CCI-SAL group was the 

result of decreased 13C glutamate labeling via both PDH and PC, which is also consistent 

with the previous reports of impaired PDH activity (Opii et al., 2007; Xing et al., 2009; 

Xiong et al., 1997). The reduced 13C glutamate labeling via PC, an astrocyte-specific 

enzyme, could suggest a decrease in the trafficking of glutamine to the neuronal 

compartment via the glutamate-glutamine cycle. While we did not directly measure 

glutamate-glutamine cycling, reduced glutamine isotopomer labeling in the CCI-SAL group 

supports this idea. In a previous study using this approach, we found that the total amount 

of 13C glutamate and 13C glutamine in the injured cortex were reduced at 24 h post-CCI, but 

they did not reach statistical significance compared to Shams (Bartnik et al., 2005). The 

discrepancy between the two studies may be the result of differences in tissue sampling 

(cortex vs. cortex + underlying hippocampus), infusion duration (3 h versus 68 min), and 

tissue extraction methods (perchloric acid versus methanol and chloroform).

Following fuel treatment, the injured tissue of CCI injured animals treated with SP, EP and 

GLC also showed significantly increased amounts of 13C lactate labeled by the PPP + PR 

pathway and glycolysis compared to Sham levels, suggesting that all three fuels enhanced 

glycolysis. Increased amounts of tissue 13C lactate following pyruvate treatment is 

compatible with reports that pyruvate, in its conversion to lactate via reversible pyruvate 

carboxylation and partial pyruvate recycling (Gonzalez et al., 2005), can counteract 

reductions in NAD+ and restore the NAD+/NADH redox state necessary to counteract 

glycolytic inhibition in neuronal injury models (Mongan et al., 2003; Sheline et al., 2000; 

Zeng et al., 2007).
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Although the total amount of 13C glutamate was reduced in the injured tissue of SP, EP and 

GLC treatment groups compared to the Shams, the 13C glutamate pool was highest in the 

CCI-SP group. This suggests SP improved neuronal oxidative metabolism, compared to all 

other fuels, which is supported by findings of similar amounts of PDH-derived glutamate as 

Shams. Likewise, SP was the only fuel treatment to restore the total amount of 13C 

glutamine as well as the amount of PDH-derived glutamine. These beneficial effects of SP 

treatments may be related to ability of pyruvate to alter PDH activity or levels in the brain 

(Mongan et al., 2003; Sharma et al., 2009). The CCI-SP group also had similar amounts of 

PC-derived glutamate and glutamine as the Sham group, indicating improved astrocyte 

metabolism following SP treatment.

Although EP treatment did not improve neuronal oxidative metabolism, as measured by the 

restoration of glutamate labeling, the amount of 13C glutamate and 13C glutamine labeling 

via PC were restored to Sham levels suggesting that EP enhanced astrocyte metabolism by 

ameliorating the injury-induced decrease in astrocyte PC activity. Similarly CCI-injured 

animals treated with GLC group showed reduced 13C glutamate synthesized via PDH and 

PC, compared to Sham controls, consistent with reduced neuronal metabolism. However, the 

amount of 13C glutamine derived from both PDH and PC were not different from Sham, 

suggesting that GLC only partially restored the injury-induced decrease in astrocyte PDH 

and PC activity. The mismatch between glutamate and glutamine labeling after GLC 

treatment suggests that the exchange of metabolites via glutamate-glutamine cycling was 

altered in this group. The restoration of 13C glutamine synthesis via PC following SP, EP 

and GLC treatments reflects the ability of these post-TBI treatments to restore anaplerotic 

function and potentially replace carbons lost to glutamine efflux in support of 

neurotransmitter trafficking. The overall reduction in the amount of 13C glutamate measured 

in the CCI-SP and CCI-EP groups are somewhat contrary to a previous study where i.p. 

pyruvate injections along a similar time course attenuated CCI-induced reductions in 

cytochrome oxidase activity at 72 h post-injury, indicating general cellular neuroprotection 

(Moro and Sutton, 2010). However, it is likely that the enduring reduction in glutamate 13C-

labeling reflects a specific loss of glutamatergic neurons, as the neuroprotective properties of 

SP, EP and GLC are incomplete in TBI models (Fukushima et al., 2009; Moro et al., 2013, 

2016; Moro and Sutton, 2010; Shijo et al., 2015; Zlotnik et al., 2008, 2012).

4.3. The pentose phosphate pathway and pyruvate recycling

In addition to glycolysis, lactate can be labeled from the metabolism of [1,2 13C2] glucose 

via the PPP and/or from the decarboxylation of oxaloacetate or malate via partial pyruvate 

recycling. In both instances, lactate will be labeled in the [3 13C] singlet position, making it 

impossible to differentiate the contribution of the PPP + PR pathway to the labeling of 13C 

lactate. In this study we used the ratio of [3 13C] lactate to [2,3 13C2] lactate to estimate the 

relative contribution of the PPP + PR pathway to lactate labeling, in an attempt to identify 

injury or fuel specific shifts in these metabolic pathways. In the CCI-SAL group, the 

contribution of PPP + PR pathway, relative to glycolysis was ~17% (Table 3) which was 

significantly higher than the Sham group (Table 3). This finding suggests an injury induced 

increase in the PPP and PR pathway. While we cannot differentiate between the 

contributions of these two pathways, an injury-induced increase in the metabolism of 
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glucose via the PPP could reflect a need for increased reducing equivalents in the form of 

NADPH (Baquer et al., 1988; Hothersall et al., 1982; Schrader et al., 1993), whereas an 

injury-induced increase in pyruvate recycling could reflect increased decarboxylation of 

glutamate as a method of increasing cellular ATP levels (McKenna, 2013). We previously 

reported an increase in glucose metabolism via the PPP following experimental TBI (Bartnik 

et al., 2005, 2007) and our current finding is consistent with those observations. With fuel 

treatment, there was an increase in lactate labeling by both the PPP + PR pathway and 

glycolysis (Table 2), suggesting that more glucose was available for metabolism in these 

animals.

The relative contribution of the PPP + PR pathway to glutamate labeling in SAL, EP and 

GLC treated animals was similar to Shams, which was due to a reduction in the relative 

amounts of [4 13C] and [4,5 13C2] glutamate. In contrast, an increase in the contribution of 

the PPP + PR pathway was seen in the CCI-SP group, driven by a trend towards an increase 

in the relative amount of [4 13C] glutamate, suggesting an increase in the oxidation of 

[3 13C] lactate derived from either pathway via PDH. Since the amount of [4,5 13C2] 

glutamate labeling via PDH was also increased in this group, it would indicate that SP 

treatment improves neuronal oxidative metabolism.

In the contralateral hemisphere, the CCI-SAL group showed a significant increase in the 

total 13C glucose and in the total 13C lactate pool as well as lactate derived from glycolysis 

compared to the Sham group. This is consistent with enhanced involvement of this region 

with ipsilateral function and connectivity (Harris et al., 2013, 2016). In addition, the CCI-

SAL group showed reduced 13C glutamine synthesis via PC and a reduction of the PC/PDH 

ratio for glutamine suggesting reduced anaplerotic activity following injury. These findings 

indicate adaptations to glucose metabolism, glycolysis, and astrocyte metabolism that 

suggest the presence of milder injury to the contralateral hemisphere following unilateral 

CCI. Similar effects were found in GLC-treated, but not in SP or EP groups, suggesting the 

pyruvate compounds ameliorated some of these milder injury effects in the contralateral 

hemisphere.

In summary, the widely varied doses of SP, EP and GLC examined in this study all enhanced 

lactate labeling but differentially affected neuronal or astrocyte metabolism after CCI injury. 

This study was not designed to be an equimolar comparison between fuels, but rather an 

examination of each fuel’s effect on glucose metabolism using previously reported 

neuroprotective doses. The restoration of astrocyte metabolism by all three fuels may 

partially contribute to their ability to improve cerebral glucose utilization and to reduce 

cortical and hippocampal neuronal loss at 24 h post-CCI (Moro et al., 2013, 2016).
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CCI controlled cortical impact

EP ethyl pyruvate

GABA γ amino butyric acid

GAPDH glyceraldehyde-3-phosphate dehydrogenase

GLC glucose

HCO3 bicarbonate

LDH lactate dehydrogenase

ME malic enzyme

NAD+/NADHoxidized/reduced form of nicotinamide adenine dinucleotide

NADPH nicotinamide adenine dinucleotide phosphate

NMR nuclear magnetic resonance spectroscopy

O2 Sat oxygen saturation

PARP poly (ADP-ribose) polymerases

PC pyruvate carboxylase

pCO2 partial pressure of carbon dioxide

PDH pyruvate dehydrogenase

PEPCK phosphoenolpyruvate carboxykinase

PK pyruvate kinase

pO2 partial pressure of oxygen

PPP pentose phosphate pathway

PR pyruvate recycling

SAL saline

SP sodium pyruvate

TBI traumatic brain injury

TCA tricarboxylic acid

Shijo et al. Page 17

Neurochem Int. Author manuscript; available in PMC 2018 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



TSP sodium-(trimethylsilyl) propionate
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Fig. 1. 
Timeline of post-surgical experimental procedures. Intraperitoneal injections of SAL, SP, EP 

or GLC were administered at 0, 1, 3, 6 and 23 h post-CCI injury. [1,2 13C2] labeled glucose 

was infused for 68 min starting at 24 h after CCI-injury. Arterial blood samples were taken 

prior to and at 15 and 67 min after the infusion of [1,2 13C2] glucose. CCI, controlled 

cortical impact; EP, ethyl pyruvate; GLC, glucose; SAL, saline; SP, sodium pyruvate.
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Fig. 2. 
13C labeling scheme following an infusion of [1,2 13C2] glucose. Black circles denote the 

possible position of 13C labeling on carbon backbones during metabolism. The isotopomers 

resulting from metabolism through glycolysis, the oxidative branch of the PPP, the first and 

second turns of the TCA cycle, and pyruvate recycling are shown. Gln, glutamine; Glu, 

glutamate; ME, malic enzyme; PC, pyruvate carboxylase; PDH, pyruvate dehydrogenase; 

PEPCK, phosphoenolpyruvate carboxykinase; PK, pyruvate kinase; PPP, pentose phosphate 

pathway; TCA, tricarboxylic acid cycle.
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Fig. 3. 
The total amount (nmol/mg protein) of 13C labeled glucose, lactate, glutamate, glutamine, 

GABA, and aspartate metabolite pools of the left (injured) cortex + hippocampus samples. 

CCI, controlled cortical impact; EP, ethyl pyruvate; GLC, glucose; SAL, saline; SP, sodium 

pyruvate. All values are expressed as mean ± SEM. *p < 0.05 versus Sham; ˆ p < 0.05 versus 

CCI-SAL; ŧ p < 0.05 versus CCI-SP using one-way ANOVA with Bonferroni post-hoc.
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Fig. 4. 
The overall changes in metabolite labeling in the first turn of the TCA cycle and the relative 

incorporation of 13C label via different metabolic pathways in the injured cortex + 

hippocampus of CCI-injured animals following SAL or fuel treatment compared to Sham 

injury non-treated controls. In the SAL treated CCI-injured animals oxidative metabolism 

via both PC and PDH was reduced resulting in reduced 13C labeling of glutamate and 

glutamine (red arrows). In addition, the relative contribution of the PPP + PR pathway to 

lactate labeling was increased (red arrow) although this did not significantly increase the 13C 

lactate pool compared to Sham-controls. Following SP treatment, CCI-injured animals had 

increased lactate labeling via glycolysis and the PPP + PR pathway (red arrows). Glutamate 

and glutamine labeling via PDH and PC was similar to Sham-controls (green arrows) 

indicating improved neuronal and astrocyte metabolism compared to SAL. Similar to the SP 

group, EP treatment results in an increase in lactate labeling via glycolysis and the PPP + PR 

pathway (red arrows). However, oxidative metabolism via PDH was reduced (red arrows). In 

contrast, glutamate and glutamine labeling via PC was similar to Sham-controls (green 

arrow) suggesting improved astrocyte metabolism. With GLC treatment, 13C label 

incorporation into lactate via the various metabolic pathways (red arrows) was similar to the 

pyruvate treatments. Oxidative metabolism via PDH resulted in reduced labeling of 
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glutamate (red arrows), however labeling of glutamine via PC was restored with GLC 

treatment (green arrows). Compared to SAL, the restoration of astrocyte-specific PC 

metabolism by SP, EP, and GLC treatment may underlie their abilities to improve cerebral 

glucose utilization and reduce neuronal loss following CCI injury. CCI, controlled cortical 

impact; EP, ethyl pyruvate; GLC, glucose; Lac, lactate; PC, pyruvate carboxylase; PDH, 

pyruvate dehydrogenase; PPP, pentose phosphate pathway; PR, pyruvate recycling; SAL, 

saline; SP, sodium pyruvate; TCA, tricarboxylic acid cycle.

Shijo et al. Page 27

Neurochem Int. Author manuscript; available in PMC 2018 January 01.

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

Shijo et al. Page 28

Ta
b

le
 1

A
rt

er
ia

l p
H

, b
lo

od
 g

as
, a

nd
 p

la
sm

a 
gl

uc
os

e 
an

d 
la

ct
at

e 
co

nc
en

tr
at

io
ns

.

pH
H

C
O

3
pO

2
O

2 
Sa

t
pC

O
2

G
lu

co
se

L
ac

ta
te

Sh
am

 n
 =

 1
0

Pr
e

7.
47

 ±
 0

.0
1

27
.0

1 
±

 0
.4

2
86

.2
2 

±
 1

.6
4

97
.1

6 
±

 0
.2

1
36

.8
4 

±
 0

.8
3

10
.1

8 
±

 0
.4

5
0.

79
 ±

 0
.1

3

15
 m

in
7.

46
 ±

 0
.0

1
26

.3
5 

±
 0

.3
9

88
.2

0 
±

 2
.5

2
97

.1
6 

±
 0

.2
7

36
.9

8 
±

 0
.8

2
14

.4
0 

±
 0

.6
8

1.
28

 ±
 0

.1
0

67
 m

in
7.

47
 ±

 0
.0

1
26

.9
8 

±
 0

.5
3

86
.3

0 
±

 2
.1

1
97

.0
3 

±
 0

.2
5

37
.0

8 
±

 1
.0

1
12

.8
1 

±
 0

.8
1

1.
07

 ±
 0

.1
4

C
C

I-
SA

L
 n

 =
 9

Pr
e

7.
46

 ±
 0

.0
1

25
.8

8 
±

 0
.2

5
84

.3
3 

±
 1

.6
6

96
.8

8 
±

 0
.2

0
36

.3
7 

±
 0

.6
9

9.
58

 ±
 0

.4
5

0.
58

 ±
 0

.0
3¤

15
 m

in
7.

46
 ±

 0
.0

0
25

.8
9 

±
 0

.2
9

86
.1

1 
±

 1
.4

9
97

.0
4 

±
 0

.1
7

36
.6

2 
±

 0
.4

3
13

.7
1 

±
 0

.4
1

0.
93

 ±
 0

.0
8

67
 m

in
7.

47
 ±

 0
.0

1
26

.4
3 

±
 0

.5
8

86
.2

2 
±

 2
.9

9
97

.0
1 

±
 0

.3
8

36
.3

8 
±

 1
.0

4
12

.3
3 

±
 0

.5
2

0.
96

 ±
 0

.1
7

C
C

I-
SP

 n
 =

 1
0

Pr
e

7.
58

 ±
 0

.0
1*

ˆ∘
¤

34
.7

8 
± 

1.
07

*ˆ
∘¤

84
.0

0 
±

 1
.8

4
97

.6
3 

±
 0

.1
8

37
.0

2 
±

 0
.6

3
10

.7
1 

±
 0

.5
3

0.
94

 ±
 0

.0
6

15
 m

in
7.

54
 ±

 0
.0

1*
ˆ∘

¤
33

.6
7 

± 
1.

01
*ˆ

¤
84

.8
0 

±
 0

.9
5

97
.4

8 
±

 0
.0

7
39

.3
1 

±
 0

.6
3

14
.3

2 
±

 0
.5

4
1.

77
 ±

 0
.1

5∘

67
 m

in
7.

54
 ±

 0
.0

1*
ˆ∘

¤
32

.8
4 

± 
0.

85
*ˆ

¤
84

.1
0 

±
 1

.4
8

97
.4

3 
±

 0
.1

2
38

.1
9 

±
 0

.7
0

11
.6

6 
±

 0
.5

2
1.

40
 ±

 0
.0

9

C
C

I-
E

P 
n 

=
 9

Pr
e

7.
48

 ±
 0

.0
1

27
.1

9 
±

 0
.3

2
84

.7
8 

±
 1

.8
8

97
.0

6 
±

 0
.2

1
36

.6
7 

±
 0

.6
8

9.
50

 ±
 0

.2
9

0.
66

 ±
 0

.0
5

15
 m

in
7.

48
 ±

 0
.0

1
27

.1
3 

±
 0

.3
3

89
.3

3 
±

 1
.5

5
97

.4
6 

±
 0

.1
7

36
.7

8 
±

 0
.9

7
14

.3
9 

±
 0

.4
7

1.
19

 ±
 0

.1
2

67
 m

in
7.

48
 ±

 0
.0

0
28

.0
4 

±
 0

.4
5

85
.4

4 
±

 0
.9

1
97

.1
9 

±
 0

.0
9

37
.5

1 
±

 0
.7

7
12

.2
2 

±
 0

.7
1

0.
92

 ±
 0

.0
7

C
C

I-
G

L
C

 n
 =

 1
0

Pr
e

7.
48

 ±
 0

.0
1

27
.6

1 
±

 0
.4

1
83

.8
0 

±
 1

.7
6

96
.9

8 
±

 0
.2

3
36

.8
9 

±
 0

.7
0

11
.7

4 
±

 1
.2

2
1.

26
 ±

 0
.2

8

15
 m

in
7.

48
 ±

 0
.0

1
26

.9
6 

±
 0

.5
3

87
.1

0 
±

 1
.5

8
97

.3
6 

±
 0

.1
4

36
.4

1 
±

 0
.9

7
16

.1
4 

±
 1

.0
9

1.
76

 ±
 0

.1
5ˆ

∘

67
 m

in
7.

48
 ±

 0
.0

1
27

.7
3 

±
 0

.5
3

86
.1

0 
±

 1
.3

2
97

.2
7 

±
 0

.1
6

36
.7

6 
±

 0
.7

7
13

.2
5 

±
 0

.9
0

1.
24

 ±
 0

.1
8

C
C

I,
 c

on
tr

ol
le

d 
co

rt
ic

al
 im

pa
ct

; E
P,

 e
th

yl
 p

yr
uv

at
e;

 G
L

C
, g

lu
co

se
; H

C
O

3,
 b

ic
ar

bo
na

te
; O

2 
Sa

t, 
ox

yg
en

 s
at

ur
at

io
n;

 p
C

O
2,

 p
ar

tia
l p

re
ss

ur
e 

of
 c

ar
bo

n 
di

ox
id

e 
in

 m
m

 H
g;

 p
O

2,
 p

ar
tia

l p
re

ss
ur

e 
of

 o
xy

ge
n 

in
 

m
m

 H
g;

 S
A

L
, s

al
in

e;
 S

P,
 s

od
iu

m
 p

yr
uv

at
e.

T
he

 c
on

ce
nt

ra
tio

n 
of

 p
la

sm
a 

gl
uc

os
e 

an
d 

la
ct

at
e 

ar
e 

ex
pr

es
se

d 
as

 m
m

ol
/L

.

A
ll 

va
lu

es
 a

re
 e

xp
re

ss
ed

 a
s 

m
ea

n 
±

 S
E

M
. E

ff
ec

ts
 o

f 
G

ro
up

 (
*p

 <
 0

.0
5 

vs
. S

ha
m

; ˆ
 p

 <
 0

.0
5 

vs
. C

C
I–

SA
L

; ŧ
 p

 <
 0

.0
5 

vs
. C

C
I–

SP
; ∘

 p
 <

 0
.0

5 
vs

. C
C

I–
E

P,
 ¤

 p
 <

 0
.0

5 
vs

. C
C

I–
G

L
C

) 
on

 p
H

, H
C

O
3,

 o
r 

la
ct

at
e 

w
er

e 
ev

al
ua

te
d 

us
in

g 
re

pe
at

ed
 m

ea
su

re
s 

on
e-

w
ay

 A
N

C
O

V
A

 w
ith

 B
on

fe
rr

on
i p

os
t-

ho
c 

an
al

ys
is

 a
nd

 c
on

tr
ol

lin
g 

fo
r 

th
e 

ef
fe

ct
 o

f 
pr

e-
in

fu
si

on
 (

Pr
e)

 p
H

, H
C

O
3,

 o
r 

la
ct

at
e 

le
ve

ls
.

G
ro

up
 e

ff
ec

ts
 o

n 
pO

2,
 p

C
O

2,
 O

2 
sa

tu
ra

tio
n,

 a
nd

 g
lu

co
se

 w
er

e 
ev

al
ua

te
d 

us
in

g 
re

pe
at

ed
 m

ea
su

re
s 

on
e-

w
ay

 A
N

O
V

A
 w

ith
 B

on
fe

rr
on

i p
os

t-
ho

c 
an

al
ys

is
.

Neurochem Int. Author manuscript; available in PMC 2018 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shijo et al. Page 29

Ta
b

le
 2

T
he

 a
m

ou
nt

 (
nm

ol
/m

g 
pr

ot
ei

n)
 o

f 
13

C
 la

be
le

d 
m

et
ab

ol
ite

s 
in

 th
e 

le
ft

 c
or

te
x 

+
 h

ip
po

ca
m

pu
s 

of
 S

ha
m

 a
nd

 in
ju

re
d 

co
rt

ex
 +

 h
ip

po
ca

m
pu

s 
of

 C
C

I-
SA

L
, C

C
I-

SP
, C

C
I-

E
P 

an
d 

C
C

I-
G

L
C

 a
ni

m
al

s.

pa
th

w
ay

la
be

l
Sh

am
 n

 =
 8

C
C

I-
SA

L
 n

 =
 8

C
C

I-
SP

 n
 =

 8
C

C
I-

E
P

 n
 =

 9
C

C
I-

G
L

C
 n

 =
 8

L
ac

ta
te

 
gl

yc
ol

ys
is

[2
,3

 13
C

2]
0.

95
 ±

 0
.0

5
1.

44
 ±

 0
.0

8
2.

78
 ±

 0
.3

4*
ˆ

2.
20

 ±
 0

.2
0*

2.
09

 ±
 0

.1
0*

 
PP

P 
+

 P
R

[3
 13

C
]

0.
08

 ±
 0

.0
0

0.
23

 ±
 0

.0
1*

0.
24

 ±
 0

.0
1*

0.
24

 ±
 0

.0
2*

0.
25

 ±
 0

.0
2*

G
lu

ta
m

at
e

 
PD

H
 1

st
 tu

rn
[4

,5
 13

C
2]

6.
06

 ±
 0

.2
1

4.
37

 ±
 0

.2
7*

5.
04

 ±
 0

.2
4

4.
73

 ±
 0

.3
8*

3.
87

 ±
 0

.1
4*

ŧ

 
PD

H
 2

nd
 tu

rn
[1

,2
 13

C
2]

3.
76

 ±
 0

.3
6

1.
97

 ±
 0

.1
1*

2.
36

 ±
 0

.2
0*

2.
19

 ±
 0

.1
9*

1.
81

 ±
 0

.0
9*

 
PC

 1
st

 tu
rn

[2
,3

 13
C

2]
3.

13
 ±

 0
.3

5
1.

69
 ±

 0
.0

7*
2.

50
 ±

 0
.1

6
2.

56
 ±

 0
.2

5
1.

99
 ±

 0
.0

8*

 
PP

P 
+

 P
R

[4
 13

C
]

0.
65

 ±
 0

.0
4

0.
45

 ±
 0

.0
3*

ŧ
0.

82
 ±

 0
.0

8
0.

47
 ±

 0
.0

2ŧ
0.

51
 ±

 0
.0

3ŧ

G
lu

ta
m

in
e

 
PD

H
 1

st
 tu

rn
[4

,5
 13

C
2]

2.
19

 ±
 0

.1
0

1.
38

 ±
 0

.1
1*

ŧ¤
2.

13
 ±

 0
.0

9
1.

58
 ±

 0
.1

3*
ŧ

1.
86

 ±
 0

.1
1

 
PD

H
 2

nd
 tu

rn
[1

,2
 13

C
2]

1.
68

 ±
 0

.1
7

0.
69

 ±
 0

.0
6*

1.
04

 ±
 0

.0
3*

0.
71

 ±
 0

.0
5*

0.
88

 ±
 0

.0
6*

 
PC

 1
st

 tu
rn

[2
,3

 13
C

2]
1.

44
 ±

 0
.1

5
0.

86
 ±

 0
.0

7*
ŧ

1.
52

 ±
 0

.0
8

1.
14

 ±
 0

.1
2

1.
14

 ±
 0

.1
5

 
PP

P 
+

 P
R

[4
 13

C
]

0.
33

 ±
 0

.0
3

0.
25

 ±
 0

.0
2

0.
31

 ±
 0

.0
1

0.
31

 ±
 0

.0
2

0.
35

 ±
 0

.0
2ˆ

C
C

I,
 c

on
tr

ol
le

d 
co

rt
ic

al
 im

pa
ct

; E
P,

 e
th

yl
 p

yr
uv

at
e;

 G
L

C
, g

lu
co

se
; P

C
, p

yr
uv

at
e 

ca
rb

ox
yl

as
e;

 P
D

H
, p

yr
uv

at
e 

de
hy

dr
og

en
as

e;
 P

PP
, p

en
to

se
 p

ho
sp

ha
te

 p
at

hw
ay

; P
R

, p
yr

uv
at

e 
re

cy
cl

in
g;

 S
A

L
, s

al
in

e;
 S

P,
 

so
di

um
 p

yr
uv

at
e.

T
he

 a
m

ou
nt

 o
f 

13
C

 la
be

le
d 

la
ct

at
e,

 g
lu

ta
m

at
e,

 a
nd

 g
lu

ta
m

in
e 

is
ot

op
om

er
s 

w
as

 d
et

er
m

in
ed

 b
y 

13
C

 N
M

R
 a

nd
 e

xp
re

ss
ed

 in
 n

m
ol

/m
g 

pr
ot

ei
n.

A
ll 

va
lu

es
 a

re
 e

xp
re

ss
ed

 a
s 

m
ea

n 
±

 S
E

M
.

* p 
<

 0
.0

5 
vs

. S
ha

m
;

ˆ p 
<

 0
.0

5 
vs

. C
C

I–
SA

L
;

ŧ p 
<

 0
.0

5 
vs

. C
C

I–
SP

;

¤ p 
<

 0
.0

5 
vs

.

C
C

I–
G

L
C

 u
si

ng
 o

ne
-w

ay
 A

N
O

V
A

 w
ith

 B
on

fe
rr

on
i p

os
t-

ho
c 

an
al

ys
is

.

Neurochem Int. Author manuscript; available in PMC 2018 January 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Shijo et al. Page 30

Ta
b

le
 3

E
st

im
at

es
 o

f 
th

e 
re

la
tiv

e 
co

nt
ri

bu
tio

n 
of

 th
e 

PP
P 

+
 P

R
 p

at
hw

ay
 to

 la
ct

at
e,

 g
lu

ta
m

at
e 

an
d 

gl
ut

am
in

e 
la

be
lin

g 
an

d 
th

e 
PC

/P
D

H
 r

at
io

 f
or

 g
lu

ta
m

at
e 

an
d 

gl
ut

am
in

e 
la

be
lin

g 
in

 th
e 

le
ft

 c
or

te
x 

+
 h

ip
po

ca
m

pu
s 

sa
m

pl
es

 o
f 

Sh
am

 a
nd

 in
ju

re
d 

co
rt

ex
 +

 h
ip

po
ca

m
pu

s 
of

 C
C

I-
SA

L
, C

C
I-

SP
, C

C
I–

E
P 

an
d 

C
C

I-
G

L
C

 

gr
ou

ps
.

P
P

P
 +

 P
R

 la
ct

at
e

P
P

P
 +

 P
R

 g
lu

ta
m

at
e

P
P

P
 +

 P
R

 g
lu

ta
m

in
e

P
C

/P
D

H
 g

lu
ta

m
at

e
P

C
/P

D
H

 g
lu

ta
m

in
e

ca
lc

ul
at

ed
 a

s:

Sh
am

9.
2 

±
 0

.2
10

.8
 ±

 0
.7

17
.6

 ±
 1

.3
50

.9
 ±

 4
.4

65
.8

 ±
 6

.1

C
C

I-
SA

L
16

.8
 ±

 1
.7

*ŧ
∘¤

10
.4

 ±
 0

.7
20

.5
 ±

 1
.5

39
.6

 ±
 2

.5
64

.6
 ±

 5
.6

C
C

I–
SP

8.
9 

±
 0

.5
15

.8
 ±

 1
.4

* ˆ
∘

15
.0

 ±
 1

.0
49

.7
 ±

 2
.5

71
.6

 ±
 3

.3

C
C

I-
E

P
10

.8
 ±

 0
.4

10
.3

 ±
 0

.8
17

.2
 ±

 1
.9

54
.2

 ±
 4

.1
ˆ

68
.0

 ±
 5

.2

C
C

I-
G

L
C

11
.9

 ±
 0

.6
13

.5
 ±

 1
.2

19
. 8

 ±
 2

.3
51

.7
 ±

 2
.3

52
.9

 ±
 8

.9

C
C

I,
 c

on
tr

ol
le

d 
co

rt
ic

al
 im

pa
ct

; E
P,

 e
th

yl
 p

yr
uv

at
e;

 G
L

C
, g

lu
co

se
; G

ln
, g

lu
ta

m
in

e;
 G

lu
, g

lu
ta

m
at

e;
 L

ac
, l

ac
ta

te
; P

C
, p

yr
uv

at
e 

ca
rb

ox
yl

as
e;

 P
D

H
, p

yr
uv

at
e 

de
hy

dr
og

en
as

e;
 P

PP
, p

en
to

se
 p

ho
sp

ha
te

 p
at

hw
ay

; 
PR

, p
yr

uv
at

e 
re

cy
cl

in
g;

 S
A

L
, s

al
in

e;
 S

P,
 s

od
iu

m
 p

yr
uv

at
e.

PP
P 

+
 P

R
 la

ct
at

e 
is

 th
e 

co
nt

ri
bu

tio
n 

of
 th

e 
PP

P 
+

 P
R

 p
at

hw
ay

 to
 th

e 
la

be
lin

g 
of

 la
ct

at
e 

re
la

tiv
e 

to
 g

ly
co

ly
si

s 
(i

n 
pe

rc
en

t)
. P

PP
 +

 P
R

 g
lu

ta
m

at
e 

an
d 

PP
P 

+
 P

R
 g

lu
ta

m
in

e 
ar

e 
th

e 
co

nt
ri

bu
tio

n 
of

 th
e 

PP
P 

+
 P

R
 

pa
th

w
ay

 to
 th

e 
la

be
lin

g 
of

 g
lu

ta
m

at
e 

or
 g

lu
ta

m
in

e 
re

la
tiv

e 
to

 th
e 

am
ou

nt
 o

f 
gl

ut
am

at
e 

or
 g

lu
ta

m
in

e 
la

be
le

d 
vi

a 
PD

H
 in

 th
e 

fi
rs

t t
ur

n 
of

 th
e 

T
C

A
 c

yc
le

 (
in

 p
er

ce
nt

).
 T

he
se

 v
al

ue
s 

ar
e 

th
e 

m
in

im
um

 v
al

ue
 f

or
 

th
es

e 
ra

tio
s 

an
d 

w
ou

ld
 b

e 
1.

5 
fo

ld
 h

ig
he

r 
w

he
n 

ad
ju

st
ed

 f
or

 d
if

fe
re

nc
es

 in
 th

e 
nu

m
be

r 
of

 la
be

le
d 

py
ru

va
te

 m
ol

ec
ul

es
 r

es
ul

tin
g 

fr
om

 [
1,

2 
13

C
2]

 g
lu

co
se

 m
et

ab
ol

is
m

 in
 th

e 
PP

P 
(t

w
o)

 c
om

pa
re

d 
to

 th
e 

nu
m

be
r 

of
 la

be
le

d 
py

ru
va

te
 m

ol
ec

ul
es

 r
es

ul
tin

g 
fr

om
 th

e 
sa

m
e 

nu
m

be
r 

of
 [

1,
2 

13
C

2]
 g

lu
co

se
 m

ol
ec

ul
es

 la
be

le
d 

in
 g

ly
co

ly
si

s 
(t

hr
ee

; s
ee

 M
et

ho
ds

 2
.1

0)
. T

he
 P

C
/P

D
H

 r
at

io
 is

 c
al

cu
la

te
d 

as
 th

e 
am

ou
nt

 o
f 

gl
ut

am
at

e 

or
 g

lu
ta

m
in

e 
la

be
le

d 
vi

a 
PC

 r
el

at
iv

e 
to

 th
e 

am
ou

nt
 o

f 
gl

ut
am

at
e 

la
be

le
d 

vi
a 

PD
H

 in
 th

e 
fi

rs
t t

ur
n 

of
 th

e 
T

C
A

 c
yc

le
 (

in
 p

er
ce

nt
).

A
ll 

va
lu

es
 a

re
 e

xp
re

ss
ed

 a
s 

m
ea

n 
±

 S
E

M
.

* p 
<

 0
.0

5 
vs

. S
ha

m
;

ˆ p 
<

 0
.0

5 
vs

. C
C

I–
SA

L
;

ŧ p 
<

 0
.0

5 
vs

. C
C

I–
SP

;

∘ p 
<

 0
.0

5 
vs

. C
C

I–
E

P;

¤ p 
<

 0
.0

5 
vs

.

C
C

I–
G

L
C

 u
si

ng
 o

ne
-w

ay
 A

N
O

V
A

 w
ith

 B
on

fe
rr

on
i p

os
t-

ho
c 

an
al

ys
is

.

Neurochem Int. Author manuscript; available in PMC 2018 January 01.


	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Subjects
	2.2. Surgical procedures
	2.3. Experimental design and treatments
	2.4. [1,2 13C2] glucose infusion
	2.5. Blood sampling
	2.6. Euthanasia, tissue fixation and metabolic extraction
	2.7. Protein determination
	2.8. NMR spectroscopy acquisition and analysis
	2.9. Labeling pattern following [1,2 13C2] glucose infusion
	2.10. Metabolic pathway estimates
	2.11. Data exclusions and statistical analysis

	3. Results
	3.1. Indices of injury severity
	3.2. Blood, plasma, and tissue protein measurements
	3.3. 13C enrichment of glucose and lactate in plasma
	3.4. 13C metabolite labeling and metabolic pathway estimates in left (injured) hemisphere
	3.5. 13C metabolite labeling and metabolic pathway estimates in right (contralateral) hemisphere

	4. Discussion
	4.1. Physiological effects of CCI and SAL, SP, EP or GLC treatments
	4.2. Glucose utilization, glycolysis and TCA cycle
	4.3. The pentose phosphate pathway and pyruvate recycling

	References
	Appendix A. Supplementary data
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Table 1
	Table 2
	Table 3



