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Abstract

Glutamine synthetase (GS) is highly active in astrocytes, and these cells are physiologically and
morphologically compromised by hyperammonemia. Hyperammonemia in end-stage acute liver
failure (ALF) is often associated with cerebral edema and astrocyte pathology/swelling. Many
studies of animal models of hyperammonemia, and, more recently, nuclear magnetic resonance
studies of liver disease patients, have shown that cerebral glutamine is elevated in
hyperammonemia, contributing to the edema and encephalopathy. The GS inhibitor L-methionine-
SR-sulfoximine (MSO) is protective in animal models against acute ammonia intoxication. MSO
is also an inhibitor of glutamate cysteine ligase, is converted to metabolic products, and causes
convulsions at high doses. However, the susceptibility to MSO-induced convulsions is species
dependent, with primates being relatively resistant. Moreover, it is possible to chronically
maintain cerebral GS activity in mice at low levels by MSO treatment without any obvious
untoward effects. Furthermore, MSO is protective in a mouse model of ALF. Extreme caution
would be needed in administering MSO to patients. Nevertheless, inhibition of brain GS by MSO
(or other GS inhibitors) may have therapeutic benefit in ALF.

Keywords

Acute liver failure; ammonia; astrocytes; glutamine; glutamine synthetase; L-methionine-SR-
sulfoximine

Introduction

Hyperammonemia is a major contributor to the neuropathology associated with both chronic
and acute liver failure (ALF). The glutamine synthetase (GS) reaction (Eq. 1) is the major
route for removing cerebral ammonial. Although the exact mechanism is debated there is
considerable evidence obtained from experimental animal models of ALF that excess
ammonia leads to increased cerebral glutamine, which is a major factor contributing to
excess water content and increased intracranial pressure (e.g. Desjardins et al 2012).
Therefore, we have suggested that a selective inhibitor of GS, such as L-methionine-SR-
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LAmmonia free base (NH3) has a pKg of ~9.2. Thus, under normal intracellular physiological conditions (pH 7.2 — 7.4) ammonia
exists predominantly (~99%) as the conjugate acid, ammonium (NH4™). For convenience, ammonia is used throughout the text to
indicate the sum of NH3 plus NH4*.
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sulfoximine (MSO)Z, may have beneficial effects in ALF by lowering brain glutamine and
correcting water balance (Brusilow et al 2010).

L—Glutamate+NH,T+ATP & L—Glutamine+ADP+P; (1)

The GS-catalyzed reaction proceeds through a tetrahedral phosphate intermediate (Figure
1A). MSO binds in the active site as a glutamine mimic and is phosphorylated on the imine
N. The phosphorylated compound acts as a stable tight binding intermediate (Figure 1B)
(Meister 1980).

Importance of the liver for ammonia homeostasis

Ammonia is generated throughout the body, including the brain, via many reactions (Cooper
and Plum 1987). In the liver, ammonia is incorporated into urea and excreted. However,
extrahepatic tissues do not contain a complete urea cycle and largely rely on GS to remove
ammonia. Glutamine released from extrahepatic tissues, including the brain, is taken up by
the periportal cells of the liver where it is hydrolyzed to glutamate and ammonia. This
ammonia serves as a precursor of urea. Perivenous cells are highly enriched in GS.
Effectively, the periportal cells remove glutamine and perivenous cells release glutamine.
The liver thus acts as a rheostat for homeostatic control of circulating glutamine and
ammonia (Brosnan and Brosnan 2009).

Disruption of ammonia homeostasis in liver disease

Damage to the liver compromises the glutamine rheostat. As a result, blood ammonia and
glutamine levels rise substantially. Normal ammonia concentrations in human plasma/blood
are <40 uM (slightly higher in rodents). However, during hyperammonemia as a result of
liver disease, defects of the urea cycle or some other inborn errors of metabolism, blood
ammonia levels may rise substantially. Although blood ammonia levels may fluctuate
widely, the degree of hepatic encephalopathy (HE) in liver disease patients correlates
approximately with blood ammonia, averaging about 200 .M in patients with grade 4 HE
(Ong et al. 2003). But how does blood ammonia correlate with brain ammonia? This is an
important question because many investigators subject brain slices or neural cells in culture
to 5 mM ammonium to simulate hyperammonemic brain.

In order to obtain reliable estimates of the concentrations of ammonia and other rapidly
turning over cerebral metabolites, quenching of metabolic processes must be extremely
rapid. Decapitating a mouse and allowing the severed head to fall into liquid nitrogen or
even immersing the whole mouse in liquid nitrogen will not freeze the brain rapidly enough
to prevent ischemia/hypoxia-induced changes of compounds that are metabolically labile
(Pontén et al 1973). To overcome this problem Pontén et al (1973 and references cited
therein) introduced a method in which the cortex of an anesthetized, paralyzed and
ventilated rat is frozen in situ. A second technique to rapidly arrest cerebral metabolism is
“freeze blowing” in which the forebrain of an immobilized rat is rapidly extruded through a
hollow needle and frozen against a block of aluminum precooled to the temperature of liquid
nitrogen (Veech et al 1973). A third technique is focused microwave irradiation.

It is not possible to obtain human post mortem brain tissue rapidly enough to prevent
perturbed ammonia metabolism. Therefore, we have relied on ammonia measurements in

2Commercially available MSO exists as a pair of diastereoisomers (L,Sand L,R). The L,Sdiastereoisomer is a potent GS inhibitor,
whereas the L,R diastereoisomer is not (Rowe and Meister 1970). In some studies, as noted in the text, a mixture of D,L-methionine-
SR-sulfoximine isomers was used.
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rapidly frozen rat brain as a surrogate for human brain ammonia (Table 1). In our hands, the
normal concentration of rat brain ammonia is ~0.18 mM, rising to ~0.27 mM in portacaval
shunted (PCS) rats (a model of chronic liver disease) and ~0.42 mM in urease-treated rats (a
model of acute hyperammonemia). When rats were pretreated with MSO brain ammonia
levels increased to ~0.82 mM. Ammonium acetate infusion resulted in brain ammonia close
to 1 mM. Brain ammonia exceeded 1 mM only when MSO-treated rats were infused with
ammonium acetate.

Our data for cerebral concentrations of ammonia in normal and hyperammonemic rat brain
agree well with data obtained with microwaved rodent brain (Hawkins et al 1993; Mans et al
1994). In an earlier paper, Mans and colleagues (1979) used the brain blowing technique to
measure brain ammonia in normal rats, PCS rats, and rats subjected to PCS plus hepatic
artery ligation. The reported values were 0.36 + 0.04, 0.52 + 0.04 and 3.90 + 0.44 umol/g
wet weight. However, the normal brain ammonia concentration reported in this study is
higher than that reported later using the microwave focusing technique of 0.166 + 0.006
(Hawkins et al 1993) and 0.222 + 0.048 umol/g wet weight (Mans et al 1994). In summary,
normal values of rat brain ammonia are ~0.18 mM (corrected for 80% water content).
Values over 2 mM, often used in in vitro experiments, may therefore be supra physiological.

Importance of GS in the cerebral metabolism of ammonia in normal and
hyperammonemic brain

Work from our laboratory using 13N (positron-emitter; t1/» 9.96 min) as a tracer has shown
for rat brain: 1) ammonia metabolism is very rapid (seconds); 2) the overwhelming route
(~95%) for the metabolism of blood-derived and cerebrospinal fluid (CSF)-derived
ammonia under normal conditions is GS-catalyzed incorporation into the amide group of
glutamine; 3) the GS reaction is also the major route for removal of ammonia in PCS rats
and urease-treated rats; 4) in MSO-treated rats, in which the brain GS reaction is inhibited
by ~85%, the incorporation of blood-derived [13N]Jammonia into glutamine is greatly
curtailed; and 5) in MSO-treated rats there is no additional mechanism to effectively remove
ammonia, and brain ammonia rises and glutamine falls (Cooper et al 1979, 1983, 1985)
(Figure 2).

In the brain, GS is located primarily in astrocytes (Norenberg and Martinez-Hernandez
1979) — an important feature of the cerebral glutamine cycle. In this cycle, glutamate
released during neurotransmission is taken up largely by astrocytes and converted therein to
glutamine. In turn, glutamine is released to the extracellular space to be taken up by neurons.
In the neurons, glutaminase converts glutamine to glutamate and ammonia, thereby
completing the cycle. Flux through the glutamine cycle appears to be about 25% that of the
TCA cycle in normal rat brain (Sibson et al 2001). Nuclear magnetic resonance
spectroscopy studies indicate that the GS rate in normoammonemic rat brain is ~0.18 — 0.2
pumol/min/g rising to ~0.3 — 0.4 pmol/min/g in hyperammonemia (Sibson et al 2001; Duarte
et al 2011; reviewed by Cooper 2012). These results show that the rat brain has the capacity
to increase flux into glutamine during hyperammonemia despite the fact that the level of
brain GS may be decreased slightly as a result of hyperammonemia (Cooper et al 1985;
Desjardin et al 2012). This finding is consistent with the K, reported by Pamiljans et al
(1962) of 0.18 mM for ovine brain GS and a likely concentration of ammonia in astrocytes
of <0.18 mM. Moreover, using positron emission tomography and [13N]Jammonia, Keiding
et al. (2006) reported net metabolic fluxes of ammonia from blood to brain (and presumably
trapping of most of the label as intracellular glutamine) in the cerebral cortex of healthy
controls, patients with liver cirrhosis without HE, and liver cirrhosis patients with HE of 2.6,
7.4 and 13.4 umol/min/L tissue, respectively. This finding is additional evidence that brain
GS is not normally saturated with ammonia.

Metab Brain Dis. Author manuscript; available in PMC 2014 June 01.
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MSO is beneficial in animal models of hyperammonemia

Warren and Schenker (1964) showed that prior administration of MSO protected mice
against a lethal dose of ammonia. This finding has been confirmed in many subsequent
animal studies (reviewed in Brusilow et al 2010). Table 2 lists several protective effects
afforded by MSO against neuropathological changes in acutely hyperammonemic rats.
Because astrocytic GS is not normally saturated with ammonia, hyperammonemia results in
increased glutamine synthesis. Eventually, this increased synthesis (perhaps together with an
ammonia-induced decrease in glutamine transport (Desjardin et al 2012)) results in
pathological accumulation of glutamine in astrocytes (Brusilow et al 2010). As noted in the
introduction, this increased glutamine is often associated with increased water content in the
brains of experimental hyperammonemic animals with ALF, a finding that has been
confirmed in patients with ALF by nuclear magnetic resonance techniques (Chavarria et al
2011). Thus, a GS inhibitor, such as MSO, may be neuroprotective against
hyperammonemia in human ALF.

Prior exposure of human subjects to MSO

Early last century it was noted that many hunting dogs in the southern US and in the UK
were prone to running fits. Eventually it was realized that the fits were due to ingestion of
biscuits made with agenized flour (i.e. flour bleached with NCl3) (Mellanby 1946). The
toxic principal was later identified as MSO resulting from the modification of methionine
protein residues in the agenized flour. MSO is released to the circulation following
proteolytic digestion of the agenized flour (Bentley et al 1951). Shortly thereafter it was
recognized that MSO is a potent in vitro and in vivo inhibitor of GS (Pace and McDermott
1952; Sellinger and Weiler 1963 and references cited therein).

Because flour used for human consumption had been bleached with NCl3 for many years a
sizable population of the human population in the US and UK had unwittingly been exposed
to chronically low levels of MSO for decades as a result of ingestion of agenized flour.
Bleaching of flour by NCl3 was banned in the US and UK by late 1948, but there was
considerable concern at the time that neurological damage may have occurred in a
considerable portion of the US and UK populations as a result of long-term ingestion of
agenized flour. Fortunately, this appears not to have been the case, and it is probable that
MSO is much less toxic to primates, including humans, than to dogs. Thus, no untoward
effects were noted in adult humans and children given food containing agenized flour
(Pollack 1949; Newell et al 1949). In the study of Pollack (1949) one adult female and two
adult male epileptic volunteers were fed half their body weight in agenized flour baked into
bread and cookies, fortified with minerals and vitamins for a period of 2 to 3 months. No
seizure activity was noted. On the other hand, dogs fed a similar diet showed severe signs of
neurotoxicity within 18 hours. In this same study, cats and monkeys were much more
resistant than dogs to the toxic effects of agenized flour. Gershoff and Elvejhem (1951)
investigated the toxicity of MSO (D,L-methionine-SR-sulfoximine mixture) to various
mammalian species. These authors reported that 3 of 4 puppies given this mixture of MSO
isomers (3 mg/kg) exhibited convulsions and three died. On the other hand, there was no
observable effect on monkeys treated intraperitoneally with MSO (100 mg/kg).

A study has been published in which MSO (D,L-methionine-SR-sulfoximine mixture) was
administered orally to seven terminally ill cancer patients as a possible anti-cancer agent. [In
this study there is no mention of its purity from where the MSO was obtained.]
Disappointingly, there was no evidence of tumor regression in any of the patients. However,
there were no changes in hepatic or renal function, or in hematological status. Krakoff
(1961) noted that a dose of 200 — 400 mg daily produced toxic psychoses in 3-5 days in four
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patients, but smaller doses could be administered for much longer periods without evidence
of neurotoxic effects.

Conclusion — MSO treatment in ALF patients?

Based on the above discussion, one possible GS inhibitor for treatment of ALF patients is
MSO. However, certain possible problems concerning use of MSO in patients must be
considered. MSO is a substrate of at least three enzymes. For example, MSO is a substrate
of glutamine transaminases, L-amino acid oxidase, and cystathionine y-lyase, yielding a) the
corresponding a-keto acid, b) a-ketobutyrate and methane sulfinamide, and c)
vinylglyxoylate and methane sulfinamide, respectively (Cooper et al 1976). Some of these
metabolites may be toxic. Moreover, in addition to GS, MSO is an inhibitor of glutamate
cysteine ligase (important in glutathione synthesis) (Griffith and Meister 1978,1979).
Finally, as noted above, MSO is a convulsant in experimental animals.

The mechanism by which MSO acts as a convulsant has been the subject of lively debate.
Convulsive doses of MSO have been shown to increase brain glycogen and possibly
interfere with cerebral metabolism (Folbergrova et al 1969). Sellinger and colleagues have
suggested that due to the similarity of MSO to methionine, MSO acts as a convulsant by
interfering with the normal functions of methionine in the brain, most notably as a source of
methyl groups and as a building block in protein synthesis (Sellinger et al 1986 and
references cited therein). On the other hand, Meister and colleagues have strongly argued
that the convulsant activity of MSO is mainly due to its inhibition of GS. a-Ethyl MSO was
shown to be a strong inhibitor of GS but not of glutamate cysteine ligase (Griffith and
Meister, 1978), whereas buthionine sulfoximine (BSO, an MSO analogue in which the
terminal methyl group is replaced with a butyl group) was shown to be a strong inhibitor of
glutamate cysteine ligase, but not of GS (Griffith and Meister 1979). Interestingly, a-ethyl
MSO, but not BSO, was shown to produce convulsions in rats. Moreover, unlike MSO, a-
ethyl MSO cannot be a substrate of transaminases, cystathionine y-lyase or L-amino acid
oxidase (all require an intact a C-H bond). The data of Griffith and Meister (1978,1979) are
fully consistent with the hypothesis that the convulsant activity of MSO is associated with
its ability to inhibit GS. However, based on the findings of Blin et al (2002), discussed in the
next paragraph, convulsions will occur after administration of MSO only when the brain GS
activity is decreased beyond a threshold value, most likely >85%.

As noted above, the susceptibility to MSO-induced convulsions is species dependent. Dogs
are especially sensitive whereas primates are relatively resistant (Brusilow et al 2010 and
references cited therein). Moreover, 4-week old mice treated with a sub-convulsive dose of
MSO thrice weekly for ten weeks (Blin et al 2002) and monkeys acutely treated with a sub-
convulsive dose of MSO (Brusilow et al 2010) exhibited no obvious untoward effects. In the
study of Blin et al (2002) the brain GS activity was decreased by about 85% after the
chronic MSO treatment. These authors stated “Thus, our data suggest that long-term
administration of non-convulsive and non-glycogenic doses of MSO do not alter the spatial
memory of mice. Our results do not support the hypothesis that chronic treatment with MSO
influences hippocampus-dependent learning abilities in mice.” Most importantly, a recent
study has shown that MSO treatment increases survival and decreases cytokine response in a
mouse model of ALF (Jambekar et al 2011).

In conclusion, it is strongly suggested that MSO (or other GS inhibitors) be considered for

the treatment of ALF patients provided stringent safety concerns can be met. It is also
suggested that a-ethyl MSO may be a promising alternative candidate.

Metab Brain Dis. Author manuscript; available in PMC 2014 June 01.
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Figure 1. The glutamine synthetase reaction (GS) and itsinhibition by the L ,S-isomer of MSO

A. Reaction mechanism. Phosphorylation of the y-carboxyl group results in the formation
of a y-glutamyl phosphate intermediate, presumably via a transition state intermediate with
tetrahedral geometry at the y carbon [RC(OH),P0O327]. B. Interaction of M SO at the active
site. Phosphorylation of the imine nitrogen results in a phosphorylated intermediate (MSO
phosphate) with tetrahedral geometry at the sulfur [RS(O)(CH3)=NPO327] that mimics the
natural substrate tetrahedral intermediate. MSO phosphate is stable and binds tightly at the
active site (Meister 1980).
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Fig. 2. Compartmentation of ammonia metabolism in therat brain

Ammonia entering the brain by diffusion from either the blood or CSF is rapidly
metabolized in astrocytes predominately to glutamine. Ammonia generated endogenously in
both the neuronal and astrocytic compartments is also rapidly incorporated into glutamine in
astrocytes. For convenience the protonated form of ammonia (ammonium, NH,4*) is not
shown in the brain compartments. The thickness of the arrows indicates the relative
contribution of the GS reaction [NH3 — glutamine GIn)] and glutamate dehydrogenase
(GDH) reaction [NH3 — glutamate (Glu)] to the metabolism of endogenously produced
ammonia and blood/CSF-derived ammonia. A. Compartmentation under normal
conditions. The GDH reaction plays a minor role in metabolizing brain ammonia. In the
neurons the GDH reaction is a mechanism for net oxidative deamination of glutamate and is
therefore not shown as a source for removing ammonia. B. L oss of compartmentation in
M SO-treated rats. When the rats are pretreated with MSO such that brain GS is inhibited
by ~85% conversion of ammonia to glutamine continues at a diminished rate. As a result,
brain ammonia levels increase and glutamine levels decrease. Ammonia can now equilibrate
among the different compartments and some ammonia can be incorporated into glutamate in
the neuronal compartment. However, the GDH reaction cannot quantitatively replace the GS
reaction and there is little net change in brain glutamate. CSF, cerebrospinal fluid; BBB,
blood-brain barrier.
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Table 1

Ammonia concentration in rapidly frozen rat blood and brain (mM)2

Treatment Blood Brain Brain freezing method | Reference

None 0.107 £0.033 | 0.181+0.014 | Freeze-blowing Cooper et al 1979
None 0.059 +0.008 | 0.176 +£0.025 | Freeze-blowing Cooper et al 1985
14-week portacaval shunt 0.158 £ 0.031 | 0.274+0.026 | Freeze-blowing Cooper et al 1985
Urease 0.176 +£0.025 | 0.424 £0.089 | Freeze-blowing Cooper et al 1985
MSO 0.295 +0.033 | 0.818 +£0.098 | Freeze-blowing Cooper et al 1979
MSO 0.432 £0.089 | 0.855+0.031 | Pontén Cooper et al 1983
Ammonium acetate 0.710 £ 0.150 | 0.985+0.084 | Pontén Cooper et al 1983
MSO + ammonium acetate | 1.02 +0.07 2.48 + 0.06 Pontén Cooper et al 1983

a‘l’he data are expressed as the mean = SEM; n = 3.
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Table 2

Page 11

Effects of the glutamine synthetase inhibitor L-methionine-SR-sulfoximine (MSO) on neuropathological
changes in acutely hyperammonemic rats?

Change

Effect of MSO

Cerebral edema and astrocyte swelling

Prevented or attenuated

Dysregulation of control of cerebral blood flow | Prevented
Dysregulation of pial arteriolar pCO, response | Prevented
Brain potassium dyshomeostasis Attenuated
Acetylcholine insensitivity Prevented
Increase in glial fibrilliary protein Prevented
Increase in connexin-43 No effect

Decrease in cerebral metabolic rate for glucose

Prevented or partially prevented

Altered BBB amino acid transport

Prevented

aData from Brusilow et al (2010). For original references see Brusilow et al (2010).
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