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ABSTRACT

Background & Aims The pathogenesis of brain edema in patients with chronic liver disease (CLD) and minimal hepatic
encephalopathy (HE) remains undefined. This study evaluated the role of brain lactate, glutamine and organic osmolytes,
including myo-inositol and taurine, in the development of brain edema in a rat model of cirrhosis.

Methods Six-week bile-duct ligated (BDL) rats were injected with *C-glucose and de novo synthesis of lactate, and
glutamine in the brain was quantified using *C nuclear magnetic resonance spectroscopy (NMR). Total brain lactate,
glutamine, and osmolytes were measured using *H NMR or high performance liquid chromatography. To further define the
interplay between lactate, glutamine and brain edema, BDL rats were treated with AST-120 (engineered activated carbon
microspheres) and dichloroacetate (DCA: lactate synthesis inhibitor).

Results Significant increases in de novo synthesis of lactate (1.6-fold, p <0.001) and glutamine (2.2-fold, p <0.01) were
demonstrated in the brains of BDL rats vs. SHAM-operated controls. Moreover, a decrease in cerebral myo-inositol

(p <0.001), with no change in taurine, was found in the presence of brain edema in BDL rats vs. controls. BDL rats treated
with either AST-120 or DCA showed attenuation in brain edema and brain lactate. These two treatments did not lead to
similar reductions in brain glutamine.

Conclusions Increased brain lactate, and not glutamine, is a primary player in the pathogenesis of brain edema in CLD. In
addition, alterations in the osmoregulatory response may also be contributing factors. Our results suggest that inhibiting
lactate synthesis is a new potential target for the treatment of HE.

Abbreviations

HE, hepatic encephalopathy; MHE, minimal hepatic encephalopathy; CLD, chronic liver disease; TCA cycle, tricarboxylic
acid cycle; NMR, nuclear magnetic resonance; BDL, bile-duct ligation; DCA, dichloroacetate; PDH, pyruvate
dehydrogenase; PC, pyruvate carboxylase
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INTRODUCTION

Hepatic encephalopathy (HE) is a neuropsychiatric disorder, a major complication of both acute liver failure and chronic
liver disease (CLD). Brain edema is a neuropathological feature of HE that contributes to intracranial hypertension (a fatal
complication of acute liver failure, [1]); but is also associated with minimal HE (MHE) and CLD [2], [3], [4] and [5].
Characterized by impairment in concentration, attention, memory, vigilance, reaction time and behavior, MHE is detected
using sensitive neuropsychometric and neurophysiological tests [6]. As much as 80% of patients with end-stage liver
disease are affected by MHE, which severely impacts on the patients’ capability to drive a car, to continue working, and
their ability to function daily, overall affecting their health-related quality of life [7].

Brain edema is an accumulation of water within the cerebral tissue (intracellular and/or extracellular). It occurs as a result of
an increase in osmolarity and/or compromised volume regulatory responses. Impairment in the efflux of brain organic
osmolytes, such as polyols (myo-inositol) and amino acids (taurine, glutamate, glutamine), fails to compensate for the
increased osmolarity and, therefore, an increase in brain water content prevails [8].

Ammonia is considered a major pathogenic factor in the development of HE [9]. The brain solely relies on the amidation of
glutamate catalyzed by the enzyme glutamine synthetase (GS) to detoxify ammonia. However, because the ailing liver is
incapable of efficiently clearing it, the increase in blood ammonia leads to neurotoxic levels of ammonia. Therefore, during
hyperammonemia, elevated brain ammonia leads to an increase in brain glutamine [10], a pathway believed to be involved
in the development of brain edema and HE.

Lactate is another pathogenic factor demonstrated to be implicated in HE [11]. Lactate is a product of anaerobic glycolysis,
but also a metabolite used by neurons as an energetic substrate [12]. An increase in cerebral lactate, due to increased
glycolytic activity and/or energy failure, can osmotically induce an increase in water influx in the brain, and thus lead to
brain edema, as demonstrated in numerous neuropathies, including cerebral ischemia [13]. However, the role of lactate in
the pathogenesis of brain edema in HE due to CLD remains undetermined.

The present study aims to explore the pathophysiological mechanisms implicated in brain edema in cirrhotic rats with MHE,
with an emphasis on the role of lactate and glutamine and brain osmolytes, including myo-inositol and taurine. The 6-week
bile-duct ligated (BDL) rat is a well-characterized animal model of liver fibrosis and necrosis [14], which develops both
brain edema and MHE [15] and [16]. In this model, we investigated the metabolic fluxes of **C-labelled glucose, and
focused on de novo synthesis of lactate and glutamine using nuclear magnetic resonance (NMR) spectroscopy, an excellent
technique to quantify cellular metabolic fluxes ( Fig. 1A). As *C represents only 1.1% of natural carbon, sample enrichment
following injection of 3C-labelled glucose permits the evaluation of glucose metabolic fluxes through the glycolytic
pathway and the tricarboxylic acid (TCA) cycle [17]. In order to evaluate the interplay between lactate, glutamine and
organic osmolytes, BDL rats were treated with AST-120 (oral ammonia adsorbent engineered activated carbon
microspheres) and dichloroacetate (DCA), a lactate synthesis inhibitor.
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Fig. 1. **C nuclear magnetic resonance spectroscopy. (A) Schematic representation of **C-labelled metabolites formation
from [U-*C]-glucose. Glucose is metabolized via glycolysis into pyruvate which either produces lactate through lactate
dehydrogenase (LDH) or enters the TCA cycle. Upon entering the TCA cycle, pyruvate is metabolized via pyruvate
dehydrogenase (PDH), found in both astrocytes and neurons, or via pyruvate carboxylase (PC), found exclusively in the
astrocytes. The [U-"*C]-pyruvate formed from [U-"*C]-glucose through PDH results in [1,2-*3C]-acetyl-CoA, and further via
a-ketoglutarate to [4,5-*C] labelled glutamate and glutamine; through PC it results in [1,2,3-**C]-oxaloacetate and [2,3-*C]
labelled metabolites. Glutamate is produced from the TCA intermediate a-ketoglutarate via a-ketoglutarate dehydrogenase
and via amidation by glutamine synthetase (GS) can form glutamine. LDH, lactate dehydrogenase; PDH, pyruvate
dehydrogenase; PC, pyruvate carboxylase; TCA cycle, tricarboxylic acid cycle; GS, glutamine synthetase. (B)
Representative **C nuclear magnetic resonance spectra in rats with bile-duct ligation (BDL) compared to SHAM-operated
controls. (C) Cerebral de novo synthesis from **C-glucose of lactate and glutamine in rats with bile-duct ligation (BDL)
compared to SHAM-operated controls. Light blue: [4,5-**C]-glutamine formed through PDH; dark blue: [2,3-*C]-
glutamine formed through PC. Data are expressed as mean + SEM. **p <0.01, ***p <0.001, significantly different from
SHAM.
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MATERIALS AND METHODS

Animal models

Male Sprague-Dawley rats (250-275 g) (Charles River, St-Constant, QC) were randomly selected to either bile-duct ligation
(BDL) or SHAM operation, and studied 6 weeks following surgery [15]; for cerebral ammonia measurement, cerebrospinal
fluid was collected from the cisterna magna, as previously described [18]. All the experiments were performed following
the Guidelines of the Canadian Council on Animal Care, and were approved by the Animal Protection Committee of the
CRCHUM.

Nuclear magnetic resonance

Administration of [U-'*C]-glucose

6 weeks after surgery BDL and SHAM rats received [U-**C]-glucose (500 mg/kg, intraperitoneally; Cambridge Isotope
Laboratories, Andover, MA) and were sacrificed exactly 30 minutes later by decapitation. Arterial blood glucose levels
were monitored 3 days before sacrifice; however, no glycaemia differences were found between SHAM and BDL operated
rats. Therefore, there was no need to correct glucose levels. [U-"*C]-glucose is transformed through glycolysis in [U-**C]-
pyruvate. This can either enter the TCA cycle or form [U-"*C]-lactate through lactate dehydrogenase. Upon entering the
TCA cycle, glucose-derived pyruvate is metabolized either by pyruvate dehydrogenase (PDH), the key enzyme for
mitochondrial energy found in both astrocytes and neurons, or by pyruvate carboxylase (PC), an important anaplerotic
enzyme that replenishes TCA cycle intermediates, found exclusively in astrocytes. The [U-*C]-pyruvate formed from [U-
3C]-glucose metabolised through PDH results in [1,2-*C]-acetyl-CoA, and further via o-ketoglutarate to [4,5-"*C]-labelled
glutamate and glutamine, whereas [U-"*C]-pyruvate metabolised through PC results in [1,2,3-**C]-oxaloacetate and [2,3-
3C]-labelled metabolites. These reactions allowed for the quantification of fluxes through these pathways [17] (Fig. 1A).

NMR spectroscopy [19]

Immediately after sacrifice, the brains were snap frozen in liquid nitrogen and stored at —80 °C until measurements were
performed. Water-soluble metabolites were extracted with 7% perchloric acid. The lyophilized water-soluble samples were
dissolved in D,0, centrifuged, and adjusted to pH 7.2. NMR spectra were recorded on a DRX-600 Bruker spectrometer. *H-
NMR spectra were recorded with a 5-mm H,C,N-inverse-triple-resonance probe, flip angle 40°, repetition time 15 s, spectral
width 7183 Hz. *C-NMR spectra were recorded with a 5 mm *H/*3C dual probe, repetition time 2.5 s, flip angle 27°,
composite pulse decoupling with WALTZ-16, spectral width 47,619 Hz. Total brain glutamine, glutamate, myo-inositol and
taurine were determined on'*H-NMR spectra, while *C-labelled lactate and glutamine were determined on *C-NMR
spectra.

Therapeutic interventions

Ast-120

AST-120 (Ocera Therapeutics, San Diego, CA), engineered carbon microspheres, were administered by gavage (1 g/kg/d;
concentration 1 g/10 ml of 2% methylcellulose) every 12 hours, for a period of 6 weeks, beginning day 1 after surgery in
both SHAM and BDL rats [15]. As controls, another group of SHAM and BDL rats were treated with equivalent volumes of
methylcellulose.

Dichloroacetate

Dichloroacetate (DCA; Sigma-Aldrich), a lactate synthesis inhibitor, was administered by intraperitoneal injection at a dose
of 25 mg/kg/d (concentration of 25 mg/ml saline) for 7 days (starting day 35 after surgery) in both SHAM and BDL rats.
This PDH kinase inhibitor results in a dephosphorylation of PDH and hence increases its activity. As a result, the flux of
pyruvate into the TCA cycle increases, consequently decreasing lactate synthesis by shifting lactate dehydrogenase activity
from lactate to pyruvate production [20].

At 6 weeks, brain tissue was collected to measure lactate, glutamine and brain edema as described below.
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Ammonia measurement

Ammonia was assessed in cerebrospinal fluid using a commercial kit (Sigma-Aldrich). The kit is based on the reaction of
ammonia with a-ketoglutarate and reduced nicotinamide adenine dinucleotide phosphate in the presence of I-glutamate
dehydrogenase. Oxidation rate of reduced nicotinamide adenine dinucleotide phosphate was recorded by the absorbance
decrease at 340 nm. Ammonia concentration was calculated according to the manufacturer’s protocol.

Lactate measurement

The frontal cortex was dissected and homogenized in lysis buffer (50 mM Tris pH 7.5, 1 mM EDTA, 1/500 cold Protease
Inhibitor Cocktail (Roche, Indianapolis, IN)). Lactate levels were assessed following its oxidation by lactate oxidase to
pyruvate and hydrogen peroxide, which reacts with AmplexRed (10-acetyl-3,7-dihydroxyphenoxazine) and releases
resorufin, a fluorescent oxidation product. Fluorescence was read at 530 nm excitation and 590 nm emission wavelengths,
and lactate levels were calculated based on a standard curve of known lactate concentrations.

Glutamine measurement

Brain frontal cortex samples were analyzed using the Agilent 1100 Chemstation reverse-phase HPLC system (Agilent
Technologies, Germany) with fluorescence detection as previously described [21]. Glutamine concentration was calculated
by peak area analysis with an automated integrator (Agilent Technologies, Germany), based on standard curves and internal
standards.

Brain water content
Frontal cortex brain water content was measured using the sensitive densitometry technique described by Marmarou et al.,
as previously reported by our group [15] and [22].

Statistical analysis

Data are expressed as mean + standard error of the mean (SEM). Significance of difference was tested with Student’s t test
or ANOVA, followed by Newman-Keuls post-test; correlation was calculated with Spearman test using GraphPad Prism4
(La Jolla, CA). Probability values p <0.05 were considered to be statistically significant.

RESULTS

Cerebral lactate and glutamine in BDL rats

Six week BDL rats demonstrated a significant increase in brain lactate (254.6 + 11.1 pM/100 g protein vs. SHAM:

111.7 £ 7.1 uM/100 pg protein, p <0.001), and brain glutamine (8.42 £+ 12.77 pmol/g tissue vs. SHAM: 4.42 + 3.38 umol/g
tissue, p <0.01).

De novo synthesis of cerebral lactate and glutamine from *3C-labelled glucose in BDL rats
Following **C-labelled glucose administration, de novo synthesis of lactate and glutamine significantly increased 1.6- and
2.2-fold in BDL vs. SHAM-operated control rats ( Fig. 1B and C).

Determination of the position of the **C-labelled carbon in de novo synthetized glutamine showed that the flux through
PDH (2.3-fold increase) and PC (1.8-fold increase) was higher in BDL vs. SHAM rats ( Fig. 1C).

Brain osmolytes in BDL rats

'H is naturally present in tissues and through its detection, numerous molecules can thus be simultaneously quantified by *H
NMR spectroscopy. The cerebral osmolyte pool, obtained by adding all measured osmolytes, was 1.3-fold higher in BDL
vs. SHAM-operated control rats ( Table 1). In BDL rats, a significant increase in brain glutamine (128%; p <0.01 vs.
SHAM) and glutamate (26%; p <0.01 vs. SHAM) was accompanied by a significant decrease in myo-inositol (23%;

p <0.001 vs. SHAM). Brain taurine remained unchanged.
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Table 1. *H-NMR concentration of brain osmolytes in rats with bile-duct ligation (BDL) compared to respective
SHAM-operated controls.

BDL-SHAM BDL
Glutamine (pmol/g wet weight)  4.67 £+ 0.28 10.67 + 0.98**
Glutamate (pmol/g wet weight) 11.55+0.48 14.56 + 0.99"*
Myo-inositol (umol/g wet weight) 4.31+0.14 3.34 1+ 0.14™**
Taurine (umol/g wet weight) 471+043 548173
Total 2620+ 1.33 34.00+295

Data are expressed as mean £ SEM. *p <0.01, =+*p <0.001, significantly different from SHAM.

Effect on cerebral lactate and glutamine following ammonia reduction
Administration of AST-120, engineered activated carbon microspheres with a high nonspecific adsorptive surface area
acting within the gut, lead to a significant decrease in ammonia in the brain (cerebrospinal fluid) (Fig. 2A) and to an
attenuation in brain edema (Fig. 2B). Moreover, AST-120-treated BDL rats resulted in a significant reduction in brain
lactate vs. non-treated BDL rats. However, lactate remained significantly high in AST-120 treated BDL rats compared to
SHAM-operated controls (p <0.001) ( Fig. 2C). Contrary to lactate, the lowering of ammonia by AST-120 did not reduce
brain glutamine levels ( Fig. 2D).
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Fig. 2. Effect of AST-120 (spherical carbon adsorbent). (A) cerebrospinal fluid ammonia; (B) frontal cortex brain water
content; (C) frontal cortex lactate and (D) frontal cortex glutamine levels in bile-duct ligation (BDL) rats compared to
treated and non-treated SHAM-operated controls and non-treated BDL rats. Data are expressed as mean = SEM. *p <0.05,
#=p <0.01, ***p <0.001, significantly different from SHAM; 'p <0.05, "p <0.01, ""p <0.001, significantly different from
non-treated BDL.

Effect on brain edema following lactate reduction

In order to identify the precise role of lactate in the pathogenesis of brain edema, BDL rats were treated with DCA, a lactate
synthesis inhibitor. The DCA treatment reduced brain water content in BDL rats (p <0.05) ( Fig. 3A) and normalized brain
lactate levels ( Fig. 3B). Cerebral glutamine decreased following DCA treatment to levels that were not significantly
different vs. either non-treated BDL rats or SHAM-operated controls ( Fig. 3C). To verify if these modifications are not due
to a direct effect of DCA on ammonia levels, those were assessed and were found to be similar in non-treated and DCA-
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treated BDL rats ( Fig. 3D). In addition, DCA treatment did not have a beneficial effect on the liver function as no change in
liver enzymes (aspartate aminotransferase (AST) and alanine aminotransferase (ALT)) was found between non-treated and
DCA-treated BDL rats (AST: DCA-treated: 301.3 £ 141.7 U/L vs. non-treated:364.4 + 64.7 U/L, p >0.05; ALT: DCA-
treated: 65.2 £ 11.8 U/L vs. non-treated:73.4 + 7.1 U/L, p >0.05).
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Fig. 3. Effect of dichloroacetate (DCA) (lactate synthesis inhibitor). (A) frontal cortex water content; (B) frontal cortex
lactate; (C) frontal cortex glutamine and (D) cerebrospinal fluid ammonia levels in bile-duct ligation (BDL) rats compared
to treated and non-treated SHAM-operated controls and non-treated BDL rats. Data are expressed as mean = SEM. *p <0.05,
=p <0.01, **p <0.001, significantly different from SHAM; Tp <0.05, "'p <0.001, significantly different from non-treated

BDL.

Cerebral lactate temporal resolution

To thoroughly understand the relationship between ammonia, lactate and glutamine, we monitored the changes of these
three pathogenic factors at weeks 2, 4, and 6, and characterized their temporal resolution in relation to the appearance of
brain edema. No differences were found between SHAM-operated controls sacrificed at 2, 4, and 6 weeks. After 2 weeks of
BDL, neither brain lactate, brain ammonia nor brain water content was significantly elevated. However, brain glutamine
levels were significantly higher compared to SHAM-operated controls. After 4 weeks of BDL, along with no evidence of
brain edema, a significant increase in brain lactate and ammonia was observed (vs. 2 weeks), with a similar increase in the
levels of glutamine as at 2 weeks. Six weeks following BDL, brain edema appeared, along with a significant further
increase in brain lactate and ammonia, compared to 4 weeks. No further increase in glutamine levels was demonstrated in
comparison to weeks 2 and 4 ( Fig. 4A). Using the data obtained at 2, 4, and 6 weeks after BDL and SHAM-operated
controls, a significant correlation was calculated between cerebrospinal fluid ammonia and lactate (r = 0.5447, p <0.05; Fig.
4B). Ammonia levels did not significantly correlate with cerebral glutamine (r = —0.1255, Fig. 4C).

Bosoi, C.R. et al., 2014. Increased brain lactate is central to the development of brain edema in rats with chronic liver
disease. Journal of Hepatology, 60(3), p.554-560.


http://www.sciencedirect.com/science/article/pii/S0168827813007368

The final publication is available at http://dx.doi.org/10.1016/j.jhep.2013.10.011

A --g-- Glutamine
~ & - Lactate
= —&— Ammonia @
‘® 300 &
© o -
Ll :
=3 i
28 200 T
M - 3
£3 2
23 2
£ o 100 @
<® z
G 2
o
Brain edema - - - +
€ 400 r=05447 %0 r=-0.1265
o g 300 : [ ] -~ ?Cj é 15 a
T o ... E*= " .
< 2200 - s ol0i=s % . =
88 1" . 39 | — g
= 1001 "=" OE 5 | . -
= s
3 04 T T T 1 0 ' T " T 1
0 50 100 150 200 0 50 100 150 200
Ammonia (uM) Ammonia (UM)

Fig. 4. Correlations between lactate, glutamine, ammonia and brain edema. (A) Temporal resolution of lactate,
glutamine, ammonia and brain edema over 6 weeks in rats with bile-duct ligation (BDL) compared to respective SHAM-
operated controls. The time point O represents the value for SHAM-operated controls sacrificed 6 weeks after surgery. (B)
Correlation between changes in cerebrospinal fluid ammonia and brain lactate in BDL rats following 2, 4, and 6 weeks after
the intervention. (C) Correlation between changes in cerebrospinal ammonia and cerebral glutamine in BDL rats following
2, 4, and 6 weeks after the intervention. Data are expressed as mean + SEM. *p <0.05, **p <0.001, significantly different
from SHAM; *p <0.05, T'p <0.001, significantly different from BDL 2 weeks; “p <0.05, **p <0.001, significantly different
from BDL 4 weeks.

DISCUSSION

Results of the present study reveal for the first time in the setting of CLD that increased cerebral lactate, and not increased
glutamine, is a key factor in the pathogenesis of brain edema. NMR spectroscopy revealed an increase in both lactate and
glutamine de novo synthesis in the brain from **C-glucose in cirrhotic rats with brain edema and MHE. The importance of
lactate in the development of brain edema was established following the treatment with AST-120. These orally administered
carbon microspheres, in addition to attenuating hyperammonemia and normalizing brain water content in BDL rats, also
decreased lactate levels in the brain. To confirm the crucial role of lactate, following the reduction of brain lactate levels in
BDL rats treated with DCA (lactate synthesis inhibitor), the cerebral content of water was attenuated. Furthermore,
following the same treatment regimens, no change in brain glutamine levels was found, suggesting glutamine does not
contribute to an increase in cerebral water in cirrhotic rats. Taken together, these findings underscore the importance of
lactate over glutamine in the development of brain edema in CLD.

There is substantial evidence that links increased cerebral lactate to severe HE. In patients with fulminant hepatic failure, it
has been shown that increases in extracellular lactate correlate with rises in intracranial pressure [23]. These findings have
been supported in rats with acute liver failure, where by using **C-NMR spectroscopy, it was found that an increased de
novo synthesis of lactate from glucose correlated with severe HE [24] and [25], and that the progression from pre-coma to
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coma stage is associated with the development of brain edema and a marked increase in cerebral lactate [26]. Moreover in
acute liver failure, therapeutic interventions, such as mild hypothermia and albumin dialysis, have shown to reduce cerebral
lactate along with brain edema and the development of severe HE (coma and intracranial hypertension) [24], [27] and [28].
Furthermore, in the setting of CLD, a 1.37-fold increase in lactate in the cerebrospinal fluid has been found in patients with
end-stage liver disease and overt/severe HE (grades 3 and 4) [29]. Chronic hyperammonemic rats (induced following 4-
week portacaval anastomosis) injected with a toxic dose of ammonia precipitates severe HE (coma), which is accompanied
with brain edema and an increase in brain lactate [30] and [31]. However, notwithstanding concrete evidence associating
elevated concentrations of brain lactate and severe HE (intracranial hypertension, coma), the role of lactate in the
pathogenesis of MHE remains elusive.

MHE is a clinically important entity that affects up to 80% of patients with end-stage liver disease, placing them at a 4-
times higher risk of developing overt HE [32]. For this, our study describes, for the first time, the implications of lactate in
the pathogenesis of brain edema and cirrhosis-induced MHE. Our results demonstrate that increased cerebral lactate due to
de novo synthesis from glucose plays a vital role in the development of brain edema in cirrhotic rats. Interestingly, the
overall increase in **C-labelled de novo synthesis of lactate in BDL rats with brain edema and MHE is 1.7-fold, compared to
the 4.0-fold increase observed in acute liver failure rats with brain edema and severe HE (coma) [25]. Moreover, brain
edema is attenuated following DCA treatment.

These results, together with previous data arising from rats with acute liver failure, may suggest that brain lactate not only
plays a significant role in the development of brain edema, but might also correlate with the severity of HE. It has been
proposed in the setting of CLD, where intracranial hypertension is rarely observed, that the degree of brain edema is of
“low-grade” [2]. This implies a strong relationship between lactate levels, degree of brain edema and severity of HE.

Liver failure leads to a significant reduction in the capacity to detoxify ammonia and, as a result, the developing
hyperammonemia causes a rise in brain ammonia levels. Ammonia toxicity has been demonstrated to lead to an increase in
lactate by inhibiting enzyme a-ketoglutarate dehydrogenase in the TCA cycle [33]. This in turn stimulates glutamate
dehydrogenase, an alternative pathway to remove ammonia through the amidation of a-ketoglutarate to glutamate and
subsequently to glutamine. Our results demonstrate an increase in glucose-derived glutamine in BDL rats, supporting
stimulation of this pathway. In addition, we observed an increase in glucose-derived lactate, and an increase in glycolysis
flux, possibly a result of ammonia-stimulated phosphofructokinase activity [34]. However, in spite of these TCA cycle
alterations (inhibition of a-ketoglutarate dehydrogenase), ATP levels remain maintained [35] and [36]. Therefore, ammonia-
induced increase in brain lactate is a not a result of energy failure (activated anaerobic metabolism); rather, the increase in
lactate synthesis may occur as a compensatory mechanism to maintain ATP levels.

It is well documented that the shuttling of lactate between astrocytes and neurons plays an important role in brain
physiology. Astrocyte-derived lactate is used by surrounding neurons as an energy substrate, coupling cerebral glucose
metabolism to neuronal activity [12]. Hence, dysregulation of the astrocyte-neuron lactate shuttle due to changes in lactate
metabolism results in altered lactate homeostasis and leads to brain edema and cerebral dysfunction. Indeed, affecting
lactate homeostasis in the brain can lead to differential lactate compartmentalization and changes in osmolarity. It has
previously been shown that exposure of astrocytes (cell type shown to selectively exhibit swelling in HE) to
pathophysiologically relevant concentrations of lactate can lead to significant swelling [37]. Furthermore, increased lactate
production not only leads to osmotic stress, but also generates more water per ATP formed than oxidative phosphorylation
[38]. This supports our results that, in the brains of BDL rats, an increase in lactate synthesis is a pivotal factor in the
development of brain edema.

In an effort to remove ammonia, the brain depends on the enzyme glutamine synthetase (GS), which is specifically found in
astrocytes [39]. Using NMR and administering **C-labelled glucose, the de novo synthesis of metabolites from glucose can
be quantified by evaluating the position of **C. This helps distinguish if glutamine is synthetized from **C-labelled glucose
via PDH (oxidative pathway found in both neurons and astrocytes) or via PC (anaplerotic pathway found exclusively in

astrocytes) [17]. In BDL rats, an increase in de novo synthesis of glutamine via both PDH and PC was demonstrated, which
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suggests that both oxidative and anaplerotic pathways were upregulated. This provides evidence that neuronal glucose-
derived glutamate is synaptically released (excitatory neurotransmission), and is subsequently captured by astrocytes and
expended to detoxify ammonia through GS.

During conditions of hyperammonemia, intracellular glutamine trapping (accumulation) is believed to contribute to
astrocyte hypertonicity, astrocyte swelling and brain edema [40]. It has been previously shown that exposing primary
cultured astrocytes to ammonia results in cell swelling, an outcome that is abolished following the inhibition of GS with
methionine-sulfoximine (MSO) [41]. Moreover, in ammonia-infused portacaval shunted rats, pre-treatment with MSO leads
to an attenuation of cerebral glutamine levels and ameliorated brain edema [42]. However, in addition to its osmotic
influence, glutamine is believed to be toxic and has demonstrated to impair mitochondrial function through opening of the
mitochondrial transition pore, thus causing astrocyte swelling [43]. In the present study, we found glutamine levels to be
persistently high following brain edema resolution with treatments AST-120 and DCA. This suggests glutamine
accumulation is not an important pathogenetic factor in the development of brain edema in HE. Interestingly, this
observation has also been described in animal models of acute liver failure, in which high cerebral glutamine levels
persisted following ammonia-lowering treatments and resolution of ICP, brain edema and HE [19] and [24]. Moreover, 4-
week hyperammonemic portacaval-shunted rats, with an increase in brain glutamine, do not develop brain edema [18].
Therefore, taken together, there is strong, accumulating evidence dictating that increased cerebral glutamine does not play a
vital role in the development of brain edema in liver failure.

Myo-inositol and taurine, considered to be major organic osmolytes, play an important role in cell volume regulation. They
are released into the extracellular space, compensating for intracellular hypertonicity, thus preventing cell swelling and the
development of brain edema [44]. In hyperammonemic portacaval shunted rats, it is stated that the reason brain edema does
not develop, even in the presence of increased brain glutamine, is a result of a substantial compensatory decrease in myo-
inositol, taurine and glutamate [45]. Interestingly, also in portacaval shunted rats, lack of brain edema is accompanied with
no increase in brain lactate [31]. In the present study, 6-week BDL rats developed brain edema, along with increases in both
brain glutamine and lactate. A decrease in brain myo-inositol, but no significant change in taurine, was observed. As a
result, higher osmolarity was calculated in BDL rats compared to SHAM-operated controls. This suggests that impaired
brain osmoregulation, possibly the result of exhaustive release of osmoregulators, cannot compensate for the increase in
both brain glutamine and lactate. This osmolyte profile has been similarly observed in rats with acute liver failure, where the
sum of all brain osmolytes (including glutamine) exceeded the decrease in myo-inositol and taurine at coma stage (in the
presence of brain edema) [19].

To further understand the relation and interplay between lactate, glutamine and ammonia in the development of brain
edema, we studied the temporal resolution of these factors in 6-week cirrhotic rats. Two weeks following BDL, brain edema
was not present. A surge in cerebral glutamine was observed with no significant elevation in ammonia or lactate. At

4 weeks, with brain edema still not present, a significant increase in ammonia and lactate was detected with no further
increase in glutamine observed. At 6 weeks, the appearance of brain edema was associated with an additional rise in
ammonia and lactate levels, but no further rise in glutamine levels. Taken all together, a significant correlation was found
between brain ammonia and lactate, but not between brain ammonia and glutamine. The sudden rise in glutamine at

2 weeks, followed by no significant additional increase at weeks 4 and 6 may be the result of saturation or inhibition of GS
activity [46], [47], [48] and [49]. A reduction in GS activity is not due to glutamate being a limiting factor, since increases
in brain glutamate were found in BDL vs. SHAM-operated rats ( Table 1). Our results sustain that increased brain lactate
(and not brain glutamine) is a consequence of hyperammonemia-induced increased brain ammonia, which leads to brain
edema. In the context of HE, increased glutamine levels are commonly observed even when brain edema is not present, as
observed in portacaval-shunted rats [45]. However, in other neurological diseases such as cerebral ischemia, increased brain
lactate levels have been associated with the development of brain edema, while brain glutamine levels were decreased [50],
[51] and [52]. Although our study was performed in frontal corte, it is possible other cerebral regions may be affected
dissimilarly. For example, it was demonstrated in cerebellum of rats with acute liver failure that brain edema precedes an
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increase in lactate [53]. Different regions within the brain in relation to lactate levels and water content remain to be
investigated.

In conclusion, the present study demonstrates for the first time that an increase in brain lactate, and not brain glutamine, is a
pivotal factor involved in the pathogenesis of brain edema in end-stage liver disease. In addition, the results of the present
study also suggest that impaired compensatory osmoregulatory mechanisms may be a contributing factor in the
development of brain edema in CLD. Currently, lowering ammonia levels represents the primary treatment strategy in
patients with HE and CLD [54]. The present results demonstrate AST-120 is an efficient ammonia-lowering strategy as has
been previously demonstrated [15]. However, in addition, the results of the present study also reveal DCA as a potential
treatment of HE. This lactate synthesis inhibitor has previously demonstrated a long-term safety profile in patients with
congenital lactic acidosis [55] and beneficial effects with no adverse reactions in other diseases such as cancer [56] and
chronic obstructive pulmonary disease [57]. Therefore, DCA can rapidly provide a promising therapeutic approach for the
management of patients with end-stage liver disease.
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