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Brain edema and the associated increase in intracra-
nial pressure are potentially lethal complications of
acute liver failure (ALF). Astrocyte swelling (cytotoxic
edema) represents a significant component of the
brain edema in ALF, and elevated blood and brain
ammonia levels have been strongly implicated in its
formation. We earlier showed in cultured astrocytes
that oxidative stress (OS) and the mitochondrial per-
meability transition (mPT) play major roles in the
mechanism of ammonia-induced astrocyte swelling.
Glutamine, a byproduct of ammonia metabolism, has
also been shown to induce OS, the mPT, and astrocyte
swelling. Such effects of glutamine were suggested to
be mediated by its hydrolysis in mitochondria, poten-
tially yielding high levels of ammonia in this or-
ganelle and leading to OS and the mPT. L-histidine, an
inhibitor of mitochondrial glutamine transport, was
recently shown to mitigate OS, mPT, and cell swelling
in cultured astrocytes treated with ammonia. The
present study examined whether L-histidine similarly
abolishes OS, the mPT, and brain edema in a rat
model of ALF. Treatment of rats with thioacetamide
caused a significant degree of brain edema, which
was associated with induction of OS and the mPT.
These changes were completely abolished by L-histi-
dine, supporting a key role of mitochondrial glu-
tamine transport and hydrolysis in the mechanism of
the brain edema associated with ALF. (Am J Pathol
2010, 176:1400–1408; DOI: 10.2353/ajpath.2010.090756)

Acute liver failure (ALF) is a life-threatening condition
accounting for approximately 80% mortality in these pa-
tients.1,2 Such high mortality is in part attributable to the
development of severe brain edema, leading to in-

creased intracranial pressure and brain herniation. Cur-
rently, there is no effective treatment for the brain edema
in ALF other than an emergency liver transplantation.2,3

Of several factors implicated in the development of ALF,
ammonia is generally considered an important one as its
levels in blood and brain correlate well with the degree of
encephalopathy and brain edema.4–7

The edema in ALF is believed to be largely “cytotoxic”
because of swelling of astrocytes.5,8,9 Although factors
responsible for astrocyte swelling in ALF are incompletely
understood, pathophysiological levels of ammonia were
shown to result in astrocyte swelling in brain slices,10 as
well as in cultured astrocytes.11–13 Similarly, astrocyte
swelling has been identified in animal models of hyper-
ammonemia,14,15 as well as in experimental and hu-
man ALF.5,8,9

Mechanisms of astrocyte swelling/brain edema in ALF
are poorly understood. Recently oxidative stress (OS)
has been implicated as a major factor in the development
of brain edema.16–18 The mitochondrial permeability tran-
sition (mPT), often a consequence of OS, has also been
shown to result in cell swelling in cultured astrocytes
exposed to pathologically relevant concentrations of am-
monia,19 as well as in vivo models of ALF.20

Although ammonia continues to be a major toxin in
ALF, several lines of evidence indicate that many of the
deleterious effects of ammonia, including seizures,
coma, altered vascular response to CO2, and brain
edema, are a consequence of glutamine, a byproduct of
ammonia metabolism.21–24 High levels of glutamine in
brain and cerebrospinal fluid have been identified in
ALF.25–27 The production of glutamine results from the
action of glutamine synthetase, an enzyme that in brain is
largely localized to astrocytes,28 which likely explains the
involvement of astrocytes in ALF.
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Recent studies using cultured astrocytes documented
that many of the deleterious effects caused by ammonia
are also a consequence of glutamine. Among these in-
clude OS and the mPT,29–31 processes known to contrib-
ute to astrocyte swelling (for reviews, see refs18,32). The
means by which glutamine exerts OS and the mPT have
been postulated to involve the transport of glutamine into
mitochondria, and its subsequent hydrolysis in that or-
ganelle through the action of phosphate-activated glutami-
nase (PAG), potentially resulting in the generation of high lev-
els of ammonia in mitochondria.31 Consistent with this view,
inhibition of glutamine synthesis or its mitochondrial trans-
port and hydrolysis were found to significantly diminish OS,
the mPT and cell swelling in cultured astrocytes.33,34

Although these studies strongly suggest that the trans-
port of glutamine into mitochondria and its subsequent
hydrolysis represent critical processes by which glu-
tamine contributes to astrocyte swelling, such a mecha-
nism has not been investigated in vivo. The present study
examined whether L-histidine, an inhibitor of mitochon-
drial glutamine transport, diminishes the severity of OS,
the mPT, and the brain edema in an in vivo model of ALF.

Materials and Methods

Induction of ALF

ALF was induced in adult male albino Fisher rats (#344;
200 to 250 g, Charles River Laboratories, Wilmington,
MA) by administration of the hepatotoxin thioacetamide
(TAA, Sigma-Aldrich, St. Louis, MO) following the method
of Hilgier et al.35 This model has been used for more than
25 years and has been validated as morphological, and
clinical abnormalities are similar to those observed in
humans.35–40 In unpublished observations, we found that
this model maintained the integrity of the blood–brain
barrier as shown by failure to detect Evans blue in TAA-
treated rat brains after intravenous injection. Additionally,
TAA has no direct effects on brain as it does not cross the
blood–brain barrier.41 In our experience, this model has
shown consistency and reproducibility with regard to the clin-
ical course, as well as in the development of brain edema.

TAA (300 mg/kg i.p) was given to animals daily for 3
days. L-histidine (100 mg/kg, Sigma-Aldrich, St. Louis,
MO) was dissolved in saline and injected (i.p.) daily 2
hours before each TAA injection. To prevent hypoglyce-
mia and dehydration, rats were given 12.5 ml/kg of fluid
therapy (5% dextrose and 0.45% saline with 20 mEq/L of
potassium chloride) every 12 hours, s.c. Normal controls
received saline (vehicle used for TAA), whereas another
group of rats were given L-histidine alone (100 mg/kg)
daily for 3 days. TAA-treated rats were clinically moni-
tored, and stages of encephalopathy were graded ac-
cording to the criteria of Gammal et al39: Grade I, gener-
alized reduction in spontaneous activity; Grade II, mild
ataxia; Grade III, lack of spontaneous movement but with
intact righting reflexes; Grade IV, loss of righting reflex
but intact pain reflex (measured by reaction to tail pinch);
Grade V, coma (unresponsive to sensory stimuli) and loss
of corneal reflexes. Animals were sacrificed at advanced

Grade IV stage, approximately 16 to 24 hours after the
third injection of TAA.

Animals were sacrificed by decapitation and blood
was obtained from the cervical wound for liver function
tests. Blood levels of aspartate and alanine aminotrans-
ferases were determined in control and TAA-treated rats
76 h after the initiation of TAA treatment using the Cobas
automatic analyzer (Roche Diagnostics, Indianapolis,
IN). Cerebral cortex was rapidly dissected and used for
determination of protein levels of hemeoxygenase-1 (HO-
1), as well as the mPT and brain water content. Livers
were excised, fixed in 10% buffered formalin, and pro-
cessed routinely for histological analysis. All experimen-
tal procedures followed guidelines established by Na-
tional Institutes of Health Guide for the Care and Use of
Laboratory Animals and were approved by the Institu-
tional Animal Care and Use Committee.

Brain Ammonia and Glutamine Measurement

Immediately after decapitation, brains were excised and
rapidly frozen in liquid nitrogen and stored at �140°C. At
the time of analysis, brains were weighed, homogenized
in 1 mol/L perchloric acid, and centrifuged at 16,000g for
15 minutes at 4°C. Ammonia and glutamine levels were
measured in the supernatant using commercially avail-
able ammonia and glutamine assay kits following the
manufacturer’s protocol (Sigma–Aldrich, St. Louis, MO).

Brain Glutamine Synthetase Measurement

Glutamine synthetase activities were determined from fro-
zen cortical tissue by the methods of Pamiljans et al.42

Briefly, frontal cortical tissue was homogenized in 10 vol-
umes (w/v) of 0.15 mol/L KCl, and a 0.1 ml aliquot of the
homogenate was incubated in a reaction buffer containing
10 mmol/L MgCl2, 50 mmol/L L-glutamine, 100 mmol/L im-
idazole-HCl (pH 7.4), 10 mmol/L �-mercaptoethanol, 50
mmol/L hydroxylamine hydrochloride (pH 7.4), and 10
mmol/L ATP at 37°C for 15 minutes. The reaction was
terminated by the addition of a mixture of 0.67 mol/L HCl
and 0.2 mol/L trichloroacetic acid. The precipitate was
centrifuged, and the absorbance of the supernatant was
measured at 530 nm and compared with the absorbance
generated by known concentrations of �-glutamyhy-
droxamate that were treated with the ferric chloride re-
agent. Activity was expressed as �mol/mg protein/h.

Brain PAG Measurement

PAG activity was determined by the method of Roberg et
al.43 Briefly, frontal cortical tissue was homogenized in 10
volumes (w/v) of buffer containing 250 mmol/L D-manni-
tol, 70 mmol/L sucrose, 10 mmol/L HEPES, (pH 8.6).
Homogenates (100 �l) were incubated at 37°C for 1 hour
in 30 mmol/L glutamine, 1 mmol/L potassium EDTA, and
150 mmol/L potassium phosphate buffer. The reaction
was terminated by addition of ice-cold 70% ethanol, and
the samples were centrifuged for 5 minutes at 12,000g at
4°C. The amount of glutamate produced by the PAG
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reaction wasmeasured by spectrofluorometry. Briefly, 50 �l
of ethanol extract was added to a buffer containing 1.5
mmol/L NAD, 0.23 mmol/L ADP, 0.03% H2O2 in 50 mmol/L
Tris-HCl (pH 8). The reaction was started by the addition of
five units glutamate dehydrogenase, and 30 minutes after
incubation at room temperature the absorbance was mea-
sured at 340 nm and compared with the absorbance gen-
erated by known concentration of L-glutamate standards.
Activity was expressed as nmol/mg protein/min.

Hemeoxygenase-1 Determination

Brain samples from frontal cortex were homogenized in
ice-cold lysis buffer (50 mmol/L Tris–HCl pH 7.6, 150
mmol/L NaCl, 50% glycerol 1% NP-40, containing a pro-
tease inhibitor cocktail (Roche Applied Science) and
centrifuged at 12,000g for 15 minutes. Protein concentra-
tions were measured using the bicinchoninic acid method
(Bio-Rad Laboratories, Hercules, CA). Equal amounts of
protein were subjected to gel electrophoresis as previ-
ously described,44 and the gels were transferred to poly-
vinylidene difluoride membranes. After blocking with
nonfat dry milk, membranes were incubated with rabbit
anti-hemeoxygenase-1 (1:1000, Millipore, CA) and
mouse anti–�-tubulin antibodies (1:1000, Oncogene,
CA). Anti-rabbit and anti-mouse horseradish peroxidase-
conjugated secondary antibodies (Vector Laboratories)
were used at 1:1000. The peroxidase activity was detected
by chemiluminescence using the ECL detection system
(Amersham, Arlington Heights, IL). Optical density of the
bands was determined with the Chemi-Imager (� Innotech,
San Leandro, CA) digital imaging system, and the results
were quantified with the Sigma Scan Pro (Jandell Scientific,
San Jose, CA) program as a proportion of the signal of a
housekeeping protein band (�-tubulin).

Measurement of the mPT

Induction of the mPT was determined by the 2-deoxyglu-
cose (2-DG) entrapment method.45 This method is based
on the principle that [3H]�2-DG enters the cell via the
glucose transporter present on the plasma membrane,
and is then phosphorylated by hexokinase to [3H]�2-
deoxyglucose-6-phosphate ([3H]�2-DG-6P) in the cyto-
plasm. As the inner membrane of normal mitochondria is
not permeable to [3H]�2-DG-6P, very little label will be
found in mitochondria of normal cells. However, when the
mPT is induced, [3H]�2-DG-6P enters mitochondria
through the permeability transition pore, which then equili-
brates with the cytosolic pool of the isotope. Closure of the
permeability transition pore at this stage with the Ca2�

chelator EGTA results in entrapment of [3H]�2-DG-6P
within mitochondria. The presence of labeled [3H]�2-DG-
6P within mitochondria provides a measure of the mPT.

Rats in each experimental group were injected with 0.2
ml of [3H]�2-DG (20 �Ci/ml) 2 hours before sacrifice. The
cerebral cortex was homogenized in 0.32 mol/L sucrose
containing 1 mmol/L EGTA, 10 mmol/L Tris-HCl, and 2.5
�mol/L cyclosporin A so as to prevent opening of the
permeability transition pore. An aliquot (1 ml) of homog-

enate was saved for measurement of total radioactivity,
the remainder was centrifuged at 4000g for 5 minutes,
and the supernatant was recentrifuged at 12,000g for 20
minutes. The pellet was washed two times with homoge-
nization buffer and recentrifuged. The final pellet contain-
ing mitochondria was suspended in homogenization
buffer without cyclosporin A. The radioactivity present in
brain homogenates and in the mitochondrial fraction was
determined after precipitating these fractions with 5%
perchloric acid. The supernatants were collected and
neutralized with 3 mol/L potassium bicarbonate and cen-
trifuged at 10,000g for 20 minutes. The final supernatants
were transferred to scintillation vials and the radioactivity
was determined. The purity of the mitochondrial fraction
was assessed by measuring the activity of citrate syn-
thase,46 and the radioactivity present in themitochondrial frac-
tion was normalized to citrate synthase activity. The results
were expressed as the ratio of units of [3H]�2-DG-6P present
in the mitochondrial fraction versus homogenate.

Measurement of Brain Edema

Brain water content was determined by the wet/dry
weight method. Approximately 10 mg tissue (three to four
pieces from each animal) of cerebral cortex was dis-
sected; wet weights of tissue were determined; tissue
was dried overnight in an oven at 120°C; and dry weights
determined. The difference in wet/dry weights was ex-
pressed as percent water content.

Statistical Analysis

Data are represented as mean � SEM. The data were
subjected to analysis of variance followed by Neuman–
Keuls posthoc analysis. The mPT and brain water content
measurements were repeated at least three times with
three rats in each experimental group. Brain ammonia
and glutamine levels, as well as glutamine synthetase
(GS), PAG, activities and HO-1 protein were determined
in triplicate in each sample obtained from 4 separate
animals in each experimental group. The statistical anal-
ysis showing P � 0.05 was considered significant.

Results

Assessment of ALF

TAA-treated rats appeared normal during the first 40
hours after the first administration of TAA. Between 40
and 60 hours, rats gradually developed Grade I enceph-
alopathy. These symptoms progressively worsened over
time, and by approximately 60 to 72 hours the animals
evolved to Grade II to III encephalopathy. This was fol-
lowed by a rapid progression into Grade IV stage (at
approximately 80 hours), at which time rats displayed
loss of righting reflexes, and unresponsiveness to pain,
followed by reduced corneal reflexes. In TAA-treated
animals given L-histidine, the progression of symptoms
was delayed by approximately 12 hours as compared
with rats treated with TAA alone.
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The extent of liver injury was assessed by serum ala-
nine aminotransferase and aspartate aminotransferase lev-
els. Alanine aminotransferase activity was increased 60-fold
in TAA-treated animals as compared with controls (TAA,
6700 � 380 U/L versus control, 109 � 26 U/L). Aspartate
aminotransferase activity showed a fivefold increase in
TAA-treated animals as compared with controls (TAA
1235 � 180 U/L versus control 221 � 45 U/L). Histological
assessment of the liver displayed centrolobular necrosis
involving approximately 40% of the liver (data not shown).
L-histidine treatment did not protect against TAA-induced
liver injury as assessed by serum aminotransferase levels
as well as by histology (data not shown).

Effect of L-Histidine on Brain Ammonia and
Glutamine Levels in Rats with ALF

Rats with ALF resulted in a threefold increase in brain
ammonia levels in TAA-treated rats as compared with
untreated controls. Similarly, brain glutamine levels were
increased 2.5-fold in TAA-treated rats compared with
untreated controls (Figure 1, A and B). Administration of
L-histidine to TAA-treated rats had no effect on ammonia
or glutamine levels as compared with TAA-treated rats
alone (Figure 1). Ammonia and glutamine levels in normal
rats treated with L-histidine alone were unaffected.

Effect of L-Histidine on Brain GS Activity in Rats
with ALF

Rats with ALF showed a 30% (P � 0.05) reduction in GS
activity (despite increased glutamine levels), in agree-
ment with an earlier report using another model of ALF47

(Figure 2). L-histidine treatment did not affect the GS
activities in rats with ALF. Treatment of normal rats with
L-histidine alone had no effect on GS activity.

Effect of L-Histidine on Brain PAG Activity in
Rats with ALF

Rats treated with ALF showed no changes in PAG activity
(Figure 3), which is consistent with earlier reports by

Albrecht et al48 in rats with ALF induced by TAA. Like-
wise, L-histidine treatment had no effect on PAG activity
in rats with ALF. Treatment of normal rats with L-histidine
alone also had no effect on PAG activity.

Effect of L-Histidine on HO-1 Protein Expression
in Rats with ALF

Protein expression of HO-1 in frontal cortex of TAA rats
showed a significant increase (34%, P � 0.05). Treatment
of TAA rats with L-histidine completely abolished this
increase (Figure 4). Treatment of normal rats with L-
histidine alone had no effect on HO-1 protein expression
(data not shown).

Figure 1. Brain ammonia (A) and glutamine (B) levels in ALF rat. Values
were mean � SEM of triplicate measurements in samples obtained from four
separate animals in each experimental group. *P � 0.01 versus control (C).
TAA indicates thioacetamide; Hist, L-histidine (100 mg/kg, i.p).

Figure 2. Brain glutamine synthetase activity in ALF rat. Values were mean �
SEM of triplicate measurements in samples obtained from four separate
animals in each experimental group. *P � 0.01 versus control (C). There was
no statistical difference between TAA versus TAA� Hist.

Figure 3. Brain PAG activity in ALF rat. Values were mean � SEM of triplicate
measurements in samples obtained from four separate animals in each
experimental group.
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Effect of L-Histidine on the Induction of the mPT
in Brains of Rats with ALF

ALF resulted in the mPT as demonstrated by a significant
increase (80%, P � 0.01) in mitochondrial [3H]�2-DG-6P
content. L-histidine (100 mg/kg) completely blocked the
induction of the mPT (Figure 5). Lower concentrations of
L-histidine (25 and 50 mg/kg) also completely blocked
the mPT (data not shown).

Effect of L-Histidine on Brain Edema in Rats
with ALF

Rats treated with TAA showed a 2.9% (P � 0.01) increase
in brain water content as compared with saline-treated
controls (controls and TAA-treated rats were 78.7 � 0.5%
versus 81.05 � 0.9%, respectively). L-histidine (100 mg/
kg) completely inhibited the brain edema in TAA-treated
rats (Figure 6). Similar to the mPT, lower doses of L-
histidine (25 and 50 mg/kg) also completely blocked the
brain edema in TAA rats (data not shown).

Discussion

This study demonstrates that rats with TAA-induced ALF
develop brain edema as shown by an increase in brain
water content (2.9%). The degree of edema observed in
this study is similar to that of other models of ALF induced
by hepatic devascularization47,49,50 and by the hepato-
toxin galactosamine,51 as well as in hyperammonemic
rats.24 Rats with ALF also showed increased protein ex-
pression of HO-1, a marker of OS,52–54 in agreement with
the findings of Jiang et al.55,56 We also identified the
development of the mPT, consistent with our previous
studies in ammonia-treated cultured astrocytes.57 The
systemic administration of L-histidine completely abol-
ished the HO-1 protein overexpression, induction of the
mPT, and brain edema in TAA-treated rats.

Cytotoxic brain edema, principally attributable to as-
trocyte swelling, is the major neuropathological finding in
ALF.5,8,9 Various studies have documented that glu-
tamine, a product of ammonia metabolism, plays a major
role in the development of the brain edema in ALF. A
strong correlation between blood, brain, and cerebrospi-
nal fluid levels of glutamine and the magnitude of intra-
cranial pressure have been reported in ALF.58,59 Addition-
ally, inhibition of glutamine synthesis by methionine
sulfoximine attenuates the brain edema in experimental
models of hepatic encephalopathy and hyperammone-
mia,15,23,24 and reduces cell swelling in cultured astrocytes
exposed to ammonia.34,60 For reviews, see refs.31,61

Figure 4. Effect of L-histidine in hemeoxygenase (HO-1) protein expression
in rats with ALF. The density of protein bands are expressed as mean � SEM
percentage values of triplicate measurements in samples obtained from four
separate animals in each experimental group. *P� 0.05 versus control; **P�
0.01 versus TAA.

Figure 5. Effect of L-histidine on the mPT in mitochondria from brains of rats
with TAA-induced ALF. Values represent the ratio of DPM/unit citrate syn-
thase/DPM/mg homogenate. This ratio was obtained by first normalizing the
DPM of [3H]�2-DG-6P in the mitochondrial fraction per unit citrate synthase
(a mitochondrial marker), and then divided by [3H]�2-DG-6P DPM values
from brain homogenates which were normalized to mg protein. Values in
each experimental group represent mean � SEM (n � 9). *P � 0.05 versus
control; **P � 0.01 versus TAA.

Figure 6. Effect of L-histidine on brain edema in ALF. Values in each exper-
imental group represent percent brain water content of cortical sections
(weighing �10 mg) obtained from nine rats in each experiments.
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The precise mechanism by which glutamine results in
brain edema is not clear. A commonly held view is that
glial accumulation of glutamine leads to an osmotic shift
of water into astrocytes, resulting in their swelling (os-
molyte hypothesis).62 Although this view strongly sup-
ports a concordance between cerebral ammonia metab-
olism and astrocyte swelling, the osmolyte hypothesis
appears to be at variance with reports documenting a
reduction of brain edema by various modalities in the
absence of a commensurate reduction in cerebral glu-
tamine concentration.63–65 Furthermore, a recent study
showed an absence of temporal correlation between glu-
tamine concentration and the extent of cell swelling in
ammonia-treated cultured astrocytes.66

Another mechanism postulates that glutamine acts to
induce OS and the mPT, and that these two factors are
ultimately responsible for cell swelling.31 OS is known to
contribute to the evolution of astrocyte swelling in culture
and in brain slices.44,67–71 OS also has been shown to
contribute to brain edema in ALF55 (for reviews see
refs16,18). Studies have documented that ammonia and
its metabolite glutamine both produce OS.16,30,72 Consis-
tent with the role of OS in ALF, a recent preliminary
investigation showed the oxidation and nitration of sev-
eral proteins in cerebral cortex of rats treated with TAA,
and that antioxidants significantly abolished the brain
edema in these animals.20

One consequence of OS is induction of the mPT,73 a
phenomenon characterized by a sudden increase in the
permeability of the inner mitochondrial membrane attrib-
utable to the opening of the permeability transition pore.
This results in the collapse of inner mitochondrial mem-
brane potential, leading to defective oxidative phosphor-
ylation and bioenergetic failure (for reviews on the mPT,
see refs74,75). Ammonia and glutamine both have been
shown to induce the mPT in cultured astrocytes,29,57

which was diminished by treatment with antioxidants,29,76

consistent with a role of OS in the induction of the mPT.
The mPT has been shown to contribute to astrocyte swell-
ing by ammonia, as cyclosporin A, an inhibitor of the
mPT, completely blocked such swelling.19 The present
study showing the induction of the mPT in TAA-treated
rats suggests that it might also contribute to the brain
edema in ALF. Indeed, our preliminary investigations re-
port a significant diminution of brain edema in TAA-
treated rats given the mPT inhibitor cyclosporin A.20 The
means by which the mPT likely contributes to brain
edema is not known. However, it is notable that the mPT
also represents an additional source of OS,77,78 a factor
that is known to cause brain edema.18 Furthermore,
bioenergetic failure, conceivably resulting from the in-
duction of the mPT, may also contribute to brain edema
in ALF. While studies document a depletion of ATP
levels in cultured astrocytes exposed to ammonia,34

changes in brain ATP levels in ALF are controversial.
Nevertheless, alterations in cerebral energy metabolism
leading to depletion of brain levels of ATP have been
consistently documented in animals models chronic HE
and hyperammonemia (for review, see ref79).

It should be noted that the cellular source of mitochon-
dria undergoing the mPT in brains of rats with ALF is not

known. Nevertheless, evidence suggests that astrocytes
are the principal cells affected in both acute and chronic
liver failure, whereas neuronal injury is generally not ob-
served except in the agonal phase of ALF.80 Additionally,
in vitro studies document that pathophysiological levels of
ammonia results in induction of the mPT in astrocytes but
not in neurons.33,57 It is therefore reasonable to assume
that the mPT occurred in astrocyte mitochondria in ALF
and that it would have contributed to the brain edema.

Although these studies suggest that OS and the mPT
likely induced by glutamine (derived from ammonia) rep-
resent major factors in the development of astrocyte
swelling/brain edema in ALF, the means by which glu-
tamine induces OS and the mPT are not completely clear.
It was previously shown that OS and the mPT after treat-
ment of cultured astrocytes with glutamine were dimin-
ished by 6-diazo-5-oxo-L-norleucine (DON), an inhibitor
of mitochondrial PAG.33 Likewise, DON significantly in-
hibited cell swelling caused by ammonia in cultured as-
trocytes.33 It should be emphasized that part of the glu-
tamine synthesized in astrocytes is transported into
mitochondria where it is then hydrolyzed to glutamate
and ammonia by PAG,81,82 potentially yielding high levels
of ammonia in mitochondria that could trigger OS and the
mPT. Such OS and the mPT generated in mitochondria
would likely contribute to the astrocyte swelling/brain
edema observed in hyperammonemic states.31

Although studies in cultured astrocytes support the
view that mitochondrial hydrolysis of glutamine (by the
action of PAG) represents an important mechanism for
astrocyte swelling, the induction of OS and the mPT, it
should be noted that the presence of mitochondrial PAG
in astrocytes in vivo is debatable. One study reported that
in cerebellum PAG was localized in neurons but not in
astrocytes.83 However, studies by Subbalakshmi and
Murthy84 and Rao and Murthy85 have shown glutaminase
activity in astrocytes bulk-isolated from adult rat brain.
Similarly, enzyme histochemical studies showed its pres-
ence in astrocytes in vivo.86 More definitively, a recent
immunohistochemical study documented that astrocytes
in vivo do in fact express PAG.87

Consistent with studies on the effect of DON in abol-
ishing OS and the mPT in cultured astrocytes, a recent
report documented that L-histidine, a known inhibitor of
glutamine transport into brain mitochondria,88–90 also
significantly blocked the ammonia-induced cell swelling
in cultured astrocytes.34 Likewise, L-histidine abolished
OS and the mPT induced by ammonia.34 L-histidine is an
essential amino acid that readily crosses the blood–brain
barrier.91 AFter systemic administration of L-histidine
(1000 mg/kg) to rats, its levels were found to be in-
creased in brain (230%), and such high levels persisted
for up to three hours,92 indicating that L-histidine readily
enters the brain and its level remains elevated for long
periods of time.

The present in vivo study shows that L-histidine com-
pletely inhibits HO-1 overexpression (a marker of OS), the
mPT, and the brain edema. We examined whether these
effects might be attributable to its interference with the
brain levels of ammonia and glutamine. However, ammo-
nia and glutamine levels were unaltered, and the activity
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of glutamine synthetase was not changed in TAA-treated
rats given L-histidine (Figures 1 and 2). These studies
illustrate that the effect of L-histidine might be mediated
by pathways downstream of glutamine synthesis, likely
by inhibiting the transport of glutamine into mitochondria
and its subsequent hydrolysis.

Similar to studies with GS, we examined for a potential
interference of L-histidine on brain PAG activity in TAA-
treated rats. PAG activity was found to be unaltered in
TAA-treated rat brains, and L-histidine had no effect on
PAG activity (Figure 3). The absence of changes in PAG
activity is consistent with earlier reports by Albrecht et
al.48 These data, however, do not negate the view that
mitochondrial hydrolysis of glutamine, yielding high lev-
els of ammonia, likely represent the mechanism for OS,
the mPT, and brain edema in ALF. Thus, whereas L-
histidine does not interfere with PAG activity, the protec-
tive effect of L-histidine is likely mediated by diminishing
the transport of glutamine into mitochondria, resulting in a
reduction in glutamine hydrolysis, along with a commen-
surate reduction in ammonia generation in mitochondria.

In addition to its ability to block mitochondrial glu-
tamine transport, L-histidine is known to possess antiox-
idant properties,93 particularly against singlet oxygen
species.94 Studies showing the neuroprotective effects of
L-histidine, including a reduction in brain edema in cryo-
genic injury,95 were suggested to be mediated by reduc-
ing OS. It is however not known whether the ability of
L-histidine to inhibit OS and brain edema in TAA-treated
rats is mediated by its free radical–scavenging effect.
Obata et al96 report that only high concentrations of
L-histidine (�25 mmol/L) inhibited free radical production
in rat striatum caused by 1-methyl-4-phenylpyridinium ion
(MPP�). Although brain levels of L-histidine were not
measured in our study, a report by Tyfield and Holton97

showed that the systemic administration of L-histidine
(500 mg/kg), a fivefold higher concentration than that
used in the present study, resulted in brain L-histidine
levels of only 1 mmol/L, a concentration insufficient to
exert an antioxidant effect.

Whereas our study showed that L-histidine protected
rats against TAA-induced brain edema and delayed the
clinical progression of ALF, a report examining the role of
histidine on brain histamine levels noted that L-histidine
(500 mg/kg) did not show improvement in neurological
symptoms nor did it influence the timing of coma in rats
with ALF induced by hepatic devascularization.98 This
study did not assess brain edema. It is possible that the
devascularization model, which results in complete liver
necrosis leading to a very early onset of coma (14 hours),
may be too severe for histidine to show any protective
effect. In contrast to their model, rats with ALF induced by
TAA showed a lesser degree of hepatocellular necrosis
(approximately 40%). Furthermore, the appearance of
neurological symptoms, as well as the onset of coma,
was significantly delayed (neurological deterioration ini-
tiated at approximately 60 hours after first administration
of TAA and rats did not become comatose until 80 hours
later). It is possible that a lesser severity of liver injury with
TAA may explain the ability of L-histidine to provide neu-
roprotection. It is also possible that the relatively large

concentration (500 mg/kg) of L-histidine used by these
investigators may have resulted in adverse neurological
effects.

In summary, our study demonstrates that L-histidine,
an agent known to inhibit mitochondrial glutamine trans-
port, blocks OS, the mPT, and brain edema formation in
experimental ALF. These studies suggest that the trans-
port of glutamine into mitochondria, followed by its hy-
drolysis, potentially yields high levels of ammonia in mi-
tochondria, likely resulting in OS and the mPT, and brain
edema. L-histidine may represent a potentially useful
therapeutic agent for the brain edema associated with
acute liver failure.
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