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Abstract Chronic liver disease (CLD) leads to a spectrum of
neuropsychiatric disorders named hepatic encephalopathy
(HE). Even though brain energy metabolism is believed to
be altered in chronic HE, few studies have explored energy
metabolism in CLD-induced HE, and their findings were in-
consistent. The aim of this study was to characterize for the
first time in vivo and longitudinally brain metabolic changes
in a rat model of CLD-induced HE with a focus on energy
metabolism, using the methodological advantages of high
field proton and phosphorus Magnetic Resonance
Spectroscopy (1H- and 31P-MRS). Wistar rats were bile duct
ligated (BDL) and studied before BDL and at post-operative
weeks 4 and 8. Glutamine increased linearly over time (+
146 %) together with plasma ammonium (+159 %). As a
compensatory effect, other brain osmolytes decreased: myo-
inositol (-36 %), followed by total choline and creatine. A
decrease in the neurotransmitters glutamate (-17 %) and as-
partate (-28 %) was measured only at week 8, while no sig-
nificant changes were observed for lactate and phosphocrea-
tine. Among the other energy metabolites measured by 31P-
MRS, we observed a non-significant decrease in ATP together

with a significant decrease in ADP (-28%), but only at week 8
after ligation. Finally, brain glutamine showed the strongest
correlations with changes in other brain metabolites, indicat-
ing its importance in type C HE. In conclusion, mild alter-
ations in some metabolites involved in energy metabolism
were observed but only at the end stage of the disease when
edema and neurological changes are already present.
Therefore, our data indicate that impaired energy metabolism
is not one of the major causes of early HE symptoms in the
established model of type C HE.
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Introduction

Type C hepatic encephalopathy (HE), also sometimes called
chronic HE (CHE), is a serious neuropsychiatric disorder as-
sociated with chronic liver disease (CLD) (Ferenci et al.
2002). Neuropsychological manifestations vary fromminimal
to overt HE (Blei and Córdoba 2001). Despite persistent re-
search in the last decades, the molecular pathogenesis of HE
remains unclear, especially the molecular mechanisms under-
lying mild brain edema present in both animal models (Davies
et al. 2009; Bosoi et al. 2011) and patients with CLD (Córdoba
et al. 2001; Häussinger 2006; Kale et al. 2006; Shah et al.
2008).

It is commonly accepted in CLD that increased brain am-
monia generates an osmotic stress caused by a rise in brain
glutamine, only partially compensated by the gradual release
of other brain osmolytes from astrocytes (primary myo-
inositol but also total choline, taurine and creatine)
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(Brusilow and Traystman 1986; Cooper and Plum 1987; Kreis
et al. 1991; Häussinger et al. 2000; Butterworth 2003;
Brusilow et al. 2010; Cudalbu 2013; Braissant et al. 2013)
the result of which is mild brain edema. Several other path-
ways were proposed for edema formation, different from glu-
tamine accumulation. Among these, cerebral energy metabo-
lism is believed to be altered in both acute and chronic HE
(Rama Rao and Norenberg 2012; Schousboe et al. 2014; Ott
and Vilstrup 2014). But the direct role of energy impairment in
the development and progression of brain edema is not firmly
established. Ammonium is a neurotoxin causing numerous
toxic effects on cerebral metabolism which may interfere with
energy pathways. Moreover, it has been postulated that gluta-
mine increase, generated by a rise in circulating ammonium,
could secondarily impact energy metabolism in one of several
ways: through an initial osmotic stress, through changes in the
glutamate-glutamine cycle, or by the deleterious effects of
cytotoxic brain edema at later stages of the disease
(Zwingmann and Butterworth 2005). Compared to acute liver
failure in which energy metabolism has been described in
more details (i.e. compromised TCA cycle due to inhibition
of α-ketoglutarate dehydrogenase, limited anaplerotic flux
and capacity of astrocytes to detoxify ammonium by gluta-
mine synthesis, increased lactate synthesis and mitochondrial
permeability transition induced by oxidative/nitrosative stress
(Lai and Cooper 1991; Ott et al. 2005; Zwingmann and
Butterworth 2005; Zwingmann 2007; Rama Rao and
Norenberg 2012)), findings on energy metabolism distur-
bances in CHE are not consistent. There are only a few studies
examining energy metabolism in either patients or animal
models of HE due to CLD, showing decreased cerebral met-
abolic rate for glucose in CHE patients (Hazell and
Butterworth 1999) and decreased cerebral oxygen consump-
tion and blood flow in cirrhotic patients (Dam et al. 2013).

Further, to the best of our knowledge, no in vivo longitu-
dinal studies have been performed in experimental animal
models of CLDmeasuring the kinetics of brain energy metab-
olism. In this context, magnetic resonance spectroscopy
(MRS) is a unique technique allowing the non-invasive study
of brain metabolism both in vivo and longitudinally. High
magnetic fields enable the detection of additional brain me-
tabolites and thus the pathogenic mechanisms involved in HE
can be more accurately assessed. High field proton (1H)MRS,
characterized by its excellent spectral resolution, provides in-
formation about amino acid disturbances, alterations in neu-
rotransmitters, oxidative stress, osmoregulation, myelination/
cell proliferation and disturbances in cerebral energy metabo-
lism (McPhail et al. 2012; Cudalbu 2013). Phosphorus (31P)
MRS is very useful for the study of in vivo energymetabolism
by providing information on the energy status of phosphate
compounds and phospholipid metabolism. There are some
previous studies investigating cerebral energy metabolism in
CLD patients at low magnetic field using 31P-MRS, but their

findings are discordant ( Taylor-Robinson et al. 1996, 1999;
Bluml et al. 1998; Barbiroli et al. 2002).

The purpose of this study was to investigate brain metabo-
lism in vivo and longitudinally in a rat model of CLD-induced
HE with a specific focus on energy metabolism. For this we
used in vivo 31P-MRS at 9.4Tesla to study high energy me-
tabolites. This approach was combined with 1H-MRS to mea-
sure brain glutamine and other metabolites involved in osmo-
regulation, neurotransmission or energy metabolism. The
novelty of this study relies on the in vivo, non-invasive and
longitudinal measurements at a very high magnetic field of-
fering unprecedented molecular resolution into brain energy
metabolism in CLD-associated HE.

Methods

Animal model

Wistar male adult rats (n=7, 150–175 g, Charles River
Laboratories, L’Arbresle, France) underwent bile duct ligation
(BDL) as previously described (Biecker et al. 2005).
According to ISHEN (International Society for Hepatic
Encephalopathy and Nitrogen Metabolism) commission, the
BDL rat model reflects HE associated with cirrhosis, portal
hypertension and hyperammonemia (Butterworth et al. 2009).
MRSmeasurements were performed in vivo and longitudinal-
ly before BDL (week 0) and at post-operative weeks 4 and 8
(week 4 and week 8). Therefore, each animal served as its own
control. For all the MRS procedures, animals were anesthe-
tized using 1.5–2 % of isoflurane in 100 % oxygen.
Anesthesia is often a requirement for MR studies to minimize
movement and also to prevent unnecessary stress to animals.
Since all MRS measurements were performed under anesthe-
sia also before BDL (week 0), all our results were presented as
relative changes compared to the pre-operative scan.
Respiration rate was maintained at 60–70 breaths/min and
body temperature at 37.5–38.5 °C. Animals had unrestricted
access to standard rat chow and water ad libitum for the dura-
tion of study. All procedures were approved by the Committee
on Animal Experimentation for the canton of Vaud,
Switzerland.

Biochemical measurements

Blood samples were taken from the sublingual vein before
BDL and at post-operative weeks 4 and 8. Plasma ammonium,
total and direct bilirubin, alanine aminotransferase (ALAT)
and γ-glutamyl transferase (γ-GT) as markers of liver func-
tion were measured for all rats at all time-points on an
Integra©, respectively a COBAS8000©, automates (Roche,
Switzerland).
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In vivo Magnetic Resonance Spectroscopy (MRS)

In vivo 1H- and 31P-MRS measurements were performed on a
horizontal actively shielded 9.4Tesla system (Magnex
Scientific, Oxford, UK) interfaced to a Varian Direct Drive
console (Palo Alto, CA, USA). A home-built dual transceive
surface coil was used, consisting of a 1H-quadrature coil
(17 mm diameter for each loop) placed above a linearly po-
larized 15 mm diameter 31P-coil. Anatomical T2 weighted
images (multislice turbo-spin-echo sequence, with repetition
time/effective echo time (TR/TEeff)=4000/52 ms, echo train
length=8, field of view=23 mm×23 mm, slice thickness=
1 mm, 2 averages, 1282 image matrix) were acquired in the
axial plane to position the volume of interest (VOI) of 4×7.5×
6.5 mm3 in the middle part of the brain containing different
brain regions (cortex, hippocampus, striatum). This bigger
region non-specific VOI was needed to increase the lower
intrinsic sensitivity of 31P-MRS compared to 1H-MRS. First
and second order shims were adjusted using FAST(EST)MAP
(Gruetter and Tkác 2000) until reaching water resonance
linewidth of 15-18Hz. 1H localized spectra were acquired
using the ultra-short-echo time SPECIAL spectroscopy se-
quence (TE=2.8 ms, TR=4 s, 80 averages) (Mlynárik et al.
2006). To improve signal localisation, outer volume suppres-
sion (OVS) was used and interleaved with water signal sup-
pression by variable power RF pulses with optimized relaxa-
tion delays (VAPOR) (Tkáč et al. 1999).

Metabolite concentrations were calculated by LCModel
(Provencher 2001) using an in vitro measured basis set of
metabolites and the spectrum of macromolecules measured
in vivo (Cudalbu et al. 2012). The ultra-short TE allowed
the in vivo detection of 20 metabolites, which were all includ-
ed in the basis set: alanine (Ala), ascorbate (Asc), aspartate
(Asp), β-hydroxybutyrate (bHB), glycerophosphocholine
(GPC), phosphocholine (PCho), creatine (Cr), phosphocrea-
tine (PCr), γ-aminobutyric acid (GABA), glucose (Glc), glu-
tamine (Gln), glutamate (Glu), glutathione (GSH), myo-
inositol (Ins), lactate (Lac), N-acetylaspartate (NAA), N-
acetylaspartylglutamate (NAAG), phosphoethanolamine
(PE), scyllo-inositol (Scyllo) and taurine (Tau). Absolute me-
tabolite concentrations were obtained using the unsuppressed
water signal from the same VOI as an internal reference. The
Cramer-Rao lower bounds (CRLB) were used as a reliability
measure for the metabolite concentration estimate. Only me-
tabolites with CRLB lower than 30%were considered in each
measurement.

For 31P-MRS, a non-selective adiabatic half passage pulse
was used for excitation and localization was performed with
OVS in x-, y- and z-direction, together with a one dimensional
ISIS in y-direction (TR=5 s, 640 averages) (Mlynárik et al.
2012). VOI and shimming procedure were the same as for 1H
scans. 31P-MR spectra were quantified using AMARES
(Vanhamme et al. 1997) from the jMRUI software (http://

www.mrui.uab.es/mrui/). Absolute PCr concentration
measured in the same VOI by 1H-MRS and estimated by
LCModel was used as a concentration reference to calculate
metabolite absolute concentrations in 31P-MR spectra. All
metabolites were corrected for longitudinal (T1) relaxation
based on published T1 relaxation constants (Tkac et al. 2012).

The high field 31P-MRS allowed to assess cell
membrane anabolic precursors and catabolic metabolites:
phosphomonoesters (PME) represented mainly by PE and
PCho and phosphodiesters (PDE) represented by GPC, all of
which potentially containing small contributions of other
PME or PDE; high energy phosphates (nucleoside triphos-
phates (NTP) and PCr) as well as inorganic phosphate (Pi)
and nicotinamide adenine dinucleotide and nicotinamide ade-
nine dinucleotide phosphate (NAD+NADP) resonance (both
oxidized and reduced form) (Tkac et al. 2012; Mlynárik et al.
2012). The NTP resonances contain mostly ATP signal and
thus are further presented as γ-, α-, and β-ATP resonances.
Using these signals, other calculated parameters of energy
metabolism as ADP concentration, pH, [Mg2+], phosphoryla-
tion potential (PP), percentage of the maximal rate of ATP
biosynthesis (v/Vmax-ATP) and the relative rate of CK reaction
(v/Vmax-CK) were estimated as described in the appendix.

Statistical analysis

All results are presented as mean±SD. One way ANOVA
(Prism 5.03, Graphpad, La Jolla CA USA) with time as re-
peated factor and followed by the Bonferroni’s multi-
comparisons post-test was used to assess significance
(p<0.05) in metabolite’s changes and calculated energetic pa-
rameters. Pearson correlation analysis was performed on all
longitudinally acquired data to test for correlations between
brain metabolites, plasma values and calculated energetic
parameters.

Results

Biochemical measurements

At the time of sacrifice, all BDL rats presented clinical signs of
cirrhosis: jaundice, ascites, hepatomegaly (liver weight=24.4
±4.2 g in BDL rats as compared to 11±1.9 g in sham operated
animals at corresponding age) and macroscopic cirrhosis. To
confirm the presence of CLD in BDL animals, total and direct
bilirubin, ammonium, ALAT and γ-GT were measured in
plasma before BDL and at post-operative weeks 4 and 8. All
BDL rats had plasma parameters in the normal range before
BDL and showed a gradual increase in ammonium (from 60.6
±11.7 to 157±100 μM, p=0.02), total and direct bilirubin
(from non-measurable to 107±17 μM and 105±14 μM re-
spectively, p<0.0001 for both), γ-GT (from non-measurable
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to 55.0±27.4 IU/l, p<0.0001) and ALAT (from 44.0±6.7 to
61.1±32.7 IU/l, p=0.06) (Fig. 1).

Magnetic Resonance Spectroscopy (MRS)

1H- and 31P-MR spectra exhibited excellent signal-to-noise
ratio (SNR) throughout the study. There was clear separation
of Gln and Glu, as well as Cr and PCr, resonances in proton
spectra at all time points. In total, 15 metabolites were precise-
ly quantified in 1H-MRS and 7 metabolites in 31P-MRS. The
bHB and Scyllo signals were included in the basis set but their
concentrations were not reliably estimated (CRLBs >30 %).
Moreover, an increase in water linewidth was observed
8 weeks after surgery probably due to disease evolution,
which decreased the precision in quantifying metabolites at
low concentrations (Ala, Glc, GPC and GSH (CRLBs
>30%)). Consequently, the concentration of these metabolites
was not reported at week 8. Figure 2 shows typical brain 1H-
and 31P-spectra from a BDL rat over the course of 8 weeks.

1H-MRS brain metabolites

1H-MRS showed important changes in brain osmolytes and
neurotransmitters (Fig. 3). A gradual increase in Gln (+
146 % weeks 8 vs 0, p<0.0001) was followed by the decrease
in Ins (−36 % weeks 8 vs 0, p=0.0001). tCho (GPC+PCho)
showed a smaller decrease at week 8 (-21 %, p=0.043). Cr,
known for its role both in energy metabolism and osmoregu-
lation (Bothwell et al. 2002) showed a tendency of decrease at
week 8 (-11 %, p=0.063). Regarding the neurotransmitters,
Glu (-17 %, p=0.015) and Asp (-28 %, p=0.002) showed a
decrease at week 8.

Among metabolites involved in energy metabolism Lac
showed a small increase at week 8 although this did not reach

statistical significance (+18 %, p=0.08). Moreover, while Cr
showed a −10% decrease, PCr displayed no changes through-
out the course of the study (Fig. 3). Glc and Ala tended to
decrease at week 4 without reaching significance (-28 % and -
27 % respectively), but their concentration was not reliably
estimated at week 8.

GSH and Asc are important antioxidants protecting against
oxidative stress. Asc showed no changes while GSH showed a
-41 % decrease at week 4 without reaching statistical
significance.

Finally, NAA, a metabolite believed to be a marker of neu-
ronal function/density (Rae 2014) did not display any modifi-
cations during the study.

31P-MRS metabolites

PE, PCho, GPC, Pi and NAD+NADP concentrations
remained constant throughout the study. The ATP signal
contains resonances from γ-, β- and α-ATP. To increase
the reliability of ATP estimation, we only reported the
concentration of γ-ATP in the present study, since α-
ATP is slightly overlapping with NAD+NADP resonance
and β-ATP was not fully excited by the RF pulse. ATP
concentration tended to decrease only at week 8, on aver-
age by −10 % (p=0.07). The time evolution of PE, PCho,
PCr in the 31P-MRS spectra was very similar to the ones
observed in 1H-MRS spectra.

BDL rats showed a subtle decrease in cerebral pH starting at
week 4, estimated to be the equivalent of a 0.03 pH decrease
(p=0.002) at week 8. No significant change in [Mg2+] was
observed. Calculated ADP values showed a gradual decrease
reaching −28 % at week 8 (p=0.003). It is important to empha-
size that the apparent equilibrium constant of creatine kinase
reaction (KCK), necessary for ADP concentration calculation, is
very sensitive to [Mg2+] and pH. Thus its value was adjusted
individually for each rat to actual ionic conditions based on the
observed [Mg2+] and pH values using published formulas
(Golding et al. 1995). Our KCK constants were 60.5±4.

No significant change was found in mean values for the
high energy phosphate pool represented by PP, while high
variability between BDL rats was observed at week 8.
v/Vmax-ATP was constant over time in all animals, reaching
values near to 100 % throughout the 8 weeks, while a signif-
icant decrease in v/Vmax-CK (-18 %, p=0.012) was measured
in BDL rats at 8 weeks.

Correlations between brainmetabolites and plasma values

Pearson correlation coefficients (r) were calculated to identify
linear dependencies between estimated brain metabolite con-
centrations and plasma values using all time points. Figure 4
shows the most important correlations across all BDL rats at
all time-points with the corresponding linear fits and the 95 %
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Fig. 1 Blood parameters. Levels of total and direct bilirubin, ammonium
(NH4

+), alanine aminotransferase (ALAT) and γ-glutamyl transferase (γ-
GT) in plasma before BDL and at post-operative weeks 4 and 8 presented
as mean±SD; values of total and direct bilirubin and γ-GT were non-
measurable at week 0; significance level: *p<0.05, **p<0.01,
****p<0.0001
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confidence intervals. Since ammonium is considered to be
responsible for many of the changes in HE, we evaluated the
potential correlations between plasma ammonium and all oth-
er plasma and brain metabolites. We identified significant cor-
relations with the following plasma values: total bilirubin (p=
0.002) and γ-GT (p=0.03), and brain: Gln (p=0.007), Ins (p=
0.02), Glu (p=0.03), ADP (p=0.01), pH (p=0.03) and

v/Vmax-CK (p=0.03). As illustrated in Fig. 4, Gln, considered
as ammonium chief’s metabolite, displayed similar correla-
tions with the above. Moreover, Gln displayed further corre-
lations with tCho (p=0.009), Cr (p=0.005) and Asp (p=
0.0004). In addition, ADP correlated with ATP (p=0.002),
pH (p=0.002), v/Vmax-CK (p 0.0001), Glu (p<0.0001), Asp
(p=0.003), Ins (p=0.0005) and Cr (p<0.0001).
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cose (Glc), glutamine (Gln), glutamate (Glu), glutathione (GSH), myo-
inositol (Ins), lactate (Lac), N-acetylaspartate (NAA), N-
acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), taurine
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Discussion

The present study combines high field 31P- with 1H-MRS to
study, for the first time, brain energy metabolism both in vivo
and longitudinally in a rat model of type C HE. In addition,
these methodological advantages offer the opportunity to
study changes in osmolytes, neurotransmitters and other me-
tabolites and correlate them with changes in energy metabo-
lism. The few previous studies exploring energy metabolism
in CLD were designed to measure single time-points rather
than temporal modifications (Bluml et al. 1998; Taylor-
Robinson et al. 1999). Therefore, little is known about early
molecular and energy events in CLD, something which this
study was designed to examine.

Our longitudinal 1H-MRS measurements confirmed the
characteristic increase in brain Gln associated with liver
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disease, which was also discernible directly from the spectra
presented in Fig. 2. Gln increased linearly reaching a 2.5 fold
increase at week 8. We measured a gradual decrease of Ins
together with other osmolytes as tCho and Cr, in agreement
with previously published studies in BDL rats (Chavarria et al.
2013; Bosoi et al. 2014) and CLD patients (Kreis et al. 1992;
Bluml et al. 1998; Taylor-Robinson et al. 1999), suggesting a
compensatory effect for the osmotic imbalance created by Gln
accumulation,. Therefore, as expected, Gln most strongly cor-
related with Ins, consistent with the fact that Ins is considered
as the main astrocytic osmolyte (Lien et al. 1990; Flögel et al.
1995). In the present study, the sum of the main osmolytes (Gln,
Ins, tCho, Cr) was not constant over time, showing a 20 %
increase at week 8. This progressive yet incomplete osmotic
compensation is probably the underlying cause of the observed
minimal brain edema associated with chronic HE, as previously
shown (Cudalbu et al. 2014; Bosoi et al. 2014). Moreover these
changes go along with the appearance of the neurological signs
towards the end stage of the disease, as demonstrated by the
decrease in locomotor activity in the Open Field task using the
same animal model (Leke et al. 2012; Rackayova et al. 2015).
Although these findings are not novel, they show that the chang-
es underlying the characteristic high Gln signature of HE occur
progressively over the course of time.

The pathogenic mechanisms in HE have been repeatedly
associated with disturbances in energy metabolism and neu-
rotransmission systems (in particular glutamatergic and
GABA-ergic), however their direct role is still elusive
(Lavoie et al. 1987; Häussinger et al. 2000; Braissant 2010;
Rama Rao and Norenberg 2012; Schousboe et al. 2014). We
used the combined advantages of ultra-short echo time (TE=
2.8 ms) and a high magnetic field to detect additional brain
metabolites not previously studied in this model of HE in vivo
(i.e. Asp, GABA, Ala, Asc, GSH, PE). In this context, the
increase in Gln in our study was further accompanied by a
decrease of neurotransmitters Glu and Asp. One explanation
for this decrease could be altered neurotransmission.
However, a recent in vivo 13C-MRS study performed in our
laboratory on the same animal model did not reveal any
change in the glutamate-glutamine cycle between astrocytes
and neurons (Lanz et al. 2014). Moreover, in contrast to an
ex vivo study performed on 6 weeks BDL rats (Leke et al.
2011), no important changes in GABA concentrations were
measured in our study. The reduction in Glu could simply be
the result of ammonium detoxification driven by increased
Gln synthesis from Glu in astrocytes without necessarily af-
fecting neurotransmission. The decline in Glu could in turn
induce the decrease in Asp, since the two metabolites are
linked by transamination. In addition, it is important to note
that Glu and Asp play also a crucial role in malate-aspartate
shuttle (Rao and Norenberg 2001).

Increased brain Lac levels are considered as sign of energy
disturbances (Rama Rao and Norenberg 2012; Bosoi et al.

2014) with substantial evidence that increased brain Lac is
associated with the development of brain edema mainly at
comatose stages of HE in ALF models (Chavarria et al.
2010). A recent ex vivo study showed in 6 weeks BDL rats
that a rise in Lac (1.7 fold) and not Gln is a primary player in
the pathogenesis of brain edema in CLD (Bosoi et al. 2014).
Our in vivo longitudinal results are in contrast with these
findings since we observed no significant elevation of Lac in
rats 8 weeks following BDL, confirming the findings of others
in the same animal model and similar brain region (Chavarria
et al. 2013). Although our findings are consistent with a pre-
vious in vivo study that we performed in the hippocampus
(Cudalbu et al. 2014), the different findings of others might
be attributed to the fact that different brain regions were in-
vestigated, and that the differential vulnerability to CLD of
distinct anatomical regions in the brain is incompletely under-
stood. The observed dissimilarities may also be related to
technical differences (ex vivo on a liquid nitrogen frozen tis-
sue after decapitation vs in vivo) or to severity of clinical
symptoms. Indeed, increased brain Lac seems to be associated
with severe HE, while our BDL rats were not in a comatose
stage at 8 weeks following BDL. Finally, the kinetics of Gln
and ammonium in this previous study (Bosoi et al. 2014) (Gln
showed a sharp increase at 2 weeks post BDL and remained
seemingly constant thereafter while ammonium increased
gradually) a pattern very different to the one measured in
our study. Using in vivo MRS, we observed that the rise in
Gln can be different among individuals (i.e. gradual increase,
initial strong increase followed by a plateau, or late increase
only) (Cudalbu et al. 2014) which might eventually lead to
differences in brain metabolism.

Cr and PCr are also involved in energy metabolism. One of
the main benefits of the high spectral resolution obtained in
the present study is the separation of Cr from PCr something
never reported in such details in vivo in BDL rats. In our
study, PCr showed no change over time while Cr showed a
small decrease of −10 % without reaching statistical signifi-
cance. Without any observable changes in PCr, we tend to
believe that the decrease of Cr reflects an osmotic response
rather than altered energy metabolism since Cr was recently
shown to hold osmotic functions (Bothwell et al. 2002).

31P-MRS is a sensitive method to measure energy metab-
olites and thus an excellent tool to study cerebral energy me-
tabolism. Previous studies have yielded contradictory results
regarding the changes of brain high energy phosphates in
CHE. It has been postulated that the discrepancies can be
due to the differences in ammonium exposure or severity
and timing of clinical symptoms (Rama Rao and Norenberg
2012). In acute hyperammonemia models a decrease in brain
ATP has been reported, and has been ascribed to one of two
molecular processes: inhibition of phosphorylation or its in-
creased consumption (Kosenko et al. 1994; Ratnakumari et al.
1995; Ott et al. 2005; Rama Rao and Norenberg 2012).
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Conversely, in CLD, we observed a non-significant decrease
in brain ATP (−10%), while ADP levels dropped significantly
(−28 %) but only at the late stage of the disease. This is in
agreement with a decline in measurable ATP and ADP in
developing mixed cell aggregates exposed to NH4Cl
(Braissant et al. 2002). Moreover, fluctuations in ATP varied
between animals, although this finding did not correlate with
brain Gln concentration or plasma ammonium at any time
point. Due to its small variation, ATP showed few correla-
tions, the strongest being with ADP, while ADP significantly
correlated with the following metabolites: Gln (Fig. 4), Glu,
Asp, Ins and Cr. Since there was no change in the v/Vmax-ATP

the combined decrease in ATP and ADP might suggest defec-
tive nucleotide synthesis or increased degradation rather than
a decrease in TCA cycle function ormitochondrial respiration.
In addition, the total pool of mitochondrial co-enzymes
(NAD+NADP) remained constant. Although speculative,
one might consider that defective nucleotide synthesis may
affect long term brain energy metabolism in a model of CLD.

A few studies using in vivo 31P-MRS in cirrhotic patients
have observed decreased ATP concentrations (Bluml et al.
1998; Taylor-Robinson et al. 1999) while others reported higher
ADP concentrations (Barbiroli et al. 2002). One of the reasons
for these differences can be related to the fact that quantification
of the previous 31P-MRS data was performed by fixing either
ATP or PCr to equivalent values in all patients. However, as
discussed, we observed significant inter-individual variations in
ATP concentrations suggesting that a different approach is war-
ranted. By combining in vivo 31P-MRSwith 1H-MRS, wewere
able to use the absolute PCr concentrationmeasured in the same
VOI by 1H-MRS as a reference value in the 31P-MRS spectra.
Importantly, variations in brain metabolites seem to be region
dependent (Lockwood et al. 1986), which may also account for
the differences observed from one study to the other.

To further understand the molecular mechanisms underly-
ing the neurological changes associated with type C HE, we
analysed the correlations between brain Gln, plasma ammoni-
um and brain energy metabolites. Correlations between plas-
ma ammonium and other measurements remain controversial,
especially in CLDwhere ammonium levels are both lower and
more variable than in ALF (Felipo and Butterworth 2002). In
our study, the strongest correlation of plasma ammonium was
with plasma bilirubin (r=0.65) followed by brain Gln (r=
0.57), suggesting that Gln is probably the first metabolite in-
fluenced by increased blood ammonium or other circulating
compounds not cleared by the diseased liver. Clinically, this
finding makes sense since plasma ammonium and bilirubin
levels rise with increasing liver disease severity. In light of
recent reports, the direct role of bilirubin or bile acids on the
brain should be also considered in CLD-induced HE (Quinn
et al. 2014). Moreover, plasma ammonium and brain Gln
showed similar correlations with other metabolites (i.e. Ins,
Glu, ADP), but those with Gln were stronger (see Fig. 4).

As previously mentioned, one main advantage of performing
MRS at high fields combinedwith ultra-short echo times is the
increased spectral resolution and signal-to-noise ratio
allowing the detection of an important number of brain me-
tabolites something never analysed in such details in HE. In
this context we observed that compared to ammonium, Gln
showed additional and highly significant correlations with
tCho, Cr, Asp. Our results indicate that brain Gln, as a result
of ammonium detoxification, is still a very important driver of
the progressive changes measured in type C HE. However,
this is an area in need of further investigation to comprehend
how these findings contribute to edema and neurological
signs, and to establish the precise molecular mechanisms by
which Gln acts in BDL rats. In addition, it should be noted that
there are other mechanisms that can lead to brain edema, like
oxidative stress, and bile acids.

In conclusion, using in vivo 31P- and 1H-MRS longitudinally
in a rat model of type C HE, we have demonstrated mild chang-
es in some energy metabolites. These modifications were ob-
served in end-stage liver disease concomitant with previously
shown appearance of brain edema and neurological signs.
Therefore, through this unprecedented study using a highly sen-
sitive method in vivo and longitudinally, we can confidently
propose that energy metabolism is not one of the major causes
of early HE symptoms in the establishedmodel of type CHE. In
addition, the results of the present study showed that brain Gln
remains an important metabolite in type C HE and that osmo-
regulation impairment caused by Gln accumulation might be a
contributing factor to brain edema in BDL rats.
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Appendix

Calculations of energy metabolism parameters

Intracellular pH was calculated based on the difference in
resonance frequencies between Pi and PCr signals (δPi) in
ppm (parts per million) using the Henderson-Hasselbalch
equation

pH ¼ 6:75 þ log δPi − 3:29ð Þ
.

5:68 − δPið Þ
h i

ð1Þ
(Petroff and Prichard 1985).
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Similarly, [Mg2+] was assessed from the difference in res-
onance frequencies between β-ATP and PCr signals (δβ-ATP)
in ppm using equation

pMg2þ ¼ 4:24 −log δβ−ATP þ 18:58
� �0:42

= −15:74 − δβ−ATP
� �0:84h i

ð2Þ

(Iotti et al. 1996).
ADP concentration was calculated as

ADP½ � ¼ ATP½ � � Cr½ �ð Þ= PCr½ � � KCKð Þ ð3Þ
with an apparent equilibrium constant of biochemical creatine
kinase reaction (KCK) (where the reactant concentrations are
the sum of all the ionic and metal complex species at specified
pH and [Mg2+]) adapted for each particular pH and [Mg2+] of
each individual rat as described previously (Golding et al.
1995). [ATP], [Cr] and [PCr] were measured by 1H- and
31P-MRS, pH and [Mg2+] from Eqs. (1) and (2) respectively.

The phosphorylation potential (PP) representing the imme-
diately available high energy phosphate pool was calculated
as

PP ¼ ATP½ �= ADP½ � � Pi½ �ð Þ ð4Þ

(Veech et al. 1979).
The percentage of the maximal rate of ATP biosynthesis

(v/Vmax-ATP) was calculated according to

v=Vmax−ATP ¼ 1= 1 þ 0:2= ADP½ � þ 0:13= Pi½ �ð Þ ð5Þ

(Veech et al. 1979; Nioka et al. 1987).
Finally the relative rate of CK reaction (v/Vmax-CK) was

determined from

v=Vmax−CK ¼ ADP½ �= ADP½ � þ Km−ADPð Þð Þ � PCr½ �= PCr½ � þ Km−PCrð Þð Þ ð6Þ

(Veech et al. 1979), with Km- ADP=0.8 mmol/l and Km-

PCr=5.0 mmol/l (Kuby et al. 1954).
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