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Lactate supplementation in severe traumatic brain injured adults
by primed constant infusion of Sodium L-Lactate

Stephanie M. Wolahan?, Howard C. Mao?l, Courtney Reall, Paul M. Vespa?l, and Thomas C.
Glennl

1UCLA Brain Injury Research Center and the Department of Neurosurgery, David Geffen School
of Medicine at UCLA, University of California-Los Angeles, Los Angeles, California, USA

Abstract

Carbohydrate fuel augmentation following traumatic brain injury may be a viable treatment to
improve recovery when cerebral oxidative metabolism of glucose is depressed. We performed a
primed constant Sodium L-Lactate infusion in eleven moderate to severely brain injured adults.
Blood was collected before and periodically during the infusion study. We quantified global
cerebral uptake of glucose and lactate and other systemic metabolites associated with energy
metabolism. Our hypothesis was that cerebral lactate uptake, as measured by the arteriovenous
difference of lactate (AVDIlac), would increase in severely injured TBI patients in the neurocritical
care unit. Infusion of Sodium L-Lactate changed net cerebral lactate release, where the
arteriovenous difference of lactate is negative, to net cerebral lactate uptake. Results from a mixed
effects model of AVDlac with the fixed effects of infusion time, arterial lactate concentration,
arterial glucose concentration and arteriovenous difference of glucose shows that doubling arterial
lactate concentration (from 0.92 to 1.84 mM) results in an increase in AVDlac from —0.078 mM to
0.090 mM. We did not detect changes in systemic glucose during the course of the infusion study
and observed significant changes in alanine (30% [20 39]), glutamine (34% [24 43]), acetate (87%
[60 113]), valine (40% [28 51]), and leucine (24% [16 32]) from baseline levels. Further studies
are required to establish the impact of lactate supplementation on cerebral and systemic flux of
lactate, on gluconeogenesis, and on the impact on cerebral energetics following injury.
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Introduction

Methods

Immediately following traumatic brain injury (TBI), the global cerebral metabolic rate of
glucose (CMRyc) is elevated and, over the first week, falls below levels expected in healthy
adults (Bergsneider et al., 1997; Bergsneider et al., 2001; Yoshino et al., 1991). Depressed
cerebral glucose metabolism occurs simultaneous with a depressed cerebral metabolic rate
of oxygen (CMR). Overall, cerebral metabolic dysfunction can exacerbate problems such
as intracranial pressure (ICP) or recovery from coma (Obrist et al., 1984; Brodersen and
Jorgensen, 1974) and is not a result of decreased supply to cerebral tissue. Blood glucose,
the primary cerebral carbohydrate energy substrate, is routinely monitored to ensure
sufficient glucose is available and to avoid hyperglycemic episodes, yet no treatment has
been shown to improve cerebral glucose metabolism.

Non-glucose carbohydrates could provide an alternative and supplemental source for energy
production following TBI. Lactate has been shown to contribute to oxidative cerebral
metabolism following TBI through direct cerebral uptake (Glenn et al., 2015a) and indirectly
as a gluconeogenic precursor (Glenn et al., 2015b). Outside the neurocritical care unit,
lactate is a cerebral energy source for healthy tissue (Boumezbeur et al., 2010); is the
primary cerebral fuel during exercise (van Hall et al., 2009); displaces cerebral glucose
uptake at normoglycemia (Smith et al., 2003); and fuels the brain during hypoglycemic
episodes (Herzog et al., 2013). Lactate supplementation in the critically ill population
suggest that cerebral glucose is spared when the brain converts exogenous lactate into
pyruvate to be used aerobically (Bouzat et al., 2014; Quintard et al., 2016).

This study aims to better understand the impact of exogenous lactate supplementation on
cerebral uptake of lactate and on systemic glucose, lactate, and other metabolites. We
performed a primed, constant infusion of Sodium L-Lactate in 11 severely injured TBI
patients, beginning at a rate of 3.4 mg/kg/min for 5 minutes and continuing at 1.1 mg/kg/min
for 3 hours. We collected arterial and jugular venous blood from patients before initiating
the primed constant infusion and hourly during the infusion study and quantified metabolite
concentrations with NMR spectroscopy. We hypothesized that increasing systemic lactate
delivery through exogenous infusion would increase cerebral lactate uptake, quantified by
the arteriovenous difference of lactate (AVD|,c), and that systemic glucose levels would not
change. Additionally, we collected data on other systemic metabolites to explore how
supplementing lactate was impacting pyruvate, alanine, and more.

Eleven patients consented to the University of California at Los Angeles (UCLA) Brain
Injury Research Center (BIRC) study of moderate to severe head injuries, approved by the
UCLA Medical Institutional Review Board for human research, were included between
2011 and 2015. Eligible patients for UCLA BIRC studies include all mechanically ventilated
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head-injured patients, aged 16 years and older, admitted to the UCLA Medical Center within
24 hours of injury. Eligible patients have admission Glasgow Coma Scale (GCS) scores <8
or, if higher, deteriorate to <8 prior to emergency department discharge or present with
positive gross CT findings. Exclusion criteria include pre-existing neurologic illness, acute
complete spinal cord injury, prior head injuries, and any history of diabetes mellitus.

Patients admitted to the ICU and treated in accordance with the brain Trauma Foundation
and American Association of Neurological Surgeons (AANS)/Congress of Neurological
Surgeons (CNS) TBI Guidelines. The general management protocol of TBI patients included
maintenance of ICP <20 mmHg and/or CPP >60 mmHg. Patients were initially treated with
a standard approach to control blood glucose, including subcutaneous regular insulin
(Humulin; Eli Lilly, Indianapolis, IN) for admission blood glucose above 8.3 mM and a
standard insulin sliding scale protocol to keep blood glucose between 5.6 and 8.3 mM.

Sodium L-Lactate infusion study design

Following consent of the patient, the UCLA BIRC research nurse contacted the UCLA
research pharmacy and scheduled the Sodium L-Lactate infusion study. The research
pharmacy produced 100 mg/mL Sodium L-Lactate (0.89 mol/L and 1.78 osmol/L) and the
following equations were used to calculate dose:

Bolus: 17 mg/kg x patient weight = bolus in mg.
Infusate:  203.5 mg/kg x patient weight = dose in mg.

The pharmacy then prepared a syringe containing the correct volume of 100 mg/mL Sodium
L-Lactate corresponding to the bolus dose and a bag containing the infusate dose. The
concentration of the infusate changed based on patient weight (see Table). The bolus volume
was pushed intravenously over 5 minutes. This corresponds to providing a bolus at
approximately 3.4 mg/kg/min (30 mmol/kg/hr), followed by constant infusion at 1.1
mg/kg/min (9.8 mmol/kg/hr) for the remaining 3 hours.

Weight IV Bag volume Infusion rate

(kg) (mL) (mL/hr)
<884 180 60
>884 270 90

At the end of the infusion study, blood serum was collected and sent to clinical laboratory
for serum sodium analysis.

Blood was collected from arterial and jugular venous catheters prior to initiating the infusion
study for baseline measurements of glucose and lactate. Subsequently, samples were
collected at least every 60 minutes during the infusion study. Blood samples were collected,
centrifuged, and transferred to tubes for storage at —80°C.

J Neurosci Res. Author manuscript; available in PMC 2018 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wolahan et al.

Page 4

Blood metabolite measurements

Glucose and lactate concentrations were determined with a desktop Analox analyzer
(Analox GM7, Analox Instruments, Stourbridge, UK) that uses a Clark-type amperometric
oxygen electrode to quantify Glucose Oxidase oxygen usage following sample injection. In
order to reliably quantify the AVD),c and arteriovenous difference of glucose (AVDygc), we
collected 12 readings of the metabolite concentrations in both arterial and jugular venous
blood to overcome the analytical imprecision of our equipment and reliably quantify the
arteriovenous difference between the mean arterial and mean jugular venous concentrations.

Concentrations of glucose, lactate, alanine, etc. in plasma were determined by *H NMR
spectroscopy. The NMR sample preparation protocol for plasma was developed from the
methods described by Gowda et. al. (Gowda et al., 2010) and had been published previously
(Wolahan et al., 2016). Following solvent removal, plasma samples were reconstituted in
650 uL of 0.1 M phosphate buffered solution in deuterium oxide at pH 7.4, prepared with
0.1 mM 13C-labeled sodium formate (isotopic enrichment 99%, Cambridge Isotope
Laboratories, Andover, MA) as an NMR internal standard. All NMR spectra were collected
using standard Bruker comgprid pulse program on a Bruker AVANCE 600 MHz NMR
Spectrometer equipped with an inverse broadband probe (parameter settings NS 32, SW 8
kHz, RG 128, O1 4.70 ppm, D1 5s, 90° pulse 13 ps, and a 200 ms CPMG decay period).
Processed spectra were imported into R, version 3.1.3 (R Core Team, 2013), using the
rNMR package (rNMR version 1.1.8) (Lewis et al., 2009). Metabolites of interest were
quantified by integration of a particular chemical shift range (Wishart et al., 2008; Ulrich et
al., 2008). We normalized plasma metabolite concentrations to the volume of plasma
included in each sample and to glucose concentrations determined with the Analox glucose
analyzer. Data were removed if no peak was detected at 4 standard deviations above the
noise.

Statistical analysis

Due to nonnormalities in data distributions, we used robust statistical analytic methods
(Wilcox, 1997). In general, we present Harrell-Davis estimates of medians and interquartile
ranges (IQR) when summarizing cohort demographics and we present 20% trimmed means
followed by the 95% confidence interval when describing the primed constant infusion of
Sodium L-Lactate. We used the dependent Yuen test to compare changes in serum sodium
and changes in intracranial pressure. Correlation coefficients presented are the percentage
bend correlation, a robust analogue of Pearson’s correlation, followed by the 95%
confidence interval and p-value.

To model repeated measures of glucose and lactate, we used mixed effects models as
implemented in the nlme package (Pinheiro and Bates, 2000; Pinheiro et al., 2013). The
fixed effects of interest were infusion time (baseline defined as 0 hours), glucose
concentration, AVDyc, lactate concentration, and sex. The random effect included was
subject. We modeled the logarithmic-transform of metabolite concentrations to control
heteroscedasticity; the AVDj, was translated to positive values prior to logarithmic
transformation by the equation log(AVD),c—min(AVD)5c)+1), where min(AVD),) is the
minimum value across all patient data. The concentration fixed effects were mean centered
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prior to modeling. The best approximating model (Table 2) was selected by multimodel
inference, an information-theoretic approach, such that inferences about model precision are
made across the entire set of models with the Akaike information criteria (AIC) (Burnham
and Anderson, 2002; Barton, 2013).

In order to investigate the fixed effect of percent change of lactate concentrations on other
metabolites with significant inter-patient variability, we converted all concentrations to the
percent change from baseline using the following equation, Ametabolite = ([Metabolite]/
[metabolite]paseline—1)%100. To model repeated measures of plasma metabolites from NMR
spectroscopy, we used mixed effects models, excluding baseline time points, with the fixed
effect of percent change in lactate and the random effect of subject.

Study participant demographic descriptors

The patient cohort included 11 severe TBI patients (8 male; median age 33 [IQR 24 48]), as
characterized by the median post-resuscitation Glasgow Coma Scale (GCS) score of 4 [IQR
36] (Table 1). Median Glasgow Outcome Scale extended (GOSe) scores were 3.0 [IQR 2.7
3.6] at discharge and 4.5 [IQR 3.3 6.3] at 6-month follow-up (2 lost to follow-up). All
patient injuries included diffuse axonal injury (DAI) and subarachnoid hemorrhage (SAH).

Primed constant infusion of Sodium L-Lactate

The concentration of the sodium L-lactate infusate was 77.5 mg/mL [95%CI 70.6 84.5] on
average (0.69 mol/L [95%CI 0.63 0.75]). The median time post-injury for beginning the
infusion study was 137 hours [IQR 86 199]. Blood glucose and lactate concentrations at
infusion start were variable between patients, with arterial glucose averaging 7.5 mM
[95%CI 6.5 8.6] and arterial lactate 0.9 mM [95%CI 0.6 1.2] (Figure 1 at hour 0). All
subjects’ blood lactate increased above lactate concentrations before the infusion study. The
majority of patients (8 of 11) reached a maximum arterial lactate concentration before the
end of the constant infusion; the trimmed mean of the average time to each subjects’
maximum arterial lactate concentration was 1.6 hours ([95%CI 0.9 2.4]). The average
maximum arterial concentration achieved was 1.9 mM [95%CI 1.3 2.4], which corresponds
to an average increase of 210% [95%CI 160 260] above baseline levels.

All patients had serum sodium measured before and after the infusion study. On average,
there was a 3.0 mM [95%CI 1.0 4.8, p=0.009] increase in serum sodium from 145.9 mM
[95%CI 141.6 150.2] to 148.9 mM [95%CI 144.9 152.8]. Sodium levels were transiently
increased; post-hoc analysis of the next clinical serum sodium test, taken on average 6.7
hours [95%CI 3.3 10.1] following infusion study end, shows patient sodium levels decreased
to levels not discernibly different than before the infusion study, of 146.6 mM [95%CI 141.7
151.5] (p=0.47).

Eight subjects had extraventricular drains and ICP monitoring at the time of the infusion
study. ICP was well controlled in these patients ahead of the infusion study at 11.4 mmHg
[8.5 14.3]. ICP was transiently decreased following the infusion study. The average ICP in
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the hour following the infusion study was 7.7 mmHg [6.0 9.5], corresponding to a 3.6
mmHg ([1.3 6.0], p=0.010) decrease from baseline levels.

Mixed effects modeling of systemic lactate and glucose concentrations

There was no discernible change in arterial glucose concentration (p=0.93) nor in the
AVDyc (p=0.60) over the infusion study time using mixed effects models with the fixed
effect of post-infusion time and random effect of subject (model results not presented; data
shown in Figure 1).

The AVD),c was moderately correlated to arterial lactate concentrations (r=0.51 [0.28 0.69],
p<0.001). Multimodel inference revealed the best approximating model of AVD),c was an
additive model including all four fixed effects of post-infusion time, arterial lactate, arterial
glucose, and AVDy. (Table 2). AVD),¢ was slightly negative at the beginning of the infusion
study (-0.078 mM, 95%CI [-0.118 —0.036]) at arterial glucose concentration of 7.6 mM,
AVDgyc of 0.3 mM, and arterial lactate concentration of 0.92 mM (Table 3 or the solution to
exp(Bo)+min(AVD|4c)-1 from Table 2). The fixed effect of time increased AVD),. at an
average rate of 0.028 mM/hr independent of changes in arterial lactate concentration (Table
3); because of log transforms, the 1 value is difficult to interpret with units log(mM)/hr).

The strongest effect in the model comes from arterial lactate concentration (t value 3.7).
When adding the effect of the 3 hour infusion to an increasing arterial lactate concentration,
doubling the arterial lactate concentration (from 0.92 to 1.84 mM) after 3 hours would
increase AVD,. from —0.078 mM to 0.090 mM [0.037 0.145]. The fixed effects of arterial
glucose and AVDgc do not reach the 0.05 significance level but indicate important trends
within the context of this model. An increase in arterial glucose was associated with a
decrease in AVDjqc and an increase in AVDgc was associated with an increase in AVD|q.

Systemic metabolites

All 11 subjects had plasma drawn at baseline and a median of three draws during the primed
constant infusion study, corresponding to a total of 48 blood plasma metabolite
measurements obtained with quantitative NMR spectroscopy. All glucose and lactate peaks
were above the peak picking threshold of 4 standard deviations above noise. There was no
discernible difference between arterial and jugular venous blood metabolite concentrations
and all metabolites of interest were strongly correlated between arterial and venous blood;
jugular venous blood metabolites are not presented.

Avrterial lactate concentrations determined with NMR spectroscopy are highly correlated to
arterial lactate concentrations determined with the desktop analyzer (rp,=0.92, p<0.001) and
the analysis of metabolites from NMR spectroscopy is performed with NMR-determined
lactate concentrations. There was no significant change in arterial glucose based on changes
in lactate yet there were significant increases in alanine, glutamine, acetate, valine, and
leucine (Table 4). A Bonferroni correction for multiple comparisons requires p<0.0056 for
significance and no changes were observed in pyruvate, acetoacetate, or f-hydroxybutyrate.
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Discussion

Lactate supplementation by primed constant infusion of Sodium L-Lactate increased the
arteriovenous difference of lactate (AVD),c), shifting the net balance from negative to
positive. The brain both takes up and releases lactate into the blood stream at all times, and a
positive AVDIac is representative of net cerebral uptake. Arterial lactate concentrations
increased above baseline in all patients; arterial glucose and AVDglc were not impacted by
the exogenous lactate infusion. Mixed effects modeling of AVD, revealed the strongest
effect came from arterial lactate concentration (Table 2), indicating that by doubling arterial
lactate concentration over the 3 hour study, AVD),. increased from —0.078 mM to 0.090 mM
(Table 3). Quantitative analysis of plasma metabolites showed there were significant
increases in alanine (30% [20 39]), glutamine (34% [24 43]), acetate (87% [60 113]), valine
(40% [28 51]), and leucine (24% [16 32]). These results show that exogenous lactate
supplementation leads to increased cerebral uptake of lactate and increased concentrations of
systemic metabolites.

Supplementing carbohydrate fuel delivery to the brain without increasing systemic glucose
could be an effective therapy in the acute recovery phase. Cerebral lactate uptake was
associated with improved neurological outcomes (Glenn et al., 2003) and has been shown to
occur even when cerebral lactate levels are high (Jalloh et al., 2013). Infusion of stable
isotope-labeled tracers of lactate revealed no difference between the percent lactate uptake
oxidized between TBI (91%) and healthy subjects (92%) (Glenn et al., 2015a). This study
protocol was designed to target 2.0 mM systemic lactate concentrations and, on average, the
maximum concentration achieved was 1.9 mM [1.3 2.4]. This is the first report of a primed
constant lactate infusion study targeting moderate lactate concentration elevations. Our
findings are consistent with existing examples of the positive effects lactate therapy on ICP
reduction (Ichai et al., 2013). In eight patients with ICP monitoring at the time of lactate
supplementation, intracranial pressure decreased 3.6 mmHg [95%CI 1.3 6.0].

The additive mixed effects model of AVD),; shows that increased cerebral lactate uptake
increases with systemic lactate concentrations and with study infusion time. Even in the
absence of an increase in arterial lactate concentration, the model indicates that primed
constant infusion will increase AVD), from —0.078 mM to 0.006 mM over the 3 hour study
(Table 3). There was variability between individuals in both baseline lactate concentrations
and in the dynamics of blood lactate concentration changes during the study, suggesting that
investigating lactate supplementation as a cerebral metabolic therapy requires point-of-care
blood lactate readings. As the size of our cohort is small, further studies are required to
confirm the generality of our results. No differences in the response to lactate
supplementation were identified based on patient’s sex.

Active changes in blood metabolite concentrations could change cerebral blood flow, and
active monitoring of blood flow changes will be key to compare metabolic rates between
patients and between studies. Although evidence from isotopically labeled tracer infusion
studies suggest the vast majority of labeled lactate taken up by the brain is oxidized and
released as isotope-labeled CO, (Glenn et al., 2015a), we cannot definitively say that lactate
taken up by the brain in the present study was oxidized. Quantification of cerebral glucose
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and lactate flux during lactate supplementation is needed to definitively show increased
lactate oxidation.

In the attempt to provide alternative fuels to the brain, monitoring systemic changes is
important to consider because of the pivotal role lactate plays in systemic signaling
(Leverve, 2001; Mosienko et al., 2015; Proia et al., 2016; Mason, 2017). One limitation of
our blood plasma metabolite analysis is that we were only able to report on 9 metabolites
due to sensitivity limitations of NMR spectroscopy and limited blood plasma for NMR
analysis. The baseline concentrations of branched-chain amino acids (valine and leucine) are
consistent with previous reports in TBI patients (Robertson et al., 1988) and increases in
these amino acids may effect neurochemistry (Fernstrom, 2013). Glutamine has been studied
as a nutritional treatment following TBI (Scrimgeour and Condlin, 2014).

Traumatic brain injury is a dynamic disease process that results in depressed cerebral
glucose and oxygen metabolism, both of which have been associated with poor outcomes.
Supplementing carbohydrate fuel to the brain may provide benefits, but supplementing
glucose alone can induce hyperglycemia. Thus, investigation of lactate as a supplemental
fuel source for the injured brain has shown improvements in neurochemistry (Bouzat et al.,
2014; Quintard et al., 2016), and could also benefit the brain and body through changes to
other systemic metabolites. We have shown that at moderate infusion rates and variable
changes to patient’s systemic lactate that the net balance of cerebral lactate uptake and
release shifts toward uptake, which could improve cerebral neuroenergetics by generating
additional ATP to fuel the cellular recovery processes.
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Significance Statement

Following traumatic brain injury, the brain tissue has high energy needs to recovery from
the injury and yet is not able to take up fuel to create energy at the same rate as healthy
adults brains. This study investigates the impact of moderate lactate supplementation on
cerebral uptake of glucose and lactate. We show that supplementing Sodium L-Lactate to
approximately 2 mM by constant intravenous infusion results in an increase in total
cerebral lactate uptake without changing glucose availability or uptake. Lactate infusion
could have therapeutic potential during the recovery phase when glucose does not
generate sufficient energy.
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Figure 1.

Violin plots of (A) arterial lactate, (B) arterial glucose, (C) AVD lactate, and (D) AVD
glucose over the 3 hour lactate supplementation infusion study, where hour 0 summarizes
baseline metabolite concentrations before starting the infusion. The outside border of the
violin plot is an estimate of the distribution of the data; the dark horizontal line the 20%
trimmed mean; and the rectangle the 95% confidence interval of the trimmed mean.
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Table 2

Summary of mixed effects model coefficients of arteriovenous difference (AVD) lactate as a function of four
fixed effects: post infusion time, log transformed arterial lactate concentration (mean centered at 0.92 mM),
log transformed glucose concentration (mean centered at 7.67 mM), and log transformed arteriovenous
difference glucose (mean centered at 0.37 mM).

10g(AVDjac—Min(AVDjac)+1) = Bo + By time + By log(artisc) + [33*|09(artglc) + 54*|09(AVDgIc): where
min(AVDjc) = —0.186 mM.

Model Coefficients  Coefficient units  Estimate[95% CI] t value(DF=37) p value

Bo 0.103 85
Intercept log(mM) [0.066 0.140]
B1 0.024 24 0.022
Time post infusion log(mM)/hr [0.004 0.045]
B, unitless 0.098 3.7 <0.001
Arterial lactate [0.044 0.151]
Bs unitless -0.079 -17 0.092
Arterial glucose [-0.173 0.014]
Ba unitless 0.018 2.0 0.059
AVD glucose [-0.001 0.036]
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Table 3

Mixed effects model results for arteriovenous difference (AVD) lactate at four conditions; arterial glucose and
AVDglc are constant at 7.6 mM and 0.3 mM, respectively. The AVDj,. model estimate and 95% confidence

intervals are back transformed to units of mM from the equation presented in Table 2.

Infusion time | Arterial lactate | Model estimate and 95% ClI of AVDlac
(hr) (mM) (mM)
0 0.92 -0.078 [-0.118 -0.036]
1.84 0.000 [-0.047 0.048]
3 0.92 0.006 [-0.054 0.069]
3 1.84 0.090 [0.037 0.145]
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